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Abstract
St. Louis encephalitis virus (SLEV; Flaviviridae; Flavivirus) is a member of the Japanese
encephalitis serocomplex and a close relative of West Nile virus (WNV). Although SLEV remains
endemic to the US, both levels of activity and geographical dispersal are relatively constrained
when compared to the widespread distribution of WNV. In recent years, WNV appears to have
displaced SLEV in California, yet both viruses currently coexist in Texas and several other states.
It has become clear that viral swarm characterization is required if we are to fully evaluate the
relationship between viral genomes, viral evolution, and epidemiology. Mutant swarm size and
composition may be particularly important for arboviruses, which require replication not only in
diverse tissues but also divergent hosts. In order to evaluate temporal, spatial, and host-specific
patterns in the SLEV mutant swarm, we determined the size, composition, and phylogeny of the
intrahost swarm within primary mosquito isolates from both Texas and California. Results indicate
a general trend of decreasing intrahost diversity over time in both locations, with recent isolates
being highly genetically homogeneous. Additionally, phylogenic analyses provide detailed
information on the relatedness of minority variants both within and among strains and demonstrate
how both geographic isolation and seasonal maintenance have shaped the viral swarm. Overall,
these data generally provide insight into how time, space, and unique transmission cycles
influence the SLEV mutant swarm and how understanding these processes can ultimately lead to a
better understanding of arbovirus evolution and epidemiology.
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1. Introduction
St. Louis encephalitis virus (SLEV; Flaviviridae; Flavivirus) is a member of the Japanese
encephalitis serocomplex and a close relative of West Nile virus (WNV). The initial isolation
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of SLEV occurred in St. Louis, MS in 1933, when over 1000 cases of encephalitis were
recorded (Lumsden, 1958; Reisen, 2003). SLEV is ecologically similar to WNV in that it is
maintained in transmission cycles between generally ornithophilic Culex mosquitoes and
birds. Humans represent dead-end hosts due to generally insufficient viremia levels for
successful transmission (Bernard and Kramer, 2001). The main vectors of SLEV in the
western US are Culex quinqufasciatus, which is generally restricted to southern urban areas,
and Culex tarsalis, which is present in agricultural and rural areas (Reisen, 2003; Darsie and
Ward, 1981). Although SLEV remains endemic to the US, approximately 55 cases on
average are reported per year since the last major outbreak occurred in 1975–1977 during
which time more than 2500 cases were reported in 35 states. Both levels of activity and
geographical dispersal of SLEV are relatively constrained when compared to the widespread
distribution of WNV (http://www.cdc.gov/ncidod/dvbid/arbor). In addition, results from
phylogenetic studies indicate SLEV, more so than WNV, is subject to geographic isolation
(Kramer and Chandler, 2001; Baillie et al., 2008; May et al., 2008). These differing genetic
and epidemiological patterns could be attributed to generally lower SLEV viremia levels in
birds, resulting in a narrower competent host range and therefore, more specific transmission
cycles (McLean et al., 1983; Komar et al., 2003; Marra et al., 2003). WNV is unique in that
it can maintain high levels of viremia in a range of vertebrate hosts despite its need to cycle
in mosquito vectors (Brault et al., 2007). In addition, over 75 mosquito species have been
demonstrated to become infected with WNV (Higgs et al., 2004), although Culex
mosquitoes are implicated as the predominant vectors of both viruses (Bernard and Kramer,
2001; Reisen, 2003). In recent years, WNV has appeared to displace SLEV in California
(Reisen et al., 2008), yet both viruses currently coexist in Texas (Lillibridge et al., 2004;
Bradford et al., 2005; Rios et al., 2006). Previous studies demonstrate that WNV strains
exist as highly diverse mutant swarms in nature and that the source of this genetic diversity
is likely the mosquito (Jerzak et al., 2005). The maintenance of diversity is one mechanism
by which arboviruses could overcome significant fitness costs as a result of their
requirement for host cycling. In vitro passage studies in mosquito cells suggest that SLEV
may have a relatively decreased capacity for producing and maintaining intrahost diversity,
and that this reduced diversity may have direct consequences for host range (Ciota et al.,
2007). Besides being relevant for adaptability, minority variants in many viruses can play
significant roles in viral fitness and pathogenesis (Martinez et al., 1991; Novella and
Ebendick-Corp, 2004; Jerzak et al., 2007; Vignuzzi et al., 2006). It has become clear that
viral swarm characterization is required if we are to fully evaluate the relationship between
viral genomes and both viral evolution and epidemiology. In this study we determined the
size of the SLEV mutant swarm in mosquitoes using molecular cloning of primary isolates
from both Texas and California in order to (i) generally assess mutant swarm breadth, (ii)
determine if geographical and/or temporal differences in mutant swarm size and
composition exist, and (iii) elucidate the role of variable transmission cycles in shaping the
mutant swarm. Advancing our understanding of these relationships will provide insight into
factors important in influencing arbovirus evolution and epidemiology.

