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Abstract

The error rate of the RNA-dependent RNA polymerase (RdRp) of RNA viruses is important in maintaining genetic diversity for

viral adaptation and fitness. Numerous studies have shown that mutagen-resistant RNA virus variants display amino acid

mutations in the RdRp and other replicase subunits, which in turn exhibit an altered fidelity phenotype affecting viral fitness,

adaptability and pathogenicity. St. Louis encephalitis virus (SLEV), like its close relative West Nile virus, is a mosquito-borne

flavivirus that has the ability to cause neuroinvasive disease in humans. Here, we describe the successful generation of

multiple ribavirin-resistant populations containing a shared amino acid mutation in the SLEV RdRp (E416K). These E416K

mutants also displayed resistance to the antiviral T-1106, an RNA mutagen similar to ribavirin. Structural modelling of the

E416K polymerase mutation indicated its location in the pinky finger domain of the RdRp, distant from the active site. Deep

sequencing of the E416K mutant revealed lower genetic diversity than wild-type SLEV after growth in both vertebrate and

invertebrate cells. Phenotypic characterization showed that E416K mutants displayed similar or increased replication in

mammalian cells, as well as modest attenuation in mosquito cells, consistent with previous work with West Nile virus high-

fidelity variants. In addition, attenuation was limited to mosquito cells with a functional RNA interference response,

suggesting an impaired capacity to escape RNA interference could contribute to attenuation of high-fidelity variants. Our

results provide increased evidence that RNA mutagen resistance arises through modulation of the RdRp and give further

insight into the consequences of altered fidelity of flaviviruses.

INTRODUCTION

St. Louis encephalitis virus (SLEV) is a mosquito-borne
member of the genus Flavivirus, family Flaviviridae, and,
like its close relative West Nile virus (WNV), has the ability
to cause neuroinvasive disease in humans. These viruses are
maintained in transmission cycles between Culex mosqui-
toes and birds, with humans acting as dead-end hosts. Prior
to the introduction of WNV in North America in 1999,
SLEV was the major cause of epidemic encephalitis by an
arbovirus in the USA [1, 2].

All flaviviruses contain a single-stranded, positive-sense

RNA genome of approximately 11 kb, encoding a single

polyprotein consisting of structural proteins including cap-

sid (C), premembrane (prM) and envelope (E) and non-

structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,

NS5), with additional 5¢ and 3¢ UTRs. The NS5 encodes two
enzymatic domains, including the methyltransferase
(MTase) domain at the N-terminus and the RNA-depen-
dent RNA polymerase (RdRp) at the C-terminus [3], which
is directly responsible for replication of the viral genome
[4]. Due to lack of proofreading ability, RNA viruses con-
taining RdRps have a high intrinsic error rate; approxi-
mately 1 mutation per 10 000 nucleotides copied [5] or, in
the context of SLEV, ~1 error per genome copied. This high
error rate, i.e. low-fidelity RdRp, together with high replica-
tion rates, produces a diverse intrahost population of geneti-
cally related but heterogeneous variants collectively referred
to as the ‘mutant swarm’ [6]. Intrahost genetic diversity has
been hypothesized to allow flaviviruses to rapidly adapt to
new environments and evolve resistance to antiviral drugs,
as well as contribute to viral fitness and virulence [7–14].
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Ribavirin is a compound that has been shown to exhibit
antiviral activity against many RNA and DNA viruses, both
in vitro and in vivo [15]. Ribavirin triphosphate, the primary
metabolite form of ribavirin, enters the virus’s host cell and
acts as a nucleoside analogue that is incorporated into viral
genomes during RNA synthesis. Because of its ability to pair
with both uracil and cytosine, ribavirin triphosphate has
been shown to cause transition mutations in replicating
genomes. Ribavirin is primarily known to exert antiviral
activity by increasing the error rate of viral genome replica-
tion, resulting in an accumulation of lethal mutations and
consequently a dramatic reduction in infectious viral prog-
eny due to error catastrophe [16]. Previous studies have
demonstrated that subjecting a virus to sublethal concentra-
tions of ribavirin can select for ribavirin-resistant variants
characterized by increased polymerase fidelity [17–22].

A number of studies with high-fidelity variants of enterovi-
ruses [23–25], as well as recent work with chikungunya
virus [19] and WNV [22], demonstrate that decreases in
mutation rate are often associated with decreased fitness
and pathogenesis in single-host systems. A diminished abil-
ity to produce diverse mutant swarms could be particularly
detrimental to arboviruses given the requirement for infec-
tion, replication and transmission within and between dis-
parate tissues and distinct hosts. Differences in host
requirements and/or mutational robustness likely make the
cost of altered fidelity both virus and host specific. Investi-
gations of genetic diversity in SLEV and WNV have led to
observations that SLEV has a relatively reduced capacity to
maintain intrahost diversity [26, 27] and that this reduced
diversity could have direct consequences on SLEV adapt-
ability and host range [8].

