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A widely held concern is that the pace of infectious disease
emergence has been increasing. We have analyzed the rate of
discovery of pathogenic viruses, the preeminent source of newly
discovered causes of human disease, from 1897 through 2010. The
rate was highest during 1950–1969, after which it moderated. This
general picture masks two distinct trends: for arthropod-borne
viruses, which comprised 39% of pathogenic viruses, the discovery
rate peaked at three per year during 1960–1969, but subsequently
fell nearly to zero by 1980; however, the rate of discovery of non-
arboviruses remained stable at about two per year from 1950
through 2010. The period of highest arbovirus discovery coincided
with a comprehensive program supported by The Rockefeller
Foundation of isolating viruses from humans, animals, and arthro-
pod vectors at field stations in Latin America, Africa, and India. The
productivity of this strategy illustrates the importance of location,
approach, long-term commitment, and sponsorship in the discov-
ery of emerging pathogens.

emerging diseases | zoonoses

Awareness of emerging human pathogens as imminent public
health threats has grown rapidly over the last 20 y (1).

Annual references to “emerging disease” in the medical litera-
ture have climbed from 11 in 1993 to 313 in 2012 (2); a similar
search of popular print media uncovered two references in 1993
and 241 in 2012 (3). It is not clear, however, that the pace of
emergence has also accelerated. What constitutes an emerging
disease is often broadly interpreted to include not only those
caused by newly discovered human pathogens but also by known
pathogens whose transmission dynamics have changed, as when
they develop drug resistance or invade previously nonendemic
regions (4). A number of factors have been identified as con-
tributing to an apparent rise in emerging diseases, including in-
creased contact with wildlife in developing regions, ease of global
travel and trade, and changing land use (5). By one estimate, 335
“emergent events” occurred during 1940–2004 (6). If the defi-
nition is limited—as it will be in this report—to only newly
recognized causes of human disease, viruses now predominate.
Of the six classes of agents causing disease (prions, viruses,
bacteria, fungi, protozoa, and helminths), viruses comprised 67%
of the 87 pathogens discovered during 1980–2005 (7), a period
that saw the first descriptions of HIV, severe acute respiratory
syndrome, hepatitis C, and Nipah viruses. Nearly 85% of these
emergent viruses had single-stranded RNA (ssRNA) genomes
(7), which are prone to uncorrected errors during replication (8),
and the majority were zoonoses (7), pathogens capable of being
transmitted to people from other vertebrates.
In an analysis of 188 viruses first found to cause human disease

between 1900 and 2005 (9), the rate at which new viruses were
identified in humans appeared to quicken between 1950 and
1970 but then to slow. To examine if changes in approach or
methods might account for the change in pace, we compiled a list
of the viruses found to cause human illness from 1897, when the
first virus infecting vertebrates (foot-and-mouth disease virus)
was discovered, through 2010 (Table S1). Selection criteria are
described in Methods. Briefly, we used source reports for each
virus (Table S1) to document not only the year it was first

incriminated as a cause of human disease, but also the year of
discovery in a nonhuman animal (if that preceded when it was
found in humans), the country of discovery, and the institutional
home of the discoverer. The primary criteria for inclusion were
that a virus be a proven pathogen of humans and that it be a
taxonomically accepted species. In some cases the inclusion or
exclusion of a virus was a matter of judgment because of ambiguous
evidence for pathogenicity or unresolved taxonomic status, but
analyses of lists made with either more- or less-stringent inclu-
sion criteria did not change the nature of our results (Methods
and Fig. S1). Of the 213 human viruses we designated, most also
have known (60%) or presumed (8%) nonhuman vertebrate
hosts, and 39% (83 of 213) are transmitted between humans
or between animals and humans by arthropod vectors, such as
mosquitoes or ticks (Table S1 and SI Results and Discussion).

