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Abstract. Epidemics and epizootics of eastern equine encephalitis virus (EEEV) occur sporadically in temperate
regions where transmission is seasonal from late summer to early fall. These outbreaks may derive from virus that
overwinters locally or perhaps results from reintroduction of virus from other sites. To evaluate these possibilities, we
compared the phylogenetic relationships of EEEV isolates obtained from mosquitoes collected during statewide arbo-
virus surveillance in Connecticut, in addition to isolates from concurrent outbreaks in southern New Hampshire and
upstate New York. In Connecticut, viral isolates grouped into temporally discrete clades by year of isolation or over 2
years of sampling. Two or more clades arose in 2000, 2001, 2003, 2004, and 2006, possibly the result of separate
introduction events into the state, whereas viruses from upstate New York and New Hampshire segregated into single
clades that persisted for 2 or more years. New Hampshire viruses shared recent common ancestry to those isolated in
Connecticut suggesting viral dispersal among these regions. These results provide additional evidence for independent

episodes of EEEV overwintering in northern foci.

INTRODUCTION

Eastern equine encephalitis virus (EEEV; family Togaviri-
dae, genus Alphavirus) is transmitted in discrete foci in east-
ern United States, primarily along the Gulf coast from Texas
to Florida, the Atlantic coast from Florida to New Hamp-
shire, and in inland sites in upstate New York and parts of the
Midwest. The virus is maintained in an enzootic cycle involv-
ing Culiseta melanura mosquitoes and avian hosts and is
closely associated with swamp habitats where vector mosqui-
toes breed.!? In temperate regions, transmission is seasonal
and most prominent from late summer to early fall, whereas
in Florida, the virus circulates throughout the year.? Epidem-
ics and epizootics occur sporadically when the virus overflows
into human and domestic animal populations, resulting in
high mortality and neurologic deficits in many survivors.*

The origin of EEEV outbreaks is not fully understood,
particularly in temperate regions where transmission termi-
nates each winter during periods of mosquito inactivity. The
virus may overwinter locally by persisting in resident avian
hosts or mosquito vectors and re-emerge when conditions
favor viral amplification. Alternatively, EEEV could be rein-
troduced periodically perhaps by migrating birds from sub-
tropical regions where transmission is continuous. Phyloge-
netic comparisons of EEEV strains suggest that local over-
wintering occurs in upstate New York where viral isolates
were found to be genetically identical or nearly identical dur-
ing 2- to 3-year intervals.>® However, broader phylogenetic
trends indicate extensive movement of viruses throughout
North America, supporting the possibility of annual importa-
tion of EEEV from other locations. EEEV isolates sampled
over a 50-year period throughout the United States and Ca-
ribbean Basin were shown to form a single, highly conserved
lineage with limited spatial structure and were distantly re-
lated to strains from South America.>’®

In this study, we describe the population dynamics of
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EEEV in Connecticut by conducting phylogenetic analyses
on virus isolates obtained from field-collected mosquitoes
during continuous statewide surveillance from 1996 to 2007.
In particular, we test hypotheses concerning the relative im-
portance of local overwintering versus annual importation of
EEEV in this northeastern state. If the virus remains in the
region for years until environmental conditions favor its am-
plification, the same variants of EEEV should reappear each
year. Alternatively, if EEEV is re-imported annually from
other sites, we expect to observe high rates of lineage turn-
over between transmission seasons with distinct variants ap-
pearing each year. In addition, we included viruses isolated
from concurrent outbreaks in New York and New Hampshire
in our analysis to compare patterns of virus persistence and
movement in these regions.

MATERIALS AND METHODS

Virus isolation. EEEV was isolated from mosquitoes col-
lected during the Connecticut Mosquito Surveillance Pro-
gram from June through October of 1997-2007 and from Sep-
tember—October in 1996. Mosquitoes were trapped at up to 91
locations statewide and processed for virus isolation in Vero
cell cultures as previously described.”'® Representative vi-
ruses from each year were selected for sequencing except
those isolated in 1997, which were not available. Viruses ana-
lyzed in this study were isolated mainly from Culiseta mela-
nura mosquitoes representing different sampling dates and
trapping locations throughout the state (Figure 1). Additional
EEEV isolates were obtained from birds and mosquitoes cap-
tured in three counties during a recent outbreak involving
human cases in New Hampshire from 2005 and 2006! and
from blood-fed mosquitoes collected in Oswego County, NY,
from 2004 to 2007.'2