2. Materials and methods
2.1. Virus isolates

The main criterion used for the selection of SLEV isolates for this study was the availability
of material from the initial amplification, i.e. single passage only (Table 1). SLEV mosquito
isolates from Texas were kindly provided by R. Tesh (UTMB; Galveston, TX) as
lyophilized material following a single round of amplification on C6/36 mosquito cells.
Material was reconstituted in 500ul BA-1 and used directly for experimental testing.
Original California mosquito pools previously determined to be SLEV positive were
obtained from A. Brault (UC Davis; Davis, CA) and amplified once on C6/36 mosquito cells

Ciota et al. Page 2

Infect Genet Evol. Author manuscript; available in PMC 2012 January 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.cdc.gov/ncidod/dvbid/arbor


at the Arbovirus laboratory, Wadsworth Center. Original mosquito pools from both TX and
CA were of variable size (5–50 mosquitoes), yet minimal infection rates within each state
have never exceeded a level which would suggest that each pool contained more than a
single, positive mosquito (http://www.cdc.gov/ncidod/dvbid/arbor). All Texas isolates
originated from Cx. quinquefasciatus mosquitoes trapped in the Houston area (Harris
County) whereas CA isolates originated from Cx. tarsalis mosquitoes trapped in various
counties including Coachella Valley (COAV), San Bernardino (SAND), Kern (BFS), Los
Angeles (SOUE), and Imperial (IMPR) counties.

2.2. Molecular cloning
Molecular cloning of an approximately 2 kb region (nucleotides 1315–3325), including
portions of the envelope (E) and non-structural 1 (NS1) genes, was performed as previously
described (Ciota et al., 2009). RNA was extracted from virus isolates using the Qia-amp
viral RNA extraction kit (Qiagen, Valencia, CA) and RT-PCR was completed with primers
designed to amplify the 3′ 1302 nt of the SLEV genome (E gene) and the 5′ 3325 nt of the
SLEV genome (NS1 gene). Reverse transcription was performed with Sensiscript RT
(Qiagen) and cDNA was amplified with ‘high-fidelity’ PfuUltra (published error rate = 4.3 ×
10−7; Stratagene, La Jolla, CA). PCR products were visualized on a 1.5% agarose gel and
DNA was recovered by using a MinElute Gel Extraction kit (Qiagen). The recovered DNA
was ligated into the cloning vector pCR-Blunt II-TOPO (Invitrogen, Carlsbad, CA) and
transformed into One Shot TOP10 Electrocomp E. coli cells. Colonies were screened by
direct PCR using primers specific for the desired insert, and plasmid DNA was purified by
using a QIAprep Spin Miniprep kit (Qiagen). Sequencing was carried out with five pairs of
overlapping SLEV primers together with T7 and SP6 primers at the Wadsworth Center
Molecular Genetics Core using ABI 3700 and 3100 automated sequencers (Applied
Biosystems, Foster City, CA). Seventeen to twenty-four clones per sample were sequenced.

