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Abstract
West Nile virus (WNV) replicates in a wide variety of avian species, which serve as reservoir

and amplification hosts. WNV strains isolated in North America, such as the prototype strain

NY99, elicit a highly pathogenic response in certain avian species, notably American crows

(AMCRs; Corvus brachyrhynchos). In contrast, a closely related strain, KN3829, isolated in

Kenya, exhibits a low viremic response with limited mortality in AMCRs. Previous work has

associated the difference in pathogenicity primarily with a single amino acid mutation at

position 249 in the helicase domain of the NS3 protein. The NY99 strain encodes a proline

residue at this position, while KN3829 encodes a threonine. Introduction of an NS3-T249P

mutation in the KN3829 genetic background significantly increased virulence and mortality;

however, peak viremia and mortality were lower than those of NY99. In order to elucidate

the viral genetic basis for phenotype variations exclusive of the NS3-249 polymorphism, chi-

meric NY99/KN3829 viruses were created. We show herein that differences in the NS1-2B

region contribute to avian pathogenicity in a manner that is independent of and additive with

the NS3-249 mutation. Additionally, NS1-2B residues were found to alter temperature sen-

sitivity when grown in avian cells.

Author Summary

West Nile virus (WNV) is a mosquito-borne virus that has caused outbreaks in humans in
many regions of the world. Birds are the natural hosts for WNV. However, different
strains of WNV cause different disease outcomes in birds. Here, we compared twoWNV
strains, one of which causes higher mortality and generates more virus in American crows
than the other. Previous research has shown that this difference is due in large part to a dif-
ference between the two strains at a single amino acid in the NS3 gene; however, this dif-
ference does not completely explain the observed effect. Here we show that another region
of the viral genome also affects disease outcomes in American crows, and changes the
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sensitivity of the virus to temperature when grown in bird cells. These findings help us to
understand the genetic features that affect WNV infection and disease outcomes in its nat-
ural host. Detection of such features in new strains of WNV and related viruses could help
to understand and predict future outbreaks.

Introduction
West Nile virus (WNV) is the most widely distributed flavivirus in the world, occurring on all
continents except Antarctica [1,2]. Recent human disease outbreaks in Europe and North
America have brought increased scientific and public health attention to WNV; however,
WNVmay also cause significant underreported disease in developing countries [1,3–8].
Despite some advances, significant gaps remain in our knowledge of the ecological and genetic
determinants of WNV transmission and disease.

WNV is maintained in avian reservoir hosts and is transmitted by Culex spp. mosquitoes
[9,10]. Infection rates of mosquito vectors with WNV are proportionate to the virus titer in the
infectious blood meal, with host sources generating titers below approximately 105 plaque-
forming units (pfu)/ml sera considered to be poorly infectious to mosquitoes [11–14]. In con-
trast, birds of the family Passeridae can develop very high viremia titers, up to approximately
1010 pfu/ml in some corvids, and are considered to be the most relevant reservoir hosts that
drive the force of epizootic/epidemic transmission [15–17].

For maximum transmissibility, WNV strains must be able to replicate at a variety of tem-
peratures, from approximately 14°C external temperatures experienced by mosquitoes to 45°C
body temperatures of febrile avian hosts [18–22]. Strains that cannot withstand the high tem-
peratures experienced by febrile birds are expected to be at a competitive disadvantage for vire-
mogenesis and subsequent transmission [18,23]. Indeed, flavivirus strains and mutants that are
temperature sensitive (ts) in vitro are frequently also attenuated in vivo [23–27].

WNV, like other members of the Flavivirus genus, encodes a polyprotein that is post-trans-
lationally processed into three structural proteins (the capsid protein C and envelope proteins
prM and E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5). WNV is phylogenetically divided into at least five lineages, with the majority of circulat-
ing and epidemic strains belonging to lineage 1 [2]. WNV was isolated in the Americas for the
first time in New York in 1999, and rapidly spread across the continent [28]. The NY99 strain,
representative of the East Coast genotype of lineage 1a WNVs, has been extensively studied
and is widely used as a model strain for WNV studies. The current strains circulating in North
America represent a different genotype that is derived from the NY99 ancestor [29]. An alter-
native lineage 1a WNV strain that was isolated in Kenya, KN3829, shares a high genetic iden-
tity with NY99 with a total of 11 amino acid differences between the two strains (Table 1)
(Genbank: AF196835 [NY99] and AY262283 [KN3829]).

American crows (AMCRs; Corvus brachyrhynchos) infected with North American strains of
WNV exhibit high levels of mortality and high viremia titers [15,30–32]. In laboratory infec-
tion studies, WNV NY99 typically elicits a viremia of over 108 plaque forming units (pfu)/ml
sera, and 100% mortality within approximately 6–7 days [15,18,26,30,33]. Due to their high
susceptibility and visibility, AMCRs have been used as a sentinel species for WNV circulation
in North America [34]. Despite the high genetic relatedness with NY99, KN3829 exhibits a
strikingly different avian virulence phenotype, eliciting very low viremia and limited mortality
in AMCRs [18,30,33]. Previous research has demonstrated that a single, positively-selected
amino acid substitution at residue 249 in the NS3 helicase gene of WNV is strongly associated
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with virulence in AMCRs [30]. The NY99 strain encodes a proline residue at this position,
while KN3829 encodes a threonine residue (Table 1). Introduction of an NS3-P249T mutation
into the NY99 backbone reduced AMCR viremia by almost 106-fold, while the reciprocal
mutation in the KN3829 virus (KN3829-NS3-T249P) increased viremia to a similar degree
[26,30].

However, a residual difference in virulence between the two strains was not attributable to
the NS3-249 amino acid difference. KN3829 and KN3829-NS3-T249P elicited approximately
10-fold lower viremia than NY99-NS3-P249T and NY99, respectively [30]. Mortality was also
reproducibly lower with the NS3-249T mutant virus created in the NY99 backbone. Therefore,
we hypothesized that other amino acid polymorphisms, or differences in the 30 untranslated
region (UTR), could account for this difference in pathogenesis and/or be associated with stabi-
lization of the KN3829 virus. To test this hypothesis, we generated chimeric virus constructs
between the infectious clones of NY99 and KN3829, and used the resulting viruses for evalua-
tion of pathogenic potential in AMCRs and growth at standard and elevated temperatures in
avian cell culture.