Reverse transcriptase-polymerase chain reaction and
nucleotide sequencing. RNA was isolated from viruses passed
once in Vero cell culture or directly from field specimens
using the viral RNA kit (Qiagen, Valencia, CA). Reverse
transcriptase-polymerase chain reaction (RT-PCR) was per-
formed using the Titan One-Tube RT-PCR system (Roche
Diagnostics, Indianapolis, IN) and primer pairs targeting a
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FIGURE 1. Map of Connecticut and northeastern United States
(inset) showing counties where EEE viruses were sampled. Black
circles indicate locations where EEEV-infected mosquitoes were col-
lected during statewide surveillance from 1996 to 2007 and are scaled
according to the number of years with virus detection at site.

657-bp portion of the NSP3 gene (NSPfwd and NSPrev)® and
a 3,644-bp fragment spanning the capsid, E2, and EI genes
(EEE-7509 and Elrev) of EEEV (Table 1). For each RT-
PCR reaction, 2 pL of extracted RNA was added to Master
mix I containing 500 pmol/L dATP, 500 pmol/L dGTP, 500
pmol/L dCTP, 500 pmol/L dTTP, 12.5 pmol/L 1,4-
dithiothreitol (DTT), and 1 wmol/L of each primer in a final
volume of 20 pL. This mixture was heated to 85°C for 5
minutes and quickly chilled on ice. Master mix I was added to
a second mix containing the Titan RT-PCR buffer and en-
zyme mix for a final volume of 50 pL. Amplification was
performed as follows: 1 cycle of 50°C for 30 minutes and 94°C
for 2 minutes, 10 cycles of 94°C for 15 seconds, 55°C for 30
seconds, and 68°C for 45 seconds or 3 minutes, followed by 25
cycles of 94°C for 15 seconds, 55°C for 30 seconds, and 68°C
for 45 seconds or 3 minutes + 5 seconds per cycle, and 1 cycle
of 68°C for 7 minutes. Amplification products of the appro-
priate size were purified using the QIAquick PCR purifica-
tion kit (Qiagen) and sequenced in cycle-sequencing reactions
using primers listed in Table 1 at the Keck Sequencing Facil-
ity (New Haven, CT).

Genetic analyses. Portions of the NSP3, capsid, EI, and E2
genes were sequenced to sample nucleotides from different

coding regions of the genome. Overlapping sequence chro-
matograms were edited using ChromasPro version 1.33
(Technelysium, Tewantin, Australia) and edited sequences
were deposited in Genbank (EU573359-EU573686). Mul-
tiple sequence alignments were generated by the ClustalW
algorithm in Mega 4.0."* Phylogenetic analyses were con-
ducted by neighbor joining (NJ), maximum parsimony (MP),
and maximum likelihood (ML) methods using PAUP 4.0
b10.'* NJ trees were constructed using the Jukes-Cantor
model of sequence evolution. MP analyses were performed
by the heuristic search method and treating characters as
equally weighted and unordered. ML analyses were con-
ducted by applying the heuristic search option and using the
TrN+G model of sequence evolution selected by hierarchical
likelihood ratio tests in Model Test 3.7.'5 Support for indi-
vidual nodes was evaluated by performing NJ analysis on
1,000 bootstrap replicates under the same substitution model
selected for ML analysis. Phylogenetic trees were estimated
from 88 concatenated NSP3, capsid, E2, and E1 sequences.
Before joining molecular datasets, we tested whether se-
quences from these genes were phylogenetically incongruent
using incongruence length difference (ILD) tests.'® ILD tests
were performed in PAUP 4.0 b10 by parsimony analysis using
1,000 random partition replicates. Phylogenetic trees were
rooted using the earliest isolate of EEEV (Ten Broeck; Vir-
ginia 1933) as previously described® and displayed using Tree-
View 1.6. Population subdivision was evaluated by estimating
the average number of nucleotide substitution differences
within and among temporally or spatially defined groups. Ge-
netic variation among groups refers to fixed nucleotide dif-
ferences between groups. Nucleotide distances were calcu-
lated using the Jukes-Cantor model, and SE was estimated by
performing 1,000 bootstrap replicates in Mega 4.0. Nucleotide
sequences were compared with the Genbank database using
the BLASTN search algorithm."”

