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The increasing availability of complete genome sequences of RNA viruses has the potential to shed new light on
fundamental aspects of their biology. Here, I use case studies of 3 RNA viruses to explore the impact of genomic
sequence data, with particular emphasis on influenza A virus. Notably, the studies of RNA virus genomics under-
taken to date largely focused on issues of evolution and epidemiology, and they have given these disciplines new
impetus. However, genomic data have so far made fewer inroads into areas of more direct importance for disease,
prevention, and control; thus, harnessing their full potential remains an important goal.

Itis a cliché to say that we are now in the midst of the genomic age
of biology. As is obvious from even the most cursory trawl through
sequence repositories such as GenBank, the number of complete
genomes of eukaryotes and their pathogens has increased dra-
matically in recent years. The advent of new technologies for rapid
genome sequencing, in which many millions of nucleotides can
be obtained in a single run (1), promises an even richer haul of
genomic data in the near future. The gathering pace with which
genomic sequence data are being generated is reflected in the case
of RNA viruses, the major cause of emerging diseases in humans,
and is greatly assisted by their universally small genomes, which
have a mean size of approximately 10,000 nucleotides.

The aim of this Review is to document some of the insights that
have stemmed from this new wealth of viral genome sequence data,
to highlight the current limitations of genomics, and to point to
areas where future effort might be directed. In doing so, I make
both broad-ranging statements on viral genomics and consider
as case studies 3 very different RNA viruses that infect humans:
influenza A virus, HIV, and dengue virus (DENV). My major argu-
ment is that despite the burgeoning genomic data for RNA viruses,
the impact of these data has largely been in the realm of evolu-
tion and epidemiology, with relatively little foray into issues of
more direct clinical importance, such as studies of pathogenesis
and the development of vaccines and antivirals. In short, although
these are salad days for population biology, viral genomics has not
yet provided a stimulus package to the clinical sciences. In part,
this is to be expected, because it is overly simplistic to think that
there will always be a simple virological basis to a specific clinical
syndrome or that genomic data taken in isolation have much to
say about immunogenicity or drug design. More importantly, the
power of genomics may be diluted because sequence data are often
collected and stored out of context of other key biological vari-
ables, particularly clinical manifestation (often because of ethical
considerations) and correlates of immunity, so that its full poten-
tial has yet to be harnessed.

Influenza A virus

Influenza virus is a major cause of respiratory disease in humans,
resulting in annual mortality of 250,000-500,000 globally (2).
Influenza viruses possess a segmented negative-sense RNA
genome (family Orthomyxoviridae) and cause regular seasonal epi-
demics in humans, other mammals, and birds. Although 3 types
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of influenza virus — denoted A, B and C — circulate in humans,
the type A viruses are associated with the greatest mortality and
morbidity. The genetic (and antigenic) diversity of influenza A
virus is described by the specific combination of hemagglutinin
(HA) and neuraminidase (NA) surface glycoproteins in each virus.
There are 16 known subtypes of HA (H1-H16) and 9 subtypes of
NA (N1-N9), all of which are found in wild birds of the orders
Anseriformes and Charadriformes (3-5).

The Influenza Genome Sequencing Project (IGSP; http://www.
ncbi.nlm.nih.gov/genomes/FLU/FLU.html) was the obvious call
to arms in RNA virus genomics (6). Not only has this remarkable
data set allowed new insights into the biology and evolution of
this important human pathogen, but an unforeseen spinoff was
the enticement of new researchers into the field, which stimu-
lated novel ideas on the fundamentals of viral evolution (7, 8).
At the time of this writing, the IGSP has generated more than
3,300 complete genome sequences, with perhaps another 1,600 to
come, most of which represent strains of influenza A from infect-
ed humans (subtypes A/HIN1 and A/H3N2). There are a growing
number of genomes from viruses isolated from birds, reflecting
concerns over the potential emergence of highly pathogenic avian
influenza A viruses able to infect and spread through human pop-
ulations (e.g., subtype A/HSNT1) (9). Although the focus on avian
viruses as the source of human pandemic strains is understand-
able, the recent emergence in humans of an HIN1 subtype from
swine (10) cautions us not to ignore the other mammalian hosts
of influenza viruses, particularly as spillover of influenza viruses
from pigs to humans seems to occur relatively frequently (11). In
addition, one of the most remarkable aspects of this new HIN1
virus is that it is phylogenetically distinct from all other swine
HINT1 viruses, highlighting our inadequate surveillance of influ-
enza viruses in this species.

