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ABSTRACT

The introduction of West Nile virus (WNV) into North America in 1999 is a classic example of viral emergence in a new environ-
ment, with its subsequent dispersion across the continent having a major impact on local bird populations. Despite the impor-
tance of this epizootic, the pattern, dynamics, and determinants of WNV spread in its natural hosts remain uncertain. In particu-
lar, it is unclear whether the virus encountered major barriers to transmission, or spread in an unconstrained manner, and if
specific viral lineages were favored over others indicative of intrinsic differences in fitness. To address these key questions in
WNV evolution and ecology, we sequenced the complete genomes of approximately 300 avian isolates sampled across the United
States between 2001 and 2012. Phylogenetic analysis revealed a relatively star-like tree structure, indicative of explosive viral
spread in the United States, although with some replacement of viral genotypes through time. These data are striking in that vi-
ral sequences exhibit relatively limited clustering according to geographic region, particularly for those viruses sampled from
birds, and no strong phylogenetic association with well-sampled avian species. The genome sequence data analyzed here also
contain relatively little evidence for adaptive evolution, particularly of structural proteins, suggesting that most viral lineages are
of similar fitness and that WNV is well adapted to the ecology of mosquito vectors and diverse avian hosts in the United States.
In sum, the molecular evolution of WNV in North America depicts a largely unfettered expansion within a permissive host and
geographic population with little evidence of major adaptive barriers.

IMPORTANCE

How viruses spread in new host and geographic environments is central to understanding the emergence and evolution of novel
infectious diseases and for predicting their likely impact. The emergence of the vector-borne West Nile virus (WNV) in North
America in 1999 represents a classic example of this process. Using approximately 300 new viral genomes sampled from wild
birds, we show that WNV experienced an explosive spread with little geographical or host constraints within birds and relatively
low levels of adaptive evolution. From its introduction into the state of New York, WNV spread across the United States, reach-
ing California and Florida within 4 years, a migration that is clearly reflected in our genomic sequence data, and with a general
absence of distinct geographical clusters of bird viruses. However, some geographically distinct viral lineages were found to cir-
culate in mosquitoes, likely reflecting their limited long-distance movement compared to avian species.

West Nile virus (WNV) has imposed a significant disease bur-
den on the avian population of North America since its

introduction in 1999 (1). The virus infects a remarkably large
number of species, with WNV-associated mortality observed in
over 300 bird species spanning 30 different families, half of which
are native to the United States (2, 3), although active replication
may not occur in all (4). WNV has also resulted in massive popu-
lation losses in several U.S. bird species, with the American crow
(Corvus brachyrhynchos) experiencing the highest levels of mor-
bidity and mortality, with disease manifested in more than 90% of
infected individuals (5, 6) and a 45% decrease in population size
(7). The virus is transmitted within an enzootic cycle involving
mosquitoes and birds, with humans and other mammals acting as
dead-end hosts (8). Although most human infections are asymp-
tomatic, 1% of infections result in fatal neuroinvasive disease, and
since 1999 more than 1,000 people have died from WNV infection
in the United States (9). WNV was first reported in Uganda in
1937 and was long restricted to the Old World, with cases reported
in Africa, the Middle East, and Europe (10, 11). However, the virus
was not regarded as a major threat to humans, and only two large

outbreaks were reported in Israel in the 1950s and in South Africa
in 1974 (12). In 1996, the first major outbreak associated with
severe encephalitis in humans was reported in Romania, followed
by a second in Russia 2 years later (13, 14). The incidence of en-
cephalitis has increased, with epidemics occurring regularly in Eu-
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rope, Africa, and the Middle East (8, 15). In the United States, over
40,000 human disease cases resulting from WNV infection have
been recorded, with a peak of 10,000 in 2003 (9).

WNV belongs to the genus Flavivirus (family Flaviviridae) of
single-stranded positive-sense RNA viruses and is comprised of
four lineages denoted I to IV that differ by 10 to 26% in nucleotide
identity (11). The virus isolated in the United States in 1999 is
classified in lineage I (1). Notably, this New World WNV exhibits
higher avian virulence than other lineage I viruses (16), which has
been associated with a single Thr-to-Pro amino acid change at
residue 249 in the viral helicase (encoded by NS3) (17). Also of
importance is a Val159Ala amino acid substitution in the viral
envelope (E) gene, which was first documented in 2002; viruses
carrying this mutation quickly replaced those WNV strains previ-
ously circulating in the United States (18). The E-Val159Ala mu-
tation is now fixed in the North American WNV population and
has been linked to adaptation to the main Culex spp. mosquito
vectors (19, 20).

Previous phylogenetic analyses have revealed two main genetic
variants of WNV in the United States; an NY99 genotype, includ-
ing the first U.S. strain isolated in 1999, and a more recent WN02
genotype that replaced NY99 in 2003 (21) (although other geno-
types have been proposed; see below). WNV phylogenies are also
characterized by relatively little spatial structure (18, 22, 23), al-
though a relatively large clade of mosquito WNV sequences was
recently documented in California (24). In addition, birds seem to
harbor greater WNV diversity than mosquitoes (25, 26).