Studies presented here were designed with the goal of inves-
tigating the unique phenotypic and genotypic characteristics
of mutagen-resistant SLEV. The generation of multiple riba-
virin-resistant SLEV populations with a shared amino acid
mutation in the RdRp (E416K) is described. Genetic, pheno-
typic and structural characterization of these variants
provides additional evidence that mutagen-resistant popula-
tions develop through dynamic modulation of the RdRp
and gives further insight into the mechanism and conse-
quences of altered polymerase fidelity of flaviviruses.

RESULTS

Generation of SLEV with reduced ribavirin
susceptibility

Susceptibility of wild-type SLEV-IC to ribavirin in baby
hamster kidney (BHK) cell culture was determined prior to
passaging (Fig. 1a). SLEV-IC was sequentially passaged
eight times on BHK cells, in two parallel lineages, with each
lineage passaged in the absence or presence of both 250 and
500 µM ribavirin (Fig. 1b) Infectious titres after growth in
each concentration were used to determine which progeny
viruses were used for the subsequent passage, with the goal
of exerting the maximum selective pressure (ribavirin con-
centration) while also producing sufficient viral load for the

subsequent passage. Treatment with 500 µM at passages 1–
3 resulted in titre reductions from ~4 log10 p.f.u. ml�1 after
the first passage to ~2.5 log10 p.f.u. ml�1 after passage 3
(Fig. 2a). Inocula for these passages were therefore taken
from harvests grown in the presence of 250 µM. By passage
4, infectious titre reduction decreased to just over 1 log10
p.f.u. ml�1. As a result, inoculum for passage 5 (and subse-
quent passages) was taken from growth in the presence of
500 µM. Continued passaging in the presence of 500 µM
ribavirin displayed accumulation of resistance in both line-
ages, as shown by both a reduced reduction relative to the
SLEV-IC and an overall decrease in susceptibility compared
to earlier passages. By passage 6, a high level of resistance
was obtained, particularly for lineage A, for which no mea-
surable effect of ribavirin was evident using this methodol-
ogy. Increased pretreatment time (1–4 h) was subsequently
utilized in an attempt to select for greater resistance; how-
ever, decreased resistance was apparent in both populations
for passages 7 and 8 (Fig. 2a).

Ribavirin resistance screen of plaque-purified
populations

The decreased resistance to ribavirin measured in passage 8
populations (Fig. 2a) was likely due to the altered methodol-
ogy, yet we assumed resistant variants were likely to still be
present in the population. In an attempt to identify mutants
associated with resistance, we therefore isolated 10 individ-
ual biological clones (plaques) from each population; 6A,
6B, 8A and 8B. Of these 40 biological clones, 36 were suc-
cessfully amplified on BHK cells (20 from passage 6; 16
from passage 8). Ribavirin resistance screens of all 36 clones
in BHK cells identified 12 individual populations with sta-
tistically reduced ribavirin susceptibility as compared to
SLEV-IC (t-test, P<0.05); 1 from passage 6B, 5 from passage
8A and 6 from passage 8B. Of these 12 clones, 7 were cho-
sen for sequence analysis and further characterization
(Fig. 2b): 1 clone from 6B (clone 6) and 3 each of the most
resistant populations, 8A and 8B (clones 2, 3 and 6 and
clones 6, 9 and 10, respectively). Despite the lack of signifi-
cantly resistant clones identified in 6A, the clone from this
population that demonstrated the lowest ribavirin suscepti-
bility (clone 9) was included in downstream characteriza-
tion in order to obtain representative viruses from all
populations.

Assessment of mutagen resistance with other
systems

To demonstrate that accumulated resistance in BHK cells
was due to the selection of ribavirin-resistant viral mutants
rather than BHK adaptation, ribavirin susceptibility of the
clones demonstrating the highest level of resistance on BHK
cells was determined on HeLa cells, which are known to
readily take up ribavirin [18, 28]. Treatment with 100 µM
ribavirin resulted in significantly lower reduction in infec-
tious titres of 6B-6, 8B-6 and 8B-9 relative to SLEV-IC at
72 h post-infection (p.i.) (Fig. 3a; P�0.05, Student’s t-test).
As with BHK experiments, the most resistant clone was
determined to be 8B-9.
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Viral variants exhibiting resistance to ribavirin are likely to
be higher-fidelity variants [18, 20, 29], yet lethal mutagen-
esis is just one of many identified antiviral mechanisms of
ribavirin [30–33]. To determine if ribavirin-resistant var-
iants showed resistance to other mutagens (therefore impli-
cating altered fidelity in decreased susceptibility), two of the
most resistant viruses, 6B-6 and 8B-9, were subjected to
treatment with T-1106, a recently developed antiviral drug
for treatment of RNA virus infections [34]. Initial treatment
with T-1106 demonstrated that wild-type SLEV is sensitive
to the drug in BHK cells, with a >3 log10 reduction in

infectious titre with 100 µM treatment (Fig. 3b). Both 6B-6
and 8B-9 viruses displayed significantly reduced sensitivity
to T-1106 after treatment with 100 µM, as compared to the
wild-type control (Fig. 3b). Decreased susceptibility to both
T-1106 and ribavirin suggests a broad mechanistic basis
consistent with increased RdRp fidelity.

