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Summary
The Introduction provides a brief background on some relevant aspects of basic epidemiological theory
related to the constraints that a finite population of hosts imposes on a pathogen to maintain a sustainable
infection in the long term. On the one hand, frequency-dependent (typically sexual) transmission is
potentially capable of being sustainable within relatively small populations, assuming that the pathogen
has a means of ensuring long-term survival in an individual host in order to maximise the chances of
onward transmission to other such individuals: typically a conspecific, although contact with flesh and
blood may lead to ‘spill-over’ infections of other species. At the opposite extreme is density-dependent
transmission mediated by indiscriminate means which may be either direct, through physical contact or
by way of aerosols, respiratory droplets or faeco-oral transmission, for example; or by way of
contaminated water or biotic vectors. Thus, in contrast to frequency-dependent transmission, pathogens
which are reliant on host densities to sustain their populations are generally dependent on a very large
element of chance in finding a new target of the same host species.
In the long-term, the population of a pathogen is potentially unstable in simple evolutionary terms:
selective pressures would be expected to inexorably lead to the pathogen’s increased virulence and the
extinction of its particular host reservoir and thus the pathogen itself, unless it can find a new host
population to transiently maintain itself. That this does not occur is the result of the fact that, to be able
to survive and reproduce, the pathogen’s hosts are not passive targets: they have evolved a hierarchy of
defence countermeasures in order to try to assuage such assaults, as part of an ongoing ‘arms race’ down
the generations of those involved. As a result, such immune defence measures mean that, in vertebrate
hosts which live in small groups such as typical of humans for much of their evolutionary history,
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pathogens causing only short-term infections will die out: their host’s acquired immunity will protect
against reinfection by the same strain of pathogen.
On the other hand, available evidence suggests that early hunter-gatherer groups of humans were
infected with endemic viral pathogens which had been inherited from their anthropoid ancestors as
‘hierlooms’; so far as can be speculated based on present-day evidence, these were mainly DNA viruses.
After establishing an acute infection (which allowed an initial spread of contagion amongst the thenexisting members of a group), these were able to establish a latent infection in immune-privileged
tissues; thereafter, contagious propagules reappeared at a generally much later date in at least a
proportion of the population originally infected – typically as a result of aging and/or decline in the
host’s immune system – to pass the disease on to immunologically naïve offspring and other
newcomers. Tuberculosis, which was acquired as an infection of humans or their immediate ancestors
(possibly due to the use of fire in smoke-filled caves) has a somewhat similar strategy.
An alternative is that, rather than a pathogen being a specialist limited to only one particular species of
host, it could instead evolve to be more of a generalist. The output of density-dependent pathogens
(amongst viruses, rabies is a notable exception) is shed into the general environment, with infection of
the same species of host being a matter of chance: indeed, with host species which are typically
dispersed or live in small groups, the pathogen’s progeny are more likely to encounter potential host
species other than that from which they were shed. Thus there may be a selective advantage in being
generalists which can be opportunistic to some degree at least and thereby try to establish infections in
other, potentially new host species. Such ‘spill-overs’, or zoonoses, have been the source of various
more recent human diseases, extending up to the present-day and more than likely into the future.
The migration of groups of anatomically modern humans (with their associated disease burden) from
Africa led to encounters with archaic humans (Neanderthals and Denisovans), and thus presumably at
least some of the latters’ diseases (with hybridisation also playing a role in helping to combat these
through sharing of genes for innate immune defence mechanisms). Subsequently, as human society at
large has evolved, it is considered to have gone through three epidemiological transitions. The first and
third of these have been the result of the acquisition of zoonotic diseases which have spilled over from
other animals, to become endemic in some cases; it is suggested here that the distinction between these
two is blurred. The second transition as generally recognised is related to the appearance of other, noncommunicable diseases and is only considered in passing.
The first of these epidemiological transitions started with the so-called Neolithic Demographic
Transition at different times in different areas, when groups of humans settled down and developed
agricultural methods. The resulting increased, long-term contact with animals which were progressively
domesticated in certain regions of the world, together with peri-domestic animals such as rats and mice
which came to be associated with human settlements, provided the opportunity for certain of these
animals’ diseases to spill over and possibly establish chains of infections in their potential new human
hosts. The lack of hygiene and latrines also contributed to this scenario. An emerging awareness of viral
infections found worldwide in humans today, together with their distribution in other animals, suggests
a number of potential diseases which existed from this time in human populations, if not before.
Thereafter. the growth and accretion of various societies to form progressively larger centres of
population led to the emergence of ‘crowd diseases’ such as smallpox, measles and influenza: diseases
which spilled over from domesticated farm animals to cause acute infections in humans as what were
initially frequent ‘souvenirs’ from this more intimate contact. Once human populations were large
enough, however, these could evolve to become endemic as new ‘heirlooms’, being sustainable without
the need for continuing spill-overs from the original host reservoir. Having originated in a particular
geographic region, these newly endemic diseases could then spread as a result of the progressive
increase in contacts with other parts of the world, often with disastrous consequences for those on the
receiving end. That zoonotic diseases are still a major issue today, given globalisation and the further
increase in connectivity between disparate areas, is exemplified by the recent establishment of human
immunodeficiency viruses as endemics; and by the recent threat posed by the West African Ebola
eruption, for example.
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The fact that influenza A viruses are enzootic to wild populations of water-birds but can spill over to
infect poultry together with pigs and other domesticated mammals poses the continuing threat of giving
rise to a future human pandemic; East and Southeast Asia have been identified as a major potential
source of such spill-overs, with intensive farming techniques increasing the potential risk. Other
zoonotic spill-overs which, so far at least, have turned out to be less of a threat include irruptions –
again centred on Southeast Asia in the case of the Nipah and SARS viruses, for example – which have
wild mammals as their natural reservoirs and, in some cases at least, domesticated mammals as their
intermediate amplifying hosts. To this end, known sources of potential human viral and tuberculosisrelated zoonoses are reviewed, with particular reference to this region, which is a recognised hot-spot
for the emergence of these and other, as yet unrealised, possible threats to the world at large.
New diseases originating as spill-overs have had profound historical influences, as evidenced by the
Black Death and by the effects of smallpox and other contagions in the spread of European colonialism.
Today, when spill-overs do occur, they can often incur considerable socio-economic costs over and
above those directly associated with the disease itself, as exemplified by recent cases of SARS and
Ebola; an important reason for this is associated high case-fatality ratios amongst those infected and the
resulting spread of aversive behaviour and fear due to the threat of contagion. It is generally considered
that not only increasing human mobility but also the development of intensive animal-rearing systems
(and the associated mobility of livestock) pose a continuing threat through the appearance of new
variants of existing zoonotic diseases; together with the emergence of ‘new’ ones in peripheral
communities colonising previously largely unoccupied land as a result of the relentless spread into what
had been effectively virgin sylvatic habitats.
This emphasises the need to adopt a One Health approach: monitoring of wild and (peri-)domestic
animal populations (including humans) for pathogens associated with past and/or potential future spillovers, together with establishing networks of contacts amongst the medical and veterinarian professions
along with policy-makers, educationalists and other stake-holders in order to prepare for what is
generally considered to be an inevitable future pandemic, be it from a new strain of influenza A or
another threat, whether identified (e.g. more virulent mutations of Nipah, SARS, MERS or other such
viruses) or as yet unrecognised as such. To prepare for and thereafter contain any future spill-overs,
there is the need for build the confidence of local communities, including traditional healers and
religious bodies, through their active engagement; whilst being aware of factors which may work
against this, including resistance to persuasion about modifying established cultural practices and also
the spread of rumours and mis-information, including through the social media. More broadly, there is
also the need to integrate and coordinate responses at the national, regional and global levels, as
appropriate.
I. Introduction
Pathogenic diseases are a fact of life since its origins in the distant past, including for early humans as
a result of ‘heirlooms’ inherited from their anthropoid ancestors. This long ancestry means that the hostparasite relationship is dynamic, centred around evolutionary pressures acting on both parties to select
for those members which maximise their own survival and, ultimately, the reproductive output of their
respective complements of genes. In so doing, a parasite diverts some of its host’s limited resources
towards its own ends, creating a ‘tension’ with the latter. Evolution will thus favour those individuals
of a host population which develop defence mechanisms against such intruders: protective barriers to
exclude parasites, together with the means for eliminating any that penetrate these, or at least for
minimising the loss of such resources in situations where infection succeeds. The dynamic nature of
evolution means that there is a never-ending ‘arms race’ between the parasites and their hosts.
Furthermore, whilst humans have lived for much of their more than 200,000 year history as scattered,
often nomadic hunter-gatherer groups, the transition to agriculture and the growth of ever-larger, more
interconnected settlements thereafter has added another layer of complexity to this host-parasite
dynamic, through not only the acquisition of ‘souvenir’ zoonotic infections as a result of ‘spill-overs’
from interactions with wild and other (peri-)domestic animals; but also some of these infections
becoming established as endemics circulating within the human population at large (for example,
smallpox, measles and the influenzas). Such spillings over of other diseases have continued up to the
5
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present, when the continuing growth and increasing interconnectedness of human populations has led
to the emergence of ‘new’ viral diseases such as HIV/AIDS, Nipah, SARS, MERS and Ebola onto the
radar of the medical and public health communities as potential epidemic or pandemic threats, one
which has been realised in the case of HIV/AIDS.
The rest of this section will consider some basic epidemiological aspects, with particular reference to
‘micro-parasites’ (microbes: mainly viruses, bacteria and protozoa) which cause clinical diseases (i.e.
those with manifest symptoms of infection). Thereafter, subsequent sections will consider the evolution
of the human disease burden, mainly with regard to viral infections, in the face of that of society at
large, and possible future threats (whilst bearing in mind the dictum “expect the unexpected”). However
it should be noted that, as is becoming increasingly clear, the human microbiome includes not only
parasites which cause overt disease but others which are normally symbiotic and may even benefit their
hosts: various types of bacteria provide classic examples of this, but there is emerging evidence that the
same may also apply for infections with certain viruses (Virgin, 2014).
It has traditionally been thought that communicable diseases should evolve to become relatively benign
in their natural host species. Thus any viral or other pathogen which causes harm to its host was held to
be maladapted; it would either evolve to be less markedly pathogenic or else die out along with the
hosts which were infected. However this goes against a fundamental tenet of evolutionary theory
(reviewed by e.g. May and Anderson, 1990; Ewald, 1995, 2004; Ewald and de Leo, 2002; Schall, 2002):
evolution can only operate on existing organisms and the passing of their genes on to the next generation
(their reproductive fitness), meaning that natural selection is blind to the long-term. Thus when two
genotypes of a particular pathogen differ in their virulence,2 and hence their deleterious effects on their
host as a consequence, the more virulent one would be expected to win out by producing more offspring
to potentially infect other hosts. Taken to its logical conclusion, evolution should lead to a progressive
ratcheting up of virulence over successive generations of the pathogen through the selection of those
most productive mutations and their consequent progressively faster spread through the population at
large, all other things being equal. Thus there would be incrementally more serious effects on their
hosts, leading to the ever more rapid incapacitance and demise of many or all of the host population;
the end result is that the parasite also dies out as a consequence.
However, in reality, the life-cycle of a micro-parasite depends on two opposing factors: the need to
establish an infection within an individual host, using the latter’s resources to maximise population
growth therein; and the need for the current host’s survival for long enough for onward transmission to
potential new ones thereafter (Antonovics et al., 2017). Increased host exploitation will have potentially
more benefits in terms of the number of propagules produced, and thus the immediate evolutionary
fitness of a particular pathogen at the expense of that of its present host; however this is associated with
the costs that any increase in virulence has on the viability of the present host and hence its ability to
serve as a source of infection of new hosts, with consequences for the fitness of the pathogen in the
longer term (Ewald and de Leo, 2002). Thus there is an overall cost-benefit trade-off in order to optimise
progression through the typical life-cycle and thereby maximise the pathogen’s chances of establishing
a sustainable population (Stearns, 2012).
As with other types of parasite, the transmission of viruses to new susceptible hosts may be mainly
frequency- or density-dependent, although there are intermediates between these two extremes (Ewald,
1995, 2004; Begon, 2009; Stearns, 2012; Antonovics et al., 2017). The former is typified by sexuallytransmitted diseases; it is based on the number of contacts made by the infected host with others which
are susceptible, being thus dependent on behavioural interactions rather than casual contact. 3 Hence
transmission is independent of host population-density, so that such viruses can potentially persist
indefinitely in even relatively small populations. The main constraint is that the pathogen is able to
infect its host for sufficiently long in order to ensure onward transmission to at least one new conspecific
2

As noted by Schall (2002), this term is interpreted differently by various authors; here it is considered to be
proportional to the number of offspring produced by an intracellular parasite and their potential ability to infect
as many new cells as possible (within the same host or a new one), thereby having manifest negative clinical
consequences for the current host as a result in cases where the microbe is a pathogen.
3
Not just in mating but potentially also in e.g. territorial defence.
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on average, so as to maintain the chain of infection in the long term. This may be achieved not only by
horizontal transmission between individuals but also vertically down the generations, from mother to
young. Hence this mode of contagion automatically imposes a brake on the ratcheting up of virulence:
new hosts have to survive long enough in order to be able to transmit the virus on to others, with the
extreme where the offspring have to become sexually mature and thereafter mate in order to sustain a
chain of transmission. Thus evolution should lead to a decreasing trend in virulence, potentially towards
commensalism rather than parasitism, at least in small populations (Ewald, 1995, 2004; Ewald and de
Leo, 2002).4
Density-dependent transmission, on the other hand, involves random encounters,5 whether by direct
contact or by way of a vector or other intermediary, with the probability of these increasing in proportion
to the potential host population’s density. Conceptually, this means that a micro-parasite should evolve
to maximise its basic reproductive number (R0): the “expected number of secondary cases caused by a
single infectious individual in a fully susceptible population” (Viana et al., 2014), where unity reflects
a simple one-to-one transmission chain.6 R0 is based on a variety of parameters (May and Anderson,
1990; Real and Biek, 2007; Begon, 2009), such that:
R0 ∝ SLβ
where S is the number of susceptible individuals in the host population; L is the average duration that
an infected host remains infectious; and β is the transmission coefﬁcient, a measure of the onward
transmission rate of the micro-parasite (its ‘strength’ or ‘force’).7 Values higher than one imply an
exponential growth rate as a result of spreading infection; whilst those less than unity indicate a deadend infection (where R0 = 0) or a sputtering one which soon peters out.
Thus, for a given value of S, a pathogen might be expected to maximise R0 by optimising L and β in the
short-term. One constraint is that, given that density-dependent transmission is typically through direct
physical contact and/or the host’s production of aerosols and other bodily discharges, the pathogen’s
potential future ‘ecosystem’ of possible new hosts will be inversely proportional to the time (L) until its
existing host is rendered immobile, when it will be less likely to come in contact with potential new
hosts.8 Thus, whilst pathogens might be expected to maximise β, this would lead to the host more rapidly
becoming sick and immobile, if it is not killed, thereby decreasing the effective duration of L; moreover,
even if the host is not immobilised, any incapacitation will make it more susceptible to predation, to the
detriment of the parasite if it cannot also infect the predator. Thus there is the need for a trade-off
between L and β in order to establish an optimum strategy for a sustainable infection (Stearns, 2012;
Dennehy, 2017). Some viruses and other micro-parasites can get around this bottleneck to some extent
by increasing the possibility of infecting a new host in the temporal and/or spatial dimensions through
being relatively resistant to degradation after being shed, with dispersal also being favoured when this
is into water bodies (Ewald, 1996; 2004; Schall, 2002; Walther and Ewald, 2004).9

4

Moreover, it can be argued that many pathogens originated as frequency-dependent infections, able to initially
become established in small populations with the ability to be carried by their present hosts to spread infection
in new populations of the same species; thereafter strains may evolve different modes and routes of infection in
order to spread more widely, potentially at the expense of the original one. However the evidence for this
hypothesis is inconclusive (Antonovics et al., 2011, 2017).
5
Albeit with local ‘hot spots’ which spread outwards in a wave-like manner.
6
Note that such R values are averages: some individuals in a host population may be ‘super-spreaders’ (e.g. Lau
et al., 2017).
7
The transmission potential is also influenced by the number of primary cases upon initial introduction of an
infection (Woolhouse et al., 2005).
8
On the other hand, host immobilasation as a result of sickness is favours onward transmission of arthropodtransmitted ‘arboviruses’ or malaria parasites: the present host is rendered a sitting target for the likes of
mosquitoes and other flying vectors. However such general debilitating effects on the host should only become
manifest when circulating levels of the parasite are sufficiently high to ensure that sufficient numbers will be
imbibed in the vector’s blood-meal.
9
This has been aided in humans by their development of social care and the sharing of potential fomites such as
utensils and fabrics to maximise the likelihood of onward transmission (Ewald, 1995, 1996, 2004). On the other
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Observed values for R0 at the onset of a sustainable infection for density-dependent viruses in a
susceptible population are typically small: one relative exception is the case for measles, at 12-18 in
humans (Fine, 1993). These low values reflect the fact that the transmission of most, with the notable
exception of that causing rabies (see Section II.2), is very inefficient, with no direct control over how
they might reach their next target. Zimmer (2013) puts this into perspective: he notes that a human cell
infected with one influenza virus releases about 10,000 copies, and that the end result of a typical acute
infection is the production of 100 trillion (1013) of these within a few days: equivalent to 10,000 times
the number of people on Earth. Yet, whilst this indicates seemingly highly efficient within-host
replication, the average R0 for seasonal influenza A virus infections amongst humans is 1.28, and
somewhat higher (but less than two) for pandemics (Biggerstaff et al., 2014): the transmissible output
through respiratory droplets presumably represents only a small proportion of these virions (many of
them defective, and thus not likely to be productively infective even if given the opportunity)10,11 despite
the relatively direct, density-dependent nature of the route for onward transmission before the existing
host becomes immune or dies.12
R0 refers to a fully susceptible population exposed de novo to an initial viral or other micro-parasitic
infection. In a more real-life situation, the host is not a passive vessel for the reproduction of a pathogen
for onward transmission. Instead, present-day host-parasite interactions are a result of the fact that
ancestral hosts who survived such an onslaught had various defence mechanisms to ward off or
subsequently contain invasive attacks: physicochemical barriers at external and internal interfaces with
the outside world, together with internal systems to combat pathogens which managed to breach these.
In most animals, the latter are based on a multi-layered innate immune system which has evolved
through the natural selection of cascades of circulating proteins such as complement together with a
suite of particular cell-types specialised to deal with such invasions;13 where these fail, intrinsic
restriction factors14 and other mechanisms within the target cells serve as a further line of defence
against viruses and other intracellular parasites (Grove and Marsh, 2011; Duggal and Emerman, 2012;
Gifford, 2012; Compton et al., 2013). These control systems act by being able to recognise particular
structural components of potential pathogens or the consequences of their infecting target cells.15

hand, behavioural adaptations may help to contain the spread of such infections (Thornhill and Fincher, 2014,
2015: their parasite-stress hypothesis relating to personal values and associated degrees of sociality).
10
Thus more than 90% of virions are incomplete (for example, one or more of the eight segments – see Section
VI.2.iii – may be missing), in addition to the likelihood of maladaptive intrasegmental mutations in this RNA
virus, as considered in Section IV.4.ii); whilst it is possible that co-infection with more than one virion may
compensate for these deficiencies, there is also the likely alternative that an interfering influence will
predominate, at least in the long term (Brooke, 2014). Also, apart from the host’s innate immune system, other
factors limiting the likelihood of viral infection include ‘physical’ barriers such as mucus secretions with their
‘decoy’ sialated glycans, for influenza viruses at least (see Section VI.4.ii).
11
An extreme example would seem to be the hepatitis B virus (see Section IV.2.iv), where a large excess (typically
10,000- to 1,000,000-fold) of secreted virions are empty, comprising an enveloped capsid devoid of any genome
inside; thus evident high levels of viraemia may give a misleading impression of potential infectivity, which
obviously depends on viable virions.
12
This is despite one report that vaccination against three strains of influenza virus (as a proxy for the early stage
of infection) led to an almost doubling of social encounters during the following two days, compared with the
two days before and in a later follow-up; none of the 35 participants were aware of any such effect (Reiber et
al., 2010). There is evidence that influenza A can infect olfactory neurones and may occasionally be associated
with encephalitis in children; and it may invade the limbic system in young mice, with the potential to influence
behaviour (Mori et al., 2005). Whilst RNA probes have identified influenza A in the brainstem of infected pigs,
no neurological symptoms were apparent (de Vleeschauwer et al., 2009a) and this location would seem unlikely
to have any direct role in social behaviour. Moreover, the fact that Reiber et al. (2010) used a standard vaccine,
comprising the haemagglutinin proteins of three strains (rather than active virions) makes their findings difficult
to interpret.
13
Various types of leucocyte in vertebrates.
14
Gene products which are responsible for constraining (and ideally containing, in the face of an ongoing ‘arms
race’) viral invasions through directed intracellular defence mechanisms.
15
Largely mediated by members of the interferon family of cytokine proteins in vertebrates, secreted by infected
cells in response to particular microbial signals which can activate internal pattern recognition receptors,
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Superimposed upon this, vertebrates also have evolved an acquired (or adaptive) immune system,
involving particular types of lymphocytes which are selected to recognise and thereafter target foreign
invaders which have not been contained by the innate immune system through the selective production
of highly specific antibody proteins against particular antigenic epitopes on the exposed surface of
potential pathogens as well as by other so-called cell-mediated responses (see Section VI.4).
However the pathogen’s genome is subject to random mutations, some of which may help those which
possess them to avoid or reduce the impact of their current host’s defence sytems. Similarly, the
underlying machinery of the host’s immune system is under direct genetic control and is thus subject to
change as a result of such mutations, some of which may make those progeny which have them better
adapted to dealing with a particular pathogen and so will be positively selected for in the next
generation. As a result, there is an ongoing ‘arms race’ down the generations for both the host reservoir
and its pathogens, leading to a metadynamic equilibrium as members of each party are selected for in
order to optimise the consequences of infection to their own individual ends (e.g. Compton et al., 2013).
Such arms races are the result of local selective forces; where successful for one or other party, a
mutation may spread elsewhere within their respective populations.16,17
Furthermore, the persistence of an infection may be limited by the development of acquired immunity
in vertebrates, in which case infections may not be sustainable unless the host reservoir is sufficiently
large. This bottleneck can be avoided to some extent in situations where acquired immunity is relatively
short-lived or as a result of the influx of immunologically naïve members (for example, those which
were born after a previous outbreak of a local infection). Where R0 initially exceeds unity, its value
determines the subsequent shape of the initial rising portion of the ‘epidemic curve’: the higher this
value is, the steeper is the rise (Begon, 2009). However the development of at least transient acquired
immunity limits opportunities for reinfection; as a result, there is a progressive decrease in the size of
the remaining susceptible population and thus in the effective reproductive number (Re):18 Holmes
(2008) has described the latter parameter as being “the cornerstone of modern-day infectious disease
epidemiology.” The rate of decrease in the rise of the epidemic curve will be determined by that of Re.
For an infection to persist, Re must remain at unity or above: the host population must exceed a critical
community size19 where the so-called threshold for establishment (ST) is (Dobson and Carper, 1996;
Begon, 2009):
ST ∝ 1/Lβ

including Toll-like receptors; as well as by the exposure of cells to external signals from infected cells (e.g.
NIH, 2003; Duggal and Emerman, 2012; see Section VI.4.i).
16
The ongoing, potentially never-ending nature of such an evolutionary process forms the basis of the so-called
Red Queen hypothesis, which has been central to many attempts to identify why sex evolved and has
subsequently predominated amongst many organisms, in contrast to what basic theory would predict (reviewed
by Brockhurst et al., 2014). In essence, the fact that offspring receive one copy of a particular gene from each
parent means that these can be different, reflecting the differing histories of the latters’ lineages and thus the
diseases to which they have been exposed and survived; it is this constant mixing of genes down the generations
which helps to counterbalance the inherently greater potential flexibility of parasites (through the latters’ much
shorter generation times and large numbers of progeny, together with, especially for many viruses– see Section
III.3 – their greater potential mutability). Various aspects of the resulting heterozygote advantage are considered
further in Section VI.4.
17
The potential adaptability of the antigenic properties of various pathogens (for example, various influenza
viruses: see Section VI.2.iii) also leads to further arms races involving the acquired immune system.
18
The “expected number of secondary cases caused by each infectious individual in a partially immune
population” or other situations where not all contacts become infected (Viana et al., 2014); an alternative term
is ‘average transmission ratio’ (Bingham, 2005). Rt is the equivalent with reference to a particular point in time,
given the dynamic nature of transmissibility resulting from changes in the host population size as a result of
mortalities, development of acquired immunity, adoption of modified treatment protocols, etc.
19
“[L]oosely deﬁned as the host population size below which a pathogen cannot persist” (Viana et al., 2014):
when R = 1, it would just persist, albeit that with values around this threshold being subject to stochastic vagaries
and thus liable to lead to extinction in the long-term (Antia et al., 2003).
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Above this threshold, a pathogen’s natural host species is expected to comprise a maintenance
population20 or reservoir within which it is enzootic (endemic in the case of humans), 21 and can persist
in the long term; in such cases, highly infective (large R0) viruses lead to periodic local outbreaks
interspersed with lulls in the numbers of infections, reminiscent of the dynamics of predator-prey cycles
(Begon, 2009).22 Below this threshold, on the other hand, the infection will be extinguished in the
absence of any influx of new susceptibles through host population movements or the birth of young
‘recruits’ to boost levels back above this threshold. Thus so-called herd immunity (Fine, 1993;
Orenstein and Ahmed, 2017) is achieved when ST decreases to below unity as a result of a proportion
of the host population in excess of 1 – (1/R0) being or having become23 resistant to further infection.
This means that the spread of a disease is effectively contained as intermittent sputtering infections at
most, where previous areas with low levels of infection may remain to develop as transient ‘hot-spots’,
before dying out (Begon, 2009).

Figure 1 Summary of some of the strategies that pathogenic viruses, together with the
tuberculosis bacillus, have evolved to adopt in order to maintain sustainable infections of the
normal host reservoirs. Black-filled boxes indicate that infection spreads from symptomatic hosts
to those with whom they are in contact (directly or indirectly through sit-and-wait). Grey boxes
indicate that only a proportion of individuals are infective; for rabies, this is because the ‘dumb’
outcome presumably has a lower transmission probability compared with the ‘furious’ one.
Further details are provided in later sections of the text.
The foregoing refers to density-dependent infections which are acute: the pathogen is present only
briefly before being expunged by the host’s immune system. Given that many potential host species of
mammals are solitary or live in small groups (especially outside the mating season), it might be expected
that these are not subject to such acute infections if a particular virus or other pathogen is specialised to
infect one particular host species. One way out of this bind is for the pathogen to minimise the constraint
A “single host population capable of maintaining a pathogen over the long term.” Where more than one
population of the same species and/or different species are involved, this is referred to as a metapopulation
(Viana et al., 2014).
21
Referring to a pathogen which is able to maintain an infection in a population without the need for external reintroductions: Viana et al. (2014).
22
Bingham (2005) has distinguished between maintenance and persistence in the case of rabies in canids.
Maintenance was defined as “indefinite transmission of infection within a local population [with] an average
transmission ratio [i.e. Re] > 1;” indefinite is used in the sense of ‘with an undefined end’: it may be sooner or
later die out, given the uncertainties of transmission in local populations. Persistence refers to the potential for
continuity in the longer term, as a result of re-introduction from neighbouring populations of the same species.
23
Through acquired immunity, including through vaccination as a result of modern medicine.
20
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of a limited S by maximising L – and thus the potential to do so for β also – through avoiding or at least
ameliorating (from the pathogen’s point of view) the impact of the host’s innate immune responses
leading to the development of immune tolerance. This opens up the possibility for chronic infections
(Villarreal et al., 2000; Holmes, 2004, 2008; Virgin et al. 2009), as also implicit in the case of
frequency-dependent transmission (see above), which will be further facilitated if the pathogen is
stealthy enough to go under the radar of the adaptive immune system, or to trigger only a short-lasting
antibody response. As will be considered in more detail in subsequent sections, various strategies are
available, and have been duly selected for, to overcome the host organism’s active resistance, thereby
allowing either the continuous or intermittent, much delayed release of progeny after the initial infection
(Figure 1). One way is for a virus to target cells in one or more of various so-called ‘privileged’ tissues
(for example, the central nervous system and the urinogenital system) which are generally outwith the
reach of most ‘extracellular’ components of the innate immune system (Forrester et al., 2008). Such a
strategy can be compared with classical frequency-dependent viral strategies.
In contrast to pathogens which rely on frequency-dependent transmission, those which are densitydependent generally broadcast indiscriminately, including by vectors (sensu lato: abiotic, such as water,
as well as biotic, such as mosquitoes), and thus have no ability to ‘select’ their next targets, once shed.24
Hence there is the likelihood of encountering and thus potentially infecting species other than that from
which they were released. Thus, at the opposite end of the spectrum from a pathogen which is a
specialist limited to infecting only one type of host (with the constraint of a small S – and thus ST - for
most such species), an alternative strategy is for it to be an opportunistic generalist, capable of infecting
a metapopulation comprising more than one host species, as and when the situation arises (Begon,
2009). By analogy with ecosystem studies, it has generally been concluded that a specialist strategy is
the evolutionarily more stable outcome, because the pathogen can better adapt and co-evolve with the
particular host species and its defense systems (Turner and Elena, 2000; Woolhouse et al., 2001). Thus,
where a virus is an opportunistic generalist, this implies that it must be in a variety of arms races against
different suites of innate immune responses in the host metapopulation; there may be trade-offs
compared with adapting to any particular species of the latter (Elena et al., 2009). This may preclude
the establishment of long-term infection in some or all of the host species; instead, there may be the
need to depend on short-term acute infections, with intermittent cycling between different host species,
in order to maintain sustainability. However such a strategy requires that the risks of immunopathology
through a runaway cytokine storm (see Section II.1) in infected members of the normal metapopulation
should be minimised.
Related to this, there is growing evidence that parasites in general can be flexible, to some degree at
least; this is contrary to what was originally believed, that they each co-evolve with ‘selected’ host
species in an ongoing arms race (Woolhouse et al., 2001; Araujo et al., 2015; Hoberg and Brooks, 2015;
Hoberg et al., 2015; Geoghegan et al., 2017). The resolution of this so-called Stockholm Paradox –
where a parasite can be both a specialist and a generalist at the same time – has been related to parasites
having a large output of progeny necessary to maximise the possibility of onward transmission in the
first place. This, together with the inherent random mutational adaptations and the associated “sloppy
fitness space” amongst these progeny, opens up the potential to invade new host species: the random
nature of such mutations will mean that there will be local variations in both time and space as a result.
Whilst the expansion of a host population favours the potential for zoonotic spill-overs25 as a result of
increased contacts, its disruption increases the pressure for these to be realised; in the meantime, there
may be stuttering spread of infections within as well as between potential new host species, as
potentially less fit ‘stepping stones’ (in the short term) towards new resident host ‘ecosystems’ as a
result of successive successful mutations. Arising out of such considerations, the disruptive effects of
humans’ activities (locally and also globally as a result of climate change) are considered to portend the

24
25

Rabies is an exception, being more towards the frequency-dependent end of the spectrum (see Section II.2).
The generally accepted definition of zooneses is “[t]hose diseases and infections which are naturally transmitted
between [other] vertebrate animals and man” (WHO, 1959). Here, it will be considered to apply to vertebrates
in general; thus anthropozoonotic spill-overs refer to those from other animals into humans, whilst
zooanthroponotic refer to those in the opposite direction.
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emergence of new spill-overs based on an increasing evidence base (Daszak et al., 2013; Araujo et al.,
2015; Hoberg and Brooks, 2015; Hoberg et al., 2015).
On the other hand, where the pathogen spreads into a new, sufficiently large population wherein
infections are potentially sustainable, then specialisations for that particular host species may emerge
which are competitively superior to other, more generalist strains, although this is at the expense of
their fitness in the rest of the potential metapopulation (Turner and Elena, 2000; Woolhouse et al.,
2001). In general, spilling over and the potential for expansion of the host-range is most likely to be
favoured into closely related species phylogenetically, as evidenced in viruses (reviewed by Longdon
et al., 2014; Dennehy, 2017; Geoghegan et al., 2017). However Begon (2009) notes that there may be
no obvious phylogenetic pattern to the potential for a smooth transition to the infection of a novel host,
citing the example of the bacterium Yersinia pestis which has been responsible for plagues (e.g the
Black Death) in humans: its natural reservoir is in certain species of rodents in areas of Central Asia
and North America, where it is apparently non-pathogenic; but it can spread to infect other closely
related species with dire consequences for the latter (and also humans: see Section VIII.1).
Field observations based on the deliberate introduction of a pox virus which causes a generally lethal
myxomatosis in European rabbits (Oryctolagus cuniculus) are particularly insightful in this regard
(Fenner, 1983; Kerr, 2012; Kerr et al., 2012, 2015). Starting in 1950, the myxoma virus26 was
introduced as a biological control of feral rabbits which had run rampant in Australia, and thus had led
to adverse consequences for farmers and indigenous wildlife; a similar ‘experiment’ was initiated in
France in 1952.27 The initial extreme virulence of the virus in previously naïve populations proved to
be unsustainable, with natural selection leading to the emergence of strains which were of lesser,
intermediate virulence.28 Furthermore, successive years of exposure of rabbit colonies to this evolving
strain of the myxoma virus led to an unexpectedly rapid increase in the host populations’ resistance,
with a progressive decrease in morbidity and mortality as a result of natural selection for relevant
components of the innate immune system (Fenner, 1983; Best and Kerr, 2000; Kerr, 2012), as also in
France despite the differences in origins and passage history of the two strains used (Kerr et al., 2012).
The fact that the myxoma virus is still extant in Australian rabbits presumably reflects a continuing
arms race where those strains which are able to maintain an overall intermediate level of virulence can
persist, as part of an ongoing metadynamic equilibrium in competition with parallel ongoing selection
for counter-responses as a result of heritable mutations in the innate immune system in local rabbit
populations (Kerr, 2012).29 Comparative analyses of the genomes of the original introductions to both
continents with sequences from viruses thenceforth have indicated that the phenotype of attenuated
virulence was associated with various alternative genotypic changes, especially more recently at the
local level as the contagions have spread, reflecting an unusual high mutation rate for a double-stranded

26

This lepripoxvirus causes benign relatively long-term fibromatous infections in its normal hosts, American
rabbits (Sylvilagus spp.), with mosquitoes and fleas as ‘passive’ vectors, in the sense that the virus does not
replicate in these (reviewed by Kerr et al., 2012: however Kerr [2012] notes that there may be species-specificity
of the vector in the virus’ natural range); it causes 100% mortality when used to infect European rabbits
experimentally.
27
The subsequently documented “coevolution of [this virus] and rabbits is a classic example of natural selection
acting on virulence as a pathogen adapts to a novel host species” (Kerr et al., 2015).
28
Soon after the original introduction, case-fatality rates were more than 99%, but they dropped to 90% a year
later as a result of the emergence of less virulent strains which came to dominate despite repeated reintroductions of the original one. Given that infections are transmitted by insects imbibing fluids from the
developing fibromata, the rapid lethality of the most virulent strains limited the length of time (L) when infection
could be transmitted; likewise, the short duration of fibromata associated with the transitory emergence of even
less virulent ones in 1955 exerted a similar constraint through reducing this and also the numbers of potential
virion carriers produced (β) before scab-formation precluded onward vectoral transmission. Thus an
intermediate strain emerged as an enzootic where rates of onward transmission were optimised in naïve rabbit
populations.
29
It is notable that the contagion still requires a vector with no evidence for direct inter-rabbit transfer, including
on rabbit farms where direct contact is likely to be enhanced.
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DNA virus; the various genotypes converged on an overall phenotype where there was a balance
between levels of viral virulence and its attenuation by the host (Kerr et al., 2012, 2015).30
The following section will consider such ‘spill-overs’ in general terms, with particular reference to the
likely origins of present-day human contagions; together with a review of the epidemiological history
of rabies: the archetypal (albeit atypical, in many respects) zoonotic disease. Thereafter, following a
brief review of hominin evolutionary history (Section III), the proposed burden of communicable
diseases in small bands of ancestral human hunter-gatherers will be considered (Section IV). Having
thus set the scene, this will be set in the broader context by briefly considering the concept of
epidemiological transitions during the subsequent development of more complex societies (Section V)
and how the range of communicable diseases has been expanded by the spilling over of zoonotic viral
pathogens (Section VI). A subsequent section will review some aspects of present-day and potential
future zoonoses, mainly on viruses to the exclusion of ‘arboviruses’,31 with particular reference to
Southeast Asia and the region (Section VII). Some aspects of the broader implications will be touched
on in the final section.
II. Zoonotic Diseases
1. Overview As noted above, zoonotic diseases result when ‘spill-overs’ occur, where necessarily
indiscriminate transmission leads to the potential for the opportunistic infection of individuals of other
than the original host species. Humans – or at least their cells in vitro – can potentially be infected by a
diversity of viruses, including those normally found in other animals.32
Such potentially opportunistic zoonoses require that the spill-over host has appropriate acceptor
molecules33 for viral uptake into target cells and the relevant means to facilitate subsequent replication
and onward transmission of the pathogen (e.g. Villarreal et al., 2000; Kuiken et al., 2006; Holmes,
2008). Given at least partial compliance with these conditions, successful establishment in the potential
new host is far from guaranteed. Thus, as noted above, an ongoing ‘arms race’ with its normal host
species means that a strain of pathogen has evolved the means to try to circumvent (or at least
ameliorate, from the pathogen’s perspective) the activation of the latter’s innate immune system; hence
it is not likely to be pre-adapted to the successful infection of other potential host species (especially if
they are but distantly related). Any resulting, seemingly successful initial invasion of the spill-over host
may thus lead to the overactivation of the latter’s innate immune system as a consequence of its being
exposed to a novel pathogen for which it is ill-prepared; runaway positive feedback induction of
inflammatory responses initiated by the host’s white blood cells at the site of infection may thus lead to
30

In contrast, there was a progressive increase in virulence when tested in naïve laboratory rabbits, to the extent
that sustainable infections were precluded as a result of over-arching damping down of the immune system
leading to the lack of fibromata in the first place (Kerr et al., 2017).
31
Arthropod-borne viruses infecting vertebrates: a heterogenous grouping with representatives of various families
of RNA-based species such as dengue, Japanese encephalitis, yellow fever and Zika viruses, where insects and
other arthropods are vectors for the generally non-specific transmission of infection between vertebrate hosts;
they have independently evolved the capacity to replicate in both their vectoral and final hosts (the myoxoma
virus is apparently one exception: see above), and are thus amongst the ultimate in generalists, given the vast
phylogenetic distances involved. The need for sufficiently high levels of pathogen circulating in the blood often
leads to the host’s sickness-related immobility, as a ‘sitting target’ which facilitates access for such biting
vectors to mediate onward transmission (Ewald, 1996, 2004). Furthermore, the effects of the inflammatory
response by the host’s innate immune system to the ‘saliva’ in the original insect bite is likely to exacerbate the
progress of infection to a more serious stage (Pingen et al., 2016).
32
http://viralzone.expasy.org/all_by_species/678.html; see also Taylor et al. (2001).
33
Confusingly, virologists generally refer to these as ‘receptors’, which comes across as teleological to
conventional biologists: receptors have evolved in a particular organism in order to detect specific sources of
internal or external information for its immediate benefit (including Toll-like receptors and other components
of the innate immune system for example); so-called viral ‘receptors’ are the apotheosis of this. Thus, in the
case of influenza A, the configuration of sialic residues decorating potential target cells (see Sections VI.2.iii,
VII.1 and VII.4.i, in particular) are not receptors in the conventional sense; indeed, it would seem more logical
to regard the viral protein (haemagglutinin in this case) as the receptor for its particular extracellular target (see
Section VII.11).
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a cytokine cascade or ‘storm’; any subsequent follow-up mechanisms to restore normal body
functioning may be overwhelmed, to the immediate detriment of the spill-over host as a result of these
immunopathological responses (Tisoncik et al., 2012; Liu et al., 2015; Mandl et al., 2015). Thus such
spillings-over typically have a low R0 and lead at most to stuttering chains of infection which soon die
out (along with the erstwhile hosts in the worst case scenario); it is only with frequent such zoonotic
events that successful mutants of the pathogen may be likely to arise and become established in a new
host species (Antia et al., 2003; Woolhouse et al., 2005).

Figure 2 A highly schematic generalisation of the stages in the establishment of an endemic
human virus, based on the reviews of Wolfe et al. (2007a, b) and Woolhouse et al. (2012);
examples of candidate viruses are indicated in the right-hand column. There are three major
transitions with likely evolutionary implications: the initial spill-over from a reservoir to
establish ‘souvenir’ stage 2 infections; the capacity for such infections to become progressively
more virulent (in the sense of more infectious) in humans during stages 3 and 4; and the
eventual specialisation of various viruses as endemics only able to infect humans (stage 5).
Nevertheless, there is evidence that various human diseases are or have originated as zoonoses,
including as a result of spill-over chains by way of intermediate amplifying hosts (typically
domesticated animals). Based on a survey of 25 major human transmissible microbial diseases, Wolfe
et al. (2007a) identified five major categories regarding the relative risks of human infection and thus
their potential evolutionary status (Figure 2). Those at stage 1 represented the pool of potential diseases
which might realistically infect humans in the future (the ‘pre-emergence’ stage of Morse et al., 2012);
at the opposite extreme were those at stage 5 where humans have become the only endemic hosts
(exemplified by measles, rubella, and four other diseases in their survey). In between these two extremes
were intervening stages where there is a progressive increase in R0, from 0 for stage 2, with no personto-person transmission; through 0 < R0 < 1 and sputtering transmission for stage 3; to progressively
larger numbers of generations in humans (so that, in the short-term at least, R0 > 1) as well as in the
original primary host species to a lesser extent during stage 4. Over time,34 evolution of this dynamic
equilibrium as a result of mutations is likely to mean that the alternative animal pool progressively
becomes redundant and the pathogen becomes truly endemic, unable to infect its original host reservoir
(stage 5). Most of the diseases considered by Wolfe et al. were at their stages 4 (N = 6) or 5 (N = 14);
zoonotic ones (stages 2-4) were proportionately more abundant in the tropics. Overall, about 58% of
the 1407 recognised human pathogens are zoonotic, 177 of which are regarded as emerging or reemerging (Woolhouse and Gowtage-Sequeria, 2005).35
34
35

Assuming that the accessible pool of susceptible humans exceeds the critical community size.
What constitutes (re-)emerging is open to debate (Woolhouse and Dye, 2001): for example, it includes the
ongoing identification of pre-existing pathogens associated with ‘catch-all’ syndromes such as encephalitis as
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As will be considered further in Section VIII, Southeast
Table 1 Production of selected livestock
Asia has recently been identified as a hot-spot for the
as a percentage of the world total in 2014.
emergence of ‘new’ diseases which may threaten humans.
Numbers in brackets indicate ranking
In part, this is due to the intimate association of humans
compared to other countries in the world,
with the land and increasing interactions with peritaking the ASEAN countries of Southeast
domestic and sylvatic wildlife as a result of expanding
Asia as a unit.36
agriculture (including the development of intensified
China
ASEAN
farming systems) and other activities (hunting and
15.1% (2)
exploiting of other resources, etc.); furthermore, this is Chickens 21.7% (1)
Ducks 58.7% (1)
20.4% (2)
accelerating due to population growth, with increasing
Pigs 48.7% (1)
7.7% (2)
suburbanisation and mobility; together with the attendant
Cattle
7.9% (3)
3.3% (7)
environmental changes such as deforestation and the
Sheep 16.7% (1)
1.4% (20)
effects of climate change (e.g. Woolhouse and GowtageSequeria, 2005; K. Jones et al., 2008; Coker et al., 2011;
Daszak et al., 2013; B. Jones et al., 2013). The problem is potentially compounded by the fact that this
region and China are major sources of much of the world’s production of several of the many important
species of farmed animals (Table 1): thus the potential pool of intermediate hosts for amplifying spillovers from wild animals is relatively large, never mind those of ‘endogenous’ zoonoses such as bovine
tuberculosis (see Section VII.5.i). Furthermore, the progressive development of transport systems
means that, today, any pathogen with an R0 greater than unity can potentially spread to infect the global
community: ST is no longer a constraint. The implications of this will be considered further in Section
VIII.
2. Rabies: The Archetypal Zoonotic Disease
Rabies has a long recorded history as a neurotropic zoonotic disease transmitted by dog bites (Fu, 1997;
Baer, 2007; Müller et al., 2015). As far back as 2300 BCE, owners in a Babylonian city were required
to kill their rabid dogs and to pay a fine to people who had been bitten, or face severe penalties if the
latter died. According to Adamson (1977), rabies in Europe originated as a result of the progressive
spread of infection from Mesopotamia by way of Asia Minor; 37 as well as also spreading eastwards,
with a chronicle from 556 BCE documenting this disease in China (Wu et al., 2009). The Romans
identified the saliva of rabid dogs by the name ‘virus’ (poison) – saliva-contaminated cloth was
proposed as a potential biological weapon38 – although this association was only confirmed
experimentally in the early nineteenth century.39 Thereafter a French chemist, Louis Pasteur, developed
the first vaccine; this was used as what is now termed post-exposure prophylaxis (PEP)40 to save the
life of its first patient in 1885 (Jackson, 2013).
Subsequent virological studies have established the causative agent, Rabies virus, as the type species of
the rhabdovirid genus Lyssavirus. Whilst it has a wide range of mammalian host species, other
a result of the continuing development of progressively more sophisticated diagnostic procedures.
Superimposed upon this is the perceived emergent threat to people in the developed world and the resultant
need for emergency action (see Section VIII.3), as epitomised by the international responses to outbreaks of
avian influenza (see Section VII.1.iii) and the West African Ebola eruption (see Section VI.3.ii), and concerns
about a potential pandemic of Nipah virus, for example (see Section VII.2.ii). Thus Woolhouse and Dye propose
that such contagions are those “whose incidence is increasing following introduction into a new host population
or … in an existing host population as a result of long-term changes in epidemiology;” the latter may be as a
result of an increase in R0 and/or ST values.
36
FAOSTAT, accessed 9/viii/2016
37
The disease may have been the inspiration for Cerberus, the many-headed dog with a poisonous bite which
guarded the underworld according to Greek mythology (Jackson, 2013).
38
Other proposals have included saliva-treated arrowheads and other projectiles, including a malevolent
concoction devised by Leonardo da Vinci: http://www.wondersandmarvels.com/2014/08/rabies-ancientbiological-weapon.html
39
See also https://microbewiki.kenyon.edu/index.php/Rabies
40
Still the only effective treatment for rabies victims; recent claims about the use of therapeutic coma when it is
too late for PEP would appear to be unjustified (Wilde et al., 2008; Hemachudha et al., 2013).
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lyssavirids have been recently identified which primarily infect Old World bats, wherein the genus is
believed to have originated and diversified (Badrane and Tordo, 2001; Banyard et al., 2011, 2013) with
occasional spill-overs infecting terrestrial mammals (see Section VII.2.i). Molecular clock analyses (see
Section VI.4 for a consideration of the reliability of these) have led to one estimate that the rabies virus
itself first spilled over from bats to the Carnivora 888-1,459 years ago (Badrane and Tordo, 2001);
whilst Troupin et al. (2016) concluded that the last common ancestor of all dog-related rabies viruses
dated back to between 1308 and 1510. Thus the latter authors argued that earlier strains such as were
evidently circulating in the Middle East (see above) had died out; they noted that the derived dates
coincide with the start of development of regular trans-oceanic voyaging and the first stages in
globalisation. Such estimates have thus led to the conclusion this was thus another disease introduced
by European conquest of the Americas (as well as sub-Saharan Africa: Nel and Rupprecht, 2007).
However other analysis led Kuzmina et al. (2013) to conclude that this may be an underestimate (as
would also be suggested by the historic literature: see above), together with there also being some
evidence that rabies may have already existed in the pre-Columbian Americas.
According to the classification schema of Wolfe at al. (2007a; Figure 2), rabies has remained a stage 2
infection over its relatively long documented history, with apparently no recorded person-to-person
transmission prior to the development of organ-transplant techniques. The most common route for
transmission is by deep bites from infected members of other species of mammal; 41 in addition, it may
occur through aerosols or the handling of dead animals, with viral infection through open wounds or
mucous membranes (reviewed by Hanlon and Childs, 2013; Hemachudha et al., 2013; Jackson and Fu,
2013; Crowcroft and Thampi, 2015). Thus Nguyen et al. (2011) found that five of 23 northern
Vietnamese patients who tested positive for rabies virus did not report any history of bites from dogs
or cats, but that they had been involved in butchering and consuming them. This is consistent with
reports that rabies from live bats may also be transmitted via aerosols, as one possible source of ‘cryptic’
infections (see Section VII.2.i).
Typically, virions initially infect motor terminals (and sensory ones to a lesser extent) of the peripheral
nervous system, to then ascend retrogradely to the latters’ cell-bodies in the spinal cord and thence
progressively spread trans-synaptically within the central nervous system to establish a transient latent
infection of variable duration beyond the reach of the immune system at large; 42 subsequently, virions
are then transported anterogradely down peripheral nerve axons to infect the salivary glands and other
organs (reviewed by Warrell and Warrell, 2004; Jackson, 2007, 2013; Lackay et al. 2008; Schnell et
al., 2010; Hemachudha et al., 2013). Once infection has spread sufficiently within the brain, rabies
expresses itself first as a prodromal phase associated with behavioural changes, including increased
irritability. Thereafter, the disease may proceed directly to a paralytic (‘dumb’) phase, whereby
progressive immobility leads ultimately to respiratory failure and death. Alternatively, there may be an
intervening ‘furious’ (confusingly also referred to as ‘encephalitic’) stage in a proportion of cases (about
66-80% in the case of humans), where behaviour is more erratic, with periods of hyperexcitability and
hallucinations with aggressiveness being manifest; these may occur spontaneously or as a result of
external stimuli, with ‘hydrophobia’, occurring in half or more of such patients as a result of swallowing
being difficult despite dehydration and the desire for water. Death may occur as a result of cardiorespiratory arrest during spasms associated with feelings of terror but no feeling of pain. Intense
salivation means that virions can be transmitted to a potential new host when the latter is bitten, although
biting behaviours are unusual in humans (Jackson, 2013).43 The need for infection to spread to and then
within the central nervous system means that there is often a long latency between the original infection
by a bite and this terminal transmissive phase; in part, this reflects the migration of virions along axons
at a rate of about 50-100 mm/day (reviewed by Warrell and Warrell, 2004). Whether furious or paralytic
41

With bites to the head area more likely to lead to infection than those to the extremities; the risk is much less
for scratches (Jackson, 2013).
42
Further ensured by the virus taking active measures to subvert any responses by the brain’s innate immune
components which would otherwise occur (Ito et al., 2016).
43
It has been suggested that outbreaks of human infection with rabies provided the original inspiration for the
legends of Dracula-like ‘vampires’ in central Europe and elsewhere (Gomez-Alonso, 1998), although this is
controversial.
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rabies develops is independent of the site of the bite responsible or the subsequent latency period
(Jackson, 2013).
Today, canids (including dogs, Canis lupus familiaris) are one reservoir for strains of the rabies virus
in the Old World. In North America, on the other hand, dogs have been eliminated as a source of
infection (reviewed by Warrell and Warrell, 2004; Calisher et al., 2006; Barrett, 2011; Banyard et al.,
2014). There, whilst the disease is still circulating with sustained intraspecific transmission in certain
species of wild canids and other Carnivora (Holmes, 2004),44 a significant source of recent infections
for humans is from bats and cats (Lackay et al. 2008; Hanlon and Childs, 2013). Elsewhere in the
Americas, rabies infection from the bites of haematophagous vampire bats is an important cause of
losses in livestock.
Hampson et al. (2015a) have estimated that, globally, about 59,000 humans die from rabies each year
mainly as a result of dog bites;45 of these, about 60% are in Asia and 35% in India alone.46 Global
estimates indicated that this was associated with an annual economic cost of about US$8.6 billion
(including livestock losses and PEP treatment, with wide regional variations) and about 3.7 million
disability-adjusted life years lost.47
In an early study, Smith et al. (1992) identified six clades of dog rabies viruses in an extensive sample
of the highly-conserved nucleoprotein gene sequences covering a large area of the world. Clade I (the
so-called cosmopolitan strain) was the most widespread geographically, with samples from the
Americas, Europe and countries in northern and central Africa, as well as northern China.48 On the other
hand, samples from east, southeast and south Asia comprised four of the other five clades (the other
was in West Africa), and were heterogeneous with regard to the sequences of their nucleoprotein genes:
they were geographically distinct and differed almost as much from each other as each did from Clade
I samples, suggesting that this area represents the region where rabies originated (see below).
Subsequent phylogenetic analyses in the region elaborated on these findings, although interpretation is
confusing given the diversity of nomenclatures applied for different lineages by different workers
(Sugiyama and Ito, 2007; Yamagata et al., 2007; Bourhy et al., 2008; Susetya et al., 2008; Gong et al.,
2010; Meng et al., 2011; Nguyen et al., 2011; Tohma et al., 2014, 2016; Mey et al., 2016).
Based on such analyses, Bourhy et al. (2008) proposed that rabies originated in dogs in the southern
Indian subcontinent, including Sri Lanka (cf. the apparent historical record: Adamson, 1977). On the
other hand, Meng et al. (2011) extrapolated from their sequence data to suggest that rabies spread out
of China into Southeast Asia in the eighteenth century,49 which they related to the historical emigration
of people and their infected dogs from south-eastern China. Thus they argued that it may have originated
in China in association with the domestication of dogs, which they presumed first occurred there.
However it should be note that the domestication of dogs has had a much longer history: they are likely

44

And thus a source of infection to humans using wilderness areas as a source of economic or recreational activity
(Rupprecht et al., 1995).
45
Note that their 95% confidence intervals are large for various measures, due to uncertainties in many of the
available data as a result of under-reporting (especially in rural areas) and other constraints which they tried to
take into account.
46
This reflects the size of its population; on a per capita basis, mortalities were highest in the poorest countries
in sub-Saharan Africa.
47
DALYs: almost exclusively due to premature death.
48
Within Europe, Bourhy et al. (1999) traced the likely source of the current dominant strain of dog rabies to
northeastern regions, with subsequent spread being impeded by major rivers and other geographical barriers;
originally confined to dogs, it has spilled over into foxes (Vulpes vulpes) and introduced raccoon dogs
(Nyctereutes procyonoides) within the last century. This strain presumably outcompeted previously existing
strains, accounting for the incongruence with the much longer chronology of documented cases (see also
Troupin et al., 2016).
49
As noted below (see Section III.3), such extrapolations by these and other workers (see below) must be taken
with a mega-pinch of salt.
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to have been the first domesticates of early humans, prior to the development of settled communities
and farming.50,51
Whilst rabies is enzootic in China and mainland Southeast Asia, it would only appear to have spread to
the Indonesian archipelago in recent times. Thus, the ﬁrst established cases of rabies were reported in
West Java province towards the end of the nineteenth century (Tenzin and Ward, 2012).52 Smith et al.
(1992) indicated that present-day sequences from Java belonged to their clade V (also found in
peninsular Malaysia and Thailand: cf. the analyses of Yamagata et al., 2007). Having become endemic
in Java, the disease subsequently spread to Sumatra in 1911, Sulawesi in 1956 and Kalimantan in 1974.
Today, it is found in 24 of the 34 provinces, with evidence for continuing spread to new islands
(ASEAN, 2015). For example, three dogs from Sulawesi introduced the virus to Flores in 1997; despite
a major cull soon after of dogs in the district where rabies had been introduced, Windiyaningsih et al.
(2004) reported that the disease still persisted in June 2004. Subsequently, fishermen from a
neighbouring island introduced rabies to Bali in 2008 (Widyastuti et al., 2015). This progressive islandhopping as a result of human activity has led to concerns that the disease may soon reach Australia
(Hudson et al., 2016), where the only lyssavirus (closely related to the rabies virus) has been found in
bats as the source of occasional human infections (Warrilow, 2005).
In the Philippines, rabies is enzootic throughout many of the islands today. Smith et al. (1992) found
that strains from the Philippines constituted a separate clade III on its own; likewise, Yamagata et al.
(2007) recognised a separate lineage, their SEA 2.53 On the other hand, one lineage of Sugiyama and
Ito’s (2007) so-called Southeast Asian grouping comprised sequences from the Philippines and China:
like the other, from Indonesia (cf. Smith et al., 1992), it was distinct from their so-called ‘Malay’ one
which was limited to peninsular Malaysia and Thailand. More recent phylogeographic analyses suggest
that strains of the rabies viruses arose in the Philippines around the end of the 19th century as the result
of a single introduction from China, with subsequent divergence to form three clades, one on each of
the major island groups. A recent study documented the spread of the virus from Luzon island to
another, Tablas; there was evidence for a delay of up to a year between the time the virus was first
introduced (apparently from one infected animal) and the first three reported cases in dogs in 2011
(Tohma et al., 2016).
As noted above, the circulation of rabies in dogs poses a health risk to humans through spill-overs. Thus
there are periodic epidemics of human rabies from dog-bites in China, mainly in the southern provinces,
reflecting higher dog densities and human-to-dog ratios there; these outbreaks reflect the wearing off
of previous control programmes of culling and vaccination (Tang et al., 2005; Hu et al., 2009; Wu et
al., 2009; Zhu and Liang, 2012; Knobel et al., 2013).54 Of the countries in the region which reported in
2015 (Table 2), rabies is a notifiable disease of dogs in Brunei and Singapore (last recorded infection
1953) as well as (with ongoing infections) in Malaysia, Myanmar, Thailand and Vietnam, together with
50

Their history of domestication is complex (Larson et al., 2012; Larson and Fuller, 2014; Shannon et al., 2015;
MacHugh et al., 2017), although recent evidence has identified major foci in both Europe and East Asia about
14,000 to 6,400 years ago (Frantz et al., 2016; see also Yong, 2013, 2016a) or even before then (Botigué et al.,
2017); and that, for whatever reason, there may have been a subsequent westward spread of the oriental lineage
shortly thereafter to displace or interbreed with the European one (Frantz et al., 2016; cf. Botigué et al., 2017).
51
Based on mitochondrial DNA sequences, Australian dingoes are related to previously domesticated dogs in East
Asia and were likely to have been introduced, possibly only once, associated with the Austronesian expansion
from East Asia, rather than India, into Island Southeast Asia and beyond about 5,000 years ago (Savolainen et
al, 2004; cf. Pugach et al., 2013). The fact that they and also African Basenjis and New Guinea Singing Dogs
occur outside the maximal range of the ancestor of domestic dogs (the Eurasian wolf, Canis lupus: extending
down into northern China and most of India as well as the Arabian peninsula, but not into Africa) yet occupy a
basal portion of the phylogenomic tree based on autosomal SNPs indicates that they have not been under
subsequent artificial selection (Larson et al., 2012), although they presumably were introduced to such lower
latitudes early on. Wang et al. (2016) proposed that they were first domesticated in what is now southern China
or adjoining regions, but interpretation was difficult due to subsequent introgressions for local canids elsewhere.
52
In a water buffalo in 1884, a dog in 1889 and a human in 1894.
53
Their SEA 1 encompassed Malaysia, Thailand and Vietnam.
54
Animal birth control programmes are one means to try to delay the wearing off of herd immunity (Knobel et
al., 2007).
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Bangladesh, mainland China and India. Whilst it also occurs in Cambodia and the Philippines, the
disease is not notifiable.
Table 2 Rabies as a threat to humans in various countries in the region, together with the efforts to monitor
and control it.55
Most recent
Bite
Probability Mortality Dog vaccination
a
occurrence
ratea
coverageb
Notifiable incidence dog is rabid
Brunei
--Yes
0
0.000
0.00
70.0%
Cambodia
Ongoing
No
650
0.735
2.96
0.6%
Indonesia
> 1 zone
Yes
105
0.442
0.08
23.8%
Laos
----133
0.724
0.59
1.4%
Malaysia
> 1 zone
Yes
0.001
0
0.00
70.0%
Myanmar
Ongoing
Yes
1188
0.735
9.02
0.6%
The Philippines
Ongoing
No
231
0.608
0.18
10.0%
Singapore
1953
Yes
0.001
0
0.00
70.0%
Thailand
Ongoing
Yes
587
0.201
0.09
49.5%
Vietnam
> 1 zone
Yes
378
0.429
0.40
25.0%
c
Australia
1867
Yes
0.001
0
0.00
70.0%
Bangladesh
Ongoing
Yes
101
0.673
0.57
5.1%
China
> 1 zone
Yes
1108
0.555
0.44
14.2%
India
> 1 zone
Yes
693
0.545
1.72
15.0%
Timor Leste
----105
0.442
0.00
23.8%
a

Per 100,000 of human population.
The convergence on 70.0% presumably reflects having met the WHO’s (2013c) recommendations
regarding minimum coverage for effective containment through achieving herd immunity in dogs.
c
Excluding recent cases attributable to bats.
b

According to Amaro (2016a), rabies is the top priority of the Ministry of Health of the Royal
Government of Cambodia with regard to known zoonotic diseases. This reflects the fact that, with an
estimated 800 to 900 cases each year, the immediate impact of rabies far exceeds that of the 56 human
cases of avian flu over the eleven years up until 2014 (Amaro, 2016a). Thus the mortality rate is second
only to Myanmar, and higher than that of India (Table 2). A review of rabies cases treated by the Institut
Pasteur over the period 1998–2007, mainly in Phnom Penh and the surrounding districts, identified dogs
as the predominant source of human infections, with mortalities almost two orders of magnitude more
than those from malaria or dengue (Ly et al., 2009).56 However serological evidence that a large
proportion of fruit-bats caught for the restaurant trade had at least past infections with a rabies-like virus
(Reynes et al., 2004) suggests that these and other bats may also be a source of spill-overs, including
through the butchering process (cf. evidence suggesting such a spill-over route from cats and dogs in
Vietnam: Nguyen et al., 2011).
There is no evidence that attempts to cull stray dogs or wildlife reservoirs is effective in containing the
rabies risk to humans (Knobel et al., 2013; Taylor et al., 2013); instead vaccination of these is the only
effective route as part of a more broad-based campaign involving local communities, as exemplified by
a self-sustaining programme initiated in 2007 in the province of Bohol in the Philippines (Lapiz et al.,

55

From http://www.oie.int/wahis_2/public/wahid.php/Countryinformation/Animalsituation (accessed 22/vii/16)
and Hampson et al. (2015b).
56
A survey of four rural villages in Siem Reap province recorded the highest published incidence of dog bites
anywhere, almost 5/100 person-years (Ponsich et al., 2016), although the reported countrywide bite incidence
is less than for several others in the region (Table 2). The Institut Pasteur du Cambodge treats about 300 dogbite patients each day for free, mainly people from Phnom Penh and the vicinity (Ly et al., 2009); it is seeking
funds to open to open two other rabies vaccination clinics – one in Battambang and the other in Kampong Cham
– to better cover the rest of the country and potentially save up to 400 lives each year (Sassoon and Soth, 2017).
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2012: see Section VIII.4). Similarly, pilot projects57 in southeastern Tanzania have proved effective,
albeit much more expensive than expected due to the government’s asking for high per diem payments
for their veterinarians. However, in general, rabies has received little attention until recently by national
governments and the international community: Müller et al. (2015) have noted that, whilst it is a
terrifying disease, it is largely restricted to the very poor, with many dying at home (often after
consulting ineffectual traditional healers: Taylor et al., 2013) so that there are no ‘walking wounded’ to
reach the attention of health authorities.
Nonetheless, the WHO has proposed to eliminate human deaths from rabies by 2030, through global
vaccination programmes covering 70% of the dog population for several years (to build up herd
immunity) and a lower coverage thereafter to take into account the dynamics of new recruits to the
population (with an overall target of at least 20-40% in the long-term),58 together with PEP treatment
where still necessary (Knobel et al., 2007, 2013; Stokstad, 2017); targeting wildlife reservoirs through
laced baits may also be appropriate in certain areas (Rosatte, 2013). In recognition of one of the WHO’s
initiatives to this end, and in observance of World Rabies Day on 28 September in 2014, the ASEAN
Rabies Elimination Strategy for the goal of a “Rabies-free ASEAN by 2020” was jointly endorsed by
the 36th ASEAN Ministerial Meeting on Agriculture and Forestry and the 12th ASEAN Health
Ministers Meeting; 59 this proposed to adopt an integrated ‘One Health’ approach (see Section VIII.4),
including a drive for mass vaccination of at least 70% of dogs.60 It would build upon the initiatives of
the Global Alliance for Rabies Control, established in 2007, and the associated pilot project initiated in
the province of Bohol in the Philippines in the same year (Lapiz et al., 2012: see Section VIII.4): the
latter succeeded in effectively eliminating dog-transmitted rabies within the first two years. Based on
this and other studies, Taylor et al. (2013) concluded that the “[w]orldwide elimination of canine rabies
is possible ... All of the tools to prevent human rabies are available”.
Such conjoint action is necessary as part of the global goal of controlling rabies: whilst Malaysia was
originally considered to be rabies-free after a case in 1999, a recent one appeared in a northern part of
the country, close to the borders with Myanmar and Thailand.61 The study by Lapiz et al. (2012; see
Section VIII.4) suggests that such a multi-sectoral approach by ASEAN means that this objective is
achievable in principle. Arising out of this decision, the Cambodian government is currently finalising
guidelines for surveillance, prevention and control with support from the FAO, the WHO and the Institut
Pasteur (Sassoon and Soth, 2017). Related to this, it recently introduced a pilot project to vaccinate
50,000 dogs in Phnom Penh and Kandal province, a high-risk area with about 1% of the estimated
countrywide population of dogs (Phearun and Dickison, 2016); however implementation of a countrywide annual vaccination plan (given dogs’ rapid breeding rates) over several years would be very
expensive, and it is difficult to attract outside donors (Sassoon and Soth, 2017; see Section VIII.3).
In following such a One Health approach, the ASEAN Rabies Elimination Strategy includes a sociocultural dimension as well as technical, organisational and policy and legislative ones; this is essential
for the successful development of the overall plan (Lapiz et al., 2012; Taylor et al., 2013; see Section
VIII.4). Surprisingly, a survey of rural villagers in Cambodia found that, whilst 69% thought that
diseases could be caught from animals, less than 5% of those interviewed were aware that rabies was
57

Funded by the Bill and Melinda Gates Foundation, which only supports pilot runs, in anticipation that this will
encourage others to provide funding once such trials have proved their worth.
58
The ideal would be to have all puppies registered and then vaccinated.
59
http://www.asean.org/working-together-towards-rabies-free-asean/; ASEAN (2015). However there has been
no commitment by the ASEAN community for funding this endeavour (Sassoon and Soth, 2017).
60
Rabies is likely to maintained in areas where the dog population exceeds a density of about 4.5 dogs/km2, such
as seen in the area around the Mekong delta, for example; other factors which need to be taken into consideration
are the relative proportions of restricted (easy to vaccinate, and thus likely to dominate such an exercise) vs.
free-ranging (including feral: the most likely to be targets for infection) dogs in considering whether 70% is an
adequate coverage (Knobel et al., 2007; their Figure 16.1).
61
https://rabiesalliance.org/media/news/asean-rabies-elimination-strategy-ending-rabies-together-by-2020. Thus,
whilst Thailand has effectively responded to most of its indigenous rabies spill-overs to humans through the
‘free’ (but nevertheless incrementally expensive for the Thai Red Cross) provision of PEP treatments, this fails
to address the underlying problem in a sustainable fashion (Knobel et al., 2013; Taylor et al., 2013).
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one,62 compared with 65% for avian influenza (Osbjer et al., 2015), pointing to the need for education
of the general public in this regard. Related to this, Ponsich et al. (2016) found low levels of awareness
about the risks associated with dog-bites in a six-month surveillance of four rural villages of Siem Reap
province. A lack of public awareness and/or understanding of the risks of animal bites and the threat of
rabies infection is also found elsewhere (e.g. Briggs and Mahendra, 2007; McCollum et al., 2012). Thus
a survey by Ichhpujani et al. (2006 [abstract]) of six centres in India found that knowledge, attitudes,
beliefs and practices regarding animal bites and rabies were poor; rather than lavage of the wound, for
example, a proportion of the general community favoured practices involving application of chilli
(11.4%), turmeric (5.6%), lime (6.8%), kerosene oil (2.3%) or herbal paste (4.2%); along with a visit to
an ‘occult medicine practitioner’ (1.5%) as part of the bite wound management. The authors concluded
that “there is need to create awareness amongst the masses regarding epidemiology of the disease and
merits of prompt and appropriate post exposure treatment through enhanced” awareness campaigns.
In addition, two other cultural components are apposite to the situation regarding the spread of canine
rabies in Southeast Asia. First, in Bali (Widyastuti et al., 2015) and in at least some communities
elsewhere (especially rural ones), owners allow their dogs to free-roam and interact with other dogs,
including those which have gone feral;63 in the absence of any mandatory vaccination programme, the
result is the potential to establish local pools wherein an outside viral input may spill over as part of a
broader circulation pattern. The second is that this outside input can be augmented by the transport of
potentially infected dogs, in particular that associated with the dog-meat trade: such activities may have
promoted the spread of particular viral strains within the region (Ahmed et al., 2015; Mey et al., 2016).
Thus, there is the need for the populace to be open to taking pro-active measures to help authorities to
deal with the potential problem (Lapiz et al., 2012), as has been assessed in surveys in northern Australia
in the face of the threat of rabies spreading from the accidental introduction of infected dogs across the
Torres Strait from neighbouring countries (Hudson et al., 2016).
III. The Origins of Present-Day Human Diversity: A Brief Synopsis
In order to get some sort of picture regarding the nature of human infectious diseases in the past, and
how this has evolved into the present (and, potentially, the future) as a result of the hosts’ worldwide
spread from their African origins, it would seem necessary to first establish a background on some of
the major events (albeit controversial, the hypotheses themselves continually evolving) which are
thought to underlay, and thus underpin, the essentially remorseless (in more ways than one) progression
from a local to a global species.
The general picture which has emerged based on available fossil and other evidence is that anatomically
modern humans (Homo sapiens) arose about 200,000 years ago on the savannahs of East Africa, as one
branch of H. heidelbergensis which had appeared there about half a million years ago from H. erectus,
the original developers of stone tools (Klein, 2009; Stringer, 2016; Lahr, 2017; Figure 3).64 Prior to this,
some bands of H. heidelbergensis initiated a spread out of Africa about 500,000 years ago, to

62

According to Taylor et al. (2013), traditional healers in resource-poor countries maintain that rabies is due to
“evil spirits and witchcraft, [and thus] offer ineffective remedies … giving false assurance to exposed patients,
who then do not seek effective treatment”.
63
This contrasts with the UK and Singapore, for example, where dogs outside the home are required to be under
strict owner-control, typically on a leash; if not, they may be considered as feral and treated accordingly
(captured and kennelled for a given period, before being put up for adoption or else put down humanely).
64
This picture has just been shattered by a recent report of the remains of what are considered to be anatomicallymodern humans from a site in Morocco, dating back to about 100,000 years previously (Hublin et al., 2017; see
also Callaway, 2017; Schlebusch et al., 2017), suggesting that progressive evolution occurred over a broader
spatial scale in Africa; arguably, this provides support for proposals of multiple emigrations from Africa over a
broader time-scale (see below; Gunz et al., 2009), given the fact that, in the past, what is now the Sahara Desert
was open savannah (Gross, 2014). It must also reset ‘molecular clocks’ calibrated for a ca. 200,000-year
ancestry (see Section IV.4).
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subsequently evolve into H. neanderthalensis65 adapted to the cold climate in Europe and Asia, as well
as into Denisovans,66 a sister clade in Asia (Roebroeks and Soressi, 2016; see also Callaway, 2016).67
The following is an attempt to present a hopefully balanced perspective on the origins of the diversity
of humanity,68 with particular downstream reference to that of their ‘heirloom’ diseases: those
bequeathed from their ancestors (mainly viral in the present context: see Section IV). Thereafter, this
will also establish a foundation for considering the case for past, present and possible future threats of
spill-over infections and their potential to become endemic within the human population at large.
1. Early Human Societies
During their early history in Africa and for much of the time thereafter, humans were hunter-gatherers.
Given the scenario that they were initially savannah-dwellers, present-day examples suggest that they
would have comprised small groups which utilised a range of resources in a relatively large foraging
area through various strategies in order to survive and prosper (Lahr, 2016). Thereafter, population
expansion at the periphery led to groups moving into the rich, concentrated yet diffuse diversity of
tropical jungles, with the possibility of developing a more settled swidden (‘slash-and-burn’) strategy.
On the other hand, drawing on the hypothesis of economic defendability,69 Marean (2016) has proposed
that the early evolution of hominins was likely to have been focused in productive areas where food
resources were concentrated, and more specifically in the marine coastal zones of South and North
Africa,70 recalling some aspects of the ‘aquatic ape’ hypothesis of early hominin evolution, which is
otherwise now generally discredited (reviewed by Langdon, 1997; Roberts and Maslin, 2016; Moore,
n.d.).71
65

This species died out about 40,000 years ago; whilst the general view is that this was as a result of being
outcompeted (physically and/or cognitively) with the arrival of anatomically modern humans, Villa and
Roebroeks (2014) have instead argued that their extinction was the result of interbreeding with anatomically
modern humans and assimilation (see below), presumably with the progressive dilution of any Neanderthal
influence as a result of recombination events (Fu et al., 2015). Yet others have suggested that spill-overs of
diseases introduced by anatomically modern humans may have been a contributory factor (Harper and
Armelagos, 2013).
66
Based on the DNA extracted from a fragment of a juvenile’s finger bone from the Denisova cave in the Altai
Mountains of Siberia, where the individual co-existed with H. neanderthalensis (Meyer et al., 2012; Prüfer et
al., 2014). The bone fragment and two permanent molar teeth do not constitute enough skeletal material for a
formal scientific name to be designated. The finding of a deciduous molar tooth of a fourth individual, with a
limited recovery of its genome has affirmed that this is an ancient lineage (Slon et al., 2017).
67
Together, H. neanderthalensis and Denisovans are often categorised as ‘archaic humans’, reflecting in part the
fact that some workers have included them as subspecies of H. sapiens. They appear to have arisen from a single
out-of-Africal emergence about 600,000 years ago, to spread extensively and give rise to small local divergent
populations, with consequent inbreeding and the accumulation of deleterious mutations and reduced
adaptability, which ultimately might have led to their demise apart from competition with antamically-modern
humans (Prüfer et al., 2014, 2017; Rogers et al., 2017; see also Hawks, 2017).
68
Based on various aspects of the scientific record (archaeological and genomic analyses), with the attendant gaps
and other imponderables, there are various evolving interpretations of how present-day H. sapiens may have
itself evolved.
69
This is a core component of behavioural ecology: it posits that any species should focus on those areas where
its food resources are denser and more predictable in both time and space; the better such resources are, the
more profitable it is to engage in costly behaviours to defend these in the face of the concomitant increased
competition from others. Thus Marean argues that there will be increased group-territoriality, with inter-group
rivalry and the promotion of intra-group cooperation with unrelated kin.
70
As also, later, elsewhere (Erlandson, 2010; Erlandson and Braje, 2015; Marean, 2016; see also Wayman, 2012).
71
Recent nutritional studies have suggested a very much ‘watered down’ version of the latter, through fish and
shellfish (as well as other aquatic organisms, including plants) providing a rich source of certain “brain-selective
nutrients”, including iodine and docosahexaenoic acid (DHA: an ω-3 polyunsaturated fatty acid only found at
low levels in terrestrial plants), to permit and sustain development of the brain up to late adolescence (Cunnane
and Stewart, 2010; Erlandson, 2010; Brenna and Carlson, 2014). Wrangham et al. (2009) have identified aquatic
resources as “fallback foods” for hominins; thus other primates (including orang utans) have been documented
feeding on fish on occasion (Russon et al., 2014). However, it is unclear why, if humans (or their ancestors)
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Figure 3 An attempt to capture the overall evolutionary pathways leading up to presentday humans. Note that this (as indicated by the long-dashed lines; those ending a diamond
represent the approximate time of extinction) and the timeline are for heuristic purposes
only: rather than being a simple ‘static’ family tree, attempts at tracing the ancestry of
modern H. sapiens are dynamic, in a constant state of flux reflecting accruing evidence
and controversy about how this should be interpreted (e.g. Lordkipanidze et al., 2013;.
Meyer et al., 2016). Whilst H. floresiensis (the ‘hobbit’) is now accepted as a bona fide
diminutive hominin species from Indonesia (cf. the cautious approach of Klein, 2009), the
dating of the remains has been recently revised back (Sutikna et al., 2016) and
morphological analyses indicate that it may have originated from an earlier migration of a
sister group to H. habilis, the evident ancestor of H. erectus in Africa (Argue et al., 2017).
There is growing evidence that there was at least some interbreeding of anatomically
modern humans (H. sapiens) with archaic humans (H. neanderthalensis and Denisovans)
who had preceded them into Eurasia, indicated by the lines with open-ended arrows at
either end. Further details are provided in the text.

were constrained by the need for DHA, natural selection did not act to favour an increased capacity to produce
it from α-linolenic acid – an essential fatty acid which is a common constituent of terrestrial plant tissues, for
example – on their own (Carlson and Kingston, 2007). Indeed, recent genomic analyses have indicated that just
such selective pressures have been operative, given the need to ensure that there is a balanced (rather than an
over- or under-) supply of this and other essential long-chain fatty acids (Gross, 2017b; see Section VI.4). Whilst
these findings can be taken as evidence of support for one component of the ‘aquatic ape’ hypothesis regarding
the origin of hominins (the latter is nebulous about when this factor came into play), its other arguments have
not stood up to serious scrutiny (reviewed by Langdon, 1997; Roberts and Maslin, 2016; Moore, n.d.).
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Present-day hunter-gatherer societies typically comprise bands of about 150 individuals based on one
review of the literature (Dunbar, 1993); arising out of this and related studies (Dunbar, 2003, 2009),
estimates for Neanderthals based on the ‘Dunbar number’ suggest about 120 as being the typical group
size (Pearce et al., 2013); genomic studies suggest that they may have lived in small, isolated groups,
with some evidence for in-breeding (Prüfer et al., 2014, 2017).72 On the other hand, Hill et al. (2011)
found that there was an extensive movments of people between ‘bands’ of present-day human huntergatherers, leading to large interaction networks and the possibility of cooperation and the exchange and
maintenance of knowledge and basic implement-making technologies (and, as a by-product, various
pathogens presumably). Another such review of hunter-gatherer societies found a lower size range (35
to 80 individuals) than that of Dunbar (1993); however Kramer et al. (2017) noted that the effective
group-size is likely to be expanded as a result of exchange of individuals between groups over time
whilst maintaining contact with their natal one,73 which will have consequences for attempts to estimate
the effective community size and thus ST.74 Consistent with this, Sikora et al. (2017) concluded that
there was more extensive communication between groups of anatomically modern humans based on
the analysis of four genomes from skeletons from a site in Russia dated to about 34,000 years ago, with
no evidence for in-breeding.
2. The Emergence from Africa
Thereafter, genomic and other evidence has been interpreted to indicate that there was a major out-ofAfrica migration of hunter-gatherer groups of H. sapiens about 50-60 thousand years ago,75 associated
with an increased sophistication of the tools being produced (reviewed by Stoneking and Harvati, 2013;
Lahr, 2017).76 However modelling based on climate data and the associated sea-level changes during
the late Pleistocene suggest several earlier ‘windows’ which may have permitted such initial migrations
in response to unknown drivers (Timmermann and Friedrich, 2016; see also Demenocal and Stringer,
2016; Harcourt, 2016). This and other suggestive evidence has led to the controversial (e.g.
Appenzeller, 2012; Groucutt et al., 2015) conclusion that there may have been at least one prior
migration of other anatomically modern humans eastwards along the southern coasts 77 of Arabia and

72

The so-called Dunbar number for the typical group size of a particular primate species can be estimated from
its relative brain size. Although Neanderthals had relatively larger brains compared with humans, this was
argued as likely to be related to the greater need for initial processing of visual and other sensory inputs, so that
they may have lived in slightly smaller groups. Note that, whilst Houldcroft and Underdown (2016) state that
Neanderthals comprised “small bands of approximately 15-30 individuals (Davies and Underdown, 2006),” the
latter citation would seem to be erroneous. On the other hand, at a more ‘macro’ level, available genomic
information indicates that they and Denisovans existed as small localised subpopulations with evidence for
inbreeding (Rogers et al., 2017; see also Bergström and Tyler-Smith, 2017; Hawks, 2017).
73
In a study of two groups of Savannah Pumé hunter-gatherers in Venezuela (18 censuses over the period 19832007), they found an average group-size of 58 + 16.4; however modelling studies (supported by longitudinal
data) suggest that short-term fluctuations in the adult sex-ratio with respect to adolescents at the time of entering
the ‘mating pool’ at maturity lead, somewhat counterintuitively, to dispersal of the then rarer sex.
74
The fact that these and other such exchanges are presumably between more than 2-3 groups therefore expands
the effective generational population size over time, for chronic infections in particular (see Section IV), as well
as protecting the pathogen against the stochastic risk of extinction (cf. the possible situation regarding human
herpes virus 3 in the Amazon basin: see Section IV.7).
75
Note that the use of ‘molecular clocks’ for genomic analyses can lead to contentious results (e.g. Stoneking and
Delﬁn, 2010; see also Section IV.4), the more so when accruing skeletal and archaeological evidence often
pushes dates back to earlier (e.g. the recent finding in North Africa increases the ‘age’ of H. sapiens by 50%:
Hublin et al., 2017), so that such externally-calibrated clocks need to be reset.
76
Recent genomic analyses have identified that the DNA of a 4,500 year-old Ethiopian man and present-day
members of the Hadza (Tanzanian hunter-gatherers) are most closely related to non-African humans (Skoglund
et al., 2017).
77
It has been argued that the relative uniformity of littoral resources and their ease of exploitation, compared with
the diversity of inland habitats (with corresponding need for local adaptation), led to a ‘coastal express’ around
the rim of the Indian Ocean (Mellars, 2006; cf. Groucutt et al., 2015). This has been suggested to underlie the
rapid early expansion of humans down the Pacific coast of the Americas (the ‘kelp highway’ hypothesis:

Braje et al., 2017).
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Asia towards Australia78 (Macaulay et al., 2005; Petraglia et al., 2010; Stoneking and Delﬁn, 2010;
Rasmussen et al., 2011; Dennell and Petraglia, 2012; Reyes-Centeno et al., 2014; Schiffels and Durbin,
2014; Tassi et al., 2015; Harcourt, 2016; Pagani et al., 2016a, b; Reyes-Centeno, 2016; Slatkin and
Racimo, 2016; see also Culotta and Gibbons, 2016; cf. e.g. Abdulla et al., 2009; Mellars et al., 2013a,
b; Malaspinas et al., 2016; Mondal et al., 2016; Jinam et al., 2017; Nielsen et al., 2017). Thus recent
studies based on stone tools and various other artefacts have pushed back human occupation of northern
Australia to about 65,000 years ago (Clarkson et al., 2017). In the absence of such artefacts,79 recoveries
of fossil human teeth in a cave in southern China led Liu et al. (2015; Gross, 2017a) to conclude that
modern humans were ‘unequivocally’ (albeit subject to the need for confirmation by other studies:
Groucutt et al., 2015) present there about 80-120 thousand years ago. Elsewhere, in island Southeast
Asia, occupation by anatomically modern humans has recently been pushed back to about 68,000 years
ago, based on the identification of teeth in a cave in the rainforests of Sumatra (Westaway et al., 2017).
According to this scenario, so-called ‘negritos’,80 Melanesians,81 and indigenous Australians have thus
been proposed to be present-day representatives of this earlier migration, living in ‘refugia’; elsewhere,
they have been largely replaced throughout much of their range by members of the second wave of
emigration out of Africa. The alternative is that there was a single emigratory series of movements,
which subsequently split into a southern (coastal) and a more northern components. Groucutt et al.
(2015) have argued that the reality probably lies somewhere in between.
Associated with the migration(s) out of Africa would have been many inevitable encounters with
archaic humans. On the one hand, Liu et al. (2015) speculated that the evident presence of modern
humans in southern China 80-120 thousand years ago, much earlier than in the Middle East or Europe
(45 thousand years ago), might have been because greater competition with archaic humans in the latter
areas acted as a brake on expansion as a result. On the other, there is accumulating genomic evidence
(Gibbons, 2011; Seguin-Orlando et al., 2014; Nielsen et al., 2017; Quach and Quintana-Murci, 2017)
for some degree of interbreeding with indigenous Neanderthals,82 possibly in the Middle East during

Lower sea-levels during the ‘Ice Ages’ of the latter portion of the Pleistocene (up to about 18,000 years ago)
meant that there were extensive land-bridges from the mainland to much of island Southeast Asia (so-called
Sundaland), as well as a relatively narrow channel separating this land-mass from that of Sahul, represented
today by Papua New Guinea and Australia (Voris, 2000; Sathiamurthy and Voris, 2006; White, 2011); it has
been argued that the technological skills of early anatomically-modern humans and probably also Neanderthals,
at least, would have allowed the construction of rafts as a means of traversing narrow stretches of water,
including the deltas of large rivers (Erlandson and Braje, 2015; Leppard, 2015; see also Harcourt, 2016).
However, rather than passive drifting, traversing these intervening channels would have required active means
of propulsion, much earlier than is evidenced for European populations (Morwood, 2014). On the other hand,
it also has meant that evidence for early human occupation of what were then coastal sites is now under about
50 m of seawater (Mellars et al., 2013a).
79
Interpretation of the presence or absence of the incremental development of handtools and other artefacts is
complicated by the fact that this may be dependent on when emigrants moved out, and on local resources, to
thereby be modified accordingly (Dennell and Petraglia, 2012; Dennell and Porr, 2014). It may also be
affected by communication between groups, which serves to reinforce the maintenance and utilisation of such
artefact-production, as well as the development of useful adaptions; thus the relevant techniques may become
lost in peripheral populations where there is the need to focus on specific pressing problems, for example (Hill
et al., 2011).
80
Aghakhanian et al. (2015), Pagani et al. (2016a, b) and Jinam et al. (2017); including some groups on the
Andaman Islands (the Jarawa and the Onge: Basu et al., 2016a, b; cf. Mondal et al., 2016) and the Philippines
(Pugach et al., 2013), as well as the Semang in peninsular Malaysia. Baer (1999) has criticised the use of the
term ‘negrito’; Jinam et al. (2017) have instead proposed the term ‘first Sundaland people’.
81
Members of the Austro-Melanesian linguistic group on the island of New Guinea as well as eastward in Near
Oceania (Kayser et al., 2006; Forster and Renfrew, 2011; Bergström et al., 2017a).
82
There is evidence that there was a two-way exchange (Kuhlwilm et al., 2016), although this was apparently
limited due to effects on the reproductive fertility of hybrid males (Sankararaman et al., 2016).
78
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the initial phase of outward movement;83 and also, for present-day Philippine ‘negritos’, Melanesians84
and indigenous Australians, in particular, with Denisovans.85,86 To further complicate things, Mondal et
al. (2016) have proposed that the data interpreted as indicating at least a biphasic migration out of Africa
might be alternatively explained by hybridisation in South Asia with another hominid of the H. erectus
lineage (e.g. a relative of H. floresiensis?: see Figure 3). These and other interactions would presumably
also facilitate the sharing of infectious diseases between archaic and anatomically modern humans,
whether those derived as heirlooms from their common ancestors through ‘endemic’ spill-overs (given
that the pathogens would have co-evolved with their particular host lineage) or through zoonoses where
there is the potential to shuttle between archaic and anatomically modern humans as an elaboration of
Figure 1.87
3. Prehistoric Climate-Change as a Constraint and a Driver of Subsequent Human Evolution
During this time, the drawn-out glacial-interglacial transition from the late Pleistocene to the early
Holocene meant that there were complex fluctuations in temperature and resultant temporary returns to
predominantly glacial conditions during MIS5,88 as well as the Last Glacial Maximum (26,500 to
19,000 years ago: the ‘Ice Age’, with increased aridity in the tropics). These led to local population
contractions into refugia which (if they did not die out) created bottlenecks (the ‘Holocene Filter’)89
with limited ‘founder’ gene pools when the population underwent a rebound expansion in response to
the return of more clement climactic conditions (Harpending and Rogers, 2000; Lahr, 2016). The
resulting differences between populations (ethnic groups or so-called ‘races’)90 as a result of genetic
drift and selection processes thus mean that present-day H. sapiens is ‘polytypic’.
83

An average of about 2.5% of the nuclear genetic material of living non-Africans comes from Neanderthals
(Green et al., 2010; Lowery et al., 2013; Vernot and Akey, 2014). Since the original hybridisation events, there
has been a progressive reduction as a result of genetic recombination, so that only certain stretches of
Neanderthal DNA have been selectively retained (introgressed) in the genomes of non-Africans today, mainly
as certain haplotypes comprising particular groups of genes with associated intervening stretches containing
control elements (see Section VI.4). This allowed the introgression of alleles of genes which were lost in the
bottleneck of the small population which initiated the migration out of Africa (Gibbons, 2017c), including some
important in the innate immune system (see Section VI.4).
84
Most ethnic groups native to Papua New Guinea and various island groups immediately to the east:
https://en.wikipedia.org/wiki/Melanesia.
85
See Reich et al. (2011), Prüfer et al. (2014), Aghakhanian et al. (2015) and Sankararaman et al. (2016): there is
also evidence for lesser contributions to populations in eastern portions of mainland Asia (Skoglund and
Jakobsson, 2011; Pagani et al., 2016a, b). Thus, for example, Tibetans have been found to share a haplotype of
one hypoxia-activated transcription factor gene (EPAS1) with Denisovans which is distinctly different from that
in Han Chinese (despite being otherwise closely related to the latter, genomically as well as linguistically) and
other present-day human genomes sampled; it is associated with higher concentrations of haemoglobin in the
blood, as an adaptation to living at high altitudes (Huerta-Sánchez et al., 2014).
86
Pääbo (2014) has pointed out that, overall, Neanderthals and Denisovans are closely related to modern humans:
about 90% of their genomes fall within the present-day human variation, meaning that a significant proportion
of humans today are genotypically more closely related to these archaic humans than to their compatriots, based
on this shared complement. Moreover, based on known sequences, present-day humans are distinguished from
archaic humans by only about 30,000 single nucleotide polymorphisms, with about 10% of these being in
regulatory regions of the genome.
87
In either case, this presumes a relatively generalist (or at least generalisable) capacity on the part of the pathogen
involved.
88
Marine Isotope Stages are based on changes in the relative abundance of 18O in deep-sea core samples over
geological time, as a surrogate for global temperature measurements; MIS5 involved several ‘sub-stages’ of
alternating cool and warm periods during the major glacial-interglacial transition, from 128,000 to 72,000 years
ago, to be followed by a tropical ‘mega-drought’ (Lahr, 2017).
89
Bottlenecks can be of primarily two types: one constrained in space, such as the limited genetic diversity of
those humans leaving Africa compared to the vastly greater variation in the populations they left behind; and
the other in time, as a result of local climate-related or other changes leading to mortalities (selective or
otherwise) and a contraction in population size.
90
There is no evidence for so-called ‘racial’ differences. Thus comparisons of the genomes of even widely
different ethnic groups with regard to general characteristics such as skin-colour, physiognomy and stature, for
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Superimposed on this picture of a progressive outward spread of anatomically modern humans from
Africa, some studies based on sequences of mitochondrial DNA,91 the Y chromosome and a number of
other genes have suggested that the population of non-African humans may have been reduced to as
few as 3-10 thousand individuals at one time, thereby rendering them an endangered species (Rampino
and Ambrose, 2000; see also Hewitt, 2000; Marth et al., 2004).92 Rather than being due to general
climactic changes as a result of variations in the Earth’s orbit, these authors suggested that such a
bottleneck might have been as a result of the prolonged ‘volcanic winter’ about 74,000 years ago due
to the massive emission of dust and SO2 aerosols from the super-eruption of Mount Toba on Sumatra
in western Indonesia.93 Such a drastic event might thus have led to the diversification of those isolated
groups of survivors in refugia at lower latitudes and the emergence of different ethnic groups, due to
regional founder effects (Rampino and Ambrose, 2000). Moreover, it has been suggested that this may
also have served as a bottleneck for existing endemic heirloom diseases, to account for the presentday
distribution of different clades of the hepatitis B virus (Littlejohn et al., 2016; see Section IV.2.iv).
However both the proposed resulting extreme climactic events94 and the adduced consequences for
humans (India: Petraglia et al., 2007; cf. Mellars et al., 2013a, b) and other mammals95 mean that the
Toba event has been questioned as the primary cause for any such major bottleneck (Hawks et al.,
2000).96
Lahr (2017) identified the end of the most recent bottleneck as when the melting of glaciers with the
onset of most recent interglacial and the start of the African Humid Period (when what is now the Sahara
desert was savannah), 14-15 thousand years ago, led to mild conditions globally and the transition to
the Holocene.97 As a result, human populations rebounded to expand and diversify regionally, with the
development of intensive foraging strategies (rather than traditional hunter-gatherer ones) through
subsistence farming, leading up to the Neolithic Demographic Transition with the associated
development of formal agricultural systems in different locales (see Section V.1). In turn, this led to
population growth and the need for further expansion as a result of the demand for suitable land for
farming, with family-groups moving into areas not otherwise under cultivation; indigenous peoples
were either marginalised or became assimilated. In addition, trade between often distant communities
developed, mainly involving male members of the community, with the potential for the largely passive
example, have found that there is little underlying differentiation, in terms of absolute differences in the allelic
frequencies of specific genes (Pääbo, 2014; Crawford et al., 2017). This reflects the fact that the control of such
characteristics is under polygenic control by a diversity of often multi-functional (pleiotropic) genes: for
example, height is determined by the interactions of alleles of at least 180 different genetic loci, with local
selection pressures (whether purely natural or cultural, or a meld of the two) resulting in a shifting of the overall
balance amongst these various alternatives.
91
Transmitted down the maternal line. Note that the lack of recombination for this and for most of the male’s Y
chromosome limits their usefulness as clocks: they each represent just a single locus.
92
On the other hand, Prugnolle et al. (2005) found no evidence for any such an acute bottleneck, based on an
analysis of 377 microsatellite loci: instead, there was evidence for a progressive loss of diversity with distance
from Ethiopia (taken as the origin of the émigrés leaving Africa), reflecting a series of small bottlenecks en
route. See also Henn et al. (2016).
93
The largest eruption on Earth in the past 2.5 million years: the output of magma (2,800 km3) dwarfed those of
the most recent major eruptions (both elsewhere in Indonesia): Tambora in 1815 and Krakatau in 1883, with
magma outputs of 160 and 12 km3, respectively. The Tambora event led to a ‘year without a summer’ in 1816
in Europe and North America (http://www.smithsonianmag.com/history/blast-from-the-past-65102374/;
Brönnimann and Krämer, 2016).
94
However, sediment analyses from Lake Malawi in East Africa indicate that there were minimal effects on
temperatures in that equatorial region (Lane et al., 2013), implying a more local climactic effect elsewhere (see
also Oppenheimer, 2002).
95
The impact on other species of mammals is controversial (Reardon, 2013), with Southeast Asia being largely
unaffected (Louys, 2007).
96
Thus the genomic evidence may simply reflect the fact that there was only a small founder population which
initiated any particular migration out of Africa.
97
There is evidence for another, more recent superpopulation-specific set of ‘bottlenecks’ in Y chromosome
evolution within the last 10,000 years, suggested to be related to the dramatic socio-cultural changes associated
with the Neolithic Demographic Transition (see Section V.2), with farming males producing more offspring
(Karmin et al., 2015; Poznik et al., 2016).
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transfer of culture (including farming practices and linguistic elements) with often limited
interbreeding. Thereafter, once much of such suitable land was already settled, continued expansion of
populations with their increased demands for resources and other pressures led to territorial expansion,
again typically involving mainly males at least at first; and later the occupation and colonisation of more
distant lands by families of settlers at the expense of the local populace.
4. The Progressive Development of Societies in Southeast and South Asia
Until recently, reconstruction of the prehistory of humans in Asia has depended on scattered
archaeological studies together with ethno-linguistic ones. However a dearth of archaeological
information makes reconstructing the deep history of human occupation in India during the early outof-Africa period problematic (e.g. Dennell and Porr, 2014; Chauhan, 2016; Lahr, 2017), as elsewhere
in much of Asia, presumably in part as the result of coastal inundation of the main inhabited sites due
to rises in sea-level (Groucutt et al., 2015). Moreover, the so-called ‘Holocene gap’ means that it is
difficult to determine the evolution of societies in Southeast Asia prior to about 2,000 years ago,
including tracking the development of rice-farming, whether upland or padi-based, and other
agricultural staples (Blench, 2011).
Mainland Southeast Asia is home to five different language families: Austroasiatic, Tai-Kadai (KraDai), Tibeto-Burman,98 Miao-Yao (Hmong-Mien) and Austronesian (Enfield, 2005; Sidwell, 2013).99
Linguistic studies indicate that these are related, and that they originated in what is now southern China
and adjoining regions (Bellwood, 1995, 2006; Blust, 2011). Thus the present-day distribution of
minority members of the various language families on mainland East and Southeast Asia is mosaiclike, most especially in the area where they are believed to have first evolved (Enfield, 2005; Blust,
2011; Sidwell, 2013). Available evidence indicates that they arose with the development of agriculture
and the domestication of rice in southern China;100 and that they subsequently spread centrifugally,
although the interpretation of the findings from such studies, and also of more recent ones based on
genomic analyses, has proven controversial. The development of wet rice-cultivation may have given
the main impetus for the subsequent expansion of speakers of these language families due to their
having a competitive advantage over indigenous hunter-gatherers or subsistence farmers,101 not only in
terms of the resulting food densities and increased population growth but also the social organisation
needed for padi-field culture (see below). River valleys and the associated lowland floodplains provided
the main means for the inland spread of pioneering agriculturalists and their subsequent lines of
communication in establishing progressively larger polities (Donohue and Denham, 2015). On the other
hand, upland areas provided a variety of other different ecological zones (with their associated resources
for trading) as refugia for other groups (including displaced members of the same language family).

98

Or Sino-Tibetan: Tibeto-Burman would seem to be the preferred term for the scattered distribution of this group
of languages (Blust, 2011).
99
See regional map in Sidwell (2013).
100
The picture is complicated by controversies revolving around the origins of domesticated rice (Oryza sativa)
in Asia (Sagart, 2011; Chaubey et al., 2011; that in Africa was from domestication of another species, O.
glaberrima), and whether this occurred once in China, or rather that O. s. japonica and O. s. indica (short- and
long-grained varieties, respectively) represent independent domestication events and the role of subsequent
hybridisation. A recent analysis (Civáň et al., 2015) concluded that japonica originated in southern China and
the Yangtze valley (with the subsequent development of tropical and temperate varieties), whereas Indochina
and the Brahmaputra valley were the source of indica; moreover, hybridisation between japonica and aus, a
variety of indica in central India and Bangladesh, led to the development of aromatic strains.
101
Obvious candidates would be the first Sundaland people (Jinam et al., 2017), who were either assimilated or
died out; in Southeast Asia today, these are largely restricted to so-called ‘negritos’ of the Philippines and (the
Semang) peninsular Malaysia (with ambiguous evidence for relict populations on the Andaman and Nicobar
Islands), as well as the indigenous Austro-Melanesians on the island of New Guinea and Australia, together
with Near Oceania (see Section III.2). Note that those members of ‘negrito’groups of Orang Asli on peninsular
Malaysia now speak Austro-Asiatic languages (Baer, 2000; Fix, 2011), whilst those from the Philippines speak
an Austronesian language.
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Figure 4 Overview of the evident evolution of the geographical distribution of the (A) AustroAsiatic and (B) Austronesian linguistic families in South and Southeast Asia. Note that Aslian
speakers include the Senoi as well as certain ‘negrito’ groups (the Semang); presumably the latter at
least adopted their present-day language secondarily.

