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The authors report a new strain of West Nile virus (WNV) with the expression
analysis of its individual open reading frames. Since its sudden appearance in
the summer of 1999 in New York City, the virus has spread rapidly across the
continental United States into Canada and Mexico. Besides, its rapid transmis-
sion by various vectors, the spread of this virus through organ transplantation,
blood transfusion, and mother-child transmission through breast milk is of con-
cern. In order to understand molecular variations of WNV in North America
and to generate new tools for understanding WNV biology, a complete clone of
WNV has been constructed. Investigations so far have focused only on half of
its genes products and a detailed molecular and cell biological aspects on all
of WNV gene have yet to be clearly established. The open reading frames of
WNV were recovered through an reverse transcriptase–polymerase chain re-
action (RT-PCR)-PCR using brain tissue from a dead crow collected in Merion,
PA, and cloned into a mammalian expression vector. The deduced amino acid
sequences of individual open reading frames were analyzed to determine var-
ious structural motifs and functional domains. Expression analysis shows that
in neuronal cells, C, NS1, and NS5 proteins are nuclear localized whereas the
rest of the antigens are confined to the cytoplasm when they are expressed in
the absence of other viral antigens. This is the first report that provides an
expression analysis as well as intracellular distribution pattern for all of WNV
gene products, cloned from an infected bird. Evolutionary analysis of Merion
strain sequences indicates that this strain is distinct phylogenetically from the
previously reported WNV strains. Journal of NeuroVirology (2005) 11, 544–556.
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Introduction

West Nile virus (WNV) is a mosquito-transmitted
flavivirus that produces potentially fatal disease in
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humans and some mammals and birds. Since its ap-
pearance in 1999 in New York, WNV has spread
across the continental United States into Canada and
Mexico. The genus, Flavivirus covers 70 viruses clas-
sified on the basis of their serological and genetic re-
latedness (Chambers et al, 1990). WNV is grouped un-
der Japanese encephalitis virus (JEV) complex, which
includes St. Louis encephalitis (SLE), Murray Valley
encephalitis (MVE), and Kunjin viruses. WNV is a
single-stranded RNA virus with a positive polarity
RNA genome of approximately 11 kb in length. The
genomic RNA carries a type 1 cap at its 5′ end but
does not contain a polyadenylate tract at the 3′ end of
the genome (Brinton, 2002). The genome has a single
open reading frame encoding for a polyprotein that is
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cleaved cotranslationally and post-translationally at
specific sites by host and viral proteases to produce
the virion and replicase components. The three struc-
tural proteins of the virus such as C, preM(M), E are
encoded at the 5′ end of the genome while the remain-
ing 3′ portion encodes seven nonstructural proteins,
viz., NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5
(Brinton, 2002).

WNV is a potential human, equine, and avian neu-
ropathogen (Nash et al, 2001) (Campbell et al, 2002).
Apparent increases in the frequency of neuralogic
infections, human case-fatality rates, and horse and
bird deaths in the Northern Hemisphere raised the
question of whether emergence of WNV strains with
increased pathogenesis occurred in North America
or whether the virulence of the virus had previ-
ously been underestimated (Campbell et al, 2002).
Several reports established that WNV is transmissi-
ble through blood transfusion (Couzin, 2003; Lefrere
et al, 2003), organ transplantation (DeSalvo et al,
2004; Iwamoto et al, 2003; Kiberd and Forward, 2004;
Kusne and Smilack, 2005), breast feeding (Williams,
2004), and in uterointraplacental transmission of
WNV from an infected mother (Alpert et al, 2003;
Williams, 2004). The development of new strategies
for WNV infection will benefit from a more detailed
knowledge of the biology of this infectious agent.

Though studies on the molecular aspects on fla-
viviruses are not new, investigations exclusively on
the molecular biology of WNV are scarce. Informa-
tion on the biology of WNV genes are restricted
to the description of half of the WNV antigens in-
cluding capsid (Yamshchikov and Compans, 1994;
Yang et al, 2001, 2002), envelope, NS2B-NS3 com-
plex (Yamshchikov and Compans, 1994), and NS5
(Grun and Brinton, 1986, 1987). We have cloned and
expressed all of the WNV open reading frames from
the carcass of a dead crow collected from subur-
ban Philadelphia, Merion Station, Pennsylvania, in
September 2002. In this paper, we report the expres-
sion analysis and intracellular distribution pattern
of individual open reading frames of this strain. To
gain more insights into the potential variation in the
genome sequence of WNV since its outbreak, we an-
alyzed the sequence of Merion strain and compared
this sequence to other isolates in the database. Phylo-
genic analysis shows that WNV undergoes significant
mutations over time. Interestingly, the Merion strain
appears to be distinct from rest of the reported strains
collected in the northern hemisphere.

