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RNA viruses are notorious for their genetic plasticity and propen-
sity to exploit new host-range opportunities, which can lead to the
emergence of human disease epidemics such as severe acute
respiratory syndrome, AIDS, dengue, and influenza. However, the
mechanisms of host-range change involved in most of these viral
emergences, particularly the genetic mechanisms of adaptation to
new hosts, remain poorly understood. We studied the emergence
of Venezuelan equine encephalitis virus (VEEV), an alphavirus
pathogen of people and equines that has had severe health and
economic effects in the Americas since the early 20th century.
Between epidemics, VEE disappears for periods up to decades, and
the viral source of outbreaks has remained enigmatic. Combined
with phylogenetic analyses to predict mutations associated with a
1992–1993 epidemic, we used reverse genetic studies to identify an
envelope glycoprotein gene mutation that mediated emergence.
This mutation allowed an enzootic, equine-avirulent VEEV strain,
which circulates among rodents in nearby forests to adapt for
equine amplification. RNA viruses including alphaviruses exhibit
high mutation frequencies. Therefore, ecological and epidemio-
logical factors probably constrain the frequency of VEE epidemics
more than the generation, via mutation, of amplification-compe-
tent (high equine viremia) virus strains. These results underscore
the ability of RNA viruses to alter their host range, virulence, and
epidemic potential via minor genetic changes. VEE also demon-
strates the unpredictable risks to human health of anthropogenic
changes such as the introduction of equines and humans into
habitats that harbor zoonotic RNA viruses.

alphavirus � arbovirus � equine � evolution

Many emerging infectious diseases such as severe acute
respiratory syndrome (1, 2), hantavirus pulmonary syn-

drome (3), and Ebola (4) are caused by zoonotic RNA viruses
that normally infect wild animals but occasionally infect humans.
Other RNA viruses have been transferred more permanently
across host species to use humans as their reservoir and�or
amplification hosts, resulting in widespread diseases like AIDS
(5), influenza (6), and dengue (7, 8). Their genetic plasticity and
ability to adapt quickly to new host opportunities facilitate
emergence of these RNA viruses (9, 10). However, the mecha-
nisms of host-range change remain poorly understood.

Most arthropod-borne viruses (arboviruses) such as West Nile
virus infect people via incidental ‘‘spillover,’’ when mosquitoes
that bite reservoir hosts occasionally refeed on humans. How-
ever, a few arboviruses exploit domestic animals as secondary
amplification hosts to increase spillover (11). Venezuelan equine
encephalitis virus (VEEV; Togaviridae; Alphavirus) causes se-
vere, sometimes fatal, disease in people and equines (horses,
mules, and donkeys) during explosive epidemics that have
affected hundreds of thousands of people in the Americas for
nearly a century (12). The last major outbreak in 1995 affected
northern Venezuela and Colombia, infecting an estimated
70,000–100,000 humans and an unknown but probably similar
number of equines (13). Other outbreaks have been even more

widespread, affecting Central America, Mexico, and Texas from
1969–1971 (14).

The VEEV contains a single-stranded RNA genome, �11,400
nt in length, with positive or messenger sense polarity (15). Entry
of alphaviruses into cells involves interactions of the E2 envelope
glycoprotein with cellular receptors that remain poorly charac-
terized. The VEEV apparently uses the high-affinity laminin
receptor (16), and recent studies indicate that C-type lectins such
as DC-SIGN and L-SIGN can function as receptors for alpha-
virus infection of dendritic cells (17). Artificial passages also
adapt VEEV to bind to heparan sulfate on the surface of
vertebrate cells (18). However, the use of highly conserved and
widely distributed receptors cannot explain the specificity of
many VEEV-host interactions, suggesting the use of a corecep-
tor or some other processing step. After disassembly of the virion
after acidification and fusion with the endosomal membrane, the
genome is translated to produce the nonstructural proteins,
which participate in genome replication and polyprotein pro-
cessing (19–21). The structural genes, which encode the capsid
as well as the E1 and E2 envelope glycoproteins, are translated
from a subgenomic message. Virion maturation occurs when
nucleocapsids form in the cytoplasm from 240 copies of the
capsid protein and a genomic RNA molecule and interact with
E2�E1 heterodimers embedded in the plasma membrane to
initiate budding. The mature virion contains spikes on its surface
that are primarily composed of the E2 protein.