Linguistic and genomic studies suggest that the oldest mainland migration involved speakers of AustroAsiatic languages (Figure 4A)102 from southern China and what is now Laos (Diamond and Bellwood,
2003; Bellwood, 2006; Sidwell, 2013; Arunkumar et al., 2015). The spread of the Mon-Khmer
subfamily of languages,103 together with the associated cultivation of rice,104 was presumably facilitated

‘Diffloth (2009: in Chaubey et al., 2011) has compiled a map of the distribution of the various languages (along
with an alternative family tree) in Southeast and parts of South Asia.
103
Note that, genomically, the Mon of Thailand appear to be different (Abdulla et al., 2009).
104
Blench (2011) has argued that linguistic evidence suggests that the earliest southward movements were of
Austro-Asiatic speakers who cultivated taro (Colocasia esculenta), grown in water-logged soils alongside
rivers, as well as upland rice; only later did the culture of padi rice spread down with them.
102
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down the valleys of the Mekong and other major south-flowing rivers;105 today, members of this
linguistic subfamily include Khmer and Vietnamese, as well as certain others whose speakers inhabit
mountainous areas along the Cambodia-Vietnam border106 and northern portions of the central
highlands of peninsular Malaysia.107 In addition, there was an evident westward spread into the Indian
subcontinent by speakers of the Munda subfamily (Kapur et al., 2007; Arunkumar et al., 2015; cf.
Chaubey et al., 2011) through the northeastern land corridor (Diamond and Bellwood, 2003; Chaubey
et al., 2011; Arunkumar et al., 2015; Marrero et al., 2016; cf. Cordaux et al., 2004b; Thangaraj et al.,
2005; Kapur et al., 2007), with tribes still being extant in northern central and northeast India and
adjoining countries (Majumder, 2010; Chaubey et al., 2011, 2017; Basu et al., 2016a, b). Hence AustroAsiatics are also considered to be the longest-established of present-day occupants of the Indian
subcontinent (Basu et al., 2003; Cordaux et al., 2004a; Majumder, 2010).
Subsequently, in the east, speakers of Austro-Asiatic languages were displaced or (more likely:
Bellwood, 2006) assimilated over part of their range by an influx of those of a second linguistic family,
Tai-Kadai,108 through migrations down the Chaopraya and upper Mekong rivers as a knock-on result of
the Mongol expansion affecting southern China (Chandler, 2008; Greif and Tabellini, 2010). Further
west, there was an influx of speakers of Sino-Tibetan (Tibeto-Burman) languages down the valley of
the Salween River into what is now Myanmar, as well as spreading out into adjoining areas of
northeastern India (Bellwood, 2006; Sidwell, 2013). Genomic studies in the latter region are consistent
with this being by active population movements (Basu et al., 2003; Majumder, 2010; Chaubey et al.,
2011; Basu et al., 2016).
Elsewhere on the Indian subcontinent, evidence from linguistic, archaeological and genomic studies
indicates that the presumed original Austro-Asiatic inhabitants were displaced over much of their range
by post-Neolithic incursions from the northwest down the Indus valley, first by Dravidians who were
in turn pushed southwards by Aryans (Indo-Europeans)109 (Bamshad et al., 2001; Basu et al., 2003,
2016; Reich et al., 2009). As a result, the present-day genetic diversity on the subcontinent is second
only to that of Africa (Majumder, 2010). Moreover, these studies have shown that this is associated
with genomic evidence that the latter invasion, in particular, underlies present-day differences between
‘castes’ (see also Majumder, 2010); this practice, which prescribes endogamy (marriages are restricted
to within a predefined group), would presumably have served as means of ‘ring-fencing’ the spread of
contagious diseases, to some extent at least.110
Whilst the expansion of the foregoing three language families would seem to have been mainly confined
to the mainland (perhaps primarily as a result of their largely rice-centred economies), the fourth has
been mainly associated with island Southeast Asia and beyond (Blust, 1984; Bellwood, 1995, 2006).
Linguistic analyses provide evidence that the Austronesian language family originated on Taiwan
105

Simanjuntak (2017) has reviewed evidence for a possible Austro-Asiatic migration down the east coast of
mainland, to then extend further southwards into western island Southeast Asia; this was subsequently replaced
by Austronesian languages spreading from islands to the east. This presumably relates to the ‘Neolithic I’ –
“possibly involving speakers of Austroasiatic languages” – of Soares et al. (2016a, b; their ‘Neolithic II’ is the
later Austronesian expansion, following Anderson, 2005). This is presumably part of the ‘Early Train’
hypothesis (Aghakhanian et al., 2015).
106
Certain overlapping groups amongst, respectively, the ‘Khmer Loeu’ and the Montagnards (Degar) belong to
this linguistic family: https://en.wikipedia.org/wiki/Khmer_Leu; https://en.wikipedia.org/wiki/Degar;;
Sidwell (2013).
107
The ‘Aslian’ languages amongst certain groups of Orang Asli in the interior of the Malay Peninsula; that spoken
by the Semai (members of the Senoi) is closely related to Mon-Khmer (https://en.wikipedia.org/wiki/AustroAsiatic_languages).
108
https://en.wikipedia.org/wiki/Tai%E2%80%93Kadai_languages; genomically, these also form a distinct
cluster (Abdulla et al., 2009).
109
Recalling evidence that herders of the same linguistic group from the steppes of what is now southern Russia
progressively contributed to the gene-pool of modern humans in Europe, as well as at least some of presentday Indo-European languages there (Haak et al., 2015).
110
It was evidently introduced about 70 generations ago when Hindu Gupta rulers enforced the moral laws and
principles for religious duty and righteous conduct embodied in the ancient texts of the Dharmaśāstra (Basu et
al., 2016).
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(Figure 4B), where a number of local members of the local Formosan subfamily persist today (it would
not seem to be clear why there is such a diversity on the island); and that it was also associated with
rice-farming societies. Starting about a thousand years later, evidence indicates the speakers of what
was to become the other subfamily, Malayo-Polynesian, appeared in the Philippines,111 to thenceforth
radiate out through island Southeast Asia and beyond, to the islands of Polynesia (Far Oceania) as well
as westward to Madagascar (Bellwood, 1995, 2006; Kayser et al., 2006; Jinam et al., 2012; Harcourt,
2016; Soares et al., 2016a, b; see also Thedja et al., 2011).112,113 Genomic and archaeological studies
have mainly focused on island populations, and suggest that movements of these people (and/or their
languages, through horizontal transmission: see below), as well as their (peri-)domestic fauna and flora,
are consistent with the emerging picture of incremental exploratory transoceanic movements (rather
than near-shore ones) underlying an astonishingly rapid longitudinal spread.114 According to this
scenario, speakers of the main language of the Malayan peninsula (Bahasa Melayu) spread north from
what is now western Indonesia.115 The other historically significant mainland group of Austronesians,
the Cham,116 may have been the result of spreading up from northeast Borneo (Blench, 2010; Sidwell,
203), as what was a much later ‘inner gyre’.
Linguistic studies on different Austronesian languages (which evidence a rake- rather that a tree-like
divergence, reflecting their rapid recent evolution: Bellwood, 2006) indicate the replacement of
elements related to rice-culture with those more relevant to the use of fruits and tubers as a primary
source of sustenance. Moreover, genomic evidence suggests that, rather than being just a demic invasion
by the original Austronesian speakers themselves, there was also horizontal transmission of their
languages to the pre-existing populaces of island Southeast Asia through acculturation (Diamond and
111

The time-lag presumably includes the need to develop appropriate trans-oceanic transport, as well as
navigational techniques as a result of cumulative trial-and-error experience across the generations, in order to
sustainably (rather than randomly) sail off into the ‘wild blue yonder’. It would seem surprising that there was
no near-shore movement south along the coast of the mainland (including onwards to the Malay Peninsula).
Instead, available evidence has been interpreted as indicating that it was Austro-Asiatic speakers who initially
took this coastal route, to be later replaced by the onshore movements of those speaking Austronesian tongues
(Simanjuntak, 2017).
112
Blust (2013) has noted that speakers of Austronesian languages extend more than halfway round the globe
west-to-east (206º, or about 23,000 km: from Madagascar to Rapanui [Easter Island]), and almost half of the
north-south dimension (72º, or about 10,000 km: from northern Taiwan to New Zealand, encompassing
Hawai’i). This was only surpassed by the colonial expansion of Europeans and the imposition of their
respective languages.
113
Thus Madagascar was reached by Malay ships with press-ganged non-maritime crews of Barito-speakers from
southeast Borneo (explaining linguistic elements of the Malagasy language); this also led to the evolution of
the Samalic ‘sea nomads’ in the Sulu Sea between northeast Borneo and the Philippines (Blench, 2010; Blust,
2013). Genomic studies indicate a more complicated picture (Kusuma et al., 2016).
114
Genomic studies of the paper mulberry (Broussonetia papyrifera: an East Asian tree with clonal cultivars
whose bark can be used to make cloth or paper), one of many plant species borne by incipient Polynesians on
their voyages (including to New Zealand and Hawai’i) and a rodent (Rattus exulans: apparently taken on
voyages as a source of food) have reinforced the data derived from these human analyses (Matisoo-Smith and
Robins, 2004; Wilmshurst et al., 2008; Chang et al., 2015), as have those for ‘stowaway’ lizards (Austin,
1999). Evidence for the reverse, the prehistoric introduction and subsequent westward spread of the sweet
potato (Ipomoea batatas) from South America (Roullier et al., 2013), possibly in exchange for the Pacific
cultivars of coconuts (Gunn et al., 2011), adds an intriguing extra dimension to past human contacts (and thus
the potential sharing of their derived infectious heirlooms, together with relatively mild ‘souvenir’, potentially
endemic pathogens).
115
Various other distinct Austronesian-speaking groups, the ‘aboriginal’ or proto-Malays, of Orang Asli are
present around the southern coast of mainland Malaysia (Baer, 1999, 2000). Jinam et al. (2017)
116
Champa was a group of polities along the coast of central and southern Vietnam from about 200 C.E., being
originally Hindu before becoming Muslim: https://en.wikipedia.org/wiki/Champa (see also Chandler, 2008;
Sidwell, 2013). These subsequently collapsed and dispersed under pressure from the Vietnamese, who were
moving south in response to Chinese expansion; today, apart from the Cham Muslim community in parts of
lowland Cambodia, other speakers of Cham languages include on the island of Hainan and certain overlapping
groups in the highlands along the Cambodia-Vietnam border (the ‘Khmer Loeu’ and the Montagnards or
Degar): https://en.wikipedia.org/wiki/Khmer_Leu; https://en.wikipedia.org/wiki/Degar.
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Bellwood, 2003; Donohue and Denham, 2010, 2015; Soares et al., 2016a, b).117 Thus Donohue and
Denham (2015) have emphasised that ‘Austronesian’ refers to speakers of that family of languages:
there is no corollary with the genetics of those involved or their cultures. Hence, whilst the ‘out-ofTaiwan’ model for the origin and spread of Austronesian languages has provided a solid foundation for
considering the original spread of these in the past, there is evidence that this needs to be elaborated
upon in order to explain the current distribution, both in terms of assimilation and the associated geneflows or their evident lack thereof (see also Blench, 2011). Related to this, Austronesian-based
languages are unusual in that, despite having no written script traditionally,118 they have spread so far
and so fast in the absence of any physical conquest and the resultant imposition of administrative
practices by one group on its neighbours or further afield as a result of colonisation (Blust, 2013).
Instead, evidence suggests that the spread was by creolisation and acculturation:119 Donohue and
Denham (2015) noted that communication between islands is radically different from the primarily river
valley- and floodplain-based routes on the mainland, since it could occur between relatively distant
island ‘centres’, ‘leapfrogging’ those in between for the purpose of trading and exchange.120 According
to this scenario, there was a social admixture, where different islands incorporated Austronesian
languages as they saw fit, according to their own time-frame. Blench (2011) concluded that “in addition
to sailing technology and trade, the [original] Austronesians must also have had a hugely attractive
social, organisational and perhaps religious ideology which persuaded the residents of individual
islands to adopt Austronesian culture.”121
More generally, there have been extensive trading and cultural exchanges of mainland and island
Southeast Asia in historical times with India, China and beyond. Thus Indianisation played an important
role in the early development of Cambodia, as evidenced by myths about the origins of Kambuja-desa
(the forerunner of the Khmer empire and present-day Cambodia) and the subsequent assimilation of
Brahminism, Hinduism and then Buddhism as religions (albeit as an evolving potpourri over time).
Thus, whilst local everyday languages retained much of their own character, the import of these
religions led to the adoption of Pali, a derivative of Sanskrit, as the medium for religious and official
records in Cambodia (Chandler, 2008). Similarly, Sinicisation influenced the development of what is
now Vietnam.
Such dynamic, potentially two-way interactions over the period since the end of the last Ice Age
emphasise the problems in trying to identify the origins and subsequent spread of particular strains of
pre-existing infectious diseases, together with that of new ones which may have arisen locally thereafter.
5. Conclusions
The initial expansion of the original founding population of emergent anatomically modern humans,
first in Africa and then the emigration of one or more subsets of these world-wide, presumably involved
It would no seem to be clear who these original speakers were, whether ‘negritos’ or otherwise; Aghakhanian
et al. (2015) suggested that the former constituted a hunter-gatherer Hoabinhian culture (most archaeological
investigations have been in Vietnam, but there is evidence for an extensive prevalence in mainland and island
Southeast Asia (https://en.wikipedia.org/wiki/Hoabinhian). Simanjuntak (2017) has reviewed evidence for a
subsequent initial Austro-Asiatic migration down the east coast of mainland, to then extend further southwards
into western island Southeast Asia, before being replaced by Austronesian speakers.
118
Thus whilst the expansion of Indic empires starting about 2,000 years ago led to the spread and adaptation of
their scripts in polities in mainland Southeast Asia, this practice died out in those island areas whence they had
also spread (Donohue and Denham, 2015).
119
Thus, for example, Philippine ‘negritos’ speak an Austronesian-derived language (Blench, 2011), whilst those
on peninsular Malaysia have adopted a northern Aslian (Austro-Asiatic-related) language.
120
The hinterlands of larger islands provided refugia similar to upland areas on the mainland.
121
On the other hand, Bortolini et al. (2017) found evidence that the spread of a broad cross-cultural assemblage
of folktales in Eurasia and Africa is biased by linguistic differences more so than genomic ones. They
concluded that it is impossible to “[disentangle] genetic from geographic relationships at a cross-continental
scale, warning against the direct use of extant genetic variability to infer processes of long-range cultural
transmission.” Such a caution also applies at the smaller scale (bins < 4000km), where geographic proximity
may be secondary to population movements and linguistic barriers, echoing the mosaic-like nature of the
distribution of various language families in southern China and adjoining regions (Enfield, 2005).
117
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a fission process whereby existing groups, having settled in a suitable environment, split once they
exceeded the number able to be supported by the present locale or for other reasons. Such movements
would generally involve families. Nevertheless, there is likely to have been communication and
exchanges of people (and thus potentially of diseases) between neighbouring groups of people (e.g.
Jenkins et al., 1988; Kramer et al., 2017; see Section IV.1).
That the situation was likely to have been more complicated is indicated by present-day evidence that
(reminiscent of similar observations regarding latitudinal differences in biological species and habitat
diversities) there is a latitudinal gradient in cultural diversity, including that of languages and language
families (Cashdan, 2001; Harcourt, 2016). These are more localised as discrete small groups in tropical
regions (possibly limiting technological development: Hill et al., 2011); whereas the more seasonal and
unpredictable, less productive higher latitudes support lower population densities for non-complex
societies (i.e. those only organised at the local community level) and require more extensive homeranges with overlap between adjacent groups meaning increased contact.122 Thus a correlational
analysis (Cashdan, 2001) found that low ethnic diversity was related to lower population densities and
lesser habitat diversity.123 Moreover, she also found that the likewise latitudinal distribution of selected
non-viral pathogens124 emerged as one of the main factors related to ethnic diversity; this was positively
related to population densities, and also to whether the societies were politically complex (chiefdoms
and states) or not after controlling for density effects.125 Thus, she speculated that pathogen burdens
might have constrained the development of more complex indigenous societies at lower latitudes
through effects on average individual productivity, as well as at least partially containing
communication between neighbouring groups. This recalls the neo- and xenophobic components of the
proposed ‘behavioural immune system’ which underpins Fincher and Thornhill’s (2012a; Thornhill and
Fincher, 2015) parasite-stress hypothesis of sociality, as an explanation of linguistic and other cultural
differences (see below).
Currie and Mace (2012; see also Collard and Foley, 2002) have suggested that spatial and temporal
vagaries in productivity may have meant that, subsequent to the Neolithic Demographic Transition,
agriculturalists had to rely on interactions between groups in order to seek buﬀers against risks
associated with sedentarism, at least in the short-term. This is especially likely to have been important
in the floodplains of what is now temperate China, where the sustainable development of padi riceculture south of the Yangtze River was communal (due to the need to develop irrigation systems and
then to coordinate the resulting harvest),126 as compared with more northerly regions where wheat was
the main cereal, being grown on small-holdings (Talhelm et al., 2014a, b; see also Henrich, 2014);127,128
and also with the physically much-fractured landscape of Europe129 (Nisbett et al., 2001; Nisbett, 2003;
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That the situation is more complicated is indicated by an analysis by Bailey et al. (2012; see Section V.2).
However it was not related to either mean annual rainfall or temperature (cf. Collard and Foley, 2002) and the
associated ecosystem productivity; or to geographic heterogeneity (measures of ‘slope’ and whether an area
was flat or mountainous), although measures of the ease of travel – and thus communication – had a regional
effect.
124
None related to indices of socioeconomic development (e.g. sanitation) and most of which had intermediary
vectors (exceptions were bacteria: that associated with leprosy and two species of spirochaetes).
125
As always, the caveat regarding the nature of cause and effect (including effects due to another common cause)
needs to be borne in mind.
126
And thus also Japan and the Korean peninsula, as well as in rice-growing regions of Sotheast Asia and India.
127
The influence of current provincial per capita GDP and pathogen-prevalence (assuming an evenly increasing
north-south gradient related to temperature; also based on other measures) was ruled out. The latter influence
might have been expected according to Thornhill and Fincher’s (2015) parasite-stress hypothesis of sociality.
128
Arising out of this are psychological differences whereby rice-farming populations are more collectivist and
think more holistically, looking at the big picture rather than the component details, compared with the greater
self-centred individualism and more analytical thinking of those other cultures studied (see also Section
VIII.4.iv). Nevertheless, thare is an evident within-population variability according to various tests.
129
Associated with this, more southern ‘Catholic’ countries are less individualistic than the more northern postReformation ones (Nisbett, 2003).
123
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Nisbett and Masuda, 2003).130,131,132 In this regard, it can be speculated that the increased communal
activity associated with padi-based agriculture in China and elsewhere in eastern Asia, together with
the use of the irrigated fields by migratory and other water-fowl, may have seen the first emergence of
strains of influenza A adapted to humans (with or without pigs or other animals as intermediary ‘mixing
vessels’), to thereafter spread through transmission-chains as a result of increasing regional and,
subsequently, transcontinental population movements; and that the development of intensive farming
techniques over the past few decades has exacerbated this situation (see Sections VI.2, VII.1 and 4.i,
VIII.3).133
As a result of co-evolution, whether of ancestral heirloom infections or novel, geographically restricted
‘souvenir’ pathogens, particular populations have developed at least a degree of resistance to locally
important such threats (whether they have become locally endemic or not). This is best documented for
the various types of malarial protozoan parasites (see Section VI.4). More distant human populations
are increasingly unlikely to share such defence mechanisms. Thus malaria and various arboviruses were
a major threat for northern Europeans in their invasion and colonisation of the tropics; whilst their own
acquired endemic diseases had a profound impact on those they sought to conquer (see Sections VI.2.i
and ii; VIII.1).
With regard to coping with existing diseases, present-day female H. sapiens are almost the only female
mammals134 to undergo a natural menopause135 and thereafter have a potentially extended postreproductive survival, in the sense of themselves not producing any further offspring (Stearns, 2012).
Whilst the ability to conceive ends at about the same age as in chimpanzees and other great apes, there
is some suggestive genomic evidence for positive selection for continuing survival in humans (Hawkes,
2016). Various hypotheses have been advanced to explain this, of which two are most favoured (Stearns,
2012). One, the Mother Hypothesis, proposes that later reproduction was selected against due to the
increasing risk of any resulting child dying or – perhaps more important – of the mother dying during
childbirth and thus affecting the growth and survival of previous children. The Grandmother Hypothesis
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Like the majority of such studies, the sample populations were university students. There has been a general
criticism that many psychological studies are intrinsically biased, being WEIRD (Henrich et al.. 2010): they
are based on the results of work with biased samples of individuals who are Western, Educated, Industrialised,
Rich, and Democratic. Moreover, within the ‘W’ component, there is evidence for political biases, with
American liberals thinking more analytically than conservatives (Talhelm et al. 2015). Talhelm et al.’s
Chinese study removes at least the ‘W’ component of this, and suggests that cultural differences are
‘ingrained’, at least in the short-term, through phenotypic effects as a result of upbringing.
131
However it is important not to pre-judge and ‘pigeon-hole’ people based on their geographical origins (cf.
Ortner, 2003): the described differences refer to overall values under standardised (artificial) laboratory testing
conditions whereas individuals can switch between different ways of thinking in real-life situations, more
especially when Kahneman and Tversky’s ‘system 2’ is activated (see Section VIII.4.iii).
132
A comparative study of farming, fishing, and herding communities in Turkey’s eastern Black Sea region found
that the last of these showed less holistic thinking, reflecting the fact that greater social independence and
individual decision-making are involved in such communities (Uskul et al., 2008).
133
Perhaps one of the first long-distance examples of the spread of disease might have been from Southeast Asia
back to Africa. Thus the trans-oceanic movements of ‘raiding and trading’ Austronesian speakers to the island
of Madagascar and subsequent contact with mainland East Africa may have been responsible for not only the
transfer of what are now three African staple crops (plantains, Musa paradisiaca; water-yam, Dioscorea
esculenta; and taro, Colocasia esculenta) but also the filarial worms (Wuchereria bancrofti and Brugia malayi)
responsible for causing elephantiasis (Blench, 2010). An additional possibility is the back-flowing of the
‘ancient’ Indo-Oceanic lineage 1 of the tuberculosis bacillus by the same route (see Section IV.5).
134
The only other known exceptions are two species of whale; recent studies on one of these, the killer whale
(Orcinus orca), indicate that a leadership ‘granny’ role (e.g. to find seasonal sources of food) is important as
part of a more complex suite of reasons due to older females losing out in reproductive competition with their
daughters and other females in the pod, leading to their favouring the older of their male progeny as a means
for further maximising their reproductive fitness (Croft et al., 2017; see also Yong, 2017a).
135
Other mammals may undergo an overtly similar process, at least in captivity, as a result of the depletion of the
standing crop of oocytes (Austad, 1994; Lahdenperä et al. 2014; cf. Melby and Lampl, 2011).
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is basically an extension of this, in many respects, whereby they (and also grandfathers)136 can instead
help their offspring to rear even more progeny, aided by the benefit of their experience as parents
themselves. A combination of the two would appear to be more likely as an overall explanation
(Pollycove et al., 2011). Clearly, such selection for longevity would have had an important contribution
to experience-based (phenotypic rather than genotypic) coping with outbreaks of disease based on past
experience of those circulating within the local society supplemented by having acquired immunity, as
a prelude to the development of more complex societies and an emerging professional class who had
the opportunity to take a broader perspective, leading to the development of specialisations such as an
understanding of public health issues and the evolution of what was to become evidence-based
medicine.
For the most part, more long-range interactions typically involved mainly males, whether for trading or
for raiding or invading in the longer term, in search of access to needed (or at least desired)
commodities. Thus, over the long term, genetic studies indicate that as a result of the development of
agriculture and the chain of changes initiated locally with the Neolithic Demographic Transition,
subsequent population movements would seem to have typically mainly involved male members,
whether as traders or invaders:137 genomic analyses indicate that this underlay the expansion of
particular languages and that it was associated with the predominance of Aryan-derived Y chromosome
signatures amongst the upper castes in India (see above) and those of Austronesians on coastal Papua
New Guinea, en route to the rest of Oceania (Kayser et al., 2008; Forster and Renfrew, 2011), as well
as Austro-Asiatic speakers in India (Kumar et al., 2007). Conversely, mitochondrial DNA analyses
indicate that females have remained relatively homogeneous amongst different castes in India
(Bamshad et al., 2001; Basu et al., 2003, 2016).138 On the other hand, Kayser et al. (2008) found
evidence that the ‘Polynesian motif’ mitochondrial DNA haplotype was found not only there but also
in a proportion of women from Taiwan, the Philippines and the Moluccas, suggesting that they had been
involved in the original voyages prior to those leading to the colonisation of previously uninhabited
islands of Far Oceania.
A corollary of this is that males are the ones most likely to be involved in the initial exchange between
different societies of different strains of pathogens they have in common, together with other novel ones
endemic to their respective environments (thus representing the first stages of the Third
Epidemiological Transition). For shared heirloom infections, the possibility of co-infections raises the
possibility of competition between the two strains involved, as well as for recombination and (for
segmented viruses) reassortment as a generator of diversity (see Section IV.4.ii). This inevitably
complicates efforts to try to reconstruct the underlying patterns of viral evolution.
Given the perceived threat of such exchanges for the invaders, the ‘behavioural immune system’
component of Fincher and Thornhill’s (2012a; Thornhill and Fincher, 2015) parasite-stress hypothesis
of sociality might, through its xeno- and neophobic components in particular, reflect the formers’
response (and also that of the populace in the regions invaded) to seek to limit any such exchange of
pathogens. An initial stage, involving mainly male incursions, is suggested by the establishment of such
as the caste system after the Aryan invasion of northern portions of the Indian subcontinent with its
136

Whilst there has been a progressive increase in life-expectancy of humans (see Section V), that of males still
averages less than is the case for females (Colchero et al., 2016).
137
Thus a ‘star cluster’ of characteristic present-day Y chromosome lineages have been attributed to the Mongol
emperor Genghis Khan and his immediate male relatives: it is found throughout the extent of the original
Mongol empire, in about 8% of all males there and thus about 0.5% of all males world-wide (Zerjal et al.,
2003). The paucity of genes on this chromosome led the authors to conclude that a form of group selection
was responsible, involving increased reproductive fitness as a result of social prestige. Similarly, another Y
chromosome lineage has been found at a high frequency (about 3.3%) in Mongolia and minority populations
in northeastern China, which appears to date back about 600 years and has been suggested to be related to the
founding of the patrilineal Qing Dynasty (1644–1912) by Manchu nobility (Xue et al., 2005). The latter authors
point out that it is notable that “the two Chinese dynasties that were established by non-Han populations, the
Yuan (1279– 1368, by Mongolians) and the Qing, both apparently left detectable genetic imprints on the
modern Chinese Y-chromosomal pool.”
138
The results were affirmed by comparisons of selected autosomal markers.

35

The University of Cambodia Monographs Series
large, diffuse and diverse population. Where invasion is followed by the colonisation by families of
settlers of a distant land with distantly-related people and their associated diseases, this might be
conceived of as culminating in the extremes of ‘racism’, bearing in mind that humans do not have
different races in the biological sense of the word (see above).139,140
As illustrated in Section III.4 with regard to Southeast Asia, the dynamicism of the present globalising
era is but the ultimate extension what has been progressively developing in the past: from the local
expansion of social groups as a whole through a mainly male-dominated ‘trading and raiding’ regional
expansion to an ultimately family-related, more distant (in more ways than one) colonial expansion.
Whilst the last of these, in particular, led to overt measures to reduce the likelihood of the (mutual)
exchange of infectious diseases, such barriers have been reduced to a greater or lesser extent in the
subsequent ‘neo-colonial’ process of further expanded globalisation. The end result of such
considerations would seem to be that tracing the evolution of heirloom pathogens since they were borne
out of Africa is likely to be confounded where there has been an admixture of different human groups,
as considered in the following Section.
IV. The Ancestral Human Communicable Disease Burden
Viral and other infections of present-day humans did not appear out of nowhere. On the one hand, they
must have been ‘heirlooms’ passed down from hominin ancestors; on the other, they may have been the
result of continual ‘drip-overs’ throughout much of the past evolutionary history of the human lineage.
This section will consider the former: mainly viral infections which are likely to have been endemic in
early humans.
1. Overview
Based on immunological surveys of so-called ‘primitive’ societies living as largely isolated small
communities in sylvatic areas (with slash-and-burn agriculture and relatively settled small villages) in
the upper reaches of the Amazon basin, Black (1975; Black et al., 1974) identified three different
categories of infectious diseases likely to circulate in early humans.141
The first of these comprised a few viral endemic diseases, which were mild but with high incidence and
long-lasting (often latent: Figure 1) infectiveness after being acquired at an early age: they comprised

139

This is obviously an oversimplification regarding the origins of other aspects of what might be considered
‘racism’: for more local issues arising out of religious or other differences, ‘tribalism’ might be more
appropriate (but equally inhumane), if only to contain the spread of memes deemed to be undesirable.
140
According to their parasite-stress hypothesis of sociality, Fincher and Thornhill (2012a; Thornhill and Fincher,
2015) argue that xeno- and neophobia are driven primarily by fear of contagious pathogens; this is consistent
with the role of fear in the recent outbreaks of Ebola and SARS viruses (see Sections VIII.2.iii and iv).
However they would appear to negate the primacy of such reactions being pathogen-dependent by stating (p.
186) that historic lynchings of African Americans were because, “[w]e suggest, the southern men who
perpetrated the violence not only hated blacks, they also feared them, because they perceived them as both a
contagion risk and a mating threat [emphasis added]. Their conclusions were based on correlational analyses
and, in the absence of further information, it is difficult to know whether confounding factors such as
geographical latitude were likely to be involved. Thus there is more likely to have been the perception of a
direct physical threat (Culotta, 2012), rather than an ultimate ‘theoretical’ one, given that tangible threats in
the immediate- to short-term through competition within and between groups are more likely to have been
proximate drivers. Thus, elsewhere (p. 185), the authors note that “[v]iolence was perpetrated on black men
was a result of alleged homicide, rape, attempted rape, or the disrespect of whites or other violations of Old
South customs of racial segregation.” In this respect, the ‘parasite-stress hypothesis’ would seem to be but part
of a broader perspective regarding the adaptive dimensions of human sociality: not just to potential future
threats to survival but also to more immediate physical ones.
141
Houldcroft and Underdown (2016) have identified another such list which also includes proposed bacteria and
macroparasites.
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various types of DNA-based viruses: herpes simplex viruses, chickenpox,142 cytomegalovirus,143
infectious mononucleosis,144 and hepatitis B. Apart from various species of herpes virus, van Blerkom
(2003) proposed other DNA viruses, of the families Papovaviridae (since split into the Papillomaviridae
and the Polyomaviridae: Norkin et al., 2012), Adenoviridae and Parvoviridae: he noted that most other
species of mammals are infected by specific strains of these viruses.145 Harper and Armelagos (2013)
likewise proposed adding human papillomaviruses, and also an RNA-based one (‘hepatitis G’; now
generally referred to as HGV/GBV-C virus or human pegivirus), together with various bacteria146
including Mycobacterium tuberculosis. As will be returned to below, the low morbidity and mortality
(at least in the short-term) of these infections meant that they were capable of spreading across the
generations, this being facilitated by the practice of nursing care, including by fomites and nosocomial
spread through shared utensils and other items.
A second category comprised vector-borne arboviruses (and also e.g. malaria);147 Black et al. found
evidence for a progressive increase in incidence with age in certain areas, as a result of chance exposure.
Given the mobility of their alternate insect hosts, together with the fact that many such pathogen species
are likely to cycle amongst a diversity of potential mammalian hosts, there is a progressive increase in
the probability of random infections of individuals during their lives.
The third consisted of transient acute infections within a community causing an epidemic which then
died out as a result of acquired immunity. Hence Black envisaged that any such infection was
maintained by travellers circulating amongst communities, re-introducing infection into those where
there were immunologically-naïve children born after a previous epidemic. Thus, for example, Black
et al. (1974) reported that antibodies to measles, mumps, rubella, influenzas A and B, parainfluenzas 1,
2 and 3 or poliovirus, where occasionally found, were limited to those over a specific age, when they
were found in nearly everyone. Hence they noted that transient measles outbreaks were introduced by
‘neo-Brazilian pacifiers’,148 to spread from village to village; that of tuberculosis posed more of a threat
(see Section IV.5).
These studies were based on peoples which are distantly related to the (second?) wave of migration out
of Africa, with the possibility that, for example, certain infections may have been lost as a result of
human-pathogen bottlenecks during the crossing over from Asia into the Americas. 149 Black (1975;
Black et al., 1974) noted the earlier work of Polunin on the diseases of the Orang Asli (indigenous
peninsular Malays) was based on studies of peoples who have been in extensive contact with outsiders,
both historically (see also Fix, 2011) and in the recent past, and thus were unlikely to represent an
‘ancestral’ condition (see also e.g. Stoneking and Delﬁn, 2010).150 However it is pertinent to note that,
142

Varicella-zoster virus (human herpes virus 3); note that Walker et al. (2015) identified that outbreaks of
infection with this virus accounted for a small proportion of epidemic outbreaks of disease in Greater
Amazonia (based on a literature survey for the period 1875-2008), indicating that this disease had been absent
(or previously died out) in certain indigenous societies prior to outside contact (see also da Costa et al., 2006
[abstract]).
143
Human herpesvirus 5, a betaherpesvirus.
144
Or glandular fever; caused by the Epstein-Barr virus (human herpes virus 4).
145
He further speculated that the RNA-based picornavirid causing polio (see Section VI.2.i) and the human T-cell
lymphotropic viruses (members of the Retroviridae: see Section VII.9.i) may also have had such a long history.
146
Bordetella pertussis/B. bronchiseptica (the cause of whooping cough); Borrelia burgdorferi (the cause of Lyme
disease); Helicobacter pylori (see also Falush et al., 2003; Linz et al., 2007; Moodley et al., 2009, 2012); and
Salmonella enterica serovar typhi (the cause of typhoid fever).
147
As well as the protozoan Toxoplasma gondii, which normally cycles between rodents and felines.
148
“The term pacificacão obviously has judgmental roots, but it does refer to a very real phenomenon. Rather
than coin a new word for the same thing, we have chosen to continue its use in anglicized form, hoping that
the reader will divest it of old connotations” (Black et al., 1978).
149
Recent evidence is converging upon the initial spread of humans from Asia into the Americas about 25,000
years ago, with the population initially limited to the then-existing Beringia land-bridge prior to gaining access
to the rest of the continent with the recession of the ice-sheets (Raghavan et al., 2015; Harcourt, 2016; Braje
et al., 2017).
150
Linguistic, genomic and other evidence indicates that the so-called Orang Asli of peninsular Malaysia are
heterogeneous, to include ‘negritos’ (Semang; rainforest hunter-gatherers) and the swidden farming Senoi in

37

The University of Cambodia Monographs Series
in this context, there is growing evidence for an extensive development of relatively large settlements
in the Amazon basin, especially along rivers, starting about 4,000 years ago, only to collapse with the
European conquest of the ‘New World’ as a result of the diseases they introduced, together with slavetaking and other depredations (Clement et al., 2015). The map in the latter paper indicates that many or
all of Black et al.’s sample populations were in or near areas with established stands of Brazil nut trees
and thus were likely to have been on at least the fringes of such large settlements in their heyday;151
thus it is conceivable that some infectious diseases introduced by colonialisation could have spread to
these outposts and still remain extant today.152
The rest of this section will focus on the first of Black’s three categories; the third will be considered
further in Section VI, whilst vector-borne diseases will only be considered incidentally throughout. As
a general note, there is the need for caution in considering sampling issues in population-based studies
regarding the incidence of particular existing or past infections. For example, regarding the latter:
Hayward and Whitby (2009) have noted that serological assays for antibodies as a result of prior
infections often differ in the antigens used and thus contribute to differences in the specificity and
sensitivity of the tests; also such seroprevalence studies may be biased if, as one example, they use
samples from blood-donors (the more so if these have been subject to prior screening). Similar caveats
apply to the use of nucleic acid probes targeted to particular sequences without attempts to further
characterise the presumed viral target (Calisher and Tesh, 2014).
2. DNA Viruses
Many (adenoviruses are an exception) use the host cell’s DNA polymerases to ensure high-fidelity
copying of their own genomes; this means that most species are tied to the host cell cycle for replication,
but it also ensures that most replicative errors can be corrected by the host’s exonuclease proof-reading
activity (although mutation rates may be higher than expected: Duffy et al., 2008; Parrish et al., 2008;
Firth et al., 2010). Typically, DNA viruses establish persistent infections, and appear to be often
associated with long-term virus–host co-speciation (Holmes, 2004, 2008; Parrish et al., 2008); thus they
are generally believed to have a limited capacity for spilling over (but see Geoghegan et al., 2017)
which, when it occurs, often has deleterious consequences for the potential new host species.
i. Herpesviridae Members of this have an enveloped double-stranded genome, and are found in
amniotic vertebrates, with genomic evidence for an ancient co-evolutionary history in mammals
(McGeoch and Gatherer, 2005; McGeogh et al., 2006; Pellett et al., 2012). Apart from productive
(‘lytic’) infections for the initial transmission to other cells in the same host individual or another,153
northern portions of the central mountainous region (respectively speakers of northern and southern Aslian
languages) and Austronesian-speaking ‘aboriginals’ or proto-Malays (found mainly round the southern coast
of the peninsula), all being distinct from the majority ‘Melayu’ population which belong to the mainstream
Austro-Asiatic linguistic group (Baer, 1999, 2000; see Section III.4). Despite their existence in marginal
environments, there is evidence for frequent contact with the majority population, including their being victims
of a slave-trade until recently as well as through Abrahamic religion-based contacts
(http://www.factsanddetails.com/southeast-asia/Malaysia/sub5_4c/entry-3647.html;
https://en.wikipedia.org/wiki/Orang_Asli). Moreover, genomic studies have noted that mitochondrial DNA
and other genomic-based evidence indicates extensive exchange within Aslian groups and between these and
the Melayu (Burenhult et al., 2011; Fix, 2011; Oppenheimer, 2011; Aghakhanian et al., 2015). However, there
is evidence for considerable variability within particular groups (e.g. the southern Aslian-speaking Temuan:
Baer, 2000), with the admixtures of different populations (‘trickle’ colonisation: Fix, 2011) similar to what has
been proposed for Austronesians elsewhere in the region (Kayser et al., 2006). Thus the Senoi and ProtoMalays (and also Singaporean Malays) show evidence for Austro-Asiatic genomic inputs (Aghakhanian et al.,
2015).
151
Also, there is evidence that local species of rice (Oryza spp.) were domesticated in the southwestern Amazon
basin from about 4,000 years ago, as were likely also cassava (Manihot esculenta), peanuts (Arachis hypogaea)
and chilli peppers (Capsicum sp.). (Hilbert et al., 2017).
152
A possible argument against this might be that tuberculosis would only now seem to be emerging as a scourge
of these tribes, presumably being recently introduced by outsiders (Black et al., 1974; see Section IV.5).
153
Unlike other DNA viruses, herpesviruses have a much greater genetic complement, which includes not only a
viral DNA polymerase but also accessory factors involved in generating nucleotide pools, for example; thus
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these viruses exemplify one common strategy that allowed certain diseases to persist in small huntergather groups through establishing latent infections (Figure 1).154 Typically (one apparent exception is
Kaposi’s sarcoma virus: see below), this involves the virus forming circular episomes (or replisomes)
within the nucleus of a successfully infected cell through the actions of the latter’s DNA ligase; these
attach to the host cell’s nuclear chromosomes, to be replicated in concert with the latter and thence be
passed on to each daughter cell, with the potential to be reactivated into the productive phase at a later
date in response to particular intracellular signals (Schang, 2003; Knipe and Cliffe, 2008; see Section
IV.7).
Members of three subfamilies are likely to have been circulating in early human societies.
a. Alphaherpesvirinae Human herpes virus 3 (varicella-zoster virus of the genus Varicellovirus) causes
varicella (chickenpox), typically in children where infection leads to a transient rash (exanthem) which
disappears after a few days as a result of the activity of the immune system (reviewed by Eshleman et
al., 2011; Schmidt-Chanasit and Sauerbrei, 2011). In the short-term, infection can be passed on through
aerosols as a result of coughing in the otherwise ‘silent’ period prior to appearance of the rash; thereafter
an additional source of infection is from the exudate of the blisters in the dromal phase. Infection
initially occurs of dendritic cells in the nasopharyngeal and respiratory surfaces, which then migrate to
the associated lymph nodes to in turn infect resident CD4+ T cells; when some of the latter later migrate
to the skin, infection is passed on to dermal cells, culminating in the development of a rash as a result
of cytokine-induced inflammation. At an early stage in infection, the virus also invades sensory nerve
terminals innervating the area of the rash to establish a latent infection in their cell bodies in the central
nervous system;155,156 after a prolonged delay, the virus may reactivate in response to immunosenescence or other causes of depressed immune function,157 to then spread back down the axons to reinfect skin cells to cause a new, more widespread rash (‘shingles’ or zoster; more severe than the
original chickenpox) which again serves as a means for spreading infection to those who are
immunologically naïve (e.g. those born after the last outbreak). As a consequence, this would help to
maintain the virus’ circulation down the generations within a small population. The virus is likely to
have been passed down from prosimian ancestors: genomic studies have identified closely-related
species in at least some other primates, with comparable clinical effects in their natural hosts (Gray,
2008; Mahalingam and Gilden, 2007; Mueller et al., 2008; Haberthur and Messaoudi, 2013).158
As a result of the early humans’ emigration(s) out of Africa, the virus was carried world-wide, with at
least ﬁve major clades being identifiable today (Loparev et al., 2004, 2007; Breuer et al., 2010; SchmidtChanasit and Sauerbrei, 2011). Interpretation is difficult due to mass-movements of people (voluntary
or otherwise) and likely recombination events;159 however clade 5 is the only one found in Africa, and

they are independent of the host cell’s S phase as a means for reproduction of their DNA (Flemington, 2001).
Instead, there is evidence that they have evolved to manipulate their host’s cell-cycle in order to stabilise the
latter in the prior G1 phase, perhaps to ensure lack of competition for the requisite nucleotides for DNA
synthesis.
154
Cellular latency, as distinct from clinical latency: Virgin et al. (2009).
155
Reflecting the fact that rashes can occur anywhere in the body, infection spreads to dorsal root ganglia of the
corresponding region of the spinal cord and other sensory ganglia (Eshleman et al., 2011). Where appropriate,
other neuronal targets may include the olfactory bulbs (Liedtke et al., 1993; cf. Eshleman et al., 2011) and
effector postganglionic neurones of the sympathetic and parasympathetic nervous systems in the head and
neck region (Richter et al., 2009).
156
Infection of neurones can also occur at earlier stages of the evolution of the disease as a result of passage from
migrating lymphocytes (Eshleman et al., 2011).
157
At least in part as a result of waning virus-speciﬁc cell-mediated immunity, leading to reduced clearance of the
reactivated virus; thus the risk of shingles is much greater in HIV-positive individuals (Eshleman et al., 2011).
158
Similarly, reactivation in monkeys may result from social or environmental stress (Mahalingam and Gilden,
2007).
159
Bowden et al. (2004) found that recombination rates for herpes simplex virus type 1 in natural populations
(from South Korea and the United Kingdom) were high, indicating signiﬁcant levels of co-infection; thus they
were comparable with rates of mutation. Similarly, there is evidence that co-infections of herpesviruses from
different species may also lead to recombinations if their sequences are sufficiently similar, with likely
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thus presumably derived from the ancestor of the other clades. This together with clade 4 is also found
in the Indian subcontinent, whereas clade 2 predominates in China and Japan but is only rarely found
elsewhere apart from Australia. Clades 1 and 3 are found in Europe, and have accompanied settlers to
the Americas, South Africa and Australasia. However, having apparently spread world-wide need not
mean that the virus maintained sustainable infections in all the resulting populations: chance alone
suggests that the virus might die out in a proportion of those small hunter-gatherer groups in which it
had cycled.160 Hints at this possibility, in South America at least, are provided in a literature survey by
Walker et al. (2015) which identified that outbreaks of infection with this virus accounted for a small
proportion (≈ 4-5%) of known epidemics in Greater Amazonia during the period 1875-2008. Thus (as
might be expected based on simple stochasticity) this disease might have died out in certain indigenous
small, isolated societies, with its re-introduction to now-naïve populations leading to rampant age-wide
spreads of infection (see also da Costa et al., 2006 [abstract]).
An overall similar strategy is also seen in herpes simplex viruses 1 and 2 (Simplexvirus spp.), which are
mainly associated with cold sores and genital herpes respectively:161 a short-term infectious rash is
accompanied by the establishment of latent infection in central sensory neurone somata162 to potentially
reactivate transiently later in life in response to psychosocial and other stressors, 163 at least in part
through suppression of the immune system so that the viruses can escape immune surveillance (Mori
et al., 2005; Pellett et al., 2012; Ives and Bertke, 2017).164 Whilst varicella-zoster virus may only
activate once subsequently in the host human, simplex viruses can do so more frequently (Eshleman et
al., 2011; Norberg et al., 2011; Nicoll et al., 2012). Herpes simplex 1 is mainly transmitted through
saliva and respiratory secretions (Mori et al., 2005). Perhaps consistent with an heirloom inheritance,
herpes simplex 2 had a higher seroprevalence (29.6% vs.7.5%) in remote villages in the hinterland
sampled in Papua New Guinea (Rezza et al., 2001), compared with a lower rate of occurrence in the
capital (Port Moresby; associated with a low seroprevalence amongst those less than 25 years-old).
Humans would appear to be unique amongst all Old and New World primates in hosting more than one
species of herpes simplex;165 phylogenomic analyses suggest that the virus causing genital herpes is
closely related to the single species found in chimpanzees (Pan troglodytes: Severini et al., 2013;
Wertheim et al., 2014).166 In the case of simplex virus 1, phylogenomic studies indicate that this

consequences for virulence, although there is evidence that infection with one strain may iinhibit that of
another subsequently (Thiry et al., 2005).
160
Reinforcing the likely scenario that past, more acute bottlenecks in the constraining of the onward spread of
infectious diseases, such as might have limited the spread of tuberculosis to the Americas (see Section IV.5).
161
They show some overlap in their potential regions of infection.
162
Including the trigeminal and sacral ganglia, respectively. Simplex virus 1 may also infect postganglionic
neurones of the sympathetic and parasympathetic nervous systems in the head and neck region (Richter et al.,
2009); and the olfactory bulbs (Liedtke et al., 1993) but rarely the dorsal root ganglia (Eshleman et al., 2011).
163
In contrast to varicella virus, this may occur more than once during a life-long otherwise latent infection
(Eshleman et al., 2011; Norberg et al., 2011).
164
Simplex virus 1 is one of pathogens which may be associated with Alzheimer’s disease (Adams, 2017).
165
Other primates each have but one species, which infects both the mouth and the genitals (van Blerkom, 2003).
166
These results would thus seem to negate the hypothesis that the genital warts virus arose from that causing cold
sores (both viruses can infect either locale, but predominantly do so for one or the other). Harper and
Armelagos (2010; see also Antonovics et al., 2017) have noted that some generally density-dependent
infectious diseases have a related partner which is sexually transmitted (i.e. more frequency-dependent): apart
from the two human herpes simplex viruses, other examples include the spirochaete bacteria responsible for
yaws and syphilis (Mitjà et al., 2013; Giacani and Lukehart, 2014; Harper et al., 2014); and the ocular and
genital serovars of the protozoan Chlamydia. It was suggested that increased hygiene, the wearing of clothes
and other cultural changes led to a decline in the more generally transmitted variety and thus a decrease in
seroprevalence against both it and the sexually-transmitted one; and that this favoured the subsequent evolution
(with a consequent limited time- and thence spatially-constrained diversification) of the latter (e.g. syphilis:
see annotation in Section IV.2.a). Somewhat tangentially, the tuberculosis-leprosy pairing offers a contrasting,
seemingly contradictory example where related pathogens have apparently become endemic to humans over
widely different time-scales: whilst genomic studies indicate that the bacterium causing leprosy (M. leprae)
has resulted from a drastic ‘trimming down’ of its genome relative to that responsible for tuberculosis (M.
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probably appeared among early humans in East Africa; thereafter, as humans emerged out of Africa,
one clade apparently spread eastward167 and the other westward (Kolb et al., 2013). On the other hand,
Severini et al. (2013) suggested that this virus might have originated as a spill-over from an extinct
pongid ape in Africa; one alternative might be the possibility that it was instead originally associated
with the Neanderthal-Denisovan lineage of archaic humans, to spill-over into humans emerging out of
Africa, as proposed for one strain of human papilloma virus (see Section IV.2.iii), although this
presupposes a means for the virus to spread back to infect human populations remaining behind on the
latter continent.
b. Betaherpesvirinae Cytomegalovirus (Human herpesvirus 5) is associated with infections which are
generally subclinical: there is an initial systemic phase, followed by latent infection in monocyte celltypes of the immune system (Pellett et al., 2012).168 Virions may subsequently be reactivated to be shed
in various body fluids.169 Related viruses are found in Asian macaque monkeys (simian
cytomegalovirus; see Section VII.9.i), as well as in African great apes, where a variety of different
strains have been identified, with two clades being distinguishable. One of these, CG1, apparently
originated in G. g. gorilla but then spread horizontally to chimpanzees (P. troglodytes subspp.), with
the opposite applying for CG2;170 sequences of human viruses were more closely related to the latter,
suggestive of there being a dynamic flux between the three species, which may be ongoing (Leendertz
et al., 2009; Seimon et al., 2015).
Human herpesviruses 6 and 7 are two other betaherpesviruses which are closely related to each other
as members of the genus Roseolovirus; they mainly infect CD4+ T cells, although the former was
originally isolated from blood lymphocytes of patients with lymphoproliferative disorders and
originally identified as human B-lymphotropic virus (Braun et al., 1997; Black and Pellett, 1999;
Strausbaugh et al., 2001; Blauvelt, 2001; Pellett et al., 2012). Furthermore, Harberts et al. (2011)
detected herpesvirus 6 DNA was in almost half of 126 nasal mucous samples, indicating that the nasal
cavity, like the saliva, is is supplied by a reservoir of this virus; moreover there is evidence that, like
herpes simplex viruses, this is also neurotropic with infections of the olfactory bulbs and beyond. 171
Herpes 6 is widespread, including reports for Malaysia and Thailand.172 Infection with herpes 6 (with
two separate strains, A and B) mainly occurs between three and six months, after the waning of maternal
immunity, with 90% of the United States’ population being infected by three years-old;173 whereas the
peak is somewhat later for herpes 7, so that 90% are infected by five years-old. Initial infection is
generally asymptomatic, although some respond with febrile illness, with or without a roseola rash
(roseola infantum or exanthema subitum).174 Reactivation can occur in immuno-compromised
individuals, leading to multi-organ complications. In addition, there is evidence that herpesviruses 6
and 7 may underlie the development of pityriasis rosea, a papulosquamous disease seen mainly in
seemingly healthy young adults: PCR-based evidence has been found for these viruses in skin samples
as well as saliva and cell-free samples of the plasma and serum of presenting individuals, whereas
samples from other healthy ones were negative (Blauvelt, 2001).
tuberculosis and related members of the complex), modelling studies indicate that M. leprae long pre-dated its
apparent progenitor(s) (Monot et al., 2009; see annotation in Section Section IV.5).
167
With ambiguous evidence for an onward spread to the Americas, where the European strain predominates
today.
168
It may also infect neurones in the central nervous system (Griffin, 2003).
169
http://www.cdc.gov/cmv/overview.html
170
These were relatively distantly related to isolates from orang utans (Pongo p. pygmaeus) from a German zoo,
and the more so to Old and New World monkeys.
171
It would appear to mainly infect oligodendrocytes (Griffin, 2003).
172
It has been identified as a potential trigger for multiple sclerosis due to a short amino acid sequence shared
with a portion of that in myelin basic protein, although the nature of any such relationship is speculative (Tyler,
2003; Voumvourakis et al., 2010).
173
Herpesvirus 6 establishes a latent infection by integration into the telomeres of host chromosomes, rather than
forming circular episomes as has been found in other herpesviruses (Arbuckle and Medveczky, 2011).
174
Herpes 6B is the most common cause of visits of infants with fever (presumably in the United States), with
20% developing roseola: http://emedicine.medscape.com/article/219019-overview;
http://emedicine.medscape.com/article/219019-clinical.

41

The University of Cambodia Monographs Series
An extensive survey of the DNA virome in blood from individuals of diverse ages and biological
background who showed no evidence of infectious disease found that herpes 7 was found in 20% and
herpes 6A and 6B in 1.5% and 5% of individuals, respectively: whilst herpesvirus 4 (Epstein-Barr virus:
see below) was identified in 14% of those sampled, the other herpesviruses tested for (1, 5 and 8) were
rarely detected (Moustafa et al., 2017). Thus, whilst neither of these viruses has been identified as a
candidate heirloom disease, the fact that they have infected such a large proportion in various areas of
the world is suggestive; also the subsequent eruption of pityriasis rosea recalls the presumed role of
reactivation in herpes simplex viruses.
c. Gammaherpesvirinae The Epstein-Barr virus (Human herpesvirus 4; the major causative agent of
infectious mononucleosis or glandular fever, especially in adolescents) is a member of the genus
Lymphocryptovirus which infects at least 90% of the population world-wide (Blossom, 2007; Pellett et
al., 2012; Balfour, et al., 2015). Initial targets probably involve differentiated oropharyngeal epithelial
cells, leading to asymptomatic lytic infections with transmission in the saliva; subsequently, latent
infections are established by the activation of circulating quiescent B cells of the acquired immune
system, leading to their clonal proliferation, through using the host cell’s DNA replication system
(Tsurumi et al., 2005; Kenney, 2007; Pagano, 2009; Sample et al., 2009; Swaminathan and Kenney,
2009).175 Transmission is from mother to young in developing countries, enhanced when food is premasticated before being given to infants; infections are asymptomatic or with only minor non-specific
effects. In developed countries, on the other hand, infection occurs mainly in adolescents as a result of
exchange of saliva, leading to the development of infectious mononucleosis (glandular fever; originally
called the ‘kissing disease’)176 due to an aggressive cytotoxic T cell response to the infected B cells
(Rochford, 2009; Dunmire, et al., 2015); whilst this eliminates most of the infected cells, some remain
in the tonsils and elsewhere as memory B cells, where they can be reactivated at a later date, possibly
through receptor-mediated stimulation of their host cells, leading to the infection spreading to epithelial
cells and viral excretion by the latter. There is also evidence that transmission may occur through male
and female genital secretions (Kenney, 2007; Pagano, 2009; Swaminathan and Kenney, 2009; Dunmire,
et al., 2015).
Epstein-Barr virus, or serological evidence for past infections, has been found in humans world-wide,
albeit with different patterns of appearance related to socio-economic differences, ostensibly related to
hygiene (Rochford, 2009). Consistent with the proposal that this virus is an heirloom from the earliest
humans, studies in Papua New Guinea, covering both the capital (Port Moresby) and remote villages in
the hinterland, found a high seroprevalence as evidence for past infections (Rezza et al., 2001), as well
as in isolated Amerindian tribes in the Amazon Basin (Black et al., 1974; Black, 1975). Moreover,
closely related lymphocryptoviruses have been detected in many other Old and New World primates
(Johannsen et al., 2009; Messaoudi et al., 2009), including the mountain gorilla (Gorilla b. beringei),
where principally subclinical infections are established at an early age from the mother, presumably via
saliva (Evans et al., 2017).177
Apart from pathogenic problems in those with depressed immune function, this virus has been identified
as being the underlying cause of certain human malignancies (e.g. Burkitt’s lymphoma and
undifferentiated nasopharyngeal carcinomas) (Longnecker et al., 2009; Grywalska and Rolinski, 2015).
This oncogenic potential is shared with the only other member of the same subfamily known to infect
humans:178 Kaposi’s sarcoma-associated virus (Human herpesvirus 8), assigned to the genus
Rhadinovirus. The fact that infections with the latter virus emerged as a major characteristic of early
Whilst replication in the lytic phase utilises the virus’ own replication machinery, rendering it independent of
the host cell’s proliferative cycle (an important requirement for related viruses which infect terminallydifferentiated neurones).
176
Typically short-lasting with symptoms including pharyngitis, although chronic active infections may persist
for longer (six months or more, rather than several weeks) in some East Asians (Pagano, 2009).
177
Recalling the situation regarding human herpesviruses, some other primates have been found to be infected
with two clades of lymphocryptovirus, one related to human Epstein-Barr virus (Messaoudi et al., 2009).
178
Up to about a fifth of human cancers have been attributed to viruses (Liao, 2006; Verma et al., 2009); apart
from other DNA viruses (mainly papillomaviruses: see Section IV.2.iii), RNA viruses include human hepatitis
virus C (see Section VI.1.ii) and human T-cell leukemia viruses 1 and 2 (see Section VII.9.i).
175
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AIDS-related cases has provided a major impetus to investigations. Prior to this, identical cases of
Kaposi’s sarcoma (a disease associated with proliferation of endothelial cells and neoangiogenesis)
were mainly centred on central and eastern Africa (where it was originally associated with a lymphoma
in children), with fewer cases in the Mediterranean region and typically few or none elsewhere
(Hayward and Whitby, 2009; Moore and Chang, 2009). Transmission is likely to be normally by way
of saliva, mainly by horizontal transmission from the mother and from siblings.179
With the identification of the causative agent, subsequent seroprevalence studies have found that highest
levels occur in central and eastern Africa 180 and also in South American Amerindians and both rural
and urban populations in Papua New Guinea; intermediate levels in southern Europe and low levels of
past infection elsewhere, including East, South and Southeast Asia (Ablashi et al., 1999; Rezza et al.,
2001; Kazanji et al., 2005; Hayward and Zong, 2007; Hayward and Whitby, 2009). It would also seem
likely that it is a potential heirloom from hunter-gatherer days, given the finding of related viruses in
other primates (Messaoudi et al., 2009; Moore and Chang, 2009) and evidence suggesting a number of
separate lineages emerging out of Africa, including one (lineage D) which extends into Australasia
(including indigenous Australians) and Polynesia as well as in indigenous Taiwanese and the Japanese
Ainu181 (Mohanna et al., 2005; Hayward and Zong, 2007; Hayward and Whitby, 2009).
Seimon et al. (2015) found evidence for current gammaherpevirus infections of great apes in a national
park in the northwestern Republic of Congo, based on an analysis of faecal samples. Gorilla
lymphocryptovirus was found in both gorillas (G. g. gorilla) and chimpanzees (P. t. troglodytes), whilst
another clade of lymphocryptovirus was found in other chimpanzees. This sharing of some clades
between these two great apes again affirms the possible circulation of these to include humans (or their
ancestors), with subsequent divergence of distinct endemic viral species as a result of the expansion of
the human population.
ii. Polyomaviridae These un-enveloped double-stranded DNA viruses are associated with persistent
asymptomatic infections in humans although they may cause clinical disease in immuno-compromised
individuals (which is where they were first identified) and are tumorigenic when administered to rodents
(Butel, 1996; Kean et al., 2009; Johne et al., 2011; Norkin et al., 2012; Rinaldo et al., 2013). Some of
their protein products act to drive progression of host cells (including those which are terminallydifferentiated) into the replicative S phase of their cell cycle, thereby allowing viral reproduction
(Schang, 2003; Fanning et al., 2009). Sero-epidemiologic studies indicate that BK and JC
polyomaviruses are found worldwide in the kidneys of 70-80% of adults as a result of childhood
infection; viral presence in the urine may increase with age (Kitamura et al., 1990). Available evidence
indicates that transmission of the JC virus is mainly from parents to offspring through prolonged
cohabitation (almost a half of those infected discharge the virus in their urine), as a less direct form of
vertical transmission (reviewed by Holmes, 2004). Transmission may also occur by saliva and
respiratory droplets, since these viruses are also found in the tonsils (Kean and Garcea, 2009; Norkin et
al., 2012).182 Whilst normally asymptomatic, infections may be tumorigenic in immuno-compromised
patients.
Whole-genome analyses of JC viruses have identified the existence of three superclusters, A, B and C
(Agostini et al., 1997; Sugimoto et al., 2002; Yanagihara et al., 2002; Zheng et al., 2003; Holmes, 2004;
Yogo et al., 2004; Shackelton et al., 2006; Kitchen et al., 2008). The first of these is primarily associated
with those of European descent with, seemingly somewhat anomalously, a distinct subtype in Aleut
Inuit; whilst the last of these comprises one clade (type 6)183 which is restricted to western Africa.
Supercluster B is by far the most diverse in terms of the number of clades, including one (type 3) in
179

Including the practice in some cultures where mothers pre-masticate food for their infants, meaning that there
is the earlier spread of infection.
180
Thus it has emerged as the most common cause of tumours in Southern Africa, related to the AIDS crisis.
181
As well as certain clades from the Americas (where Subtype E has usually been identified), to confuse the
picture.
182
The JC virus may also infect oligodendrocytes in the central nervous system (Griffin, 2003).
183
Some phylogenomic analyses indicate that this is basal to the other clades (Pavesi, 2004), although others yield
a much more complex picture (Shackelton et al., 2006).

43

The University of Cambodia Monographs Series
Africa and also in African Americans. Of the other members, one (2A) is found in Japanese Ainu, a
proportion of Koreans and native Americans belonging to the Na-Dene and Amerind (from both North
and South America) linguistic groups.184 Elsewhere in East Asia, a proposed type 7 has been identified,
with 7A and 7C in southern China (including Taiwan) and Southeast Asia as well as on Hawai’i;185
whereas 7B was found in northeastern Asia, including the Korean peninsula and Japan.186 Apparently
recollecting evidence for prehistoric patterns of population movements (see Section III.2), a novel type
8 was identified in Melanesians from eastern highland Papua New Guinea and from the nearby island
of New Britain;187 on the latter, it was found amongst the Baining people, whereas type 2E was found
in the Austronesian-speaking Tolai, as well as on Guam in the western Pacific (Jobes et al. 2001). On
the other hand, the same research group (Yanagihara et al., 2002) reported that, whilst clade 8A was
restricted to Papua New Guinea, another (8B) was found not oly there but had an extensive distribution
in Far Oceania: island populations were apparently host to either this or a member of the 2E clade.188
To confuse the situation further, clade 2E was also identified in indigenous Australians from
Queensland.
Overall, Shackelton et al. (2006; Holmes, 2008; see also Dominguez-Bello and Blaser, 2011) have
argued that it is difficult to interpret the geographical distribution of different variants of this virus in
terms of early patterns of human migration, based in part on a co-divergence analysis of complete viral
genomes and a database of human mitochondrial DNA sequences.189 However, Sharp and Simmonds
(2011) have noted that there are some underlying trends, most notably that for type 2A.190 In the case
of Southeast Asia, the lack of any clear picture presumably reflects the complex movements of people
(more especially men) since prehistoric times (see Section III.4).
On the other hand, four subtypes (I-IV) have been identified in the BK polyomavirus. Of these, subtype
I is found world-wide with regional differences in the composition of different component subgroups;
whilst subtype IV is prevalent in East Asia (apart from Japan) and also in parts of Europe, possibly

184

Present-day native Americans comprise three distinct lineages which migrated across Beringia from northern
Asia: whilst the major Amerind one led to the populating of most of the continent, modern Inuits in the Arctic
region (including Greenland) derive almost half their ancestry from a second stream and the Na-Dene-speaking
Chipewyan from Canada inherit about a tenth of their ancestry from a third stream (Reich et al., 2012). The
relatively recently extinct ‘paleo-Eskimoes’ (Saqqaq) may represent a fourth such influx, prior to that of the
Inuits and distinct from the Na-Denes, with evidence for interbreeding with the former at least (Raghavan et
al., 2014; cf. Reich et al., 2012). The situation would seem to be even more complex based on recent evidence
that there may have been two separate components to the influx giving rise to Amerinds (Yang et al., 2017).
185
Intriguingly, there is evidence (Yogo et al., 2004) for a possible back-flow of one genotype (SC) from
Southeast Asia and adjoining regions to Madagascar and adjoining coastal regions of East Africa, reminiscent
of the situation regarding the Indo-Oceanic lineage 1 of the tuberculosis bacillus (see Section IV.5).
186
Ikegaya et al. (2002) have proposed that JC virus genotyping could provide a basis for tracing the origin of
unidentified cadavers, based on a dataset limited to Northeast Asia; whilst subsequent studies (e.g. Yogo et
al., 2004) make this unlikely for this particular virus on a broader basis, the principle may be applicable more
generally.
187
With one clade (8A) restricted to this island.
188
Confusingly, the numeral gives no indication of the relationship with other clades: thus 2E clusters amongst
members of types 7 and 8, distant from other members of type 2 (Shackelton et al., 2006).
189
Use of the latter dataset was justified by the fact that transmission is vertical, and thus presumed to be largely
through the mother (cf. Holmes, 2004). One questionable (see Section IV.4.ii) supporting argument was based
on molecular clock analyses: “while the estimated nucleotide substitution rate of JCV has large conﬁdence
intervals due to limited sampling, our analysis suggests that this virus may evolve nearly two orders of
magnitude faster than predicted under the codivergence hypothesis” (Shackelton et al., 2006).
190
Pavesi (2005) considered it “rather unlikely” that modern humans acquired members of supercluster A from
archaic humans when they moved into Eurasia (cf. a recent hypothesis regarding human papillomaviruses: see
below), on the grounds that transmission requires prolonged contact, typically from parents to their offspring;
however subsequent studies have established that hybridisation occurred between modern and archaic humans
(see Section III.2).
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having spread westward via Central Asia (Nishimoto et al., 2007; Zheng et al., 2007; Zhong et al.,
2009).191
Recent studies have identified a number of other members of this family which are also presumably
distributed world-wide and thus may also be heirlooms. Like BK and JC viruses, Human polyomavirus
8 has a high seroprevalence in various human populations where investigated, progressively increasing
with age; it is also called trichodysplasia spinulosa-associated polyomavirus because of the
characteristic benign disease involving the hair follicles which it can cause in immuno-compromised
patients (Chen et al., 2011; van der Meijden et al., 2011; Kazem et al., 2013; Fukumoto et al., 2015).
Indirect evidence suggests that the kidneys may be a reservoir, and that transmission may be in the urine
(Fischer et al., 2012; cf. Kazem et al., 2013). On the other hand, the Merkel cell polyomavirus, which
also has a high seroprevalence where studied, infects the skin (apparently being transmitted by physical
contact with others who are infected or with virus-contaminated surfaces which they have touched)192
and has been linked to a lethal skin cell cancer when incorporated into the host DNA in the presence of
a particular mutation of the latter (Foulongne et al., 2012; Coursaget et al., 2013; de Caprio and Garcea,
2013). Others may instead infect the respiratory and/or digestive rather than the reno-urinary system,
based on available evidence (KI and WU polyomaviruses: Babakir‐Mina et al., 2013).
iii. Papillomaviridae Members of this family are un-enveloped circular double-stranded DNA viruses
which target basal epithelial cells of the skin and mucous membranes, typically being highly hostspecific; episomal replication (plasmid maintenance) coincides with that of the host cell’s nuclear DNA
(Doorbar, 2005; Bernard, 2009; Moody and Laimins, 2009). Thereafter, differentiation of those
daughter cells which are displaced towards the external surface causes the infecting viruses to enter the
vegetative phase, with the synthesis of viral proteins: some of the viral proteins are responsible for
causing infected cells to re-enter the cell-cycle so that the virus can continue to use the host’s replicative
machinery in order to generate more copies of its own genome, which can then be packaged into virions
by the other viral proteins being produced in this phase. As a result, the infected cells resume
proliferation as neoplasias, leading to the creation of warts and papillomas. Transmission occurs
through physical contact with these or shed cell husks (Butel, 1996; Foulongne et al., 2012), presumably
through abrasions or cuts which allow access to the underlying basal cells of the new host. Given that
some virus-infected cells remain behind in the basal layer, infection would seem to be potentially lifelong; whilst the viral DNA normally remains as extra-chromosomal episomes it may be incorporated at
random into the host cell’s genome where, depending on where it is inserted, it may render the cell
cancerous.
Papillomaviruses would appear to have arisen with the origin of the amniotes as skin infections, with
considerable diversification and a derived mucosal tropism; thereafter, there have apparently been
exchanges of infections amongst (closely-related) mammalian host species at least, with little evidence
for co-evolution with particular ones (Bravo et al., 2010; cf. Bernard, 2009). About a hundred different
‘species’ of these viruses have so far been characterised from humans, with evidence for at least the
same number more (Bernard, 2009). Of those which are known, about a fifth are ‘high-risk’, being
associated with malignancy in the uterus or other ano-genital sites; these high-risk varieties are not
monophyletic, belonging to three separate clusters. The human viruses are presumably heirlooms, since
they have not been identified in other mammals, although closely related members of the genus
Alphapapillomavirus are found in other primates.193 Pimenoff et al. (2016) have recently proposed that
human papillomavirus 16, the most oncogenic of these viruses, may be so as a result of heirloom viral
lineages splitting along with the divergence of archaic (Neanderthal-Denisovan) and ancestral modern
human populations from their common H. heidelbergensis ancestors. Whilst there was a presumably
benign co-evolution of various papillomavirus as heirlooms in their respective hosts, interbreeding of
ancestral modern humans with archaic humans after the former had spread out of Africa led to the
191

One hypothesis is that this subtype originated in East Asia as a spill-over from another primate (Nishimoto et
al., 2007; Zheng et al., 2007); if so, the most likely might have been an archaic human, recalling the proposed
situation with papillomaviruses (see below).
192
Presumably through abrasions or other breeches.
193
A minority of other human viruses are instead assigned to four other genera of uncertain evolutionary origins
in the absence of evidence for related species in other mammals.
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‘spilling over’ of the the latters divergent variants (as well as in the opposite direction, presumably);
this, together with possible subsequent recombinations, is thus suggested to account for the existence
of high-risk varieties more prone to causing ano-genital cancers.194
iv. Hepadnaviridae Members of this family of enveloped circular, partially double-stranded DNA
viruses are the only animal viruses that replicate their DNA by reverse transcription of an RNA
intermediate (Hu, 2016).195 The resulting double-stranded DNA may then be integrated into the host
cell’s nuclear chromosomes at random locations, meaning that cancer may result. The hepatitis B virus,
a member of the genus Orthohepadnavirus, is a leading cause of death worldwide (Lavanchy, 2004).196
Apart from perinatal transmission from mother to child at birth, infection can also be spread by
percutaneous or mucosal contact with infectious blood or other body fluids, including as a result of
sexual activity;197 the virus can persist in the environment and remain potentially infective for at least a
week after being shed198 and thus might enter through breaches in mucous membranes or the skin
(reviewed by WHO, 2002; Lavanchy, 2004; Shepard et al., 2006; McMahon, 2009; Pourkarim et al.,
2014; see also Holmes, 2008; Ewald, 2009). Prevalence of infection is highest in sub-Saharan Africa
and eastern Asia, with infection mainly occurring in childhood (cf. in adults in western countries) and
5-10% of adults being chronically infected.199
The initial infection is typically asymptomatic in the young (WHO, 2002; Lavanchy, 2004; Quer et al.,
2008; McMahon, 2009; Chu and Liaw, 2016; Seeger et al., 2016; Zhang et al., 2016), with the majority
of those infected through vertical transmission from the mother being immune-tolerant and thus going
on to develop chronic infections200 with moderately high levels of circulating virions201 and little or no
evidence for liver pathology during a tolerant phase which may persist for up to at least 30 years (when
they are highly infectious through horizontal transmission); however the progressive random
incorporation of viral episomal DNA into the host cells’ genomes during this time may lead to the
development of hepatocellular carcinomas. Where infection is delayed to progressively older ages as a
result of horizontal transmission, the tolerant phase is progressively foreshortened; most adults only
develop acute infections, with associated hepatic insufficiency, although 5-10% subsequently develop
chronic hepatitis (generally milder than the acute response, but liable to lead to cirrhosis or
hepatocellular carcinoma) after a variable period as asymptomatic ‘silent’ carriers.
Thereafter, in chronic infections, the disease transitions to an immune-active (chronic or immune
clearance) phase, when viral loads are progressively reduced although the liver may become inflamed
194

On a related vein, as noted by Pimenoff et al. (2016), Ashford (2000) has observed that a number of macroparasites endemic to humans occur as species pairs (Taenia spp. tapeworms; Cimex spp. bedbugs; Demodex
spp. follicle mites; Pediculus spp. lice), as well as two species of the protozoan Entamoeba: it is tempting to
speculate that these shared a similar dual origin, to converge on modern humans without the need for sexual
contact (and without the opportunity for subsequent genetic recombination to ‘dilute’ the result).
195
They are small viruses with many overlapping genes belonging to Baltimore’s group VII
(http://www.microbiologybook.org/mhunt/baltimore.htm). They have a reverse transcriptase which first fills
in gaps in the otherwise double-stranded DNA; the lack of proofreading capabilities means that this process is
prone to errors, as with typical RNA viruses (see Section IV.4.ii). Thereafter, host RNA polymerases can then
use these as a template for the transcription of both viral mRNAs and a pre-genomic RNA.
196
Together with hepatitis C, it accounted for 96% of viral hepatitis-related mortality (with an about equal
contribution from each), including in Southeast Asia, and 91% of disability-adjusted life-years in 2013, slightly
higher than in 1990 (Stanaway et al. (2016).
197
http://www.cdc.gov/hepatitis/hbv/hbvfaq.htm#treatment
198
Presumably this reflects the lack of any need for the virus to remain enveloped in order to be infective,
suggesting a convergence with hepatitis A virus (see Section VI.1.ii).
199
http://www.cdc.gov/hepatitis/hbv/hbvfaq.htm#treatment;
http://www.who.int/mediacentre/factsheets/fs204/en/; Lavanchy and Kane (2016); thus chronic infections have a
5-7% prevalence throughout Southeast Asia (apart from Myanmar where it is 2-4%, as in Bangladesh and
India)
and
China:
http://wwwnc.cdc.gov/travel/yellowbook/2016/infectious-diseases-related-totravel/hepatitis-b.
200
50-90% of children infected when they are less than five years old become carriers.
201
A large excess (typically 10,000- to 1,000,000-fold) of secreted virions are empty, comprising an enveloped
capsid devoid of any genome inside (Blumberg, 1977; WHO, 2002; Hu, 2016).
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as a result of an acute cellular immune response, and may thence become cirrhotic due to the
inflammatory destruction of infected hepatocytes (the virus itself is not cytopathic) and their
replacement with fibrotic nodules and consequent disruption of overall liver structure and thus its
function; this may alternate with an inactive phase, where circulating viral titres are low and which may
eventually lead to viral clearance. However viral infection may undergo subsequent reactivation,
including as a result of immuno-compromise (Lavanchy, 2004; McMahon, 2009; Chen et al., 2016;
Seeger et al., 2016; Zhang et al., 2016). Thus hepatitis B viral infection has the potential for long-term
infections which can span the generations in a small, contained society, and hence is a potential
‘heirloom’ from ancestral human populations (Simmonds, 2001a, b; Paraskevis et al., 2013; Littlejohn
et al., 2016). For example, Black et al. (1974) noted that there is a high prevalence of antibodies against
this virus in erstwhile isolated tribes in upper reaches of the Amazon basin. Moreover the relatively
short life-spans of early humans would mean that the delay in the appearance of deleterious effects in
those chronically infected when young would mean that adverse ‘clinical’ effects would likely be of
minimal impact for the survival of the group as a functioning unit (Paraskevis et al., 2013).
The hepadnavirids are old family, with evidence for species infecting freshwater teleost fish (see Section
VII.10.ii) as well as tetrapods202 (Souza et al., 2014; Suh et al., 2014; Dill et al., 2016). The genus
Orthohepadnavirus is restricted to mammals, being characterised by an extra ORF encoding protein X,
which may underlie carcinogenicity; it has an ancient origin, with different species having been
identified in rodents in the Americas and various non-human anthropoid apes in Africa and Southeast
Asia (Simmonds, 2001a, b; Fares and Holmes, 2002; Starkman et al., 2003; Lyons et al., 2012; Souza
et al., 2014) as well as more recently in bats (Littlejohn et al., 2016); other evidence suggests that birds
may have been the original reservoir (Villarreal et al., 2000; Souza et al., 2014). In contrast to those
hepadnaviruses of rodents which have been studied, that from an African bat can infect human celllines; thus it has been suggested that the fact that hepadnaviruses are not found in Old World monkeys
may be because of spilling over from bats into ancestral apes (Drexler et al., 2013; Littlejohn et al.,
2016).
At least nine genotypes (A-I) have been recognised,203 with the most divergent (the closely related F
and H)204 being found amongst indigenous people in Central and South America, consistent with the
infection existing in early human societies and carried with them as they migrated out of Africa
(Simmonds, 2001a, b; Kurbanov et al., 2010; Lyons et al., 2012; Panduro et al., 2013; Pourkarim et al.,
2014; Zehender et al., 2014; Kato et al., 2016; Littlejohn et al., 2016). Recent genomic studies have
identified regional subgenotypes of F which are primarily found in native populations (da Costa
Castilho et al., 2012; Alvarado-Mora and Pinho, 2013),205 although problems with molecular clock
analyses confound realistic attempts at pre-historical reconstruction (Zehender et al., 2014; see Section
IV.4).206
For many of the others, the picture has been confounded by the lack of any clear phylogenomic relations
between present-day genotypes consistent with what would be predicted from the progressive dispersal
of early humans (Simmonds, 2001a, b; Holmes, 2008; but see Paraskevis et al., 2013), being partly
Based on ‘fossil’ endogenous viral elements in the case of birds and various reptiles, but not in mammals.
Genotype G is aberrant: apparently derived from genotype A (Norder et al., 2004), mutations have meant that
it can only replicate in cells co-infected with members of another genotype (cf. hepatitis D: see Section IV.3);
originally identified in Europe and North America, more recent evidence suggests that existence of similar
strains in Vietnam, as well as apparent recombinants in Papua, Indonesia (Mulyanto et al., 2012a).
204
In both Alaska and South America and in Central America, respectively; both are related to a virus from the
South American woolly monkey (Lagothrix lagotricha), based on one isolate (from a monkey with fulminant
hepatitis) from one of five zoos in the United States, but possibly introduced there from a monkey donated by
a since-defunct zoo in Scotland (Lanford et al., 1998); there would appear to be no follow-up studies on wild
populations of this species, which is endangered. In contrast, hepatitis B-related viruses have not been
identified in Old World monkeys.
205
Other genotypes are also found in the general population, including A1 which was presumably brought over
with African slaves.
206
Thus da Costa Castilho et al. (2012) found closely-related sequences of genotype F in three remote Brazilian
villages where there was a high prevalence of infection from an early age, which they concluded represented
a recent introduction due to a lack of sequence divergence.
202
203
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obscured by more recent mass movements of people.207 The situation is further complicated by the fact
that recombinations (see Section IV.4.ii) may occur in cells which are infected by more than one (sub) genotype (Simmonds and Midgley, 2005).208 Related to this, it should be noted that, whilst the
sequences of the genotypes and their constituent subgenotypes have been characterised, subsequent
identification of regional distributions have included studies based on partial sequences of key genes.
Genotypes B and C, together with their various subgenotypes, are mainly found in East and Southeast
Asia, together with Australasia and Oceania; unlike other genotypes where studied, they have been
mainly associated with vertical (primarily mother to new-born) rather than horizontal transmission (Liu
and Kao, 2013). In addition, a third (I) is found in Laos and adjoining regions of neighbouring countries
(Norder et al., 2004; Tran et al., 2008; Thedja et al., 2011, 2015; Kramvis, 2014; Li et al., 2015), as
well as a separate strain amongst mainly adults in the isolated Idu Mishmi tribe209 in northeastern India
(Arankalle et al., 2010).210
Within genotype B (Norder et al., 2004; Paraskevis et al., 2013a, b; Kramvis, 2014; Pourkarim et al.,
2014; Zehender et al., 2014), B1 is found mainly in Japan and its derivative, B6, amongst the Inuit of
eastern Canada as well as Alaska211 and Greenland. Other members of this clade show evidence for
recombination with members of genotype C; of these, B2 is found mainly in China, B3 in western
portions of Indonesia,212 B4 in Vietnam, and B5 on the Philippines. More recently, a variety of others
have been identified in discrete portions of the rest of the Indonesian archipelago (in contrast to the
homogenous distribution of B1 in Japan and B2 in China, for example), consistent with long-term local
infections of members of Austronesian linguistic group. However, genotype B is less common on the
island of Papua New Guinea and not reported for indigenous Australians (Thedja et al., 2011).
Within genotype C, C4 is endemic to indigenous people in northern Australia,213 with evidence for local
strains associated with chronic infections and a seroprevalence of up to 20% (Sugauchi et al., 2001;
Davies et al., 2013; Littlejohn et al., 2014, 2016). It represents an apparently ancient divergent outlier

207

For example, subgenotype A2 was taken by Europeans to the Americas, whilst A1 and A5 were carried there
by enslaved Africans, but not E: the last, found in southern West Africa, western Central and Southern Africa
and the Malagasy Republic, apparently emerged more recently in Africa, due the there being little evidence
for regional diversification (Norder et al., 2004; Andernach et al., 2009; Kramvis, 2014; Zehender et al., 2014).
208
Mainly reported for Africa and East Asia, this will be favoured (Kramvis, 2014) where chronic infections with
more than one strain occur in relatively high proportions of a particular, relatively crowded population where
public health measures are low; implicit in this is that there is more than one co-circulating source of infection,
through initial overlaps between different, alternative reservoir populations, human and/or otherwise.
209
In the Upper Dibang Valley of Arunachal Pradesh: likely to be of the Tibeto-Burman (= Sino-Tibetan)
linguistic group (Reich et al., 2009; Moorjani et al., 2013).
210
This apparently arose from recombination of a genotype distantly related to C4 with others related to genotypes
A and G (Tran et al., 2008), which may have originated outside Southeast Asia (Olinger et al., 2008).
211
Where genotype F has also been reported.
212
B2 was found to dominate in those of Chinese ethnic origin with B3 being second most frequent, although the
latter has never been reported from mainland China or Taiwan (Thedja et al., 2011). Similarly, present-day
émigrés elsewhere (like those involved in subjugating the Americas: see above) have taken their particular
strains of the virus with them, albeit whilst also or alternatively acquiring the local variants; increasing
movements of people are only likely to make epidemiological problems worse (Kramvis, 2014). The
possibility of co-infections resulting in recombination events between the different viruses involved has led
Kramvis (2014) to propose the term ‘recombino-subgenotype’ to promote awareness of this source of
consequent diversity, due in particular to the emergence of what he terms ‘immigro-subgenotypes’, in order to
better implement appropriate prophylactic measures.
213
Including one individual whose blood sample was included in a panel of sera for the screening of patients who
had received blood transfusions for the detection of antibodies against donor blood; this led to the serendipitous
discovery of the ‘Australia antigen’, the finding of an association with hepatitis and the identification of
hepatitis B (Australia antigen is now known to as hepatitis B surface antigen, HBsAg: its epitope is on the
surface of the viral envelope, in contrast to the core antigen which is part of the enclosed capsid), together with
the successful development of a vaccine (Blumberg, 1977), culminating in the award of a Nobel Prize in
Medicine or Physiology in 1976.
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phylogenetically,214 leading to the conclusion that genotype C may be the oldest lineage of hepatitis B
viruses, having been borne by the earliest human migration out of Africa along the margins of the Indian
Ocean (Paraskevis et al., 2013a; see Section III): thus isolates have been obtained from Andaman
islanders,215 the Orang Asli in Malaysia,216 Torres Strait islanders, indigenous Australians and
Melanesians (Littlejohn et al., 2016); who may represent the first migration out of Africa around the
rim of the Indian Ocean (see Section III.2). Elsewhere, C1 is found on mainland Southeast Asia and
southern China, C2 in China,217 C3 in Oceania (including Melanesia and New Zealand), and C5 and C7
in the Philippines (Norder et al., 2004; Paraskevis et al., 2013a, b; Kramvis, 2014; Pourkarim et al.,
2014; Zehender et al., 2014; Littlejohn et al., 2016). Whilst C1 and C2 are circulating in western
portions of Indonesia itself, C6 (infecting both Austronesian and non-Austronesian speakers on Papua)
and C8-C16 are instead found in specific regions of the eastern Indonesian archipelago, including the
countries of Timor Leste and Papua New Guinea (Thedja et al., 2015); at least some are congruent with
particular linguistic groups in Papua (Mulyanto et al., 2010, 2012a, b). Phylogenetic analyses indicate
that, like C4, C3 is also an outlier; and that all but one of the eight found on Papua formed a separate
cluster from the remaining subgenotypes, including those from various areas of Indonesia and Timor
Leste (Lusida et al., 2008; Thedja et al., 2015). Thedja et al. (2015) further analysed these data by
looking at the consequent effects of the differences in genetic sequence on that of the amino acids in
the epitopes218 of the resulting surface and core (capsid) proteins, and identified two major groupings,
East-Southeast Asia (including some from Papua New Guinea) and Papua-Pacific (including Vanuatu,
Fiji, Tonga, and Kiribati); a third predominated in the Philippines, whilst the resulting serotype from
indigenous Australian sequences was markedly different from all the others.219
Given that members of genotype C are only found east of India,220 Littlejohn et al. (2016) proposed that
this might be as a result of the prolonged ‘volcanic winter’ about 73,000 years ago due to the massive
eruption of Mount Toba on Sumatra in western Indonesia, which may have been the cause of a severe
human population bottleneck (see Section III.3), including the eradication of prior coastal populations
on the Indian subcontinent (cf. Mellars et al., 2013). However, given that this scenario is controversial,
an alternative is that, rather than being borne out of Africa by early modern humans, it was instead a
later spill-over from apes or archaic humans in the region (see below).
Genotype D is the most widely distributed (Norder et al., 2004; Paraskevis et al., 2013a, b; Kramvis,
2014; Pourkarim et al., 2014; Zehender et al., 2014), but this raises problems regarding its origins and
spread prior to by way of intravenous drug abusers recently. On the one hand, it is found in Southern
Europe (D1 and D3, with the former extending as an arc through Asia Minor to India), Northeastern
Europe and the former USSR, as well as India (D2) and North Africa (D7 and D8; D1 is also found in
Egypt); based on these observations, Paraskevis et al. (2013a) proposed that it may have originated in
western Asia (cf. India: Zehender et al., 2014),221 along an axis from Asia Minor through Iran to India;
and that it radiated outwards through carriers into Europe and East and Southeast Asia. However, at the

214

Like proposed sub-genotype J (based on one isolate: Tatematsu et al., 2009; Kato et al., 2016), it is closely
related to a virus in orang utans and less so to gibbons (Paraskevis et al., 2013).
215
Jarawa people (Murhekar et al., 2008): note that there is conflicting evidence for their affinity with Melanesians
(Basu et al., 2016a, b; cf. Mondal et al., 2016).
216
One was the Senoi group of Central Aslian-speaking (i.e. non-‘negrito’: Fix, 2011) Austro-Asiatics; the
linguistic group of the other was not stated.
217
Genotype C is mainly north of the River Yangtze, cf. genotype B (Zeng et al., 2005; no subgenotypes were
recognised), although Li et al. (2015) found a less clear-cut distribution (94.7% of their samples were C2,
compared with 3.6% C1, so that other reports of the latter in southern China are unlikely to provide an
explanation for the disparity).
218
For potential recognition by the two arms of the human leucocyte antigen system (see Section VI.4.i).
219
The number of samples from East and Southeast Asia was relatively small (164, vs. 105 for Papua-Pacific and
2 for Australia).
220
But see Banerjee et al. (2006) for Bangladesh and West Bengal: this presumably reflects Austro-Asiatic and
Tibeto-Burman (Sino-Tibetan) influences (Basu et al. 2003, 2016; Kumar et al., 2007).
221
Recalling the situation regarding hepatitis C virus in Africa (see Section VI.1.ii), it was suggested that the
Second World War underlay the spread of this genotype from India.

49

The University of Cambodia Monographs Series
other extreme, one subgenotype (D4) is found in indigenous Australians (Sugauchi et al., 2001),222 as
well as on the island of Papua New Guinea and in Oceania and also in various parts of Africa223 (Norder
et al., 2004) and another (D6) in Sulawesi and Papua (infecting both Austronesian and nonAustronesian speakers: Lusida et al., 2008; Mulyanto et al., 2010), as well as D5 in the Paharia tribe224
in the Rajmahal Hills of northeastern India (Ghosh et al., 2010) and (together with D1-D3) in West
Bengal (Banerjee et al., 2006; Chandra et al., 2009).225 Moreover, Osiowy et al. (2011) reported D3
and, to a lesser extent, D4 in the First Nation (Dene) peoples from northern central Canada.
Furthermore, a recombinant with genotype C viruses has been identified in Tibet and adjoining regions
of western China, presumably as a result of co-infections with genotypes D (dominant in adjoining
Xinjiang province) and C (found in these areas as well as elsewhere in China: see above) (Zeng et al.,
2005; Zhou et al., 2011; Li et al., 2015).
There is accumulating evidence suggesting that different genotypes and their constituent strains may
differ in their relative risk of causing clinical disease in the long-term, and also in their subsequent
susceptibility to pharmacological interventions (Norder et al., 2004; McMahon, 2009; Pujol et al., 2009;
Liu and Kao, 2013). Thus Quer et al. (2008) noted that genotypes B and C were associated with more
severe disease and were more likely to proceed to chronic infections than A or D.
Given scepticism about whether the present-day distribution of different genotypes and their constituent
subtypes can be meaningfully interpreted in the context of the hepatitis B virus being an heirloom which
was borne out of Africa by migrating early humans (Simmonds, 2001a, b; Holmes, 2008; cf. Paraskevis
et al., 2013a),226 it has been suggested that there have been spill-overs between humans and other extant
great apes.227 Thus it was suggested that the diversity of (sub-)genotypes was instead the result of
multiple spill-overs from other, unidentified species of primate in which they had co-speciated as
endemics (Simmonds, 2001). Subsequent studies have found evidence for local spill-overs between
different species of herbivorous anthropoid apes (Holmes, 2008), including from gibbons (Hylobates
spp.) to orang utans (Pongo pygmaeus) on the island of Borneo (Starkman et al., 2003; Lyons et al.,
222

Genomic evidence (Pugach et al., 2013) for a (direct) contact by Indians about 4,000 years ago adds complexity
to the picture.
223
Possibly originating in the Somali (see also Norder et al., 2004) and Sudanese area, but largely replaced by
other (recombinant) strains (Kramvis, 2014); also reported in Rwanda, as well as occasionally in Ghana, it was
presumably carried by the slave-trade to Haiti (Andernach et al., 2009) and Brazil, whilst European immigrants
were presumably the source of D1, D2 and D3 (Mello et al., 2007; Barros et al., 2011; Alvarado-Mora and
Pinho, 2013).
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The locale (Reich et al., 2009) suggests they are likely to be Austro-Asiatic.
225
That the situation is even more complicated is illustrated by the original inhabitants of the Andaman and
Nicobar Islands in the Bay of Bengal: the indigenous tribes, now much reduced in their population sizes as a
result of colonialisation and consequent pressures (http://www.survivalinternational.org/news/175), comprise
four of ‘negrito’ ancestry (i.e. possibly originating from an earlier emigration from Africa around the rim of
the Indian Ocean towards Australia: see Section III.2) and two which are ‘mongoloid’ (i.e. Austro-Asiatic).
Whilst genotype C predominated in one of the former (the Jarawa, which were isolationist until very recently;
the strain is most closely related to one from Thailand), genotype D (closely related to strains on mainland
India) is instead mainly found in two of the others (the Onge and Great Andamanese), together with one of the
latter, the Nicobarese (Murhekar et al., 2008). Note that Mondal et al. (2016) failed to find genomic evidence
for an Austronesian/Austro-Asiatic dichotomy, nor any affinity of the Jarawa with Melanesians; whereas Basu
et al. (2016a, b; Aghakhanian et al., 2015) concluded that the Jarawa and Onge clustered with Oceanic peoples,
most especially Papuans. Analysis of the Y chromosome confirmed that the Nicobarese, belonging to the MonKhmer linguistic group, are Austro-Asiatic (Murhekar et al., 2008). Furthermore, archaeological evidence
suggests that the Andaman Islands may have only been occupied for the past two millennia (Morrison, 2006).
226
A situation further complicated – if not obfuscated – by hypotheses that many arose only recently based on
typical molecular clock analyses (and the inherent problems in interpreting these: see Section IV.4). However,
lack of regional differentiation supports the recent origin of genotype E, despite its dispersed prevalence in
present-day Africa (Zehender et al., 2014). Such a discontinuous distribution implies either that movements
of individuals lead to sharing of their infections and/or the fact that common evolutionary pressures in disparate
populations lead to the parallel evolution of viral countermeasures as part of an ongoing arms-race.
227
Such as may have happened – and could even continue to occur – for certain beta- and gammaherpesviruses
(see Sections IV.2.i and VII.9.ii).
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2012). Available genomic evidence indicates that sharing with orang utans and/or gibbons may underlie
genotype C, but is more tenuous in the case of chimpanzees and the other human genotypes (Paraskevis
et al., 2013). Pertinent to this, a proposed new genotype, J, has been identified in a Japanese patient
with hepatocellular carcinoma who had lived on the island of Borneo during the Second World War;
different portions of the sequence were similar to those from gibbons and orang utans (rather than those
from chimpanzees or gorillas) as well as the indigenous Australian C4 strains (Tatematsu et al., 2009;
Kato et al., 2016). Accordingly, Littlejohn et al. (2016; see also Paraskevis et al., 2013) have concluded
that such spill-overs, together with various recombinations, may have contributed to the present-day
diversity of human hepatitis B viruses.
On the other hand, a reverse spill-over, from humans to woolly monkeys, may be the most parsimonious
interpretation of the situation in the Americas, based on available data: whilst genotype F and the
closely-related H are found throughout the length of the continent (presumably having been spread by
north-to-south migrations during the original colonisation by early modern humans), woolly monkeys
are confined to rainforests in South America. In the apparent absence of any studies on wild populations
of this monkey or information (negative or otherwise) about genomic evidence for other species of
monkey in Central and South America, the simplest explanation would seem to be that there was a
‘reverse’ spill-over, from humans into woolly monkeys, whether recently into founders of the captive
colony (see above) or in the more distant past.228
Alternatively and/or in addition, given the likelihood of contact (and interbreeding) of early modern
humans with archaic ones (Neanderthals and Denisovans) in Eurasia (see Section III), another possible
explanation for the anomalous distributions of certain genotypes might be through ‘zoonotic’ exchange
of infections between these various groups, with or without recombination events, such as has been
proposed for papillomaviruses (see Section IV.2.iii). Building on this, there is evidence that different
genotypes of hepatitis B virus differ with regard to their pathogenic effects; in part, this may be the
result of the fact that incidental, random mutations occurring during a prolonged period of infection
may give rise to those which are oncogenic (Pujol et al., 2009). However, it is tempting to recall the
situation regarding papillomaviruses and the possibility of past ‘zoonotic’ infections from archaic
humans (see Section IV.2.iii), where it was proposed that spill-over genotypes might predispose
infected individuals to oncogenic consequences.
With regard to the mechanism(s) underlying such spill-overs, those from other primates into humans
may be through hunting and handling bushmeat, as likely to be the case in Africa with regard to the
origins of human immuno-deficiency viruses (see Section VI.3.i) and other retroviruses (see Section
VII.9.i). Alternative routes for transmission which would also include spill-overs amongst other, nonpredatory primates as well as ‘reverse’ spill-overs from humans, could be through blood-sucking insects
such as mosquitoes and bed-bugs (Blumberg, 1977; Echevarría and León, 2003);229,230 or passive
‘casual’ infections, given the relatively long survival-time of unenveloped virus after shedding (see
above) as part of an evident ‘sit-and-wait’ strategy (Ewald, 2004; Walther and Ewald, 2004).
v. Adenoviridae Members of this family of unenveloped double-stranded DNA viruses are each
generally restricted to a narrow range of host species, with seven species of Mastadenovirus having
been identified in humans (Harrach et al., 2012). Replication occurs during the S-phase of the host cell’s
cycle, although there is the capacity to manipulate the timing of the latter to the virus’ own advantage
(Schang, 2003; Hearing, 2009). Most infections are asymptomatic in immunocompetent hosts; where
clinical features develop, these are commonly associated with fever and respiratory symptoms, although
some strains cause gastroenteritis (Dennehy, 2005; O’Ryan et al., 2005).231 Even in asymptomatic
individuals, virus may be shed from the respiratory or gastro-intestinal systems for a prolonged period
of months or years as a result of infection spreading to lymphoid tissues such as the tonsils and the
228

Studies of the phylogenetic trees of the F and H genotypes are rooted on the woolly monkey sequence (da
Costa Castilho et al., 2012; Alvarado-Mora and Pinho, 2013).
229
A similar vector-borne mode of transmission has also been suggested for hepatitis C viruses, to address similar
concerns (see Section VI.1.ii).
230
The latter authors also suggested that transmission via vampire bats may be involved in South America.
231
http://www.merckmanuals.com/professional/infectious-diseases/respiratory-viruses/adenovirus-infections
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adenoids (despite the presence of a neutralising antibody response) where latent infections may develop
to be subsequently reactivated (Kojaoghlanian et al., 2003).232 Once shed, the viruses are resistant to
environmental degradation, including through digestion by the gastrointestinal tract, and thus can be
picked up from contaminated solid surfaces. One strain of species E, associated with clinical respiratory
infections, was restricted to military personnel (mainly new recruits) in the United States for three
decades before penetrating the general population; this apparently originated when a spill-over from
chimpanzees recombined with a strain already circulating in humans (Dehghan et al., 2013). Related to
this, Seimon et al. (2015) found evidence for current adenovirus infections in almost half of free-ranging
great apes in a national park in the Republic of Congo, based on an analysis of faecal samples, including
more than two-thirds of those from chimpanzees. Their sequences clustered with those of human species
B, C and E, with evidence of a new species related to human species B, mainly in gorilla samples; many
great apes were infected with more than one strain (Seimon et al., 2015).
vi. Parvoviridae This is a family of non-enveloped single-stranded DNA viruses; replication coincides
with that of the infected cell’s nuclear genome (Schang, 2003). Human parvovirus B19 (the type species
of the genus Erythrovirus; Tijssen et al., 2012) causes mainly cold-like symptoms with respiratory
secretions serving to spread the disease, although a mild rash (erythema infectiosum)233 in may develop
in children; about 20% of those infected are asymptomatic.234 There is evidence for cycles with a 3-4
year periodicity, with such as teachers being (re-)infected (Hokynar et al., 2002; Heegaard and Brown,
2002). It can establish persistent infections of erythroid progenitor cells in the bone-marrow, as well as
in lymphoid tissue and the brain, although it is not detectable in plasma samples during this time
(Manning et al., 2007).
Parvovirus B19 comprises at least three genotypes with a similar spectrum of clinical effects; whilst
genotypes 1 and 2 have been found worldwide, genotype 3 is likely endemic in West Africa, whence it
may have spread to France and Brazil (Servant et al., 2002; Parsyan et al., 2007; Santos et al., 2010).
In the Cameroon, 8% of wild-caught chimpanzees and 27% of gorillas were found to be seropositive
for a B19-related virus, as were 3% of those monkeys tested (Sharp et al., 2010). Strains related to B19
have been identified in laboratory populations of Southeast Asian monkeys (Macaca mulatta and M.
nemestrina: Green et al., 2000).
Seroprevalence studies indicate that half of German children in the age-range 6-10 years had been
infected, rising to about two-thirds of adolescents and about three-quarters of adults (Röhrer et al.,
2008), with a similar pattern elsewhere in Europe (Mossong et al., 2008b). A study in Finland and
Germany confirmed that this virus establishes life-long infections, remaining detectable in the tonsils,
skin, liver and synovia as well as in pooled serum samples; furthermore there was evidence that, up
until the 1950s, two main strains were circulating (with individuals infected with only one or the other).
(Norja et al., 2006). Whilst about half of those born between 1935 and 1970 were infected with one or
other of these variants, the proportion dropped amongst those born between 1971 and 1990 to levels
comparable with infection rates of the 1913-1935 cohort, with a further drop to only low rates of
infection in those born between 1991 and 2000 (Norja et al., 2006).235 Thus there has been a sequential
dropping off of rates of infection (presumably mainly in childhood or early adolescence): first for the
seroprevalence for type 2, which decreased in those born in the 1960s to be not found in those from the
1970s onwards; and then type 1. This has despite the fact that evidently persistent infections indicate
the potential for onward transmission to younger individuals; this contrasts with one of the core
presumptions of this section – that persistent infections allow a viral strain the be sustainable by
traversing the generations within a small group. Whilst this may be related to issues associated with
increasing hygiene, the fact that long-established infections apparently involve either one strain or the
other suggests that there is an underlying competitive exclusion.
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They may also infect neurones and ependyma in the central nervous system (Griffin, 2003).
So-called ‘fifth disease’ or ‘slapped-cheek syndrome’, a common childhood rash which is usually mild;
infection spreads through respiratory secretions prior to the development of the rash itself
(https://www.cdc.gov/parvovirusb19/fifth-disease.html).
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www.cdc.gov/parvovirusb19/about-parvovirus.html; microbewiki.kenyon.edu/index.php/Parvoviridae.
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There was a similar, but abrupt transition in the late 1950s in Scotland, again based on autopsy results
(Manning et al., 2007).
233
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Van Blerkom (2003) argued that B19 has a long evolutionary history in humans, based on its endemism
worldwide and the fact that most species of parvoviruses are highly host species-specific. Serological
tests of a sample of inhabitants of the city of Belem, at the mouth of the Amazon River, indicated that
there was evidence for prior infections with human parvovirus B19 in almost half of those tested (de
Freitas et al., 1990), with about half of these infected by the age of 20; these data are comparable with
reports for developed countries, but much lower than reports for Rio de Janeiro (almost 80% by the age
of 15), presumably reflecting the much higher population densities there. On the other hand, such tests
indicated a lesser seroprevalence in members of three inland tribes236 – one in the northern portion of
the river basin, the other two in the south – and thus little evidence for any spread despite the presumed
high susceptibility given local (albeit low-density) living conditions. Whilst there was evidence of a
uniform spread of past infections for those over ten years-old in one southern tribe (the Mekranoiti),
age-related studies indicated that there was a significantly higher seroprevalence in older individuals
(those over 40 years old for Tirivos;237 over 30 for Xicrins). Taken together, these results suggested that
this virus may have originated as an occasional spill-over, whether from other mammals and/or from
human outsiders;238 and that these normally petered out in the absence of any external replenishing
source.239 A closely related species has been identified in macaque monkeys (Brown et al., 2004).
The so-called adeno-associated virus (genus Dependovirus) is widely distributed in humans, with about
60% being seropositive by age 10, rising to about 80% of adults; related serotypes have been described
in other African primates (Weitzman and Linden, 2011; Balakrishnan and Jayandharan, 2014).
Infections would seem to be asymptomatic. It is a ‘satellite’ virus: whilst it can readily infect various
cell-types in humans and other mammals, it requires that a cell be co-infected with another ‘helper’
virus (e.g. adenoviruses, herpes viruses or papilloma viruses) in order to complete its life-cycle. Where
cells lack such co-infection, the virus is incorporated into one specific location on a particular
chromosome,240 to remain at a latent stage and be transmitted as a provirus to daughter cells during
mitosis; thereafter, if the cell becomes infected with such a helper virus, the provirus is excised to
become fully functional during the lytic phase of its life-cycle. Exposing infected cells to metabolic
inhibitors and agents such as UV radiation which damage DNA is also effective but to a lesser extent,
suggesting the potential for reactivation in individuals who are physiologically compromised, including
through senescence; and hence that this could perhaps have been a component of the original disease
burden.
Other possible candidates include bocaviruses,241 four types of which have been identified in humans
of all ages world-wide;242 whilst one of these is relatively homogeneous and has been associated with
respiratory illnesses, the other three have been isolated from faeces, including from healthy children
and adults (Allander, 2008; Kapoor et al., 2010; Guido et al., 2016). Infection typically occurs in
infancy, after which they may establish persistent infections of lymphatic tissues, associated with the
formation of intra-nuclear episomes. Various other species of this genus have been identified in Old
World monkeys (Tijssen et al., 2012). In the Cameroon, 73% of wild-caught chimpanzees and 36% of
gorillas were found to be seropositive for human bocavirus-like antigen; all monkeys surveyed were
negative, presumably due to lack of crossreactivity with any enzootic viruses (Sharp et al., 2010); on
the other hand, Seimon et al. (2015) found no evidence for current bocavirus infections of great apes in
a national park in the Republic of Congo, based on an analysis of faecal samples.
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Amongst the seven sampled by Black et al. (1974).
The northern tribe (= the Trios in French Guyana).
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Including what Black et al. (1974) call neo-Brazilian pacifiers.
239
The late age of infection might suggest its introduction from outsiders, based on levels of human contacts; this
is reinforced by serological data regarding past measles infections (de Freitas et al., 1990; see Section IV.1).
240
This particular property has made it an attractive candidate for being a vehicle for gene therapy. The capsid
proteins of one strain, AAV9, allow it to infect a diversity of host tissues incuding the central nervous system
after crossing the blood-brain barrier (DiMattia et al. (2012), with the potential for it be used to treat a variety
of genetic diseases (Kaiser, 2017).
241
So-called because the first two member species were identified, respectively in bovines and canine carnivores.
242
Including Cambodia and various other ASEAN member states.
237
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In an attempt at completeness, another potential candidate is PARV4, a recently identified human
parvovirus now assigned to the genus Tetraparvovirus (Simmonds et al., 2008). Two strains have been
identified in drug users through shared injections in Europe and North America: genotype 2 was found
initially, but was displaced by genotype 1 in the 1990s. More recently, a third has been identified in
sub-Saharan Africa; in contrast this has a high seroprevalence in individuals who are not infected with
hepatitis C or human immunodeficiency virus and thus were unlikely to have been infected parenterally
(Sharp et al., 2010). The virus establishes persistent infections in bone marrow and lymphoid tissue, as
well as in the brain but not in plasma samples, in patients infected with human immunodeficiency virus
(Manning et al., 2007; Simmonds et al., 2008), raising the possibility that this is another ‘emerging’
disease which, although possibly long-established in humans (in sub-Saharan Africa at least), has only
become an evident problem in immuno-compromised patients. Subsequently, closely related
‘hokoviruses’ have been identified in domestic farm animals where they may establish persistent
infections of lymphoid tissues (Lau et al., 2008; Tse et al., 2011), with a single genotype being found
in pigs world-wide (Adlhoch et al., 2013). In the Cameroon, 63% of wild-caught chimpanzees and 18%
of gorillas were found to be seropositive for PARV4 (Sharp et al., 2010).243 A sampling survey of
colobus monkeys (30 Colobus polykomos and 15 Piliocolobus badius) and their predators (700 humans
and 17 chimpanzees, P. t. verus) in the Côte d’Ivoire found no evidence for spill-overs between species;
instead, there was evidence for co-speciation in overall patterns of infectivity (Adlhoch et al., 2012).
3. RNA Viruses
By using RNA as their information store, these viruses need to include their own enzymes (RNAdependent RNA polymerases: RdRps) in their virions so as to be able to reproduce by replicating
complimentary RNA strands when they infect a new host cell.
In contrast to many DNA viruses, RNA-based viruses are typically associated with only acute infections
of their hosts (Villarreal et al., 2000; Holmes, 2004, 2008), and thus density-dependent species require
a large pool of potential hosts if they are to be sustainable in the long-term (see Introduction). However
one of the exceptions is the soz-called HGV/GBV-C virus or human pegivirus: one of the previous
names for this was the hepatitis G virus, although there is no evidence that it is associated with liver
disease,244 despite being related to the hepatitis C virus (reviewed by Simmonds, 2001a, b; Stapleton
et al., 2010). Today, this flavivirid of the proposed genus Pegivirus (Stapleton et al., 2010; Pfaender et
al., 2014) is found in about 10% of the population worldwide, being tenfold higher in African countries
(Sathar et al., 2000). Transmission is by blood and likely also by sexual contact. The liver and more
especially peripheral blood mononuclear cells may be the main targets (although negative-strand RNA
would seem to be mainly restricted to the bone-marrow and spleen, possibly through infection of
haematopoietic stem cells: Chivero and Stapleton, 2015). Infections often lead to a chronic
asymptomatic viraemia, with no evidence for an acquired immune response by the host (Stapleton et
al., 2010).
Genomic analyses (Smith et al., 2000) are consistent with an ancestral pegivirus which (co-)evolved
with hunter-gatherer groups of humans as they moved out of Africa, where genotype 1 is prevalent
today;245 another, genotype 5, is present in KwaZulu-Natal province, South Africa (Muerhoff et al.,
2005). Elsewhere, genotype 2 is found in India, North Africa and Europe (as well as North America);
genotype 3 in Central and East Asia; and genotype 4 in Southeast Asia (Myanmar and Vietnam: Naito
et al., 1999), as well as in Amerindian populations in Central and South America (Simmonds, 2001a,
b; Loureiro et al., 2002; Muerhoﬀ et al., 2005; Stapleton et al., 2010). In addition, not only genotype 4
but also a novel genotype 6 have been identified in Indonesia (western Java: Handajani et al., 2000;
Muerhoff et al., 2006). Furthermore, another novel genotype246 has been identified, in addition to types
3 and 4, amongst injecting drug users in Yunnan province, southwestern China, with evidence that it is
also circulating in Southeast Asia (Thailand and Indonesia: Feng et al., 2011). Whether this different
243

All monkeys surveyed were negative, presumably due to la ck of crossreactivity with the antigens tested.
Or any other clinical disease, so that it an example of a viral commensal (see Section IV.6).
245
With the greatest overall sequence diversity, consistent with this being the original source of the virus in early
humans.
246
Provisionally identified as genotype 7, clustering with types 4 and 6.
244
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genotype (and also type 3) is indigenous to the region is unclear: it may have spread through recentlyestablished drug-trafficking routes. The overall distribution of this together with genotypes 4 and 6
recalls past expansions of Austronesian and Austro-Asiatic peoples, or at least their languages (see
Section III.4).
Developing on this, there is intriguing evidence for another, possible ‘Melanesian’ genotype in Papua
New Guinea and the Solomon Islands (Mison et al., 2000); subsequent phylogenomic analyses using
an expanded database (Muerhoff et al., 2006) found that these overlapped with genotype 6 but with
only 42% bootstrap support. It would clearly be most interesting to expand genomic analyses outside
the viral 5’ untranscribed region of that study;247 and to expand the sampling to include indigenous
Australians and Polynesians.
That this is an heirloom species is further suggested by the fact that divergent variants have been
identified in two separate subspecies of chimpanzee, distinct from the genotypes found in other
mammals (Stapleton et al., 2010; Sharp and Simmonds, 2011; Pfaender et al., 2014).248 A related virus,
GBV-A (Simian pegivirus), was originally described in six species of neotropical monkeys. More recent
studies have found that viruses related to the human and chimpanzee pegiviruses also occured in one
olive baboon (Papio anubis) sampled and several members of two species of monkey in East Africa
(Sibley et al., 2014). Thus it has been proposed that the ancestor of the anthropoid apes was infected
with a virus of this group, with subsequent evolution leading to concurrent changes in both the host
species and their viruses (Stapleton et al., 2010; Sharp and Simmonds, 2011; Pfaender et al., 2014): this
is reminiscent of what has been proposed for DNA viruses; as well as for hantaviruses and certain other
RNA viruses in rodents (see Section VII.3).
Another possible candidate for an heirloom RNA virus is the hepatitis D (hepatitis δ) virus 249 which
may have evolved early on in Africa, and is only found in humans (Taylor and Pelchat, 2010). It
transmitted in the blood (and possibly during sex) and depends on the hepatitis B virus for the latter’s
surface protein in order to produce virions for release in co-infected cells. It is thus a ‘subviral satellite’
which may have originated as a viroid ribozyme; however, whilst various hypothesis have been
advanced regarding its origins and subsequent evolution, there is as yet the lack of adequate supporting
data (Taylor and Pelchat, 2010; Littlejohn et al., 2016). Of the various genotypes, one cluster (clade 3)
is distinct from the other seven and common in indigenous populations in South America (Echevarría
and León, 2003; da Costa Castilho et al., 2012; di Filippo Villa et al., 2015); on the other hand, there is
also evidence that another (clade 8) may have been imported there with African slaves to an area of
Brazil where clade 3 is not endemic (Barros et al., 2011). Taken together, such findings would also
provide a supporting argument for considering hepatitis B virus as a long-term heirloom, with hepatitis
D virus as subsequently inherited ‘baggage’ early in the evolution of human societies.
4. The ‘Molecular Clocks’ Problem
Central to the reproduction of pro- and eukaryotes is the need to replicate their DNA, mediated by the
enzyme DNA polymerase. However this process is prone to error, so that these organisms have
developed various ‘proof-reading’ mechanisms to correct the vast majority of errors in the original copy
(Pray, 2008; Shevelev and Hubscher, 2002). Nevertheless some errors are likely to remain as one source
of mutations; in addition, others are likely to occur as a result of ionising radiation, for example. These
will affect the daughter cells and, if they occur in members of the germ cell-line, the resulting progeny
of multicellular organisms.
Arising out of this, attempts have been made to try to relate observed rates of phylogenetic change,
based on fossil evidence, to changes at the molecular level. As a result, there have been extensive efforts
to build on this to develop ‘clocks’ of more general applicability, including for recreating the
phylogenetic history of organisms which lack a conventional fossil record, including viruses.
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As with other viruses (Calisher and Tesh, 2014), relying on partial sequences may give only an incomplete,
potentially misleading picture (Smith et al., 2000).
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Including GBV-D (Bat pegivirus) in a megachiroptern bat; the origins of GBV-B (which does cause hepatitis
in a species of neotropical monkey) are enigmatic.
249
It has not been assigned to any family, being a ‘subviral agent’ (Quer et al., 2008).
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The following will give a general overview of the development of such molecular clock models, and
then focus on their use in attempts to recreate viral prehistories.
i. Development of Molecular Clocks as a Concept The idea that such background mutations may occur
at an overall constant rate led to efforts, first developed in vertebrates, to try to identify ‘molecular
‘clocks’ whereby observed changes in the sequences of particular proteins or, more recently, their
associated genes were used to try to estimate the time-course of their divergence from an evident
common ancestor. Originally, for genomic analyses, such clocks were used with regard to ‘neutral’
mutations (those which do not affect the translated amino acid for functional proteins); subsequently,
they have been extended to include single nucleotide polymorphisms (SNPs) throughout the genome,
including in what has often been dismissed in the past as ‘junk’ DNA but much of which may be
involved in the regulation of gene function and thus also of evolutionary significance (Germain et al.,
2014; see also e.g. Zimmer, 2016).
The ‘clock’ underlying the pattern of changes found has generally been calibrated against the known
fossil record of the group of related species in question, as a ‘rooted’ tree of descent relative to a more
distantly related species as an external reference (Bromham and Penny, 2003; Hedges and Kumar, 2003;
Kumar, 2005; Hipsley and Müller, 2014; Lee and Ho, 2016). However the time-lines generated have
often proven incongruous when attempts to relate these to the details of the known (perforce very
incomplete) fossil record, typically underestimating the time since the most recent common ancestor
(e.g. Ayala, 1997; Bromham and Penny, 2003; Hipsley and Müller, 2014):250 thus, in the case of
hominids for example, alternative interpretations of the data have led to contentious debates regarding
when and how often anatomically modern humans forayed out of Africa amongst many other issues
(Alex and Moorjain, 2017; see Section III.2).251 Hence, as an alternative, attempts have been made using
so-called internal calibrations, based on comparisons of the genomes of parents and their offspring;
however these again generally lead to faster running clocks than is evident from the fossil record, and
re-calibrations to take this into account lead to nonsensical results in a broader context (Callaway,
2015).252 As a result, ever more sophisticated statistical tools (e.g. Kumar, 2005; Pulquerio and Nichols,
2007) have been developed in order to better match deduced sequential events with the ‘skeletal’
evidence adduced from the fossil record. However it has become clear that there are differences in
clock-rates between species, in part related to the length of their generation times 253 and the rate that
germ-line mutations occur; and to species differences in excision-repair mechanisms.254 Moreover,
different portions of the genome, in primates for example, have evolved at different rates.
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To add to the complexity of the situation, the exchange of genetic information between individuals leads to
another ‘recombination clock’, as a result of meiosis associated with sexual reproduction in many eukaryotes
(and also between viruses infecting the same cell: see below). However intra-genomic differences within an
individual mean that there are particular recombination ‘hot-spots’ and, conversely, stretches of DNA (socalled haplotypes) wherein recombination rarely occurs, leading to linkage disequilibrium and the latter being
passed more-or-less intact down the generations. Again, these clocks are difficult to characterise: there are
(sex) differences between members of the same species, as well as between species, including between humans
and their primate relatives (Coop and Przeworski, 2007).
251
An issue further complicated by recent evidence for anatomically modern humans in North Africa 100,000
years earlier than previously recognised (Hublin et al., 2017); and that that there had been a meeting and mating
with archaic humans at least on occasion during their subsequent migrations out of Africa (see Section III).
252
To further complicate things, recent studies of the mutation rate in present-day humans indicate that this is half
of what was previously modelled based on fossil calibrations (Scally and Durbin, 2012).
253
Theoretically this could be offset by differences in population size: a species with a short generation time is
generally much more numerous than one with delayed reproduction (e.g. mice vs. elephants), but individually
less mobile; hence it will take longer for any mutation to spread and become established (‘fixed’) within the
population as a whole. However this provides only a partial explanation for the observed differences (Ayala,
1997). Instead, such differences may be related to differences in metabolic rates and the production of
mutagenic free oxygen radicals in mammals (Kumar, 2005); or to the traditional ecological dichotomy between
r and K selection, associated with differences in evolutionary pressures (positive or negative) as a result of
local or ‘epochal’ environmental influences (Begon et al., 2006).
254
Thus those for rodents are less efficient than for primates (Bromham and Penny, 2003), possibly evolved as a
generator of increased genetic diversity and associated environmental flexibility in the former, thereby
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Arising out of this, any presumption of a constant ‘background’ mutation (for other than neutral
changes) is confounded by epochal events. There has been considerable debate about how evolution
progresses in the long term, over geological time. On the one hand, the ‘punctuated equilibrium’ school
(e.g. Eldredge and Gould, 1972; Gould and Eldredge, 1977; Eldredge et al., 2005) argues in favour of
evolutionary stasis interrupted by major rapid ‘leaps’ (saltations; the Court Jester model emphasises
changes in the external abiotic environment as being the driver for these); on the other, those at the
gradualist end of the spectrum (e.g. Dawkins, 1976, 1982, 1996) consider that evolution follows a more
linear progression, as exemplified by the Red Queen hypothesis (see Section VI.4; Stenseth and
Maynard Smith, 1984). In reality, it is clear that selective pressures must be operating at both levels,
with Red Queen-related co-evolutionary ones exerting their influence in the immediate term; and Court
Jester type pressures being more important in the longer term as a result of climate or other changes in
the external abiotic environment (e.g. Benton, 2009). This needs to be qualified by the fact that such
externally-driven selective changes may be much more in the immediate term: thus spill-overs of
viruses and other parasites into novel host species, as a result of biotic causation (cf. Benton, 2009), just
as those of the latter into new environments (such as the Galapagos islands), are ongoing ‘epochal
events’ in miniature: evolution acts on variants amongst the population involved (the larger the latter,
the more of the former), to progressively select those which are better adapted to the new niche (Daszak
et al., 2013; Araujo et al., 2015; Hoberg and Brooks, 2015; Hoberg et al., 2015).
ii. Molecular Clocks and the Study of Viral Evolution Whilst most DNA viruses use the host cell’s
DNA polymerase for replication with the follow-up proof-reading mechanisms available, RNA viruses
must be reliant on their own error-prone RdRp (or reverse transciptase, in the case of retroviruses),255
which typically256 has limited proof-reading capabilities (Elena and Sanjuán, 2005; Duffy et al., 2008;
Sanjuán et al., 2010, 2014; Lauring et al., 2013; Combe and Sanjuán, 2014).257 Thus mutation rates are
likely to be much higher, and hence their ‘clocks’ should run much faster. This is a double-edged sword.
On the one hand, it can mean that these viruses have a potentially greater flexibility to participate in
arms races with existing host species and to adapt to new ones (and to targeted medical therapies);258
on the other, there is also the risk that many mutations will not be viable, including the threat of ‘error
catastrophe’ (e.g. Holmes, 2003a, 2008; Belshaw et al., 2008), as considered further below. Belshaw et
al. (2008; see also Duffy et al., 2010) have argued that the observed high mutation rates in RNA viruses
are the result of a trade-off in favour of speed of replication over the latter’s fidelity, rather than being
due to limitations intrinsic to the nature of the RdRp itself, given that the latter could potentially evolve
to be a more reliable transcription machine.
The issue is further complicated by another foible of the RdRps: the fact that they are also unreliable in
producing proper transcriptions because they often either ‘hop’ along one RNA strand, thereby omitting
portions; or else ‘jump’ between strands of related RNAs259 to produce recombinants.260 This can occur
offsetting the intrinsic constraints of population genetics (see previous footnote), or as a protective guard
against too much ‘unnecessary’ genetic diversity in the latter.
255
Thus much of the following also pertains to the hepatitis B virus, which also depends on a reverse transcriptase
for the initial transcription of part of its genome (see Section IV.3).
256
Coronaviruses are a partial exception, including those which cause some common colds (see Section VI.1.iii),
as well as those associated with MERS (see Section VII.6) and SARS (see Sections VII.2.iii and 8.iii): The
Coronaviridae have the largest known genomes amongst mammalian RNA viruses, and have 3'-5'
exoribonuclease proof-reading activity as a way of stabilising the genome (Denison et al., 2011; Smith and
Denison, 2012). Amongst other members of the order Nidovirales, it is lacking in viruses of the Arteriviridae
which have genomes smaller than the threshold size.
257
Although they may have the ability to correct recent mistakes through pyrophosphorolysis (reviewed by te
Velthuis, 2014),
258
Thus it is likely that, in an HIV-infected cell, all possible single point-mutations occur each day (about the
normal half-life of an infected activated CD4+ T cell), together with 1% of possible double mutations: this
potentially vast mutational flexibility underlies the need for the current cocktails (highly active antiretroviral
therapy: HAART) developed to contain viral infections (Blankson et al., 2002).
259
According to the generally accepted ‘copy-choice’ model, this is proportional to the degree of similarity
between the two strands; it may also include host cell mRNAs.
260
This is not to be confused with reassortment in segmented viruses (see below).
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between the progeny of a single virion or between strains when a cell has been co-infected with more
than one of these. This process is a potential generator of genetic diversity, being restricted to the
structural proteins in the case of picornaviruses where it may serve to allow diversification of
interactions with different acceptor molecules on host cells (Simmonds, 2006; see Section VII.11).
The lack of any ability to rectify the inevitable errors resulting from genome replication in RNA viruses
means that genome sizes are generally lower than the ‘error threshold’ of 15 kb, beyond which there is
increasing risk of ‘error catastrophe’ with the production of mainly unviable virions (e.g. Holmes,
2003a, b, 2008; Belshaw et al., 2008). To circumvent this constraint, one strategy is to have genes with
overlapping open reading frames, rather than being in a sequential string as is common in conventional
living organisms (see below). The alternative is to have the genes on different segments, each of which
is shorter than the theoretical threshold.261 Whilst segmentation allows the component ‘transcriptional
units’ to be differentially regulated as appropriate during the infection cycle (Simon-Loriere and
Holmes, 2011), this work-around is restricted to enveloped viruses. Another potential advantage of this
strategy is that segmented viruses can undergo reassortment, where co-infection with different viruses
can be compared with sexual reproduction in karyotes with regard to the mixing of genes of different
lineages (Simon-Loriere and Holmes, 2011; Pérez-Losada et al., 2015; McDonald et al., 2016);262
however there is no clear evidence (‘genetic shift’ in influenza A viruses being a notable exception: see
Sections VI.2.iii, VII.1 and 4.i)263 that segmentation per se has favoured the capacity to infect a range
of different host species (Simon-Loriere and Holmes, 2011; cf. Pulliam, 2008).
Against this background, attempts have been made to construct time-lines for the evolution of particular
groups of viruses. The application of such analyses is constrained by the lack of a tangible fossil record
for viruses, as for prokaryotes and unicellular and, reliably, soft-bodied multicellular eukaryotes: there
is no direct external temporal ‘anchor’ with which establish a semi-absolute time-line for the divergence
of different strains or species in evolutionary space. Thus many attempts to derive a molecular clock
have relied on internal calibration, through short-term observations of rates of mutation in vitro or
within individuals during the course of an infection and/or slightly longer-term ones within a
population264 in order to try and determine when a particular virus strain may have emerged. However,
where such analyses have been tried and where they can be externally ‘calibrated’ to the phylogenetic
history of their hosts (based on the fossil record) or documented human records of disease, there has
been a clear discord between the results of external and internal calibrations. Thus internal calibrations
typically give clock-rates orders of magnitude faster than those indicated when external calibration is
possible. This is the case, for example, regarding the ancestry of the human hepatitis B and pegiviruses
with respect to other primates (e.g. Simmonds, 2001a, b; Sharp and Simmonds, 2011; Zehender et al.,
2014).265 That the results of internally-calibrated clocks are incongruous is reinforced by observations
based on the viral samples from isolated island populations off the coast of West Africa with regard to
simian immunodeficiency viruses in monkeys (Aswad and Katzourakis, 2012; see Section VI.3.i) and
a paramyxovirid henipavirus in fruit bats (Peel et al., 2012), as well as various virus families from an
isolated roost of the micro-bat Mystacina tuberculata on an island off New Zealand as an apparently
extreme example (Wang et al., 2015).
The apparent paradoxical results for RNA viruses indicate that there are constraints on the genomic
evolution of these which are different from those operating on their hosts, being over and above those
based on simple sequence comparisons (Simmonds, 2001a, b; Holmes, 2003a, b; Sharp and Simmonds,
2011; Wertheim and Pond, 2011; Duchêne et al., 2015). In the case of single-stranded viruses, it was
noted above that there was a constraint on genome size on order to avoid error catastrophe; thus the
261

Eleven different families of segmented RNA virus have been identified to date, including the Arenaviridae and
Bunyaviridae (see Section VII.3), and the Orthomyxoviridae (see Section VI.2.iii et seq.) and Reoviridae (see
Section VI.1.i) (McDonald et al., 2016).
262
Most especially in the case of certain retroviruses, where each virion is packaged with two separate genomes:
including human immunodeficiency viruses in particular, where rates of mutation and reassortment are of a
comparable order of magnitude; however adaptation to therapeutic drugs is based on point-mutations.
263
Note that intermixing between strains of influenza A is not necessarily random (see Sections VI.2.iii and VII.1).
264
Including, where available, mummified remains of earlier humans who had been infected.
265
Other evident incongruities will be suggested elsewhere in the present text with regard to particular viruses.
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open reading frames of genes generally overlap to a greater or lesser degree. However this means that,
whilst a mutation in an area of overlap between genes may confer a potential selective advantage of one
of these for the virus, this is likely to be offset by negative consequences for the function of the other
gene(s) involved. As a result, this limits the possibilities for neutral (synonymous) mutations and genetic
drift. Moreover, another aspect ignored in conventional analyses is that mutations may alter the
secondary hairpin structures of the genome266 through affecting the base-pairing of single-stranded
viruses;267 this in turn may affect the virion’s packaging and hence its viability, most likely with
negative consequences given a prior history of positive selection for such a structural organisation.
Thus it is likely that many variants of the presumed dominant one which is sequenced are produced at
random in the short term, consistent with the assumptions of the molecular clock hypothesis; but only
a proportion of these are viable to infect other cells, with many being suboptimally so at best. Over the
longer term, positive selection of the viable options in the virus population as a functioning whole will
tend to favour the drift of such suboptimally adapted sequences back towards the ‘fitness peak’ which
has evolved regarding virus-host relations over the much longer term, albeit accommodating any
adaptive changes selected for as part of an ongoing arms race (reviewed by Simmonds, 2001a, b;
Holmes, 2003a, b, 2008). The need for such a metastability has been considered important in
constraining the evolution of simian immunodeficiency virus, based on the ‘site-saturation’ hypothesis
associated with a limited range of viable options; it was further suggested that, rather than promoting
diversification, recombination may instead help to stabilise and optimise long-term ‘evolutionary’
changes in what would otherwise lead to dead-ends (Gifford, 2012; Compton et al., 2013).268 Thus any
attempt at devising a more accurate molecular clock will need to be restricted to a limited number of
sites, with the critical need for the identification of the nature and number of these (Holmes, 2003 a, b;
Duchêne et al., 2015; see also Simmonds, 2001a, b): the analyses of Wertheim and Pond (2011) have
developed upon this theme, including as a result of site saturation for coronaviruses (Wertheim et al.,
2013). The alternative is to do clock analyses based on the inferred amino acid sequences rather than
original nucleotide ones:269 however, whilst these are potentially more informative, they are much more
difficult to model (Duchêne et al., 2015).
5. The Origins of Tuberculosis
Whilst the strategy of biphasic infections with a latent component would appear to be inherent in the
herpes viruses presumably bequeathed from our primate ancestors, it has also been adopted in part by
at least one bacterium during the early evolution of hominids: tuberculosis, caused by a bacillus
(Mycobacterium tuberculosis, sensu lato) which has much benefited since then from the subsequent
evolution of civilisation whilst retaining and adapting its ancestral acquired characteristics.
Most other members of the genus Mycobacterium (family Mycobacteriaceae) are so-called nontuberculous saprophytes which break down plant matter in water systems and the soil, although some
are also opportunistic pathogens of animals270 (Falkinham, 2009; Veyrier et al., 2011; Galagan, 2014;
Rahman et al., 2014). As part of everyday life, early hominid populations would be exposed to these
(Harper and Armelagos, 2010), from which the ancestral lineage of the M. tuberculosis complex
Sharp and Simmonds (2011) noted that extensive secondary structure appears to be associated with a virus’
capacity to cause persistent infections.
267
Thus simultaneous, mutually compatible mutations would be required for the two sites involved, with a much
lower probability, and therefore occurring at a much slower rate.
268
Superimposed on this, in the case of measles (see Section VI.2.ii) and other paramyxoviruses which cause
crowd diseases, Pomeroy et al. (2008) have suggested that the fact that these appear periodically means that
there are bottlenecks during the intervening minima when only a few people are infected; and that this serves
to purge the viral population of most mutations resulting from neutral genetic drift.
269
An extreme is that, whereas the ratio of non-synonymous to synonymous mutations (dN/dS) is usually less
than one (implying that there is some selective pressure to conserve amino acid sequences), that for human
pegivirus is unusually low (≈ 0.02) for unknown reasons (Simmonds, 2001b).
270
For example, members of the Mycobacterium avium complex in birds (see Section VII.1) and other species
which are found in marine vertebrates (see Section VII.10), all of which can also spill-over into humans as
dead-end infections.
266

59

The University of Cambodia Monographs Series
evidently evolved to become an obligate parasite. During this process it lost certain genes (Rahman et
al., 2014),271 as well as gaining new ones by horizontal gene transfer (Veyrier et al., 2011; Galagan,
2014). Recent evidence indicates that M. tuberculosis can also infect other primates.272,273
The disease derives its name from the fact that it was originally identified by the tubercles seen in the
lungs during post-mortems of those who died of ‘consumption’ (Galagan, 2014). These growths in the
lung result when the inhalation of infective bacteria is followed by these being taken in by macrophages
in the walls of the alveoli (reviewed by Ehrt and Rhee, 2012; Gengenbacher and Kaufmann, 2012;
Getahun et al., 2015; Pai et al., 2016).274 The infected cells move into the interstitial tissue of the lungs
and thence to lymph nodes: a chemokine-mediated inflammatory response of the innate immune system
leads to the recruitment of monocytes, dendritic cells, lymphocytes and fibroblasts to surround the
infected cell. This culminates in the formation of a fibrotic wall and the differentiation of a solid
granuloma – the characteristic tubercle – within 2-3 weeks of initial infection, wherein the bacilli are
dormant275 in a hypoxic environment with limited nutrients (Barry et al., 2009).276
Such granulomata protect not only the contained bacilli from further actions by the host’s acquired
immune system (and possibly also drug therapies) but also the as yet asymptomatic host from what is a
latent (primary) infection (Russell et al., 2010a, b). M. tuberculosis differs from virtually all other
pathogens in there being little evidence for progressive changes over time in its surface proteins as part
of a never-ending evolutionary arms race to circumvent the immune systems of its hosts. Instead, there
is a strong conservation of the surface epitopes in each of the different lineages, which presumably
reflects the importance of these in provoking an immune response and the resultant formation of
granulomata during initiation of the latent stage of infection (Comas et al., 2010; Gagneux, 2012). This
is consistent with recent studies suggesting that the bacteria may promote recruitment of cells to
granulomata as part of a “pathogen-directed virulence programme” (Paige and Bishai, 2010; Lawn and
Zumla, 2011). Nevertheless, latent infections can be treated with a scaled-down version of the regimen
for those who have already progressed to the overt clinical stage, albeit with incomplete success (60%)
and the problem of hepatotoxicity (Pai et al., 2016).
Subsequently, the bacteria may become reactivated, possibly many years later and in only a proportion
of those originally infected: typically about 10% prior to the HIV/AIDS pandemic (Russell et al., 2010a,
b; Lawn and Zumla, 2011), with about half of these in the first five years after infection, especially in
infants (Getahun et al., 2015).277 In those individuals who proceed towards being actively infective,

271

The extreme is seen in M. leprae of the M. tuberculosis complex, which causes leprosy in humans: a chronic
infection which targets macrophages and also peripheral nerves’ Schwann cells. First records of this disease
are from India, 600 BCE, and suggest that it was subsequently brought to Europe by returnees from military
campaigns, but genomic analyses indicate an ancient origin in Africa; bottlenecks due to the low rate of
infection by M. leprae may explain its apparent failure to accompany the initial expansion of humans into the
Americas (Trueba and Dunthorn, 2012). It has profound effects on an individual’s reproductive fitness (in the
broadest sense), and was a major scourge in Europe prior to the sixteenth century, where it was originally
considered to be an inherited disease; resistance has been selected for in recent human populations (including
in the tropics where it is still extant), albeit with geographical differences in the genes involved (Karlsson et
al., 2014).
272
Merck Veterinary Manual (http://tinyurl.com/zzp2yda): note that a separate ecotype has been found in
chimpanzees (Galagan, 2014).
273
Une and Mori (2007) indicate that a variety of other mammalian species may also be infected to varying
degrees, including pigs (see Section VII.4) and cattle (see Section VII.5.i).
274
M. tuberculosis is one of a variety of bacteria which have successfully adapted to infecting human cell-types
through a diversity of evasive strategies to manipulate various intracellular innate immune mechanisms
(Flannagan et al., 2009; Diacovich and Gorvel, 2010).
275
As a result of activation of bacterial stress-related genes.
276
Note that a proportion of individuals who are infected can purge themselves of the original bacilli prior to
proceeding to this stage, perhaps because of genetic adaptations as part of the ongoing arms race; moreover,
the latter may also influence to progression of latent to clinically-active infections. .
277
It has been proposed that early reactivation is characteristic of modern lineages (2-4: see below).
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there is the progressive ‘resuscitation’ of bacteria in increasing numbers of granulomata; 278 after the
initial necrosis of host cellular components in the centre of a granuloma, there is the transition to a
‘caseous’ state, with higher internal oxygen levels and the resumption of their replication (reviewed by
Gengenbacher and Kaufmann, 2012; Pai et al., 2016). It has been proposed that there is the spontaneous
resuscitation of ‘scout’ bacilli within the population of sites of infection on a stochastic basis, including
throughout the latent phase; these die unless conditions are favourable, when they send signals which
lead to resuscitation of others in their particular granuloma and, when enough granulomata are so
activated, the disease progresses towards the infective phase and thence the manifestation of clinical
symptoms (reviewed by Gengenbacher and Kaufmann, 2012).
This development of a post-primary clinical disease typically occurs in old age (possibly related to
immunosensecence)279 or earlier as a result of poor nutrition or in otherwise immuno-compromised
patients: Pai et al. (2016) give a list of various predisposing factors.280 It is not clear how the enclosed
bacilli of individual granulomata detect such a change in their host’s overall status (Russell et al. 2010a,
b). Whatever the signals, they presumably reflect the need for a latent infection to become active in the
face of the likely demise of the current host, and thus of the pathogens themselves unless they can find
a new more viable vehicle. Onward transmission to others (favoured in individuals who themselves also
have reduced immune system functionality) is relatively inefficient, being largely dependent on
prolonged close contact, so that it is mainly between relatives when only half are likely to prove positive
with standard tests (Pai et al., 2016).
One consequence of this progressive activation of granulomata is evidence that infected individuals are
able to spread infection in the period before they express overt clinical symptoms (Pai et al., 2016). Zak
et al. (2016a; see also Levin and Kaforou, 2016) used a systems biology approach to identify an ‘RNA
signature’281 which was present amongst those of a sample of adolescents in South Africa282 who tested
positive for prior infection and then subsequently progressed to themselves being infective, with
sensitivity declining over the period 6-18 months, based on when clinical symptoms were recognised.283
The findings were subsequently validated by studies on healthy individuals of a broader age-range from
households exposed to newly-diagnosed sputum-positive members in South Africa and the Gambia and
followed up for two years.284 Whilst the findings represented an improvement over those of existing
test procedures, Bayesian analysis285 reveals issues relating to differences between prior and posterior
probabilities (Kik et al., 2016); nevertheless, developing an assay based on this signature would reduce
treatment costs due to the smaller proportions of false positives (Zak et al., 2016b).