RESULTS

To identify temporal-spatial patterns of EEEV transmis-
sion in Connecticut, we summarized relevant data from the
statewide mosquito surveillance program. A total of 202
EEEV isolates were obtained from mosquitoes collected at 31
locales in seven Connecticut counties from 1996 to 2007 (Fig-
ure 1). The majority of these isolates were obtained from the
southeastern corner of the state (New London County) where
EEEV was detected repeatedly from many of the same sites
over multiple years of sampling. Elsewhere, locations were
widely scattered and virus detection was less consistent from

TABLE 1

Primers used for RT-PCR and sequencing reactions

Gene Primer name Sequence (5'-3") Genome position* Used for
NSP3 NSPfwd CAGAGCGAGTTTACAGATTACG 4,833-4,854 Amplification sequencing
NSPrev AACGGCGAACGACTGAA 5,474-5,490 Amplification sequencing
NSP4 EEE-7509 CCATAACCCTCTACGGCTGA 7,509-7,528 Amplification
Capsid CAPtwd CGTTCCATCGCTAACCTGAC 7,727-17,746 Sequencing
CAPrev GCCAGGAGGCTTGTCACT 8,126-8,143 Sequencing
E2 E2fwd TCCACAGTGCCAAGGTGAAAA 9,102-9,122 Sequencing
E2rev TCGTCGGCTTAATGCAGCA 9,800-9,818 Sequencing
El Elfwd GGTGAAACTCCCGCGAAAAT 10,445-10,464 Sequencing
Elrev GATCTTTCGGTGGCTTGCAA 11,134-11,153 Amplification sequencing

* Position maps to sequence of EEEV isolate 82V2137.
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FIGURE 2. Annual isolations of EEEV from mosquitoes collected
during statewide surveillance in Connecticut from 1996 to 2007.

year to year. EEEV was detected every year in Connecticut
except during 1999, 2002, and 2005 (Figure 2). The number of
virus isolations fluctuated annually with marked increases in
1996, 2003, and 2004 and relatively low levels of activity were
detected during intervening years.

To determine the extent of viral genetic diversity, we se-
quenced portions of the NSP3, capsid, E2, and E1 genes from
a subset of 65 EEEV isolates obtained during statewide sur-
veillance in Connecticut 1996-2007, 10 viruses collected dur-
ing an EEE epidemic in southern New Hampshire 2005-2006,
and 7 viruses from well-established focus in upstate New
York 2004-2007. Additional sequences from GenBank were
also included, comprising six isolates from Virginia 1933, New
Jersey 1960, Florida (1982, 1991, 1993), and Georgia 1997.
Resulting alignments of EEEV sequences did not require the
insertion of gaps except in the NSP3 alignment corresponding
to a 12 amino acid deletion of EEEV strain M2006-10669
isolated from New Hampshire in 2006. Sequences were highly
conserved across the different genes analyzed, resulting in
relatively few variable and parsimony informative sites (Table
2). Mean nucleotide distances over all sequence pairs varied
from 0.5% for the capsid gene to 1.2% for the NSP3 gene. To
increase our sample of nucleotide sites for phylogenetic
analysis, we combined data sets for the four genes for a total
of 2,202 nucleotides sites, representing 19% of the genome,
184 variable sites, and 118 parsimony informative sites. This
was justified by results of ILD tests, which did not find phy-
logenetic incongruence among the four different genes.

To evaluate the genetic relationships of Connecticut vi-
ruses, we compared their nucleotide sequences with those
from other states by phylogenetic analysis. Evolutionary trees
generated by NJ, MP, and ML analysis resulted in topologies
that were very similar, with no major differences in branching
patterns, and therefore, only the ML tree is represented in
Figure 3 for purposes of clarity. Viruses sequenced in this
study separated into two distinct lineages defined by the Con-
necticut isolates from 1996 and those from 1998-2007, New
Hampshire 2005-2006, and New York 2004-2007. These lat-
ter isolates formed a monophyletic group with strains from
Florida (1982 and 1991) and Georgia (1997), suggesting dis-
persal of viruses among these locations.