Results

Recovery and cloning of WNV genes from
crow carcasses
A fresh dead crow was identified on the street at the
intersection of Hazelhurst Street and Highland Av-
enue in Lower Merion, PA. This dead bird was dis-
sected and the brain tissues were used for cloning

Figure 1 Cloning of WNV Merion strain open reading frames. To-
tal RNA content was extracted from the tissue samples of dead
crow and used to prepare total cDNA by random priming. Merion
strain WNV open reading frames were amplified and cloned into
pcDNA3.1 His A vector. The open reading frames encoding three
structural genes, viz., capsid, membrane and envelope, and seven
nonstructural genes were amplified through RT-PCR and ligated
into a mammalian expression vector. Figure 1 reveals the restric-
tion analysis of WNV expression plasmids encoding three struc-
tural and seven nonstructural genes. The length of individual
open reading frames corresponds to the existing entries from the
database. An aliquot of 100-bp ladder DNA is run in the same gel
to reveal the lengths of individual genes specifically.

WNV sequences by reverse transcriptase–polymerase
chain reactin (RT-PCR). PCR analysis of brain tissues
reveals positive signals for WNV gene sequences.
Figure 1 reveals the length of individual WNV open
reading frames, as judged from their restriction anal-
ysis. The length of amplified open reading frames of
structural genes, C, PreM, and E were 369, 498, and
1503 bp, respectively, as determined by sequencing.
Among the nonstructural genes, the size of the first
open reading frame, NS1, is 1056 bp in length. Fol-
lowing this, the NS2A, NS2B, and NS3 open read-
ing frames are of 693, 393, and 1857 bp, repec-
tively. NS4A and NS4B genes were 447 and 765 bp
in length, respectively. NS5 represents the longest
open reading frame among all of WNV genes (2718
bp, Figure 1). The resulting sequences of these con-
structs were verified by comparing them with WNV
genome sequences available on the public database
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) at the
National Center for Bioinformatics (NCBI) website.

Presence of structural motifs and functional
domains in WNV proteins
The deduced amino acid sequence from the cloned
WNV genes were analyzed using modular servers
such as SMART (Simple Modular Architecture Re-
search Tool) program at (http://www.embl-heidel-
berg.de/predictprotein/predictprotein.html) EMBL,
and PORT II server (http://psort.nibb.ac.jp) to iden-
tify structural motifs and functional domains present
in the cloned WNV proteins. Figure 2 shows the
deduced amino acid sequences of Merion strain
open reading frames with an emphasis on struc-
tural motifs. Among the structural gene products, the
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protein C appeared to include various motifs. The
capsid protein, besides being rich in basic residues,
includes frequent leucine repeats, a transmembrane
domain between the residues 44 and 66, and a low
complexity region spanning residues 97 to 108. Inter-
estingly, it also includes a HALZ region (homeobox-
associated leucine zipper) and a putative bipartite

Figure 2 Structural and functional motifs from WNV gene products. The deduced amino acid sequences of WNV open reading frames
are given as per the order of their occurrence from the polyprotein. The residues unique to the Merion strain are in bold. The highlighted
motifs and domains were determined with high confidence using online servers listed under Materials and Methods. (Continued)

nuclear localization signal. PreM protein possesses
two low-complexity regions spanning residues 85
through 93 as well as 153 through 162. Envelope har-
bors a low complexity region that spans from residues
316 through 327 of the protein, and two transmem-
brane domains in the regions of amino acids 340 to
362 and 369 to 388.
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Figure 2 (Continued)

The NS1 protein appears to have no significant
domains, repeats, motifs, or features that could be
predicted with confidence by SMART or by PORT
II servers. Both NS2A and NS2B are rich in trans-
membrane domains and lack any significant func-
tional motifs as judged confidently by these protein
portals. Interestingly, NS2A harbored six transmem-
brane spanning regions, located between residues 37

and 59, 74 and 96, 103 and 125, 140 and 162, 169
and 187, and 202 and 224. NS2B encompassed three
transmembrane domains (residues 7 to 24, 28 to 47,
and 103 to 125). WNV NS3 is known to harbor mul-
tiple functions such as NTPase, helicase and pro-
tease activities. The presence of DEXDc and HELICc
domains on NS3 support these functions. DEXDc do-
main spans the region of residues 167 to 355 in NS3
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and this domain is characteristic of a superfamily of
proteins of protein containing DEAD/H-Box motifs.
HELICc domain refers to the helicase activity of NS3
and is located between residues 370 and 466. NS4A
protein has three transmembrane domains, spanning
the positions at 50 to 72, 77 to 99, and 104 to 121. In
NS4B, other than a low complexity region between
residues 106 and 118, no other significant functional
motifs were noted. In NS5, an eIF1a (eukaryotic trans-
lation initiation factor 1A) domain, spanning the po-
sitions 625 to 706, was observed. The gene product of
NS5 mediates RNA-dependent RNA polymerase that
is important during WNV replication.