278

That this reactivation amongst the population of granulomata is spread out over time is generally considered
to be the reason for the need for extended periods of chemotherapy.
279
Rouse and Sehrawat (2010) have reviewed evidence that ageing leads to impairments of the acquired immune
system.
280
In the case of women, the temporary suppression of immune function in late pregnancy, in order to minimise
rejection of the developing foetus, may lead to a transient activation of tubercular infection which may pass
on to the new-born baby; the immature immune system of the latter means that it is very susceptible and can
result in severe brain damage and death if left untreated (Santy et al., 2011).
281
Based on the identification of a suite of 16 sequences as bio-markers (also seen in those who had progressed
to the clinical stage); this presumably reflects transcriptional changes in circulating white blood cells
(monocytes and neutrophils?) of the innate immune system as a result of the activation of an interferon-based
response – or at least an attempt to do so, if depressed immuno-competence (for whatever reason) is indeed a
key factor – in response to the ‘re-awakening’ of a proportion of the existing bacilli.
282
Where tuberculosis is endemic; none of the subjects were HIV-positive in these and downstream studies.
283
Those who developed clinical symptoms within the first six months (and had thus already progressed to the
subclinical infective stage) were excluded from the analysis.
284
Thereby expanding not only the age range but also diversifying ethnic (including genetic) backgrounds,
differences in circulating strains of the bacterium, and epidemiological and other environmental variables.
285
E.g. Colquhoun, (2014a, b).
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The role of antibodies produced as a result of an acquired immune response in the control of infections
is unclear (Pai et al., 2016; Li et al., 2017).286 A recent study in a specialist TB hospital in Beijing found
that 12 patients with active infection had levels of antibody which were higher than those in any of the
48 healthcare workers who had been presumably exposed in the long-term to a high risk of infection.
In general, the efficacy of these antibodies was limited when tested in vivo in mice exposed to aerosolmediated infection; however those from seven of the healthcare workers, including three who showed
no evidence for prior infection based on the γ interferon-release assay, did provide some protection in
this test situation as well as in an in vitro human whole-blood assay (Li et al., 2017). Such results,
although difficult to interpret, might imply a role for the selection of particular genotypes in an arms
race against the local strain of the bacillus (Pai et al., 2016).
Recent phylogenomic analyses indicate that, contrary to what was previously thought, M. tuberculosis
first originated as an opportunistic pathogen of humans or their immediate ancestors in Africa (Wirth
et al., 2008; N. H. Smith et al., 2009; Gagneux, 2012; Comas et al., 2013). Such studies have identified
seven separate lineages of tubercular bacteria in humans (Hershberg et al., 2008; Comas et al., 2013;
Brites and Gagneux, 2015). Two of these (lineages 5 and 6) are from West Africa and are generally
placed in a separate species within the M. tuberculosis complex, M. africanum,287 which accounts for
up to half of human pulmonary tuberculosis cases in the region, but they are less virulent than M.
tuberculosis (sensu stricto) (de Jong et al., 2010). It was originally identified on the basis of biochemical
characteristics which suggested affinities with M. bovis (see Section VII.5.i); subsequent genomic
analyses have found that it is indeed related to M. bovis and ecotypes infecting other non-primates
(Brites and Gagneux, 2015); nevertheless, screening of domestic ruminants, pigs and soils in the region
has failed to find any evidence for this bacillus (de Jong et al., 2010). Further phylogenomic analyses
indicate that, whilst lineage 5 is basal to Mycobacterium ecotypes infecting non-primates, a lineage 6related strain is present in a chimpanzee (Coscolla et al., 2013; Brites and Gagneux, 2015); all have a
characteristic deletion (RD9) in common.288 Together, these M. africanum-related members of the
complex are grouped with Indo-Oceanic lineage 1 and the recently described lineage 7 from Ethiopia
(both M. tuberculosis, and thus lacking the RD9 deletion) as the ‘ancient’ members of the M.
tuberculosis complex; whilst the remaining monophyletic lineages (2-4) are characterised as ‘modern’,
sharing a different genomic deletion (TbD1) but differing in their geographical distribution (Comas et
al., 2013; Brites and Gagneux, 2015).289 Overall, lineage 1 is considered to be basal to the other lineages
of M. tuberculosis (sensu stricto); as well as to M. africanum-related members of the complex (Comas
et al., 2013; Brites and Gagneux, 2015).
Other, more broad genomic studies indicate that the M. tuberculosis complex as a whole originated
from so-called ‘smooth tubercle bacilli’, with an ancestor of M. canettii being a prime candidate: this
bacillus has been found to infect humans mainly in the Horn of Africa but with no evidence for onward
chains of transmission, suggesting that it is an opportunistic saprophyte (Gutierrez et al., 2005; Veyrier
et al., 2011; Comas et al., 2013; Supply et al., 2013; Brites and Gagneux, 2015). Such evidence suggests
that evolution from a less persistent and virulent smooth tubercle bacillus may date back to infections
of H. habilis (Galagan, 2014; cf. Wirth et al., 2008). One recent hypothesis is that the disease may have
originated as a result of early cave-dwellers’ use of fire: in such a confined space, this may have
286

Detection of prior infection with tuberculosis is based on tests which rely on determining the presence of a
residual memory T cell response by the cellular component of the acquired immune system (Barry et al., 2009;
Pai et al., 2016).
287
Another from East Africa has since been shown to fall within the main M. tuberculosis phylogrouping.
288
Spill-overs of other ecotypes would not seem to establish transmission chains in humans (Brites and Gagneux,
2015), possibly because they typically lead to non-pulmonary primary infections, as exemplified by the case
of the consumption of raw (unpasteurised) milk contaminated with M. bovis (see Section IV.5).
289
It has been proposed that the ‘modern’ lineages 2-4 may have evolved in response to higher population densities
and the potential for more rapid onward transmission to new susceptible hosts, rather than the need to establish
long-lasting latent infections in anticipation of possible inter-generational infections in small societies required
of the ancestral ones (Blaser and Kirschner 2007; Hershberg et al., 2008; Portevin et al., 2011); this is
reminiscent of the recent eruption of hpH5N1 in chickens (Greger, 2007; see Sections VII.1, 11), for example.
However, interpretation of Portevin et al.’s results in the broader context of host responses is complicated (see
below).
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predisposed individuals to developing and sharing mycobacterial infections as a result of smokeinduced respiratory ailments, abetted by effects on the innate immune system (Chisholm et al., 2016).290
Thus, the acquisition of this disease may have pre-dated the emergence of archaic and anatomically
modern humans, given evidence for the use of fire 1 million years ago by H. erectus (Berna et al., 2012).
Subsequent evolution and specialisation meant that lineages of what was originally an opportunistic
species became obligate pathogens able to spread infection down the generations (Chisholm et al., 2016;
see also Yong, 2016b). Moreover, having adapted to humans, available evidence indicates that the
bacterium then spilled over into wild and domestic mammals (notably bovids: see Section VII.5.i),
diversifying to produce other ecotypes of the M. tuberculosis complex where such spill-overs proved
sustainable (Thoen et al., 2009).
In a sense, the bacillus can be considered as having co-evolved as resulting in a temporary symbiotic
‘truce’ between the pathogens and their present host-carrier in the latent primary phase. Given that
natural selection acts at the level of the individual and its subsequent descendants, the fact that
tuberculosis establishes itself as a latent infection which only later becomes symptomatic and
transmissible in but a proportion of cases (Figure 1) would seem counterintuitive: 291 it might be
expected that the optimum strategy for these, and other infective agents, would be to ensure that all
successfully-infected hosts would be vessels for the further spread of infection and the consequent
promulgation of the genomes of the individual pathogens involved in each case.292 However modelling
studies (Chisholm and Tanaka, 2016) suggest that the capacity for latency may have arisen as a result
of cryptic genetic variation (Paaby and Rockman, 2014), whereby random mutations of polymorphic
loci which are effectively neutral293 may, when a rare novel set of conditions prevails, be of significant
adaptive value for those individuals bearing a particular suite of such changes.294 Chisholm and Tanaka
(2016; see also Blaser and Kirschner, 2007; Zheng et al. 2014) thus concluded that, under appropriate
selective conditions, the transition to a new optimal state arose where infections with delayed activation
in only a proportion of those infected emerged as a viable endemic strategy for the ancestors of the M.
tuberculosis complex, prior to their subsequent diversification. Thus, by having a strategy where
An example of a beneficial cultural innovation – for cooking (including to sterilise and ‘predigest’ food,
associated with a switch to a more carnivorous diet and the development of larger brains: Armelagos, 2014)
and as protection against predators – which has had unforeseeable long-term negative ramifications (Chisholm
et al., 2016). Today, indoor air pollution (like smoking) is a risk-factor for tuberculosis (Lawn and Zumla,
2011). On the other hand (Hubbard et al., 2016), a mutation in the aryl receptor (a transcription factor which
is responsible for activating genes associated with the metabolism of various types of xenobiotics) has been
found in present-day humans which has resulted in a much increased capacity to handle polycyclic aromatic
hydrocarbons (potentially carcinogenic products from the partial combustion of wood and other organic
matter, including during cooking). However they did not find this mutation in Neanderthals, despite the latter
having evidently used fire for 200,000 years (Villa and Roebroeks, 2014).
291
And also, for example, various herpesvirids, although they also have an acute infective stage (see Section
IV.2.i).
292
Williams and Dunbar (2014) have recently proposed that M. tuberculosis originally arose as a commensal
similar to various gut bacteria, based on the observation that it secretes large amounts of the micronutrient
nicotinamide (vitamin B3: an important precursor for mitochondrial oxidative activities, amongst other things),
a characteristic which has been used to identify this bacillus when cultured in vitro, as well as being seen in
the blood of clinical cases. They noted that the development and sustenance of a large brain depends on
adequate energy and suggested that the commensal secretion of nicotinamide might have helped to tide early
humans over periods where meat was in short supply (plants are poor sources of nicotinamide and its precursor,
the essential amino acid tryptophan). Thus they suggested that it was only later that the bacterium became a
pathogen; however they do not seem to address the issue of how the erstwhile commensal was spread to new
hosts (assuming that it infected the lungs), which today requires a pathogenic capability (unlike gut bacteria
which are the sources of many other micronutrients). Williams and Dunbar set out to test their predictions and
found that there was a negative correlation for data from the UK between the incidence of tuberculosis (as well
as diarrhoeal diseases) and meat consumption over the period 1840-1960; perhaps more insightful would be
to determine whether M. africanum has subclinical effects on circulating levels of nicotinamide, for example.
293
So that they have minimal overt phenotypic effects on the host under normal conditions, and thus are not
actively selected against.
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Such models leave open issues such as the original site and nature of infection, and how onward transmission
might have been achieved with a reasonable degree of certainty for the continued evolution of a lineage.
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individual bacteria were reacting to their immediate environment and its potential opportunities (or the
lack thereof) for survival, it was possible for active bacteria to emerge in ageing or otherwise ailing
individuals at a later date in order to become available for the potential infection of new,
immunologically-naïve individuals. Contrariwise, more virulent strains which had a shorter latent
period or none at all would be selected against, since they would wipe out the hunter-gatherer groups
which they infected before a new generation of potential hosts had emerged.
Thereafter, tuberculosis bacilli accompanied the migration(s) of anatomically modern humans out of
Africa.295 The ‘ancient’ Indo-Oceanic lineage 1 is found not only in East Africa but also in the
Philippines (Gagneux et al., 2006; Comas et al., 2013) and Papua New Guinea (Ley et al., 2014).296
This unusual distribution could reflect a migration out of Africa around the rim of the Indian Ocean
towards Australasia which was either slightly earlier (Comas et al., 2013) or possibly much earlier (see
Section III.1) than the main northward migration by way of the Middle East; whichever, the presence
of this lineage in East Africa need not reflect the continual persistence of that lineage there throughout
the past, given emerging evidence regarding later human migratory movements back across the Indian
Ocean from Southeast Asia to Madagascar (see Section III.4). Thus it might be speculated that it is
instead the Ethiopian lineage which reflects the present-day descendant of the M. tuberculosis left
behind.
It would seem likely that, given their past geographical restrictions, the different modern lineages (2-4)
of the M. tuberculosis complex co-evolved with their local host humans from a common ancestor
(Comas et al., 2013; Brites and Gagneux, 2015). This was presumably as a result of genetic drift whilst
being constrained by the need to maintain an immunogenic profile with their host populations (in
contrast to the typical co-evolutionary ‘arms races’ of other pathogens: see above). This process was
accelerated by urbanisation and the increased infection rates as a result of higher population densities
(reviewed by Gagneux, 2012).297 Suggestive evidence for this is that, today, particular lineages still
‘favour’ hosts of the same geographic origin in cosmopolitan cities: this progressively breaks down in
the case of those with HIV/AIDS, which might argue against social segregation and/or preferential
mixing as an alternative explanatory factor (Hirsh et al. 2004; Brites and Gagneux, 2015). Related to
this, increased virulence may have evolved in response to increasing population densities and, more
especially, urbanisation (Comas et al., 2013; Brites and Gagneux, 2015), reminiscent of hypotheses
regarding the emergence of highly pathogenic avian inflenzas (Greger, 2007; see Sections VII.1, 11).298
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One might expect a more complicated picture if M. tuberculosis originated in H. erectus (see above) For
example, the apparent population bottlenecks and/or selective sweeps associated with the emergence of
lineages 2-4 (Smith et al., 2006) might reflect encounters of ancestral modern humans with archaic humans
during their emigration from Africa, through exchange of bacilli (and thus the possibility of recombination
events in co-infected individuals).
There was only a low incidence of lineage 1: there was a much higher incidence of lineage 2 (East Asian
lineage) in the highland (Goroka) sample – presumably only recently in regular contact with outsiders – and
one of the coastal ones, compared with that of lineage 4 (European-American) in the other.
Hence, for example, lineage 2 (the ‘Beijing’ strain) apparently originated 32,000-42,000 years ago with the
arrival of humans in East Asia according to what has been the generally accepted picture of human evolution;
there was an initial expansion as a result of the development of agriculture in what is now China 6,000-11,000
years ago, and a subsequent further expansion 3,000-5,000 years ago associated with the spread of agriculture
in the region (Comas et al., 2013). Today it is the main type found in much of Southeast Asia, and is associated
with hyper-virulence and drug-resistance (Parwati et al., 2010). There is evidence that the westward spread to
Europe of one sublineage, the central Asian clade, was facilitated by the fall of the Soviet Union with the
collapse of public health systems, together with the prior Soviet invasion of Afghanistan (1979-1989) and the
subsequent American invasion in 2001 (Eldholm et al., 2016).
There is evidence that, overall, the early cytokine-mediated inflammatory responses of monocyte-derived
macrophages and dendritic cells (from healthy blood-donors in the UK) is lower for modern lineages (2-4) of
M. tuberculosis as compared with ancient ones (1, 5 and 6); this was proposed to be related the increased rates
of transmission possible at higher population densities (Portevin et al., 2011). However, the picture is
complicated by the fact that there is evidence for positive selection in Europeans for a hypo-functional allele
of TLR1 which is rare in Africans (see Section VI.4.iii); further studies would benefit from comparing the
responses of such cells from diverse human populations to different lineages, to distinguish between host and
pathogen components.
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Thus tuberculosis is well-established as a disease of humans in historic documentaries, since classical
Greek times and even earlier, with supporting archaeology-based evidence (Donoghue et al., 2004;
Daniel, 2006; Frith, 2014a, b; Galagan, 2014). In recent times, tuberculosis has proved to be a povertyrelated crowd disease; associated risk factors include under-nutrition (Lönnroth et al., 2010), indoor air
pollution and smoking (Stead, 1997; Lawn and Zumla, 2011), as well as vitamin D deficiency (Paige
and Bishai 2010). As a result, about a fifth of all human deaths in the Western world in the 17th to 19th
centuries were attributable to tuberculosis (Daniel, 2006; Lawn and Zumla, 2011).299 In the present day,
about a third of the world’s population is infected (based on skin-tests), with the proportion being higher
in developing countries, and most especially in southeast Asia (Dye et al., 1999; Lönnroth et al.,
2010),300 with lineage 4 being the most widespread with a variety of sublineages evident (Comas et al.,
2013; Stucki et al., 2016). Treatment is confounded by the emergence of various drug-resistant strains:
whilst the Beijing family of strains in lineage 2 (East Asian) has been associated with this in particular,
evidence indicates that such mutations have also independently arisen in different lineages elsewhere
in the world (Manson et al., 2017).
On the other hand, and recalling an apparently similar situation for indigenous Australians, 301 it was
thought until recently that tuberculosis, for whatever reason, did not accompany those humans who
crossed the Bering Strait to colonise the Americas, and that the disease was only introduced by invading
Europeans.302 Consistent with this, Black et al. (1974) reported that currently circulating strains of
tuberculosis were an emerging threat for presumably isolated Amazonian tribes. However the absence
of tuberculosis in the pre-Columbian Americas is now disputed, based on skeletal evidence (Donoghue
et al., 2004; Stone et al., 2009). Intriguingly, Bos et al. (2014) found phylogenomic evidence for
infection with bacilli related to M. pinnipedii in pre-Columbian mummies from coastal Peru; they
proposed that the latter, which is the ecotype of the M. tuberculosis complex found in seals and sea
lions (and thus presumably originally a spill-over from humans, directly or indirectly) had spilled back
into humans in at least one area of the New World.
6. The Question of Viral Commensals
It has long been recognised that various bacteria typically exist as commensals with their hosts (typically
on the skin and in the gut in humans), living together with them without normally causing any
demonstrable disease unless the host is immuno-compromised or otherwise exposed to an atypically
high infection-load. This possibility has generally been ignored in the case of viruses: until recently, the
search for viruses has been centred on those causing specific diseases such as hepatitis, based on the
assumption that if an infection takes over part of a cell’s ‘machinery’ then it must have adverse
effects,303 leading to the manifestation of overt clinical disease with consequences for those individuals
infected (Coffin, 2013).304 However, as noted by Griffiths (1999), there are increasing reasons to
question this presumption; apart from the incidental discovery of the human pegivirus (see Section
IV.3), he cites the example of poliovirus infections (see Section VI.1.i) where clinical disease is only
seen in 1% of those who have been infected. Moreover recent (meta-)genomic techniques have
299

http://ocp.hul.harvard.edu/contagion/tuberculosis.html
Cambodia had the highest incidence of latent tuberculosis in the world (64%) in 1997, based on skin-tests (Dye
et al., 1999); relative numbers of clinical sputum-positive cases are higher than elsewhere in the region, and
the disease is the fourth leading cause of death (reviewed by Chen, 2015; see also WHO, 2015).
301
http://www.healthinfonet.ecu.edu.au/infectious-conditions/tuberculosis/reviews/our-review#fnl-3; the past
situation regarding Melanesians would not seem to be clear (given the low incidence of lineage 1 in Papua
New Guineans: Ley et al., 2014), although the latter have the highest density of infections today.
302
Similarly, there is evidence that M. leprae only spread to the ‘New World’ as the result of the introduction of
a novel type 4 lineage from West Africa as a result of the slave trade (Monot et al., 2009).
303
Thus, to ensure their furtherance in the short term, pathogenic RNA viruses may take over the cells which they
infect through degradation of the existing host mRNAs and/or manipulating elements of the machinery to
favour implementation of their own sets of instructions: influenza A adopts a mix of both ‘shut-off’ strategies
in human lung cells, whilst ensuring that genes with important ‘house-keeping’ roles can continue to function
(Bercovich-Kinori et al., 2016).
304
Confounded by difficulties in meeting all of Koch’s four original postulates for associating a particular
syndrome with its putative pathogen (Lipkin, 2010).
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expanded the range of likely members of the normal chronic virome of many humans. 305 Although many
of these are apparently asymptomatic, at least in the long term, and live as commensals in most people,
their widespread occurrence means that it is difficult to exclude that they may be associated with
particular clinical diseases in certain individuals or under certain circumstances. In this sense,
polyomaviruses can be considered to be typically commensal, only being associated with manifest
disease in immuno-compromised individuals.306 Furthermore, commensalism is likely to have evolved
to mutualism in certain instances: a possible case in point is that what is now called the human pegivirus
(see Section IV.3) may offer protection against human immunodeficiency virus infection, through
specific mechanisms as yet to be determined (Schwarze-Zander et al., 2012; Chivero and Stapleton,
2015).307
Recent evidence suggests that a number of other families may also be commensals, and not normally
associated with disease. In contrast to human pegivirus, these all rely on DNA as their information store
for onward transmission (Virgin et al., 2009). It is fully recognised that the rest of this section sits
uneasily within one on ancestral human diseases, being reliant upon the presence of such commensals
apparently world-wide in samples from populations with the appropriate access to medical research
facilities. The counterpoint would be that the fact that those people sampled are generally asymptomatic
suggests a long co-evolutionary history of what might originally have been manifest as a clinical
disease; whether this extended back to the infection of early hunter-gather groups or even earlier is
obviously a moot point. Given today’s globalisation, this is only likely to be resolved through the
analysis of archaeological remains, where this may be possible, in order to support any tentative
conclusions based on phylogenomic analyses.
Two families of virus with single-stranded circular DNA which lack a membranous envelope308 have
emerged as apparently pandemic in the absence of any manifest clinical disease in most individuals. Of
these, the Circoviridae are generally host-specific, with most species having been identified in birds;
they are economically important pathogens of pigs (Circovirus spp.)309 and poultry (Gyrovirus sp.) and
a variety of other birds (Biagini et al., 2012a). Viruses of the proposed new genus Cyclovirus have been
identified in faecal samples in humans, chimpanzees and farmstock, as well as in muscle tissue from
chickens and a diversity of farm-stock. Faecal samples310 from humans in the United States were
comparable with sequences from pigs, whilst those from elsewhere (Pakistan and Nigeria) indicated
little relationship with farm animals (Li et al., 2010).311 Avian-related sequences were found in some
human and chimpanzee faecal samples from Nigeria, suggesting the consumption of birds or food
contaminated with their droppings. Li et al. (2010) concluded that the large number of apparently
human-specific strains were presumably transmitted by the faeco-oral route. Taken together, this
suggests that such spill-overs have been likely since early (pre-)human history, with the establishment
of endemic strains as a result.
Members of the other, the Anelloviridae, were originally included with circovirids until it emerged that
there were fundamental differences in their basic biology. The so-called TT viruses312 comprise a very
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Over and above the diversity of bacteriophages found in the gut: Barr et al. (2013).
In such a case, it would not seem to be clear whether it is the removal of some constraint of the immune system
on viral populations which is important; or rather, as in the case of viral infections which undergo a latent
period (see below), the virus is increasing its replicative activity in response to some other signal indicating
the potential demise of its present host and the need to further ensure onward dispatch of progeny.
307
Including bacteriophages in mucous-bearing surfaces, where they have been identified as a non-host-derived
component of the immune system (Barr et al., 2013).
308
Meaning that they are released as a result of lysis of the host cell.
309
Only one of the two strains (Porcine circovirus 2) was associated with overt clinical symptoms.
310
Note that this need not reflect actual infection: it could just represent the through-passage of ingested virions:
a typical problem of the metagenomics approach, where insect and plant viruses are also picked up.
311
The authors note that, whilst the samples of farm animals were from cities, those of humans were less so.
312
Based on the initials of the Japanese patient with post-transfusion hepatitis from whom it was first isolated in
1997 (there is no evidence that the virus was the causative agent): ICTV conventions now mean that such
patient-based naming is not permissible, so that now the initials refer to ‘torques tenuis’ (‘thin necklace’ in
Latin) in order to maintain continuity (Maggi and Bendinelli, 2010).
306
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diverse cluster of 29 species (genus Alphatorquevirus) endemic to humans;313 they have been found in
many areas of the world with an often high prevalence (> 90%) in rural and urban populations,
regardless of socio-economic status (Okamoto, 2009a; Maggi and Bendinelli, 2010; Biagini et al.,
2012b; Spandole et al., 2015a; Focosi et al., 2016).314 Infections generally occur at an early age with
prevalence increasing thereafter, leading to a rapid, possibly lifelong viraemia which is generally
asymptomatic;315 targets appear to be mainly certain haemopoietic cells, although different species
and/or strains may infect different tissues. The main means of transmission appears to be by the faecooral route, saliva and the respiratory tract, although other means are likely (including by blood
transfusions); once shed, their protein coats render them relatively resistant to environmental
degradation, so that they are found in river water, for example. 316 Related viruses have been found in
other primates, as well as in pets, farm mammals317 and rodents (Okamoto, 2009b; Nishiyama, et al.,
2014); these have been placed in other genera, implying a prolonged divergence from those infecting
humans (less markedly in the case of chimpanzees) with a lack of recent spilling over. As such,
apparently commensal infections have been proposed to be part of the normal human virome 318 as
commensals (Griffiths, 1999; Simmonds et al., 1999; Biagini et al., 2012b).
The Circoviridae belong to a proposed supra-familial grouping, the so-called CRESS-DNA viruses,319
which share evidence for a conserved replication initiator protein (Rep) which is important for the
rolling-circle replication of their native single-stranded DNA. Recent metagenomic studies have
identified a diversity of CRESS-DNA viruses in the faeces of various species of mammals and birds,
and also in a wide diversity of other pro- and eukaryotes (including plants), as well as in environmental
samples (reviewed by Martin et al., 2011; Steel et al., 2016); such ubiquity would suggest the likelihood
of an ancient infection, not just of humans but of the ‘Tree of Life’ at large.320 Other currently recognised
families are the Geminiviridae and Nanoviridae, but there is a diversity of recently identified viral
genomes which have been tentatively assigned to novel ones. Amongst these, the so-called
smacoviruses (previously identified as ‘small circular genome viruses’) and pecoviruses, at least,321
have been associated with infant diarrhoeal diseases in various parts of the world; however there is no
evidence for a causal link, and only suggestive evidence at best for human-to-human onward
transmission (Ng et al., 2015; Phan et al., 2016).
7. Conclusions
The foregoing has reviewed evidence for the distribution of various viruses which have been proposed
to be heirlooms bequeathed upon ancestral humans (presumably including their archaic relatives), with
particular reference to viruses and the tuberculosis bacillus. With regard to the former (including
possible commensal species not associated with evident clinical infections), all but one are DNA
viruses: in this regard, retroviruses – most especially spumaviruses – are notable by their absence,322
although human T-cell lymphotropic viruses are potential candidates in this regard (see Section VII.9.i).
313

Reflecting evidence for high mutation rates in the short-term, although recombination and other more subtle
explanations may also play a role. Subsequently, human torquenominiviruses (nine Betatorquevirus spp.) and
torquenomidiviruses (two Gammatorquevirus spp.) have been recognised, based on their shorter genome
lengths; individuals may be infected with multiple strains of one or more of the three of these (Spandole et al.,
2015a).
314
Initial reports of geographical or ethnic variations in the distribution of particular species have not been
confirmed (Spandole et al., 2015a, b).
315
In individuals where the virus is undetectable, it may appear after immuno-suppression; this was taken to
suggest that it can also establish latent infections (cf. next footnote).
316
Thus they have been used as a marker for anthropic pollution (including of drinking water), given their relative
resistance to various treatment measures.
317
The species endemic to pigs is found worldwide, suggestive of species-specific co-evolution in these mammals.
318
And thus the microbiome and metagenome.
319
CRESS = Circular REplication-associated protein Encoding Single-Stranded.
320
This great diversification has been attributed to a propensity for recombination, homologous or otherwise:
Martin et al. (2011).
321
Also gemycirculoviruses: http://viralzone.expasy.org/all_by_species/6717.html
322
Despite evidence for ‘fossil’ endogenous retroviral elements in the human genome: see Section VI.4.vi.
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i. The Passage of Heirlooms It has been tempting to hope that comparative studies of pathogen
phylogenomics might provide support for, and be supported by, genomic and other approaches to
identifying the nature and time-course(s) of early anatomically-modern humans’ major movements out
of Africa, allowing for the possibility of ‘zoonotic’ spill-overs from the archaic humans they met and
to some extent hybridized with (see Section III.2). To some extent, this has been realised with studies
on M. tuberculosis, as noted above. Studies on the stomach bacterium Helicobacter pylori, which may
also be a human heirloom (Dominguez-Bello and Blaser, 2011; Harper and Armelagos, 2013; see also
Falush et al., 2003; Linz et al., 2007; Moodley et al., 2009, 2012)323 which was possibly a spill-over
from a large feline (Moodley et al., 2012), have found that there are two separate lineages in Australasia,
one associated with Melanesians and the other with Austronesian language groups (including native
Taiwanese and Polynesians), which could be the result of separate out-of-Africa emigrations (Moodley
et al., 2009, 2012). Even today, such between-group differences may be seen: for the same bacillus,
two distinctly different strains have been found in Ladakh (a remote Himalayan region in northwestern
India), one in each of the two major ethnic communities (Buddhist and Muslim), reflecting their
ancestral population movements (Wirth et al., 2004). On the other hand, analysis of the gastric contents
of the so-called ‘Iceman’, a 5,300-year-old mummy entombed by an Alpine avalanche in the Eastern
Italian (Otzal) Alps where he had lived, indicated that he had been infected with a nearly-pure
representative of a virulent cytotoxic strain of H. pylori characteristic of Asian populations today
(Maixner et al., 2016).324 This contrasts with present-day Europeans, where circulating bacteria arose
as a recombinant between those strains of H. pylori of Asian and African origin (the latter as a result of
a second out-of-Africa migration: Moodley et al., 2012), implying that this must have occurred more
recently (Mégraud et al., 2016).
Like bacteria, DNA viruses have the potential for increased accuracy of the replication of their genomes,
in this case through using the use of their host cell’s proof-reading machinery. Nevertheless, it has
generally proved difficult to relate present-day distributions of different strains to what is thought to
have occurred in the past (e.g. Holmes, 2004, 2008). Kitchen et al. (2008) have argued for the JC virus
that this may reflect a faster mutation rate, so that the pattern of distribution may reflect more recent
population movements: whilst this is certainly the case for this and other DNA viruses, it fails to explain
the persistence of the 2A genotype on both sides of the Bering Strait, for example. Thus other studies
have concluded that it is impossible to reconcile the evolutionary time-frame deduced from molecular
clock analyses with the host fossil record as an external calibrant and have invoked alternative
explanations for the slow-running nature of the actual ‘clock’ (see Section IV.4.ii). On top of this, using
the genomes of this and other viruses – DNA or RNA – to trace the movements of people is complicated
by the nature of these movements, including in prehistoric times as inferred from linguistic studies (see
Section III.4). This is exemplified by the mosaic of different language families outside the main rivervalleys and their associated floodplains in mainland Southeast Asia; and the horizontal transmission of
Austronesian languages in island Southeast Asia, together with their backflow to coastal portions of the
mainland. Thus there is an evident disjunct between how a population is classified linguistically and
morphologically, which may cloud interpretation: for example, ‘negritos’ in the Philippines and the
Semang amongst the Orang Asli on peninsular Malaysiaare generally presumed to be of primarily
Melanesian ancestry, but they have respectively adopted Austronesian and Austro-Asiatic languages
(see Section III.4), implying at least some degree of contact with non-Melanesians.
The same caveats apply with regard to RNA viruses, the more so given the complexities of interpreting
the general trend for workers to invoke molecular clocks in order to try to emulate their past history
323

Thus it is unusual in being transmitted vertically, mainly from mother to young (possibly orally, through vomit
or maybe saliva) as well as faeco-orally (including via contaminated water and possibly even house-flies)
more generally; whilst it infects about half of the world’s population (more especially in developing countries),
it is normally asymptomatic, albeit with the risk of peptic ulcers and gastric cancer in susceptible individuals
(e.g. as a result of stress); thus some have argued that H. pylori may be considered a commensal, given evidence
indicating that particular strains of the bacterium may protect against gastro-oesophageal reﬂux disease and
oesophageal cancer, for example, as well as childhood-onset asthma (Brown, 2000; Cover and Blaser, 2009;
Abadi, 2014).
324
As well as Peruvian Amerindians from the upper Amazon basin, in contrast to the inhabitants sampled from a
shanty town whose strains were related to Spanish ones (Kersulyte et al., 2010).
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despite often nonsensical results due to inherent constraints in the evolutionary flexibility of these
agents. This is epitomised by the situation for human pegivirus, the only RNA virus which has been
proposed to be an heirloom; but is also exemplified by other such human viruses which are presumed
to become established as souvenirs from subsequent successful spill-over events (see Section VI).
ii. Heirloom Strategies Seroprevalence studies indicate that every human today is likely to be infected
by in the range of 8-12 different types of virus which are known to establish long-term infections, with
some common to virtually everyone on the planet as part of the global human microbiome and
metagenome (Virgin et al., 2009). At least some of these are likely to be heirlooms from early humans
or even earlier (Weiss and McMichael, 2004). To be sustainable within the small hunter-gatherer groups
characteristic of much of the history of the human race meant that viruses were selected for which
adopted strategies to ensure long-term infections of individual human hosts so that the virus could be
transmitted at a later date to the next generation. Virgin et al. (2009) have noted that their persistence
to become chronic infections is the result of settling into a dynamic and metastable equilibrium through
measures taken by the virus to avoid sterilising immunity and its being purged by the erstwhile host as
a result. Thus establishing such a long-term infection requires that there is the need for a qualified
‘truce’ in the arms race with the intrinsic restriction factors within the target cells themselves, in order
for such an infection to be sustainable; this is only possible where the benefits to the host exceed the
potential costs of mounting a full-scale immune response,325 including the need to minimise the risk of
renegade strains of the original pathogen and other ‘masqueraders’ taking advantage of this privileged
status (reviewed by Schneider and Ayres, 2008; Virgin et al. 2009; Stearns, 2012; Mandl et al., 2015).
The ultimate is seen in the case of commensals (including the human pegivirus), where there is no need
to establish a clinical disease in order to ensure onward transmission to new hosts (Virgin, 2014; see
also Roossinck, 2011, 2015; Bao and Roossinck, 2013).
Towards this end, viruses may evolve to target tissues which are ‘immuno-privileged’, so that they will
normally be outwith the reach of the immune system at large: for example, the central nervous system
(host to herpes simplex and varicella zoster viruses), members of haematopoietic lineages (other
herpesvirids, adenoviruses and at least some pegiviruses and anneloviruses) and epithelial cells
(papillomaviruses). Many of these also can infect the urinogenital tract (e.g. polyomaviruses), which
Virgin et al. note is “a particularly difficult place for the immune system to police and can be persistently
infected”, as well as providing an alternative means for the onward transmission of virions. This
contrasts with the density-dependent acute infections endemic to present-day human societies at large,
such as the common cold, influenzas or measles (see Section VII), which are non-equilibrium processes
(Virgin et al., 2009) that would be unlikely to be sustainable due to the infected hosts developing
acquired immune responses: they would not be able to mutate their antigenic components fast enough
to be able to maintain an endemic circulation within a group once the latter developed antibodies to the
original infection.
Some of those viruses which establish a chronic infection may do so with continuing replicative and
associated activities by using various strategies (Virgin et al., 2009) which avoid over-stimulating the
host immune system during the initial infective phase, and thereby not cause an acute innate immunopathologic response (e.g. as a result of cytokine storms) or, ideally, an acquired immune response.
Subsequently, the continuous production of infectious virions requires that this be extended thereafter;
thus there is the continuing need to minimise the possibility of a host’s innate or adaptive immune
responses, by a genomically-based ‘stealth’ approach, epitomised by the strategy of hepatitis B (see
Section IV.2.iv; Virgin et al., 2009), as well as the human immunodeficiency viruses (Figure 1; see
Section VI.3.i).326 Where this strategy is only partially successful, the host’s innate immune response
325

For example, a full-scale inflammatory response is precluded in the central nervous system due to the fact that
there is a minimal capacity for regeneration to repair the resulting damage from death of the host cells (Kaplan
and Niederkorn, 2007).
326
Blankson et al. (2002) have defined an intra-host viral reservoir as “a cell type or anatomical site [within an
individual] in association with which a replication-competent form of the virus accumulates and persists with
more stable kinetic properties than in the main pool of actively replicating virus.” Thus it serves as an
immunologically-privileged stable source of virions for potential effective infection at a later date, whilst being
insulated against long-term entropic decay. This may be continuous, as in the case for HIV infections (see
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to the infected cells themselves may lead to a chronic inflammatory disease, as in the case of hepatitides
B and also C (see Section VI.1.ii) with ﬁbrosis and cirrhosis of the liver.
Studies on lymphocytic choriomeningitis virus, an arenavirus which establishes itself as a persistent
subclinical infection in the house mouse (Mus musculus),327 are instructive with regard to the various
ways in which a virus may evolve to establish long-term chronic infections through manipulations of
the host immune responses (Oldstone, 2002; Sevilla et al., 2002). Population studies indicate that a
major source of infection is vertical, from the mother to the developing foetus: the resulting young show
no immune response and have chronic subclinical infections, with the continuous shedding of high
levels of the virus in bodily secretions. Where there has been no such vertical transmission, experimental
studies emphasise the importance of the infecting dose and when it is administered (Lapošová et al.,
2013; Labudová et al., 2016). Relatively low doses lead to chronic infections of neonatal mice, but
result in only an acute infection in older mice, where the virus is cleared as a result of a large increase
in the specific activity of cytotoxic CD8+ T cells;328 on the other hand, higher doses (> 106 virions) in
older mice leads to an over-activation329 and thereafter exhaustion of the T cell responses and the
establishment of a chronic infection without any immunopathological side-effects.
The lymphocytic choriomeningitis virus is an enveloped negative-strand RNA virus. The issues related
to the reliable replication of RNA viruses, and their consequences for the onward promulgation of the
resultant progeny, have been noted above (see Section IV.4.ii). An additional problem is that the RdRp
may not start replication at the 3’ terminus itself but upstream, in which case the virus has to adopt a
strategy in order to replace the missing required nucleotides in at least a proportion of the replicated
products (Barr and Fearns, 2010). It has been suggested that the production of daughters where many
suffer from such terminal omissions (which can themselves be replicated but cannot be transcribed as
mRNAs for translation) may be important in allowing this and other RNA viruses330 to establish
persistent infections: the synthesis of new viral RNAs which are not subsequently translated into
proteins presumably may lessen the burden of infection on the host cells, with the defective RNAs being
recycled to minimise the overall metabolic cost to their normal rodent hosts, as well as minimising the
host cell’s presentation of foreign peptide fragments to the immune system (Meyer and Southern, 1997;
Meyer and Schmaljohn, 2000; Meyer et al., 2002; Barr and Fearns, 2010; Randall and Griffin, 2017).
Another way of achieving sustainability is for the virus to establish a latent infection in one or more
host cell-types, with delayed reactivation: this is typified by herpesviruses which infect particular target
cell-types to form episomes in the nuclei of the latter and thereby become antigenically quiescent.331 A
basically similar strategy is also seen in the subspecies of the spirochaete bacterium Treponema
pallidum responsible for causing yaws, another evident heirloom pathogen;332 and also M. tuberculosis,
Section VI.3.i); thus they distinguish this from latency, which is “a reversibly nonproductive state of infection,”
where “an infected cell that is not producing virus but retains the capacity to do so under appropriate
conditions.”
327
It is associated with occasional dead-end spill-overs into humans (see Section VII.3.ii).
328
There is a lesser response by CD4+ T cells, and antibody production is ineffectual in neutralising the virus.
329
Leading to the destruction of dendritic cells presenting the viral antigen; the virus also may interfere with the
presentation of its antigens by these cells in the first place.
330
Including hantaviruses which establish chronic infections in certain rodents (see Section VII.3.i).
331
The implicit assumption is that the re-emergence of latent infections results in their being sustainable in isolated
dispersed small hunter-gatherer groups; however such infections would die out in those groups where reactivation of latent infections did not occur, for whatever reason (or stochasticity alone), leading the scenario
of re-infection and epidemics at a later date through contact with infected outsiders (Walker et al., 2015; see
above).
332
Caused by T. pallidum pertenue, yaws would appear to be an ancient human disease, dating back to Homo
erectus in the Pleistocene, as well as being found in great apes. It initially causes ulcers, the exudates of which
are highly contagious amongst children in humid tropical areas of Africa, South America, India, Southeast
Asia and Australia; establishment of a latent infection may lead to its later re-emergence in the tertiary stage,
which is similar to that for syphilis (Mitjà et al., 2013; Giacani and Lukehart, 2014;
http://apps.who.int/gho/data/node.main.NTDYAWSEND?lang=en). Syphilis itself is caused by the very
closely-related T. pallidum pallidum; it appears to have arisen in South America and was subsequently brought
back to Europe by returning sailors – a rare example of the reverse flow of disease during the colonisation of
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although the latter differs from the typical in lacking an initial infectious phase (Figure 1).333 The
transition from latency back to a productive phase334 would seem to ultimately depend on signals
indicating the pending demise of the pathogen’s host environment: the latter may be local, pertaining
to the infected cell itself; or more generally as a result of threats to the survival of the host organism as
a whole. Typically, reactivation and the resumption of replication, transcription and translation as a
prelude to trying to establish transmission to prospective new hosts (and thereby ensure the future
sustainability of the lineage of the individual pathogens responding) has been associated with depressed
immune function; this may be due to ageing (immuno-senescence), various forms of stress (Padgett and
Glaser, 2003) or individuals who are otherwise immuno-compromised as a result of immunosuppressant
therapies (e.g. associated with transplants) or HIV/AIDS and similar infections.
At the cellular level, evidence for Epstein-Barr virus infections of the oral mucosa suggests that the
stimulus which activates latent viruses is when the cells which they are infecting start to differentiate:
this serves to ‘forewarn’ the virus of the ultimate demise of its current host cell as a result of being
shed.335 This results in switching on of the virus’ immediate-early transactivator gene, Zta, which sets
in train not only the increased replication of viral DNA but also the synthesis of viral proteins and the
subsequent formation of virions; a functionally similar gene, Rta (= ORF50), is involved in Kaposi's
sarcoma virus (Flemington, 2001; Jiang et al., 2006; Washington et al., 2010). Possible signals include
a decrease in the availability of oxygen as cells move away from blood-vessels, leading to the
production of hypoxia inducible factor (HIF), a primary transcription factor (Werth et al., 2010;
Vassilaki and Frakolaki, 2017) which is also produced as a general response to environmental stress
and to various non-communicable inflammatory diseases and cancers (Eltzschig and Carmeliet, 2011;
Biddlestone et al., 2015). In turn, this is responsible for initiating compensatory physiological responses
including cellular glycolysis through actions mediated by hypoxia response elements (HREs); such
response elements have been identified in the genome of Kaposi’s sarcoma virus, including in the
promoter region of Rta which may serve as triggers to reactivate the virus in response to appropriate
stimuli (Davis et al., 2001; Haque et al., 2003; Chang et al., 2009; Darekar et al., 2012; Morinet et al.,
2015).
Similar core changes in their host cell’s physiology may underpin the transition of papilloma and
polyoma viruses to the productive phase. Thus a recent study on the Merkel cell polyomavirus has
determined an apparently alternative mechanism for how this small DNA virus can be re-activated
(Kwun et al., 2017). There is a background transcription and translation of the gene coding for the large
T protein (LT), but the latter is normally rapidly broken down by the host cell’s Skp-F-box-cullin E3
the so-called New World after Columbus’ first contact with the indigenous people of what was the island of
Hispaniola, in part of which is now the Dominican Republic (Rothschild et al., 2000), although this is
controversial (http://ocp.hul.harvard.edu/contagion/syphilis.html). The unitarian hypothesis proposes that the
same organism is involved in both diseases, and that syphilitic infections emerged as a result of different
climate conditions (and thus the use of clothing which limits skin-to-skin contact), improvements in hygiene
for the young, and the changing sexual mores in urban Renaissance Europe (Mitjà et al., 2013; Giacani and
Lukehart, 2014; Harper et al., 2014).
333
Like many un-enveloped viruses, and reflecting its saprophytic origins, this belongs to what Ewald (2004;
Walther and Ewald, 2004) refers to as ‘sit-and-wait pathogens’: infective bacilli can survive for a long time
outside the body so that, whilst infectious individuals may become immobilised as a result of the disease and
thus limit the opportunity for infection to spread in space, there is the opportunity for it to do so over a
prolonged period of time in contrast to many other, more delicate pathogens (e.g. the varicella-zoster virus and
other enveloped viruses).
334
Often termed ‘lytic’; however various membrane-bound viruses may exit their host cell through mechanisms
other than cell-lysis.
335
This exemplifies a general problem with sustainable long-term infections where the virus is not continually
replicating and spreading: most differentiated cells apart from, out of necessity, neurones (Spalding et al.,
2005) are relatively short-lived, so that a long-term truly latent infection (Blankson et al., 2002) would require
infection of resting stem-cell resevoirs which are only activated under specific circumstances; or other
dormant, differentiated cells such as memory T cells, as seen in the case of various heirloom diseases and also
human immune-deficiency viruses (see Section VI.3.i). Otherwise, there is the need to maintain a minimal
level of background reproductive activity in order to continually infect other cells and thereby establish a
sufficiently long-term sustainable infection, favoured by the infection of tissues which are immune-privileged.
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ubiquitin ligases; however nutrient starvation or other cellular stressors leads to an increase in levels of
mechanistic target of rapamycin (mTOR) and inhibition of this ligase activity so that the levels of LT
increase, leading to their assembly to form hexameric helicases responsible for replication of the
episomal viral DNA, cell lysis and viral release. The authors suggested that a similar mechanism may
apply for the hepatitis C virus (an RNA-based one: see Section VI.1.ii), at least.
The cellular production of HIF may also serve as a ‘wake-up call’ to stimulate pathogen reactivation by
signalling that the host organism as a whole is unhealthy or otherwise under threat, with its potential
demise meaning that it may no longer be viable proposition as a vehicle for the virus, due to impaired
immune function (whether as a result of ageing or other factors) or other reasons. Thus, hypoxia results
in an HIF-mediated transactivation of latent infections with lymphocytic choriomeningitis virus in mice,
leading to the production and release of mature virions as normally seen in acute infections (Tomaskova
et al., 2011; Lapošová et al., 2013).336,337
Low oxygen levels are one source of stress at the organismic level; this and other stressors lead to
arousal of the sympathetic nervous system and, in the longer term, activation of the adrenocortical axis
as part of a general adaptation syndrome which includes depression of the immune system (Padgett and
Glaser, 2003). In vitro studies indicate that adrenaline and noradrenaline (released during sympathetic
arousal) may serve as a signal for the reactivation of Kaposi's sarcoma virus, an action mediated by βadrenergic receptors; furthermore, the transactivator protein can auto-stimulate its own promoter, to
thereby amplify viral replication in response to weak stimuli (Chang et al., 2009).
It is generally considered that various stressors may lead to re-emergence of varicella-zoster and herpes
simplex viruses through suppression of the immune system. In this way, they can escape immune
surveillance; whilst this removes one constraint on overt disease recurrence, it does not explain why the
neurone-mediated eruption might occur in the first place. Although neurones are terminally
differentiated, stressors can induce the production of some of the proteins involved in the cell cycle
(certain cyclins and cyclin-dependent kinases) which may serve to reactivate latent herpes virus
infections (Schang, 2003). Presumably the observation that simplex viruses may transactivate relatively
frequently (Nicoll et al., 2014, 2016; cf. the one-off event for varicella-zoster virus: Eshleman et al.,
2011; Norberg et al., 2011)338 allows periodic sampling of the host environment and its future potential
or the lack thereof.339 In addition, studies have shown that adrenaline and stress-related
336

Contrariwise, low oxygen tensions lead to reduced viral protein expression and replication in adenoviruses and
influenza viruses, reflecting their normally infecting cells exposed to high oxygen levels (Pipiya et al., 2005;
Shen et al., 2006; Morinet et al., 2015); and reduced activity of the Tat transactivator in HIV-1, where it was
suggested that (opposite to the case for Epstein-Barr virus) this would lead to reduced viral activity in the
relatively anoxic lymph nodes (Charles et al., 2009; Washington et al., 2010).
337
On the other hand, the smallpox-related vaccinia virus (see Sections VI.2.i and VII.5.ii) produces a protein
which acts to cause the rapid initial accumulation of HIF-1α (as a result of inhibition by a viral protein of the
modulatory actions of an oxygen sensor-mediated enzyme) and its translocation into the nucleus to activate
HIF-responsive genes (Mazzon et al., 2013): by stimulating anaerobic lactogenic glycolysis and the resultant
Warburg shift (van der Heiden et al., 2009), this and certain other viruses gain access to increased supplies of
nucleotides and amino acids, for example, to better meet their reproductive demands (Vassilaki and Frakolaki,
2017).
338
Unless the individual has been infected with different strains (possibly as a result of migration and subsequent
exposure to an antigenically different one), which may then re-emerge at separate times, opening up the
possibility of recombinations where the same cell is infected by the different genotypes (Taha et al., 2006), to
thereby complicate the reconstruction of the distribution of the original genotypes for this and other viruses.
339
Thus neurones which are infected with simplex 1 virus (but not those with varicella-zoster virus) are often
invested with activated memory CD8+ T cells in human autopsies (Eshleman et al., 2011). This presumably
results from spontaneous reactivation leading to the expression of antigens and the presentation of their byproducts by components of the major histocompatibility complex (HLAs: see Section VI.4.iii) on the surface
of the host cell; the fact that the neurones in question do not undergo apoptosis as a result presumably reflects
the anti-apoptotic activity of the virus’ genes, so that the outcome of intermittent ‘sampling’ is determined by
this and other downstream immune responses. Assuming that some neurones infected with varicella-zoster
virus in such samples might have reactivated, the lack of any corona of sentinel T cells suggests that there is
no such MHC-mediated presentation for immune surveillance in latent infections with this virus (Eshleman et
al., 2011).
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adrenocorticosteroids can also induce reactivation of herpesvirus 1 in humans and animal models. In an
in vitro investigation of the control of productive infections (rather than reactivation per se)340 by
herpesviruses 1 and 2 in mouse neurones,341 Ives and Bertke (2017) found that adrenaline (apparently
acting through both α- and β-adrenergic receptors) stimulated replication of herpesvirus 1 and the
production of virions in postganglionic effector neurones of the superior cervical ganglia (SCG) of the
sympathetic autonomic nervous system; there was instead an inhibitory effect on those in neurones of
the sensory trigeminal ganglia possessing adrenergic receptors. On the other hand, adrenaline had no
effect on either cell-type with herpesvirus 2; instead, corticosterone342 had the opposite effect on SCG
neurones, decreasing viral activity, whilst having no effect on trigeminal cells (Ives and Bertke, 2017).
These results suggest a potential downstream role for extrinsic ‘stress’-related factors on productive
viral cycles once re-activated, but appear to shed little light on what drives the transition from a latent
to a productive phase in the first place.
The fact that the causes of many acute infections, in particular, of present-day humans do not appear in
the various lists which have been proposed regarding ancestral pathogens suggests that there have been
fundamental changes in the burden of viral and other communicable diseases leading up to the present
day due to profound epidemiological consequences as a result of recent human societal development.
Prevailing ideas in this regard are introduced in the next section.
V. The Idea of Epidemiological Transitions
1. Overview
Above (see Sections IV.2 and 6), it was noted that the accumulating recent evidence that the progressive
outward movement of small groups of anatomically modern humans from Africa was associated with
the likelihood of the exchange of pathogens in encounters with the archaic humans who had preceded
them. Moreover, as will be considered further in Section VI.4, there is evidence that interbreeding also
led to the exchange of genes for components of the innate system which helped to combat various
pathogens, in particular or in general. Encounters with ‘new’ infections, including archaic humans’
variants of common heirlooms,343 has been suggested to have served as an initial brake to onward
migration, possibly until this was offset in part by introgression of archaic human genes (Houldcroft
and Underdown, 2016).
Thereafter, it has been proposed that there have been three major transitions in the emergence of ‘new’
diseases. The timing of each of these has varied on a regional basis, being associated with profound
changes in societal structure.

340

Whilst applying herpesvirus 1 to the nerve terminals of trigeminal ganglionic explants leads to latent infection
as seen in vivo, direct infection of the neurone somata themselves results in expression of immediate-early
genes and thus productive infections; this has been related to the predominant production of latency-associated
transcript (processed to yield non-protein coding microRNAs which repress expression of other viral genes as
well as having anti-apoptotic effects on the host cell, based on studies in mice: Nicoll et al., 2012, 2016) by
the former, normal route of infection which blocks the presumably default transactivatory pathway (Hafezi et
al., 2012).
341
Spontaneous reactivation does not normally occur in vivo in mice; however it can subsequently be induced in
vitro by heat shock or withdrawal of nerve growth factor, for example (Nicoll et al., 2012).
342
The main stress-related adrenocorticosteroid in rodents, whereas cortisol is the major one in humans;
dexamethasone, a synthetic corticosteroid, stimulates reactivation in vitro, although it is not clear how it might
be acting in this case.
343
Given that they had emerged from Africa about 500,000 years previously (see Section III).
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2. The Neolithic Demographic Transition
The invention and establishment of agricultural techniques led to the transition344 from small huntergather communities and the initial establishment of semi-permanent settlements345 to more sustainable
food-securing strategies, as a prelude to the start of an ever-accelerating increase in population growth
and the founding of higher political structures (Diamond, 1997, 2002; Vigne, 2011; Acemoglu and
Robinson, 2012; Bellwood, 2013). The transition may have been forced upon certain populations of
early humans (notably in the Fertile Crescent in the Middle East; and the floodplains of eastern China)
because ongoing population growth in the late Pleistocene and the more stable warm conditions of the
subsequent Holocene346 led to the growth and splitting up of groups and increasing problems for a
nomadic strategy to find easily digestible, often seasonal plant food sources. Thus a primary
consequence of the development of agriculture was that the source of food could be concentrated in a
particular area, rather than being dispersed;347 and that the surplus products could potentially be stored
after harvest, thereby insulating the populace against seasonal and other longer-term cycles.348
Subsequently, after a delay and perhaps reflecting the ever-increasing pressure on their natural foodsource of large mammals, domestication of prey animals was initiated, where these had traits which
made them amenable to this process (Diamond, 1997, 2002; Zeder, 2012; Larson and Fuller, 2014;
Larson et al., 2014).349 Other centres for the development of agriculture appeared elsewhere at later
times, depending on suitable climactic and other geographic conditions, together with the presence of
domesticable local species (Diamond, 1997, 2002; Hibbs and Olsson, 2004).350 Based on a global
The idea of a Neolithic ‘Revolution’ is not appropriate: numerous studies have indicated that the progression
through this last and most important stage of prehistoric development was intermittent, being spread out in
both time and space. Thus the transformation was initiated sometime during the period 8500-2500 BCE,
varying amongst each of nine different geographical centres. Furthermore, it was likely to be gradual, the
interval between full foraging and full farming would be better described as being via an intermediate stage of
lowlevel food production and sustenance farming.
345
Based on temporary ‘slash-and-burn’ (swidden) settlements and other sustenance-based approaches.
346
The latest interglacial interval of the present (Quaternary) ‘Ice Age’, starting about 12,000 years ago.
347
As well as sources of fibres for the making of clothes, etc.
348
Classical selection, presumably associated with the transition to agriculture and a more plant-based diet, has
led to modern humans having multiple copies of the gene for amylase (AMY1), a salivary enzyme responsible
for the initial digestion of starches (with a tendency for higher copy-numbers in populations with a starch-rich
diet such as tubers); this contrasts with the single copy per haploid genome of apes and also in those of the
single Neanderthal and Denisovan samples analysed (Perry et al., 2007; but see Fernández and Wiley, 2017).
Agriculture also made possible the production of ethanol as a result of (initially accidental) fermentation of
plant products during storage; one gene for detoxifying this by way of the enzyme alcohol dehydrogenase may
have also been positively selected as a result, in southern China as compared with more inland locations (Peng
et al., 2010), although a subsequent analysis of alleles of ADH1B indicates a more complicated picture (Li et
al., 2011), and this is further confused by the fact that many East Asians have an inactive variant of the gene
for acetaldehyde dehydrogenase, responsible for detoxification of the breakdown product from ethanol
metabolism (Edenberg, 2007).
349
Domestication – associated with captive breeding and thus the potential for artificial selection, whether for
food or as working animals or pets – can follow various trajectories, depending on the ‘target’ species and the
geographical situation; it need not be a pre-planned progression (Vigne, 2011; Zeder, 2012, 2016; Larson and
Fuller, 2014; cf. Smith, 2012). Thus, in one scenario (typified by ancestral cats and dogs, together with
chickens and possibly pigs), it is likely to be a progressive process without there necessarily being an original
intention to achieve what was the end result: for example, through ‘anthropophily’ (whereby particular animals
were attracted to scavenge around, or to predate on scavenging rodents in the case of cats; this occurred earliest
in dogs, prior to agriculture) and passive commensalism to active control of these animals, with the opportunity
for selective breeding thereafter (MacHugh et al., 2017). Alternatively, most especially in settled human
communities, stock-keeping and subsequently domestication of prey animals developed, possibly as a result
of over-hunting otherwise threatening access to meat; pastoralism may have emerged prior to this or thereafter,
in response to increasing livestock feed demands. It is likely that directed domestication (which was deliberate
right from the start) occurred only relatively recently: for example, camels, horses, donkeys and various pets
other than cats and dogs.
350
Note that it would seem likely that early domestication of ovines and asses/donkeys occurred in northern
Africa: this would be compatible with the range of domesticable species (see Section V.2) and would be
consistent with the recent hypothesis that pastoral culture of these exacerbated the changing climactic
344
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sample of 805 present-day subsistence-level socities in 160 language families, Bailey et al. (2012)
concluded that the agricultural potential was greatest at mid-latitudes,351 where populations practicing
subsistence agriculture are larger than those which are hunter-gatherers; competiotion for space meant
that the latter are mainly only at higher and lower latitudes. co-existing with agriculturalists at the latter.
As a result, there was an increased rate of reproductive fertility and population growth: in contrast,
births in nomadic bands are limited by the fact that a mother could only carry one infant during
movements to new base-camps, meaning that births were about four years apart, something reinforced
by a dependence on breast-feeding and the resulting lactational amenorrhea (Lee, 1980; Thapa et al.,
1988).352,353 Also, diverse technological developments became feasible (due to there no longer being a
need for their portability); and indeed necessary to increase agricultural productivity in order to sustain
the growing population.
Thus there emerged progressively more structured, hierarchical societies (with the consequent
competition between neighbours for territory as their populations expanded), compared with the
egalitarian one of hunter-gatherers (Diamond, 1997, 2002). The consequences of the region-variant
time-line for agricultural development (or otherwise) on the growth of populations, and the possibility
for the emergence of farming and other specialised occupations (including the development of a class
structure, associated with various formalised religions and a military for self-defense and for offense)
has had a major impact down the generations, on the relative wealth of nations today (Hibbs and Olsson,
2004; Acemoglu and Robinson, 2012).
The general perception is that the consequent development of agriculture represented a major advance
for the human race, although various religious scriptures and many modern analysts take a more
nuanced, or even a diametrically opposite view (Diamond, 1997, 2002; Dobson and Casper, 1996;
Harper and Armelagos, 2010, 2013).354 Thus, whilst it expanded the food supply, this was generally
nutritionally unbalanced in favour of grains or other mono-cultured crops;355 as well as potential
implications resulting from depressed immune function, the consequences of this were exacerbated by
the amount of labour involved and the physical stress-related consequences of continuous, often
extreme exertion (Diamond, 1997, 2002; Harper and Armelagos, 2010, 2013). Also, crops are likely to
fail in particular years, leading to periodic even greater stresses.

conditions which led to the desertification of what is now the Sahara and associated Sahel (Kelly, 2017). In
turn, this would have acted as a driver for recent population dispersals as a result.
351
Due to the optimal climate, with extensive soil development, rainfall and long growing seasons, together with
optimal conditions for storage and trading of the resultant products; in turn, this would have fuelled the
differential accumulation of wealth and power within and between societies.
352
Even as hunter-gatherers, presentday humans have a shorter infancy (the time until weaning) than other great
apes in relation to adult body weight; this is followed by a prolonged pre-adult stage, including a childhood
phase (characteristic of humans and probably also Neanderthals at least: Gibbons, 2017b) prior to the juvenile
stage seen in other great apes which has resulted in a delayed age for sexual maturity (Key, 2000; Robson and
Wood, 2008; Crespi, 2011).
353
Even after settlement in semi-permanent communities, this may be a problem. Thus demographic studies of
eight diverse unacculturated Amerindian tribes (Pará state, Brazil) found that, for the period prior to 1960,
fertility regulation was more important than mortality in determining population dynamics. As might be
expected, variance in male fertility in polygamous tribes was much greater than that of either sex in
monogamous tribes (Black et al., 1978).
354
For example, Diamond (1987, 1997) considered agriculture to be “the worst mistake in the history of the human
race”; going on to note (2002) that it arose piece-meal in the absence of any pre-existing model, and that if the
consequences had been “foreseen … they would surely have outlawed the first steps towards domestication.”
Thus he noted that such ‘advances’ have subsequently been rejected as such by other hunter-gatherer groups,
where they have had the choice.
355
Morrison (2006; see also Lahr, 2016) has noted that dietary deficiencies in agricultural settlements could be
offset by trading with neighbouring hunter-gatherer populations for items lacking in their homogenised diet;
as a result, the latter groups often have foregone their languages, at least, and opted to settle as forager-traders
near or within these established settlements (see Section III.3). Such foraging need not be restricted to food
items but might also encompass items for making tools, furniture or ornaments, for example.
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In addition, the increasingly close contact with various species of animals as a result of stock-keeping
(including pastoralism) and, subsequently, pro-active animal farming (Vigne, 2011) created the problem
of the increased risk of diseases spilling over from these to infect humans (and vice versa). Thereafter,
as population densities rose, there was the increased risk that such zoonotic spill-overs (see Section II.1)
might develop to become so-called ‘crowd diseases’ endemic to the associated human populations (see
Section VI.2). Such spill-overs could occur not only from animals undergoing domestication as primary
sources of food (e.g. poultry; various ruminants and other mammals) or as household animals (e.g. cats,
dogs), but also from peri-domestic animals which became commensals (e.g. various rodents, such as
mice and rats) associated with human settlements (Armelagos and Dewey, 1970; Harper and
Armelagos, 2010).
A variety of lines of evidence indicate that the development of slash-and-burn (swidden) agricultural
systems, as early savannah-dwelling humans encroached on the surrounding forests and thus displaced
their more typical tree-dwelling relatives, together with the associated creation of stagnant bodies of
water which served as a resource for the breeding of anopheline mosquitoes, led to a vector-mediated
spill-over of malaria parasites from chimpanzees and the evolution of new species of Plasmodium as
endemic human diseases (reviewed by Armelagos and Dewey, 1970; Harper and Armelagos, 2013).356
Presumably the same pertained to mosquito-borne Japanese encephalitis with the development of padi
field rice culture in East Asia, although pigs remain the main mammalian reservoir (Mackenzie et al.,
2004; see Section VII.4). More generally, such stagnant water and the absence of latrines also provided
the means for water-borne infections, including viruses and bacteria associated with those of the
gastrointestinal system, to become established (Armelagos and Dewey, 1970).357
The overall result was that there is evidence for a general decrease in health, an increase in child
mortalities and a resulting decrease in the average life-span, as compared with pre-agricultural
communities (reviewed by Diamond, 1997; Harper and Armelagos, 2013).358 Thus there was an increase
in the proportion of immature skeletons at burial sites in Europe, North Africa and North America; the
somewhat delayed increase in mortality rates acted to largely constrain the increase in fertility rates
(Bocquet-Appel, 2008, 2011).
This contrasts with the next demographic transition, where there has been a decline in mortalities
followed by one in fertility rates in industrialised societies (Bocquet-Appel, 2008, 2011).
3. The Second Transition: Non-Communicable ‘Diseases of Civilisation’ Come to Predominate
This was initiated in mid-nineteenth century Europe and North America, after the start of the Industrial
Revolution. It was associated with a marked decline in mortalities from infectious disease as a result of
developing sewerage control systems and safe water supplies, together with other ongoing advances in
medicine (e.g. the development of antimicrobials) and public health (e.g. mass immunisation
campaigns) (Cohen, 2000). Thus, today, communicable diseases are only a minor cause of death in
more developed nations (Table 3).
In turn, this led to a counterbalancing increased incidence of diseases associated with over-nutrition (cf.
those resulting from under-nutrition, especially during famines, in agrarian societies). There has also
356

P. falciparum apparently originated as a spill-over of a single strain from western gorillas (G. gorilla: Liu et
al., 2010), to thereafter spread with humans out of Africa (Tanabe et al., 2010); P. vivax originated from
another species circulating in these and chimpanzees throughout central Africa, according to the same criteria
(W. Liu et al., 2014).
357
With dispersal being further facilitated by flowing water, in contrast to the limited dispersal of aerosols and
other bodily expulsions on their own.
358
On the other hand, Volk and Atkinson (2013) concluded from a review of the literature on the probability of
mortalities in the young in 15 hunter-gatherer and 19 agriculturalist present-day societies, together with 42
‘historical’ developing ones (dating back to Greece in 500-300 BCE), that mortality rates averaged about 25%
within the first year, rising to 50% by 15 years and the presumed time of puberty. This was independent of
geographical location and was mainly attributed to infectious diseases (especially those causing
gastrointestinal and respiratory illnesses); data for other primates suggested that such rates were comparable
with Old World monkeys, and tended to be higher than for other anthropoid apes and Neanderthals. This
contrasts with values of up to 1% for modern developed countries (Volk and Atkinson, 2013).
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been an increase in chronic inflammatory diseases such as allergic and autoimmune diseases which has
been attributed in part to an increase in hygiene – the original proposition has been updated as the ‘Old
Friends’ hypothesis, whereby normal parasitic gut infections in the past conferred incidental benefits
on their human hosts, the lack of which cause problems with inflammatory diseases 359 today (Harper
and Armelagos, 2010; Stearns, 2012; Karlsson et al., 2014; Lowry et al., 2016; Scudellari, 2017). In
addition, prolonged life beyond the normal period of reproduction and thus beyond the scope of
evolution by natural selection360 has been associated with the increased prevalence of ageing and
diseases such as cancers. Moreover, the increasing tendency for individuals to deprive themselves of
regular sleep is also a potentially emerging pre-disposing factor, including possibly for cancers and
Alzheimer’s disease (Cooke, 2017).
Table 3 Relative importance of infectious diseases* amongst the top ten
leading causes of death in particular country income-groups for 2012
(WHO).361 Note that tuberculosis (see Section IV.5) and malaria are not
caused by viruses, as is also likely to be the case with most infections of the
lower respiratory tract and with diarrhoeal infections, especially in
developing countries (Dennehy, 2005; O’Ryan et al., 2005).
Communicable
disease

Lowincome

Middle income
Lower
Upper

Lower respiratory
91 (#1)
53 (#3)
23 (#6)
tract infections
HIV/AIDS
65 (#2)
23 (#7)
--Diarrhoeal infections
53 (#3)
37 (#5)
--Malaria
35 (#6)
----Tuberculosis
31 (#8)
21 (#8)
--* per 100,000 population (relative ranking)

High
income
31 (#6)
---------

This transition was delayed and is still ongoing in developing countries as a result of globalisation, at
least amongst the more affluent classes. In contrast to the first and third transitions, where a distinct
pathogenic causative agent can typically be recognised and the appropriate general precautionary
measures implemented, the chronic and lifestyle-associated diseases associated with this one are the
result of the interaction of multiple risk co-factors which predispose particular individuals to suites of
disparate symptoms belying any obvious common underlying cause (Ewald, 2004; Fauci and Morens,
2012). Nevertheless, there is evidence suggesting that the pathogen-driven selection for specific genetic
variants in humans prior to this transition may have bequeathed a legacy for some to be more prone to
develop the non-communicable inflammatory and other diseases which are becoming characteristic of
modern societies (see Section VI.4.vii).
4. The Third Transition: Previously Local Infectious Diseases Threaten the Rich World
This is also ongoing as a result of increasing globalisation (Barrett et al., 1998; Harper and Armelagos,
2010; Zuckerman et al., 2014), being characterised by the threat of ‘newly emerging’ diseases (i.e.
recently recognised ones, including potential pandemic threats such as Ebola and related filoviruses:
see Section VI.3.ii), together with re-emerging ones (including as a result of increased resistance to
antibiotics in the broad sense).362 These have typically emerged into the public consciousness as a result
of posing a potential threat to the wealthier members of society, at the local and the global level (e.g.
359

Including neurodevelopmental and other psychiatric disorders.
Although the emergent role of grandparents (see Section III.5) provides an intriguing slant to this conventional
interpretation.
361
http://www.who.int/mediacentre/factsheets/fs310/en/index1.html; worldwide, deaths as a result of diarrhoeal
diseases were comparable in numbers (1.5 million) with those due to HIV/AIDS, and thus were sixth-equal as
a primary cause of death; amongst communicable diseases, only those associated with the lower respiratory
tract were higher (3.1 million; ranking #4) (see also Fauci and Morens, 2012).
362
To include not just antibiotics sensu restricto (as pharmaceuticals which have also been deployed in the
livestock industry) but also e.g. anti-malarial drugs and insecticides.
360

77

The University of Cambodia Monographs Series
Farmer, 1996; Maudlin et al., 2009; Bordier and Roger, 2013). However, in the case of zoonotic spillovers, it is often the poor, potentially undernourished and largely uninformed segments of society in the
developing world, still stuck overall in the first transition and thus enjoying few of the benefits of the
second, who are more susceptible in many instances, with global concerns arising out of a possible
subsequent threat of the establishment and consequent spread to the otherwise insulated jet-setters.
5. Conclusions
Whilst there is evidence favouring a distinct entry into the second of these transitions, the first and the
third would appear to smear into each other, reflecting the progressive expansion of contacts initiated
during the Neolithic Demographic Transition and continuing at an accelerating pace up until today.
Thus the fact that the inherent qualities of local species of animal meant that domestication was largely
restricted to Eurasia (Diamond, 1997, 2002) led to spill-over infections and the emergence of crowd
diseases there; thereafter subsequent population movements, from initially local ones to colonialism as
the first stages in globalisation, led to the first manifestations of the third transition, often with tragic
consequences for those on the receiving end (see Section VIII.1).
The first transition could have different consequences for different populations, even if it occurred at
approximately the same time in different geographical locations, such as was evidently the case for
Papua New Guinea, the Middle East and China. On the one hand, a recent genomic study for Papua
New Guinea concluded that a clear distinction emerged between lowland and highland groups about
10-20 thousand years ago; thereafter, highland groups shared a common ancestry dating back to about
10,000 years ago (coincident with evidence of horticultural techniques),363 with no evidence for any
non-New Guinean admixture, in contrast to evidence for shared ancestry in the lowland, the more so to
the south amongst Austronesian speakers (Bergström et al., 2017a, b). Thereafter, there is evidence for
a diversification, both genomically (especially for the Y chromosome) and linguistically;364 in the
absence of technological advances in farming methods, tribes probably remained relatively isolated
from each other365 until the development of Pidgin as a lingua franca and the colonial introduction of
schooling. This, together with the lack of native domesticable animals (Diamond, 1997, 2002: pigs were
presumably introduced from island Souteast Asia at a later date – Frantz et al., 2016) presumably limited
exposure to novel zoonotic diseases – the more so, given that the native marsupials are only very
distantly related to humans (and, after their introduction, pigs).
This is different from what has been emerging regarding the genomics and evolutionary linguistics of
western Eurasia, where the progressive development of agriculture in the Middle East led to the
progressive movements of people, and thus not only their technologies but also their languages, into
surrounding areas in the late Neolithic, with associated interbreeding with the indigenous huntergatherers and genetic homogenisation as a consequence (Skoglund et al., 2014; Gross, 2015; Lazaridis
et al., 2014, 2016; Gibbons, 2017a; Nielsen et al., 2017). The later westward spread of pastoralists from
the Asian steppes during the Bronze Age also likely played an important role in that of Indo-European
languages as well as genes (Haak et al., 2015). Such broadscale movements would presumably also
lead to the sharing of strains of pre-existing viruses and other pathogens as well as the spread of novel
ones.366
On the other hand, as noted above (see Section III.4), the development of agriculture in East and
Southeast Asia, starting at about the same time as the previous two cases, was associated with a
363

Initially mainly taro, but subsequently also sweet potato; coincident with a major increase in population growth
in the highlands: not seen in lowland farmers from the Sepik River area to the north, perhaps because of
malaria.
364
The island of Papua New Guinea is characterised by the largest number of indigenous languages (ca. 850) in
the world; of these, about half belong to the Trans-New Guinea family spoken throughout the highlands and
much of the northern lowlands
(https://en.wikipedia.org/wiki/Nuclear_Trans%E2%80%93New_Guinea_languages).
365
Facilitated by the mountainous inland terrain; the fact that the same ‘fragmentation’ also occurred in the
lowlands suggests that other factors were also involved.
366
Also identified as important in the within-Africa spread of genetic diversification (Skoglund et al. 2017); there
was no opportunity for such a strategy to develop in Papua New Guinea (Bergström et al., 2017a).
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somewhat different population dynamic, where there was an increased emphasis on collectivism and
thus the potential to favour the early stages of what were to become ‘crowd diseases’ (see Section VI.2).
Towards the end of the twentieth century, the threat of new contagions became evident, together with
the re-emergence of old ones which had evolved during an arms race against the succession of
antibiotics which had been developed, leading to a rebound in death-rates from infections (Cohen,
2000). This represents the third transition according to a conventional ‘First World’ perspective. Smith
et al. (2014) found that, over the period 1980-2013, there was a significant increase in the total number
and diversity of outbreaks, and the associated ‘richness’, of infectious diseases (mostly non-vectorborne
viruses and bacteria, with about half being zoonoses); this was still highly significant after controlling
for biased reporting due to the advent of the internet in developed countries (starting 1990), except that
there was a decrease in the numbers of those infected by a particular outbreak. Most reports were from
the United States, Canada, China and Brazil; presumably the reduction in spread of particular
contagions was partly as a result of improved diagnostic procedures, together with the increase in
communication as a result of the development of the internet (Smith et al., 2014).
The following section will consider those ‘souvenir’ diseases presumably acquired during the first and
third transitions together.
VI. The Continuum between the First and the Third Transitions
Section IV dealt with the first cluster of presumed early human diseases according to Black’s (1975;
Black et al., 1974) categorisation: those which were able to persist within a small band of huntergatherers and are still circulating today.
His second category, comprising diseases with an insect vector, occurred sporadically as a result of
random infections which were shared with other primates and other mammals. As noted in Section V,
the clearance of forest fringes during the Neolithic favoured the spread of mosquito-borne diseases,
ultimately leading to evolution of Plasmodium species of malarial protozoans endemic to humans
(Armelagos and Dewey, 1970). Urbanisation, with a further diversity of habitats for mosquito breeding,
has led to flaviviruses such as those causing yellow (Ewald, 1993; Holmes, 2008) and, more recently,
dengue (Holmes, 2004, 2008; Gubler, 2011)367 and zika (Maron, 2015a, 2016a-c) fevers now having
populations which circulate exclusively amongst humans; yellow fever, in particular, had a major
negative impact on European colonisation of the Americas there after its spread as a result of the transAtlantic slave trade (Weiss 2001). Such observations raise the possibility that, like certain malarias,
strains may evolve to become endemic to humans. These and other arboviruses will not be considered
further here.
The remaining category, Black’s third one, was envisaged to only transiently infect individual groups,
but was sustained as a result of travellers moving between these and passing the infection on to
communities where members were not immune or where a new, immunologically naïve generation had
emerged after the previous outbreak. He included measles, mumps, rubella, influenza, parainfluenza
and poliomyelitis amongst these so-called ‘introduced’ viral diseases. These are now generally
considered to have mainly arisen to prominence subsequent to the establishment of networks of
settlements during the Neolithic transition and thereafter, including as the result of the domestication of
other mammals and the consequent close contact leading to spill-overs of zoonotic diseases which
subsequently became endemic (Section II.1 and Figure 2).
In contrast to those of Black’s first category, these diseases mainly lead to acute infections, with no
residual pathogen remaining to re-emerge and spread to new hosts at a later date. Harper and Armelagos
(2013) noted that these new pathogens tended to cause greater levels of morbidity and mortality (often
associated with epidemics), with some being amongst the top ten causes of death in low income nations
(see Table 3). Ewald (1995, 1996, 2004) has argued that this increase in the severity of such diseases
may, at least in part, reflect the consequences of human civilisation: continued mobility of the infected
host could become less of a constraint, since nursing care favours onward transmission, as does the
367

Interestingly, although this arbovirus is restricted to the Old World tropics, it was originally described as a
result of an outbreak in Philadelphia (Holmes, 2008): an early example of the spread of a vector-borne
zoonosis, in this case as a result of the slave trade.
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potential for the spread of pathogens which are resistant to environmental degradation through
contaminated utensils and other personal or communal possessions.368 On the other hand, whilst the
development of strong family ties and the consequent care for those members who become sick favours
the initial spread of an infection, this may be contained by the natural reactions of other members of the
group, as well as outsiders. Thus Fincher and Thornhill (2012a; Thornhill and Fincher, 2015) have
advanced the concept of a ‘behavioural immune system’, whereby basic reactions of disgust may help
protect against contagions as a result of bodily discharges,369 although this can be overridden by caregiving and by extended-family and broader communal rituals such as the cleansing of the dead: the
latter was a major factor in the general spread of Ebola virus in West African eruption, as in previous
irruptions in Central Africa (see Sections VI.3.ii and VIII.2.iii). Between groups, they (see also Fincher
and Thornhill, 2008) have proposed that the basic emotion of disgust is reinforced by higher level
reactions such as xenophobia and the attendant neophobia; and that, based on present-day correlational
evidence, this underlies intergroup differences in language and religious beliefs (see also Sections III.5
and VIII).370
As noted above (Section V), three epidemiological transitions have been identified in anatomically
modern humans as various societies have evolved from their initial nomadic hunter-gatherer roots. The
first of these, the Neolithic Demographic Transition and the third have been associated with increases
in the burden of communicable diseases. Rather than trying to allocate specific diseases to one or other
of these two transitions, it is more convenient to identify three likely phases: early and middle (together
generally comparable with the first transition as usually recognised) ones, with the middle phase
overlapping with both the early one and a later phase (comparable with the third transition) to a greater
or lesser extent.
All presumably represent zoonotic spill-overs from a pre-existing pool of viral pathogens. In some cases
a prolonged period of evolution and the right epidemiological conditions have meant that certain of
these have become endemic diseases in humans (see Figure 2).
1. Possible Early-Phase (‘Hygiene-Related’) Diseases
Based on studies of present-day pre-industrial societies, diseases from various micro- and
macroparasites were likely to have been a major problem after the establishment of settlements, being
spread by faecal-contaminated water due to the lack of latrines and other hygiene-related issues (Dobson
and Casper, 1996). Ewald (2004) has pointed out that the growth of such sedentary, infection-prone
settlements would have meant that there was less of a selective constraint for pathogens regarding the
survival of their hosts: as with those dependent on vectors (see above), pathogens might be expected to
maximise the output of their progeny irregardless, especially in the case of water-borne ones.
Furthermore, the ability to survive in the external environment once shed would also increase the
chances of nosocomial spread through a ‘sit-and-wait’ strategy (Ewald, 2004; Walther and Ewald,
2004).
i. Gastrointestinal Infections Diarrhoeal diseases are a major problem in infants today. Thus O’Ryan
et al., (2005) state that there are more than one billion cases of diarrhoea among children up to 5 years
old each year in developing countries, leading to up to 2.5 million deaths, mainly as a result of
dehydration; it is hence one of the most important causes of death as a result of communicable disease
(Table 3). Overall, about a half are thought to be the result of zoonoses, mainly as a result of bacteria
(Schlundt et al., 2004). Viral infections are more important in developed countries, principally by
members of four groups: rotaviruses, caliciviruses (noroviruses and sapoviruses), enteric adenoviruses
(see Section IV.2.v) and astroviruses, as well as certain picornaviruses (although infections in each
case are often asymptomatic); various bacterial and protozoan pathogens are also important in
Those which can follow Ewald’s ‘sit-and-wait’ strategy.
And thus can be exploited to encourage communities to explore initiatives which lead to avoiding the need for
open defaecation (World Bank, 2015e), as part of an overall programme to improve public health by
reinforcing educational programmes.
370
Tybur et al. (2016) would appear to discount some elements of this with regard to ‘out-group’ attitudes and
their relation to political conservatism, albeit based on a study of mainly developed countries.
368
369
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developing countries (Dennehy, 2005; O’Ryan et al., 2005). However Finkbeiner et al. (2008) note that
the possible pathogen responsible may not be identifiable in up to 40% of cases.
Members of the genus Rotavirus (family Reoviridae; subfamily Sedoreovirinae) are characterised by
having 11 double-stranded RNA segments;371 isolates have been identified in mammals and also in
birds, with various strains (A-G) based on the surface antigenic proteins (reviewed by Martella et al.,
2010; Ghosh and Kobayashi, 2011; Desselberger, 2014). Serogroup A has been identified as an
important cause of diarrhoea in humans and other mammals, and also in poultry. Globally, a wide
diversity of different genotypes of this serogroup have been identified in humans, which vary year-toyear as well as geographically. Thus, worldwide, almost 100% of children are seroprevalent by the age
of five, with evidence for zoonotic transmission; waning antibody titres mean that subsequent milder
infections may recur.372 Members of group C are endemic in most areas (possibly as a spill-over from
pigs373 or cattle), with about 55% seroprevalence by age 60. Group B members are of much lesser
significance, although they have been associated with major adult outbreaks in China and Bangladesh
as a result of water-borne infections. As with influenza A (see Sections VI.2.iii, VII.1 and VII.4), there
is evidence for reassortment and other means of generating genetic diversity, including possibly as a
result of interspecies transmission between pigs and humans; other apparent sources of spill-overs into
humans, with subsequent reassortment, include from bovines, cats and dogs.374 Thus reinfection may
also occur through exposure to novel reassortents (Martella et al., 2010; Ghosh and Kobayashi, 2011;
Nordgren et al., 2012).
Certain strains of rotavirus have been identified as the most common cause of severe acute watery
nondysenteric diarrhoea in most areas of the world,375 regardless of economic development.
Transmission is by the faeco-oral route,376 and it is mainly a clinical infection of the young; virtually all
children have been infected by the age of five and are generally not susceptible thereafter (Dennehy,
2005; O’Ryan et al., 2005; le Pendu et al., 2006). These viruses are a major source of morbidity and
mortality as a result of acute gastroenteritis and resultant dehydration in young humans (mainly in
developing countries), as well as piglets, calves and foals (see also Jiang et al., 2017). It is generally
considered that they arose from domesticated animals during the Neolithic Transition, or possibly
earlier as sporadic stuttering infections which subsequently died out (Dobson and Casper, 1996; van
Blerkom, 2003).377 However, eight of 13 relatively isolated South American Indian communities had
high levels of seroprevalence, which increased with age in some but were highest amongst infants in
others (Linhares et al., 1986): it is not clear whether this might be from occasional ‘drip-overs’ from
the local fauna or from invading ones (including humans), although exposure may have been a novelty
371

Thus, as with other members of this non-enveloped family, reassortment occur when being packaged into the
capsid, presumably through the interactions of cis-acting elements in the highly-conserved untranscribed
regions at either end of each segment to ensure that all of the segments are incorporated into the virion
(McDonald et al., 2016).
372
https://www.cdc.gov/rotavirus/clinical.html;
https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6016a5.htm
373
Reflecting their long period of domestication in the ‘Old World’, apparently centred on Southeast Asia, but
with subsequent admixturing with local strains as they were spread through human agency (see Section VII.4).
As more recently as a result of increasing globalisation, such fluidity makes it difficult to determine the
original, ancestral situation for this and other ‘novel’ (i.e. newly identified) viruses.
374
There is no evidence that group A can reassort with other Rotavirus, and there may be restrictions within this
group itself. However, it is not clear whether this is a direct consequence of problems of reassortants
assembling to form an intact genomic complex for onward transmission (given the stringency of capsid
formation by the surrounding protein subunits); or due to subsequent issues regarding their fitness in infecting
other cells, for example through incompatability of the associated RdRps in transcribing the segments from
different lineages (McDonald et al., 2016).
375
They cause 25-70% of cases in children of gastroenteritis requiring hospitalisation.
376
They are relatively stable after being shed (Martella et al., 2010).
377
Evidence suggests that rotavirus A infections of pigs and, more especially cattle, are associated with clinical
infections; moreover, there was evidence for an exchange of viruses between pigs and humans (Steyer et al.,
2008). Furthermore, there is evidence for sharing of such infections between bovines and humans (Steyer et
al., 2013), although another study has indicated that bovine strains are distinct from those in pigs and humans
(Soma et al., 2013).
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for at least one of the groups surveyed (Linhares et al., 1981). The same applies for highland areas of
Papua New Guinea, with its dramatically different indigenous fauna (Albert et al., 1983).
Hall (2012) has suggested that Norwalk virus (a norovirus of the family Caliciviridae) 378 is the perfect
human pathogen, in terms of its being shed prolifically (including via aerosolisation) in vomitus and
diarrhoea, being thereafter highly contagious (including the ability to persist in the environment for up
to two weeks), with only ten virions sufficient to establish an infection.379 The fact that it leads to only
a short-term immune response means that reinfections can occur, aided by the virus’ mutability (le
Pendu et al., 2006; Lindesmith et al., 2008; Lopman et al., 2008). These factors, together with the virus
having a wide diversity of strains which are only moderately virulent,380 suggest that it could have
become established early in the evolution of human societies (le Pendu et al., 2006; Hall, 2012). Perhaps
consistent with this, there is evidence for a high seroprevalence in infants by the time they are two years
old in Kenya and Mexico (Nakata et al., 1998; Farkas et al., 2006). However, whilst a high
seroprevalence was found in five of eight isolated Amazonian tribes (> 90%, including a proportion
with high titres not related to age), lower frequencies (≈ 40-75%, with lower titres) were found in the
remaining three; the distribution pattern was comparable with that seen for rotaviruses, and it was
suggested that the virus was a recent introduction (Gabbay et al., 1994). Noroviruses infect many other
species of mammal; different strains have been identified in humans, with one most closely related to
that found in pigs and the another to those in rodents and bovines (le Pendu et al., 2006; Kitchen et al.,
2011). There is evidence that human strains might spill-over into farmed pigs (or vice versa), but not
cattle, and that the virus is detectable in retail pork (Farkas et al., 2005; Mattison et al., 2007).
Sapoviruses are a second group within the family Caliciviridae which cause acute gastroenteritis;
clinical symptoms are indistinguishable from those caused by noroviruses (reviewed by Oka et al.,
2015, 2016). Since it was first detected in the United Kingdom in 1976, serological studies indicate that
a history of past infection increases progressively to reach about 90% of school-age children worldwide,
evidently remaining high thereafter.381 Faeco-oral transmission includes through contaminated water
and, as a consequence, contaminated shellfish. A cluster of different strains have been identified in
humans (Kitchen et al., 2011), together with a diversity of similar viruses in a variety of other species
of mammal, including chimpanzees,382 pigs, dogs, rats and bats (Oka et al., 2015, 2016), as well as in
certain carnivorans on the Serengeti in East Africa (Olarte-Castillo et al., 2016). However there is no
clear evidence for spill-overs into or from humans: although the sequence of one gene from the virus
found in pigs is most closely related to that in human Sapporo virus, it is clearly distinct. An extensive
survey of pigs in Europe found that infections by a diversity of genogroups (the most widespread had
only 66% homology with human strains) were highest in piglets, with about half having diarrhoea where
data were available (Reuter et al., 2010). This again suggests a not-too-recent origin in humans, possibly
associated with the early development of pig-farming.
Four species of astroviruses (with positive-sense single-stranded RNA) have been identified in humans
worldwide, where they are associated with acute gastroenteric illness; their sequences show close
relations with mamastroviruses from a variety of other mammals, where there is little evidence for
clinical infection (de Benedictis et al, 2011; Bosch et al., 2014; Krishnan, 2014). Thus there is
epidemiological evidence that astroviruses may be shared between humans and pigs, at least (Fischer
et al., 2017).383

378

A family of non-enveloped positive-sense single-stranded RNA viruses (Clarke et al., 2011).
Strains of this virus are the main cause of gastro-enteritis in developed countries (Dennehy, 2005; O’Ryan et
al., 2005); a single outbreak infected more than 1.1 million people in Britain during the winter of 2012-2013:
http://www.guardian.co.uk/science/2013/jan/02/norovirus-cases-exceed-1m?CMP=twt_fd
380
In the sense of only temporarily incapacitating most erstwhile hosts who develop symptoms, although it is
associated with childhood mortalities as a result of diarrhoeal dehydration.
381
Including adults in Southeast Asia: Indonesia, Singapore, and Papua New Guinea (Nakata et al., 1985).
382
A report of the identification of a sapovirus from chimpanzees in a sanctuary in the Republic of Congo is likely
to be the result of spill-overs from humans (Mombo et al., 2014).
383
Note that such infections may be associated with encephalitis in some cases, recalling similar complications
with certain enteroviruses (see below), for example.
379
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Enteroviruses are a major group of picornavirids which infect the gastrointestinal tract, 384 frequently
being asymptomatic, although infections can spread to other tissues including the central nervous
system (van Blerkom, 2003; Knowles et al., 2011). Examples of these include the type species, Human
enterovirus C (the cause of poliomyelitis) and related enteroviruses (Coxsackie viruses and echovirus);
transmission is mainly faeco-oral. The polio virus primarily affects the gastrointestinal tract, with faecal
shedding often over a prolonged period; up to about 75% of those children infected are asymptomatic.385
However it may infect lymphoid tissues and thereafter may spread to motoneurones in the spinal cord
and the brain-stem; in less than 1% of cases, this may lead to a debilitating poliomyelitis with flaccid
paralysis. The common lack of symptoms and the capacity for sustained infections led van Blerkom
(2003) to suggest that the virus may have been endemic in early humans and accompanied them out of
Africa but, if so, then it apparently did not cross over with the initial invasion of the Americas, or at
least did not spread down to the Amazon basin (Black et al., 1974; Black, 1975). Whilst polio infections,
previously reported worldwide,386 have been almost completely eradicated by vaccination programmes
(van Blerkom, 2003),387 enterovirus 71 has emerged as what has been described as the ‘new polio’:
typically associated with hand, foot and mouth disease,388 it resembles polio in being able to spread and
cause encephalitis (e.g. Horwood et al., 2016). Related viruses have been identified in Old World
monkeys389 and also in African great apes apart from humans, with evidence for cross-transmission
between different species, including to humans in Bangladesh and Central Africa (Harvala et al., 2011,
2012).390
Aichivirus A is a member of the picornavirid genus Kobuvirus which was first isolated from an
individual with gastroenteritis in Japan in 1989; there is evidence for but one serotype (with several
genotypes, with some evidence for geographical differences in their distribution) which has been
associated with similar sporadic outbreaks of ‘stomach flu’ symptoms391 in various other parts of the
world392 and transmission by the faeco-oral route (Pham et al., 2007; Reuter et al., 2011; Kapoor et al.,
2011; Yip et al., 2014).393 There is a progressive increase in seroprevalence over time, reaching 80–
95% by the age of 30-40; the virus itself is the most abundant enterovirus in environmental samples
(Kitajima and Gerba, 2015).394 Apart from the human strain, Aichi virus 1, others have been found in
dogs,395 cats and mice; other members of the genus have been found in ruminants and pigs (mainly in
Asian countries, based on available evidence), where they have been associated with diarrhoea.
Other picornavirids with an apparently worldwide distribution have been identified in a small
proportion of diarrhoeal samples (generally less than 2%), including human parechoviruses (Yip et al.,
2014) and human salivirus396 (Holtz et al., 2009; Li et al., 2009; Santos et al., 2015); however there is
no apparent evidence for the latter, at least, causing gastroenteritis (Yu et al., 2015).
384

The genus Enterovirus comprises seven species infecting humans (Royston and Tapparel, 2016); of these, three
are rhinoviruses which normally infect the upper respiratory system (see Section VI.1.iii), whilst the other four
infect the gastro-intestinal tract as well as potentially other tissues, including the respiratory and central
nervous systems.
385
CDC Centers for Disease Control and Prevention Epidemiology and Prevention of Vaccine-Preventable
Diseases, 13th Edition
386
Ibid.
387
But see Larson and Paterson (2011), Larson and Ghinai (2011); also e.g. http://www.scientificamerican.com/
article/polio-resurfaces-in-laos/; https://www.wired.com/2015/01/polio-erad-2015/.
388
Not to be confused with foot-and-mouth disease (see Section VII.5).
389
Including Macaca fascicularis and M. mulatta from South and Southeast Asia.
390
Although samples were obtained from wildlife sanctuaries, it was considered likely that the animals were
infected prior to direct contact with humans.
391
In up to 3% of cases presenting with diarrhoea, suggesting that it normally circulates without any dire effects
and thus may represent a longstanding human symbiont.
392
Including in many countries in Southeast Asia: this has been associated with diarrhoea in returning Japanese
tourists.
393
http://www.picornaviridae.com/kobuvirus/kobuvirus.htm
394
Including shellfish as bio-accumulators: the original case had eaten raw oysters.
395
Worldwide, in faeces from domestic dogs (including those with diarrhoea) and wild canid species as well as
hyenas (Hyaenidae).
396
Previously called klassevirus 1; most closely related to the Aichi virus.
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ii. Other Hepatitis Infections In contrast to hepatitis B (see Section IV.2.iv), the other bona fide
hepatitis-causing viruses (A, C, D and E) use RNA as their mode of transmitting genetic information to
prospective new hosts. Of these, hepatitis C, together with hepatitis B, accounted for 96% of viral
hepatitis-related mortality globally (with an about equal contribution from each), including in Southeast
Asia, and 91% of disability-adjusted life-years in 2013, slightly higher than in 1990 (Stanaway et al.,
2016).397
Hepatitis A virus is an exceptionally hardy positive-strand RNA virus398 of the family Picornaviridae
which circulates in the blood enveloped by a membrane derived from the original host cell but is shed
naked for transmission by the faecal-oral route, although infection may also be through contact with
food, water and fomites in some cases, especially where sanitation is poor (reviewed by Quer et al.,
2008; Zhu and Zhang, 2014; Drexler et al., 2015). It comprises only one serotype, with six closely
related genotypes, of which three (I-III) are found in humans, co-circulating with no evidence for any
geographical differences; whilst the others (IV-VI) have been found in imported monkeys (Cristina and
Costa-Mattiol, 2007).399 Infections are acute but relatively long-lasting, more especially in older adults
where they may persist for several months (young children are often asymptomatic), with a subsequent
lifelong immunity.400 Thus there is little evidence for chronic disease: infections rapidly die out in
isolated communities, so that the three widely co-circulating genotypes are unlikely to be heirlooms
from early humans (Cristina and Costa-Mattiol, 2007; cf. van Blerkom, 2003). A large number of other
species of Hepatovirus have been identified in other mammals, with apparent ancestral species in bats
and shrews. Available evidence suggests that infections may have originated as a result of spill-overs
from various species of rodents or other primates (Drexler et al., 2015).
The hepatitis C virus, of the genus Hepacivirus, is a flavivirus401 which has only been found in
humans,402 where it infects about 3% of the population worldwide (about half of them in Asia, reflecting
the large population size),403 but was only characterised in 1988 (Hajarizadeh et al., 2013). About a
quarter of those infected develop acute liver infections (although about two-thirds are asymptomatic);
of these, about three-quarters will go on to develop chronic liver infections (Quer et al., 2008; Lavanchy,
2009, 2011) as a result of viral evasion and escape strategies which lead to the failure to develop
effective innate and acquired immune responses (Thimme et al., 2012). In turn, about a quarter of those
chronically infected will suffer from liver disease (cirrhosis, hepatocarcinoma), more especially those
first infected relatively late in life;404 this virus is the major infectious cause of hepatitis in Western
countries. Levels of infection in Southeast Asia as well as in the Indian subcontinent, at 1.5-3.5%, are
comparable with those throughout Europe; prevalence is higher in China.405 The nature of the infection
has been related to the size of the original inoculum (Quer et al., 2008): persistent infections arise when

397

Thus they were the tenth leading cause of death in 1990, and the seventh in 2013. The number of deaths is still
fewer in low-income and lower-middle-income countries, although figures are catching up with those in uppermiddle-income and high-income countries.
398
It is resistant to exposures to temperatures of up to 80 °C and acids as low as about pH 2. It has been suggested
that it originated as the result of a spill-over of a picorna-like viruses from insects, and that its ancestor may
have been the progenitor for other mammalian picornaviruses (Wang et al., 2015).
399
IV in a cynomolgus macaque (Macaca fascicularis) from the Philippines and VI in the same species from
Indonesia; and V in an African green monkey (Cercopithecus aethiops).
400
http://www.who.int/mediacentre/factsheets/fs328/en/; http://www.cdc.gov/hepatitis/hav/afaq.htm
401
A family of enveloped nonsegemented positive-strand RNA viruses, many of which have arthropod vectors
(Simmonds et al., 2011).
402
Chimpanzees can be infected experimentally.
403
The WHO (2017a; see also Cohen, 2017a) recently reported that previous analyses probably over-estimated
the numbers infected with hepatitis C, being based on serological evidence; measures based on viral RNA
reduced the numbers by half, due to spontaneous clearance of the virus in a proportion of those infected as
well as technical problems with serological analyses.
404
About 1-5% of individuals ill develop liver cancer; all told, this virus accounts for about 22% of new such
cancers each year (Lavanchy, 2011).
405
http://wwwnc.cdc.gov/travel/yellowbook/2016/infectious-diseases-related-to-travel/hepatitis-c
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this is large, whereas small inocula (e.g. from the mother or as a result of sex or needle-sticks) mainly
lead to acute infections with subsequent viral clearance.406
Genomic studies have identified at least six clades of the hepatitis C virus (Quer et al., 2008; Lavanchy,
2011; Messina et al., 2015),407 of which clade 1a is widely distributed in northern Europe and North
America, whilst clade 1b is the commonest world-wide;408 these and certain other clades spread widely
over the past century, presumably as a result of the introduction of blood transfusions, unsafe medical
procedures and, more recently, intravenous drug abuse (Simmonds, 2004; Quer et al., 2008). Evidence
suggests that both of these clades spread into Africa within the latter half of the last century (Magiorkinis
et al., 2009). That of 1b was first, as a result of the use of contaminated needles arising from the
introduction of mass therapeutic injections; its spread was subsequently contained as a result of
increasing medical awareness of the risks of iatrogenic transmission.409 This was followed by the spread
of 1a at least 16 years later, suggested to be as a result of increasing drug abuse (Magiorkinis et al.,
2009). However, this is superimposed upon evidence that there were pre-existing endemic strains which
circulated on a much more local basis: for example the indigenous clade 4 in Central Africa, with local
strains emanating thereafter to include the Middle East, possibly as a result of population movements
during the Second World War (Iles et al., 2014). With regard to southern China and Southeast
Asia,410,411 Pybus et al. (2009) concluded that, reflecting evidence for the geographical divergence of
different genotypes and the consequent prolonged co-evolutionary history, there was evidence that the
local lineage involved, lineage 6 (Lavanchy, 2011; Messina et al., 2015),412,413 underwent a biphasic
spread – one phase prior to 1900, the second subsequently.414 Whilst the former was associated with
low levels of long-term infection, the latter has been characterised by a scattered pattern of local
endemicity with numerous divergent subtypes, each associated with a particular country, presumably
through iatrogenic spread as a result of blood transfusions or the use of contaminated needles, for
example.
Harrison et al. (2013) found a relatively high seroprevalence for past infections with hepatitis C virus
in Papua New Guinea (2.2%; cf. 0.1% for Fiji and 0.0% for Kiribati); none were positive in the three
highland areas in contrast to the two coastal towns,415 which they attributed to spilling over from
foreigners in the latter.416 However they failed to detect any viral RNA in those individuals who were
seropositive; they proposed that this was because the latter had spontaneously cleared infections with
genotype 1 or 4 because they were homozygous for SNP markers rs12979860 and rs8099917 associated
406

Suggested to be due to genetic bottlenecking as a result of only a few viral variants being involved.
Evidence that recombination may be rare, as a result of infection with one strain preventing the subsequent
establishment of another one (reviewed by González-Candelas et al., 2011), suggests that this might not be a
major confounding factor in such phylogenomic analyses, assuming that such recombinants in the past have
not been more virulent than their donors.
408
As a whole, genotype 1 is responsible for almost half of all cases globally, about a third of which are in East
Asia where it accounts for more than a half of observed cases.
409
This is thus similar (see Section VI.3) to the proposed mechanisms underlying the initial spread of human
immunodeficiency viruses, as well as at least the first documented outbreak of Ebola in 1976.
410
Apart from genotype 1 (see above), there is also evidence for genotype 3 (most especially in Myanmar,
Thailand and Malaysia), which is most abundant on the Indian subcontinent but is also found elsewhere
(Messina et al., 2015).
411
Java would seem to differ from mainland Southeast Asia in that ‘non-immigrants’ not only might be infected
with genotypes 2 (as with records for Vietnam and southern China), 3 (which predominates in India, as well
as records for Somalia) or 6 but alternatively with genotype 1 (Pybus et al., 2007).
412
With a highest prevalence-rate, relative to other genotypes, in Laos and Vietnam (Messina et al., 2015).
413
In addition, genotype 5 extends from India down the eastern seaboard of Myanmar and Thailand to coastal
areas of Island Southeast Asia, and those of China and Japan (Messina et al., 2015).
414
Simmonds (2004) note that genotype 2 is predominantly found in older individuals from Mediterranean
countries and the Far East; the latter are presumably as a result of spill-overs during the colonial era or
thereafter.
415
The high proportion in the town of Madang (9.6%) may reflect that the sample included a number of
participants who were involved in high-risk activities related to health-care and the handling of blood.
416
Previously, Yamaguchi et al. (1993) also found evidence for greater seroprevalence in riverine and coastal
regions, but also found a small proportion of seropositive individuals further inland.
407
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with the promoters of their IL28B genes417 which have previously be associated with providing
protection against these two genotypes.418 The authors noted that the haplotype419 containing these two
markers is prevalent in those South Pacific Island countries where investigated, suggesting that this has
been positively selected for in an ongoing arms race with the hepatitis C virus (see Section VI.1.ii).420
The human hepatitis C virus is able to also infect chimpanzees, but not other primates or other mammals
tested (Thimme et al., 2012). However related viruses have recently been found in a variety of other
mammals, including rodents and bats as the possible ancestral hosts (Pfaender et al., 2014; Pybus and
Thézé, 2016), horses (Pfaender et al., 2017) and monkeys, but not higher primates, with evidence for
co-evolution (Walter et al., 2016). Pybus and Thézé (2016) considered that the origins of the human
virus are “opaque”, with a number of genetically and geographically distinct lineages suggesting
multiple spill-over events from a diversity of host species: current information implicates horses and
dogs, although Meerburg et al. (2009) review evidence that levels of infection are also high in various
rodents, most especially urban Rattus spp. The most closely related was originally found in dogs
(Delwart, 2012); more recent evidence suggests that this was a spill-over from horses, where there is a
high seroprevalence for ‘equine nonprimate hepacivirus’ as a result of mainly acute infections with
evidence for, at most, subclinical hepatitis (Pfaender et al., 2017; cf. Walter et al., 2016). However the
latter is likely to have also been a recent spill-over, based on its low genetic diversity; on the other hand,
an analysis of donkeys and mules in various countries world-wide found that, overall, about a third were
seroprevalent, although equine hepacivirus RNA could be detected in only three of these (Walter et al.,
2016). Walter et al. (2016) proposed that what were to become human hepaciviruses originated in
donkeys in northeastern Africa, to thence spill over recently into Eurasian horses and thereafter into
humans and dogs; however the relatively recent domestication of the horse421 would seem to be at odds
with the evident relatively ancient ancestry of the hepatitis C virus as a human pathogen.
Where known, transmission amongst humans is through contaminated blood;422 however this creates
problems when trying to determine how the virus might have been transmitted in early populations. 423
Sexual transmission may be involved, although this is rare in healthy individuals (Lavanchy, 2011).
One possibility, as also suggested for hepatitis B virus (see Section IV.2.iv), is that the virus may have
been originally transmitted by insect vectors,424 such as is typical of many other members of the
Flaviviridae, prior to the advent of medical interventions and other mechanisms (e.g. tattooing and
related procedures, intravenous drug use) which facilitated its recent spread (Pybus et al., 2007). Thus,
given that equinids and other mammals do not indulge in such practices, tabanid flies may be vectors
IL28B encodes interferon λ3, which has antiviral activity in its own right as well as by activation of the JAKSTAT complex component of the innate immune system (see also Section VI.1.ii).
418
A meta-analysis led Jiménez-Sousa et al. (2013) to conclude that the strength of association was almost three
times less for genotypes 2 and 3.
419
Refering to a stretch of DNA, including its contained alleles and single-nucleotide polymorphisms, which is
typically passed as a unit down through the generations without reassortment through recombination.
https://www.nature.com/scitable/definition/haplotype-haplotypes-142
420
In the absence of any information regarding other protective benefits of these two single-nucleotide
polymorphisms, individually or together.
421
By pastoralists on the Eurasian steppe, not much later than that of the donkey from wild asses in northern
Africa (Rossel et al., 2008; Outram et al., 2009; Vigne, 2011; Zeder, 2012; Larson and Fuller, 2014; Librado
et al., 2017).
422
Thus it is not spread through breast milk, food, water or by casual physical contact, although it may occasionally
be transmitted sexually (http://www.cdc.gov/hepatitis/hcv/hcvfaq.htm); nevertheless, available evidence
suggests its horizontal transmission throughout much of human history (http://www.who.int/mediacentre/
factsheets/fs164/en/).
423
Pybus et al. (2009) note that “[w]e currently have almost no understanding of how stable, endemic transmission
of HCV can be maintained for many centuries … and no idea how the virus spread across Asia from a common
ancestor.”
424
Mosquitoes are possible candidates (but see next footnote), although the virus does not replicate in these:
instead, as with myxomatosis in rabbits (see Introduction), transmission might be by purely mechanical means
without intermediate amplification. Relying on this allows a potential role for various vectors without the need
to be also adapted for the productive infection of a (limited range of) intermediate host species (Pybus et al.,
2007).
417
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for transmission of related viruses as an alternative to the potential for vertical or horizontal sexual
transmission (Pybus and Thézé, 2016).425 Given that the presumed biological vectors in this scenario
are themselves opportunists, this places an extra burden of flexibility on hepaciviruses in situations
where there is no ‘captive’ monospecific host population.
Hepatitis E is caused by a single-stranded, positive-sense RNA virus of the family Hepeviridae.426 Four
genotypes (1-4; there is only one serotype) of the species Orthohepevirus A have been identified in
humans;427 of these, two (3 and 4) have also been found in various other mammals, including pigs
world-wide (Aggarwal, 2010, 2011; Pavio et al., 2010, 2015; Kamar et al., 2012, 2014; Dalton et al.,
2015; Clemente-Casares et al., 2016).428 Infection leads to an acute self-limiting hepatitis similar to that
with hepatitis A,429 although fulminant liver failure may occur in a minority of cases (especially in
immune-compromised individuals); children are often asymptomatic or only moderately jaundiced.430
However viraemia may persist after recovery from any acute symptoms, with the potential for
subsequently inducing cirrhosis or certain neurological diseases (Dalton et al., 2015). Today, cases are
only sporadic in developed countries,431 with human-to-human transmission being rare (Quer et al.,
2008); one possibility, reminiscent of what may have prevailed in early hunter-gather groups, is that
these arise as a result of spill-overs (including as contaminated food in Japan and elsewhere) from boar
and deer (and possibly rabbits), for example (Dalton et al., 2015; Pavio et al., 2015),432 as well as from
farmed pigs.433 However recent serological studies434 indicate that there is evidence for prior infections
which were asymptomatic or with only nonspecific symptoms in various European countries (cf. North
America) and rapidly clear in most cases (Quer et al., 2008; Sayed et al., 2015; Clemente-Casares et
al., 2016; see also Kupferschmidt, 2016).435,436 On the other hand, transmission in developing countries
is mainly by contaminated (flood-)water, often leading to large epidemics of genotypes 1 and 2 which
are associated with poor sanitation and mortalities amongst pregnant women and young children
(Dalton et al., 2015). Purcell and Emerson (2008) and Aggarwal (2010) review the global situation,
including for Southeast Asia where genotypes 1 and 2 of this virus are the most important cause of acute
liver infection; whilst Hartl et al. (2016; see also Lapa et al., 2015; Clemente-Casares et al., 2016)
provide updates on the situation in Europe.

