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There are 219 virus species that are known to be able to infect humans. The first of these to be dis-
covered was yellow fever virus in 1901, and three to four new species are still being found every year.
Extrapolation of the discovery curve suggests that there is still a substantial pool of undiscovered
human virus species, although an apparent slow-down in the rate of discovery of species from differ-
ent families may indicate bounds to the potential range of diversity. More than two-thirds of human
viruses can also infect non-human hosts, mainly mammals, and sometimes birds. Many specialist
human viruses also have mammalian or avian origins. Indeed, a substantial proportion of mamma-
lian viruses may be capable of crossing the species barrier into humans, although only around half of
these are capable of being transmitted by humans and around half again of transmitting well enough
to cause major outbreaks. A few possible predictors of species jumps can be identified, including the
use of phylogenetically conserved cell receptors. It seems almost inevitable that new human viruses
will continue to emerge, mainly from other mammals and birds, for the foreseeable future. For this
reason, an effective global surveillance system for novel viruses is needed.

Keywords: discovery curves; emerging infectious diseases; public health; risk factors; surveillance
1. INTRODUCTION
Following on from the discovery of tobacco mosaic virus
in 1892 and foot-and-mouth disease virus in 1898, the
first ‘filterable agent’ to be discovered in humans was
yellow fever virus in 1901 [1]. New species of human
virus are still being identified, at a rate of three or four
per year (see below), and viruses make up over two-
thirds of all new human pathogens [2], a highly signifi-
cant over-representation given that most human
pathogen species are bacteria, fungi or helminths.
These new viruses differ wildly in their importance, ran-
ging from the rare and mild illness due to Menangle
virus to the devastating public health impact of HIV-1.

In this paper, we take an ecological approach to
studying the diversity of human viruses (defined as
viruses for which there is evidence of natural infection
of humans). First, we describe and analyse temporal,
geographical and taxonomic patterns in the discovery
of human viruses (§2). We then consider the processes
by which new human viruses emerge (§3). There are a
number of definitions of ‘emergence’ [3]; here, we are
interested in all stages of the process by which a virus
shifts from not infecting humans at all to becoming a
major human pathogen. As experiences with HIV-1
and new variants of influenza A (and also with novel
animal pathogens such as canine parvovirus [4])
show, this shift can occur rapidly, over time scales of
decades, years or even months.
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Of course, not all newly identified human virus
species are ‘new’ in the sense that they have only recently
started to infect humans; many of them have been pre-
sent in humans for a considerable time but have only
recently been recognized (see [2] for a more detailed dis-
cussion). Moreover, we recognize that ‘species’ itself is
an imprecise designation, especially for viruses such as
influenza A where different serotypes can have very
different epidemiologies and health impacts. Indeed,
the demarcation between genus, species complex,
species and serotype (or other designations of sub-
specific variation) can be somewhat arbitrary. Nonethe-
less, a study of currently recognized ‘species’ is a natural
starting point for attempts to characterize and interpret
patterns of virus diversity.
2. VIRUS DIVERSITY AND DISCOVERY
(a) Survey of human viruses

As a starting point for our survey, we used a previously
published database (see [5]) obtained by systemati-
cally searching the primary scientific literature up to
and including 2005 for reports of human infection
with recognized virus species, using species as defined
by the International Committee on Taxonomy of
Viruses (ICTV) [6]. The list of viruses was updated
if either a new species that can infect humans had
been described in the literature and also recognized
by the ICTV, if a known species had been found in
humans for the first time, or if there had been a
change in species classifications by the ICTV (notably
for the human papillomaviruses and the vesicular
stomatitis viruses).
This journal is q 2012 The Royal Society
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Figure 1. Discovery curves for human viruses. (a) Virus discovery curve by species. Cumulative number of species reported to
infect humans. Statistically significant upward breakpoints are shown (vertical lines). (b) Virus discovery curve by family.

Cumulative number of families containing species reported to infect humans.

Table 1. Major developments in the technology of virus

discovery (adapted from [8]).

year technology

1890s filtration
1929 complement fixation
1948 tissue culture
1970s monoclonal antibodies
1985 polymerase chain reaction (PCR)

2000s high throughput sequencing
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The year of discovery was taken to be the year of
publication of the first report of human infection.
The place of discovery was determined from the
original report and recorded as the location of the
diagnostic laboratory or, in the few instances where
this was not clear, the address of the first author of
the report. We did not attempt to locate the case
itself, as this information was often lacking.

We obtained a list of 219 ICTV-recognized virus
species that have been reported to infect humans.
23 virus families were represented by species in
this list.

(b) Discovery curve

The discovery curve is an ecological tool for estimating
species diversity [7] comprising a simple plot of the
cumulative number of species against time or sampling
effort. Discovery curves are normally drawn for
defined geographical areas; here we equate ‘humans’
with a delimited habitat for viruses. The discovery
curve for human virus species is shown in figure 1a.

