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Abstract

The West Nile virus (WNV), isolated in 1937, is an arbovirus (arthropod-borne virus) that
infects thousands of people each year. Despite its burden on global health, little is known
about the virus’ biological and evolutionary dynamics. As several lineages are endemic in
West Africa, we obtained the complete polyprotein sequence from three isolates from the
early 1990s, each representing a different lineage. We then investigated differences in
growth behavior and pathogenicity for four distinct West African lineages in arthropod
(Ap61) and primate (Vero) cell lines, and in mice. We found that genetic differences, as well
as viral-host interactions, could play a role in the biological properties in different WNV iso-
lates in vitro, such as: (i) genome replication, (i) protein translation, (ii) particle release, and
(iv) virulence. Our findings demonstrate the endemic diversity of West African WNV strains
and support future investigations into (i) the nature of WNV emergence, (ii) neurological tro-
pism, and (i) host adaptation.

Author summary

The West Nile virus (WNV) can cause severe neurological diseases including meningitis,
encephalitis, and acute flaccid paralysis. Differences in WNV genetics could play a role in
the frequency of neurological symptoms from an infection. For the first time, we observed
how geographically similar but genetically distinct lineages grow in cellular environments
that agree with the transmission chain of West Nile virus—vertebrate-arthropod-verte-
brate. We were able to connect our in vitro and in vivo results with relevant epidemiologi-
cal and molecular data. Our findings highlight the existence of West African lineages with
higher virulence and replicative efficiency in vitro and in vivo compared to lineages similar
to circulating strains in the United States and Europe. Our investigation of four West Afri-
can lineages of West Nile virus will help us better understand the biology of the virus and
assess future epidemiological threats.
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Introduction

West Nile virus (WNV) is a member of the Japanese Encephalitis virus (JEV) serocomplex and
is a part of the genus Flavivirus of the family Flaviviridae. The WNV is a single-stranded, posi-
tive-sense RNA virus. The genomic RNA is about 11 kilobases (kb), containing one long open
reading frame (ORF) flanked by 2 non-coding regions. This ORF encodes for a polyprotein,
which is processed into three individual structural (Capsid, pre-Membrane, Envelope), and
seven non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins [1-4].

West Nile fever disease (WN fever) is caused by the WNV. WN fever in humans can range
from asymptomatic infections or mild acute febrile illness, to neurological diseases including
meningitis, encephalitis, and acute flaccid paralysis [5-7]. WNV’s host range is extensive: it
has been detected in over 65 species of mosquitoes and ticks, 225 species of birds, and 29 dif-
ferent animals [8,9]. A human vaccine or specific antiviral treatment for WN fever is currently
unavailable.

WNV was first discovered and isolated from the blood of a woman suffering from febrile ill-
ness in 1937 in Uganda [10]. Cases of WN fever were documented in Israel and Egypt in the
early 1950s, France in the 1960s, and South Africa in the 1970s [11]. The global awareness of
WN fever increased in the 1990s, as sporadic and major outbreaks occurred, primarily in the
Mediterranean Basin and occasionally in Europe [5]. In 1999, WNV unexpectedly emerged in
New York City, signifying the first confirmed incidence of WNV in the Western Hemisphere.
Since then, WNV has spread throughout the Americas, causing over 20,265 cases of neurologi-
cal disease and 1,783 case fatalities in humans and even higher rates of mortality among birds
in the United States [12-16].

Meanwhile, WNV continued to spread and cause WN disease and encephalitis in Europe,
Asia, and Oceania [17]. In the 1990s, the largest outbreaks occurred in Romania in 1996 [18],
and Russia in 1999 [19], with 17 and 40 human fatalities, respectively. In the 21* century,
emergences of WN fever and encephalitis have been reported in Europe [20], with a hallmark
human neurological outbreak in Greece in 2010 [21], and several noteworthy outbreaks in
Italy [22-24], Hungary [25] and Serbia [26].

WNV is biologically diverse; up to nine lineages have been proposed [27-30]. However,
most human outbreaks of WN encephalitis have been attributed to lineages 1 and 2. Lineage 1
is globally spread and exists in distinct clades. Clade 1a comprises of strains isolated from
Europe, Africa, and the Americas. Clade 1b, also referred to as Kunjin virus, has been
restricted to Oceania. Major outbreaks in Europe, Africa, and the Americas with neurological
diseases are caused by strains belonging to lineage 1, with an exception to clade 1b where neu-
rological disease is rarely reported [12,31,32].

Lineage 2 was exclusively reported in Africa up until 2004, until it was isolated from
humans and bird populations in Hungary, Greece, and Italy [4,21,23,33]. Lineage 2 was also
considered to be less pathogenic than lineage 1, until it caused severe disease in South Africa
and encephalitis among birds and humans in Europe [4,21,23,33,34]. Both lineages include
strains with varying degrees of neuroinvasiveness in humans [35].

Besides lineages 1 and 2, there are lineages that are less widespread. Lineage 3, also referred
to as Rabensburg virus, was repeatedly isolated in the Czech Republic [36-38]. Lineage 4 has
been isolated and reported from Russia [39]. The 5th lineage was isolated from India, and is
often identified as a distinct clade of lineage 1 (clade 1c) [40]. A putative 6t lineage, based on a
small gene fragment, has been described from Spain [27,41].

Koutango virus (lineage 7) was initially classified as a different virus, but is now a distinct
lineage of WN virus [31,42]. Lineage 7 strains were isolated from ticks (this study) and rodents,
a rare feature among WN virus lineages [4]. The Koutango strain virus has also been shown to
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have a higher virulence than the lineage 1a strain “NY99” in mice [43,44]. Although there was
areport of an accident where a Senegalese lab worker was symptomatically infected with the
Koutango strain, a natural human infection has yet to be confirmed [45]. Additionally, a new
lineage (putative lineage 8) of WNV was isolated from Culex perfuscusin Kedougou, Senegal
in 1992 [4]. Finally, a putative 9" lineage, or sublineage of lineage 4, was isolated from Urano-
taenia unguiculata mosquitoes in Austria [27].