Materials and Methods

Construction of chimeric and mutant virus constructs
Infectious clones of NY99 and KN3829 were described previously [18]. To create chimeric con-
structs, we divided the viral genome into segments based on conveniently located restriction
sites: NgoMIV at nucleotide (nt) 2495 (in NS1; used for ligation of the two-plasmid system dur-
ing virus rescue); KpnI at nt 5341 (in NS3); KpnI at nt 7762 (beginning of NS5); and AatII at nt
10203 (end of NS5). Segments from the wild-type KN3829 and NY99 infectious clones, as well
as the KN3829-NS3-T249P mutant virus, were interchanged using these restriction sites. Chi-
meric virus strains were named based on the KN3829-specific genome segments they con-
tained (Fig 1). NS1-2B point mutations were created in the KN-IC (CG plasmid) infectious
clone by site-directed mutagenesis as previously described [23].

Virus rescue
Rescue of infectious clone-derived virus was described previously [18]. Briefly, the 50 and 30

plasmids of NY99, KN3829, and mutant and chimeric viruses were digested with NgoMIV,
ligated, and linearized with XbaI (New England Biolabs) before in vitro transcription with the

Table 1. Genetic differences betweenWNV NY99 and KN3829.

Gene Position NY99 KN3829

C 108 K N

C 113 V A

E 126 I T

E 159 V I

NS1 70 A S

NS2A 52 T A

NS2B 103 V A

NS3 249 P T

NS3 356 T I

NS4A 85 A V

NS4B 249 E D

30 UTR 22 nucleotide differences

doi:10.1371/journal.pntd.0004938.t001

West Nile Genetic Determinants of Avian Growth Potential

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004938 August 22, 2016 3 / 15



Ampliscribe High-Yield T7 Transcription kit (Epicentre Biotechnologies). Viral RNA was
transfected into BHK-21 cells by electroporation. When>50% of cells displayed cytopathic
effect, supernatant was harvested, centrifuged to remove cellular debris, and stored at -70°C
until titration by plaque assay. RNA was extracted from stocks from individual clone-derived
viruses and viral genomes were sequenced as described previously [26].

Cell culture and growth kinetics
Vero, BHK-21, and duck embryonic fibroblast (DEF) cells were maintained in DMEM con-
taining 10% FBS, 100 U/ml penicillin, and 50 μg/ml streptomycin. For determination of growth
kinetics, DEF cells were inoculated with virus at an MOI of 0.1. After a one hour adsorption at
37°C, cells were washed three times with Dulbecco’s PBS (Life Technologies), growth medium
was replaced, and cells were placed in incubators at either 37° or 44°C. Supernatant was sam-
pled daily for five days. 30 μl of each sample was added to 270 μl of fresh medium containing
20% FBS, frozen, and stored for titration as above.

AMCR peripheral blood mononuclear cells (PBMCs) were isolated using Histopaque-1077
(Sigma-Aldrich) and maintained in RPMI containing 10% FBS, penicillin/streptomycin as

Fig 1. Construction of NY99/KN3829 chimeras. (A) Diagram of WNV NY99 genome structure showing the
location of nonsynonymous differences from KN3829 (Table 1) and restriction enzyme sites used to create
chimeras. Star, NS3-249. (B) Chimeric viruses used in this study. Black symbols on white background, NY99.
White symbols on black background, KN3829. The 50 UTR is identical between the two isolates (indicated
with a striped background). The amino acid sequence of NS5 is also identical between the isolates; however,
there are synonymous differences in this gene. The NS5 of the NY99 strain was used in all constructs, for
convenience in cloning. NS3-T249Pmutants in KN3829-IC, KN-str/KN-NS1-4B, and NY-str/KN-NS3-4B
were also created and indicated in strain designations with (Pro).

doi:10.1371/journal.pntd.0004938.g001
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above, and 1 μg/ml Fungizone (Life Technologies), as described previously [35]. PBMCs were
inoculated with virus at an MOI of 10, incubated for one hour at 37°C or 42°C, and then centri-
fuged at 1500×g, resuspended in fresh growth medium, and incubated at the same temperature.
One third of the well volume was sampled and replaced daily for six days, and samples were
stored as described above.

Animal studies
After-hatch year AMCRs were trapped using cannon nets in Bellvue, Colorado between 2004–
2007. Crows were banded, bled, and tested for pre-existing immunity to WNV and St. Louis
encephalitis virus using plaque reduction neutralization tests as previously described [33].
AMCRs were housed at Colorado State University in groups of 2–3 in 1-m3 cages and fed an
ad libitummixture of dry dog and cat food. Groups of 16 AMCRs were inoculated subcutane-
ously with 1500 pfu of parental, chimeric, or point mutant WNV in a 100 μl volume. Inocu-
lated AMCRs were bled by jugular venipuncture daily for seven days. Whole blood was diluted
1:10 in DMEM containing 10% FBS and penicillin/streptomycin. Blood samples were allowed
to coagulate at room temperature before centrifugation for 10 min at 4000 × g, and were stored
at -70°C until titration by plaque assay. AMCRs were monitored daily for 14 days and any
birds displaying signs of WNV disease, such as ataxia, incoordination, or difficulty feeding,
were euthanized by intravenous phenobarbital overdose. All surviving birds were euthanized at
day 14 in the same manner.

NS3-249 sequence analysis
RNA was extracted from selected samples of PBMC culture supernatant or AMCR blood using
a Viral RNA mini kit (Qiagen) as described previously [26]. RT-PCR was performed using a
SuperScript III One-Step RT-PCR kit (Life Technologies) and primers WNV5032F (50-GGAA
CATCAGGCTCACCAATAGTGG-30) and WNV5497R (50-CTTTGTGGAAATGTAACC
TCTTGCTGC-30). The resulting RT-PCR product was sequenced with the same primers.

Statistical methods
All statistical calculations were performed using GraphPad Prism v. 6.04 or R v3.2.2. Statistical
analysis of in vivo data was performed by synonymizing groups based on NS1-2B genotype
(NY or KN) and NS3-249 genotype (Pro or Thr). Survival curves were compared using a log-
rank test. Viremia was regressed on dpi assuming polynomial trend and normal errors. The
model includes a fixed effect for each modified region of the two viruses, and a random effect
for replicates. Times at which peak viremia occurred were estimated from the fit. Standard
errors for differences in peak viremia were computed using the delta method and incorporate
uncertainty from estimating both time of peak viremia and value of peak viremia. Results were
adjusted to account for multiple comparisons, achieving an overall Type I error rate of 0.05.