NS5 sequencing

Sequencing of the complete NS5 gene from parental popula-
tions (6A, 6B, 8A, 8B) and ribavirin-resistant clones
(Fig. 2b) was performed to identify point mutations with a
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Fig. 1. Initial characterization and experimental design. (a) Susceptibility of SLEV-IC to ribavirin on BHK cells. BHK cells were pre-
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Fig. 2. Selection of SLEV with reduced ribavirin susceptibility. (a) Serial passage of SLEV in BHK cells in the presence of ribavirin.

Log10 reduction in infectious titre refers to the log difference between infectious titres with and without treatment. At each passage,

viruses were subjected to 250 and 500 µM ribavirin. The response to 500 µM ribavirin throughout the passage experiment is shown.

Inocula for passages 2–4 were taken following treatment with 250 µM and passages 5–8 following treatment with 500 µM ribavirin.

The pretreatment period was increased from 1 to 4 h for passages 7 and 8. (b). Ribavirin susceptibility of selected clones. Graph repre-

sents the mean overall difference in infectious titre of each clone (mean reduction ±SD), after treatment with two concentrations (250

and 500 µM) of ribavirin and growth on BHK cell culture, as compared to infectious titre obtained after growth of same clone without

ribavirin. Significance is determined by Student’s t-test as compared to mean overall reduction obtained with the SLEV-IC control.

*P�0.05, **P<0.01.
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putative role in mutagen susceptibility and/or RdRp fidelity.
A total of 30 mutations were identified in these variants,
including 9 nonsynonymous mutations resulting in residue
changes in both the MTase and RdRp domains of the NS5
(Table 1; GenBank accession no. KY271950–53). Interest-
ingly, passage 6B parental population and five of the eight
clones displayed a single shared mutation at nucleotide
position 8916 of the genome (G8916A), resulting in a gluta-
mic acid-to-lysine change at residue 416 of the RdRp
(E416K). Of these five clones, one represented lineage A
and the other four represented lineage B, demonstrating
parallel acquisition of this mutation. Further analysis of
sequence chromatograms showed evidence of a minority
population of G8916A in passage 6A, 8A and 8B parental
viruses, indicated by smaller secondary A peaks at the
8916 position. No other nonsynonymous mutations were
shared among resistant populations. In addition, no nonsy-
nonymous mutations were identified in the untreated,

BHK-passaged populations, as compared to the SLEV-IC,
suggesting that the NS5 changes observed in the treated
populations were most likely due to ribavirin pressure
rather than adaptation to BHK cells.

Molecular modelling and mapping of E416K

Based on the highly resolved crystal structure of the full-
length NS5 protein from Japanese encephalitis virus (JEV)
[35], the E416K mutation is located in motif G, or the pinky
domain, of the RdRp, distant from the active site of the
enzyme (Fig. 4). This residue has physical proximity to the
structurally conserved residues (410 and 411) of the pinky
domain known to interact with the +1/+2 junction of the
RNA template strand and, based on its position in the
incoming RNA template channel, could also interact with
the template strand. Superimposition of the JEV NS5 with a
crystal structure of the RNA primer–template complex
from HCV NS5B [35, 36] suggests that this interaction is
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Fig. 3. Resistance is not host cell or mutagen dependent. (a) Ribavirin susceptibility of selected clones on HeLa cells. Cells were pre-

treated and held with or without 100 µM ribavirin, in triplicate, following infection at a m.o.i. of 0.01, and harvested 3 days p.i. Reduction

in titre was determined by subtracting titre obtained in the presence of ribavirin from the titre obtained without drug. (Mean viral

reduction±SD is shown; *P�0.05, Student’s t-test). (b) T-1106 susceptibility of selected clones on BHK cells. Cells were pretreated and

held with or without 100 µM T-1106, in triplicate, following infection at a m.o.i. of 0.01, and harvested 3 days p.i. Reduction in titre was

determined by subtracting titre obtained in the presence of ribavirin from the titre obtained without drug. (Mean viral reduction±SD is

shown; *P�0.05, Student’s t-test).

Table 1. Observed NS5 amino acid substitutions in SLEV ribavirin-resistant variants

Mutation* Amino acid† Variants NS5 domain

C7867T T66I 8B-10 MTase

C7992T P108L 8A-2 MTase

C8197T A176V 8A-2 MTase

G8343A A225T 8B-10 MTase

G8346A A226T 8A-6 MTase

A8889G S407G 8A-6 RdRp

G8916A E416K 6A‡, 6B, 6B-6, 8A‡, 8A-2, 8A-3, 8A-6, 8B‡, 8B-6, 8B-9, 8B-10 RdRp

G9567A D633N 8A-6 RdRp

T9583C M638T 8A-6 RdRp

*Nucleotide position of complete genome of SLEV, Imperial Valley strain, GenBank accession no. JF460774.

†Amino acid residue position of SLEV NS5 gene, GenBank accession no. AEN02430.

‡Evidence of mixed populations observed in sequence chromatograms of parental sample.