Despite the presence of lineages 1, 2, 7 (Koutango) and a putative 8" lineage circulating in
Africa [4,46,47], WNV has had minor impact on human health. Sporadic outbreaks were
observed in several African counties [48-50], with lower frequencies of neurological disease
than that reported from outbreaks in the USA [51,52]. For example, Senegal has never had a
major outbreak of WN fever, but was the source of several endemic genotypes that were identi-
fied and sequenced. Moreover, in Senegal, WNV antibody seroprevalence has been around
80% in sampled humans, horses, and birds [53-57].

A recent study on the vector competence of African WNV lineages demonstrated that local
mosquito populations lack efficient transmission of WNV [4]. Besides vector competence—i.e.
intrinsic genetic variations among lineages—host adaptation, movement of host populations,
climate and ecological factors could play a role in viral replication, virulence, and the outcome
of infection. The N-linked glycosylation site of the envelope protein may be associated with
differences observed in: (i) WNV neuroinvasiveness in mice, (if) viral replication, and (iif)
transmission of WNV in mosquitoes [4,58-60]. In this regard, Senegal has been a focal point
in the studies of WNV virus, where multiple lineages of WNV are co-circulating endemically,
but whose biology remains poorly understood.

To address these questions, we analyzed complete coding regions (polyproteins) of four dif-
ferent lineages circulating in Senegal and West Africa. Using additional WNV sequences from
Genbank, we performed a phylogenetic analysis using the complete polyprotein sequences of
the viruses and investigated sites for positive selection. We also analyzed the biological proper-
ties of these 4 WNV lineages using in vitro and in vivo models. Ultimately, understanding the
relationships among ecological and genetic differences will ameliorate our understanding of
WNYV emergence, epidemiology, and its maintenance in nature.

Results
Full-length polyprotein sequencing

In this study, three complete polyprotein genes from Senegal isolates were sequenced: ArD76986,
ArD96655, and ArD94343 (Table 1). These novel sequences are representative of lineages 1, 7
(Koutango) and 8 (putative), respectively. The lineage 1 and lineage 8 strains were isolated from
Culex mosquito species, while the lineage 7 strain was isolated from a tick species.

Acknowledging previous works that have reconstructed the evolutionary history and those
that have characterized novel isolates and lineages of WNV, we included seven additional

Table 1. Strains of West Nile virus used in this study.

Strain Lineage | Place of isolation | Year of isolation Isolation source Number of passages | Passage history® | Accession number

ArD76986 1 Senegal 1990 Culex poicilipes 10 Ap4NBM3Ap3 KY703854

B956 2 Uganda 1937 Human 11 Ap4NBM3Ap4 AY532665

ArD96655 7/ Senegal 1993 Rhipicephalus 8 Ap4NBM3Ap1 KY703855
Koutango guihoni

ArD94343 8 Senegal 1992 Culex perfuscus 12 Ap4NBMB3Ap5 KY703856

@ ApANBM2Ap4 is equivalent to 4 serial passages in Ap61 (Ap) followed by 2 passages in newborn mice (NBM) followed by 4 serial passages in Ap61.

https://doi.org/10.1371/journal.pntd.0006078.t001
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complete ORF sequences to compare differences at the gene and protein level (Fig 1). Among
representative sequences, the average nucleotide pairwise identity is 77.6% (s.d. = 4.1%) and
the amino acid average pairwise identity is 90.1% (s.d. = 3.3%). When comparing individual
sequences, the NY99 strain (Accession number: AF196835, lineage 1a, United States 1999)
shared a 99.5% pairwise identity to ArD76986 (Accession number: KY703854, lineage 1a, Sen-
egal 1990) at the amino-acid level (Fig 1A). The sequence diversity of endemic WNYV lineages
in Senegal (SN) is notable, as the lineage 1 strain (ArD76986) was 88.9% and 90.9% identical at
the amino-acid level to the ArD96655 (Accession number: KY703855, lineage 7, SN 1993) and
the ArD94343 (Accession number: KY703856, lineage 8, SN 1992) strains respectively.

>

Virus Lineage A B Cc D E F G H I J
A |AF196835 US 1999 1a 96.7 87.7 791 77.3 75.6 79.3 76.2 77.4 754
B |KY703854 SN _1990 1a 99.5 87.7 79.3 77.3 75.8 796 764 776 754
C |KT934797_AU 1991 1b 97.5 97.5 791 767 756 78.9 76.1 76.7 75.2 ::E
D |AY532665 UG 1937 2 939 939 933 774 76.2 784 76.9 77.7 758 3
E |AY765264 CZ 1997 3 90.5 904 90.0 90.6 75.3 758 74.8 75.8 75.1 f
F |AY277251 _RU_ 1998 4a 88.5 88.6 88.2 89.0 87.0 751 744 747 82.3%
G | GQ851605 IN 1957 5/1c 93.5 935 928 92.1 88.8 87.5 75.3 76.2 75.3 3
- =]
H | KY703855 SN 1993 7 89.0 88.9 88.5 89.0 86.5 85.1 87.6 753 73.8=z
| |[KY703856_SN 1992 8 91.1 909 90.7 911 88.5 86.4 89.9 87.9 751
J |KJ831223 AT 2013 4b/9 88.4 88.3 879 88.6 86.7 959 87.1 85.1 86.6
Amino acid %ldentity
B
SUTR] Structural proteins Non-structural proteins SUIR
(2373nt/791aa) (7653nt/2552aa)
C prM Env NS1 NS2a || NS2b NS3 NS4a || NS4b NS5
Glycosylation motif EPrITEm,[i
US_ 1999 L1a [TK SAV| [TVESHGNYSTQMGATQA| [VPR IPEPEK RTWLFENGE
SN_1990_L1a [TRSAV| ITVESHGNYSTQMGATQA]| [VTR IPEPEK RTWLFENGE
AU_1991_L1b [TKIMAV| ITVESHGNYSTQTGAAQA| [VAR IPEPEK RTWLFENGE
UG_1937_ L2 ITKSSV| ITVESHG----KIEEGATQA| |[VHR IPEPEK RTWLFENGE
Cz_1997_L3 |TKIMAM| [TVDSHGNYSTQMGATQA]| |[VINR IPEPEK RTWL FENGK
RU_1998_ L4 [ TK SAV| |[ITVDTH--MSAQNAANMQA| [VTR IPEPEK RMIWLFENGE
IN_1957_L5/1c |TKIAAV| ITVESHGDYSTQRQGATQA]| [VTR IPEPEK RTWLFENGE
SN_1993_L7 |[DIKMAHN THMESHGNFSTQRTATQA| |[VTR IPEPEK KSWLISENGE
SN_1992 18 [SKTAV| INVESHGNYSMQTGATQA| |[VSR| [ PESEK| |[RMWLFENGE
AT _2013_L9/4b TK§AV TVDTHSNIEBSAQSAANMQA| VTR IPEPEK RMIWLFENGE
72 154 249 122 653