Computational analyses of sequence data generated as part of
the IGSP have changed some important concepts in influenza
evolution. First, genomic studies have revealed that intrasubtype
reassortment — in which recombination occurs between different
segments of the viral genome — is a pervasive process, sometimes
generating isolates with altered antigenic properties, which in turn
may lead to vaccine failure (Figure 1 and refs. 12-14). Although the
importance of reassortment in influenza virus was known long
before the generation of large-scale genomic sequences (15), and
its significance for strain emergence is shown by the appearance of
the new strain of HIN1, which was generated by the reassortment
of 2 swine lineages (10), the IGSP data provide the only insight
into the frequency of this process (12). As a consequence, it is fool-
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ish to consider the evolution of the key viral antigens — the HA
and NA proteins that sit on the surface of the virion and interact
intimately with host cells — outside the context of the rest of the
viral genome (16). Indeed, it is clear that the HA protein exhib-
its complex epistatic interactions with other viral proteins (17).
Second, the richness of the genomic sequence data has revealed
that specific human populations, such as that of New York state,
are characterized by the circulation of multiple and often diverse
viral lineages of the same subtype, which provide the raw material
for frequent reassortment (12, 14, 18). While this may not sound
like a surprise, a reasonable model before the arrival of expansive
genome sequence data was that a single viral lineage enters a popu-
lation at the start of the influenza season (around October in the
United States) and gradually spreads through the population over
the subsequent 6 months, before dying out the following summer
(19). Although there is clearly a major summer die-off of influenza
virus in the Northern (and Southern) Hemispheres, for reasons
that are still unclear, viral lineages are continually imported dur-
ing the time course of the influenza season (Figure 2 and refs. 16,
18). Indeed, one of the most interesting epidemiological insights
from the IGSP data has been that relatively geographically isolated
communities in the United States (such as Hopkinsville, Kentucky)
harbor influenza A virus genetic diversity similar to that of major
cities with more expansive travel networks (14), highlighting how
rapidly this virus is able to spread through populations.

The genomic revolution was also central to the realization that
a global source population for human influenza A virus — most
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Figure 1

Process of reassortment in influenza A virus. Reassortment occurs
when 2 viruses (denoted here as A and B) coinfect a single host cell.
Each virus contains 8 gene segments, shown as open and closed
bars. Reassortment among these 2 viruses then produces viruses with
a variety of segment combinations.

likely centered in East and Southeast Asia — annually provides the
antigenic variants that ignite the seasonal influenza epidemics in
the sink populations of the Northern and Southern Hemispheres
(16, 20). Southeast Asia fits the bill for a global influenza source
because its large, dense, and well-connected populations provide
exactly the conditions that allow natural selection (manifest as
ongoing antigenic evolution in the HA and NA proteins) to oper-
ate with maximum efficiency (Figure 3). Not only is this observa-
tion important from the perspective of basic epidemiology — this
is the geographic region that needs to be surveyed most intensively
for emergent viruses — but it may also have a major bearing on
vaccine design. Vaccines designed to prevent infection with human
influenza A viruses tend to fail every few years because of a periodic
burst of antigenic evolution, in which a virus emerges with more
mutations in the HA protein than predicted (21). Knowing where
these antigenic strains are generated every year should speed up
the process of choosing the influenza A strain to be incorporated
into the vaccine and also yield more effective choices.

