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Abstract
Background: The existing literature about HCV association with, and replication in mosquitoes is extremely poor.
To fill this gap, we performed cellular investigations aimed at exploring (i) the capacity of HCV E1E2 glycoproteins
to bind on Aedes mosquito cells and (ii) the ability of HCV serum particles (HCVsp) to replicate in these cell lines.
Methods: First, we used purified E1E2 expressing baculovirus-derived HCV pseudo particles (bacHCVpp) so we
could investigate their association with mosquito cell lines from Aedes aegypti (Aag-2) and Aedes albopictus (C6/36).
We initiated a series of infections of both mosquito cells (Ae aegypti and Ae albopictus) with the HCVsp (Lat strain genotype 3) and we observed the evolution dynamics of viral populations within cells over the course of infection
via next-generation sequencing (NGS) experiments.
Results: Our binding assays revealed bacHCVpp an association with the mosquito cells, at comparable levels
obtained with human hepatocytes (HepaRG cells) used as a control. In our infection experiments, the HCV RNA (+)
were detectable by RT-PCR in the cells between 21 and 28 days post-infection (p.i.). In human hepatocytes HepaRG
and Ae aegypti insect cells, NGS experiments revealed an increase of global viral diversity with a selection for a
quasi-species, suggesting a structuration of the population with elimination of deleterious mutations. The
evolutionary pattern in Ae albopictus insect cells is different (stability of viral diversity and polymorphism).
Conclusions: These results demonstrate for the first time that natural HCV could really replicate within Aedes
mosquitoes, a discovery which may have major consequences for public health as well as in vaccine development.
Keywords: Hepatitis C virus (HCV), HCV pseudo particles, Aedes aegypti, Aedes albopictus, Human hepatocytes

Background
Hepatitis C Virus (HCV) is a member of the Hepacivirus
genus which belongs to the Flaviviridae family. It is an
enveloped single stranded RNA virus which is present
worldwide [1]. Most of the Flaviviruses are causative
agents for major epidemic or endemic diseases including
Yellow Fever (YF), Dengue Fever (DEN), West Nile Fever
(WN), and recently Zika Virus Disease [2, 3]. Most of
these viruses are transmitted by vectors in very different
epidemiological ways. Some diseases are typically human
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(or linked to primates) and do not affect animals (e.g.
DEN). Others are zoonotic and affect humans accidentally, e.g. Japanese Encephalitis, Saint-Louis Encephalitis
and WN. Finally, certain Flaviviruses can circulate in
epidemic form both in human and animal populations
(e.g. YF). These different epidemiological modes of
transmission share in common viral amplification in insect cells, therefore the denomination ‘arbovirus’ [4].
HCV is a severe pathogen, giving rise to liver inflammation and causing acute or chronic disease. New
drugs targeting HCV are now becoming available, but
notwithstanding, HCV infected 180 million people
worldwide in 2013 [5]. Attempts to develop a prophylactic vaccine against HCV which could prevent infection have largely failed to date [5]. HCV was identified
30 years ago, but its origin remains elusive. HCV is a
blood-borne virus and the epidemic appears to have
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been fueled by new parenteral transmission routes associated with blood transfusions, immunization, and more recently intravenous drug abuse [6]. The immediate source
of HCV associated with its pandemic spread has been
identified to the areas of the central and west sub-Saharan
Africa [7], as well as south and south-east Asia, where
genetically diverse variants of HCV appear to have circulated for several hundred years [8].
Many different in vitro models have been developed to
investigate HCV. For example, virus-like particles (VLPs)
comprising HCV core proteins and the E1E2 heterodimeric envelope glycoproteins were produced in insect
cells [9] and used for immunization of chimpanzees [10].
Furthermore, rhabdoviral (Vesicular Stomatitis Virus,
VSV) [11] and retroviral (Lentivirus or Murine Leukemia
Virus) systems have been utilized to obtain pseudotypes
or so-called HCV pseudo particles (HCVpp) from mammalian cells [12]. These mammalian-cell derived pseudo
particles have been instrumental for characterizing HCV
specific neutralizing antibodies [13]. In contrast to HCVVLPs, HCVpps are made of a heterologous core formed
by a retroviral protein (e.g. gag), and display the HCV
E1E2 proteins on their surface (Fig. 1a) [9]. HCVpp, similar to HCV-VLPs, cannot undergo a complete viral life
cycle, notably as they are replication incompetent for lack
of viral genomic RNA [14]. These particles are highly
useful for studying HCV binding and entry, as shown in
Huh-7 cells by means of GFP-labeling approaches [15].
Other robust HCV models called HCVcc (HCV “cell cultured”) have been developed. This system based initially
on transfection of HCV-JFH1 clone genotype 2a RNA in
the human hepatoma cell line (Huh-7 and derivatives) has
demonstrated its efficiency to produce complete infectious
viral particles by infection route [14].
Several HCV risk factors have been defined in the
context of the spreading epidemic and its possible control. Thus, the reservoir was described as only human
and more generally primates, and the HCV contamination route was assumed to be mainly through blood
contact. However, for a non-negligible proportion (more
than 20%) of HCV infections the route of transmission
could not be established with confidence [16]. In some
cases, especially regarding the endemic HCV transmission, alternative routes for spreading HCV could exist.
This hidden HCV epidemic, notably in the USA, represents a significant socio-economic damage potential,
causing considerable alarm [17]. As a consequence, investigations on HCV transmission modes merit further
consideration. Taken together, the currently available
results regarding the spread of HCV remain contradictory and their interpretation is a matter of intense debate [18–21]. In 2001, we demonstrated previously that
the AP61 mosquito cell line from Aedes pseudoscutellaris could associate with HCV particles [22]. We set
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out here to investigate alternative transmission routes for
HCV that could account for the hidden HCV epidemic.
For this purpose, we performed cellular investigations;
first we explored the binding step of HCV by using
baculovirus-derived HCV pseudo particles (bacHCVpp)
[23, 24]; second, we engaged a series of infections of both
mosquito cells (Ae aegypti and Ae albopictus) with serumderived HCV particles (Lat strain of genotype 3) [25] and
we followed up the evolution dynamics of viral populations within cells over the course of infection, through
next-generation sequencing (NGS) experiments.

