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Introduction
In the late 1960s and 1970s, many people working in public health 

in industrialized societies such as the USA believed that infectious 
diseases would cease to be a major health threat [1]. Vaccines existed 
for some of the most devastating diseases, including poliomyelitis, 
measles, and smallpox, and malaria had been eradicated from large 
regions, including Europe [2,3]. In 1977 the last case of smallpox was 
reported and it became the first infectious disease to be eradicated 
globally. Rabies vaccines, which had existed since Pasteur in 1885, had 
successfully been trialled in an oral bait delivery system, and signs were 
that one of the most feared animal infections could be controlled [4].

However, it is now well into the 21st Century and infectious diseases 
are still to be found among the top causes of human deaths globally [5] 
(Figure 1). The majority of human pathogens are now recognized to 
be zoonotic [6-8]. Zoonotic infections are those of non-human origin 
that infect humans, and most zoonotic infections are of wildlife origin 
[6-8]. 

Here I review the history and impacts of emerging infectious 
diseases in today’s society, and processes of infection emergence from 
wildlife. The importance of factors relating to host ecology, receptor 
usage and host range, and pathogen adaptation in spillover and 
emergence into human populations will be discussed. Finally, recent 
advances in technology and the challenges emerging zoonoses pose for 
epidemiologists will be highlighted.

History of Emerging Infectious Diseases
It is now generally recognized that even the most “human” of 

infectious diseases at some time had their origins in other animals, 
typically wild, but also domesticated [8]. For example, well-known Old 
World human pathogens that now only infect humans, such as measles 
and smallpox, have animal origins [8,9]. Measles is thought to have 
derived from spillover of rinderpest or canine distemper virus infection 
in Mesopotamia following urbanization circa 8000BCE and human 
population sizes reached a threshold size that allowed persistence [10-
12]. The increase in human population density and today’s increase in 
connectivity and encroachment into wild areas probably means that we 
are more susceptible to infection emergence, and subsequent disease, 
than ever [13,14].
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Numbers and Costs of Emerging Zoonoses
Relatively recent reviews have estimated that approximately 175 

of the 1400 human pathogen species recognized are emerging or re-
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Figure 1: The top 15 causes of mortality globally in 2004 [5]. The causes are: 
1: Ischemic heart disease; 2: Cerebrovascular disease; 3: Lower respiratory 
infections; 4: Chronic obstructive pulmonary disease; 5: Diarrheal diseases; 
6: HIV/AIDS; 7: Tuberculosis; 8: Trachea, bronchus, lung cancers; 9: Road 
traffic accidents; 10: Prematurity and low birth weight; 11: Neonatal infections; 
12: Diabetes mellitus; 13: Hypertensive heart disease; 14: Malaria; 15: Birth 
asphyxia and birth trauma.
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emerging, and between 58-75% of all infections are zoonotic [7,15]. 
The cost to humans of these emerging infections can be substantial, 
both in terms of lives and economics (Figure 2). A pertinent example 
is the emergence of human immunodeficiency virus (HIV), which 
occurred due to bush meat hunting of simian immunodeficiency virus 
(SIV) infected primates in Africa in the early part of the 20th Century 
[16-18]. Indeed, many groups of HIV-2, a relative of an SIV that 
infects sooty mangabeys (Cercocebus atys atys), still largely circulate 
only in African human populations, and have yet to become pandemic 
infections [19,20]. In 2009 the WHO estimated 33.3 million people 
lived with HIV infection, 2.6 million new HIV infections occurred and 
1.8 million people died due to acquired immune deficiency syndrome 
(AIDS) related illnesses [21]. New HIV infections in the United States 
in 2002 alone were estimated to cost $36.4 billion per annum, including 
$6.7 billion in direct medical costs and $29.7 billion in productivity 
losses [22].

Infection emergence is complex because many species share 
infections and jumps between host species are common and natural. 
Recent estimates suggest that there may be 8.7 million eukaryote 
species on earth [23]. It is likely that each of these has a suite of viral 
infections, many of which they may share with other species. Given the 
number of wildlife species humans have contact with around the globe; 
the exposure rate of humans to infectious agents vastly exceeds the rate 
of spillover from wildlife to humans. The many orders of magnitude 
difference between exposure and spillover rates make predicting 
emergence difficult. There have, however, been several efforts aimed at 
predicting infection emergence, both relating to the likely infections or 
regions of the globe where new emergence events may occur. Jones et al 
analyzed data to predict likely hot-spots for infections to emerge from, 
whereas other efforts have aimed to determine from which animal 
species or orders infections emerge [7,13,15,24]. Further analyses have 
identified that viral traits can predict emergence [25,26].

