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Abstract

Infectious clones of West Nile virus (WNV) have previously been generated and used to decipher the role of viral proteins in
WNV virulence. The majority of molecular clones obtained to date have been derived from North American, Australian, or
African isolates. Here, we describe the construction of an infectious cDNA clone of a Mediterranean WNV strain, IS-98-ST1.
We characterized the biological properties of the recovered recombinant virus in cell culture and in mice. The growth
kinetics of recombinant and parental WNV were similar in Vero cells. Moreover, the phenotype of recombinant and parental
WNV was indistinguishable as regards viremia, viral load in the brain, and mortality in susceptible and resistant mice. Finally,
the pathobiology of the infectious clone was examined in embryonated chicken eggs. The capacity of different WNV strains
to replicate in embryonated chicken eggs closely paralleled their ability to replicate in mice, suggesting that inoculation of
embryonated chicken eggs could provide a practical in vivo model for the study of WNV pathogenesis. In conclusion, the IS-
98-ST1 infectious clone will allow assessment of the impact of selected mutations and novel genomic changes appearing in
emerging European strains pathogenicity and endemic or epidemic potential. This will be invaluable in the context of an
increasing number of outbreaks and enhanced severity of infections in the Mediterranean basin and Eastern Europe.
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Introduction

The zoonotic West Nile virus (WNV), which belongs to the

Flavivirus genus (family Flaviviridae), circulates in natural transmis-

sion cycles involving avian hosts and ornithophilic mosquito Culex

ssp, whereas horses and humans are regarded as dead-end hosts

[1,2,3]. Arthropod-borne WNV can infect the central nervous

system (CNS) of various host species and neurological disease is a

grave, albeit infrequent, complication of WNV infection [4]. Once

inside the CNS, WNV infects neurons and gives rise to severe

immunopathology. Although asymptomatic in the majority of

cases, WNV infection has been associated with severe meningo-

encephalitis and acute flaccid paralysis in humans.

WNV contains a positive single-stranded RNA genome of about

11,000 nucleotides comprising a single open reading frame flanked

by two untranslated regions (UTRs) at the 59 and 39 ends.

Genomic RNA codes for a single and long polyprotein which is co-

and post-translationally cleaved by cellular and viral proteases.

There are three structural proteins (C, prM/M and E) followed by

seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3,

NS4A, NS4B, NS5) [5], along with NS1’, which results from a -1

ribosomal frameshift event [6]. Structural proteins provide the

structural elements of viral particles, while nonstructural proteins

play a role in viral replication, virion assembly, and evasion of host

antiviral immune responses [7,8,9,10,11].

WNV is maintained in endemic cyles in Africa, West Asia,

Russia, India and Europe, and more recently in North America

[3]. Phylogenetic analysis has permitted identification of lineages 1

(divided into clades 1a to 1b) to 5 [12,13]. Lineage 1 WNV strains

have been reported in many regions, including Africa, Europe, the

Middle East, Russia, India, and North America since 1999 [3].

WNV subsequently spread to South America [14]. Since the mid-

1990’s, epidemics with a high incidence of neurological disease

and death have occurred in Eastern Europe and the Mediterra-

nean area, e.g. in Israel in 1998, and more regularly in North

America since 1999 [1,3]. WNV emergence in North America has

also been associated with significant mortality in birds, a

phenomenon that had not been previously reported [1].

WNV transmission in Europe involves strains that belong to the

South Europe/Kenyan and the Israeli/American clusters of

lineage 1a, or to lineage 2 [15,16]. Lineage 1 has been involved

in most of recent WNV epidemics in the world. However, analysis

of molecular determinants of virus virulence has mainly concerned

North American isolates with a particular focus on NY99 strains

[17,18]. In contrast, few studies have been conducted to elucidate
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the virulence of WNV isolates from Europe/Middle East in

common hosts such as horses and avian species [19].

During the 1998 epidemic in Israel, WNV strain IS-98-ST1 was

isolated from a stork with severe neurological symptoms [20]. IS-

98-ST1 is suitable for the study of viral determinants of WNV

virulence, as well as host factors involved in viral pathogenicity

[21,22,23,24,25]. To date, a few molecular clones derived from

North American, African and Australian strains of WNV are

available for the study of viral neuropathogenicity

[1,3,9,26,27,28]. We report here that WNV strain IS-98-ST1

recovered from an infectious cDNA clone reproduces the

pathobiological properties of the parental strain, and is thus

well-suited for studying the virulence of WNV isolates from

Europe/West Asia. Also, the pathobiology of the novel WNV

infectious clone and other WNV strains was examined in

embryonated chicken eggs. The capacity of different WNV strains

to replicate in eggs closely paralleled their growth properties in

mice, suggesting that inoculation of embryonated chicken eggs

could provide a practical in vivo system for the study of WNV

pathogenesis.