Methods
Cell cultures

HepaRG cells were cultured as previously described
[25, 26] and using HepaRG® Culture kit for HCV infection (catalog number: KIT902, Biopredic International).
Aedes albopictus C6/36 cells were grown in Leibovitz
L15 medium and Aedes aegypti Aag-2 cells in Schneider medium (GIBCO Life Technologies). Differentiated
HepaRG cells were seeded in a 6-well tissue culture
(TC) plate and grown in monolayer for two weeks [25].
Mosquito cells were plated after four passages in 4-well
Lab-Tek TC plates. The Aedes aegypti Ktmos1 cells
were generated as previously described [27] and cultivated
in Leibovitz L15 growth medium supplemented with 20%
fetal bovine serum, 1% penicillin- streptomycin, 1% L-glutamine (see Additional file 1 and Additional files 2
and 3: Figure S1 and S2).
MultiBac-based production of HCV pseudo particles
(bacHCVpp)

Recombinant bacHCVpp were produced using the
MultiBac system we developed for multiprotein applications [23]. HCV E1E2 envelope proteins and HIV gag
protein were cloned into transfer plasmid pOmniBac1
[28] and inserted via Tn7 transposition into the EmBacY
baculoviral genome [23, 28]. Transfection, virus amplification and recombinant bacHCVpp expression were
performed following established standard operating
procedures [24]. Briefly, bacHCVpp were produced in
250 mL of Sf21 (Spodoptera frugiperda) cells cultured
in suspension in serum-free medium. A gene encoding
for yellow fluorescent protein (YFP) is present in the
EMBacY baculoviral genome, to be used as a reporter
for virus performance and recombinant protein production. When YFP fluorescence reached a plateau, the
supernatant was collected, cleared from cells and cell
debris by centrifugation and filtration, and pelleted by
ultracentrifugation at 130,000 g overnight in a swinging
bucket rotor. The bacHCVpp pellet was resuspended in
phosphate-buffered saline (PBS) and loaded on a 20–60%
continuous sucrose gradient. BacHCVpp was apparent in
the gradient as a unique, visible band and was collected.
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Fig. 1 MultiBac-based HCV pseudo particles (bacHCVpp). a Hepatitis C virus (HCV) and HCV pseudo particles (HCVpp) are shown in a schematic
representation. Glycoprotein E1 is colored in green, glycoprotein E2 in blue, HCV core in red, HIV gag in light green. HCV in contrast to HCVpp
contains also ion channel proteins (p7), lipid droplets on the surface and an RNA genome. b HCVpp was produced with the MultiBac system. A
transfer plasmid (pOmniBac1-HCVpp) was used, containing expression cassettes encoding for HCV E1E2 precursor fusion protein on one hand,
and for HIV gag protein to initiate budding or particles on the other. The EmBacY baculoviral genome was used to infect Sf21 insect cell cultures
for HCVpp production. E1E2, glycoprotein precursor fusion; gag, HIV gag protein; YFP, yellow fluorescent protein; Amp, ampicillin resistance marker;
Kan, kanamycin resistance marker, Gn, gentamycin resistance marker; LacZ, blue/white selection marker to identify recombinant baculoviral genome;
mini-attTn7, attachment site for integration of heterologous genes by Tn7 transposition; Tn7L and Tn7R, DNA recognition sequences for Tn7
transposase; LoxP, inverted imperfect repeat for Cre-LoxP DNA fusion; IRES, internal ribosomal entry site; 3′NCR, 3′ non-coding region. C, E1, E2,
P7, NS2, 3, 4A, 4B, 5A, 5B are HCV proteins. c Results from Western Blot experiments are shown, evidencing HCV E1 and E2 proteins in purified
bacHCVpp. MW, Molecular Weight marker; Anti-E1 (H4), primary antibody specific for E1; Anti-E2 (H47), antibody specific for E2; NHS (Normal
Human Serum). Alkaline phosphatase coupled Anti-IgG was used as secondary antibody. Molecular weights (in kDa) of marker bands are indicated.
d Negative-stain electron micrographs of MultiBac-produced HCVpp (bacHCVpp) are shown. BV denotes baculovirions. Scale bar, 50 nm