The Process of Emergence
Emergence of an infection may be defined as the recent increase 

in the geographical and/or host range or the incidence of the infection 
[27-29]. Increasing human populations and encroachment into wildlife 
habitats are thought to particularly increase the chance of emergence 
of infections from wildlife hosts, whilst global climate change may now 
be playing a role in changing pathogen range [30-32]. Changes in the 
ecology of the host(s), the infectious agent, or both, are thought to drive 
the infection emergence in a range of different host-infection systems 
[26,27,33,34]. However, frequently infections that are classified as 
emerging are often single spillover events with individual human 
infections [35]. 

Recent reviews have provided useful classifications for infections 
at various stages of the process of infection emergence from wildlife 
to humans [6,8]. The process is difficult to predict when considering 
specific infections, but generally formulaic, and can be described by 
several stages (1 through 5) of transmission between the infectious 
agent’s original reservoir(s) to a new host. Reservoirs can be thought 
of in relation to the target population. Haydon and others defined 
reservoirs as “one or more epidemiologically connected populations or 
environments in which the pathogen can be permanently maintained 
and from which infection is transmitted to the defined target 
population”, the target being humans in the case of zoonotic infections 
[36].

By definition, endemic transmission occurs within reservoir 
populations, so called stage 1 infections [6,8]. If there is frequent 

exposure between species or locales (sometimes referred to as ‘chatter’), 
some individual spillover infections may occur, and these are called 
stage 2 infections. Stage 2 infections include those such as rabies virus 
(RABV) and West Nile virus (WNV) [6,8,37,38]. The epidemiological 
parameter R0 represents the number of secondary cases acquired from 
a primary infection in a completely susceptible population. For an 
infection to invade a population, R0 must be greater than one (Figure 3), 
whereas if R0 is below one the infection will rapidly disappear from the 
population. If infection replication in the new host leads to transmission, 
and if R0 is less than one, there may be limited local spread (sometimes 
called stuttering chains), but no persistence [6]. These are called stage 
3 infections, and examples include infections such as Nipah virus 
(NiV) and monkeypox [39-41]. Once the transmission chain is long 
enough and R0 greater than one, establishment of infection in the new 
species or locale can occur [6,42,43]. These stage 4 infections are able to 
cause prolonged outbreaks of infection in the human populations and 
examples include Yellow fever virus (YFV) and Dengue virus (DENV). 
Obviously, contact rates and host population sizes need to be great 
enough for infection to become endemic in the new host population 
(stage 5 infection, such as HIV) and adaptation may occur [6,11,26].

Wildlife as Reservoirs of Emerging Infections
As discussed above, wildlife is the reservoir of a number of zoonotic 

infections. In the Cameroon-Congo Basin, for example, infections 
originating from wildlife have included HIV-1 and 2, monkeypox, 
arboviruses (YFV and DENV), anthrax, Ebolavirus (EBOV), and 
human T-lymphotrophic viruses (HTLV 1 and 2) [18,31,41,44-46]. 
Bushmeat hunting is thought to have led to the emergence of both 
HIVs and HTLVs in the human population in the region. Bats have 
been linked to a number of fatal zoonotic RNA infections, including 
henipaviruses (Hendra-HeV and NiV) in Asia and Australia [47,48], 
filoviruses (Marburgvirus; MARV, and EBOV) in Africa and Asia 
[45,49], SARS-like coronaviruses (CoV) [50] in Asia and lyssaviruses 
(including RABV) globally [51]. The majority of viruses isolated from 

Figure 2: The economic cost of a sample of emerging zoonotic infectious 
diseases of the late 20th and early 21st Century. The examples are bovine 
spongiform encephalitis (BSE) in the UK, Lyme disease in the US, Nipah virus 
(NiV) in Malaysia, Severe Acute Respiratory Syndrome (SARS) Corona virus, 
and the annual costs to the US of HIV in 2002, and seasonal influenza (Flu) 
in 2004 [22,98,99].
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bats have been RNA viruses. RNA viruses typically have high replication 
and mutation rates due to their low proof reading ability, and large 
population sizes. These factors potentially allow rapid adaptation in 
new hosts, which is the hypothesized mechanism to explain why so 
many recognised emerging infections are RNA viruses [28,29,42].