Results

Construction of a European/Mediterranean Infectious
Clone

WNV strain IS-98-ST1 is a highly pathogenic isolate originating

from a sick stork during the 1998 epidemic in Israel [20]. Its

ssRNA+ genome was amplified into four pieces for generating the

infectious clone construct. After RT-PCR amplification of viral

RNA genome, each of the four amplicons was subcloned in

pCR2.1, a high-copy vector used for the cloning of RT-PCR

products. Propagation of bacteria at room temperature allowed

maintenance of intact inserts in pCR2.1. Difficulties in the

sequential insertion of each fragment in pBR322 led us to devise

an alternative two plasmid strategy (Fig. 1). Fragment 1 (nt 120–

2559) was inserted in pBR322 and transferred along with the SP6

promoter upstream of fragment 2 (nt 2560–5781) to pCR2.1

(Fig. 1). This construction will be referred to as plasmid A.

Fragment 4 (nt 8023–10473) and then fragment 3 (nt 5782–8022)

were inserted into pBR322. A 1740 bp sequence at the 39 end of

fragment 2 was inserted upstream of fragments 3 and 4 within

pBR322. This construction will be referred to as plasmid B. The

sequence encompassing fragment 2 to fragment 4 was excised

from plasmid B, and inserted downstream of fragments 1 and 2 in

plasmid A. A SnaBI restriction endonuclease site was introduced

into the NS4A gene within fragment 3 and further used as a

genetic marker. The resulting plasmid was introduced in E.coli

DH5a strain. It carries the full-length cDNA from WNV IS-98-

ST1 in a single plasmid and was designated WNV-infectious clone

(IC) cDNA. The stability of the clone was evaluated by

propagating the DH5a E.coli hosting the full-length IC cDNA

plasmid for six continuous passages as described in the paper

published by Shi et al. [3]. Resulting plasmids were digested with

AvaI, and displayed the same digestion pattern (data not shown).

The RNA Transcript of the WNV-IC cDNA Clone was
Highly Infectious

In vitro transcription of WNV-IC cDNA generated a transcript

of , 11,000 nt. Transcripts were used to electroporate Vero cells.

Vero supernatants were harvested at day 2 post-infection (p.i) in

order to minimize emergence of quasi-species and used to infect

new Vero cells (P1). Viral titers in supernatant obtained for P1

reached 76107 Plaque Forming Unit (PFU)/ml. The parental

virus was used as a positive control in the titration experiments. A

similar plaque morphology was observed for parental and IC

viruses (Fig. 2 (a)). IFA was performed to check for the antigenicity

of viral particles, and intracellular NS1 was detected for both

parental and recombinant viruses (Fig. 2 (d)).

WNV Recovered from the cDNA Clone Retained its
Genetic Marker

To exclude the possibility that recovery of virus from transfected

cells resulted from contamination by the parental virus, we tested

the presence of the SnaBI restriction site in RT-PCR products

amplified from the virus produced in the transfected Vero cells

(Fig. 2 (b)). The parental virus genomic cDNA was not digested by

SnaBI. In contrast, the IC virus PCR product generated fragments

of 812 bp and 386 bp following SnaBI digestion, indicating that

the virus recovered from the transfected cells was derived from

infectious full-length RNA from the WNV-IC plasmid.

Identification of Reversion Mutation during Cloning
Every intermediary construct and the final IC plasmid were

entirely sequenced. A G3401A mutation was identified in the

WNV-IC plasmid that changed a UGG (Trp) codon into a UAG

stop codon within the NS1 coding region. This mutation must

have been positively selected during plasmid amplification in E.

coli. Nevertheless, and surprisingly, the mutation was absent from

the recovered WNV genome. That is, the sequence of packaged

RNA genomes was identical to the expected IS-98-ST1 genomic

sequence. To test whether the recovery of infectious RNAs was

due to recombination with wild-type virus, a truncated transcript

was designed that did not encompass the region bearing the

restriction endonuclease site SnaBI in the corresponding cDNA.

This truncated transcript was used to transfect Vero cells. A

cytopathic effect (CPE) was seen 3 days after transfection in cells

transfected with the full-length WNV-IC RNA transcript. In

contrast, no CPE was observed up to 7 days post-transfection with

the truncated transcript. In addition, quantitative RT-PCR on

total RNA extracted 7 days post-transfection with primers specific

for the 39NC region detected no truncated viral RNA (data not

shown). Therefore, infectious particles recovered from the

transfection of Vero cells with WNV-IC transcripts were not the

product of a recombination event.

Parental and Recombinant WNV Displayed
Indistinguishable Replicative Capacities

To test the viral replication rate, Vero cells were infected with

WNV parental or IC virus (Fig. 2 (c)). At 48 h post-infection (p.i.),

CPE was observed in Vero cells infected with either virus. Viral

RNA amounts were higher during the first 24 hours. However, at

later stages, 48 h and 72 h p.i., viral RNA amounts decreased due

to increasing cell death (data not shown). Infectious virus

recovered from cell supernatants noticeably increased in the first

24 h p.i. and peaked at 48 h p.i (Fig. 2(c)). Growth curves

exhibited no significant difference between the WNV parental and

IC viruses. Therefore, the two viruses were indistinguishable with

regard to replication in mammalian cells.