The expanse of genomic information about influenza A viruses
has also shed new light on the evolution of drug resistance. The
most interesting observation from this perspective is that, remark-
ably, direct drug-selection pressure may not always be responsible
for the rise of drug resistance. The first example of what sounds
like a highly paradoxical evolutionary process occurred with the
adamantanes, a class of first-generation antivirals against which
subtype A/H3N2 viruses have shown a dramatic global rise in
resistance over the last 4 years (22, 23). Resistance in this case is
caused by a single amino acid change — Ser31Asn — in the viral
M2 protein, an ion channel that is the target of adamantanes. To
the surprise of many, the frequency of the Ser31Asn mutation
has risen abruptly in populations where adamantanes are rarely
used, such as the United States. The most likely explanation for
the global dissemination of Ser31Asn is therefore that it became
fortuitously linked to another beneficial mutation — probably
conferring immune escape — located elsewhere in the viral genome
(24). The population frequency of subtype A/H3N2 viruses car-
rying the Ser31Asn mutation is therefore not simply a function
of the fitness conferred by this mutation, but also that of other
advantageous mutations in the viral genome. This again tells us
that genome-wide interactions are a critical aspect of viral genet-
ics. Incredibly, exactly the same process of genetic hitchhiking now
seems to be taking place with resistance to oseltamivir, a major NA
inhibitor. In this case, there has been a dramatic rise in oseltamivir
resistance in subtype A/H1N1 viruses circulating in Europe (and
somewhat so in the Americas), which was caused by a His275Tyr
mutation in the NA protein (25, 26). Because these drugs are not
widely used in European populations, linkage to another benefi-
cial mutation seems the most probable explanation for the rise
of viruses carrying His275Tyr, although this needs to be formally
assessed. More troublesome is that oseltamivir was designed as the
frontline defense against highly pathogenic avian A/H5N1 viruses,
which have periodically spilled over into human populations. It
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Figure 2

Genetic diversity of human influenza A/H1N1 virus in the United States during the 2006—-2007 influenza season. The phylogenetic tree depicts
the diversity of the gene encoding NA in 284 isolates sampled across the United States. Isolates from different geographical locations are
color coded according to the inset map. Note that there is remarkable genetic diversity, manifest as the circulation of multiple lineages likely
to be independently imported, and that there is no clear spatial patterning, as reflected in the mix of colors. Figure adapted with permission

from PLoS Pathogens (14).

is therefore possible that subtype A/HSN1 viruses will also read-
ily evolve resistance to oseltamivir, or that an oseltamivir-resistant
NA protein from an A/HIN1 virus will incorporate itself into
A/HSNI strains via reassortment.

What the IGSP has not provided is clear information on whether
there is a viral genetic basis to the variance in clinical presen-
tation of influenza in humans (i.e., from subclinical to severe
respiratory illness). This kind of analysis is clearly a major goal
of second-generation studies in RNA virus genomics. In my opin-
ion, there are a number of reasons, all of which are surmount-
able, why genomic data from influenza A virus have thus far been
of limited use for clinical studies. First, the available sample of
sequences, although huge from a genomics perspective, is still
small relative to those normally used in clinical epidemiology.
Thankfully, advances in sequencing technology mean that this
major barrier will soon be breached (1). Second, the isolates of
influenza A virus chosen for sequencing evidently do not amass
a representative sample of those that circulate in human popula-
tions, as they were taken from patients who were ill enough to
seek medical attention. Hence, there is necessarily a profound
2490
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sampling bias against low virulence — even asymptomatic —
strains of influenza A virus. Last, it is clear that most mortal-
ity among patients with influenza disease is due to secondary
bacterial pneumonia (caused by Streptococcus pneuwmoniae; ref. 27).
Hence, it is impossible to discuss the epidemiology of influenza
virus out of context of the other pathogens that cocirculate dur-
ing the influenza season (28).