As with all discovery curves, our curve reflects a
number of different factors, including: (i) the technol-
ogy available for detecting viruses (table 1); (ii) the
effort invested in detecting new viruses; (iii) the ‘visi-
bility’ of different virus species, e.g. as a function of
how common they are and the nature of any disease
caused; (iv) virus taxonomy and the rules for designat-
ing a ‘species’; (v) the emergence of new virus species
that did not previously infect humans.

Piecewise linear regression revealed two statistically
significant (p , 0.05) upswings in the rate of virus dis-
covery: in 1930 (95% confidence intervals (CIs) 1927–
1933) and in 1954 (1952–1955). Since 1954 the mean
rate of discovery has been 3.37 species per year with
variance 3.35, consistent with a Poisson process. How-
ever, there has been a slight but statistically significant
downward trend in the rate of discovery (a linear
regression of (count per year)0.5 against year has slope
20.010, 95% CIs 20.020 to 0.0, p ¼ 0.049).
Phil. Trans. R. Soc. B (2012)
(c) Geography and taxonomy

Numbers of species discovered by continent are
shown in figure 2a (ignoring four species for which
the location of discovery could not be determined).
That over 60 per cent of species were first discov-
ered in North America or Europe almost certainly
reflects considerable ascertainment bias [9,10].
Rates of discovery by continent have, perhaps
unsurprisingly, been very variable through time but
with no clear patterns; the only notable trend in
the last 15 years has been a higher rate of discovery
in Australasia.

Numbers of species by family are shown in figure 2b.
The family containing the most human virus species is
the Bunyaviridae with 40; six families contain just one
human virus species. These numbers are too small for
statistical analysis of rates of discovery: the most notable
trend is that only a single new pox virus has been dis-
covered since 1972 (compared with 10 up to that
date). Nor are there any striking patterns using other
classifications such as RNA viruses versus DNA viruses.

(d) Projecting the discovery curve

Following the approach described previously [5], we
modelled human virus discovery since 1954, assuming
a total number of species available to be discovered—
the species pool—of N virus species, each discovered
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Figure 2. Patterns in human virus diversity. (a) A pie chart showing the continent where human virus species were first
reported (n ¼ 215, with four species not assigned to a continent). (b) Species abundance histogram for human viruses by
family. Twenty three families are represented; six virus species remain unassigned to a family.
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in any given year with probability p. We considered fit-
ting a distribution for values of p; however, provided
that the individual p values are low, there was minimal
improvement in model fit. The model was fitted to the
data and evaluated using Markov chain Monte Carlo
(MCMC) methods with flat prior information to calcu-
late profile likelihood confidence intervals and the best
fit parameters. The model defines the expected
number of discovered viruses in year t, lt, as binomially
distributed so that

ltðN ; pÞ ¼ Npð1� pÞt�1; ð2:1Þ

where year t ¼ 1 corresponds to 1954.
However, the binomial distribution B(N, p) can be

accurately approximated by a Poisson distribution
with parameter Np for the range of values of N and p
of interest. Thus, for a set of model parameters, the
likelihood of observing data X ¼ fxig, the number of
viruses discovered over years 1 to k, is given by

LðX jN ; pÞ ¼
Yk

i¼1

e�liðN ;pÞlxi

i ðN ; pÞ
xi!

: ð2:2Þ

We compared the model with the observed data by
calculating the mean, trend in the mean and variance
for the number of virus species discovered per year
(based on 5 million simulations using best fit par-
ameter values). The model reproduces the observed
data well: observed mean and variance 3.37 and
3.35, respectively; fitted mean and variance 3.36 and
3.41, respectively. Parameter estimates, however, are
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very uncertain owing to an unavoidable strong corre-
lation between N and p [5]. The estimate of N is of
particular interest: this has a central value of 484 (i.e.
265 species remaining to be discovered), a lower 95%
CI of 308 (89 remaining), an upper 90% CI . 2000
and an upper 95% CI that is undefined. Thus, although
there is considerable uncertainty as to the size of the
human virus species pool, this analysis suggests that
there are at least dozens of new species to be discovered,
and possibly a very much larger number.

To make shorter term projections, the model was
extrapolated to year 2020, calculating 95% posterior
prediction intervals using 2 million model simulations,
taking into account parameter uncertainty and model
stochasticity. An upper limit for N was set at the
90% upper confidence interval. This gave a projected
number of new virus species of 36 (95% CIs 20–
57), corresponding to an average 2.4 species per
year. This projection, of course, makes no allowance
for any improvements in virus detection technology
nor changes in discovery effort.
(e) Recently discovered viruses

From our systematic literature review, we identified at
least 14 putative new species of human virus first
reported during the 5 years 2005 to 2009 inclusive
(table 2), though this list is almost certainly incom-
plete. Clearly (subject to recognition of these new
viruses as distinct ‘species’ by the ICTV), the projec-
tion described in §2d looks likely to be met. Indeed,
it would be unsurprising if it were exceeded, given



Table 2. Examples of putative new human virus species

reported from 2005 to 2009 [11–24].

virus name family

human bocavirus Parvoviridae

parvovirus 4 Parvoviridae
KI polyomavirus Polyomaviridae
Melaka virus Reoviridae
WU polyomavirus Polyomaviridae
astrovirus MLB1 Astroviridae