Parental and Recombinant WNV Displayed the Same
Virulence, Pathogenicity and Capacity for Neuroinvasion
in vivo

Conventional laboratory mice develop encephalitis and die after

inoculation by the peripheral route [21]. To compare the

virulence of the WNV parental and IC viruses, adult BALB/cJ

mice were inoculated intraperitoneally (i.p.) with 1, 10, 100 or

1000 PFU. No control mice died consecutive to PBS injection.

Infectious Clone of the IS-98-ST1 West Nile Strain
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The survival curves did not differ significantly at each dose of

infection for parental and IC viruses with death occurring between

days 7 and 13–15 (Fig. 3). These data agree with previous reports

[22,29]. We measured the viremia at day 3 p.i. and the viral load

in the brain at time of death. There was no significant difference in

the viremia at day 3 p.i and in the viral load in the brain (Fig. 4

and 5). The SnaBI endonuclease restriction site was present in the

cDNA of the WNV-IC virus recovered from infected mice, thus

confirming that the mice were indeed infected with the

recombinant virus (data not shown). In addition, inflammatory

lesions were observed in the brain, within the meninges. They

were characterized by diffuse lymphocytic or lymphoplasmocytic

infiltrates, typical of lymphocytic meningitis, while some lympho-

cytic perivascular cuffs were also visible in the brain parenchyma,

revealing encephalitis (Fig. 6). No lesions were observed in PBS-

treated mice. Thus, the virulence of WNV parental and IC viruses

was indistinguishable in susceptible BALB/cJ mice.

To exclude the possibility that the susceptibility of BALB/c

mice may have concealed differences in the virulence of the

parental and cloned virus, we examined whether the WNV

parental and IC viruses were equally avirulent in resistant inbred

strains of mice. Indeed, Mashimo et al. [21] established that

susceptibility of BALB/c mice to infection with WNV strain IS-98-

ST1 correlates with a premature stop codon within exon 4 of the

oligoadenylate synthetase 1b (Oas1b) gene. Mice expressing a full-

length OAS1B protein are resistant to infection with WNV strain

IS-98-ST1 [21,25]. To test the virulence of WNV parental and IC

viruses in resistant hosts, we took advantage of MBT/Pas and

C.MBT-Oas1b mice. MBT/Pas mice derive from Mus m. musculus

progenitors; they carry a wild-type allele at the Oas1b locus.

C.MBT-Oas1b mice carry the Oas gene cluster of the MBT/Pas

mice within a BALB/c genetic background. MBT/Pas and

C.MBT-Oas1b express a full-length OAS1B protein and are

resistant to infection with WNV [25]. MBT/Pas, C.MBT-Oas1b

and BALB/c mice were inoculated with 1000 PFU of WNV

parental or IC virus. All BALB/c mice died within 9 days p.i. In

contrast, all MBT and C.MBT-Oas1b mice survived the infection

(Fig. 7 (a)) independent of the WNV stock. Viremia at day 3 p.i

was measured by qRT-PCR. Fig. 7 (b) shows that viral RNA was

detected in the blood of all infected mice. Viral RNA levels were

not significantly different in mice infected with either the WNV

parental or IC virus. However, viral RNA levels were significantly

higher in susceptible BALB/c mice than in resistant MBT/Pas

and C.MBT-Oas1b mice. Interestingly, viral RNA levels were

significantly lower in MBT/Pas mice than in C.MBT-Oas1b mice,

indicating that viral replication is lower in MBT/Pas mice than in

C.MBT-Oas1b mice during the first days p.i. This suggests that

MBT/Pas mice might carry resistance alleles that are not present

in the C.MBT-Oas1b congenic mice.

Parental and Recombinant WNV Displayed the Same
Virulence and Capacity for Neuroinvasion in an
Embryonic Avian Model

Birds are the principal amplifying hosts for WNV. Previous

studies have shown that American crows and chicken embryos are

susceptible to WNV infection [30,31]. In experiments conducted

by Crespo et al. [31], WNV was recovered from embryonated

chicken eggs after inoculation with organ extracts from wild birds.

Here, we evaluated the embryonated chicken model as a practical

avian-based system to compare the virulence of WNV strains. To

test the susceptibility of chicken embryos to infection, eggs (N = 6)

were inoculated intravascularly with 0.1, 1, 10 or 100 PFU of the

WNV IS-98-ST1 parental strain. The mortality was monitored for

7 days. Similar curves were obtained for the infectious doses of 1,

Figure 1. Schematic representation of the cloning strategy. The flavivirus genome is represented approximately to scale. Unique or rare
restriction sites used for cloning and their location (numbering based on the sequence from Genbank no. AF481864) are shown at the top. Four cDNA
fragments represented by thick lines were synthesized from IS-98-ST1 viral genomic RNA by RT-PCR to cover the complete coding WNV genome. The
cDNA fragments were first cloned into the pCR2.1 plasmid, and then digested using unique restrictions sites and subcloned into the destination
plasmid. The full length infectious clone was obtained by the extraction of fragment 2+3+4 from plasmid B after an enzymatic digestion with XmaI
and BamHI followed by its insertion into plasmid A downstream of fragment 1+2. One silent mutation (shown in lower case) was engineered in the
pCR2.1+ fragment 3 plasmid to create a SnaBI site.
doi:10.1371/journal.pone.0047666.g001

Infectious Clone of the IS-98-ST1 West Nile Strain
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10 and 100 PFU, with 100% of embryos dying between day 4 and

5 p.i (Fig. S1). However, eggs infected with 0.1 PFU exhibited a

50% lethality rate. The 1 PFU dose (ten-fold the fifty percent lethal

dose [LD50]) was chosen for the following experiments. The

brain, heart, lung, liver, intestine and kidney are targets for WNV

in birds [32,33]. Therefore, the viral loads were measured in these

organs. No significant differences were observed between the viral

loads in these organs (Fig. 8).