For temperature-sensitivity data in DEF cells, a semiparametric, mixed model was fit to the
titer data. The model includes a fixed effect for each modified region of the two viruses, a ran-
dom effect for replicates, and temperature-specific mean titer curves. The temperature-specific
components were characterized by second degree penalized splines with truncated power basis.
The solution to the fit and estimated variances were obtained by computing the best, linear,
unbiased predictors of the penalized spline’s representation as a linear, mixed model [36].
Times at which peak titer occurred were estimated from the fit. Standard errors for differences
in peak titer were computed using the delta method and incorporate uncertainty from estimat-
ing both time of peak titer and value of peak titer. Results were adjusted to account for multiple
comparisons, achieving an overall Type I error rate of 0.05.

West Nile Genetic Determinants of Avian Growth Potential
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Ethics statement
Trapping of AMCRs was performed under US Fish and Wildlife Scientific Collecting Permit
MB-032526 and MB-082812. Birds were collected under US Fish and Wildlife Services and
Colorado Parks andWildlife permits with permission of private land owners as well as the
managers of the Colorado State Fisheries Unit in Bellvue, CO. Field studies did not involve
endangered or protected species. All animal studies presented herein were approved by Institu-
tional Animal Care and Use Committees at the University of California, Davis (approval num-
ber 12874) and Colorado State University (approval number 10-2078A). All protocols and
practices for the handling and manipulation of crows were in accordance with the guidelines of
the American Veterinary Medical Association (AVMA) for humane treatment of laboratory
animals as well as the ‘‘Guidelines to the Use of Wild Birds in Research” published by the orni-
thological council 3rd edition (2010).

Results

Residues in the NS1-2B region contribute to virulence in AMCRs
We constructed chimeric virus constructs between NY99 and KN3829 to determine which dif-
ferences between the two strains, other than the previously described NS3-249 site [26,30], con-
tribute to avian virulence and pathogenesis (Table 1; Fig 1). All chimeric viruses could be
grown in vitro in rodent (BHK-21) and primate (Vero) cell lines to titers comparable to those
attained by the wild-type parental infectious clone viruses (at least 7 log10 pfu/ml).

AMCRs were inoculated with virus derived from infectious clones of WNV NY99, KN3829,
or chimeric plasmids with proline or threonine residues present at the NS3-249 locus. As
described previously [18,26,30,33], viremia in NY99-inoculated AMCRs peaked at approxi-
mately 109 pfu/ml serum, while KN3829 elicited only approximately 105 pfu/ml serum (Fig
2A). NY99 infection induced 100% mortality within six days post-infection (dpi), whereas
13/16 (81%) of AMCRs infected with clone-derived KN3829 virus survived to 14 dpi (Fig 2E).

As expected, viruses encoding a proline residue at the NS3-249 locus elicited higher viremia
(95% CI for difference in peak viremia 0.3 logs to 2.0 logs) (Fig 2A and 2B) and mortality (Fig
2E and 2F) rates than those containing a threonine residue. However, within both Pro and
Thr-containing groups, constructs containing the NS1-2B region of NY99 induced statistically
higher peak viremia and mortality than those containing the NS1-2B region from KN3829 (Fig
2B and 2F). When groups were synonymized based on genotype at NS1-2B (NY or KN) and
NS3-249 (P or T), survival distributions were significantly different (p< 0.001) among all
groups (Fig 2F). The peak viremia was significantly different between all pairs of groups except
KN/Pro and NY/Thr (Fig 2C and 2D). The structural genes of WNV did not have an apparent
effect on pathogenesis in AMCRs. Mortality did not differ between strains that were identical
with the exception of their structural genes (p> 0.05) (e.g. compare KN-str/KN-NS3-4B and
NY-str/KN-NS3-4B). The difference in mean peak viremia titers between these strains was
0.31 logs (95% CI of -0.1 logs to 0.7 logs). Similarly, the 30 UTR did not have a detectible effect
on viremia or mortality (p> 0.05) (i.e. KN-str/KN-NS1-2B and KN-str/KN-NS1-2B 3’).

We hypothesized that, given the importance of the NS3-249 position for viral replication in
AMCRs, infection with Thr-containing viruses may have imposed selective pressure, leading to
potential mutations at this site. Therefore, viral RNA extracted from sera collected at 4 dpi
from AMCRs infected with KN-str/KN-NS3-4B and NY-str/KN-NS3-4B (8 AMCRs each) was
spot sequenced. These viruses were chosen because they grew relatively well in AMCRs com-
pared to other Thr-containing constructs. Of the 16 samples sequenced, only three maintained
a Thr residue at NS3-249 with no detectable mutations in the viral population. Eight had
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Fig 2. AMCR infections with WNV NY99/KN3829 chimeras. (A) Daily viremia over the first seven dpi. N = 16
AMCRs per group. (B) Daily viremia in groups of birds pooled by NS1-2B genotype (NY, NY99; KN, KN3829)
and by NS3-249 genotype (Thr or Pro) All groups are statistically different. (C) Mean peak viremia (+/- standard
deviation) in individual groups. (D) Mean peak viremia (+/- standard deviation) in pooled groups. Statistically
significant differences are indicated by asterisks. (E) Mortality in individual groups. Symbols are as in (A). N = 8
AMCRs per group. (F) Mortality in pooled groups. Symbols are as in (B). All groups are statistically different from
each other (p < 0.001).

doi:10.1371/journal.pntd.0004938.g002
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mutated to contain an alanine residue at this position. One had mutated to an asparagine resi-
due. The other four contained mixed sequences at the locus. Two had a mixture of alanine and
threonine, one had a mixture of alanine and proline, and the last sample contained a mixture
of alanine, aspartic acid, and threonine. No other mutations were detected in the surrounding
NS3 region.

NS3-249 modulates replication and NS1-2B modulates temperature
sensitivity in avian leukocytes
To further analyze the effects of the differences between NY99 and KN3829, AMCR PBMCs
were inoculated with the chimeric virus constructs. As described previously [35], replication in
AMCR PBMCs at 37°C correlated with NS3-249 genotype (Fig 3A). However, when the tem-
perature was increased to 42°C, the body temperature of AMCRs, only viruses containing both
a proline residue and the NS1-2B region from NY99 were able to replicate (Fig 3B).