Purified bacHCVpp was analyzed by negative-stain
electron microscopy (EM) to verify structural integrity.
Recombinant baculovirus-derived Influenza Virus pseudo
particles (bacFlupp) were also produced as controls (with
M1 matrix protein instead of HIV gag core protein)
(Additional file 4: Figure S3)
Cell binding assay

Binding assays were performed when the cultures each
reached confluence, with bacHCVpp and also with bacFlupp, both produced by using the MultiBac system
[23]. The binding experiments were performed with
20 μl of particles (OD650nm = 0.2). Incubation was for

two hours at 37 °C for the human HepaRG cell culture,
and at 28 °C for the mosquito cell line (Ktmos 1 and
C6/36) cultures. Cells were washed twice with their respective media before further analysis.
Immunofluorescence (IF) assay

Cells were fixed with 2% paraformaldehyde (PFA) for
20 min at 37 °C for the human HepaRG cells and 28 °C
for the both mosquito cell lines, respectively, in the TC
plates. Each well was washed three times with PBS 1×.
Immunofluorescence (IF) assays were performed by
incubation for one hour at 37 °C or 28 °C, respectively,
of each well of the TC plates with anti-E1 (clone H4)
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mouse IgG (hybridoma supernatant diluted 1/5) as the
primary antibody. The anti-E1 mouse IgGs which
reacted with bacHCVpp bound to cells were then detected by incubation for one hour with Cy3-coupled
goat anti-mouse IgG (Sigma–Aldrich), at a dilution of
1/1000 using a motorized inverted Olympus IE81
microscope and differential interference contrast (DIC).
Infection experimental protocols

An amount of 50,000 cells has been seeded in Lab-Tek
and 24-well plates with 100,000 cells/mL under a volume
of 500 μl. Insect cells and HepaRG cells were incubated at
28 °C and 37 °C respectively. HCV infection experiments
were carried out using purified HCV serum particles
(HCVsp Lat strain, genotype 3a), which contained 6 × 107
copies of HCV RNA per mL (Amplicor HCV Monitor
test, Roche diagnostics, Meylan, France). HCVs Lat strain
was previously well-characterized and used for binding/infection experiments (see Additional file 1: Table S1) [26]
[25]. HepaRG and C6/36 cells were inoculated 3 days
postplating (p.p.), whereas Ktmos1 cells were infected
20 days p.p. All the cells were infected for 18 h at 37 °C
(C6/36 and HepaRG cells) and 28 °C (Ktmos1 cells) with
105 copies of HCV RNA corresponding to multiplicity of
infection (m.o.i.) of 1. Before infection with the HCVsp,
the particles were resuspended in 500 μl of L15 medium
(insect cells) or of working HepaRG medium 710
(HepaRG® Culture kit for HCV infection, catalog number:
KIT902, Biopredic International, Rennes, France). On day
1 postinfection (p.i.), extensive washings (5 times) of the
cells were done. The medium was changed at day 7 p.p.
and then each week at days 14, 21 and 28. Human Embryonic Kidney (HEK) 293 cells, which have been shown not
to bind HCVpp, were also infected by HCVsp Lat strain.
All the experiments of HCV infection were performed in
a P3 facility, and according to protocols described in
Additional file 5: Figure S4.
Detection of HCV RNA (+) by one-step reverse transcription
polymerase chain reaction