Expression of Merion strain genes in vitro
The integrity of WNV Merion strain expression plas-
mids was tested by in vitro translation using 35S-
labeled methionine. The radio-labeled protein prod-
ucts were subsequently immunoprecipitated using
anti-His antibody that target a polyhistidine epitope
fused to the carboxyl-terminal end of WNV proteins.
Autoradiographic analysis revealed that the molecu-
lar mass of these gene products corresponded to the
length of their open reading frames (Figure 2A). The
molecular weight of the protein C and preM were
judged to be 14 kDa and 22.0 kDa, respectively. E
protein is the largest among the structural proteins,
as revealed as 55 kDa in mass. Of the nonstructural
genes, NS2B appeared to encode for the smallest pro-
tein of 15.0 kDa in mass, as evidenced by its mobility
(Figure 3). The NS5 gene being the longest open read-
ing frame among WNV genes, encoded for a protein
of about 115.0 kDa in mass.

Figure 3 Expression of Merion strain WNV genes in vitro. In
vitro translated radiolabeled WNV gene products were immuno-
precipitated using anti-His antibody that target polyhistidine epi-
tope fused to the C-terminal end of the WNV genes, and resolved
in a 15% gel. The dried gel was analyzed by autoradiography. The
capsid, preM, and E gene products were visualized as proteins of
14 kDa, 20 kDa, and 55 kDa, in mass respectively, as shown in the
left panel. The right side panel reveals the mobility of the non-
structural gene products. NS5 is the largest protein with a mass
of 115 kDa among WNV gene products. The mobility of individ-
ual gene products corresponds to the length of their open reading
frames. The WNV gene products with the expected mass are arrow
marked in order to distinguish them from nonspecific signals.

Localization of structural and nonstructural
proteins of WNV Merion strain in human
neuroblastoma cells
The interaction of a virus with a cellular receptor ini-
tiates a chain of dynamic events that enable entry
of the virus into the cell. Upon viral entry, capsid
proteins are exposed to the cellular environment and
mediate transport of the viral RNA through the cyto-
plasmic environment (Brinton, 2002). During WNV
replication cycle, virus assembly and budding oc-
cur mostly in the cytoplasm of the infected cells.
We sought to see whether all of the viral antigens
are expressed in the cytoplasm of the infected cells.
To address this question, SY5Y cells were transfected
with WNV expression constructs encoding individ-
ual open reading frames. The protein C exhibited a
solid nuclear straining (Figure 4B); in addition to the

Figure 4 Localization of structural genes in neuronal cells. The
human neuroblastoma cells (SY5Y) transfected with individual
WNV gene products were analyzed at 36 h post transfection by
immunofluorescent assay. The cells were stained with anti-His–
and Alexa-546-conjugated anti-mouse secondary antibodies. The
nuclear content of the samples were counter stained with DAPI
to indicate the available number of cells in the selected field. The
full-length capsid protein (A to B) localized in the nucleus. Both
preM (C, D) and E proteins (E, F) are distributed in the cytoplasm
of the transfected cells.
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Figure 5 Localization of nonstructural genes in neuronal cells. SY5Y cells were transfected with WNV nonstructural genes from NS1
through NS5. At 36 h post transfection, the cells were fixed and incubated with anti-His- and subsequently with anti-mouse Alexa-488-
conjugated secondary antibodies. The staining with DAPI indicates the total nuclear content of the cells in the field. NS1 (A, B) and NS5
(M, N) exhibited a strong karyophilicity; whereas NS2A (C, D), NS2B (E, F), NS3 (G, H) NS4A (I, J), and NS4B (K, L) localized in the
cytoplasm of the neuronal cells. Mock-transfected controls (O, P) did not yield any specific staining pattern, suggesting the specificity of
this assay.

dense nuclear-straining, the expression of the cap-
sid protein resulted in conspicuous punctate staining
patterns inside the nucleus in majority of the cells.
preM (Figure 4D) and E (Figure 4F) proteins were lo-
calized to the cytoplasm of the cell. Figure 5 reveals
the intracellular distribution pattern of WNV non-
structural antigens in the transfected cells. NS1 (Fig-
ure 5B) and NS5 (Figure 5N) were highly karyophilic
as they were localized in the nucleus. The rest of the
non-structural proteins such as NS2A (Figure 5D),
NS2B (Figure 5F), NS3 (Figure 5H), NS4A (Figure 5J),
and NS4B (Figure 5L) were expressed as cytoplas-
mic proteins. In particular, NS4A expression yielded
distinct punctate structures scattered throughout the
cytoplasm of the transfected cells (Figure 5J). Mock-
transfected cells (Figure 5P) did not yield any specific
staining pattern demonstrating the specificity of this
assay.