Fig 1. The genetic diversity of the West Nile virus lineages. A) Pairwise percent identity between nucleotide (blue) and amino acid (orange) sequences of
the polyprotein. Sequences are labeled in the following format: accession number, 2-letter country code, and year of isolation. B) Genomic structure of West
Nile virus with genes labeled. Alignments of known virulence motifs are shown. Codons of special interest are labeled by their position at each individual
protein sequence and not by their position in the polyprotein. Sequences are labeled by country, year of isolation and phylogenetic lineage.

https://doi.org/10.1371/journal.pntd.0006078.9001
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Between the lineage 7 and lineage 8 strains, the amino-acid pairwise identity was 87.9% (Fig
1A).

The 1937 WNV isolate of strain B956 (Accession number: AY532665, lineage 2, Uganda
1937) is of particular interest, as it is the oldest clinical isolate available with a complete ORF
sequenced. Amino acid pairwise identity was 93.9% to the NY99 strain sequence and to the
lineage 1a (SN) sequence, 89% to the lineage 7 strain sequence and 91.1% to the lineage 8 strain
sequence. At the nucleotide level, the lineage 2 strain (UG) had a pairwise identity of 79.1% to
the NY99 sequence, 79.3% to the lineage 1a strain (SN) sequence, 76.9% to the lineage 7 strain
sequence and 77.7% to the lineage 8 strain sequence. Additionally, B956 contains a 12 base
pair deletion at nucleotide position 1,331, corresponding to the WNV envelope glycosylation
site.

We compared published sequences and published works to identify whether mutations that
have been shown to influence WNV virulence and replication were present in the newly
sequenced open-reading frames. For each strain, we discovered amino acid changes that were
associated to a phenotypical change and many additional mutations with unknown conse-
quences (Fig 1B). For example, the 22™ and 72" codon sites of the pre-membrane protein
(prM) have been shown to play a role in enhancing the virulence and particle secretion in
WNV [61]. At this site, we found alterations in the lineage 7 strain (SN_1993_L7), and the line-
age 8 strain (SN_1992_18).

Another example is the glycosylation site found in the 154-156" positions of the enve-
lope (Env) protein, which is considered a virulence factor [62]. We found that the lineage 1
strain from Senegal (SN_1990_L1a), the Kunjin strain (AU_1991_L1b), the NY99 strain
(US_1999_L1a) and the lineage 8 strain (SN_1992_L8) harbored the NYS motif while other
strains had variations or deletions in this locus. Next, the 249" codon position of the N$3
protein [63], the helicase protein, was found to increase viremia and virulence in birds, and
could play a role in other hosts. We observed several variations in our data at the 249"
codon position (Fig 1B).

Additionally, changes in the highly conserved *’P-E-P-E'** region of the NS4A protein
can attenuate or even impair virion replication and release [64], which we found present in the
lineage 8 strain. Finally, a mutation in the NS5 protein, serine (S) to phenylalanine (F) at the
653 position in the NS5 protein, is associated with an increased resistance to interferon [65],
a mutation that is shared by the lineage 7 strain (SN_1993_L7) (Fig 1B). We also found several
synonymous changes in positions corresponding to known virulence motifs, such as variability
in the third codon site position (the wobble base) during the translation of serine (S) at the
156" codon site. We also investigated sites within the NS2A [66], NS4B [67], and additional
sites within the NS5 region that are known to impact on infectivity and virulence [65], but no
mutations were present in our sequences.

Phylogeny of West Nile virus

The phylogenetic analysis revealed a similar topology to the ones obtained from previous max-
imum likelihood trees [27,40,42,68,69]. Currently, up to 9 distinct lineages have been
suggested.

A total of 95 sequences, including 3 novel polyprotein sequences from Senegalese isolates
(Table 1), were used to estimate a maximum-likelihood tree with FastTree (S1 Fig) and a very
similar relaxed clock Bayesian maximum-clade credibility (MCC) tree (Fig 2), summarizing
the MCMC runs with BEAST. The MCC tree was scaled to time (years) and branch tip-nodes
were colored to identify previously classified lineages [27]. Here, the time to the most recent
common ancestor (tMRCA) with its corresponding 95% highest posterior density (HPD)
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Fig 2. Bayesian maximum clade credibility tree estimating the phylogenetic relationships of West Nile
virus. Tree nodes with a posterior probability greater than 0.7 are displayed. Tree tip nodes are colored by
proposed lineage and for visual clarity. For each sequence, the two-letter code representing a country of
isolation is included in the sequence label. Branches are scaled in years before 2015. * NY99 strain.

https://doi.org/10.1371/journal.pntd.0006078.g002
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interval for WNV was estimated in the unit of years. The tMRCA of WNV is predicted to have
originated in the late 16™/early 17™ century (95%HPD: 1476-1765), a major split that diverges
lineages 1, 5 and 7 from lineages 2, 3, 4, 8, and 9. Both lineage 1 and 2 show multiple introduc-
tions into Europe and other New World countries. Additionally, we see that lineages 1, 2, 7,
and 8 have been isolated in West Africa, yet only lineages 1 and 2 have emigrated.