After HCV infection, the cells were pelleted at 800 rpm
for 10 min, and all the pellets collected were frozen at
−80°. RNA extraction from the cells was performed in the
P3 lab, by using the kit RNase easy (Qiagen) and turbo
DNase 1 U in a 500 μl volume. Afterwards, the reverse
transcription was performed using primers located in the
5′NCR region of all HCV genotypes (5NC1: GCA GAA
AGC GTC TAG CCA TGG CGT, and 5NC2: CTC GCA
AGC ACC CTA TCA GGC AGT). After a denaturation
step, the RNA template was incubated at 42 °C for 50 min
with 7,5 U Primescript Reverse, then the cDNA was amplified for 45 cycles. The amplicons were analyzed onto an
agarose gel and checked by Sanger sequencing (Additional
file 6: Figure S5).
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Investigation of the viral diversity and polymorphism by
NGS

The amplicons corresponding to the amplification of
cDNA were submitted to a 454 GS FLX. An additional
PCR step added adapter and sample-specific multiplex
identifiers in forward strand. Forward amplicon sequencing program was then applied. After filtering out reads
strictly shorter than 200 bp, identifying reads present
more than once in the dataset (multiplicity ≥2) and
trimming the remaining 454 primers from them, we extracted from each sample a sub-dataset of reads based
on multiplicity in descending order such that we kept at
most one hundred sequences per sample, i.e. the most
frequent reads observed in each sample. We finally
merged sub-datasets obtained and processed them with
a multiple sequence alignment algorithm [29] to compare the evolution of “H”, “K” and “C” (respectively for
HepaRG, Ktmos1 and C6/36 cells) versus the “Lat” one,
the HCV inoculum. We used the R package APE to
compute nucleotide diversity and Tajima’s D statistics
for multiple alignments in the fast format [30, 31].
Nucleotide diversity is a population genetic estimate of
the effective mutation rate, defined as twice the product
of the mutation rate by the number of effectively replicating particles or effective population size. An increase
in nucleotide diversity indicates that the size of the
population increases. Negative values of the Tajima’s D
statistic are indicative of positive selection or population expansion after a bottleneck, whereas values close
to zero are observed for populations evolving under
mutation-drift equilibrium. Positive values of the Tajima’s D statistics are indicative of balancing selection or
population divergence. Empirical distributions of nucleotide diversity and Tajima’s D statistic were obtained
after considering 200 random multiple alignments from
the set all viral sequences. The size of the multiple
alignments was equal to the number of haplotypes
detected. Phylogenetic analyses were performed using
neighbor-joining trees and the F84 model of molecular
evolution [32].

Results
HCV envelope proteins associate with Aedes Mosquito
cells lines

We successfully produced recombinant bacHCVpp in
Sf21 insect cell cultures infected with a composite
baculovirus containing two heterologous expression
cassettes, one encoding for the HCV E1E2 precursor
fusion protein, and the other encoding for HIV gag protein (Fig. 1b). Then we confirmed authentic processing
of the precursor protein and the presence of E1 and E2
on our bacHCVpps by Western Blot (WB) of the sedimented particles and specific antibody staining using
anti-E1 (H4) and anti-E2 (H47) primary monoclonal
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antibodies (Fig. 1c). Two strong signals at 21 kDa and
70 kDa were observed, respectively. Negative stain
electron microscopic (EM) examination of purified
bacHCVpp samples revealed spherical particles decorated
with spikes (Fig. 1d). To determine the functionality of
our purified bacHCVpps, we performed a binding assay
with human hepatocytes, HepaRG cells (Fig. 2). These
cells were already used for the binding [26] and the infection [25] with serum-derived HCV particles (HCVsp), and
thus can be considered as a robust reference model. The
results showed that bacHCVpps efficiently associate with
human HepaRG hepatocytes in a specific manner, consistent with what was observed for HCVsp [26].
Having established the E1E2 immunological reactivity, morphological integrity and functionality of our recombinant bacHCVpp system, we then asked whether
our bacHCVpps would likewise associate with mosquito cell lines. We chose Aedes aegypti Aag-2 (an Ae.
aegypti cell lineage of embryonic origin) [33] and Aedes
albopictus C6/36 cell lines for these experiments. These
cell lines were shown to associate with and be permissive to some other Flaviviruses, including Dengue Virus
(DEN) and Yellow Fever virus (YF) [33, 34]. As shown
in the Fig. 3, we detected clear positive signals for the
two mosquito cell lines. The signals observed for the
human HepaRG hepatocytes (Fig. 2) and for Aedes
aegypti Aag-2 were at a comparable level, while a particularly strong signal was detected with Aedes albopictus C6/36 cells (Fig. 3).
The specificity of our binding assays were established
either by omitting primary antibody (negative control 1,
Figs. 2 and 3) or by using a non-HCV bacpp derived
from Influenza Virus (bacFlupp) instead of bacHCVpps
(negative control 2, Figs. 2 and 3). Taken together, our
results showed that the signals obtained with human