Bundibugyo ebolavirus Filoviridae
human bocavirus 2 Parvoviridae
human cosaviruses A-D Picornaviridae
human cosavirus E1 Picornaviridae

astrovirus VA1 Astroviridae
human papilloma virus 116 Papillomaviridae
klassevirus Picornaviridae
Lujo virus Arenaviridae

level 4
epidemic spread

level 1
exposure

level 2
infection

level 3
transmission

Figure 3. The pathogen pyramid (adapted from [30]). Each
level represents a different degree of interaction between

pathogens and humans, ranging from exposure through to
epidemic spread. Some pathogens are able to progress
from one level to the next (arrows); others are prevented
from doing so by biological or ecological barriers (bars)—
see main text.
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the considerable recent interest in virus discovery and
the advent of high throughput sequencing as a detec-
tion tool.

(f) New virus families

The discovery curve for virus families is shown in
figure 1b. Here, a family is included on the date of
the first published report of human infection by a
virus species from that family. There is too little data
(n ¼ 23) for detailed statistical analysis, but the
figure does suggest a possible decrease in the rate of
discovery, implying that the pool of undiscovered
families may be relatively modest (see [5]).

Strikingly, no new families have been added to the
list since 1988, the longest such interval on record.
However, several viruses (specifically Torque Teno
(TT) virus, TT mini virus and TT midi virus) newly
reported since 1988 remain unassigned to a family.

It should also be noted that there are three virus
families that, although they do not contain any known
human virus species, do contain species that infect
other mammals: Arteriviridae (several species including
simian haemorrhagic fever virus); Asfarviridae (African
swine fever virus); Circoviridae (including mammal
infecting circoviruses as well as gyrovirus which infects
chickens). This suggests that the list of families containing
human viruses may not yet be complete.
3. EMERGENCE AS A BIOLOGICAL PROCESS
(a) Non-human reservoirs

More than two-thirds of human virus species are zoo-
notic, i.e. they are capable of infecting vertebrate hosts
other than Homo sapiens (disregarding invertebrate
vectors) [25,26]. By far the most important non-
human host taxa are other mammals, with rodents
and ungulates most commonly identified as alternative
hosts, followed by primates, carnivores and bats. A
minority of the zoonotic viruses (less than 20%) are
also known to infect birds; very few have been reported
from vertebrates other than mammals or birds.

The remaining viruses, as far as we are aware, only
naturally infect humans (these are sometimes referred
to as ‘specialist’ human pathogens [27]). Some of
Phil. Trans. R. Soc. B (2012)
these (e.g. hepatitis B) may have co-evolved with
humans over very long time periods [28]; others (e.g.
HIV-1) have much more recent origins [29]. Some of
both kinds are believed to have originated in other
mammal or bird species [30], including: HIV-1 (derived
from a simian immunodeficiency virus found in chim-
panzees); HIV-2 (sooty mangabeys); severe acute
respiratory syndrome virus (SARS; horseshoe bats);
hepatitis B, human T-lymphotropic virus (HTLV)-1
and -2, dengue and yellow fever (all primates); human
coronavirus OC43, measles, mumps and smallpox (all
livestock); and influenza A (wildfowl). However, we do
not know the origins of the majority of specialist
human viruses, a gap in knowledge that has prompted
calls for an ‘origins initiative’ [30].
(b) Pathogen pyramid

A useful conceptual framework for thinking about the
emergence of novel viruses is the pathogen pyramid
[30,31] (figure 3). The pyramid has four levels.

Level 1 represents the exposure of humans to a novel
pathogen; here, a virus. The source of viruses of interest
is most likely to be other mammals or birds (see above)
and ‘exposure’ implies any route by which a particular
viral infection might be acquired, whether by contact
with blood, saliva or faeces, contamination of food
and water or via an arthropod vector. The rate of such
exposure is determined by a combination of the dis-
tribution and ecology of the non-human host and
human activities. It is likely that exposure to non-
human viruses occurs commonly: a process referred to
as ‘chatter’ [32].

Level 2 represents the subset of viruses that are
capable of infecting humans—that is, overcoming the
‘species barrier’. This is likely to reflect both the molecu-
lar biology of the virus (e.g. is it capable of entering and
replicating in human cells?—see §3e) and the physiology
of the exposed human (especially immunocompetence).

Level 3 represents the subset of viruses that can not
only infect humans but can also be transmitted from
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one human to another (by whatever route, including
via arthropod vectors). Again, this will mainly reflect
the host–pathogen interaction, especially whether it
is possible for the virus to access tissues from which
it can exit the host, such as the upper respiratory
tract, lower gut, urogenital tract, skin or (for some
transmission routes) blood.

Level 4 represents the subset of viruses that are suf-
ficiently transmissible between humans to cause major
outbreaks and/or become endemic in human popu-
lations without the requirement of a non-human
reservoir. This equates with the epidemiological condi-
tion R0 . 1 [33], i.e. a single primary case generates,
on average, more than one secondary case. This is
a function of both the transmissibility of the virus
(how infectious an infected host is, and for how
long) and properties of the human population (how
human demography and behaviour affect opportunities
for transmission).