The ongoing epidemic of WNV in the United States serves as
an informative example of the successful establishment of a virus
in a new environment. The high incidence and mortality of WNV
in the native bird population, together with human infections,
have led to intensive surveillance efforts. Indeed, the combined
analysis of viral genome sequences and incidence data from birds,
mosquitoes, and humans allows the evolution and spatial spread
of WNV across the United States to be closely monitored (27).
Herein, we report the complete genome sequences of almost 300
new WNV strains collected from dead birds across the United
States from 2001 to 2012, with the aim of achieving a better un-
derstanding of the spatial and temporal dynamics of WNV during
this epizootic. In particular, we sought to determine whether there
are barriers to the spread of the virus across North America, in-
cluding those imposed by transmission in different host species.

MATERIALS AND METHODS
Sample collection. Wild birds were submitted to the USGS National
Wildlife Health Center for determination of cause of death. A complete
postmortem examination was performed, and when WNV was suspected,
a tissue pool of kidney and spleen tissues was submitted for virological
testing. Feather pulp samples were used for corvids, which are highly
susceptible to WNV (28). Suspect samples were inoculated into flasks
containing the Vero cell line, and the identity of WNV in cultures exhib-
iting cytopathic effects was determined via reverse transcription-PCR
(RT-PCR) (29).

Genome sequencing. RNA amplification was performed as described
previously (30). Illumina library construction was performed using
NexteraXT (Illumina) according to the manufacturer’s protocol. Se-
quencing was performed on the Illumina HiSeq2500 platform, generating
paired-end 101-bp reads, and de novo genome assembly was performed
using the VICUNA assembly program (31).

Comparative sequence data. Complete coding sequences of WNV
were downloaded from GenBank and combined with the sequences gen-

erated here. Sequences from humans and other nonavian species were
excluded, as they represent dead-end hosts and are not involved in the
natural transmission cycle. Hence, we reasoned that although small in
number, the inclusion of these sequences could bias estimates of evolu-
tionary rate. In addition, it has previously been shown that human se-
quences fall at multiple places across the WNV phylogeny (23). Sequence
alignment was performed using MAFFT (32), and these results were in-
spected manually. This resulted in a total of 696 unique WNV genome
sequences of 10,299 nucleotides in length (298 sequences from this study
and 398 from GenBank; see Table S1 in the supplemental material). These
data included viruses from 38 U.S. states, 51 bird species, and 281 se-
quences isolated from mosquitoes and covered a time span of 14 years,
from 1999 to 2012. Prior to phylogenetic analysis, sequences were in-
spected for possible recombination by using the single breakpoint recom-
bination (SBP) tool available in the program HyPhy (33, 34). No recom-
binants were found. A maximum likelihood (ML) tree of the full data set
was estimated with RAxML (version 7.2.8) (35), employing the GTR��
nucleotide substitution model and 200 bootstrapping replicates. For
Bayesian analyses (see below), the sequences were subdivided into three
data sets, denoted A, B, and C, by randomly sampling (with replacement)
300 sequences for each (see Table S1). Finally, we created a data set com-
prising only those sequences generated here, referred to as the “this study”
data set.

Evolutionary rates. We estimated evolutionary rates by using the
Bayesian Markov chain Monte Carlo (MCMC) method implemented in
the program BEAST (36). As computation time was excessive for the
complete data set, we performed this analysis on WNV data subsets A, B,
and C. Prior to this analysis, we used JModelTest (37) to determine the
best-fit model of nucleotide substitution, which was found to be GTR��.
All subsequent Bayesian analyses therefore were run using a GTR�� nu-
cleotide substitution model, an uncorrelated log-normal relaxed clock,
and a logistic population growth prior (with the latter found to be a better
fit to the data than constant population size and exponential growth de-
mographic models). In addition, all analyses were run for at least 100
million steps, sampling every 10,000 steps to allow convergence for all
parameters. The first 10% of the estimated distribution was removed as
burn-in. Maximum clade credibility trees (MCC) were estimated using
TreeAnnotator implemented in BEAST, with statistical support for indi-
vidual nodes given as posterior probability values.

To determine the extent of temporal structure in the data, we per-
formed a root-to-tip regression on the ML tree of the complete data set in
Path-O-Gen (http://tree.bio.ed.ac.uk/software/pathogen/). We also per-
formed a tip-date randomization test to evaluate the temporal signal in
the data (38). For this, we ran 10 randomizations of data subset A in
BEAST under the same evolutionary parameters as outlined above. A data
set can be considered to possess temporal structure if none of the rate
distributions from the randomizations overlap the rate distribution from
the true data set (39).