The equine-virulent VEEV strains in serotypes IAB and IC,
which are responsible for major outbreaks, are transmitted by
mosquitoes that become infected after biting a viremic equine
(22). People who live in agricultural settings become infected via
spillover; thus, the ability to amplify efficiently in equines by
generating high viremia levels leads to large numbers of human
infections. Because equines have relatively long life spans,
epidemics are self-limited due to both immunity in survivors and
to mortality. Although an effective VEEV vaccine strain, TC-83,
protects equines against disease and eliminates their role in
amplification, vaccination programs usually wane several years
after an outbreak. Therefore, epidemics have historically oc-
curred every 10–20 years, when population turnover lowers herd
immunity and vaccination efforts decrease.

The viral source required to reinitiate epidemic VEEV cir-
culation has remained enigmatic for nearly a century. Some
outbreaks between 1938 and 1973 were probably caused by the
use of incompletely inactivated vaccines (23, 24). One hypothesis
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for the origins of all serotype IAB and IC epidemic strains
involves enzootic strains, which circulate among rodents in forest
or swamp habitats, are avirulent for equines, and are incapable
of generating sufficient equine viremia for amplification. These
strains could mutate to alter their serotype and to acquire
amplification potential via induction of high-titer equine viremia
(25). Evidence supporting this hypothesis first came from anti-
genic and RNA fingerprinting studies (26, 27). Later, phyloge-
netic studies using VEEV sequences suggested that the IAB and
IC epidemic serotypes evolved convergently from an enzootic ID
lineage (28).

As a further test of the hypothesis of an enzootic origin for
epidemic strains, we extended phylogenetic studies to examine
relationships among strains and serotypes in the VEE complex
of alphaviruses. To identify mutations with the potential to
transform the enzootic, equine-amplification-incompetent phe-
notype to the epidemic phenotype, we used reverse genetics to
place phylogenetically predicted mutations into the genome of
an enzootic strain closely related to the predicted progenitor of
a 1992–1993 VEE outbreak. A single mutation, encoding a
Thr-to-Lys change at amino acid position 213 of the E2 protein,
generated high-titer equine viremia, as well as the IC epidemic
serotype.

Results
To extend previous phylogenetic studies designed to determine
relationships among enzootic and epidemic VEEV strains, we
sequenced the pE2 envelope glycoprotein precursor gene
(1,677 nt including a portion of the E3 and 6K protein genes)
for VEEV strains and related VEE complex alphaviruses.
Phylogenetic trees constructed by using maximum parsimony,
neighbor joining, and Bayesian methods all placed the enzootic
variants in basal positions with the epidemic IAB and IC
strains within three distal or derived groups (Fig. 1): (i) the
IAB strains that probably emerged in the 1920s and reemerged
later from incompletely inactivated vaccines (23); (ii) the IC
serotype that emerged in 1962 and reemerged in 1995; and (iii)
a third IC clade that emerged in western Venezuela in 1992
(29). The genetic (�0.7% nucleotide, �0.4% amino acid
sequence divergence) and geographic relatedness of isolates
from the 1992–1993 outbreak to sympatric, enzootic ID
isolates from western Venezuela supported its local emergence
(Fig. 1).

Serotype ID strain ZPC738, the closest relative to the
1992–1993 epidemic isolates (Fig. 1), is equine avirulent,
whereas two isolates from the outbreak cause encephalitis and
high-titer viremia (30). Identification of closely related enzo-
otic and epidemic VEEV strains with typical equine virulence
and amplification phenotypes allowed us to use reverse ge-
netics to reproduce the hypothetical emergence of the 1992–
1993 epidemic. Compared to epidemic serotype IC strain SH3,
there are 15 deduced amino acid differences in the viral
proteins (Table 1). Two differences were in the E2 envelope
protein, a component of the viral spikes (31) and indicated by
studies using chimeric enzootic�epidemic VEEV strains as the
major determinant of equine virulence and amplification
potential (32). Both amino acid differences were predicted by
phylogenetic analyses (Fig. 1) to be associated with the 1992
epidemic emergence and to ref lect replacement of uncharged,
ancestral residues (Gly-193 and Thr-213) by Arg residues.
Because these Arg substitutions both lie within an immuno-
dominant region (33), we also suspected their involvement in
the serotype change from ID to IC (Fig. 1). Residue 213 was
identified as having responded to positive selection (34),
possibly ref lecting adaptation for equine replication. Further-
more, both E2 mutations involved replacements of uncharged
(Gly-193 and Thr-213) amino acids by Arg residues, and
E2-positive charge mutations have accompanied all epidemic

emergences (34). We, therefore, hypothesized that one or both
E2 mutations were responsible for the 1992 epidemic.