We chose to focus our analysis on the brain and the heart.

Mortality and viral load in these tissues were monitored in

groups of 6 eggs (Fig. 9). The WNV strain Kunjin served as a

low pathogenic control [34]. A delay in mortality was observed

in eggs infected with the Kunjin strain, with death occurring

between days 4 and 7. When eggs were infected with either the

parental strain or the IC virus, death was massive at day 4. The

mortality rate was not significantly different in eggs inoculated

with the WNV parental or the IC virus (Fig. 9 (a)). We

measured the viral load in the brain and heart at day 4 p.i. The

viral load in these tissues was not significantly different in the

eggs infected with the parental strain or its cognate IC (Fig. 9

(b)). By contrast, the viral load was significantly lower in the

eggs infected with Kunjin strain. Interestingly, similar macro-

scopic lesions appeared on the skin (petechia) and hemorrhages

were observed in the brain, heart, kidneys and liver at the time

of death for all viruses tested. Altogether these data show that

the virulence of WNV parental and IC virus was indistinguish-

able in this avian model.

Discussion

We report the generation of a full-length cDNA derived from

the highly virulent Mediterranean WNV strain IS-98-ST1 that

permitted recovery of a fully replicative virus. The establishment

of a reverse genetic system for WNV is essential for the study of

viral neurovirulence and neuroinvasiveness. Infectious clones

allow introduction of genetic modifications and facilitate

identification of the molecular determinants of viral virulence.

Nevertheless, cDNA constructs comprising the full flavivirus

Figure 2. in vitro validation of the biological properties of the IC virus. (a) Plaque morphology of parental and IC-derived WNV on Vero cells.
Vero cells in six-well plates were infected with 100 PFU of parental or recombinant virus. Plaques were visualized 3 days post-infection by staining
with crystal violet. Data shown are representative of two independent experiments. (b) SnaBI digestion profile of the 1198 bp RT-PCR (5743F–6941R)
fragment amplified from parental or IC-derived WNV stocks. (Quick Load 1 kb DNA Ladder, New England Biolabs). (c) Growth kinetics of parental (P)
and infectious clone (IC) viruses in Vero cells at an MOI of 1. At the indicated time post-infection, culture supernatants were collected and viral titers
were determined by plaque assay on Vero cells. Error bars represent the standard deviation of triplicates. (d) Immunofluorescence with anti-NS1
antibodies on Vero cells infected at an MOI of 1 with either the parental or IC-derived WNV 3 days post-infection. Data shown are representative of
two independent experiments.
doi:10.1371/journal.pone.0047666.g002

Figure 3. in vivo validation of the biological properties of the IC virus in susceptible mice, survival curves. Groups of 5 adult female
BALB/c outbred mice were injected i.p with 1, 10, 100, 1000 PFU of parental (P) or recombinant (IC) IS-98-ST1 virus. Mice were monitored for 15 days
post-infection. Data shown are representative of two independent experiments.
doi:10.1371/journal.pone.0047666.g003

Infectious Clone of the IS-98-ST1 West Nile Strain
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genome have been widely reported to be unstable in prokaryotic

expression systems [1,3,26,35]. To avoid constructs all together,

genome-length RT-PCRs have been employed, but pose the risk

of generating a heterogeneous RNA population, owing to

mutations occurring during RT-PCR or to viral diversity in the

original virus stock. Different approaches have thus been used

to improve the stability of full-length flavivirus cDNA clones [3].