Phylogeny-trait association tests. To determine which epidemiolog-
ical variables were best associated with the data, we performed a series of
phylogeny-trait association tests using the parsimony score (PS), associa-
tion index (AI), and maximum clade size (MC) statistics available within
the Bayesian Tip-association Significance (BaTS) program (40), utilizing
the posterior distribution of trees recovered in the BEAST analysis (data
sets A to C). In particular, we sought to determine whether these WNV
sequence data were more structured by geographic region (including U.S.
state and avian flyway), host species, or year of sampling, rather than that
expected by chance alone. To this end, we divided the United States into
four regions according to the U.S. Census Bureau (https://www.census
.gov/geo/reference/gtc/gtc_census_divreg.html): (i) North East: Con-
necticut (CT), Massachusetts (MA), Rhode Island (RI), New Jersey (NJ),
New York (NY), and Pennsylvania (PA); (ii) South: District of Columbia
(DC), Florida (FL), Louisiana (LA), Georgia (GA), Maryland (MD),
North Carolina (NC), Virginia (VA), Alabama (AL), Kentucky (KY), Mis-
sissippi (MS), Tennessee (TN), Arkansas (AR), Oklahoma (OK), and
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Texas (TX); (iii) Midwest: Illinois (IL), Michigan (MI), Ohio (OH), Wis-
consin (WI), Iowa (IA), Kansas (KS), Minnesota (MN), Missouri (MO),
Nebraska (NE), North Dakota (ND), and South Dakota (SD); (iv) West:
Arizona (AZ), Idaho (ID), Colorado (CO), Montana (MT), Nevada (NV),
New Mexico (NM), and California (CA). Similarly, we subdivided the
sequences into four zones reflecting broad avian migration flyways (see:
http://www.ducks.org/conservation/where-we-work/flyways): (i) Atlan-
tic (MA, CT, RI, NY, PA, NJ, MD, DC, VA, NC, GA, and FL); (ii) Missis-
sippi (MN, LA, IA, MO, AR, WI, IL MI, KY, TN, MS, AL, and OH); (iii)
Central (MT, CO, NM, ND, SD, NE, KS, OK, and TX); (iv) Pacific (CA,
NV, ID, and AZ).

Analysis of selection pressures. To determine whether any codons
across the WNV genome may have been subject to adaptive evolution,
manifest as a greater number of nonsynonymous (dN) than synonymous
(dS) substitutions per site, we used the SLAC (single-likelihood ancestor
counting), FUBAR (fast unbiased Bayesian approximation), and MEME
(mixed effects model of evolution) methods (41–43) available in the
HyPhy package, utilizing the GTR substitution model and the ML tree
inferred for the full data set of 696 sequences. To determine whether there
are instances of positive selection of individual branches of the WNV
phylogeny, we employed the branch-site REL method (44) in HyPhy. In
addition, we estimated the ratio of nonsynonymous to synonymous sub-
stitutions per site (dN/dS) on internal and external branches separately,
using PAML (45), in which an excess of nonsynonymous substitutions on
internal branches is compatible with adaptive evolution.

Nucleotide sequence accession numbers. All sequences generated
here have been deposited in GenBank under the accession numbers
KJ501233 to KJ501530 (Table S1 in the supplemental material). Raw se-
quencer files can be found under BioProject PRJNA31237.

RESULTS
Rapid dispersal of WNV in the United States. We sequenced
WNV from dead birds sampled between 2001 and 2012, with the
exception of 2011 (for which no samples were available). These
data comprise 298 complete WNV genomes from 34 states and 43
different bird species, of which 101 viruses were from the Ameri-
can crow. Additionally, we downloaded full-length WNV ge-
nomes from GenBank, which were combined with the data gen-
erated here (see Table S1 in the supplemental material). The 398
sequences from GenBank comprised 281 isolates from mosqui-
toes and 117 from birds. These sequences were sampled from 11
U.S. states over a time span of 14 years (1999 to 2012). The ma-
jority of the viral sequences came from two disjunct regions in the
United States, (i) New York (n � 78) and Connecticut (n � 160),
as these states were focal points of the early outbreak, and (ii)
California (n � 101).

Phylogenetic analysis revealed a relatively star-like tree topol-
ogy, both across the tree as a whole and within individual geno-
types, indicative of the explosive expansion of WNV in the United
States from its introduction in 1999 (Fig. 1). To display aspects of
spatial structure more clearly, we color-coded the tree according
to the U.S. region from which they were isolated: Midwest, North-
east, South, and West. Visually, there was little clustering accord-
ing to geographic location, especially in the avian samples, which
is compatible with rapid continental spread in the absence of ma-
jor geographic barriers. However, two large sequence clusters
were apparent in the western United States (Fig. 1, in green), re-
flecting a set of viruses isolated from mosquitoes in California
(24). A more quantitative analysis of geographic structure is pre-
sented below.

These data also contained four clusters of sequences that rep-
resent the four different WNV genotypes proposed previously

(11), each of which receives strong bootstrap support (at least
80%): NY99, Intermediate, WN02, and SW03 (Fig. 2). Whereas
earlier studies contained only a limited number of viruses from
the Intermediate genotype (18, 46), our samples added 29 Inter-
mediate genotype viruses from multiple states, indicating that it
was more widely distributed than previously realized. The Inter-
mediate genotype differs from the NY99 genotype by 14 synony-
mous and 1 nonsynonymous substitution and from the WN02
genotype by 15 synonymous and 2 nonsynonymous substitutions
(Table 1). In contrast, the WN02 genotype differs in only nine
silent mutations and one amino acid substitution from the NY99
genotype. Notably, we found that the E-Val159Ala amino acid
substitution, which is strongly associated with the WN02 geno-
type and might represent an adaptation to American Culex species
(20), also occurs in phylogenetically distinct sequences within the
Intermediate and NY99 genotypes (occurring twice in each) and
was always supported by high bootstrap values (87 to 100%).
Hence, this mutation has clearly evolved convergently multiple
times. Also of note is the putative SW03 genotype (Fig. 2, purple),
which falls within the phylogenetic diversity of the WN02 geno-
type, such that the latter is no longer a monophyletic group. The
SW03 genotype seemingly appeared in 2002 and has predomi-
nantly circulated in the Midwest and West of the United States.
The consensus sequence of this genotype differs from WN02 by
12 synonymous and 2 characteristic amino acid substitutions
(NS4A-Ala85Thr and NS5-Lys314Arg) (11, 22, 47) (Table 1). As
with E-Val159Ala, both the NS4A-Ala85Thr and NS5-Lys314Arg
substitutions have evolved independently across the WNV phy-
logeny, this time in several sequence clusters in the WN02 geno-
type. Despite these mutational differences, the SW03 genotype is