Growth kinetics

Infection, viral proliferation, and virulence in each cell type were measured by 4 different tests
over a 146 hours post-infection period: quantitative reverse transcriptase PCR (qQRT-PCR) of
the lysed cell fracture to measure genome replication (Fig 3A and 3B), QRT-PCR of the super-
natant fraction to detect genome replication dynamics (i.e., total number of particle release)
(Fig 3C and 3D), immunofluorescence staining of the cells to visualize the infectivity of cells
and estimate protein translation efficiency (Fig 3E and 3F), and plaque assays to determine the
amount of infectious viral particles (PFU/ml) from the supernatant fraction (Fig 3G and 3H).
Using Ap61 and Vero cells, our goal was to replicate the biology of WNV in a mosquito vector
and its vertebrate host.

We found that African lineages have different growth dynamics in mosquito and mamma-
lian cell lines. In Aedes pseudoscutellaris cells, growth dynamics were similar for all lineages,
(Fig 3, left column) where all lineages exhibited successful replication and generation of infec-
tious particles. In Vero cells (Fig 3, right column), lineages 1, 2, and 7 showed exceptional
growth, with lineage 2 strain exhibiting the highest replication and particle release capabilities,
and lineage 7 strain having exceptional translational dynamics and highest PFU/ml during the
infection interval.

We observed cell-specific growth differences among different WNV strains. For example,
Fig 3A and 3B showed differences in genome replication dynamics in the cells with respect to
host cells. Interestingly, lineage 1 strain had higher genome replication in Ap61 cells (p-value
ranging from 2.22x107'° to 0.002) while the lineage 2 strain had higher genome replication in
Vero cells (statistically comparable). Lineage 8 showed a lower significant replication profile in
Vero cells (p-value ranging from 8.81x10™"” to 0.031). Furthermore, differences in growth at T,
further supports that WNV lineages could have a preference to a specific cellular environment.
The rate of viral attachment, entry and replication initiation can all depend on the genetics of
the infecting strain [70].

We estimated the total number of released particles at different times post infection by mea-
suring the WNV RNA copy number in the cell supernatant. All tested lineages had comparable
genome copy numbers in Ap61 supernatants (Fig 3C). However, we found a significantly
higher copy number of total particles released for the lineage 2 strain at 22, 28, and 50 hours
post-infection (hpi) in both in vitro models (p-value ranging from 2.22x10™' to 0.023). Lineage
8 strain showed significantly lower genome copy numbers in Vero supernatants (p-value rang-
ing from 8.81x10"> to 0.031).

Next, we approached differences in protein translation efficiency between lineages by
detecting viral proteins using an immunofluorescence assay (IFA) (Fig 3E and 3F). The lineage
7 strain displayed more efficient protein translation in both cells (p-value ranging from
3.98x10™"? to 0.011), while lineage 8 strain had significantly lower levels of protein translation
in Vero cells. Nevertheless, the translation rate in lineage 8 increased significantly from T4
146 in Ap61 cells. We also noticed a delay on translation detection in both cells, with no detect-
able protein production until Tgg hours (Fig 3E) and Tso hours (Fig 3F) respectively.

To quantify the infectious particles of different WNV strains, we used plaque assays to esti-
mate the amount of infectious viral particles (PFU/ml) in the supernatant fractions. In Ap61
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number), the percent (% immunofluorescence) of cells infected (E and F) and the number of infectious viral particles (G and H)
(log1oPFU/mI) over a 146-hour post-infection time period. The experiments were performed with Ap61 cells (left column) and Vero
cells (right column). The error bars indicate the range in values of two independent experiments.

https://doi.org/10.1371/journal.pntd.0006078.9003
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cells, we found a similar profile of infectious particles production for all lineages, with signifi-
cant higher rates at 124 hpi and 146 hpi for the lineage 7 strain (p-value ranging from 2.22x10
'%10 0.028) (Fig 3G). In Vero cells, lineage 1 and lineage 7 strains had higher number of PFU/
ml, while lineage 2 had an intermediate profile and lineage 8 had the lowest amount of infec-
tious viral particles, with significant differences from 28 to 124 hpi (p-value ranging from
2.22x107'° t0 0.049) (Fig 3H).

Finally, we approximated the replication efficiency by finding the ratio of the number of
virions released in the supernatant—particles that completed the infectious cycle-divided by
the number of plaque forming units (PFU) [71-73]. We estimated the ratio for each strain in
each cell and found significant differences in replication efficiency (p-value ranging from
5.49x107'° to 0.0223) (Fig 4). There are some consistencies with Fig 3, where the lineage 7
strain was the most efficient and the B956 strain was the least efficient in vitro. Lineage 1 and
lineage 7 strains seem to be more cell-specific; both replicated less efficiently in Ap61 cells.

Virulence and survival of West Nile virus in vivo

To determine the virulence of WNV strains (Table 1), we challenged five- to six-week-old
mice with three different viral doses and observed their overall survival for 21 days. De-
pending on the strain and dose used, several mice developed clinical disease and died
(Table 2). Clinical signs included tremors, reduced activity and reluctance to move, hind leg
paralysis and closed eyes. The PBS-inoculated control groups exhibited no signs of disease
throughout the experiment.

The lineage 7 strain was the most virulent of the strains at all administered doses (Wilcoxon
rank sum test, p-values < 0.05). In fact, the lineage 7 strain induced the shortest survival time
compared to the other strains and always resulted in 100% mortality in every experiment (Fig
5 and Table 2). Interestingly, in most cases, mice inoculated with the lineage 7 strain died with-
out showing any clinical signs.