From previous reviews of the literature [25,26,34],
it is possible to put approximate numbers of virus
species at each level of the pyramid. We know that
there are greater than 200 viruses at least at level 2
(see §2a). We do not have a good estimate of the total
species diversity of mammalian and avian viruses; how-
ever, we can get an indirect indication of the magnitude
of the barrier between level 1 and level 2. It has been
reported elsewhere (R. Critchlow 2010, personal com-
munication) that of the virus species known to infect
domestic animals (livestock and companion ani-
mals)—to which humans are presumably routinely
exposed—roughly one-third are also capable of infecting
humans. The species barrier exists: but it is clearly very
leaky. Based on data from [25], roughly 50 per cent of
the viruses that can infect humans can also be trans-
mitted by humans (level 3), and roughly 50 per cent
of those are sufficiently transmissible that R0 may
exceed one (level 4). That a significant minority of
(mammalian or avian) viruses should be capable
of extensive spread within human populations (or of
rapidly becoming so [35]) is consistent with experience:
there are several examples within the past hundred years
alone (HIV-1, SARS, plus variants of influenza A) and
many more in the past few millennia (e.g. measles,
mumps, rubella, smallpox). It is noteworthy that the
‘shape’ of the pathogen pyramid for viruses is very
different to that for other kinds of pathogen (bacteria,
fungi, protozoa or helminths), of which much smaller
fractions are capable of extensive spread in human
populations (data from [25]). The most straightforward
explanation for this is the much more rapid evolution of
viruses (especially RNA viruses), allowing them to adapt
to a new (human) host much more quickly than other
kinds of pathogen.
(c) Drivers of emergence

Several reviews [10,26,36] have listed so-called ‘dri-
vers’ of the emergence of novel viruses or other
pathogens. These constitute a diverse set of environ-
mental and biological factors, many of which—such
as ‘urbanization’ or ‘land use’—seem intuitively
reasonable but are too broad to relate to mechanistic
causes of emergence. Moreover, identification of
Phil. Trans. R. Soc. B (2012)
drivers is usually a subjective exercise: there are very
few formal tests of the idea that a specific driver is
associated with the emergence of a specific pathogen
or set of pathogens. In many cases, this would be a
challenging exercise: many drivers have only indirect
effects on emergence (e.g. climate change, which is
often linked with changing distributions of disease vec-
tors); and often an emergence event has multiple
causes (good examples would be the emergence of
Nipah virus or SARS coronavirus).

Other ideas about drivers of emergence are even
harder to test formally. One such is that we are currently
living through a ‘perfect storm’ in which many potential
drivers of emergence events (such as population
growth, urbanization, global travel and trade, intensifi-
cation of livestock production) are acting in concert
(L. King 2005, personal communication). Upward
trends in many drivers can be quantified, but it is not
entirely clear that the frequency of emergence events
is increasing: one recent study suggested that it
increased during the first decade of the HIV/AIDS
pandemic, but has decreased thereafter [9].

A slightly different way of thinking about drivers of
emergence is to draw an analogy between emerging
pathogens and weeds (A. Dobson 2002, personal com-
munication). The idea here is that there is a sufficient
diversity of pathogens available—each with their own
biology and epidemiology—that any change in the
human environment (but especially in the way that
humans interact with other animals, domestic or wild)
is likely to favour one pathogen or another, which
responds by invading the newly accessible habitat.
This idea would imply that emerging pathogens possess
different life-history characteristics to established, long-
term endemic pathogens. As noted earlier, the most
striking difference identified so far is that the majority
of recently emerging pathogens are viruses rather than
bacteria, fungi, protozoa or helminths.
(d) Species jumps

For viruses, one of the key steps in the emergence pro-
cess is the jump between one host species and humans
[37]. (For other kinds of pathogen, there may be other
sources of human exposure, notably environmental
sources or the normally commensal skin or gut flora).
Various factors have been examined in terms of their
relationship with a pathogen’s ability to jump into a
new host species; these include taxonomic relatedness
of the hosts, geographical overlap and host range.

Two recent studies provide good illustrations of the
roles of host relatedness and geographical proximity.
Streicker et al. [38] found associations between the
degree of cross-species transmission of bat lyssaviruses
and both the geographical overlap between bat popu-
lations across the USA and the phylogenetically
relatedness of the bat species involved. Davies &
Pedersen [39] found that primate species tended to
share more parasite species if they were both more
closely related and had sympatric distributions.

A broad host range is also associated with the like-
lihood of a pathogen emerging or re-emerging in
human populations [26]. An illustrative case study is
bovine spongiform encephalopathy (BSE). After
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Figure 4. Number of virus species with broad (blue bars) or narrow (red bars) host range as a function of the percent homology
of the cell receptor used (see main text).
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BSE’s emergence in the 1980s, well before it was
found to infect humans (as vCJD), it rapidly became
apparent that it could infect a wide range of hosts,
including carnivores. This was in marked contrast to
a much more familiar prion disease, scrapie, which
was naturally restricted to sheep and goats. With
hindsight, this observation might have led to public
health concerns about BSE being raised earlier
than they were.