To test this hypothesis, we used an infectious cDNA clone
derived from enzootic ID strain ZPC738, predicted to be almost
identical in sequence to the ancestor of the 1992–1993 IC strains
(Fig. 1). This clone produces VEEV that is phenotypically
indistinguishable from its parent virus (35). We used site-
directed mutagenesis to introduce both Arg residues (E2 posi-
tions 193 and 213) individually or in combination into the
enzootic genome. Viruses rescued from the mutated clones
replicated at comparable levels in mosquito and vertebrate cell
cultures and exhibited murine virulence comparable with that of
the parent virus (data not shown).

To test the hypothesis that one or both Arg mutations
mediated the ID3IC antigenic change, we used mAbs (36) to
serotype the mutants; enzootic (ID, IE)-specific mAb 1A1B-9
reacted against strain ZPC738 as expected, whereas epidemic
(IAB, IC)-specific mAb 1A3A-5 reacted with the 1992–1993

Fig. 1. Phylogenetic tree of representatives of all VEE complex alphaviruses
and all serotypes of VEEV generated by using the neighbor-joining program
implemented in PAUP* 4.0 software. Homologous sequences of eastern equine
encephalitis virus, the sister to the VEE complex, were used as an outgroup.
Bayesian and maximum parsimony analyses produced trees with identical
topologies except for the order of divergence of Pixuna and Cabassou viruses.
Virus strains are designated by virus name (subtype in the VEE complex in
parentheses) or VEEV serotype, followed by abbreviated country and year of
isolation and strain name. Enzootic strains isolated from mosquitoes, humans,
or sentinel animals infected in sylvatic habitats are gray; epidemic strains
isolated from mosquitoes, humans, or horses during major VEE epidemics are
black. Numbers indicate neighbor-joining bootstrap values for groups to the
right. Branches are colored to minimize phenotypic changes, and transitions
from gray to black indicate hypothetical phenotypic changes from enzootic to
epidemic leading to VEE outbreaks. Maximum parsimony analyses were used
to assign each amino acid substitution to each branch in the tree, and the box
shows the two substitutions in the E2 envelope glycoprotein represented in
the branch with the predicted enzootic-to-epidemic transition in 1992.
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epidemic strains as shown in ref. 29. The Gly-1933Arg mutation
alone had no effect on mAb reactivity (Table 2). The Thr-
2133Arg substitution altered the antigenicity from enzootic
(mAb 1A1B-9-reactive) to epidemic (1A3A-5-reactive), and the
combination of both Arg substitutions also produced the epi-
demic phenotype. These results demonstrated that Arg-213
substitution transforms the enzootic ID serotype to epidemic IC.

To determine whether either Arg substitution affects equine
virulence and viremia, hallmarks of epidemic strains, we began
by testing plaque sizes, markers of these phenotypes (37, 38).
Epidemic IAB and IC strains produce small plaques on Vero
cells, whereas enzootic strains including serotype ID produce
larger plaques (30, 37). Virus from the ZPC738 clone produced
large plaques (mean diameter, 4.05 mm; see Table 3, which is
published as supporting information on the PNAS web site), as
reported in ref. 38. The individual Arg substitutions had little or
no effect on plaque size, whereas the combination of both
mutations transformed the large enzootic plaque phenotype to
the small-size characteristic of epidemic strains (Table 3).

No small animal VEE models have been identified that
predict equine virulence and viremia phenotypes, and the
parent enzootic ID and epidemic IC strains we used all
produce fatal encephalitis in 100% of mice infected s.c. (30).
Therefore, to determine whether Arg mutations can generate
a VEEV strain capable of epidemic amplification, we infected
horses with the mutants. Studies have shown that the ZPC738