2.3. Phylogenetic trees
Four different programs, including BEAST v1.4.8 (Drummond and Rambaut, 2007),
RaxML v7.2.3 (Stamatakis, 2006), GARLI v0.951 (Zwickl, 2006), and MrBayes (Ronquist
and Huelsenbeck, 2003), were used to construct phylogenentic trees from the 255 amino
acid sequences of SLEV. BEAST and MrBayes use Bayesian Markov-Chain-Monte-Carlo
(MCMC) analyses to infer phylogenies, while RAxML and GARLI use Maximum-
Likelihood-based approaches. BEAST was run once using Texas sequences and once for the
California sequences, each time with an MCMC length of 1 × 108, logging every 1 × 104. A
general time-reversible substitution model and uncorrelated log normal molecular clock
model were used. A starting tree was constructed using UPGMA (unweighted pair group
method with arithmetic mean) and the tree prior was assumed to have a constant population
size. All of the priors for the model parameters and statistics were left at the defaults with
the exception of including isolate date. RAxML was used to perform rapid bootstrap
analyses with 1000 iterations while also finding a Maximum-Likelihood tree; all other
parameters were left at default. GARLI was run in addition to RAxML and MrBayes in
addition to BEAST in order to provide additional information on the structure of the
phylogeny. GARLI was run using the default parameters except for including 100
independent search replicates. MrBayes was run for 1 × 106 generations each. RAxML,
GARLI, and MrBayes were only run on sequence data from which duplicates had been
removed. All phylogenetic reconstructions were rooted using sequences from four other
flaviviruses as outgroups. These included Japanese encephalitis (genbank accession number
M55506), West Nile (M12294), Kunjin (D00246) and Murray Valley encephalitis
(X03467).
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2.4. Sequence and correlation analyses
Sequences were compiled, edited, and aligned using DNASTAR software package
(Madison, WI). At least 2-fold coverage was used for sequence determination. The
percentage of nucleotide diversity (total number of differences from consensus divided by
total number of bases sequenced), amino acid diversity (total number of amino acid
differences divided by total number of amino acids sequenced), and the sequence diversity
(percent of clones with at least one difference from consensus) were used as basic indicators
of genetic diversity. For nucleotide and amino acid diversity calculations redundant changes
were counted as separate differences.

The ratio (ω) of nonsynonymous (dN) to synonymous (dS) substitutions per site was
calculated in an attempt to evaluate the strength and direction of selection acting on these
coding regions. Texas and California consensus sequences for all strains were broken up
into their envelope (E) and non-structural (NS1) protein components and analyzed
separately. Calculations were performed using HyPhy (Pond et al., 2005) on the
Datamonkey webserver (Pond and Frost, 2005). The three methods used were single
likelihood ancestor counting (SLAC), fixed effects likelihood (FEL), and random effects
likelihood (REL) (Kosakovsky Pond and Frost, 2005).

Correlation analyses between nucleotide diversity and mosquito collection date were
conducted with and without corrections for phylogenetic dependence. Correlation
coefficients for non-phylogenetic analyses (treating each strain as independent) were
calculated using the program R v2.9.2 (R Development Core Team, 2009). For phylogenetic
analyses, independent contrasts were used to correct for phylogeny (Felsenstein, 1985) using
the APE package (Paradis et al., 2004) in R v2.9.2.

3. Results
3.1. Phylogeny

Phylogentic analysis of Texas isolates yielded relationships in which all variants within
individual strains grouped together (Fig. 1A). This pattern occurred in the trees created with
all four programs and is illustrated here in the phylogeny reconstructed using RAxML.
Duplicate sequences from the individual strains were removed in this analysis. The lack of
intersection between any single variant among years demonstrates the uniqueness of
consensus sequences from year to year and the general absence of yearly maintenance of
past strains within the mutant swarm. Substitution rates on the consensus level were similar
from year to year from 1990 to 1996, averaging about 0.9% divergence/year, or,
approximately 10 nt substitutions/genome/year. Substantially greater divergence occurred
from 1996 to 1998 (Fig. 1A), with almost 10% sequence divergence occurring in the two
1998 strains (V4179 and V3916) when compared to the 1996 isolate (V2679). 87.9% of
these changes were synonymous. Interestingly, the 2003 isolate (V0476) does not group
with the more recent 1998 isolate but, rather, the more distant isolates. In fact, the sequence
most closely related to the 2003 isolate is the 1991 isolate (V3222), in which just 0.5%
sequence divergence was measured.