High variability was observed among the three replicate infections with the KN-str/
KN-NS3-4B and NY-str/KN-NS1-4B viruses grown at 37°C. One replicate of the KN-str/
KN-NS3-4B culture attained a final titer that was over 100-fold higher than the titers attained
by the other two replicates (Fig 3C). Similarly, one replicate of the NY-str/KN-NS1-4B culture
attained a titer at 5 dpi that was over 10-fold higher than the other two cultures. Viral RNA
was isolated from these two culture supernatants and the region surrounding the NS3-249
region was sequenced [35]. No mutations were found in the NS3-249 residue. However, muta-
tions were found in nearby residues in single high-titered replicates. Specifically, a NY-str/
KN-NS1-4B sample contained a mixed population of wild-type and NS3-E251K mutant virus,
while a KN-str/KN-NS3-4B sample contained a mixed population of wild-type and NS3-T246I
mutant virus. The proximity of these mutations to the NS3-249 site, which modulates PBMC
replication, suggests that they may be the cause of the improved growth in these replicates.

Multiple genomic regions modulate temperature sensitivity in duck cell culture. The
growth kinetics of WNV chimeric constructs were also examined in duck embryonic fibroblast
(DEF) cells (Fig 4; S1 Fig). In contrast with PBMCs, all constructs were capable of replicating
in DEF cells at both temperatures. The temperature sensitivity of each isolate was defined for
this analysis as the difference in peak titer between growth at 37°C and 44°C. The difference in
temperature sensitivity between viruses containing NY99 genes and those containing KN2839
genes at each region was calculated. This analysis found that, on average, chimeras with
KN3829-derived genes in the structural, NS1-2B, and NS3-4B (excluding NS3-249) regions are
statistically more sensitive to temperature than their counterparts with NY99-derived genes,
while differences in the NS3-249 point mutation and the 30 UTR did not affect temperature
sensitivity.

No single amino acid in NS1-2B modulates virulence in AMCRs
There are three amino acid differences between NY99 and KN3829 in the NS1-2B region (Fig
1). In order to determine the relative contribution of these three differences to the observed
changes in AMCR virulence, we created single NS1-S70A, NS2A-A52T, and NS2B-A103V
point mutants in the KN3829 infectious clone backbone. Inoculation of AMCRs with these
point mutants led to viremia and mortality that were not distinguishable from wild-type
KN3829 (Fig 5).

Discussion
We show here that replication and virulence of WNV in American crows are modulated by the
NS1-2B region of the genome in addition to the previously described effect of the NS3-249
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Fig 3. Growth and temperature sensitivity of WNV NY99/KN3829 chimeras in AMCR PBMCs. (A)
Growth of chimeric viruses in PBMCs at 37°C. (B) Growth of selected chimeric viruses in PBMCs at 42°C.
N = 3 replicates per virus. (C) Variability among replicates in PBMC culture at 37°C. Individual replicates of
PBMC cultures of KN-str/KN-NS3-4B and NY-str/KN-NS1-4B are shown. No supernatant was available for
one replicate of NY-str/KN-NS1-4B at 6 dpi due to fungal contamination. Filled squares represent KN-str/
KN-NS3-4B, and open diamonds represent NY-str/KN-NS1-4B. Viral RNA was extracted from 5 dpi (NY-str/
KN-NS1-4B) or 6 dpi (KN-str/KN-NS3-4B) supernatants of cultures shown in black, and the NS3-249 region
was sequenced. Cultures shown in grey were not sequenced.

doi:10.1371/journal.pntd.0004938.g003
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residue. The effects of these two genomic regions are independent and additive in vivo.
Although the effect of the NS1-2B region is relatively subtle (approximately 10-fold) compared
with the effect of NS3-249, it is reproducible and statistically significant. This finding under-
scores the importance of the flaviviral nonstructural proteins for virulence and viral replication
in the natural reservoir host.

As previously described, the NS3-249 site evidently modulates replication in leukocytes
[35]. Viral constructs containing a threonine at this position consistently failed to replicate
in PBMC culture, while those containing a proline replicated well. No other determinants

Fig 4. Temperature sensitivity of WNV NY99/KN3829 chimeras in duck embryonic fibroblasts.
Chimeric viruses were grown in duck embryonic fibroblasts (DEF) at 37°C and 44°C. The peak titer at 44°C
was subtracted from the peak titer at 37°C and plotted in order of increasing temperature sensitivity. Original
data are shown in S1 Fig. Black bars, NS1-2B from NY99. Grey bars, NS1-2B from KN3829.

doi:10.1371/journal.pntd.0004938.g004

Fig 5. Infection of AMCRs with KN3829 NS1-2B point mutants.Mean daily viremia (A) and mortality (B) in AMCRs infected
with viruses containing NS1-S70A, NS2A-A52T, and NS2B-A103V point mutations in the KN3829 backbone. N = 6 AMCRs per
group. Data from NY99-IC, KN3829-IC, and KN-str/KN-NS3-4B are shown for comparison (Fig 2).

doi:10.1371/journal.pntd.0004938.g005
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detectably affected growth in PBMCs at 37°C. However, constructs containing the NS1-2B
region from KN3829 were unable to replicate at 42°C. Thus, we conclude that the NS3-249
residue is a determinant of replication in AMCR PBMCs, while the NS1-2B region is a deter-
minant of temperature sensitivity. As febrile AMCRs typically attain body temperatures
above 42°C [18], this suggests a possible explanation for the decreased in vivo viremia
observed in AMCRs infected with these constructs. The combination of leukocyte replication
and temperature sensitivity effects may explain the relative in vivo virulence of the various
constructs.

These results suggest that temperature sensitivity may play an important role in WNV path-
ogenesis in birds. Interestingly, in North American WNV strains, an NS1-K110N mutation, in
combination with a mutation in NS4A, has been associated with in vitro temperature sensitiv-
ity in DEF cells [23]. Although these findings are not directly comparable to those shown here,
they also point to a potential role for NS1 in mediating temperature sensitivity in WNV.