Phylogenetic significance of the Merion strain
ModelTest selected the General Time Reversible
model with gamma-distributed rates (GTR + G) as the

best-fitting model for the global set and selected the
Tamura-Nei model with a constant rate and a class
of invariant sites (TN93 + I) as the best-fitting model
for the North American set. The greater number of
segregating sites in the global set probably accounts
for the parametrically richer model selected for this
data. For both sets, the transition rate is much greater
than the transversion rate, but the HKY85 model is
inadequate because the rate of C T transitions is also
much greater than the rate of AG transitions (rCT =
29.31 versus rAG = 8.44 for the global set; rCT = 24.11
versus rAG = 9.19 for the North American set). The
shape parameter of the gamma distribution of rates
was estimated to be a = 0.222 for the global WN virus
set, whereas the proportion of invariant sites in the
North American WN virus set was estimated to be
pI = 0.877. Both results are indicative of substantial
rate of heterogeneity between sites, with most sites
evolving slowly and a few evolving more rapidly. Be-
cause the North American WN virus sequences are
all closely related, little time has elapsed between
the root and the leaves of the tree and so the slowly
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Figure 6 Evolutionary tree indicating the phylogenetic status of the Merion strain in the context of reported strains from global (A) as
well as North American (B) entries.

evolving sites can be accommodated as a class of in-
variant sites without having to invoke a continuous
rate distribution.

Maximum likelihood trees for the global and North
American WN virus sets are shown in Figure 6A and
B, respectively. Similar to previous studies (Lanciotti
et al, 2002), there is strong support for a clade consist-
ing of North American WN virus sequences, includ-
ing the Merion sequence and the Israeli WN virus
isolates (bootstrap value = 100%), but only weak
support for monophyly of the North American se-
quences alone (bootstrap value = 47%). The North

American sequences have undergone only limited
diversification since 1999 (note the order of magni-
tude difference in the scale of the global and North
American phylogenies) and there is little phyloge-
netic structure evident in this group. Bootstrap values
provide weak support for two clades containing the
Merion sequence, one allying the Merion sequence to
the sequence isolated from a Chilean Flamingo in a
New York zoo in 1999 (bootstrap value = 59%) and
a second allying those two viruses to a WN isolate
from an American Crow found dead in Maryland in
2000 (bootstrap value = 51%). The Merion sequence
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Table 1 Mean divergence from the North American WN virus
consensus by year of isolation

Number of Mean number of Mean number of
Year sequences nucleotide differences amino acid differences

1999 4 5.5 1.25
2000 4 8.75 1.25
2001 1 15 2
2002 1 31 13

is the most divergent member of the North American
group. The branch connecting the Merion isolate to
the rest of the North American group is the longest
(P = .002875 substitutions/site) and this isolate also
shows the greatest numbers of nucleotide and amino
acid differences from the consensus sequence for the
North American isolates (Table 1). Analysis of the
North American WN virus sequences using LD-
hat provides no evidence of recombination. The
Watterson estimate of Q was 33.94 for the entire cod-
ing portion of the genome (10302 sites), whereas the
maximum composite-likelihood estimate of r was
0.00. Inspection of the composite likelihood surface
(not shown) indicates that r = 0.00 is the sole local
minimum (at least to a resolution of 0.01) for values
ranging between 0.00 and 50.00. Permutation tests of
the significance of correlations between three mea-
sures of linkage disequilibrium and physical distance
between segregating sites are shown in Table 2. None
of these correlations are significant. Table 3 shows
the parameter estimates for the prior distributions on
w, along with the mean of the prior distribution, for
each of the separately analyzed regions of the WNV
genome. In all regions, the prior mean of w is less than
0.10, with at least 80% of the mass assigned to the w
= 0 category and not more than 0.1% of the mass
assigned to the w = 1 and w = 3 categories. These
results imply that the regions are all broadly subject
to purifying selection and that most nonsynonymous
mutations are deleterious and hence removed from
the population. The posterior distributions on w at in-
dividual codons (results not shown) corroborate this
inference. At every codon, both the posterior mean
and mode of w are less than 0.60. Indeed, only two
of the 3433 codons comprising the WN virus genome
are segregating more than two distinct amino acids
in the global data set: isoleucine, methionine, and
valine are segregating at codon 449 (Env 158) and va-
line, threonine, and alanine are segregating at codon
2209 (NS4A 84).