Comparatively, mice inoculated with the lineage 1 and lineage 2 strains usually showed
signs of disease at least 1 day before dying. However, lineage 8 showed no virulence (100% sur-
vival) at 100 and 1000 PFU doses (Fig 5B and 5C). In fact, only one mouse mortality was
observed at 10000 PFU (Fig 5A and Table 2).

Selection

To determine the evolutionary pressures acting on the WNV ORF, we estimated the ratio of
nonsynonymous (dN) to synonymous (dS) substitutions per codon site (where IN—dS > 0,
signifies positive selection) using 95 sequences, which represent all investigated WNV lineages.
Our investigation on selection regimens acting on all WNV complete ORF sequences—with
the FUBAR method—revealed 3313 well supported (posterior probability > 0.9 and Bayes
Factor < 3.0) sites under purifying selection (S1 Table and S2 Fig). However, we found 95 sta-
tistically significant sites (p-value < 0.1) under diversifying episodic selection (S2 Table and S3
Fig), using MEME method.

Discussion

Despite the presence of at least four different lineages in West Africa, there has never been a
major outbreak, nor a large frequency of encephalitic cases connected with WNV. The lack of
a WN disease “burden” within Senegal could suggest that WNV is endemic, which could
explain the high seroprevalence, and therefore, few susceptible hosts [54]. However, the threat
of WNV emerging to places where the population’s seroprevalence is much lower or even
naive is a serious concern. Avian migratory routes could have played a role in the emigration
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Fig 4. Replication Efficiency of West Nile virus in vitro. Replication efficiency of West African strains in Ap61 and Vero cell
lines over 146 hour post-infection period. The error bars indicate the range in values of two independent experiments.

https://doi.org/10.1371/journal.pntd.0006078.9004

of WNV strains from Africa [53], and for other African-borne arborviruses such as Usutu
virus [74]. The extensive genetic diversity (Fig 1A) and broad host range of WNV [8,9] could
have also contributed to its global dissemination (Fig 2), as certain mutations have been previ-
ously prosecuted with lineage 1’s entrance in the United States [32] and lineage 2’s emergence
in Europe [75]. As a consequence, several groups have investigated how specific genetic
changes and selective pressures within the WNV OREF can affect the phenotypical behavior of
a WNV strain.

In our study, the growth kinetics of the different West African WNV lineages were explored
in Aedes pseudoscutellaris (Ap61) and African green monkey kidney cells (Vero) to reflect
infection dynamics in two common classes of WNV hosts (insect vector and primate) (Figs 3
and 4). The virulence of these lineages in mice was also analyzed (Fig 5 and Table 2). We
found that these 4 West African lineages have significant differences in their ability to prolifer-
ate in our tested cell lines and their degree of virulence in mice (Figs 3, 4 and 5). We also
explored how our in vitro and in vivo results could be explained by their evolutionary (Fig 2)
and individual genetic variations (Fig 1).

Table 2. Mice mortality and virulence of West Nile virus in vivo of 5- to 6-week-old Swiss mice observed for 21 days.

Strain Lineage Viral dose (PFU) dead/total (mice) %Mortality AST?(days)
ArD76986 1 100 0/12 0 -
1000 6/12 50 16.4
10000 5/12 42 16.7
B956 2 100 112 8 19.7
1000 712 58 14.3
10000 3/12 25 18.7
ArD96655 7 100 8/8 100 55
1000 12/12 100 10.8
10000 12/12 100 9.2
ArD94343 8 100 0/12 0 -
1000 0/12 0 -
10000 112 8 19.7

2 AST (Average survival time)

https://doi.org/10.1371/journal.pntd.0006078.t002
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Fig 5. Survival curves of 5- to 6-week-old mice following intraperitoneal infection with (A) 10,000, (B) 1,000
and (C) 100 PFU. Mice were monitored daily for 21 days. Except in (C) when comparing lineage 8 and lineage
1, all survival curves were significantly different (Wilcoxon rank sum test, p-values < 0.05).

https://doi.org/10.1371/journal.pntd.0006078.g005

In agreement with other viruses that use alternate hosts (vertebrate-arthropod-vertebrate)
and cause acute infections, we found that the majority of WNV codon sites are undergoing
purifying selection [76]. Nevertheless, some of the significant episodic diversifying sites that
we found are related to virulence, like the 444™ and 446" codons in polyprotein gene (154-
156™ positions of the Env protein) that encode the N-glycosylation motif (NYS). This site is
present in many lineage 1 strains, some neuroinvasive lineage 2 strains [34,77], and the lineage
1 and 8 strains from this study (Fig 1B). We found significant diversifying selection acting on
these codon sites in 3% and 24% in all of the WNV lineages, respectively (S1 Table). These
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episodic non-conservative changes could have resulted in the loss of the N-linked glycosylated
site motif, which is related to less efficient replication in Culex cells [59] and better replication
in Aedes albopictuscells [60]. This N-linked site is also associated with neuroinvasiveness in
mice [62]. Second, we found that 1754 codon in polyprotein (249" in NS3) was under diver-
sifying selection (w = 33.1) 13% of the time and under purifying selection (w = -0.91) 87% of
the time (S1 Table) in our WNYV dataset. As this site was discovered to increase viremia and
virulence in birds [63], further experiments in avian cell lines should be explored to see if our
discovered substitutions effect replication in avian hosts and transmission dynamics.

Although no significant diversifying selection was observed on the cleavage site in the
NS4A protein ("*°PEPE'* motif), we did discover the P122S substitution in the lineage 8 strain
(Fig 1B). Crucially, induced mutations in this motif are related to low rates of replication and
protein production in Vero cells [64], which we expected and observed for the lineage 8 strain
in vitro (Fig 3B, 3D and 3F), and could help explain its low virulence in vivo (Fig 5). In general,
we observed little change in viral replication and protein production between West African
strains in Ap61 cells (Fig 3A, 3C and 3E). This could suggest that the conservation of PEPE
motif may have a lesser role in replication in mosquito cells (lineage 8) or that the strains may
have been “pre-adapted” prior to our experiment.