Page 5 of 11

HepaRG hepatocytes as well as those obtained with the
two different mosquito cell lines, Aedes aegypti Aag-2 and
Aedes albopictus C6/36, are specific for bacHCVpps. This
indicates that the Aedes mosquito cell lines are able to
recognize HCV envelope proteins (E1, E2 and/or E1E2)
expressed on the surface of our bacHCVpps, as well as
human HepaRG hepatocytes. Then, the question is to
know whether these mosquito cells are able to be in vitro
infected with HCVsp, as already demonstrated for human
HepaRG hepatocytes.
Aedes Mosquito cell lines are susceptible to HCVsp
infection

Because we previously showed that HCV envelope was able
to bind to Aedes aegypti and Aedes albopictus cells, we performed infection with HCVsp Lat strain (genotype 3) on
Aedes albopictus C6/36 cell line and Aedes aegypti Ktmos1
cells. The HepaRG cells were used as a reference positive control. As illustrated in Fig. 4, HCV RNA(+) was
detected by RT-PCR at days 21 and 28 p.i. for HepaRG
cells (Fig. 4a) as well as for the C6/36 mosquito cell line
(Fig. 4b), and at day 28 p.i. for Aedes aegypti Ktmos1
cells (Fig. 4b). All the cells are thus positive for intracellular HCV RNA at day 28 p.i. We will notice negative
results at days 0 and 4 p.i., reflecting production of
newly synthesized HCV RNA molecules. The PCR
products were then subjected to Sanger sequencing.
Mutations were detected within the loops IIb and IIa
for HCV-infected HepaRG and Ktmos1 cells and one
mutation was observed for HCV-infected C6/36 cells
within loop IId of the IRES region of HCV RNA genome (Additional file 5: Figure S4). Eventually, we did
not obtain any RT-PCR signals at any day explored
(over a period from four days to 28 days) in the HEK
293 experiments (Additional file 7: Figure S6).

Fig. 2 BacHCVpp associate with human hepatocyte cells. Human HepaRG hepatocytes incubated with bacHCVpp for two hours are shown (left).
Binding assay was performed using primary anti-E1 (H4) monoclonal antibody and visualized with Cy3-labeled secondary anti-IgG antibody. Negative
controls are also shown (right). Negative control 1, primary antibody was omitted; negative control 2, bacFlupp was used instead of bacHCVpp. DIC,
Differential Interference Contrast
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Fig. 3 BacHCVpp associate with Aedes mosquito cell lines C6/36 and Aag-2. Mosquito cells incubated with bacHCVpp for two hours are shown
(left). Binding assay was performed using primary anti-E1 (H4) monoclonal antibody and visualized with Cy3-labeled secondary anti-IgG antibody.
Negative controls are also shown (right). Negative control 1, primary antibody was omitted; negative control 2, bacFlupp was used instead of
bacHCVpp. DIC, Differential Interference Contrast

Deciphering a divergent evolution of viral strains in Aedes
aegypti cells as in human hepatocytes

Next, we performed a series of next-generation sequencing (NGS) experiments, in order to understand the evolution dynamics of viral populations within cells over the
course of infection, and to support replication within mosquito cells. Extraction of the HCV RNA from the inoculum (Lat strain), and the total RNA from HCV-infected

cells at days 21 and 28 p.i. for HepaRG and C6/36 (H21,
H28 and C21 and C28, respectively) and at day 28 p.i. for
Ktmos1 cells (K28) were performed. After processing the
RT-PCR on each sample, the amplicons were sequenced
on a 454 GS FLX Instrument (Roche). Figure 5 shows the
distribution of nucleotide diversity (Fig. A) and Fig. 6
shows the analysis of diversity by the Tajima’s D statistics.
For the HCV strains in HepaRG (Fig. 5a) and Ktmos1