Table 2 Correlation between linkage disequilibrium and distance

Statistic (LD) Value P-value

G4 41731 0.435
corr(r2 D) 0.02119 0.832
corr(D’d) −0.00282 0.422

Table 3 Distribution of dN/dS (w) values for global WN virus set

Region p1 p2 p3 p4 p5 Mean

w 0 1/3 2/3 1 3
Capsid 0.92908 0.04046 0.03039 0.00007 0.00000 0.0339

+ preM
Envelope 0.87549 0.12442 0.00008 0.00001 0.00000 0.0415
NS1 0.89266 0.10734 0.00000 0.00000 0.00000 0.0358
NS2 A + B 0.81338 0.14724 0.03924 0.00014 0.00000 0.0752
NS3 0.95074 0.03363 0.01487 0.00074 0.00003 0.0218
NS4 A + B 0.88081 0.11919 0.00000 0.00000 0.00000 0.0397
NS5 0.92121 0.07879 0.00000 0.00000 0.00000 0.0263

Discussion

The complete sequence of a new strain of WNV,
named as WNV Merion strain, together with the
expression analysis of its individual open reading
frames is presented in this work. Phylogenetically
WNV Merion strain appears to be distinct from the
previously reported WNV strains. In this study, brain
tissues of an infected crow from Merion Station,
a suburban region of Philadelphia, PA, served as
a source for the amplification of WN viral genes
through RT-PCR.

Flaviviral replication in host cell is reported to oc-
cur mostly in the cytoplasm of infected cells; how-
ever, viral assembly and budding occur in the periph-
eral region of the cells. Currently little is known about
the localization pattern of individual WNV antigens.
We observed that the full-length protein C, NS1, and
NS5 antigens are localized in the nucleus though the
pathological relevance of their nuclear localization
is not understood. Consistently we observed that the
full-length C is imported into the nucleus in vari-
ety of cell lines (data not shown). Interestingly, this
protein appears to harbor frequent leucine repeats,
a cryptic bipartite nuclear localization signal and
a homeobox-associated leucine zipper (HALZ) do-
main, though the physiological significance of these
domains is unclear at this stage. HALZ regions are
mostly plant-specific leucine zippers that are always
found associated with homeobox proteins. Mostly
HALZ-containing proteins involve DNA-binding and
regulatory functions. The capsid protein species iso-
lated from virus particles were shown to be shorter
than the actual capsid molecule cleaved from WNV
polyprotein. Thus, during the Flaviviral life cycle,
capsid protein should exist in two forms: a full-length
nuclear-localized form and a truncated form that par-
ticipates in viral assembly.

We observed that NS1 was also localized in the
nucleus. However, the expression of NS1 has been
observed on the surface of WNV-infected cells and
served as a potential marker for WNV infection in
a recent report (Shrestha et al, 2003). This suggests
that other WNV antigens modulate NS1 trafficking
during natural infection. NS2A and NS2B exhibited
a clear cytoplasmic staining pattern. In contrast, the
observed intracellular distribution of these antigens



A new WNV strain from Merion, PA
552 MP Ramanathan et al

correlates with their putative functions. NS2B has en-
joyed significant attention as it acts a cofactor for NS3
to form the NS2B-NS3 proteolytic complex, which
is vital in the cleavage of flaviviral polyprotein into
its individual gene products (Chambers et al, 1993,
1995; Falgout et al, 1993). The expression of NS3 re-
sulted in membrane blebbing and the appearance of
clusters of vesicular structures near the perinuclear
portion of the cells. Similar observations were made
in Dengue and Tick-borne encephalitis viruses. The
amino terminus of NS3 encodes a serine protease
(Wengler, 1993) whereas the carboxyl end mediates
its helicase and NTPase activities. NS3 comes under
the superfamily of helicases that are characterized by
the presence of DEAD/H box domains. Several hu-
man proteins also contain DEAH/H domains and they
exhibit highly diversified functions. It is also to be
noted that although NS3 appears to possess a strong
bipartite nuclear targeting sequence (Figure 2), ex-
pression of WNV NS3 is observed only in the cyto-
plasmic portion (Figure 5) of the cells and none of
transfected cells displayed a nuclear accumulation of
NS3 in the transfected cells. The actual cause behind
this disparity is yet to be analyzed.

In the transfected cells, NS5 is expressed as a
nuclear-localized protein, though its amino acid se-
quence does not appear to encode any of the known
nuclear targeting sequences. It is the largest as well
as the most highly conserved protein among fla-
viviruses. RNA polymerase activity of this antigen
has been demonstrated in vitro (Grun and Brinton,
1986, 1987). Sequence analysis shows that NS5 en-
compasses domains that are characteristic of RNA-
dependent RNA polymerases (RdRps) and methyl-
transferase. Such methyltransferase activity likely
plays key role in the methylation of the type I
cap (Koonin, 1993). In the nucleus, three activities
such an RNA triphosphatase, guanylyltransferase,
and methyltransferase are required to synthesize the
viral cap structure. But flaviviruses replicate in the
cytoplasm and the synthesis of viral type I cap is
essential for the production of infectious virus par-
ticles. Although WNV mediates triphosphatase and
methyltransferase activities, the action of guanylyl-
transferase has not yet been identified as being en-
coded by the virus. The host cell machinery may com-
plement the guanylyltransferase activity. Because the
triphosphatase activity is provided by NS3 (Wengler,
1993), an interaction between NS3 and NS5 would fa-
cilitate the coordination of the helicase, polymerase,
and capping activities. However, as presented in this
study, both NS3 and NS5 clearly differ in their in-
tracellular distribution patterns. Hence, this suggests
not only a coordination between the cellular en-
zymes and viral enzymes, but also that the nucle-
ocytoplasmic shuttling and reorganization of these
enzymatic-viral genome complexes within the host
cell are mediated in a more complex fashion during
WNV infection. An elucidation of this pathway will
be importance for understanding WNV pathogenesis.