425

Being large, horseflies and their like (e.g. tsetse flies) carry more blood on their mouthparts than mosquitoes
when moving between hosts; the fact that their bites are also irritating or painful means that they are rapidly
driven away to seek blood-meals elsewhere, thereby facilitating the rapid spread of infection via extraneous
contaminated blood (Pybus et al., 2007).
426
It was originally included in the Caliciviridae, based on superficial structural features; its immunological
characteristics were first identified in 1983 after a Russian scientist, Mikhail Balayan, drank a cocktail of
yogurt and an extract of faecal samples from nine Soviet soldiers infected with ‘epidemic non-A, non-B
hepatitis’ in Afghanistan, developed the associated acute symptoms and then analysed his own stool
(Kupferschmidt, 2016). It was labeled ‘E’ for enteric (based on its presumed main route of transmission),
rather than reflecting the order in which it was discovered amongst the various hepatitis-causing viruses.
427
http://www.cdc.gov/hepatitis/hev/hevfaq.htm: the disease is endemic in Thailand and more especially in
Vietnam, but apparently not in Cambodia or Laos (but see Aggarwal, 2011; Bun Sreng et al., 2016).
428
In addition, a fifth has been isolated in birds.
429
There is evidence that genotype 3 may lead to chronic infections: http://www.cdc.gov/hepatitis/hev/hevfaq.htm
430
http://www.who.int/mediacentre/factsheets/fs280/en/; Purcell and Emerson (2008); but see below regarding
the evidence emerging regarding the situation in Europe.
431
Mainly of genotype 3, which is found worldwide; genotype 4 is largely restricted to the Far East.
432
Furthermore, shellfish may serve as bio-accumulators; slurry from pig-farms may also be contaminated.
433
https://www.theguardian.com/lifeandstyle/2017/aug/20/imported-pork-from-leading-supermarkets-maycause-hepatitis.
434
Many studies have been based on relatively insensitive first-generation assay kits, which generated variable
results and probably underestimated the detection of seropositivity in humans and other animals (Sayed et al.,
2015; Clemente-Casares et al., 2016; Hartl et al., 2016).
435
Presumably these were from handling or eating undercooked infected pork or from blood transfusions, although
spill-overs from rats (see Section VII.3) or other animals represent another possibility.
436
Sayed et al. (2015) described hepatitis E infections as an emerging problem, illustrating the issues in delineating
what ‘emerging’ means, and to whom (Woolhouse and Dye, 2001).
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Thus, it would seem likely that hepatitis E could have been mainly a transitory infection of certain
individuals in early hunter-gather societies, as a result of exposure to the progenitors of genotypes 3
and 4.437 The establishment of settlements, with or without the domestication of pigs (as one natural,
asymptomatic reservoir of transient viraemic infection),438 led to increased human-to-human
transmission through insanitary conditions and the evolution of genotypes 1 and 2 as acute infectious
diseases which are more virulent in humans. As a result, these two genotypes are generally reported to
be no longer able to infect pigs (recalling the evolution of measles from rinderpest infecting cattle: see
Section VI.2.ii). Purdy and Khudyakov (2010) have noted that the time-line for their analysis of
available sequences is at variance with this conclusion of a much more distant ancestry, again reflecting
the limitations of the molecular clock approach (see Section IV.4).
iii. Respiratory Infections The influenzas (family Orthomyxoviridae), and most especially influenza A,
will be considered further below, in Section VI.2.iii and relevant parts of Section VIII.
Amongst the Picornaviridae, some other members (the so-called rhinoviruses) of the genus Enterovirus
are responsible for many outbreaks of the common cold in humans.439 Three species (A, B and C) cause
these benign, self-limited infections of the upper respiratory tract, although they are also capable of
infecting deeper portions of the respiratory system in the elderly and other immunocompromised
individuals (Adler, 2013; Jacobs et al., 2013; Royston and Tapparel, 2016). It would appear that
children are the main reservoir, with up to eight to 12 infections per year, compared to two to three
times per year for adults, with peaks in April-May and September-October. It would appear that they
have evolved repeatedly from congenerics which were instead specialised to infect the gut (see
above).440 Adler (2013) concluded that it is impossible to date the origins of rhinoviruses; they would
appear to be endemic to humans, although other great apes develop asymptomatic infections in
experimental studies (Royston and Tapparel, 2016).
Certain coronaviruses are another cause of the common cold, although these would appear to be of
recent origin based on molecular clock studies (the usual caveats apply: see Section IV.4). Of these,
two alphacoronaviruses (human coronaviruses 229E and NL63) have been proposed to originate in bats,
perhaps by way of camels as an intermediary in the case of the former (see Sections VII.2 and 6); whilst
a betacoronavirus (human coronavirus OC43) appears to have originated from cows in the late 19th
century (see Section VII.5). The uncertainties of molecular clock analyses aside, it would seem likely
that spill-overs from (and spill-backs to?) cattle, at least, date back to much earlier as what may be
effectively a perpetually emerging disease.
Within the family Pneumoviridae,441 the human respiratory syncytial virus of the genus Pneumovirus442
is the most common cause of acute lower respiratory tract infections in infancy and childhood in the
United States.443 The fact that it is found worldwide and that protective immunity wanes over time, so
437

Today, genotype 3 is found mainly in Europe, together with the United States and New Zealand; whilst
genotype 4 is found in China and Japan (Kamar et al., 2012)..
438
A study in Papua New Guinea found a higher seroprevalence in highland communities inland, suggested to be
related to a more intimate relationship with pigs; there was a relatively high proportion of seropositive children
less than five years old, with no evidence for transmission from their parents (Halliday et al., 2014). The overall
seroprevalence (15.2%) was higher than Kiribati (8.8%; again a relatively proportion of young chidren were
positive) and Fiji (2.2%). Evidence for the presence of genotype 3f in pigs on New Caledonia (Kaba et al.,
2011) is consistent with ongoing zoonotic spill-overs: there was no clear evidence that this was as a result of
importation of pigs from Australia, and pigs were amongst the livestock transported by humans in their early
colonisation of Oceania (Guerrier et al., 2013).
439
The symptoms are mainly as a result of the responses of the immune system to infection (Adler, 2013).
440
Lau et al. (2012) have also detected human rhinovirus C in faecal samples of four out of 734 children with
gastroenteritis; whilst three of these lacked respiratory symptoms, the fact that their samples included other
potential diarrhoeal pathogens precluded identifying this rhinovirus as a causative agent.
441
Previously identified as a paramyxinovirid subfamily, but recently elevated to family status due to also sharing
characters with the Filoviridae (Afonso et al., 2016).
442
http://www.microbiologybook.org/virol/para-rsv-aden-ver2.htm.
443
Respiratory syncytial virus is a major cause of respiratory infections and pneumonia in Laos, with a peak in
June-September during the rainy season (Nguyen et al., 2017).
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that people can undergo multiple infections (thereafter typically with mild symptoms similar to those
of the common cold), might suggest that it could persist in early human networks of communities by
going the rounds as a result of travel between these, as envisaged by Black (1975). The virus was first
isolated from chimpanzees, when it was originally identified as Chimpanzee Coryza Agent; subsequent
studies have indicated that this was likely to be the result of a reverse spill-over from humans. Similar
sequences to human Pneumovirus have been found in ruminants (bovines and ovines), with a more
distantly related one in rodents (Kitchen et al., 2011; Wang et al., 2011), again suggesting a possibly
ancient dynamic exchange process. On the other hand, there is evidence that members of the other genus
in this family, Metapneumovirus, may have recently spilled over from poultry (see Section VII.1).444
Of lesser importance with regard to acute lower respiratory illness, at least in developed countries, are
the human parainfluenza viruses (HPIVs) of the family Paramyxoviridae,445 which can also induce
asymptomatic infections in other mammals (van Blerkom, 2003; Henrickson, 2003; Schmidt et al.,
2011). HPIV-3 is the most virulent, being associated with bronchiolitis and pneumonia; there is genomic
evidence for a related virus in bovines (Kitchen et al., 2011). HPIV-1, the other member of the genus
Respirovirus (type species: the rodent Sendai virus - see Section VII.3) commonly found in humans, is
the most common cause of croup. The other two belong to the genus Rubulavirus (type species: the
human mumps virus):446 whilst HPIV-2 also causes croup and other upper and lower respiratory tract
illnesses, HPIV-4 is generally associated with mild or asymptomatic infections. The viruses are highly
contagious, being dispersed through droplets and aerosols; once shed, parainfluenza viruses can remain
viable for up to 10 hours. Infection leads to short-lived immunity and henceforth the possibility of reinfection, especially within a large enough network of communities (van Blerkom, 2003; Henrickson,
2003; Schmidt et al., 2011). Jenkins et al. (1988) concluded that HPIVs 2 and 3 were introduced only
recently to an isolated linguistic group, the Hagahai, in the highlands of Papua New Guinea.
2. Middle-Phase (‘Crowd’) Diseases
These are so-called because of the need for a large, relatively densely-packed population in order for a
sustainable endemic infection to be established. The following will consider four such viral diseases,
for which most information is available.
i. Pox Viruses These belong to the double-stranded DNA family Poxviridae, with replicating occuring
in cytoplasmic ‘viral factories’ rather than the nucleus of infected cells (Skinner et al., 2012; Schmid et
al., 2014); most species are endemic to rodents (see Section VII.3).
One member of this family which is endemic to humans today is the molluscum contagiosum virus
(genus Molluscipoxvirus), which infects epidermal cells to produce cytoplasmic inclusions (molluscum
bodies) in them, leading to the development of local skin lesions; the latter can become disfiguring as a
result of secondary bacterial infections.447 Transmission between humans is by physical contact,
including through fomites; infections are short-lived, disappearing after a few months as the infected
cell lineages are sloughed off naturally. The fact that infections are largely outside the reach of the
immune system means that host defensive responses are generally short-lived, although there can be
problems in immune-deficient individuals;448 there is thus the possibility of re-infection and presumably
the potential to circulate in relatively small populations as a consequence (so that it may not be a crowd
disease, strictly speaking). Skinner et al. (2012) state that similar unnamed viruses have also been
identified in horses, donkeys, and chimpanzees; phylogenomic analyses indicate that the human virus
is most closely related to poxviruses from identified a more closely-related sequence in an African fruit-

444

Thus, whilst this virus has also been identified as the cause of a respiratory disease outbreak in mountain
gorillas (Gorilla b. beringei), this is believed to be as a result of spill-overs from humans, most probably
originating in ecotourists (Palacios et al., 2011).
445
http://www.microbiologybook.org/virol/para-rsv-aden-ver2.htm.
446
Mumps itself is a ‘crowd disease’ with a narrow host-range and lifelong immunity after infection; apparent
documentary evidence dates back to the fifth century BCE (Pomeroy et al., 2008).
447
https://www.cdc.gov/poxvirus/molluscum-contagiosum/transmission.html.
448
The virus has various genes whose products are associated with antagonising host immune responses
(Senkevich et al., 1997).
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bat (Eidolon helvum), certain birds and crocodiles (Hughes et al., 2010; Baker et al., 2013); and less so
to those causing orf and bovine stomatitis in ruminants (see Section VII.5.ii).
Until recently, a much more serious endemic source of infection was with the smallpox virus,449 Variola
virus. Although it is associated with pustules of the skin, transmission is generally assumed to have
been by way of respiratory droplets;450 on the other hand, aerosol transmissions with their lower viral
loads451 may have helped other members of the population to develop a pre-emptive immunity whereby
exposure to the disease had, at most, a much milder effect (Milton, 2012).452 Incidence ratios within a
population were variable, but case-fatality ratios were generally high for those succumbing to the
various types of variola major (e.g. Vogel and Chakravartti, 1966; Fenner et al., 1988), caused by the
most virulent form (see below). It is generally accepted that smallpox was not a sustainable infection
of small communities: once infected, as with measles (see Section VI.2.ii), members of the population
either died or became immune, leading to the fading out of the disease (Fenner et al., 1988). Thus
epidemiological studies indicate that smallpox had an R0 of 5-7 (Fine, 1993), so that it rapidly spread
when introduced into immunologically naïve island communities (including Iceland) to thereafter die
out (Fenner et al., 1988).
Early observations of evidence for what is now known to be immune protection led to the development
of so-called variolation in China and India, whereby ground-up scabs from patients with a relatively
benign infection were administered to those not yet exposed as a basis for seeking to protect the latter
against future possible infection (Barquet and Domingo, 1997). However the realisation that milkmaids
were spared the threat of smallpox infection as a result of them being exposed to the exudates of pustules
on the udders of cows infected with so-called ‘cowpox’ (normally a disease of rodents: see Section
VII.5.ii) led to the development of the first vaccine453 against smallpox by Jenner towards the end of
the eighteenth century. The culmination of this rigorous scientific initiative was that, using vaccines
based on Jenner’s original approach, smallpox was eliminated as a scourge of the poor throughout the
world in 1979 (Fenner et al., 1988; Cunha, 2004).
The history of smallpox has been the subject of considerable debate, not least because it is difficult to
determine whether historical accounts refer to this, to measles (see Section VI.2.ii),454 chicken pox
(Carmichael and Silverstein, 1987) or to some other infection with similar overall symptoms of an
exanthemous rash. There is a notable lack of reference to this affliction in classic texts such as the Bible
and Talmud (Cunha, 2004; Babkin and Babkina, 2015), and even in Shakespeare (Carmichael and
Silverstein, 1987). Thus the first account which discriminates clinically between smallpox and measles
as diseases was by a Persian physician in 900 CE, but such a distinction was not made by European
physicians until much later (Carmichael and Silverstein, 1987; Cunha, 2004). The archaeological record
is also of limited use: smallpox results in only transient osteological changes in those who survive the
disease (Cunha, 2004). The fact that a few mummies from Ancient Egypt (1570 to 1085 BCE) had
evidence for the disease’s typical scars on their faces has been invoked as evidence for the disease being
prevalent in the Nile valley and thus the locale for the original inception of smallpox as an endemic
disease (Fenner et al., 1988; Barquet and Domingo, 1997); however others have been sceptical about
whether the scars were indeed caused by smallpox rather than another exanthemal disease, in the
absence of any description of an epidemic during that time (Cunha, 2004; Babkin and Babkina, 2015).
Coming from another direction, recent genomic analyses appear to have shed light on the geographical
origins of this disease. Based on the heterogeneity of viral genomes, Shchelkunov (2009) proposed that
India, and more specifically the Indus valley, was the fount from which this disease emerged, possibly
It received its common moniker in English after the emergence of syphilis, which was called the ‘great pox’.
Normally, scabs are relatively non-infective due to the virions being imprisoned in a fibrin matrix.
451
And contact with scabs?
452
In a review directed towards security issues related to the potential use of smallpox as a bio-weapon.
453
Apparently anticipated by the fact that the Chinese, 100 years earlier, had developed pills based on fleas from
(presumably pox-infected) cows as the first known example of an attempt at oral vaccination (Plotkin and
Plotkin [1994], cited by Barquet and Domingo, 1997).
454
In general, the pustules of smallpox develop on the face, to spread centrifugally as a synchronous wave; those
of measles develop at the periphery, to migrate centripetally in a heterogeneous manner (Carmichael and
Silverstein, 1987).
449
450
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associated with the subsequent decline of the cities there; textual descriptions might support this
(Carmichael and Silverstein, 1987; Cunha, 2004; Babkin and Babkina, 2015). More recently, taking
into account more extensive phylogenomic analyses, Babkin and Babkina (2015) have argued that the
Horn of Africa instead was this source, based on evidence that human smallpox shared a common
ancestor with the camelpox virus (see Section VII.6) and Taterovirus from the African naked sole gerbil
(Gerbilliscus [= Tatera] kempi).455 Thus they proposed that the introduction of domesticated camels and
their contact with humans in urban centres in the region 3,500-4,500 years ago, in conjunction with
other events (speculatively tied in with climate changes as a result of the large eruption of a local
volcano, Mount Santorini), led to an overlapping with the range of G. kempi, with consequent spillovers and the emergence of a ‘triune’ of species-specific viral pathogens as a result. Whilst each is
apparently highly host-specific, they (together with ‘monkeypox’ and variola virus) share a common
ancestor with the ‘cowpox’/vaccinia virus complex (see Section VII.5.ii), associated with the
progressive diminution of the size of the genome in these three host-specific viruses. To add a further
layer of complexity to the picture, such analyses also identified two distinct primary clades of smallpox
virus – P-I and P-II – which appear to have originated in Asia and either Africa or the New World,
respectively (Li et al., 2007; Hughes et al., 2010; Babkin and Babkina, 2015): this will be returned to
below.
Wherever its precise origin (assuming it to be in northeastern Africa), the virus has been generally
considered (Fenner et al., 1988; Barquet and Domingo, 1997) to have spread up into Europe through
trade with Ancient Greece (with evidence for an epidemic in Athens in 430 BCE: but see Martin and
Martin-Granel, 2006) and Rome (the plague of Antonine in 180 CE). After this, there was apparently a
hiatus until the disease progressively spread further with the Islamic expansion throughout the
Mediterranean region, together with the movements of traders and the return of the likes of Christian
pilgrims and the Crusaders to more northerly areas. In the meantime, there was a spreading eastward to
become endemic in India and beyond, reaching Japan via the Korean peninsula in 585 CE. Thereafter,
the next major ‘advance’ was when the disease accompanied European colonialists in their conquest of
the New World, with the first recorded epidemic on the island of Hispaniola456 in 1507 (Fenner et al.,
1988; Barquet and Domingo, 1997). However, as noted above, this picture is confounded by the lack
of adequate documentary evidence regarding the early history of this disease; measles (Cunha, 2004)
and other exanthemous infections can also have high mortalities. Moreover, the epidemic in Athens, at
least, was probably typhoid rather than smallpox (Cunha, 2004; Papagrigorakis et al., 2006; cf. Martin
and Martin-Granel, 2006).
To further muddy the picture, there is evidence that different strains of smallpox may vary in their
virulence (Carmichael and Silverstein, 1987), as has also been observed with measles (Cunha, 2004;
see Section VI.2.ii). Thus the nature of ‘smallpox’ across the ages has been a matter of debate. It became
a major public health issue in Europe from the mid-seventeenth century onwards, with high mortality
rates (about 30%) and often serious scarring (including blindness as a result) in those who recovered
(Cunha, 2004): this provided the impetus for Jenner’s work and the subsequent development of a
worldwide vaccination programme. However evidence for western Europe (for which the most detailed
information is available) suggests that, prior to this, infections were generally transient and relatively
benign,457 being mainly in immunologically naïve infants and rural migrants to cities; similarly, this
would appear to have been the case in ancient Persia, where the smallpox was first distinguished as
such in the tenth century, but as a relatively benign childhood disease (Carmichael and Silverstein,
1987). Comprehensive records of the causes of death in London indicate that there was an apparent
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http://www.iucnredlist.org/details/21515/0; the common gerbil (Meriones unguncuilatus) is not sensitive to
this virus (Babkin and Babkina, 2015).
456
Present-day Haiti and the Dominican Republic.
457
At a time when indigenes of the New World were suffering an anything but benign contagion (see Section
VIII.1).
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turning-point in the 1630s with evidence for the emergence of a more virulent strain458 which
subsequently was reported elsewhere in Europe (Carmichael and Silverstein, 1987).459
Given the uncertainties regarding the actual existence of smallpox in Europe between the tenth and
sixteenth centuries, Carmichael and Silverstein (1987) could not distinguish between the possibilities
of the sporadic emergence of local circulation of more virulent strains which rapidly died out along with
their erstwhile hosts and that of localised influxes from outside. Genomic analyses have potentially
given insights into this. As noted above, two primary clades of smallpox virus have been identified: PI and P-II. The first of these, P-I, would appear to have originated in Asia (Li et al., 2007), where it was
already virulent with implications for the local dynastic dynamics (Chang, 2002). Thus Babkin and
Babkina (2015) note that the first apparently reliable descriptions of smallpox there are from the 4th
century of the Common Era, although evidence suggests that the disease may have been introduced 600
years prior to this. Hence, if the more virulent form of the virus in Europe did not emerge locally, then
it may have spread westward from East Asia (Li et al., 2007).
On the other hand, P-II would have appeared to have originated in Africa or the New World; if the
former, then it would have spread to South America in as a result of the slave trade. In either case, this
was presumably as a result of the introduction of one or more lineages by European colonialists, with
subsequent mutations: Duggan et al. (2016) concluded that their analyses, based on sequences from a
mummified child from seventeenth century Lithuania, indicated that the present-day P-I and P-II clades
occurred between 1734 and 1793.460 Subsequently, there was evidence for an increase in genetic
diversity within each of these clades between the latter half of the nineteenth century and the first portion
of the twentieth: Duggan et al. (2016) correlated this with inception of global smallpox vaccination
programmes, and suggested that the consequent bottlenecks led to the extinction of previous lineages.
However the lack of historical medical documentation for Africa or the Americas confounds any
attempt to anchor genomic analyses of P-II to any reference points, especially given the fact that local
population densities likely fell much below the necessary critical community sizes (Li et al., 2007;
Hughes et al., 2010; Babkin and Babkina, 2015). Mortalities were apparently about 10% (Babkin and
Babkina, 2015), although the picture is confused by the subsequent emergence of a new antigenically
identical strain, so-called vareola minor or alastrim minor. The latter was associated with much lower
mortality rates (ca. 1%),461 reminiscent of the presumed variant of smallpox circulating in Europe prior
to the seventeenth century (see above); the fact that those infected remained ambulant meant that this
variant spread to elsewhere in the Americas and thence to Europe and southern Africa (Li et al., 2007;
Babkin and Babkina, 2015). Genomic analyses suggest that the viruses associated with variola minor
circulating in West Africa and alastrim in the Americas may belong to different lineages (Hughes et al.,
2010);
In conclusion, the situation regarding poxviruses is instructive in that, given that rodents are presumably
their natural reservoir (see Section VII.3.iii), there is the potential to spill over and thereafter evolve to
become endemic to other host species, including humans. Whilst infection with the molluscum
contagiosum virus might be compatible with circulation within relatively small interconnected
populations as a result of viral evasion of the host immune system, this is not the case for smallpox. The
latter must have initially proliferated as a result of being relatively species non-specific (as exemplified
by ‘cowpox’ virus: Babkin and Babkina, 2015); thereafter, situation-based opportunism led to the
divergent evolution of strains, each specific for a particular host species. What these factors were –
apart from the obvious constraint of exceeding a critical community size (see Introduction) – remains
to be identified regarding this apparently unusual coincident, species-specific trifurcation.
458

With about a three-year cyclicity.
It is tempting to speculate that such a transition reflected the development of densely-populated cities, and the
lesser need for long-term survival of the present host given increased transmission opportunities, as has been
suggested for the recent emergence of highly pathogenic avian influenzas in intensive systems (Greger, 2007;
see Section VIII.3).
460
The usual caveats apply (see Section IV.4.ii).
461
Presumably because of the loss of an active gene for a protein which binds complement of the host’s innate
immune system (Babkin and Babkina, 2015), although others (Shchelkunov et al., 2000; Hoen et al., 2013)
have concluded that the decrease in virulence could not be associated with any particular mutation(s).
459
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ii. Measles The measles (rubeola) virus is a member of the paramyxovirid genus Morbillivirus and a
common cause of a childhood infection where an exanthemous rash develops and spreads over the body
(Grifﬁn et al., 2012; Moss and Griffin, 2012). It is highly contagious (R0 ≈ 15) through cough- and
sneeze-associated aerosols, including in the feverish prodromal phase (when many different host celltypes are infected) prior to the appearance of the rash and the onset of activation of the acquired immune
system and clearance of the virus. Once infected, an individual has life-long immunity;462 however viral
RNA (but not virions) may be detected in the blood or urine for up to several months after the rash has
gone. It was a major cause of mortalities prior to the introduction of vaccines, mainly as a result of
secondary infections due to viral suppression of the immune system; moreover the virus may spread to
and then trans-synaptically within the nervous system in a minority of mainly infants (due to their poorly
developed immune systems), leading to a fatal subacute sclerosing panencephalitis.
Genomic analyses indicate that it is most closely related to the rinderpest virus in bovines;463 and that it
likely arose when the latter spilled over into humans after the domestication of cattle and then evolved
to become an endemic. Based on studies of island populations, it was concluded that measles could not
have been established as an endemic (without any outside reservoir) in small social groups prior to the
Neolithic transition and the domestication of cattle;464 instead societies would need to exceed 250,000,
as was first achieved about 5,000 years ago in the Middle East, for infections to be sustainable with the
potential for the evolution of a new endemic species of virus (Black, 1966). The observed critical
community size can be replicated in modelling studies where Gaussian rather than exponential
distributions for the incubation and infectious periods are used (Keeling and Grenfell, 1997).
Furthermore, such studies indicate that the frequency of epidemic eruptions depends on birthrates: the
greater the latter, the more rapid the appearance of immunologically naïve children and thus the shorter
the periodicity of outbreaks due to the potential host population again exceeding the necessary critical
community size (Conlan and Grenfell, 2007).
However the first documented evidence for a disease resembling measles is only in the ninth century,
whilst epidemics were first recorded in the 11th or 12th centuries (Furuse et al., 2010; Wertheim and
Pond, 2011). On the other hand, Dobson and Casper (1996) suggested that an early outbreak of what
may have been measles was documented in Athens in 430-429 BCE; however they argued that this
would not have been sustainable, because the population of Athens was only about 155,000 (25% of
whom died).465 They further proposed that it was only in the late 17th century (cf. smallpox: see
preceding section) that cities were of sufficient size for infections to become sustainable therein,
although the disease could be maintained (at least in the short term) prior to this by travellers moving
amongst a number of smaller communities, as envisaged by Black (1975) for his third category.
Consistent with this, modelling studies led Conlan and Grenfell (2007) to conclude that measles (and
thus other such crowd diseases) could become established in the first place if there was a spatial
heterogeneity in the distribution of population densities (scattered urban centres in an overall rural
environment), together with high birthrates, with travellers serving as shuttles to circulate the infection
around the community as a whole: the rapid appearance of immunologically-naïve offspring together
with a slower rate of spread as a result of dispersed population centres reduced the possibility of viral
extinction due to the whole population becoming immune within a short time-frame.
Genomic analyses have also been used in order to try to estimate when the divergence from rinderpest
occurred. Various estimates for the time of the most recent common ancestor, based on available
samples of genomic diversity, include in the 11th or 12th centuries, consistent with documentary
This contrasts with influenza A, related to the latter’s faster antigenic drift-rates (Webster et al., 2011), as well
as its ability to undergo so-called antigenic shifts as a result of reassortment (see Section VI.2.iii).
463
An economically important disease associated with deaths of cattle herds until it was eradicated in 2011: Merck
Veterinary Manual (http://tinyurl.com/gs66h77).
464
Generally held to have occured separately in the Near East and India about 11,000 years ago, with possibly a
third line in Europe: Beja-Pereira et al. (2006).
465
This exemplifies the problem of trying to pin down particular outbreaks to specific pathogens: this eruption
has also been attributed to smallpox (Cunha, 2004) and even Ebola (Davis, 2015), but ‘archaeopathologic’
studies have instead implicated typhoid, a bacterial disease (Papagrigorakis et al., 2006). On the other hand,
Martin and Martin-Granel (2006) considered that there was no single causative agent.
462
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evidence of that time (Furuse et al., 2010); and only 250 years ago (Kimura et al., 2015). Such a
difference affirms the uncertainties in the use and interpretation of molecular clock techniques (see
Section IV.4; see also Pomeroy et al., 2008), even given the inherent uncertainties.466 Wertheim and
Pond (2011) have noted that purifying selection – whereby there are strong evolutionary constraints on
the possible viable mutations – means that there are likely to be often large underestimates in the age
of measles virus, as with various other RNA viruses (see Section IV.4).
Reminiscent of smallpox (see Section VI.2.i), there is evidence that measles may undergo long-term
changes in its virulence (Cunha, 2004). Thus, after becoming prevalent in the sixteenth century in
Europe, a more virulent strain emerged there in the latter half of the seventeenth century (somewhat
later than for smallpox),467 likewise leading to outbreaks at about three-yearly intervals; thereafter,
equally inexplicably, there was a decrease in frequency and virulence from the eighteenth century
onwards in Europe. On the other hand, the introduction of measles into the South Pacific by colonialists
in the latter half of the nineteenth century led to epidemics which killed off 90% of the local populace
(Cunha, 2004).
Serological tests of a sample of present-day inhabitants of the city of Belem at the mouth of the Amazon
River indicated evidence for prior infections with measles in almost three-quarters of those tested, with
evidence for plateauing earlier in females (de Freitas et al., 1990). Such tests with members of three
inland tribes indicate that there was also an overall high seroprevalence, as evidence of an inter-human
spill-over. Whilst the northern tribe (the Tiriyo = the Trio of French Guyana) had a high level by the
age of 30 years (10-15 years later than in Belem), samples from the two southern tribes were earlier,
with evidence for an age-related decrease in seroprevalence in females but not males; this was suggested
to be related to periodic inputs from local men who had more contact with urban environments. 468
iii. Influenza A This is an example of what Hart et al. (1999) have termed a ‘parazoonotic pathogen’:
one which causes an “[i]nfectious disease epidemic or endemic in humans … that change[s] in virulence
periodically after an input of genes from non-human pathogens.”469 Like other members of the order
Orthomyxiformes,470 it causes acute, short-lived infections (the more so if the infected individual
succumbs as a result). Most of the different types of influenza A appear to originate in birds (Figure 5;
see Section VII.1.i); whilst two other distantly related ones have been identified recently in bats (Figure
5), these are generally considered not to represent a threat to terrestrial mammals (see Section VII.2).
The infective virion comprises eight separate genomic segments of negative-strand RNA, each with its
own RdRp, enclosed within a membrane (reviewed by e.g. Webster et al., 1992; Baigent and McCauley,
2003; Vincent et al., 2008; Wahlgren, 2011). Two of these segments code for a pair of major surface
membrane glycoproteins – one for a haemagglutinin and the other for a neuraminidase471 – which are
important for the infectivity of a virion. The haemagglutinins of avian-derived types of influenza A are
responsible for interacting with a sialic acid (N-acetylneuramic acid) joined to the terminal galactose of
glycoprotein oligosaccharides anchored to the membrane components of potential host cells, as a
prelude to entry and infection (reviewed by Greger, 2007; Imai and Kawaoka, 2012);472 as will be
466

The lower 95% confidence limits in the paper by Furuse et al. (2010) were AD 437 and AD 678 for the two
genes which they analysed.
467
Cunha (2004) states the eighteenth century, but then gives the dates of virulent epidemics in 1670, 1674, and
1705.
468
Additional potential sources are what Black et al. (1974) call neo-Brazilian pacifiers (see Section IV.1).
469
Rotavirus A is at least one other possible candidate (see Section VI.1.i).
470
Three other types of influenza have been identified, which apparently arose from influenza A: influenzas B
and C infect not only humans but also pigs (see Section VII.4.i), with influenza C also having been reported
in dogs and pinnipeds (see Sections VII.8.i and 10.i); the third, influenza D (most closely related to influenza
C), has been recently identified in cattle and pigs, with no evidence for infection of humans (Hause et al.,
2014; Collin et al., 2015).
471
Note that preferred name nowadays for this enzyme would be sialidase, but the nomenclature has stuck (Varki
and Gagneux, 2012).
472
The resulting negatively-charged glycocalyx covering the surface of the individual cells of most organisms is
important in mediating interactions between these, as well as representing a potential initial barrier to prevent
various viruses and other parasites from infecting the underlying cell; however influenza and various other
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considered further below (see Sections VII.1.i and 4.i, in particular), the nature of the linkage of the
sialic acid473 to these glycans varies between different species of potential host and thus is one factor
which determines the host-range of a particular viral strain. On the other hand, neuraminidase (i.e.
sialidase) activity has been implicated in the initial gaining of access to acceptor molecules through the
breaking down of overlying mucus (whose sialic acid decorations represent potential ‘decoys’), as well
as the prevention of clumping or otherwise of virions after their release from the original host cell
(Vincent et al., 2008; Garcia-Sastre, 2012; Varki and Gagneux, 2012; Casasnovas, 2013). The balance
between these opposing functions – an affinity for sialic acid as an acceptor molecule and as a target
for enzymatic degradation – is an important factor in the natural selection of different viral strains
(Garcia-Sastre, 2012; Imai et al., 2013).

Figure 5 Sixteen forms of haemagglutinin gene (H1-H16) have been identified as circulating in
wild birds (mainly waterfowl); other strains of smaller numbers of these are maintained in poultry
and various mammals (the horses’ strain of H7N7 is now thought to be extinct) other than bats,
where two novel forms have been identified. Arrows other than incomplete circles indicate evidence
for mainly dead-end spill-overs (from Short et al., 2015, under Creative Commons).
In addition, the exposed portions of these two glycoproteins, and more especially those of
haemagglutinin, are also the main antigens which are responsible for initiating a host’s acquired
immune response in order to try to stave off or thereafter combat infection. Like other RNA viruses,
influenza A is prone to mutations, leading to genetic drift; thus changes in the sequences of those

473

intracellular pathogens have instead evolved means to take advantage of this erstwhile barrier to rather
facilitate infective entry (Varki, 2001, 2010; see also Section VI.4).
Note that ‘sialic acid’ is a generic term covering a variety of derivatives of the monosaccharide neuraminic
acid (Varki, 2010).

95

The University of Cambodia Monographs Series
portions of the haemagglutinin and neuraminidase genes coding for the antigenic epitopes mean that
the same individual can be repeatedly infected by the same lineage of a particular viral strain,
successively acquiring immunity to each in turn.
Infection in humans is generally of the upper respiratory tract, with aerosols and other respiratory
secretions mediating onward transmission. The host’s immune response means that it is transitory:
mortalities mainly result from pneumonia due to secondary bacterial infections in the very young and
the very old (Taubenberger and Morens, 2006; Morens and Taubenberger, 2010; Joseph et al., 2013).
Presumably influenza A was present in early hunter-gatherers as occasional dead-end or sputtering spillovers which infected a particular group, and possibly neighbouring groups when contact was made
during the short period of infectivity, before dying out. Subsequent demographic changes have meant
that it has since become established as a crowd disease.
The WHO (2014a) classifies present-day influenza infections in humans as being either seasonal,
pandemic or zoonotic; the last category is also known as variant, a term which will instead be used here
to avoid confusion (since pandemic strains at least have ultimately also been zoonotic in origin).

Figure 6 A chronology of recent human influenza A pandemics, with a genomic interpretation
of their origins. That in 1918-20 originated in birds several years previously, and may have
involved other mammals as a ‘bridge’ to humans; it gave rise to a separate lineage in pigs (the
dashed line) as so-called classic swine flu (see Section VII.4.i). Subsequently, other lineages have
evolved (dotted lines; see Figure 8) as a result of double reassortment leading to the incorporation
of certain genes originating in other avian lineages. In addition, pandemic swine flu emerged in
2009 as the culmination of an initial triple followed by a double reassortment (details in Figure
8). ‘X’ indicates when a lineage went extinct; whilst ‘R’ indicates when a strain of the original
H1N1 reappeared, apparently as a result of the ‘escape’ of a laboratory strain (based on data
summarised by Morens and Taubenberger, 2011; Sorrell et al., 2011).
a. Seasonal flus At present, members of the H1N1 and H3N2 lineages circulate annually, typically
during winter at higher latitudes474 with 5-10% of adults and 20-30% of children being affected.475 They
have a median R0 value of 1.28 (interquartile range 1.19-1.37), implying a moderate degree of contagion
(Biggerstaff et al., 2014). As a result, there is an annual average range of three to five million cases of
severe illness and 250,000 to 500,000 deaths worldwide.476 Particular strains of influenza A viruses may
continue to circulate as annually recurrent epidemics, as a result of genetic drift circumventing the
acquired immunity from previous infections by the same lineage (Bedford et al., 2011; Schrauwen and

474

A characteristic of almost all respiratory diseases caused by viruses, generally assumed to be related to cooler
temperatures (including in the nasal epithelium) promoting the stability of shed viruses, together with indoor
crowding, higher humidity and poor ventilation.
475
http://www.who.int/biologicals/vaccines/influenza/en/
476
For the United States alone, this means more than 200,000 hospitalisations and about 36,000 deaths each year
despite annual vaccinations, with 111 million lost workdays resulting in US$ 7 billion in direct costs as a result
of sick leave and lost productivity and an overall cost of more than US$ 10 billion to the national economy for
each seasonal outbreak (reviewed by Begley, 2013).
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Fouchier, 2014).477 It is only recently that molecular biological techniques have been able to elucidate
the underlying dynamics.
Figure 6 includes a chronology of the major circulating seasonal strains of influenza A, and their origin
from particular pandemics (see following Section). H1N1 predominated in the fist half of the last
century, to be briefly replaced by H2N2 and then H3N2; the latter has persisted up until the presentday,478 together with an apparent spill-over of laboratory stocks of H1N1 fromm 1977 (Figure 6).
Variants of either the H1N1 or the H3N2 type tend to dominate in any one year (Rambaut et al.,
2008),479 although there is a wide range in variation between years. If annual outbreaks were freerunning, then there would be expected to be a progressive drift in season over successive years, implying
the existence of a drivers which ‘force’ a basically seasonal pattern; there is evidence of a global role
for absolute humidity with temperature acting as a modulating influence (Deyle et al., 2016; see also
Bjørnstad and Viboud, 2016).480 Rambaut et al. (2008) proposed that the observed seasonal pattern at
higher latitudes was the result of these regions acting as a sink for ‘seeding’ by viruses which were
continually circulating in the tropics and generating new, initially local strains. In a paper published at
about the same time based on a genomic survey of the hemagglutinins of human H3N2 viruses over the
period 2002-2007, Russell et al. (2008) produced evidence that this reservoir was continuously evolving
and circulating as epidemics amongst the different climatic regions in East and Southeast Asia, 481 and
that new variants which developed there served as the source of annual winter epidemics in Australasia,
Europe, North and thence South America. As a result of this annual seeding, those strains resulting from
the previous year’s overflow were replaced, with little evidence for any backflow into the East and
Southeast Asian ‘circulation network’. Thus, it was concluded that surveillance in this region of Asia
may be useful in forecasting variants which would be likely to lead to a subsequent annual epidemic
elsewhere, thereby aiding in the design of potential vaccines in anticipation (Russell et al., 2008). This
is now in progress, with Cambodia, Laos, Malaysia, the Philippines, Singapore and Vietnam being
members, together with Australia, China, Japan, Mongolia, New Zealand and South Korea; the
combined data gathered account for more than a quarter of that amassed globally, with more than half
of that being from China alone (Members of the Western Pacific Region Global Influenza Surveillance
and Response System, 2012), with the resulting FluNet web-based tool (WHO, 2016a).
Subsequent phylogenomic studies of worldwide outbreaks of H3N2 influenza A over longer timeframes, between 1998 and 2009 (Bedford et al., 2010) and over the period 2000 to 2012 (Bedford et
al., 2015), have reached a broadly similar conclusion: sequences from China and Southeast Asia
477

Given the genomic lability of RNA viruses such as the influenzas, Ferguson et al. (2003) have proposed that
the immune response includes a shorter, less strain-specific (‘heterosubtypic’) memory component which
serves to constrain the expected evolutionary divergence within a particular viral subtype.
478
Since its 1968 pandemic, seasonal epidemics of influenza have included H3N2 viruses (Fig. 6). A phylogenetic
analysis of human H3N2 genomes collected between 1999 and 2004 from New York State found that there
were diverse co-circulating strains as a result of multiple reassortment events, with one dating back to at least
2000 being the apparent progenitor of the global epidemic during the 2003-2004 influenza season (Holmes et
al., 2005). Thus three clades were circulating within a common population on 2002, whence emerged a
common H3 segment through selective reassortment: this again emphasises that, within a subtype (as with
H1s: see above), antigenic shift can be as important as antigenic drift (Lowen, 2017).
479
Suggested to be because of herd immunity, where infection against one type protects against that by the other
(Rambaut et al., 2008).
480
Whilst it is often implicitly assumed that drift underlies seasonal inﬂuenzas, there is evidence that serious
outbreaks have been associated with recombinations within particular subtypes of (presumably human) H1N1
associated with seasonal epidemics in 1947 and 1951, and also more recently in 2003 (Nelson et al., 2008).
This reflects that fact that many different strains are circulating at the same time in different areas, so that
about-simultaneous co-infection may result in the emergence of a much more virulent strain on occasion in
immunologically naïve individuals; thus it is erroneous to identify shifts as only important for pandemic
inﬂuenzas (Lowen, 2017).
481
Thus, for example, the peak for annual human influenza A outbreaks during the rainy season (June-November)
in Cambodia is out of phase with that seen in at higher latitudes in the northern hemisphere (Mardi et al., 2009;
Horm et al., 2014). This is in contrast to influenza B, which circulates year-round, typically with a surge at the
end of the influenza A season, although its incidence is attenuated in years when that of influenza A is higher
(Horm et al., 2014). Mutation rates are lower for influenza B than A (Nobusawa and Sato, 2006).
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constitute the phylogenomic ‘trunk’ for the evolution of branch strains of this virus. However Bedford
et al. (2010; cf. 2015) found various strains thereafter circulated elsewhere over several years, sustained
in part through spill-overs between the two hemispheres. Moreover, the United States (Bedford et al.,
2010) and India (Bedford et al., 2015) were identified as secondary fonts for the emergence of new
variant viruses in what is a global metapopulation. Bahl et al. (2011) reached somewhat similar
conclusions, albeit based on an analysis of a diversity of peri-global H3N2 virus samples over a much
shorter time-frame (2003-2006), with the United States identified as an alternative source for potentially
global eruptions as a result of the large commuter and ancillary travel (see also Lemey et al., 2014).482
Modelling studies led Wen et al. (2016) to conclude that, apart from the bottleneck of transmission
during from late spring to autumn at higher latitudes, differences in regional R0 values might be the
underlying cause for mainland China and Southeast Asia being the primary origin of viral diversity
overall; they suggested that this could be related to demographics and rates of interpersonal contact,
with the resultant potential for faster antigenic drift-rates in order to produce sustainable regional
cycling.
On the other hand, the global circulation patterns of` H1N1 influenza A (and also influenza B viruses)
over the period 2000 to 2009,483 and also influenza B viruses between 2000 and 2012, followed a
different pattern (Bedford et al., 2015). In contrast to H3N2 influenza A, these viruses evolved more
slowly (see also Bedford et al., 2014) and were associated with smaller, less frequent epidemics which
tended to mainly infect children, presumably reflecting the greater need for an influx of an
immunologically naïve cohort in order to sustain circulation (as in measles: see Section VI.2.ii).
Variants of these circulated locally for several years with evidence that new ones of H1N1 slowly
emerged from East and Southeast Asia, or from India on occassion.

Figure 7 Numbers of sustained spill-overs from birds of H1-H3 strains of influenza A to
various domesticated mammals (including humans) in the past century; those identified
with a ‘?’ are considered further in the text. Note that transient spill-overs (lasting less than
five years) are not included (based on data summarised by Nelson and Vincent, 2015). The
dotted link between horses and humans indicates that there is indirect historic evidence for
spill-overs between these (see text).
b. Pandemic flus Superimposed (and imposing upon) on the regular seasonal pattern of influenza A
infections have been sporadic pandemic outbreaks which occur when a new strain of an existing
influenza virus emerges to which most people do not have immunity, so that it can rapidly spread
throughout the population (WHO, 2014a). Figure 6 illustrates the zoonotic pandemics of the past one
482

Within-strain equipotent co-infections of H3N2 indicate that the potential for reassortment is dependent on the
inoculum doses in guinea pigs:482 one or other strain predominates at relatively low doses due to an evident
bottle-neck, whereas reassortment was frequent at 10,000-fold higher doses; an intermediate (ten-fold) higher
dose led to only a transient increase in reassortment frequency (Tao et al., 2014). On the other hand, this study
showed that co-infection with the highest dose led to a more rapid decline in the detection of virus in nasal
swabs; the reason for the more rapid clearance was not clear.
483
I. e. prior to the emergence of the ‘swine flu’ pandemic (see Section VII.4.i).
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hundred years. These new strains originated as spill-overs from other animals; poultry (Section VII.1.ii)
and pigs (Section VII.4.i) have often been identified in this regard (Figure 7). Typically, after a
pandemic, the new strain of virus will continue to evolve and circulate in the following years as a
seasonal one; in doing so, it may displace one or more of the already circulating strains of influenza A.

Figure 8 Parazoonotic origins of human influenza A viruses since 1918-20, when an earlier
spill-over from birds led to H1N1 in pigs and humans; dashed lines indicate reassortment
events (based on Morens and Taubenberger, 2011). TR H1N2 – porcine triple reassortant
H1N2. Abbreviations for other genes reassorted: OIP – other internal protein; PB1, PB2 –
RNA-dependent RNA polymerase subunits B1 and B2.
The first thoroughly-documented pandemic was the 1918-1920 ‘Spanish’ influenza,484 caused by an
H1N1 virus. The median R0 value was 1.80 (IQR 1.47 – 2.27), somewhat more infective than seen with
seasonal influenzas (Biggerstaff et al., 2014). It has been proposed that the pandemic originated as a
result of conditions in the trenches of France towards the end of the First World War, as a consequence
of crowded, often insanitary living conditions in close proximity to pigs and poultry, together with the
potential mutagenic actions of poison gases, with demobilisation at the end of the war carrying the virus
elsewhere (Oxford et al., 2005, 2006; see also Greger, 2007). However evidence now suggests that, in
contrast to subsequent pandemics where there has been a single focus of eruption, the ‘Spanish flu’
somehow emerged simultaneously not only in Europe but also in Asia and North America, spreading
in a succession of three waves over a foreshortened period of nine months (Taubenberger and Morens,
2006; Morens and Taubenberger, 2010; Morens et al., 2010a, b).485 As a consequence, about a third of
the world’s population of about 500 million were infected, 486 of whom at least 10% died (about 3.3%
of the world’s population then), with young adults being unusually susceptible;487 as with later
484

So-called because it was first reported in the Spanish press, other governments having censored any news
because of concerns about public morale in time of war: http://ocp.hul.harvard.edu/contagion/influenza.html.
485
Potter (2001) reviewed evidence that the original relatively non-virulent outbreak may have arisen in the United
States, to be brought over to Europe by troops joining the First World War; later, the more virulent strain
emerged.
486
With poor countries being worse affected (Fan et al., 2016).
487
Mortality ratios varied with socioeconomic status, both overall between countries and within countries, as
exemplified by a recent analysis of data for Chicago in the United States where, after adjusting for other
variables, these were inversely proportional to population density and unemployment, as well as to illiteracy
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pandemics, deaths were presumably due to extreme activation of components of the innate immune
system leading to a ‘cytokine storm’ as a result of uncontained positive feedback (see Introduction),
resulting in acute inflammation of the lungs and possible systemic spread with consequent multi-organ
dysfunction in susceptible individuals (Tisoncik et al., 2012; Q. Liu et al., 2015; Mandl et al., 2015).
The end result was that the pandemic has been estimated to have killed four times as many people
worldwide as the ‘Great War’ itself (Oxford et al., 2005, 2006),488 cutting global economic output by
4.8% with a cost of more than US$ 3 trillion (Begley, 2013). Until recently, it was presumed that the
H1N1 virus originated as a spill-over from pigs (reviewed by Ma et al., 2009a, b); however subsequent
recovery of viral sequences from permafrost-frozen human victims indicated that it probably came from
birds some years previously, perhaps through unknown mammalian hosts, pigs or otherwise (Smith et
al., 2009a; Morens et al., 2010b; Morens and Taubenberger, 2011). After this pandemic, two separate
lineages of H1N1 persisted, one in pigs as ‘classic swine flu’ (see Section VII.4.i) and the other as a
seasonal strain in humans until the 1950s (Figure 6).
The conditions which gave rise to the 1918-20 pandemic have generally been argued to be extreme
(Potter, 2001; Oxford et al., 2005, 2006; Morens and Taubenberger, 2010, 2011). Subsequently, there
have been at least three other, much milder ones (Figure 6): the 1957 H2N2 ‘Asian ﬂu’ and the 1968
H3N2 ‘Hong Kong ﬂu’ both appear to have originated from avian spill-overs in East Asia; and the 2009
H1N1 ‘swine flu’ in North America (Potter, 2001; Short et al., 2015). Only the last of these has been
clearly associated with a spill-over from pigs, involving a much larger degree of reassortment than was
evidently the case in previous pandemics (Figure 8; see Section VII.4.i). The reappearance of a
‘Russian’ H1N1 virus causing a pandemic in 1977 was apparently the result of the accidental escape of
laboratory material of a strain from the 1950s (Smith et al., 2009a; Morens and Taubenberger, 2011),
to infect a by then largely immunologically-naïve population. Each of these pandemics has been much
less virulent (in terms of morbidity and mortality) than the one in 1918-20: thus the H2N2 virus caused
only about two million deaths in 1957, whilst H3N2 virus in 1968 was even milder with half this
number, despite occurring in winter (when mortalities are typically higher due a greater susceptibility
to pneumonia: Morens and Taubenberger, 2010, 2011). The swine flu pandemic was the mildest (see
SectionVI.4.i).489,490 Biggerstaff et al. (2014) reported that the evident median R0 values and
interquartile ranges were 1.65 (1.53 – 1.70) for the 1957 pandemic; 1.80 (1.56 – 1.85) for 1968; and
1.46 (1.30 – 1.70) for 2009.
Evidence for pandemics prior to that in 1918-20 is constrained by the fact that basic virologic data were
first obtained in the 1930s, supported by inconclusive ‘archaeoserological’ data extending back only a
few decades prior to then (Morens and Taubenberger, 2011). Moreover, there was no general perception
of what is now recognised as influenza as a distinct seasonally-recurrent disease until the early 1500s;
thus there is only inconclusive evidence for a few early pandemics dating as far back as 927. The first
generally accepted historical evidence for pandemics in Eurasia is for three in the 16th century (1510,
1557 and 1580), which reached Mediterranean areas of Europe by way of southeast trade routes (via
Africa: Potter, 2001) and then spread to more northern areas. Thereafter, there was a lull until the next
pandemic in 1728, although there is documentary evidence for seasonal influenza outbreaks in various
measures (as a proxy for some other socio-economic factor such as the effect of poor nutritional status and the
resultant weakening of the immune system, with increased risk of secondary infection; or limited access to
appropriate medical facilities), but not to home-ownership (Grantz et al., 2016, 2017; see also Chowell and
Viboud, 2016; Shanks and Brundage, 2017). These authors also note the potential importance of childhood
exposure to earlier, different strains meaning an increased susceptibility amongst those in the age-group most
affected (see below).
488
There is evidence that the effects of the first wave of the pandemic on the German side helped bring an end to
the war, thereby curtailing the massive death-rates in the trenches from other causes.
489
Like earlier pandemics, it occurred as a series of waves, in spring, autumn and winter, with a hiatus in summer
during the long school-holidays – such ‘term-time forcing’ amongst immunologically naïve children is a
common epidemiological phenomenon (Bjørnstad and Viboud, 2016).
490
As a result, the WHO was criticised for its over-reaction with a huge ‘pandemic preparedness’ plan in 2009,
to the benefit of certain major pharmaceutical companies; the wish to avoid a repeat of this may go some way
towards explaining the failure to make an adequate timely response at higher levels in Geneva during the
emerging threat of the subsequent West African Ebola eruption (Cheng, 2014; Foulkes, 2014a, b).
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areas during the intervening period (Potter, 2001; Taubenberger and Morens, 2006; Morens and
Taubenberger, 2010, 2011; Morens et al., 2010a, b). This and subsequent pandemics (the last of which,
in 1889, is the best documented) spread westward from Asia into northern Europe through Russia before
extending southwards; Morens and Taubenberger (2011) suggested that the change in route of spread
during this time reflected the establishment of the Hanseatic League491 and the development of St.
Petersburg and other cities on the Baltic coast. These pandemics were much less severe than that of
1918-1920, albeit possibly slightly more so than those following the latter (Fan et al., 2016).
Based in part on traditional agricultural co-culture methods in China and elsewhere, various workers
have suggested that pigs may serve as a ‘mixing vessel’ for reassortment amongst bird and mammalian
strains of influenza A viruses (e.g. Scholtissek and Naylor, 1988; reviewed by Greger, 2007; Ma et al.,
2009a, b; G.J.D. Smith et al., 2009a, b; Garrett, 2013), although this has been open to question (see
Section VII.4.i). On the other hand, documentary evidence suggests that earlier human pandemics (and
also seasonal outbreaks) may have been the result of spill-overs from horses (Morens and Taubenberger,
2011). This is consistent with the fact that the latter were ubiquitous, as a means of personal transport
as well as being beasts of burden. Thus, whereas there is no epidemiological evidence that those viral
strains circulating enzootically in horses today can spill over to infect humans (see Section VII.7.i),
historical evidence (1648-1917) indicates that, globally, there was a correlation between outbreaks of
influenza in horses and in humans: in some cases outbreaks would be first in horses, in other cases
otherwise (Morens and Taubenberger, 2011). This indirect historic evidence is considered further in
Section VII.7.i.
Morens and Taubenberger (2011) concluded that, despite great advances in what is known about
influenza A, much remains to be learned, including the genetic and other factors which underlie any
host-switching, the emergence of pandemics and the associated sources of variation in morbidity and
mortality rates; and what determines whether the erstwhile pandemic strain dies out or remains as a
seasonal flu. The fact that past influenza A pandemics were only few and far between, with limited data
on how the associated genotypes emerged, makes for difficulties in trying to assess the risk of
circulating and the resultant emerging strains at the present time. Lipsitch et al. (2016) identified three
viral characteristics which are likely to be of primary importance in trying to determine the potential
pandemic risk of a particular strain of influenza A: apart from (i) haemagglutinin binding affinity for
infection of a target cell, other necessary phenotypic traits are (ii) thereafter, a relatively low pH
(typically 5.0-5.4) for activation once internalised within endosomes, so that membrane fusion and the
productive cytoplasmic stage of the life-cycle can be initiated; and (iii) having a heterotrimeric
polymerase complex which is adapted for more efficient replication in mammalian cells, possibly
related to the lower temperatures of the latter’s respiratory tract. However, they noted that this is based
on limited experience: certain recent findings have indicated that these constraints may be too tight
and/or other factors may also be of importance. The ultimate test, based on a long-established protocol,
is whether the strain in question is able to be spread in respiratory droplets produced by infected ferrets
as an indicator of its capacity to do likewise in humans (Lipsitch et al., 2016).
Recent insights into the emergence and sustainable transmission of viral strains have been gained from
the fact that infected humans produce neutralising antibodies not only against the globular heads of both
the haemagglutinin and neuraminidase of a particular strain of the virus but also against the stalk which
serves to anchor the haemagglutinin to the viral membrane; whilst the structure of the globular heads
undergoes antigenic drift in order to bypass the herd immunity from previous years’ infections, the
protein sequences in the stalk region are more stable, to the extent that different haemagglutinin
subtypes can be categorised antigenically into different groups, with H1 and H2 belonging to group 1

491

However the timing is wrong: the League was a trading bloc formed by European city-states around the
southern coasts of the Baltic and North Seas in northern Europe in the 13th century, for the trans-shipment of
materials between eastern and western Europe; it lasted for 300 years until the rise of nation states:
https://www.britannica.com/topic/Hanseatic-League. Instead, it might be speculated that they were related to
the development of the fur trade and associated increased human chains of contact with waterfowl on their
summer breeding-grounds (see Section VII.1.i).
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and H3 to group 2 (Palese and Wang, 2011).492 This has important implications for not only the
emergence of new pandemics and their mainly targeting the young, but also for the continuance or
otherwise of existing seasonal derivatives of previous pandemics (Figure 6). For example, according to
this scenario, the H1N1 pandemic starting in 1918493 gave rise to a seasonal strain which circulated as
a result of mutations of the haemagglutinin head being able to circumvent the subsequent annual
development of herd-immunity. When the H2N2 virus (another group 1 strain) emerged in 1957, those
older members of the population who had previously been repeatedly exposed to H1N1 were partially
protected due to the anamnesic immune response to the common stalk epitope; the rapid spread of the
new virus together with the resulting large population-wide immune response, including to the common
stalk epitope, led to the extinction of the circulating seasonal H1N1 strain, to be replaced in subsequent
years by derivatives of H2N2 (Figure 6). Subsequently, a pre-existing strain was able to re-emerge
twenty years later (the ‘Russian’ flu) due to younger people not having been exposed to this subtype,
with the consequent loss of herd immunity. In between times, H3N2 emerged: its pandemic spread was
facilitated by the novel group 2 H3, but the shared N2 led to extinction of the existing seasonal H2N2;
moreover the lack of common antigens meant that it was able to persist as a seasonal flu and co-exist
with the re-emerged ‘Russian’ H1N1 (Figure 6). Most recently, the emergence of ‘swine’ flu was
possible because the globular head of its H1 was antigenically very different from that of the H1
circulating as a seasonal flu; however the large immune response to the shared stalk epitope led to the
pre-existing seasonal flu being extinguished (Palese and Wang, 2011). Developing upon Palese and
Wang’s (2011) hypothesis, a recent study invoked the concept of ‘original antigenic sin’494 or antigenic
‘seniority’, whereby early exposure to a particular subtype of influenza A (depending upon birth year
rather than age per se) leads to a particularly strong neutralising immune response which can be readily
reactivated in later life, and which could also explain apparent age-related patterns of susceptibility to
severe infection as a result of recent spill-overs of variant flus from poultry (Gostic et al., 2016; see
Section VII.1.iii).
c. Variant flus These local irruptions are the result of spill-overs from direct contact with infected
animals or through contaminated environments, being characterised by having little onward person-toperson transmission even though they are of the same subtype as those found in humans (WHO, 2014a).
Nevertheless, such spill-overs have the potential to evolve the ability for sustained circulation in the
human population as a result of mutations and/or reassortment.
Related to this, an Influenza Risk Assessment Tool has been developed, in order to get an idea of which
particular strains circulating in other mammals and birds might pose the greatest potential threat of a
future human pandemic (Trock et al., 2015). Ten key parameters were identified, which fell into three
broad categories: apart from the properties of the virus strain itself, these were ‘ecological’ factors
related to the likelihood of a spill-overs occurring and factors related to the immunology (see further
below) of the human population. With appropriate weighting of the scores for each parameter, the tool
aims to semiquantitatively identify the risk of a threat emerging and, thereafter, the potential public
health impact if the virus was able to transmit between humans sustainably (Trock et al., 2015).
According to this tool, the main threat is posed by two strains of H7N9 in chickens (see Sections VII.1.ii
and iii), with a moderate risk score (less than 7) for emergence and a moderate-high risk score (less than
8) for their potential subsequent impact on public health (Figure 9). This is considered further in Section
VII below, with respect to specific animal groups.
3. Late-Phase (‘Emerging’) Diseases
In a sense, different recent strains of influenza A belong in this category, given that their parazoonotic
status means that they are perpetually threatening to emerge (Greger, 2007); the same may also apply
492

Influenza viruses have been primarily categorised based on the sequential identification of different subtypes
of their surface antigens (H1, … and N1, …); these bear no relation to the underlying immunological groups
which were subsequently identified. Thus group 1 comprises subtypes H1, H2, H5, H6, H8, H9, H11, H12,
H13 and H16; whilst group 2 includes subtypes H3, H4, H7, H10, H14 and H15.
493
Possibly mainly infecting young adults because they had only previously been exposed to H3N8 virus, thought
to have circulated in about the last decade of the nineteenth century,
494
Originally proposed by T. Francis in 1960: see Morens et al. (2010c).
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Figure 9 Results of the evaluation of potential implications of various influenza A subtypes using the
Influenza Risk Assessment Tool:495 average semiquantitative values for various parameters were used
to obtain estimates of the potential risk for emergence (developing human-to-human transmission) and,
where this occurred, the subsequent impact on public health. Two low-pathogenic strains of H7N9 in
chickens represent the most obvious threats according to these estimates: note that the recently emergent
highly-pathogenic chickens strains (see Section VII.1.ii) have not been included, although these would
appear to pose less of a threat to humans based on present evidence (Yong, 2017c).
for e.g. rhinoviruses (see Section VI.1). The following will only focus on two examples of ‘novel’
diseases which have been recently identified: the actual threat which has been posed by the human
immunodeficiency viruses and the potential threat which has emerged regarding Ebola viruses.
However it should be noted that these and other diseases have probably been dripping over at the local
level since time immemorial as Wolfe et al.’s (2007) Stage 2 or 3 (Figure 2); and it is only now that
globalisation and the associated ease of fast international travel mean that they have emerged as posing
such threats (see Sections V.4 and VIII). Thus other somewhat less dramatic examples will be
considered in Section VII: for example, coronaviruses such as those causing severe acute respiratory
syndrome (SARS; see Section VII.8.iii); Middle East respiratory syndrome (MERS; see Section
VII.6.i); and paramyxoviruses such the Nipah and Hendra viruses (see Sections VII.2, 4.ii and 7.ii).
i. Human Immunodeficiency Viruses The human immunodeficiency viruses (HIVs) are examples of
recently recognised retroviruses which have had a major impact on public health globally, through their
chronic effects on the immune system which render infected individuals susceptible to, for example,
tuberculosis (see Sections V.4 and VII.5.i) and a variety of otherwise rare opportunistic infections
(including Karposi’s sarcoma herpesvirus: see Section IV.2.i). The resultant Acquired Immune
Deficiency Syndrome (AIDS) was first recognised as a new disease in 1981;496 its symptoms generally
become manifest after a prolonged latent period. Infection is through percutaneous or mucous
membrane exposure to infected blood or body fluids associated with reproduction (including child-birth
and breast-feeding).
HIVs are members of the genus Lentivirus in the family Retroviridae (subfamily Orthoretrovirinae). As
such, they are enveloped and use single-stranded positive-sense RNA for their genome; upon infection,
a reverse transcriptase (pre-packaged in the virion) is responsible for producing complementary doublestranded DNA, and the resulting provirus is then incorporated into the host cell’s nuclear genome during
cell division (Schang, 2003; Balvay et al., 2007). Subsequent transcription leads to a primary pre495
496

https://www.cdc.gov/flu/pandemic-resources/monitoring/irat-virus-summaries.htm (accessed 27/x/2017).
It thus overlapped with the official declaration that smallpox, a previous endemic scourge (see Section VI.2.i)
had been eradicated.
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mRNA product, some of which is spliced to produce mRNAs for export from the nucleus and translation
whilst the rest is exported unspliced for virion-assembly. The genus Lentivirus is distinguished from
other retroviruses by the fact that they can successfully proliferate in non-dividing cells of their
mammalian hosts (ruminants, equines, felines, or primates) (Sharp and Hahn, 2011; Stoye et al., 2012).
Infections with HIVs (and also human T-lymphotropic virus type 1: see Section VII.9.i) resemble those
with rabies (and also the likes of human tuberculosis) in that there is an extended ‘silent’ phase before
evidence for clinical infection becomes manifest, although there may be a brief initial period of mild
flu-like symptoms (Ewald, 2004). However they differ from ‘traditional’ human infections because this
clinically ‘silent’ phase is also infective for its duration (Figure 1), as a result of HIVs mounting a
biphasic assault mainly centred on CD4+ T cells (Blankson et al., 2002). One prong of this is to
progressively spread throughout, and thereby deplete, the existing reservoir of active such cells, leading
to a reduced capacity for the host to deal with other infections. The other is more subtle, acting to infect
so-called resting memory CD4+ T cells throughout the ongoing infection, albeit at a low frequency:497
this results in a latent infection until re-exposure to the T cell’s target antigen leads to the cell’s
reactivation and thus that of the virions themselves if they are still functional. Thus future exposure to
antigens which the host had already adapted, as well as to new ones for which the individual has
prospective immunity, serve to (re-)activate such T cells and their viral loads: as a result, it is likely that
effective HAART treatments are likely to be life-long (Blankson et al., 2002; Hakre et al., 2012). These
differences may be related to the fact that the viruses are sexually-transmitted in a frequency- rather
than a density-dependent manner (see Introduction): a viable infection depends on much more
intermittent opportunities for onward intromittent transmission.498 Furthermore, as with heirloom
infections (see Section IV), such a pattern can be interpreted as one which limits the debilitating effects
of infection in the short-term (since there is the need for mobility in order to be able to engage in sexual
activity) in order to maximise the chances of onward transmission, given that this is a relatively
inefficient process for HIVs. Thus, there is a premium on mechanisms of infection which allow such
diseases to evade the immune system, through subverting the latter’s functioning and/or by establishing
infections in immune-privileged tissues such as the testes (Ewald, 2004). In the longer term, there are
no such constraints (given the likelihood that the virus has been passed on) so that full-blown AIDS can
develop.
Hahn et al. (2000; Sharp and Hahn, 2011) and Locatelli and Peeters (2012; Peeters et al., 2014) provide
overarching reviews of current knowledge on the primate origins and subsequent evolution of the HIVs.
These viruses are closely related to the diversity of so-called simian immunodeficiency viruses (SIVs),
different strains of which infect particular species of nonhuman primates (monkeys, other apes) in West
and Central Africa, with evidence for further phylogeographic clustering within host species as a result
of major rivers and other barriers to viral exchange (see also Compton et al., 2013; d’Arc et al., 2015).
Despite their name, SIVs are seemingly asymptomatic in their normal hosts, with no overt effects on
immune function.499 Associated with this, there is evidence suggesting that each has evolved along with
its normal host species in a sort of dynamic equilibrium over a relatively long period of time; as with
more typical RNA viruses (see Section IV.4), the standard molecular clock models would appear to
drastically underestimate the age of particular clades, but studies of wild populations500 and other less

497

These are representatives of certain CD4+ T cells which, having been released from the thymus and then
selected to proliferate as clones in response to their target antigens, outlast the duration of exposure and thus
revert to a basal resting state in anticipation of potential re-exposure to the same antigen at a later date. Infection
by HIV probably occurs in those which are the process of transforming to the resting state, with limited pools
of nucleotides and other resources presumably contributing to the virus becoming inactive (possibly facilitated
by the relatively anoxic state of the lymph nodes: Charles et al., 2009; Washington et al., 2010).
498
“[A] person generally has sex with many fewer people per week than he can sneeze on,” as Ewald (2004) puts
it.
499
However recent evidence has called that conclusion into question in the case of some wild populations of
chimpanzees, at least (see below); see also Locatelli and Peeters (2012) for other cases in captive species of
primate.
500
For example, the existence of endemic infections circulating amongst monkeys on the island of Bioko, which
became isolated from the African mainland about 10,000 years ago.
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direct techniques give time-frames more consistent with the results expected from other analytic
approaches (Sharp and Simmonds, 2011; Gifford, 2012; Compton et al., 2013).501

Figure 10 Summary of events which have likely led to the origins of HIVs in humans.
The thick line leading to HIV-2 indicates that there were multiple spill-over events to
humans. On the other hand, HIV-1 originated from a recombination event involving the
co-infection (*) of a chimpanzee by SIVs from two different host monkeys, with
evidence for four subsequent spill-overs: dashed lines indicate that the N and P spillovers have been sputtering dead-end events. For more details, see text.
Two different species of HIV – HIV-1 and HIV-2 – have been identified as a result of certain spillovers of SIVs into humans (Figure 10). They presumably originated when infected animals were
butchered for ‘bushmeat’, or possibly after humans were bitten.502 Of these, HIV-2 arose from amongst
the first of these known successful spill-overs. Genomic analyses of SIVs indicate that the likely source
was sooty mangabeys (Cercocebus atys) in West Africa; suggestive confirmatory evidence was that the
SIV found in C. atys induced an AIDS-like disease when it infected captive rhesus macaques (Macaca
mulatta) from Asia503 (reviewed by Hahn et al., 2000; Peeters et al., 2014). Such analyses and other
evidence indicate that HIV-2 may have arisen as a result of at least nine spill-over events; however only
two have spread widely within West Africa, the others being apparently ‘dead-enders’ (Sharp and Hahn,
2011). More recently, they are being displaced by the spread of HIV-1 strains (Sharp and Hahn, 2011;
Peeters et al., 2014).
HIV-1 arose at a later date, as a result of spill-overs from other anthropoid apes, rather than directly
from monkeys, with the primary source being from chimpanzees (Pan troglodytes). Based on
mitochondrial genomes, it is now generally considered that P. troglodytes comprises four subspecies,
related to their geographic distribution: evidence for SIVs was found only in two of these (the central
Thus evidence based on endogenous viral elements (EVEs; ‘fossil’ viruses) – relicts of previous infections
which have become incorporated into the host genome and which give the host’s descendants a means to
contain future viral infections in certain instances as a result of so-called EVE-derived immunity (see Section
VI.4.vi) – indicates that lentiviral infections date back to the emergence of the prosimians (Aswad and
Katzourakis, 2012, 2014).
502
The potential for frequent such spill-over infections is suggested by serological studies of those involved in
hunting and butchering non-human primates in rural Cameroon: Djoko et al. (2012) found that antibodies
against certain lineages of simian immunodeficiency viruses were detectable in 11.8% of the 2,436 individuals
screened, but with no evidence for infection of their peripheral blood mononuclear cells (cf. the situation with
those infected with HIVs).
503
SIVs have not been identified in Asian or New World primates in the wild, although studies have not been as
intensive as in Africa (Sharp and Hahn, 2011; Peeters et al., 2014). However suggestive evidence regarding
mutations of the genes for A3G and a restriction factors’ fusion product, TRIM-CypA, indicates that whilst
rhesus macaques (Macaca mulatta) and other Asian cercopithecines were originally infected by SIV-related
or other lentiviruses, their innate immune responses evolved so as to purge these from their systems, as the
ultimate winners of an erstwhile arms-race (Compton et al., 2013).
501
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and eastern ones), extending east from Cameroon to Tanzania, with varying prevalences. This suggests
a relatively recent acquisition, with subsequent divergence to produce different, subspecies-specific
strains (reviewed by Sharp and Hahn, 2011; Peeters et al., 2014). Where present, the chimpanzee SIV
appears to have arisen from recombination of two monkey SIVs (Figure 10), presumably as a result of
co-infection in one or more individuals after eating these prey (Locatelli and Peeters, 2012; Peeters et
al., 2012). There is evidence that there may be long-term effects on the fitness of infected individuals
in wild populations of the eastern subspecies of chimpanzee (P. t. schweinfurthii) in Tanzania (reviewed
by Sharp and Hahn, 2011); Compton et al. (2013) suggested that this may reflect the fact that there has
been insufficient evolutionary time for the novel virus and its host species to adapt to each other.
At least four subtypes (M, N, O and P) of HIV-1 have been identified genomically, each being the result
of a separate spill-over event in Central Africa (Figure 10). However two of these (N and P) are the
result of recent sputtering, ultimately dead-end infections (Sharp and Hahn, 2011; d’Arc et al. 2015).
Like these two, subtype M is the result of a spill-over from chimpanzees (Pan t. troglodytes); it is the
most virulent of the HIV-1 subtypes, being responsible for the great majority of HIV infections
worldwide subsequent to the early appearance of a large number of different clades in western Central
Africa (see also Tongo et al. 2015). The other member, subtype O (which has become epidemic in west
Central Africa),504 has been recently shown to be the result of a spill-over from a western lowland gorilla
(Gorilla g. gorilla; Figure 10) from a restricted area in southern Cameroon (d’Arc et al., 2015): this is
the same general area where the antecedents of subtypes M and N have been traced to in chimpanzees,
and from which subtype O is evidently derived as a result of a recent single chimpanzee-to-gorilla spillover (Figure 10).
A variety of lines of evidence505 have converged to suggest that the major spill-over events for HIVs 1
and 2 were in the first half of the last century (see also Faria et al. 2014). Presumably such events have
occurred in the past, but have died out because they were mainly in remote villages with only limited
opportunity for spreading to larger population centres where they could become established. It is now
generally accepted that exposure to the blood or other secretions of infected nonhuman primates as a
result of hunting, butchering or the consumption of undercooked meat led to viral entry through
breaches in the skin or mucosal barriers, thereby establishing the initial spill-over events (Hahn et al.,
2000).506 Thereafter, certain additional factors must have been involved for the spread to result in an
epidemic, rather than just another local irruption. In the case of HIV-1 type M, a major contributory
factor is likely to have been the progressive opening up of the interior for the exploitation of natural
resources (mining and logging, the development of plantations) by the colonial powers and thereafter;
together with the growth of prostitution as urban centres developed at transport hubs (see also Faria et
al. 2014). Given the relative inefficiency of person-to-person transmission, an additional factor (see
also Hogan et al., 2016; Frost and Kwofie, 2016) may have been that, as was found during the first
epidemiological outbreak of Ebola (Piot, 2012), the re-use of inadequately sterilised syringes and
needles (including, ironically, for much-promoted vitamin injections to improve health and wellness)
may have helped the virus to take hold, especially once it had reached south to Léopoldville in the then
Belgian Congo (now Kinshasa in the Democratic Republic of the Congo) (Drucker et al., 2001; Faria
et al., 2014). This would foreshadow the more recent evidence for such spread amongst intravenous
drug-users worldwide; and the irruption of cases in a rural commune in Cambodia’s Battambang
province associated with medical injections by an unlicensed health practitioner (Vun et al., 2016).507
It is notable that, despite the presumably indiscriminate nature of hunting for bushmeat and its
subsequent butchering (Peeters et al., 2002; Aghokeng et al.. 2010; Ahuka-Mundeke et al., 2011), spill504

There has been a limited spread to countries outside: nevertheless, the earliest known lineage of AIDS cases
in Europe (identified retrospectively) were O-related from a Norwegian seaman and his family in the 1960s
(Jonassen et al., 1997).
505
The need for caution interpreting molecular clock data has already been mentioned in Section III.3 above (see
also Hahn et al., 2000; Sharp and Hahn, 2011; Compton et al., 2013).
506
An alternative – that the initial spread was the result of an oral polio vaccine generated using contaminated
chimpanzee tissues – is now generally discounted (Worobey et al., 2004).
507
According to Pépin et al. (2013), 2.1% of injections in Cambodia in 2010 re-used needles, down from 2.9% in
2005.
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overs have been relatively restricted with regard to HIV-2. Locatelli and Peeters (2012; Peeters et al.,
2014) point out that, whilst this appears to be the result of several spill-overs of the SIV associated with
C. atys, there is no evidence for this with the SIV of the closely related C. torquatus, despite the latter
also being heavily hunted and thus presumably equally likely to be a source of infection. On the other
hand, the SIVs of the central and eastern subspecies of chimpanzee would appear to be derived from a
recombinant arising of infections with the C. torquatus SIV and that of a member of the genus
Cercopithecus (Figure 10), presumably as a result of their carnivory of local monkeys (Bailes et al.,
2003). Whilst the central subspecies (P. t. troglodytes) was the source of spill-overs to humans, both
directly and indirectly by way of gorillas, there is no evidence for such spill-overs from the eastern one
(P. t. schweinfurthii), for unknown reasons (Sharp and Hahn, 2011).
For any spill-over to succeed, the virus needs to be able to gain entry to target cells in the potential new
host by way of specific acceptor molecules in order to use the cell as a factory to make new virions. In
the case of HIVs, this generally involves CD4 with CCR5 as a co-acceptor (Lifson and Engleman, 1989;
Chapman and Hill, 2012; see Section VI.4). Thereafter, if having successfully thwarted to efforts of
restriction factors and various other components of the innate immune system in order to realise the
need to generate more virions, there remains the need to liberate the resultant progeny in order to infect
other cells, whether in the existing host or another one, a process which initially involves budding off
from their host cell in the case of membrane-bound viruses such as the HIVs.508 An emerging key
component of a ‘last-ditch’ effort by the innate immune system to thwart the spread of viral infections
is the protein tetherin: an interferon-stimulated gene-product which acts non-specifically to inhibit the
budding-off of membrane-envelopped virions509 from infected cells so as to thereby control their further
spread (reviewed by Sauter, 2014).510 As part of an ongoing (host-specific) arms race between SIVs and
African primates, studies indicate that one of two viral proteins – Nef or Vpu – acts to inhibit the action
of tetherin in their particular host species. The chimpanzee (and thus gorilla) SIV received vpu from an
SIV enzootic in Cercopithecus spp. and nef from one in C. torquatus (which lacks vpu); Nef serves to
antagonise the actions of tetherin whilst both it and Vpu stimulate the proteasomal degradation of the
CD4 receptor511 (Sauter et al., 2009). With the spillings over to produce HIV-1, Nef remained active in
causing CD4 receptor breakdown in all strains studied, as was Vpu in groups M and O; however, as
reviewed by Sharp and Hahn (2011), a ﬁve-codon deletion in the human tetherin gene compared with
that in the other two species of ape512 means that Nef in HIV-1 types is no longer able to act as an
antagonist of the resulting proteins. Instead, mutations of vpu allowed its protein to take over the role
of blocking tetherin in groups M and P. Thus it was proposed that the evolution of the dual actions of
Vpu in group M HIV-1s underpinned the pandemic spread of this strain through blocking tetherin’s
actions to prevent virion release as well as, together with Nef, reducing the number of CD4 receptors
(Sauter et al., 2009).
Ewald (2004) has postulated that the differences between HIV-1 and HIV-2 in their patterns of
establishment in the human population relate to their virulences. He suggested that the virulence of
HIV-1 is much higher because its epidemiological profile involves individuals with a high potential for
onward transmission as a result of frequent unprotected sex with multiple partners and/or through
contaminated needles for drug-injection;513 whereas HIV-2 is restricted to certain areas of West Africa
508

Rather than by causing lysis of the cell as seen in non-enveloped virions.
Including various other retroviruses, arenaviruses, ﬁloviruses, flaviviruses, herpesviruses, paramyxoviruses
and rhabdoviruses.
510
The tethering of groups of virions at the surface of the infected cell may also further boost the immune response
(Pham et al., 2014).
511
In addition, Nef and subsequently Vpu and the virus’ envelope glycoprotein (Env) act to downregulate CD4
production, which is likely to facilitate intracellular trafficking of Env for virion assembly; furthermore, this
may also prevent super-infection and premature cell-death, as well as the activation of antibody-dependent
cell-mediated cytotoxicity involving various components of the innate immune system, once the receptors are
incorporated into the cell’s external membrane (Pham et al., 2014).
512
The fact that, previously, humans with this attenuated tetherin gene had presumably been selected for suggests
that this was a result of some unknown earlier arms race.
513
This is reminiscent of the suggestion that the recent emergence of highly pathogenic avian influenzas has been
due to the development of intensive farming systems (Greger, 2007; see Section VIII.3).
509
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where such conditions do not prevail and thus needs to be less virulent in order to ensure onward
transmission in the longer term.514
ii. Ebola and Other Filoviruses Reports of a highly contagious haemorrhagic fever first emerged in
1976 from an isolated village in the vicinity of the Ebola river in what was then Zaire (now the
Democratic Republic of the Congo); case-fatality ratios were high and blood samples indicated a
vermiform filovirus related to Marburg virus (Breman et al., 2016; see Section VII.2.iv). This was
subsequently identified as Zaire ebolavirus (henceforth Ebola), the type species of the genus
Ebolavirus; five other species have since been identified, including Reston ebolavirus from the
Philippines (see Sections VII.2.iv, 4.iii and 9.iii).
Until recently, outbreaks of Ebola and another two congeneric species highly pathogenic for humans
were restricted to the Congo basin and adjoining portions of eastern Africa (parts of Uganda and what
is now South Sudan): together, they have been responsible for 23 known outbreaks in humans since the
original Zaire ebolavirus was first discovered.515 Each flare-up would seem to be the result of a single
index case (Leroy et al., 2004a; Mylne et al., 2014; Maganga et al., 2015), with some evidence for a
seasonal basis related to local fruit-availability (Pinzon et al., 2004; Alexander et al., 2015); this is
generally taken to indicate that spill-overs may be from saliva-infected partially eaten food dropped by
fruit-bats (see Section VII.2.iv), to be eaten by apes, for example,516 as bridging hosts. The cumulative
experience, in terms of anticipatory diagnosis and consequent quarantine and treatment, since the first
documented outbreaks has meant that subsequent small irruptions in relatively isolated villages in
forested regions of western Central Africa have been effectively brought under control (Maganga et al.,
2014; Kupferschmidt and Cohen, 2017). The major exception has been the recent much larger eruption
in much more interconnected savannah areas of West Africa,517 with circumstantial evidence suggesting
that it may have originated as a single spill-over from an insectivorous bat in a village in Guinea (Saéz
et al., 2015). This recent major outbreak is considered further in Section VIII.2.iii.
Infections typically spread through contact with body fluids, either across mucous membranes or
through breaches in the skin.518 The virus initially attacks components of the innate immune system
(Feldmann and Geisbert, 2011), thereby also interfering with the development of the host’s acquired
immune response through various mechanisms (reviewed by Wong et al., 2014).519 Thereafter, infection
spreads by migration to regional lymph nodes and thence the liver, adrenal cortex and spleen (Feldmann
and Geisbert, 2011). After an incubation period of 2-21 days (Baize et al., 2014; Beeching et al., 2014;
Branswell, 2014; Médecins sans Frontières, 2015), the progress of infection is characterised by an initial
manifestation of fever, aches and pains and fatigue, similar to that seen with malaria and many other
diseases, making preliminary diagnoses difficult; this also marks the onset of infectivity, whereby the
virus can be transmitted to others. Subsequently, the main phase of the infection is characterised by
damage to the liver and internal haemorrhaging and gastrointestinal effects, with the associated threat
of dehydration; in addition, hiccups, a maculopapular rash and generally mild superficial
514

He noted that a similar difference is seen in the distribution of Chlamydia trachomatis, a sexually-transmitted
protozoan parasite.
515
Mylne et al. (2014); Olival and Hayman (2014); Alexander et al. (2015); Rosello et al. (2015);
http://www.cdc.gov/vhf/ebola/outbreaks/history/chronology.html; and
http://www.cdc.gov/vhf/ebola/outbreaks/history/distribution-map.html
516
Or possibly pigs, in the recent irruption in the northeastern Democratic Republic of the Congo (Kupferschmidt
and Cohen, 2017; see also Section VII.4.iii).
517
Resulting in 28,652 cases (15,261 of them laboratory-confirmed) and 11,325 deaths (overall mortality ratio
39.5%) as of April 13, 2016 (the WHO had terminated the Public Health Emergency of International Concern
on March 29, 2016): https://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/
518
In contrast to pigs (see Section VII.4.iii), there is no evidence for onward transmission by aerosols (Servick
and Cohen, 2014; Zimmer, 2014, 2015; Larimer, 2014; Maron, 2014b; cf. Osterholm et al., 2015).
519
The initial invasion interferes with the development of the host’s innate and acquired immune responses
through various mechanisms (reviewed by Wauquier et al. 2010; Wong et al., 2014), including the production
of ‘dummy’ versions (the shorter isoform sGP) of the viral membrane glycoprotein (GP1,2) in order to attenuate
the immune system’s attempts to contain the spread of infection (Mohan et al., 2012). One extra layer of
sophistication in subverting the host’s immune response is that key epitopes in the exposed portion of GP1,2
are protected by a glycan shield (Wong et al., 2014)..
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haemorrhaging (e.g. bruising, petechiae, bleeding from the gums and/or nose) may develop.520 Those
individuals who eventually recover are ‘rescued’ by a residual acquired immune response through the
generation of antibodies against viral surface antigens (although they may still be sources for further
spread of infection);521 this typically occurs between days 6 and 11 (Leroy et al., 2000; Baize et al.,
2002; Feldmann and Geisbert, 2011). On the other hand, those that succumb 522 do so because of a
‘cytokine storm’, which peaks shortly before death as part of unconstrained components of the innate
immune response: there is an uncontrolled positive-feedback release of various pro-inflammatory
cytokines, chemokines and growth factors by monocytes and macrophages soon after the onset of
symptoms, by which time the virus has replicated and spread so much as to be out of control by any
acquired immune system response. The resulting over-activation of innate immune responses leads to
further fever, as well as disruption of the normal functions of capillary endothelial cells, resulting in
vasodilation, leakiness and local oedema, compounded by disruptions in water and electrolyte balance
as a result of vomiting and diarrhoea, culminating in hypovolaemic shock, metabolic disorders and
organ failure: death typically occurs between days 6 and 16 (Wauquier et al. 2010; Feldmann and
Geisbert, 2011; Servick, 2014; Wong et al., 2014; Mandl et al., 2015). Death is virtually certain for
individuals infected directly into their blood (e.g. through needle-sticks), where the latency until
infection is also least; otherwise, survivorship is highest amongst those younger than 21 as compared
with those older than 45. For those who survive, there is often a more-or-less prolonged post-Ebola
syndrome, with one or more of joint pains, disturbances of memory, and vision, hearing and/or sleep
disorders, whether as a result of the preceding cytokine storm or from residual virus in immunoprivileged sites; this has had consequences for their re-entry into society, including being able to work
(Kupferschmidt, 2015b; Maron, 2015b; Hayden, 2016a; Yasmin, 2016; Etard et al., 2017; Guilbert,
2017): a problem made worse by the fact that they may be subject to stigmatisation, along with healthworkers involved with Ebola cases (see Section VIII.2.iii).
Bats would appear to be the main reservoir (see Section VII.2.4). Spill-overs from fruit-bats apparently
generally involve other anthropoid apes as intermediaries, often with mass mortalities in the latter, in
Central Africa at least (Walsh et al., 2003; Ghai, 2014).523 Other spill-overs into humans (whether direct
or otherwise) there may have gone previously unreported (Georges et al., 1999), as also suggested by
some serological studies, including an extensive one by Becquart et al. (2010) where a specific CD8 Tcell memory response was also found when tested in IgG-positive individuals. Such prior infections
may have been asymptomatic or misdiagnosed as malaria or Lassa fever, for example (CFSPH, 2014).
Furthermore there is similar evidence for previous relatively mild outbreaks of an Ebola-like virus in
Sierra Leone, based on IgM evidence in febrile patients (Schoepp et al., 2014). Similarly, serological
studies indicate that about 13% of sampled chimpanzees (as well as certain other primates, to a lesser
extent) may have had non-lethal infections, including in areas (e.g. the Cameroon) where no human
irruptions had been previously reported (Leroy et al., 2004b). This suggests that spill-over infections
have occurred into people and their primate relatives in the broader region in the past; but, in extreme
cases, they have normally died out along with of those of their temporary human hosts who failed to
mount an adequate, controlled immune response. Alternatively, they may reflect infections which were

520

Major external bleeding is uncommon, although it may occur in advanced (fatal) cases, so that the disease is
no longer labelled as ‘haemorrhagic’, in order to facilitate – or at least not obfuscate – early diagnosis (Baize
et al., 2014; Beeching et al., 2014; see also Rosello et al., 2015).
521
Including through sexual transmission (Deen et al., 2015; Mate et al., 2015); other authors are very vague
about how long infective Ebola virus may persist in a recovered patient. Thus Osterholm et al. (2015) state
that “[i]nfected persons can shed virus for prolonged periods of time after infection (several weeks to months)
… we know that the virus can shed for several months following recovery, but the epidemiological significance
of this remains unknown.” Associated with this uncertainty, the virus can hide in immune-privileged sites to
reappear at a later date (Taylor, 2015), leading to fears of its re-emergence and thus reinforcing the tendency
for people to stigmatise those who have ‘recovered’ (Yasmin, 2016).
522
Risk factor analyses indicate the importance of age and various general and haemorrhagic symptoms (WHO
Ebola Response Team, 2014).
523
Raising the question of why there has been this presumably newly-emerging major spill-over in these species
(Biek et al., 2006).
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less pathogenic than has emerged from manifest recent outbreaks of this virus, recalling similar
scenarios with smallpox and measles.
The values of R0 for these past local irruptions524 are similar to those for the recent West African eruption
(1.5-2.5: Lamb, 2015; Zimmer, 2015).525 Onward transmission in situations where needlecontamination is not an issue is likely to be mainly due to care by family-members others and, where
the patient dies, funerary preparations for the corpse. Thus the effects on human populations have
generally been restricted in time and space, occurring transiently in particular remote locales. On the
other hand, the recent West African eruption (which occurred in a savannah region where there is much
interconnectedness amongst communities, including with large cities), together with the three month
delay in recognising the nature of the pathogen involved and subsequent delays in implementing
effective control and containment procedures (Médecins sans Frontières, 2015; GHRF Commission,
2016; Marshall, 2016), facilitated the spread of virus (see Section VIII.2.iii). A further possible
contributory factor is that the virus may have started to mutate to being better adapted to transmission
between humans as a host: two separate studies published simultaneously (Diehl et al., 2016;
Urbanowicz et al., 2016) have reported that a single mutation of a portion of the surface glycoprotein
responsible for interacting with acceptor molecules to mediate cellular uptake, first detected three
months after the index case and thus coincident with the time when the eruption was first officially
recognised, rendered the resulting variant more able to infect human and other primate cell-lines, whilst
compromising its ability to infect cells of the fruit-bat Hypsignathus monstrosus (a presumed reservoir
host), as well as those of dogs, cats, rats and mice.526 The studies’ authors emphasised that other factors
– the physical spread to urban centres, for example – also must have played a role in the subsequent
establishment of this variant at the expense of the original spill-over strain. Thus, whilst those infected
with the mutant strains were 27% more likely to die, they suggested that this may have been because of
limited access to appropriate healthcare.
Testing of a vaccine against the surface glycoprotein of the Ebola virus in the latter stage of the West
African eruption using a ‘ring-fencing’ strategy showed that this could effectively contain the spread of
the virus amongst those who had been in contact with infected patients (Henao-Restrepo et al., 2015;
Ebola ça Suffit Ring Vaccination Trial Consortium, 2015; Yong, 2017b). The development of this and
various other vaccines had been aided by the fact that Ebola is one of the viruses which has been
considered as a potential biological ), a highly contagious haemorrhagic fever warfare agent by the
Cold War superpowers, as well as by at least one terrorist group (the Japanese cult Aum Shinrikyo).
Thus there was the parallel development of self-protective vaccines funded by Western defence
agencies a decade or more ago, although they had been found to be effective in monkeys (as part of
‘Project BioShield’: McCarthy, 2015; World Economic Forum, 2016), they had not gone through
(expensive) preliminary Phase I clinical trials in humans.527
4. Some Genetic Consequences
Above, in the Introduction, it was noted that pathogens and their natural hosts are in a continual ‘arms
race’; zoonotic spill-overs extend this race into new territories, with opportunities for pioneering
pathogens to open up new ‘ecosystems’ if they can adapt through advantageous mutations (Cleaveland
et al., 2001). Present-day examples mentioned above in this section include the continuing threat of
novel influenza A pandemics, the recent spread of the group M HIV-1 variant and the potential
emergence of a new strain of the Ebola virus: there has also been evidence suggestive of the nascent
emergence of a variant of the virus causing SARS, although this was contained (see Section VII.8.iii).
As with the standard arms races in their normal host reservoirs, this is favoured by the very short
524

In the absence of data on the proportion of asymptomatic individuals, for example.
Thus they are broadly comparable with those for influenza A (see Section VI.2.iii) and much lower than the
range for measles (12-18: Fine, 1993).
526
Other mutations appeared to reinforce this potential transcendence and adaptation to human hosts for onward
transmission.
527
Assuming that the nature of the existing virus has not been modified to make it transmissible by aerosols, then
any existential threat would rely on fear leading to the making of bad decisions by policy-makers and others
(Evans, 2014).
525
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generation times of viruses and their relatively high rates of mutability, especially amongst RNA and
single-stranded DNA viruses; however constraints on this potential for adaptability apply (see Section
IV.4.ii).
With regard to these natural reservoirs, the self-same arms races lead to the immune and other
physiological systems of the normal hosts evolving across the generations through natural selection to
control the causes of infection and contain the symptoms (including through minimising the risk of
runaway cytokine storms: more likely to be a factor in zoonoses),528 in order to not only enhance the
host’s survival but also its subsequent reproductive fitness in evolutionary terms. In the case of chronic,
often frequency-dependent infections such as seen in heirloom diseases (see Section IV), there is the
need for a partial ‘truce’ whereby there is the development of a tolerance which – at least in the short
term, whilst the host remains a viable healthy proposition – leads to a ‘symbiosis’, with the potential
for the further evolution of a more complex interrelationship (Real and Biek, 2007; see Section IV.6).
On the other hand, with acute density-dependent infections such as typical of many spill-overs, such
arms races are more in earnest, as noted in the Introduction; the pathogen needs to delay or otherwise
reduce activation of the host’s innate and then acquired immune responses in order to reproduce
sufficiently for onward sustainable transmission, whilst the host species need to minimise the impacts
of such an infection on its present and future (reproductive) fitness.
There is a growing recognition that the First Epidemiological Transition (see Section V.2) was preceded
by another, reflecting the migration of anatomically modern humans out of Africa and their encounters
with previous émigrés, the sister archaic human clades of Neanderthals and Denisovans (see Section
III.1). They not only would have shared divergent variants of heirloom diseases (proposed examples
included papillomaviruses: see Section IV.2.iii)529 but, as a result of limited interbreeding,530 there is
evidence for the acquisition and subsequent selective retention (introgression)531 of various genes
related to the functioning of the innate immune system which presumably conferred a degree of
resistance to the derived (co-evolved) heirloom diseases and/or to ‘novel’ spill-over diseases to which
archaic humans had been exposed to during their prior 200,000+ years in Eurasia (Abi-Rached et al.,
2011; Dannemann et al., 2016; Deschamps et al., 2016).532
In such arms races, viruses causing acute infections may have a short-term advantage because of their
very short generation-times and their diversion of their host’s resources to the mass-production of
progeny for onward transmission; mutations in the latter mean that the virus can produce variants better
able to circumvent the immune responses of other hosts although the limited genome-sizes of RNA
viruses, in particular, impose constraints on the number of proteins which they can produce, even with
overlapping open reading frames of their genes (see Section IV.4.ii). On the other hand, such limitations
do not apply to the much larger genomes of their hosts: the general lack of overlap in the open reading
frames in their genes does not impose such a limit on flexibility, whilst there is the potential for further
increases in numbers of the latter as a result of successive rounds of gene duplication accumulated
intermittently down the generations (Duggal and Emerman, 2012; Gifford, 2012; Compton et al.,
2013).533 Thus successive mutations leading to duplications of particular genes of the innate immune
system mean that each of the resulting alleles can diverge through further mutations to become
528

Whilst kin obviously benefit both directly and indirectly as a result of such uncontained over-reactions of the
innate immune system through the attempted attenuation of the course of infection and its consequent spread,
it could be argued that selection for such responses also represents an example of ‘altruism’ at the group-level.
529
Which are thus also ‘zoonotic’.
530
There is evidence suggesting that hybrid males may have had fertility problems, reflecting the deleterious
effects of genes associated with testicular development (Sankararaman et al., 2016).
531
Introgression occurs where, after a hybridisation event, a back-cross to one of the parent species leads to the
transfer of genes from the other which are then retained and spread to varying extents down subsequent
generations.
532
Houldcroft and Underdown (2016) have suggested that spread of diseases in the opposite direction may have
contributed to the demise of archaic humans.
533
Superimposed on this in jawed vertebrates are somatic hypermutations with subsequent recombination events
within the individual, to generate a vast library of potential antigen receptors for phenotypic selection as
components of the individual’s acquired immune response for immediate and often longer-term (‘memory’based) protection against specific foreign agents (pathogens and their by-products).
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specialised to deal with a particular strain of a particular pathogen,534 potentially vastly increasing a
host individual’s ability to cope with the ‘assaults’ based on the ‘experience’ of its ancestors.535 This is
further aided by the development of sexual reproduction, as considered further below (see Section
VI.4.v). Together, these adaptive advantages serve to offset the much longer generation times of many
hosts as compared to their pathogenic burdens.
As a result of this ongoing struggle, Haldane (1949) identified communicable diseases as being the
principal driving force acting to promote genetic diversity in living organisms through densitydependent positive selection processes. Thus the innate immune system has evolved to target specific
attributes of a particular pathogen, leading to rapid selection for the appropriate alleles of specific
resistance genes to be passed on to the next generation; this contrasts with the more subtle, ultimately
more general phenotypic effects required to adapt in the longer term to the increased threat of predation
or some other external factor such as changing food availability. Consistent with this prediction,
genomic analyses suggest that there has been a stronger purifying selection on genes related to the
innate immune system, compared with other portions of the human genome,536 and that this has occurred
mainly within the past 6,000–13,000 years, coincident with the Neolithic Demographic Transition
(Deschamps et al., 2016; Quach and Quintana-Murci, 2017).537 Furthermore, a comparative study of
single-nucleotide polymorphisms from a diverse range of human populations (Fumagalli et al., 2011)
found that about 100 genes related to the function of the innate immune system showed much greater
allelic diversity, with marked geographical variations, as a result of local positive selection pressures as
compared with those genes which have been associated with various other environmental challenges,
including those related to climate. The genes identified included those which have been associated with
autoimmune diseases (e.g. coeliac disease, type 1 diabetes, and multiples sclerosis) characteristic of the
second epidemiological transition, consistent with the hypothesis that these may be the result of indirect
patho-physiologic bequests arising out of evolved responses to heirlooms or subsequent souvenirs (see
Section VI.4.vii).
Thus exposure to malaria, presumably mainly in the period after the Neolithic Demographic Transition
(see Section V.2), has been described as the strongest known force for such evolutionary selection,
where the focus has been on particular alleles for various genes involved in the structure and functions
of these protozoan parasites’ erythrocyte habitat, as well as access to it in the first place (Kwiatkowski,
2005); this is exemplified by reviews of the resulting diversity of phenotypic mechanisms which have
been identified (Anstee, 2010; Cooling, 2015). With regard to Southeast Asia, Baer (1999) has noted
534

Not just through sensors to detect their presence but also by way of heritable mutations in downstream
(interferon-mediated) pathways to short-circuit pathogens’ ongoing ‘efforts’ to nullify these as part of a multilevel arms race through random mutations to explore the range of viable possibilities.
535
Including the various members of the major histocompatibility complex of the innate system in gnathostome
vertebrates (including the human leucocyte antigen complex), as well as the immunoglobulins and other
‘receptors’ of the acquired immune system (see above), as extreme examples.
536
Quach and Quintana-Murci (2017) have reviewed evidence for other genes which have been positively selected
for, including those for diet. Regarding the latter, apart from selection for maintained expression of the lactase
gene after childhood in northern Europe and parts of Africa where milk is an important part of the diet of
pastoralists and others (Ranciaro et al., 2014), evidence suggests that the family of closely related FADS (fatty
acid desaturase) genes has also been selected for (Gross, 2017b). These are responsible for the synthesis of
long-chain fatty acids, which are important in brain development; the fact that the latter are found at only low
levels in terrestrial plants (in contrast to fish and other aquatic organisms) led to the propounding of the now
largely-discounted ‘aquatic ape’ hypothesis (see Section III). However recent studies on polymorphism of the
FADS1-FADS2 gene complex indicate that compensatory changes have occurred in populations, depending
on the balance between fish and other major food items in their diet. Thus the mainly seafood-eating Inuit have
a relatively inactive haplotype (Fumagalli et al., 2015); whereas a traditionally vegetarian society in India has
one where there is a high incidence of a form which enhances the synthesis of long-chain fatty acids, in
response to relatively recent selection pressures (Kothapalli et al., 2016). Similarly, further back in time, there
is evidence that the transition to agriculture in Europe was associated with the development of a more actively
expressed haplotype, involving mutations different from those found in India (Ye et al., 2017).
537
Whilst various studies have identified up to 2,000 genes or 10% of the human genome may have been
positively-selected, comparison of their findings shows limited overlap and indicates the likelihood of ‘false
positives’ (Pääbo, 2014).
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that protection against malaria is through a mix of different genetic factors, not all present in the same
individual of a particular population. Furthermore, he noted that these genotypic factors operate within
a background of acquired immunity against the malaria parasite: whilst infants have to initially rely on
their genetic inheritance, their increased survival after the first infection with malaria means that the
resultant phenotypically-selected panel of appropriate antibodies will help to further contain the impact
of subsequent ones. This is especially the case where mutations limit access of the parasite to red blood
cells,538 thereby prolonging its exposure to circulating antibodies and thus to the risk of being neutralised
as a result.
In order to continue a viable lineage, a virus particle must be able to enter a new host through actively
breaching the physicochemical barriers539 separating the host from its external environment (or by
passively crossing already-established breaches); and then, where necessary, be transported to reach its
potential target cell-type(s): those which have the necessary acceptor molecules on their exposed
membrane surfaces. Thereafter, having gained access to a cell, it needs to co-opt the latter’s synthetic
machinery in order to be reproduced. If successful, the products of the original virion need to exit the
infected cells to complete the cycle and thenceforth spread to other cells within the present host or be
shed in order to find a potential new recipient. Each stage in the sequence represents a potential checkpoint whereby the host can interrupt the overall cycle, as considered in the following sections.
i. Initial Access Factors During this stage, a diversity of components of the multi-layered innate
immune system (together with antibodies of the acquired immune system in pre-exposed potential
hosts) confront the virus or other microbial invader (see Introduction). The innate immune system’s
‘sentinel’ cells bear pattern-recognition receptors (including Toll-like receptors: TLRs) which play an
important role in detecting evidence for potential intruders and thereafter activating interferon
production and a multitude of systems downstream as a consequence (Haller and Weber, 2006; Randall
and Goodbourn, 2008; Gerlier and Lyles, 2011; Duggal and Emerman, 2012). This is further reinforced
by the complement cascade of proteins and other means.
Ten TLRs have been identified in present-day humans, characterised by where they are located and the
ligands (pathogen-associated molecular patterns: PAMPs) which they recognise. TLRs 1, 2, 4, 5, 6 and
10 project from the cell surface, and mainly recognise external components of various pathogens
(viruses as well as bacteria, fungi and other parasites),540 in part through heterodimerisation; whilst
TLRs 3, 7, 8 and 9 occur on the intraluminal surface of endosomes (including the endoplasmic reticulum
and lysosomes) and detect various nucleic acid motifs of viruses which have successfully invaded the
cell, being subject to strong purifying selection (Barreiro et al., 2009; Kawai and Akira, 2010; Kawasaki
and Kawai, 2014; Jiménez-Dalmaroni et al., 2016). Activation of these receptors leads to NF-κBmediated induction of cytokines, which are released in order to stimulate recruitment of white blood
cells of the innate immune system to the affected site and their activation thereafter to induce an
inflammatory response.541 In addition, some of the extra- and intracellular sensors also act to stimulate
the production of type I interferons, and thus augment the inflammatory response.
Whilst there is evidence for strong purifying selection for the intracellular, nucleic acid-sensing TLRs,
implying that they play an essential role in survival through protecting against viruses, this is more
relaxed for the ones expressed at the cell surface. Thus there is evidence that the latter evolved with the
538

For example, mutations of the Duffy protein on the surface of erythrocytes (where it acts as the acceptor
molecule for infection by P. vivax, but not apparently other species of malaria) and other tissues have been
identified as providing recently-acquired basic protection amongst most Central African populations (W. Liu
et al., 2014; McManus et al., 2016), but not elsewhere; however there is evidence that a strain of P. vivax has
recently evolved to circumvent this (Vogel, 2013; Karlsson et al., 2014).
539
Including sentinel leucocytes of the innate immune system and antibodies secreted into mucus.
540
TLR10 has generally been considered to be an ‘orphan’ with no known ligand, although recent studies have
identified these may be from certain bacteria (Kawasaki and Kawai, 2014; Nagashima et al., 2015); in addition,
its expression may be induced in human monocytes in vitro through infection by influenza A viruses (with
paracrine induction as a result of active virus replication and de novo protein synthesis being greater for
hpH5N1 than H1N1: Lee et al., 2014).
541
If present in the extracellular milieu, PAMPs may further activate these recruited cells, leading to the potential
runaway positive feedback of a ‘cytokine storm’ (Clark, 2007; see Section II.1).
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migration of anatomically modern humans out of Africa. For example, variants of the TLR6-TLR1TLR10 cluster (haplotype) show evidence for positive selection in Europeans (Barreiro et al., 2009;
Mathieson et al., 2015). A single-nucleotide polymorphism (rs5743618) of TLR1 which is rare in
Africans is a major allele in Europeans, presumably as a result of strong positive selection for a hypofunctional variant542 possibly related to mycobacterial pathogens (Wong et al., 2010; Uciechowski et
al., 2011; Vannberg et al., 2011). In addition, three novel versions of this haplotype have evidently been
introgressed from archaic humans, associated with polymorphisms in the associated regulatory
elements: presumably this was because they conferred better protection against pre-existing pathogenic
infections and/or those which spilled over from contact with archaic humans, although they may
predispose present-day humans to allergies (Dannemann et al., 2016; see also Deschamps et al.,
2016).543
The majority of such comparative studies have focused on the genes themselves. However, in an in
vitro study to compare the responsiveness of primary CD14+ monocytes of a sample of Belgians, Quach
et al. (2016) found evidence that introgression of Neanderthal regulatory variants increased downstream
interferon-mediated responses in Europeans, compared with those of African origin, in response to
stimulation of TLR7/8 for viral nucleic acids or using seasonal H1N1 influenza A virus; 544 and also
TLR4 for bacterial lipopolysaccharides. Using macrophages which had been induced to differentiate in
vitro from CD14+ monocytes and were then exposed to live bacterial pathogens, Nédélec et al. (2016)
found evidence that the transcriptional response of African American men was much stronger than that
in males of European origin, more especially for genes related to inflammation (cf. Quach et al., 2016),
with evidence that this was related in part to genetic factors rather than just environmental ones.
ii. The Need for Acceptable Acceptors Having evaded the initial layers of the immune defence system,
the virus needs to gain access to the cytoplasm of the target cells through an initial interaction with what
have been loosely termed as ‘receptors’: as noted in the Introduction, this term can very confusing to a
conventional biologist, so that the following will instead use the term ‘acceptor molecules’.
There is evidence that viruses can use a variety of different acceptors to gain access to their target cells,
even within one viral ‘species’ (including after passaging in vitro);545,546 and that different virus families
targeting the same host cell-type differ in the acceptors which they use (Baranowski et al., 2001).547 In
the case of picornaviruses, non-enveloped viruses where the positive-stranded RNA is encased in an
icosahedral capsid made up of four structural proteins (VP1-VP4), different serotypes can be recognised
based on the epitopes these proteins present to the exterior (Simmonds, 2006). Recombination (see

With reduced levels of expression at the cell-surface and less effectiveness in inducing NF-κB activity after
stimulation with a standard ligand; the underlying significance of this seemingly counterintuitive effect is not
clear (see also Section IV.5).
543
Thus these are very rare in Africans, and also may not be present in Melanesians. One haplotype (Dannemann
et al.’s VII) was most similar to that of the Denisovan and was only found in two South Asian individuals; the
other two (their III and IV) were most similar to those identified in Neanderthal genomes (most especially that
from Altai), with III being at an intermediate frequency (11-51%, with evidence for north-south variations
within Europe, as well as between East Asia and adjoining regions, for example) in all non-African
populations; whilst IV is restricted to East and Southeast Asia, as well as central and more northern areas of
the continent (2-10%). The fact that the locus on chromosome 4 was evidently selected for as a whole, with
positive selection and little subsequent diversification, suggests that wholesale introgression is more likely
than the alternative explanation of incomplete lineage sorting (Dannemann et al., 2016).
544
Including an introgressed haplotype which regulates the expression of PNMA1 (encoding a protein which
interacts with a subunit of the influenza A RdRp to stimulate interferon production) which has been positively
selected to high frequency in Europeans but is absent on Asians.
545
Thus presumably increasing their chances of initial opportunistic spill-over infections, as well as being a
component in any ongoing arms race with their natural host-reservoir (see below).
546
Changes of just one or a few amino acids may suffice.
547
Passaging in vitro can drive many to converge on heparan sulphate (a linear polysaccharide component of the
extracellular matrix of many cells) as an acceptor.
542
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Section IV.4.ii) is only seen in nonstructural regions of the genome in three of the nine genera,548 and
thus there is segregation of the domains encoding the structural proteins and the resulting production of
compatible serotypes. Related to this, they differed from the other genera in having much less amino
acid sequence divergence in the structural region and less markedly elevated ratios (dN/dS) of
nonsynonymous-to-synonymous substitutions.549 This evidence for purifying or negative selection
presumably reflects the importance of particular epitopes on the capsid for interacting with specific
acceptors on potential host cells. Thus the emergence of different serotypes is a result of their also
serving as antigenic sites: a corollary is that the epitopes of any new serotype must most likely also be
able to interact with an alternative host-cell acceptor (see also Baranowski et al., 2001). Simmonds
(2006) noted that there is evidence for a similar situation in the likewise unenveloped astroviruses and
noroviruses, in contrast to enveloped RNA viruses as ‘controls’ (with the exception of human pegivirus
amongst those flaviruses reviewed: see Section IV.3): in the latter, the surrounding membrane insulates
the capsid inside against the attentions of the acquired immune system.550
The glycocalyx comprises various carbohydrates (glycoconjugates) which decorate the extracellular
aspect of membrane proteins and sphingolipids in metazoan cells, 551 and from which they may also be
secreted; it thus represents a barrier which viruses and other intracellular parasites must be able to
traverse. The diversity of these glycans is surprisingly limited in vertebrates, despite the wide diversity
of possibilities open to them, given the ‘assembly-line’ process of their generation by way of a large
suite of enzymes; this is presumably because of the glycocalx components’ primary commitment to
mediating interactions between cells during development and thereafter (Bishop and Gagneux, 2007).
Thus the enzymatic modification of the terminal portions of membrane glycans typically is restricted to
either sialylation or fucosylation (Varki and Gagneux, 2012).
The downside of the relative lack of diversity in the glycocalyx is that it makes potential host cells more
susceptible to infection by pathogens using its components as acceptor molecules, as exemplified by
the situation with influenza A and the importance of sialic acid in within- and across-species
transmission (see Sections VI.2.ii and VII).552,553 On the other hand, this can be reduced to some extent
by the fact that extracellular soluble mucous secretions are also sialylated, and can thus serve as ‘decoys’
to mop up such pathogens through increased exposure to the immune system at large (Bishop and
Gagneux, 2007).554 This is one case where the distinction between the present category and the
preceding one (on initial access factors) is necessarily blurred
Sialic acids are also important as acceptors mediating infection by a variety of other viruses of their
target cells, through taxon-specific haemagglutinins555 (Baranowski et al., 2001; Stencel-Baerenwald et
al., 2014). The main one in mammals is the precursor N-acetylneuraminic acid (Neu5Ac), from which
other sialic acids are derived; the most important of the latter is N-glycolylneuraminic acid (Neu5Gc)

548

Including species of Hepatovirus, Enterovirus, Kobuvirus, Parechovirus and Rhinovirus which can infect
humans (see Section VI.1); of these, only Enterovirus spp. show recombination, along with Aphthovirus
(which includes the virus causing foot-and-mouth disease in bovines).
549
There is evidence for a similar situation in the likewise unenveloped astroviruses and noroviruses, in contrast
to enveloped RNA viruses as ‘controls’ (with the exception of human pegivirus: see Section IV.3). , where the
surrounding membrane insulates the capsid inside against the attentions of the acquired immune system (the
more so if the membrane proteins are glycosylated).
550
The more so if the virus-specific membrane proteins are glycosylated, as in the case of the Ebola virus; a
downside is that the membrane-proteins of the original host individual may provoke an immune response in
the recipient, most especially if these include human blood group antigens (see Section VI.5.i).
551
Including those epithelial cells at the internal interface with the external environment, in the gut, the lungs, etc.
552
This includes ‘hijacking’ of existing host-serving mechanisms as ‘Trojan horses’ to cross epithelial boundaries
with internal components of the external environment, without necessarily infecting the cells involved (Grove
and Marsh, 2011).
553
The other side of the coin is that it also means that humans can host a large microbiome of bacterial commensals
(Bishop and Gagneux, 2007).
554
Albeit recognising that viral sialidases/neuraminidases may serve to cleave a way through such a normally
fluid defense-system.
555
A generic term, related to their common targets, rather than referring to a particular family of related proteins.
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in most mammals studied (Varki, 2001, 2010). However humans are a major exception in this regard:556
deletion of a portion of the gene for CMP-Neu5Ac hydroxylase at about the time of the emergence of
the genus Homo means that the resulting protein can no longer function as an enzyme to convert
Neu5Ac to Neu5Gc, leading to an absence of the latter in the glycocalyx of human cells. 557 This lack
has been implicated in the resistance of humans to certain strains of diarrhoea-causing coronaviruses
and rotaviruses; as well as offering protection against ape-derived malarias until this was circumvented
by the appearance of a strain (the ancestor of P. falciparum) able to bind with the Neu5Ac on human
erythrocytes (Varki, 2001, 2010; see also van Blerkom, 2003). On the other hand, different strains of
influenza A would appear to be relatively insensitive to differences between these two sialic acids
(Varki, 2010; cf. Suzuki et al., 2000: see Section VII.7.i), with the nature of their linkages to terminal
galactose being more important (see Sections VII.1 and 4.i).
Arising out of this, Varki (2001) has speculated that the inactivation of the hydroxylase gene may have
been a factor which facilitated the domestication of various other mammals, since it created a bottleneck
in the ability of viruses to readily infect early farmers.558 Given the more ancient ancestry of the loss of
this gene, van Blerkom (2003) has further speculated that it may have been selected for as an adaptive
advantage when hominins switched to a more carnivorous lifestyle, through protecting them against
infections from their prey. The other side of the coin is that humans are exposed to Neu5Gc when they
eat other mammals, leading to the production of antibodies against this molecule; Varki (2010) has
suggested that, as a result, eating red meat may lead to chronic inflammatory responses which might
explain why consumption of the latter aggravates certain diseases generally associated with the Second
Epidemiological Transition and would provide an explanation for the profound differences in the
aetiology of heart disease between humans and chimpanzees.
Apart from sialylation, fucosylation is another important means for the enzymatic modification of the
terminal portions of membrane glycans. Human ABO blood groups belong to the so-called histo-blood
group antigens (HBGAs), produced by the addition of fucose sugars to distal portions of two types of
precursor glycans decorating the extracellular domains of membrane glycosphingolipids and
glycoproteins, to produce epitopes as components of the Lewis antigen system (le Pendu et al., 2006;
Ferrer-Admetlla et al., 2009; Cooling, 2015; de Mattos, 2016; Jiang et al., 2017). The first step involves
activity of α(1,2)-fucosyltransferase, which is responsible for fucosylation of the glycan’s terminal
galactose to produce the H antigen. One gene for this enzyme, FUT1/ABO is expressed in endothelial
cells and the precursors of erythrocytes and platelets, where it fucosylates type 2 glycans; another,
FUT2/Secretor, does the same with type 1 glycans in exocrine cells of the gut mucosa and the
respiratory and genito-urinary epithelia, whence a proportion of the products is typically secreted (Apoil
et al., 2000; Cooling, 2015). In turn, the H antigen is the precursor for the A and B antigens in
individuals with the relevant enzymes;559 thereafter, in exocrine cells, α(1,3/4)-fucosyltransferase
(coded by the FUT3/Lewis gene) then adds a fucose to the subterminal N-acetylglucosamine of the
original type 1 glycan backbone to produce the equivalent Lewis antigen.
All primates secrete HBGAs; like other mammals, most have three α(1,2)-fucosyltransferase genes
although one of these is non-functional in African great apes like Sec1 is in humans (Apoil et al., 2000).
Although all primates have highly conserved bivariate copies of the ABO gene,560 the expression of the
556

Others include New World monkeys.
Given that humans develop antibodies against Neu5Gc from eating other mammals (see below) and that the
female reproductive tract secretes circulating IgG antibodies, this means that females with the null mutant for
CMP-Neu5Ac hydroxylase will reject sperm or developing embryos, thereby accelerating the evolutionary
process (Varki and Gagneux, 2012).
558
Varki (2001) also postulated a role for the loss of this sialic acid in promoting brain development in subsequent
hominid lineages.
559
Produced when different forms of glucosyltransferase, encoded by the ABO gene, add either an Nacetylgalactosamine (IA: coding for A transferase) or another galactose (IB, for B transferase) to the H antigen’s
terminal galactose; O-type HBGAs result from being homozygous for an inactive allele (i), so that only the
original H antigen is presented.
560
For a polymorphic genetic locus, the alleles of ABO are unusual in being identical in other Old World primates
(some may have only IA or IB, with or without i), implying that they have an important, as yet unrecognised
557

116

Human Communicable Diseases and Potential Future Zoonotic Threats
resulting antigens on erythrocytes would appear to be restricted to apes (including humans) as a result
of the insertion of an Alu-Y element into a promoter in the first intron of FUT1, suggesting an important
role in gene expression (Apoil et al., 2000). Polymorphism as a result of a variety of different mutations
in the FUT2/Secretor gene means that about 20% of African and European populations lack a functional
allele and are so-called non-secretors: the H epitope (and thus its A and/or B derivatives, where
appropriate) is not inserted onto the glycan precursors in exocrine cells, including those destined for
secretion. Although the proportion is about the same in those human populations studied, the mutations
involved differ, indicating their relatively recent appearance in a converging phenotype based on local
active balancing selection; thus one particular non-secretor haplotype (se385) has emerged as
characteristic among samples of Southeast (Cambodian) and East Asian populations (Ferrer-Admetlla
et al., 2009). In addition, there is evidence for a mutation in the promoter region of this gene in some
Africans as a result of balancing selection, suggested to be related to the need or protection against
particular viral and other infections (Fumagalli et al., 2009; see below). Mutants with impaired or null
activity of the FUT2 gene would not seem to be found in other primates (Apoil et al., 2000), implying
a recent origin of the non-secretor phenotype in humans.
Such recent changes must have been associated with compensatory ones in the normal developmentrelated functions of the resultant phenotypes, presumably reflecting outside pressures with subsequent
positive, albeit balancing selection which has over-ridden the previously sufficient status quo (Bishop
and Gagneux, 2007): in the case of humans, these selective pressures might have arisen as a result of
the Neolithic transition and subsequent increases in population densities. Evidence indicates that
secretors may be more susceptible to infection with various viruses (including inﬂuenza viruses A561
and B, rhinoviruses, respiratory syncytial virus and echoviruses, as well as HIV-1),562 whilst nonsecretors are so for certain bacteria (reviewed by le Pendu et al., 2006; Casasnovas, 2013).563 Thus
particular terminal glycans of the Lewis antigen system which decorate epithelial cells may be co-opted
as acceptors for infection by certain viruses which infect the gastro-intestinal system: this includes
various noroviruses of the family Caliciviridae and rotaviruses of the Reoviridae, meaning that different
individuals are susceptible to different viral strains (Casasnovas, 2013).
Amongst noroviruses, evidence suggests that the capsids of certain genotypes bind to HBGAs as
acceptors,564 and that homozygous FUT2-/- non-secretors may thus be protected against infection by
these; however other factors mean that some of those with a functional FUT2 gene are resistant to
infection and, conversely, other noroviral strains may be secretor-independent (Lindesmith et al., 2003;
Tan and Jiang, 2005; le Pendu et al., 2006; Nordgren et al., 2010; Shirato, 2011, 2012; Karlsson et al.,
2014; Cooling, 2015; de Graaf et al., 2016); this is supported by ‘challenges’ where prospective human
‘guinea pigs’ were deliberately infected (le Pendu et al., 2006; Frenck et al. 2012). Furthermore,
different strains also show evidence for preferential infection of individuals based on the latters’
particular blood-groups; even if infected, they are more likely to be asymptomatic, presumably because
role under strong purifying selection over the past tens of millions of years which was not originally related to
blood-groups per se (Ségurel et al., 2012).
561
With regard to influenza A, there are inconsistent findings concerning whether secretor status or ABO blood
grouping may influence susceptibility to influenza infection (Horby et al., 2012).
562
A parainfluenza virus may be an exception (Raza et al., 1991).
563
Shirato (2011) notes that, amongst non-secretors, inactivation is complete in Caucasians as a result of nonsense
mutations, whereas it is incomplete in those East Asians studied, as a result of mis-sense ones. Above, it was
noted that it is difficult to determine when (and where) various ‘early phase’ pathogens (see Sections VI.1 and
5) first became established as regular threats to a population’s health. The fact that there are regional variations
in the haplotypes of non-secretor alleles of FUT2 combined with evidence of the impact of these on
susceptibility to particular infections may give insights into where and when such pathogens first exerted a
selective influence.
564
With evidence that genetic drift and the resultant year-to-year variations may not only circumvent previous
acquired immune responses but also select for the development of viral strains adapted to different variants in
the repertoire of potential host acceptors, in order to better ‘explore’ and exploit the human reservoir as a whole
(Lindesmith et al., 2008; Lopman et al., 2008; Shanker et al., 2011; Singh et al., 2015); it would not seem to
be clear whether reports (le Pendu et al., 2006) of newly emerging strains represent these through genetic drift
or fresh spill-overs from other mammals, or both.