Introns have been inserted to interrupt genes encoding products

that may be toxic in bacteria [8,36], and relatively permissive

E.coli strains have been identified. Full-length flavivirus cDNA

from NY99, B956 and Kunjin WNV strains have previously

been cloned in plasmids amplified in the HB101 E.coli strain

[3,8,26]. In the present study, we employed a plasmid cloning

strategy to construct an infectious clone of the IS-98-ST1 WNV

strain (WNV-IC). Selection of the appropriate plasmid is critical

[3,37]. The pBR322 plasmid was chosen because it had been

used successfully to generate West Nile infectious clones in the

past [3,8,26]. Plasmids encoding flavivirus sequences down-

stream of cytomegalovirus (CMV) or lac promoters displayed

high instability due to expression of products that were toxic for

E.coli [38]. To avoid such problems we selected the promoter

for the bacteriophage SP6 RNA polymerase for in vitro

transcription of viral RNA [8,26,39,40]. An additional G

nucleotide was inserted downstream of the promoter to ensure

more efficient transcription initiation [26]. To this end, the

pBR322 plasmid was modified (GeneCust, Dudelange, Luxem-

burg) to incorporate the SP6 promoter, the WNV 59UTR (from

position 1 to 97), part of the gene encoding the WNV capsid

(from position 97 to 120) and the WNV 39UTR (from position

10437 to 11029), along with the hepatitis d virus ribozyme

(HDVR). The HDVR mediated termination of WNV tran-

scripts at their natural 39 end, thereby ensuring removal of

nonviral sequences downstream of the WNV 39UTR that might

have interfered with the initiation of viral RNA replication

[26,41]. Although infectious clones have been generated in the

past, they were found to comprise mutations with respect to

Figure 4. in vivo validation of the biological properties of the IC virus in susceptible mice, viremia. Viral RNA copy number in blood of
BALB/c outbred female mice (n = 5) injected i.p with 1, 10, 100, 1000 PFU of parental (P) or recombinant (IC) IS-98-ST1 virus, 3 days post-infection.
Quantification was performed in duplicate.
doi:10.1371/journal.pone.0047666.g004

Figure 5. in vivo validation of the biological properties of the IC virus in susceptible mice, viral load. Viral RNA copy number in brains of
BALB/c outbred female mice (n = 5) injected i.p with 1, 10, 100, 1000 PFU of parental (P) or recombinant (IC) IS-98-ST1 virus. Quantification was
performed in duplicate.
doi:10.1371/journal.pone.0047666.g005

Infectious Clone of the IS-98-ST1 West Nile Strain
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Figure 6. in vivo validation of the biological properties of the IC virus in susceptible mice, histology. Histology performed on mouse
brain 7 days p.i revealed inflammatory lesions in the meninges characterized by diffuse lymphocytic or lymphoplasmocytic infiltrates, characteristic of
lymphocytic meningitis (right panel, arrows). Lymphocytic perivascular cuffs were also visible in the brain parenchyma, indicative of encephalitis (left
panel, arrows). These lesions were observed in two of four animals or in one mouse for the infectious clone and the Israeli strain, respectively. Tissue
sections were stained with hematoxylin, eosin and saffron.
doi:10.1371/journal.pone.0047666.g006

Figure 7. in vivo validation of the biological properties of the IC virus in resistant mice. Groups of 5 adult female or male outbred MBT/Pas,
congenic C.MBT-Oas1b or BALB/c mice were injected i.p. with 1000 PFU of parental (P) or recombinant (IC) IS-98-ST1 virus. The mice were monitored
for 15 days p.i. (a) Survival curves and (b) viral RNA copy number in blood of mice 3 days p.i. * shows significant differences between groups. ns: not
significant.
doi:10.1371/journal.pone.0047666.g007

Infectious Clone of the IS-98-ST1 West Nile Strain
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their parental virus or have been very difficult to handle

[3,8,26,42]. As a consequence, many of the infectious WNV

clones currently in use have been obtained in two pieces

[1,30,43]. Our infectious clone was constructed as a single piece

and ensures propagation of recombinant virus. It also displayed

remarkable stability, even after numerous passages in bacterial

hosts (data not shown).

A G3401A mutation was identified in the NS1 coding region in

the WNV-IC plasmid, as well as plasmid B, that changed a UGG

(Trp) codon into a UAG stop codon. When it appeared during

cloning, the fragment encoding the 39 end of the NS1 open

reading frame (ORF) could be stably inserted in frame of the

fragment coding the 59 end, thus reconstituting the complete NS1

ORF. Moreover, repeated efforts to correct the stop mutation by

site-directed mutagenesis failed, even though parallel mutagenesis

of other areas of the IC plasmid succeeded. This suggests that this

change might stabilize the recombinant plasmid by neutralizing

the leaky expression of NS1 in E. coli. The toxicity of the NS1

protein in E. coli is supported by previous observations made in

other laboratories [1,43]. Nevertheless, we observed that the stop

codon is spontaneously corrected at an early time point after RNA

transfection and that viral genomes recovered from newly formed

viral particles carried the fully corrected gene. Thus, the molecular

clone described in the present study supports efficient generation

of viral particles bearing the fully intact genome of the parental

virus. It is interesting to note that a nonsense mutation was

observed in the NS1 ORF at a nearby position (C3342A) in a

plasmid bearing an IC derived from the NY99 isolate [30]. This

unnatural stop codon was not, however, detected in the genome of

viral particles that were subsequently recovered, in which a

A3342T plasmid-to-virus mutation had actually restored the

original cysteine residue. Kinney et al. [30] hypothesized that a

T7 polymerase transcription error had substituted the correct

nucleotide. As such a reversion was observed twice in our hands

and four times by others, we suggest that a more complex

molecular mechanism may account for this event, such as

translational stop codon readthroughs that have been described

for viral genomes, for RNA viruses in particular [44,45,46], and

that could explain the obtention of viral particles from an RNA

transcript with a premature stop codon.

Crucially, the replicative and pathogenic properties of parental

and recombinant viruses were indistinguishable in murine and

avian in vivo models. Thus, the recombinant virus may be used to

identify molecular determinants of virulence. Embryonated

chicken eggs constitute a convenient in vivo system, and have

previously proved to be a practical tool for the amplification of low

doses of WNV [31]. In the present study, we show for the first time

that chicken embryos can be used as an avian model to compare

the virulence of WNV strains. The differences in the replication

rate between Kunjin (attenuated strain) and IS-98-ST1 (highly

virulent) parental or WNV-IC virus were observed here in the

context of the embryonic avian immune system [47,48]. The

embryonated chicken egg model has been shown to be useful to

study the virulence of various bacteria and fungal pathogens [49].