parent strain is avirulent for horses, producing little or no
viremia, whereas IC strains 243937 and SH3 from the 1992–
1993 epidemic are virulent and generate high viremia titers
(30). Virus from the ZPC738 clone had a low viremia pheno-
type consistent with its parent strain [viremia was detected in
one of four horses (Fig. 2)]. Virus with the Arg-193 substitu-
tion failed to produce detectable viremia in any of the four
horses infected, and no apparent disease was seen. In contrast,
the Arg-213 had a dramatic effect on both virulence and
viremia, producing neurologic disease and significantly (P �
0.001) increasing the mean peak viremia titer to a level
comparable with that of the epidemic strains SH3 and 243937
(30). The combination of both Arg mutations also generated
a virulent VEEV strain with significantly higher peak viremia
than that of the enzootic strain (P � 0.001) and consistent with
the epidemic, equine amplification-competent phenotype.
Compared with the single Arg-213 mutant, the double-Arg
mutant produced slightly higher viremia 24 h after infection
but lower viremia 36–48 h after infection; these differences
were not significant (P � 0.05). A possible minor effect on
early viremia of the Arg-193 mutation, suggested by its re-
quirement for the small, epizootic plaque phenotype, deserves
further study.

The virulent phenotype observed in all horses inoculated
with ZPC738�R213 or ZPC738�R193�R213 viruses consisted
of high biphasic fever beginning 1–2 days postinoculation,

Table 1. Deduced amino acid differences between enzootic
subtype ID strain ZPC738 and epidemic subtype IC strain SH3

Protein
Amino acid
position* ZPC738 SH3

nsP1 106 Gly Glu
176 Asn Asp
528* Leu Phe

nsP3 212* His Tyr
360* Thr Met
461 Leu Pro
481 Gly Arg

nsP4 2 Ile Thr
176 Ala Ser

Capsid 76* Gly Arg
86 Pro Gln

E2 193* Gly Arg
213* Thr Arg

E1 384 Lys Arg
416 Arg Gly

*Amino acid changes located in the branch representing the 1992 VEE emer-
gence, as described in the legend to Fig. 1.

Table 2. Plaque sizes and reactivity of parent and mutant strains of Venezuelan equine
encephalitis virus with serotype-specific monoclonal antibodies

Virus strain

Plaque size, mm Monoclonal antibody number (serotype specificity)

Mean SD
1A4D-1

(all VEEV)

1A1B-9
(enzootic,

serotype ID�IE)

1A3A-5
(epidemic,

serotype IAB�IC)

ZPC738 4.05* 0.39 Positive Positive Negative
ZPC738�R193 3.60* 0.33 Positive Positive Negative
ZPC738�R213 3.81* 0.33 Positive Negative Positive
ZPC738�R193�R213 1.94† 0.26 Positive Negative Positive
SH3 1.74† 0.29 Positive Negative Positive

Reactivity with a 1:400 dilution of each antibody as described by Roehrig et al. (36).
*Significantly different mean plaque size (ANOVA; P � 0.05) from epidemic, serotype IC strain SH3.
†Significantly different mean plaque size (ANOVA; P � 0.05) from enzootic, serotype ID strain ZPC738.

Fig. 2. Mean viremia titers expressed in suckling mouse intracranial lethal
dose 50% units for four horses infected s.c. with 2,000 plaque-forming units
of VEEV rescued from the enzootic infectious clone (ZPC738), as well four
horses infected with mutants with Arg residues at E2 positions 193 and 213,
and five horses infected with a double-mutant containing both Arg residues.
Bars indicate SEM.
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followed by a decrease in feed consumption, depression,
reluctance to move, and neurological signs such as ataxia or
stumbling. Horses with severe disease had a nonsuppurative
meningoencephalitis typical of VEE, characterized by wide-
spread perivascular infiltration of mononuclear cells, forma-

tion of glial nodules, neuronal cell death, and microhemor-
rhages throughout the brain (Fig. 3).

Discussion
Our findings support the hypothesis that epidemic, serotype IC
VEEV can arise via a single mutation in enzootic serotype ID
strains that circulate in western Venezuela (Fig. 4). A Thr3Arg
mutation at residue 213, in an immunodominant region of the E2
envelope glycoprotein, transformed the enzootic equine-
avirulent, and amplification-incompetent phenotypes into the
epidemic, virulent, and amplification-competent phenotype.
This laboratory experiment recapitulated the evolutionary his-
tory of the serotype IC epidemic strains isolated during the
1992–1993 outbreak as deduced by using phylogenetics (Fig. 1).
Determining the effects of this mutation on equine pathogenesis
will require additional studies focusing on early steps in infection
and replication. A possible role of the Gly-1933Arg mutation