The CA data set was very different from TX both spatially and temporally, with isolates as
old as 1950 (BFS 508) and from various counties. In the phylogenetic tree constructed from
CA sequences just 4 of 12 strains consistently grouped together (Fig. 1B). This pattern was
again consistent among all four programs and is illustrated by the RAxML-created
phylogeny in which duplicate sequences from individual strains were removed. In particular,
multiple minority variants for isolates after 1993 were identical between strains and this
section of the phylogeny exhibited low resolution. Of particular interest, all sequences from
a 1993 isolate from San Bernardino (SAND 29) were placed within this highly related clade
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and one mutant sequence from a 2000 isolate from Coachella valley (COAV 332) was
identical to the consensus sequence from San Bernardino (SAND 29). Other than this
exception all strains generally grouped both temporally and geographically. Post-1993
strains demonstrated high similarity along with a lack of phylogenetic resolution. Attempts
to quantify substitution rates of SLEV in CA are clearly inaccurate when done without
consideration of geographic location. For example, just 7 nt differences exist between the
consensus sequences of the 1950 and 1960 isolates from BFS in the region analyzed, yet 184
substitutions were identified in this region when comparing the 1984 SOUE isolate (SOUE
20) and a 1993 San Bernardino isolate (SAND 29). When only Coachella Valley isolates are
considered (2000–2003), the average substitution rates are approximately 12 substitutions/
genome/year, which is similar to what was measured with the Texas isolates.

We also reconstructed phylogenetic trees based on consensus sequences for each sample
(Fig. S1). The three bipartitions labeled on the Texas consensus sequence phylogeny (Fig.
S1A) were present in more than 80% of bootstrapped trees using RAxML. However, a
reconstruction of the phylogeny of all sequences using BEAST showed all bipartitions on
the level of strains to have high posterior probabilities (>0.9). It should be noted that not all
of the bipartitions in the BEAST tree were the same as those created using the other three
programs with either consensus sequences or with duplicates removed. The BEAST analysis
placed the 1994 strain (V1042) before the divergence of the 1991 (V3222) and 2003
(U0476) strains, while the others placed the 1994 strain in a separate clade from the 1991
and 2003 strains. However, this difference did not affect the analysis using independent
contrasts (next subsection) and still support the conclusion that Texas sequences cluster by
strain. The fact that Garli and MrBayes showed the same bipartions as RAxML increases
confidence in the phylogeny presented.

The phylogeny reconstructed using California consensus sequences again showed very little
differentiation in the area containing the eight highly related strains (Fig. S1B). In the best-
scoring maximum likelihood tree reconstructed using RAxML this region only had one
bipartition that appeared in more than 80% of bootstrap replicates. The rest of the
bipartitions showed high bootstrap support.

3.2. Genetic diversity and correlation
Isolation of minority variants by high-fidelity molecular cloning of portions of the SLEV
ENV and NS1 genes and subsequent sequencing and analysis was used to assess the level of
genetic diversity within individual isolates. The purpose of these analyses was to assess both
the size of the mutant swarm in recent isolates and to determine if mutant-swarm size was
correlated with both temporal, geographic, and host differences. Initial analysis involved a
straightforward assessment of nucleotide and amino acid diversity and overall sequence
diversity (Tables 2 and 3).

The most genetically diverse isolate among the Texas strains, V3222 (1991), possessed 28
variable bases within the 24 clones analyzed from the mutant swarm. Assuming this level of
genetic diversity exists genome wide, this would equate to an average of 6.4 base
differences relative to the consensus sequence per genome.