Our results strongly suggest that this model may also be exploited

to investigate viral virulence.

Infectious clones of lineage 2, African strain B956 [26], lineage

1, American NY99 [1,3,30,36,43,50], and Australian Kunjin

strains [8,40] have been generated and used to decipher the role of

viral proteins in virulence [43,51], neuroinvasiveness [1,36] and

escape from host defences [23,52], as well as to evaluate the

impact of point mutations [23,53,54]. These tools have substan-

tially facilitated identification of molecular determinants of WNV

virulence, albeit in a non-European context. WNV epidemiology

differs between Europe and North America, in that outbreaks in

Europe are more limited in space and duration. It is presumed that

at least part of the difference stems from genetic divergence

between North American and Mediterranean viral isolates. It is

thus important to extend molecular studies of WNV to European

strains, for which results have sometimes been at odds with those

for the NY99 strain. Brault et al. [54] identified a point mutation,

T249P, in NS3, as playing an important role in the virulence of

Figure 8. Viral load in different organs of chicken embryo infected with IS-98-ST1 WNV. Groups of 6 ten-day-old pathogen-free chicken
eggs were infected with 1 PFU of IS-98-ST1 parental virus via the intra-vascular route. Viral load in different organs was quantified by quantitative RT-
PCR. PBS controls were negative for all organs.
doi:10.1371/journal.pone.0047666.g008
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NY99 in American crows, while Sotelo et al. [55] showed that a

2007 Spanish strain bore the same mutation but was much less

virulent than the NY99 strain in mice. Clearly, comparison of

molecular clones derived from different continents is indispensable

for identifying the genetic differences underlying the different

epidemiological patterns.

Finally, the IS-98-ST1 infectious clone will be useful to assess

the impact of selected mutations or novel genomic changes

appearing in emerging European strains, in the context of

increasing numbers of outbreaks and severity of infection in the

Mediterranean basin and Eastern Europe.

Materials and Methods

Cell Lines and Viruses
Vero cells, ATCCH CCL-81, were grown in Dulbecco’s

Modified Eagle Medium (D-MEM, Gibco) supplemented with

5% fetal bovine serum (FBS) (Lonza), and 1 mM sodium pyruvate.

1 U/ml of penicillin and 1 mg/ml of streptomycin were added to

all media (Invitrogen). Cells were maintained in CO2 incubators

(5% CO2) at 37uC. The Israeli isolate IS-98-ST1 of WNV has

been described elsewhere [20]. Briefly, IS-98-ST1 was isolated

from the cerebellum of a stork in Israel in 1998 on Vero cells and

the recovered virus was used to infect mosquito AP61 cells. A

third-passage stock of IS-98-ST1 on AP61 cells was used in the

Figure 9. in vivo validation of the biological properties of the IC virus in chicken embryo. Groups of 6 ten-day-old pathogen-free chicken
eggs were infected with 1 PFU of either parental (P) or recombinant (IC) IS-98-ST1 or Kunjin (Ku) virus by the intra-vascular route. (a) Survival curves
and (b) viral RNA load in brains and hearts at day 4 p.i, quantified by quantitative RT-PCR, are shown. PBS controls were negative for all organs. Data
are representative of two independent experiments, except RNA quantification at day 4 p.i for Kunjin, which was performed once. * shows significant
differences between groups.
doi:10.1371/journal.pone.0047666.g009
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following experiments. WNV Kunjin virus (KUN) was provided

by the National Reference Center for Arboviruses at the Pasteur

Institute, Paris.

Plaque Assay
76105 Vero cells were seeded into each well of a 6-well plate

and infected with parental virus or infectious clone for 1 h 30 min

at 37uC. The cells were overlaid with 2% seaplaque agarose

(Lonza) in MEM (Gibco) containing 5% FBS (Fetal Bovine

Serum), 1% sodium pyruvate, 1 U/ml of penicillin and 1 mg/ml of

streptomycin. 72 h post-infection, cells were fixed with 4%

paraformaldehyde and stained with 0.4% crystal violet for 24 h

in a humid chamber at 37uC.

cDNA Synthesis and Cloning
Vero cells were infected with a multiplicity of infection (MOI) of

1 to 10 with parental IS-98-ST1 WNV, and virus was harvested

from cell culture media at 72 h postinfection. Genomic RNA was

extracted with the RNeasy kit (Qiagen). cDNA fragments covering

the complete viral coding genome were reverse transcribed from

genomic RNA by using Superscript III (Invitrogen) followed by

PCR with Phusion Taq polymerase (New England Biolabs)

according to the manufacturers’ instructions. In particular, four

genomic fragments were amplified using primers 95F 59-CGA

TGT CTA AGA AAC CAG GAG- 39, 2585R 59-GTG GCG

TTT CAG GGT AAT AC- 39 for fragment 1, 2539F 59-GAT

GTG GAG GCT TGG ATG GAC- 39, 5804R 59-CAT TTT

GGG TAC TCC GTC TCG-39 for fragment 2, 5743F 59-CGT

GCT GGA AAG AAA GTA GTC-39, 8082R 59-GTA GAA CAC

ATC CAC TCC ACTC-39 for fragment 3, 7975F 59-GAA GTC

AGA GGG TAC ACA AAG G-39, 10552R 59-CAG CAC CGT

CTA CTC AAC TTC-39 for fragment 4. They were first

subcloned into the pCR2.1 plasmid and then cloned into

pBR322 following enzymatic digestions using standard procedures

[56]. All restriction endonucleases were purchased from New

England Biolabs. Sequences were verified after cloning.