Fig. 4 Detection of HCV RNA (+) by one-step Reverse Transcription Polymerase Chain Reaction (RT-PCR). HCV RNA (+) was detected by RT-PCR in
non-infected (mock) cells (−) and HCV-infected (+) human HepaRG hepatocytes (a) or insect cells (b, C6/36 Ae. Albopictus and Ktmos1 Ae. Aegypti
cells) collected at days 0 (D0), 4 (D4), 21 (D21) and 28 (D28) p.i. (samples). The inoculum HCVsp (LAT isolate, genotype 3) was used as positive
control (POS) and load in the last lane (A) and just before the last lane (B). MM, molecular weights markers (in Kb). Agarose gels (1%) were
represented and showed products resulting from amplification using 5NC1/2NC2 primers. The specific HCV RNA band corresponded to 243 bp
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Fig. 5 Distributions of nucleotide diversity and Tajima’s D statistics for HCV strains present in the inoculum and HCV-infected cells at days 21 and/
or 28 p.i. Nucleotide diversity increases for the strains in HepaRG (a, H21/H28) and Ktmos1 (b, K28) cells whereas it decreases for the strains in
C6–36 (c, C21/C28) cells. Tajima’s D increases toward 0 for the strains in HepaRG and Ktmos1 cells whereas it does not evolve for the strains in
C6–36 cells

(Fig. 5b) cells, the nucleotide diversity increased and the
Tajima’s D increased from negative values to positive
values. By contrast, nucleotide diversity of the strains in
C6/36 (Fig. 5c) cells remained at constant levels and Tajima’s D did not exhibit the same trend as for HepaRG and
Ktmos1.
Then, the phylogenetic analysis of sequences from the
NGS data set was performed, and illustrated in the Fig. 6.
The clades of each reconstructed tree are identified to
their majority group (Lat, H21/H28, K28 and C21/C28). A
divergent evolution of viral strains was evidenced between
the HCV inoculum (Lat, Fig. 6a and b) and H21/H28
(HepaRG, Fig. 6a) and K28 (Ktmos1, Fig. 6b); conversely
there is a lack of evidence for divergence between Lat (Fig.
6c) and C21/C28 (C6/36, Fig. 6c). In HepaRG and Ae
aegypti cells, we detected a selection for a quasispecies,
with an increase of global viral diversity suggesting a
structuration of the population with elimination of deleterious mutations (Figs. 5a, b and 6a, b). The evolutionary
pattern in Ae albopictus is different, showing stability of
viral diversity and polymorphism.

Discussion
Very few data have been published about the replication of
HCV in mosquitoes or in any other arthropod, although
various species have been experimented [18–20, 35].
For instance, Hassan et al. detected HCV viral genome
in the heads and midguts of Cx. pipiens from 3 h to
8 days after feeding with HCV infected blood, however
no sequencing was done and it remained impossible to
demonstrate if this was residual or replicated virus.
These last authors concluded that mechanical transmission was possible due to the presence of HCV RNA in
the mosquito heads after 6 days, but no proofs of HCV
replication was given [35]. More than 12 years ago, we
published the first results demonstrating the binding of
HCV onto Aedes cells. In this last study, we investigated the binding of HCV-positive sera (genotype 1b)
and we concluded mosquito cells (from Aedes pseudoscutellaris) could bind HCV and allow HCV replication
for 28 days [22]. At this time the binding of HCV onto
mosquito cells was assessed by HCV RNA detection in
cells 2 h after inoculation and in the last wash of these
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Fig. 6 Phylogenetic analysis of uniquely represented sequences from the NGS data set. The clades of each reconstructed tree are identified to
their majority group (Lat inoculum, HCV-infected samples at D21 and/or D28 p.i.). a Divergent evolution of viral strains in Lat and HepaRG (H)
hosts (H). b Divergent evolution of viral strains in Lat and Ktmos1 (K) hosts. c Lack of evidence for divergence in C6/36 (c) hosts. The pie charts
show the proportion of each group in each reconstructed phylogenetic clade