Among the 58 base substitutions identified in the three most diverse isolates (1990, 1991,
1992), 39 were nonsynonomous changes (67.2%). Conversely, a total of just 2 base changes
relative to consensus sequences were identified in the three most recent isolates (V0476,
V3916, V4179), with not a single change identified in 23 clones of the 2003 isolate
(V0476).
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Without correcting for phylogeny, a negative correlation between isolation date and
nucleotide diversity among the Texas isolates exists (R = −0.788, p = 0.020; Table 4) (Fig.
2A). This relationship, with the most highly homogeneous isolates being the most recent,
also exists on the amino-acid level (R = −0.823, p = .012; Table 5). However, the isolates
are not independent, and thus the correlation is confounded by the phylogenetic structure.
The phylogeny that was used to correct for this dependence was created with RAxML and
used only the consensus sequences from each strain. When phylogeny of the Texas isolates
is corrected for by independent contrasts the correlation between time and intrahost diversity
is further strengthened (R = −0.891, p = 0.003; Table 4, Fig. 3A). However, this strong
correlation is driven by a single outlying contrast and disappears when this point is removed
from the set (R = −0.341, p = 0.454). A Spearman rank correlation, which is less sensitive to
outliers, similarly found no correlation, even when the outlying contrast was not excluded (ρ
= −0.464, p = 0.302; Table 4). The outlying contrast driving the correlation is a result of a
strain from 2003 (U0476) with low diversity being closely related to a strain from 1991
(V3222) with a high diversity.

On average, recent California isolates (2000–2003) also displayed high levels of intrahost
genetic homogeneity, with all of the isolates having nucleotide diversity of less than 0.016%
(Table 2). The most highly homogeneous isolates were again the most recent isolates, with
two of the three 2003 CA isolates (both COAV) showing just a single base change in more
than 40,000 bases sequenced. In addition, the most highly diverse isolate analyzed was the
oldest, BFS 508 (1950), with a nucleotide diversity of 0.078%, equating to an average of 8.6
substitutions per genome. Unlike the diverse Texas isolates, all but one of the substitutions
in this isolate were synonymous. Overall, the percent of nonsynonymous changes within the
CA isolates mutant swarms was significantly lower than that measured in Texas (32.0% v.
62.3%; Fisher’s exact test, p < 0.0001).

The CA isolates showed a negative correlation between nucleotide diversity and isolation
date (R = −0.791, p = 0.002; Table 4, Fig. 2B), similar to the Texas isolates. When
independent contrasts were performed using a phylogeny of consensus sequences the
correlation strengthened greatly as with the Texas data (R = −0.989; p < 0.0001; Table 4,
Fig. 3B). Unlike for the Texas data, the increased correlation after correcting for
phylogenetic structure cannot easily be attributed to a single outlier although there does
appear to be one (Fig. 3B). The correlations remains significant when the outlier is removed
(R = −0.720, p = 0.013; Table 4) and when the non-parametric analysis is performed (ρ =
−0.791, p = 0.006).

The Texas sequences show a similar relationship between diversity and time on the amino-
acid level without correcting for phylogeny as with nucleotides (R = −0.822, p = 0.012;
Table 5). The negative relationship seen at the nucleotide level for the California sequences
is absent for amino-acids (R = −0.216, p = 0.500; Table 5). When independent contrasts
were performed on the Texas data, the correlation disappeared (R = −0.483, p = 0.226;
Table 5) but when this method was applied to the California amino-acid data, the strength of
the correlation greatly increased (R = −0.993, p < 0.0001; Table 5). Unlike at the nucleotide
level, the correlation between time and amino-acid diversity disappeared when the outlier
was removed (R = −0.019, p = 0.956; Table 5) and when we calculated a Spearman
correlation (ρ = −0.109, p = 0.755).

3.3. Selection
There was not enough power to infer selection at individual sites due to the relatively low
number of sequences. We used three different methods provided by the DataMonkey web
server (Single Likelihood Ancestor Counting, Fixed Effects Likelihood, Random Effects
Likelihood), and found no site for which all methods indicated significant selection (data not
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shown). However, the mean ω values for the E gene were 0.017736 and 0.020650 in Texas
and California, respectively, while the mean ω values for the NS1 gene were 0.065975 and
0.093021 in Texas and California, respectively (Table 6). This difference suggests that there
has been a greater degree of purifying selection acting on the envelope protein than on the
non-structural protein in both geographic areas.