Ecological or adaptive bridging may facilitate zoonotic emergence 
from wildlife. Bridging hosts may be a domestic or wild species. 
Examples of both ecological and adaptive bridging can be found when 
examining emergence events of zoonotic viruses with bat origins. 
Primates, for example, are thought to be bridging hosts between the 
fruit bat reservoir and humans in EBOV outbreaks in Central Africa 
[52]. Himalayan palm civets (Paguma larvata) possibly acted as 
adaptive bridging hosts between the putative reservoir, Rhinolophid 
(Horseshoe) bats, and human populations in the SARS-coronavirus 
pandemic in 2002-03 [53]. Henipaviruses (paramyxoviruses), which 
can cause fatal encephalitis in man, have Pteropus fruit bats as their 
putative reservoir hosts and domestic animals as bridging hosts; the 
transmission of HeV to humans has occurred through horses and the 
transmission of NiV has occurred through pigs [54-56]. In Malaysia 
in 1999, over one million pigs were culled to control a NiV outbreak, 
which killed 105 people. More worryingly for NiV, direct bat-to-
human transmission, followed by human-to-human transmission of 
NiV is thought to have occurred in Bangladesh [39,57,58]. 

Host Ecology and the Causes of Virus Spillover into 
Humans

The transmission dynamics of HeV in Australian Pteropid bats were 
studied by Plowright et al using a mathematical model parameterised 
with field and laboratory data [59]. They found evidence of decreasing 
migration of bats in Australia, possibly due to urbanisation and 
changes in food availability, which may have influenced the strength 
of HeV epidemics. Decreased migration appears to be creating more 
intense HeV outbreaks after local viral reintroduction due to decreased 
migration leading to reduced transmission between colonies and thus 
colony immunity. This loss of immunity is hypothesized to lead to 

increased HeV epidemic size once infection was re-introduced into the 
colony. Hence the reduced seasonal migration of the bats is believed 
to increase in the strength of the seasonality in viral dynamics and the 
size of the epidemics in the bat colonies, thus increasing the chance of 
spillover. 

Duke-Sylvester et al have modelled the effects of seasonality 
in raccoon rabies and found that strong seasonality in birth pulses 
produces spatial asynchrony in the outbreak of infectious diseases 
[60]. These findings are important for surveillance and control 
programmes, allowing better targeted vaccination, as well as increasing 
our understanding of the drivers of infection dynamics in their wildlife 
hosts. Indeed, rabies virus is an exemplar of a stage 2 infection that 
causes individual human cases and no human to human transmission 
(R0=0), but one which provides numerous well studied examples 
that highlight the difficulties in controlling emerging infections from 
wildlife. 

Rabies remains the only disease considered to have a 100% 
mortality rate and dog rabies is estimated to cause over 55,000 human 
deaths globally per annum [61]. Despite originating in bats, RABV is 
now enzootic throughout much of the world with the domestic dog 
(Canis familiaris) being the principal vector [61]. However, RABV is 
distributed worldwide in mammalian carnivores, with RABV variants 
undergoing genetic evolution in particular host(s), leading to new 
clades or biotypes. Rabies in wildlife has led to three dramatic post-
World War II epidemics in the 20th Century. These epidemics were 
in foxes (Vulpes spp.) in both Europe and North America, starting in 
the 1940’s, and raccoons (Procyon spp.) in North America, starting 
in the mid-1970’s [62,63]. Wild terrestrial carnivore reservoirs vary 
according to those carnivores present in the local fauna, but include 
skunks (Mephitidae), foxes, and raccoons in North America [64]. The 
virus-host reservoir relationships mean that despite control of domestic 
dog rabies, terrestrial rabies can persist or increase. These findings 
highlight the problems that exist when there are multiple hosts and 
when the ecology of the reservoir or reservoirs makes control difficult. 
Control of RABV in dogs has prevented many human rabies cases in 