117

The University of Cambodia Monographs Series
of a modulatory masking of the acceptor portion of the terminal glycan domain in secretors (le Pendu
et al., 2006). Thus while the human population as a whole can be infected with noroviruses, different
individuals are susceptible to different strains, depending on their secretory and ABO blood-group
status (Cooling, 2015).565
Similarly, amongst rotaviruses, it would seem that members of genogroups P[II]-P[IV]566 (which also
infect other domesticated mammals) use one or more components of the Lewis antigen system as
acceptors (Jiang et al., 2017); thus certain strains bind with A-type HBGAs, consistent with previous
studies indicating that non-secretors may be protected against at least some strains of these viruses
(Böhm et al., 2015). Cross-infection from other mammals may be facilitated by shared similarities in
components of the Lewis antigen system, especially in the young; moreover, there is evidence that,
where these are less alike, adaptive viral evolution may occur to further establish the spill-over in the
new host reservoir (Jiang et al., 2017). On the other hand, a proportion of the much more diversified
P[I] members, where known (including most of those known to infect humans), use sialic acidassociated gangliosides as acceptors.
Other studies have pointed to a possible role for blood groups in resistance to other viral diseases,
although results are inconclusive (Berger et al., 1989; Greenwell, 1997; van Blerkom, 2003). For
example, Vogel and Chakravartti (1966) found that patients with blood groups A and AB were much
more likely to develop smallpox, as compared to their healthy siblings as controls, 567 in a survey of a
non-vaccinated rural population in West Bengal and Bihar in India; thereafter, they were more likely to
die or, if they survived, to develop more severe scarification than was seen for patients with groups B
or O. In discussing why others’ findings from major hospitals elsewhere in the Indian subcontinent
appeared to be at variance with their own, Vogel and Chakravartti reviewed evidence that there was a
negative correlation between the relative frequency of the incidence of the A gene and the prevalence
of smallpox in the region. However Fenner et al. (1988) noted that it is generally considered that blood
groups did not play a role in the protection or otherwise against smallpox.
In addition, there is evidence that hospital workers with blood group ‘O’ during the original SARS
outbreak (see Section VII.8.iii) were relatively resistant to infection. This was suggested to be due the
fact that viruses which infected A- and/or B-positive individuals incorporated the latter antigens into
their envelope and thus stimulated an existing acquired immune response568 in potential infectees
lacking these epitopic signals (reviewed by Cooling, 2015). Non-secretors, on the other hand, would be
unprotected. As noted above, such a response can be generalised as affirming barriers to spill-overs
from other species (including other hominins) where glycocalyx epitopes induce pre-acquired immune
responses in humans – not only against A and/or B antigens but also the sialic acid derivative Neu5Gc
(see above).
On top of this, expression of the more restricted antigenic glycans responsible for the classic human
ABO blood groups has been identified as a risk factor in various for protozoan and bacterial infections,
thereby confounding efforts to narrowly interpret particular alleles as adaptive for a specific infection.
For example, individuals with blood type O are more severely affected by the cholera bacillus, although
they are no more susceptible than others to infection in the first place (Cooling, 2015); 569 the
565

Le Pendu et al. (2006) have noted that breast-milk from secretor-positive women, unlike that of cows, has high
levels of oligosaccharides and glycoconjugates bearing histo-blood group antigen epitopes; the oligosaccharides are not digested by the infant, and thus may function as decoy acceptors to reduce the chances of
the latter’s gut cells being infected in certain circumstances. A similar strategy may help to limit infection of
the infant by other enteric viruses and bacteria (Yang et al., 2012).
566
Certain members of the P[II] group are responsible for more than 95% of human rotavirus infections worldwide.
567
These were likely to also have been exposed to the virus on a routine basis.
568
As with the need for antigen-typing with blood-transfusions, this is presumably because of exposure to A- and
B-like antigens on viruses or bacteria in early childhood (Cooling, 2015).
569
Normally this bacterium circulates within the plankton in the Ganges delta year-round, to spill-over into
humans who drink water containing these. A series of epidemics world-wide was initiated by one in 1817,
with the transport of contaminated bilge-water from ships going elsewhere from the Bay of Bengal:
http://www.medicalecology.org/water/cholera/cholera.htm.
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significance of this is suggested by the observation that the lowest incidence of the type O phenotype
worldwide is in the Ganges delta, where V. cholerae is believed to have originally become endemic
(Harris and LaRocque, 2016).570 On the other hand, type O would appear to confer protection against
severe malaria, possibly because of the lack of glycan ligands to facilitate the entry of this protozoan
parasite (Liumbruno and Franchini, 2013; Cooling, 2015).
There are a wide diversity of other different types of blood-group antigens, including evidence that
variant alleles may play a role in protection against infection, mainly by other than viruses, including
evidence for geographical variability (Fumagalli et al., 2009; Cooling, 2015). However, whilst evidence
associating susceptibility to influenza infection with regard to secretor status or ABO blood grouping
is contradictory (Horby et al., 2012), a recent study suggests that the system of Rhesus antigens571 might
play a role, based on antibody titres to ‘swine flu’ pH1N1 virus in a sample of the Estonian population
(Kärdi et al., 2016); the possible basis underlying this correlation is not clear.
The highly specific binding of other viruses to extracellular acceptor domains of particular (glyco-)
proteins572 is often to portions of the latter which are not directly involved in that molecule’s normal
functioning (Coffin, 2013); this makes possible the occurrence and selection of mutations in parts of
the gene coding for these virus-susceptible portions of the molecule, in order for a host lineage to
emerge which is resistant to such cellular invasion.573 Perhaps the best-studied case is that of the
chemokine receptor-5 gene and HIVs (Marmor et al., 2006; Lopalco, 2010). The resulting CCR-5
protein is expressed in various categories of cells in the immune system, together with epithelial and
various other cell-types, and is likely to play a role in the endogenous regulation of inflammatory
responses. As such, it has been co-opted as a co-receptor (i.e. co-acceptor) with that for CD4 in the
cellular uptake of most strains of HIV-1 (Lifson and Engleman, 1989; Chapman and Hill, 2012;
Karlsson et al., 2014), as a prelude to the infection of the virus’ primary target of the immune system’s
memory CD4+ T cells. 574 There is evidence that homozygotes with a 32-base-pair deletion of this gene
(CCR5-Δ32; the potential protein product is not expressed), which is restricted to various European
populations (with the highest proportion in Nordic countries),575 confers protection against the main
(macrophage-tropic) form of HIV-1, with delayed realisation of the disease and its outcome in
heterozygotes. Given that those with naturally-occurring CCR5-specific antibodies may have at least a
degree of resistance to infection has thus suggested a promising avenue for research (Lopalco, 2010).576
The foregoing applies to changes which affect certain specific membrane proteins used directly by
potential pathogens; however, if the pathogen gains access to a potential host cell, another sophisticated
barrier of defences may be brought into play.
iii. Intracellular factors Having successfully entered the cell, the virus needs to shed its protein coat
and hitchhike using the host cell’s machinery to get its genome to the appropriate cellular compartment,
570

Instead, Karlsson et al. (2013) identified genes involved in cAMP-mediated chloride secretion and for
components of the innate immune system involved in the NF-κB/inflammasome-dependent pathway as having
been selected for.
571
With a role in stabilising the proteinaceous endoskeleton determining erythrocyte shape and the effects of
external influences.
572
For example, HIVs can only use the primate homologue of the CD4 receptor as the main acceptor.
573
As noted above, there is the need to avoid confusion between overall macromolecular form and host-specific
function: thus the virus often targets a portion (the ‘acceptor domain’) of the host molecule other than the
latter’s functional ligand-binding receptor domain, meaning that ongoing selective ‘arms race’ processes may
not interfere with the endogenous function of that particular protein in the host.
574
The alternative use of the CXCR4 co-receptor as an acceptor is typically seen only in long-term infectees, and
also in those on to whom they have passed infection.
575
About 1% are homozygous and 11% heterozygous; evidence indicates that this was a one-off mutation about
700 years ago, based on molecular-clock studies, suggested to be the result of positive selection for those who
survived the Black Death (or Plague, caused by the spread of the bacterium Yersinia pestis: see Section VIII.1),
or, perhaps more likely, smallpox epidemics (van Blerkom, 2003). Subsequent more detailed studies have
argued against a role in protection against Y. pestis (Karlsson et al., 2014).
576
There is also evidence that mutations of potential acceptor components of the CCR5 receptor in African green
monkeys (Chlorocebus spp.), together with those of the primary receptor (CD4), have evolved to confer
protection against endemic SIV infections.
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undergo replication and then package the progeny for onward transmission (Webby et al., 2004). Thus
their limited genome sizes mean that most viruses are largely reliant on their host cell’s essential
‘housekeeping’ genes and their products (so-called ‘host dependency factors’: Coffin, 2013).577 Since
such genes are already essentially optimised for the functioning of their host cell’s machinery as a result
of continual purifying selection, there is minimal opportunity for adaptive mutational responses in order
to try to contain any hijacking of these systems by a viral infection towards the its own ends.
However, as noted in the Introduction, there is a diversity of intracellular mechanisms mediated by socalled ‘restriction factors’ which have evolved in order to identify specific characteristics of certain
viruses and interfere with the latter’s primary objective of getting the host cell to produce its progeny
(Duggal and Emerman, 2012; Coffin, 2013): these are typically the products of genes activated as a
result of interferon-mediated innate immune responses. As such, they are related to abnormal rather
than normal cell-functioning: they thus have had the necessary flexibility across the generations of the
host organism, whereby mutations can be positively selected for as part of an ongoing arms race to
thwart the emergence of viruses which have evolved means to evade the existing prevalent relevant
restriction factors.
Thus the fact that mammals have a host of such restriction factors serves to offset the apparent advantage
of (RNA) viruses’ mutability578 and their much shorter life-cycles (Gifford, 2012; Compton et al.,
2013). For example, an SNP (rs12979860) upstream of IL28B, the gene for the type III interferon λ3,579
has been associated with spontaneous clearance of hepatitis C; this variant is nearly fixed in Southeast
and East Asians as well as those from Oceania, as a relatively recent process of positive selection, being
least frequent in Africans, with Europeans being intermediate, as are native Americans (Thomas et al.,
2009). However it should be noted that a meta-analysis by Jiménez-Sousa et al. (2013) concluded that
the evidence for a role for IL28B-related variants in the clearance of this virus needs further study.
Another important component of the potential host species’ arms race with pathogens is the major
histocompatibility complex in jawed vertebrates, including the human leucocyte antigen- (HLA-)
binding proteins. The HLAs comprises two major systems,580 each with several genes per haploid
genome with each in turn comprising one of many divergent alleles.581
The products582 of the three genes (A-C)583 of HLA class I are found on all nucleated cells as well as on
platelets (but not erythrocytes), and are involved in cell-based immunity. They are responsible for
presenting peptides produced by intracellular proteosomal degradation, and are involved in interacting
with CD8+ cytotoxic killer T cells to bring about the presenting cell’s own destruction through
apoptosis. Variants of certain of these genes have been identified as having introgressed from
Neanderthals and Denisovans (Abi-Rached et al., 2011). Also, genome-wide association studies of
single-nucleotide polymorphisms have identified variants in modern human HLA class I genes as being
important in determining susceptibility to leprosy, HIV-1, and hepatitis B, but not for tuberculosis,
hepatitis C or malaria (Vannberg et al., 2011). Thus the haplotypes of HLA class I molecules present
are crucial for trying to clear HIV and various other viral infections: together with the CCR5 locus,
certain SNPs of particular members of this class explain almost a quarter of the variability on the
pathogenesis and control of HIV (Chapman and Hill, 2012; Karlsson et al., 2014).

577

Partial exceptions are those which use their own reverse transcriptases or RdRps in order to implement and
copy their genomes; otherwise they remain dependent on the host’s ‘machinery’ for infection of the cell to
progress.
578
Given the inherent constraints indicated in Section III.3.
579
Type III interferon has anti-viral activity in its own right, as well as by stimulating the JAK-STAT complex to
induce other IFN-stimulated genes.
580
A third (based on the fact that its diverse genes lie in a tract between those coding for system I and those for
system II on human chromosome 6) includes genes for some components of the complement system, together
with certain cytokines and heat shock proteins.
581
The associated polymorphism, which is subject to balancing selection, determines the nature and range of
peptides with which the protein product can interact and thus be able to present as epitopes on the cell surface.
582
Expression of which is increased by interferons.
583
Each individual has two co-dominant copies of each haplotype, one from each parent.
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The three pairs of α- and β-chain genes of class II HLAs are normally expressed mainly on various
types of antigen-presenting cells of the innate immune system (e.g. dendritic cells, macrophages and B
cells).584 They present fragments of foreign molecules from the lysosomal breakdown of material taken
up by phagocytosis from the surrounding milieu, and instead interact with CD4+ helper T cells 585 to
mediate actions involving antibody production by B cells of the acquired immune system (humoral
immunity). SNPs in certain members of HLA class II (responsible for binding and thereafter presenting
antigen to CD4+ helper T lymphocytes) have been associated with protection against chronic hepatitis
B infection in Japanese and Thai populations (Kamatani et al., 2009; Vannberg et al., 2011; Chapman
and Hill, 2012).
Other haplotypes of genes of the immune system which have apparently been introgressed from
Neanderthals include the OAS cluster and STAT2 (Racimo et al., 2015, 2017; Deschamps et al., 2016;
Quach and Quintana-Murci, 2017). Respectively, these are important in triggering and sustaining an
innate immune response to viral pathogens, as part of an infected cell’s own defenses against viruses
via the production of interferons through general mechanisms or more specific ones targeted at
particular viruses; and which the latter seek to circumvent as part of an ongoing arms-race mainly
involving mutations of their accessory proteins (Haller and Weber, 2006; Randall and Goodbourn,
2008; Gerlier and Lyles, 2011).
The initial such response is mediated by members of certain families of pattern-recognition receptors
which are stimulated by cytoplasmic double-stranded RNA (produced during viral replication). These
receptors include products of the OAS cluster: a number of genes coding for the 2’,5’-oligoadenylate
synthase family of proteins which detect double-stranded nucleic acids in the cytosol and thereby
activate RNase L which serves to degrade host and viral RNAs;586 the resulting inhibition of its own
protein synthesis leads to the infected cell’s death by apoptosis (Hornung et al., 2014). There is evidence
for introgression of the Denisovan haplotype in Melanesians and indigenous Australians, together with
indigenous ‘negritos’ from the Philippines and populations in eastern Indonesia, but not in a group of
‘negritos’ from the Andaman Islands587 or peninsular Malaysia588 (Reich et al., 2011).589 On the other
hand, indicative of a separate hybridisation event, there is evidence for neutral introgression of the
Neanderthal haplotype in non-Africans elsewhere (Mendez et al., 2013).590 Other evidence suggests
that balancing selection for the Neanderthal allele for OAS1 may confer a degree of adaptive resistance
against flaviviruses: hepatitis C virus (see Section VI.1.ii) and two arbovirus species. In addition, Sams
et al. (2016) found evidence that the transcription of each of OAS1-OAS3 was stimulated by challenges
of peripheral blood mononuclear cells with live influenza A virus and the two human herpes simplex
viruses.
Stimulated cells also secrete interferons in order to forewarn their neighbours through IFN-α/β receptormediated up-regulation of a large number of genes responsible for innate nonspecific responses, as well
as components of the adaptive immune system which represents the second, more specific line of
An extra β-chain gene may be present, meaning that up to four different dimers may be produced from each
haploid genome. Again, additional flexibility is derived from the fact that heterozygosity as a result of sexual
reproduction doubles the number of alleles for each of the genes involved (see Section VI.4.v).
585
Naïve Th0 cells; depending on the cytokines secreted by the antigen-presenting cells, these then differentiate
into either effector or memory T cells or, where the antigen is to be tolerated, regulatory (suppressor) T cells.
586
Via second messengers, ATP-derived 2’,5’-oligoadenylates; various RNA viruses have evolved 2’,5’phosphodiesterases against these in order to short-circuit the OAS/RNase L pathway.
587
The Onge: there is some evidence for strong genomic affinities with Melanesians and especially Papuans (Basu
et al., 2016a, b; cf. Mondal et al., 2016). However, archaeological evidence suggests that the Andaman Islands
may have only been occupied for the past two millennia (Morrison, 2006).
588
The Jehai of peninsular Malaysia: these are Austro-Asiatic (Aslian) speakers of the northern Orang Asli (Baer,
1999; Fix, 2011); they also found no evidence for such introgression in the Temuan (a more southern group of
Orang Asli, linguistically Austronesian).
589
Note that another analysis of the same haplotype found a much less predominant distribution, mainly focused
on Papua New Guinea, with only a small incidence in indigenous Australians, for example (Mendez et al.,
2012).
590
Only Papua New Guinea and adjoining islands to the east were included in their survey, with no samples from
mainland and island Southeast Asia.
584
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defence. One important component of the initial transduction of intercellular interferon-signalling is the
JAK-STAT pathway, whereby members of STAT family of genes code for transcription factors mediate
the induction of interferon-stimulated genes. The so-called ‘N’ haplotype (with long and a possible
recombinant short variant thereafter) overlaps the gene for STAT2, and has been identified throughout
Eurasia, at an overall frequency of about 5%, but is not found in sub-Saharan Africans. Furthermore, it
has been found in more than half of those Melanesians sampled from Papua and Oceania (there were
no samples of indigenous Australians); moreover, the sequence in 9% of those Papuans sampled was
identical to that covered in the Denisovan one (cf. 59% for that with the draft Neanderthal sequence)
(Mendez et al., 2012).591 The high incidence amongst Melanesians is unlikely to have been due to
genetic drift; however the fact that the ‘N’ haplotype encompasses a large stretch of DNA (≈ 260 kb in
the case of the long variant) which includes a number of genes other than STAT2 means that it is
impossible to identify the likely target(s) for such positive selection. Comparisons with the situation
regarding the OAS gene cluster (see above) are notable in this regard.
A variety of studies in mice592 which have identified variants of the interferon-inducible proteins
encoded by the Myxovirus resistance gene (Mx) which influenced susceptibility to influenza A, but
there have been no studies on the possible role of the homologue (MxA) in humans (Horby et al., 2012).
On the other hand, one report has extended other studies based on mice to humans by looking at a
member of the interferon-inducible transmembrane (IFITM) protein family, IFITM3 (Everitt et al.,
2012): deletion of Ifitm3 in mice meant that exposure to what is normally a low-pathogenicity influenza
virus led to fulminant viral pneumonia such as seen with the ‘Spanish’ influenza. Follow-up tests on
people of European ethnicity indicated that those who were hospitalised from infection with seasonal
influenza or pH1N1 viruses were significantly more likely to possess an allele of the human homologue
with the SNP rs12252 splice variant; in vitro studies confirmed that this was less effective in
constraining influenza infections in lymphoblast cell-lines, as was also the case for cells with an Nterminally truncated version of the same gene (Everitt et al., 2012). In addition, Quach et al. (2016)
found that an introgressed haplotype that regulates the expression of the gene for PNMA1, a protein
which interacts with the PB2 subunit of the influenza A RdRp to stimulate interferon production, has
been positively selected for in Europeans but is absent in Asians.
iv. Onward-Transmission Factors To proceed further through its infective cycle, the virus’ progeny
need to be able to exit the infected cell. With regard to enveloped viruses, the importance of the protein
tetherin (Sauter, 2014) has already been briefly reviewed (see Section VI.3.i).593 In contrast, nonenveloped virions (where the viral genome is only encased in a proteinaceous capsid) are released as a
result of lysis of their host cells: this serves to protect the virion after shedding by insulating it to some
extent against hostile external environments, thereby allowing it to adopt Ewald’s (2004; Walther and
Ewald, 2004) ‘sit-and-wait’ strategy, but assembly-based constraints might potentially limit the variety
of acceptors which it is able to recognise (but see Simmonds, 2006).594
Once outside the cell, the final hurdle is that the virions have to spread to infect other cells within the
same host or in another one. In either case, its progeny face potentially the same obstacles as it did in
reaching the original host cell in the first place, although these may be ameliorated by certain mutations
amongst the ‘quasi-species’ which emerge, including changes in their antigenicity.
v. The Advantages of Sex Simple theory suggests that sexual reproduction should not be an
evolutionarily stable strategy. First, the potential for reverting to asexual parthenogenesis means that
females doing so could produce twice as many offspring which are moreover replicas of themselves, so
that males become redundant. Another issue is that, whilst recombination within chromosome pairs
together with reassortment amongst chromosomes during meiosis can lead to chance beneficial results,
591

Coverage included northern portions of mainland Southeast Asia and the island of Borneo.
Using inbred laboratory strains, which are presumably more likely than their wild congeners to have been
exposed to human influenzas – the significance of this is unclear.
593
The Ebola virus GP1,2 protein also counteracts the effects of tetherin (Sauter, 2014).
594
It also means that the cellular factory which produced it is destroyed: hepatitis A aims to get the best of both
worlds by being released as an enveloped virus with its coat being shed in the blood to reveal an extremely
resistant encapsulated virion (Wang et al., 2015).
592
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there is the problem of the inevitable subsequent disruption of previously co-adapted gene complexes
as a result of linkage disequilibrium.
On the other hand, mention was made in the Introduction of so-called heterozygote advantage and the
dynamic version of the Red Queen hypothesis as an explanation for the theoretical conundrum as to
why sexual reproduction has become a major characteristic of most eukaryotic life-forms. Modelling
studies imply that, following the observations of Haldane (1949; see above), the immediate threat of
pathogenic infections provides a driver to maintain this reproductive strategy, as one means to shortcircuit the much shorter generational times and greater mutability of typical pathogens.595 Thus the
dynamic version of the Red Queen hypothesis596 predicts that sexual selection for heterozygous genetic
variation as a result of out-breeding597 together with the further diversification in any resulting progeny
through chiasma-mediated meiotic recombination as a generator of novelty, serves to increase diversity
in components of the innate immune system, in particular, and thereby leads to active selection in order
to offset arms race-induced increases in a pathogen’s virulence. As a consequence, each host represents
a potentially unique environment (with two alleles of the same gene from different parents), 598 which
acts as a brake on the options open to pathogen evolution; and this at least counterbalances the costs of
meiosis (Ebert and Hamilton, 1996; Salathé et al., 2008; Lively, 2010; Brockhurst et al., 2014).
Most studies on heterozygote advantage in humans599 relate to the situation with malaria: a group of
protozoans with mosquitoes as their vector which have exerted a profound selective pressure
(Kwiatkowski, 2005). These provide phenotypic illustrations of the underlying genetic processes, with
the classic example being sickle-cell anaemia, where a point mutation (haemoglobin S) in the βhaemoglobin gene means that homozygotes with two copies of this allene have erythrocytes which are
all distorted, rather than having the normal flexible discoid shape; this leads to impaired blood flow
through capillaries and the development of chronic disease from infancy. This and the subsequent early
mortality mean that the gene would be expected to be soon eliminated from the population. However
those who have only one copy of the aberrant gene (and thus only a proportion of erythrocytes with the
rigid phenotype) are not susceptible to such problems; moreover, they are more tolerant of malarial
infection than individuals who have two copies of the normal trait (haemoglobin A), since sickled
erythrocytes are not easily infected by malarial parasites. Thus so-called carriers who have only one
copy of the haemoglobin S variant of the β-globin gene enjoy the ‘heterozygote advantage’ of being of
relatively resistant to malarial infection, thereby allowing the mutation to persist after its original
appearance in Africa.600601 Elsewhere, other mutations of the haemoglobin α- and β-globin genes have
595

In addition, the capacity for gene-duplication and subsequent diversification, for those of the innate immune
system as well as more generally, provides another option for the potential host’s armamentarium.
596
Based on Lewis Carroll’s Through the Looking Glass, where the Red Queen told Alice that, in Looking-Glass
Land, “it takes all the running you can do, to keep in the same place.”
597
Evidence that olfactory detection of others’ major histocompatibility complex-dependent odours serves to
influence mate-choice in mice, with a preference for those with a dissimilar combination of alleles (Jordan and
Bruford, 1998). There is evidence that the same may also apply a variety of other vertebrates, possibly
including humans (Capittini et al., 2008; Chaix et al., 2008; cf. Derti et al., 2010). Where it occurs, such
disassortative mating potentially makes offspring more resistant to a wider range of pathogens, as well as
helping to avoid in-breeding: it may have been important in early humans, but has been overwhelmed by the
sheer intermingled diversity of LHA haplotypes in the present-day population at large, together with derived
practices involving various (de-)odorants and other considerations.
598
Thus the HLA genes are highly polymorphic, with more than 200 different alleles meaning that a variety of
different combinations are possible in the populationas a whole.
599
Heterozygosity is much higher in Africans than those elsewhere, presumably reflecting the emigratory bottleneck (see Section III.2); on the other hand, genomic evidence for the Altai Neanderthals and Denisovans
suggests considerable in-breeding in some cases, and thus relatively little heterozygosity to take advantage of
in the first place (Prüfer et al., 2014, 2017).
600
Sickle cell haemoglobin is also common in certain areas of India, where it has presumably evolved
independently (Iyer et al., 2015).
601
This is an example of balancing selection, where the presence of more than one allele, each beneficial on its
own to some extent, leads to evolution towards their co-existence in a stable proportion: thus any short-term
increase in the frequency of the sickle-cell gene beyond this optimum will lead to an increased proportion of
deleterious homozygotes with greatly reduced reproductive fitness.
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also been selected for because they confer a similar heterozygote advantage (Kwiatkowski, 2005). Thus
haemoglobin E, the product of another variant of the β-globin gene, is particularly common in
Cambodia, Laos, Myanmar and Thailand, compared with the rest of Southeast Asia and adjoining
regions (Baer, 2000); this is associated with evidence for resistance to Plasmodium falciparum malaria,
again as a result of reduced erythrocyte flexibility.602 In the case of thalassaemias, recessive defects in
one or more of the α- and β-globin genes have also been selected for the same reason, although how
protection might be conferred is unclear (Kwiatkowski, 2005); thus a relatively high proportion of βthalassaemia carriers have been reported for much of East, South and Southeast Asia. 603 Similarly,
mutations of components of the proteins making up the erythrocyte’s cytoskeleton may also be selected
for in malaria-prone areas of islands in the Southeast Asian region (Tse, 1999; Gallagher, 2005; Garnett
and Bain, 2012; Paquette et al., 2015). ‘Island’ Southeast Asian ovalocytosis604 is a form of hereditary
elliptocytosis where up to half of red blood cells have a deletion of a portion of the band 3 (anion
exchanger 1: this may be an acceptor molecule for malaria to gain entry to an erythrocyte), an anchoring
membrane protein (Cooling, 2015); the band 3 mutation achieves the same end as that for sickle-cell by
preventing erythrocytes from rebounding to their normal discoid shape thereafter. Heterozygous
individuals are asymptomatic, but with evidence for protection against both P. falciparum and P. vivax
(Paquette et al., 2015); homozygotes are likely to be lethal (Picard et al., 2014). Paquette et al. (2015)
concluded that this mutation evolved in ‘Austronesians’605 prior to the development of intense malaria
infections, and pre-dating that for haemoglobin E. Another example is the X chromosome-linked gene
for glucose-6-phosphate dehydrogenase: this is associated with a sex-dependent advantage as a result
of increased oxidative stress (human female homozygotes are lethal), such that the growth of malaria
parasites is impaired in heterozygotes, with infected blood cells being more prone to early phagocytosis
(Cappellini and Fiorelli, 2008; Luzzatto et al., 2016). There are normally no overt symptoms of enzyme
deficiency: exceptions are after ingestion of fava beans and taking the anti-malarial primaquine or
certain other drugs, which induce haemolytic anaemia. This variant has a high prevalence in Southeast
Asia (for example, certain subgroups of the Orang Asli of peninsular Malaysia, compared with others
and the main Malay population: Baer, 1999, 2000) as well as other areas, including the Mediterranean
region where malaria was endemic until recently.
A similar persistence of recessive mutants of the cystic fibrosis transmembrane regulator (CTFR) gene
(responsible for a chloride conductance channel normally important in the secretion of a fluid mucus)
in populations of European ancestry606 has led to the conclusion that those individuals with one mutant
copy of this gene must have been selected for because of a similar advantage. Thus homozygotes with
two copies of the defective gene produce a viscous mucus, leading to respiratory infections and other
complications and, normally, an early death.607 Various hypotheses have been proposed with regard to
602

https://www.ncbi.nlm.nih.gov/books/NBK190463/table/AN01-T4/?report=objectonly; Ohashi et al. (2004);
Fucharoen and Winichagoon (2011); amongst the Orang Asli of peninsular Malaysia, it is most prevalent in
members of the Senoi group of Aslian-speaking Austro-Asiatics from inland areas and little evident in the
main Melayu population (reviewed by Baer, 1999; see also Fix, 2011; Oppenheimer, 2011).
603
Fucharoen and Winichagoon (2011); https://www.ncbi.nlm.nih.gov/books/NBK190463/table/AN01T4/?report=objectonly. Including haemoglobin Constant Spring (so-called because it was first identified in a
family with an ethnic Chinese background from the eponymous district in Jamaica) with an α-globin chain
which is abnormally long, with relatively low haemoglobin content due to the instability of both the protein
itself and its mRNA: Schrier et al. (1997); http://sickle.bwh.harvard.edu/hemoglobinopathy.html.
604
Amongst the Orang Asli of peninsular Malaysia, also found in many Temuan and Jakun, who are
Austronesians, as well as some members of the Senoi (Baer, 1999, 2000; Fix, 2011).
605
Note that their sample included not only heterozygous individuals from eastern Asia but those from southern
Thailand and Malaysia (presumably the mainland; including “one self-identiﬁed Chinese”); Baer (2000) noted
that this trait is widespread in Southeast Asia and in Oceania.
606
Thus cystic fibrosis is the most common autosomal recessive disease which has severe implications for the
survival of those who are afflicted; the main mutation has been estimated to have occurred at least 12,000
years ago, with the prevalence today being in about 25% of Europeans (Wuif, 2001).
607
It should be noted that, being recessive, such a mutation should fail to give any heterozygote advantage. Whilst
there is one report of an intermediate effect on sweat-production by Rodman and Zamudio (1991), Högenauer
et al. (2000) found no difference from normal human homozygotes in terms of intestinal chloride secretion.
This contrasts with a mouse model (Gabriel et al., 1994).
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the likely benefit for heterozygotes. One is to reduce the dire effects of diarrhoea during the initial stage
in the development of lactose tolerance in the switch to adult milk-consumption. Others relate to the
fact that the typhus bacterium uses the CTFR protein to gain entry to target cells; this, together with the
fact that the mutant CTFR gene will also reduce the resultant diarrhoea and thus the pathogens’
transmission route (together with the deleterious effects of the associated dehydration), has been
postulated to act as means to constrain and contain infection (Withrock et al., 2015).608 However, if this
is indeed the case, it raises the question of why such mutations did not occur elsewhere given that typhus
and cholera are mainly tropical diseases: one possibility is that this is because of decreased sweat
production in heterozygotes, albeit to a lesser extent than in homozygotes (Rodman and Zamudio,
1991). Thus alternative (or additional) functions have been proposed for the presumed heterozygote
advantage of the mutated CTFR gene. For example, another study has argued that the selective pressure
may rather have been as a protection against tuberculosis, as a result of reduced arylsulphatase B
enzyme activity and the consequent impairment of the bacterium’s capacity to produce sulphated
glycolipids for its cell-wall, leading to reduced virulence (Tobacman, 2003; Poolman and Galvani,
2007).609 Alfonso-Sánchez et al. (2010) have generalised this proposal to include the possibility that it
also protected against other cattle-borne diseases during the evolution of pastoralism in northern
Europe.610
The foregoing pertain to cell-based intracellular pathogens and serve as illustrations of the scope for
sex-based selection of particular phenotypes as a protection against these. The situation is much simpler
for viruses, given that, once inside a host cell, they are solely dependent on hijacking the latter’s
machinery for the synthesis and release of the next generation of virions: the host dependency factors
noted above. Nevertheless, again sexual reproduction may prove advantageous for their hosts. For
example, studies on African monkeys highlight an alternative, more short-term advantage of
heterozygosity through more direct effects mediated by the innate immune system. Virtually all known
lentiviruses (including those responsible for AIDS in humans [see Section VI.3.i] and their so-called
simian immunodeficiency virus counterparts in other African primates [see Section VII.9.i]) have
acquired a new accessory gene (vif) to label and target one variant (G) of the enzyme cytidine deaminase
APOBEC3 (A3G: responsible for mutating retroviral DNA produced during reverse transcription) for
proteasome degradation.611 In vitro studies have found that a single amino acid in the enzootic virus’
Vif could render the normal host (Chlorocebus sabaeus) cells’ A3G susceptible to such degradation;
that a single amino acid mutation in the host A3G enzyme could overcome this; and that heterozygotes
for the A3G gene were protected against both (Gifford, 2012; Compton et al., 2013). These authors
point out that such is an example of a short-term arms race; in the longer term, whilst the mutation rates
of RNA virus are a million-fold higher than those of DNA in mammals, this is restricted to a relatively
small suite of genes related to avoidance of the latters’ innate immune system (with likely constraints
on their potential to diversify: see Section IV.4.ii); the multitude of genes in the latter (often through
gene-duplication in genomes not constrained by the ceiling effect of potential error catastrophe: see
Section IV.4) means that this apparent disadvantage can be adequately offset through a much diversified
potential for ‘adaptive’ responses, supplemented by the follow-up mopping up through the development
of acquired immune responses and the production of specific antibodies.
vi. The Advantages of Prehistoric Infections The human genome is host to numerous endogenous viral
elements (EVEs) as a result of horizontal gene transfer from viruses to the germ-line of often distant
Weiss (2001) points out that, whilst cholera’s bacterial toxins target the CTFR channel, this bacterial infection
originated in the Ganges delta and only reached Europe in 1821 and thus cannot explain any heterozygote
advantage underlying the original appearance of the mutant gene.
609
Regarding other recessive mutations potentially offering protection against tuberculosis, Tay-Sachs disease
(most prevalent in Ashkenazi Jews: presumably selected for by their being confined to ghettoes in various
parts of Europe in the past) may confer heterozygotes with resistance as a result of increased production of the
β-subunit of hexosaminidase. The results are correlative and thus largely speculative (Withrock et al., 2015).
610
Alternative proposals include that such mutations were selected for because of the respiratory advantages
conferred during exposure to the dry, dusty climate of the last glaciation in Europe (Borzan et al., 2014).
611
The fact that A3G is produced constitutively in primate germ-cells, for example, in the absence of retroviral
infections suggests that it has other roles, perhaps to protect the germ cell genome from the potentially
deleterious effects of endogenous retrotransposons (‘jumping genes’) (Duggal and Emerman, 2012).
608
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ancestors (Belyi et al., 2010; Aswad and Katzourakis, 2012).612 Whilst many have degenerated as a
result of passive genetic drift over evolutionary time-scales, others have undergone positive selection.
Thus some of these genes were co-opted by early mammals in order to promote the survival of their
progeny: those for syncytins613 are central to the development of a functional placenta in various
mammals (Lavialle et al., 2013; Schlesinger and Goff, 2015; see also Zimmer, 2012; Carter, 2013;
Henzy, 2014).614 Others have been recruited to join the pool of intracellular restriction factors (Aswad
and Katzourakis, 2012; Malfavon-Borja and Feschotte, 2015): as a result of their transcribed RNAs
interacting with similar nucleotide sequences of current viruses, they are responsible for interfering with
the latter, leading to so-called EVE-derived immunity. A recent landmark study (Chuong et al., 2016;
see also Yong, ) found that some of the many endogenous retroviruses which had been internalised as
EVEs adjacent to certain interferon-induced genes in the primate genome615 have been co-opted as
supplementary enhancers in the regulation of the transcriptional network underlying much of the innate
immune system, including activation of the AIM2 inflammasome pathway responsible for detecting the
cytoplasmic double-stranded DNA of intracellular bacteria and viruses and thenceforth inducing
pyroptotic death of the host cell.
vii. The Disadvantages of Civilisation? Intriguingly, Ewald (2004; see also Virgin et al., 2009;
Fumagalli et al., 2011; Cadwell, 2015; Quach and Quintana-Murci, 2017) has noted that many presentday major non-communicable diseases may be so as a result of the selection pressures of communicable
ones on ancestral humans. He posited that natural selection over the millennia should have eliminated
any deleterious mutations which (cf. sickle-cell anaemia, for example) do not have compensatory
benefits. Thus it has proven difficult, after controlling for non-parasitic environmental effects, to
identify particular genes associated with a predisposition to any chronic somatic disease associated with
the Second Epidemiological Transition (see Section V.3). He noted that, on the one hand, recent studies
have identified communicable infections as the likely underlying cause for what were previously
considered to be chronic non-communicable diseases: for example, Helicobacter pylori with peptic
ulcers; and viral infections with various cancers.616 Contrariwise, past evolutionary pressures against
such infections may have selected components of the innate immune system at large which have
‘backfired’ in modern humans: Ewald (2004) gives the example of the ε4 allele of the apolipoprotein E
gene, which has been associated with a variety of classic non-communicable diseases (atherosclerosis,
stroke, Alzheimer’s, rheumatoid arthritis, and multiple sclerosis). This allele is unlikely to be defective
per se: it is the predominant one in other primates and is also the most frequent one in present-day
populations of hunter-gatherers. However, it has the lowest frequency in populations of humans which
have lived in high densities as a result of urbanisation. Ewald proposed that alternative alleles may have
been selected for during and after the Neolithic Demographic Transition because they conferred
protection against particular pathogens: the bacterium Chlamydia pneumoniae is one candidate, causing
an acute respiratory infection which most easily spreads at high population densities.
Similarly, there is evidence from a genome-wide survey which indicate that several loci include variants
which determine not only susceptibility to leprosy but also that to (immune-based) inflammatory bowel
diseases such as Crohn’s disease (Chapman and Hill, 2012). Furthermore, protective variants of HLAC also predispose individuals to Crohn’s disease (Karlsson et al., 2014), drawing attention to the fact
that seemingly beneficial mutations for one specific pathogen-driven situation can have knock-on
repercussions as a result of immune activation on other aspects of (general) bodily function and lead to
autoimmune and other complex disease phenotypes as a result (Quach and Quintana-Murci, 2017).

612

Some 20% of the human genome comprises sequences, some dating back to the time of the dinosaurs or before,
which are presumed to be derived from infections by retroviruses and a variety of other viral families (Belyi
et al., 2010; Horie and Tomonaga, 2011; Feschotte and Gilbert, 2012).
613
Originally fuseogenic viral genes to promote host cell fusion and aid passage of infection into neighbouring
cells.
614
With the same genes also being responsible for the greater muscle-mass of male mice as a result of promoting
myoblast fusion, with evidence the same also applies to humans (Redelsperger et al., 2016).
615
With evidence for a similar situation in bats, carnivorans and artiodactyls, at least.
616
As Ewald points out, it is difficult to prove causation according to rigorous criteria such as Koch’s postulates.
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5. Conclusions
Whilst the pathogens of early humans included mainly DNA viruses which were apparently heirlooms
from their anthropoid ancestors or much earlier through co-evolution, the subsequent evolution of
various societies has led to the progressive acquisition of new suites of local pathogens. In Section V,
it was reviewed that the Neolithic Demographic Transition has been identified as the first of three major
such apparently abrupt changes in the profile of shifts in the impact of communicable vs. other human
diseases. These new pathogens did not appear out of nowhere: they must have been acquired as
souvenirs of zoonotic spill-overs. Thus Kitchen et al. (2011) concluded that the majority of human RNA
viruses which they studied were the product of host-jumping, with the exception of sapoviruses amongst
the Caliciviridae. In part, this presumably reflects their greater mutability and consequent potential
(within limits: see Section IV.4) for evolvability (Parrish et al., 2008; Kitchen et al., 2011; Johnson et
al., 2015a, b; Dennehy, 2017).
Many of these spill-overs must have occurred sporadically in early human hunter-gatherer groups, as
intermittent ‘drip-overs’ (as still seen today in the case of most outbreaks of the Ebola viruses, for
example), but the conditions associated with the Neolithic Demographic Transition and subsequent
transformative events through relentless social evolution facilitated the parallel evolution and
establishment of some as regular endemic causes of infection. Thus further post-Neolithic development
with increases in the size and interconnectedness of communities led to the progressive emergence of
‘crowd’ diseases in certain areas due to the domesticability of certain indigenous animals which,
particularly after having reached Wolfe et al.’s (2007a, b) stage 5 (endemicity), could be carried abroad
with potentially dire consequences for immunologically naïve populations elsewhere (Diamond, 1997).
In this context, it is important to note that the identification of genomic similarities between viruses
from different host species is neutral with regard to the directionality (or otherwise) of any spill-overs:
they represent only correlations, in the absence of evidence for deletions, for example. 617 Moreover,
there is the potential for a ‘bouncing’ back-and-forth within a metapopulation of hosts,618 so that it might
not be possible to pinpoint one particular species of the latter as the one to ‘blame’ based on presentday genomic data and attempts to extrapolate back in time using ‘molecular clock’ analyses for RNA
viruses (Kitchen et al., 2011; see Section IV.4). Such a situation might be expected for pathogens
causing only acute infections, given the need for the host (meta-)population to exceed a certain
minimum size (ST) and thus the potential need for at least an element of opportunism if the pathogen is
to remain viable (see Introduction).
This is exemplified by the situation regarding possible early-phase diseases (see Section VI.1): specific
viral pathogens have only been recognised through advances in medical investigative technologies over
the past few decades, but are likely to have been a potential source of problems as a result of zoonotic
spill-overs since even before the Neolithic transition. Thereafter, according to this picture, measles
emerged as a result of spilling-over of rinderpest virus from domesticated bovines, whatever the timeline (see Section VI.2.ii); this was presumably not a one-off event but likely involved a dynamic initial
back-and-forth exchange, such as seen today with so-called ‘swine flu’ (pH1N1; see Section VII.4.i).
Thus it was only when local human populations exceeded a certain critical size and density that the path
towards endemicity could be completed.619 The situation regarding hepatitis E (see Section VI.2.ii)
suggests an intriguing intermediate case. This virus would seem to be diverging into two ‘species’: one
(comprising genotypes 3 and 4) circulates amongst a range of different mammals, including humans,
generally without serious consequences; whilst the other (represented by genotypes 1 and 2) has
apparently become largely endemic to humans as a major cause of liver disease through abiotic
‘vectors’, especially in areas of high population density.

Such ‘macro-‘ events have provided evidence for directionality in the likes of the origins of the smallpox virus
(see Section VI.2.i) and the tuberculosis bacterium complex (see Section IV.5).
618
With particular variants of a viral ‘quasi-species’ pool predominating amongst the various sequences (given
the inherent error-prone nature of viral replication) in different species of the host metapopulation.
619
Leaving open the question of how the original rinderpest virus maintained a sustainable infective population
up until when it was recently eradicated by vaccination campaigns.
617
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For non-Africans, there was an evident prior epidemiological transition, when migration into the Middle
East and beyond led to encounters with archaic humans. Their underlying genetic similarities led not
only to the possibility of exchanging diseases (as proposed for papillomaviruses, at least: see Section
IV.2.iii) but also of genes through hybridisation. The introgression of certain archaic human genes
related to the innate immune system, together with the emergence of phenotypic traits which protect
individuals against malaria in Africans and others, provide evidence for the original importance of
pathogenic diseases as drivers of natural selection. Other studies have indicated that, for example, there
is evidence for a familial (and thus potentially a genetic) sensitivity to at least some strains of highly
pathogenic avian influenza (see Section VII.1.iii). However Horby et al. (2012) note in their literature
review620 of possible genetic determinants of morbidity and mortality as a result of an influenza
infection that identifying what these might be has posed problems given the small numbers of
individuals involved. Similarly, whilst there is also historic evidence for racial differences in influenza
susceptibility (as well as more recently for pH1N1 amongst indigenous and minority ethnic groups in
the Americas, Australasia and the Pacific), this could reflect socioeconomic inequalities such as
differences in behaviours and living conditions, access to health care and the prevalence of other
infectious as well as chronic diseases (Horby et al., 2012).
Local populations where spill-overs of a pathogen are frequent (possibly leading to endemism) may
evolve resistance (or at least a degree of tolerance) as part of an ongoing arms race; however further
‘spill-overs’ from them into humans elsewhere, who had not previously been exposed, can lead to tragic
consequences (see Section VIII.1). The potential for such a threat is well-illustrated by recent studies
on myxomatosis infections in wild Australian rabbits, which originated as a means of biological control
in the 1950s (see Introduction). Whilst circulating myxoma viruses have evolved to maintain a
sustainable level of infection through vector-mediated transmission from pustule exudates in an arms
race with the evolving immune responses in their host population, testing of strains in the 1990s on
naïve laboratory rabbits indicates that these caused an acute collapse of the latters’ innate immune
system (in contrast to the normal clinical progression seen in the host populations from which they were
obtained); as a result, otherwise non-pathogenic bacteria can proliferate and cause infections which lead
to septic shock-like symptoms and death (Kerr et al., 2017).621 On the one hand, such maladapted effects
preclude vector-mediated onward transmission of the virus, and thus would render such derived strains
unsustainable in other than the original reservoir hosts; on the other, it highlights potential future issues
with regard to the potential for serious infections by other viruses – not necessarily vector-mediated –
of humans other than the usual local reservoir; whilst these might be typically dead-end, sufficient spillovers may lead not only to a lot of deaths but the risk that better-adapted forms of the virus have a
chance to develop (they can traverse the intervening valley to scale ‘Mount Improbable’: see Section
VII.11). Progressive globalisation and the increased opportunities for onward transmission with an R0
greater than zero within a potential population much greater than ST (Antia et al., 2003) thus poses a
real threat of the emergence of new diseases which can spread within a largely unresistant population.
To develop on the last point, by analogy with Greger’s proposal regarding the origins of highly
pathogenic avian influenzas becoming possible when the development of intensive factory farming
techniques and the associated high population densities released viruses from constraints regarding
their short-term transmission potential (see Section VIII.3), it is tempting to speculate that, for example,
the emergence of more virulent strains of smallpox and measles in European cities in the seventeenth
century (see above) might be related to populations exceeding a certain critical size (so that ST exceeded
a tipping point for particular, more virulent variants), and that this might partially explain the emergence
Based on a literature search run on 26/vi/2011; their overall conclusion was that the answer to the question “Is
susceptibility to severe influenza in humans heritable?” remains unknown, in the absence of a coordinated
effort to analyse sufficiently large sample populations using the tools already to hand, but they note that the
emergence of pH1N1 may provide an ideal opportunity to address this question (Horby et al., 2012).
621
A related issue arises out of the use of imperfect (‘leaky’) vaccines in livestock – not a problem with those
used in humans, which are ‘perfect’ – which prevent clinical disease but not the infection itself or the
subsequent potential for onward transmission: as with artificial selection for disease resistance (and naural
selection in the myxomatosis ‘experiment’), this may permit more virulent strains to evolve which have more
severe effects in other, unprotected individuals (Yong, 2015b; Read and Kerr, 2017).
620
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of such forms when introduced into totally naïve populations. Such would also incorporate Ewald’s
hypothesis regarding the differences in virulence between HIVs 1 and 2 (see Section VI.3.i). Clearly,
such differences depend on chance and the emergence of particular mutations, such as suggested by
spill-overs of overt Ebola-related infections against evidence for a background of others which were
apparently sub-clinical (see Section VI.3.ii).
This implies that the evidence today for emerging zoonoses as part of the Third Epidemiological
Transition (sensu stricto) means that what was originally a local ‘incident’ (a ‘drip-over’) could possibly
evolve to become a regional or even a global threat, with the need to implement appropriate emergency
measures. These aspects will be considered further in the following sections.
VII. The Continuing Threat of Zoonotic Spill-Overs
The following will consider evidence for past and present (and thus potential future) zoonotic spillovers of viruses and mycobacterial pathogens which have had only short-lived effects on humans,
organised on the basis of the animal groups involved as reservoir or potential intermediate (amplifying)
hosts.
As noted in the Introduction, the concept of a critical community size is central to the sustainability of
a pathogen in a particular host species: it imposes a fundamental constraint on a virus’ or other
pathogen’s infectivity, and thus its viability in the long run, assuming that it is a specialist. 622 A large
proportion of DNA-based viruses may avoid this problem through a strategy of establishing prolonged
infections; in those dual-phase clinical infections, there is a latent period after which they may be
reactivated when their present host seems to be in decline in order to try to find another, potentially
fitter host; the tuberculosis bacillus adopts a variant on this (Figure 1; see Sections IV.2, 5).
On the other hand, many RNA-based viruses rely on acute, time-limited infections as a result of the
active intervention of the host’s immune system to short-circuit their viral intrusions. To be sustainable,
such a strategy requires a minimum infectable population size, as noted above for measles in humans
(see Section VI.2.ii). On the one hand, gregarious bird-flocks with their high mobility and consequent
intermingling form one potential large multispecific host population. Also, amongst natural populations
of mammals, those of various species of rodents and bats would seem likely to exceed the necessarily
large mono- or multispecific critical community sizes to potentially represent reservoir hosts.
This highlights that an alternative way to ensure that community sizes exceed the threshold for
establishment and maintenance of an infection is to be able to infect more than one host species
(especially closely-related ones: see Introduction). To some extent, the short-term mutability of typical
RNA viruses (see Section IV.4) might be expected to favour this by facilitating the opportunistic
infection of chance encounters of a range of variants with other than the ‘normal’ host reservoir.
Moreover, this may help to insulate the pathogen metapopulation against those mutations which are
maladaptive for a particular host species. Thus, as noted in the Introduction, it might be argued that
spill-overs between various host species should be the norm for many pathogens which rely only on
acute infections in order to propagate their kind, given that they are density-dependent and that shedding
of propagules is indiscriminate. As will be considered further in the next section, the natural
multispecific reservoir pool of the influenza A virus (as a parazoonosis: Hart et al., 1999) exemplifies
this idea.
1. Birds
Amongst Galliformes, the domestic hen (Gallus gallus domesticus) is generally considered to have
originated from the red junglefowl (G. g. gallus) of Southeast Asia, with archaeological evidence
indicating that this occurred about 8,000 years ago based on Neolithic sites on the Yellow River (Huang
He) in northen China and in the Indus Valley in South Asia (Larson and Fuller, 2014). This shared
ancestry has been affirmed by genomic analyses, although these placed the divergence as 58,000 +
622

This is an important point which would not seem to have been addressed directly in much of the literature
reviewed here (primates are a prime example), reflecting the fact that there are fundamental problems in trying
to quantify values for R0 and downstream Re values in field studies (Viana et al., 2014).
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16,000 years ago (Sawai et al., 2010); this might suggest that domestication occurred much earlier in
Southeast Asia, with the resulting stock being traded with adjoining regions, to thereafter spread
elsewhere.623 In addition, pigeons became commensals elsewhere (Larson and Fuller, 2014). Ducks and
geese (order Anseriformes) are readily amenable to domestication, as epitomised by Tinbergen’s classic
experiments on imprinting; little detailed information seems to be readily to hand, although the
development of padi culture might be expected to favour this.624 Documentary evidence indicates that
the greylag goose (Anser anser) was domesticated in Egypt by 4,000 years ago; as were varieties of the
swan goose (A. cygnoides) and the mallard duck (Anas platyrhynchos) for meat and egg-production
2,000 years ago in China.625
Hafez and Hauck (2015) review possible zoonoses from poultry. As noted above (see Section VI.2.iii)
and will be considered further below, birds have mainly been associated with the spilling over of
influenza A virus into humans, whether directly or by way of amplifying intermediates in various other
mammals (see Sections VII.4.i, 7.i and 8.i). However there is also evidence for minor spillings-over of
other viruses, mainly from domesticated species.
Thus there is evidence that, within the family Pneumoviridae of RNA viruses, members of the typically
avian genus Metapneumovirus may also infect humans, causing an infection similar to that of human
respiratory syncytial virus of the genus Pneumovirus (see Section VI.1.i). The avian virus was first
identified as being associated with acute respiratory infections in domestic poultry in South Africa in
1978 (where it may have spilled over from wild guinea fowl); strains have since been identified as such
elsewhere, including in Asia, with it being proposed that migratory bird species were the transmissive
agents (van den Hoogen et al., 2001; de Graaf et al., 2008; Wang et al., 2011). Based on serological
studies of humans, a post hoc survey found that it was endemic in the Netherlands, with effectively all
children having been infected by the age of five years, as far back as the 1950s at least (van den Hoogen
et al., 2001). Phylogenomic analyses suggested that the human strains may have originated as spillovers of subgroup C of the avian virus within the past 200 years (de Graaf et al., 2008).626
Amongst the paramyxovirids, Newcastle disease – caused by avian paramyxovirus serotype 1 of the
genus Avulavirus – is an important disease of chickens worldwide which is often fatal (Alexander,
2000a; Knips, 2004). Of the countries in the region which reported in 2015,627 this is a notifiable disease
in Brunei (last recorded infection 2009) and Thailand (2004) as well as (with ongoing infections) in
Malaysia, Myanmar, Singapore and Vietnam, together with Bangladesh, mainland China and India.
Cambodia stated that the disease, which is not notifiable, was absent. Infection spreads as a result of
contact with the excretions from infected birds, or with food, water or fomites contaminated with these;
once shed, the virus can survive for a prolonged period in humid environments. Spill-overs to humans
can lead to mild influenza-like symptoms and transient conjunctivitis (Alexander, 2000a; Hafez and
Hauck, 2015).
Amongst several different types of bacteria, birds may also be infected by and act as spill-over sources
for so-called ‘non-tuberculous’ opportunistic pathogens of the genus Mycobacterium. Members of the
M. avium-M. avium-intracellulare complex cause slowly progressing infections by way of the
formation of granulomatous tubercles similar to those of the M. tuberculosis complex in mammals (see
Sections IV.5). Infections can spill-over into mammals, including by way of eggs, but do not normally
pose a serious risk to humans unless they are immuno-compromised through AIDS or for other reasons
(Dhama et al., 2011). In a survey in Cambodia in 2011, nine out of 316 persons (2.8%) with positive
cultures (including five of 222 with a negative sputum smear: 2.3%) were found to be infected with
mycobacteria other than M. tuberculosis using an immuno-chromatographic test (Mao et al., 2014).
623

http://www.smithsonianmag.com/history/how-the-chicken-conquered-the-world-87583657/.
Larson and Fuller (2014); https://www.britannica.com/animal/anseriform
625
However Bleach (2011) concluded that ducks and geese may have been domesticated by Austro-Asiatics before
chickens, based on linguistic evidence.
626
It is most similar to the Colorado serotype of avian Metapneumovirus recently detected in the United States
(van den Hoogen et al., 2001), which infects turkeys but apparently not chickens (Cook, 2000).
627
http://www.oie.int/wahis_2/public/wahid.php/Countryinformation/Animalsituation (accessed 22/vii/16): note
that the disease is believed to have originated in Southeast Asia (Alexander, 2000a).
624
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Based on the information available on the test used (Chikamatsu et al., 2014), one possibility is that
these smears were detecting such ‘non-tuberculous’ bacilli, and perhaps a spill-over from chickens (see
also Section VII.5.i).
i. The natural reservoir for influenza A A wealth of evidence indicates that birds are the reservoir for
most of the different serotypes of the influenza A virus (Figure 5).628 Many studies (reviewed by
Webster et al., 1992; Alexander, 2000b; Olsen et al., 2006; Greger, 2007; Munster et al., 2007; Suarez,
2010; Reperant and Osterhaus, 2015) have identified migratory members of the order Anseriformes
(particularly certain species of dabbling ducks, as well as geese and swans to a lesser extent) as being
the main reservoir for most of these; in addition, some species of wader (order Charadriiformes) around
North America and north-eastern Asia, but apparently not north-western Europe, may also be part of
this reservoir.629 The main target for infection is the gut, with viral progeny being exported in the faeces:
such shedding may occur for at least 22 days in ducks, with no evidence for any subsequent carrier
status (reviewed by Webby et al., 2007). Infection is mediated by haemagglutinin binding to α2,3-linked
terminal sialic acids on the surface of gastrointestinal cells of the prospective new host (reviewed by
Cobey et al., 2010; Munoz et al., 2015). The resulting infections are commonly considered to be
subclinical and asymptomatic, presumably reflecting a prolonged period of co-evolution (Causey and
Edwards, 2008; Wahlgren, 2011). Excreted virions are relatively stable, whether when in the faeces or
after being diluted in non-chlorinated river water; they are also relatively insensitive to pH, as is
requisite in order to be able to survive transit through the upper portions of the gut in order to infect a
new avian host after oral infection (Webster et al., 1978).
High levels of infection in this waterfowl reservoir occur during the northern summer, after large
populations of birds have migrated to higher latitudes and congregated there to feed in coastal and
inland waters as well as to roost and breed, often in dense colonies. Such feeding aggregations in
shallow marginal waters facilitate transfer of infection; later in the season, this will be further favoured
by the presumed immature state of the immune system in the young after fledging (reviewed by Causey
and Edwards, 2008). Thus levels of infection are highest (30%) prior to and at the start of the often long
migration southwards at the end of the northern summer.630 Thereafter, there is a progressive decline in
the proportion of infected birds, so that only about 1% of North American ducks are infected by the
time of the return migration the following spring (reviewed by Webster et al., 1992; Munster et al.,
2007).631 Whilst these may serve as the source of the next summer’s outbreak of infection, Causey and
Edwards (2008) have proposed that the seasonal onset of the annual cycle of infectivity could also be
as the result of melting of the ice in Arctic latitudes releasing virions frozen therein from the previous
year(s) (see also Smith et al., 2004; Brown et al., 2007; Lang et al., 2008; Nazir et al., 2011).632
The continuing spread of infection during stop-overs on the southward migration and the time spent on
overwintering grounds may also lead to the infection of other species of bird which drink faecescontaminated water (Alexander, 2000b; Olsen et al., 2006; cf. Munster et al., 2007). Amongst wild
Passeriformes, a passerine (the house sparrow, Passer domesticus) was very susceptible to H5N1 virus,
whereas an oscine (the European starling, Sturnus vulgaris) showed no mortalities; whilst both shed
high levels of virus,633 this was not seen in a species of domesticated columbiform which was
628

Recent studies have identified two additional ones in neotropical bats, which do not appear to be infectious for
birds or terrestrial mammals (see Section VII.2, below).
629
Certain other types have instead been found in other charadriiform members (various species of gulls and
terns).
630
One important migratory route is the East Asian-Australian flyway from eastern Siberia south to eastern Asia
and Australia; Southeast Asia is on this flyway and is also the overwintering area for ducks from inland central
and east Asia (Olsen et al., 2006; Webster et al., 2006).
631
Wahlgren (2011) has reviewed evidence that the acquired immune response may wear off after about two
months or less in wild ducks, raising the possibility that maintenance after leaving the summer feeding and
breeding grounds may be by way of a ‘relay’ pattern, whereby infection is passed back-and-forth between
progressively fewer of the dispersing birds during the rest of the year.
632
Raising the spectre of the re-emergence of the precursor of the virus which caused the 1918-1920 pandemic?
633
Although this was not transmitted to conspecifics (apart from one starling), despite sharing contaminated
drinking water.
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asymptomatic (Boon et al., 2007). Boon et al. concluded that starlings, at least, might act as intermediate
hosts in the spread of H5N1 virus.
ii. Spill-overs into gallinaceous birds Infection can also pass from migrating ducks and geese to their
domesticated relatives. There is evidence that these, together with quail and turkeys, may then serve as
‘bridges’ for the virus to cross over to infect chickens (reviewed by Suarez, 2010; Munoz et al., 2015).
Recent rapid increases in production (Greger, 2007) mean that, globally, China and Southeast Asia now
rank highest with regard to the farming of chickens and, more especially, ducks (Table 1). Many rural
households in the Greater Mekong sub-region, for example, maintain small numbers of free-ranging
chickens for their eggs and meat for personal consumption as well as an income supplement; semiintensive and intensive farming systems are located near major urban centres (Knips, 2004; Osbjer et
al., 2015; Osbjer, 2016).
It has generally been assumed that transmission between chickens is mainly by way of respiratory
system, as a result of droplets and aerosols expelled through coughing and sneezing, rather than by a
water-borne route (Greger, 2007; Lebarbenchon et al., 2010; Short et al., 2015). However RuizHernandez et al. (2016) have recently presented evidence suggesting that cloacal shedding may be
important for onward transmission in chickens as in waterfowl, with oropharyngeal shedding (e.g. as
aerosols) being much less so. They posited that, apart from drinking contaminated water, infection may
also occur through the Shaffner reflex, whereby immersion of a bird’s cloaca leads to automatic
‘sampling’ of the water.
Present-day intensive farming techniques for chickens and other poultry have provided a means for the
rapid spread of infection, with the high population densities increasing the likelihood of viral mutations
appearing as well as of reassortment in co-infected birds (Munoz et al., 2015). For example, a recent
case was the local irruption of a H7N9 strain through reassortment in poultry in the Yangtze River Delta
region of China in February 2013, where it still circulates; it would appear to have emerged as the result
of the combination of the H7 gene of an endemic local duck virus, the N9 gene of wild ducks from
Korea and the internal genes of two distinct lineages of poultry H9N2 viruses (J. Liu et al., 2014).
Typical avian influenza viruses have a low pathogenicity in chickens: at most, they cause transient
minor respiratory ailments and a decrease in food consumption and egg production. However, some
spill-overs have led to a disease emerging which has had a major impact on poultry production. Thus
an H9N2 variant emerged in southern China in 1992 which had significant effects on mortalities and
laying rates (reviewed by Sun and Liu, 2015). It thereafter spread throughout much of the country by
1998, where it remains the prevalent circulating strain of influenza A; it has since spread to Europe and
Africa (Pfeiffer et al., 2013). Moreover, recent evidence indicates that the H7N9 strain has evolved to
be more highly pathogenic in chickens, although it has failed to spread far because it has become less
infectious in ducks (Yong, 2017c).
Furthermore, there has been the spasmodic emergence of highly pathogenic (hp) infections in chickens,
most notably the recent concerns regarding hpH5N1. The first such an outbreak was recorded in Italy
in 1878, as a ‘fowl plague’ which spread throughout Europe over the following 50 years (Swayne and
Suarez, 2000). Since 1955, the frequency of such events has increased, presumably reflecting the
development of intensive farming techniques (reviewed by Greger, 2007; Suarez, 2010; Pfeiffer et al.,
2013; see also Ebert and Hamilton, 1996). Thus, whilst there were only a few reports of highly
pathogenic outbreaks in poultry prior to 1990, 16 separate emergences were recorded in various parts
of the world in the following 20 years as a result of various subtypes, with severe consequences for
animal health systems and the poultry industry, including as a result of extensive pre-emptive culling
(Pfeiffer et al., 2013). These infections arose as a result of mutations of the haemagglutinin gene in
certain H5 and H7 lineages, such that the resulting protein can be cleaved not just by trypsins (which
are restricted to the intestinal and respiratory tracts of birds) as an essential stage in mediating cell-entry
but also by certain other more widespread extracellular proteases. This means that the virus can spread
systemically to infect other tissues and cause extensive inflammation and necrosis (Martin et al., 2009;
Short et al., 2015). These severe clinical infections have often been associated with high mortality rates,
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which may reach 100% within 48-72 hours (Martin et al., 2009; Wahlgren, 2011).634 After erupting,
most highly pathogenic viruses have been limited in their spread; in part at least, this has been because
of pre-emptive culling as a containment measure (Woo et al., 2006c).
Human cases reported;
endemic in poultry
Human cases reported; cases
reported in poultry
No human cases reported;
endemic in poultry
No human cases reported;
cases reported in poultry
No cases reported

Figure 11 Status of hpH5N1 in
poultry in south-eastern Asia, together
with the occurrence of human spillovers.635

Containment has generally been aided by the lack of back-infection of wild birds. One notable exception
is the appearance of a strain of what was to become hpH5N1 in domestic geese in southern China and
spread to poultry in 1996 where it caused high mortalities over the following years (reviewed by Suarez,
2010; Wahlgren, 2011; Pfeiffer et al., 2013; Munoz et al., 2015; Short et al., 2015). Domestic ducks
and geese were initially relatively insensitive to the emerging virus. Several years later, however, they
acted as a bridge to pass a variant back to their wild congeners; there were large differences between
species of the latter in the pathogenicity of infection. In turn, the less susceptible species of these were
presumably responsible for carrying hpH5N1 from East Asia down into much of Southeast Asia in
2003-2004 and westwards to Europe and Africa in 2006 (Pfeiffer et al., 2013), so that it is now enzootic
in Cambodia (Horm et al., 2016) and much of the rest of Southeast Asia (Figure 11) and many other
parts of the world.
As a result of concern with regard to human mortalities from zoonotic infections with hpH5N1 (Figure
11; see below), the FAO established the Emergency Centre for Transboundary Animal Diseases in
2004, and worked with the World Organization for Animal Health (OIE), the WHO and other
organisations to coordinate and provide support for the monitoring of wild and domestic bird
populations and the communication of risk and other means to control the spread of this and other subtypes of potentially dangerous influenza.636 This was subsequently reinforced by the establishment of
an International Partnership on Avian and Pandemic Influenza and other initiatives.637 However
634

Peracute outbreaks (such as in Vietnam in 2004-5) are an extreme, where chickens die within hours of infection,
with only overt depressed behavioural signs as a symptom (Martin et al., 2009).
635
Adapted from http://wwwnc.cdc.gov/travel/yellowbook/2016/infectious-diseases-related-to-travel/influenza.
636
http://www.fao.org/avianflu/en/response.html
637
http://2001-2009.state.gov/g/oes/rls/rm/54428.htm; Avian and Pandemic Influenza: The Global Response
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available information indicates that this has only been patchily implemented in the region (Table 4). As
will be discussed further below (see Section VII.1.iv), this at least reflects in part differences in the
proportion of chickens raised in intensive farming systems relative to those produced as a result of
traditional dispersed rural ones.
Table 4 Occurrence of hpH5N1 in domestic and wild birds in Southeast Asian and neighbouring
countries, together with some of the stated means for monitoring this and reacting accordingly. All
are based on the most recent information available: the second half of 2015, except for the
Philippines (first half of 2014) and Brunei, Cambodia and China (first half of 2015).638

Brunei
Cambodia
Indonesia
Laos
Malaysia
Myanmar
The Philippines
Singapore
Thailand
Vietnam
Australia
Bangladesh
China
India

Occurrencea
Domestic
Wild
--2015
-----2007
-2015
2010
--Never reported
2008
2004
2015*
2013
2014
2014
2014
2012
2015
2015*
2015*
2015*

Notification
Bothb
(Domestic)c
Domestic

Monitoring
Both
-Domestic

Domestic
Both
Domestic
Both
(Domestic)
Domestic
Both
Both
Domestic
Domestic

Domestic
---Domestic
Domestic
Both
Both
Domestic
--

Screening
Both
-Domestic
No Reports
Domestic
-Domestic
Domestic
Domestic
--Both
Domestic
(Both)

Targeted
surveillance
-(Domestic)
Domestic

Culling
Both
Domestic
--

-Wild
Domestic
Both
(Domestic)
Domestic
-Both
Domestic
Domestic

Domestic
Both
Domestic
Domestic
Domestic
Domestic
-Domestic
Domestic
(Both)

a

Year of last being documented in birds.
Both domestic and wild species of birds.
c
Bracketed entries reflect the fact that there was a difference between reports for successive
years: thus Notification was given as one monitoring feature for Cambodia in 2014, but was
excluded in 2015.
* One or more regions
b

iii. Mammalian spill-overs Morens et al. (2013) have pointed out that spill-overs for different types of
inﬂuenza virus circulating in waterfowl may follow one of two different pathways – one into galliform
poultry, the other (mainly involving H1-H3 types) into mammals – which involve different, apparently
divergent suites of adaptations which may normally preclude sustainable subsequent chicken-mammal
spill-overs (as noted below, some H7 viruses may be an exception in this regard). Thus, whilst there is
evidence that birds were the original sources of recent human pandemics involving H1, H2 and H3
types of influenza A virus (Figures 5-7), consideration of these will be mainly deferred to Section VII.4.i
on pigs.639 Apart from these, there is evidence that avian influenza viruses of the H5, H6, H7, H9 and
H10 subtypes have occasionally spilled over into humans and thus represent potential pandemic threats
should effective person-to-person transmission develop through mutation and/or reassortment
(Schrauwen and Fouchier, 2014).
Available evidence indicates that ducks have α2,3-linked terminal sialic acids on the surface of their
gastrointestinal cells, which mediate their infection by various influenza sub-types. On the other hand,
gallinaceous birds have both these and α2,6-linked sialic acids on the cells lining their intestinal and
respiratory tracts (Trebbien et al., 2011; Chan et al., 2013).640 Costa et al. (2012) showed that this
influenced the pattern of virus attachment to cells: whilst an avian-origin H4N5 virus bound cells in the
638

From http://www.oie.int/wahis_2/public/wahid.php/Diseasecontrol/measures: accessed 14/vii/16
https://www.cdc.gov/flu/about/viruses/transmission.htm
640
As with studies on mammals (see Section VII.4.i), however, the situation is not clear: Kuchipudi et al. (2009)
found that chickens and ducks possess both types of linkages in various tissues, with α2,6-Gal ones
predominating in the trachea of chickens and α2,3-linked ones in ducks.
639
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intestinal tract of a species of duck and various galliforms, only cells of the latter bound a human-origin
seasonal H1N1 virus. Thus chickens and other domestic galliforms such as quail are considered to
represent a possible bridge for influenza A viruses to ultimately spill over into mammals through the
emergence of variants with an affinity for the latters’ pattern of α2,6-sialylation of the upper respiratory
tract (Suarez, 2010; Wahlgren, 2011). This particular aspect will be considered further in Section
VII.4.i, given the long-held belief that pigs also had both types of sialic acid linkages in the upper
portions of their respiratory system and thus were also ‘mixing vessels’ for onward transmission to
humans.
Table 5 Identified cases of hpH5N1 spill-overs into humans in the region and
their outcomes.641
Country

2003-2009
2010-2014
2015
Cases Deaths Cases Deaths Cases Deaths

Overall*

Cambodia

9

7

47

30

0

0

56 (66%)

Indonesia

162

134

35

31

2

2

199 (84%)

Laos

2

2

0

0

0

0

2 (100%)

Myanmar

1

0

0

0

0

0

1 (0%)

Thailand

25

17

0

0

0

0

25 (68%)

Vietnam

112

57

15

7

0

0

127 (50%)

Bangladesh

1

0

6

1

1

0

8 (12.5%)

China

38

25

9

5

6

1

53 (58%)

* Total identified cases (% mortality)
Certain strains of avian H5 and H7 viruses have been associated with human infections as variant
influenzas (see Section VI.2.iii.c).642,643 As a result, in the region (Table 5) and elsewhere, hpH5N1
infection leads to an overall 60% case mortality ratio644 in those humans known to be infected,645
although the true ratio is likely to be lower given evidence that many may have been only mildly
affected at most and thus not been officially recorded (Li et al., 2008; Wang et al., 2012).646 Whilst the
recent irruption of an H7N9 strain in the Yangtze River Delta region of China circulated
asymptomatically in poultry (see above), it was associated with sporadic seasonal spill-overs into
humans (Figure 12) which caused severe influenza with a case mortality ratio of about 30% (Li et al.,
2014; Lam et al., 2015; Peiris et al., 2015; Zhu et al. 2016); as with hpH5N1, most other individuals
who were likely to have been exposed showed no immunological or clinical evidence for infection
(Morens et al., 2013).647 The haemagglutinins of both these strains bound with α2,3-linked terminal

641

WHO/GIP, data in HQ as of 19 July 2016.
Spill-overs of most H7 virus strains from poultry were previously associated with mainly conjunctivitis in
humans, as are cases where influenza viruses have spilled over from wild water birds (Peiris et al., 2007).
643
In Indonesia, such spill-overs showed a 20-month cyclicity over the period January 1, 2005 to May 1, 2008; in
contrast, starting from one year later, this was 14 months in Egypt (albeit not significant, with a small number
of cases) where peaks were associated with low precipitation and relatively moderate temperature and absolute
and relative humidity conditions (Murray and Morse, 2011).
644
Or ‘rate’: the proportion of officially-confirmed infected cases who subsequently die within a specified period
as an apparent result, including through secondary infections; it was initially much higher in the earliest cases,
before the true nature of the problem was recognised.
645
The ratio for the 1918-20 pandemic was at least 2.5% (Taubenburger et al., 2006).
646
Although this may be offset by misdiagnoses of the cause of death.
647
However Normille (2017) quotes Guan Yi from the University of Hong Kong that the surge in human cases
towards the end of 2016 is a cause for alarm and that we could be "facing the largest pandemic threat in the
last 100 years." See also Branswell (2017) and Yong (2017c); the former notes that recent containment efforts
642
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Figure 12 Epidemiological profile of the global incidence of sporadic, mainly isolated human H7N9
cases by week of onset and their outcomes against the week for each year.648 These were mainly in
the spring, but have waned over successive years, although there has been an earlier than expected
start with a large peak in the last quarter of 2016 (L. Zhou et al., 2017: the strain was similar to
previous years and outbreaks were again sporadic isolated cases).
sialic acids; thus people who have been infected with hpH5N1 or H7N9 typically developed acute
respiratory distress syndrome as a result of infection of lower portions of the respiratory system (where
α2,3-sialylation constitutes a proportion of the decoration of surface glycans: Trebbien et al., 2011),
together with multi-organ failure (Morens et al., 2013). This may not only make it difficult for the virus
to reach and establish an infection in the first place, but also to thereafter spread through aerosols to
infect others (Short et al., 2015): this could account for the rarity of evidence for person-to-person
onward transmission. Where it does occur, there may be a genetic basis, based on evidence for humanto-human transmission of hpH5N1 within individual families in Thailand, Indonesia and China, without
any such transmission to other contacts (Ungchusak et al., 2005; Kandun et al., 2006; Wang et al.,
2008).649 Likewise, Morens et al. (2013) suggested that evidence for within-family transmission of the
recent H7N9 strain hints at a genetic component to susceptibility (cf. Horby et al., 2012). However the
level of contact and associated intensity of care may be a confounding factor. On the other hand, there
are also evident age-related differences in susceptibility to severe infection with these viruses, which
Gostic et al. (2016) have related to the fact that they differ in the antigenicity of the haemagglutinin
stalk epitopes (see Palese and Wang, 2011; Section VI.2.iii.b): H5 belongs to group 1, along with H1
and H2, whilst H7 and H3 belong to group 2. They noted that there was shift from group 1 seasonal flus
to being predominantly group 2 ones after 1968 (Figure 6), which meant that younger people were
mainly first infected with the latter and thus were less well protected against H5N1, in contrast to the

in some areas of China have become more lax, although recent strains have been emerging in chickens which
are more pathogenic, with the risk of spreading to Vietnam.
648
As of 27/ix/17:
http://www.who.int/entity/influenza/human_animal_interface/Influenza_Summary_IRA_HA_interface_09_2
7_2017.pdf
649
See also http://www.who.int/csr/don/2006_05_31/en/.
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benefits of the antigenic seniority (with strong anamnesiac ‘rebounds’) of the childhood-imprinted antigroup 1 immune responses of older cohorts (Gostic et al., 2016).
Given recent evidence that the cells lining the upper respiratory tract in humans instead bear α2,6-linked
terminal sialic acids (Trebbien et al., 2011; Chan et al., 2013) does not mean that viral strains with an
affinity for these as acceptor molecules will successfully spill over from birds in a sustainable manner.
Whilst a point mutation in the gene for H9 which preferentially binds to human α2,6-linked rather than
avian α2,3-linked sialic acids was associated with H9N2 causing mild flu-like symptoms in humans,
there has been no evidence for onward person-to-person transmission, although it has spread to circulate
extensively among dogs (reviewed by Sun and Liu, 2015).
Other factors which are likely to influence any spilling over from birds into mammals relate to the
stability of the virus and its ability to replicate in mammalian cells (Imai et al., 2013; Schrauwen and
Fouchier, 2014). For example, one constraint relates to differences in body temperature: bird viruses
are adapted to replicate at a temperature of about 41°C in the gut, whereas that of the mammalian upper
respiratory tract650 is typically about 33°C. Thus mutations in the genes for components of the viral
polymerase enzyme, at least, are necessary for a successful transition to the cooler environment
(Reperant and Osterhaus, 2015; Short et al., 2015). Furthermore, there is the need to change the activity
of the neuroaminidase (if reassortment does not occur: see below) so as to be able to also act on α2,6linked terminal sialic acids, in order to facilitate virion release after secretion, in the upper respiratory
tract at least; as with the haemagglutinin gene for initial binding and internalisation, this can be achieved
with only a few mutations (Imai et al., 2013).
Apart from the spill-over threat posed by mutants of the avian viruses themselves, 651 there is the risk
that humans or various intermediaries (e.g. pigs, especially given the development of intensive
production practices: see Sections VII.4.i and VIII.3) may act as mixing vessels, wherein co-infection652
with an avian virus which is poorly adapted and a virus which is already circulating in mammals may
lead to the exchange of segments as a result of genetic shift (see Section VI.2); this together with
ongoing genetic drift may lead to the emergence of ‘hybrids’ which are more virulent in humans and
thus pose a pandemic threat. Thus in vitro studies with hpH5N1 and various human viruses on human
or canine kidney cell lines and in vivo ones in ferrets indicate the potential for this to occur, and strains
to emerge after passaging which are transmissible in respiratory droplets (Jackson et al., 2009;
Octaviani et al., 2010; Schrauwen et al., 2013). However, as reported amongst human sub-types (White
et al., 2017; see Section VI.2), there may be constraints on reassortment and thus which segments may
be packaged together (Essere et al., 2013); moreover, different combinations of the PA, PB1 and PB2
genes responsible for producing the RdRp complex may lead to compromised replicative capacities
(McDonald et al., 2016). Thus whether viable ‘hybrids’ result is not guaranteed, but that is no excuse
for complacency: Lowen (2017) has noted that the fact that the relatively frequent spill-overs of H7N9
from asymptomatic poultry653 peak coincident with seasonal inﬂuenza in winter in China are a major
cause for public health concern.
Whilst water-borne transmission in aquatic fowl and apparently also chickens (contrary to what was
previously believed: Ruiz-Hernandez et al., 2016) can proceed when virions occur as aggregates (as a
result of haemagglutinins of one virion interacting with sialic acids on host-derived glycans on the
membrane of other ones: Garcia-Sastre, 2012), optimal transmission by way of aerosols is likely to be
by way of the dispersal of individual virus particles (Schrauwen and Fouchier, 2014). Given that
neuraminidase is a sialidase, the balance between the enzyme activity of this and the binding affinity of
the haemagglutinin is likely to be a critical factor in determining whether a particular strain will produce
650

And also that of chickens (Greger, 2007).
Most especially with the advent of ‘factory farming’, where the spread of infections and the appearance of
various mutations is favoured (Greger, 2007; see SectionVIII.3).
652
Studies in guinea pigs indicate that co-infection with more than one variant of the same strain was only possible
only if they were administered less than 24 hours apart, presumably due to the first infection activating the
innate immune system preventing the second from becoming established when given more than about 18 hours
later (Lowen, 2017); presumably the same narrow window applies when different subtypes are involved.
653
Meaning that they are difficult to monitor: see Sections VI.2.ii and VII.1.iv, VIII.2.v and VIII.3.
651
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solitary virions rather than aggregates (Garcia-Sastre, 2012). Studies indicate that changes of only a
small number of amino acids in the surface proteins of the H9N2 virus are necessary for aerosol
transmission to be possible (Schrauwen and Fouchier, 2014).
Whereas the threat of spill-overs from outbreaks of highly pathogenic strains like hpH5N1 in poultry
can be controlled through prescriptive responses with regard to containment strategies and tactics
(Martin et al., 2006), this is much more of a problem for those strains (e.g. the recent H7N9 influenza
irruption in China) where infections of poultry are asymptomatic. Without regular sampling of poultry,
such ‘silent’ outbreaks confound efforts to monitor the spread of infection and resulting mutations and
reassortment events in bird reservoirs; and thus the potential threat of spilling over into mammals,
including humans with the resultant risk of person-to-person transmission (reviewed by Choffnes and
Mack, 2015; Munoz et al., 2015). For example, J. Liu et al. (2014) concluded from such monitoring
that there was evidence for continuing dynamic reassortment of H9N2 viruses amongst poultry, with
the potential for the emergence of more infective mammalian strains.
The emergence of traits which increase the potential threat to humans and other mammals is piecemeal, based on the progressive selection of spontaneous mutations which confer some reproductive
benefit in invading what is essentially a new ecosystem for a virus’ progeny; thus initial spill-overs into
humans may be as yet suboptimal but the more frequent that these occur, the greater the risk that
progressively better-adapted, more virulent variants will emerge (Lipsitch et al., 2016). In recognition
of this, monitoring for genotypic changes which are likely to lead to phenotypic ones associated with
increased human-to-human transmission can lead to pro-active approaches in anticipation of a potential
future threat. For example, the identification of an outbreak of hpH5N1 in Cambodia in 2013 which
was associated with relatively large numbers of human infections and which included variants654 which
were consistent with becoming progressively better adapted for sustainable, potentially endemic
infections led to the pre-emptive production of candidate vaccine (Davis et al., 2014). The latter authors
also noted that a similar strategy was implemented in the case of an outbreak of H7N9 in China in the
same year, based on convergent phenotypic similarities with circulating hpH5N1. Apart from anything
else, further refinements in our understanding of the genotypic changes underlying the potential for
bird-to-mammal spill-overs could also reduce the economic costs of culls and associated quarantine
procedures for the poultry industry (Lipsitch et al., 2016), with knock-on consequences for others in
the supply-chain as well as consumers (see next Section and VIII.2).
iv. The broader costs Even where outbreaks of influenza A in poultry have only a minor impact on
human health, they can have a severe economic one, especially on the poultry industry itself as a result
not just of deaths due to infection with highly pathogenic forms but also of culls in order to try to contain
outbreaks of these and milder forms (e.g. H7N9) which pose a potential threat to humans and other
mammals (Peiris et al., 2015). Thus, in a local irruption of a H7N9 strain in the Yangtze River Delta
region of China starting in February 2013, Qi et al. (2014) noted that whilst the total number of
confirmed human cases in the region had risen to 130 by the end of May that year (with a 30% mortality
ratio), there were large economic effects. They estimated that the total direct medical cost of H7N9 up
until that time was about US$2.6 million and that of disability-adjusted life years about US$2.7 million;
much greater were the losses of the poultry industry as a result of the culling of potentially infected
stock and the closure of wet-markets in the ten infected provinces (US$1.24 billion) and eight adjacent
ones (US$590 million). Elsewhere, for example, an outbreak of hpH5N1 on two large farms in Chile in
2002655,656 was controlled by culling at a cost of US$31.7 million, but led to a loss of access to North
American export markets for seven months; the overall economic impact was estimated to be US$250
million (reviewed by Max et al., 2007; Martins et al., 2015).
For Southeast Asian countries, hpH5N1 has had a major impact, especially given that poultry are an
important component of their rural economies: many households in the Greater Mekong sub-region
maintain small numbers of chickens for their eggs and meat, mainly as a source of sustenance but also
Including mutations associated with increased binding speciﬁcity for α2,6 acceptors and enhanced respiratory
droplet-transmission in ferrets.
655
Apparently related to the use of a contaminated batch of a vaccine against inclusion body hepatitis.
656
There would appear to have been no spill-vers into humans.
654
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as an income supplement (reviewed by Burgos et al., 2008; Pfeiffer et al., 2013; see Table 6). As in
China, duck-farming (mainly for their eggs) is important in the region (Table 1); this typically involves
often large free-ranging flocks which are moved between rice-fields over an extensive area (reviewed
by Pfeiffer et al., 2013). There is evidence that this strategy may have helped the establishment of the
first infections of hpH5N1 in Thailand and Vietnam, presumably by infection from wild ducks: since
then, the latter have apparently provided a continuing source of spill-over infection of new strains in
the Red River delta region of northern Vietnam, whereas local ducks may constitute a local reservoir
for pre-existing strains in the Mekong delta further south.
Table 6 Summary comparison of some aspects of the chicken industry in selected adjoining
Southeast Asian countries (Pfeiffer et al., 2013).
Cambodia
Thailand
Vietnam
Proportion of poultry producers who are
backyard subsistence and small commercial
> 90%
> 50%
> 65%
farmers
Proportion of poultry meat production from
> 90%
10%
70- 80%
these
Main market for products
Local
Local and
Local
export
Containment measures around infected farms Culling and Bio-exclusion
Interventions
(date when first introduced)
surveillance
measures
including
zones
around factory
vaccination
farms (2004)
(2005)
Compensation because of culling
None
High
Variable657
Number of reported hpH5N1 outbreaks in 2004
14658
Almost 2000
Almost 3000
Number of reported hpH5N1 outbreaks in 2005
2659
About 200
About 2000
Number of reported annual hpH5N1 outbreaks
< 10
0
30-70
since 2008
Table 6 compares some characteristics of chicken-farming activities in Cambodia, Thailand and
Vietnam, based on the review of Pfeiffer et al. (2013).660 These are much more industrialised in Thailand
than in the other two countries, being an important export industry; thus the Thai government and
relevant industrial bodies instituted measures designed to contain the risk of infection in factory farms,
in particular, through establishing buffer zones following the guidelines formulated by the FAO, WHO
and OIE (WHO, 2013a); associated with this, there were only a small number of human mortalities
(Table 5). Towards the opposite end of the spectrum, Pfeiffer et al. (2013) stated that the measures
introduced in Cambodia, where much of the chicken-raising industry is small-scale (Table 6),661 were
poorly enforced and compliance was weak because farmers were not reimbursed for any culled stock.
Thus, for example, Osbjer (2016) found that 17% of households sampled in her survey said that they
sold their chickens if disease was detected in the flock, usually to an aggregator or market vendor; as a
result, infected birds may be mixed together in wet-markets, leading to the potential for reassortment
and the subsequent spread if unsold birds are taken back by their owners at the end of the day.
Apart from the direct effects of the spread of hpH1N1 on poultry (through mortalities, including as a
result of preventative culling) and on human morbidity and mortalities, there are also indirect economic
ones (reviewed by Burgos et al., 2008; Pfeiffer et al., 2013). One is the restriction of poultry movements
657

Year-to-year variations: Cristalli and Capua (2007).
Desvaux et al. (2005).
659
Desvaux et al. (2005); WHO (2012) reported that there were none recorded, although there were four human
fatalities.
660
Those of Laos are very similar to Cambodia (Knips, 2004).
661
Medium- and large-scale duck raising are found in suburban areas, and commercial chicken farms mainly in
urban ones; both are run by better-off farmers, and were most affected by hpH1N1 outbreaks (Seng et al.,
2009).
658
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within a particular area once an outbreak has been reported, which primarily affects small-scale
producers selling in local markets whilst insulating larger-scale ones. More generally, given the
potential for spill-overs into humans, governments are beholden to keep the populace informed about
potential risks from poultry;662 as a consequence, public fears may lead to ‘demand shock’ with the
depression of prices for otherwise healthy chickens, and knock-on effects for those involved at various
levels of the supply-chain in the poultry industry (reviewed by Burgos et al., 2008; Pfeiffer et al., 2013).
As elsewhere in the region (Webster, 2004; Peiris et al., 2015), selling live birds in wet markets provides
a means for the sustaining (and associated mixing) of circulating viruses through the bringing together
of chickens from different often distant sources, including indirectly through environmental
contamination of fomites with shed virions; the situation is made worse if unsold, potentially newlyinfected birds are taken back to their owner’s property at the end of the day (reviewed by Pfeiffer et al.,
2013). In this way, it is thought that the sporadic outbreaks in Cambodia (as well as in Laos and
Myanmar) may probably be supplemented as a result of cross-border trade with neighbouring countries;
the fact that commercial poultry production is only on a small scale means that such irruptions have
been rapidly contained, if only through die-offs.
Based on such analyses, Peiris et al. (2015) have advocated that, rather than relying on culls and the
temporary closure of wet markets, there is the continuing need for effective control procedures which
are sustainable: for example, keeping ducks and geese separate from other poultry on farms and in
markets; not allowing poultry to overnight in markets;663 and having rest days when the market can be
disinfected. Such interventions are particularly important, given that the region is a hot-spot for the
emergence of new strains of influenza A (Peiris et al., 2015; Rejmanek et al., 2015a, b; see Section
VI.2.iii). Martin et al. (2009) give a detailed review of monitoring and containment procedures; whilst
Cristalli and Capua (2007) recommend some basic guidelines for small-holder farmers faced with the
threat of hpH5N1 and other serious diseases in Vietnam.
The foregoing analysis of the broader costs with regard to avian (including variant: see Section VI.2.iii)
influenzas captures only a small component of the global costs of a potential pandemic of influenza or
other such diseases (or even their incipient threat). This will be considered further below in Sections
VIII.3 and 4).
2. Bats
These belong to the Chiroptera, an ancient order of mammals with a history going back to the time of
the dinosaurs (Bininda-Emonds et al., 2007; Zhang et al., 2012). Because of this, together with their
early specialisations for flight, they have diverged fundamentally from those lineages which have given
rise to other mammalian groups, including with regard to their innate and acquired immune systems
(Zhang et al., 2012).
Bats have been found to be a rich source of viral diversity in terms of species of the latter recognised in
2008, most especially for bunyaviruses, flaviviruses and rhabdoviruses (Olival et al., 2017a, b). Based
on phylogenomic analyses, it has been proposed that a number of viral families may have first evolved
in bats (reviewed by e.g. Olival et al., 2012, 2015; Drexler et al., 2013, 2014a, b, 2015; A. D. Munro,
in preparation).664 This may reflect that many species form large roosts which will facilitate sustained
662

As for any other infectious disease from whatever source: GHRF Commission (2016).
The counterpoint is that if the owner takes unsold poultry which may have picked up infection back, there is
the risk of this spreading to the rest of their stock.
664
Reinforced by Wang et al.’s (2015) evidence for coronavirus, papillomavirus, polyomavirus, calicivirus and
hepevirus sequences in a metagenomic analysis of faecal samples from an isolated roost of Mystacina
tuberculata on an island off New Zealand, a micro-bat which is believed to have evolved in isolation for 16
million years prior to the arrival of humans and their attendant other mammals. The partial sequences obtained
suggest that the putative viruses are likely to be enzootic rather than recent spill-overs from the latter (and
presumably the other more recent endemic bat); and thus would appear to invalidate molecular clock analyses
claiming to show relatively recent origins of certain viral families as a whole (rather than possibly – see Section
IV.4.ii – the most recent common ancestor of those descendent lineages for which information has been
available).
663
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infections because their numbers will likely exceed the critical community size (see Introduction),
especially given that individuals are highly mobile and can move between roosts. Moreover the fact
that such roosts are often multispecific likely favours at least a degree of generalist flexibility on the
part of their pathogens. Certain adaptive features of the immune system in those few species of bat
which have been investigated may also be important, reflecting long-term (co-)evolutionary selection
(reviewed by e.g. Schountz et al., 2017). Thus the fact that bats have the need for high levels of energy
intake on a daily basis in order to sustain the metabolic demands for flight, together with the dependence
of insectivorous species, at least, on echolocation (so that a bat with the sniffles, never mind something
worse, is presumably effectively a dead bat), would seem likely to place a constraint on the severity of
infection by a pathogen in many cases, if it is to be sustainable in the long run. A. D. Munro (in
preparation) has gone so far as to speculate that some infections may be frequency-dependent through
sexual transmission not only vertically from mother to young but also horizontally, given the immuneprivileged status of the testes (Li et al., 2012): this would be consistent with accruing evidence that the
semen of humans and other domesticated mammals may contain at least traces of a diversity of viruses
(Salam and Horby, 2017), suggesting that this route may pertain in other species also.665
A corollary of bats being the apparent ancestral reservoirs for many families of viruses found in other
groups of mammals today is that infections of the latter presumably originated as spill-overs (Wolfe et
al.’s [2007] stage 2; Figure 1) which progressively evolved to become endemic in certain cases (their
stage 5). That this is still ongoing today is suggested for a wide variety of viruses (reviewed by A. D.
Munro with particular regard to Southeast Asia, in preparation) which may represent stage 2 ‘dripovers’; other studies suggest that bats may be on a par with rodents, another group which includes many
highly social species, with regard to established sources of zoonoses (Olival et al., 2012, 2015; Levinson
et al. 2013a; Luis et al., 2013), or even more important (Olival et al., 2017a, b). On the other hand, Han
et al. (2016) have played down their potential significance: whilst they identified potential hot spots for
zoonotic host-bats in the Neotropics and Southeast Asia, mainly for viral diseases,666 they considered
the former to be relatively unimportant, due to the lack of human predation on bats there. They also
noted that, whereas equatorial Africa had a richness of bat species comparable with that in the much
smaller Southeast Asia, the latter had much more potential sources of identified zoonotic infections: as
they point out, this may simply reflect reporting bias.
On the other hand, bats would seem to have gone their own way with regard to the ortheomyxovirid
influenza A. Whilst the prevailing viruses in terrestrial and marine mammals share a common ancestry
with those identified in waterfowl (from which they are derived as spill-overs: Figure 6), the recentlyidentified H17N10 and H18N11 variants in neotropical bats are very different in terms of the properties
of their surface proteins (and thus their inability to infect non-bat cells): so much so that Ma et al. (2015)
have proposed that they instead be labelled as ‘-like’ forms (HL17NL10 and HL18NL11).
Apart from spill-overs occurring as a result of predation on bats, other likely avenues rely on the fact
that bats selectively ingest portions of their food in order to reduce the increase in wing-loading during
flight, discarding the rest (much of a fruit, hard insect exoskeletons); pathogens in saliva residues can
then transfer to potentially infect other animals foraging on these discards (Dobson, 2005). Similarly,
saliva is likely to be the source of transmission of rabies and related lyssaviruses.
The following will provide only a brief overview of selected potential viral overspills originating in
bats (Figure 13): as noted above, the topic of bats as potential zoonotic reservoirs has been reviewed
elsewhere (see also Chomel et al., 2015; Moratelli and Calisher, 2015a, b; Brierley et al., 2016).667
Thus, for example, other sporadic dead-end spill-overs, apparently directly from bats into humans, have
been identified for orthoreoviruses (reviewed by Yang et al., 2015; A. D. Munro, in preparation).
However, it is important to note that bats play an important role providers of ecosystem services (Kunz
665

Thus there is evidence that not only the Ebola virus (Brainard et al., 2016) but also the normally mosquitotransmitted Zika flavivirus (Moreira et al., 2017) may be sexually transmitted by men.
666
The main contribution is presumably from rabies virus; unfortunately there was no data-set provided.
667
Brierley et al. (2016a, b) identified Southeast Asia as a hot-spot for potential spilling over of viruses from bats,
although it should be noted that there are major omissions from their data-set for the region (A. D. Munro, in
preparation), so that they may have underestimated the potential problem.
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Figure 13 Summary of some of the viral
diseases which may have spilled over from
bats to infect humans over the past few
decades.
et al., 2011; Mildenstein and de Jong, 2011; Bats without Borders, 2013; Furey, 2013; Maas et al.,
2013; Kohl and Kurth, 2014; Aziz et al., 2016). Thus insectivorous bats play an essential function in
the control of mosquitoes and many agricultural pests, taking over from daytime birds; whilst
frugivorous and nectivorus bats (including Old World ‘flying foxes’) play a crucial role in pollinating
the flowers of various economically-important fruit trees.668 However the unfortunate promulgation in
the media and elsewhere of reports implying that bats are a hot-bed for the potential spilling over of
‘new’ viral diseases has been criticised by Tuttle (2016, 2017a-c; see also Cannon, 2017) as leading to
overreactions and the forced eviction or culling of bat roosts: he notes that any such spill-overs which
lead to serious infections of humans are exceedingly rare events.
Arising out of the foregoing, it is important to understand that the following is but a cautionary account:
there is the need to keep precautions (if any needs be) in a risk-based perspective which suggests that
bats pose effectively minimal hazards as a source of potential pandemic pathogens but, where such
spill-overs do occur, there is cause for concern that some could become established as human endemics
or, worse, pandemics (Luby, 2013).