The sequence of Merion strain was aligned with
various WNV strains from the database collected from
divergent hosts and divergent geographical distri-
butions. From a phylogenetic standpoint, the WNV
Merion strain appears to be a typical, if slightly more
divergent member of the North American group of
WNVs. Because the WNV Merion strain is the most
recent member of this group, it is possible that its
greater distance from the consensus sequence simply
reflects the neutral accumulation of mutations over
time. The mean numbers of nucleotide and amino
acid differences from the North American consensus
isolates is listed by year in Table 1. Both show the
expected increase with time, although sample sizes
are small, and the number of amino acid differences
between the Merion sequence and the consensus is
exceptionally large, even relative to the number of
nucleotide differences. This extreme value could be
due to either chance substitution, to a novel selective
regime along the lineage leading to the Merion virus,
or to sequencing error.

The limited phylogenetic structure evident in the
tree constructed for the North American WNVs is
consistent with neutral evolution in an expanding
epidemic. Rapid population growth, such as has
been witnessed in the WNV epidemic in North
America, is expected to lead to star-like genealo-
gies in which most coalescences occur near the root
(Slatkin and Hudson, 1991). This is evidently the
geometry of the North American WNV tree shown
in Figure 4A. However, recombination can produce
similar patterns (Schierup and Hein, 2000). Twiddy
and Holmes (2003) examined diversity plots for a
set of 37 WNV envelope sequences from both the
Old and the New World and found no evidence of
recombination. Visual examination of sequences for
breakpoints is likely to reveal recombination only
when the parental strains have diverged substan-
tially (Twiddy and Holmes, 2003). We utilized an
alternative approach, based on the ancestral recombi-
nation graph, which gives an estimate of the popula-
tion recombination rate, r. The maximum composite-
likelihood estimate of r for the coding portion of the
North American WN virus sequences is 0.00. Because
these sequences are not contemporaneous, the coa-
lescent process implemented in Pairwise does not
strictly apply to this data set and so this estimate
should be treated with some caution. However, this
result is consistent with the lack of significance of
the linkage disequilibrium analysis (Table 2) and also
corroborates the findings reported in Twiddy and
Holmes (2003). Taken together, these analyses all sug-
gest that the WN virus is evolving clonally and that
the geometry of the North American WN virus tree
reflects the demographics of the epidemic.

Host-parasite interactions coupled with high mu-
tation rates for RNA viruses sometimes leads to lo-
cally enhanced substitution rates for this important
group of pathogens (Conway and Polley, 2002; Frank,
2002) For example, if host immune responses target
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different regions of the viral genome, then each viral
lineage may represent a succession of different en-
vironments favoring different viral genotypes. Esti-
mation of the relative rates of nonsynonymous and
synonymous substitutions can be used to identify
both regions and individual codons subject to di-
versifying selection (Goldman and Yang, 1994). Cu-
riously, we found no evidence for diversifying se-
lection anywhere in the coding regions of the WNV
genome. Although distribution of w ratios differed
slightly between the different regions, this rate ratio
was estimated to be less than one in all regions and
at all codons. Indeed, only two codons in the entire
genome are segregating more than two amino acids in
the global WNV set. These results suggest that escape
mutation is playing only a limited role in the current
evolution of WNV.

The ability of WNV to replicate in a wide variety
of cells and a broad range of hosts as well as vec-
tors support the vulnerability of this virus. Although
there are a few reports on the use of antiviral agents to
control WNV replication (Anderson and Rahal, 2002;
Jordan et al, 2000), effective control measures against
WNV specifically have yet to be developed. Under-
standing the mechanism of actions of WNV genes
in the host cell and their roles in viral replication
will offer important insight into how this virus suc-
cessfully replicates in the cells of diverse hosts and
vectors while evading host-defense strategies. Identi-
fication of host cellular factors used by structural as
well as nonstructural proteins of WNV in cells will
offer valuable tools for the development of targeted
therapeutic strategies against WNV. The open read-
ing frames of WNV Merion strain may be of use in
this regard.