Figure 3: The effect of differing basic reproductive rates (R0, the number of secondary infections caused by an infectious individual in a completely naive population) 
on epidemic size (I, infectious) during an outbreak of an acute infection with sterilizing immunity and negligible incubation period in a closed community. Density of 
susceptible (S), infectious (I) and recovered (immune, R) hosts is shown.
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developed countries, and more recently that control has been extended 
to terrestrial wildlife. Unfortunately, control of terrestrial rabies is still 
lacking in large parts of Africa and Asia. The number of domestic and 
wild animals which have succumbed to rabies is impossible to estimate, 
however, Knobel et al. [61] estimated 5,200,000 dogs are killed each year 
in Africa and Asia alone, simply as part of rabies control programmes. 
However, the presence of numerous bat reservoirs mean that complete 
control is unlikely and although few in number, bat-derived rabies now 
cause the greatest number of human deaths from rabies in the USA. 
In 1993, a small outbreak of rabies cases occurred in foxes on Prince 
Edward Island, Canada. The genetic detection of a bat RABV variant 
within this fox population was confirmed and through detection of 
low levels of virus in salivary gland material it was assumed that some 
degree of intraspecific transmission among the foxes had occurred [65]. 
A second report from Arizona, USA in 2001, highlighted the infection 
of a number of skunks with a bat RABV variant [66].

The numerous emerging zoonoses of wildlife origin which have 
vector-borne life cycles pose another substantial challenge. Well 
known examples of wildlife derived arthropod borne infections include 
malaria causing Plasmodium, DENV, YFV and Borrelia burgdorferi. 
Borrelia burgdorferi, the bacterium that causes Lyme disease, is spread 
through the bite of infected ticks. Blacklegged ticks (or deer tick, Ixodes 
scapularis) spread the disease in the northeastern, mid-Atlantic, and 
north-central United States, and the western blacklegged tick (Ixodes 
pacificus) spreads the disease on the Pacific Coast, however, the 
incidence of infection has been steadily increasing [67]. Over 20,000 
Lyme disease cases were confirmed in the USA each year from 2002 
to 2010, with the majority of cases in the northeastern USA [67]. The 
cause of this increase is unknown, however, it is possible that changing 
ecological processes, including tick hosts such as deer, and increased 
human-tick exposure are to blame [68].

Changes in host ecology can lead to profound effects in disease 
and infection transmission. Now largely considered human infections, 
DENV and YFV had their origins in wild primates. The wildlife vectors 
of DENV and YFV, Aedes aegypti and Aedes albopictus, are mosquito 
species that have been spread globally from their native origins by 
human trade throughout the tropics [69]. Aedes aegypti originated 
from Africa and A. albopictus from South-East Asia [70]. Today, 
Dengue fever is the most rapidly spreading mosquito-borne viral 
disease in the world today. The incidence has increased 30-fold in the 
last 50 years, with an estimated 50 million dengue infections occurring 
annually [71]. Interestingly, it remains a largely sylvatic infection in 
West Africa [69,72].

Yellow fever virus, believed to have originated in Africa due to 
the genetic diversity detected among African viruses, is now endemic 
in South America with both sylvatic and urban life-cycles [70,73]. 
Endemic sylvatic YFV in South America means that eradication in now 
highly improbable.

Receptor Usage and Host Range
Infections evolve to adapt to their host and host specific receptors 

[74,75]. Some phenotypes, however, will be conserved and small 
mutations may lead to a broader receptor range than is normal. Some 
viruses use conserved receptors that are likely to have a broad host 
range. For example, henipaviruses are believed to use Ephrin-B2 and 
Ephrin-B3 receptors [76,77]. These are highly conserved receptors 
that are present in all animal species examined, potentially explaining 
the broad species range infected by these viruses. However, despite 
recent studies suggesting widespread evidence of henipavirus infection 

in potential reservoirs (such as African bats, Figure 4), spillover is 
currently only reported repeatedly in Bangladesh (to humans) and 
Australia (to horses) [39,57,59,78]. Questions remain, therefore, as 
to whether these findings are due to surveillance, ecological factors 
or factors relating to the specific viruses circulating in those regions. 
Findings such as henipaviruses utilizing such conserved receptors 
should remind us that while humans like to categorise themselves as 
being different from other animals, there exists approximately 80% 
homology between human and mouse genes with single identifiable 
orthologues [79]. Therefore, while there are many differences and 
major histocompatibility complex (MHC) receptors show huge 
plasticity enabling us to recognise an enormous suite of infections, it 
is clear many cellular features are conserved across Orders, and that 
parasitic infections themselves have evolved methods that enable them 
to circumvent the host immune responses. 