The lineage 7 strain has the S653F NS5 mutation that is associated with an increased resis-
tance to interferon [65], which could help explain its phenotypical virulence in vitro and in
vivo (Figs 1B, 3, 4 and 5). However, because Vero cells are known to be interferon-deficient,
we could not associate this mutation to our in vitro results for lineage 7 in Vero cells (Fig 3,
right column). Nevertheless, all three West African strains contained a non-synonymous
change in a locus that was previously explored by site-directed mutagenesis experiments (Fig
1B). Interestingly, we also detected synonymous changes in the “wobble” base position of the
codons in “sites of interest”. However, our knowledge of how synonymous changes impact
infectivity, virulence, and replication of WNV is still limited.

As previously described, lineages 1 and 2 originated in Africa and emerged as a New World
pathogen over the last 60 years [68]. Lineage 7 could be following a similar path; besides Sene-
gal, it has been detected in Somalia, Gabon and possibly in Italy [78-80]. Our study supports
that there are other lineages besides 1 and 2—such as lineage 7—that can exhibit high virulence
in mice and efficient replication in mammalian cells (Figs 3, 4 and 5). This high virulence of
lineage 7/Koutango strains in mice has been explored in two other studies, where the high vir-
ulence is suggested to be a result of delayed viral clearance and a weak neutralizing antibody
response [43,44]. All three doses tested resulted in 100% mice mortality (Table 2), which
agreed with previous results. The differences in average survival time and mortality rates com-
pared to previous studies, could be explained by differences in the passage history of viral
strains, and the age of the infected mice [81].

The Senegalese lineage 1 strain exhibited moderate virulence in mice (Fig 5) and caused
comparably less mortality than the NY99 strain when compared to similar studies [44]. Differ-
ences in neuroinvasive potential and virulence among lineage 1 strains has been reported and
could be explained by genetic differences [35]. Alternatively, lineage 8 showed poor growth
capabilities in Vero cells (Figs 3 and 4) and almost no virulence in mice (Fig 5 and Table 2),
suggesting that it may be restricted to vertical transmission or is species restrictive. Lineage 8
was described to have a similar phenotype to Rabensburg virus (lineage 3, Czech Republic
1997). Moreover, growth kinetics and vector competence studies revealed poor growth of the
Rabensburg virus in mammalian cell lines and low virulence in mice [36,82]. This similarity
could indicate that both lineage 8 and the Rabensburg strain may be restricted in host range
and are also maintained in nature through vertical transmission. Investigating the vector com-
petence of lineage 8 in different arthropod species (i.e. Culex, Aedes, and tick species) could
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lead to a better understand the transmission dynamics and maintenance cycles of WNV in
nature. The low virulence phenotype of the lineage 8 strain could also be a factor for its consid-
eration as a potential vaccine candidate for West Nile fever.

Further studies could complement our analysis, particularly, on other factors that could
explain differences in WNV host and disease dynamics. Exploring variations in codon usage
bias could also help explain biological differences [83], as distinct lineages have shown differ-
ent degrees of natural selection and mutational bias. Site-directed mutagenesis studies may
also help explain how strain-specific mutations, both synonymous and non-synonymous,
could explain deviations in replication efficiency and virulence for our in vitro and in vivo
results. For example, future studies in cell lines with interferon may help clarify the impact of
the S653F NS5 mutation for the lineage 7 strain. Additionally, the flavivirus 5’ and 3’ untrans-
lated regions (UTR) can affect replication and translation; certain mutations in these regions
can cause complete viral attenuation [84-87]. Unfortunately, we could not investigate their
impact in this study, as the majority of WNV UTR’s were publically unavailable.

Taking everything into account, especially differences in sequences, growth dynamics and
virulence in vivo, the West Nile virus is a pathogen with the capability to cause severe epidem-
ics anywhere in the globe. As complete genome sequences including the 5’ and 3” UTR regions
are currently being generated, this could lead to future studies focused on in vivo transmission
and growth dynamics. As additional strains of WNV are characterized, monitoring the global
diversity and distribution will aid in threat assessment and epidemiological modeling if future
outbreaks are to occur.

Materials and methods
Cell lines

Two cell lines have been used for virus cultivation and growth kinetics. Ap61 cells (Aedes pseu-
docutellaris) were grown in L15 (Leibovitz’s 15) medium (10% heat-inactivated fetal bovine
serum [FBS], 1% penicillin-streptomycin, 0.05% amphotericin B [Fungizone] (GIBCO by life
technologies; USA) and 10% tryptose phosphate (Becton, Dickinson and Company Sparks,
USA) and incubated at 28°C without CO,. Vero cells (African green monkey kidney epithelial
cells; Cercopithecus aethiops) (obtained from Sigma Aldrich, France) were grown using the
same medium without tryptose phosphate and CO,. Furthermore, PS (Porcine Stable kidney
cell line, American type Culture Collection, Manassas, USA) cells were grown in same condi-
tions than Vero cells and have been used for plaque assay.

Virus strains

The virus strains used in this study corresponding to lineages 1, 2, Koutango (lineage 7) and 8
were described in Table 1. The virus stocks were prepared by inoculating Aedes pseudoscutel-
laris (Ap61) continuous cells lines for 4 days. The infection status was tested by immunofluo-
rescence assay (IFA), real-time RT-PCR (Reverse Transcriptase-Polymerase Chain Reaction)
and plaque assay. The supernatant of infected cells were aliquoted, frozen at -80°C, and used
as viral stocks for growth kinetics.

Phylogenetic analyses

A total of 862 complete WNV polyprotein gene sequences with country and year of isolation
data were available and initially downloaded from Genbank for this study. A large number of
sequences were from the Americas and formed a monophyletic group of lineage 1a comprising
770 sequences. To reduce computer-processing requirements while maintaining the authenticity
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of our results, we removed all lineage 1a sequences except for a single representative sequence
denoted “NY99” (accession number: AF196835). With the addition of 3 new sequences, a total
of 95 sequences were aligned using Muscle v3.8.31 [88] and manually curated using Se-Al v2
[89]. For Fig 1, the available complete polyprotein sequences representative of WNV diversity
(excluding lineage 6, which there is only a partial sequence available) were included to compare
genetic percent identities.