Fig. 3. Histopathological analyses of brain samples from animals infected
with VEEV strains, as described in Materials and Methods, showing represen-
tative lesions. (A) Strain ZPC738 containing the Arg residue at E2 position 193,
day 7 postinfection. Congestion and vascular and perivascular (Virchow–Robin
space) infiltration by mononuclear cells (arrows) in the brainstem. (B) Strain
ZPC738 containing the Arg residue at E2 position 213, day 7 postinfection.
Congestion and vascular and perivascular (Virchow–Robin space) infiltration
by mononuclear cells (arrows) in the brainstem; Inset shows higher magnifi-
cation of an area of extensive infiltration. (C) Strain ZPC738 containing the Arg
residues at E2 positions 193 and 213, day 7 postinfection. Congestion and
vascular and perivascular (Virchow–Robin space) infiltration by mononuclear
cells (vertical arrows), as well as neuronal cell death characterized by angu-
lation of hypereosinophilic neurons and microhemorrhage (horizontal ar-
rows) in the brainstem.

Fig. 4. Cartoon showing the emergence process for epidemic VEEV strains
supported by this study. Enzootic, sylvatic VEEV strains in serotype ID (gray) are
transmitted continuously among rodent reservoir hosts such as spiny rats
(Proechimys spp.) and cotton rats (Sigmodon spp.) by mosquito vectors in the
subgenus Culex (Melanoconion). Mutations in the E2 envelope glycoprotein,
such as the Thr-2133Arg identified in this study, are selected by equines
because they generate high-titer viremia sufficient for amplification. The
resultant epidemic strains (black) in serotypes IAB and IC are transmitted by
abundant floodwater mosquitoes such as Aedes and Psorophora spp., which
have wide host ranges including equines and humans. Spillover to humans
who live in proximity to infected equines results in epidemics involving up to
hundreds of thousands of people before equine mortality and immunity
exhaust the supply of amplification hosts or vector populations decline.
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in the emergence process, either in enhancement of the early
viremia or possibly as a compensatory mutation for the Arg-213
mutation, deserves further study. The lack of mutations of the
residue at position 193 in other VEE emergence events depicted
in Fig. 1 (in contrast to position 213, which changes during each
epidemic emergence), along with the efficient viremia induction
of the Arg-213 mutant alone, argue against a compensatory
effect. However, the combination of two positive-charge E2
mutations in the other, major IAB and 1962�1995 IC emer-
gences (34) suggests a role for the Arg-193 mutation in the 1992
outbreak.

Our results have important implications for understanding
VEE ecology and epidemiology. Most RNA viruses, including
alphavirus populations, exhibit high mutant frequencies on the
order of 10�4 mutants�nucleotide (39). Therefore, the Arg-213
mutant that is capable of initiating epidemic amplification
might be produced whenever VEEV populations reach �104.
Additional selective forces on the RNA genome sequence
related to genomic or subgenomic RNA replication, secondary
structure, and�or packaging could complicate the selection of
such mutations in nature and should be studied further. A
population size of 104 is exceeded in infected mosquitoes,
which generally develop titers of �106 infectious units, includ-
ing �104 in the saliva (40, 41) and in reservoir hosts such as
spiny rats (42, 43) and cotton rats (42, 44), which develop peak
viremia titers exceeding 104 infectious units�ml. This finding
suggests that ecological factors including transport of nascent
epidemic strains to locations conducive to equine amplifica-
tion, as well as epidemiologic and ecologic factors including
equine herd immunity and mosquito densities, constrain the
frequency of VEE epidemics rather than the generation of
amplification-competent mutants. Envelope glycoprotein mu-
tations that facilitate transmission by Aedes (Ochlerotatus)
taeniorhynchus, an important mosquito vector, could also be
involved in some epidemics (45, 46). However, there is no
evidence of enhanced vector infection by the 1992–1993 IC
strains compared with the putative ID progenitors, such as
strain ZPC738 (47).