cells [22]. Because of the HCV infectiousness of serum
samples is highly dependent on host parameters [36, 37],
we used in the present study E1E2-expressing HCVpp
and clearly showed their ability to associate with the mosquito cell lines Aedes aegypti (Aag-2) and Aedes albopictus
(C6/36). These results are in agreement with our binding
results published in 2001, but this time we used both the
bacHCVpp and the immunofluoresence in a very specific
manner. So far, no study determined the capacity of the
mosquito cells to bind HCV E1E2 envelope proteins. The
E1E2-expressing HCV pseudo particles were shown to be
excellent HCV models to study viral binding at the cell
surface [12]. HepaRG and liver primary cells have been
described as positive models to bind, incorporate and replicate HCV [25, 26, 36, 38]. The characteristics of several
mosquito cell surface receptors have been described, but
they remain poorly understood. The association of HCV
envelope onto mosquito cells raises some questions about
putative HCV receptors on mosquito cells. Glycosaminoglycans (GAGs) have been described to bind the HCV
particles in a cooperative fashion to receptors, including
the Low Density Lipoprotein receptor (LDL-R) and the
tetraspanin-family receptor CD81 [15] [39, 40]. Moreover,
a number of studies have implicated cell surface GAGs in
the initial binding step of DEN and YF virus to cultured
mammalian cells [41–43]. Cell-surface GAGs such as

heparan sulfates are present on many cell types and are
commonly bound by pathogens as a first step of cell penetration [44]. Mosquito cells appear to have the genetic
capability to synthesize GAGs [45] and were shown to
possess homologues of low density lipoprotein receptor
(LDL-R) and the tetraspanin receptor [46, 47]. Presumably, these are the steps required to initiate infection of
mosquito cells. The specificities of both the E proteins
and their cellular receptors have not been established in
detail to date, and it is not clear whether or not the same
cellular receptors exist in vertebrates (other than primates)
and in mosquito cells, or if the receptors are conserved in
all mosquito tissues [48]. It’s worth noticing that, by using
flow cytometry and an anti-CD81 human monoclonal
antibody, we did not succeed to show CD81 expression at
the surface of Aedes cells [22].
Cell lines of the mosquito species Aedes aegypti and
Aedes albopictus are known to replicate diverse viruses
belonging to the Flavivirus family [49]. We chose these
two cell lines, because these two species of Aedes mosquitoes are rapidly expanding their territory around the globe
and penetrate the developed countries in Europe, Asia
and North America, partly due to ecological changes such
as global warming [50, 51]. We focused on the infection
protocol according to that published before with HepaRG
cells (23, and user guide for HepaRG® culture kit 902 for
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HCV infection, Biopredic International), demonstrating
intracellular HCV RNA detection at days 21 and 28 p.i
with concomitant production of enveloped HCV infectious particles. This entire work has then been adapted to
the C6/36 mosquito cell line and to the original Ktmos1
cell line, developed in our laboratory (see Additional file 2:
Figure S1). From the present work it was possible to conclude that the cells from the mosquitoes Aedes albopictus
(C6/36 cells) and Aedes aegypti (Ktmos1) could be infected by serum-derived HCV particles, as viral RNA (+)
was detectable at days 21 and/or 28 p.i. To ascertain such
a replication, we performed NGS completed with statistical methods computationally very efficient to study RNA
virus evolution [52, 53]. Interestingly, similar results were
obtained with both human HepaRG hepatocytes and Ae
aegypti mosquito cells. One of the major results we got in
this study is the selection for a HCV quasispecies in Aedes
aegypti cells, with an increase of global viral diversity suggesting a structuration of the population with elimination
of deleterious mutations. The evolutionary pattern in Ae
albopictus is different (stability of viral diversity and polymorphism), but all in all, these results strongly suggest
that the HCV is capable to replicate, not only within human hepatocytes but also within cells from Aedes cells.
In 2011, the first HCV homolog was reported in dogs
but subsequent studies showed the virus to be widely
distributed in horses, as well [54]. This indicated a wider
Hepacivirus host range than previously assumed, and
paved the way for identification of rodent, bat and nonhuman primate Hepaciviruses [55, 56]. An entirely open
question remained how long-term endemic transmission
of HCV is maintained, and there have been very few attempts to redress the paucity of the available data which
could clarify this important issue. In an investigation published in 2007, Pybus and colleagues utilized a combined
approach integrating bioinformatics and geographic location analyses to build a spatial database of endemic HCV
infections. They demonstrated that this database can be
used to geographically compare endemic HCV strains
with the range distributions of potential vector species
[57]. For HCV, well established routes of transmission
comprise blood products, drug addiction, sexual transmission and the nosocomial context. Nevertheless, the origin
of a significant fraction of HCV infections in humans
today remains unexplained, and in fact none of the conditions listed above apply. Moreover, a high prevalence of
HCV infection has been observed in hot, humid regions,
such as Egypt and in Southern Japan. At the present time,
no viable explanation has been put forward for this geographical distribution of the disease. We hypothesize that
possibly arthropods could represent the elusive sanctuary.
For instance, mosquitoes may be the most common vector
responsible for epidemic disease caused by the Flaviviruses. In the present study we have demonstrated that
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cell lines from two different mosquitoes, which are rapidly
spreading towards developed countries, efficiently associate with recombinant bacHCVpp expressing E1E2 envelope proteins, suggesting that HCV amplification may be
possible via Aedes mosquitoes. More conclusive, we completed this first approach by infection experiments studying the dynamics of viral strains over the course of HCV
infection.