0.0009 subs/site

North EastMidwest

West

FIG 1 Evolution and geographic distribution of WNV sequences in the
United States. The top panel shows an unrooted phylogenetic tree of the com-
plete data set of 696 WNV coding sequences, with branch lengths scaled to the
number of nucleotide substitutions per site. Branches are colored according to
geographic regions in the United States shown on the map below.
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not as clearly visible on our phylogeny as the other genotypes,
because the majority of consensus mutations defining this geno-
type do not fall on the immediate branch leading to it (i.e., they are
not synapomorphic).

The NY99 genotype entered the Northeast United States re-
gion in 1999 (Fig. 2). Around 2001, the Intermediate and WN02
genotypes emerged, dispersing to the South and Midwest (Inter-
mediate) and the West (WN02) regions. These two descendant
genotypes therefore appear to have generally spread in different
geographical regions compared to NY99, as there is only a little
overlap in genotype sampling per U.S. state, suggesting that they
arose by allopatric separation. In 2003, WN02 replaced both the
NY99 and Intermediate genotypes throughout the United States.
Interestingly, the SW03 and WN02 genotypes were isolated in the
same states during the same time period, such that they cocircu-
lated (Fig. 2), although since 2009 the SW03 genotype has only
been isolated in California.

Limited evidence for adaptive evolution in WNV. To help
determine whether the spread of WNV across the United States
since 1999 was associated with host adaptation in a new environ-
ment, we estimated the ratio of nonsynonymous to synonymous

substitutions per site (dN/dS) for different genes and branches.
The dN/dS ratio for the complete coding sequence of the full WNV
data set (696 sequences) was 0.083, while the values for the exter-
nal and internal branches were 0.086 and 0.076, respectively (Ta-
ble 2). These ratios are suggestive of a slight excess of transient
deleterious mutations in WNV evolution, as observed previously
(48). In most cases, individual genes exhibited a pattern similar to
that in the whole genome. The strongest examples of excess dele-
terious mutations were observed in the membrane and envelope
genes (external and internal dN/dS values of 1.5 and 1.4, respec-
tively). In contrast, three genes, NS1, NS4A, and NS4B, exhibited
a slight excess of nonsynonymous mutations on internal versus
external branches, although the ratios observed (�0.9) were per-
haps more suggestive of a general neutral evolution. The capsid
gene exhibited the greatest excess of nonsynonymous substitu-
tions on internal branches (ratio of external/internal dN/dS, 0.7).
Although this could indicate the past occurrence of positive selec-
tion on some amino acid sites and is supported by the observation
that the capsid gene also had the highest overall dN/dS ratio
(0.315), no positively selected sites were identified in this gene
when using site-specific bioinformatic approaches (see below).

FIG 2 Spatial and temporal dynamics of WNV in the United States. The occurrence and spatial distribution of the four proposed WNV genotypes over time:
NY99 (red), Intermediate (yellow), WN02 (blue), and SW03 (purple). (Top) A phylogenetic tree (rooted by the NY99 genotype) was used to assist the
interpretation of genotype spread. (Bottom, left) the prevalence of sequences sampled in different states per year. (Right) U.S. states colored per genotype, per
year, according to the presence of WNV sequences.
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Strikingly, one of the lowest dN/dS values in the data set (0.056)
was observed for the envelope gene, indicating that it has been
subject to the strongest purifying selection.

We further estimated the site-specific selection pressures act-
ing on WNV, reflected in values for dN and dS. Only two amino
acid sites, NS2A-119 and NS4A-135, were found to harbor signif-
icant evidence for positive selection across all three methods used
(SLAC, FUBAR, and MEME) (Fig. 3, red bars). Site NS4B-240 was
also found to be subject to positive selection according to the
FUBAR analysis, while site NS2A-52 was similarly identified as
selected by MEME. Strikingly, the only evidence for positive selec-
tion at amino acid sites that delineate the different WNV geno-
types was observed at NS5-314, where a Lys-to-Arg substitution
distinguishes SW03 (Table 1), although this was marginal in all
cases (P � 0.048 in MEME; P � 0.086 in SLAC; posterior proba-
bility of 0.947 in FUBAR). Notably, the E-Val159Ala substitution
exhibited no signal of positive selection under either method, and

we found no evidence for positive selection on any individual
lineage on the WNV phylogeny. Although there was evidence for
positive selection (P � 0.05) at an additional 17 amino acid sites
according to the MEME analysis, these involved either mutations
at tips of the tree alone (10/17 cases) or in very small clusters (n �
3 sequences), so that their biological significance is difficult to
determine and false positives cannot be discounted. Finally, we
determined that the mean pairwise identity across the WNV ge-
nome was 99.6% per site, with 69.6% of nucleotide sites identical
in all sequences (Fig. 3). Interestingly, and in contrast to what is
observed in most RNA viruses, greater genetic diversity was ap-
parent in the nonstructural genes, particularly NS3 and NS4, than
the structural genes.