Our findings suggest that VEE epidemics can arise wherever
an appropriate E2 protein gene mutation occurs coincident
with susceptible equine populations and abundant f loodwater
vectors such as Aedes and Psorophora spp. Constant vigilance,
including equine vaccination and surveillance for epidemic
emergence, are therefore needed, especially in Venezuela and
Colombia where enzootic, strain ZPC738-like VEEV strains
circulate continuously. Whether other enzootic VEEV strains
or lineages in serotype ID, or even in serotypes IE or II
(Everglades virus) can become epizootic, equine-amplifica-
tion-competent via the same or similar mutations in the E2
protein is an important question that needs to be answered.
The strain that we tested (ZPC738) represents one of six major
VEEV lineages (Fig. 1) that has been isolated only in western
Venezuela, Colombia, and northern Peru. Other lineages
occur in various locations from coastal Ecuador to Florida
(Everglades virus falls within the VEEV clade). The lack of
association between these lineages and subtype IAB or IC
emergences (Fig. 1) suggest that either: (i) genetic differences
between these enzootic strains and the ID lineage we tested
(represented by strain ZPC738) prevent the former from
adapting easily for equine replication; or (ii) ecological dif-
ferences in the regions where the other enzootic lineages
circulate are less conducive to epizootic transmission. A
history of VEE outbreaks in Central America, where serotype
IE strains are found, as well as locations of South America and
Panama where many of the other ID lineages occur, argue for
the first hypothesis. Reverse genetic studies placing the T213R
E2 mutation into cDNA clones derived from other enzootic
lineages, a further test of this hypothesis, are needed.

Materials and Methods
Virus Strains. Enzootic VEEV strain ZPC738 (ID), isolated from
a sentinel hamster infected in a tropical lowland forest of Zulia
State, Venezuela, in 1997 (38), was passaged once in BHK-21
cells to generate RNA for infectious cDNA cloning (35); epi-
demic strain SH3 (IC), isolated during the 1992–1993 western
Venezuela epidemic (29), was passaged once in Vero monkey
kidney cells and once in baby hamster kidney cells.

Plaque Assays. Conf luent Vero cells in six-well cell culture plates
were infected with serial dilutions of VEEV and incubated for
1 h at 37°C; then 2 ml of MEM with 1.0% Noble agar was added
to each well, and the cells were incubated at 37°C for 48 h. The
cells were fixed with 10% formaldehyde for 30 min, then the
agar plugs were removed, and the cells were stained with 20%
methanol�0.25% crystal violet. The diameters of 20 plaques
were measured for each strain; for irregularly shaped plaques,
two measurements were made at right angles and averaged.

cDNA Clones. The RNA isolation, RT-PCR, cloning, sequencing,
and construction of the pM1-738 infectious cDNA clone from
strain ZPC738 was described in ref. 35. Mutations to genome
positions 9117 and 9178 were generated in a subcloned cDNA
fragment 2,265 nt in length, f lanked by restriction sites AflII
(genome position 8031) and SnaBI (genome position 10296) by
using the Stratagene QuikChange site-directed mutagenesis kit.
The mutations were verified by sequencing and recloned back
into the pM1-738 backbone.

Equine Infections. Seventeen horses with undetectable levels of
alphavirus-neutralizing antibodies (tested against Venezuelan,
eastern and western equine encephalitis viruses) were used for
experimental infections. The lack of an anamnestic neutraliz-
ing antibody response to the latter viruses after VEEV infec-
tion suggested that they had not been vaccinated before against
alphaviruses. The horses were infected by s.c. inoculation in
the shoulder region with 2,000 plaque-forming units (within
the range inoculated by VEEV mosquito vectors; see ref. 40)
of VEEV in 1 ml of MEM containing 10% alphavirus anti-
body-free horse serum. Rectal temperatures were recorded
twice daily, and blood was collected twice daily from the
jugular vein. Animals that developed clinical signs of enceph-
alitis or prolonged anorexia were killed with an overdose of
pentobarbital.

Phylogenetic Analysis. Sequencing of the pE2 envelope glycop-
rotein no. 2 precursor gene was performed by amplification by
using RT-PCR viral RNA. Nucleotide and deduced amino acid
sequences were aligned with homologous VEEV sequences
from the GenBank library by using the PILEUP program of the
Genetics Computer Group (Madison, WI) (48) and analyzed
by using maximum parsimony and neighbor-joining programs
implemented in the PAUP* 4.0 software package (49) as well as
Bayesian analysis by using MRBAYES 3.0 (50) with one million
generations, a general time-reversible model of nucleotide
substitutions with empirically estimated base frequencies, and
either codon position-specific rates or a gamma model for the
distribution of substitution rates among nucleotide sites.

Statistics. ANOVA (for normally distributed data) or the
Kruskal–Wallis test (for data not normally distributed) with
Dunn’s multiple comparisons test were used to evaluate mean
plaque sizes and viremia titers. For serum samples negative for
virus, one half the value representing the detection limit of the
assay was used for calculation of means (1.1 suckling mouse LD50
units).
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