Griesemer et al., Journal of General Virology 2017;98:201–211

204



likely. Bases +1, +0, –1 and �2 from the template strand are
ordered in the crystal structure, with the +2 base only show-
ing an ordered backbone. Despite this disorder, it is clear
that the sugar and phosphate of this +2 residue are posi-
tioned up the RNA template entrance tunnel (in close prox-
imity with A410 and A411), and residue 416 is likely to
interact with residues of the template at the +3 or +4
upstream position.

In vitro growth kinetics of ribavirin-resistant
viruses

To investigate possible alterations to replicative fitness asso-
ciated with ribavirin resistance in different hosts, growth
kinetics of four clones (6B-6, 8B-6, 8B-9, 6A-9), including
the most resistant clones, were assessed in mammalian
(BHK and HeLa) and mosquito (CxT) cells, and overall
mean and peak titres were compared to SLEV-IC. All var-
iants replicated to higher peak titres than SLEV-IC in BHK
cells (t-test, P<0.05), and reached peak titre sooner (48 vs
72 h, Fig. 5). With the exception of 6A-9, this increased rep-
licative fitness was also measured on HeLa cells. Growth
kinetics in invertebrate cells was more variable, with var-
iants demonstrating either statistically similar or attenuated
growth. However, 6B-6 and 6A-9 replicated to significantly
lower overall mean titres (paired t-test, P<0.05), and 6B-6,
6A-9 and 8B-9 had lower peak titres relative to SLEV-IC (t-
test, P<0.05; Fig. 5).

In order to assess how the lack of a functional RNA interfer-
ence (RNAi) response influenced viral replication [37], peak
viral load following growth on C6/36 cells was quantified
and compared to viral load following growth on CxT cells.

Despite attenuation on CxT cells for three of the four SLEV
clones, all variants grew to similar titres to SLEV-IC on C6/
36 cells (Fig. 6).

Population diversity analysis

To investigate how a mutagen-resistant variant containing
the E416K polymerase mutation differs in its capacity to
generate genetic diversity, mutation frequencies of an
approximately 3 kb region of SLEV-IC and 8B-9 were eval-
uated by deep sequencing after a single passage in BHK
and C6/36 cells. To ensure that viruses had gone through
the same number of replication cycles and mutation fre-
quencies could therefore be compared to make accurate
inferences about error rates, sequencing was completed for
virus populations isolated at 72 h p.i., when SLEV-IC and
8B-9 had statistically similar titres (Figs 5 and 6). Both
populations sequenced contained numerous low-frequency
variants (<1%) distributed throughout the 3 kb region, in
both cell lines. However, more positions across the SLEV-
IC genome displayed mutation frequencies above 1% as
compared to the 8B-9 virus (12 vs 3), and calculation of
the overall alternate allele frequency of the SLEV-IC was
significantly higher than 8B-9 in both BHK and C6/36
cells (Fig. 7; Mann–Whitney U test, P<0.001; 7.8�10�4 vs
6.7�10�4 and 8.6�10�4 vs 7.2�10�4, respectively), consis-
tent with a modest decrease in 8B-9 mutation frequency
relative to SLEV-IC.

DISCUSSION

Alteration of the replication complex of RNA viruses can
give insight into how the structure and function of these
proteins affect viral fitness, adaptability and pathogenesis in
their respective hosts [19–22, 38–41]. Our results are consis-
tent with past studies and give further evidence that modest
biochemical alterations in viral RdRps can not only confer
mutagen resistance but also slow the accumulation of intra-
host genetic diversity and ultimately have profound effects
on viral fitness and evolution. Generation of a ribavirin-
resistant SLEV was successful after six passages in BHK
with ribavirin treatment. The increased mutagen suscepti-
bility beyond passage 6 was not necessarily surprising. It has
been shown that cellular uptake of ribavirin and availability
for viral genome incorporation increases as pretreatment
time increases [28, 42], so the additional pretreatment time
at passages 7 and 8 presumably amplified the amount of
available ribavirin in the cells and therefore increased the
mutagenic effect. In addition, although more resistant
strains are presumably producing less genetic diversity, del-
eterious mutants continue to accumulate in the presence of
ribavirin. As a result, one can assume that infection of each
passage was completed with populations of increasing diver-
sity and therefore populations that are theoretically closer to
the error threshold.

As predicted, sequence analysis of the viruses used in this
study indicated that ribavirin-resistant populations acquired
amino acid changes in the RdRp that were not present in
untreated populations (Table 1). In fact, a single shared

MTase

Thumb

Palm

E416

Fig. 4. Structure of the NS5 protein with SLEV-E416K. The MTase

domain (cyan) and polymerase domain (blue) are shown in ribbon

form looking into the active site. Residue E416 is displayed as space-

filling spheres (red), and the catalytic GDD sequence (motif C) is in

stick representation (magenta).
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mutation in the RdRp (E416K) was identified in the consen-
sus sequences of five of the eight individual populations
analysed and one of the parental populations. Although not
observed as a consensus change, evidence of the mutation
was also present in minor populations of the other three
parental populations, explaining why all of the biological
clones studied did not contain the E416K mutation. The
identification of this RdRp mutation in ribavirin-resistant
viruses from both lineages, exclusively in mutagen-treated
viruses, and as the only mutation identified within the NS5
protein of the most resistant clone, 8B-9, suggests that this
residue is an important mediator of resistance. In addition,

the loss of the E416K mutation from a consensus mutation
in passage 6B (increased resistance) to a minority popula-
tion in passage 8B (reduction in resistance) lends further
support to its role.