Interestingly, temperature sensitivity of WNV in DEF cells was not directly correlated with
temperature sensitivity in AMCR PBMCs. Although previous work found a slight effect of the
residue at position NS3-249 on temperature sensitivity in DEF cells in the NY99 genetic back-
ground, this effect was not evident in the KN3829 and chimeric genetic backbones assessed
here [26]. Instead, the structural genes, NS1-2B region, and NS3-4B region exclusive of NS3-
249 all appeared to modulate the differences in DEF cell temperature sensitivity between NY99
and KN3829. This is consistent with chemical mutagenesis studies in dengue virus, in which
temperature sensitivity was conferred by mutations in a variety of positions throughout both
the structural and nonstructural regions [37]. Temperature sensitivity of flaviviruses is evi-
dently a complex phenotype that can be conferred by a variety of mutations, likely with differ-
ent underlying mechanisms. These mechanisms may include protein stability and protein-
protein interactions, among others. The difference between AMCR PBMCs and DEF cells also
indicates that temperature sensitivity results may be dependent on the system used for testing.
Although the use of DEF cells for temperature sensitivity testing is convenient, AMCR PBMCs
are likely more phenotypically relevant.

None of the three individual amino acid differences in the NS1-2B region between NY99
and KN3829 could individually explain the effect of the overall region on temperature sensitiv-
ity or in vivo virulence. Thus, the overall effect of this region evidently requires two or more of
the amino acid differences. This is consistent with previous results in a dengue-2 vaccine virus
study, which showed that a combination of mutations at NS1-53 and NS3-250 was required to
make the vaccine virus fully temperature sensitive [38]. The single NS3-250 substitution did
not increase temperature sensitivity of the dengue vaccine virus, while the NS1-53 substitution
alone only caused subtle temperature sensitivity. Future studies will be required to fully under-
stand the effects of these NS proteins on pathogenesis and temperature sensitivity.

Alternatively, the synonymous nucleotide changes in the NS1-2B region could have an
effect at the RNA level, which would not be captured by amino acid point mutations. An RNA
secondary structure motif is required for the production of the frameshifted NS10 protein in
WNV and closely related flaviviruses [39]. Mutations that alter this secondary structure can
change the ratio of full-length to frameshifted polyprotein, affecting WNV pathogenesis in
mice and house sparrows [40,41]. Both NY99 and KN3829 encode the frameshift motif and
would be expected to produce NS10. There are two amino acid differences between the NS10

coding sequences of NY99 and KN3829, one of which is encoded by the same nucleotide poly-
morphism that encodes the tested NS2A-A52T mutation. The role of the amino acid sequence
of NS10 is not well understood, and it is possible that the polymorphism not tested here could
play a role in pathogenesis and temperature sensitivity. Other cryptic RNA motifs that have
not yet been described could also play a role.
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The functions of the flaviviral NS1, NS2A, and NS2B proteins are not fully understood,
making it difficult to determine why these proteins apparently affect temperature sensitivity in
PBMC culture and replication and virulence in vivo. The NS1 and NS2A proteins, in particular,
have apparent roles in immunomodulation and immunopathogenesis, in addition to their
roles in viral replication [42–47]. A silent mutation in WNV-Kunjin virus NS2A that affects
the NS10 frameshift motif also has been shown to alter interferon induction, and an amino acid
change at the same position affects apoptosis in vitro and virulence in mice [41,48]. Given that
the differences in avian pathogenesis observed here appear to be modulated at least in part by
replication in immune cells, these immunomodulatory functions may be relevant. Further
research on these nonstructural proteins will aid in understanding their role in temperature
sensitivity and avian virulence.

Subtle effects of differences among viral strains could have an amplified effect on a larger
scale. Although the addition of the NY99 NS1-2B region to virus backbones containing the
NS3-249-Thr residue only increased peak viremia titers by approximately 100-fold, AMCRs
infected with these viruses experienced viremia titers above 105 pfu/ml for 3–4 days. In
contrast, AMCRs infected with the corresponding strains containing the KN3829 NS1-2B
region experienced 0–1 days of viremia above 105 pfu/ml. As 105 pfu/ml is the approximate
titer required for infection of mosquitoes, this relatively subtle difference could lead to an
increased chance of transmission to a mosquito [11–14]. Furthermore, if these determinants
in NS1-2B are present in non-North American or alternative lineage WNV strains, increased
viremia titers could weaken the potential selective pressure for development of NS3-249P
mutations.

These observations highlight the importance of understanding of the determinants of
WNV replication and pathogenesis in relevant avian reservoir hosts, including the AMCR.
Unraveling the viral genetic factors influencing the infection of different avian species will
provide insight into emergence mechanisms of WNV and related flaviviruses. This behavior
cannot be predicted based on studies of mammals such as mice, which exhibit physiological,
immunological and cytological differences from birds that preclude use as a relevant model
system for the selective pressure these viruses undergo during enzootic/epizootic transmission
cycles.

Supporting Information
S1 Fig. Temperature sensitivity of WNV NY99/KN3829 chimeras in duck embryonic fibro-
blasts. Growth of chimeric viruses containing the NS1-2B region from NY99 (A, C, and E) or
KN3829 (B, D, and F) at 37°C (A and B) or 42°C (C and D). (E and F), difference in titer at
each time point between 37°C and 42°C.
(EPS)

Author Contributions

Conceived and designed the experiments: EAD CYHH RMK ACB.

Performed the experiments: EAD SAL CYHH PDM RMK ACB.

Analyzed the data: EADMJD ACB.

Contributed reagents/materials/analysis tools: CYHH RMK RAB.

Wrote the paper: EAD ACB.

West Nile Genetic Determinants of Avian Growth Potential

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004938 August 22, 2016 12 / 15

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0004938.s001


References
1. Blitvich BJ (2008) Transmission dynamics and changing epidemiology of West Nile virus. Anim Heal

Res Rev 9: 71–86.

2. Pesko KN, Ebel GD (2012) West Nile virus population genetics and evolution. Infect Genet Evol 12:
181–190. doi: 10.1016/j.meegid.2011.11.014 PMID: 22226703

3. CDC (2014) West Nile virus disease cases and deaths reported to CDC by year and clinical presenta-
tion, 1999–2013. Available: http://www.cdc.gov/westnile/resources/pdfs/cummulative/99_2013_
CasesAndDeathsClinicalPresentationHumanCases.pdf. Accessed 30 June 2014.