4. Discussion
To some extent, all RNA viruses exist as a compilation of closely related variants, i.e. a
mutant swarm (Biebricher and Eigen, 2006). Despite the fact that this swarm has been
clearly implicated in viral fitness, pathogenesis, and adaptability, evolutionary studies of
natural populations to date rely almost exclusively on consensus sequence analyses. Mutant
swarm size and composition may be particularly important for arboviruses, which require
replication not only in diverse tissues but also divergent hosts. Here, we evaluated the size
and composition of SLEV swarms in single-passage mosquito isolates from Texas and
California. Although our data are somewhat limited by the availability of low passage
isolates, significant insight into how time, space, and transmission cycles contribute to
shaping the SLEV mutant swarm was gained.

The Texas data set provided an opportunity to monitor genetic changes in a single location
over time (Table 1). The Texas phylogeny clearly demonstrates that all variants within each
isolate group together (Fig. 1A). The fact that variants within the same strain are more
closely related to each other than other strains is not surprising, yet it is interesting that no
two isolates from different years share a single variant. This, together with the relationships
depicted in both the consensus and variant phylogenetic trees, demonstrates that a unique
strain may take hold each successive year in a time-independent fashion (Fig. 1A and Fig.
S1A). For example, the 2003 strain is more closely related to the 1991 strain than it is to any
of the more recent strains, while the 1998 strains are relatively distant from all other
sequences (Fig. 1A and Fig. S1A). This suggests that either a new strain was introduced
each successive year or that multiple strains coexist locally. Although reintroduction does
occasionally occur (Kramer and Chandler, 2001), previous studies demonstrate that the latter
(i.e. local maintenance) is more likely (May et al., 2008). Without analysis of multiple
strains from each year, it is not entirely clear if significant inter-host variation exists, but
comparison of the sequences from the two 1998 strains suggest that this is not the case, and
that a single strain likely dominates annually. The variable levels of activity in each
successive year in Texas do not necessarily suggest an adaptive process
(http://www.cdc.gov/ncidod/dvbid/arbor), yet individual strains may be better suited for
specific environmental conditions present in different years. In addition, the percent of
nonsynonomous change both on the consensus level from year to year and within the mutant
swarm is not substantially different from what one would predict given a general lack of
selection (Holmes, 2003). It is reasonable to assume that genetic diversity could decrease
over time as a virus becomes more specialized to the hosts and ecology unique to a
particular region, yet one would expect a dominance of positive selection in this case. The
lack of strong statistical support for a negative correlation between intra-host heterogeneity
and time when controlling for phylogeny and the outlier (Table 4) agrees with the results of
the dN/dS which support a dominance of purifying selection (Table 6). Since the initially
observed correlation was confounded by the phylogenetic structure of the sequences, the
currently low swarm sizes might possibly be explained by other factors independent of
phylogeny.

The source of all isolates from the Houston area is Cx. quinquefasciutus mosquitoes, which
is the primary vector responsible for urban transmission in the southwest (Reisen, 2003).
These mosquitoes are unique among primary vectors of SLEV in that they do not enter
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diapause (Hayes, 1975). As a result, seasonal maintenance may be achieved through a
continuous low level of horizontal transmission, which could equate to significant seasonal
bottlenecking during periods of decreased activity (Bellamy et al., 1968). In addition, Cx.
quinquefasciutus have been shown to be less susceptible to SLEV infection than Cx. tarsalis
(Meyer et al., 1983; Hardy and Reeves, 1990). Little is known about the specifics of within-
host bottlenecks in mosquito vectors, but the potential for bottlenecks exists at well-
documented barriers including midgut infection and egresss, and salivary gland infection
and exit (Kramer et al., 1981; Girard et al., 2004). For these reasons, changes in vector
competence and even more, in vectorial capacity, could play a significant role in
determining the effective viral population size within specific vector populations.