Many tick or arthropod-borne infections, such as the flaviviruses 
WNV, YFV, DENV and Tick-borne encephalitis virus, are already 
able to infect multiple hosts, including humans [80]. It appears that 
many of these are increasing their incidence in humans as we increase 
the human-vector contact. However, DENV and YFV appear to have 
adapted to humans so that viral replication in human cell cytoplasm 
is high enough and human-mosquito-human transmission occurs 
successfully. Interestingly, Pulliam and Dushoff analyzed viruses of 
domestic artiodactyls (e.g. pigs, sheep, cattle, and goats) and found 
replication without nuclear entry to be the strongest predictor of cross-
species transmission [25]. Therefore, understanding receptor use and 
site of replication may be useful predictors of disease emergence due 
to cross-species transmission. Furthermore, although the mechanisms 
are different for bacteria, it is unknown why only 12 of the 36 known 
Borrelia species cause disease in humans, but the use of different surface 
proteins may be a mechanism to explain the different pathogenesis 
of different Borrelia species. For example, cell surface proteins have 
been shown to be important determinants for cellular attachment 
and establishment of infection in human cells by B. Burgdorferi, the 
aetiological agent of Lyme disease [81].

Figure 4: Eidolon helvum roosting in Accra, Ghana. This widespread African 
bat species often roosts in urban areas in Africa, is a source of bush meat, 
and has recently been found to be infected with henipaviruses. However, 
human henipavirus infections remain unreported in Africa, whereas in parts of 
Bangladesh and Australia frequent spillover occurs. It is unknown whether this 
difference is due to surveillance, ecological or virological differences.
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Pathogen Adaptation
Most of the infections discussed above are generally defined 

as being at stages 2 through 4 in the emergence process. These are 
endemic infections in wildlife, but cause individual spillover infections 
in humans (stage 2, R0=0), through to those that cause chains of 
transmission in human populations (R0≤1, stage 3; R0>1, stage 4; Figure 
3) [6,8]. Once there has been sustained human to human or human-
arthropod vector-human transmission, there may be adaptation to the 
human before an infection becomes a human only infection (stage 5) 
[6,8]. A recent review has challenged how much evidence there is for 
adaptation being a prerequisite for emergence and transmission in new 
hosts [82]. The authors proposed four mechanisms for emergence; 
two with ecological drivers and no adaptation, and two with adaptive 
drivers when selection is required. The authors highlighted that little 
evidence exists for the importance of adaptation even for four well 
studied viruses that are known to have switched hosts (influenza virus, 
SARS-CoV, canine parvovirus and Venezualan equine encephalitis 
virus).

Classically, infections such as tuberculosis and malaria were 
thought to have co-evolved with humans (see below for a discussion), 
and RNA viruses, for example, were thought more likely to be emerging 
infections. The poor proof-reading ability of the RNA-dependent RNA 
polymerase and high virus populations meaning higher mutation 
rates are thought to be the mechanistic reasons for RNA viruses 
being more likely to be emerging infections [42,43,83]. These factors 
were thought to enable RNA viruses to move from one fitness peak 
(successful transmission in the reservoir host species) to another 
(successful transmission in the recipient host species) for emergence 
(Figure 5) [83]. If the traversing of such a fitness valley, during which 
time the infection is inadequately adapted to both species, is necessary, 
high rates of recombination or re-assortment in viruses, or lateral 
gene transfer in bacteria, are likely to further assist with this process. 
Again using rabies as an example, this highly promiscuous RNA virus 
is able to affect almost all mammals, suggesting adaptive bridging is 
less important for infection of a new host than ecological bridging for 
lyssaviruses, although RABV variants may adapt to their “new” hosts 
and a degree of host restriction exists [51,84]. Despite genetic analysis 
of glycoprotein sequences from lyssaviruses circulating in both bat 

and terrestrial carnivore species suggesting that host switching of 
lyssaviruses from bats to other mammals has occurred repeatedly 
and successfully in history, the majority of cases of spill-over events 
are likely dead-end infections [51]. Thus, the case for adaptation as a 
requisite for adaptation to a new host is still unclear [82].