Host range is a highly variable trait among viruses:
some, such as rabies, can infect a very wide range of
mammals; others, such as mumps, specialize on a
single species (humans). Moreover, for pathogens gen-
erally, host range seems to be phylogenetically labile,
with even closely related species having very different
host ranges [27]. Clearly, the biological basis of host
range is relevant to understanding pathogen emergence.

(e) Cell receptor usage and host range

One likely biological determinant of the ability of a
virus to jump between species is whether or not they
use a cell receptor that is highly conserved across
different (mammalian) hosts. We therefore predicted
that viruses that use conserved receptors ought to be
more likely to have a broad host range.

To test this idea, we first carried out a comprehen-
sive review of the peer reviewed literature and
identified 88 human virus species for which at least
one cell receptor has been identified. Although this is
only 40 per cent of the species of interest, 21 (of 23)
families were represented; so this set contains a good
cross-section of relevant taxonomic diversity. Of
these 88 species, 22 use non-protein receptors (e.g.
heparin sulphate) and, of the remainder, two of the
proteins were not entered in the UniProt database
[40] (making it impossible to determine whether the
protein was ‘conserved’ or not—see below for details),
leaving 64 species from 16 families.

On the basis of a previously published study of virus
host ranges [26], we accorded these viruses either a
‘narrow’ host range (if the only non-human hosts
they were known to infect were other primates) or a
‘broad’ host range (if they were known to infect also
other kinds mammals or birds). Using the UniProt
database, we determined whether the cell receptor
protein was ‘conserved’ by quantifying the amino
Phil. Trans. R. Soc. B (2012)
acid sequence homology between humans and mice.
(For the subset of proteins where amino acid
sequences data were also available for cows, pigs or
dogs, we found very similar patterns.)

The result is shown in figure 4. The most striking
feature of the plot is that there are no examples of
human viruses with broad host ranges that do not
use highly conserved cell receptors (i.e. more than
90% amino acid sequence homology). Statistical ana-
lyses requires correction for phylogenetic correlation:
viruses in the same family are both more likely to use
the same cell receptor and more likely to have a
narrow or broad host range. This can be crudely
(but conservatively) allowed for by testing for an
association between host range and receptor homology
at the family, not species, level. This gives a statistically
significant result (x2

1 ¼ 5:86, p ¼ 0.015).
We conclude that the use of a conserved receptor is

a necessary but not sufficient condition for a virus to
have a broad host range encompassing different mam-
malian orders. It follows that a useful piece of
knowledge about a novel mammalian virus, helping
to predict whether or not it poses a risk to humans,
would be to identify the cell receptor it uses. However,
this may not always be practicable: at present, we do
not know the cell receptor used by over half the viruses
that infect humans, and this fraction is considerably
smaller for those that infect other mammals.
4. CONCLUSIONS
The lines of evidence described earlier combine to
suggest the following tentative model of the emergence
process for novel human viruses. First, humans are
constantly exposed to a huge diversity of viruses,
though those of others mammals (and perhaps birds)
are of greatest importance. Moreover, these viruses
are very genetically diverse and new genotypes, strains
and species evolve rapidly (over periods of years or
decades). A fraction of these viruses (both existing
and newly evolved) are capable of infecting humans.
It is not clear whether some of these human-infective
viruses will already be capable of reaching higher
levels of the pathogen pyramid—so-called ‘off-
the-shelf ’ pathogens—or whether subsequent evolution
of their ability to infect and transmit from humans is
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usually required—‘tailor-made’ [31]. The distinction is
potentially important as it implies different determi-
nants of the rate of emergence of viruses with
epidemic or pandemic potential: for off-the-shelf patho-
gens this rate is largely driven by the rate of human
contact with a diversity of virus genotypes (possibly
rare genotypes) within the non-human reservoir (i.e.
ecology); for tailor-made viruses, the key variable is
likely to be the rate of genetic adaptation within the
new human host (i.e. evolution) [35].

Whichever of these two models is correct (perhaps
both), there is a clear implication that the emergence
of new human viruses is a long-standing and ongoing
biological process. Whether this process will eventually
slow down or stop (if the bulk of new virus species con-
stitute extant diversity) or whether it will continue
indefinitely (if a significant proportion of newly discov-
ered virus species are newly evolved) remains unclear,
although this makes little difference to immediate
expectations. There is a hint, from the slower accumu-
lation of new virus families found in humans, that
virus diversity may be bounded, but that does not pre-
clude there being a much larger number of virus
species ‘out there’ than we are currently aware of. If
anthropogenic drivers of this process are important
then it is possible that we are in the midst of a
period of particularly rapid virus emergence and, in
any case, with the advent of new virus detection tech-
nologies, we are very likely to be entering a period of
accelerated virus discovery. The unavoidable con-
clusion is that we must anticipate the emergence
and/or discovery of more new human viruses in the
coming years and decades. By no means all of these
will pose a serious risk to public health but, if the
recent past is a reliable guide to the immediate
future, it is very likely that some will.