Likelihood mapping analyses for estimation of data quality were performed using Tree-
Puzzle (Quartets ranged between 10,000 and 40,000) [90,91]. For each alignment we per-
formed recombination screening (RDP, GeneConv, Chimaera, MaxChi, BootScan and SiScan)
in RDP4.61 [92].

The Bayesian phylogenetic analysis was performed using Bayesian Inference (BI) using a
general time-reversible with gamma-distributed rate variation and invariant sites model (GTR
+I'+1), as selected by Akaike’s information criterion (AICc) in jModelTest 0.1 [93]. The evolu-
tionary analysis was conducted assuming a relaxed Gamma clock and GMRF Bayesian Skyride
coalescent tree prior. We then employed a Bayesian MCMC approach using BEAST v1.8.4 and
performed five independent MCMC runs with up to 100 million generations to ensure the
convergence of estimates. Trees were summarized in a maximum clade-credibility tree after a
10% burn-in [94] and used Tracer (http://beast.bio.ed.ac.uk/Tracer) to ensure convergence
during MCMC by reaching effective sample sizes greater than 100.

To reduce the number of sequences from the original 862 downloaded from Genbank, a
maximum likelihood tree was estimated using FastTree v2.1.7 [95] after identical alignment
and curating methods. FastTree was run using GTR+I'+I nucleotide model with 2000 I'-rate
categories, exhaustive search settings, with 5000 bootstrap replications using the Shimodaira-
Hasegawa (SH) test. The analysis was repeated for the dataset of 95 sequences to compare tree
topologies inferred by the Bayesian approach (S1 Fig). All alignments referred to in this manu-
script can be found at https://github.com/caiofreire.

Growth kinetics

To perform this study and make it comparable with other studies [60,96], viral stocks were
standardized in number of plaque forming units per milliliter (PFU/mL) for cell infections
rather than copy numbers of genome. The growth kinetics assays were performed in 12-well
plates using one plate per virus strain with one uninfected well as a negative control. Each well
was seeded with 2.4x10° Ap61 or Vero cells in a volume of 400 pl of appropriate medium and
infected with 2.4x10° PFU (plaque-forming unit) of virus in 400 pl of medium, resulting in a
multiplicity of infection (MOI) of 0.01. After an incubation time of 4 hours, the medium was
removed and replaced with 2 ml of new medium to set a zero point for the growth curves (Tj).
The harvesting of one well occurred at 22, 28, 50, 75, 99, 124, and 146 h post infection. Each
harvest was performed as follows. Supernatants were removed and frozen at -80°C in small ali-
quots. Cells were washed once with phosphate-buffered saline (PBS) and then removed in

500 pl PBS. A volume of 20 pl of cell suspension was dried on a glass slide for a subsequent
immunofluorescence assay as previously described [97] to measure viral proteins production.
The remaining cell suspensions were frozen at -80°C.

RNA was extracted from cell suspensions and supernatants and copy numbers of genome
were quantified by real time RT-PCR as previously described [98]. Infectious viral particles
were measured in supernatants by plaque assay also as previously described [99]. This study
was performed two times on each cell type. The initial titers of lineages 1, 2, 7 and 8 were
respectively 3x10% 5x10% 7.5x10° and 10" PFU/ml. For each lineage, 2.4x10° PFU were used
for kinetics in mosquito and mammal cells. The ratio of particles per infectious unit in the
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initial viral stocks ranged from 8 to 600 [98]. Our viral stocks had a similar ratio of particles
per infectious unit as that seen produced by fully infectious extracellular WN virus particles
[100] and mosquito-derived replicon WN virus particles [101]. Variances in replication effi-
ciency between studies observed during in vitro infection could be explained to differences in
the viral strain and to the infection conditions i.e. very low MOIs (0.01), and distinct cell lines.

Mouse infection and survival studies

Mice were produced in the Institut Pasteur de Dakar farm, located in Mbao, approximately 15
kilometers from Dakar, Senegal. After one week of acclimatization, five-to-six-week-old Swiss
mice were challenged by intraperitoneal (IP) injection with 100, 1000 and 10000 PFU of WNV
lineages diluted in phosphate buffer saline + 0.2% endotoxin-free serum albumin (BSA). For
each lineage and dose, two independent experiments of infection were made. Each individual
experiment had 4 to 8 mice. A group of mice inoculated in parallel with an equivalent volume
of phosphate buffer saline + 0.2% endotoxin-free serum albumin (BSA) was maintained as a
control. Mice were kept on clean bedding and given food and water ad libitum. Infected ani-
mals were monitored daily for first signs of encephalitis (hunching, lethargy, eye closure, or
hind legs paralysis) and death throughout the 21 days after infection. All statistical inferences
were calculated using the Wilcoxon rank sum test.

Selection

To evaluate selection patterns on the complete coding sequences, we estimated the ratio of sub-
stitution rates (w) per non-synonymous site (dN) over synonymous substitutions per synony-
mous site (dS) per codon sites. Briefly, sites with w>1 are assumed to be under positive
(diversifying) selection, and sites where w<1 are undergoing negative (purifying) selection.
When w = 0, the site is undergoing neutral selection. To estimate w, we applied three maximum
likelihood methods: single likelihood ancestor counting (SLAC), fixed-effects likelihood (FEL),
and internal fixed-effects likelihood (IFEL). We also investigated the presence of transient (epi-
sodic) selective pressures, using the mixed-effects model of evolution (MEME) [102] and fast,
unconstrained Bayesian approximation (FUBAR) [103] approaches. For FEL, SLAC, IFEL, and
MEME analyses, sites were identified as undergoing significant positive selection when p-value
<0.10. For FUBAR, sites were identified as undergoing positive selection when there was a pos-
terior probability >0.90. All estimations were implemented using HyPhy v2.11 [104].