Results and Discussion
We plotted when each virus was first incriminated as a cause of
human disease, as was done previously (9), but also when each
was discovered (Fig. 1A). Of the 213 viruses, 31 (15%) were
identified in nonhuman vertebrates and 27 (13%) in arthropod
vectors before being incriminated as human pathogens (Table
S1). The gap between the two cumulative trends (Fig. 1A) rep-
resents the lag in years (1–77 y) between discovery and in-
crimination (Table S1). Both trends are inflected more sharply
upward in the early 1930s, when embryonated chicken eggs and
suckling mice began to be used to culture unknown viruses, and
in the early 1950s, when techniques for in vitro cell culture be-
came widespread (Fig. 1A). Despite the further introduction of
increasingly sophisticated diagnostic techniques, both trends
began to slow in the 1970s. This slowing is especially evident in
the data for discovery, to which we will limit further analysis.
During 1960–1969, 47 viruses were discovered, compared with
only 18 during 2000–2009. Of the 47 viruses, 68% (32 of 47) were
arthropod-borne (“arboviruses”), a proportion much higher than
39% over the entire 114 y.
Both arbovirus and nonarbovirus discoveries accumulated at

a similar pace (Fig. 1B) and rate (Fig. 1C) through the 1940s; by
1950 half (51%) the viruses now known to be pathogenic were
arboviruses. The rapid growth in arbovirus discovery that sub-
sequently occurred during the 1950s and 1960s was followed by
a precipitous decline to nearly zero by 1980 (Fig. 1C). In con-
trast, nonarbovirus discovery remained consistent at approxi-
mately two new viruses yearly from the mid-1950s through 2010.
Only 2% (2 of 83) of pathogenic arboviruses were discovered
during the last 30 y of the study period (1981–2010), compared
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with 44% (57 of 130) of the nonarboviruses. The divergence of
the two rates is statistically significant (Fig. 1C).
We can hypothesize two causes for the divergence in discovery

rates between arboviruses and nonarboviruses: (i) by 1980 nearly
all arboviruses pathogenic to humans had been found and new
arboviral pathogens ceased to emerge, or (ii) there were differ-
ences in how arboviruses and nonarboviruses were discovered
that no longer favored arbovirus discovery. Arboviruses appear
to have at least as great an intrinsic capacity for emergence as do

nonarboviruses. Nearly all arboviruses (93%) have mutation-
prone ssRNA genomes, compared with 57% of the nonarbo-
viruses (Table S2). Most arboviruses (84%) are distributed
among just three virus families (Table S2) but there is no com-
pelling evidence that this reduces their capacity to evolve. The
predominant family, the Bunyaviridae, which constitute 37%
(31 of 83) of the arboviruses, have tripartite genomes especially
susceptible to reassortment and potential changes in pathoge-
nicity (11, 12). Recombination and mutation have also been
documented in the other two major groups, Flaviviridae (13) and
Togaviridae (14). All of the arboviruses are known or presumed
zoonoses; even the few transmitted between humans by vectors,
such as those causing dengue, have sylvatic transmission cycles
(15). The passage through vectors and animals might favor rel-
atively higher rates of synonymous change than in nonarbovi-
ruses (16), but there are a number of instances of single nucleo-
tide polymorphisms contributing to arbovirus epidemics by
enhancing infectivity to either the vector (17, 18) or animal host
(19). More importantly, vectors often bridge gaps between
humans and animals that would otherwise have no contact (20).
The possibility that vector control has sufficiently reduced con-
tact with humans to have stopped the introduction of novel
arboviruses is belied by the failure of vector control practice to
stem the worldwide resurgence of dengue, chikungunya, and
other arboviruses (21).
Changes in the rate at which new species are discovered can

result from changed approaches, such as investigation of novel
habitats, development of new techniques, or redirection of re-
sources (22). There was a striking difference in the geographic
regions where arboviruses and nonarboviruses were first identi-
fied: 67% of arboviruses were discovered in Africa, Latin
America/Caribbean, and India/Near East, whereas 68% of the
nonarboviruses were discovered in North America and Europe
(Fig. 2). There was also a distinct difference in the diversity of
institutions responsible for making the discoveries (Table S3):
42% of the arboviruses were identified by staff of The Rock-
efeller Foundation (RF); in contrast, the largest proportion of
nonarboviruses discovered by scientists employed by a single
institution, the US National Institutes of Health, was 9%. Al-
together, lead scientists working for 82 institutions were re-
sponsible for the discovery of the 130 nonarboviruses, compared
with 25 institutions for the 83 arboviruses.
Beginning in 1916, the RF established field stations in Brazil,