One of the few observations made using data generated as part
of the IGSP that might inform on aspects of clinical disease is
that the influenza epidemics of 1947 and 1951, both of which
were characterized by high case numbers in specific geographical
localities (including parts of the United States), were seemingly
associated with A/H1IN1 influenza viruses that were produced by
large-scale reassortment events (29). This is particularly notewor-
thy in the case of the 1947 epidemic, as previous studies indicated
that the virus associated with this outbreak— during which there
was a widespread vaccine failure — was antigenically distinct from
previously circulating viruses (although still classified as a subtype
A/HIN1 virus; ref. 30). Modern genomic data now tells us that this
antigenically distinct variant of HA was acquired by reassortment
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Figure 3

Global migration of influenza A virus. Seasonal epidemics of human
influenza A/H3N2 virus are thought to begin in a circulation network
located in East and Southeast Asia before being exported to other
geographical localities (arrows denote direction of migration). The virus
is thought to be exported directly from the circulation network in East
and Southeast Asia to Australia, Europe, and North America. It is then
exported to South America from both Europe and North America. Fig-
ure adapted with permission from Science (20).

(from an as-yet unidentified source), further emphasizing how
processes of genetic exchange can alter viral phenotype (29).

Finally, despite the genomic revolution, there are still aspects
of the evolution and epidemiology of influenza A virus that
remain uncertain but may be central to its future control. First,
it is unclear why the A/HIN1 and A/H3N2 subtypes that cur-
rently cocirculate in human populations have such different
epidemiological dynamics: the former is characterized by greater
circulating genetic diversity but weaker antigenic evolution (i.e.,
accumulation of mutations at antigenic sites), while the latter is
characterized by lower levels of circulating genetic diversity (i.e.,
seasonal population crashes in temperate regions) but more rapid
antigenic evolution (16). Second, and of more clinical importance,
it is essential that we understand the rules by which antigenic evo-
lution occurs in influenza A virus (31, 32). Specifically, if it were
possible to determine how and why large antigenic changes occur
periodically — how the virus moves from antigenic type to anti-
genic type — it would doubtless be possible to design vaccines that
are far more effective vaccines, perhaps even evolution proof. It is
therefore essential that future genome sequence data be gathered
with an associated measure of viral antigenicity, such as hemag-
glutinin-inhibition distance, which depicts the differing ability of
isolates of influenza virus to agglutinate red blood cells and the
corresponding ability of antisera raised against these isolates to
inhibit agglutination (21).

HIV

Not only is HIV/AIDS the most severe infectious disease inflict-
ing human populations today, and arguably the most serious that
we have ever faced, but it is also the pandemic that kick started
the current interest in emerging disease. Since the discovery of the
virus that causes AIDS in the early 1980s (33), the various research
themes directed toward HIV/AIDS have experienced remarkably
mixed fortunes. There has been depressingly little progress toward
an HIV vaccine, reflecting a marked lack of protective immunity
in both human and animal trials. Although there is more genomic
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sequence data for HIV than for any other virus, and this has told
us a great deal about its biology, genomics has yet to contribute
much to HIV vaccine development. Given the current impasse in
vaccine development, debates over how phylogenetics should assist
in deciding which HIV strain to use are perhaps overly optimistic
(34, 35). In stark contrast, the study of the origins, evolution, and
molecular epidemiology of HIV has been wildly successful: we now
know approximately when both types of AIDS virus (HIV-1 and
HIV-2) first appeared in humans; we now know roughly where
these emergence events took place; and we can make more than
an educated guess about the precise mechanisms of cross-species
transmission (36-39). Hence, for HIV-1, the most prevalent and
clinically relevant type of HIV, analysis of genomic sequence data
has told us that this virus most likely jumped from common chim-
panzees (Pan troglodytes troglodytes) to humans on multiple occa-
sions during the early years of the twentieth century, and that this
occurred somewhere in West and Central Africa, probably through
the preparation and consumption of virally infected bushmeat.
These early epidemic embers were fanned by an expanding logging
industry as well as the urbanization of West and Central Africa
(39-41). Recent dating studies using molecular clocks, in which it
is assumed that viral mutations accumulate through time at a fairly
constant rate so that divergence times can be estimated across phy-
logenetic trees (42), have also suggested that HIV-1 first entered the
Western Hemisphere during the 1960s, although it was not detect-
ed as a clinical disease (AIDS) until some years later (43).