Evolutionary dynamics of WNV in the USA. We utilized a
Bayesian coalescent method to reveal the dynamics of WNV
spread across the United States. Prior to this analysis, we used a
root-to-tip analysis of the ML tree to determine whether these

TABLE 1 Nucleotide differences among the proposed genotypes of WNV

Nucleotide positiona Gene product Amino acid position

Amino acid at indicated position inb:

Reference
sequence NY99 Intermediate WN02 SW03

564 prM C C C T T
1224 E A A A A G
1346 E 159 T (Val) T (Val) T (Val) C (Ala) C (Ala)
1878 E C C C C T
2370 E C C C T T
2736 NS1 T T C T T
3303 NS1 T T T T C
4050 NS2A A A G G G
4468 NS2B T T C T T
4707 NS3 C C C T T
6042 NS3 C C T T T
6142 NS3 C C C C T
6183 NS3 G G A G G
6330 NS3 C C T T T
6625 NS4A 85 G (Ala) G (Ala) G (Ala) G (Ala) A (Thr)
6669 NS4A T T T T C
6675 NS4A A A G A A
6840 NS4B T T T T C
6900 NS4B C C C T T
6919 NS4B T C C C C
7066 NS4B 83 G (Ala) G (Ala) T (Ser) G (Ala) G (Ala)
7113 NS4B A A A A T
7173 NS4B T T T T C
7842 NS5 T T C C C
8454 NS5 C C C C T
8525 NS5 314 A (Lys) A (Lys) A (Lys) A (Lys) G (Arg)
8580 NS5 A A G A A
8715 NS5 T C C C C
8742 NS5 T T C T T
8982 NS5 G G A G G
9168 NS5 T T T T C
9256 NS5 C C C T T
9564 NS5 C C C C T
9648 NS5 T T C T T
9966 NS5 T T T T C
10221 NS5 C C T C C
10297 NS5 C C T C C
a Nucleotide numbering is in reference to the consensus sequence for each genotype.
b Position numbering is according to that for the WNV (NY99) reference sequence (GenBank accession number NC_009942). Amino acid substitutions are shown in parentheses.
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sequence data possessed sufficient temporal signal to accurately
infer evolutionary rates. This revealed a strongly significant (P �
0.0001) correlation between time of sampling and genetic diver-
gence (Fig. 4A). Similarly, a strong clock-like structure was re-
vealed by use of a tip-date randomization test, in which none of
the rate distributions from the randomizations overlapped with
the true tip-date rate (Fig. 4B).

Our Bayesian MCMC analysis revealed that the population
dynamics of WNV in the United States best fit a model of logistic
population growth, reflecting an initial period of exponential
population growth, corresponding to the spread of the NY99 ge-
notype, followed by a lower growth rate during the time period in
which the WN02 genotype dominated the viral population (21).
The mean nucleotide substitution rate for each data subset was as
follows (mean [95% highest posterior density, or HPD, interval]):
A, 4.47 � 10�4 ([4.08 to 4.89] � 10�4); B, 4.27 � 10�4 ([3.86 to
4.61] � 10�4); C, 4.16 � 10�4 ([3.81 to 4.51] � 10�4) nucleotide
substitutions per site, per year. Similarly, the times to the most
recent common ancestor were estimated: A, 1998.0 (1997.1 to
1998.6); B, 1997.8 (1997.1 to 1998.5); C, 1997.9 (1997.2 to
1998.6), whereas that for the Intermediate and WN02 genotypes
spanned (the range of 95% HPD intervals) 1998.8 to 2000.3 and

1998.6 to 2000.4, respectively, indicating that they diverged
shortly after the first appearance of WNV in the United States.
Finally, the emergence of SW03 was estimated to be around 2001
for all three data sets (range of 95% HPD intervals, 2000.5 to
2002.1). As an internal control, we repeated the BEAST analysis
with sequences isolated in this study (birds) or from mosquitoes
only, which resulted in very similar rate estimates (range of [3.50
to 4.65] � 10�4 and [4.34 to 5.12] � 10�4 subtitutions/site/year,
respectively), suggesting that they are robust.

Clustering by host species and sampling location. We per-
formed a series of Bayesian phylogeny-trait association tests to
reveal the extent of clustering by host species, geographic location,
and year of sampling. Although this analysis is conservative, be-
cause the null hypothesis of overall random clustering by the trait
in question is nearly always rejected, it does provide a useful way to
assess the relative strength of clustering of different traits.