New influenza emergences, such as H1N1 in 2009, are classic 
examples of viral re-assortment [85]. Re-assortment speeds the process 
of change and putatively adaptation, thus potentially allowing cross-
species transmission, immune escape of the viruses and circulation in 
new populations of susceptible hosts. In the year after the emergence 
of H1N1 in 2009, the CDC estimated there were 43-89 million human 
cases, with 8870 to 18300 H1N1 related deaths [86]. Thus, the case 
fatality rate was actually low for human influenza A infection. Prior 
to the emergence of H1N1, concern was, and still is, regarding H5N1. 
The worry over this virus is that it has caused human fatalities in the 
Old World (Figure 6) and rather than the approximately 0.02-0.04% 
case fatality rate of the H1N1 pandemic of 2009, H5N1 infections 
between 2003 and 2011 have had a case fatality rate of approximately 
59% [87]. It is unknown if adaptation is required for H5N1 emergence 
into the human population, although an absence of human to human 
transmission may suggest some adaptation to humans is necessary.

Examples of infectious agents readily able to recombine genetic 
material are found among the coronaviruses (the aetiological agent 
for SARS). The SARS-CoV outbreak is believed to have been due to 
an adaption event, possibly by recombination, of a bat-derived CoV, 
probably in an intermediate civet host, before transmission to humans 
[53]. However, as highlighted by Pepin and colleagues [82], it remains 
unclear whether adaptation processes were necessary for HIV, measles, 
and seasonal influenzas becoming endemic human-only infections 
following emergence and adaptation to humans from wildlife.

Recent Advances in Technology
The use of molecular tools has dramatically changed our 

understanding of the numbers of infections and roles different hosts 
play in emerging zoonoses. Scientists searched for several decades for 
the reservoirs of EBOV. Today it is widely recognized that bats play 
a key role in the infection dynamics of EBOV and MARV, another 
filovirus equally pathogenic to humans, due to the molecular detection 
of viral RNA from bat hosts, which preceded the more recent isolation 
of MARV from bats [45,49,88]. Interestingly, both filovirus sequences 
have been discovered in rodent and bat genomes as non-retroviral 
integrated RNA viruses, suggesting ancient viral circulation and 
integration [89]. 

After studies linked SARS-CoV to bats, efforts were made to 
sample different species of bats intensively. The enormous diversity of 
coronaviruses that have been found in bats in China alone and their 
relationship to CoVs infecting humans and a range of other species 
globally has dramatically altered the understanding of CoV diversity 
and ecology [90]. This increase in the known CoV diversity and the 
role of bats in CoV ecology is despite SARS-CoV never having been 
cultured in a laboratory. Equally as astonishing is the diversity of 
Astroviruses (AstV) detected by PCR in bats in Hong Kong [91,92]. 
The diversity of bat AstV and relationships with human and other 
animal AstV clearly suggest that bats play or have played an integral 
role in AstV ecology and evolution. But it is notable that these studies 
would have been limited if it were not for molecular tools. 

Most recently, Plasmodium falciparum, the cause of several 
hundred million cases of clinical malaria and more than one million 
deaths annually, has recently been found in gorillas in Central Africa 

Figure 5: Stuttering chains of infection transmission likely occur during the 
process of infection emergence in the new host. It was believed that an 
infection must traverse a fitness trough during cross-species transmission 
from one reservoir host to a new host, with adaptation leading to successful 
transmission in and adaptation to the new host. How necessary this is and how 
much evidence there is for adaptation as requisite for emergence has recently 
been questioned [82].
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[93]. Prior to this finding, it was hypothesized that it diverged from 
a chimpanzee infection more than 5,000,000 years ago. This finding 
has transformed the current understanding of the origin of malaria in 
humans, suggesting that P. falciparum is of gorilla origin, not ancient 
human or chimpanzee. However, it required careful molecular and 
phylogenetic analyses to determine in which direction the transmission 
occurred due to the close phylogenetic relationships between human 
and gorilla P. falciparum.