Mapping of the SLEV E416K mutation using the highly
resolved JEV NS5 crystal structure indicated that it is posi-
tioned in the pinky domain distant from the known active
site of the enzyme, a characteristic that is common among
mutagen-resistant viruses [43]. Improved structural data of
this domain indicated that the pinky finger is bulkier than
the other fingers, forms one side of the dsRNA channel
and, because of its structural conservation among other
flaviviruses, most likely plays an important role in RdRp–
RNA complex stability as well as RdRp movement along
the RNA template strand [35]. The replacement of gluta-
mic acid with lysine (negative to positive charge) could
presumably perturb fidelity by altering the affinity of the
RdRp for the RNA template, yet given the dynamic nature
of these interactions, an accurate understanding of the bio-
chemical mechanism here would require complex enzy-
matic assays utilizing wild-type and mutant RdRps and
their subunits. While the E416K mutation is located in the
SLEV pinky domain and the high-fidelity mutations previ-
ously identified in WNV are located in the priming loop
and thumb domain, all these residues are predicted to have
some impact on complex stability [22]. These results add
to the growing body of evidence that residues remote from
the active site can have significant effects on replicase
function.

The E416K mutation is the only shared NS5 amino acid
change among the resistant clones; however, four additional
residues in the RdRp and five residues in the MTase region
were identified. A recent study with WNV was the first to
directly identify a role for the MTase in mutagen resistance
and clearly demonstrates that altered replicase subunit
interactions can have a profound effect on polymerase
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fidelity [22]. The mutations identified here provide addi-
tional support for the role of the flavivirus MTase and fur-
ther demonstrate that accurate and comprehensive
evaluation of RdRp function and fidelity requires considera-
tions of interactions among replicase subunits. Although the
goal of this study was to investigate the potential function of
the SLEV NS5 in mutagen resistance and mutation restric-
tion, it is also possible that mutations outside of the NS5,
particularly the helicase portion of the NS3, alter RdRp
function allosterically and/or protect against other mecha-
nisms of antiviral action.

The antiviral T-1106 is a pyrazine derivative structurally
related to T-705 (favipiravir) and designed to specifically
target the viral RdRp without affecting host-cell DNA or
RNA synthesis [44, 45]. Recently, T-705 has been shown to
exert its antiviral effects through induction of lethal muta-
genesis in influenza viruses [46], suggesting that these pyra-
zine derivatives may act as base analogues similar to
ribavirin. Studies of these compounds have demonstrated
antiviral activity against many RNA viruses in vivo, includ-
ing the flaviviruses WNV and yellow fever virus [34]. We
have demonstrated that not only is T-1106 effective against
wild-type SLEV in vitro but ribavirin-resistant variants also
acquired resistance to T-1106, adding more support to the
hypothesis that the mutations conferring resistance likely
modulate fidelity of the viral RdRp.

The observation of decreased intrahost diversity of 8B-9 in
both BHK and C6/36 cells, as compared to the wild-type, fur-
ther supports the notion that 8B-9 possesses a higher-fidelity
phenotype most likely conferred by E416K. The alternate
allele frequencies observed across the genome were within the
range of what would be expected for RNA polymerase error
rates, yet the use of a high-fidelity polymerase amplification,
the combined error rates of the reverse transcriptase, the DNA
polymerase and the Illumina MiSeq technology together make
it difficult to distinguish amplification and sequencing errors

from true low-frequency variants. Nonetheless, the experi-
mental methods for amplification, library preparation,
sequencing and analysis were identical for all samples, and
thus it can be assumed that there was no error bias for any
specific sample and that comparison of overall variant fre-
quencies is therefore an accurate reflection of relative differen-
ces in viral mutation frequencies.

Recent studies with chikungunya virus antimutator and
mutator variants reported that increased mutation fre-
quency seen with mutator variants in mammalian cells was
negated in mosquito cells and mutation frequency of the
wild-type and mutator variants was lower in mosquito cells
as compared to mammalian cells [38]. In contrast, analyses
of 8B-9 presented here show lower mutation frequencies in
both mammalian and mosquito cells relative to SLEV-IC
and higher mutation frequencies of both SLEV-IC and 8B-9
in mosquito cells as compared to vertebrate cells. The more
diverse mutant swarms in mosquito cells are consistent with
previous studies indicating that genetic diversity is well tol-
erated and possibly selected for in the mosquito host [6, 9,
13, 47, 48]. Together, these studies demonstrate that muta-
tional frequencies are likely both virus and host dependent.