This analysis revealed a significant phylogenetic association
with mosquitoes in all three data subsets (i.e., mosquito sequences
are more closely clustered together than expected by chance
alone) (Table 3), although most of these involve small clusters of
sequences. In addition, given that there is often focused sampling
of mosquito WNVs, exemplified by a recent study in California

TABLE 2 Estimates of dN/dS values across the WNV genome and phylogeny

Nucleotide positions Gene product

dN/dS estimate

Overall External Internal External/internal ratio

1–123 Capsid 0.378 0.345 0.502 0.687
124–290 Membrane 0.064 0.071 0.048 1.493
291–791 Envelope 0.056 0.061 0.042 1.449
792–1143 NS1 0.102 0.101 0.108 0.930
1144–1374 NS2A 0.175 0.179 0.162 1.107
1375–1505 NS2B 0.072 0.072 0.071 1.010
1506–2124 NS3 0.052 0.055 0.043 1.278
2125–2273 NS4A 0.103 0.100 0.111 0.901
2274–2528 NS4B 0.135 0.130 0.149 0.873
2529–3343 NS5 0.065 0.070 0.051 1.376

1–3433 Complete coding sequence 0.083 0.086 0.076 1.128
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(24), it is likely that there is a strong geographic sampling bias in
the analysis of clustering by host (see Discussion). In marked con-
trast, no such strong clustering was observed in birds, although
only the American crow, American white pelican, and the blue jay
had a sufficient sample size for individual analyses. Only the
American crow data set for this study (P � 0.01) and the American
white pelican in data subset C (P � 0.005) exhibited statistically
significant clustering. Hence, overall, these data paint a picture of
extensive population mixing between different bird species.

To better assess the impact of geographical structure, we divided
the WNV sequences into four regions according to the U.S. Census
Bureau: North East, Midwest, South, and West (Table 3). The Mid-
west did not show significant clustering in any data set, whereas sig-
nificant values were observed in the North East and West regions in
all four data sets. The clustering according to U.S. state only exhibited
significant values in all available data sets for Connecticut and for
California in the three data subsets (Table 3). Importantly, 154 of the
160 sequences from Connecticut and 101 of the 106 sequences from
California were isolated from mosquitoes (see above), again revealing
that the geography and host species are confounding variables in this
case. Indeed, it was recently shown that mosquito sequences sampled
between 2003 and 2011 in California form two large clusters, indica-
tive of strongly local evolution (24).

Finally, we tested whether phylogenetic pattern was structured
by avian flyway, although it is obviously difficult to distinguish
these effects from those of geographic region in general. Accord-
ingly, we grouped the sequences according to which of four gen-
eral flyways they fell, although flyway boundaries are sometimes
difficult to determine: Atlantic, Central, Mississippi, and Pacific
(Table 3). This analysis revealed significant clustering in all four
data sets for the Atlantic and Pacific flyways, in part mirroring the
significant clustering of the North East and West regions de-
scribed above, and in three of the four data subsets for the Central
flyway. No clustering was observed for the Mississippi flyway in
any data set. Finally, no year of virus sampling exhibited statisti-
cally significant clustering across all four data sets, excluding the
occurrence of successive waves of WNV lineage replacement.

DISCUSSION

The U.S. epizootic occurrence of WNV is noteworthy for two
reasons: the virus spread across the contiguous United States
within 4 years, and it was able to infect a wide range of birds and
mosquitoes, such that it has a broad host range, with very high
mortality in some avian species (49).

Previous studies of the molecular evolution of WNV in North

America have largely utilized sequences from mosquitoes, been
restricted to local areas, relied on partial genomes (18, 26, 46, 47,
50), or mainly focused on those viruses sampled from humans
within the context of WNV in birds (23). Hence, the current study
is notable in that we obtained �300 complete genome sequences
of WNV from birds across the United States. With these data in
hand, we were able to reveal that the evolution of WNV in the
United States is characterized by relatively little phylogenetic
structure (such as distinct clusters of sequences separated by long
branches), suggesting that the virus was able to spread in a rapid
and generally unconstrained manner. This might, in part, reflect
the patterns and dynamics of bird migration across the United
States that clearly facilitate rapid virus dispersal. Although we have
documented some evidence that phylogenetic structure is shaped
by avian flyway, a pattern that has also been observed for avian
influenza virus (51), it is difficult to distinguish the impact of avian
flyway from other geographic effects on these data. It is also likely
that long distance viral movements, rather than simple homoge-
nous dispersal, have impacted the continental spread of WNV
(52). Interestingly, the relatively weak geographical clustering ob-
served here is in contrast to the pattern seen for St. Louis enceph-
alitis virus (SLEV), the only other avian arthropod-borne virus
known be associated with encephalitis in humans in the United
States prior to the emergence of WNV and that was first isolated in
1933 (53, 54). Like WNV, SLEV is transmitted in a bird-mosquito
cycle with humans as dead-end hosts (55). However, SLEV has a
smaller geographic distribution than WNV and is seemingly dom-
inated by local patterns of transmission (54–56).

WNV in the United States has been classified into at least three
genotypes, NY99, Intermediate, and WN02 (57), with a fourth
SW03 genotype proposed (11, 47) but that is rather less distinct in
phylogenetic trees. Our analysis shows that the NY99 genotype
gave rise to two sister genotypes (Intermediate and WN02) that
circulated in parallel for 3 years but with relatively little spatial
overlap. Notably, WN02 rapidly replaced NY99, with the latter
last detected in 2003, and the Intermediate genotype became ex-
tinct in 2005. Hence, the WN02 genotype was able to spread
throughout the continental United States, suggesting that it is the
fittest of the WNV genotypes. In this context it is therefore striking
that we found sequences harboring the E-Val159Ala mutation
that has been proposed to be a key fitness determinant in WN02,
in both the Intermediate and NY99 genotypes, indicating that its
impact may be context dependent and which may also have com-
plicated our analyses of selection pressures (see below).