668

Including the durian tree, for example (Mickleburgh et al., 2009; Aziz et al., 2017).
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i. Rhabdoviridae The fact that strains of rabies virus circulate in many species of New World bats likely
contributes to the identification of this group of mammals is a major threat of zoonotic disease; this is
reinforced by the fact that other species of Lyssavirus circulating in Old World bats also pose a threat
to humans (e.g. Calisher et al., 2006; Kuzmin and Rupprecht, 2007; Banyard et al., 2014; Moratelli and
Calisher, 2015a, b). Whilst rabies-related viruses have not yet been detected in bats in the Southeast
Asia and elsewhere in the region, there is serological evidence that these are likely to be circulating in
at least some species. That they may pose a potential health threat is suggested by the finding that, in
Cambodia, 25 of 224 samples of the fruit-bat Pteropus lylei from restaurants in Phnom Penh were found
to have neutralising antibodies against various bat-associated species of Lyssavirus which have caused
fatal human infections in Australia and Europe (Reynes et al., 2004). That there is the risk of getting
rabies from handling the uncooked carcasses of infected animals is suggested by a study in Vietnam
which identified the butchering and consuming of cats and dogs as a possible source of spill-over
infection (Nguyen et al., 2011): presumably the same applies for related viruses in the processing of
bats. An alternative possibility is that infection may spread through aerosols, given that insectivorous
bats, in bats emit high intensity ultrasound in order to navigate using echo-location; this has been
suggested to account for some cases of rabies in North America (where bats are a major source of
infection: see Section II.2) when an individual had a close encounter with a bat but did not recall being
bitten.669 Thus the Advisory Committee on Immunization Practices in the United States recommends
that “in situations in which a bat is physically present and the person(s) cannot reasonably exclude
the possibility of a bite exposure, post-exposure prophylaxis should be given unless prompt capture
and testing of the bat has excluded rabies virus infection” (Arguin, 1999).670
ii. Paramyxoviridae A number of studies indicate that fruit-bats (Pteropus spp.) may be a natural
reservoir for henipaviruses which can infect humans, to cause an often fatal febrile or encephalitic
illness (reviewed by Clayton et al., 2012; Halpin and Rota, 2015). This was originally based on evidence
of spill-overs of Hendra virus into horses in Australia (see Section VII.7.ii); as well as those of Nipah
virus into pigs in peninsula Malaysia (see Section VII.4.ii). On the other hand, studies in Bangladesh
and neighbouring portions of northeastern India have identified a direct link for transmission of the
latter virus from fruit-bats to humans (Wang et al., 2008; Chang and AbuBakar, 2009; Luby et al.,
2009a, b; Gurley and Luby, 2011; Lo et al., 2012; Luby and Gurley, 2012; Luby, 2013), whereby bat
contamination of vessels used to collect the sap of date palms was a major source of spill-overs (and
one which can be easily contained: Khan et al., 2012; Nahar et al., 2012), including through
consumption of the fermented product, tari.671 Contact with bat excreta (e.g. when climbing trees to get
fruit) has also been implicated (Montgomery et al., 2008; Rahman et al., 2012).672 An alternative source
of infection has been where harvesting of fruit has included those which have been partially eaten by
fruit-bats: collected by small boys climbing trees, these are then sold to drinks-sellers who pulp the fruit
for sale in the neighbourhood (Dobson, 2005). On occasion, nursing care and nosocomonial spread may
lead to a very limited onward chain of human infections (reviewed by Chadha et al. 2006; Wang et al.,
2008; Luby et al., 2009a, b; Kuzmin et al., 2011; Luby, 2013), the more so than was observed in the
pig-mediated eruptions in Malaysia where human case case-fatality ratios were also lower (Chua, 2003;
cf. Chong et al., 2008), which suggests that observed differences in the viral genomes may play a role
in the potential for transmission through aerosols, based on evidence for associated respiratory
669

e.g. Constantine (1967); Afshar (1979); cf. Gibbons (2002); Messenger et al. (2002). Bites from insectivorous
bats may be only minor punctures, unnoticed especially if the ‘victim’ was asleep, but particular bat strains of
the rabies virus may have adapted for initial amplification in dermal tissues (Morimoto et al., 1996). Tuttle
(2017a) has noted that there are additional problems related to ascribing direct spill-overs of rabies from bats
into humans, including that the final stages of rabies may only emerge many years after a long-forgotten bite
from whatever source.
670
Tuttle (2017a) provides an interesting perspective on the underlying issues, with the potential for the public to
over-react to circulated information (official or otherwise) and evident abuses by the some members

of the medical profession in the United States’ health system.
671

This emerged only later as an explanation for some cases, Bangladesh being an Islamic country (Islam et al.,
2016).
672
This and other routes appear to be associated with reduced case mortality ratios (Gurley and Luby, 2011; Luby
and Gurley, 2012).
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infections in some cases (reviewed by Wang et al., 2008; Luby et al., 2009a, b; Arankalle et al., 2011;
Gurley and Luby, 2011; Yadav et al., 2012), together with studies with ferrets (Clayton et al., 2012,
2016; Dhondt and Horvat, 2013).
Such irruptions have been seasonal (associated with the harvesting of palm sap) and occurred almost
annually over the period 2001-2014, at least;673 it would seem likely that the virus has been one of the
causes of encephalitis in Bangladesh and adjoining areas of India since times immemorial. Prior to its
discovery, infected patients would have been, at most, diagnosed with an encephalitis of unknown
aetiology: a frequent such response in the region (and elsewhere) in the absence of appropriate
diagnostic tests for a cluster of diseases with many possible causes (Luby et al., 2009b; Gurley and
Luby, 2011; see Section VIII.3). As such, further mutations within a heterogeneous viral population to
favour human-to-human spread, more especially by way of aerosols, mean that the Bangladeshi strain
of Nipah virus could pose a potential future pandemic threat (Luby, 2013).
Serological studies have identified neutralising antibodies which crossreact with Nipah virus in fruitbats (Pteropus lylei) sampled from restaurants in Cambodia (Olson et al., 2002; Reynes et al., 2005),
as well as elsewhere in the region (reviewed by A. D. Munro, in preparation). Given that this virus may
be a cause of unexplained cases of encephalitis, the Institut Pasteur in Cambodia has initiated a longterm monthly survey of one of the country's largest existing colonies of P. lylei.674 Pertinent to this,
Pernet et al. (2014) found serological evidence that Nipah-related viruses which have been identified
in African bats have spilled over to infect those individuals involved in the butchering of such bushmeat,
rather than the original hunters or other downstream consumers.
There is also evidence for spill-overs of members of the genus Rubulavirus. The prototypical Menangle
virus caused a single outbreak of reproductive disease on a pig farm in New South Wales in 1997, with
evidence for a spill-over which caused inﬂuenza-like symptoms in two farm-workers (Clayton et al.,
2012). Follow-up studies identified fruit-bats there and also in Queensland as the likely natural
reservoir. Subsequently, the related Tioman virus was identified as an apparently asymptomatic source
of infection of humans living near fruit-bat colonies on the eponymous island off the east coast of the
Malaysian peninsula (Chua et al., 2001b; Yaiw et al., 2007). Experimental inoculation of pigs with
Tioman virus induced a mild clinical disease, with recovery of live virus from oral secretions of infected
animals, highlighting the potential for pigs to act as an intermediate host for human infection (Yaiw et
al., 2008).
iii. Coronaviridae It has been proposed that one cause of the common cold, the alphacoronavirus 229E,
originated about 200 years ago in a species of micro-bat from West Africa (Drexler et al., 2014a).675,676
It was further suggested that dromedary camels were the intermediate host (see Section VII.6.i). Also,
whilst the lineage C betacoronavirus which causes Middle-East Respiratory Syndrome (MERS) is
evidently a spill-over from this species of camel (see Section VII.6.i), it may have originated in
insectivorous bats (Epstein and Olival, 2015) there, as well as being closely related to viruses from bats
in the Hong Kong SAR and southern China (Woo et al., 2006a, b), and also South and East Africa
(Corman et al., 2014; Anthony et al., 2017a). In each case, the main differences in genomic sequence
were in that for the spike protein, which protrudes from the viral envelope and is responsible for hostspecific interactions with proteinaceous membrane acceptors in order to achieve uptake by target cells;
thus camels may serve as ‘mixing vessels’ for the emergence of potential human pathogenic strains, as
suggested for pigs and influenza A (see Section VII.4.i), albeit fine-tuned with a much more clearlydefined species-specific acceptor profile.
Furthermore whilst the lineage B betacoronavirus which causes severe acute respiratory syndrome
(SARS) spilled over to humans originated from carnivorans in wet-markets in southern China (see
673

http://www.searo.who.int/entity/emerging_diseases/links/nipah_virus_outbreaks_sear/en/;
http://www.iedcr.org/index.php?option=com_content&view=article&id=106
674
http://www.pasteur.fr/en/institut-pasteur/news-institut-pasteur/hunting-nipah-virus-institut-pasteur-cambodia.
675
In support of this, it was noted that the virus’ RdRp and spike genes in bats were more diversified than in
humans (Drexler et al., 2014a); none of the Ghanaians with colds who were tested showed any evidence for
infection with the bat 229E-related coronavirus (Corman et al., 2015).
676
However the usual caveats for RNA viruses apply: see Section III.3.
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Section VII.8.iii), there is accumulating evidence that horse-shoe bats (Rhinolophus spp.) may be the
natural reservoir of SARS-related betacoronavirus (Lau et al., 2005; Li et al., 2005; Song et al., 2005;
Hon et al., 2008; Shi and Hu, 2008) and the potential source of future possibly more direct spill-overs
(Ge et al., 2013; Li, 2013; Yang et al., 2013; He et al., 2014; Menachery et al., 2015, 2016; Wu et al.,
2015a-c).
Similarly there is evidence that a lineage C betacoronavirus responsible for Middle East respiratory
syndrome (MERS) in humans, whilst apparently originating as a spill-over from dromedary camels (see
Section VII.6.i), may trace its origins back to a virus found in African insectivorous bats (Anthony et
al., 2017a).677
Based on an extensive survey encompassing a number of different countries identified as likely ‘hot
spots’ for viral emergence in central Africa (Cameroon, Gabon, Democratic Republic of Congo,
Republic of Congo, Rwanda, Tanzania, Uganda), Latin America (Peru, Bolivia, Brazil, Mexico), and
Asia (Bangladesh, Cambodia, China, Indonesia, Laos, Malaysia, Nepal, Thailand, Viet Nam), Anthony
et al. (2017b) concluded that bats were the preponderant hosts of recognised and potentially new
coronaviruses. However the implications of their findings must be interpreted with caution: spill-overs
depend on the so-called spike protein on the surface of the virus being compatible with an acceptor on
particular target cells of a potential host, as will be considered below in the case of the virus associated
with SARS (see Section VII.8.iii). Nevertheless experience with the emergence of SARS, where
‘bridging’ host carnivoran species served as an intermediary for human infections, provides a salutary
lesson.
iv. Filoviridae This small family in the order Mononegavirales comprises three genera of negativesense single-strand RNA viruses with a characteristic thread-like shape (Kuhn et al., 2010, 2012),
including some members of two genera known to infect humans (see Section VI.3.ii). There would
appear to be an emerging consensus that bats are the natural reservoir for at least some African members
of this family (reviewed by Olival and Hayman, 2014; Alexander et al., 2015; Atherstone et al., 2015;
Rougeron et al., 2015), although some have questioned this conclusion for Ebola viruses (Leendertz et
al., 2015; Leendertz, 2016; Tuttle, 2017b). Spill-overs into humans may be direct, as in the case of
Marburg virus in East Africa; or largely indirect through the infection of other primates, 678 as in the
case of at least some species of Ebolavirus elsewhere (although the recent Ebola eruption in West
Africa, for one, has been ascribed to a direct spill-over from a species of insectivorous bat: Saéz et al.,
2015). In addition, evidence from the Philippines (Taniguchi et al., 2011; Jayme et al., 2015) suggests
that bats might be the ultimate source of infection by Reston virus of pigs and/or nonhuman primates
there (see Sections VII.4.iii and 9.iii).
3. Rodents and Soricomorphs
The order Rodentia comprises about 40% of all mammalian species. The order ‘Soricomorpha’679
comprises a group of mammals such as shrews which were originally included in the now defunct order
Insectivora.
Many species of these are classic ‘r-selected’ opportunists: they breed at an early age and have large
broods of altricial young (Begon et al., 2006). In consequence, many species of rodents have wild
populations which can expand rapidly as a result of short-term improvements in food availability, before
subsequently crashing when these are exhausted. However, as a result of the progressive development
of human settlements – from early villages to today’s conurbations – certain ‘synanthropic’ rodents
proliferated as peri-domestic commensals, due to an often year-round abundance of an otherwise
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But see Tuttle (2017c); the controversy emphasises that most viruses have no choices for their next host,
emphasising the necessity in many cases to be potentially generalist to some degree and thereby take advantage
of spill-overs where possible, as suggested by various early-phase (hygiene-related) human infections during
and after the first epidemiological transition (see Section VI.1).
678
Most probably by way of ‘discarded’ partially eaten contaminated fruit: Dobson (2005).
679
Genomic studies indicate that this order is paraphyletic, with its members now being assigned to the order
Eulipotypha: https://en.wikipedia.org/wiki/Eulipotyphla
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seasonal food availability (e.g. Weissbrod et al., 2017).680 Whilst the house mouse (Mus musculus),681
the black rat (Rattus rattus)682 and the ‘Norwegian’ brown rat (R. norvegicus) have spread worldwide
from their respective origins in the Levant, the Indian subcontinent and northern East Asia (Kosoy et
al., 2015; Puckett et al., 2016; Weissbrod et al., 2017),683 their territorial behaviour means that this is
not necessarily associated with the global transmission of their associated diseases in the long-term.
Thus R. norvegicus emerged from Mongolia and northern China as a number of eruptions, the most
recent of which was spread throughout Europe from the late Renaissance period;684 colonial expansion
thereafter meant that rats which had invaded Europe were inadvertently carried elsewhere. However,
competitive exclusion meant that these could only establish populations where previous émigrés of their
species were not already present (Puckett et al., 2016): such constraints presumably provided
bottlenecks (and still do) for the global spread of their enzootic contagions.
Rodents have been found to be a rich source of viral diversity in terms of species of the latter recognised
in 2008, most especially for arenaviruses, bunyaviruses and flaviviruses (Olival et al., 2017a, b). The
large populations of at least some species would seem to favour the establishment and continuance of
viral infections as a result of exceeding a critical community size-threshold (see Introduction). Perhaps
associated with this, certain families of RNA viruses would appear to be unusual in that they have coevolved with their reservoir hosts as a consequence (Schountz and Prescott, 2014; but see Holmes,
2008). The combination of potentially large population sizes and a peri-domestic lifestyle means that
there is the potential for zoonotic spill-overs of viruses and other endemic infections from their normal
reservoir hosts to infect humans and other domesticated mammals. Thus these together with bats (which
also include highly social species: see Section VII.2)685 have been found to be important potential
sources of different types of zoonotic infections amongst mammals (Olival et al., 2012, 2015; Luis et
al., 2013; Han et al., 2016). More recently, using a machine-learning approach for viruses and various
other rodent pathogens, Han et al. (2015, 2016) were able to predict existing reservoir species with over
90% accuracy; based on this, they predicted hot-spots in the Middle East, Central Asia and the
Midwestern United States for other rodents which may be sources for zoonoses. Relatively few species
of soricomorphs, on the other hand, have been identified as being potential sources of known zoonotic
diseases (Han et al., 2016).
In Southeast Asia, the risks are further compounded by the fact that the sale of live rodents in wet
markets in the Mekong Delta686 in southern Vietnam, for example, may be a more direct source of spillover infections into humans who are exposed to them (Cuong et al., 2015). To help meet this demand
for cheap meat, including as feed for farmed fish and crocodiles, up to three tonnes of live rats were
exported each day687 from Kandal, Kampong Cham and Kampong Thom provinces in Cambodia in
2008, mainly during the wet season;688 moreover, rats are also becoming popular as a food in southern
680

These authors note that the house mouse emerged as a commensal in the Levant associated with long-term preagricultural settlements prior to the Neolithic; where these sites were abandoned, M. musculus was replaced
by the sympatric M. macedonicus until they were reoccupied and the associated niche recreated.
681
Recent evidence indicates that M. musculus originated in southwestern Asia (Iran-northern India) and that it
has since spread world-wide (Suzuki et al., 2013); workers have identified up to five separate (sub-)species
(cf. http://www.iucnredlist.org/details/13972/0), with one – M. (m.) domesticus – arising in Europe and
adjoining areas (e.g. Auffray et al., 1990; Searle et al., 2009; Weissbrod et al., 2017) and another, M. (m.)
castaneus, having spread through India to mainland and island Southeast and East Asia.
682
Recent studies indicate that what was classified as R. rattus in Southeast Asia should instead be assigned to R.
tanezumi (Blasdell et al. 2015; Kosoy et al., 2015).
683
Together with the more local spread of R. exulans (so-called Polynesian rats) from Southeast Asia eastward to
island groups of Near and Remote Oceania, which has been used as a marker for human migration patterns,
having been taken on voyages as a source of food (Matisoo-Smith and Robins, 2004; Kosoy et al., 2015).
684
Thus it was R. rattus which was responsible for helping to transmit the Black Death plague (see Section VIII.1)
prior to this.
685
In contrast, bats are the opposite of rodents in terms of life histories: they are long-lived with the other traits
characteristic of what have been traditionally recognised as K-selected species (Begon et al., 2006).
686
Up to 3,600 tonnes/year; mainly during the wet season, when they are a major pest of farmers’ crops (Cuong
et al., 2015).
687
Up from 10 tonnes per month four years previously (Khouth, 2008).
688
Villagers were concerned that rats which were ‘sickly’ during the dry season would pass on disease.
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Cambodia (Bunthy, 2011; Sou, 2012). The practice would seem to have originated when flooding had
serious effects on rice-farming in Svay Rieng province, compounded by a plague of rats blamed on their
having emigrated down rivers from Vietnam (Heng, 1996).689 Rat Management Field Days were
organised by the provincial authorities, in collaboration with the Food and Agriculture Organisation
and the World Food Program, to deal with the problem of the rats’ depradations of the rice crops (made
worse by the lack of snakes, local populations of which had been depleted due to their being caught for
sale in Vietnam). Because rats damage dry-season rice crops, the Cambodian government does not tax
rat exports (Bunthy, 2011).
The CDC have identified some of the main causes of spill-over diseases from rodents.690 Although at
least some of these691 are very susceptible to rabies infection – mice are the primary test organism for
viruses of the genus Lyssavirus – it woud seem unlikely that they represent a natural reservoir for such
viruses, but rather are potential dead-end spill-over hosts: under normal circumstances, presumably they
would be killed by a rabid predator, and thus not progress to the potentially infective stage and represent
a threat (Lackay et al., 2008).
Similarly, whilst laboratory mice have played an important role in the experimental investigation of
influenza A infections (Bouvier and Lowen, 2010), they have not been associated with any natural role
as potential bridging or amplifying hosts for spill-overs into humans or other mammals from birds. On
the other hand, peri-domestic rodents represent a possible source for spilling over of hepatitis E
(Meerburg et al., 2009; Kosoy et al., 2015; cf. Dalton et al., 2015; see Section VI.1.ii). R. norvegicus
from New York City have been found to host this and a variety of other potential viral and bacterial
zoonotic pathogens (Firth et al., 2014). A survey of RNA and DNA viruses in the faeces of diverse wild
rodents collected in California and Virginia (Phan et al., 2011) found a wide variety of seqeuences
including one of a picornavirid, mouse kobuvirus, closely related to the human Aichi virus (see Section
VI.1.i).
Sendai virus is a paramyxovirid, being the type species of the genus Respirovirus and a major
respiratory pathogen in murinids (reviewed by Faísca and Desmecht, 2006). As such, it is closely related
to human parainﬂuenza viruses types 1 and 3 (see Section VI.1.iii) and the bovine parainﬂuenza virus
type 3. There was evidence for a long-term spill-over into pigs in Japan in the 1950s; and inconclusive
evidence then for infection of men there, as well as in China and Russia, but apparently nothing since
then (Faísca and Desmecht, 2006).
With regard to other viruses, at least four families have been identified as potentially important for
human spill-overs.
i. Bunyaviridae Four of the five genera in this family of enveloped segmented negative-stranded RNA
viruses have arthropods as their intermediate vector and, typically, rodents as their final mammalian
hosts; spill-over infections by these of humans in Africa and the Americas may be associated with
haemorrhagic fevers.692 There is no evidence that members of the fifth genus, Hantavirus, depend on
an arthropod vector; instead, they have been generally found to cycle within rodent populations,693
causing chronic subclinical infections often with a strong species specificity and evidence for long-term
co-divergent evolution, despite their being tripartite RNA viruses with potentially high mutation rates
(Schountz and Prescott, 2014; Holmes and Zhang, 2015).694 Transmission is typically through aerosols
from rodent excreta, with spill-overs infecting humans on occasion (Bi et al., 2008; Vaheri et al., 2013).

689

Rats are also a prime agricultural pest elsewhere in Southeast Asia and adjoining regions (Meerburg et al.,
2009).
690
http://www.cdc.gov/rodents/diseases/direct.html; http://www.cdc.gov/rabies/exposure/animals/other.html
691
And also lagomorphs – rabbits were used as such in the pioneering experiments of Pasteur.
692
http://www.cdc.gov/vhf/virus-families/bunyaviridae.html
693
Other species have been found in soricomorph insectivores (shrews and moles) and some species of bat (Vaheri
et al., 2013; Zhang, 2014), where they may have originated in Asia (Bennett et al., 2014), but have not been
known to infect humans (Holmes and Zhang, 2015).
694
Segmental reassortment would appear to be relatively rare, compared with influenza A virus and rotaviruses
(Simon-Loriere and Holmes, 2011).
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Such spill-overs from hantaviruses infecting Old World murine rodents cause haemorrhagic fever with
renal syndrome (HFRS) in humans, whereas those from rodents in the Americas result in hantavirus
pulmonary syndrome (Schmaljohn and Hjelle, 1997; Zeier et al. 2005; Bi et al., 2008; Jonsson et al.,
2010; Plyusnin et al., 2011). They arise from contact with urine, faeces, or saliva of infected rodents;
there is little evidence for onward human-to-human transmission. China, where HFRS was first
recognised in 1931, accounts for about 80% of recorded clinical cases of this disease (Kariwa et al.
2007; Bi et al., 2008). These have been reported in almost all provinces, with risk being higher in
central, eastern and northeastern China.695 Related viruses which cause a milder form of HFRS have
been identified in Europe (Essbauer and Krautkrämer, 2015). Hantaviruses are also an important
‘emerging’ disease in the Americas, with infections often being associated with years when high rainfall
leads to large rodent populations as a result of abundant plant growth providing a source of food
(Jonsson et al., 2010; Calisher et al., 2011).
Hantaviruses have been recognised as a minor ‘emerging’ endemic disease in Southeast Asia, where
there is often a high seroprevalence indicative of past spill-over infections (Schmaljohn and Hjelle,
1997; Bi et al., 2008; Bordier and Roger, 2013). Thus, for example, Lam et al. (2001) found serological
evidence of hantavirus infections in three of 119 patients with chronic renal failure in Kelantan in
Malaysia, as well as in R. norvegicus from there and Port Klang.
The type species of the genus, Hantaan virus, was first isolated 1976 in South Korea (reviewed by Bi
et al., 2008); genomic studies suggest that it may have originated in rodents in southern China (Kariwa
et al. 2007). Subsequently another, the Seoul virus (generally associated with milder infections) was
also identified in South Korea (reviewed by Bi et al., 2008); at least five genetic subtypes have been
characterised, the most divergent of which (Gou3) was isolated from R. rattus rather than R. norvegicus
(Kariwa et al. 2007). Recent genomic analyses have identified China as being the origin of the Seoul
virus, with R. norvegicus being the main reservoir host (Lin et al., 2012): apart from one lineage
(phylogroup A) which has been found in various countries world-wide, three other were identified in
mountainous regions in southeastern China (coastal Zhejiang and also Hunan and Guizhou further
inland);696 moreover, there was evidence that the other phylogroups had co-evolved with the rats in
these areas. Thus it was concluded that human activities led to the global spread of the main lineage as
a result of the associated expansion of the range of R. norvegicus.697
Another species, the Thailand virus (Elwell et al., 1985 [abstract]), has been identified in Bandicota
indica698 in the western province of Kanchanaburi; it has since been found in provinces in central and
northeastern Thailand (Hugot et al. 2006; Pattamadilok et al., 2006; Blasdell et al., 2011). A large
proportion of humans living in the vicinity of the original finding of the Thai virus were seroprevalent,
indicating prior spill-over infections with this virus (Elwell et al., 1985 [abstract]). Subsequent studies
have confirmed that humans may be infected (Suputthamongkol et al., 2005), including in patients
previously suspected of suffering from leptospirosis699 in Thailand and elsewhere (Pattamadilok et al.,
2006; Gamage et al., 2011).700

695

Shandong, Hebei, Heilongjiang, Hunan, Zhejiang, Jiangxi and Guangxi provinces (Kariwa et al. 2007).
Western areas of China would not seem to have been sampled.
697
As noted above, and belying its scientific name, the brown rat is thought to have originated on the plains of
northern China and Mongolia, with one lineage spreading to Southeast Asia; followed by another to Northeast
Asia and western North America; and then a third to Europe in the 1500s, whence it spread to the rest of the
world (Puckett et al., 2016).
698
A rodent associated with ricefields throughout Southeast Asia.
699
A bacterial disease also caught from rodents, with clinical symptoms similar to HFRS; this is regarded as a
common bacterial over-spill from rodents in the region (e.g. Yanagihara et al., 2007; Costa et al., 2015).
However Bordier and Roger (2013) have noted that problems with surveillance and data collection mean that
the true burden of this (and other similar diseases) is unknown; thus one study in Thailand found that only
20% of suspected leptospirosis cases were indeed infected with this bacterium (Wuthiekanun et al., 2007).
700
Including one of 260 patients from Surin province in northeast Thailand (Pattamadilok et al., 2006), on the
Cambodian border.
696
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Elsewhere in the region, Reynes et al. (2003) found serological and molecular evidence for the presence
of Seoul virus in brown rats (R. norvegicus) and ‘black rats’701 trapped from markets and a rubbish
dump in Phnom Penh in Cambodia. Also, Blasdell et al. (2011) found genomic evidence for Seoul virus
in one R. norvegicus from the same city and one R. tanezumi from Luang Prabang in Laos. On the other
hand, they found no evidence for Hantaan virus cross-reacting antibodies in opportunistic sampling of
rodents around Phnom Penh; but got positive results from samples in Mondulkiri and Preah Sihanouk
provinces, as well as in Laos (Blasdell et al., 2011).
In Indonesia, Plyusnina et al. (2009) identified a virus closely related to the Thailand virus in R.
tanezumi from Serang in Indonesia; in addition, the Seoul virus was identified in R. norvegicus from
Jakarta, where human have been diagnosed with mild HFRS infections. Also, serological and/or
molecular evidence was found for a relative of the Seoul hantavirus, mainly in R. norvegicus, from
Bandung on Java, as a result of following up on an identified human infection (Kosasih et al., 2011).
Johansson et al. (2010) also identified a strain of the Thai/Serang virus in R. tanezumi in Singapore, as
well as one of the Seoul virus from R. norvegicus. They noted that, whilst there was evidence for
hantavirus infections in humans in the late 1980s, including a proportion of suspected dengue fever
cases, there had subsequently been only one confirmed case of a patient with HFRS.
In Vietnam, sequences related to those of the Seoul virus from Cambodia, Indonesia and Singapore but
distinct from those in China and elsewhere were identified in R. norvegicus (but not in R. tanezumi,
where sampled) from harbour and urban areas of Ho Chi Minh city in southern Vietnam (where there
had been reports of human infections) as well as from Haiphong and adjoining areas further north
(Truong et al., 2009; Luan et al. 2012). Samples of live rodents702 from a wet market in the Mekong
delta were seropositive to varying degrees for Seoul virus and/or Dobrava virus (a hantavirus found in
a particular species of mouse not found in the region), suggesting that different varieties of hantavirus
were circulating there (Cuong et al., 2015). Only one R. argentiventer (the most frequent species in the
sample) was found to have a Seoul-related virus using PCR. A small proportion of human sera showed
a similar diversity of seropositivity, which was not associated with any particular risk factors.
Hantaviruses are also known to infect soricomorphs. Evidence for Thottapalayam703 or an antigenically
related virus was found in the Asian house shrew (Suncus murinus) in the Central Highlands of Vietnam,
but not further north (Truong et al., 2009; Luan et al. 2012).
ii. Arenaviridae This is another group of rodent viruses which have been identified as spilling over and
causing serious human diseases, being enveloped bi-segmented negative-stranded RNA viruses.704 In
contrast to hantaviruses (see above), there is no evidence for co-evolutionary congruence with particular
host species (Clegg, 2002; Salazar-Bravo et al., 2002; Jackson and Charleston, 2004). The prototypic
member, lymphocytic choriomeningitis virus (LCMV), is probably found worldwide 705 with its
reservoir host, the house mouse, where it causes chronic subclinical infections (Meerburg et al., 2009;
Emonet et al., 2011; Lapošová et al., 2013; Meerburg, 2015; Labudová et al., 2016; see also Section
IV.7.ii).706 Large quantities of virus are shed in urine, faeces and other discharges, so that spill-overs
can occur through aerosols or contact of virus-contaminated material with skin abrasions;
seroprevalence studies in the Americas, Europe, Australia, and Japan indicate that 2-5% of humans
have been infected (Meerburg et al., 2009; Lapošová et al., 2013). At most, these mainly result in mild
flu-like symptoms appearing 8-13 days after exposure; however, after an apparent few days of recovery,
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Identified as R. rattus: recent studies indicate that southeast Asian populations (also called roof rats) should
instead be classified as R. tanezumi (Blasdell et al. 2015).
702
B. indica, R. argentiventer, R. norvegicus and R. tanezumi, but not R. exulans.
703
The first hantavirus identified, from shrews in India: Zhang (2014).
704
Segmental reassortment would appear to be relatively rare, compared with influenza A virus and rotaviruses
(Simon-Loriere and Holmes, 2011).
705
It is highly diverse with many lineages although little evidence that the latter have any underlying geographic
basis (Albariño et al., 2010).
706
http://www.cdc.gov/vhf/lcm/pdf/factsheet.pdf
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a second (generally not fatal) phase may develop, especially in immuno-compromised individuals, with
meningitis, encephalitis or both as possible outcomes.707
Other species of Mammarenavirus have a more restricted distribution, reflecting that of their main
hosts: infections are chronic but apparently asymptomatic.708 Two groups have been identified – one in
the Old World, the other in the Americas – with some having been found to result in haemorrhagic fever
with high death rates when they spill over into humans (McCormick and Fisher-Hoch, 2002; Peters,
2002). Spill-overs are the likely result of inhalation of aerosols from rodent urine, ingestion of rodentcontaminated food, or direct contact of broken skin or mucosa with rodent excreta; there is also the risk
of person-to-person transmission by way of aerosols and direct contact.709 Infection with the virus
causing Lassa fever in West Africa and with Lujo virus in southern Africa are examples, where peridomestic murine rodents are the reservoir hosts.710 On the other hand, there are no reports of human
infections in China by Wenzhou virus, which belongs to a separate clade in the family and has been
identified in various peri-domestic rodents (especially Rattus spp.) and one species of soricomorph
shrew, all of which are widespread there (Li et al., 2015).
There is sparse information concerning the situation in Southeast Asia. Based on serological studies,
Nitatpattana et al. (2000) found evidence for arenaviruses using a lassavirus antigen in rodents711 in
Nakhon Pathom province in Thailand. Cuong et al. (2015) found only very low levels of seropositivity
for an LCMV-related virus in their sampling of rats from a wet market in the Mekong delta or humans,
using an indirect ﬂuorescence antibody test.
More recently, Blasdell et al. (2016) reported genomic evidence for two mammarenaviruses in rodents
in the region. One, from common species of rodents which are often found in urban areas,712 was found
in Veal Renh in Cambodia713 and was closely related to the Wenzhou virus; they provisionally named
this as variant cardamones. The other was found in three species of rodent (including B. indica) from
ricefields in one of three provinces in Thailand:714 this was provisionally identified as a new species,
Loei River mammarenavirus, and the second member of the clade typified by the Wenzhou virus.
Clinical studies in Kampong Cham and eleven other provinces in Cambodia found that about 17% of
510 patients who presented with symptoms suggesting infection with influenza or dengue but which
did not test positive for these were instead found to test so with an IgG ELISA against Wenzhou virus,
raising the possibility that this might have been the causal agent.715 On the other hand, about 13% of
529 healthy individuals from Kampong Cham province were seropositive in another study, indicating
likely background levels of past infections (Blasdell et al., 2016).
iii. Poxviridae Rodents are also a potential source of spill-overs of members of the genus Orthopoxvirus
as a result of self-limiting epitheliotropic infections, leading to pustules for the onward transmission of
the virus; most have a broader host-range, so that rodents may not be the reservoir for at least some
species (Essbauer et al., 2010; Tack and Reynolds 2011). Infection is typically by damage to the skin,
although this may also occur by respiratory and other mucosal routes. All members of this genus are
apparently immunologically cross-reactive and cross-protective, so that infection by any one member
confers protection against that by any other (Essbauer et al., 2010). Thus one member of this genus,
Variola virus, was responsible for causing smallpox (variola major) in humans (see Section VI.2.i);
however it has been successfully eradicated by vaccinations using the cowpox or vaccinia virus (see
Section VII.5.ii). It should be noted that ‘cowpox’ is a misnomer: the virus(es)716 mainly circulate in
707

Ibid.
http://www.cdc.gov/vhf/virus-families/arenaviridae.html
709
Ibid.
710
http://www.cdc.gov/vhf/lassa/index.html; McCormick and Fisher-Hoch (2002).
711
Including high seroprevalences in Bandicota savilei and R. norvegicus: associated with padi fields and houses,
respectively.
712
Mainly in B. savilei and R. norvegicus.
713
No such evidence was found in the other area sampled, in Mondulkiri province.
714
No positive findings were made in two Laotian provinces.
715
It would not seem to be clear whether individuals who were positive for influenza or dengue were also tested.
716
It would appear that cowpox/vaccinia virus is polyphyletic, and that there is uncertainty about which strain was
used by Jenner (Hughes et al., 2010; Carroll et al., 2011; Czerny, 2015; see Section VII.5.ii).
708

150

Human Communicable Diseases and Potential Future Zoonotic Threats
rodents,717 although spill-overs to cats may be the main source of infection of humans, at least today
(Baxby and Bennett, 1997; Meerburg et al., 2009; Tack and Reynolds 2011).
An example of potentially incipient speciation is provided by Carslake et al. (2006; see also Begon et
al., 1999), based on long-term studies of the seroprevalence for cowpox in a mixed population of two
species of rodent where the virus is endemic; infections have no clear clinical effects, although there is
evidence for an adverse effect on reproductive output in laboratory studies.718 Whilst there was no
signiﬁcant difference in cowpox incidence between the two sexes in either species,719 the results of field
studies suggested that the virus is sexually transmitted in wood mice (Apodemus sylvaticus); whereas it
was apparently mainly as a result of female-female transmission in bank voles (Clethrionomys
glareolus) as a result of territorial interactions. Also, there was no evidence for any space-time
interaction to indicate that infections were exchanged between the two species, suggesting that they
represent separate reservoirs of cowpox-like viruses. The truncated tateropox virus of African gerbils
may have progressively emerged from such a common infection, to thenceforth give rise to camelpox
and human smallpox viruses (see Section VI.2.i).
Similarly, so-called ‘monkeypox’ is also a misnomer,720 since primates are unlikely to be the natural
reservoir; instead evidence suggests that African rodents (including squirrels, but apparently not Mus
or Rattus spp.) are more likely, although the virus can infect a variety of other mammals (Reynolds et
al., 2012; Czerny, 2015). Genomic analyses indicate that this belongs to the vaccinia clade (Carroll et
al., 2011). Spill-overs (with stuttering human-to-human spread) have been mainly reported in West and
Central Africa (Levine et al, 2007; Reynolds et al., 2012); and in the United States from rodents
imported from West Africa for the pet trade.721 Symptoms in humans are generally milder than was the
case with smallpox, more especially for the West African clade (possibly as a result of the loss of
production of a complement-binding protein: cf. variola minor – see Section VI.2.i). There was a 20fold increase in reported cases of human monkeypox infections between the 1980s and 2006–07 in a
rural region of the central Democratic Republic of the Congo. Such findings raise the question of
whether, with the cessation of vaccination of children against smallpox (thereby conferring protection
against other pox viruses as a result), there is the possibility that monkey pox or a similar virus may
emerge as a zoonotic disease in the near future (Rimoin et al., 2010; Reynolds et al., 2012; Czerny,
2015).
In contrast to the situation in Europe (reviewed by Meerburg et al., 2009; Essbauer et al., 2010), Cuong
et al. (2015) found only low level of seropositivity for cowpox in rodents sampled from a wet market
in the Mekong delta using an indirect ﬂuorescence antibody test. There was a higher level in those
humans sampled, more especially among those over 60, which was suggested to reflect the effects of
prior smallpox vaccination.
iv. Bornaviridae Borna virus,722 member of a novel family of enveloped non-segmented negative-strand
RNA viruses,723 was originally identified as the causative agent of a neurological disease which has
afflicted horses and sheep in central Europe for at least the past few hundred years (reviewed by
Dürrwald et al., 2006; Lipkin et al., 2011; Kinnunen et al., 2013; Tizard et al., 2016). Elsewhere,
infections have been identified in China, Bangladesh and Japan, for example (Kinnunen et al., 2013).
The virus is not cytolytic, and preferentially infects the nuclei of cells in limbic portions of the brain,
including the hippocampus with consequences for learning in otherwise asymptomatic experimentally717

Mainly R. norvegicus and voles (Microtis spp.): Essbauer et al. (2010).
PCR studies suggest that both of these and also field voles (Microtus agrestis) are natural reservoirs in Britain.
719
Frequency- rather than density-dependent in each case, contrary to what has normally been presumed.
718
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First described from observations of a rash on monkeys in Copenhagen zoo in 1957 (Essbauer et al., 2010);
Seimon et al. (2015) found no evidence for current poxvirus infections of great apes in a national park in the
Republic of Congo, based on an analysis of faecal samples..
721
http://www.cdc.gov/poxvirus/monkeypox/; http://www.who.int/mediacentre/factsheets/fs161/en/
722
It was named after the city of Borna in Germany, where a neurological epidemic killed many horses in 1885.
723
It is unique amongst Mononegavirales (other member families include the Filoviridae, Paramyxoviridae and
Rhabdoviridae) in that it establishes ‘viral factories’ in the nucleus, where it becomes tethered to the host cell’s
chromosomes so that infection is transferred to both daughter cells at mitosis (Matsumoto et al., 2012).
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infected animals. It has thus been speculated that aerosols may be an important means for transmission,
with infection mediated by the olfactory nerve projections into the forebrain. Most infected animals are
overtly asymptomatic, but a proportion manifest clinical behavioural changes and may die as a result
of a potentially lethal meningo-encephalitis,724 as a result of immune responses in the brain and the
actions of microglia. Experimentally, mammalian bornavirus can also infect rats, rabbits, tree shrews
(Tupaia glis) and rhesus macaques (M. mulatta).

Figure 14 Proposed pathways for the spill-over of Borna
viruses. Note that transmission between spill-over hosts cannot
be excluded (see text for further details).725
The lack of diversity in sequences for a range of naturally-infected mammalian species suggests that
there must be a narrower natural reservoir from which these infections originated as spill-overs
(Dürrwald et al., 2006; M. He et al., 2014).726 Whereas natural infections of other mammals are
generally not contagious (Kinnunen et al., 2013), the fact that experimentally-infected rodents
chronically shed virus in saliva, urine and faeces led to speculation that they may represent such a
reservoir (Hatalski et al., 1997). Consistent with this, recent evidence suggests that rodents (certain
voles) may fulfill such a role in Finland; whilst a soricomorph, the bicolored white-toothed shrew
(Crocidura leucodon), may do likewise in central Germany (Kinnunen et al., 2013; Dürrwald et al.,
2014; Nobach et al., 2015). In the case of C. leucodon, the virus infected the brain and also the liver,
epithelial cells of the respiratory and urinogenital tracts and keratinocytes, with no evidence for clinical
disease; active virus was found to be shed over prolonged periods in urine and faeces, as well as in the
saliva and skin swabs. With bank voles (Myodes glareolus), the experimental procedure of intracerebral
injection in neonates not only led to infection spreading throughout the central and peripheral nervous
system but also resulted in viral shedding in the urine and faeces; infected animals were deemed
asymptomatic (Kinnunen et al., 2011).727 Thus it has been proposed that infections of other species of
mammal are the result of spill-overs arising from contact with infected urine from the evident natural
reservoir (Wensman, 2012; Tizard et al., 2016; Figure 14).728 Cattle would appear to be relatively
724

Including three fatal human cases infected by a novel bornavirus from a local species of squirrel in Germany
(Hoffmann et al., 2015).
725
In contrast to the single conserved genotype found in a variety of mammals, various different types of avian
bornavirus have recently been identified, as well others in snakes (M. He et al, 2014; Afonso et al., 2016).
726
The involvement of an insect vector would seem unlikely due to the relatively low levels of viraemia in infected
mammals (Kinnunen et al., 2013).
727
Furthermore, there was evidence for the incorporation of Borna virus-derived DNA into the host genome
(Kinnunen et al., 2011), recalling ‘fossil’ evidence for bornaviruses being an ancient mammalian pathogen
including in ancestors of humans (Belyi et al., 2010; Horie et al., 2010).
728
With infection of shrews in turn possibly having been originally as a result of spilling over from birds, further
emphasising the apparent ancient history of this family of viruses.
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insusceptible, but cats and dogs represent other potential intermediate hosts with widespread infections
in western Europe, Japan and Australia. However there is no evidence to date that infections from nonrodent potential intermediaries spill over into humans.
The effects of this virus on behaviour in horses, together with the evident targeting of particular higher
brain centres in these and other mammals, led to the speculation that this virus might be a causative
agent for a variety of affective psychiatric afflictions (such as bipolar disorder and schizophrenia) in
humans. Whilst initial studies did suggest a possible association (Hatalski et al., 1997; Ludwig and Bod,
2000; Mori et al., 2005), this has not been supported by later work (Dürrwald et al., 2007; Lipkin et al.,
2011; Hornig et al., 2012; Kinnunen et al., 2013).
4. Pigs
These (Sus domesticus; family Suidae) belong to one clade (suborder Suina) of the even-toed ungulates
(order Artiodactyla).729 Pigs would appear to have been independently domesticated in the Near East
(Anatolia) and East Asia (the Yangtze River basin and southern China) at least 8,000 years ago from
the wild boar (S. scrofa);730 thereafter, they were spread elsewhere, hybridising to some extent with
local populations of wild boar, leading to further genomic regionalisation (Frantz et al., 2016).731 Today,
they are an important source of animal protein, with China alone accounting for almost half of the
world’s total pig production and Southeast Asia ranking second (Table 1). Nevertheless, until recently,
much of this has been by small-scale integrated farming systems, with little veterinary and public health
surveillance and low biosecurity levels (Huynh et al., 2007; Trevennec et al., 2011).732 Whilst pig
production was at only a low level in 1980 in Cambodia, there has been a dramatic increase since then,
in part as a result of the development semi-intensive and intensive farming near major urban centres
(Knips, 2004; Samkol et al., 2006); elsewhere, small-scale farmers generally keep them in enclosures
(Osbjer et al., 2015; Osbjer, 2016). Thapaliya et al. (2015) provide a general review of possible
zoonoses from pigs.
There is evidence that pigs may be an alternative reservoir for members of the M. tuberculosis complex,
including M. bovis. A major source of reverse spill-over of M. tuberculosis itself has been from feeding
with untreated garbage from hospitals and other places where tuberculous patients were present, leading
to extra-pulmonary infection of the lymph nodes associated with the digestive tract (Thoen et al., 2009).
However there is little information on the potential spill-back capacity for this alternative intermediate
reservoir with regard to human re-infections.
It is well recognised that pigs are potential reservoir hosts for the flavivirid causing Japanese
encephalitis, with the infection of mosquitoes as vectors for onward transmission, including to humans;
and that this has been exacerbated by the conjoint expansion of padi production as a site for mosquito
breeding and with pig-farming activity in the region (van den Hurk et al., 2009; Bordier and Roger,
2013).733 There is recent evidence that pigs may also serve as amplifying hosts, based on evidence for
sexual transmission as an adjunct to vectoral intermediaries (Lord et al., 2015).

729

Also refered to as the Cetartiodactyla, given its recent expansion to incorporate cetaceans (whales, dolphins,
etc.: see Section VI.10.i), as well as hippopotamuses, based on genomic analyses.
730
S. scrofa originated in the forests of mainland Southeast Asia, but spread during the Pleistocene to a diversity
of habitats over much of Eurasia and North Africa; other Sus spp. were domesticated in Island Southeast Asia.
731
Developing on this, artificial selection has been used since the nineteenth century to hybridise European and
Chinese strains in order to produce better breedstock: an exchange is presumably ongoing and may have
contributed to the replacement of the cH1N1 strain of influenza A at the end of the last century and the
subsequent emergence of pH1N1 in North America (see below).
732
For example, pigs were amongst the livestock transported (presumably with their associated potential spillover diseases) by Austronesian speakers in their early colonisation of Oceania (Guerrier et al., 2013).
733
Based on slaughterhouse samples in northern provinces of Laos, Conlan et al. (2012) reported that there was
evidence for high levels of previous infection with Japanese encephalitis (ca. 75% IgG-positive; cf. less than
3% for IgM), as well as hepatitis E (almost a quarter of samples) and swine influenza virus (subtype H3N2:
less than 2% of samples); none were found to have any serological evidence for infection with Nipah virus.
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As noted above (see Section VI.1.ii), wild and domestic pigs may have been source of intermittent spillovers of genotypes 3 and 4 of hepatitis E (Purcell and Emerson, 2008).734 In addition, Californian pigs
have been found to be intermediate hosts for a calicivirid which has a wide host-range amongst marine
vertebrates in the north-eastern Pacific, at least (see Section VII.10). This virus, Vesicular exanthema
of swine virus is the type species of the genus Vesivirus, and caused a disease with symptoms
indistinguishable from foot-and-mouth disease in pigs (Smith et al., 1998, 2006). It first emerged in
California, where it became endemic in 1932 as a result of pig-to-pig transmission; it then spread
throughout the United States in 1952 before being eradicated in 1956 as a result of culling. There is
evidence that this originated as a spill-over from being fed with trash fish; whether it also spilled over
from pigs into humans is not known, although evidence suggests that this would have been associated
with clinical symptoms (see Section VII.10).
The main concerns regarding spill-overs which could potentially affect humans are from RNA viruses
of the families Orthomyxoviridae, Paramyxoviridae and Filoviridae.
i. Orthomyxoviridae Like many other mammals, pigs can be infected with influenza A (Figure 5). Two
other related viruses which are generally considered to be endemic to humans have also been reported
in pigs.735 One, influenza B, has been identified serologically in them, with this and molecular evidence
suggesting that the virus may occur in herds infected with the porcine reproductive and respiratory
syndrome virus736 (Ran et al., 2015). The other, influenza C, has been isolated from pigs in China (Guo
et al., 1983),737 and there is serological evidence for cross-infectivity with humans, although it is not
clear in which direction (Kimura et al., 1997 [abstract]).738 In addition, recent evidence indicates that,
together with cattle, pigs are host to a novel influenza D which is not known to infect humans (Hause
et al., 2014; Collin et al., 2015).
As with other terrestrial mammals, infection with influenza A is mainly a respiratory disease. Like
human seasonal flus, outbreaks are typically in late autumn and early winter, the resulting infections
generally being of high morbidity but low mortality (Vincent et al., 2008). Nonetheless, such infections
can also have more long-term secondary effects, including a predisposition to the development of
bacterial pneumonia (Vincent et al., 2014), thus being an important contributor to the porcine
respiratory disease complex.
Pigs would seem to be normally host to H1-, H2- and H3-type viruses, although there is evidence that
they may be transiently infected by a variety of other types (Webby et al., 2007; Nelson and Vincent,
2015; Munoz et al., 2015). Since the 1918-20 pandemic (Figure 6), so-called classic swine influenza
(cH1N1) has been the main porcine enzootic, with relatively stable geographic lineages. This and the
other strains found presumably originated as spill-overs from birds. Thus a wholly avian strain spilled
over into pigs in Europe around 1979 (to replace the strains of cH1N1 circulating there), with evidence
for a separate such event in China in 1993, with the European strain also spreading there within the
following ten years, presumably as a result of the pig trade (Garten et al., 2009; Smith et al., 2009b;
reviewed by Zhu et al., 2013; Vincent et al., 2014).
The evidence that they may be susceptible to infection by both avian and human strains of H1-, H2and H3-type viruses has led to the hypothesis that pigs may serve is ‘mixing vessels’, wherein
simultaneous infection of individual cells of a host pig by not just a swine virus but also an avian- and/or
human-adapted strain may lead to reassortment and the emergence of novel combinations of the genesegments. Thus it was proposed that they served as such to produce the strains which were responsible
for the 1918-20 and subsequent pandemics; and could thereby also represent a potential source of new
human epidemics or pandemics in the future (reviewed by Greger, 2007; Webby et al., 2007; Ma et al.,
2009a, b). Given evidence that seasonal human epidemics (Russell et al., 2008) and various of the
734

Based on slaughterhouse samples, about a quarter of pigs were sero-positive in Yangon, Myanmar (Nakai et
al., 2001 and also in northern provinces of Laos (Conlan et al., 2012).
735
Merck Veterinary Manual (http://tinyurl.com/hcntkwz).
736
The primary cause of ‘blue ear disease’: a member of the Arteriviridae (non-pathogenic in humans), with highly
virulent strains circulating in China and Southeast Asia (Dietze et al., 2011).
737
And also in dogs: see Section VII.8.i.
738
cf. http://www.cdc.gov/flu/about/viruses/transmission.htm
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sporadic global pandemics over the past century (Figure 6, including one of three sources of the 191820 pandemic: see Section VI.2.iii) may have originated in China and Southeast Asia, it has been
proposed that these were the by-product of traditional integrated farming practices pioneered in China
and also in India, involving co-culture of fish, ducks and pigs together with the recycling of fresh
manure to fertilise ponds, with pigs acting as ‘mixing vessels’ for different strains of influenza A
(Scholtissek and Naylor, 1988; Ma et al., 2009a, b; Garrett, 2013), to thereby allow new combinations
to emerge as a result of genetic shift (see Section VI.2.iii).
Other indirect support for this hypothesis rested on evidence that strains of influenza A which infected
mammals generally had haemagglutinins which had an affinity for α2,6-linked sialic acids, in contrast
to those in aquatic birds where the affinity was for α2,3-linked ones instead (reviewed by Suarez, 2010;
Wahlgren, 2011). Early studies suggested that the cells lining the respiratory tract of pigs (like chickens:
see Section VII.1.ii), were decorated with both types of linkages, unlike humans where those that were
α2,6-linked predominated; thus it was proposed that pigs were predisposed to infection by both avian
and human strains of viruses and that this could lead to the potential for reassortment to occur with
‘genetic shift’ and the production of novel combinations by co-infected cells (reviewed by Short et al.,
2015). However, using a more specific staining procedure, Trebbien et al. (2011; see also Chan et al.,
2013) have shown that α2,6-linked sialic acids predominated in all areas of the porcine respiratory tract,
with only a small proportion of α2,3-type linkages in deeper portions; this was also found to be the case
in humans. Thus they concluded that any infection with strains of avian influenza virus would be mainly
in deeper portions of the respiratory system in pigs, as in humans (reviewed by Reperant and Osterhaus,
2015).
There has been little direct evidence to support the mixing vessel hypothesis until recently. Thus, whilst
there was a clear association of pigs with the 1918-20 H1N1 pandemic, the direction of this exchange
is unknown: the original avian spill-over several years previously may have been directly to humans or
indirectly via another unknown species of mammal, not necessarily pigs (Smith et al., 2009a; Morens
and Taubenberger, 2011). What is evident is that, as a result of the infection dynamics of the time, two
distinct lineages emerged: cH1N1 in pigs, with regionally-differentiated strains which have persisted
without major changes since then; and a strain of seasonal influenza which circulated in humans until
the 1950s (Figure 6; reviewed by Morens and Taubenberger, 2011; Munoz et al., 2015). In general, the
cH1N1 strains circulating in pigs were distinct from those in birds (with the possible exception of
turkeys) and other mammals (Vincent et al., 2014). However, evidence of cross-infectivity with humans
emerged during a minor H1N1 ‘swine flu’ local irruption amongst military personnel at Fort Dix in the
United States in 1976-7, but this rapidly petered out due to limited person-to-person onward
transmission after having created a major public-health scare (Gaydos et al., 2006; Morens and
Taubenberger, 2011).
There is also a lack of evidence that the two subsequent human pandemics (H2N2 in 1957 and H3N2
in 1968) can be attributed to pigs; unfortunately there are no surveillance data for these during that time
in Asia, the likely source of origin (Smith et al., 2009a; Schrauwen and Fouchier, 2014). Both of these
strains of virus emerged over a period prior to their erupting on a global scale; in each case, genes for
the relevant membrane proteins and one of the internal ones (polymerase subunit B1)739 were evidently
of avian origin (Figure 8). It is not clear whether such dual reassortments, where the other genomic
segments are derived from a strain of seasonal virus already circulating, occurred in humans or in other
mammals.
Recently, however, there has emerged clear support for the mixing-vessel hypothesis from studies on
pigs during the time leading up to the ‘swine flu’ pandemic (Figure 8), first detected in humans in
Mexico and the United States in March and early April, 2009. Whilst the 1957 and 1968 pandemics
were the result of a dual assortment where the mammalian mixing vessel – whether human or otherwise
– was unknown, surveillance of pigs in the United States identified the progressive emergence of a new
strain of H2N1 in pigs (Figure 8). Central to this was the derivation of a so-called triple-reassortant
739

A single mutation in this subunit has been identified as crucial to the adaptation of avian viruses for spilling
over into mammalian hosts, perhaps related to the lower body temperatures encountered in the latter (Mänz et
al., 2013; cf. Reperant and Osterhaus, 2015).
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internal gene (TRIG) cassette740 in North American pigs (reviewed in Vincent et al., 2008, 2014; Ma et
al. 2009a, b; Smith et al., 2009b; Schrauwen and Fouchier, 2014; Munoz et al., 2015), comprising three
genes from cH1N1, one from the circulating human seasonal H3N2 and two from an avian H1N1
lineage (Figure 8).741 Genomic analyses indicated that a variety of different subtypes of virus were being
produced on pig-farms as a result of different combinations of the subtypes of membrane protein genes
(H1 and H3 with N1 and N2) being paired with this core set of six internal protein genes, which
presumably were better adapted for driving replication in pigs. Thus viruses containing the TRIG
cassette have now largely displaced those circulating previously in North America and, subsequently,
elsewhere (Vincent et al., 2014).
Thereafter, further consistent with the mixing-vessel hypothesis, dual infection with the tripleassortment strain of H1N2 and the new type of H1N1 which had spilled over from birds into European
pigs about thirty years previously led to the appearance of a novel strain of H1N1 – so-called pandemic
H1N1 (pH1N1 or H1N1pdm09: ‘swine flu’) – as a result of further reassortment whereby the genes for
N1 and the matrix protein from the Eurasian strain of avian H1N1 were incorporated to replace their
counterparts in the already triple-assorted H1N2 virus (Figure 8).742 Consistent with the first human
outbreak occurring in Mexico in early 2009, Mena et al. (2016) found evidence that this variant
originated in pigs in central Mexico up to a decade earlier, as one of a diversity of lineages circulating
in the country. Whilst that region had not been considered previously as a risk for pandemic eruptions,
evidence indicated that the emergence of this strain and other lineages may be attributed to the longdistance trade in live pigs.
It is interesting to note that the pandemic did not originate in China,743 as originally suspected, since
American triple-reassortant lineages had spread there by 2002, just after the European strain of H1N1
(both presumably through the pig-trade: Zhu et al., 2013); however, whilst they co-circulated, there was
no evidence for their reassorting to produce pH1N1 (Lam et al., 2011). Moreover, attempts to recreate
this reassortment in the laboratory were unsuccessful, suggesting that specific viral strains and other
factors (perhaps including the local hosts’ immune responses) are important (Ma et al., 2014).
After spilling over into humans, pH1N1 rapidly spread to many other countries around much of the
world within six months by person-to-person transmission (Figure 15), without the involvement of pigs
(although they were also susceptible: see below), causing the WHO to raise its pandemic alert to the
highest level (6) in June 2009 (Morens and Taubenberger, 2011; Vincent et al., 2014).744 The WHO
subsequently put the total number of laboratory-confirmed deaths as a result of the pandemic at 18,500
for the period April 2009 to August 2010 (when the pandemic was deemed over: Figure 15), whilst
recognising that this was likely to be a large underestimate of actual numbers; taking this into account,
modelling studies based on data for the first year subsequently yielded estimates averaging fifteen times
higher for that time-frame (Dawood et al., 2012). pH1N1 has now become established as one of the
seasonal influenzas circulating in humans: thus, in Cambodia for example (where it was first detected
during surveillance at major international entry-points in 2009),745 it peaks with the pre-existing H1N1
and H3N2 strains in June-November, during the rainy season (Horm et al., 2014).
Since then, pH1N1 has also become enzootic in pig populations worldwide (as a result of spilling back
from humans: see below), with evidence for further reassortment occurring with various local lineages
of cH1N1 and porcine H1N2 and H3N2 (Munoz et al., 2015). As apparent further evidence for the
740

This comprises the all segments apart from those coding for the haemagglutinin and neuroaminidase proteins.
This would appear to have involved first a reassortment between human H3N2 and swine H1N1, with the
product of this (which was of only limited spread amongst pigs) then reassorting with an avian lineage (Vincent
et al., 2008).
742
Evidence from studies on ferrets suggests that the Eurasian strain’s N1 sialidase activity increased the release
of infective individual (rather than aggregated) virions into the air and thus would facilitate human-to-human
transmission (Lakdawala et al., 2011); it has been speculated that variants of the matrix protein may also be
important for aerosol-based transmission (Munoz et al., 2015).
743
Or Malaysia, South Korea, Thailand or Vietnam, for that matter (Poonsuk et al., 2013; Vincent et al., 2014).
744
One knock-on consequence for Mexico was that, apart from a more sustained impact on the pork industry,
there was a large decrease in overseas visitors over a five-month period (Rassy and Smith, 2013).
745
In American students visiting Phnom Penh in early July; the virus rapidly spread country-wide from August.
741

156

Human Communicable Diseases and Potential Future Zoonotic Threats
Figure 15 The eventual spread of pandemic
human H1N1 from its origin in Mexican pigs
was worldwide within less than six months,
with continuing human infections thereafter
(Left). An official end to the pandemic was
declared on 10 August 2010; the map below
shows the overall results then, based on
feedback to the WHO for laboratoryconfirmed cases and numbers of deaths.
However, as predicted, some countries in the
northern hemisphere still had significant
numbers of pandemic H1N1 cases in the
following winter (Bottom), as the virus settled
into a similar pattern to that of pre-existing
seasonal viruses (from WHO, 2013b).

potential for pigs to serve as mixing vessels, co-infection with pH1N1 and a triple reassortant H3N2 led
to a further reassorted variant of the latter (H3N2v, incorporating the matrix gene from pH1N1) in the
United States in 2011 and has spilled over into humans,746 with limited person-to-person transmission
and at least one fatality, thereby posing a potential future risk through further antigenic drift and shift
(Nelson and Vincent, 2015; Nelson et al., 2015).
746

Mainly children at agricultural fairs.
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Other recent studies have instead suggested that humans themselves are the source of a much greater
‘reverse’ spill-over (zooanthroponosis) into pigs (Nelson et al., 2014, 2015; Nelson and Vincent, 2015;
see also Liang et al., 2014); subsequent ‘return’ spill-overs back into humans would appear to be rare
(Figure 7). There is evidence for at least 20 such ‘reverse’ spill-overs over the period 1965-2013 where
strains of human seasonal inﬂuenza A have circulated within pigs for at least one year, indicating
successful adaptation (Nelson et al., 2014).747,748 Similarly, an analysis of data for the period after the
emergence of pH1N1 in humans in 2009 (when more intensive surveillance was introduced in many
countries) indicates that there has been the continual infection by humans of pigs worldwide, as an
important contribution to the genetic diversity of circulating viruses in the latter (Nelson et al., 2015).
Reassortment has generally meant that the original H1 and N1 segments of pH1N1 were replaced by
those of other strains already circulating in pigs; however several zooanthroponotic spill-overs during
the 2013-2014 seasonal human epidemic led to re-introduction of new variants of these two pH1N1
genes. Whilst Nelson et al. (2014) identified one human-derived H3N2 variant (including the internal
gene segments) which had been circulating in Canadian pigs for at least seven years, as well as two
others with a shorter circulation time,749 these were atypical. Thus they found that reassortments meant
that the six internal gene segments of the human virus were generally replaced by existing pig ones.750
On the other hand, Liang et al. (2014) found evidence for the opposite for H1N1, a persistence of the
human-derived internal genes, in pigs in southern China. Nelson and Vincent (2015) concluded that the
low levels of immunity in farmed pigs (most of which are slaughtered by the age of six months), together
with often high stocking densities, might favour reverse spill-overs751 and the further mutation of the
viruses (see also Greger, 2007). They also noted that such backflows make it difficult to produce useful
vaccines with which to pre-treat pigs; this problem could be reduced by compulsory immunisation of
workers on pig-farms (Nelson et al., 2015).
Consistent with such evidence for human-to-pig transmission, Rith et al. (2012) found serological
evidence in an abattoir-based survey (2006-2010) of pig populations in Cambodia for prior influenza
infections with human H1N1, H3N2 and/or pH1N1.752 Such historic infections were evident in stored
blood samples from all provinces sampled apart from Kampot (where only a few samples were
obtained). Antibodies against H1N1 and/or H3N2 were present throughout, with marked peaks in
seroprevalence (46.5% and 33.8%, respectively) in 2008; those against pH1N1 were only detected in
2010, when seroprevalence was 25.6% for samples from the four provinces tested. Modelling studies
based on studies of seroprevalence in pigs led Netrabukkana et al. (2014) to conclude that that for H3N2
was positively correlated with human population density and negatively so with that of pigs; no such
relationships were seen for pH1N1.
With regard to pigs as potential mixing vessels for avian hpH5N1, Rith et al. (2012) found no
serological evidence in their Cambodian survey. Elsewhere, field evidence in 2005-7 indicated that
hpH5N1 had spilled over into pigs in Indonesia on at least three occasions in four provinces, with
evidence for pig-to-pig transmission; infected pigs were asymptomatic, and the pig isolates were less
virulent in mice than their avian relatives (Takano et al. 2009; Nidom et al. 2010). Also, two strains of
hpH5N1 virus have been isolated from pigs in Fujian province (Zhu et al., 2008). On the other hand,
no such evidence was found in a survey of slaughterhouses in Hong Kong SAR (Vijaykrishna et al.,
2011). Various laboratory studies (e.g. Lipatov et al. 2008; de Vleeschauwer et al., 2009b) have found
that domestic pigs have only a low susceptibility to avian hpH5N1 as well as for various low pathogenic
avian strains, including the avian variant of H1N1: infected pigs were asymptomatic, with poor
transmission to other pigs and also ferrets compared to circulating swine strains of H1N1 and H3N2.
Thus, based on comparisons of a low pathogenic avian strain of H5N2 with an H1N1 swine influenza
747

Of these, 13 were seasonal H3N2 (including three of which may have contributed a gene segment to the TRIG
cassette), four were H1N1 and three H1N2.
748
Eight in North America, five in Asia, four in Europe and three in South America, often circulating for years
before being detected; differences between continents are likely to be accounted for by sampling bias.
749
One in the UK, the other in Argentina; another one in Canada circulated for less than a year.
750
Most especially the PB2 segment, for one of the three components of the RNA-dependent RNA polymerase.
751
And also co-infection with more than one strain (Lowen, 2017).
752
Antibodies against more than one serotype were detected in 11.5% of samples.
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virus, de Vleeschauwer et al. (2009a) found that the avian one was less efficient: fewer cells were
infected throughout the respiratory tract (with smaller lesions in the lungs) and lesser titres of virus were
excreted in experimental pigs, apparently the result of very low infection rates in nasal mucosal cells.
Moncorgé et al. (2012) proposed that this was due to factors other than the virus’ RNA-dependent RNA
polymerase activity.
De Vleeschauwer et al. (2009a) concluded that any hypothesis regarding pigs as mixing vessels may
require modification to include the fact that not only genetic shift (through segment reassortment) but
also some degree of genetic drift (through mutation) of particular internal proteins753 is necessary to
better adapt avian viruses to the somewhat different mammalian milieu. Other evidence consistent with
this revised model for the mixing-vessel hypothesis is the finding that, of the two strains of hpH5N1
virus isolated from pigs in Fujian province, one would have been less highly pathogenic if it spilled
back into chickens because of deletion of part of the gene for the NS1 protein and the resultant decreased
ability to block interferon production by infected chicken cells as part of their initial innate immune
response (Zhu et al., 2008).
In conclusion, the situation with regard to the H1-H3 strains contrasts with much of the evidence for
others: it would seem to be that only mainly the former can readily spill over from birds into pigs and
thus potentially allow the latter to fulfill their proposed role as mixing vessels (reviewed by Morens et
al., 2011; Munoz et al., 2015). However this is not to downplay potential possible role for pigs (or other
mammals) as a source of future human pandemics involving other viral types. Thus, whilst humans also
have the potential to serve as reassortant mixing vessels, particular aspects of the farming of pigs
(especially with their short life-cycles under intensive farming conditions, or in close proximity to other
animal species) may predispose them to being risk factors for the emergence of new viral strains (Munoz
et al., 2015; Short et al., 2015). Hence there is ideally the need for continual broad systematic
surveillance of influenza in pigs, with a view to monitoring for the potential emergence of viruses with
pandemic potential in humans (Smith et al., 2009b). At present, such studies are sparse compared with
similar work on influenza A strains in birds and humans; thus Vincent et al. (2014) pointed out the need
for more such integrated studies on pigs, together with the need for the results being rapidly shared in
order to pre-empt future eruptions (including their consequences for pork production) at the level of
governments as well as the pig industry and other stakeholders (including by way of veterinarians).
ii. Paramyxoviridae A new species of the genus Henipavirus was identified as a result of two sequential
outbreaks in pigs in peninsular Malaysia between September 1998 and April 1999, which subsequently
spread to include workers on pig-farms elsewhere, together with abattoir workers in Singapore who
slaughtered pigs imported from the affected areas of Malaysia; the only evidence for person-to-person
transmission was the infection of one nurse identified in a retrospective study (reviewed by Mounts et
al. 2001; Wang et al., 2008; Clayton et al., 2012; Middleton and Weingartl, 2012; Smith and Wang,
2013; Halpin and Rota, 2015). Symptoms in pigs were mainly febrile and respiratory in nature, 754
although most infected pigs were asymptomatic.755 On the other hand, infected humans had high
mortalities due to the virus being acutely encephalitic (the outbreak was originally mistakenly identified
as being Japanese encephalitis: Field et al., 2001; Calisher et al., 2006) as well as causing multi-organ
vasculopathy; initial studies found that only a small proportion of contacts were subclinically-infected
(Tan et al., 1999), although follow-up studies indicated that the encephalitis may be much delayed in
its initial manifestation, as well as sometimes being recurrent in those who had recovered from the
original affliction (Wang et al., 2006; Ong and Wong, 2015).
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For example, components of the polymerase complex (Gabriel et al., 2005), including to allow greater
efficiency of functioning at lower temperatures in the mammalian respiratory tract (Mänz, et al., 2013;
Reperant and Osterhaus, 2015).
754
The disease had previously been identified in 1996 as Porcine Respiratory and Encephalitis Syndrome, Porcine
Respiratory and Neurologic Syndrome or Barking Pig Syndrome.
755
Dhondt and Horvat (2013); see also http://www.fao.org/DOCREP/005/AC449E/AC449E00.htm;
http://www.oie.int/international-standard-setting/terrestrial-manual/access-online/;
http://www.merckvetmanual.com/mvm/index.jsp
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The index site of the original outbreak in 1998 was in the state of Perak; this was followed by an
outbreak four months later further south, in the states of Negri Sembilan and Selangor which spread to
infect abattoir workers in Singapore. The outbreaks were each associated with a different strain of Nipah
virus (Abu Bakar et al., 2004; Chang and Abu Bakar, 2009). They were controlled by culling of over
one million pigs and sterilising the bodies with chlorine at burial, together with strict quarantine
measures on pig movements (Nor et al., 2000), leading to the loss of pig-farms and jobs and a
considerable impact on the Malaysian economy (Halpin et al., 2007).
As with the related Hendra virus in horses (see Section VII.7.ii), fruit-bats were found to the likely
source of the original outbreak (see Sections VII.2.ii and 4.ii). The picture which emerged (Chua et al.,
2002b; Daszak et al., 2006, 2013; Pulliam et al., 2011a, b) is that the virus originally may have spilled
over in 1997 during a ‘priming’ phase, from fruit-bats to pigs and thence to humans, at one or more of
the intensive production farms at the index site in Perak; this was likely to have been as a result of the
bats feeding on the fruit of trees overhanging the pig-pens, and their excreta getting into the pigs’ watersupply through the roof’s drainage system. Subsequently, a different strain spilled over in the same
state, to infect immunologically naïve weaners which were then exported to farms further south for
grow-out (Daszak et al., 2006, 2013; Pulliam et al., 2011a, b).
There have been no subsequent reports of outbreaks, presumably at least in part due to pre-emptive
measures to restrict the opportunity for further spill-overs from fruit-bats, such as optimising the design
of pig-pens (Chua et al., 2002b). However, Nipah virus has been found to spill over directly from related
bats into humans elsewhere, in Bangladesh and north-east India (see Section VII.2.ii).
iii. Filoviridae There is evidence for at least one species of filovirus in pigs in Southeast Asia. Reston
virus was originally identified as the cause of mortalities in cynomolgus macaque monkeys (Macaca
fascicularis) from Luzon Island in the northern Philippines (see Section VII.9.iii). Subsequent studies
(Barrette et al., 2009) detected this virus as a co-infection of farmed pigs in the Philippines during an
unusually severe outbreak of porcine reproductive and respiratory arterivirus in 2007-8, as also in China
and Vietnam (see also Pan et al., 2012; Sayama et al., 2012). The fact that there were substantial
genomic differences between each of the three affected farms in the Philippines suggests that there had
been separate spill-overs from a zoonotic reservoir (possibly bats: see Section VII.2.iv) and/or that pigs
were themselves the reservoir as asymptomatic hosts with virus circulating in them for many years
(Barrette et al., 2009). Experiments found that Reston virus on its own may result in asymptomatic
subclinical infections in five-week-old pigs, and that such infections could spread through
nasopharyngeal shedding (Marsh et al., 2011).
Although Reston virus apparently has no clinical effects in humans who have been exposed, despite a
proportion of those who had worked with infected monkeys being seropositive, there have been
concerns expressed (somewhat similar to those regarding influenza A) that genetic drift in infected pigs
may lead to the emergence of viral strains which are pathogenic in pigs and/or humans (Barrette et al.,
2009; Marsh et al., 2011).
Whilst certain species of bat would appear to be a natural reservoir for filoviruses in Africa (see Section
VII.2.iv), evidence for two East African species of Ebolavirus (Sudan and Bundibugyo) have apparently
yet to be found in them. Atherstone et al. (2015) have suggested that the recent expansion in pig
production (including contact with their wild relatives) may represent a reservoir for these two species
of virus in Uganda, noting that infection may have been misdiagnosed as African swine fever (a
commonly reported problem which has overtly similar symptoms). Experimental studies have found
that Canadian pigs inoculated mucosally with Zaire ebolavirus developed acute respiratory disease756
with oro-nasal shedding to other unexposed pigs (Kobinger et al., 2011); and that infection could also
pass to co-housed (Asian) M. fascicularis monkeys (Weingartl et al., 2012). Preliminary findings from
a recent evident irruption of Zaire ebolavirus in the northeastern Democratic Republic of the Congo
raise the possibility that wild hogs and/or domestic pigs may also serve as bridging hosts
(Kupferschmidt and Cohen, 2017).
756

Suggesting that the main target for infection differs from that in humans, where there is no evidence for onward
transmission by aerosols (see Section VI.3.ii).
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5. Ruminants
The members of the artiodactyl suborder Ruminantia constitute various types of domesticated cattle,
buffalo and sheep and goats,757 together with their wild relatives, and deer. Whilst the farming of beef
and dairy cattle, together with sheep and goats, is important elsewhere, it is relatively much less so in
the region (Table 1). Thus cattle and buffalo are more important as draft animals and sources of manure
as part of small-scale integrated farming systems, rather than primarily for beef or dairy production
(apart from Thailand, to some extent), in the Mekong region (Knips, 2004). In Cambodia, farmers allow
them to free-range (Osbjer, 2016).
Historically, it would seem likely that measles originated as a spill-over of the now extinguished
rinderpest virus from domestic cattle (see Section VI.2.ii). A review of the 45 known present-day
zoonoses from bovines indicated that about a quarter are viral (McDaniel et al., 2014).758
One frequent cause of the common cold is a lineage A betacoronavirus, human coronavirus OC43,
which appears to have originated from cows in the late 19th century (Vijgen et al., 2005; Bidokhti et
al., 2013) and has subsequently undergone rapid evolution (‘antigenic drift’, including through
recombination) in order to circumvent the immunity acquired in response to prior infections, so that it
has become established as a long-term circulating endemic (Lau et al., 2011).759 Presumably related
viruses have been spilling over (or more likely back-and-forth) since the domestication of cattle, and
possibly as ‘drip-overs’ prior to this time. Also, similar paramyxovirid sequences to human
Pneumovirus have been found in bovines and ovines (Kitchen et al., 2011; Wang et al., 2011).
Foot-and-mouth disease760 is caused by a member of the genus Aphthovirus (family Picornaviridae).
There is evidence for a few dead-end spill-overs into humans, where there was vesicular infection of
the hands and occasionally the feet and the inside of the mouth (Bauer, 1997).
One major potential concern is the continuing threat of infection by bovine tuberculosis, a
mycobacterial disease related to that causing human tuberculosis (see Section IV.5), spilling back over
into humans from cattle and other ruminants (and possibly also from suids, at least: see Section VII.4).
In addition, but of much lesser concern, is the potential for spill-overs of various pox viruses.
i. Mycobacteriacae Until recently, it was thought that Mycobacterium bovis, as a member761 of the M.
tuberculosis complex, was the evolutionary ancestor of M. tuberculosis in humans, as a result of spillovers from domesticated cattle during the Neolithic Demographic Transition (e.g. Stead, 1997; PearceDuvet, 2006). However genomic studies have instead shown that the reverse is likely to have been the
case (see Section IV.5), presumably as a result of the development of settled agriculture:762 available
evidence suggests that the bovine disease originated in Europe and was introduced only recently into
Africa and elsewhere by colonialists from the UK and the Netherlands with the export there of cattle to
improve milk production (reviewed by Michel et al., 2009). Whilst M. tuberculosis is generally
considered to have only a restricted range of hosts (but see Une and Mori, 2007), a variety of studies
indicate that M. bovis may infect a much broader spectrum of potential host species in addition to its
reservoir in domestic bovines as presumed present-day maintenance hosts (Ayele et al., 2004). Thus it
has also been found in wild ruminants (e.g. bison, deer), and can spill over into a wide range of other
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What is known about their history of domestication is reviewed by Taberlet et al. (2011; see also Larson and
Fuller, 2014; MacHugh et al., 2017).
758
Other reviews focus mainly on potential bacterial, protozoan and metazoan zoonoses (Salman and Steneroden,
2015; Stuen, 2015).
759
The inherent uncertainties in such clock analyses mean that time-lines must be treated with scepticism (see
Section IV.4.ii).
760
Not to be confused with the hand, foot and mouth disease of humans, caused by enteroviruses such as EV71
(see Section VI.1.i).
761
An ecotype or, strictly speaking, a subspecies (Veyrier et al., 2011).
762
However it may not have been a direct spill-over: whilst it shares a common deletion (RD9) with M. africanum
(see Section IV.5), it has a number of other deletions shared only with M. caprae and not seen in M. orygis
(see below) or M. pinnipedii, for example (Mostowy et al., 2005; Smith et al., 2006), suggesting either multiple
spill-over events from humans into different species and/or chains of spill-overs across non-human mammals.
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wild and domestic mammals including humans (Cosivi et al., 1995, 1998; O'Reilly and Daborn, 1995;
Ayele et al., 2004; Cataldi and Romano, 2007; Thoen et al., 2009; Michel, 2015).763,764
Given that both types of bacillus are closely related has meant that the original standard test for infection
by either ecotype in their normal host species is a variant on the tuberculin (Mendel-Mantoux) test
(Thoen et al., 2009);765 whilst immunisation against both has been based on the classic Bacille
Calmette–Guérin (BCG) vaccine, using a line of non-pathogenic M. bovis bacilli developed in vitro
(Russell et al., 2010b).766
Infections of reservoir species with M. bovis typically lead to primary infection of the lungs and
pulmonary tuberculosis (Ayele et al., 2004; Smith et al., 2009; Thoen et al., 2009; Michel, 2015), with
a symptomatology of lung granulomata similar to that documented for M. tuberculosis in humans. Thus
there is typically a prolonged subclinical phase of latent infection, as in humans (see Section IV.5).
Transmission of M. bovis is through aerosols and faeces-contaminated food or water as a result of the
excretion of swallowed pulmonary exudates, as well as by milk (Thoen et al., 2006, 2009).767 Levels of
infection are higher in intensive livestock systems when compared with extensive ones (O'Reilly and
Daborn, 1995). Infection presumably has a serious effect on the productivity of cattle farming, and more
especially the dairy sector (Thoen et al., 2009), although the socio-economic impact is difﬁcult to
determine accurately (El Idrissi and Parker, 2012), Cosivi et al. (1998) have reviewed evidence for
considerable economic losses in Argentina and Turkey.
Spill-over infections by M. bovis of humans on farms and in abattoirs may be through aerosols (leading
to mainly pulmonary infections), but can also be by way of contact with infected faeces or tissues during
slaughtering (Ayele et al., 2004; Thoen et al., 2006; Michel, 2015). Other sources affecting the more
general population are from consuming unpasteurised milk or raw and undercooked meat, leading to
the development of granulomatous tubercles at various extra-pulmonary sites (Ayele et al., 2004; Smith
et al., 2009; Thoen et al., 2009). Thus bovine tuberculosis has been generally considered to be mainly
a disease of children through drinking infected milk, associated with granulomata in the cervical lymph
nodes (‘scrofula’) and the intestinal tract, as well as the meninges or the skin (O'Reilly and Daborn,
1995; Cosivi et al., 1998).768 As a result, M. bovis was regarded as a common source of human infections
in Europe and North America in the first half of the last century, but this was largely contained by
making infection of farm animals a notifiable disease with test-and-slaughter policies based on the
tuberculin skin-test (El Idrissi and Parker, 2012; Michel, 2015). Thus it now accounts for less than 2%
of tuberculosis cases in the United States and other developed countries (Division of Tuberculosis
Elimination, 2011). In the Netherlands, for example, 1.4% of human tuberculosis cases over the period
1993–2007 were caused by M. bovis; most were either elderly native Dutch (presumably infected when
763

Following on from the previous footnote, an emerging finding is that M. bovis (sensu lato) comprises a number
of different ecotypes, each with a more restricted host distribution (Smith et al., 2006; Hershberg et al., 2008;
Michel et al., 2009); the following thus focuses on M. bovis (sensu restricto), within which there is evidence
for several genomovars as a result of the continuing stepwise accumulation of deletions (Mostowy et al., 2005;
Smith et al., 2006).
764
Sheep and goats can also host M. bovis, as well as M. caprae and M. avium paratuberculosis (Ganter, 2015).
Note that M. caprae has been isolated from a tuberculosis patient who came from Cambodia (Mostowy et al.,
2005).
765
Albeit notoriously unreliable, like the traditional sputum test for active infection, due in part to the confounding
effects of BCG vaccination in invoking a specific memory T cell response; now being replaced by the use of
more reliable in vitro interferon-γ release assays for the detection of past infection with the same underlying
basis (Barry et al., 2009; Thoen et al., 2009; Lawn and Zumla, 2011).
766
The only approved vaccine against M. tuberculosis, recommended to be given soon after birth, is of variable
efficacy in the short-term for pulmonary tuberculosis and with limited effectiveness when given in later years,
including as a booster; this is apparently related to geographic location, presumably reflecting differences
between circulating strains, emphasising the need for the development of newer, more effective vaccines
(Barry et al., 2009; Kaufmann, 2010; Russell et al., 2010b; Lawn and Zumla, 2011). See also
http://www.cdc.gov/tb/publications/factsheets/prevention/bcg.htm.
767
Once shed, bacilli may remain viable for relatively long periods of time in the external environment, although
findings are somewhat ambiguous (Cosivi et al., 1995; O'Reilly and Daborn, 1995).
768
Such infections are likely to be ‘dead-end’ (stage 2 in Figure 2), given that there is no lung infection.
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they were young and now reactivated for various reasons) or young Moroccan immigrants with mainly
extra-pulmonary infections (Majoor et al., 2011).
However, M. bovis remains a potentially important source of infection in humans in developing
countries where monitoring and follow-up policies are not in place and being implemented, through
occupational exposure and the consumption of unpasteurised milk (Cosivi et al., 1995, 1998; Grange,
2001; Michel, 2015).769 Cosivi et al. (1998) cite one review that estimated that about 3.1% of human
cases are due to M. bovis, based on studies in various countries published between 1954 and 1970. They
and also Grange (2001) review evidence from some studies in Africa that there is an increased risk of
infection for people who are in close contact with cattle; however the incidence of bovine infections of
humans in Africa is generally less than 10% of all tuberculosis presentations where studied (no national
reports mention the incidence of M. bovis in human tuberculosis cases: Ayele et al., 2004; but see Müller
et al., 2013). Cosivi et al. also noted that little is known about the relative frequency of M. bovis-induced
extra-pulmonary tuberculosis, and pointed out that, even where adequate diagnostic facilities are
available, any data are likely to be skewed by the relative lack of rural studies. Müller et al. (2013)
concluded that there were no data available for the WHO region of Southeast Asia (i.e. including
Bangladesh, India and Pakistan), based on a literature search (but see below, for India at least).
As noted in Section IV.5, M. bovis is closely related to M. africanum which is endemic to humans in
West Africa; the same applies to the ecotypes infecting other mammals (see above), with most being
restricted to Africa suggesting a common ancestry in that continent. An exception in this regard is M.
orygis, which has been found in ruminants from Africa and the Arabian Peninsula, as well as dromedary
camels there; it apparently originated from the ancestor of M. bovis or M. caprae, since the deleted
region in RD12 is larger (van Ingen et al., 2012). In addition, pulmonary infections have been identified
in dairy cows and rhesus monkeys in Bangladesh, with evidence that this ecotype extends elsewhere in
the subcontinent (van Ingen et al., 2012; Rahim et al., 2016). Van Ingen et al. (2012) found evidence
that some human patients were infected with M. orygis, one from Southeast Asia and the rest from the
Indian subcontinent; six had pulmonary tuberculosis. Elsewhere, there has been one case of a woman
who was born and grew up in India and subsequently emigrated to New Zealand, where she developed
pulmonary tuberculosis which was subsequently cured; when a dairy cow was found to be infected with
M. orygis after slaugher (a first for that country), retrospective analyses indicated that it must have been
infected when a calf by contact with the yet-to-be-diagnosed woman (Dawson et al., 2012). Furthermore
M. caprae, which typically infects sheep and goats, has been isolated from a tubercular patient who
originally came from Cambodia (Mostowy et al., 2005).
Distinguishing between infections by M. tuberculosis lineages and M. bovis is problematic. As noted
above, both ecotypes of the bacillus cause identical suites of symptoms in humans, on the basis of
clinical, radiological or routine pathological criteria; and are hard to distinguish microbiologically
without sophisticated laboratory facilities (O'Reilly and Daborn, 1995; Cosivi et al., 1998; Thoen et al.,
2009). Thus, until recently, only certain biochemical protocols could be used to distinguish between the
two when cultured (Grange et al., 1996); moreover, there is reason to question the reliability of some
reported results, with the possibility of under-diagnosis of infections attributable to M. bovis (Thoen et
al., 2006). However recently-developed molecular biological techniques have proven useful. Thus such
techniques have shown that, in India, 28.8% of a herd of cattle were infected with M. bovis, as were
10.7% of tubercular human patients.770 In addition, there was evidence for reverse spill-overs
(zooanthroponoses): 30.8% of the herd were infected with M. tuberculosis and 38.5% with both types
(Prasad et al. 2005). Similarly, Chen et al. (2009) found that cattle may represent a reservoir for M.
tuberculosis, most especially the Beijing strain of lineage 2, with a similar pathology in the herd
investigated in Wuhan in central China; on the other hand, a retrospective investigation of three years’
cases of tuberculosis patients from local hospitals found only a 0.34% (17/5011) prevalence of M. bovis
infection, although they reviewed earlier studies showing apparently higher rates of incidence (up to
10.6%) in that country (Chen et al., 2009). Elsewhere, in an extensive survey in Tanzania, Cleaveland
769
770

These are presumably mainly dead-end infections in the absence of any infection of the lungs.
There is a suggestion that East Asian water buffalo may have a different strain, based on studies in Australia
(Mostowy et al., 2005).
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et al. (2007) found that seven of 65 cases of human extrapulmonary tuberculosis were associated with
infection by M. bovis; all but one were from households not owning cattle, being associated with homes
relatively far from their neighbours With regard to the cattle themselves, seroprevalence was
widespread but generally limited to a small number of older members in relatively large herds; other
risk factors for cattle were being housed indoors at night and being in contact with wildlife.
Apart from the recent study by Prasad et al. (2005), there would appear to be no information regarding
possible spill-over infection of humans in the region (see Table 1 in Thoen et al., 2006). In a populationbased, cross-sectional survey in 2011 which was stratified by urban, rural and remote areas in
Cambodia, nine out of 316 persons (2.8%) with positive cultures (including five of 222 with a negative
sputum smear: 2.3%) were found to be infected with mycobacteria other than M. tuberculosis using an
immuno-chromatographic test (Mao et al., 2014). Based on the information available (Chikamatsu et
al., 2014), it would seem likely that this test did not distinguish between M. tuberculosis and M. bovis;
thus these other mycobacteria presumably either had a deletion in the mpt64 gene or were nontuberculous, perhaps a spill-over from chickens (see Section VII.1). More recently, a study on
tuberculosis in Cambodian children found that there was an unusually high incidence of extrapulmonary
cases; although this might perhaps be suggestive of being caught from infected milk (see above), it was
concluded that a number of such cases might be due to misdiagnosis of other diseases (Frieze et al.,
2017).
Although Cosivi et al. (1998) considered that M. bovis would be appear to be less virulent, with no clear
evidence for human-to-human transmission, the Division of Tuberculosis Elimination (2011) stated that
M. bovis can be passed on through the coughs or sneezes of actively-infected people. This is likely to
be exacerbated in those who are immuno-compromised, including those who have AIDS (Grange,
2001)...In the past, drugs used to treat M. tuberculosis-infected patients have also been effective against
M. bovis infections when properly administered (Thoen et al., 2006). A major exception in this regard
is that M. bovis is resistant to one of the drugs used to treat human tuberculosis, pyrazinamide; given
that many of the routinely-used latest clinical diagnostic tests do not distinguish between this bacillus
and M. tuberculosis, this can lead to the death of patients as a result of using an inappropriate treatment
regime (Allix-Béguec et al., 2010). Moreover the situation has been further complicated recently by the
emergence of strains of M. bovis which, like those of M. tuberculosis, have become resistant to
previously effective anti-tuberculosis drugs (Thoen et al., 2006).
The FAO has recognised bovine tuberculosis as a priority infectious disease of livestock (and thus
potentially of humans) that should be controlled through national and regional efforts (El Idrissi and
Parker, 2012). However available information indicates that monitoring of the incidence of M. bovis in
ASEAN and neighbouring countries, together with any follow-up and other regulatory procedures,
would appear to be minimal, at best, for most countries (Table 7). Bordier and Roger (2013) have argued
that rising consumption of (raw) milk products is likely to increase the incidence of this disease unless
adequate control measures are taken to monitor the disease at herd and slaughterhouse levels; also, few
hospitals in Southeast Asia have the capacity to distinguish between the two ecotypes. Cosivi et al.
(1998; see also Bordier and Roger, 2013) have noted that, whilst the basic strategies required for control
and elimination of bovine tuberculosis are well known, a variety of factors have confounded their
implementation: Michel et al. (2009) suggested that the expense of a test-and-slaughter strategy makes
for problems in control. Related to this, El Idrissi and Parker (2012) noted that the slow time-course of
the disease and the lack of high mortalities amongst infected animals may mean that, even if the disease
is notifiable, it could pass unrecognised in the absence of adequate veterinary surveillance and reporting
systems in rural communities. Even where notification and follow-up procedures are implemented and
infected animals are culled, then poor farmers are likely to sell any apparently infected stock on (thereby
spreading the disease rather than containing it) if they are not compensated for its loss (El Idrissi and
Parker, 2012). An additional complicating factor is that the existence of reservoirs of infection in wild
animals makes for difficulty in controlling the incidence of disease in farm-stock due to the continuing
threat of spill-overs (Thoen et al., 2009; El Idrissi and Parker, 2012).
One cheap option is to heighten public awareness of the risks of contacting tuberculosis (bovine or
otherwise) from cattle through contaminated milk and other sources, and the need for appropriate
precautions. A survey of rural villagers in Cambodia found that, whilst 69% thought that diseases could
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be caught from animals, less than 5% of those interviewed were aware that tuberculosis was one,
compared with 65% for avian influenza (Osbjer et al., 2015).
Table 7 Reported occurrence of bovine tuberculosis (presumably M. bovis) in Southeast Asia and neighbouring
countries, together with stated means (if any) for monitoring its occurrence and reacting accordingly.771

Brunei
Cambodia
†
Indonesia
Laos
Malaysia
†
Myanmar
†
The Philippines
Singapore
†
Thailand
†
Vietnam
Australia
†
Bangladesh
†
China
†
India
†

Occurrencea
Targeted
Stamping
out
Domestic
Wild
Notification Monitoring Screening surveillance
--Both
-----------2006
-Domestic
General surveillance
--Not reported
2015
Unknown
Both
Domestic
---2009
Unknown Domestic
-----------1994
-Both
--Domestic
-2014
2007
Domestic
Domestic Domestic
Domestic
--------2002
2002
Both
Both
Domestic
Both
-2015*
-Domestic
Domestic Domestic
Domestic
-2015*
-Domestic
Domestic
-Domestic Domestic
(2015*)b
-Domestic
Domestic Domestic
---

†

Countries belonging to the WHO’s (2015) cluster of 22 high-burden countries for infection with M.
tuberculosis; Cambodia, Myanmar, the Philippines and Vietnam were amongst the nine which met all
three of the 2015 targets (for reducing incidence, prevalence and mortality), as did China and India.
* More than one zone
a
Last reported
b
Suspected

ii. Poxviridae Orf and related poxvirids of the genus Parapoxvirus are contagious infections of the skin
and mouth area in cows, sheep772 and goats (Essbauer et al., 2010; Tack and Reynolds, 2011; Büttner,
2015; Ganter, 2015; Stuen, 2015). They are resistant to dry conditions and can thus also spread by way
of fomites when these come in contact with damaged epithelia. They can spill over into humans (as well
as cats and dogs), to cause benign local lesions (‘milker’s nodules’) in at-risk individuals such as
veterinary surgeons, shepherds and abattoir workers, where these are an occupational hazard.
So-called ‘cowpox’ or vaccinia has been associated with the infection of milkmaids’ hands from the
teats of lactating cows in the past, and served as the basis for the development of vaccines against the
endemic human species, smallpox (see Section VI.2.i).773 Recent studies indicate that cowpox/vaccinia
viruses are polyphyletic and that their ancestors (in rodents: see Section VII.3.iii) were the progenitors
for all known members of the genus Orthopoxvirus, based on the large size of their genomes and other
evidence (Carroll et al., 2011; Babkin and Babkina, 2015; Czerny, 2015). One of these, the cowpox
clade, comprises several groups which have been isolated from cows. Trindade et al. (2009) report a
recent case of a spill-over of cowpox from sick dairy cattle in Brazil. However it is nowadays generally
associated with spill-overs of the virus from domestic cats, with wild rodents being the natural reservoir
(Baxby and Bennett, 1997; see Section VII.3.iii).
Within the cowpox clade, apart from an offshoot which gave rise to the pox viruses specific to one or
other of African gerbils, camels and humans (see Section VI.2.i), one group has related viruses which
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http://www.oie.int/wahis_2/public/wahid.php/Countryinformation (accessed 22/vii/16).
Where the incidence may be as high as 90%, but usually with low mortalities.
773
The ‘vaccinia’ lineage has an obscure history; recent evidence suggests that it was likely to have been derived
from horsepox (Tulman et al., 2006; Schrick et al., 2017).
772
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have been isolated from Asian buffaloes, rabbits774 and, more distantly, horses. Thus buffalopox virus
was isolated in 1967 in northern India and is associated with sporadic outbreaks in Asian buffalos
(Bubalus bubalis) in South Asia, Indonesia and elsewhere (Essbauer et al., 2010); a nosocomial
outbreak was reported in human burn-patients in Karachi in 2004-2005, as a result of the use of viruscontaminated buffalo fat to cover their burns. It has been suggested that that present-day outbreaks of
both cowpox in South America and buffalopox elsewhere may be the result of reverse spill-overs from
children who had received their primary vaccination (Czerny, 2015).
6. Camelids
These are members of the artiodactyl suborder Tylopoda, and comprise the dromedary and Bactrian
camels, together with llamas and their relatives in South America. Several species have been
domesticated: indeed, there are no longer any wild flocks of dromedary camels (Camelus dromedaries)
in their native habitat (with evidence that they were domesticated 3,000 years ago in Somalia or the
Arabian peninsula), although they have gone feral after being introduced into Australia (Almathen et
al., 2016).
The fact that camel pox, which is a cause of significant mortalities in dromedaries, is genomically the
most closely related virus to human smallpox amongst known sequences has led to the proposal that
both may have evolved from a common ancestor in rodents (see Section VII.5.iii); it may be mildly
pathogenic in humans (Czerny, 2015).
i. Coronaviridae Similar such genomic analyses have also led to the proposal that dromedary camels
may have been the source for what became one cause of the common cold in humans, the
alphacoronavirus 229E; two strains recently identified in dromedaries were inefficient in infecting
humans and were neutralised by human antibodies against HCoV-229E (Corman et al., 2016; Sabir et
al., 2016). The finding of a related sequence in a species of insectivorous bat from West Africa (Drexler
et al., 2014a) led Corman et al. (2015; Sabir et al., 2016) to speculate that camels may have been the
intermediate host in the spill-over process from bats to humans. However Corman et al. (2015) reported
that captive South American alpacas in the United States were also found to be infected: clearly this
must represent a zooanthroponotic ‘spill-back’, so that that presumably the same could equally apply
for dromedary camels.
On the other hand, there is accumulating evidence that dromedary camels are a source of spill-overs of
a lineage C betacoronavirus, the causative agent for so-called Middle East respiratory syndrome
(MERS) (de Groot et al., 2013). The clinical symptoms seen after infection with MERS are similar to
those seen with the SARS lineage B betacoronavirus (which was as an apparent result of spill-overs
from carnivorans in Chinese wet-markets through contact with bats: see Sections VII.2.iii and 8.iii),
although it would seem to be less readily transmissible; as with SARS, a proportion of people are
apparently infected asymptomatically (reviewed by Chan et al., 2015; Hu et al., 2015).
MERS was originally recognised in 2012 in Saudi Arabia, and all subsequent primary cases have been
epidemiologically linked to the Middle East (Chan et al., 2015). However international travel has meant
that infected people have carried the disease elsewhere. Most notable was an outbreak in South Korea
in 2015 where a traveller returning from the Middle East was the source, with the delayed identification
of the cause of illness also leading to a business friend spreading the disease to China.775 In that case as
in others, the majority of secondary cases were associated with the provision of health care by family
and professional workers through nosocomial spread. To date, there would seem to be no evidence that
the return of pilgrims after the annual hajj has been associated with any such spread, despite common
fears; this may reflect the precautions taken,776 as well as the fact that the virus mainly spreads as a
result of prolonged contact in sick-bed situations (Hui et al., 2015).
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Distinct from that causing myxomatosis in rabbits (see Introduction), which is placed in the genus
Leporinipoxvirus (and cannot infect humans).
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http://www.who.int/csr/disease/coronavirus_infections/situation-assessment/update-15-06-2015/en/; Hui et al.
(2015)
776
http://www.who.int/ith/updates/20150714/en/; Kumar et al. (2015).
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The MERS virus is closely related to two other betacoronaviruses viruses (HKU4 and HKU5) which
were previously isolated from bats in the Hong Kong SAR and adjoining portions of China and which
were the basis for characterising the lineage C (Woo et al., 2006a, b; de Groot et al., 2013). However
the most likely immediate source of recent spill-overs would seem to be dromedary camels. Chu et al.
(2014) identified the near-complete sequence of a virus very similar to human MERS from the nasal
swab of a dromedary camel from an abattoir in Egypt, as well as PCR evidence in three others (all
imported from Sudan or Ethiopia). Recently, Sabir et al. (2016) reported that a MERS-related virus was
one of three coronaviruses which dromedary camels share with humans (the others were a lineage A
betacoronavirus and one related to the alphacoronavirus 229E: see above). Furthermore, Sabir et al.
noted that there were five MERS-related lineages as a result of evident recombination events (see also
Cotten et al., 2014; Kim et al., 2016), and that the fifth of these variants had been predominant in Saudi
Arabian camels since November 2014 (after first being identified the previous July); the first evidence
for its spread to humans was in February 2015, after which it was associated with the outbreaks in
Riyadh and the irruption in South Korea and China shortly thereafter.
Consistent with this hypothesis, indirect evidence from Egypt and the Arabian peninsula indicates that
dromedary camels may have been the primary source of infection in at least some cases (Perera et al.,
2013; Azhar et al., 2014; Memish et al., 2014; Kupferschmidt, 2015a; Alraddadi et al., 2016; cf. Hemida
et al., 2015), including through the drinking of camel milk by a visiting Malaysian,777 although there is
as yet no definitive proof for any direct link (Epstein and Olival, 2015). Attempts at trying to establish
such an epidemiological link with camels or any other source have apparently been thwarted by cultural
problems in getting adequate information, due to people’s reluctance to ask or reply to personal
questions such as are necessary in detailed case-control studies (Branswell, 2015). Nevertheless, an
analysis of 681 detected cases in Saudi Arabia over the period January 2013 to July 2014 found that an
estimated 12% were the direct result of spill-overs from camels; the rest were from sputtering chains
(typically in hospital settings) with an overall average R0 of 0.45 + 0.53 (Cauchemez et al., 2016).
Whilst R0 values initially exceeded unity in 12% of clusters, this fell by half its original value after 10
cases on average, presumably as a result of healthcare precautions. The experiences gained and the
resulting lessons learned from the preceding SARS outbreaks proved helpful in this regard (Cheng et
al., 2013).
It would seem likely that cases of MERS in humans have gone unrecognised in the past. Thus
serological studies of camels indicate that many had antibodies against the MERS virus, not just on the
Arabian peninsula but in various parts of Africa (Alagaili et al., 2014; Corman et al., 2014; Reusken et
al., 2014) and Spain (Reusken et al., 2013). Furthermore, an analysis of historic blood samples indicates
that this was the case at least as far back as 1992 in Saudi Arabia (with no infection found in sheep or
goats: Alagaili et al., 2014; see also Reusken et al., 2013) and Kenya (Corman et al., 2014), and 2003
in the United Arab Emirates (Meyer et al., 2014). Also, more than 80% of historic samples from the
main camel-exporting countries, Sudan (1983) and Somalia (1983-4), were found to be sero-positive,
including in neutralisation tests (Muller et al., 2014). On the other hand, tests on feral dromedary camels
in Australia, mainly imported from what is now Pakistan between 1880 and 1907, found no evidence
for seropositivity (Crameri et al., 2015).778
Thus what has been labelled as an ‘emerging’ disease is likely to have ‘dripped over’ in the past, but
only now might represent a potential global threat. Although camels are not found elsewhere, the
development of international travel means that there is the need for awareness about the risks of the
rapid spread of this and other diseases (e.g. SARS: see Section VII.8.iii) in order to minimise the risks
of potentially uncontrollable spreading such as seen in the 2015 South Korean MERS example (albeit
with only a damped local circulation).
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http://www.cidrap.umn.edu/news-perspective/2014/04/mers-outbreaks-grow-malaysian-case-had-camel-link
Interestingly, whilst camelpox is found in both species of camel in Africa and Asia, it is also not present in the
stock imported to Australia (Czerny, 2015).
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7. Equinids
These belong to the order Perissodactyla. Horses were important as draft animals in the past,779 but this
has been progressively diminished as a result of motorisation; thus, nowadays, they are mainly kept for
sports and recreational purposes. Amongst so-called ‘ungulates’, they are much less important as a
source for potential spill-overs than the Artiodactyla (pigs, ruminants and camelids) (Han et al., 2016).
Dwyer (2015) reviews various equine zoonoses, with particular reference to North America.
Recent studies have led to the suggestion that donkeys in northeastern Africa may have been the source
of the progenitor to human hepatitis C virus (Walter et al., 2016). However, as noted in Section VI.1.ii,
these and horses were domesticated relatively recently, much later than the presumed origin of the virus
itself in anatomically modern humans, thereby implying that a spill-over related to ‘equine nonprimate
hepacivirus’ would have occurred much earlier from wild equinids or from other sources.
Horses would appear to be relatively resistant to infection with members of the M. tuberculosis complex
(Thoen et al., 2009). Amongst potential spill-over viral pathogens, the main ones are arboviruses where
horses are one of a range of potential mammalian hosts.780 However there is a variety of evidence that
they may have been important reservoirs for orthomyxovirid influenza A viruses in the past; and that
they have emerged as intermediate hosts for a recently discovered group of bat-derived paramyxovirids.
i. Orthomyxoviridae As with other mammals, influenza A infections are typically of the upper
respiratory tract; foals are generally the most severely affected, with often frequent outbreaks (Daly et
al., 2011; Chambers, 2014). The first equine influenza A virus to be characterised was a strain of H7N7,
which became extinct shortly after it was first identified in 1956; it was replaced by an equine H3N8
which has been circulating since the early 1960s, causing disease and associated economic costs
(Munoz et al., 2015; Short et al., 2015). Genomic analyses suggest that both of these strains may have
originated from birds in the mid to late 1800s (Worobey et al., 2014b).781 There is also evidence for a
short-lived outbreak of avian H3N8 in horses in China in 1989-90 (Chambers, 2014). Whilst equine
H3N8 has been shown to be able to infect humans experimentally, effects were generally subclinical;
serological evidence for Mongolia (with the highest horse:human ratio in the world) and elsewhere
during equine influenza outbreaks indicates that spill-overs are usually rare, so that equine H3N8 is not
generally considered to be a threat to humans (Xie et al., 2016). Consistent with this, Suzuki eet al.
(2000) found that various equine strains of H3N2 showed a marked preference for α2,3-linked sialic
acids, in contrast to those from humans; moreover, some of the equine strains also preferred the Nglycolylneuraminic over the N-acetylneuraminic sialic acid (see Section VI.4),782 in contrast to most
influenza viruses (Stencel-Baerenwald et al., 2014; Reperant and Osterhaus, 2015).
On the other hand, as noted in Section VI.2.ii above, there is historic correlational evidence (Morens
and Taubenberger, 2010) that horses (rather than pigs) may have been a reservoir for seasonal influenza
at a time when they were important for personal transport (including for cavalry in times of war) and as
beasts of burden in general: from as early as 1299 (or even earlier) until the 1889 pandemic (see also
Xie et al., 2016), with a link being widely reported well before 1700 (during the hiatus after the three
16th century pandemics). Thus Morens and Taubenberger (2010) noted that, whilst seasonal flus today
generally occur in winter, historical outbreaks typically coincided with outbreaks of equine flu in spring
or autumn: they suggested that this was related to increased contact as a result of seasonal work.783 They
also noted that equine influenza outbreaks typically preceded those in humans by about three weeks,
with evidence for a four-year periodicity which they suggested was related to the birth of new,
susceptible cohorts of foals. On the other hand, some serious equine eruptions were not associated with
those in humans or were coincident with much less serious seasonal outbreaks in northern Europe in
1727, 1750 and 1760.
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Genomic evidence suggests that they may have been domesticated about 5,500 years ago on the steppes of
Central Asia (Librado et al., 2017).
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http://www.cdc.gov/healthypets/pets/horses.html
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The usual caveats apply.
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They did not include α2,6-linked N-glycolylneuraminic acid in their test panel.
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Presumably military campaigns with their associated cavalry might have also played a role.
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In the New World, Morens and Taubenberger (2011) cited evidence that the last widespread equine
influenza eruption in North America was in the winter of 1915–1916, concurrent with a major human
seasonal epidemic. They also noted that an “explosive 1872–1873 Western Hemispheric equine
panzootic … was strongly associated … with widespread outbreaks of fatal influenza-like poultry
disease … further associated with limited outbreaks of mild human influenza … of uncertain
relationship to true epidemic influenza recognized some months later.” Thus horses may have served
as bridging hosts for spill-overs from chickens then. There is also other evidence that outbreaks in
horses and humans may be associated with cases of canine and feline influenza (see Section VII.8.i):
for example, spill-overs from horses to greyhounds in the United States at the start of the last century
(Morens and Taubenberger, 2011), as well as elsewhere more recently, possibly as a result of them
being fed horsemeat (Yoon et al., 2005; Daly et al., 2011; Chambers, 2014). On the other hand,
experimental studies suggest that an equine strain of H3N8, like that from dogs, cannot infect pigs, in
contrast to those from ducks and seals (Solórzano et al., 2015).
ii. Paramyxoviridae In Australia, Hendra virus was identified as the causative agent for a generally
fatal disease previously labelled as equine morbillivirus pneumonia or acute equine respiratory
syndrome after an outbreak at a racing stable in Brisbane in 1994 (Field and Epstein, 2011; Clayton et
al., 2012; Field et al., 2012; Middleton and Weingartl, 2012; Field, 2016). There have been several
outbreaks since then, with infections tending to be seasonal, during the late winter and early spring; this
was especially apparent in 2011, when there were a large number of outbreaks in contrast to the sporadic
irruptions seen in previous years.
Hendra virus is closely related to another henipavirus, Nipah virus, which was first identified in pigs in
Malaysia (see Section VII.4.ii); and has similar, often fatal effects in humans; both viruses have fruitbats as their reservoir hosts (see Section VII.2.ii). As with Nipah virus, infection is apparently the result
of contact of the oral, nasopharyngeal or conjunctival mucous membranes with infected bat urine,
including indirectly by way of contaminated pasture or other surfaces. Onward transmission to other
horses784 or humans is through contact with infected body ﬂuids; such a route has also been identified
for the subclinical infection of dogs.
An outbreak of neurological disease and the sudden deaths of ten horses in two villages about 15 km
apart on the island of Mindanao in the southern Philippines in March-April, 2014 was associated with
evidence for spillings over into villagers (Ching et al., 2015). Of those infected, 11 developed acute
encephalitis, with nine dying; whilst another five developed an influenza-like illness and one a nonfatal meningitis. Seven of the 17 case-patients had been involved in the slaughtering of infected horses;
evidence suggested person-to-person spread for at least some of the others, including two healthworkers from the provincial hospital. There was also evidence that cats and dogs might be fatally
infected from eating horse-meat. Genomic and serological studies indicated the presence of a virus
related to Nipah virus (Ching et al., 2015).
8. Terrestrial Carnivorans
These encompass a diversity of mammals, domesticated and wild. Han et al. (2016) concluded that the
order Carnivora (possibly including marine species – no data-set was provided) was a major source of
potential zoonotic pathogens, comprising viruses together with bacteria, helminths and protozoa to a
somewhat lesser extent; the significance of this was amplified by their relatively small numbers of
potential host species. However, at least in part, this may reflect a dominant contribution of species
found to host the rabies virus:785 Han et al. (2016) did not include a dataset to identify additional viral
candidates. With regard to rabies virus, dogs are the paramount reservoir in the Old World (see Section
II.2); however eradication campaigns have meant that cats (along with various species of insectivorous
bat) are now an important residual spill-over source in North America, in addition to a variety of other
native terrestrial carnivorans (Lackay et al. 2008).
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The virus would not seem to be as transmissible to other horses as Nipah is in pigs, but this may related to
differences in holding conditions.
785
As with New World bats: see Section II.2.
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The CDC has identified the major likely spill-over viral and other diseases of domestic cats786 and
dogs.787 Dogs788 appear to be as susceptible as humans to M. tuberculosis and M. bovis, whereas cats
are very resistant (Thoen et al., 2009). Through predating on rodents, cats may act as intermediaries for
the spread of so-called cowpox to humans (Czerny, 2015; see Section VII.3.iii).789 There is evidence
for one case where a feline virus resembling human adenovirus type 1 spilled over into a Japanese
infant, where it was associated with acute gastroenteritis (Phan et al., 2006). Other than that, the main
possible threats of viral spill-overs to humans are a variety of other single-stranded RNA-based ones.
As a relevant digression regarding a virus which is not known to infect humans, the rate at which a
zoonosis can spread is exemplified by studies on parvovirus 2 in dogs and other canines, which
originated as a single spill-over event of feline panleukopenia virus790 from cats (Hoelzer and Parrish,
2010). This was first detected as a cause of mortality in early 1978, and had spread worldwide within a
few months; however retrospective serological studies indicated that it had been circulating in Eurasia
since 1974. Shortly thereafter, a variant (2a) emerged which replaced the original strain world-wide by
1980, and has since remained in circulation with different regional strains (Hoelzer and Parrish, 2010).
Unlike the original spill-over, the variant is also able to infect cats but with only mild effects; recent
evidence suggests that raccoons (Procyon lotor) may have served as an intermediate in the emergence
of parvovirus 2a through viral exchanges with dogs (Allison et al., 2012). Prior to this, spill-overs from
felines were dead-end, with infection confined to the thymus and bone-marrow and no onward
transmission to other dogs; mutations of the gene for the capsid protein likely played an important role
in mediating this change. Such findings highlight the rapidity with which a zoonosis can spread and
become a stage 5 enzootic as the result of a favourable mutation.
i. Orthomyxoviridae As with other mammals, influenza infections lead to respiratory disease, with
onward transmission as a result of aerosols.791 Various carnivorans are susceptible to influenza A. Thus
a mustellid, the ferret, has served as a model for the study of infections with this virus since 1933
(including evaluating the likelihood of avian strains becoming transmissible between humans), given
that the clinical symptoms closely approximate those seen in humans (Bouvier and Lowen, 2010).
There is historical evidence that dogs and cats may develop influenza‐like illnesses as a result of spillovers of influenza A from horses or humans, although Morens and Taubenberger (2010) suggested
these were likely to be ‘dead-end’ in nature. Subsequent spill-overs into dogs would appear to be a
relatively recent phenomenon. Thus a recent strain of equine H3N8 has become established worldwide
in dogs, as has a direct spill-over of an avian H3N2 in east Asia; in each case, this was associated with
severe respiratory disease and could be passed on to cats (reviewed by Gonzalez et al., 2014; Munoz et
al., 2015; Reperant and Osterhaus, 2015; Short et al., 2015). It was associated with binding to α2,3linked terminal sialic acids (as found in waterfowl: see Section VII.1) in tracheal, bronchial, and
bronchiolar epithelial cells, leading to oro-nasal shedding (Song et al., 2008).
There is recent evidence that canines, and more especially felines, may also be susceptible to hpH5N1
and H5N2 viruses in Southeast Asia and elsewhere; domestic cats, at least, release virions in their
respiratory and faecal discharges (reviewed by Munoz et al., 2015). In addition, there is evidence that
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http://www.cdc.gov/healthypets/pets/cats.html; see also Sing (2015).
http://www.cdc.gov/healthypets/pets/dogs.html; see also van Knapenm and Overgaauw (2015).
788
Their history of domestication is unclear (see Section II.2).
789
Available evidence indicates that certain poulations of Felis silvestris lybica (the subspecies itself, together
with other subspecies, has a much more widespread distribution with evidence of adaptation to their particular
local environments) were first ‘domesticated’ as commensals in Anatolia in the Near East during the Neolithic
period; thereafter, there was a subsequent domestication of a local population in ancient Egypt; subsequent
intermixing was seen in the spread elsewhere (Ottoni et al., 2017); there is also evidence for early
domestication of the leopard cat (Prionailurus bengalensis) in China (Vigne et al., 2016).
790
A small, single-stranded DNA member of the family Parvoviridae; like other parvoviruses, it is very stable in
the external environment after shedding, thereby prolonging the period for potential contact and infection of a
new host.
791
Dogs: https://www.avma.org/KB/Resources/Reference/Pages/Canine-Influenza-Backgrounder.aspx;
http://www.cdc.gov/flu/canineflu/keyfacts.htm
787
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a strain of avian H9N2 has spread to circulate extensively among dogs in China (reviewed by Sun and
Liu, 2015). There would seem to be no epidemiological evidence that humans may be infected.
Apart from humans, type C influenza has been identified serologically in dogs in Japan, France and
Spain (Manuguerra and Hannoun, 1992; Manuguerra et al., 1993 [abstract]).
ii. Paramyxoviridae Whilst Nipah virus has been implicated as a spill-over from fruit bats into humans,
either directly (Section VII.2.ii) or by way of pigs (Section VII.4.ii), there is evidence that cats and dogs
can also be infected with this virus from close contact with pigs (Clayton et al., 2012). Experimental
studies confirmed their potential as alternative intermediate hosts: exposed cats showed mainly nonneurological symptoms and shed virus (including in the urine), whilst dogs were asymptomatic
(Middleton et al., 2002; Dhondt and Horvat, 2013; cf. Tan et al., 1999; Nor et al., 2000). On the other
hand, there was evidence that cats and dogs might be fatally infected from eating henipavirus-infected
horse-meat during an outbreak on the island of Mindanao in the southern Philippines in March-April,
2014 which was also associated with stuttering human spill-overs (Ching et al., 2015; see Section
VII.7.ii).
iii. Coronaviridae An outbreak of ‘atypical pneumonia’ with associated morbidity and mortality 792 in
Shenzhen (Guangdong province in southern China) in 2002-3 caused a major worldwide scare
(reviewed by Peiris et al., 2004; Hu and Shi, 2008; Ruan and Zeng, 2008; Smith et al., 2011; Graham
et al., 2013; Hu et al., 2015). This resulted when a doctor from Guangdong stayed in a hotel in the Hong
Kong SAR for one day before being hospitalised and subsequently dying of what came to be called
severe and acute respiratory distress syndrome (SARS); he was the index case for the spread of the
infection to 16 other guests and thence to 25 countries over five continents. A second outbreak
elsewhere in the same province (Guangzhou) in 2003-4 was only brief, with four confirmed cases and
no mortalities, as a result of the experience gained during the first one; thereafter, a third outbreak in
2004 as a result of the spread of laboratory infections in Anhui and Beijing led to nine cases and one
death (Ruan and Zeng, 2008).793 Thus the threat of a potential pandemic was rapidly contained, so that
the main effects were economic in nature (Lee and McKibbin, 2004; Begley, 2013; see Section
VIII.2.iv). Overall, there were almost 800 mortalities, comprising about 10% of identified cases.
Initial studies identified a novel lineage B betacoronavirus (subsequently officially identified as SARSrelated betacoronavirus: de Groot et al., 2012b) which was also found in two species of carnivorans,
Himalayan palm civets (Paguna larvata) and raccoon dogs (Nyctereutes procuyoinboides), being held
in local wet-markets (reviewed by Peiris et al., 2004; Webster, 2004; Song et al., 2005; Wang et al.,
2006; Shi and Hu, 2008; Graham et al., 2013; Hu et al., 2015). Serological studies on workers at these
markets indicated that such over-spills probably reflected a pre-existing, more long-term problem.
Further studies suggested that civets might not be the natural reservoir but rather served as amplifying
hosts after being infected when held captive in markets,794 presumably is a result of spill-overs from
bats (Section VII.2.iii): they were adversely affected by experimental infection, contrary to what would
be expected in the case of a true natural reservoir (Wang et al., 2006). Experimental studies with the
human isolates have generally indicated that pigs, cats (cf. Mungall et al., 2006, 2007) and various
rodents were apparently unaffected; on the other hand, two species of local macaque did appear to be
affected to some extent, in contrast to an African species of monkey (Wang et al., 2006).
iv. Filoviridae Allela et al. (2005) observed that, although dogs ate infected dead animals or licked the
vomit of infected patients during an irruption of Ebola outbreak in Gabon in 2001-2, they did not
undergo mortalities as a consequence and were apparently asymptomatic. Associated with this, up to
about a third of pet dogs from villages with an outbreak had Ebola-cross-reacting IgG antibodies, with
the proportion decreasing further away to less than 10% in the two main towns. There was no evidence
for ongoing infection in any of the tested dogs, based on PCR or antigen tests, but it opens up the
792

Leading to pulmonary oedema and hypoxia, amongst other consequences, as a result of an excessive proinflammatory innate immune response with its associated ‘cytokine storm’ (Graham et al., 2013; Mandl et al.,
2015).
793
Prior to this, one laboratory-related infection was reported in each of Singapore and Taiwan in 2003.
794
Thus serological evidence indicates that infections are not circulating in those farms tested, in contrast to one
animal market in Guangzhou where about 80% of the animals tested positive (Tu et al., 2004)
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possibility that dogs might be an intermediary in the transmission of Ebola to and between humans.
Thus, in the recent West African eruption of Ebola, sharing a meal of dog meat was the possible source
of infection for three villagers in Liberia nearly two months after it was the first of the three most
affected countries to be declared apparently Ebola-free (Toweh and Giahyue, 2015).
10. Non-human Primates
The various infectious diseases of these are relatively well-documented.795 Many of the viruses which
presumably infected early humans are likely to share a common ancestry with those in other primates
– and anthropoid apes in particular – as a result of being ‘heirlooms’ passed down from their common
ancestors (Harper and Armelagos, 2010; see Section IV.2). For example, human herpesvirus 3 (the
causative agent for chicken pox and shingles: see Section IV.2.i) also infects other primates (SchmidtChanasit and Sauerbrei, 2011), although information regarding natural infections in the wild would
seem to be lacking. Thus, proportionate to their number of species, nonhuman primates are the most
important source of different zoonoses, especially viruses and bacteria (Han et al., 2016). Nevertheless,
Cooper and Nunn (2013) concluded that, despite their close relatedness to humans, there are
surprisingly few studies indicating what viruses, at least, may spill over into humans; and that more of
these and other infections of nonhuman primates with the potential for spill-overs remain to be
discovered.
An analysis of primate species diversity
identified areas of Amazonia and central
Africa as hot spots for potential spillovers, although the long time since the
divergence of neotropical primates
suggests that these are less likely to be
important (Pedersen and Davies, 2009);
Han et al. (2016) identified Southeast Asia
as another potential hot spot. In recent
times, nonhuman primates in Central
Africa have been identified as the source
of spill-overs which led to the appearance
of HIVs (see Section VI.3.i), as well as
being intermediate hosts in spill-overs of
Zaire ebolavirus from fruit-bats (see
Section VI.3.ii). As noted in Section
VII.3.iii, so-called monkeypox is most
likely of rodent origin (Czerny, 2015).