The use of molecular tools, therefore, has been essential in increasing 
our understanding how humans and other animals share infections. 
The rapid current development of next-generation pyrosequencing 
(NGS) will likely increase this understanding further. NGS technology 
is increasingly driving the understanding of human genomes and the 
human gut microbiome. Studies using NGS approaches have begun to 
quantify the diversity of potentially infectious agents humans may be 
exposed. For example, NGS studies of human feces suggest humans 
consume, and therefore are exposed to, a range of genetically diverse 
plant viruses [94]. The likelihood of human disease and adaptation 
of these plant viruses to humans is unknown. However, NGS studies 
are likely to advance our understanding of the genetic diversity of 
infectious agents humans are exposed to and the processes of zoonotic 
spillover and emergence in the future.

Challenges for Epidemiologists
Despite the rapid improvement of diagnostic techniques and 

increase of laboratories and epidemiological training globally, 
substantial challenges still remain. Infections that emerge, such as 
HIV, that have long incubation periods or emerge in more remote or 
poor areas or countries may become established in human populations 
before surveillance systems are in place. For example, SARS-CoV was 
rapidly identified and controlled, but HIV infection was only diagnosed 
once AIDS was recognized in the USA, by which point the infection 
was well established in the human population globally (Figure 7) [95].

Consequently, while epidemiological techniques will discover 
where the infections came from and who is at risk, the emergence 
process may be too late to prevent. A particularly interesting example 
is the increased incidence of monkeypox, a smallpox relative in the 
Orthopox genus of poxviruses, in Democratic Republic of Congo 
(DRC). From 1981–1986 to 2006–2007, monkeypox incidence 
increased from 0.72/10000 to 14.42/10000 respectively [40]. This 

increase is hypothesized to be due to a reduction in immunity due to 
the cessation of smallpox vaccination programme, and the continued 
exposure to wildlife reservoirs within the region. Epidemiologists 
discovered the increase in monkeypox incidence in human populations 
in DRC and further studies are required to understand the spillover 
and potential emergence of this infection in these human populations 
from wildlife. Further evidence of the problems relating to surveillance 
is demonstrated by a study by Mallewa and others in Mallawi [96]. In a 
malaria-endemic area of Africa, RABV was found to cause fatal central 
nervous system (CNS) infection in 14 (10.5%) of 133 CNS infection 
cases, with 3 (11.5%) of 26 fatal cases originally attributed to cerebral 
malaria due to RABV. In another study Mebatsion et al discovered 2 
lyssaviruses of bat origin causing fatal dog infections in a sample of 
113 rabies cases in Ethiopia [97]. Notably, the current vaccines do not 
provide protection against these particular bat-derived lyssaviruses, 
and differentiation of these non-RABV lyssaviruses requires molecular 
or monoclonal antibody techniques. These examples of problems 
relating to surveillance and diagnosis of well known infections 
demonstrate how understanding spillover and emergence processes 
are hampered by poor surveillance and lack of diagnostic capabilities. 
Thus, the examples here demonstrate the importance of ensuring good 
surveillance capabilities exist globally. Better surveillance systems are 
required throughout the world, because examples such as influenza 
and HIV remind us of how connected nations are and how devastating 
infection emergence can be.

Conclusion
In summary, to understand the infection dynamics that allow 

persistence in the reservoir species and the triggers that lead to emergence 
requires good knowledge of the reservoir species’ biology and ecology, 

Figure 6: Global distribution of H5N1 cases in humans from 2003 to 2011. 
H5N1 has a case fatality rate of approximately 59% in humans and is enzootic 
in Southeast Asian bird populations (WHO 2011) [87].

Figure 7: HIV/AIDS data from CDC, in the USA from 1981-1996 [95]. Note the 
considerable lag between the AIDS diagnoses and the estimated prevalence 
of HIV infection when HIV/AIDS was first diagnosed in the USA. Mean 
survival time from HIV infection is 12 years after infection without treatment, 
demonstrating that emerging infections with prolonged incubation periods or 
periods before clinical signs develop may be well established before diagnoses 
are made, even in developed countries.
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as well as receptor usage and host range, and pathogen evolution 
probability. Understanding these will require multidisciplinary studies 
and pose unique challenges to epidemiologists. Epidemiologists will 
be required to work with ecologists, clinicians and diagnosticians 
throughout the world in order to understand better, and therefore 
predict and control, zoonotic emergence events from wildlife hosts.
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