Viruses sampled within Connecticut segregated into a num-
ber of well-supported clades of identical or nearly identical
strains (Figure 3). These clades were defined by year of iso-
lation with the exception of three clades that were detected

TABLE 2
Nucleotide sequence comparison of EEEV isolates

No. nucleotide sites
Mean nucleotide

Gene Analyzed Variable Informative distances (%)
NSP3 543 63 44 1.17
Capsid 374 25 14 0.52
E2 655 49 33 0.76
El 630 47 27 0.76

over 2 consecutive years from 2000-2001, 2003-2004, and
2006-2007. In addition, isolates detected in 2003 were closely
related to strains isolated in 2001, despite the lack of detect-
able EEEV activity in 2002. Single clades of EEEV were
detected each year in 1996, 1998, and 2007, whereas two or
more clades co-circulated in 2000, 2001, 2003, 2004, and 2006.
There was no clear separation of viruses by location within
the state. Identical or nearly identical virus strains were found
to be dispersed in many counties throughout Connecticut,
and viruses isolated from the same county fell into many dis-
tinct clades.

To determine whether viral genetic variation is shaped pri-
marily by temporal or spatial dynamics in Connecticut, we
estimated genetic divergence among viruses sampled in dif-
ferent years or different regions of the state (east or west of
the Connecticut River). Most of the genetic variation (61.7%)
occurred among viruses sampled in different years rather than
within years (Table 3). In contrast, only 9.9% of the total
genetic variation was attributed to divergence among viruses
sampled in different regions of the state. Viral genetic varia-
tion seems to be temporally subdivided in Connecticut.

Analysis of isolates from New Hampshire and New York
suggested that local overwintering of EEEV occurred in those
locations as well (Figure 3). Viruses grouped into single
clades from 2005-2006 in New Hampshire and 2004-2007 in
New York. New Hampshire isolates shared recent common
ancestry with those from Connecticut, including isolates from
Fairfield County in 2003 (13073 and 13141) and from New
Haven County in 2006 (12457). Viruses from upstate New
York appeared as a genetically homogenous group that was
most similar to a group collected in Connecticut from 2006 to
2007. BLAST searches against the GenBank database
showed that NSP3 and E1 sequences of our New York viruses
were identical or most similar to viral isolates from the same
region during 2003-2005.°

DISCUSSION

Our study presents evidence of local overwintering, evolu-
tion, and extinction of EEEV strains in a number of northern
sites, supporting the findings of previous studies conducted in
upstate New York.”® Although EEEV sequences were highly
conserved, there was sufficient genetic variation to differen-
tiate strains and track their persistence and distribution in this
region. Genetic variation arising during local evolution was
evident by comparing strains from geographically isolated
foci in southern New Hampshire and upstate New York. Vi-
ruses detected in New York from 2004 to 2007 formed a
genetically homogenous clade, varying by zero to two nucle-
otide substitutions in pairwise sequence comparisons, and
their NSP3 and E1 sequences were found to be identical or
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FIGURE 3. Phylogenetic tree depicting relationships of EEEV isolates based on maximum likelihood analysis of NSP3, capsid, E2, and E1 gene

sequences. Taxon names specify the isolate number, state or county and state (abbreviated as CT =

Connecticut, NH = New Hampshire,

NY = New York) where they were collected, followed by year of isolation. Arrows highlight taxa related to New Hampshire isolates. Numbers
at nodes indicate bootstrap support for values > 50%. Branch lengths are proportional to the number of nucleotide substitutions. Tree was rooted

with oldest North American isolate, Ten Broeck Virginia 1933.

most similar to a larger sample of strains collected from the
same region during 2003-2005 by Young and others.® This
suggests that EEEV perpetuated locally in this part of New
York over 5 continuous years and was relatively isolated from
viral immigration, as previously suggested.>%'® In contrast,
viruses sampled from Connecticut were more genetically di-
verse and subject to high rates of population turnover, imply-
ing increased movement of new strains into this region.
EEEV was detected over many consecutive years during
statewide surveillance in Connecticut for intervals lasting 2-3
years. This periodicity did not correspond to the persistence
of a single strain over multiple years. Rather, our analysis
suggested a more dynamic process with some strains proceed-
ing to the next year, superimposed by the appearance of new
variants. Two or more distinct variants of EEEV co-circulated
in Connecticut during 2000, 2001, 2003, 2004, and 2006, but
none was detected for > 2 years of sampling. The strongest

evidence of local overwintering in this state/region was ob-
served by detecting well-supported clades of identical or
nearly identical strains from 2000-2001, 2003-2004, and 2006—
2007. During these intervals, EEEV strains diverged over
time, reflected by the stepwise chaining of phylogenetic tree
branches.