4. Hayes EB, Komar N, Nasci RS, Montgomery SP, O’Leary DR, et al. (2005) Epidemiology and transmis-
sion dynamics of West Nile virus disease. Emerg Infect Dis 11: 1167–1173. doi: 10.3201/eid1108.
050289a PMID: 16102302

5. Brault AC, Armijos MV, Wheeler S, Wright S, Fang Y, et al. (2009) Stone Lakes virus (family Togaviri-
dae, genus Alphavirus), a variant of Fort Morgan virus isolated from swallow bugs (Hemiptera: Cimici-
dae) west of the Continental Divide. J Med Entomol 46: 1203–1209. PMID: 19769055

6. Sambri V, Capobianchi M, Charrel R, Fyodorova M, Gaibani P, et al. (2013) West Nile virus in Europe:
emergence, epidemiology, diagnosis, treatment, and prevention. Clin Microbiol Infect 19: 699–704.
doi: 10.1111/1469-0691.12211 PMID: 23594175

7. Elizondo-Quiroga D, Elizondo-Quiroga A (2013) West Nile virus and its theories, a big puzzle in Mexico
and Latin America. J Glob Infect Dis 5: 168–175. doi: 10.4103/0974-777X.122014 PMID: 24672180

8. Couissinier-Paris P (2006) West Nile virus in Europe and Africa : still minor pathogen, or potential threat
to public health? Bull la Société Pathol Exot 99: 348–354.

9. ReisenWK (2013) Ecology of West Nile virus in North America. Viruses 5: 2079–2105. doi: 10.3390/
v5092079 PMID: 24008376

10. ReisenW, Brault AC (2007) West Nile virus in North America: perspectives on epidemiology and inter-
vention. Pest Manag Sci 63: 641–646. doi: 10.1002/ps.1325 PMID: 17373672

11. Sardelis MR, Turell MJ, Dohm DJ, O’Guinn ML (2001) Vector competence of selected North American
Culex andCoquillettidiamosquitoes for West Nile virus. Emerg Infect Dis 7: 1018–1022. doi: 10.3201/
eid0706.010617 PMID: 11747732

12. Richards SL, Mores CN, Lord CC, Tabachnick WJ (2007) Impact of extrinsic incubation temperature
and virus exposure on vector competence ofCulex pipiens quinquefasciatus Say (Diptera: Culicidae)
for West Nile virus. Vector Borne Zoonotic Dis 7: 629–636. doi: 10.1089/vbz.2007.0101 PMID:
18021028

13. ReisenWK, Fang Y, Martinez VM (2005) Avian host and mosquito (Diptera: Culicidae) vector compe-
tence determine the efficiency of West Nile and St. Louis encephalitis virus transmission. J Med Ento-
mol 42: 367–375. doi: 10.1603/0022-2585(2005)042[0367:AHAMDC]2.0.CO;2 PMID: 15962789

14. Lord CC, Rutledge CR, Tabachnick WJ (2006) Relationships between host viremia and vector suscep-
tibility for arboviruses. J Med Entomol 43: 623–630. PMID: 16739425

15. Komar N, Langevin S, Hinten S, Nemeth N, Edwards E, et al. (2003) Experimental infection of North
American birds with the New York 1999 strain of West Nile virus. Emerg Infect Dis 9: 311–322. doi: 10.
3201/eid0903.020628 PMID: 12643825

16. Pérez-Ramírez E, Llorente F, Jiménez-Clavero MÁ (2014) Experimental infections of wild birds with
West Nile virus. Viruses 6: 752–781. doi: 10.3390/v6020752 PMID: 24531334

17. Kilpatrick AM, Daszak P, Jones MJ, Marra PP, Kramer LD (2006) Host heterogeneity dominatesWest
Nile virus transmission. Proc Biol Sci 273: 2327–2333. doi: 10.1098/rspb.2006.3575 PMID: 16928635

18. Kinney RM, Huang CY-H, Whiteman MC, Bowen RA, Langevin SA, et al. (2006) Avian virulence and
thermostable replication of the North American strain of West Nile virus. J Gen Virol 87: 3611–3622.
doi: 10.1099/vir.0.82299-0 PMID: 17098976

19. ReisenWK, Fang Y, Martinez VM (2006) Effects of temperature on the transmission of west nile virus
by Culex tarsalis (Diptera: Culicidae). J Med Entomol 43: 309–317. doi: 10.1603/0022-2585(2006)043
[0309:eotott]2.0.co;2 PMID: 16619616

20. Richards SL, Anderson SL, Lord CC, Tabachnick WJ (2011) Impact of West Nile Virus Dose and Incu-
bation Period on Vector Competence of Culex nigripalpus (Diptera: Culicidae). Vector-Borne Zoonotic
Dis 11: 1487–1491. doi: 10.1089/vbz.2010.0229 PMID: 21756030

21. Anderson SL, Richards SL, TabachnickWJ, Smartt CT (2010) Effects of West Nile virus dose and
extrinsic incubation temperature on temporal progression of vector competence inCulex pipiens quin-
quefasciatus. J AmMosq Control Assoc 26: 103–107. doi: 10.2987/09-5926.1 PMID: 20402358

West Nile Genetic Determinants of Avian Growth Potential

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004938 August 22, 2016 13 / 15

http://dx.doi.org/10.1016/j.meegid.2011.11.014
http://www.ncbi.nlm.nih.gov/pubmed/22226703
http://www.cdc.gov/westnile/resources/pdfs/cummulative/99_2013_CasesAndDeathsClinicalPresentationHumanCases.pdf
http://www.cdc.gov/westnile/resources/pdfs/cummulative/99_2013_CasesAndDeathsClinicalPresentationHumanCases.pdf
http://dx.doi.org/10.3201/eid1108.050289a
http://dx.doi.org/10.3201/eid1108.050289a
http://www.ncbi.nlm.nih.gov/pubmed/16102302
http://www.ncbi.nlm.nih.gov/pubmed/19769055
http://dx.doi.org/10.1111/1469-0691.12211
http://www.ncbi.nlm.nih.gov/pubmed/23594175
http://dx.doi.org/10.4103/0974-777X.122014
http://www.ncbi.nlm.nih.gov/pubmed/24672180
http://dx.doi.org/10.3390/v5092079
http://dx.doi.org/10.3390/v5092079
http://www.ncbi.nlm.nih.gov/pubmed/24008376
http://dx.doi.org/10.1002/ps.1325
http://www.ncbi.nlm.nih.gov/pubmed/17373672
http://dx.doi.org/10.3201/eid0706.010617
http://dx.doi.org/10.3201/eid0706.010617
http://www.ncbi.nlm.nih.gov/pubmed/11747732
http://dx.doi.org/10.1089/vbz.2007.0101
http://www.ncbi.nlm.nih.gov/pubmed/18021028
http://dx.doi.org/10.1603/0022-2585(2005)042[0367:AHAMDC]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/15962789
http://www.ncbi.nlm.nih.gov/pubmed/16739425
http://dx.doi.org/10.3201/eid0903.020628
http://dx.doi.org/10.3201/eid0903.020628
http://www.ncbi.nlm.nih.gov/pubmed/12643825
http://dx.doi.org/10.3390/v6020752
http://www.ncbi.nlm.nih.gov/pubmed/24531334
http://dx.doi.org/10.1098/rspb.2006.3575
http://www.ncbi.nlm.nih.gov/pubmed/16928635
http://dx.doi.org/10.1099/vir.0.82299-0
http://www.ncbi.nlm.nih.gov/pubmed/17098976
http://dx.doi.org/10.1603/0022-2585(2006)043[0309:eotott]2.0.co;2
http://dx.doi.org/10.1603/0022-2585(2006)043[0309:eotott]2.0.co;2
http://www.ncbi.nlm.nih.gov/pubmed/16619616
http://dx.doi.org/10.1089/vbz.2010.0229
http://www.ncbi.nlm.nih.gov/pubmed/21756030
http://dx.doi.org/10.2987/09-5926.1
http://www.ncbi.nlm.nih.gov/pubmed/20402358