The general phylogenetic grouping of CA strains from the same counties argues against
drawing conclusions on the effect of time without consideration of geographic location (Fig.
1B). However, when COAV isolates are considered independently, a negative correlation
between time and intrahost diversity is present although it is far less convincing on the
amino-acid level (Tables 4 and 5). A larger data set would help to clarify if there is any clear
temporal pattern with intrahost diversity within individual regions. The other unique
characteristic of the CA strains is that, unlike Texas strains, some variants do in fact group
within other isolates (Fig. 1B). This is particularly the case with COAV isolates, where there
is significant intersection of sequences in all the represented strains. This degree of
relatedness agrees with previous finding that yearly strain maintenance is likely common in
California (Reisen, 2003). In addition to the specific role of the vector in shaping the viral
swarm, a difference on the avian host side may exist. Experimental passage of SLEV in both
chickens and Cx. pipiens mosquitoes has demonstrated that the size of the mutant swarm is
host-dependent (Ciota et al., 2009). It is reasonable to assume that the size of the mutant
swarm could also be species-dependent. Variation in host preference and host abundance has
been demonstrated at the sites from which these strains were isolated and could play a major
role in shaping individual populations (Reisen, 2003; Lothrop and Reisen, 2001). Studies
assessing viremia levels in various bird species following infection with CA strains of SLEV
found that very few species produce viremia levels sufficient for infection of mosquitoes
(Reisen et al., 2001, 2003), demonstrating that the availability of competent hosts could be a
significant limiting factor on both strain diversity and overall activity.

Despite the difference in the relationship between time and intrahost diversity seen in
California and Texas, all of the recent isolates from both locations are highly genetically
homogeneous (Tables 2 and 3). Although the requirement of all arboviruses to cycle
between divergent hosts may restrict genetic change (Holmes, 2003), the extent to which
these isolates lack genetic variability is somewhat surprising given the high mutation rate of
RNA viruses (Drake and Holland, 1999). A previous study assessing the level of intrahost
diversity within the same genomic region of WNV demonstrated that significant genetic
heterogenity exists in isolates from Cx. pipiens mosquitoes from New York (Jerzak et al.,
2005). Subsequent studies with adapted populations of WNV and SLEV demonstrated that
differences in mutant swarm size may have significant implications for host range (Ciota et
al., 2007). As with all organisms, a general lack of genetic diversity limits the ability to
exploit new and changing ecology, and could therefore be an important factor in predicting
exploit of new habitats and epidemiological patterns in changing landscapes. West Nile
virus invaded Texas and California in 2002 and 2003, respectively (Reisen et al., 2004;
Lillibridge et al., 2004). Interestingly, WNV has appeared to displace SLEV in California
yet the two continue to coexist in Texas (Rios et al., 2006; Reisen et al., 2008). The
combination of the close antigenic relationship and the sharing of transmission cycles by
WNV and SLEV make their interaction inevitable. WNV antibody-positive birds will
possess at least partial protection from SLEV and, given the lower viremia and subsequently
more limited effective vector range, it is no surprise that WNV could displace SLEV in
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areas where they coexist. The Alphavirus Western equine encephalomyelitis virus reemerged
in southeastern California in 2005, demonstrating that an antigenically distinct virus which
utilizes the same transmission cycle is capable of coexisting in the region (Hom et al., 2006).
Genetic diversity within a viral swarm could also correspond to antigenic diversity with
variable levels of cross-reactivity to closely related viruses, which in turn could have direct
affects on the capacity to evade competition. In addition, the existence of WNV could itself
drive the purification of the SLEV population, which could potentially contribute to the
current lack of intrahost diversity in both California and Texas.