TABLE 3
Partioning of nucleotide diversity within EEE population from CT

Mean nucleotide distance (%) Differentiation coefficient (%)

Variance component Estimate SE Estimate SE
Among years 0.47 0.06 61.7 2.8
Within years 0.29 0.04
Among regions 0.08 0.01 9.9 1.5
Within regions 0.68 0.08
Total 0.76 0.09
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Viruses isolated during an epidemic in New Hampshire
were also included to evaluate its possible origins. In 2005,
seven human cases of EEE were reported from southeastern
New Hampshire, representing the first locally acquired, con-
firmed human cases from the state, in addition to four cases
from Massachusetts.!! Interestingly, EEEV was not detected
in Connecticut during the same year, indicating that virus
amplification is highly focal and responsive to local conditions
in individual swamp complexes. Despite this, the New Hamp-
shire isolates were most similar to strains collected 2 years
before in Connecticut in 2003 and again in 2006, suggesting
both northward and southward movement of viruses among
these regions. Such patterns of long-distance migration likely
involve viremic birds that could transport the virus northward
during spring migration, southward during fall migration, or
in many directions during post-breeding wanderings as pre-
viously suggested.”!? Viral migration from south to north was
also inferred in a study by Young and others,® whereby
EEEV strains from southeastern United States were isolated
years before genetically similar strains appeared in northern
regions. Although we analyzed relatively few viral strains
from the southern United States, a virus isolated from Geor-
gia in 1997 was shown to be most similar to an isolate from
Connecticut in 2003 (15176). These studies provide support
for the periodic reintroduction of EEEV into northern sites
from southern source populations; however, more extensive
sampling of EEEV from southern regions is required to criti-
cally evaluate this hypothesis.

Taken together, our study found regional differences in the
population dynamics of EEEV from the northeastern United
States. The population from New York was relatively stable
and homogenous from 2003 to 2007, whereas viruses from
Connecticut were subject to continual change. We could not
discern patterns in New Hampshire because viruses were
sampled for only 2 years; nevertheless, there was strong sup-
port for overwintering of EEEV in this state/region as well.
To date, the primary mechanism of viral overwintering re-
mains unknown for EEEV in temperate climates. The mos-
quito vector, Cs. melanura, survives winter in the larval stage
at this latitude,?®?! and therefore, EEEV could overwinter in
the vector population by transovarial transmission of virus to
the next generation. Despite early reports of transovarial
transmission by isolation of EEEV from larval and male mos-
quitoes (cited as unpublished observations in Refs. 22 and
23), these results could not be confirmed in subsequent stud-
ies.?>2¢ Further attempts to recover EEEV from overwinter-
ing adults of several species of Culex and Anopheles as well as
Cs. melanura larvae in Connecticut were also unsuccessful.>’
Alternatively, EEEV may survive through winter in chroni-
cally infected birds that could reinitiate transmission during
relapsing viremias the following year. Field studies in New
Jersey support this hypothesis where birds became viremic
and developed antibodies against EEEV weeks before the
virus was detected in mosquitoes.”® Early season seroconver-
sions were also noted in birds captured from upstate New
York,> but this pattern was not observed during a subse-
quent EEE epizootic from the same locale.*® Despite the lack
of a known mechanism for EEEV overwintering, our data
support its occurrence in a number of different sites, suggest-
ing that this phenomenon is broadly applicable to northern
foci. Furthermore, differences seen between individual sites
suggest a strong role of the local ecology in overwintering

success. Identification of such ecological parameters could
help determine mechanisms supporting EEEV survival, in-
formation that could be used to improve surveillance and
intervention strategies against the virus.
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