Materials and methods

Cells, reagents, and plasmids
Human neuroblastoma cell line (SY5Y) was obtained
from ATCC (Manassas, VA). Culture media and other
standard tissue culture reagents were from Life Tech-
nologies (Rockville, MD). The mammalian expres-
sion vector, pcDNA3.1/His A, Top 10F Escherichia
coli chemically treated competent cells, and mon-
oclonal anti-His antibody were obtained from In-
vitrogen (Carlsbad, CA). Alexa-488- and Alexa-546-
conjugated anti-mouse secondary antibodies were
purchased from Molecular Probes (Engene, OR).

Cloning and sequence analysis of WNV genes
Total RNA was isolated from brain tissue samples of
a dead Crow (Rnasy Kit, Qiagen) to prepare cDNA
by using MMLV reverse transcriptase (Clontech, CA).
The reaction for cDNA preparation was set as fol-
lows: In a 0.5-ml RNASE-free microcentrifuge tube
(Ambion), 1 μg of RNA and 1 μl of random primers
were added and diluted to the volume of 12.5 μl with
DEPC (diethyl pyrocarbonate)-treated water. This
mix was incubated for 2 min at 70◦C and quenched on

ice. To this, diluted RNA-primers mix, 4.0 μl of 5 ×
reaction buffer, 1.0 μl of dNTP mix (10 mM each),
0.5 μl RNase inhibitor, and 1.0 μl of MMLV reverse
transcriptase were added, mixed, and incubated for
one hour at 34◦C. The cDNA synthesis and DNase
activity were terminated by boiling the reaction mix
for 5 min at 94◦C. Typically 1 μl of the cDNA prod-
uct was used as template in the PCR reaction. Ad-
vantage Taq polymerase (Clontech, CA) with a broad
range temperature regime of annealing temperatures
(54◦C to 59◦C) (Stratagene ThermoCycler) was em-
ployed. The amplified fragments were separated in a
1.0% agarose gel and based on the expected length
of PCR products, the appropriate bands were eluted
from the gel. The eluted gel products were ligated into
pcDNA3.1 HisA/TOPO cloning vector (Invitrogen)
and the colonies were screened onto Luria broth (LB)-
amphicillin agar plates. The positive clones were
confirmed by automated sequencing and the genetic
sequence was confirmed by two independent reac-
tions to verify the consistency.

Protein architectural analysis
The deduced amino acid sequence derived from
WNV Merion strain open reading frames were
analyzed using online modular programs in-
cluding SMART (Simple Modular Architecture
Research Tool) program at (http://www.embl-heidel
berg.de/predictprotein/predictprotein.html) EMBL
site, PORT II server (http://psort.nibb.ac.jp), and
Prosite-ExPaSy (http://us.expasy.org/) to identify var-
ious structural motifs and functional domains exist-
ing on WNV proteins(Copley et al, 1999; Letunic et al,
2002; Ponting et al, 1999; Schultz et al, 1998, 2000).

In vitro expression of WNV gene products
The WN viral gene expression plasmids were used
to generate 35S-labeled protein samples by using
TNT coupled in vitro transcription/translation sys-
tem (Promega Corporation, Madison, WI). The ra-
dioactive protein samples were immunoprecipitated
by using anti-His antibody as described (Ramanathan
et al, 2002). The immunoprecipitated samples were
resolved by sodium dodecyl sulfate–Polyacrylamide
gel electro phoresis (SDS-PAGE) and subsequently
analyzed by autoradiography.

Indirect immunofluoresencent assay
The intracellular distribution pattern of WNV gene
products in transfected cells were monitored by in-
direct immunofluoresecent assay (Ramanathan et al,
2002). Neuronal cells, grown in slide chambers
(Beckton-Dickenson, Franklin Lakes, NJ), were trans-
fected with WNV expression plasmids. Thirty-six
hours post transfection, the cells were fixed using
methanol and incubated with monoclonal anti-His
antibody (1:200 dilution) for 90 min Subsequently,
the slides were incubated with either Alexa-488–
conjugated or Alexa-546-conjugated secondary an-
tibody (Molecular Probes) for 45 min, after gentle
rinsing of the samples with phosphate-buffered
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saline (PBS). DAPI (4′-6′-Diamidino-2-phenylindole)
(Sigma, St. Louis, MO) was added to counterstain the
nuclear content of the cells. The slides were rinsed
gently to remove residual DAPI and secondary an-
tibodies, and mounted with an antifading mounting
solution (Molecular Probes). The samples were ana-
lyzed under Nikon T-800 fluorescent microscope and
photographs were taken with appropriate filters and
with a cooled CCD camera (SensiCam High Perfor-
mance). IPLab (3.6.5) software was used to acquire
and analyze the images.