The other major insight stemming from genomic approaches
to studying HIV-1 is that this virus is highly genetically diverse,
both within an individual host and on a global scale (44). This
diversity is a major impediment to successful vaccination, and at
the very least means that different vaccine strains will be required
in particular geographic areas and/or that vaccines will need to
be continually updated. Currently, there are 9 recognized genetic
subtypes of HIV-1 (A-K, excluding E and I) as well as 35 circulating
recombinant forms (CRFs), which are created by frequent inter-
subtype recombination (i.e., genetic exchange among subtypes).
Some of these CRFs are complex, which indicates that individual
hosts were infected by multiple viruses — again highlighting the
lack of cross-protective immunity — followed by frequent recom-
bination. Indeed, intersubtype recombination is so common in
HIV-1, it is arguable that the subtypes — originally described as
discrete phylogenetic entities — do not exist at all. Rather, what
are thought of as HIV-1 subtypes are merely clusters of sequences
that were generated by a series of localized outbreaks in specific
populations (45). The ultimate demise of the subtype concept also
confounds attempts to associate particular viral lineages with spe-
cific disease manifestations. Indeed, it is notable that few studies
have proposed associations between different HIV subtypes and
specific phenotypic features (46, 47), some of which have not with-
stood further scrutiny (48).

Although it is often stated that the success of HIV-1 is due
to its capacity for rapid mutation, this idea lacks some impor-
tant context. Estimates of the intrinsic mutation rate for HIV-1,
reflecting the process of replication with a highly error-prone
reverse transcriptase enzyme, place this in the realm of 0.1-0.3
mutations per genome, per replication (49, 50). While this muta-
tion rate is evidently far higher than those observed in organisms
with double-strand DNA, it may still be 5-fold lower than that
in RNA viruses that replicate using the even more error-prone
RNA-dependent RNA polymerase, in which mutation rates fre-
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quently reach approximately 1.0 mutation per genome, per rep-
lication (51, 52). As a consequence, while it is certainly the case
that the raw material for genetic variation in HIV-1 is produced
by mutation, the subsequent processes of recombination and
natural selection for immune escape are equally responsible for
the complex and abundant genetic diversity in this virus (53). In
fact, as many as 2-3 recombination events may occur during each
replication cycle in HIV-1, making it one of the highest recombi-
nation rates recorded (54, 55).

DENV
Dengue is the most common arbovirus infection of humans, respon-
sible for perhaps 50 million dengue fever cases annually throughout
the tropical and subtropical world and an extremely serious pediatric
disease in Southeast Asia (56). In a minority of cases, infection with
DENV results in more serious disease syndromes, usually referred
to as dengue hemorrhagic fever and dengue shock syndrome, with
some 500,000 patients hospitalized globally on an annual basis (90%
of whom are children). DENV is a single-strand positive-sense RNA
virus of the family Flaviviridae that is transmitted among primate
hosts by the Aedes spp. mosquito. Importantly, it is organized as
4 serotypes (DENV-1-DENV-4) that diverge at approximately 30%
of nucleotide sites across their genome.

The gradual increase in the frequency of DENV disease over the
last 30 years also makes it an archetypal emerging virus, one that
may expand its geographical range as a result of global warming,
particularly because of more widespread vector distributions (57).
It is therefore no surprise that there is now a concerted effort to
obtain the complete genome sequences of many thousands of
DENV isolates, an effort directed by the Broad Institute of MIT/
Harvard (http://www.broad.mit.edu/annotation/viral/Dengue/).

Analysis of the genome data already available has been the cen-
terpiece of studies on DENV evolution and epidemiology. In par-
ticular, each of the 4 serotypes of DENV harbors extensive genetic
diversity in the form of phylogenetically distinct clusters termed
genotypes (58, 59), although there is no consensus on how genotypes
should be defined. Unlike HIV-1, this population structure has not
been broken down by frequent recombination. As is now well docu-
mented (reviewed in ref. 59), the most obvious biological feature of
the DENV genotypes is their differing geographical distributions
(Figure 4). Interestingly, some genotypes have proven more cos-
mopolitan than others by infecting humans on several continents
2492
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(Africa, Asia, Oceania, and Latin America), while other genotypes
are more geographically restricted. For example, DENV-1 geno-
type III has spread to Africa, the Americas, India, and Southeast
Asia, while genotype I is restricted to Southeast Asia. It is unclear
whether this variation in geographic range is simply a result of the
chance exportation of specific lineages or reflects intrinsic differ-
ences in fitness (such that some genotypes have more epidemic
potential than others), although this issue should be addressed in
more detail when additional genomic data are processed.