The first line of defence against emerging viruses is
effective surveillance. This topic has been widely dis-
cussed in recent years [10,41], but we will re-iterate
a few key points here. Firstly, emerging viruses are
everyone’s problem: the ease with which viruses can
disperse, potentially worldwide within days, coupled
with the very wide geographical distribution of emer-
gence events [9], means that a coordinated, global
surveillance network is essential if we are to ensure
rapid detection of novel viruses. This immediately
highlights the enormous national and regional differ-
ences in detection capacity, with the vast majority of
suitable facilities located in Europe or North America.
Secondly, reporting of unusual disease events is
patchy, even once detected, reflecting both governance
issues and lack of incentives [10]. Thirdly, we need to
consider extending the surveillance effort to other
mammal populations as well as humans, because
these are the most likely source of new human viruses.

Improving the situation will require both political will
and considerable investment in infrastructure, human
capacity and new tools [10,41]. However, the benefits
are potentially enormous. It is possible to forestall an
emerging disease event, as experience with SARS has
shown. However, our ability to achieve this is closely
linked to our ability to detect such an event, and deliver
effective interventions, as rapidly as possible. A better
understanding of the emergence of new human viruses
Phil. Trans. R. Soc. B (2012)
as a biological and ecological process will allow us to
refine our currently very crude notions of the kinds of
pathogens, or the kinds of circumstances, we should
be most concerned about, and so direct our efforts at
detection and prevention more efficiently.

This work was partly supported by the USAID PREDICT
programme led by Peter Daszak of the Wildlife Trust. We
are grateful to colleagues in Edinburgh’s Epidemiology
Research Group and elsewhere for stimulating discussions
and to two anonymous referees for thoughtful comments on
the manuscript. M.C.T. is supported by the Wellcome Trust.
REFERENCES
1 Levine, A. J. & Enquist, L. W. 2007 History of virology.

In Fields virology (eds B. N. Fields, D. M. Knipe & P.
M. Howley), pp. 565–604, 5th edn. Philadelphia, PA:
Lippincott Williams & Wilkins.

2 Woolhouse, M. E. J. & Gaunt, E. 2007 Ecological origins

of novel human pathogens. Crit. Rev. Microbiol. 33,
1–12. (doi:10.1080/10408410601172164)

3 Woolhouse, M. E. J. & Dye, C. 2001 Population biology
of emerging and re-emerging pathogens: preface. Phil.
Trans. R. Soc. Lond. B 356, 981–982. (doi:10.1098/

rstb.2001.0899)
4 Parrish, C. R. 1995 Molecular epidemiology of

parvoviruses. Semin. Virol. 6, 415–418. (doi:10.1016/
S1044-5773(05)80018-6)

5 Woolhouse, M. E. J., Howey, R., Gaunt, E., Reilly, L.,
Chase-Topping, M. & Savill, N. 2008 Temporal trends
in the discovery of human viruses. Proc. R. Soc. B 275,
2111–2115. (doi:10.1098/rspb.2008.0294)

6 International Committee on Taxonomy of Viruses.

www.ictvdb.org/Ictv/ICTVdBsearch.htm (accessed 16
August 2010).

7 Bebber, D. P., Marriot, F. H. C., Gaston, K. J., Harris,
S. A. & Scotland, R. W. 2007 Predicting unknown
species numbers using discovery curves. Proc. R. Soc. B
274, 1651–1658. (doi:10.1098/rspb.2007.0464)

8 Storch, G. A. 2007 Diagnostic virology. In Fields virology
(eds B. N. Fields, D. M. Knipe & P. M. Howley),
pp. 565–604, 5th edn. Philadelphia, PA: Lippincott
Williams & Wilkins.

9 Jones, K. E., Patel, N. G., Levy, M. A., Storeygard, A.,
Balk, D., Gittleman, J. L. & Daszak, P. 2008 Global
trends in emerging infectious diseases. Nature 451,
990–994. (doi:10.1038/nature06536)

10 Keusch, G. T., Pappaioanou, M., Gonzalez, M. C.,
Scott, K. A. & Tsai, P. (eds) 2009 Sustaining global sur-
veillance and response to emerging zoonotic diseases.
Washington, DC: The National Academies Press.

11 Allander, T., Tammi, M. T., Eriksson, M., Bjerkner, A.,

Lindell, A. T. & Bjorn, A. 2005 Cloning of a human
parvovirus by molecular screening of respiratory tract
samples. Proc. Natl Acad. Sci. USA. 102, 12 891–12
896. (doi:10.1073/pnas.0504666102)

12 Greninger, A. I., Runckel, C., Chiu, C. Y., Haggerty, T.,

Parsonnet, J., Ganem, D. & DeRisi, J. L. 2009 The com-
plete genome of klassevirus—a novel picornavirus in
pediatric stool. Virol. J. 6, 82. (doi:10.1186/1743-
422X-6-82)

13 Allander, T., Andreasson, K., Gupta, S., Bjerkner, A.,

Bogdanovic, G., Persson, M. A. A., Dalianis, T.,
Ramqvist, T. & Andersson, B. 2007 Identification of a
third human polyomavirus. J. Virol. 81, 4130–4136.
(doi:10.1128/JVI.00028-07)