Nigeria, Colombia, and Uganda as part of a strategy to develop
the means to eliminate yellow fever virus transmission, which led,
by 1937, to the first yellow fever vaccine (23). During 1937–1950,
RF scientists working at the yellow fever stations in Uganda,
Colombia, and Brazil documented six previously unknown
arboviruses—including West Nile virus—and beginning in 1951
RF instituted a 15-y program at laboratories in Egypt, Trinidad,
South Africa, Brazil, Nigeria, Colombia, and India to find un-
recognized arboviruses (23). The stations were staffed by RF and
local professionals and equipped to hunt for and isolate viruses
using state-of-the-art techniques, some of which had been pio-
neered by RF scientists. The operations, which were largely
carried out in forested and rural areas, were modeled on the
approach taken during the earlier yellow fever investigations and
routinely attempted to isolate novel viruses from wild and sen-
tinel animals, from wild-caught vectors, and from ill humans.
This approach, which was also practiced by Institut Pasteur and
others, was responsible for the high proportion of pathogenic
arboviruses discovered first in animals: nearly half of human
arboviruses (33% in arthropods, 13% in vertebrates) compared
with 16% of nonarboviruses (Fig. S2). In particular, isolations
from blood-feeding arthropods of viruses that displayed cyto-
pathic effect in vertebrate tissue culture or were pathogenic to
laboratory animals often preceded their incrimination as human
pathogens. In addition to the 83 human arboviruses, more than

Fig. 1. The pace of human virus discovery 1897–2010. (A) The cumulative
discoveries of human-pathogenic viruses in any organism (black) and their
incrimination as a cause of human disease (green). (B) The cumulative dis-
coveries of human-pathogenic arboviruses (red), and nonarboviruses (blue).
(C) Yearly arboviruses and nonarboviruses discovered (red and blue points,
respectively) with moving averages (lines) smoothed with a 10-y bandwidth
Gaussian kernel and 95% confidence bands (shaded areas) determined by
bootstrapping (10).
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120 confirmed or probable arboviruses have been isolated from
arthropods or vertebrates but not yet incriminated as infective to
humans (24).
The sharp decline in discovery of human arboviruses was

presaged by the predetermined end of the 15-y RF program in
the mid-1960s (Fig. 3). We speculate there were two principal
causes for the global stall in arbovirus discovery. First, the RF’s
influence on worldwide arbovirus research had become pre-
eminent and its disappearance would have had a major impact
on other institutions. The RF pioneered modern arbovirus re-
search, provided short-term study grants, developed and dis-
seminated new methods, arbitrated arbovirus classification, and
provided a centralized type collection (25). The RF initiated the
American Committee on Arthropod-Borne Viruses and the
Catalogue of Arthropod-Borne Viruses of the World, iterations

of which are still active. RF investment during this period was
estimated in 1973 as US $30,000,000 (23). Second, the costly
investment to describe novel human arboviruses in the tropics
did not develop into a widely accepted post-World War public
health imperative and no sponsor filled the vacuum the RF left
(26). In the decade following the 1951 decision by the RF to
support arbovirus discovery, the campaigns to eradicate malaria
(1955) and small pox (1959) began, the first polio vaccine was
licensed (1955), and the El Tor cholera pandemic started (1961).
Although the RF made provision to move its collections and core
staff to Yale University beginning in 1964, and to continue to
provide for their support for a limited period, they did not fur-
ther fund the field operations (25). Several of these continued
active virology research programs but without support for the
intensive, integrated approach characterized by the RF. No hu-
man arboviruses were isolated at any of the former RF supported
field stations after 1970.
Our analysis was based on the well-documented discovery of

viruses, but it highlights the general confounding influence of
differing methodologies when judging historical trends or at-
tempting to extrapolate to the future (9). The different pat-
terns of human virus discovery were the consequence of funda-
mentally different investigative approaches. The nonarboviruses
were predominately discovered in North America and Europe in
humans, usually in the follow-up to disease outbreaks near major
medical research institutions. In contrast, the arboviruses were
predominately discovered in developing countries, often during
integrated, geographically focused, longitudinal investigations.
The influence that a single “big hitting” (27) sponsor had on the
development and execution of the strategy to discover new
arboviruses was profound, as were the consequences when its
support ceased. The paucity of arbovirus discoveries from
Southeast Asia, compared with those at similar latitudes in South
America and Africa, might be linked to the absence of RF ac-
tivity in the region.