Table 8 Serological tests of blood samples from 39
rhesus macaques (Macaca mulatta: about 10% of the
estimated temple population) at the Buddhist
Swoyambhu Temple in Kathmandu, Nepal; PCR
analyses were negative (Jones-Engel et al., 2006).
Seroprevalence
Herpesviridae
Macacine herpesvirus 3*
Macacine herpesvirus 1**
Polyomaviridae
Simian virus 40
Retroviridae
Simian retrovirus
Simian T-cell lymphotropic virus
Simian immunodeficiency virus
Simian foamy virus

94.9% a
64.1% a,c
89.7% a
(17.9%) a,d
(23.1%) a,d
0a
97.4% b

* Previously classified as Rhesus cytomegalovirus (Pellett
As with from other mammals, the risk of
et al., 2012).
spill-over of potentially zoonotic diseases
** Previously classified as cercopithecine herpesvirus 1
from non-human primates is dependent on
(Pellett et al., 2012).
contact. One major source is through the
a
Based on ELISAs.
b
killing and butchering of bushmeat, which
Based on Western Blots.
c
has been identified as a major route for
Significantly higher in adults.
d
zoonotic infection by HIVs and Ebola
These results were discounted by Jones-Engel et al.
(2006); the reason would not seem to be clear.
(e.g. Peeters et al., 2002; Aghokeng et al.,
2010; Ahuka-Mundeke et al., 2011).
Another is through being bitten by commensal (pet or peri-domestic) non-human primates (Wolfe et
al., 1998): Table 8 shows the results of tests for various viruses on rhesus monkeys (Macaca mulatta)
from a Buddhist temple in Nepal, at least some of which can infect humans (see below). Similarly, tests
on tame macaques (M. fascicularis) used to provide street performances in Jakarta in Indonesia found
genomic evidence for simian foamy virus in 9/17 monkeys; there was also serological evidence for past
infection with simian retrovirus (2/19), macacine herpesvirus 1 (1/19) and simian T-cell lymphotropic
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Kalter et al. (1997); Merck Veterinary Manual (http://tinyurl.com/jo68lqf; http://tinyurl.com/zzp2yda).
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virus (1/19), but not for simian immunodeﬁciency virus (Schillaci et al., 2005). Thus their owners, at
least, would seem to be at risk from potential infections. There is serological evidence that simian
parvovirus (closely related to human B19 virus: see Section IV.2.vi) may spill-over from an infected
colony of macaques (species not stated) to their handlers, together with those not in direct contact with
the monkeys to a lesser extent (Brown et al., 2004).
The other side of the spill-over coin is that human infectious diseases might be expected to be likely to
result in zooanthropnoses of other primates, and more especially other anthropoid apes (Wolfe et al.,
1998). There is evidence for this in Southeast Asia: in the case of both pet and wild macaque monkeys
(M. tonkeana) on Sulawesi in Indonesia, Jones-Engel et al. (2001) found evidence for seropositivity
against measles, influenza A and parainfluenza 1 in both groups of samples, and against parainfluenza
2 and 3 in those from wild monkeys; none were positive for influenza B, respiratory syncytial virus or
herpes simplex virus 1. Furthermore, antibodies against measles were also found in blood samples of
M. mulatta from a temple in Kathmandu, Nepal, but not from M. fascicularis in a nature reserve in
Singapore: this was attributed to differences in the type and level of contact with humans and their
rubbish (Jones-Engel et al., 2006a). Spill-overs from humans with active lip sores due to herpesvirus
simplex 1 can cause lethal infections in New World monkeys (Villarreal et al., 2000). In Africa, there
is evidence that such reverse spill-overs as a result of the inexorable spread of humans have been
associated with mortalities in natural populations of chimpanzees as a result of respiratory infections
(Pedersen and Davies, 2009).
Apart from evidence that they can be infected with tuberculosis bacilli from humans, a member of the
M. tuberculosis complex related to M. africanum (lineage 6 rather than lineage 5 as typical of most
known non-primate ecotypes: see Section IV.5) has been characterised from extrapulmonary
granulomata in an aged wild female chimpanzee in the Taï National Park (Côte d’Ivoire) which was
evidently killed by a leopard which consumed much of the lungs (Coscolla et al., 2013). Whilst M.
orygis was found in two rhesus monkeys from a zoo in Bangladesh, it is not clear whether this is also
present in wild populations (Rahim et al., 2016).
i. Other Retroviridae Apart from the lentiviral SIVs and HIVs (see Section VI.3.i), various other
members of this family have been found in nonhuman primates, some of which have zoonotic potential
(reviewed by Locatelli and Peeters, 2012; Peeters et al., 2014). Like SIV/HIV lentiviruses, all but one
of the other genera belong to the subfamily Orthoretrovirinae; the exception is the genus Spumavirus,
which belongs instead to the Spumaretrovirinae.796
Simian retrovirus, a member of the genus Betaretrovirus, is associated with a disease in Asian macaques
(Macaca spp.) (Lerche and Osborne, 2001; Montiel, 2010) which is somewhat similar to the AIDS
experimentally induced in rhesus macaques by a SIV from Cercocebus atys (see Section VI.3.ii). In
captivity, there is a wide variation in prevalence, with a proportion of infected individuals developing
clinical effects (Montiel, 2010). Whilst there is some serological evidence for spill-overs into humans
working with these, this would not appear to be associated with major clinical disease (Lerche et al.,
2001).
Various species of wild primates in Africa and Asia have been found to be infected with simian T-cell
lymphotropic viruses (STLVs) of the genus Deltaretrovirus (Peeters et al., 2014). Three species of
Primate T-lymphotropic virus have been officially recognised (Stoye et al., 2012);797 they derive their
name from the fact that four similar viruses (human T-cell lymphotropic viruses 1 to 4;798 HTLV-1 has
been found worldwide, with scattered ‘hot-spots’ including southwestern Japan)799 had previously been
796

http://www.ictvonline.org/virusTaxonomy.asp
STLV-2 and -3 have only been found in Africa; another has been tentatively identified in captive Macaca
arctoides from the Strasbourg Primatology Center (van Dooren et al., 2005; Liegeois et al. 2008), in a species
which is native to various areas of mainland Southeast Asia, together with adjoining portions of India and
China (http://www.iucnredlist.org/details/12548/0).
798
HTLVs 1-3 are closely related to their respective counterparts in non-human primates (Hoshino, 2012; Pellett
et al., 2012).
799
Available evidence indicates that the incidence for humans may be low in the ASEAN region (Gessain and
Cassar, 2012).
797
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isolated from patients with adult T-cell leukaemia/lymphoma, tropical spastic paraparesis and HTLV1 associated myelopathy (reviewed by van Blerkom, 2003; Verdonck et al., 2007; Gessain and Cassar,
2012; Hoshino, 2012; Otani et al., 2012; Peeters et al., 2014). Since the first strain was isolated from
captive Macaca nemestrina in Japan, STLVs have been shown to be widespread amongst nonhuman
primates in Africa and Asia,800 associated with preferential infection of CD4+ T cells which may lead
to malignant lymphoma or leukaemia in some individuals (reviewed by Locatelli and Peeters, 2012;
Peeters et al., 2014). It has been suggested that existing cases of human infections with HTLVs 1 and
3 are the consequence of multiple ancient spill-over events with subsequent human-to-human
transmissions;801 as a result, 10-20 million people worldwide are infected, based on a rough estimate in
1993 from serological studies (a more recent one is half this range: Gessain and Cassar, 2012), with less
than 10% developing serious clinical conditions during their lifetimes (Verdonck et al., 2007; Locatelli
and Peeters, 2012). These spill-overs have accompanied humans outside the range of nonhuman
primates today, including to indigenous Australians,802 Papua New Guinea803 and Melanesia, where
human sequences are most closely related to a lineage from captive, naturally-infected Celebes
macaques (M. tonkeana) (Ibrahim et al., 1995) but are likely to be retained, relatively recent spill-overs
if not ancient heirlooms (Cassar et al., 2013). However there is evidence for continuing spill-overs of a
diversity of variants of STLVs 1 and 3 today amongst monkey-hunters in the Cameroon (Sintasath et
al., 2009); also, there is evidence that HTLV-4 may have originated from Western gorillas (G. gorilla)
in the same locale (LeBreton et al., 2014).
Nonhuman primates world-wide have been found to be commonly infected with viruses of the genus
Spumavirus (e.g. Table 8); where known, most tissues are latently infected, with productive infection
apparently confined to the oral mucosa with resulting salivary transmission (Falcone et al., 1999). Other
members of this genus of so-called foamy viruses804 infect a variety of mammals.805 They have been
found in a diversity of Old and New World primates, from prosimians to the great apes apart from
humans, with each host species having its own strain: this and the pan-tropical distribution of these
viruses reflects their ancient evolutionary history in this mammalian order (reviewed by Locatelli and
Peeters, 2012; Peeters et al., 2014; Ghersi et al., 2015). Thus, based on a comparison of the genomic
sequences of the viral RdRp with those of the cytochrome oxidase subunit II of their host Old World
monkeys and apes, Switzer et al. (2005) documented evidence for a long-term co-evolution of
spumaviruses with their reservoir species, with congruence over the past 30 million years.806 They
contrasted this with in vitro evidence for the high mutation rates normally seen in RNA-based viruses;
they postulated that this reflected the chronic, subclinical nature of these infections (reminiscent of the
situation regarding hanta- and arenaviruses in various rodents: see Section VII.3). Similarly, Holmes
(2008) suggested that the unexpectedly slow mutation rate, given the virus’ use of a typical retroviral
reverse transcriptase, was because the virus only replicated at a very slow rate, so that infections are
effectively latent.
Whilst spumaviruses have also been detected in some humans, these were presumably dead-end spillovers from other infected primate species as a result of being bitten or from contact with bushmeat in
800

Including monkeys, gibbons and the ape Pongo pygmaeus pygmaeus in Indonesia (Ishikawa et al., 1987; Ibuki
et al., 1997; van Dooren et al., 2007); Richards et al. (1998) found STLV-1 infection in wild macaques (M.
nemestrina) in southern Sumatra (Indonesia), based on serological and follow-up PCR studies.
801
Through sexual activity, breast-feeding and blood transfusions (Gessain and Cassar, 2012).
802
It would thus seem to be one of the few endemic diseases chronicled for them (Grivas et al., 2014; Marr et al.,
2017), with two clades evident in indigenous people from central Australia (Cassar et al., 2013).
803
As with hepatitis C, seroprevalence was higher in coastal and riverine areas as compared with further inland,
in contrast to the distribution of cross-reactive hepatitis B antigen (Yamaguchi et al., 1993).
804
Because of the characteristic extensive vacuolisation of infected masses of fused cells in vitro which then lyse
(Heneine et al., 2003; Stoye et al., 2012).
805
Recent evidence, based on the detection of foamy-like endogenous retrovirus elements in fish and amphibians,
suggests that spumaviruses may have infected jawed vertebrates more than four billion years ago in the early
Palaeozoic Era (Aiewsakun and Katzourakis, 2017).
806
Recent evidence based on the identification of ‘fossil’ foamy-like endogenous retroviruses suggests that
spumaviruses originated at least 450 million years ago, in or before the earliest jawed vertebrates (Aiewsakun
and Katzourakis, 2017).
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Central Africa (Heneine et al. 2003; Calattini et al., 2007; Betsem et al., 2011; Locatelli and Peeters;
2012; Mouinga-Ondémé et al., 2012). Jones-Engel et al. (2008) found that eight of 305 people (2.6%)
who lived or worked around nonhuman primates in Bangladesh, Indonesia (the island of Bali), Nepal
and Thailand were seropositive by Western blot; some were also positive by PCR. Infection presumably
was mainly by way of bites from Macaca spp. through incidental and temple-based contacts. Infection
has also been found in workers associated with captive primates in North America and China (Heneine
et al., 2003; Huang et al., 2012). There is no clear evidence that even long-term infection of humans
with primate spumaviruses is associated with any clinical disease (despite the profound effects of the
virus in vitro), and generally little evidence for human-to-human transmission where investigated
(Heneine et al., 2003; Locatelli and Peeters, 2012).
ii. Herpesviridae At least two of the three subfamilies which infect amniotic vertebrates have members
in non-human primates which may spill over into humans: the Alphaherpesvirinae and
Betaherpesvirinae. Macacine herpesvirus 1 (= monkey herpesvirus B; Cercopithecine herpesvirus 1) is
a member of the first of these and is endemic with often high prevalence in a variety of macaques (e.g.
Table 8; reviewed by Hilliard, 2007).807 It may be mainly sexually transmitted, with a biphasic infective
cycle (Huff and Barry, 2003) similar to that of herpes simplex viruses in humans (see Section IV.2.i).
A survey of macaques (M. fascicularis) at one of the ‘monkey forest’ temples on Bali in Indonesia,
found that about 82% of 38 were seropositive for Macacine herpesvirus 1 (Engel et al., 2002). Blood
samples of workers there indicated that almost half were also seropositive – many had been bitten or
scratched by these monkeys, especially those who fed them – but there were no reports of past clinical
evidence for any likely disease as a result. Citing a report that up to 40% of the thousands of visitors
passing through the temple each month are bitten by monkeys, Engel et al. (2002) noted again the
absence of clinical evidence for any spill-over of this virus. Given the large numbers of foreign tourists
involved, they argued that the absence of such evidence was unlikely to be simply due to a local lack
of awareness or diagnostic capability.808
On the other hand, laboratory accidents have indicated that macacine herpesvirus 1 generally causes
encephalomyelitis or severe neurologic impairment in humans, with mortalities of more than 70% in
the absence of appropriate antiviral therapy. Known cases of such spill-overs have been amongst those
working closely with infected primates in laboratory populations,809 with little evidence for
asymptomatic cases (Huff and Barry, 2003). Engel et al. (2002) suggested that the lack of any such
effects of infection from Balinese macaques might indicate that there is more than one host-specific
strain circulating amongst Macaca spp.;810 and that that associated with rhesus macaques (M. mulatta:
e.g. Table 8), which are also the most commonly used in laboratory studies, 811 may be more virulent
when it spills over into humans.812 An alternative is that, under normal circumstances, low rates of viral
shedding limit the possibility for viral spreading (Engel et al., 2002).
With regard to betaherpesvirines, various species of Cytomegalovirus infect primates (Pellett et al.,
2012), including rhesus macaques (Table 8), with a high incidence of persistent subclinical infection
(apparently through sexual transmission) with long-term viral shedding and immune responses (Barry
and Chang, 2007). Available evidence indicates that such viruses are highly host-specific: whilst some
807

Thus more than a third of 392 wild M. fascicularis from various states in peninsular Malaysia were positive,
based on PCR of urogenital and oropharyngeal swab samples of monkeys to be translocated to national parks
in order to reduce the potential for human-macaque conflict (Lee et al., 2015).
808
The fact that feral M. mulatta in Florida are also infected with this virus has led them to be declared a pubic
health threat there: http://www.atlasobscura.com/articles/you-probably-shouldnt-be-worried-about-thiscolony-of-herpesinfected-monkeys-in-florida.
809
By way of disruption of skin and mucosal barriers, including through sharing a medicinal ointment or through
manipulating a contact lens, as well as fomites.
810
Hilliard (2007) noted that there was evidence for such differences, but also that there were no apparent
differences between these in their effects on humans.
811
M. fascicularis is the second-most commonly used.
812
However Engel et al. (2002) point out that there is often close human contact with M. mulatta in India and
Nepal; they posited that any spill-overs may have been diagnosed as being the result of an unspecified
encephalitis or other neurological disease.
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may infect human cell-lines in vitro, they are not infective in vivo (Marsh et al., 2015). That
cytomegaloviruses (and also gammaherpesviruses: lymphocrypto- and rhadinoviruses) may be
relatively host-specific is suggested by a study on western chimpanzees (P. t. verus) which found no
evidence for cross-infection from colobus monkeys (Piliocolobus b. badius and Colobus polykomos),
their principal primate prey (Murthy et al., 2013).
iii. Filoviridae As considered above, gorillas and chimpanzees have served as intermediate hosts in
spill-overs of Zaire ebolavirus in Central Africa (see Section VI.3.i). Infection of these has led to large
local die-offs, most likely as a result of their consuming partially eaten, saliva-contaminated fruit
dropped by infected bats (Alexander et al., 2015).
In Southeast Asia, Reston ebolavirus was originally identified as the cause of mortalities in cynomolgus
monkeys (crab-eating macaques: M. fascicularis) from Luzon Island in the northern Philippines. As
reviewed by Miranda and Miranda (2011), the first known infection (1989-90) was associated with
mortalities in shipments of these monkeys to a quarantine facility in Reston, Virginia (as well as two
other laboratories in the USA).813 This was followed by further outbreaks in similar facilities in Italy in
1992-1993 and in Texas in 1996. Each of these outbreaks could be traced back to the same exporter on
Luzon with a holding facility for monkeys mainly sourced from the southern Philippines, although
sequencing indicated that different strains of virus were involved on each occasion (Ikegami et al.,
2001). There was evidence for another outbreak in monkeys at a research and breeding facility in the
Philippines in 2014.814 Associated serological studies suggest that spill-overs occurred into human
handlers, although with apparently no clinical effects. On the other hand, infections with Reston virus
had a slower time course in cynomolgus monkeys than those with two African species of Ebolavirus;
whilst African green monkeys, like humans, were resistant to clinical infections (Morikawa et al.,
2007). Other studies have identified that pigs may be reservoir hosts (or possibly the intermediaries for
spill-overs from bats), raising concerns that they may serve as a hot-bed for mutations which might lead
to serious human infections (see Section VII.4.iii).
Apart from this, a study on orang utans (Pongo pygmaeus) in East and Central Kalimantan in Indonesia
found that about 20% of 353 sera from these great apes reacted positively using ELISAs against
recombinant glycoproteins of one or more of the four African species of Ebolavirus, but less than 2%
did so for Reston; in addition, less than 2% reacted for the Marburg virus and overall IgM reactivities
were low (Nidom et al., 2012).815 Further tests using virus-like particles from cells transfected with
plasmids for the glycoprotein, nucleoprotein and also the VP40 protein 816 of different filovirid species
provided evidence for serum specificity. It was concluded that there may be other, less virulent types
of filovirus circulating in the region, with apes as a potential component of the reservoir.
iv. Polyomaviridae Simian virus 40 (SV40) is the type species of what is now the genus
Orthopolyomavirus, comprising most of the mammalian polyomaviruses (Johne et al., 2011), including
human BK and JC polyomaviruses (see Section IV.5.ii). Its normal host is the rhesus macaque (e.g.
Table 8), where infection is normally asymptomatic: it was discovered as a contaminant of some polio
vaccines. About 90% of children and 60% of adults in the United States were inoculated with such
contaminated vaccines between 1955 and 1963, with some evidence for subsequent person-to-person
spread. Although SV40 can cause carcinomas in rodents, there is no clear-cut evidence for any longterm oncogenic consequences in humans (Garcea and Imperiale, 2003; Vilchez and Butel, 2004; Martini
et al., 2007; Kean and Garcea, 2009).
There is also evidence that African green monkey lymphotropic polyomavirus has spilled over to infect
the skin of humans, without any clinical effects in immunocompetent individuals (Sauvage et al. 2011).
More generally, serological studies indicate that this virus is widely distributed in primates; and that up
to a quarter of human samples may be likewise positive to this or an antigenically similar virus (Kean
and Garcea, 2009), representing another possible heirloom for humans.
813

http://www.cdc.gov/vhf/ebola/outbreaks/history/chronology.html
http://www.news24.com/Green/News/Philippine-monkeys-infected-with-Ebola-not-lethal-to-humans20150905-2
815
The study included positive and negative controls (cf. Olival and Hayman, 2014).
816
A component of the viral envelope, implicated in the budding of viral particles (Mühlberger, 2007).
814
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11. Aquatic Animals
The type species of the calicivirid genus Vesivirus was first identified as a transient enzootic of pigs in
the United States (see Section VII.4); the original source of infection was traced to the use of infected
raw fish as garbage feed (Smith et al., 1998). Subsequent studies have identified at least forty serotypes,
grouped together as the so-called ‘marine vesiviruses’, of Vesicular exanthema of swine virus in a
variety of pinnipeds (seals and sea-lions) and cetaceans (whales and their kin)817 in the northeastern
Pacific; as well as in some species of marine teleost fish818 (Smith et al., 1998, 2006).819 The potential
for transmissability is promoted by the long-term viability of virions in seawater (more than 14 days at
15 °C), and potentially up to 60 days in shellfish as a potential bio-accumulating vector for human
infections. Associated with their apparently catholic host preferences, vesiviruses can infect a diversity
of target cells and thus lead to a diversity of clinical manifestations dependent on the host and the strain
involved (Smith et al., 2006). Whilst there is limited evidence that ‘marine vesiviruses’ may cause
clinical symptoms in humans on the west coast of the United States, subsequent studies there indicated
that a ‘marine’ serotype was associated with viraemia and seroprevalence, together with evidence for a
possible association with hepatitis (Smith et al., 2006).
i. Marine Mammals Influenzas A (Figure 5) and B have also been identified in particular species of
pinnipeds820 and cetaceans,821 together with serological evidence for probably common prior infections
in a range of others (Waltzek et al., 2012; Puryear et al., 2016). These of influenza A presumably
originated spill-overs from their normal avian hosts (see Section VII.1.i), with evidence for epidemics
as a result, in some cases associated with mass strandings. Humans’ eyes may be infected when seals
sneeze, causing a transient local keratoconjunctivitis with no serological evidence for a more general
infection by H7N7 virus (Waltzek et al., 2012). A pinniped strain of H3N8, like that from ducks, can
also infect pigs (Solórzano et al., 2015).
As noted above (see Section IV.5), there is suggestive evidence that M. pinnipediae, the ecotype of the
M. tuberculosis complex found in seals and sea lions, may have spilled back to infect at least some
humans on the western coast of South America in pre-Columbian times (Bos et al., 2014). In addition,
non-tuberculous Mycobacterium spp. may represent a potential spill-over threat from cetaceans,
together with a few other bacterial and protozoan pathogens (van Bressem et al., 2009; Waltzek et al.,
2012).
ii. Fish In addition to the potential for vesivirus crossinfections, spill-overs of a variety of different
species of bacteria have been reported. One of the most important of these is atypical mycobacteriosis
(‘ﬁsh handler’s disease’, ‘tank granuloma’, ‘ﬁsh fancier’s ﬁnger’, ‘swimming pool granuloma’) as a
result of slow-growing infection by non-tubercular Mycobacterium spp. causing red nodular swellings
of the extremities (possibly because of the lower temperatures there); there is the potential for fatal
systemic spread in immuno-compromised individuals (Lowry and Smith, 2007; Boylan 2011; Haenen
et al., 2013).
There is evidence for hepadnaviruses in certain species of freshwater teleosts (Dill et al., 2016).
Intriguingly, the genome of one of these, from the North American bluegill sunfish (Lepomis
macrochirus), was most closely related to those of mammalian viruses, although it lacked the gene for
protein X characteristic of Orthohepadnavirus spp. (suggested to underly the carcinogenic actions of
the latter in their natural hosts), and was not associated with obvious clinical signs of infection of the
liver or skin.
817

It has been calculated that an infected 35-ton grey whale, shown to produce more than 106 virions/gram faeces,
would shed 1013 vesiviruses each day, based a daily food consumption of 5% of its body weight/day and the
consequent elimination of the same quantity of faeces.
818
The opaleye perch (Girella nigricans); also some species in the Central Pacific (reviewed by Smith et al.,
2006).
819
Related strains have also been detected in felines, rabbits and also reptiles (Kitchen et al., 2011).
820
These fall within the order Carnivora (see Section VII.8 with regard to terrestrial species).
821
These are now regarded as highly-evolved members of the order (Cet-)Artiodactyla, being related through
hippopotamuses and their ilk to ‘even-toed’ ungulates (pigs, see Section VII.4; ruminants, see Section VII.5;
and camelids, see Section VII.6) as a monophyletic lineage.
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iii. Shellfish Through their filtering of water contaminated with faeces, bivalve molluscs may act as
bio-accumulators for not only vesiviruses but other such pathogens, including noroviruses, sapoviruses,
polioviruses and hepatitis A and E viruses (e.g. Romalde et al., 2002; Shieh et al., 2007; Terio et al.,
2014). Gastorenteritis from oysters, clams and mussels is mainly by way of noroviruses (Morse et al.,
1986; Cheng et al., 2005); these are taken up into cells lining the gut of these bivalves using glycosylated
acceptors with an α-linked terminal N-acetylgalactosamine (Le Guyader et al., 2006; Tian et al., 2006,
2007), similar to that on the histo-blood group antigens utilised in the infection of the mammal gut (see
Section VI.4.ii).822 It would not seem to be known whether the virus can replicate in bivalves as an
alternative reservoir, but it means that conventional depuration washing techniques cannot be used in
order to cleanse the latter.
11. Conclusions
In the past, the domestication of ‘ungulates’823 – members of the orders Artiodactyla824 and
Perissodactyla825 – were an important source of human zoonoses, most especially those caused by
viruses (see also e.g. Han et al., 2016). An analysis of three different datasets led Morand et al. (2014)
to conclude that the time since major livestock ungulates were domesticated was correlated with the
number of zoonotic diseases which spilled over into humans from them, both directly and when they
acted as intermediaries (such as might have been the case historically with horses and strains of
influenza A: see Sections VI.2.iii.c and VII.7.i).
Available evidence suggests that, apart from other primates, bats and rodents pose the main threats with
regard to the potential future spilling over of viruses (Kuzmin et al., 2011; McFarlane et al., 2012;
Olival et al., 2012, 2015, 2017a, b; Luis et al., 2013; Brook and Dobson, 2014): whilst Han et al. (2016)
also included terrestrial carnivorans, based on relative proportions of species, this was presumably
because of the latters’ predominant role as (intermediate) hosts for rabies. This has led to modelling
studies based on the distribution of potential reservoir hosts and various parameters related to changes
in land-use and other factors, supported by evidence from a ‘natural’ experiment that changes in the use
of land and thus native vegetation associated with agricultural development and urbanisation in
Australia have been accompanied by zoonotic spill-overs in many cases (McFarlane et al., 2013).
Various such analyses based on predictive modelling studies have suggested that Southeast Asia is a
potential hot-spot for future emerging zoonotic diseases (K. Jones et al., 2008; Coker et al., 2011; B.
Jones et al., 2013; Han et al., 2016), including from bats (Brierley et al., 2016a, b).826 The recent spillover of Nipah virus from fruit bats via pigs into humans on mainland Malaysia (see Section VII.4.ii)
provides one recent example of such a development-related threat, arising out of a pre-existing one
manifest elsewhere in the virus’ range through direct spillings over from the bats themselves in
Bangladesh (see Section VII.2.ii).
In a review of potential sources of spill-overs into humans,827 Han et al. (2016) noted that the vagaries
of onward transmission are dependent on various extrinsic factors which determine the frequency of
potential spill-over events. This provides one dimension of the ‘zoonotic potential’ of a candidate spillover disease: it represents the likelihood that a pathogen may come into contact with a possible new
host species, given the typical lack of capacity to specifically target their progeny to other members of
their normal host reservoir. Thus environmental factors play a predominantly passive role in most cases,
through their impact on the potential for contagion as a result of physical and other variables. Thereafter,
822

More specifically, similar to human types A and O (Tian et al., 2007).
Hooved animals: a paraphyletic group that includes the majority of domesticated mammal species.
824
Even-toed ungulates (pigs, see Section VII.4; ruminants, see Section VII.5; and camelids, see Section VII.6);
recent molecular analyses have led to the inclusion of cetaceans, with the resulting expanded order often being
refered to as the Cetartiodactyla.
825
Odd-toed ungulates: horses and their relatives (see Section VII.7).
826
It should be noted that the authors failed to include a variety of other viral families (A.D. Munro, in
preparation).
827
It is important to note that this included species which may not be natural reservoirs; also their data-set refers
to the potential for spilling over to occur, rather than evidence for actual zoonotic events (which accounted for
only a small proportion of records for most groups apart from carnivorans).
823
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the ultimate fate of such spill-overs is dependent on intrinsic factors: these determine the opportunistic
potential for a pathogen to establish at least a transient Stage 2 infection (Figure 2; see also Sections
II.1 and VIII.3).
Whereas the foregoing components of this Section have mainly focused on the threat of zoonoses into
humans,828 the following will take a broader view by considering the extrinsic and intrinsic factors
which constrain spill-overs in general.
Following Woolhouse et al. (2005), Pulliam (2008) used a three-step process to assess whether
members of particular viral families posed an identifiable threat as spill-overs into humans. The first of
these, opportunities for encounter, was based on biotic and abiotic factors which determine the initial
chances of an infection being possible in principle; the second, effective infection with replication, is
characteristic of Wolfe et al.’s (2007a) stage 2; whilst the third, intraspecific transmission, is typified
by their later stages in the evolution of a potential ‘new’ pathogen (see Figure 2).
With regard to the potential for productive encounters of a virus with a new host (whether of its reservoir
species or another) and the requisite ecological interactions involved, major variables relate to the
likelihood for direct contact through exudates and other body fluids (the epitome is rabies, where the
virus exerts an element of control over its onward transmission; also through carnivory or, as one step
removed, via vectors in the case of arboviruses); or by way of less direct exchanges by through
contamination of shared resources, such as a carcasse by scavengers; or by fomites, including
nosocomonial and/or iatrogenic spread in the case of humans (Pulliam, 2008). The last includes at least
an element of a sit-and-wait capacity829 (Ewald, 2004; Walther and Ewald, 2004), which acts in favour
of those unenveloped viruses with a compact capsid; and against enveloped viruses because of the
susceptibility of their phospholipid membranes to damage in the external environment after being shed.
However Pulliam (2008) concluded that observed spill-overs were not restricted to unenveloped
viruses, with there being many examples of enveloped ones (Coronaviridae, Filoviridae,
Orthomyxoviridae, Paramyxoviridae and Rhabdoviridae) which are thus dependent on more direct
transmission pathways.
More recently, Plowright et al. (2017) have compartmentalised extrinsic factors into those related to
pathogen pressure and those for subsequent exposure. The ‘pressure’ component refers to the amount
of pathogen present at a particular point in space and time and posing a potential spill-over threat: it
depends on the density of reservoir hosts, on the prevalence of infection in these, and on the average
intensity of infection in the latter. On the one hand, it is influenced by the characteristics of infection in
individual reservoir hosts (e.g. the duration, intensity and severity of infection including the level of
shedding); on the other, it depends on the behaviour of these hosts and how this affects contact and the
risk of exposure to others of the same and other species to determine the potential efficiency of
spreading, and how this may vary in space and over time. Regarding the last point, the viability of the
pathogen once shed is an important variable, as noted above: a sit- or drift-and-wait strategy will expand
the potential opportunities for transmission, as well as complicating efforts to trace its source.
Plowright et al.’s second component, exposure, depends on the subsequent probability of contact with
a potential new host (reservoir or otherwise), the frequency of its occurrence and the doses involved in
each case. Thus a single relatively high dose may cause a successful infection through overwhelming
existing innate immune defence mechanisms; in addition, it may succeed because it contains a greater
diversity of mutations, some of which are better adapted to cope with the intrinsic factors operating in
the new host. On the other hand, lower doses may either summate over time in order to increase the
chance of infection; or else they may activate the acquired immune system, especially over repeated
exposures, and thereby preclude successful infection.

828

Almost half (44.9%) of the 586 virus species officially recognised as such in 2008 are found in humans, of
which 71.5% are zoonotic, in the sense of being found at least once in humans and in at least one other species
of mammal (Olival et al., 2017a, b). Based on serological and genomic data, the latter authors found a higher
proportion of RNA viruses to be zoonotic (41.6% of 382) than was the case for DNA viruses (14.1% of 205).
829
Or, alternatively, drift-and-wait for viruses shed as aerosols or into the water.
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As noted in the Introduction, the inherent uncertainty regarding successful transmission in the majority
of viruses with a density-dependent circulation pattern must favour a degree of opportunism in those
which do not infect a large standing population of a particular species: they should not put all their eggs
in one basket. Thus certain viruses causing acute infections may be sufficiently generalist in order to be
able to circulate within a metapopulation of (closely-related) reservoir host-species. Nonetheless, longterm survival may depend on the expansion of the host range to an even larger, albeit restricted range
of such ‘baskets’. Within viral families, there may be considerable differences in host-specificity and
the natural ranges of potential infectivity: for example, influenzas B and C have apparently evolved as
mainly endemic to humans, compared with the more ‘panzootic’ influenza A (see Section VI.2.iii). A
review of the literature led Woolhouse et al. (2001) to conclude that about two-thirds of RNA viruses
transmitted through direct contact are generalists, compared with a similar proportion of DNA viruses
which are specialists. This recalls evidence that most of the likely viral burden of ancestral humans may
have been DNA viruses (see Section IV), whereas many of those which are believed to be associated
with infections of humans mainly after the onset of the first epidemiological transition have an RNAbased genome (see Section VI). This is presumably because of the greater evolvability of the latter type
of virus (see Section IV.4), together with the potential for reassortment in segmented species such as
influenza A viruses (see Sections VI.2.iii, VII.1 and VII.4.i).
To this end, as suggested by Belshaw et al. (2008; see also Duffy et al., 2010; see Section IV.4), the
long-term need for such flexibility may act against RNA viruses evolving a more stringent RdRp with
fewer copying errors. Studies on the role of replication ﬁdelity in RNA viruses (mainly poliovirus and
the chikungunya arbovirus) indicate that this can be selectively increased, but that this is subject to
experimental constraints: more than a four-fold increase resulted in decreased viral ﬁtness in vitro
and/or pathogenicity in vivo, with a similar effect seen as a consequence of a decrease in fidelity of
more than the same order of magnitude (reviewed by Smith and Denison, 2012). 830 This suggests that
there is a relatively ﬁnely-tuned balance between the needs for genome stability in order to infect the
current host reservoir and the diversity required to adapt to ‘environmental’ changes (including not only
co-evolution with the current reservoir species as part of an ongoing arms race but also the possibilities
of productively spilling over into other potential host species). To be an evolutionarily stable strategy,
such selection pressures must act in the immediate term. Thus it might be predicted that the relative
fidelities of the RdRps of RNA viruses may depend on whether they normally infect only one host
species or the reservoir comprises a metapopulation: fidelity might be expected to be more relaxed in
the latter, and thus possibly the attendant greater capacity for effecting successful spill-overs outside
the normal host-range.
However the findings of Woolhouse et al. (2001) indicate that the distinction between DNA- and RNAbased viruses is not absolute. This is exemplified by studies on polyomaviruses, which indicate that it
is the time-course of infection rather than the nature of the genome which determines whether a virus
is a specialist or a generalist. On the one hand, those of this DNA-based family of viruses which infect
mammals cause asymptomatic long-term infections (see Section IV.2.ii), with evidence for co-evolution
with a particular (group of closely-related) host species; on the other, those identified in birds infect a
broad range of host species and are associated with acute, often fatal inflammatory infections with no
particular tissue tropism (Pérez-Losada et al., 2006; Norkin et al., 2012). The latter may reflect the
greater mobility of birds and the gregariousness of particular species, including the tendency to form
multispecific flocks.
Consistent with there being no clear-cut distinction, a study comparing the genomes of members of 19
virus families (seven DNA and 12 RNA) and their known hosts according to established phylogenetic
trees found that there was evidence for frequent host-jumping, based on incongruent tree topologies
(Geoghegan et al., 2017).831 Thus, although double-stranded DNA viruses (Adenoviridae,
830

Thus treatment with mutagens targeted at RNA viruses indicate that their RdRps operate at close to the error
threshold (see Section IV.4.ii): whilst this implies that they are already optimised for adaptive capabilities, it
also opens up opportunities for developing treatment protocols (see also te Velthuis, 2014).
831
Moreover, the authors noted that this may be underestimated in cases where evidence for co-divergence within
particular host lineages might reflect preferential to-and-fro jumping between members of these host species
which are closely related, over and above broader evolutionary trends.
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Papillomaviridae, Poxviridae, Polyomaviridae, and especially the reverse transcriptase-dependent
Hepadnaviridae) were relatively conservative, there was still evidence for multiple discontinuities
indicating species cross-overs in many cases. Some members of another double-stranded DNA-based
family, the Herpesviridae,832 together those of a single-stranded one (Parvoviridae) were even more
flexible, overlapping with the Paramyxoviridae and especially the Coronaviridae and Caliciviridae (as
well as the Potyviridae) amongst single-stranded RNA viruses. At the other end of the spectrum were
the remainder of the single-stranded RNA virus families included in the study (Rhabdoviridae,833
Picornaviridae, Orthomyxoviridae, Bunyaviridae, Flaviviridae and Retroviridae, as well as the
Togaviridae), together with the double-stranded RNA Reoviridae: these showed evidence for almost
exclusively generalist infection strategies, based on their topological incongruence with the phylogenies
of known hosts. Thus it was concluded that generalist strategies are by far the norm for viral evolution
based on those families studied including amongst double-stranded DNA viruses, the latter’s lower
mutational rates notwithstanding (Geoghegan et al., 2017). This suggests that the nature of a virus’
genome alone cannot serve on its own as a basis for identifying spill-over risk.
Ecologically, organisms have evolved within an ‘adaptive landscape’, wherein there are peaks and
valleys based on their relative fitness in terms of producing the next viable generation. Thus a particular
species has evolved to occupy one particular peak (its specific niche); the depth of the surrounding
valleys represents the difficulty in being able to adapt to an alternative one, including in the face of
competition with others where such niches are already occupied (Parrish et al., 2008; Dennehy, 2017).
For a virus (where such competition is a largely unknown quantity), the first real foothold834 for a dripover event and its ascent of the new ‘Mount Improbable’835 as a potential spill-over is being able to find
and enter one or more target cell-types through particular ‘receptors’ (i.e. acceptors: see Introduction).
A literature survey of the types of human acceptors used by known spill-over viruses found that at least
one was known for 40% of these, thereby covering 88 species in 21 of the 23 viral families identified
(Woolhouse et al., 2012). A quarter of these used an acceptor other than a protein,836 and thus are likely
to have relatively broad potential host-ranges: for example, the binding of alphaviruses (Togaviridae;
e.g. Eastern equine encephalitis virus, chikungunya virus) to the laminin acceptor in a range of
vertebrates as well as in their mosquito intermediaries (reviewed by Dennehy, 2017) and influenza
viruses’ use of sialic acids (see Sections VI.2.iii, VII.1.ii and VII.4.i).837 The remaining 64 species from
16 families for which comparative sequences of acceptor proteins were available 838 indicated that
viruses with broad host ranges which included birds and/or mammals other than primates (Woolhouse
and Gowtage-Sequeria, 2005) were associated with acceptor targets which were highly conserved, with
more than 90% amino acid sequence homology; the latter constraint was much more relaxed (> 60%
homology) in those cases where the virus only infected other primates. It was thus concluded that a
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Despite studies on primates indicating co-divergence dating back up to 400 million years, thereby emphasising
that studies focusing on particular host taxa are likely to give a false impression of the overall picture regarding
viral flexibility.
833
Apart from Lyssavirus spp. (see Section II.2), this family includes many species in arthropods (where it may
have originated), some of which are intermediaries for infections of plants and vertebrates (Longdon et al.,
2015)..
834
Assuming that it is been able to bypass the potential new host’s physicochemical barriers with the external
environment and other intervening defense mechanisms thenceforth.
835
To adopt and adapt (or perhaps hijack) a metaphor of Dawkins (1996), who conceived it for life as a whole
and its increasing complexity over geological time.
836
Typically a carbohydrate moiety (Grove and Marsh, 2011).
837
The situation is complicated by host species differences in, for example, the nature of sialylation (α2,3- vs.
α2,6) for influenza A (see Sections VII.1 and 4.i). That other factors are involved is suggested by the relative
host-specificity of influenzas B, C and D; furthermore, whilst many cell-types in a host may bear the
appropriate carbohydrate decorations, there is generally tropism for particular one of these, as exemplified by
the differences between low- and high-pathogenic strains of avian influenza in their dependence on host
proteases for access to potential target cells (see Section VII.1.ii).
838
The comparison was between mice and humans, although this was affirmed by data for cows, pigs and/or dogs
where available.
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phylogenetically conserved structure of the necessary protein-based acceptors was a prerequisite for
such viruses to have a broad host range, against a background of other factors (Woolhouse et al., 2012).
However the situation is further complicated by the fact that, where known, there may be considerable
variation within viral families with regard to the acceptors used, so that generalisations on the likelihood
for spill-overs to occur would seem to be precluded. Amongst the paramyxovirids, for example, some
such as the mumps rubulavirus use a haemagglutinin-neuraminidase to attach to and hydrolyse sialic
acids; on the other hand, the measles virus can use a variety of protein targets, and the Hendra and Nipah
viruses bind with ephrin-B2 or -B3 receptors839 (Casasnovas, 2013). Furthermore, many species of virus
may either utilise alternative acceptors as the situation arises (carbohydrate- vs. protein-based in some
cases) or depend upon conjoint interactions with two or more acceptors in order to achieve cell-entry
(Grove and Marsh, 2011; Casasnovas, 2013).840
Having gained entry, it is unlikely that the virus is as well-adapted to the novel host cell’s physiology,
including intracellular components of its innate immune system (see Introduction and Section VI.4;
Parrish et al., 2008; Longdon et al., 2014; Dennehy, 2017). Hence there are other hurdles which are
likely to impede its proceeding through to replication and subsequent packaging for onward
transmission, including the risk of adverse immunological and other reactions (e.g. self-destructive
cytokine storms).841 The differences in this new ‘ecosystem’ and thus the likelihood or otherwise of the
virus being able to adapt are generally believed to depend on the phylogenetic distance of the potential
new host from the normal host species (reviewed by Longdon et al., 2014; Dennehy, 2017; Geoghegan
et al., 2017). Typically, such spill-overs represent ecological sinks: they proceed only as far as stage 2
or, at most, stage 3 of Wolfe et al. (2007; see Figure 1). However, when R0 ≈ 1, the mutability of RNA
viruses, in particular, together with their being shed in large numbers means that, given frequent spillovers into a sufficiently large population of a particular potential new host species, there is the increased
likelihood that mutations will emerge which are better suited for onward transmission in the new
ecosystem (Woolhouse et al., 2005); however fade-outs are still likely if R0 values are not much greater
than unity (Antia et al., 2003).842
Of potential relevance is that any such increased likelihood in the chance of spill-overs is likely to be
bi-directional, with reverse ones (now less well adapted) back into the natural reservoir. 843 Arising out
of this, the chances of success in these exchanges will depend on the number of mutations involved and
how these impact on the recipients in both the natural reservoir and the potential new host species
(Longdon et al., 2014; Dennehy, 2017; Geoghegan et al., 2017). Whilst a single mutation was sufficient
for Venezuelan equine encephalitis virus to become established in horses as a result of a spill-over from
rodents in the early 1990s (Dennehy, 2017), most other potential scenarios would require many
intervening steps in the ascent of the new ‘Mount Improbable’. Moreover, the necessary adaptive
mutations are likely to occur individually, rather than altogether at once (the more so, the greater the
number of mutations involved);844 on their own, some of these may exert a negative pleiotropic or
epistatic effects on the prospective new host or, after spill-back, on their amplification in the existing
reservoir and thus be subject to strong purifying selection.

839

These are highly conserved, thereby allowing the viruses to infect not only bats (see Section VII.2.ii) but also
spill over to infect at least some species of terrestrial mammal, including humans.
840
For example, the HIVs (see Sections VI.3.i and 4.ii).
841
Which can thus be considered, at one level at least, as an example of primordial altruism and group-selection
for a protection against such invasions.
842
In this regard, Bingham (2005) has distinguished between maintenance and persistence in the case of rabies in
canids, as noted in the Introduction (see footnote 22). The concepts underlying such a dichotomy can be
expanded to include spill-overs from other species in both time and space; as well as in relation to the effects
of increases in human population and globalisation where such spill-overs do occur.
843
Obvious exceptions are for predator-prey and scavenger scenarios.
844
This will be offset in those viruses where recombination of an unsegmented genome (including by copyjumping recombination in RNA viruses: see Section III.3) expands the range of possibilities; as well as those
with a segmented genome, where there is not only genetic drift but also genetic shift: for example, the influenza
viruses (see Section VI.2.iii).
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Thus modelling studies led Geoghegan et al. (2016b) to conclude that viral spill-overs faced severe
bottlenecks to being successful, whether they are limited to mutations in the pathogen occurring after
the event within the potential new host individual as a result of adaptive selection; or they include those
appearing beforehand in its normal host in the face of likely purifying selection against these. Even
when the bottleneck is relatively relaxed (with a larger proportion of potential candidate virions), the
success of any spill-over is constrained by the fitness valley separating the two different hosts as part
of the ‘adaptive landscape’. Thus these studies indicated that when this is deep (for example, where
mutations which would facilitate adaptation to the new host are deleterious to the existing one), the
steep sides work against a successful spill-over; counterintuitively, the same applied for shallow valleys
(cf. e.g. Parrish et al., 2008; Dennehy, 2017), which they ascribed to a shortened infection period leading
to too little genetic diversity in the progeny. Thus they identified an intermediate condition for the depth
of such fitness valleys, and the resulting steepness of their walls, as being most favourable for a
successful spill-over.
Set against the foregoing is the question of whether it is possible to use such characteristics in order to
predict either the sources of potential spill-overs or the likely candidate pathogens involved: such as
pects are inherent in the ‘One Health’ approach to trying to identify potential future spill-over
pathogenic threats and initiate anticipatory mechanisms to contain them (see Section VIII.4.i). On the
one hand, for example, Tuttle (2016, 2017a-c; see also Cannon, 2017) has been an ardent defender of
bats as ecologically important in their own right as service providers. Thus he has criticised the media,
in particular, for playing up their role in the transmission of rabies in North America (1-2 cases/year).
In this example and more generally, he has noted that evidence for pathogenic spill-overs is very rare,
despite often frequent close contact between various species of bats and humans throughout history and
before, whether casually or (as in the case of the hunting of bats for food in much of the Old World
tropics,845 and of bird’s-nest harvesters in a cave in Borneo, for example)846 deliberately so. As is a
characteristic of science publishing, only the positive results (i.e. adequately documented cases of
evident spill-overs) are reported, against an impossible-to-quantify, albeit vast but largely nebulous
background of non-events (Tuttle, 2017c).
On the other hand (and related to this), there has been scepticism about the assumptions underlying this
‘fishing in the dark’ approach which focuses on presumed likely host reservoir species, with its
attendant investment of money and effort into a myriad of potential ‘Black Swans’. Most notably, given
their background of research in the area, Geoghegan and Holmes (2017) have argued that, whilst studies
have identified potential characteristics of viruses which may facilitate spill-overs, they have little
predictive power given the diversity of different species and associated strains: for example, long-term
tracking of their evolution gives little insight into their potential for short-term adaptability in the
immediate term, constraints on this in the case of RNA viruses in particular (see Section IV.4.ii)
notwithstanding. Arising out of these and related concerns, others have advocated that investment of
time, effort and other resources into such prospecting studies to identify potential prospective pathogens
would be better spent on planning how to cope with existing threats (albeit including the likes of
recognised potential ‘emerging’ ones such as SARS, MERS and Nipah viruses).
The foregoing aims to set the stage for considering potential future epidemic or pandemic threats in the
context of past experience, and how to best go about accommodating or preferably mitigating against
these.

845
846

A major threat to many bat populations: Mickleburgh et al., (2009).
This needs to be tempered by the evidence (see Section VII.2) that spill-overs of henipaviruses are not just a
newly-emerging threat but a long-standing one; and that Marburg virus may be transmitted to humans from
cave-roosting bats in East Africa; and apparently (with caveats regarding the low incidence and whether there
are alternative explanations) rabies from such bats in Texas (Constantine, 1967). Tuttle’s point is that such
spill-overs have been associated with limited spread of infection; the counter-point would be that, whilst this
has been the case in the past, chance circumstances need not mean that this will always be the case, as
evidenced by recent SARS and Ebola scares – a point acknowledged by Tuttle without placing bats in the
spotlight (Cotton, 2017). Thus Luby (2013) has argued that spill-overs of Nipah virus from bats in Bangladesh
have the potential for to evolve and thereby initiate a pandemic.
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VIII. Discussion and Conclusions
As noted in the Introduction, viruses which are limited to acute infections are frequency-dependent and
constrained by the size of their potential host population, given the fact that their hosts’ immune systems
act to contain those infections which do not kill them off first. Thus many of the diseases which have
been proposed to have been endemic in the nomadic small hunter-gatherer groups which constituted the
basis for human society for much of its existence (see Section III) are believed to have been heirlooms
passed on from hominin ancestors which were able to establish latent infections in immune-privileged
tissues, to re-emerge at a later date, apparently in response to information related to the decline of their
current host and the implications for aging or other reasons for the latter’s future viability. Tuberculosis
apparently arose de novo in humans or their immediate ancestors and perpetuated across the generations
by an overall similar strategy. On the other hand, viruses such as the human pegivirus may have been
able to persist as ongoing infections in such populations through establishing a ‘truce’ in the arms race
leading to an immuno-tolerant symbiotic commensalism.
For viral diseases which are enzootic in other species of primate, a similar strategy with a period of
prolonged latency or other means to avoid the full attention of the host’s immune system would seem
necessary if they are to persist over the long-term in a single species. Compared with humans, the typical
group-sizes in other primates are smaller, with many species being largely solitary (Dunbar, 2003,
2009). For example, chimpanzees (Pan spp.) form transient troops of up to ten individuals within a
fission-fusion community of about 40-60 members,847 the latter being less than half the size of the basic
unit identified by Dunbar for humans (see Section V.1). The same also applies for many other mammals
which typically live in, at most, small groups. Major exceptions to this generalisation include many
species of bats and, often cyclically, of small rodents which live in large colonies (with migration
between these, in the case of bats at least); together with certain ruminants, those on the Serengetti
plains being a notable example.
On the other hand, acute infections apparently only emerged as a viable strategy for truly endemic (i.e.
specialist) human viruses (thereby completing the transition to stage 5 in Figure 1; see Section VI) with
the development of sufficiently large population sizes, as an alternative to latency or immuno-tolerance.
This was made possible through the development of agriculture, from the Neolithic Demographic
Transition and the associated start of the first epidemiological transition onwards. Not only did this lead
to the establishment and subsequent continual growth of settled populations but it provided the
opportunity for spill-overs to occur from the animals which were being domesticated: this occurred
almost exclusively in Eurasia, because of various inherent behavioural and other factors in mammals
elsewhere which precluded successful selective breeding as an essential prerequisite for the artificial
selection of desirable traits (Diamond, 1997, 2002). A classic example of such a likely occurrence is
the evolution of measles from the rinderpest virus infecting various ruminant artiodactyls, to
subsequently spread as a result of movements between communities on a progressively larger scale (see
Section VI.2.ii). More generally, these and other ‘ungulates’ (domesticated or otherwise) have been the
main source of human zoonoses (see Section VII.7), and also of parazoonoses such as strains of
influenza A: see Sections VI.2.iii.c and VII.7.i).
Influenzas have probably spilled over directly from waterfowl into human hunter-gatherers
intermittently since time immemorial (including through transiently infected intermediate hosts) but
have presumably died out when members of these small groups either died as a result or became
immune. Initially different strains of influenza A spill-overs would have a range limited by the primarily
north-south migratory flyways of their original enzootic hosts (see Section VII.1). However the overlap
of domesticated galliforms and anseriforms in East and Southeast Asia in classical times848,849 suggests
847

http://anthro.palomar.edu/behavior/behave_2.htm; http://www.janegoodall.ca/about-chimp-behaviour-socialorganisation.php
848
Based on Austro-Asiatic linguistic evidence, Blench (2011) concluded that ducks and geese were domesticated
before chickens.
849
In the pre-Columbian Americas, there was no such overlap: the turkey (Meleagris gallopavo) was domesticated
in the Southwestern United States and also in southern Mexico (Speller et al., 2010); whilst the Muscovy duck
(Cairina moschata) was so in pre-Columbian northern South America.
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that, as more recently (see Section VII.1), spill-overs may have started to become epidemic in local
populations there.850 With settlement, agricultural development and subsequent urbanisation, human
populations in a particular region came to exceed the critical threshold for sustainable seasonal
influenzas to become established, including by way of livestock acting as intermediate, potentially
amplifying hosts. Presumably the greater genetic mutability of various influenzas (through genetic drift
and also genetic shift: see Section VI.2.iii) meant that these could establish a sustainable circulating
pattern of infection in smaller populations of immunologically naïve ‘new’ hosts than was the case for
the likes of measles and smallpox. Thereafter, the more predominantly east-west establishment of
connections (trading and otherwise) between different population centres across Eurasia served to
initiate the spread of infections outwith the original range of the progenitor viruses (see Section VI.2.iii),
as also indicated by the devastating westward spread of the bacterium Yersinia pestis (the causative
agent of the Black Death) in the mid-fourteenth century (as part of a spill-over from Central Asian
marmots, Marmota baibacina)851 which ‘ran wild’ due to evolving to better spread between humans
without the need for fleas as vectors (Orent, 2016; see next Section).
The past emergence of these and other such spill-overs, their establishment as specialist endemics in
some cases to subsequently spread and become global diseases today (thereby foreshadowing the third
epidemiological transition as epitomised by the recent endemism of HIVs, together with threats from
Ebola, Nipah, SARS, MERS, …) has had often profound historical consequences, as briefly noted
above mainly with regard to smallpox and measles (see Sections VI.2.i and ii), and will be considered
further in the following Section. Thereafter, a subsequent Section will consider the economic and other
consequences of the Third Epidemiological Transition itself; followed by one which considers the
future, based on the lessons which can be learned.
1. The Historic Consequences of Epidemics, Zoonotic or Otherwise
Today, national and regional differences in the intensity of infectious diseases have been found to be
positively correlated with the frequency of intrastate armed conflict and civil war (Letendre et al., 2010).
Whilst this could be related to a vicious cycle of poverty, morbidity and mortality with a lack of
investment in public health, it has been suggested to be also consistent with other findings which
correlated risk of infections with increased xeno- and neophobia as part of the ‘behavioural immune
system’ proposed to underpin a more general parasite-stress hypothesis of sociality; and that, based on
present-day correlational evidence, this underlies intergroup differences in language and religious
beliefs (Fincher and Thornhill, 2008, 2012a; Thornhill and Fincher, 2015). 852,853
Nevertheless, the spread of infectious diseases in the past could have profound effects on those societies
affected: above, it was noted that the 1918-1920 ‘Spanish flu’ pandemic may have helped to bring
World War I to an end (see Section VI.2.iii). Also, by killing about half of the population of an infected
region (and about a third of Europeans overall: an estimated 50 million deaths), the Black Death 854 –
850

Given the development of the Khmer empire from its origins in the ninth century to the resulting city complex
centred on Angkor Wat (the largest such conurbation in the pre-industrial world: Evans et al., 2007, 2013), it
would be interesting to find out if there is any documentary evidence suggestive of influenza epidemics,
including seasonal ones. Also, while the ultimate decline of that civilisation has been attributed to (local)
climate-change factors (Buckley et al., 2010), the possible consequences of the emergence of severe crowd
infections as a result of zoonotic spill-overs might conceivably have been a contributory factor, as has been
suggested for Indus valley civilisations with regard to smallpox (see Section VI.2.i).
851
A highly social species of large rodent; concerns have been expressed that opening up of the ‘Silk Road
Economic Belt’ in Central Asia as part of a new intercontinental superhighway (Zimmerman, 2015) may lead
to the renewed spread of periodic eruptions of Y. pestis outwith its present-day range, although the disease
itself is generally treatable with antibiotics (Orent, 2016).
852
Note that their hypothesis relies largely on correlational evidence, using multiple regressions in order to seek
to identify an underlying causation. See also commentary in the targeted article by these authors with regards
to family ties and religiosity on in-groups assortative sociality (Fincher and Thornhill, 2012b).
853
Recent evidence, in mice at least, provides suggestive evidence for this: Filiano et al. (2016).
854
Or the plague, caused by acute infection with the bacterium Yersinia pestis, carried westward along the Silk
Route from China to spread as a result of trade centred on the Mediterranean: normally this contagion spills
over from fleas infesting black rats (R. rattus), with about half of those infected dying (Weiss, 2001). One of

185

The University of Cambodia Monographs Series
caused by a bacterium spread by rats and their fleas which evolved probably between 1,500 and 6,400
years ago855 – put then-existing feudal systems under strain: the resulting acute labour shortages in
western areas of Europe gave the surviving serfs bargaining power to seek to initiate what would prove
to be profound long-term economic – and thus political and social – changes856 with world-wide
ramifications even until today (Acemoglu and Robinson, 2012). In addition, smallpox was of historical
significance in Europe during and after the seventeenth century, not least because of its lack of respect
for social class (Cunha, 2004).857
As noted above (see Section VI.2.i), the history of smallpox prior to this is open to much debate, but
evidence suggests that this or some other emergent infection(s) played a role in the polities of Ancient
Greece and Roman (Barquet and Domingo, 1997). Dobson and Casper (1996) speculated that smallpoxlike outbreaks in ancient Rome may have played a role in the early establishment of the Christian
religion: by abiding by their creed of caring for the sick,858 followers may have built up their acquired
immunity as a result of repeated exposure to low levels of the virus. The reverse side of the coin, as
Dobson and Casper (1996) point out,859 is that later Christians also benefited from their introducing
diseases (including those of their West African slaves)860 into the Americas to which the native
populations had no resistance: thus the population of Mexico fell from 20 million in 1518 to 3 million
three different manifestations, pneumonic plague, resulted in initial flu-like symptoms and the possibility of
human-to-human transmission through aerosols over and above the potential for spread via pustules in the
bubonic form. In a previous eruption, the Plague of Justinian in the mid-sixth century, it imposed severe
constraints on the Byzantine Empire. Since then, apart from a third pandemic eruption starting in China in the
1860s (apparently originating from the natural reservoir of highly social, hibernating marmots in Central Asia:
Orent, 2016), there have been subsequent local outbreaks, mainly in Africa, and it still presents a potential
more widespread threat there and elsewhere (Stenseth et al., 2008). Thus there has been a recent outbreak of
the more virulent pneumonic form of the plague in urban areas on the island of Madagascar: this contrasts with
the bubonic form which erupts there periodically but does not normally spread to the lungs and thence to other
people (Roberts, 2017). Outbreaks of the bubonic form may be favoured by a decrease in rat populations, so
that fleas perforce resort to humans as an alternative source of blood-meals. See also
http://www.who.int/mediacentre/factsheets/fs267/en/;
http://emedicine.medscape.com/article/235627overview; https://www.cdc.gov/plague/index.html; https://www.drugs.com/health-guide/plague-yersiniapestis.html;
855
This evolved from Y. pseudotuberculosis, which causes a mild disease (Far East scarlet-like or Izumi fever) in
humans as a result of spill-overs from rodents. A mutation of the gene normally responsible for a urease
disabled the latter enzyme, leading to less ammonia production, so that Y. pestis had fewer detrimental effects
on infected intermediary fleas (Chouikha and Hinnebusch, 2014); this together with the acquisition of one new
gene by horizontal transfer and the loss of three others meant that it could colonise the flea’s ‘throat’, leading
to blockage of the latter; the flea’s attempts to clear this lead to a bolus of bacteria being regurgitated into its
current blood-donor, and the onward spread of infection (Sun et al., 2014). Other mutations included the ability
to ferment glycerol and thus allow the bacterium to survive times of host stress, such as during the reservoir
host’s hibernation. This represents a classic example of the complex evolutionary dynamics which can lead to
the evolution of a new pathogen ‘behind the scenes’, resulting in the emergence of Orent (2016) has called
“the deadliest bacterial disease known to humankind”. The case of Vibrio cholerae in what is now Bangladesh
(see Section VI.4) provides another cautionary example of the ‘stealth’ emergence of a serious pathogen, where
strains of a bacterium acquired a gene from an established enterobacterial pathogen and exploited this to their
own advantage, given the population density of originally susceptible human hosts in the Ganges delta.
856
The situation was different in eastern Europe (including what was to become Germany) at this critical juncture:
the subjugation of serfs instead progressively increased, aided and abetted by the demand for food and other
commodities by the increasingly liberated, now more moneyed populace of more western areas (Acemoglu
and Robinson, 2012).
857
Elsewhere, Chang (2002) has documented the measures which the Manchus took to avoid smallpox when they
invaded China to establish the Ming dynasty in 1644: whilst this disease was prevalent in China at the time, it
was rare outside its northern borders, meaning that adult Manchus were very susceptible to infection with
resultant high mortalities.
858
A core ethic of all major religions (Summerskill and Horton, 2015; see Section VIII.4.ii). See also Fincher and
Thornhill (2012b).
859
Bianchine and Russo (1992) give a more nuanced view of differing documented Christian attitudes.
860
For example strains of hepatitis B to Haiti (Andernach et al., 2009) and South America (Alvarado-Mora and
Pinho, 2013).
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50 years later, and then to 1.6 million 50 years after that.861,862 Thus it was infectious diseases that
largely conquered the New World,863 rather than the weaponry of the already largely-resistant invaders
who unknowingly brought them (Bianchine and Russo, 1992; Diamond, 1997). 864 Thereafter, this led
to premeditated acts of germ warfare (including through ‘gifts’ of deliberately smallpox-infected
blankets to native Americans by British colonial forces: Barquet and Domingo, 1997), recalling the first
documented evidence of this on the Crimean peninsula in 1346, when Muslim Mongols catapulted the
corpses of those who had died of the Black Death into the besieged city of Caffa (Wheelis, 2002). More
recently, the Japanese tried various strategies in the use of plague (as well as other pathogens) as
potential bio-weapons during their occupation of China during the Second Sino-Japanese War and its
continuance as part of the Second World War;865 thereafter, during the Cold War at least, the United
States and the USSR were also actively involved in exploring weaponisation techniques for this and
various other contagious diseases, including as a bio-terrorism threat (Borio et al., 2002; Leffel and
Reed, 2004).866
Today, there is evidence that military interventions may lead to the spread of new virulent strains of
tuberculosis, for example, at least partly as a result of subsequent political instability in the new ‘host’
country and its impact on public health systems (Eldholm et al., 2016). Similarly, it has been proposed
that troop movements during the Second World War might have been responsible for the spread of
hepatitis B and C viruses (see Sections IV.2.iv and VI.1.ii)
Against this historical backdrop, the following Section will look at various aspects of the consequences
of present-day zoonoses in more detail.

861

Analyses of the remains of Aztecs from a cemetery in southern Mexico dating to the cocoliztli epidemic in
1545-1550 found evidence for Salmonella enterica serovar Paratyphi C (the cause of enteric or paratyphoid
fever). This bacterium, which may have spilled over into humans in Europe during domestication of pigs (Z.
Zhou et al., 2017) is thus another candidate cause of significant mortalities when introduced during the
colonisation of the Americas and spread as a result of the breakdown of pre-existing sanitary systems (Vågene
et al., 2017).
862
In a particularly vicious circle, the demise of local people thus led to the increased demand for African slaves
and hence to the importation of other pathogens such as yellow fever arbovirus, leprosy and possibly (see
Section VI.2.i) the P-II clade of smallpox.
863
In the face of an often welcoming reception by coastal native Americans, at least (Horgan, 2016).
864
It is important to note that this should not be extrapolated to reflect a general racial superiority on the part of
Europeans: Ross (2003) has reviewed how certain authors have misinterpreted Diamond’s thesis through a
misunderstanding of basic biology. Thus the invaders derived benefit from the fact that they had been exposed
to particular diseases which had progressively evolved locally in the (post-)Neolithic Old World and mainly
infected the young, due to the fact that certain species of mammal in Eurasia were more amenable to
domestication than elsewhere (Diamond, 1997, 2002). Any likely arms race-related changes possessed by the
invaders would have been restricted to selection for specific alleles of certain of the genes involved in the
innate immune response (see Section VI.4). Thus Ross notes that the drastically changed environment as a
whole – due to the gross stresses of imposed colonisation, together with associated factors such as malnutrition
– was likely to have been very important, thereby leading to depressed immune function and increased
susceptibility to alien diseases (deliberately spread or otherwise). Riley (2010) argued that the communal
lifestyle of the native Americans was compounded by the fact that lack of prior exposure meant that adults
were susceptible with high mortalities, leading to impacts on the ability to take care of their likewise stricken
offspring; psychological impacts, together with the risk of dehydration in tropical climates, further add to the
problems (Neel, 1982). Also, as noted by Cashdan (2001), tropical pathogens served to contain the invasion
of (presumably maladapted: see Section III.5) Europeans into lower latitudes.
865
https://contagions.wordpress.com/2012/07/14/japanese-use-of-plague-during-world-war-ii/;
http://www.globalsecurity.org/wmd/intro/bio_plague.htm. Members of Unit 731, the main actor of the Imperial
Japanese Army in such detailed laboratory and field experiments, escaped prosecution for war crimes in Tokyo
(instead their data were exploited by the Americans, at least), although a subsequent trial by the Russians
resulted
in
the
conviction
of
some
minor
participants:
Kristoff
(1995);
http://www.worldfuturefund.org/wffmaster/Reading/war.crimes/World.war.2/Jap%20Bio-Warfare.htm;
http://www.japantimes.co.jp/opinion/2001/06/05/commentary/world-commentary/the-trial-of-unit-731/.
866
On the bright side, this did mean that there were preliminary stocks of various potential vaccines against Ebola
virus, although these had not gone through clinical trials (see Section VI.3.ii).
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2. The Socio-Economic Costs of Recent Zoonoses
As noted above, the indiscriminate way in which many density-dependent viruses and other parasites
are shed means that the potential for zoonotic spill-overs has always been a fact of life. Whereas the
immediate consequences of these were – and still are – generally local, the progressive expansion of
the human population, both in terms of absolute numbers (and thus their densities) and their relative
mobility, has meant that the consequences of such spillovers have become more significant, as
embodied in the notion of the Third Epidemiological Transition (see Section V.4). Most of these
consequences are related to the potential socio-economic impact of a perceived or actual threat of spread
outwith the original focus of the spill-over event(s).
i. Local Effects At least initially, where spill-overs do occur (whether they are recognised as such or
not), they are most likely to affect the poorest members of society, who often have to live in close
contact with the natural reservoirs as well as potential (peri-)domestic intermediate hosts; once infected,
they typically have limited access to effective diagnostic and other healthcare resources, thereby helping
to maintain a pre-existing poverty trap (e.g. Maudlin et al., 2009; Bonds et al., 2010; Grace et al., 2012;
Bordier and Roger, 2013; Jonas, 2014; Grace, 2015). This problem is compounded by the fact that the
cost of treatment (if there is any), together with associated loss of income, may pose a much greater
burden for the poor; this is particularly the case for tuberculosis of whatever origin, the more so when
this is multi-drug resistant (Tanimura et al., 2014). Even if the infection shows only limited spread, it
can have major consequences for those involved, as reported for Nipah irruptions in Bangladesh: these
had profound social effects for the affected villages, and most especially the family members of the
infected individual, since they are expected to provide care involving direct physical contact and thus
the possibility of onward viral transmission (Blum et al., 2009). Thus there is the need to provide not
only adequate healthcare (including professional nursing) services which minimise direct and indirect
costs but also appropriate income replacement and other measures to minimise the impact on patients
and their families. The same applies when spill-overs are restricted to livestock, with implications for
the livelihoods of those who depend on them (Bordier and Roger, 2013; Jonas, 2014; Grace, 2015).
ii. Pandemic Threats Whilst, as a fact of life in peripheral communities, most spill-overs only have a
limited impact (e.g. Meslin et al., 2000), the situation – and how it is perceived by the global community
– changes drastically when they are considered to represent a potential threat to the population at large.
Whilst endemic seasonal influenzas have a considerable cost not just for the individual but the more so
for the economy as a whole (see Section VI.2.iii), this can be expected to be much larger in the event
of a pandemic emerging. Jonas (2014) estimated that the risk of a once-in-a-hundred-years pandemic
as severe as the 1918 influenza pandemic would have an expected annual cost of the order of US$30
billion (comparable with more than one fifth of the average annual losses from all disasters over the
period 2004-2013), with the same total also applying to a series of less severe such pandemics in the
same time-frame. This would be through not just mortalities and illness with absenteeism but also
systemic supply and demand shocks to nations’ economies (including as a result of a ‘fear’ component:
see below). Even if a pandemic does not develop, the potential threat also can lead to considerable
economic costs, as noted above for the emergence of H7N9 in mainland China and hpH5N1 there and
elsewhere in the region (see Section VII.1.iv): in these cases, the poultry-producers are the main ones
to suffer, including as a result of a general slump in demand for their products as well as the immediate
consequence of the more local loss of stock through disease or culling (OECD, 2012). Woo et al.
(2006c) noted that effective control measures place an economic burden not only on poultry suppliers,
but also their clientele, especially given that poultry and their eggs are a major source of protein for
poor people; thus the resultant threat of potential malnutrition outweighs the effect of infectious disease,
in the short-term at least.
The following will consider the economic and other broader consequences of two contrasting recent
large-scale spill-overs from wild mammals of viruses whose original reservoirs appear to be bats (see
Section VII.2). One of these (Ebola) was essentially regional in its direct impact, primarily affecting
the rural poor but with broader economic consequences for the affected countries; whereas the other
(SARS) had an earlier, more global reach with documented effects mainly affecting other segments of
society, despite being associated with many fewer mortalities.
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iii. The West African Ebola Eruption As noted in Section VI.3.ii, this originated from an index case in
Guinea but was able to gain hold because of an understandable lapse in the initial recognition of the
pathogen involved.867,868 The much-criticised subsequent delay869 in the WHO declaring a Public Health
Emergency of International Concern to thereby activate a full international response, due to fears that
the risk was overblown,870 meant that the disease rapidly spread to also encompass Liberia and Sierra
Leone (Figure 16) as a result of the extensive interconnectedness of populations within the region (in
contrast to previous outbreaks in Central Africa: see Section VI.3.ii), with concerns of a potential global
threat (Cheng, 2014; Liu, 2015; Médecins sans Frontières, 2015; Petherick, 2015; Sacket al, 2015;
GHRF Commission, 2016: Marshall, 2016). With the eventual activation of the International Health
Regulations, the WHO (2014d) issued an Ebola Response Roadmap to “assist governments and partners
in the revision and resourcing of country-specific operational plans for Ebola response, and the
coordination of international support for their full implementation,” followed by a UN-led plan by the
end of September 2014 to establish “a common operational platform for enhancing response activities
and for addressing the broader consequences of the outbreak.” Specific measures were also prescribed
for containing the risk of transmission at funerals and burials. Nevertheless, 28,639 confirmed cases
were identified by the time that the eruption was declared over in April 2016 for all three countries, of
whom 881 were healthcare workers; of these 11,316 (39.5%) died, including 513 health workers
(58.2%); by comparison, all previous irruptions totalled 2427 cases, of whom 1597 (65.8%) died.871

Figure 16 Weekly occurrence of new Ebola cases in each of the three West
African countries worst affected.872
867

There were no adequate laboratory facilities in the region, so that routine samples had to be sent to France;
based on what would be expected from past local experience, the outbreak had been provisionally diagnosed
as cholera and then Lassa fever – diseases with similar initial symptoms, Ebola not being on the radar
(Petherick 2015; Sack et al., 2015).
868
However a serological study of blood samples from patients with acute febrile illnesses in Sierra Leone
(October 2006 – October 2008) found that, whilst about 35% could be diagnosed as due to the expected Lassa
fever, about another 10% were IgM-positive for Ebola and/or Marburg viruses (Schoepp et al., 2014);
moreover, those positive for Ebola crossreacted with the Zaire or Sudan species, not the Taï Forest one from
nearby Cȏte d’Ivoire.
869
Thomas (2015) gives a time-line.
870
Possibly because the WHO had been criticised for overreacting to the swine flu pandemic in 2009 (Farrar and
Piot, 2014).
871
https://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/cost-of-ebola.html
872
Adapted from http://www.bbc.com/news/world-africa-28755033.
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The reason for global concern was that, early in the outbreak, the effective reproductive number (Re)
exceeded unity, leading to a projected exponential growth with large numbers of deaths in the region
and beyond as a result (McKenna, 2014a; WHO Ebola Response Team, 2014). In principle and based
on past experience, containing the spread of Ebola should be much easier than is the case of the likes
of influenzas: a person is infectious only after developing symptoms and the long time-lag before any
contacts themselves develop symptoms allows time to try to trace and monitor these (Kucharski and
Piot, 2014). Thus, the spread of this and similar diseases can be contained (such that Re is reduced to
less than 1) by not only minimising contact with infected individuals but also establishing a list of those
who had contact with the latter prior to their diagnosis and isolation;873 these contacts are then put in
quarantine for 21 days (WHO Ebola Response Team, 2014). However, in practice, things were much
more difficult.
Physical infrastructure was one major cause for frustration, due at least in part to the fact that much of
this had been destroyed as a result of a recent history of strife in the region (UNDP, 2014; McKenna,
2015a; Petherick, 2015). Thus road systems were generally poorly developed, making it difficult for
medical teams to reach remote infected villages, a situation exacerbated at the height of the epidemic
by cases flaring up seemingly everywhere. To further complicate matters, the fact that facilities for the
isolation and handling of suspected Ebola cases874 were centralised at the regional level (Hayden, 2014a;
Médecins sans Frontières, 2015) added an extra layer of physical remoteness, not only for the transport
of the potentially infected patient but also for tracing the course of infection through establishing
contact-lists, so as to find and quarantine potential new cases. Trying to track down the latter was made
worse by the porous nature of the borders in the region (McKenna, 2014b). In practice, implementing
and monitoring of the necessary quarantine period proved difficult to implement: apart from anything
else, such isolation had obvious economic and other impacts on households, most especially those in
poor, subsistence-based remote rural communities (Hayden, 2014b). This meant that potential contacts
may move elsewhere to avoid being put in quarantine, and there may be a reluctance to identify contacts
in the first place.
The more general impact of psychological and cultural dimensions was also important. As with previous
irruptions of Ebola in Central Africa (e.g. Hall et al., 2008) and those of SARS in southern China (see
Section VIII.2.iv), there was a generalised fear in the community at large, leading to avoidance of
contact with other individuals and changes in the pattern of social interactions in cities (Maron, 2014a):
this reflected activation of the ‘behavioural immune system’, according to the parasite-stress hypothesis
of Fincher and Thornhill (2012a; Thornhill and Fincher, 2015). The fact that facilities for the isolation
and handling of suspected Ebola cases were centralised created resentment and often resistance amongst
other family-members: they would rather that the victim died at home amongst them rather than far
away (in terms of walking distance), alone amongst strangers (Biello, 2014; Hayden, 2014a, b; Smith,
2014). This was often augmented by a fatalistic response on the part of those infected and their families,
with a diagnosis of Ebola and the consequent transferal to an isolation unit being seen as a death
sentence (Kupferschmidt, 2015b). This reaction was bolstered by the fact that, once presumed Ebola
cases were placed in isolation, relatives were not allowed to have direct contact with them for their own
protection.
Furthermore, if the patient placed in isolation died, relatives were not allowed to view the deceased
before interment, again for their own protection (Roddy et al., 2011; Petherick, 2015). Local practices
required that (as elsewhere) respect should be paid to the deceased, including for example ritual washing
of the body; in order to try to continue this, there was a market in fake documents certifying another
cause of death (Makri, 2015).

873

A contact is defined by WHO as someone who has slept in the same household as a patient; had direct physical
contact with the patient during the illness or at the funeral; touched the patient’s body fluids, clothes, or bed
linens during the illness; or been breast fed by the patient.
874
http://www.msf.org/en/article/interactive-explore-ebola-care-centre.
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Figure 17 After using bleach to disinfect the dead body and the surrounding area, those who died of
Ebola were taken away by ensuited paramedical workers for burial (or subsequently cremation). In
rural areas during the initial phase of the eruption (above), they were carried off, often to remote areas
several hours away due to the lack of roads to avoid interference from grieving relatives wanting to
perform traditional funerary rituals.875 During the initial phase of the emergence of the disease in larger
built-up areas, (below), bodies were perforce collected in pick-up trucks – the photograph shows a
team preparing to collect a ninth victim – to thereafter be buried in anonymous mass graves.876

To further complicate matters, the many dead bodies in the early exponential growth phase of the
outbreak after it had spread to the cities led to burials in mass unmarked graves or, as an alternative, 877
cremation, again often en masse (Nielsen et al., 2015; Williams and Marm, 2015). The fact that
cremation was alien to the indigenous people (it was instigated using the existing facilities of the local
Indian population in Liberia), together with the often lack of individual graves for the deceased as a
result of the mass handling of corpses, resulted in protests by the local populaces (with efforts to retrieve

875

http://www.npr.org/blogs/goatsandsoda/2014/11/01/360685119/as-epidemic-in-liberia-slows-burying-bodiesremains-a-challenge; Abbas Dulleh/AP.
876
From Nielsen et al. (2015).
877
Due the perceived risk of burials contaminating the groundwater, and also to prevent kin from digging the
bodies up in order to perform traditional funerary rites.
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their relatives’ interred corpses) and the stigmatisation and alienation of those who had volunteered to
help out of a sense of social responsibility (Williams and Marm, 2015).878
Recognition of these various cultural issues arising out of differences in perceptions and the resulting
initial resentment879 and lack of trust led Médecins Sans Frontières (2015) to recruit anthropologists
who could better explain the reasons for the health-care workers’ actions in a local context and thereby
aim for an amicable solution regarding quarantine and other procedures for the best interests of all
concerned (Briand, 2015; Fassissi, 2015; Faye, 2015; Wilkinson, 2015), as part of a broader education
programme (NPR, 2014). The situation was complicated by the diversity of religious beliefs –
monotheistic ones melded with a pot-pourri of local belief-systems – which meant that there was no
‘one size fits all’ approach possible throughout the region, something made worse by a relative paucity
of detailed knowledge about local practices on the ground (Marshall and Smith, 2015; Marshall, 2016).
Thus there was the need to get the message across to community leaders, in particular, about issues
when there was no concept of a virus in local languages, to thereby overcome the prevailing ideas where
illnesses are generally blamed on fate or sorcery and witchcraft. In particular, it was necessary to correct
the perception that entering a regional treatment centre was not an automatic death sentence; together
with the need (often otherwise difficult to override: McKenna, 2015a) to persuade mourners to forego
the ritual touching of the deceased and washings associated with traditional funeral rites. The key to
achieving this was for informed village chiefs and local religious leaders who could help to convince
their communities to jettison, or at least adapt, traditional beliefs and customs which would otherwise
promote the spread of the infection (Hayden, 2014b, c; Jones and Elbagir, 2014; Marshall, 2016). In
addition, based on past experience (Hall et al., 2008), it was recognised that there was the need for
psychologists and nongovernmental organisations (including those previously involved in helping
people with problems arising from their experiences in past armed conflicts) to help counsel current
and surviving patients and their families in handling the stress of the disease, including coping with any
stigmatisation and ostracism which resulted for survivors as well as for health-care workers and burial
teams (Jones and Elbagir, 2014; Alexander et al., 2015; Kobayashi et al., 2015; Reardon, 2015; UNDP
and Partners, 2015).
Furthermore, escalating problems as a result of existing facilities becoming overcrowded at the height
of the eruption (to the extent that some patients had to be turned away, to thereby further spread the
contagion in all likelihood: Médecins sans Frontières, 2015), together with recognition that the physical
remoteness of treatment facilities was a major deterrent to reporting possible cases in rural communities,
led to a move towards smaller, more local community care centers. These could be quickly set up as
and where needs be (in a tent, even) and need only be lightly-staffed by family or other caregivers who
have been given basic training in the use of personal protection equipment and barrier-nursing
techniques; thus they could accept and isolate patients sooner and in their own communities, so
decreasing the likelihood of resistance by them or their kin. Kucharski et al. (2015) concluded from
modeling studies that if the average time until admission was reduced from 4.6 days after symptomonset (then the norm in Sierra Leone, when patients are already in a late stage of the disease) to 3 days
at most, then this would not only reduce the risk of spread in the community at large but also offset the
risks of infection of potential sufferers identified by basic triage who might be Ebola-negative but were
subsequently infected through contagion from other, positive patients in regional centres.
Hall et al. (2008) noted that there had been an impact on basic medical practice in the 1995 Kikwit
Ebola outbreak in the Democratic Republic of the Congo, in part as the understandable reluctance of
unprotected medical personnel to give thorough physical examinations and intravenous medications.
However, during the initial phase of the Ebola eruption in West Africa, once its nature had been
established, many did a stalwart job despite a lack of appropriate personal protection equipment and the
878

Such stigmatisation can be long-lasting: Salome Karwah, a Liberian woman who survived infection by Ebola
unlike most of her family and who went on to help others given her acquired immune protection (so that she
was featured as one of Time magazine’s ‘Person of the Year 2014’ awardees), died in 2017 after giving birth
to a healthy child: medical personnel were chary of trying to help her because of the perceived risk of contact
with body fluids, regardless of her being immune (Baker, 2017).
879
Such that family members went to sometimes extreme lengths to ‘kidnap’ the deceased’s body (McKenna,
2015c).
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chance to impose simple but effective triage procedures to try to contain the infection, with many dying
as a consequence (Liu, 2015);880,881 in recognition of the truly altruistic efforts of many, they were
collectively nominated as Time magazine’s ‘Person of the Year’ (von Drehle and Baker, 2014), although
stigmatisation of survivors meant that this accolade ultimately proved meaningless for at least one
(Baker, 2017). Moreover the conversion of medical centres to ones for the reviewing of potential Ebola
cases, together with the diversion of medical personnel to focus on these, meant that often there was
nowhere for existing and new non-Ebola patients882 or pregnant women to go, although this was
somewhat academic in many cases due to patients’ concerns about contracting Ebola as a result of
attending a clinic (Chothia, 2014; Maron, 2014a, 2015b; WHO, 2014b; Liu, 2015; McKenna, 2015a;
World Economic Forum, 2016). As a result, the countries’ progress towards achieving the Millenium
Development Goals regarding health issues was set back (ECA, 2015; UNDP and Partners, 2015). For
example, it was recommended that inoculation programmes be put on hold to avoid mass gatherings
(WHO, 2014b); this raises the potential for an outbreak of measles as a follow-up public health crisis,
with projected deaths of a similar order of magnitude to those resulting from the Ebola outbreak, thereby
negating the area’s success in reducing the number of such cases over the past decade unless the
programme is aggressively re-implemented (Takahashi et al., 2015; but see Maron, 2015c, for more
recent, somewhat less pessimistic projections).
A major worry was that Ebola would become established in the peri-urban sprawls around population
centres: not only would there be a dynamic interchange of (possibly infected) people with the
surrounding rural areas as well as with urban centres, but also the cramped living space with minimal
standards of hygiene would have made attempts to contain the spread of the disease difficult, if not
impossible (Waldman, 2015).883 Despite the initial ominous signs of an exponential spread,884 the Ebola
threat was contained once standard pro-active measures were able to be effectively established, and
proved to be largely restricted to West Africa. Nevertheless, the arrival of an isolated case in the United
States led to widespread panic – ‘Ebolanoia’ (McKenna, 2014c; see also Fox, 2014) – due in part to a
mishandling of the situation by those dealing with it (Lanard and Sandman, 2014; see also
Kupferschmidt, 2014).885 Elsewhere, a survey (Lau et al., 2016) of undergraduate students in
Guangzhou (a Chinese province where there are many African migrants, leading to concerns about
stigmatisation of these), identified numerous misconceptions – for example, about how Ebola spreads
880

Just two of many examples: five Sierra Leonean co-authors of an initial analysis by Gire et al. (2014a, b), fully
aware of the risks, died as a result of their efforts in the field before the manuscript could be published; whilst
a Liberian patient, already ill and with a sister who had already died of Ebola, flew to Nigeria, apparently to
seek a cure from a Pentecostal ‘miracle pastor’, and (with the support of the Liberian ambassador) resisted
efforts to put him in quarantine, leading not only to his death but those of 12 Nigerian medical professionals
(Ross, 2014). Nevertheless, the rigorous implementation of pre-established standard containment precedures
meant that the disease failed to spread in Nigeria (Fasina et al. 2014).
881
Health care workers and burial teams, together with Ebola survivors (despite the fact that, being now immune,
they could have helped others who subsequently succumbed), were often stigmatised and rejected by their
communities (Alexander et al., 2015; UNDP and Partners, 2015; Baker, 2017; see also Hall et al., 2008); this
was also seen in the United States in response to the few ‘imported’cases, as part of ‘Ebolanoia’ (McKenna,
2015d).
882
For example: those with diabetes, AIDS, malaria, cholera or measles: the problem was exacerbated by the fact
that initial infections with Lassa fever (originally suspected to be the cause of infection in the Guinean index
case) and malaria present with similar symptoms. It has been estimated that there were about 10,600 additional
deaths through lack of treatment of cases with malaria (6,818), tuberculosis (2,174) and HIV (1,091) alone:
https://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/cost-of-ebola.html. See also Parpia et al. (2016).
883
The fact that such communities are fluid with no formal political representation further complicated matters,
making them a target for governments’ intervention whilst potentially alienating the communities involved.
884
Re values were generally greater than 2.00 in the initial phases; subsequent studies indicated that about twothirds of transmissions were due to superspreaders with much higher R-values (Lau et al., 2017). These were
mainly the young and the old, perhaps reflecting the number of care-givers involved or the number of visitors
they received.
885
Farhi (2014) has pointed out the disjoint between the remote chances of the average American being infected
with Ebola, for example, and the much greater risk of their contracting a variety of other diseases,
communicable or otherwise, as a result of distorted perceptions based on relative media coverage: “Journalism
is about [selling] news, not education”. See also Young et al. (2008).
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(e.g. through aerosols)886 – with about 20% of participants believing that Ebola would emerge there
within the following year. Moreover, many were “not confident that the government was prepared for
and could control such an outbreak”. Instead, as Lanard and Sandman (2014; see also Shute, 2014)
point out, the threat of such sporadic drip-overs could be easily handled by the medical community in
developed countries, through the existing infrastructure and any necessary fine-tuning; the main threat
to the populations of these countries was if the disease reached major population centres in the
developing world, where it could run rampant in the absence of any sophisticated medical infrastructure
in slums. Were this to happen, there could be major effects on the global economy, as well as the
potential for an escalating deluge of infected arrivals from there then also overwhelming the medical
systems of developed countries (Lanard and Sandman, 2014).
Apart from direct costs and resulting productivity losses for those infected with the virus (Bartsch et
al., 2015), the eruption also had profound economic effects in the three West African countries,
especially on rural communities. For example, the seasonal harvesting of rice was affected, due to the
workers’ reluctance to work in groups: given that farming and food production form a key component
of the rural economy of each of the three countries, a breakdown in the functioning of markets (and the
resulting higher prices for key staples in some areas) made worse an already food-insecure status
(Thomas et al., 2014; Glennerster and Suri, 2014, 2015a, b; Kirigia et al., 2015; World Bank, 2015a, b;
World Food Program, 2016). More generally, the unwillingness of people to expose themselves to
potentially infectious contacts led to an increase in unemployment (in Liberia, for example, almost half
the populace became unemployed) with major impacts on the informal economy, the non-agricultural
self-employed being the most severely affected, especially in rural areas (World Bank et al., 2015).
This had serious consequences for household incomes and purchasing capacity, especially amongst
those who relied on daily-based earnings; the lack of these meant that, even in areas where there was
no inflation of prices for essential commodities, families had to resort to savings, the selling of assets,
the borrowing of money or other short-term economic coping strategies. In the long-term, this raised
concerns about how households might recover: social intervention by the government was identified as
being necessary if employment was slow to rebound (World Bank et al., 2015).
Apart from these profound effects at the community level, there were also severe macro-economic
impacts for the three countries involved; other countries in the region and the rest of the world were
largely unaffected (ECA, 2015; UNDP and Partners, 2015; World Bank, 2015b).887 On the one hand,
whilst the introduction of control measures at airports and other entry points as a result of the experience
gained with the previous SARS threat (Hayden, 2014b; see following Section) went some way towards
containing the spread outside the triume of countries mainly affected, these together with the withdrawal
of many airline services and the closure of informal border-crossings amongst the three of them and
with their neighbours further depressed commercial activity already badly hit by the eruption. Thus the
export of revenue-generating cash-crops (Thomas et al., 2014) and the import of food and essential
medical supplies were badly affected. Also there was a severe impact on the hospitality sector and the
tourist industry: whilst this was offset to some extent by the influx of international medical personnel
and support staff (UNDP and Partners, 2015), the withdrawal of flights and the imposition of border
controls also made it more difficult for the movements of humanitarian personnel as well as essential
medical supplies (Bajekal, 2014; Heymann et al., 2015).
The impact on food supplies in an already nutrition-stressed region led to inflation, further enhancing a
general economic slowdown.888 The latter, associated with a decrease in the tax-base and public
revenues (including as a result of the closure of large-scale mining operations and the exodus of mining
company and other expatriates, together with impacts on artisanal mines: Allouche, 2015), meant that
governments were badly stretched in the face of demands for increasing outlays in the health sector, in
particular, in the face of the threat of inflation (ECA, 2015). The affected countries therefore had to
sacrifice investments in other areas, with consequences for households, businesses and private sector
886

Also considered a problem by the general population in the United States, with distrust of authorities and a
partisan dimension (Steel Fisher et al., 2015).
887
Apart from overblown fears (‘Ebolanoia’): McKenna (2014c).
888
Thereby emphasising the importance of containment at the local level through contact-tracing and monitoring:
when effective, this obviates the need for more drastic control measures.
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growth and thus for the countries’ recoveries; as well as having to seek external funds to offset increased
fiscal deficits (UNDP and Partners, 2015; World Bank, 2015b).
iv. The SARS Scare On the other hand, SARS is an example of a disease where one individual carried
the virus from southern China to Hong Kong SAR, a transport hub whence it was spread as far afield
as a major irruption in Canada (see Section VII.8.ii). It originated in the wet-markets in Guangdong, as
the latest in what is likely to have been a long-standing series of spill-overs from wild animals rather
than by way of domesticated intermediaries. It led to relatively few human infections (albeit with a high
mortality ratio) due to limited human-to-human spread, although there is evidence that it was evolving
to a more contagious form (Peiris et al., 2004; Hu et al., 2015). Moreover, once recognised, it was
rapidly contained (Peiris et al., 2004; Smith et al., 2011; Graham et al., 2013). Nevertheless, although
the death toll was very small,889 it had a profound effect regionally and globally: the World Bank has
estimated that it reduced global GDP by $33 billion, with China bearing almost half of the cost (Begley,
2013). The primary cause of the severe economic impact of SARS was related to the spread of aversive
behaviour and fear (fuelled by the high case-fatality ratio amongst the small number of those infected)
and a resulting demand shock in affected areas of high population densities, especially with regard to
service industries (Sandman and Lanard, 2003; Lee and McKibbin, 2004; Coker et al., 2011; Begley,
2013; World Economic Forum, 2016). Thus local businesses such as retailers and restaurants, there and
elsewhere in affected countries, suffered a drastic decline in trade because people avoided going out
and risking exposure. Over and above this mainly regional impact, tourism and business travel showed
a marked decline for the same reason, leading to a marked effect on airline and hotel revenues, for
example. Such problems were compounded by the fact that the initial responses of the Chinese
government were fragmented and not transparent (Ruan and Zeng, 2008); this may have had at least a
transient impact on the confidence of investors, due to uncertainties about future growth potential (Lee
and McKibbin, 2004). A retrospective analysis of the macro-economic impact of the 2003 outbreak
concluded that the costs were less than originally expected, in part because the spread was contained
much quicker than had been projected in the original models (Keogh-Brown and Smith, 2008); however
the authors also noted that the overall impact might have been even less, but the media coverage at the
time was excessive, being sensationalist and sometimes inaccurate.
Subsequently, the emergence of MERS has failed to have any global impact, despite the potential threat
for spreading as a result of the annual hajj Muslim pilgrimage, for example (see Section VII.6.i). Whilst
SARS-inspired containment procedures (thwarted in the case of the South Korean irruption) have been
generally successful, the main factor would appear to be restricted (sputtering) transmissibility outside
close personal contacts, compared with the limited (although potentially evolving) human-to-human
transmission previously seen with SARS.
v. Conclusions The projected increases in suburbanisation, with more densely-populated cities and the
associated shanty towns with minimal facilities regarding hygiene and public health services, indicate
that these will be ever more favourable for the spread of communicable diseases, realising a major fear
of the recent West African Ebola eruption (World Economic Forum, 2016). This would be abetted by
the increasing movements of people between rural environments (where zoonoses are most likely to
occur) and these (peri-)urban areas. Thereafter, the feared run-away spread of infection within and
amongst these is perceived as a threat to developed economies through the overwhelming of the latters’
otherwise more effective public health resources.
Martins et al. (2015) provide an overview and analysis of the multidimensional economic implications
of zoonotic diseases and the responses to these.890 They noted that quantifying these is often difficult
due to the fact that many different sectors are involved, directly and indirectly. With regard to the direct
889

Less than 800 mortalities as a result of the rapid implementation of control measures to contain the spread and
further mutation of the virus.
890
There would seem to be little information on the global economic impact of spill-overs into other domesticated
animals which may cause high incidences of morbidity and mortality in them and/or pose a similar threat to
humans (apart from strains of avian influenza A: see Section VII.1.iv), the most immediate direct costs are
obviously those associated with the decreased production of the infected animals and, where appropriate, the
pre-emptive culling of other stock (OECD, 2012).

195

The University of Cambodia Monographs Series
costs for spill-overs from wild animals into humans, the usual measure is based on the incidence of
morbidity and mortality using the WHO’s (2004) disability-adjusted life years (DALYs) to estimate the
economic impact of the number of future years of effective life lost due to poor health and/or premature
death. Taking into account the likely limited information regarding reporting of human zoonoses
together with the fact that some are likely to have been included in a general symptom-based category
in the WHO’s Global Burden of Disease reports, Grace et al. (2012) estimated that, in low-income
countries, diseases which had recently originated in other animals accounted for about a quarter of
DALYs lost as a result of infectious disease, and a tenth of those lost overall; in comparison, the
corresponding values were about 1% and 0.02% for high-income countries.
However using DALYs as a measure does not take into consideration other costs such as for the care
and treatment of those affected (Grace et al., 2012; Fan et al., 2016). Maudlin et al. (2009) have
criticised the use of DALYs as giving a lop-sided perspective on threats regarding communicable
diseases. According to this indicator, the so-called ‘big three’ diseases – HIV/AIDS, malaria and
tuberculosis – are the ones which have had a documented profound impact on human health worldwide;
they thus set the priorities for policy-makers and donors in developing countries. Whilst these three
diseases were included in the sixth Millennium Development Goal, this also included “other diseases”;
however little attention has been paid to 13 other major neglected tropical diseases (all non-viral),
mainly of the poverty-stricken, together with other important ones (including dengue virus). The
problem is made more acute by the fact that assessments of the global burden of disease based on
DALYs, since information on such a parameter is essentially non-existent for the poorest sectors of
developing countries. Maudlin et al. (2009; see also Narrod et al., 2012) argued that more valid and
meaningful would be to base policy and other decisions on a cost-benefit analysis approach; however
they noted that often the interests of donor countries and other bodies are focused on potential threats
to the DALY measures of the rich world.
More generally, Grace et al. (2012) have noted that the use of DALYs is a “human health-centric”
measure, which does not take into account the inevitable broader picture. Thus, superimposed on these
are often many different types of indirect costs. Most immediately, apart from costs to the affected
individual for treatment (including transport to facilities where necessary), there are those arising from
the loss of earnings and other impacts on the patient and any family or others who provide ‘free’ care.
In addition, societal indirect costs relate to the provision of a basic medical infrastructure for the
diagnosis and treatment of all those in need, whether through private or public means, as well as the
running of established vaccination campaigns (Grace et al., 2012). Also, with regard to the latter and
given evidence for an infection with an R0 potentially (equal to or) greater than unity, there are healthrelated expenditures for surveillance and containment measures to try to break the transmission-chain,
including using the media to inform about the need for these. In turn, especially if poorly handled, such
measures run the risk of knock-on consequences through provoking an over-reactive fear response in
the general public, with much broader economic consequences than otherwise need be the case.891 Such
effects may be general, on overall trade and travel, as seen with the SARS eruption; or specific
consumption patterns, as seen with the poultry trade in response to avian influenzas. In either case, the
effects spread out through the economy to affect service-suppliers and other sectors (see Sections
VII.1.iv and VIII.2). Analyses of past data regarding influenza pandemics indicates that there would be
substantial costs for another such event, with (not surprisingly) the poorest likely to suffer the most (Fan
et al., 2016).
Nevertheless, Sands et al. (2016) have noted that macro-economic forecasting usually fails to take the
potential risks of pandemics into consideration, due to a lack of available data to include in their models
and the considerable uncertainty about when and where such threats may materialise (especially given
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The aversive behaviour and the resulting fear are important as a way of trying to avoid contagions, as one
originally local component of Thornhill and Fincher’s (2012a, 2015) proposal regarding a ‘behavioural
immune system’ to supplement the established innate and acquired ones. Such reactions also induce riskaversive behaviour in outside investors, thereby magnifying the economic impact (World Economic Forum,
2016). As noted above with potential regard to SARS, such problems will be exacerbated if governments are
less than transparent in their handling and reporting of the disease and its evident impacts.
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that other inherent uncertainties mean that such models mainly focus on the next 12 months).892 This
serves to reinforce the inevitable political tendency to underinvest in the infrastructure to prepare for
the emergence of such a largely indeterminate threat (be it influenza A or …) and to respond thereafter,
in contrast to the situation regarding terrorism, for example. They thus proposed a four-point mechanism
to address these and other issues, so that organisations such as the World Bank and the IMF could
incorporate estimates of the risks of potential pandemics into their analyses of countries’ economic
stability in relation to government policies (Sands et al., 2016).
1. A standardised, sufficiently robust evaluation of individual countries’ intrinsic vulnerability to
infectious disease threats, to include not just recognised pathogens but potential new ones based
in part on modelling studies and the effects of climate change, for example.
2. This should thus include environmental indicators of vulnerability to speciﬁc disease threats,
such as the distribution of vector hosts for various arboviruses.
3. It should also include additional ‘secondary’ drivers which might amplify any potential threat:
for example, human factors such as intrinsic social practices (e.g. the tending of the sick and
handling of the dead), various economic practices (e.g. in relation to food production, including
the sources of meat) and societal trends related to urbanisation (with its public health
implications regarding the underlying infrastructure), politics and policy.
4. A review of the above in the context of the existing health system, especially with regard to
primary care facilities, including an objectively rigorous assessment of a country’s
preparedness for future pandemic threats.
Such an analysis would give an extra dimension to the overview of a country’s overall economic
vulnerability or otherwise to such threats. More generally, by providing an assessment of such exposure,
it would also encourage the further development of health systems in order to deal with day-to-day
issues. Whilst this obviously adds to the existing burden of providing health care, it is interests not only
of the individual countries themselves but also for the world at large (e.g. GHRF Commission, 2016).
The remaining sections will develop on the foregoing.
3. Zoonoses and Potential Future Threats
Continuing an accelerating trend initiated with the Neolithic Demographic Transition, humans are
continuing to expand their range by moving into previously largely unpopulated areas in order to search
for food or to acquire land for agriculture or other purposes. This increasing encroachment into erstwhile
sylvatic environments raises the spectre of possible spill-overs from contact with the animals there,
whether directly (including through hunting) or through the amplifying potential of domesticated and
peri-domestic animals as intermediaries.893 Figure 18 illustrates two hypotheses relating to why such
spill-overs are thought to occur in particular situations.
Climate fluctuations also likely to be important. Thus those associated with the El Niño Southern
Oscillation (ENSO) have been implicated in between-year variations in human infections with a
hantavirus (see Section VII.3.i), the Sin Nombre virus, since 1993 in arid areas of the southwestern
United States (reviewed by Zeier et al., 2005; Dennehy, 2017). Large increases in temperature and
rainfall during that El Niño led to a trophic cascade: plant growth was much promoted, leading to a
population explosion in rodents including the normal host, the deer mouse (Peromyscus maniculatus),
wherein the virus had a field day. Population pressures as a result of this and the subsequent falling off
of food supplies in the transition to the La Niña component of the ENSO led to increased encroachment
of these near human dwellings, and thus the potential for spilling over of virus; a pattern which has been
repeated during subsequent ENSO cycles. As yet there is no evidence for onward human-to-human
892
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Although major re-insurers do analyse the risk of pandemics.
Thus, for example, the epidemiology of rabies has shown marked changes since before the middle of the last
century in the United States, with the elimination of dogs as the reservoir and wildlife (mainly raccoons, skunks
and foxes, as well as certain species of bat) becoming the main source of spill-overs (Rupprecht et al., 1995).
These occur not only through encounters as a result of human economic activities but also increased
recreational use of wilderness areas. On the other hand, Constantine (1967) has noted that spill-overs of bat
rabies were likely to have been a risk long before its first being identified as such in Florida in 1953.
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transmission (possibly because of sanitary habits), although this has been documented for the related
Andes hantavirus (Dennehy, 2017).

Figure 18 Summary of the two main hypotheses regarding how viral emergence may be driven
by changes in land usage (e.g. deforestation, agricultural expansion and general habitat
degradation associated with extractive industries such as mining, logging and other activities).
These are not mutually exclusive, and depend on prevalence of infection in the natural reservoir,
the rate of human contact with this and the probability that a spill-over will result (Murray and
Daszak, 2013).
Climate change (the manifest long-term global trend underlying the intrinsic ‘noise’ of regional
variability, including short-term trends such as the ENSO) might be expected to have effects associated
with overall global warming (Kovats et al., 2001; Daszak et al., 2013). For example, the associated
changes in precipitation894 are likely to also have an impact on the transmission of diarrhoeal diseases,
especially as a result of drought or, conversely, increased precipitation and associated flooding as a
result of effects on access to safe water; whether this will simply facilitate the spread of existing
pathogens or also lead to the emergence of new ones is a moot point (Franchini and Mannucci, 2015;
Wu et al., 2016). Latitudinal and altitudinal shifts in the ranges of potential vectors are likely to be one
potential consequence, where temperature is a major influence not just on the distribution of the host
vector but also for the replication and thus the minimum effective incubation period of the pathogen
therein (Wu et al., 2016). Thus the bluetongue virus has recently emerged as an important cause of
mortality amongst ruminants in Europe (reviewed by Dennehy, 2017). Previously restricted to Africa,
where the vector was the midge Culicoides imicola, increasing temperatures have led to the expansion
of the latter’s range northward in certain areas, so that it now overlaps with the ranges of European
Culicoides spp.; cross-infection of the latter has allowed them to spread the virus northward over the
rest of their range. Overall, however, the evidence to date have been less than clear-cut, in terms of the
potential threat to humans, due in part to rainfall patterns also being affected (with consequences for
mosquito breeding, for example): there is an ‘absence of evidence’ rather than an ‘evidence of absence’,
which can only be addressed by more long-term studies (Kovats et al., 2001; Parham et al., 2015; see
also Githeko et al., 2000; Sutherst, 2004).895 Nevertheless, there is an obvious need for anticipating and
planning for the potential threat of new vector-borne diseases, including the possibility of the spread of
the latter as a result of the effects of climate change on the vectors involved, at the international level
by the WHO and other bodies as well as at lower levels (Patz et al., 2003; Campbell-Lendrum et al.,
2015; Confalonieri et al., 2015), as part of what needs to be an overall One Health approach (see Section
VIII.4) involving other stakeholders for developing practical mitigating solutions backed up by
appropriate policies (Machalaba et al., 2014).
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As well as the likely increased frequency of extreme short-term weather events, such as those arising from the
ENSO and destructive typhoons and hurricanes.
895
Thus evidence for northwestern South America suggests that, whilst vectors for certain arthropod-mediated
pathogens may spread, others will die out (Escobar et al., 2016).
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To add an extra dimension to the problem, not only does increasing long-distance travel mean that
humans can themselves act as trans-global ‘vectors’896 of diseases but so also does the international
trade in animals (the introduction of ‘monkeypox’ into the United States with rodents for the exotic pet
trade, for example: see Section VII.3.iii), including livestock as illustrated by the emerging picture
regarding the evolution of pH1N1 in pigs (see Section VII.4.i). The problem is exacerbated by the fact
that the stress of long-distance travel is likely to have negative impacts on immune function and thus
enhance susceptibility to pathogens, in other animals as in humans. Hence the prolonged transportation
of livestock, as a result of the demand for meat products, is associated with those involved developing
‘shipping fever’, at least in part as a result of the reactivation of latent pathogens and susceptibility to
infection, including via a range of potential zoonoses (Greger, 2007).
After initial contact and the spilling over into humans, onward transmission depends on physiological
and other intrinsic factors. Thus there is evidence that some individuals may be genetically susceptible
to certain strains of avian influenza A viruses, as hinted by reports of intra-familial transmission (see
Section VII.1.iii). More generally, senescence or other factors which compromise immune function
(e.g. those related to poor nutrition, diseases such as AIDS) mean that the pathogens involved will have
the potential to gain a ‘foothold’ and thereby be able to spread beyond their original entrant hosts,
facilitated by the ongoing appearance of new potentially adaptive mutations.897
Above, it was noted that many density-dependent viruses may necessarily be generalists and thus
opportunists, given the vagaries of infecting possible future hosts; spill-overs of these or specialists in
humans, to which they are likely to be maladapted (the more so the more distantly related are the latter
and the normal reservoir host species) are likely to have severe effects, including the potential to induce
devastating cytokine storms, as seen with many Ebola victims. That such background spill-overs have
been ongoing is suggested by the fact that many apparent infectious diseases are agglomerated into
general categories of unknown aetiology – diarrhoea, encephalitides, haemorrhagic fevers and the like
– in the absence of any more specific diagnostic procedures.
For example, in the case of diarrhoea, the likely pathogen has been diagnosed in only about 40% of
cases (Finkbeiner et al., 2008), despite such infections being a major cause of infant mortality in the
developing world (Table 3; see Section VI.1.i). Likewise, in their review of zoonotic diseases in
northern mainland portions of the region,898 Bordier and Roger (2013) note that diseases associated with
a febrile syndrome without any speciﬁc diagnostic symptoms are likely to have various different causes,
which cannot be differentiated without sophisticated pathological techniques.899 A case in point is a
bacterial disease, leptospirosis, which is generally considered to be an important zoonosis in the region
as a result of spillings over from contact with the urine of peri-domestic rodents (e.g. Yanagihara et al.,
2007; Costa et al., 2015); however one study in Thailand found that only 20% of suspected leptospirosis
cases were indeed infected with this bacterium (Wuthiekanun et al., 2007) so that, for example, other
rodent zoonotic infections such as hantaviruses instead may be implicated (see Section VII.3.i), with
the need for more appropriate therapeutic strategies.
Similarly, encephalitis-related ones (where there is acute inflammation of the central nervous system
with associated neurologic dysfunction) are a common suite of diseases in the region, as elsewhere,900

Sensu lato – just like air and water, nosocomial spread.
Thereby making the ‘ascent of Mount Improbable’ (see Section VIII.1) more feasible.
898
Covering the literature for the period January 1990 to September 2011 for Cambodia, Laos, Myanmar, Thailand
and Vietnam, as well as two south-eastern Chinese provinces (Yunnan and Guangxi).
899
See also a literature survey of severe febrile illness for the Mekong region of Southeast Asia by Acestor et al.,
(2012), for Cambodia by Chheng et al. (2013), as well as for various low-and middle-income countries by
Prasad et al. (2015); the last of these included three studies in Cambodia and five in Thailand where, overall,
21.7% of the 5,426 tested were positive for influenza; 32.1% of 1,688 for dengue; 4.2% of 2,339 for
leptospirosis; and 2.0% of 1,193 for malaria, amongst other results (Prasad et al. 2015).
900
Olival and Daszak (2005) reviewed that half of emerging viruses are characterised by encephalitis or serious
neurological clinical symptoms. Note that a variety of established human viruses may spread to infect the
central nervous system (including the meninges) and thus lead to neurological complications in particular cases
(Griffin, 2003).
896
897

199

The University of Cambodia Monographs Series
and can result from a diversity of pathogenic infections (Tarantola et al., 2014).901 They are therefore
an area of intensive study by the Institut Pasteur and other organisations in Cambodia, in collaboration
with others elsewhere. In a study of infectious aetiologies of 149 encephalitis cases902 in seven hospitals
in Thailand (five in Bangkok and two in Hat Yai) during July 2003 - August 2005, Olsen et al. (2015)
found that the likely cause was identifiable in only 36% of cases: potential candidates were Japanese
encephalitis virus, enteroviruses and a bacterium, Orientia tsutsugamushi,903 with no samples positive
for chikungunya, Nipah or West Nile viruses, the bacterium Bartonella henselae or malaria parasites.
The causes underlying the other 64% of cases could not be determined. Similarly, in a one-year
descriptive study of acute encephalitis cases at a referral hospital for children in Ho Chi Minh City and
adjoining areas of southern Vietnam in 2004, Tan et al. (2010) found that a confirmed or probable viral
aetiology could be determined in only 41% of 194 enrolled children under the age of 16. 904 Mortality
rates were as high in the majority undiagnosed group, which had comparable neurological sequelae.
In addition, Bordier and Roger (2013) observed that there is also likely to under-reporting for cases of
notiﬁable diseases, including potentially zoonotic ones, as a result of the mis-classiﬁcation of causes of
human death. In part, this reflects the fact that deaths occur outside hospitals and are often familyreported raising problems regarding issues related to adequate surveillance (see Section VIII.4.i);
furthermore, they noted that 15% of deaths in Thai hospitals are registered as being from unspecified
causes. Also, with regard to spill-overs into domestic livestock, there is the likelihood of wilful nonreporting, especially in cases where to report leads to inadequate compensation or, at worst, no such reimbursement (see Section VII.1.iv).905 Otherwise, without adequate compensation where stock have to
be culled in order to contain an outbreak, farmers will obviously seek to minimise their losses by
marketing their animals (sick for whatever reason) and thereby risk spreading any infection further
(Bordier and Roger, 2013; Pfeiffer et al., 2013; Osbjer, 2016).
Such uncertainties have led to growing concerns about the risk of future such zoonotic spill-overs posing
a major, potentially global threat and the realisation that humankind has been lucky in the past. Thus
there is the need to implement a pro-active ‘One Health’ approach in anticipation of the likelihood of
other, more serious such events in the future: for example, Nipah virus (see Sections VII.3.ii and 4.ii;
Luby, 2013) developing the capacity to establish progressively longer transmission chains in humans
and thus moving up to stage 4 in Wolfe et al.’s classification (Figure 2). Similarly, studies indicate that
not only was there evidence of evolution towards a more transmissible pathogenic form of the SARS
coronavirus in humans in the first outbreak in southern China (see Section VII.8.iii) but also that there
had been an evolution within the presumed civet intermediate hosts between this and the second, rapidly
contained outbreak one year later (Song et al., 2005). On top of this is evidence that there are variants
of the SARS virus in Rhinolophus bats with a spike-protein receptor which is pre-adapted to the human
ACE2 receptor (see Section VII.2.iii). However, as noted by Holmes (2005), other adaptive downstream
mutations are likely to be required for an effective infective agent (see also Section VII.11), but this is
no cause for complacency.
It is notable that globalisation per se is not the only factor; there is also the need for increased contact
amongst individuals in close quarters in hotels or other casual locations (SARS: see Section VII.8.iii),
or in hospital surroundings as a result of more sustained contact (MERS: see Section VII.6.i). The fact
that most of the West African Ebola eruption centred on dispersed rural communities with elemental
901

Thus acute encephalitides of diverse (often unknown) origins are one of the most frequent and severe causes
of paediatric hospitalisation in Cambodia and elsewhere in the region: http://www.pasteur-kh.org/;
https://research.pasteur.fr/fr/program_project/the-southeast-asia-encephalitis-project/
902
Median age 12 years (range 0–83 years), based on blood and CSF tests for more than 30 pathogens; mortality
was 10%.
903
The cause of scrub fever as a result of spill-overs from rodents: Meerburg et al. (2009).
904
Japanese encephalitis virus (26%); enteroviruses, including enterovirus71 (9.3%); dengue virus (4.6%); and
one case each of herpes simplexvirus, cytomegalovirus and hpH5N1 influenza A virus.
905
For example, Cambodia does not re-imburse farmers whose stock are culled, and it is not foreseen that this
practice will be introduced in the future due to lack of financial resources and the concern that it might
encourage farmers to infect their stock in order to get government money (WHO, 2017b; see also Amaro,
2017b).
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medical facilities meant that there were inherent constraints for the onward progression of the contagion
(Piot, 2016); this emphasises the potential risk had the virus spilled over to establish a presence in cities
and slums there and in other developing countries and thereafter led to a diffuse ‘assault’ on the more
centralised hospital systems in developed countries (Lanard and Sandman, 2014).
In turn, this emphasises that the global health system is only as strong as the weakest or most fragile
link(s) in potential transmission chains for (re-)emerging contagions, and that there is the need for a
unified world-wide approach for the benefit of all concerned: rich and developed as well as the poor
(GHRF Commission, 2016; World Economic Forum, 2016).
4. Preparing for Possible Future Zoonoses and the One Health Approach
More so than endemic diseases, the insidious nature of potential zoonotic diseases means that they can
suddenly appear seemingly out of nowhere with potentially global pandemic implications, given the
scope for evolutionary adaptation to humans as a burgeoning new ‘ecosystem’ to be taken advantage of
through novel lineages better adapted to colonising (or ‘conquering’, where maladapted in the shortterm, at least) a potentially promising ‘new’, ever increasingly abundant host with minimal constraints
on effective population size (ST) as a result of increasing globalisation (e.g. Luby, 2013).
Thus, as noted in Section V.4 above, the original ‘emergence’ of HIVs and of Ebola and related
filoviruses into the global consciousness, followed by Hendra and Nipah paramyxoviruses together with
SARS and MERS coronaviruses, is consistent with the proposal that humanity is entering a third
epidemiological age, where zoonotic spill-overs have emerged as potential (actual in the case of HIVs)
threats to the world population at large, rather than on a highly localised scale as has been mainly the
case in the past (see also e.g. Luby, 2013). This growing realisation has led to intensive research into
various aspects of the natural history and the molecular biology of these viruses and other pathogens,
together with the search for other potential such zoonotic threats in order to try and pre-empt their
emergence and subsequent spread.
As briefly reviewed in Sections VI.1.iv and VIII.2 above, ‘newly’ emerging zoonoses can have a
profound economic impact. Even if they have relatively restricted patho-physiological implications,
given the appropriate containment measures, these can be far outweighed by their indirect psychological
effects through activating fear and other components of Fincher and Thornhill’s (2012a; Thornhill and
Fincher, 2015; cf. Thornhill et al., 2010) proposed ‘behavioural immune system’. Thus the World Bank
(2012) concluded that “[t]he case for control of zoonotic diseases (zoonoses) is compelling”. Related
to this, there is an emerging ‘One Health’ concept as being the key to dealing with the possible future
threat of outbreaks of (re-) emerging906 infectious diseases (e.g. Lebel, 2003; WHO, 2008; FAO et al.,
2010a; OIE, 2010; Wood et al., 2012; PREDICT Consortium, 2014; Webster et al., 2016). This
overarching approach acknowledges that the health of humans, other animals and the ecosystems to
which they belong are interdependent; and that there is the need for integrated research leading to
multidisciplinary collaboration and coordination with policy-makers and other stakeholders to produce
and thereafter communicate and implement viable policies which recognise the many interconnections
and their control points. An economic analysis led Pike et al. (2014) to conclude that such a coordinated
approach to mitigate against potential future zoonotic threats by identifying these and taking steps to
try to reduce the underlying causes, whilst expensive in the short-term (they set a time-frame of 27
years), would be more cost-effective in the long-term than post hoc adaptational measures to address
the consequences of spill-overs which have been typical up until now.907

Including the resurgence of bacterial and protozoan diseases which have become resistant to ‘antibiotics’ (sensu
lato: including e.g. insecticides for the control of vectors) as a result of their profligate (ab-)use.
907
As noted above, the situation is complicated by the fact that potential emerging zoonoses are examples of
Taleb’s (2007) ‘Black Swans’: events which could potentially have a high impact but which are rare and
intrinsically unpredictable as to if and when they might occur. Thus their perceived potential threat likely
represents a ‘wait and see’ component in the list of priorities of most, if not all, governments: it is only with
hindsight that the nature of the original threat is recognised as such. Thus Taleb advocates the need for
foresight, with less reliance on decision-based theories associated with a limited range of short-term outcomes
(see also Sands et al., 2016). He illustrates this with examples such as the economic consequences of the 9/11
906
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Figure 19 (from Karesh et al., 2012, with permission) A: Against a background cycling of
pathogenic irruptions in particular species of wild (sylvatic) animals, spill-overs may occur
in humans either directly or through the (potentially amplifying) intermediary of domestic
and peri-domestic animals.908
B: Implementation of One Health strategies can serve to short-circuit these potential events,
and thereby reduce the economic and other costs with regard to humans and other
domesticated animals.

attacks; but notes that this or other ‘Black Swans’ involve ‘unknown unknowns’, except when reviewed with
hindsight.
908
Including through mutations which facilitate the subsequent successful infection of humans, as exemplified by
evidence for galliform poultry and pigs with regard to influenza A (see Sections VII.1 and VII.4.i).
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As Figures 19 and 20 summarise, this is based on a growing awareness of the need for a coordinated
cross-disciplinary approach for surveillance and subsequent follow-ups with regard to the threat of
emerging zoonotic and other communicable diseases. Those involved should include not just medical
but also veterinary professionals, as well as internationally-recognised environmental bodies and those
in relevant portions of the public sector. In addition, the experience gained from the Ebola epidemic
(see Section VIII.2.iii) affirms the need to involve educationalists909 together with anthropologists and
other social scientists as appropriate (Briand, 2015; Makri, 2015), including as part of a strategy to
inform the general populace. Informed decisions about priorities and how to fund and implement them
need to be based on local surveillance and further research on their public health-related and socioeconomic impact (including on farmed animals and the livelihoods of their owners), both in a local
cultural context and in a broader regional one.