22. Kilpatrick AM, Meola MA, Moudy RM, Kramer LD (2008) Temperature, viral genetics, and the transmis-
sion of West Nile virus by Culex pipiensmosquitoes. PLoS Pathog 4. doi: 10.1371/journal.ppat.
1000092

23. Andrade CC, Maharaj PD, ReisenWK, Brault AC (2011) North American West Nile virus genotype iso-
lates demonstrate differential replicative capacities in response to temperature. J Gen Virol 92: 2523–
2533. doi: 10.1099/vir.0.032318-0 PMID: 21775581

24. Davis CT, Beasley DWC, Guzman H, Siirin M, Parsons RE, et al. (2004) Emergence of attenuated
West Nile virus variants in Texas, 2003. Virology 330: 342–350. doi: 10.1016/j.virol.2004.09.016
PMID: 15527859

25. Blaney JE, Johnson DH, Firestone CY, Hanson CT, Murphy BR, et al. (2001) Chemical mutagenesis of
dengue virus type 4 yields mutant viruses which are temperature sensitive in vero cells or human liver
cells and attenuated in mice. J Virol 75: 9731–9740. doi: 10.1128/JVI.75.20.9731-9740.2001 PMID:
11559806

26. Langevin SA, Bowen RA, ReisenWK, Andrade CC, RameyWN, et al. (2014) Host competence and
helicase activity differences exhibited byWest Nile viral variants expressing NS3-249 amino acid poly-
morphisms. PLoS One 9: e100802. doi: 10.1371/journal.pone.0100802 PMID: 24971589

27. Langevin SA, Bowen RA, RameyWN, Sanders TA, Maharaj PD, et al. (2011) Envelope and pre-mem-
brane protein structural amino acid mutations mediate diminished avian growth and virulence of a Mexi-
canWest Nile virus isolate. J Gen Virol 92: 2810–2820. doi: 10.1099/vir.0.035535-0 PMID: 21865445

28. Roehrig JT (2013) West Nile virus in the United States—A historical perspective. Viruses 5: 3088–
3108. doi: 10.3390/v5123088 PMID: 24335779

29. Davis CT, Ebel GD, Lanciotti RS, Brault AC, Guzman H, et al. (2005) Phylogenetic analysis of North
AmericanWest Nile virus isolates, 2001–2004: evidence for the emergence of a dominant genotype.
Virology 342: 252–265. doi: 10.1016/j.virol.2005.07.022 PMID: 16137736

30. Brault AC, Huang CY-H, Langevin SA, Kinney RM, Bowen RA, et al. (2007) A single positively selected
West Nile viral mutation confers increased virogenesis in American crows. Nat Genet 39: 1162–1166.
doi: 10.1038/ng2097 PMID: 17694056

31. Bernard KA, Maffei JG, Jones SA, Kauffman EB, Ebel GD, et al. (2001) West Nile virus infection in
birds and mosquitoes, New York State, 2000. Emerg Infect Dis 7: 679–685. doi: 10.3201/eid0704.
010415 PMID: 11585532

32. Weingartl HM, Neufeld JL, Copps J, Marszal P (2004) Experimental West Nile virus infection in blue
jays (Cyanocitta cristata) and crows (Corvus brachyrhynchos). Vet Pathol 41: 362–370. doi: 10.1354/
vp.41-4-362 PMID: 15232136

33. Brault AC, Langevin SA, Bowen RA, Panella NA, Biggerstaff BJ, et al. (2004) Differential virulence of
West Nile strains for American crows. Emerg Infect Dis 10: 2161–2168. PMID: 15663854

34. Nemeth NM, Beckett S, Edwards E, Klenk K, Komar N (2007) Avian mortality surveillance for West Nile
virus in Colorado. Am J Trop Med Hyg 76: 431–437. PMID: 17360863

35. Dietrich EA, Bowen RA, Brault AC (2015) An ex vivo avian leukocyte culture model for West Nile virus
infection. J Virol Methods 218: 19–22. doi: 10.1016/j.jviromet.2015.03.004 PMID: 25783683

36. Ruppert D, Wand M, Carroll R (2003) Semiparametric Regression. Cambridge University Press.

37. Blaney JE, Johnson DH, Manipon GG, Firestone C-Y, Hanson CT, et al. (2002) Genetic Basis of Atten-
uation of Dengue Virus Type 4 Small Plaque Mutants with Restricted Replication in Suckling Mice and
in SCID Mice Transplanted with Human Liver Cells. Virology 300: 125–139. doi: 10.1006/viro.2002.
1528 PMID: 12202213

38. Butrapet S, Huang CY-H, Pierro DJ, Bhamarapravati N, Gubler DJ, et al. (2000) Attenuation Markers of
a Candidate Dengue Type 2 Vaccine Virus, Strain 16681 (PDK-53), Are Defined by Mutations in the 5’
Noncoding Region and Nonstructural Proteins 1 and 3. J Virol 74: 3011–3019. PMID: 10708415