14 Chua, K. B. et al. 2007 A previously unknown reovirus of
bat origin is associated with an acute respiratory disease in

http://dx.doi.org/10.1080/10408410601172164
http://dx.doi.org/10.1098/rstb.2001.0899
http://dx.doi.org/10.1098/rstb.2001.0899
http://dx.doi.org/10.1016/S1044-5773(05)80018-6
http://dx.doi.org/10.1016/S1044-5773(05)80018-6
http://dx.doi.org/10.1098/rspb.2008.0294
http://www.ictvdb.org/Ictv/ICTVdBsearch.htm
http://dx.doi.org/10.1098/rspb.2007.0464
http://dx.doi.org/10.1038/nature06536
http://dx.doi.org/10.1073/pnas.0504666102
http://dx.doi.org/10.1186/1743-422X-6-82
http://dx.doi.org/10.1186/1743-422X-6-82
http://dx.doi.org/10.1128/JVI.00028-07


Virus discovery M. Woolhouse et al. 2871
humans. Proc. Natl Acad. Sci. USA 104, 11 424–11 429.
(doi:10.1073/pnas.0701372104)

15 Gaynor, A. M. et al. 2007 Identification of a novel poly-

omavirus from patients with acute respiratory tract
infections. PLoS Pathog. 3, e64. (doi:10.1371/journal.
ppat.0030064)

16 Finkbeiner, S. R., Kirkwood, C. D. & Wang, D. 2008
Complete genome sequence of a highly divergent astro-

virus isolated from a child with acute diarrhea. Virol. J.
5, 117. (doi:10.1186/1743-422X-5-117)

17 Towner, J. S. et al. 2008 Newly discovered Ebolavirus associ-
ated with hemorrhagic fever outbreak in Uganda. PLoS
Pathog. 4, e1000212. (doi:10.1371/journal.ppat.1000212)

18 Kapoor, A. et al. 2008 A newly identified bocavirus
species in human stool. J. Infect. Dis. 199, 196–200.
(doi:10.1086/595831)

19 Kapoor, A. et al. 2008 A highly prevalent and genetically

diversified Picornaviridae genus in South Asian children.
Proc. Natl Acad. Sci. USA 105, 20 482–20 487. (doi:10.
1073/pnas.0807979105)

20 Holtz, L. R., Finkbeiner, S. R., Kirkwood, C. D. &
Wang, D. 2008 Identification of a novel picornavirus

related to cosaviruses in a child with acute diarrhea.
Virol. J. 5, 159–164. (doi:10.1186/1743-422X-5-159)

21 Finkbeiner, S. R. et al. 2009 Identification of a novel
astrovirus (astrovirus VA1) associated with an outbreak
of acute gastroenteritis. J. Virol. 83, 10 836–10 839.

(doi:10.1128/JVI.00998-09)
22 Li, L., Barry, P., Yeh, E., Glaser, C., Schnurr, D. &

Delwart, E. 2009 Identification of a novel human
gammapapillomavirus species. J. Gen. Virol. 90,

2413–2417. (doi:10.1099/vir.0.012344-0)
23 Li, L. et al. 2009 A novel picornavirus associated with

gastroenteritis. J. Virol. 83, 12 002–12 006. (doi:10.
1128/JVI.01241-09)

24 Briese, T. et al. 2009 Genetic detection and characteriz-

ation of Lujo virus, a new hemorrhagic fever-associated
arenavirus from Southern Africa. PLoS Pathog. 5,
e1000455. (doi:10.1371/journal.ppat.1000455)

25 Taylor, L. H., Latham, S. M. & Woolhouse, M. E. J.
2001 Risk factors for human disease emergence. Phil.
Trans. R. Soc. Lond. B 356, 983–989. (doi:10.1098/
rstb.2001.0888)

26 Woolhouse, M. E. J. & Gowtage-Sequeria, S. 2005
Host range and emerging and re-emerging pathogens.
Emerg. Inf. Dis. 11, 1842–1847. (doi:10.3201/eid1112.

050997)
27 Woolhouse, M. E. J., Taylor, L. H. & Haydon, D. T.

2001 Population biology of multi-host pathogens. Science
292, 1109–1112. (doi:10.1126/science.1059026)
Phil. Trans. R. Soc. B (2012)
28 Simmonds, P. 2001 Reconstructing the origins of human
hepatitis viruses. Phil. Trans. R. Soc. Lond. B 356,
1013–1026. (doi:10.1098/rstb.2001.0890)

29 Keele, B. F. et al. 2006 Chimpanzee reservoirs of
pandemic and non-pandemic HIV-1. Science 313,
523–526. (doi:10.1126/science.1126531)

30 Wolfe, N. D., Dunavan, C. P. & Diamond, J. 2007
Origins of major human infectious diseases. Nature 447,

279–283. (doi:10.1038/nature05775)
31 Woolhouse, M. & Antia, R. 2008 Emergence of new

infectious diseases. In Evolution in health and disease
(eds S. C. Stearns & J. K. Koella), pp. 215–228, 2nd

edn. Oxford, UK: Oxford University Press.
32 Wolfe, N. D. et al. 2004 Naturally acquired simian retro-

virus infections in central African hunters. Lancet 363,
932–937. (doi:10.1016/S0140-6736(04)15787-5)

33 Keeling, M. J. & Rohani, P. 2008 Modelling infectious dis-
eases in humans and animals. Princeton, NJ: Princeton
University Press.