Figure 20 Stages in the preparation for the emergence of a possible zoonotic threat and how
it could be interrupted through various subsequent interventions (see text for more details).
‘Potential unknown threats’ are Wolfe et al.’s (2007) stage 1; and ‘endemic’ their stage 5.
Based on WHO (2014c, d, e).

909

On the other hand, in a review of a book by an anthropologist (P. Richards’ Ebola: How a People's Science
Helped End an Epidemic) centred on local villagers’ responses to the threat in Sierra Leone, Piot (2016) noted
that the author concluded that, as elsewhere, the standard public-health approach of inculcating hygienic
practices proved largely ineffective in changing behaviours; instead there was evidence for pragmatism with
“rapid local adaptation and common sense” leading to the evolution of appropriate social responses as a result
of the modification of existing practices whilst retaining their underlying meaning – those involved would seek
advice as to appopriate adaptations of such practices.
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Related to identified potential threats, there is the need for the development of vaccines. Successful
testing of one during the recent eruption of Ebola in West Africa indicates that this disease, at least, is
less likely to pose a major threat in the future (see Section VI.3.ii).
Given the need for such a framework, Jonas (2014) has noted that, after the detection and identification
of the initial ‘natural’ spill-over event, progression to a pandemic would be a man-made disaster as a
result of the failure to contain the spread of the contagion.910 In response to the potential for such threats,
the WHO (2008, 2013a) has issued guidelines on how to cope with the threat of emerging zoonotic
diseases in livestock and also for potentially contagious such diseases in humans (WHO, 2011, 2014c;
see also Briand et al., 2014). In addition, various expert groups have provided proposals on how these
should be implemented and suggestions about how the system of oversight might be further improved:
for example, Moon et al. (2015, 2017); and the United States’ National Academy of Sciences’ GHRF
Commission (2016) in their ‘The Neglected Dimension of Global Security: A Framework to Counter
Infectious Disease Crises’. Related to this, a major component of the risk of a pandemic is due to the
capacity gap in identifying likely causative agents and thus the most likely courses of action open to
most developing nations; this is compounded by the fact that spill-overs are most likely to occur there,
in various ‘hot-spots’ (see below).
The following will briefly consider four sets of considerations arising out of the sequence of stages
identified in Figure 20, based on the foundation established in Figure 19.
i. The Need to Identify Potential Future Threats There is the need for sampling studies, together with
follow-up surveillance as appropriate, to identify both already-known threats and potential new ones,
as well as their host reservoirs. The latter should not only focus on sick animals but also healthy ones,
particularly in the case of bats and, to a lesser extent, rodents (Levinson et al., 2013a, b).
Regarding the identification of potential new threats, it was noted above (Sections VII.11 and VIII.3)
that certain external factors may influence the risk of exposure to spill-overs, together with the
subsequent need for the virus to be able to infect (through acceptor-mediated uptake mechanisms)911
and replicate within the new host’s cells for onward transmission to new hosts, as contributions to the
overall zoonotic potential.
Considering first extrinsic factors, Olival et al. (2017a, b) identified certain measures of contacts
between humans and wildlife on a global scale as being of importance, based on modelling studies.
These were changes in human population density in the reservoir host range, together with the ratio of
urban to rural human populations and the latter’s change over the period 1970-2005. Other factors
included whether the virus is vector-borne, whether the reservoir hosts are hunted and, for domesticated
mammals, how stock are maintained.
With regard to intrinsic factors, the phylogenetic distance between the natural host reservoir (after
controlling for its viral diversity and reporting effort) and humans is an important constraint on the
potential for spillings over (Olival et al., 2017a, b). These authors also identified phylogenetic host
breadth912 as being another important factor, as well as the ability to reproduce in the cytoplasm. 913
Based on a survey of existing human RNA and DNA viruses to try and identify basic intrinsic biological
features which may predispose potential zoonotic ones to be other than dead-end spill-overs, Geoghegan
et al. (2016a) concluded that the main factors that favoured human-to-human transmission were longterm chronic infections with low host mortality (consistent with conventional theory: see Introduction),

Note that the original spill-over would also be likely to be ‘man-made’ as a result of hunting or other more
long-term encroachment into previously sylvatic areas.
911
The situation (and thus any attempt at prediction of potential future threats) is complicated by the fact that
various viruses can utilise alternative acceptors, or various combinations of these; for example, human hepatitis
C virus interacts not only with heparan sulphate but also with various proteins as a prelude to the complex
process of achieving cell-entry (Grove and Marsh, 2011).
912
The phylogenetic range of hosts other than humans infected by a particular virus: a measure of its location on
the generalist vs. specialist spectrum.
913
Presumably because of differences between potential host species in genomic signals for the transporters
controlling access through the nuclear pores (Pulliam and Dushoff, 2009).
910
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together with being non-segmented914 and, to a lesser extent, non-enveloped;915 on the other hand, the
arbitrary nature of transmission for arboviruses (rather than any mortality-related effects)916 and others
dependent on intermediary vectors was a negative factor, whilst the type of genome (DNA vs. RNA)
and its length and recombination frequency917 were found to be unimportant. However any such
guidelines are only ‘rules of thumb’, with exceptions to be expected (Longdon et al., 2014).
Han et al. (2016) and others (see above; cf. Olival et al., 2017a, b) have identified Southeast Asia as a
potential hot-spot for the emergence of new zoonotic diseases, as well as the recurrence of existing
ones. McFarlane et al. (2012) sought to identify the most likely sources of spill-overs of emerging
infectious diseases (including viruses) from wild mammals in Australasia and South East and East Asia,
based on a literature search covering the period 1973-2009 inclusive; no attempt was made to correct
for reporting bias. The survey excluded domesticated mammals and their feral descendants; apart from
Australasia, it included presumed reservoir hosts for arboviruses. Of the 104 emerging and re-emerging
diseases identiﬁed, 44 were spill-overs from wild mammals, involving 41 presumed reservoir host
species amongst the 1,823 species in the region. They found that ‘synanthropic’ species – those that
tolerate or do well in human-modiﬁed environments somewhere in their range as commensals918 – were
about 15 times more likely to be the source of emerging infectious diseases than other mammals in the
region, with no clear evidence for differences between the five mammalian taxa in the proportions of
species which were implicated.919 Most were listed within the IUCN category ‘Least Concern’,
suggesting that they are likely to be common; this is consistent with the assumption that the chance of
contact is an important factor predisposing the spill-over of pathogens (McFarlane et al., 2012; see also
e.g. Childs et al., 2007; Pulliam, 2008).
Herbreteau et al. (2012) concluded from a literature survey of the typical habitats of rodents in Thailand
and of ten major zoonotic micro-parasites which infect them920 that risks of exposure to spill-overs were
likely to be greatest in non-flooded lands; forested areas and padi fields were less of a potential hazard,
whilst the least risk was in land neighbouring forests and, more especially, settled areas. Subsequently,
Bordes et al. (2013) investigated the distribution of murid rodents in various habitats of three countries
in Southeast Asia,921 and used this information together with published data on species’ risks of
infection with ten different types of microparasite922 in order to identify the most likely zones for spillovers. They found that the latter comprised flat rain-fed agricultural land (thus mainly rice fields), in
contrast to dry land, forests and settlements. Similarly, with regard to chronic infections with the
bacterium Leptospira, Ivanova et al. (2012) found that these were relatively frequent in rodent species
(including R. argentiventer) in padi fields, especially in the rainy season, in Preah Sihanouk and more
914

Interpretation of this result is difficult, not least because the presumed inherent flexibility of the lessconstrained larger genomes of segmented RNA viruses together with the potential for ‘genetc shift’ through
reassortment, as exemplified by the influenza A virus (see Section VI.2.iii).
915
Possibly because their proteinaceous capsids make them more environmentally stable after being shed;
however, another factor is that, by inevitably incorporating host proteins and other potential antigens into their
membranes, enveloped viruses will reduce their transmissibility as a result of the new host’s immune responses
to the latter, never mind those of the virus itself.
916
They note that Zika virus may be a partial exception, due to its also being able to be sexually transmitted (cf.
Japanese encephalitis in pigs: Lord et al., 2015).
917
It has been suggested that this is because, whilst low levels of this in many RNA viruses may generate
potentially beneficial diversity, higher levels are instead more likely to be counterproductive by fragmenting
effective assortments (see also Longdon et al., 2014; Dennehy, 2017).
918
Only the brown rat (R. norvegicus) and the Asian house shrew (Suncus murinus) were almost exclusively
synanthropic.
919
P = 0.049; rodents (n = 19), bats (n = 14), primates (n = 3), carnivores (n = 3) and soricomorph Eulipotyphla
(n = 2).
920
The four viruses were hantavirus, lymphocytic choriomeningitis virus, rabies virus and either hepatitis E virus
(text) or herpes virus (table): unfortunately no supplementary appendix was accessible, but presumably the
text is the correct choice.
921
Cambodian provinces of Preah Sihanouk and Mondulkiri, the Thai provinces of Loei, Buriram and Nan, and
the Lao provinces of Champasak and Luang Prabang.
922
Again, the four viruses were hantavirus, lymphocytic choriomeningitis virus, rabies virus and either hepatitis
E virus (text) or herpes virus (table).
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especially Mondulkiri provinces in Cambodia; rodents (other Rattus spp.) and soricomorphs (Suncus
murinus) associated with households had lower levels of infection.
Based in part on findings such as these (given the caveats mentioned at the end of Section VIII.4.i) and
with funding by the United States Agency for International Development for the Emerging Pandemic
Threats programme, initiated in 2009,923 researchers in the PREDICT Consortium’s One Health
Institute924 have been active in the sampling of rodents, bats and other potential pathogen reservoirs in
selected countries in the region and other potential hot-spot areas, as identified in risk-modelling
studies.925 This is ongoing in collaboration with governments, local scientists and other specialists, so
as to build local capacities in this regard (Morse et al., 2012; PREDICT Consortium, 2014).926 This has
been facilitated by collaborative work with the charity-based EcoHealth Alliance, as part of the latter’s
broader panoply related to promoting wildlife conservation.927 Others include the Institut Pasteur, the
Wellcome Trust and the London School of Hygiene and Tropical Medicine (Coker et al., 2011). In
addition, ASEAN is setting up a rotating centre in 2017 for monitoring animal health and the spread of
potential zoonotic diseases (Amaro, 2016b), as part of the implementation of a Regional Mechanism on
Animal Health and Zoonoses. The interest of the military is also suggested by the fact that a laboratory
was opened in 2002 by a detachment of the US Naval Medical Research Unit 2 (based in Hawaii) at the
National Institutes of Public Health in Cambodia, with American and local personnel in Phnom Penh
and Kampong Cham monitoring influenzas and various other infectious diseases.928 Likewise, the
Chinese military has done studies on potential bat zoonoses in adjoining portions of Myanmar (He et
al., 2013a, b); and they have agreed to build a new communicable disease control facility in Cambodia
(Amaro, 2017a).929 Associated with this, a recent external peer-review of the preparedness of the health
system in Cambodia to deal with the threat of emerging contagions found that there was demonstrable
capacity (scoring 4 on a 5-point scale, where 5 is sustainable) for two of the indicators for real-time
general surveillance, although the other two scored 3 (reflecting ‘developed capacity’); whilst that for
zoonotic diseases (identified as including avian influenza and rabies, as well as leptospirosis, brucellosis
and anthrax, “as well as other unknown diseases”) was scored as a 2 (‘limited capacity’) (WHO, 2017b;
see also Amaro, 2017b).930
One aimed-for end result of such work is the development of rapid diagnostic tests to speed up the
identification of particular zoonotic infections; this will help to save lives in the event of particular spillovers, not least by ensuring that limited hospital beds (in isolation, where necessary) are allocated to
those in most need (Nouvellet et al. 2015). Recent advances in this area include the development of socalled targeted sequence capture panels (Briese et al., 2015; Wylie et al., 2015; Yong, 2015a) which
contain specific probes against all known viruses of, for example, humans or vertebrates as a whole,
although the results of these and other metagenomic ‘fishing expeditions’ need to be interpreted with
caution without follow-up substantive analyses (Calisher and Tesh, 2014).
Another should be to develop vaccines against known threats and any such potential new ones as
detected, and to take these to at least the phase I stage of clinical testing (cf. the situation for Ebola
vaccines, which were only tested in monkeys prior to the recent West African eruption), such as the
recent initiative by the Coalition for Epidemic Preparedness Innovations, a global fund for the
Prior to this, the US’ Centers for Disease Control and Prevention established an office in Cambodia in 2002,
working with the Ministry of Health and other partners to build capacity for surveillance and outbreak
investigation and strengthen public health programs: https://www.cdc.gov/globalhealth/countries/cambodia/.
924
http://www.vetmed.ucdavis.edu/ohi/predict/about-predict.cfm
925
In this context, it should be noted that the MERS virus has been spilling over in Saudi Arabia and adjoining
countries in an area not generally recognised as a hot-spot; thus this categorisation is only an approximation.
926
Results of the Emerging Pandemic Threats programme are put up on http://www.healthmap.org.
927
http://www.ecohealthalliance.org/about
928
https://kh.usembassy.gov/embassy/phnom-penh/sections-offices/namru-2/; their laboratory was responsible
for identifying a solitary non-fatal outbreak of Zika virus in a boy in Kampong Speu province in 2010 (Heang
et al., 2012).
929
Elsewhere, they were also actively involved in monitoring the evolution of the Ebola virus during the recent
West African eruption (Tong et al., 2015).
930
Cambodia was the first member state in the Western Pacific Region to volunteer itself for the WHO’s Joint
External Evaluation tool, with a report which was agreeable to consulted experts in the host country.
923
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development of other vaccines931 in anticipation of potential pandemics during peacetime, with the
support of the Wellcome Trust, the Bill and Melinda Gates Foundation and the governments of
Germany, Japan, and Norway (World Economic Forum, 2016; Cohen, 2017b; Selfman et al., 2017;
Yong, 2017b), building on the work of the Gavi Vaccine Alliance932 and the ideas behind a Global
Vaccine Development Fund (Plotkin et al., 2015). Recognising the market failures of the past and the
need to provide incentives given the uncertainties of when and where the next threat(s) will emerge, it
has identified three viral pathogens considered to pose possible known threats in the near future, based
on the WHO’s R&D Blueprint (2016b, 2017c; see Table 9) and other inputs.933 Moreover, the
identification of future threats not yet on the radar of the medical establishment is also an important
concern, as another means of anticipating market failures to address the development of vaccines against
rare diseases, including potential future global threats, through open-access, not-for-profit mechanisms
(Saldinger, 2017; Selfman et al., 2017). Such efforts are likely to be expedited by advances in the
development of platform technologies,934 whereby a common suite of techniques can be adapted to
speed up the mass production of particular vaccines as and when the need emerges (Bloom et al.,
2017).935
Table 9 The latest list of viral diseases to be identified as priorities
in the WHO R&D Blueprint (WHO, 2016b, 2017c).*
Zoonotic viruses
Arenaviridae Lassa and related haemorrhagic fever viruses
Coronaviridae SARS, MERS and other highly pathogenic
viruses
Filoviridae Ebola and Marburg viruses
Paramyxoviridae Nipah and related henipaviruses
Arboviruses
Bunyaviridae Crimean-Congo haemorrhagic fever, Rift
Valley fever and severe fever with thrombocytopenia syndrome (SFTS) viruses
Flaviviridae Zika virus
Togaviridae Chikungunya virus
* The list includes provision for one further disease which may be
identified using the Blueprint’s decision instrument prior to the
next annual review.
ii. Information-Sharing with All Relevant Stakeholders, Including the General Public Having
established the risk of exposure, there is a need for information sharing with relevant government and

931

Including those for reservoir hosts or intermediaries, as part of a One Health approach, due to the cheaper costs
associated with meeting less stringent validation than required for human usage (Selfman et al., 2017).
932
http://www.gavi.org/about/
933
Initial funding is for vaccines against the viruses causing MERS (see Section VII.6.i), Nipah (see Sections
VII.2.ii and 4.ii; Luby, 2013) and Lassa fever (see Section VII.3.i).
934
Including the potential for bypassing the traditional use of specific protein antigens through the targeted use of
particular viral mRNAs in lipid nanoparticles, provided that these can effectively circumvent the alreadyestablished sentinel anti-virus activities of the innate immune system to thence be translated in meaningful
amounts by relevant cells (Bahl et al., 2017; see also Carroll, 2017; Servick, 2017).
935
The authors note that, whilst regulatory procedures will also be speeded up, there will still be substantial delays;
in the meantime, the use of appropriately modified monoclonals of antibodies from convalescents could be
more rapidly implemented (in terms of both development and licensing rates) in order to help to protect
medical workers most especially.
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professional bodies and other stake-holders,936 as well as the general public, in order to introduce
measures to try forestall the occurrence of future spill-overs. Experience gained from the recent eruption
of Ebola in West Africa (see Section VIII.2.iii) is particularly pertinent in this regard.
This is the core of the One Health Initiative. The appropriate type and amount of information should be
shared so as to engender an understanding of the potential risks involved and how to prevent potential
spill-overs. Central to this, Cambodia and other countries in the region have “set up new institutional
bodies, strengthened diagnostic laboratory capacity, and improved coordination mechanisms …
[a]lthough gaps in national planning and surveillance systems persist, countries in southeast Asia have
made substantial progress towards eﬀective prevention and control of infectious diseases” (Coker et al.,
2011). Based on in-depth interviews with 21 key stakeholders (mainly in the public sector and medical
field; October 2008 – July 2009) in Cambodia, Laos and Vietnam, Grace et al. (2010) found that they
emphasised capacity weaknesses, with risk analysis and research skills being the ones most lacking;
there was a reported high awareness that ecological and socio-economic factors drive the emergence of
new infectious diseases.937 In a mutually-agreed evaluation conducted with local experts, the WHO
(2017b; see also Amaro, 2017b) concluded that Cambodia faced “several overarching challenges,
including significant funding gaps, human resources capacity, intersectoral collaboration and
coordination, formalization and documentation of procedures, and the application of monitoring and
evaluation mechanisms to inform improvements in systems and processes”. Thus “intersectoral
collaboration remains a challenge. Regular intersectoral communications and information sharing,
including the sharing of outbreak investigation reports between human health and animal health sectors,
does not occur routinely. … A risk assessment of public health threats and hazards would inform the
identification of priority national policies, plans and procedures for finalization. The regular testing and
training of staff in such plans and procedures is important for improved functioning of response
mechanisms.”938 The report also drew attention to the lack of well-qualified local personnel in the field
of animal health, with none considered to be qualified veterinary doctors.
This emphasises a major impediment with regard to building up capacity in Southeast Asia, as Bordier
and Roger (2013; see also Coker et al., 2011) have similarly observed: whilst the occurrence and spread
of zoonoses has been facilitated by increased contact of humans and domestic animals with wildlife as
a result of the expansion of the range of the first two and the contraction of the habitats available to the
last, there is only weak public (including veterinary) health infrastructure to monitor this risk. Whilst
lack of funds is a major factor, a rapid mixed methods survey of the system for regulation of the health
professions in Cambodia939 led Clarke et al. (2016) to conclude that “the current regulatory system only
partially meets Cambodia’s [specific] needs … [it is] overly complex, with considerable duplication
and overlap between governance and regulatory arrangements for the five regulated professions.” They
thus noted that there is much scope for reforms which better align the existing regulatory system to
national needs and circumstances, regional strategic priorities and international obligations, which
would be facilitated by recent developments in relevant “smart regulatory practices”. Whilst this
936

Including large national or multinational employers in the public sector, who have an interest in keeping threats
to their business-operations to a minimum, as well as being a source of information about emerging health
issues affecting their employees and others (World Economic Forum, 2016).
937
Grace et al. (2010) noted that “[i]t is not easy to obtain information from zoonotic [emerging infectious disease]
stakeholders in Southeast Asia. With recent and ongoing crises, the few key people are much in demand and
have little time for lengthy interviews. Moreover, there may be reluctance to provide nontechnical information
that reﬂects beliefs, opinions, and priorities.” Also, “[w]hile it is encouraging to note that stakeholders from
disciplines outside the medical community were identiﬁed in the countries involved in the study, it was also
clear that these are few in number and weakly linked to the human health community”. They recorded that
87% of respondents in the three countries surveyed were governmental; they considered that the lack of
response from other ‘national actors’, including “some senior staff from a university agricultural faculty” in
one of the countries, was because these believe themselves to lack “self-perceived knowledge and conﬁdence
… [and] expertise in diseases”.
938
Cambodia was the first member state in the Western Pacific Region to volunteer itself for such an evaluation,
the final report of which was agreeable to all parties involved.
939
As part of identifying strategic priorities for strengthening this as a means to improve the quality and safety of
health services in the run-up to joining the ASEAN Economic Community.
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assessment was based on everyday running, any problems would potentially be exacerbated by, and in
turn further compound, the nascent threat of a new zoonotic disease within Cambodia itself. Burgeoning
private health-care systems can only further complicate the issue (Coker et al., 2011), including in
Cambodia (WHO, 2012); one such example was the general lack of an appropriate response to a recent
outbreak of enterovirus 71 hand-foot-and-mouth disease (Horwood et al., 2016).
Education, targeted at various levels as appropriate (including continuing education of medical
personnel),940 is clearly important, including through publicity campaigns to inform the general
populace (Alexander et al., 2015; Johnson et al., 2015a, b). Thus Osbjer (2016; Osbjer et al., 2015)
found in a survey of rural villagers in Cambodia that 69% thought that one or more diseases could be
caught from animals; however, whilst 65% of those interviewed identified avian influenza (presumably
reflecting publicity campaigns as a result of the hpH5N1 threat), less than 5% were aware that the same
applied for rabies, tuberculosis, porcine influenza or diarrhoea. Even if villagers were aware of the risk
of animal-human disease transmission, they941 often did not take many precautionary measures in the
belief that such a problem would not occur in their village (Osbjer, 2016): they are far from alone in
this regard (Garforth, 2015). Consistent with this, Ponsich et al. (2016) found that there was the general
lack of awareness about the risk of rabies from dog-bites in a study of four villages in Siem Reap
province, and advocated the need for prevention education as part of the ASEAN Rabies Elimination
Strategy (see Section II.2).
However, the important thing is to encourage changes in behaviour, which the providing of information
through education alone often cannot achieve (Piot, 2016). Encouraging people to comply with adopting
new behaviours (based on insights from psychology and anthropology, as well as behavioural
economics and neuroscience) is more likely to be successful than trying to force them to do so (World
Bank, 2015e; World Economic Forum, 2016). Thus successful campaigns should engage people’s
emotions and promote the realisation that others will appreciate an individual’s efforts rather than just
emphasising the negative personal consequences of doing otherwise. There is also the need to identify
and correct any misperceptions;942 and, as considered further in Section VIII.4.iv, it is necessary to take
into consideration that the spread of information by word of mouth can be useful or, where it is wrong,
can have negative consequences (World Bank, 2015e).
Relevant in this regard are the insights gained from the study of behavioural economics and the fact that
humans often act irrationally. Work by Kahneman and Tversky943 identified two constructs underlying
much of human behaviour – systems 1 and 2 – which they did not claim to be necessarily related to
distinct neural circuits but have proven insightful in the field of economics (e.g. Shleifer, 2012), System
1 is the default, with decisions being based on intuition: making associations and superficial, nonrational (heuristic, biased and non-statistical) thinking with gullibility and a bandwagon effect
reinforcing the (over-)confidence of this ‘lazy’ decision-making process (Kahneman, 2011).944 System
2, on the other hand, is involved in analytical reflection – what is generally considered as thinking per
se – and needs to be actively invoked945 against the inherent unconscious tendency for reflexive
reactions mediated by system 1. Thaler (reviewed by the Committee for the Prize in Economic Sciences
in Memory of Alfred Nobel, 2017) further developed the idea that humans are irrational (due to
cognitive limitations and ‘bounded rationality’: the use of simplified decision-making rules by people
and organisations), such that they lack self-control and self-interest may be over-ridden by issues
940

See e.g. https://en.wikipedia.org/wiki/Continuing_medical_education;
http://wwwnc.cdc.gov/eid/article/21/2/14-0291_intro.
941
Especially the ones who ‘should know better’.
942
For example: infant diarrhoea is a result of ‘leaking’, so that giving water will just lead to more of the same;
as a consequence, the standard medical practice of giving oral rehydration therapies is counter-intuitive and
thus not likely to be followed.
943
For which Kahneman received a Nobel Prize for one component, Prospect Theory, in 2002 (Tversky had died
in the meantime).
944
This reflects a general cognitive bias towards optimism (which is usually considered to be beneficial), the
illusion of control and the pursuit of happiness (based on what has been subconsciously experienced previously
rather than consciously remembered: the ‘two selves’ hypothesis).
945
Albeit with its own cognitive biases, presumably including being fed selective information from system 1.
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relating to social preferences, fairness and equity. Thus Kahneman and Tversky’s system 1 was the
reflexive doer, whilst their system 2 was the planner responsible for exerting self-control, comparisons
being made with brain circuits involving, respectively, the limbic system and the prefrontal cortex
(Shefrin and Thaler, 1988).
Hence there is the need bear in mind that people do not think rationally by default when, for example,
weighing the costs and benefits of particular courses of action (Kahneman, 2011; World Bank, 2015e).
Arising out of this, and related to policy issues including those related to health, differences in selfcontrol mean that different individuals may act in ways which run counter to their self-interests,
depending in part on their cognitive abilities and will-power. Thus Thaler has been an advocate of an
un-intrusive approach of ‘libertarian paternalism’ (Sunstein and Thaler, 2003; Thaler and Sunstein,
2003),946 as a way on implementing policies in order to ‘nudge’ people into a narrower range of
immediate- and short-term courses of action (and thus longer-term life-choices, if followed through):
the aim is to channel people into particular behaviours without evidently forcing them to do so. 947 Such
a strategy should include an acceptance of different world-views in recognition of different religious
and political leanings; and thus incorporate tactics such as will be considered further in Section
VIII.4.iv. It thus also needs to anticipate, and thereby seek to short-circuit, reactionary responses from
others in denial, and thus the latters’ promulgation of dis- and mis-information for whatever purposes.
As such, this ‘nudging’ approach has been widely accepted as a means of implementing public policies
in a minimally invasive manner (Whitehead et al., 2014; Sunstein, 2016).
The recent efforts to instigate programmes for the control of rabies (see Section II.2) have provided
useful insights into how this can be achieved and serve as a model for the control of potential infectious
diseases in general. In order to raise public awareness, the WHO has designated 28 September as World
Rabies Day. In concert with other international bodies, it established the Global Alliance for Rabies
Control in 2007; a year later, the latter initiated the Partners for Rabies Prevention, a public-private
partnership which included rabies vaccine manufacturers and other relevant parties (Müller et al., 2015).
As a test-bed for implementing and fine-tuning such initiatives, the Bohol Rabies Prevention and
Elimination Project was launched in 2007 in a province of the Philippines; a multi-sectoral council948
was set up under the governor of Bohol, with similar bodies at the municipal and village levels (Lapiz
et al., 2012). The programme sought to actively involve all of the population, with information
campaigns (evaluated by a Knowledge, Attitude and Practices survey in 2009) and classes for children
(the most prone to being bitten by dogs: Briggs and Mahendra, 2007) in elementary schools. Two major
island-wide vaccination campaigns were run for dogs (during which time they were registered, with the
owner paying a small fee which was fed back into the programme), so that there was 70% coverage by
2008; as a result, human deaths from rabies dropped from 0.77/100,000/year (fourth highest in the
Philippines) to zero within the first eighteen months; follow-up surveillance led to local ‘mop-up’
vaccinations. The fact that owners have to pay a registration fee for each dog means that the programme
should be sustainable in the long term (Lapiz et al., 2012; see also discussion by Taylor et al., 2013;
Müller et al., 2015).
Related to this, recent work on a potential new threat focused on a village in Thailand near a pagoda
which had a roost of bats which were infected with Nipah virus, and thus posed a potential public health
threat (see Section VII.2.ii). Apart from serological testing for past spill-overs, there was an integrated
946

Whilst based on psychology as a means for developing marketing strategies, the aim is for a much longer-term
effect on an individual’s behaviour in their own self-interest and in the face of dis- and mis-information (see
Section VIII.4.iv). However it differs in that the intention is to raise the people’s long-run welfare, as judged
by themselves. This is the “paternalism” part. The “libertarian” principle is that people’s choices should not
be restricted; specifying a sensible default option does not mean people are forced to choose this option.
947
Thus there is the need for pilot studies to evaluate what might be the optimum approach(es) in recognising and
targeting the latent preferences of various subpopulations, in order to ultimately make them better off
regardless of their present inclinations. Recognising that such efforts can be too expansive and thus highly
questionable in a democratic society, Thaler and Sunstein (2008) constrain their recommendation to policies
that “influence choices in a way that will make choosers better off, as judged by themselves.”
948
Involving “the expertise and resources from the sectors of agriculture, public health and safety, education,
environment, legal affairs, interior and local government.”
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educational module to provide volunteers with information about uncommon symptoms to be alert to
and a reporting system to a referral hospital for follow-up if necessary. This exercise proved successful
in anticipation of possible future outbreaks of this or other unusual diseases as part of a sustainable One
Health initiative (Wacharapluesadee et al., 2014). Similarly, efforts to implement mass anti-malarial
administration with conventional malaria prevention and control measures in Battambang province in
Cambodia and Kayin (Karen) state in Myanmar emphasised the need for various community
engagement activities, including establishing the trust of those involved, an understanding of the
reasons for the programme and the involvement of local leaders (Pell et al., 2017; Sahan et al., 2017;
see also Adhikari et al., 2016 and Section VIII.2.iii); also, there was the need to counter negative
perceptions when the treatment was blamed for causing seasonal health complaints as side-effects.
More generally, Taylor et al. (2013) have identified the need for a communications plan to reach out to
the general populace or to targeted segments thereof. In order to be sure that the audience understands
the information (rather than just the data), there is a need not only to make sure that the message itself
takes into consideration pre-existing beliefs and cultural issues; but also that the channel(s) through
which it is transmitted will reach as many of the target audience as possible; and that this audience
considers the source(s) as reliable (and also mutually consistent). They again emphasise that such
information flows should not be overly top-down and perceived as being heavy-handed: there should
be prior and ongoing bottom-up feedback as a result of informed consultations with community leaders
and others on the ground who have more direct influence. Such conclusions have been reinforced by
the experiences reported for the recent eruption of Ebola in West Africa (see Section VIII.2.iii).
Such campaigns would help to also ensure that best practices are followed with regard to the routine
handling of livestock. For example, Cristalli and Capua (2007) identified a number of critical measures
in order to establish and maintain adequate biosecurity standards on small-holder farms in Vietnam and
in wet-markets or elsewhere (where possible):949 (i) keep livestock fenced in, preferably indoors, rather
than uncontrolled free-ranging; (ii) keep different species separate (e.g. avoid mixing chickens with
waterfowl or pigs); (iii) use clean water rather than pond water; (iv) avoid having those responsible for
maintaining a farm’s livestock visiting wet-markets, due to the risk of transfer of disease via fomites;
(v) avoid spreading unfermented waste on fields; (vi) bury the carcasses of dead animals; and (vii)
vaccinate stock where possible. To this end, at the national level, governments and other agencies
should, where necessary and as appropriate, promote and subsidise vaccination programmes as part of
increasing general awareness, in addition to the obvious potential immediate benefit of the farmers
themselves (Pfeiffer et al., 2013). Over and above this, minimising contact with wild animals is
essential, as exemplified by the emergence of new strains of influenza A in domestic poultry (see
Section VII.1.ii); and that of Nipah virus on Malaysian pig-farms as a result of stock being exposed to
the excretory products of bats or the latter’s partially eaten fruit (see Section VII.4.ii).
Also, education should be extended to the risks associated with handling various species of wildlife.
For example, the handling and butchering of bats raises the risk of exposure to rabies and other potential
zoonoses (see Section VII.2), including through drinking their blood (Wacharapluesadee et al., 2006).
On the other hand, the SARS outbreak led farmers and others to take pointless action against bats in
China (Zhang et al., 2010). Rather than relocating or culling bats as possible messengers of potential
future spill-over diseases, there is the need to counterbalance this reaction by informing the public about
the ecosystem services provided by bats (Kunz et al., 2011; Mildenstein and de Jong, 2011; Bats without
Borders, 2013; Furey, 2013; Maas et al., 2013; Kohl and Kurth, 2014; Aziz et al., 2016): they are much
more than just a source of animal protein for local humans or a mythical means of being able to see
better in the dark or promoting sexual performance. Tangible benefits include insectivorous species
taking over at night from birds as an important control for flying insects such as mosquitoes and
agricultural pests; and frugivorous species being essential for the pollination of various flowers. 950
949

These were recommendations in the face of the threat of hpH5N1 and other serious diseases, but should ideally
implemented in anticipation of any actual or potential threat, rather than as an afterthought.
950
Including fertilising the flowers of the durian tree (Durio zibethinus), leading to the late king of Thailand
banning the hunting and killing of the species of fruit-bat (Eonycteris spelaea) involved (Mickleburgh et al.,
2009); elsewhere, the locally endangered island flying fox (Pteropus hypomelanus: identified as a reservoir
for the Nipah virus – see Section VII.2.ii) also plays a role (Aziz et al., 2017).
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Furthermore, many wet markets in the region also include live wildlife for sale, further raising the risk
of zoonotic spill-overs which may affect humans directly or by way of intermediaries as a result of
many species (wild and domesticated) being kept in close proximity, as exemplified by the SARS
outbreaks on mainland China (see Section VII.8.iii). Thus Greatorex et al. (2016) reported that surveys
of local markets in Laos over the period 2010 to 2013 indicated that there was a distinct risk of such
spill-overs, based on the fact that species in 12 of the mammalian families for sale 951 had previously
been identified as potential hosts for 36 zoonotic pathogens in humans. With regard to the possible role
of intermediaries, Woo et al. (2006c) noted that measures were introduced regarding the regulation of
such markets in Hong Kong in response to “the two most notable [respiratory] infectious diseases in
recent years … severe acute respiratory syndrome and avian inﬂuenza”. In 1998, live ducks and geese
were banned; thereafter, given evidence that they might act as ‘bridges’ for spill-overs from these to
chickens, quails were likewise in 2002; in each case, a policy of centralised slaughtering with
subsequent cold-chain processing and storage was introduced as the means for supplying local markets.
Subsequent more rigorous controls regarding chickens themselves included tightening of local
biosecurity measures and imports being restricted to those from officially recognised farms on mainland
China;952 and, in 2004, the requirement that all local and imported chickens be vaccinated against H5
inﬂuenza viruses. Chicken farms also had to be separated by buffer zones from other such farms as well
as those which focused on pigs. In addition, a regime of rest-days was introduced, when the markets
could be thoroughly disinfected. As a result, the problem was effectively contained after 1997. Woo et
al. (2006c) noted that effective control measures place an economic burden not only on suppliers but
also their clientele, especially given that poultry and their eggs are a major source of protein for poor
people; thus the threat of potential malnutrition outweighs the effect of infectious disease, in the shortterm at least. They noted that it is understandable that this might mean that “the residents, or even the
governments, of these countries may just report part of the real situations of the epidemics.” Related to
this, others have found that the threat of potential loss of income for small-scale farmers, if not
adequately compensated, is likely to lead to problems in trying to contain any such outbreak at a more
local level (OECD, 2012; Bordier and Roger, 2013; Pfeiffer et al., 2013; Osbjer, 2016).
In the face of a potentially rapidly spreading outbreak and to reinforce the expectations of a (hopefully)
informed populace, there is the need for adequate medical and related infrastructure. However Coker et
al. (2011; Chongsuvivatwong et al. 2011; Kanchanachitra et al. 2011) have noted that half of the
countries in ASEAN have a lower density of healthcare professionals (especially in rural areas) than
what is deﬁned by the WHO as ‘adequate’, although there was no shortage in the region overall. Of
these, three (Cambodia, Indonesia and Laos) also had only a very low availability of health-care
facilities, based on the per capita number of hospital beds as an indirect indicator; these authors also
noted within-country differences in Thailand, with resources being limited in the northeast of the
country. More generally, in a study of the preparedness of five ASEAN countries in the period
immediately prior to the 2009 swine flu pandemic, Hanvoravongchai et al. (2010) found that, whilst
national governments had plans in place for surveillance and the short-term containment of an outbreak,
there was limited preparation for the mitigation of a potential future pandemic.
In Cambodia, in part as a result of the depredations centred on the 1975-1979 Khmer Rouge era, the
relative lack of professional healthcare workers953 has meant that there has been the need to establish
alternative means of reaching out to the general populace regarding health-related issues and how to get
the information across at the local level. In an NGO programme to inform inhabitants in Siem Reap
province about type 2 diabetes (an increasing health issue in Cambodia, as elsewhere), Wagner et al.
(2016) found that the existing system of Village Health Support Guides (volunteers based in the village
or commune in which they live who report to their local government health centers; they are generally
among the higher educated people in their villages) provided a variable means of effective
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Including species which are listed by as near extinct or threatened with extinction, and thus theoretically
protected under the country’s Wildlife and Aquatic Law.
952
Including the banning of poultry destined for retail or wholesale markets from being transfered to local farms.
953
The average density is one health worker (doctor, nurse, or midwife) per 1000 people, less than half of that to
be aimed for in the Millennium Development Goals.
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communication, based on monthly surveys over a six-month follow-up period (the effectiveness of their
passing on of information was not assessed) (Wagner et al., 2016).
Whether for cost-cutting, the lack of trained staff or other reasons, the lack of matrons and nurses typical
of western hospitals and clinics is the norm for public and private hospitals in Cambodia, with much of
the responsibility for routine bed-care delegated to kin or others. A study in Bangladesh found that
nurses in government hospitals said that they avoided direct patient care in part because of public
perceptions of this being related to ‘sex work’; the supervision of nurses in NGOs meant that this was
not a problem there (Hadley et al., 2007).
It is also important to get traditional healers on board with regard to control of infections, given their
positions of influence in the community (Alexander et al., 2015). This will help not just in anticipation
of responding to and containing possible future zoonoses but also in dealing with everyday medical
issues. Concepts regarding ‘viruses’ were alien to much of West African society, so that many blamed
outbreaks on superstition or witchcraft, due to strong traditional beliefs in disease causation meaning
that the role of viruses was denied (Hayden, 2014b; Faye, 2015; Kobayashi et al., 2015; Petherick,
2015). As a consequence, this led to the ostracism of some patients and their contacts (WHO Ebola
Response Team, 2014; Alexander et al., 2015; Kobayashi et al., 2015; UNDP and Partners, 2015).
Similarly, the problem of Nipah irruptions in Bangladeshi villages (see Section VI.2.ii) was
compounded by a general lack of understanding of the underlying causes: since traditional remedies
failed, communities believed that supernatural powers were involved and thus sought spiritual healers
rather than public health officials (who sought to encourage hospitalisation). Arising out of this, Blum
et al. (2009) noted that differing popular and medical views of illness caused conflict and rejection of
biomedical recommendations; they concluded that there is the need for research on local perceptions of
disease and treatment when developing outbreak strategies (thereby emphasising a role for education
in the broadest sense, to include publicity campaigns).
Qualitative ethnographic studies on poor rural communities in Preah Vihear province, 954 northern
Cambodia, have highlighted other dimensions to this area of concern (Verschuere et al., 2017). Most
people believed in a ‘cosmology’ whereby illness either has a supernatural origin or else is the result of
‘natural’ causes through disruptions of the domestic, social or outdoor environment. The first line of
treatment relies on traditional home-based applications directed at particular symptoms; thus multiple
symptoms of a particular illness are treated individually as different illnesses.955 Where these fail, then
help is sought, according to the particular symptom, from public health facilities (which are often not
trusted, with ‘unofficial’ high costs), private village ‘doctors’ (pairt phum) and pharmacies (including
local general stores) or, particularly where a spiritual need is perceived, traditional doctors (kru
khmer).956 This means that holistic diagnoses, such as that for malaria, may be much delayed in being
made, if at all; instead, individual treatment regimes evolve on a trial-and-error basis. As Verschuere et
al. (2017) emphasise, this overall approach reflects the poverty of most of those in the communities
involved, with self-diagnosis and the use of traditional home-based treatments being relied on in order
to save expenses (including transport) for what might be a transient minor, run-of-the-mill ailment but
for which they may be inappropriately prescribed expensive (to them) treatments.957
The foregoing indicates that such emerging infectious diseases may appear under the radar of health
officials and others, and highlights some of the likely problems based on experiences with spill-overs
elsewhere. Given that the costs associated with the various measures to anticipate and counteract these
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In an area where an epidemiological survey had found the emergence of malarial resistance to
artemisinin‑based combination therapy.
955
As also the case in rural West Africa (Makri, 2015).
956
Various categories of these can be identified (Martin, 1983; Chassagne et al., 2017); suitably qualified
individuals in the private sector are recognised by the Royal Government, based on the need “to prevent
misinformation and misunderstanding about traditional medicine, and to modernise aspects of practice”
(WHO, 2012).
957
Chassagne et al. (2017) found that kru khmer in Phnom Penh and adjoining provinces were ‘neo-traditional’
in their approach: there was the generally accepted concept of contagions (mei rok) and they incorporated
western influences into their diagnostic and prescriptive actvities.
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problems may be beyond the budgets of many developing countries, there is clearly the need for outside
help: indeed, it is in the long-term interests of more developed countries to provide this in order to
strengthen the weakest links in a potentially global transmission chain (Heymann et al., 2015; GHRF
Commission, 2016; World Economic Forum, 2016), as exemplified by concerns regarding the recent
Ebola eruption (see Section VIII.2.iii). However there is the need for coordination in order to avoid
wastage due to the duplication of efforts, for example as a result of parallel surveillance and laboratory
testing systems (Coker et al., 2011). Related to this, Bordier and Roger (2013) have identified three
main underlying reasons for the lack of a sufficient surveillance network for the detection, reporting
and thereafter dealing with existing threats in the region, never mind doing the same for potential new
infectious diseases. Thus there has been a lack of commitment by public authorities and international
organisations to funding support, especially for combating neglected diseases (zoonotic or otherwise).
As a result, there is a lack of qualified veterinarians and medical doctors with not only an awareness of
the potential threats but also access to the appropriate diagnostic testing methods (see also e.g. WHO,
2017b). This is exacerbated by the fact that many rural areas are remote to such services, even where
they exist in the main population centres. Furthermore, they noted that past research on emerging
infectious zoonotic diseases has been based on the financial support of international donors and agencies
which are often biased towards the concerns of the developed world rather than the obvious priorities
of the developing countries themselves. For example, they point out that the local economic impact of
highly pathogenic and other avian influenzas only attracted global attention (and thus donor money)
when small, albeit often fatal local spill-overs into humans raised the spectre of mutations resulting in
a global pandemic (see also Grace et al., 2010). More generally, Maudlin et al. (2009) have noted that
it is high-profile infections such as bird flu outbreaks which attract foreign donors, since they are
headline-grabbing and seen as a potential threat to developed countries (unlike the so-called neglected
tropical diseases); as well as pharmaceutical companies as potentially lucrative investment
opportunities. In contrast (see also Müller et al., 2015; Sassoon and Soth, 2017), rabies is an example
of the problems in dealing with the potential eradication of a disease which is endemic in many areas
in the region, with much higher incidences of mortality than those from avian influenzas (see Section
II.2). Bordier and Roger (2013) note that, to deal with the problem, there is the need for a coordinated
vaccination campaign to cover at least 70% of dogs against rabies (WHO, 2013c) in the short-term,
with long-term continuance (otherwise there will be periodic eruptions, as reported for China: Tang et
al., 2005; Hu et al., 2009; Wu et al., 2009). This requires cross-border coordination, as in the ASEAN
proposal to eradicate rabies by 2020 (see Section II.2). However, whilst fighting rabies is a top priority
in Cambodia (Amaro, 2016a), it is low down on the lists of overseas donors. Thus it has been dependent
on the Institut Pasteur to provide post-exposure prophylaxis and to help solicit donor funding (Sassoon
and Soth, 2017). In this context, the recent ASEAN initiative to develop and implement a mass
vaccination programme (see above and Section II.2) is an encouraging trend, although it suffers from a
lack of financial commitment by ASEAN as a whole (Sassoon and Soth, 2017).
iii. The Occurrence of ‘Drip-overs’ and the Threat of Local Irruptions This obviously depends on
such events being detected inn the first place through surveillance of medical and veterinary cases.
Novel pathogens may initially escape detection because they are superimposed upon a background of
similar infections with overtly comparable symptoms. Thus Koopmans (2013) has noted that patients
present with presumed infectious illnesses on a daily basis: whilst a diagnosis can be made based on the
standard set of recognised clinical syndromes,958 there are many already-identified causes of these (if
the appropriate laboratory technology is available) as well as overlaps between them in the case of
particular pathogens. Thus the identification of a potential new pathogen which lacks characteristic
symptoms (such as the development of hiccups in the case of infections with Ebola virus: see Section
VIII.2.iii) is likely to be delayed if it is made at all in developing countries (see below), with
consequences for enacting any containment strategy. On the other hand, whilst unusual infections may

958

Unexplained fever, neurological illness, respiratory illness, gastrointestinal illness, haemorrhagic disease or
arthritis and rash.
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lead to characteristic symptoms, their (initially) sporadic occurrence against a background of the general
panoply of disease clusters may lead to their being ignored in such general surveys.959
Overall, there is a need for keeping surveillance relatively simple, in order not to overburden clinicians,
with a focus on priority disease categories relevant to the particular region in order to monitor trends in
established diseases; data analyses of such syndromic surveillance can be used to detect any unexpected
upward incidences of infection and any associated epidemiological characteristics as a basis for alerting
public health authorities. The potential value of such data acquisition depends on the categories selected
and how they are defined (with the need to compromise between having ones which are too broad and
those which are too narrow); and how they are then interpreted and implemented by those collecting
and thereafter collating and interpreting the information. Moreover, as Koopmans (2013) notes, such
surveillance strategies may lead to an initial over-estimation of the likely impact of an emerging
pathogen, given that high case-fatality rates in hospitalised cases may not reflect the situation in the
community at large, as was seen with the emergence of ‘swine flu’ onto the radar; on the other hand,
experiences with the likes of Ebola (see Section VIII.2.iii), SARS (see Section VIII.2.iv) and MERS
(see Section VII.6.i) emphasise the benefits of caution despite the costs of implementing such
surveillance programmes.
In the event that a nascent spill-over occurs, hopefully appropriate treatment procedures and measures
such as those covered in the previous section would be in place and put into effect to try to contain local
spread. In addition, where appropriate, there is the need to further ensure the adequate implementation
of bio-security protocols and procedures, including through realisable tighter controls on the
movements of people and livestock as appropriate, whilst seeking to minimise social and economic
disruption (Honhold, 2008). In this context, Heymann et al. (2015) have noted that effective
implementation of measures to identify and isolate those infected with a contagion and their contacts in
compliance with the established International Health Regulations (see Section VIII.4.v) should
minimise the need for general travel restrictions, locally as on a broader scale, and thus any consequent
socio-economic disruption.
A descriptive cross-sectional survey of non-Ebola hospitalised patients (age range 20-80 years) in
northern Nigeria during the last quarter of 2014 (Shittu et al., 2015) found that radio was the main
source of information for respondents: 78%, compared with 9% from neighbours and 8% from health
workers. However, the quality of that information received was questionable: whilst almost a quarter
knew that Ebola was caused by a virus, and more than three-quarters knew that there was then no
treatment, a third believed that the virus was air borne and up to a fifth believed that traditional healing
could effect a cure. Similarly, it was concluded from a survey of a sample of secondary students (13.7
+ 1.9 years) in Ondo state, Nigeria, in October 2014 that there was a poor understanding of the nature
of the disease, the more so in males and those not in the senior class (Ilesanmi and Alele, 2016). To this
end, the WHO (2014c) has prepared guidelines for effective communication through the media and for
mobilising and empowering community efforts as an essential component, especially in rural areas (see
also Sandman and Lanard, 2003; Briand, 2015; Smout, 2015).
The most immediate problems are likely to be those associated with the implementation of the plans for
isolating suspected cases; and for identifying and quarantining contacts in order to contain the virus’
spread. Again, the experiences and insights gained from efforts to introduce such practices during the
Ebola eruption in West Africa (see Section VIII.2.iii) are instructive. Physically, there should be the
decentralisation of triage and quarantine facilities to local community care centres (or even isolation
tents), with the enlisting of appropriately protected family members or other local people to take care
of those potentially infected with a serious contagion. Food rations, at the least, should be provided for
those in care and those under quarantine.
Once the gravity of the Ebola situation was realised by Médecins sans Frontières, they introduced the
appropriate theory-based methods to contain the spread of contagion, including through the use of state959

An example of an unusual, seemingly inexplicable pattern of outbreaks relates to the incidence of hepatitis E
in Europe: having identified the disease, genotype 3 was identified as the pathogen involved (see Section
VI.1.ii): it was subsequently identified as an ‘emerging’ infectious disease (cited by Kupferschmidt, 2016),
emphasising the often arbitrary post hoc nature of the latter characterisation.
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of-the-art personal protection equipment for medical personnel (Figure 21).960 However, as considered
in Section VIII.2.iii, these practices created a multifaceted, often adverse reaction in local populaces;
the problem was exacerbated by the influx of medical professionals from elsewhere as part of a global
response to make up for a local shortfall in medical infrastructure, with issues arising out of cultural
insensitivity due to a clash of priorities (Ravi and Gauldin, 2014; Alexander et al., 2015). In the light
of their experience, there is the further need961 to get key members of the local community on board,
especially in multi-ethnic situations where there is the risk of misunderstanding or even distrust. Rather
than top-down diktats, governments need to engage with the people and overcome any suspicions they
might have about possible underlying motives related to corruption or whatever, especially with regard
to the involvement of outside parties. Thus Oosterhoff and Wilkinson (2015) contrasted the situation in
two neighbouring areas of Sierra Leone: in one, top-down instructions created resentment and led to
the delegation being assaulted; whilst, in the other, social anthropologists with a knowledge and
understanding of the issues involved were brought in, and were able to smooth over differences between
the religious groups and thereby negotiate acceptable adaptations of traditional burial practices962 which
satisfied the minority groups involved. Apart from directly involving local community leaders, it is
again important to get traditional healers on board, given their positions of influence in the community
(Alexander et al., 2015).

Figure 21 The eight-piece personal protective equipment of a health-worker comprises
a protective suit with face-mask and goggles, together with rubber boots, a plastic apron
and two pairs of gloves.963 Not only a harrowing experience for patients, their kin and
other observers (including on the media), but also for the wearers, since the temperatures
inside could reach 46°C in West Africa; this limited the activity levels and amount of
time spent in such ‘space-suits’ to up to an hour at a time, with the need for careful
planning ahead about crucial activities. Thereafter, removing the suit is a complex,
potentially dangerous process which can take up to 20 minutes.964
As noted above, it is also important to involve local and national religious leaders, together with faithbased organisations, as part of the solution rather than of any apparent problem (Marshall and Smith,
2015; Summerskill and Horton, 2015; Marshall, 2016). On the one hand, they can help to adapt local
customs given, for example, the fact that cleansing the body of a dead individual is a characteristic
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Obviously essential, but the de-personalisation of what should be normal medical practise is guaranteed to
induce fear and other psychological traumata not only in those directly involved but also those reached by the
media in the world at large, leading to the possibility of something akin to ‘Ebolanoia’ (see Section VIII.2.iii).
961
Thereby reinforcing practices introduced in any prior information-sharing activities (see Section VIII.4.iii).
962
WHO (2014f); Nielsen et al. (2015).
963
http://www.msf.org/article/interactive-learn-about-our-ebola-protective-equipment
964
John Moore/Getty Images
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component of funereal rites worldwide;965 thus the lessons learned from past experience in West Africa
are likely to be transferable with local adaptations as appropriate, allowing for the fact that individuals
may have a complex mélange of mainstream beliefs together with more-or-less regional variants and
local traditional beliefs, given that they may or may not be aware of (or accept) modern medical tenets
(Karam et al., 2015). On the other, responsible966 faith-inspired organisations are used to dealing with
poor and otherwise marginalised people, who are likely to be suspicious of officials’ ulterior motives;
those which provide direct medical services are complementary to public health services, and thus
should be included in the planning of these, where appropriate (Duff and Buckingham, 2015; Marshall
and Smith, 2015; Summerskill and Horton, 2015; Wilkinson, 2015; Marshall, 2016).
The experience arising out of the escalating numbers of deaths in cities during the early phase of the
West African Ebola eruption, together with the need for respect of local burial customs there as
elsewhere (Nielsen et al., 2015; Williams and Marm, 2015; see Section VIII.2.iii), points to the need to
avoid dealing with corpses en masse wherever possible: thus kin can then at least show some respect
for their own departed immediately after the latter’s death as well as during subsequent remembrance
ceremonies. This includes trying to ensure the means to allow individual cremations, where locally
acceptable, in the face of potentially many demands on limited dedicated facilities (WHO Regional
Office for Southeast Asia, n.d.).
An overall picture of the likely background spread of any contagion will help to plan an initial approach.
Based on surveys using a common paper-diary methodology as a means of establishing risk-factors for
the onward transmission of diseases through the respiratory or other close-contact route, various studies
have identified those age-groups which are most likely to be the main sources. In various European
countries, the main ‘vectors’ are likely to be schoolchildren and young adults, with their tendency to
mix with people of the same age, with 5- to 19-year-olds likely to suffer the highest incidence during
the initial epidemic phase of an infection transmitted through social contacts when the population is
completely susceptible (Mossong et al., 2008b). Similar studies have considered densely-populated
southern China (urban and rural populations in Guangdong province) and rural northern Vietnam;
overall similar results were found, but contacts amongst older individuals tended to be more local
(Horby et al., 2011; Read et al., 2014).
However a major problem with the Ebola eruption was the mobility of a proportion of members of the
dispersed population at large, both within and between the three main West African countries affected
(including movements between the countryside and population centres, especially to seek medical
treatment): this proved an impediment for efforts at contact-tracing and their subsequent quarantining,
especially given the latter’s consequences for often subsistence-based livelihoods (McKenna, 2014b).
A recent development in the efficient targeting of resources to the most needful areas is based on using
handphones’ regular ‘pinging’ of an operator’s transmission towers as a way of tracking the likely
spread of infection and predicting future eruptions, as was demonstrated in Mexico during the swine flu
pandemic in a study to evaluate whether public health messages were getting across (World Economic
Forum, 2016); and in a retrospective study of general population movements and the spread of the 2010
cholera epidemic in Haiti (Bengtsson et al., 2015). In practice, such records (based on anonymised
aggregate data on the number of mobile users moving between base station transmitters) helped to
contain the spread of dengue fever within Karachi and its spread elsewhere in Pakistan (Wesolowski et
al., 2015; see also Willmer, 2015). An additional source of useful information is the location of calls to
help hot-lines.
The problem of lack of education raises that of the spread of dis- and misinformation, especially where
there is a lack of trust in the motives of the authorities as a result of perceived corruption, for example
(Dhillon and Kelly, 2015; Mathers, 2015). The potential for such a spread has been much amplified by
965

Thus, for example, Theravada Buddhist traditions in Cambodia involve the ritual cleansing of the deceased to
make the body presentable in preparation for a judgmental meeting with the god of the dead, Yama, for several
days prior to cremation (Vachon, 2015).
966
See Tomkins et al. (2015); Summerskill and Horton (2015). One extreme counter-example is the impact of the
Boko Haram movement in parts of northern Nigeria and adjoining areas of the Sahel (Ghinai et al., 2013); thus
their activities have been implicated in the recent re-emergence of polio in northern Nigeria (Roberts, 2016).
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the recent development of social media, which proved to be a double-edged sword during the Ebola
eruption (see Section VIII.2.iii): whilst these provided a belated means of outreach for the governments
and the medical community to communicate with the general populace, 967 they also sometimes made
matters worse by serving as a means for speeding up the spread of misinformation968 and misguided
rumours (malicious or otherwise) – for example, that the whole exercise was just because of government
corruption and a ploy to secure further foreign aid – and the promotion of snake-oil cures (Hayden,
2014b; Jones and Elbagir, 2014; Smith, 2014; Alexander et al., 2015; Faye, 2015; Sack et al., 2015;
Smout, 2015; Thomas, 2015). Elsewhere, del Vicario et al. (2016) have shown that, based on a large
analysis of Facebook users’ sharing of information in relation to either scientific findings (based on
content which is verifiable) or conspiracy theories (subject to uncertainty, to a greater or lesser
extent),969 this is by way of ‘echo chambers’: the information cascades within a particular group of
individuals with a common interest, resonating as a result of confirmation bias. As a result, this can lead
to the ‘confirmation’ and further entrenchment of particular viewpoints, whilst largely excluding
alternative takes on the subject (del Vicario et al., 2016): this will be considered further in the following
Section with regard to attitudes on vaccinations.
On the economic front, there is also the need to anticipate and thence assuage the concerns of the public
at large,970 and thus try to short-circuit the possible immediate ‘demand shock’ consequences on local
markets. As at the local level, there is the need for a healthy fear and respect for the disease, not a
reflexive, unthinking panic (Sandman and Lanard, 2003); nor, conversely, apathy or cynicism (see the
following Section). It is also important to get the message across about cure-rates, as well as trying to
eliminate the risk of stigma: for example, by normally-dressed medical personnel hugging survivors
after returning them home (Southgate, 2015).971 Thus there is the need to communicate the idea of ‘risk’
in order to counterbalance otherwise understandable public fears there and elsewhere (Rosenbaum,
2015; see also Sandman and Lanard, 2003; Kupferschmidt, 2014; Smout, 2015). To do this, experts and
officials should indicate how uncertain they are, rather than try to mollify public fears (which may lead
to concerns about whether they are taking the matter seriously, or are not being totally candid). They
should inform the public about relative risk: for example, using deaths by motor accident or heart
disease as a reference point, using simple words, and simple figures rather than percentages (Kahneman,
2011; Waruru, 2015). More generally, they should be constructive in channelling people’s fears towards
positive ends, rather than causing mindless panicking (Sandman and Lanard, 2003).
With regard to livestock, the detection of an outbreak depends on identification by a qualified
veterinarian and effective onward transmission of information to the relevant authorities. However this
will be compromised if there is not adequate compensation when stock has to be culled in order to
contain an outbreak; farmers will obviously seek to minimise their losses by marketing their apparently
sick animals, to thereby risk spreading any infection further (OECD, 2012; Bordier and Roger, 2013;
Pfeiffer et al., 2013; Osbjer, 2016). However some governments are reluctant to adopt such a strategy
for pecuniary or other reasons (e.g. WHO, 2017b; see also Amaro, 2017b): apart from defeating the
purpose of the control measures originally introduced, an obvious knock-on consequence is that global
reporting systems will not reflect the prevailing situation in a particular country, as part of efforts to
establish a world-wide monitoring system for coordinated pro-active interventions as appropriate.

967

As with the broadcast media, there is the need for to provide meaningful information about the risks involved.
Thus Jonas (2014) noted the need for candour on the part of official announcements: the opposite (perhaps due
to lack of preparedness) is likely to foment the panic which such announcements sought to avoid in the first
place (see also Sandman and Lanard, 2003).
968
Including elsewhere: e.g. Steel Fisher et al. (2015), leading to the likes of ‘Ebolanoia’.
969
The authors cite the MMR-autism issue (see Section VIII.4.iv) as an example.
970
The ‘fear’ component of the parasite-stress hypothesis of Thornhill and Fincher (2012a, 2015): see also
Sandman and Lanard (2003).
971
The situation has been much complicated in the case of Ebola infections, given medical evidence that the virus
may linger in immuno-privileged tissues, including the possibility of sexual transmission at an indefinite later
date (see Section VI.3.ii): unfortunately such findings can only serve to reinforce the potential for a general
stigmatisation (Yasmin, 2016; Baker, 2017).
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However, in seeking to achieve these objects by getting the public on their side, lessons need to be
learned from not only from past experience in, for example, the West African Ebola outbreak (see
Section VIII.2.iii) but also from more long-term campaigns, including efforts to promote vaccinations
worldwide. Moreover the impact of the latter has been strongly affected by the recent ‘pandemic’ spread
of the rapidly evolving social media, as will be considered in the following section.
iv. The Lessons to be Learned from Attitudes to Vaccination Vaccination, pioneered by work on
smallpox (see Section VI.2.i) and rabies (see Section II.2), is one of the most effective public health
initiatives ever, following up on the recognition that poor sanitation and the consequent transmission of
microbes was a prime cause of contagion, with the associated socio-economic benefits (Orenstein and
Ahmed, 2017; Wadman and You, 2017). Thus, for example, containing the continuing threat of
Japanese encephalitis in Southeast Asia and adjoining regions972 is only being realised in those countries
where there are no effectively-implemented surveillance and vaccination programmes (Erlanger et al.,
2009; van den Hurk et al., 2009). As noted above, Bloom et al. (2017) have proposed that the
development of novel vaccine-producing platform technologies, together with the use of monoclonal
human antibodies, opens up the potential for a more pro-active approach to the containment of potential
future disease threats.
However it has often proven difficult to persuade the public about the merits of vaccination as a
preventative strategy. Thus the experience of the need to get the local populace on board gained from
the Ebola eruption in West Africa (see Section VIII.2.iii) can be generalised, based on studies of
people’s reactions world-wide to vaccination campaigns (Larson et al., 2011; Betsch et al., 2015). Just
as with the suspicions and superstitions engendered with the initial influx of medical personnel in
response to the Ebola threat, the more long-term efforts of the WHO and other bodies to establish global
immunisation strategies to control not only smallpox (successfully) but also other diseases such as polio
have often met with initial local suspicion and resistance, which needs to be overcome by persuasion.973
For example, attempts to achieve nationwide oral vaccination against the polio virus in multi-ethnic
Nigeria proved to be problematic for a variety of reasons (Jegede, 2007; Ghinai et al., 2013; Maigari et
al., 2014): in part, this was the result of ongoing tensions between the mainly Muslim northern states
and the predominantly Christian southern ones, augmented by suspicions in the post-9-11 era.974 Thus
rumours circulated that the vaccine contained either anti-fertility agents (harking back to a previous
government’s efforts at controlling family-sizes in the 1980s), HIVs975 or carcinogens, which led to key
political and religious leaders temporarily halting the programme in three northern states in 2003
(Jegede, 2007; Ghinai et al., 2013); the potential for negative perceptions and distrust was reinforced
by the fact that the pharmaceutical company Pfizer had previously been accused of testing a new antimeningitis antibiotic, without ethical approval, which was subsequently associated with some child
deaths.
That the need for persuasion is an ongoing process in all societies is exemplified by those segments of
western ones which reject the principle of vaccination on either religious or philosophical grounds
(Orenstein and Ahmed, 2017); and/or as a result of the spreading of uninformed or ill-motivated
rumours in populous areas there and elsewhere (with their subsequent distortion where the ground is
‘fertile’: for example, on the internet – see below) about the possible risk of deleterious consequences
to the individual (Salmon et al., 2015). Ideally, misunderstandings and the spread of unfounded
972

Increasing as a result of population growth and also the continuing, overlapping expansion of the pig industry
(as their mammalian reservoir) and rice padi-fields (the breeding ground for the virus’ Culex mosquito vectors,
as well as being visited by main avian reservoir, ardeid wading birds – herons, egrets and bitterns): an exception
is Malaysia, to some extent, where ethnic Malays cultivate rice in certain areas whilst Chinese rear pigs
elsewhere.
973
The fact that Al-Qaeda’s Osama bin Laden was tracked down by the United States’ CIA (ab-)using an ongoing
hepatitis B vaccination campaign in Pakistan rebounded on the drive to eradicate the disease there, leading to
its re-emergence through reinforcing any lack of trust (McGirk, 2015; Mullaney and Hassan, 2015).
974
The picture is complicated by a progressive decrease in the utilisation of orthodox health-care services in
northern areas over the period 1990-2003, compared with the opposite further south (Jegede, 2007).
975
One theory, now debunked (Worobey et al., 2004), about the origin of AIDS in Central Africa was that it was
a contaminant of a batch of polio vaccines.
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rumours, for whatever reason, can be neutralised by providing freely-available information on the
vaccine itself and the strategy for its administration. To this end, the Vaccine Confidence Project 976 is
involved in the ongoing global monitoring of a diversity of direct and indirect sources of feedback
(including social media), and aims to detect early signs of resistance by the public as well as health
professionals and policy-makers; and thenceforth seeks to take pre-emptive action to correct
misunderstandings977 and alleviate concerns (Larson et al., 2013).
Thus, just as with a commercial operation, there is the need for marketing research in order identify
issues, with continual updating where necessary to further fine-tune promotional strategies; this is
increasingly important with the spread of electronic communication and thus the potential for that of
mis- and disinformation, leading to hesitancy in joining a vaccination programme, if not outright
resistance. Overall, these strategies involve not just informing the public about scientific evidence and
economic issues (with freely-available information as appropriate and relevant in a local context); but
doing so in the context of a broader understanding of a plethora of other issues related to psychological,
sociocultural (including religious) and political dimensions (Larson et al., 2011). This is followed up
with the real-time monitoring of reports in the various media to identify emerging areas of concern
(Larson et al., 2013). Recent evidence suggests that it may be important to anticipate and correct
potential sources of misunderstanding as early as possible to prevent to spread of these as well as
malicious disinformation by those with vested interests (van der Linden et al., 2017; see below).
A notable failure in this regard has been the continuing ‘urban myth’ that the strategy associated with
MMR immunisation against measles together with mumps and rubella may be a cause of autism
spectrum disorders as well as colitis (Grimes, 2016; Orenstein and Ahmed, 2017). This has long since
shown to be a result of reports established to be fraudulent and self-serving on the part of the medical
doctors involved,978 but it continues to deter some ‘vaccine-hesitant’ parents from getting their children
inoculated; as a result, there has been a resurgence of measles in countries where the disease had
originally been eliminated as a cause for concern.979 Presumably at least partly as a result of the
establishment and continuing spread of misinformation about the MMR scandal,980 a world-wide survey
involving 67 countries in 2016 found that those European ones which were included had the most antivaccine sentiment with regard to scepticism about issues relating to importance (especially amongst
males), safety981 and/or effectiveness (Larson et al., 2016). Concerning religious incompatibility, Saudi
Arabia had the lowest levels (2.3%) in the survey, whilst the highest were reported for Mongolia
(50.5%), Thailand (44.4%), and Vietnam (31.8%; the global average was 15.4%); overall, there was
evidence that Roman Catholics were least sceptical. Scepticism was also low in over-65s and generally
decreased with increasing levels of education for three of the issues, but with the opposite in the case
of those related to safety (presumably at least in part reflecting perceptions based on the untruths
promulgated about the MMR vaccine). In addition, the poorest quintile had less positive views for all
976

http://www.vaccineconfidence.org/
At one extreme, there may be a natural resistance to joining because the individuals being targeted are healthy
and thus see no need; at the opposite, people may think that immunisation protects against all ailments, so that
coming down with other diseases not covered by the vaccine in question leads to scepticism about the merits
of the administered immunisation (Ghinai et al., 2013). Contrariwise, reports of problem as a result of
improperly administered injections can also engender resistance in others (Wadman, 2017).
978
Deer (2011); Godlee et al. (2011); see also Taylor et al. (2014) and Wessel (2017); thus they were struck off
the list of registered medical practitioners recognised in the United Kingdom, although they can still practice
elsewhere.
979
An outbreak of measles at the Disneyland Resort in Anaheim, California, at the end of 2014 was blamed on an
‘import’ from overseas which was able to spread to those who were either unvaccinated or incompletely so,
due to forgetful or ‘vaccine-hesitant’ parents (Majumder et al., 2015).
980
Including by United States’ President Trump: http://www.sciencemag.org/news/2017/01/exclusive-qa-robertf-kennedy-jr-meeting-trump-proposed-vaccine-commission; https://www.statnews.com/2017/01/11/trumpkennedy-science-vaccines/; https://www.buzzfeed.com/azeenghorayshi/trump-kennedy-antivaccine; see also
https://www.statnews.com/2017/01/10/kennedy-vaccine-book/.
981
Relatively high values of scepticism for this were also found for China, Hong Kong, Japan, Mongolia and
Vietnam, although they were considered to be safe by the Southeast Asia region (including Bangladesh and
India) as a whole.
977
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four areas compared with higher income groups (Larson et al., 2016), indicating that there are other
dimensions to the problem.
As reviewed by Cook and Lewandowsky (2011), it is generally held that suspicions and
misunderstandings can be easily overcome through simply providing those holding them with the
correct information and how it should be interpreted. However the situation is much more complicated.
These authors identified three main sources of ‘backfire’ effects whereby attempts to correct mistaken
beliefs may instead fail or, worse, achieve the opposite of what was aimed for.
The first of these results from mentioning the ‘myth’ in the first place, with the risk of reinforcing its
continued influence. Thus, whilst thereafter refuting it based on counterarguments may lead to the latter
being accepted in the short-term, the details of these may be forgotten subsequently (more especially in
older people), so that the mistaken, previously familiar belief may actually be reinforced (see also e.g.
Skurnik et al., 2005). This can be minimised by starting off with the mainstream interpretation of the
situation and only then correcting (with an explicit warning) the various misunderstandings; this
switches the emphasis of attention, rather than ‘headlining’ the latter.
A second, ‘overkill’ backfire arises from the counter-arguments being too many, so as to overwhelm
the recipient and provoke a retreat to what the individual was already comfortable with. Given that
many people make judgements based on only a small amount of received ‘information’ which they
presume to be reliable, there is the need to identify the sources of misinformation and seek to refute
them specifically rather than expose the misinformed to a deluge of other information which is
essentially irrelevant (and thus likely to provoke knee-jerk scepticism about motivations rather than a
more considered re-evaluation of the individual’s current beliefs). To this end, Cook and Lewandowsky
(2011) suggest having an incremental approach to the presentation of information (on web-pages, for
example), with various levels available as appropriate for individuals with different levels of
background knowledge.
Both of the foregoing contribute to the third, ‘threatening’ backfire effect, reflecting the impact of
counter-arguments on the world-view and sense of cultural identity of the individual. Thus there is the
need to circumvent confirmation bias, where people (especially those with more strongly-held views)
seek and accept information consistent with their existing preconceptions: the evolving role of the
internet in this dynamic will be considered in the next section. Related is the need to anticipate the other
side of the coin, dis-conformation bias, whereby committed individuals seek to refute arguments which
counter their present viewpoint: typically, this is through ‘attitude-bolstering’, where contrary facts are
conveniently ignored to thereby reinforce existing beliefs. In this context, Cook and Lewandowsky
(2011) argue that there is the need for promoting ‘self-affirmation’: rather than threatening existing
world-views, there should be the aim of opening up individual’s minds to alternative world-views
without being seen to try to manipulate people. This echoes the implementation of libertarian
paternalistic approaches as advocated by Thaler and others (see Section VIII.4.iii).
Mainly with regard to the last of these backfire effects in trying to win over at least those who are
vaccine-hesitant, there are underlying psychological hurdles as a result of cognitive dissonance and the
consequent resorting to motivated reasoning in order to try to rationalise the conflict between internal
cherished beliefs and incongruent external information (Beck, 2017).982 Thus Nyhan et al. (2014; see
also Konnikova, 2014; Johnson, 2015; Oulette, 2015) found that, whilst leaflets setting out to correct
the myth that MMR vaccines may cause autism did reduce misperceptions in a set of experiments in
the United States, there was no evidence that it affected the parents’ hesitancy about joining the
programme compared with controls who received no such information: indeed, it backfired in the case
of those with the most negative views. Furthermore, two other groups of parents presented with either
photographs of children with these contagions or a story about a child who had suffered and barely
survived a bad measles episode reacted by becoming more convinced, respectively, of a vaccine-autism
link and of the dangers of vaccines in general. These results are consistent with the tendency for humans,

982

In addition, another factor may be ‘omission bias’: not bothering to vaccination one’s child leaves what happens
next in the hands of fate, whereas one is directly culpable if (albeit as a remote chance) something goes wrong
due to the inoculation itself (Kupferschmidt, 2017).
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having established particular beliefs (through personal experience or as a result of the opinions of
others), to stick with them thereafter despite evidence to the contrary: there is the need for selfaffirmation (through motivated ‘reasoning’) in the face of the seeds of doubt sown as a result of the
cognitive dissonance arising from the conflict of external information with core personal principles,
socio-political ideals and other ingrained beliefs (Nyhan et al., 2014; Konnikova, 2014).983 On the other
hand, another MMR-related study found that, whilst refuting the myths about this vaccine were again
ineffective, highlighting the potential risks of measles infections did change people’s attitudes,
regardless of whether they were parents or not (Horne et al., 2015). Overall, however, Dubé et al.
(2015a, b) concluded from a review and meta-analysis of such studies that none of a variety of
interventions was effective in overcoming people’s hesitancy or hostility to vaccinations of themselves
or their children. Nevertheless, one recent study has suggested that emphasising that there is a consensus
amongst mainstream medical practitioners about vaccine safety and efficacy may be of benefit (van der
Linden et al., 2015; van der Linden, 2016).984 Also, informing people about the principle of herd-based
immunity may persuade those from western countries985 (where there is a less prosocial, more
individualistic cultural background; see also Li et al., 2016)986 about the merits of vaccination against a
moderately contagious disease; there was no such effect for a highly contagious one, presumably
because of the much greater risk to the individual in the immediate term (Betsch et al., 2017;
Brockmann, 2017).987
In an attempt to generalise from the foregoing, there is likely to be a spectrum of attitudes amongst
individuals to a particular situation: from accepting a particular piece of information (be it ‘fact’ or
‘fiction’) through hesitantly doing so to outright denial due to its being incongruent with the individual’s
already established belief systems. This has been extensively studied in areas related to political science
(e.g. Nyhan and Reifler, 2010). These have shown that beliefs are not necessarily immutable: for
example, allegiance to a particular candidate as a result of motivated reasoning may breakdown in the
face of accumulating opposing information, with a tipping point being reached as a result of increased
anxiety (Redlawsk et al., 2010; Johnston et al., 2015). On the other hand, attitudes to vaccination
apparently do not follow a straightforward right-left (conservative-liberal) political divide, unlike the
case with those to climate-change, for example (Lewandowsky et al., 2013; Jolley and Douglas, 2014;
Cook et al., 2017; cf. Rabinowitz et al., 2016), where the views of conservative traditionalists are fuelled
by certain media outlets (Grimes, 2016; cf. Cook et al., 2017). Instead, most antipathy was associated
with those who subscribe to conspiracist views,988 as suggested by what was observed in northern
Nigeria (see above): those who are disillusioned and feel powerless, being distrustful of governments,
private industry (especially ‘Big Pharma’)989 or others. Self-affirmation and the consequent need for
motivated reasoning mean that they are thus susceptible to reinforcing misinformation whilst denying
the credibility of science-based or other evidence to the contrary: something which has emerged as a
major issue with the advent of the internet and social media (see below). Unlike those who are vaccine983

Similarly, in a subsequent study, Nyhan and Reifler (2015) found that almost half of the public in the United
States believed that influenza can be caught from the annual flu vaccine. However this misperception could
only be corrected amongst those with low levels of concern about the risk by adapting information from the
Centers for Disease Control and Prevention; again, the opposite ‘backfire’ effect was seen in those who had
high levels of concern.
984
As was also the case with climate change, although the evidence was mixed (van der Linden et al., 2017; see
below).
985
Germany, the Netherlands and the United States; cf. the more collectivistic Hong Kong, South Korea and
Vietnam: see also Section III.5.
986
Leading to the parallel concern of ‘free-riding’ by some individuals (Brockmann, 2017).
987
In this online experiment, communicating the principles of herd immunity through an interactive tool was more
effective than by using a body of text.
988
Those who subscribe to a conspiracy theory make “an effort to explain some event or practice by reference to
the machinations of powerful people, who attempt to conceal their role (at least until their aims are
accomplished);” Grimes (2016) concluded that, based on the number of people directly involved and ‘in the
know’ (e.g. at the WHO and US’ Center for Disease Control, in the case of vaccinations), major anti-science
conspiracy ‘theories’ (i.e. narratives) could not continue to be dismissed as such if they were in fact true.
989
Echoes (with hindsight) of the over-response to the threat posed by the pH1N1 pandemic (see Sections
VI.2.iii.b and VII.4.i).
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hesitant or sit on the fence, trying to persuade such individuals to be vaccine-positive therefore poses
considerable problems (Kupferschmidt, 2017).
Recent studies990 on attitudes to climate change has added an extra dimension to the underlying issues,
whilst questioning the pre-eminence of cognitive dissonance-motivated reasoning explanations (van der
Linden et al., 2017; see also Cook et al., 2017). They affirmed the usefulness of a message emphasising
the consensus amongst scientists,991 but found this was most effective when given prior to exposure to
‘contagious’ memes of mis- and disinformation;992 such ‘attitudinal inoculation’ involved “forewarning
people that they may be exposed to information that challenges their existing beliefs or behaviors. Then,
one or more (weakened) examples of that information are presented … in a process called ‘refutational
pre-emption’ or ‘prebunking’ … to pre-emptively [highlight] false claims and [refute] potential
counterarguments.” Van der Linden et al. found no evidence for any backfire effects amongst those
likely to be sceptical about climate-change. In a follow-up study, Cook et al. (2017) found evidence
that, where media coverage gives either confusing mis-information or aims for a ‘false balance’ (giving
equal air-time to not only the vast majority of climate scientists but also the deniers), it was most likely
to affect the opinions of liberal/free market supporters in situations where there was no opportunity to
try to correct the imbalance through pre-emptive ‘inoculation’.
Hence, in an attempt to paraphrase the foregoing in the context of the immediate threat of a disease
(emerging or otherwise),993 an individual’s perception – and hence their initial response – will be
dominated by Kahneman and Tversky’s ideation of a system 1: it will depend upon their personal sociopolitical perceptions within their cultural environment, with education (broadly speaking: including
such as ‘attitudinal inoculation’) being a potential modifier at the individual level. Such responses will
be reinforced when they are in common with the rest of an individual’s network, through mutual
reinforcement and the ‘bandwagon’ effect. On the other hand, contradictory information (mainly that
from ‘outsiders’, including via their behaviour) will tend to lead to cognitive dissonance and the process
of denial, thereby largely short-circuiting or otherwise biasing activation of system 2. However system
2 may be more constructively brought into play by recent priming of an individual through the likes of
pre-emptive ‘attitudinal inoculation’ or where the threat itself and/or the discordance of incoming
information is sufficiently anxiogenic so as to overcome the closed-loop ‘inertia’ of pre-existing,
potentially detrimental cultural (including religious) norms in the circle of individuals involved, as well
as existing or nascent cynicism and/or conspiracy theory-based attitudes arising out of past experiences.
Thus designing the appropriate explanatory measures to ‘bring people on board’ as early as possible
through attitudinal inoculation, rather than trying to enforce abstract decisions from above, means that
there is the need for trust and mutual respect and understanding, through constructive dialogues with
local community and religious leaders to establish common ground to the benefit of all concerned, as
was apparent in the recent Ebola eruption. Thereafter, there is the need for reinforcement of changes in
attitudes and habits through continuing booster ‘inoculations’.
To this end, general or specific public health campaigns to deal with present or potential future threats
should operate at the local community level to (World Bank, 2015e): (i) provide people with
information about beneficial behaviours (and the adverse consequences of negative ones); (ii) provide
appropriate models in performing the former; (iii) anticipate and solve any problems regarding their
adoption, including barriers regarding inconvenience and popular misconceptions such as diarrhoea
990

Like other studies, these were laboratory-based: thus they are artificial in the sense that they are not seriously
challenging or threatening participants’ beliefs in a real-world situation.
991
Counter-efforts to negate this include the so-called Oregon Petition, which sought to neutralise competent
expert opinion regarding anthropogenic global warming. Whilst this achieved 31,000 signatories who said
they had at least a Bachelor’s degree in science (about 0.3% of the science graduates since the 1970/71 in the
United States), it included Charles Darwin and the Spice Girls; moreover less than 1% claimed any expertise
in climate science. Thus, as reviewed by Lewandowsky et al. (2017), the Oregon Petition merely represents a
continuation of the ‘fake-experts’ strategy pioneered by the tobacco industry.
992
Thus aiming in part to deal with the first of Cook and Lewandowsky’s (2011) backfire effects (see above).
993
Rather than the distant, somewhat nebulous future benefit of vaccination against an erstwhile ‘common’ disease
such as measles. Note that the study of Betsch et al. (2017) suggests that people may be more flexible the
greater the threat of contagion.
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being due to ‘leakiness’; (iv) provide materials together with encouragement (through ‘nudges’ rather
than ‘pushes’: see Section VIII.4.iii) and social support for those who adopt the behaviours; and (v) use
the media to provide more general support. Moreover, such campaigns may need to be sensitive to local
socio-cultural issues; and run over the longer term, in order to ensure habit-formation and thereby
minimise the likely trend for reversion to previous practices.
Overall, the use of graphics rather than text is much more effective in order to get the message across
and thereafter reinforce it (Cook and Lewandowsky, 2011). There is the need to recognise that an
individual’s grasp of a particular issue involves a mental model of what is involved according to their
present understanding; to try to correct any wrong beliefs, there is the need not only to attend to the
issues with their present misunderstandings but also to ‘fill the gap’ by providing an alternative scenario
and how to interpret it – thus there is the need to provide enough relevant information (including
explaining why the myth is wrong) without overdoing it and avoiding ambiguities. This includes
educating people about how information can be manipulated by fake experts and others who cherrypick data, resort to conspiracy theories (often of their own making) and use rhetorical techniques to try
to get their ‘message’ – their alternative narrative – across for whatever ends. On top of this, Cook and
Lewandowsky (2011) conclude that outreach programmes should accept that there are some with
firmly-held beliefs that are unlikely to be changed and thus target those who are more likely to be open
to considering ‘alternative realities’. Moreover, contrary to what might be expected at first sight, they
also note that “when the misinformation is packaged as a conspiracy theory[,] … even if the
conspiratorial claims are dismissed, [this] makes people less likely to accept oﬃcial information.”
However the situation today is complicated by the advent of social media such as Facebook and Twitter,
which have been promoted as ways to bring people together, by expanding possible contacts from the
mainly local to the largely global, building up diverse algorithm-based networks (Oremus, 2016). As
might be expected, their impact is more nuanced, as evidenced by an ethically controversial 994 online
experiment with Facebook, where it was possible to manipulate the unwitting participants’ emotional
states using filters to decrease either the positive or negative experiences of ‘friends’: these served as a
‘contagion’, leading to a convergence in the emotional timbre of the target’s output with the
manipulated input being received (Kramer et al., 2014; see also Booth, 2014).995
The end result has been the emergence of the so-called ‘attention economy’, whereby the social media
in particular have sought to gain captive audiences in order to generate advertising revenue by being a
pervasive distraction which nurtures addictive practices and thus leads to continuous partial attention
to many competing demands and thus efforts at so-called ‘multi-tasking’ thereby encouraging
superficiality (Lewis, 2017; The Economist, 2017). As a result, it is increasingly recognised that access
to the internet has not broadened people’s outlooks: instead, social media would seem to let them
‘cocoon’ themselves within a milieu of like-minded individuals – now more global yet resolutely
parochial – as part of a positive feedback loop which excludes the inputs of others with differing views:
del Vicario et al.’s (2016) ‘echo chambers’ and the conceptually similar ‘filter bubbles’ of various other
workers.996,997 This has led to a growing criticism that Facebook and Twitter, in particular, serve to
initiate vicious cycles which polarise groups (Henderson, 2015; Baer, 2016; Read, 2016; Solon, 2016;
Gross, 2017c; Schmidt et al., 2017).998 Thus, as part of a strategy to increase their user base (Boyd,
2016), such media have created closed ‘ecosystems’ (‘social bubbles’ of el-Bermawy, 2016) where
individuals are forwarded so-called ‘newsfeeds’ (better termed “my friends’ opinions feeds”: Baer,
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Reviewed by Boyd (2016).
One study found that, under normal conditions, almost two-thirds of those sampled (25/40) were unaware that
curation algorithms were used to filter and direct selected news feed content; when duly informed, they reacted
with surprise and anger although they came to accept the situation thereafter (Eslami et al., 2015).
996
Based on a book published in 2011 by E. Pariser (The Filter Bubble: What the Internet Is Hiding from You):
https://en.wikipedia.org/wiki/Filter_bubble.
997
Presumably related to the aversion behaviour/fear dynamic (see Section VIII.2) as a result of the coalescing
and mutual reinforcement with kindred spirits on a global scale.
998
Including by such luminaries as Bill Gates (Delaney, 2017), as well as those who originally developed some
of the key features of social media (Lewis, 2017).
995

224

Human Communicable Diseases and Potential Future Zoonotic Threats
2016; see also Gross, 2017c).999 In turn, this has fuelled the rise of unbalanced news sites and those
deliberately producing ‘fake news’;1000 this is either for monetary gain or to push and thereby seek to
entrench particular often extreme ideologies or personal agenda with vested interests, rather than foster
genuine, constructive facts-based debate.1001 In this, it is aided and abetted by encouraging such a
polarisation through the individual targets’ desire to express themselves and their beliefs (Herrman,
2016) depending upon their position on the acceptance-denial spectrum, for political issues at least
(Bakshy et al., 2015). This potential skewing of information-sharing from the traditional factually crosschecked (where possible) towards an often self-serving rumour mill-fed one is exacerbated by the fact
that people increasingly use social media as a major source of ‘news’ without the benefit of critical
comparative evaluations of the content in cases where they lack an adequate background to do this for
themselves (Zubiaga et al., 2016).1002
This has led to the promulgation of ‘fake news’ and the transition to a ‘Post-Truth Era’,1003 which
Lewandowsky et al. (2017) have identified as being the result of the active promulgation of “alternative
epistemologies that defy conventional standards of evidence.”1004 It reflects the power of the rapidly
evolving and diversifying variety of media outlets (including social media) building upon and thereby
accentuating profound socio-economic changes through the increased ‘individualisation’ and
polarisation of members and their societal values (and associated life-goals) in an increasingly diffuse
self-centred community where misunderstandings and other sources of mis-information are no longer
confined to local pockets and cannot be remedied accordingly. Thus the sharing of material by Facebook
users has been found to be regardless of the veracity or otherwise of the sources (based on evaluations
of fact-checkers), suggested to be the result of the individual being overwhelmed by the deluge of
information without the means to critically evaluate it, given their finite attention spans (Weng et al.,
2012; Qiu et al., 2017). Furthermore, the fact that information is targeted means that even if an
individual does try to evaluate it, they are doing so based on a biased sample of others’ opinions, due
to their being confined (unknowingly or otherwise) to echo-chambers and filter bubbles. Moreover, this
can be amplified by the use of such as tweetbots or sock puppets, where a small group of individuals
can create fake online personas and thus the illusion of an opinion being much more widespread than it
actually has been on the ground, leading to a so-called false consensus eﬀect in their targets, where
individuals are led to believe that their opinion is much more widely shared than it actually is, thereby
making them even more resistant to revising their attitudes. Such a spread of mis- and dis-information
can threaten education and downstream programmes in public health, as well as other policy-related
Gross (2017c), for example, has noted that “Facebook’s algorithms based on each user’s previous history of
clicks and likes, … [mean] that everybody is selectively fed opinions that they are likely to agree with and
news that they want to see” with all sources treated as equal (and some fake news sites masquerading as bona
fide ones), leading to misperceptions about the real-life situation and self-justification and thus potentially (for
the establishment, at least) complacency. The algorithms can be exploited by so-called ‘clickbait’ headlines:
following the links leads to little or no genuine information, but reinforces the forwarding of related links to
that particular user.
1000
For one extreme example (some ‘reportage’ on the Infowars ‘news-site’), see Belluz (2017).
1001
Including through continuously fine-tuned advertising on Facebook, in some cases at least (Lapowsky, 2016).
1002
Including where no official information is forthcoming. For example, based on a study of student responses
during a university lock-down as a result of an on-campus shooter incident when official information was
sparse, Jones et al. (2017) found that individuals resorted to the social media and other unofficial channels to
try to stay informed of what was happening, with the circulation of rumours and thus exposure to conflicting
information filling in for the deficit. Those who did so and who were heavy media-users and trusted what they
read reported greater acute distress, based on a big-data analysis of Twitter data. It was concluded that officials
should not only provide regular substantive updates where possible but also monitor social media channels to
mitigate the negative impact of rumors during such runaway situations.
1003
‘Post-truth’ is a relatively recent concept, being the Oxford Dictionary’s Word of the Year 2016, being an
adjective defined as “[r]elating to or denoting circumstances in which objective facts are less influential in
shaping public opinion than appeals to emotion and personal belief”; although it first appeared about ten years
ago, its recognition as such was based on a spike in frequency associated with the EU referendum in the United
Kingdom and the presidential election in the United States and would seem likely to become “one of the
defining words of our time” (https://www.oxforddictionaries.com/press/news/2016/12/11/WOTY-16).
1004
As distinct from the epistemological conundrum of ‘alternative facts’.
999
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issues and the underlying politics, including in the functioning of democratic societies where there is
the need for a well-informed public (Lewandowsky et al., 2017; Madrigal, 2017).
The problem is compounded by the fact that other sites – for example, google.com’s search results1005
– may manipulate feeds according to the user’s past history.1006 To make things worse, there is evidence
that the use of this and other search engines has led to too much information being available at the
fingertips of users, leading to a tendency for a superficial search to find ‘the answer’ in the first few
links spewed out. Rowlands et al. (2008; Nicholas, 2010) have argued that such problems are most
apparent in the ‘Google generation’,1007 where poor search strategies combined with little time
apparently spent reading and evaluating the information for relevance, accuracy and authority (as a
result of poorly developed independent, critical reading skills, over and above limited focussed attention
in the first place) offsets any perceived advantage of increased computer literacy.
This, together with selective feeds, compounds the problem of individuals’ abilities to properly assess
the incoming flood, something exacerbated by the proliferation of self-published material and the
“blurring [of] the age-old distinction between information producers and information consumers”
(Rowlands et al., 2008); and thus the problem of making sure that the best available, most accurate
information can get across to the essential targets in the case of a potential disease-threat, for example.
The progressive encroachment of the internet, and thus the (non-)art of ‘googling’ together with access
to Facebook and other social media, into the even less well-prepared countries of the developing world
means that the problem is likely to be even worse, as another dimension to an emerging, littleanticipated 21st century problem: even if they have free access to a diversity of opinions, the generally
lower standards of education (especially for older age-groups) may mean that people are even less able
to take proper advantage of the wealth of potentially contradictory information available, again with the
consequent potential for destructive rather than constructive polarisation as a result of manipulations by
any counter-parties involved.
Thus, efforts to prepare for and, where necessary, thereafter contain genetic viruses and other physical
pathogens are likely to be constrained by ‘memetic viruses’ circulating within relatively host-specific
online communities, albeit with the possibility to spill-over and ‘go viral’. Hence a drive has emerged
to identify circulating innocent false rumours and malicious fake news, and thereafter try to counter
these (as exemplified by the Vaccine Confidence Project, for example), including through software to
obviate the constraints of limited numbers of real-time fact-checkers (Shao et al., 2016; Zubiaga et al.,
2016); as well as by ‘inoculation’ strategies in order to try overcome the resistance of people such as
those identified by Nyhan et al. (2014; Nyhan and Reifler, 2015) and others in the face of the appearance
of (newly) emergent diseases, as in other issues. However Lewandowsky et al. (2017) concluded that
simply improving communication and the means to make effective corrections is insufficient in the
absence of considering “the larger political, technological, and social context in which misinformation
unfolds.” Moroever the very nature of filter bubbles means that it is difficult to know what mis- and
dis-information is circulating in the first place, never mind attempt to correct it (Madrigal, 2017).
Recalling the considerations of the previous section and efforts to cope with this situation,
Lewandowsky et al. (2017) concluded that simply improving communication and the means to make
effective corrections is insufficient in the absence of considering “the larger political, technological,
and social context in which misinformation unfolds.” In the post-truth era, it ignores the fact that the
latter involves ‘alternative realities’ which are not susceptible to ‘disinfection’. 1008 To this end, they
proposed an approach based on ‘technocognition’ using a set of tools which aim to combat what they
call the ‘malaise’ of the post-truth era: the technologies which have generated the current “sociallydeﬁned epistemic islands” can be adapted to re-build the bridges which had thereby been destroyed:
1005

e.g. el-Bermawy (2016).
http://guides.library.illinois.edu/c.php?g=348478&p=2347795 provides general guidelines to reduce the
problem of Google-driven filter bubbles. Nevertheless, Google’s algorithms can be gamed in order to try to
manipulate search outputs towards a particular end (Postman, 2017).
1007
Those born after 1993, when the internet came to dominate much of the developed world.
1008
Just like many genetic viruses which establish long-lasting infections in the host reservoirs to which they are
pre-adapted.
1006
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simply increased communication per se is not enough. Thus they proposed eight broader categories of
remedies, including increasing awareness of why dis-information is being produced; how it can be
unintentionally amplified by the unwitting use of social media; and ways to identify the consequences,
together with the training of students in information literacy and being able to identify and use reliable
sources outwith the skewed newsfeeds. They noted that the major players in the social media are
implementing various measures in the light of evidence of past abuse of their networks by (groups of)
self-serving individuals towards their own nefarious ends, including through algorithmic fact-checkers.
Also there is the need to seek ways to constructively expand the filter bubbles, whilst avoiding
puncturing them as a consequence (which would go against the interests of the media companies
involved).
In conclusion, the experience gained from vaccination campaigns, including the MMR scandal, and
other issues of public interest emphasise that care is needed in the handling of disease outbreaks in order
to achieve an optimum response to the underlying threats to public health. The emergence of the internet
and the often uncritical assimilation of the (mis-)information that it can convey means that ‘psy-ops’
strategies reminiscent of those used to try to influence foreign nationals during the Cold War era must
be updated and adapted in order to try to persuade nationals to adopt appropriate responses for the
general good with regard to these potential global threats, as other public health issues. 1009 This requires
the active engagement of Kahneman’s reflective system 2: to jolt people out of reflexive (cynical or
otherwise) reactions through inducing a measure of anxiety, but without provoking excessive fear
leading to an over-reaction with negative consequences beyond the immediate effects of the disease
itself (such as seen during the SARS outbreak: see Section VIII.2.iv). Alternatively, when the threat is
less immediately apparent, there is the need to adopt and adapt Thaler’s approach of libertarian
paternalism (see Section VIII.4.iii) in order to ‘nudge’ people towards re-evaluating their beliefs, and
thence adopting and maintaining behaviours which benefit them, through the use of presentations which
are designed to be maximally informative whilst not threatening the individual’s sense of self-worth;
and which draw attention to the provenance of the original mis-information and why it is wrong by
providing an alternative, targeted explanation. Thus there is the need to try to de-couple specific issues
from individuals’ particular world-views: in particular, there is the need to be politically neutral.1010 As
exemplified by experiences during the recent Ebola eruption in West Africa (see Section VIII.2.iii), this
must involve stimulatory dialogues at the local level to engage those potentially affected, rather than
top-down diktats devoid of any feedback mechanisms regarding how containment and other measures
should be implemented in a local context.
v. The Threat of an Eruption and the Need for an Appropriate International Response At the same
time, information needs to be shared in anticipation of the potential risk that the infection may spread
further nationally and internationally.
In order to contain the risk of potential pandemics, governments are expected to comply with the
International Health Regulations, established by the United Nations in 2005,1011 through building up
core capacities for the prevention of notifiable communicable disease outbreaks, and for the detection
of these when they do occur, together with making the appropriate responses including notifying the
Gross (2017c) has discussed the nature of the present ‘post-truth’ era and the increasing tension between, on
the one hand, rationalism based on established truths and a scientific approach and, on the other, the “irruption
of irrationality” and the narrow (populist or otherwise) trumpery that others spin in order to achieve their own
personal ends.
1010
Lewandowsky et al., (2017) note that any message can be nullified by subtle aspects – what they call ‘clues’
– in the presented evidence which reinforce pre-existing perceptions. Contrary to what might be expected, they
also note that “when the misinformation is packaged as a conspiracy theory … even if the conspiratorial claims
are dismissed, [it] makes people less likely to accept oﬃcial information.” They consider it unethical to try to
change individuals’ world-views in the first place, and that all efforts at persuasion should be transparent and
politically neutral. This is in contrast to the politically-motivated descent into the post-truth era, and
presupposes an ascent back out which ultimately depends on such similar reactionary forces, assuming that
long-termist, essentially global (rather than myopic, narrowly nationalist) ideals can prevail. In functioning
democracies, an educated (i.e. largely informed … at least until recently) public would play a pivotal role.
1011
http://www.who.int/topics/international_health_regulations/en/
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WHO; since then, these guidelines have been updated as a result of the experience gained from the 2009
pH1N1 pandemic (WHO, 2013a; Evans, 2015).1012 Thus nations are required to adopt and abide by
these “to prevent, protect against, control and provide a public health response to the international
spread of disease,” as well as health risks such as chemical spills and nuclear accidents, so that they are
“obliged to strengthen and maintain the capacity to detect, report and respond rapidly to public health
risks of international concern; to respond to requests for veriﬁcation of information about potential
public health emergencies; to assess international health risks and notify WHO promptly of these risks;
to carry out inspections and control activities at points of entry; and to implement appropriate measures
recommended by WHO” (Dye et al., 2012). However, Choffnes and Mack (2015; summarising a
presentation by Fineberg) noted that, after the agreement of all member states to abide by these (and
despite the ‘swine flu’ pandemic in 2009, together with the then ongoing hpH5N1 outbreak), a survey
in 2011 regarding progress towards the implementation of its core capacities got a response from only
58% of countries; and only 11% of these had successfully achieved these by 2012. Fineberg pointed
out that failure to comply requires an explanation, but failure to supply the latter cannot be met with
any enforcement mechanisms. Thus, despite everything, little progress would seem to have been made
prior to the West African Ebola eruption (Evans, 2015; Moon et al., 2015; GHRF Commission, 2016).
Building upon experience from previous irruptions in Central Africa (Breman et al., 2016), together
with that during the those of SARS (see Sections VII.8.iii and VIII.2.iv), the West African eruption of
Ebola has provided many lessons to be learned, both during its 28-month progression and in the
subsequent ‘post mortem’. Thus, for example, Moon et al. (2015) and the GHRF Commission (2016)
have made a number of specific recommendations, extending across all levels from the initial
surveillance stage up, on the basis that pandemics pay no heed to borders, thus necessitating collective
efforts to ensure truly international health security as a global public good. In their overview drawing
on seven reports presenting analyses of the Ebola eruption from a public health perspective, Moon et
al. (2017) concluded that there was a consensus that self-assessment was inadequate for monitoring
countries’ compliance with the Regulations, and noted that the WHO has started to introduce a Joint
External Evaluation tool, as a follow-up to its previous Global Health Security Agenda one; where
compliance is found to be less than desirable, technical and other assistance should be forthcoming to
remedy this.1013 Moreover it was proposed that there is the need for a reconfiguration of parts of the
WHO to form an emergency subdivision, and to make the organisation more transparent and
accountable, with better coordination with governments and other bodies. In addition, the World Bank
is seeking funding support for a number of countries to help towards pandemic preparedness through
help to build up the necessary human capital and other infrastructure, including a Regional Disease
Surveillance Systems Enhancement programme, funded in part by the Bill & Melinda Gates
Foundation, in order to raise the standard of monitoring of human and animal health.
As a result of the experience gained from the initial outbreak of Ebola in West Africa the previous year,
one of the reforms instituted by the WHO was to establish a Contingency Fund for Emergencies in May,
2015; its aim is to provide stop-gap funding support between when a threat is first identified and the
time when other sources of finance become available (WHO, 2017d).1014 Developing upon this theme
and to encourage timely reports of future outbreaks of notifiable diseases, the World Bank has launched
a Pandemic Emergency Financing Facility in order to provide rapid funding support to help establish
control and to insure countries against the potentially high economic costs. This would be based on
insurance schemes from the private sector, funded by donors, which have already been established as
workable by governments to deal with issues relating to natural disasters and climate change; and which
1012

This includes a Pandemic Influenza Preparedness (PIP) Framework for the sharing of influenza viruses and
any resulting vaccines and other benefits; however the subsequent implementation of the Nagoya Protocol is
presenting problems (Cressey, 2017).
1013
Cambodia was the first country in the Western Pacific Region to volunteer for this new evaluation, in the third
quarter of 2016; it was based on a collaborative peer-evaluation, with the final report being mutually agreeable
to both the members of the external team and the host country’s consulted experts (WHO, 2017b; see also
Amaro, 2017b).
1014
Apart from serious outbreaks of pathogens, other contingencies include factors such as famine and other
humanitarian crises.
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would speed up the financing of reactions to potential future contagious spill-overs (Griffin, 2016;
World Economic Forum, 2016).
The foregoing initiatives may inevitably involve an element of delay in mobilising a response; in the
past, the rapid implementation of emergency action plans has rested on the shoulders of the likes of
Médecins sans Frontières with, for example, their virtually immediate mobilisation of the appropriate
basic resources upon the first West African Ebola case being recognised as such in an effort to try
contain a situation which had already got out of hand (see Section VIII.2.iii). In recognition of this need
for rapid responses, the Global Research Collaboration for Infectious Disease Preparedness1015 has been
formed as an alliance which aims to “bring together research funding organizations on a global scale to
facilitate an effective research response within 48 hours of a significant outbreak of a new or remerging
infectious disease with pandemic potential.” As such, it was instrumental in recognising the paramount
need to share information and thereby coordinating a unified response to the emerging threat of the Zika
arbovirus in the Americas in 2015. This initiative does not fund projects directly but a ‘spin-off’, the
Coalition for Epidemic Preparedness Innovations, was launched at the World Economic Forum in
Davos in January 2017, with an initial pool of $460 million to finance vaccine development and the
effective deployment of associated platforms (Saldinger, 2017; Selfman et al., 2017; see also Section
VIII.3).
Moon et al. (2017; see also Heymann et al., 2015) also noted that, in the light of what happened during
the Ebola eruption, there is the need to ensure that trade and travel restrictions should be kept to the
minimum required by best practices, in order to minimise socio-economic disruptions; they point out
that this is important so as to not discourage governments from reporting outbreaks, although it is
difficult to ensure in the case of private transport companies, however.
As at the local level, efforts should be made to monitor for potential infected people whilst seeking to
minimise the economic impacts on trade and related activities. One method of monitoring which has
been developed in response to the SARS and Ebola eruptions is that for core body temperatures of those
seeking to leave the affected countries as well as at checkpoints in potential spill-over countries.
However Mabey et al. (2014; see also McKenna, 2014d) have questioned the value of such exercises:
not only is it easy for potentially infected individuals to take anti-pyretics to assuage a fever caused by
whatever disease, and to lie about where they came from in order to avoid the potential imposition of
quarantine-related measures, but modelling studies based on the time-lag until symptoms of infection
with the Ebola virus become manifest indicate that such “enhanced screening” is likely to be of minimal
significance.
Apart from the initial emergency response to a presumed novel pathogen, there is the parallel need to
establish that it is indeed the causative agent. Classically this is based on what have evolved to become
established as Koch’s four postulates: the pathogen is present in every case of the disease; it is speciﬁc
for that disease; it is sufﬁcient to reproduce the disease in vivo in a naïve non-human host; and also to
replicate particular responses by human tissues in vitro. However identifying the presumptive
aetiological agent may compromised where the virus cannot be propagated in culture and/or there is no
suitable animal model with which to test its infectivity and subsequent transmissibility, so that there is
the need for marshalling indirect evidence to substantiate the proposition (Lipkin and Firth, 2013; Kohl
and Kurth, 2014). On the other hand, for example, the SARS virus was established to meet such
modified criteria based on studies on macaque monkeys (M. fascicularis) as an alternative model host
(Fouchier et al., 2003). It is important to note that co-infection with other pathogens may complicate
the picture, as exemplified by the case of Reston virus and blue ear disease in pigs (see Section VII.4.iii).
As noted by Heymann et al. (2015), amongst many others, the recent Ebola eruption in West Africa
was a ‘Black Swan’ (Taleb, 2007) which has provided yet another wake-up call to the international
establishment (after the realised threat of HIV/AIDS and the nascent threats of Nipah, SARS and
MERS, amongst others) regarding the future likelihood of further serious zoonotic diseases emerging,
arising out of the encroachment on sylvatic areas peripherally together with the increasing
suburbanisation centrally in various countries (especially in the developing world), further complicated
1015

https://www.glopid-r.org/learn-about-us/
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by the ever-increasing trend for global interconnectivity. The issue is compounded by the fact that
reductions in immuno-competence (whether as a result of aging, immunosuppressant therapies, diseases
such as HIV/AIDS or environmental factors), reinforced by unsafe medical procedures and the spread
of intravenous drug abuse, raise the risk that spill-overs may mutate and thereby become more virulent.
Yet, as noted by Bloom et al. (2017), the initial media-driven global panics in response to past spillovers have resulted in the reflexive diversion of the resources of public health administrations and
researchers (academic and company-based) to the threat that had suddenly appeared on their radars.
From an economic, business-related point-of-view, such reactive responses are grossly inefficient. That
the recent Ebola eruption was contained with evidence that future outbreaks of this virus may be nipped
in the bud with an effective vaccine should be seen as setting a precedent for more pro-active future
initiatives such as those inherent in the One Health concept, rather than continuing to resort to reactive
panic measures after the event. At the same time, this will help to boost individual health security in the
developing world and thereby promote economic development in the immediate term (Heymann et al.,
2015). From a more all-encompassing economic point-of-view, by taking care of those rural poor who,
for example, come down with a spill-over of Nipah virus in the future (Luby, 2013; see Section VII.2.ii),
the developed world can thereby short-circuit the potential threat of an emergent pandemic and its
potentially prohibitive global costs (Jonas, 2014; Fan et al., 2016; Sands et al., 2016); otherwise the
weak health systems of poorer countries can, through increasing suburbanisation and globalisation,
serve as the first links for the transduction and initial amplification of a global supply chain; thereafter
infections can potentially ramify to threaten even the more sophisticated public health and medical
systems of the developed world, with the risk of rapidly overwhelming them in a ‘domino effect’
(Lanard and Sandman, 2014; World Economic Forum, 2016). As Farrar and Piot (2014) have remarked
somewhat presciently, the world got off lightly with the recent Ebola eruption, and may not be so lucky
the next time around.
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