Van Slyke et al, found that increased fidelity of WNV resulted
in equivalent replicative fitness in vertebrate cells and a mod-
est attenuation in mosquito cells [22]. Consistent with this,
mutagen-resistant SLEV demonstrated either similar kinetics
or a replicative advantage in vertebrate cells, as well as equiva-
lent kinetics or modest attenuation in mosquito cells. The
increased viral titres in vertebrate cells are likely due to adap-
tive mutations that are independent of NS5 mutations,
consistent with previous studies with SLEV demonstrating
cell-specific adaptation in vitro [27, 49]. Although it is possible
that any fitness costs induced by altered RdRp function in
mammalian cells may be overcome by compensatory adaptive
mutations, these results generally support the idea that viral
fitness in vertebrate cells is not significantly impaired by

SLEV-IC 8B-9

0

0.0002

0.0004

0.0006

0.0008

0.0010

C6/36

A
lte

rn
at

e
 a

lle
le

 f
re

q
u
e
n
c
y

BHK

SLEV-IC 8B-9

0

0.0002

0.0004

0.0006

0.0008

0.0010
A

lte
rn

at
e
 a

lle
le

 f
re

q
u
e
n
c
y ∗∗

∗∗

Fig. 7. Decreased mutation frequency of 8B-9 relative to SLEV-IC. Mean alternate allele frequency of SLEV-IC and 8B-9 in BHK and

C6/36 cells±SEM across the sequenced genome (~3000 bp). Alternate allele refers to any base call other than that of the majority con-

sensus. Significantly higher frequencies were measured for SLEV-IC in both cell lines relative to SLEV 8B-9 (**Mann–Whitney U test,

P<0.001).

Griesemer et al., Journal of General Virology 2017;98:201–211

207



increased RdRp fidelity. As has been shown in other systems
[17, 19, 41, 50], decreases in virulence and/or kinetics in vivo
are not always reflected by in vitro kinetics, so future experi-
mentation with animal models could reveal additional pheno-
typic alterations.

The loss of replicative fitness of multiple variants in mos-
quito cells, although consistent with previous studies of
fidelity variants [19, 22], could also be explained by pheno-
typic trade-offs resulting from adaptation to BHK cell cul-
ture. Although host specialization does not consistently
result in a phenotypic cost in divergent cell lines, studies
with mosquito-cell-adapted SLEV did document a fitness
cost in vertebrate cell culture with some strains [8, 27], and
such trade-offs have also been documented with other arbo-
viruses following adaptation to BHK cells [51, 52]. Taken
together, studies with WNV in both mosquitoes and cell
culture demonstrate a correlation between genetic diversity
and viral fitness and suggest that this could be tied to the
capacity to effectively evade the invertebrate RNAi response
[7, 47, 53]. It is logical that a decreased capacity to produce
mutations would hinder the ability of a virus to evade a
response that relies on precise sequence recognition. Our
results support this. Specifically, we demonstrate that ribavi-
rin-resistant variants that are attenuated in CxT cells are
not attenuated in C6/36 cells, which lack a functional RNAi
response. Further studies characterizing how the extent and
specificity of RNAi responses compare among infections
with variants possessing altered replicase function are
needed to fully understand this relationship. Furthermore,
comprehensive assessment of the influence of E416K and
other mutations will ultimately require the creation and uti-
lization of SLEV reverse-genetics systems. Such studies will
help to elucidate the role and mechanism of the flavivirus
replication complex in viral fitness and adaptation.

METHODS

Cells and viruses

African green monkey kidney cells (Vero, ATCC), BHK
cells (BHK-21, ATCC) and human cervical cancer cells
(HeLa, ATCC) were grown in EMEM supplemented with
10% (v/v) FBS, 2 mM L-glutamine, 1.5 g l�1 sodium bicar-
bonate, 100 U ml�1 penicillin and 100 µg ml�1 streptomy-
cin. Aedes albopictus mosquito cells (C6/36, ATCC no.
CRL-1660) were grown in MEM supplemented with 10%
(v/v) FBS, 2 mM L-glutamine, 1.5 g l�1 sodium bicarbonate,
0.1 mM non-essential amino acids, 100 U ml�1 penicillin
and 100 µg ml�1 streptomycin. Culex tarsalis mosquito cells
(CxT), originally from University of California Davis and
kindly provided by A. Brault (Centers for Disease Control
andPrevention Fort Collins), were grown in Schneider’s
insect medium (Sigma) supplemented with 10% (v/v) FBS.
Mammalian cells were grown and maintained at 37

�
C in

5% CO2, and mosquito cells, at 28
�
C in 5% CO2.

Wild-type SLEV-IC was previously generated in the arbovi-
rus laboratory using an infectious cDNA clone kindly

provided by A. Brault (Centers for Disease Control and Pre-
vention Fort Collins). This clone was originally created
from SLEV strain IMP115, isolated from a pool of C. tarsalis
mosquitos from Imperial Valley, CA, in 2003. Virus was
rescued in BHK cells using a two-plasmid reverse-genetics
system as previously described [54]. In order to keep popu-
lation diversity at a minimum and directly compare ribavi-
rin effects in the absence of other contributing factors, such
as host adaptation and increased diversity due to passaging,
rescued virus amplified once on BHK cells was used as the
starting stock virus in ribavirin selection and subsequent
characterizations.