The chemically competent E.coli bacterial strain DH5a (In-

vitrogen) was used as the host for construction and propagation of

WNV-IC cDNA clone. Standard cloning procedures were

followed [57], except that transformed bacteria were propagated

at 25uC.

Sequencing
Nucleotide sequencing was performed by Eurofins MWG

Operon (France).

RNA Transcription and Transfection
Plasmid WNV-IC, containing the full-length cDNA of WNV

flanked by the Sp6 promoter and Hepatitis d virus (HDV)

ribozyme, was amplified in E. coli DH5a and purified with the

Miniprep kit (Qiagen). For in vitro transcription, 1 mg of WNV-IC

plasmid was linearized with BamHI. The digestion reaction mix

was purified with the QIAQuick purification Kit and the

linearized plasmid was quantified by spectrophotometry. The

Sp6 MEGAscript High yield transcription kit (Ambion) was used

to in vitro transcribe 1 mg of DNA in a 20 ml reaction mixture in the

presence of 4 mM Cap Analog (New England Biolabs). The

reaction mixture was incubated at 37uC for 4 h, followed by

the addition of DNase I for 45 min at 37uC to remove the DNA

template. RNA was stored at –80uC.

For transfection, the 20 ml (, 20 mg) RNA transcript mix was

used to electroporate 66106 Vero cells resuspended in 0.4 ml cold

phosphate-buffered saline (PBS), pH 7.4, in 0.4 cm cuvettes with

the GenePulser apparatus (Bio-Rad); the following settings were

applied: 4 pulses of 0.29 kV and 25 mF at 4s intervals. After a

10 min recovery, cells were mixed with D-MEM supplemented

with 2% FBS and incubated in a T-25 flask (5% CO2 at 37uC)

until a cytopathic effect (CPE) was observed (referred to as passage

0, P0). A 1 ml aliquot of P0 tissue culture supernatant at day 2 was

used to infect a new flask of Vero cells (referred to as passage 1, P1)

and incubated until a CPE was observed. Virus was harvested as

tissue culture supernatant, clarified by centrifugation at 600 g for

5 min, stored in aliquots at 280uC, and designated as infectious

clone derived virus (IC virus).

Genetic Marker Analysis of the Recombinant and Parental
Viruses

An SnaBI restriction site was inserted into the cDNA using the

QuickChange Site-Directed Mutagenesis Kit (Stratagene) as a

silent genetic marker in order to distinguish recombinant progeny

virus from the corresponding parental virus, by substitution of an

A for a T at position 6555 in the viral cDNA. RNA was extracted

from recombinant virus harvested from supernatant on day 3 post-

transfection and parental virus by using the RNeasy kit (Qiagen).

A 1198 bp fragment including the genetic marker was amplified

by RT-PCR from RNA extracted from either recombinant or

parental virus with primers 5743F 59- CGT GCT GGA AAG

AAA GTA GTC-39 and 6941R 59- CTG CTT ATG TCA CTC

TTG GTC TTA TC-39. The RT-PCR products were purified

using the QIAQuick PCR purification protocol (Qiagen), and then

digested with SnaBI and analyzed by electrophoretic migration on

a 1% agarose gel. When the SnaBI restriction site is present,

digestion of the PCR product generates fragments of 812 and

386 bp.

Replication Curves
Subconfluent Vero cells seeded in 12-well plates were inoculat-

ed with either parental or WNV-IC derived virus diluted in D-

MEM at an MOI of 1 in quintuplet wells. Following incubation for

1 h 30 min in 5% CO2 at 37uC, viral inoculum was removed.

Monolayers were washed twice with fresh D-MEM, and 1 ml of

complete D-MEM was added to each well. The plates were

incubated for up to 3 days in 5% CO2 at 37uC. At 10, 24, 48, and

72 h time points, medium was removed. At the indicated time

post-infection, culture supernatants were collected and viral titers

were determined by plaque assay on Vero cells.

Immunofluorescence
Expression of viral NS1 protein in cells infected at an MOI of 1

was monitored by immunofluorescence (IFA) analysis with murine

IgM antibodies directed against the WNV NS1 protein (Millipore)

and with a fluorescein isothiocyanate-conjugate of goat anti-

murine IgM antibody (Abcys), as described elsewhere [58].

Fluorescence was monitored under a fluorescence microscope

equipped with a video documentation system (Zeiss).