Phylogenetic analysis
Upon thorough verification of the genetic sequences
using MacVector (Oxford Probes, UK) program,
the deduced amino acid sequences were deter-
mined and aligned. The open reading frame of the
Merion genome was aligned manually to a set of
18 WNV genomes sequenced by other groups and
deposited in GenBank (Table 4). This set includes vi-
ral sequences previously isolated in North America,
Europe, Africa, and the Middle East, from avian,
mammalian, and dipteran hosts. We conducted all
phylogenetic analyses using PAUP∗ (version 4.0b10)
(Swofford, 2002) through heuristic searches (tree-
bisection-reconnection) with maximum likelihood as
the tree optimality criterion. The program ModelTest
(version 3.6) Posada and Crandall,1998), was used

Table 4 West Nile virus sequences used for phylogenetic analysis

Accession no. Location Host Year Ref.

AY262283 Kenya Culex univittatus 1998 1
AF404757 Italy Horse 1998 2
AF260969 Romania Culex pipiens 1996 3
AY278442 Volgograd, Russia Human 2000 4
AY277252 Volgograd, Russia Human 1999 5
AF317203 Volgograd, Russia Human 1999 6
AF260968 Egypt Human 1951 7
AY278441 Astrakhan, Russia Human 1999 8
AF481864 Israel White stork 1998 9
AF196835 New York Chilean flamingo 1999 10
AF260967 New York Horse 1999 7
AF206518 Connecticut Culex pipiens 1999 11
AF202541 New York Human 1999 12
AF404756 New York American crow 2000 2
AF404755 New York Ruffed grouse 2000 2
AF404754 New Jersey Culex pipiens 2000 2
AF404753 Maryland American crow 2000 2
AF533540 New York Human 2001 13

Merion, PA American crow 2002

1. AC Brault and X. de Lamballerie. 2003. Unpublished.
2. Lanciotti et al, 2002.
3. Savage et al, 1999.
4. GK Sadykova et al. 2003. Unpublished.
5. AG Prilipov et al. 2003. Unpublished.
6. AE Platonov et al. 2000. Unpublished.
7. M Bowen et al. 2000. Unpublished.
8. AG Voronina et al. 2003. Unpublished.
9. Malkinson et al, 2002.

10. Lanciotti et al, 1999.
11. Anderson et al, 1999.
12. Jia et al, 1999.
13. Huang et al, 2002.

initially to select an appropriate model of DNA se-
quence evolution for each data set; ModelTest uses
PAUP∗ to estimate the likelihood of the sequence
data under a series of 56 reversible Markov models
and then identifies a best-fitting model subject to the
Aikake Information Criterion.We parameterized the
resulting model iteratively by first finding a tree for
the sequence data under the current set of parameter
values and then reoptimizing the parameters with re-
spect to this new tree. The initial tree was inferred
using the HKY85 model with kappa set equal to 2
and the iterations were halted when the parameter
estimates and the tree no longer changed between
iterations. Support for each clade was assessed by
bootstrapping with 100 replicates.

The population mutation (Q = 2Nem) and recom-
bination r = 2Ner) rates were estimated for the North
American WNV sequences using the program Pair-
wise from the package Ldhat(Mc Vean et al, 2002).
Pairwise constructs a composite-likelihood surface r
using an importance sampler derived from the two-
locus Kingman coalescent (with effective population
size Ne) and allowing for recurrent mutation and
recombination. Q is estimated by a finite-sites ap-
proximation of the Watterson estimate. Because this
method assumes contemporaneous sampling of the
terminal sequences and lack of geographical struc-
ture, we retained only the North American sequences
for this analysis. We also used the LDhat program
Permute to assess the significance of the correlation
between linkage disequilibrium and the physical dis-
tance between segregating sites. At intermediate lev-
els of recombination, these correlations are expected
to be negative. The program Codeml (version 3.13)
(Yang, 1997) was used to quantify the relative rates
of nonsynonymous and synonymous substitution for
the global set of the WNV sequences. The rate ratio,
w = dN/dS, can be interpreted as a measure of the
strength and kind of selection operating on a coding
sequence. Values of W that are less than or greater
than 1 are indicative of purifying or diversifying se-
lection, respectively. When w = 1, neutral evolution
can be inferred. Because even adjacent codons may be
subject to different selective regimes, it is desirable to
obtain estimates of w at each codon. Codeml imple-
ments an empirical Bayesian strategy to obtain such
estimates. The data at all sites is first used to parame-
terize a prior distribution on w. Then, Bayes formula
is used with that prior and with the data at individual
sites to obtain the codon-specific estimates of w. For
these analyses, we used the frequencies prior (M = 4)
implemented in Codeml, which allows for five val-
ues of w, fixed at 0, 1/3, 2/3, 1, and 3, with weights to
be estimated with respect to the data. We divided the
WNV genome into seven regions, consisting of Cap-
sid and preM, envelope (E), NS1, NS2A and -B, NS3,
NS4A and -B, and NS5, and analyzed each region
separately. The ML tree for the complete genome was
used for all of these analyses, with branch lengths
reoptimized by Codeml.
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