39. Firth AE, Atkins JF (2009) A conserved predicted pseudoknot in the NS2A-encoding sequence of West
Nile and Japanese encephalitis flaviviruses suggests NS1’may derive from ribosomal frameshifting.
Virol J 6: 14. doi: 10.1186/1743-422X-6-14 PMID: 19196463

40. Melian EB, Hall-Mendelin S, Du F, Owens N, Bosco-Lauth AM, et al. (2014) Programmed Ribosomal
Frameshift Alters Expression of West Nile Virus Genes and Facilitates Virus Replication in Birds and
Mosquitoes. PLoS Pathog 10: e1004447. doi: 10.1371/journal.ppat.1004447 PMID: 25375107

41. Liu WJ, Wang XJ, Clark DC, Lobigs M, Hall RA, et al. (2006) A Single Amino Acid Substitution in the
West Nile Virus Nonstructural Protein NS2A Disables Its Ability To Inhibit Alpha / Beta Interferon Induc-
tion and Attenuates Virus Virulence in Mice. J Virol 80: 2396–2404. PMID: 16474146

42. Xie X, Gayen S, Kang C, Yuan Z, Shi P-Y (2013) Membrane topology and function of dengue virus
NS2A protein. J Virol 87: 4609–4622. doi: 10.1128/JVI.02424-12 PMID: 23408612

West Nile Genetic Determinants of Avian Growth Potential

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004938 August 22, 2016 14 / 15

http://dx.doi.org/10.1371/journal.ppat.1000092
http://dx.doi.org/10.1371/journal.ppat.1000092
http://dx.doi.org/10.1099/vir.0.032318-0
http://www.ncbi.nlm.nih.gov/pubmed/21775581
http://dx.doi.org/10.1016/j.virol.2004.09.016
http://www.ncbi.nlm.nih.gov/pubmed/15527859
http://dx.doi.org/10.1128/JVI.75.20.9731-9740.2001
http://www.ncbi.nlm.nih.gov/pubmed/11559806
http://dx.doi.org/10.1371/journal.pone.0100802
http://www.ncbi.nlm.nih.gov/pubmed/24971589
http://dx.doi.org/10.1099/vir.0.035535-0
http://www.ncbi.nlm.nih.gov/pubmed/21865445
http://dx.doi.org/10.3390/v5123088
http://www.ncbi.nlm.nih.gov/pubmed/24335779
http://dx.doi.org/10.1016/j.virol.2005.07.022
http://www.ncbi.nlm.nih.gov/pubmed/16137736
http://dx.doi.org/10.1038/ng2097
http://www.ncbi.nlm.nih.gov/pubmed/17694056
http://dx.doi.org/10.3201/eid0704.010415
http://dx.doi.org/10.3201/eid0704.010415
http://www.ncbi.nlm.nih.gov/pubmed/11585532
http://dx.doi.org/10.1354/vp.41-4-362
http://dx.doi.org/10.1354/vp.41-4-362
http://www.ncbi.nlm.nih.gov/pubmed/15232136
http://www.ncbi.nlm.nih.gov/pubmed/15663854
http://www.ncbi.nlm.nih.gov/pubmed/17360863
http://dx.doi.org/10.1016/j.jviromet.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25783683
http://dx.doi.org/10.1006/viro.2002.1528
http://dx.doi.org/10.1006/viro.2002.1528
http://www.ncbi.nlm.nih.gov/pubmed/12202213
http://www.ncbi.nlm.nih.gov/pubmed/10708415
http://dx.doi.org/10.1186/1743-422X-6-14
http://www.ncbi.nlm.nih.gov/pubmed/19196463
http://dx.doi.org/10.1371/journal.ppat.1004447
http://www.ncbi.nlm.nih.gov/pubmed/25375107
http://www.ncbi.nlm.nih.gov/pubmed/16474146
http://dx.doi.org/10.1128/JVI.02424-12
http://www.ncbi.nlm.nih.gov/pubmed/23408612


43. Leung JY, Pijlman GP, Kondratieva N, Hyde J, Mackenzie JM, et al. (2008) Role of nonstructural pro-
tein NS2A in flavivirus assembly. J Virol 82: 4731–4741. doi: 10.1128/JVI.00002-08 PMID: 18337583

44. Kümmerer BM, Rice CM (2002) Mutations in the yellow fever virus nonstructural protein NS2A selec-
tively block production of infectious particles. J Virol 76: 4773–4784. PMID: 11967294

45. Muller DA, Young PR (2013) The flavivirus NS1 protein: molecular and structural biology, immunology,
role in pathogenesis and application as a diagnostic biomarker. Antiviral Res 98: 192–208. doi: 10.
1016/j.antiviral.2013.03.008 PMID: 23523765

46. Chung KM, Liszewski MK, Nybakken G, Davis AE, Townsend RR, et al. (2006) West Nile virus non-
structural protein NS1 inhibits complement activation by binding the regulatory protein factor H. Proc
Natl Acad Sci U S A 103: 19111–19116. doi: 10.1073/pnas.0605668103 PMID: 17132743

47. Morrison CR, Scholle F (2014) Abrogation of TLR3 inhibition by discrete amino acid changes in the C-
terminal half of the West Nile virus NS1 protein. Virology 456–457: 96–107. doi: 10.1016/j.virol.2014.
03.017 PMID: 24889229

48. Melian EB, Edmonds JH, Nagasaki TK, Hinzman E, Floden N, et al. (2013) West Nile virus NS2A pro-
tein facilitates virus-induced apoptosis independently of interferon response. J Gen Virol 94: 308–313.
doi: 10.1099/vir.0.047076-0 PMID: 23114626

West Nile Genetic Determinants of Avian Growth Potential

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004938 August 22, 2016 15 / 15

http://dx.doi.org/10.1128/JVI.00002-08
http://www.ncbi.nlm.nih.gov/pubmed/18337583
http://www.ncbi.nlm.nih.gov/pubmed/11967294
http://dx.doi.org/10.1016/j.antiviral.2013.03.008
http://dx.doi.org/10.1016/j.antiviral.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23523765
http://dx.doi.org/10.1073/pnas.0605668103
http://www.ncbi.nlm.nih.gov/pubmed/17132743
http://dx.doi.org/10.1016/j.virol.2014.03.017
http://dx.doi.org/10.1016/j.virol.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24889229
http://dx.doi.org/10.1099/vir.0.047076-0
http://www.ncbi.nlm.nih.gov/pubmed/23114626