Overall, this study demonstrates the power of mutant spectrum analysis relative to
traditional consensus sequencing. Evaluation of relationships among consensus sequences
have historically provided valuable information in the understanding of virus evolution and
epidemiology, yet it is now clear that our conclusions to date, particularly with regards to
RNA viruses, are drawn from potentially incomplete data sets. Although the methods
presented here are currently not feasible on a large scale, recent technological advances in
the ability to perform high throughput deep sequencing are beginning to provide researchers
with the ability to consider variation in viral swarms on a broader and more precise level.
Such analyses are likely to reveal characteristics and relationships among virus variants that
have broad implications for viral evolution, fitness, and epidemiology.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Phylogenetic-tree reconstruction of intrahost variants of individual isolates, using RAxML.
The isolate number is followed by either the mutant number or ‘con’, indicating the
consensus sequence. Duplicate sequences have been removed for this analysis. (A) Texas
isolates from the same sample cluster together. Numbers on the right indicate the year of
sample collection. (B) California isolates from different samples (obtained at different time
points and different locations) grouped together. Multiples following the year of sample
collection indicate how many independent samples are part of the same group; i.e. the top
group consists of three samples taken in 2003, two taken in 2001, two in 2000, and one in
1993.
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Fig. 2.
Nucleotide diversity vs. isolation year, not corrected for phylogeny. (A) Texas, (B)
California.
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Fig. 3.
Phylogenetically independent contrasts (PICs) of nucleotide diversity vs. PICs of isolation
year. The trees used to calculate PICs are shown in Fig. S1. (A) Texas, (B) California.
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Table 1

SLEV mosquito isolates.

Strain Collection date Location Source

U0476 22 July 2003 Harris Co., TX Cx. quinquefasciatus

V3916 29 September 1998 Harris Co., TX Cx. quinquefasciatus

V4179 6 October 1998 Harris Co., TX Cx. quinquefasciatus

V2679 8 August 1996 Harris Co., TX Cx. quinquefasciatus

V1042 28 June 1994 Harris Co., TX Cx. quinquefasciatus

V3248 29 July 1992 Harris Co., TX Cx. quinquefasciatus

V3222 14 August 1991 Harris Co., TX Cx. quinquefasciatus

V4209 22 August 1990 Harris Co., TX Cx. quinquefasciatus

COAV888 2 July 2003 Coachella Co., CA Cx. tarsalis

COAV1257 2 October 2003 Coachella Co., CA Cx. tarsalis

IMPR115 16 September 2003 Imperial Co., CA Cx. tarsalis

COAV382 11 July 2001 Coachella Co., CA Cx. tarsalis

COAV333 11 July 2001 Coachella Co., CA Cx. tarsalis

COAV332 15 July 2000 Coachella Co., CA Cx. tarsalis

COAV333 15 July 2000 Coachella Co., CA Cx. tarsalis

SAND29 27 August 1993 San Bern. Co, CA Cx. tarsalis

SAND39 27 August 1993 San Bern. Co, CA Cx. tarsalis

SOUE20 18 September 1984 Los Ang. Co., CA Cx. tarsalis

BFS2874 22 September 1960 Kern Co., CA Cx. tarsalis

BFS508 1 August 1950 Kern Co, CA Cx. tarsalis
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Table 4

Correlation analysis between year and intrahost nucleotide diversity.

Data set Analysis R P-value

Texas Raw data −0.788 0.020

PICa −0.891 0.003

PIC w/o outlier −0.341 0.454

California Raw data −0.791 0.002

PICa −0.989 <0.0001

PIC w/o outlier −0.720 0.013

a
PIC refers to phylogenetic independent contrasts.
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Table 5

Correlation analysis between year and intrahost amino-acid diversity.

Data set Analysis R P-value

Texas Raw data −0.822 0.012

PICa −0.483 0.226

PIC w/o outlier −0.341 0.454

California Raw data −0.216 0.500

PICa −0.993 <0.0001

PIC w/o outlier −0.019 0.956

a
PIC refers to phylogenetic independent contrasts.
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Table 6

dN/dS analysis.

Data set Protein Length (aa) Mean ω

Texas E 382 0.017736

NS1 285 0.065975

California E 380 0.020650

NS1 284 0.093021
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