Although WNV represents a case of emergence in a novel geo-
graphic region and set of host species, we found relatively little
evidence for adaptive evolution in these data when we used dN/dS
values as the index. The overall dN/dS ratios were low, there was
relatively weak evidence for positive selection at individual codon
sites, and comparisons of dN/dS on internal versus external
branches of the WNV phylogeny suggested that purifying selec-
tion was the main pressure acting on these data, as commonly seen
in vector-borne RNA viruses (58). However, these results should
also be interpreted with caution. In particular, analyses of dN/dS
ratios lack power when applied to a single population (as here),
when there are more sequence polymorphisms than fixation
events or when adaptive evolution involves a limited number of
mutations that occur on a single branch (59). As a case in point,
positive selection was only detected on the Thr249Pro mutation
in NS3 when multiple lineages of WNV were compared (17).
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Indeed, our dN/dS analysis failed to detect positive selection on
E-Val195Ala, even though this mutation has been experimentally
demonstrated to increase fitness in mosquitoes (19). In this con-
text, it is also notable that we observed a far higher proportion of
nonsynonymous mutations on internal (compared to external)
branches than a previous study (48), indicative of weaker purify-
ing selection in our data. Why these estimates are so different is
unclear, although the earlier study was based on global WNV se-

quences from multiple lineages, whereas we have only considered
viruses from a single epizootic occurrence. It is therefore possible
that fewer mutations were deleterious in our study set, such that
they reached higher frequencies in the population, representing
transient polymorphisms rather than true fixation events.

Also of note was our observation that the highest dN/dS ratios
(but no positively selected sites) were associated with the capsid
protein and one of the lowest ratios was for the envelope gene; not

TABLE 3 Phylogeny-trait association analysis of WNV evolutiona

Category and trait

Data set A Data set B Data set C This study

n P value n P value n P value n P value

Host
American crow 84 0.112 88 0.462 81 0.016 101 0.010
American white pelican 26 0.314 19 1.000 34 0.005 59 0.146
Blue jay 30 0.018 31 0.434 27 0.015 54 0.012
Great horned owl 4 1.000 3 1.000 5 1.000 10 1.000
Mosquito 123 0.001 116 0.001 112 0.001 NA

Geographic region
Midwest 68 0.250 64 0.968 71 0.243 139 0.053
North East 129 0.001 114 0.008 118 0.001 29 0.001
South 49 0.010 54 0.070 55 0.001 103 0.232
West 54 0.001 68 0.001 56 0.001 27 0.001

Flyway
Atlantic 155 0.001 144 0.001 143 0.001 89 0.001
Central 43 0.004 51 0.068 55 0.001 93 0.001
Mississippi 56 0.143 47 0.829 57 0.123 106 0.017
Pacific 46 0.001 58 0.001 45 0.001 10 0.002

States (region, flyway)
California (West, Pacific) 42 0.001 53 0.001 40 0.001 5 1.000
Connecticut (North East, Atlantic) 76 0.001 63 0.002 64 0.001 NA
District of Columbia (South, Atlantic) 7 0.001 8 0.001 7 0.002 16 0.005
Illinois (Midwest, Mississippi) 10 0.041 14 0.097 14 0.072 7 1.000
Maryland (South, Atlantic) 5 1.000 10 1.000 4 1.000 14 1.000
Minnesota (Midwest, Mississippi) 11 1.000 6 1.000 11 0.048 22 0.177
Missouri (Midwest, Mississippi) 6 0.001 5 0.012 2 0.001 12 0.001
Montana (West, Central) 5 1.000 6 1.000 9 0.001 14 0.002
North Dakota (Midwest, Central) 9 1.000 12 1.000 12 1.000 24 0.190
New York (North East, Atlantic) 41 0.655 39 0.645 38 0.564 1 1.000
Ohio (Midwest, Mississippi) 4 1.000 3 1.000 4 1.000 11 1.000
Pennsylvania (North East, Atlantic) 5 0.015 9 0.033 10 0.002 15 0.004
South Dakota (Midwest, Central) 8 1.000 8 1.000 11 1.000 20 0.126
Texas (South, Central) 8 0.001 10 0.042 15 0.001 10 0.037
Virginia (South, Atlantic) 3 1.000 5 0.017 6 0.011 13 0.002
Wisconsin (Midwest, Central) 10 0.036 6 1.000 11 0.003 19 0.120

Year
2001 39 0.029 30 0.001 32 0.001 59 0.001
2002 51 0.091 48 0.850 49 0.067 98 0.164
2003 57 0.935 73 0.049 64 0.007 62 0.028
2004 18 0.193 20 0.217 15 1.000 11 1.000
2005 26 0.001 24 0.286 25 0.001 13 0.002
2006 19 0.004 13 1.000 20 0.003 17 0.002
2007 20 0.186 24 0.304 23 0.209 5 0.004
2008 33 0.034 30 0.424 28 0.313 19 0.001
2009 9 1.000 12 0.003 10 0.001 7 0.014
2011 11 0.001 13 0.001 13 0.064 NA
2012 6 0.001 4 0.008 10 0.001 4 0.001

a n is the number of sequences in the particular data set. P values of �0.01 are shown in italics for trait data sets containing at least 10 sequences. Traits are shown in bold if the
association was significant in all data sets. NA, not applicable, as no sequences of that trait were sampled (e.g., the data set from this study contained no mosquito sequences).