Fig. 2. Geographical distribution, by country, of discoveries of human-pathogenic arboviruses and nonarboviruses, 1897–2010. Black diamonds indicate
countries with Rockefeller Foundation laboratories or field stations. Codiscoveries are represented in each country.

Fig. 3. The cumulative discoveries of arboviruses by staff of The Rockefeller
Foundation and by all other institutions.
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Some arboviruses considered inconsequential at the time of
their discovery have gained global importance as the conditions
that favor emergence have increased. West Nile virus, discovered
in Uganda in 1937 by the RF, rapidly spread across the United
States after its introduction in 1999; in 2012 it produced severe
neuroinvasive disease in about 3,000 Americans, which has been
estimated to represent only about 1% of infections (28). The
unprecedented 2004–2009 pandemic of chikungunya virus, also
first described in East Africa, in 1957 at a laboratory established
by the RF, infected at least 2 million people in the Indian Ocean
region (29). Our analysis implies that not only has the emergence
of arboviruses in the tropics been underestimated over the last
40 y but that the discovery of nonarboviruses has lagged as well
because of the lack of systematic search. The development of
faster, more sensitive methods for virus identification will con-
tinue to be important in discovering new pathogens, but strategy,
support, and commitment for looking in the right places in the
right ways will be critical to their most effective use.

Methods
We initially compiled an inclusive list of 237 pathogenic viruses by consulting
the most recent editions of major reference works (24, 30–32). With few
exceptions, we examined the original published report of discovery for each
virus and used the dates of publication as the dates of discovery (Table S1).
Where the discoverers did not publish their results or longer than 5 y elapsed
between discovery and publication, the earlier dates were used if known
(Table S1). In some instances the discovery date was not when the virus was
first isolated but when it was first determined to be a distinguishable spe-
cies. For example, vaccinia and cowpox were frequently confused before
1939 (Table S1) and, although the cause of dengue fever was determined
to be a virus in 1907 (33), it is not known which of the four viruses was
investigated. We used the source documents to determine the institu-
tional affiliation of the corresponding or senior author and the country
of discovery.

Subsequently, we evaluated whether each virus on the initial list qualified
as a distinct viral entity or species and the evidence that it caused human
illness. For ∼15% of the viruses on the initial list it was necessary to judge
their qualifications for either or both criteria. Viruses were considered to be
pathogens if they had been isolated from acutely ill people and shown to be
the cause of the illness. Besides naturally acquired infections, including those
only documented in immunocompromised people, those contracted during
laboratory accidents were considered. Evidence for causality usually included
studies demonstrating pathogenicity in humans or animal models and epi-
demiological or experimental evidence of transmission to humans. Because
humans might be infected without overt disease, serological surveys in-
dicating past exposure to a virus without evidence for pathogenicity were
discounted, although rising convalescent antibody titers in individuals or
seroconversions during well-documented epidemics were in some cases
considered sufficient evidence. Putatively pathogenic viruses discovered
during 2006–2010 were provisionally listed even if their role as pathogens
had not yet been proved.

Systematic virus classification, especially at the species level, is frequently
revised and the common professional use of virus names does not always
match that accepted by the International Committee on Taxonomyof Viruses.
Of the 213 listed viruses, 185 were listed as species in the ninth International
Committee on Taxonomy of Viruses report (32). Of the remaining 28, 25 were
classed as “tentative species,” “unassigned,” or “ungrouped,” and 3 (den-
gue-2, -3, -4) as subspecies (Table S1).

Table S1 is not meant to be authoritative but rather a means to in-
vestigate general trends in virus discovery. We tested how our judgment in
compiling the list might affect the results by analyzing trends using the less
discriminative list of 237 viruses and the limited list of 185 viruses (Fig. S1).
There were no substantive differences between them.
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