RNA extraction and quantitative real-time (QRT-PCR)

Extraction of viral RNA from supernatants was performed with the QlAamp viral RNA mini
kit (Qiagen, Heiden, Germany) according to manufacturer’s instructions. For cell fractions,
prior to RNA extraction, cells were lysed by serial cycles of freeze/thaw. For the detection and
quantification of viral RNA, a consensus WNV real-time RT-PCR assay and corresponding
RNA standard were used as previously described [98]. The real-time PCR assays were per-
formed using the Quantitect Probe RT-PCR Kit (Qiagen, Heiden, Germany) in a 96-well plate
under the following conditions: 50°C for 10 min, 95°C for 15 min followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. Copy numbers of genome were calculated using Ct (Cycle
threshold) and corresponding RNA standard.

Complete polyprotein sequencing

Overlapping RT-PCRs were done to recover the complete genome. All primer sequences can
be found in the S3 Table. The NS5, envelope and NS5-partial 3’UTR regions were first
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amplified using flavivirus consensus or West Nile specific primers [1,105,106], followed by
amplification of NS3 region using designed WNV primers. The 5’ non-coding region of the
genome was obtained using the 5’RACE kit (Invitrogen, Carlsbad, USA) and a designed con-
sensus primer in the capsid protein for reverse primer. Finally, specific primers were designed
according to the first sequences obtained and a second step of RT-PCR was done to obtain the
complete genome.

The PCR fragments were obtained using AMV reverse transcription kit (Promega,
Madison, USA) for reverse transcription and Go-Taq PCR kit (Promega, Madison, USA) for
amplification. The RT conditions were set according to the manufacturer’s instructions, and
the PCR conditions were as follows: 5 minutes at 95°C, 40 cycles of 1 minute at 95°C, 1 minute
at 53°C, 1 to 4 minutes (according the size of the PCR product) at 72°C, and 10 minutes at
72°C. The PCR products were purified from the agarose gel using the Gel extraction kit (Qia-
gen) and sequenced by Cogenics (Beckman Coulter Genomics, Essex, UK).

Immunofluorescence assay (IFA)

Infected cells at different time points were dissolved in PBS and dropped on a glass slide. After
complete drying, cells were fixed for at least 20 min in cold acetone, dried again, and then
stored at -20°C until staining. Staining was done with a WNV-polyclonal mouse immune ascit
diluted in PBS and incubated for 30 minutes at 37°C. After washing three times with PBS, cells
were incubated with the second antibody (goat anti-mouse IgG, fluorescein isothiocyanate
[FITC] conjugated Biorad), diluted 1:40 and blue Evans 1/100 in PBS, for 30 minutes at 37°C
in the dark. The cells were washed again three times with PBS, dried, and covered with 50%
glycerol in PBS. After dehydration, examination was done by fluorescence microscopy.

Genbank accession numbers

KJ831223, FJ159131, AY277251, FJ159130, FJ159129, AY765264, KY703856, DQ176636,
HM147823, FJ425721, KT207791, KJ934710, KP780840, KP780839, KT359349, KC496016,
KC407673, KF179639, KJ883346, KC496015, HQ537483, KF647251, KT207792, JN858070,
KP109692, KF179640, KM203863, KP780838, KP780837, KM203861, KM203862, JN393308,
EF429197, EF429198, HM 147824, EF429199, KM 052152, EF429200, GQ903680, HM 147822,
GQ851605, DQ256376, GQ851604, ]X041632, GQ851602, KT934796, KT934801, JX123031,
JX123030, KT934800, KT934802, KT934803, GQ851603, KT934797, KT934799, KT934798,
JX041628, JX041629, JX041630, HM051416, KT163243, EU249803, KC601756, ]X442279,
JX041634, KU588135, JQ928175, JN858069, KF647253, KC954092, ]Q928174, JX556213,
JE707789, F]766331, F]766332, JE719069, FJ483549, FJ483548, JE719066, JF719067, KF234080,
GU011992, JF719068, DQ786573, AY701413, HM152775, AY701412, GQ851606, GQ851607,
GQ379161, AF196835, KY703855, EU082200, KY703854, AY532665.

Supporting information

S1 Fig. Phylogenetic inference of West Nile virus using a maximum-likelihood tree. The
Shimodaira-Hasegawa values greater than 70% are shown at respective nodes. Tip labels are
colored by proposed lineage. Sequences from Table 1 are labeled.

(TIF)

S2 Fig. Selection regimens acting on codons of West Nile Virus polyprotein via FUBAR

method. The dashed line marks neutral selection (dN-dS = 0), points above the line (AN>dS)
are under diversifying selection and below (AN <dS) are under purifying selection. The inten-
sity of the point color is proportional to the posterior probability to observe that codon under
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the selection regimen, calculated with Fubar method.
(TIF)

S3 Fig. Selection regimens acting on codons of West Nile Virus polyprotein via MEME
method. Using 95 WNV sequences, A) diversifying selection (AN>dS) and B) purifying selec-
tion (AN <dS) were estimated. The intensity of the point color is proportional to the posterior
probability to observe that codon under the selection regimen, calculated with MEME method.
Significant positively selected sites detected by other methods were also included in A).

(TIF)

S1 Table. Raw data for FUBAR analysis.
(DOCX)

S2 Table. Raw data for MEME analysis.
(CSV)

S3 Table. List of primers used for sequencing. The NS5, envelope and NS5-partial 3’UTR
regions were first amplified using flavivirus consensus or West Nile specific primers. This was
followed by amplification of NS3 region using designed WNV primers. Finally, specific prim-
ers were designed according to the first sequences obtained and a second step of RT-PCR was
done to obtain the complete genome.

(DOC)

S1 Dataset. Raw growth kinetics data. Raw data for Fig 3.
(XLSX)

$2 Dataset. Raw mice survival data. Raw data for Fig 5.
(XLSX)
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