Evolution of West Nile Virus in the United States

January 2016 Volume 90 Number 2 jvi.asm.org 869Journal of Virology

http://jvi.asm.org


only is the latter a structural gene, but also it contains the putative
Val159Ala fitness determinant. Despite the limitations of bioin-
formatics-based analyses of natural selection, at the very least this
observation suggests that other mutations in the envelope gene are
strongly deleterious, acting to reduce dN/dS values. In turn, it may
also be that the capsid is able to tolerate more nonsynonymous
mutations without reducing the viral fitness. Similarly, it is sur-
prising that we consistently observed more positive selection in
nonstructural than structural genes, indicating that immune-
driven selection is unlikely to be the cause of any fitness increases.

Previous estimates of the rate of evolutionary change in WNV
in the United States vary from 2.3 � 10�4 to 8.2 � 10�3 substitu-
tions/site/year (21–26, 46, 60). The evolutionary rate estimated in
our study, (4.08 to 4.32) � 10�4 substitutions/site/year, is within
the range of those estimated previously and close to that deter-
mined for SLEV (4.10 � 10�4 substitutions/site/year) (61). Simi-
lar evolutionary rates have been reported in three other arthro-
pod-borne viruses associated with human disease: dengue virus
(62), Japanese encephalitis virus (63), and the emerging Chikun-
gungya virus (CHIKV). In the case of CHIKV, the highest rates
(sometimes in excess of 1 � 10�3 substitutions/site/year) have
been observed in the lineage associated with the recent human
epidemic that began in the Indian Ocean (64, 65). Although this
higher rate may simply represent a strong time dependency, such
that rates are elevated in the short term due to the presence of
transient deleterious mutations and depressed in the long term
due to site saturation (64, 66), it is possible that evolutionary rates
have increased due to more transmission cycles per unit time
and/or stronger immune selection associated with epidemic
spread. Indeed, it is interesting that some estimates of the rate of
WNV evolution that have included human sequences (23) are
higher than those reported here, in which WNVs from humans
were excluded.

Based on these rates, we estimated the time to the most recent
common ancestor of WNV in the United States to be between 1997
and 1998. Although this is obviously before the first documented
appearance of WNV in 1999, this difference between molecular clock
and epidemiological estimates may simply reflect a lack of precision
in sampling dates, as we only have information on the year of isola-
tion and not month or day. An alternative, but less likely, scenario is
that more than one WNV lineage entered the United States prior to
its detection in 1999. We similarly estimated the time of the most
recent common ancestor of the Intermediate and WN02 genotypes
to be around 1999, indicating that these two genotypes emerged
shortly after the initial appearance of the NY99 genotype, with SW03
emerging around 2001. Our Bayesian coalescent analysis also re-
vealed that WNV exhibits a pattern of logistic population pattern in
the United States, with a rapid increase in viral diversity during the
initial viral invasion followed by a more constant population size after
the virus was established nationwide, suggesting that the virus is now
effectively endemic in the U.S. environment.

Also of note was that our phylogeographic analysis revealed rela-
tively little geographic clustering in most cases. Hence, the virus
seemingly experienced few geographic constraints as it spread across
the United States. In contrast, a recent study of WNV phylodynamics
in California proposed that resident birds are responsible for virus
overwintering, resulting in strong geographic clustering in this case
(24). Although plausible, only mosquito sequences were included in
that analysis, such that the phylogeographic patterns exhibited by
avian WNV in California is uncertain. Despite this ease of geographic

movement, our phylogeographic analysis did reveal some (relatively
weak) significant geographic clustering, with those viruses sampled in
the North East and West regions of the United States the most dis-
tinct, although this is confounded by the strong association with mos-
quito sampling in Connecticut and California. In this context, it is
important to note that our sampling is inevitably biased, likely having
missed those bird species responsible for the majority of cross-coun-
try virus transmission. Indeed, WNV does not cause disease or death
in all infected birds (4), such that asymptomatically infected animals
will necessarily be missed in our sampling process that relied on dead
birds. It has been proposed that the American robin (Turdus migra-
torius) is the main host for WNV in North America, particularly as
they experience low levels of mortality (4), are prevalent across
North America, are preferential hosts for mosquitoes (67), and use
migratory flyways, although the exact routes are uncertain (www
.allaboutbirds.org/guide/American_Robin/lifehistory). Unfortu-
nately, we have only two sequences from the American robin in
our data set, so that we cannot test its impact on WNV evolution
and epidemiology, although this is clearly a priority for future
phylogeographic studies.

Finally, although birds are the main host for WNV, it was striking
that we only found a significant association between phylogenetic
clustering and host species for mosquitoes and not for any of the bird
species for which sufficient data were available. Although the cluster-
ing in the mosquito viruses likely reflects a geographical effect, as
most of the mosquito sequences sampled here were from Connecti-
cut and California (whereas the avian WNV samples were obtained
throughout the United States), the lack of clustering by bird species
reveals the extensive mixing that occurs among bird species, such that
there are few host and virological barriers to productive infection.
WNV is evidently a highly successful generalist avian virus.
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