Mutagen passage and creation of ribavirin
resistance

SLEV-IC was passaged eight times in six-well plates seeded
with BHK cells, in the presence or absence of ribavirin, and
harvested 3–4 days p.i. (Fig. 1). Cells were pretreated with
maintenance media (with either no drug) or 250 or 500 µM
ribavirin (Sigma) for 1 h (pass. 1–6) or 4 h (pass. 7 and 8),
incubated with virus for 1 h at 37

�
C, washed and overlaid

with fresh media with the same concentrations of ribavirin.
Each passage experiment contained a fresh untreated,
unpassaged SLEV-IC control, which was subjected to ribavi-
rin treatment, as well as an untreated, BHK-passaged virus.
For the first passage, virus was inoculated at a m.o.i. of 0.1
into duplicate wells, each assigned as a separate lineage (A
and B) throughout the passage experiments. Infectious titres
were measured by Vero cell plaque assay after each passage
and used to determine which progeny virus population, i.e.
grown in the presence of 250 or 500 µM ribavirin, to use for
infection of each subsequent passage. To provide adequate
selective pressure without lethality, the concentration that
reduced viral populations approximately 2 logs, but not
more than 2 logs, was chosen for the next passage. Inocula
for passages 1–4 were from growth in 250 µM ribavirin, fol-
lowed by 500 µM inocula for passages 5–8. The m.o.i.
ranged from 0.001 to 0.1 with passages 1–4 and, as resis-
tance developed and titres increased in treated viruses, was
consistently 0.01 with passages 5–8. Reductions in titre
resulting from ribavirin treatment were compared at each
passage for both lineages and the SLEV-IC. This was per-
formed by subtracting the viral titre observed with treat-
ment from the titre observed without treatment.

Plaque isolation

Harvested parental populations from passages 6A, 6B, 8A
and 8B were serially diluted to concentrations that produced
between 10 and 50 well-separated plaques and inoculated
onto confluent BHK cell monolayers for standard plaque
assay. Ten distinct plaques were picked from each passage
and lineage, and the agarose plug was transferred to 250 µl
EMEM+20% (v/v) FBS and frozen for further analysis. To
create a larger stock for downstream studies, 100 µl of puri-
fied plaque sample was amplified once in BHK cells and
titrated by Vero cell plaque assay. The remaining sample
was used for RNA purification and sequencing.
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Viral growth kinetics

Six-well plates containing confluent monolayers of BHK,
HeLa and CxT cells were infected with virus, in triplicate, at a
m.o.i. of 0.01. Virus was allowed to adsorb to the cells for 1 h
at 37

�
C (BHK and HeLa) or 28

�
C (CxT), after which the

inoculum was removed and wells were washed with mainte-
nance media and replaced with 3 ml maintenance media.
Supernatant (50 µl) was taken from each well at 1, 24, 48, 72
and 96 h p.i. All samples were diluted 1 : 10 with EMEM+20
% (v/v) FBS and frozen at �80

�
C. Samples were titrated by

Vero cell plaque assay as previously described [55], in dupli-
cate, with six-well plates and averaged. Growth curves were
plotted using the triplicate geometric mean titre and SD (log10
p.f.u. ml�1) for each time point.

NS5 amplification and sequencing

A total of 24 samples were chosen for sequencing analysis:
ribavirin-treated parental populations 6A, 6B, 8A and 8B (at
500 µM ribavirin); BHK serially-passaged, untreated popula-
tions 6A, 6B, 8A and 8B; and eight clonal populations from
ribavirin-treated parental populations – 6A-9, 6B-6, 8A-2, 8A-
3, 8A-6, 8B-6, 8B-9 and 8B-10. Both the unpassaged and
BHK-passaged harvests of each of the clones were analysed.
RNA was extracted using the QIAamp Viral RNA Mini kit
(Qiagen) according to the manufacturer’s protocol. The entire
NS5 gene was amplified by RT-PCR in four overlapping frag-
ments, each between 1.0 and 1.5 kb, for a total sequence length
of approximately 4.8 kb using the Qiagen OneStep RT-PCR
kit (primer sequences upon request).

PCRs were visualized by gel electrophoresis and gel purified
using the MinElute Gel Extraction kit (Qiagen) when multi-
ple non-specific bands were seen. In instances when only
one amplification product was observed, i.e. a single band
on the gel, PCR products were purified directly from PCRs
using the QIAquick PCR Purification kit.

Multiple primers targeting sequence within each amplicon
were used for bidirectional sequencing to create at least two-
fold overlapping coverage of the entire NS5 gene (full list
available upon request) All sequencing was performed at the
Albert Einstein College of Medicine’s Genomics Core using
an Applied Biosystems 3730 automated sequencer (Life Tech-
nologies). Sequences were compiled and edited using the Seq-
Man module of the DNAStar software package, version 8.0
(DNAStar). Consensus sequences from samples were aligned
and compared to that of the unpassaged, untreated SLEV-IC
wild-type sequence using Sequencher (Gene Codes).