There is also some evidence that DENV genotypes differ in both
fitness and virulence and that this may have a major bearing on
the structure of viral populations. This is most evident in cases of
lineage (or clade) replacement, in which there is a relatively abrupt
change in the genetic composition of the infecting viruses in a
specific population — that is, one viral lineage displaces another
(60-64). There are a number of documented replacement events,
and, in some of these cases, the evidence that the viruses also differ
in fitness is compelling. The best-documented of these cases is the
replacement of low-virulence American genotype DENV-2 by high-
virulence Southeast Asian genotype DENV-2 in Latin America
(65-67). Not only is this pattern apparent in comparative phylog-
enies, but there is now good experimental evidence that Southeast
Asian DENV-2 outcompetes American strains in cell culture assays
involving both human and Aedes spp. mosquito cells (68, 69).

Although it has yet to be experimentally verified, another interest-
ing example of lineage replacement occurred in Bangkok, Thailand.
Here, 2 lineages of DENV-1 genotype I cocirculated among patients
admitted to a children’s hospital during the 1990s, until one lin-
eage eventually took over (70). Interestingly, this switch occurred
alongside a decline in the overall frequency of DENV-1 in the popu-
lation and the rise of DENV-4 (because these 2 serotypes exhibit
out-of-phase epidemiological dynamics; ref. 71). This in turn sug-
gests that the success of the winning lineage of DENV-1 may be the
result of immune-mediated natural selection — that is, fitness was a
function of how this viral lineage was better able to evade the cross-
immunity generated by DENV-4 (71). More generally, this example
reminds us that fitness is always context dependent, and that as the
immunological landscape changes, so may different viral lineages
be favored. This has major implications for the future use of tetra-
valent vaccines that are designed to induce immunity to all 4 DENV
serotypes but which are unlikely to be completely cross-protective
(72), as viral lineages that evade cross-immunity will be at a selec-
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tive advantage. Indeed, imperfect vaccination may have profound
implications for viral evolution, perhaps even increasing virulence
(73), although this has been the subject of considerable debate
(74). I believe that the priority for future studies in DENV genom-
ics should be to obtain sequence data from a more diverse range of
geographical localities — Africa is notoriously undersampled — and
abroader set of clinical syndromes, in particular from patients who
experience mild clinical symptoms after DENV infection, as they
are normally rarely sampled.

The importance of clonal sequence data

Most of the epidemiological inferences made to date from genom-
ic sequence analysis of RNA viruses have used the consensus
sequences of populations of RNA viruses; from each patient, a sin-
gle sequence is generated that represents the most common nucle-
otide in every position in this particular viral sample. Although the
use of consensus sequences is a valid (and cheap) way to approach
many questions in molecular epidemiology, it is also a poor way
to reveal many of the intricate patterns of RNA virus evolution.
In particular, there is growing evidence that the use of consensus
sequences hides a great deal of the genotypic and phenotypic diver-
sity that resides within an individual host. This intrahost diver-
sity may ultimately have major bearing on how viruses respond to
treatment: more preexisting variation in the population provides
more raw material for natural selection. While the importance of
intrahost genetic variation has long been known to those working
on chronic viral infections such as HIV and HCV, where the clon-
ing of individual RNA molecules is routine (75, 76), its relevance
for acute infections only recently became apparent. For example,
in the case of influenza A virus, individuals have been observed to
harbor both adamantane-sensitive and -resistant strains (77), and
both functional and truncated strains of DENV have been found
within single patients (78).