Quantitative RT-PCR
RNA was reverse-transcribed and amplified using conditions

described by Linke et al. [59] using the AgPath-ID One-Step RT-

PCR Kit (Applied Biosystems), with primers WNproC-10F 59-

CCTGTGTGAGCTGACAAACTTAGT-39/WNproC-153R 59-

GCGTTTTAGCATATTGACAGCC-39 in the 59 untranslated

region (UTR) or primers WN39NC-F 10538 59-GAGTA-

GACGGTGCTGCCTGC-39/WN39NC-R 10627 59-CGA-

GACGGTTCTGAGGGCTTAC-39 in the 39UTR for amplifica-

tion of viral RNA and primers ACTB-966F 59-
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CAGCACAATGAAGATCAAGATCATC-39/ACTB-1096R 59-

CGGACTCATCGTACTCCTGCTT-39 for amplification of

cellular RNA, and probes WNproC 59-FAM-

CCTGGTTTCTTAGACATCGAGATCT-TAMRA-39 or

WN39NC 10564c 59-FAM-ACCCAGTCCTCCTGGGGT-

MGB-39, or ACTB1042-67 59-VIC-TCGCTGTCCACCTTC-

CAGCAGATGT-TAMRA-39, respectively. Primers and probes

were used at 0.4 and 0.2 mM concentrations, respectively.

Reaction mixtures (25 mL) contained 5 mL RNA and all samples

were analyzed in duplicate. Amplification was performed in an AB

7300 Real-Time PCR system (Applied Biosystems). The thermal

profiles of the reaction were as follows: 45uC for 10 min (RT),

95uC for 10 min (Taq activation), and 40 cycles at 95uC for 15s

and 60uC for 1min (amplification).

For quantification, quantified WNV RNA and b-actin RNA

were used as a viral standard and to standardize RNA extractions,

respectively. WNV RNA was obtained from viral cultures on Vero

cells. b-actin RNA was kindly provided by the FMDV French

Reference Laboratory (ANSES, Maisons-Alfort).

Virulence in Mice
Mice were housed in an environmentally controlled room under

biosafety level 3 conditions and were given food and water ad

libitum. Female outbred BALB/c mice (Charles River Laborato-

ries, L’Arbresle, France) and MBT/Pas and C.MBT-Oas1b mice

provided by Jean-Jacques Panthier (Pasteur Institute, Paris) were

obtained at 5 weeks of age and were acclimatized for 1 week. All

mice were 6 weeks of age at the start of the experiment. 5 mice per

group were inoculated intraperitoneally (i.p.) with diluent alone

(PBS, endotoxin free, pH 7.4) or with 1, 10, 100 or 1000 PFU of

parental virus or infectious clones thereof. Mice were evaluated

clinically for 2 weeks. Observed clinical signs included ruffled fur,

paresis, hind leg paralysis and tremors. Blood was collected in

EDTA at day 3 post-infection (p.i), and the presence of viral RNA

was confirmed by quantitative RT-PCR [53] after RNA

extraction with the QIAamp viral kit (Qiagen). Brains were

recovered from mice shortly after their death, and the presence of

virus was confirmed by quantitative RT-PCR after RNA

extraction with the RNeasy kit (Qiagen). Control mice were

euthanized at day 15 and checked for absence of virus in their

brains.

Ethical Treatment of Animals
This study was performed in strict accordance with the French

guidelines and recommendations on animal experimentation and

welfare. The protocol was approved by the local Animal Ethics

Committee (ANSES/ENVA/UPEC) (Permit Number: 15/02/

11–13). Every effort was made to minimize suffering.

Histology
Groups of 4 female outbred BALB/c mice, aged 6 weeks at the

start of the experiment, were inoculated with 100 PFU of parental

virus or infectious clones thereof or diluent alone i.p. Mice were

euthanized at day 7 p.i and brains were recovered. Tissues were

fixed in 10% neutral buffered formalin, dehydrated and embedded

in paraffin. Tissue sections (4 mm) were prepared and stained with

hematoxylin, eosin and saffron.

Virulence in Embryonated Chicken Eggs
10-day-old pathogen-free chicken eggs (INRA, Jouy-en-Josas,

France) were inoculated by the intravascular route. Eggs were

inoculated with diluent alone (PBS, endotoxin free, pH 7.4

supplemented with 1 U/ml of penicillin and 1 mg/ml of strepto-

mycin) or with either Kunjin, IS-98-ST1 parental or IC viruses.

The eggs were incubated at 37uC and were observed regularly for

up to 8 days. Viral RNA was analysed in the brain, heart, lungs,

liver, intestines and kidneys after extraction using the RNeasy Kit

(Qiagen), and amplified by quantitative RT-PCR as described

above.

Statistical Analysis
A Mann-Whitney test was applied to evaluate differences in

survival curves. Paired T-test and One-way ANOVA were used to

determine statistical significance for viral loads between groups

infected with the parental or the IC derived viruses.

Supporting Information

Figure S1 Determination of the Lethal Dose 50 (LD50)
of parental IS-98-ST1 virus in chicken embryo. Groups of

6 ten-day-old pathogen-free chicken eggs were infected with 0.1, 1,

10 or 100 PFU of parental IS-98-ST1 virus. Eggs were monitored

for 7 days post-infection.

(TIF)
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