Molecular modelling

NS5 crystal structures were obtained from the Research Col-
laboratory for Structural Bioinformatics Protein Data Bank,
modified and superimposed in PyMOL, version 1.8. Due to
the lack of available high-resolution SLE NS5 crystal struc-
tures, figures were generated from Protein Data Bank entry
4K6M (JEV full-length NS5). To map amino acid changes
in ribavirin-resistant populations to the polymerase struc-
ture, full-length polyprotein sequences from the SLEV

Imperial Valley strain (GenBank accession no. AEN02430)
and JEV SA14 strain (GenBank accession no. AAA21436)
were aligned with CLUSTALW2 [56].

Mutagen sensitivity

To test the mutagen sensitivity of passages 6A, 6B, 8A and
8B plaque-purified variants to ribavirin, a total of 36 clones,
isolated and amplified once in BHK-21 cells, were grown in
the presence of different ribavirin concentrations and prog-
eny virus was titred by plaque assay. BHK cells were pre-
treated with maintenance media containing 0, 250 or 500
µM ribavirin (Sigma R9644) for 1 h (passage 6 clones) or 4 h
(passage 8 clones), at 37

�
C with 5% (v/v) CO2. Pretreat-

ment media was removed, and cells were infected, in dupli-
cate, at a m.o.i. of 0.01. After adsorption for 1 h at 37

�
C,

inoculum was removed and cells were washed and replaced
with maintenance media containing the same ribavirin pre-
treatment concentration. After 72 h, 1 ml of supernatant
was harvested from each well and frozen at �80

�
C. Infec-

tious titres (log10 p.f.u. ml�1) were determined by Vero cell
plaque assay and averaged. For each drug concentration,
mean titres obtained after growth in the presence of ribavi-
rin were subtracted from the mean titre obtained after
growth with no drug (log10 p.f.u. ml�1 reduction). Reduc-
tions in infectious titre obtained with 250 and 500 µM were
then averaged to acquire an overall titre reduction. Overall
titre reductions were compared to the overall titre reduction
of the SLEV-IC wild-type virus by Student’s t-test. Samples
with both a lower reduction in infectious titre and a P-value
�0.05 were defined as having increased resistance to ribavi-
rin. Variants 6B-6, 8B-6 and 8B-9 were also tested for riba-
virin resistance in HeLa cells. Cells were pretreated with 0
and 100 µM ribavirin for 1 h, infected at a m.o.i. of 0.01 and
harvested 72 h p.i. Infectious titres were compared to those
of the SLEV-IC wild-type as described above.

T-1106, a closely related derivative of the RNA mutagen
favipiravir (T-705), was kindly provided by D. Harki at the
University of Minnesota. T-1106 sensitivity assays were per-
formed similar to ribavirin sensitivity assays. Twelve-well
plates, confluent with BHK cells, were pretreated for 1 h
with maintenance media containing 0, 100, 200 and 500 µM
T-1106. Media was removed, and cells were infected, in trip-
licate, with SLEV-IC wild-type, ribavirin-resistant 6B-6 and
8B-9. Inoculum was removed, cells were washed and
replaced with T-1106-containing media and supernatant
was collected 72 h p.i. for infectious titre determination.
Comparisons were performed as above.

Population diversity by deep sequencing

Population diversity was estimated by deep sequencing of
SLEV-IC and 8B-9, a ribavirin-resistant virus containing
only the RdRp E416K mutation in the NS5 gene. Superna-
tants were taken from the BHK and C6/36 viral growth
curve experiments after 72 h p.i.

A 3 kb fragment, spanning a portion of the premembrane
(prM) protein, the entire envelope (E), entire non-structural
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protein 1 (NS1) and a portion of the non-structural protein
2 (NS2), was amplified by one-step RT-PCR using Invitro-
gen’s Superscript III One-Step RT-PCR System with Plati-
num Taq High Fidelity (Life Technologies). Amplicons
were visualized by electrophoresis, gel purified using the
MinElute Gel Extraction kit (Qiagen) and sent to Albert
Einstein College of Medicine’s Epigenetics Core for library
preparation and sequencing. PCR amplicons were frag-
mented, tagged with specific adapters for multiplexing, clus-
tered and sequenced in the same lane using Illumina’s
MiSeq Desktop Sequencer. Amplicons were sequenced with
production of 2�300 bp paired-end reads.

Data analysis was performed by the Wadsworth Center’s
Applied Genomics Technologies Core. Sequencing read
qualities were analysed in FastQC (Babraham Institute,
Cambridge, UK, http://www.bioinformatics.babraham.ac.
uk/projects/fastqc), trimmed to a maximum of 250 bp to
reduce the number of low-quality base calls at the end of the
reads and also filtered to contain those at least 150 bp. Reads
were mapped and aligned to the reference SLEV-IC
sequence with Burrows–Wheeler Aligner MEM [57]. PCR
read duplicates were removed using SAMtools rmdup [58],
and allele counts and frequencies were calculated from
SAMtool mpileups using an in-house perl script.

Statistics

Statistical analyses were performed using both Microsoft
Excel (Student’s t-test) and GraphPad Prism. P-values �0.05
were considered significant.
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