One important facet of the demonstration of abundant genetic
variation within individual hosts is that the viral lineages sampled
are often so phylogenetically divergent that they are unlikely to
have been generated within hosts by de novo mutation. This has
2 immediate potential implications. First, there is not, as is often
assumed, a severe population bottleneck at interhost transmission
(79), such that multiple viral lineages are able to pass among hosts.
Second, the immune response may be less effective than is often
imagined or may develop with insufficient speed, such that hosts
can be rapidly superinfected with multiple viral lineages. Irrespec-
tive of which (or both) of these models is correct, it is clear that
single individuals can carry both genetically and phenotypically
diverse viral lineages, highlighting the potential for RNA viruses
to quickly respond to intervention strategies.

Virus discovery and metagenomics: the future

of genomic analysis of RNA viruses

One of the most important recent developments in microbiology
is the rise of metagenomics approaches to explore the biodiversity
of viruses directly in different environments, including those that
potentially cause disease in humans. For example, this approach
has been essential to revealing the remarkable diversity of viruses
in aquatic environments, even enabling the researchers to iden-

1. Margulies, M., et al. 2005. Genome sequencing in
microfabricated high-density picolitre reactors.
Nature. 437:376-380.

2. WHO. 2003. Fact sheet N°211. Influenza. http://

The Journal of Clinical Investigation

www.who.int/mediacentre/factsheets/fs211/.

3. Dugan, V.G., et al. 2008. The evolutionary genetics
and emergence of avian influenza viruses in wild
birds. PLoS Pathog. 4:e1000076.

htep://www.jci.org

review series

tify new viral families (80-82), and documenting the virosphere
in human fecal samples (83, 84). Metagenomics may also have
identified the agent of the colony collapse disorder that is ravag-
ing populations of honey bees in North America (85), although
this awaits confirmation.

Although virus discovery may sound like an intellectually vacuous
fishing exercise, I believe that, if done properly, it should be a cen-
tral component of the biomedical sciences. Not simply stamp col-
lecting for the twenty-first century, virus discovery through metage-
nomics has the potential to rapidly survey and identify new human
diseases. The ecology of modern human populations facilitates the
emergence of potentially devastating diseases — our populations
are increasingly large, urbanized, and well connected through glob-
al travel, which may allow for the rapid spread of new viruses; there
are profound changes in land use, including deforestation, so that
humans come into contact with previously isolated species; and the
HIV/AIDS epidemic has ignited widespread immunodeficiency,
which may allow new viruses to gain a foothold in immunocompro-
mised patients (86). It is therefore crucial that we undertake active
surveillance to identify both new viruses as they initially invade
human populations and potentially emergent viruses that currently
reside in animal populations, but may eventually jump our species
boundary. For example, although dengue is now very much a dis-
ease of humans, it also exists in a sylvatic (i.e., jungle) cycle involv-
ing nonhuman primates (and perhaps other mammals; ref. 87) and
various Aedes spp. mosquitoes. The sylvatic cycle is rarely studied,
but given the increasing encroachment of human populations into
areas of virgin forest, viruses within this setting may pose a threat
to humans in the future. As each of the 4 serotypes of DENV cur-
rently circulating in humans almost certainly have their origins in
those viruses found in nonhuman primates (88), it seems a safe bet
that there is a far greater diversity of potentially emergent DENV
lurking in tropical forests. Ominously, jumping species boundaries
from monkeys to humans has not posed much of an adaptive chal-
lenge to DENV in the past (89).

Genomic analyses will have a profound impact on the biomedi-
cal sciences over the next decade. For the first time, many of the
biggest problems in viral biology are no longer limited by the abil-
ity to generate sequence data. As a consequence, viral genomics
may soon become an important clinical tool. The true challenge of
genomic biology therefore lies elsewhere. First, so much sequence
data is now produced so rapidly that computational analysis of
the sort described here is increasingly difficult. T hope that the new
wealth of genome sequence data will entice computer scientists
to upgrade their own technology in the near future. Second, as
discussed above, the true power of viral genome sequences will
not be manifest unless they are linked to additional epidemiologi-
cal, clinical, and immunological data. At the very least, we require
databases that integrate all these variables. Such a happy marriage
will truly usher in the golden age of genomic biology.
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