34 Cleaveland, S., Laurenson, M. K. & Taylor, L. H. 2001
Diseases of humans and their domestic mammals: patho-
gen characteristics, host range and the risk of emergence.

Phil. Trans. R. Soc. Lond. B 356, 991–999. (doi:10.1098/
rstb.2001.0889)

35 Antia, R., Regoes, R. R., Koella, J. C. & Bergstrom, C. T.
2003 The role of evolution in the emergence of infectious
diseases. Nature 426, 658–661. (doi:10.1038/

nature02104)
36 Institute of Medicine. 2003 Microbial threats to health:

emergence, detection, and response. Washington, DC:
National Academy Press.

37 Woolhouse, M. E. J., Haydon, D. T. & Antia, R. 2005
Emerging pathogens: the epidemiology and evolution of
species jumps. Trends Ecol. Evol. 20, 238–244. (doi:10.
1016/j.tree.2005.02.009)

38 Streicker, D. G., Turmelle, A. S., Vonhof, M. J., Kuzmin,
I. V., McCracken, G. F. & Rupprecht, C. E. 2010 Host
phylogeny constrains cross-species emergence and estab-
lishment of rabies virus in bats. Science 329, 676–679.
(doi:10.1126/science.1188836)

39 Davies, T. J. & Pedersen, A. B. 2008 Phylogeny and

geography predict pathogen community similarity in
wild primates and humans. Proc. R. Soc. B 275,
1695–1701. (doi:10.1098/rspb.2008.0284)

40 Universal Protein Resource. http://beta.uniprot.org/
(accessed 05 April 2008).

41 King, D. A., Peckham, C., Waage, J. K., Brownlie, J. &
Woolhouse, M. E. J. 2006 Infectious diseases: preparing
for the future. Science 313, 1392–1393. (doi:10.1126/
science.1129134)

http://dx.doi.org/10.1073/pnas.0701372104
http://dx.doi.org/10.1371/journal.ppat.0030064
http://dx.doi.org/10.1371/journal.ppat.0030064
http://dx.doi.org/10.1186/1743-422X-5-117
http://dx.doi.org/10.1371/journal.ppat.1000212
http://dx.doi.org/10.1086/595831
http://dx.doi.org/10.1073/pnas.0807979105
http://dx.doi.org/10.1073/pnas.0807979105
http://dx.doi.org/10.1186/1743-422X-5-159
http://dx.doi.org/10.1128/JVI.00998-09
http://dx.doi.org/10.1099/vir.0.012344-0
http://dx.doi.org/10.1128/JVI.01241-09
http://dx.doi.org/10.1128/JVI.01241-09
http://dx.doi.org/10.1371/journal.ppat.1000455
http://dx.doi.org/10.1098/rstb.2001.0888
http://dx.doi.org/10.1098/rstb.2001.0888
http://dx.doi.org/10.3201/eid1112.050997
http://dx.doi.org/10.3201/eid1112.050997
http://dx.doi.org/10.1126/science.1059026
http://dx.doi.org/10.1098/rstb.2001.0890
http://dx.doi.org/10.1126/science.1126531
http://dx.doi.org/10.1038/nature05775
http://dx.doi.org/10.1016/S0140-6736(04)15787-5
http://dx.doi.org/10.1098/rstb.2001.0889
http://dx.doi.org/10.1098/rstb.2001.0889
http://dx.doi.org/10.1038/nature02104
http://dx.doi.org/10.1038/nature02104
http://dx.doi.org/10.1016/j.tree.2005.02.009
http://dx.doi.org/10.1016/j.tree.2005.02.009
http://dx.doi.org/10.1126/science.1188836
http://dx.doi.org/10.1098/rspb.2008.0284
http://beta.uniprot.org/
http://beta.uniprot.org/
http://dx.doi.org/10.1126/science.1129134
http://dx.doi.org/10.1126/science.1129134

	Human viruses: discovery and emergence
	Introduction
	Virus diversity and discovery
	Survey of human viruses
	Discovery curve
	Geography and taxonomy
	Projecting the discovery curve
	Recently discovered viruses
	New virus families

	Emergence as a biological process
	Non-human reservoirs
	Pathogen pyramid
	Drivers of emergence
	Species jumps
	Cell receptor usage and host range

	Conclusions
	This work was partly supported by the USAID PREDICT programme led by Peter Daszak of the Wildlife Trust. We are grateful to colleagues in Edinburgh’s Epidemiology Research Group and elsewhere for stimulating discussions and to two anonymous referees for thoughtful comments on the manuscript. M.C.T. is supported by the Wellcome Trust.
	REFERENCES