Conclusions
We provide, for the first time, credible experimental
evidence that HCV could indeed exist in Aedes mosquitoes. Our results suggest that these mosquito species
may be bona fide vectors responsible for the hidden
HCV epidemic, a discovery with major implications for
public health and control strategies. Finally our findings
provide the basis for a new and deeper probe into the
patterns, prevention and treatments of HCV, including
a strong focus on arthropodes in future studies.
Additional files
Additional file 1: Table S1. Characteristics of HCVs Lat strain used for
binding/infection experiments. (DOCX 32 kb)
Additional file 2: Figure S1. Global process of the Ktmos1 cell
generation from eggs hatching to the final supracellular structures. (A)
Macroscopic picture showing the eggs of Aedes aegypti collected from
insectary. (B) Large hollow vesicles developing at the cut ends of the
larvae fragments. (C) Microscopic examination of the adherent cells and
molecular identification of cells and larvae extracts by PCR targeting
rDNA ITS: the upper panel shows cells in monolayer; the lower panel
indicates species-diagnosis PCR of cellular samples with hollow vesicles
(lane 1), adherent cells (lane 2) and “Dome-like” structures (lane 3). HEK
293 cells are the negative control, ground larvae extracts of Aedes aegypti
bora bora strain are the positive control. The approximate size of the
amplified product is 550 pb. (D) Microscopic examination of the hollow
vesicles as supracellular structures (D1 and D2). (TIFF 751 kb)
Additional file 3: Figure S2. Fluorescence observation of adherent
Ktmos1 cells. The Ktmos1 Aedes aegypti cells were grown on thin glass
(0,17 mm), 2 chambers LabTek (Nunc). The cells were fixed after different
periods of cultivation with 2% PFA for 20 min at 37 °C. After
permeabilization by PBS containing 0,1% Triton X100 for 2 min, the
nuclei were stained by Hoechst 33,258 (Sigma). Observation was
performed on motorized inverted Olympus IE81 microscope using the
DIC (Differential Interference Contrast) and the DAPI filter. The panel (A)
shows a late metaphase stage of a dividing cell. The panel (B) shows
Ktmos1 cells in monolayer. (TIFF 925 kb)
Additional file 4: Figure S3. Characteristics of the bacFlu-VLPs. Panel A
Coomassie stained SDS-PAGE of the bacFlupps showing the influenzavirus
glycoproteins HA0, HA1 and gp139 (panel A). Panels B and C exhibit EM
structures of a genuine influenzavirus particle (Courtesy of Rob Ruigrok
Université Grenoble Alpes) and Flu-VLPs used in this study, respectively.
(TIFF 2540 kb)
Additional file 5: Figure S4. HCV Infection protocols. (A) for human
HepaRG hepatocytes (“H”) and (B) for insect cells, Ktmos1 (“K”, Ae Aegypti)
and C6/36 (“C”, Ae Albopictus). The infection was performed using HCVsp,
LAT isolate, genotype 3. D, day; − before infection; D0, day of infection;
D4, D7, D14, D21, D28, days post-infection and medium change. P17,
P18, passages 17 and 18. HepaRG®, HepaRG cells from KIT902 (Biopredic
International). Over the time, HepaRG and Ktmos1 cells in monolayer
became more and more differentiated. (TIFF 300 kb)
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Additional file 6: Figure S5. Mutations in the HCV IRES region in HCVinfected cells. (A) Structure of HCV IRES region. (B) Mutations observed in
HCV-infected HepaRG (H), Ktmos1 (K) and C6/36 (C) cells at days 21 (H21,
C21) and 28 (H28, K28, C28) p.i. in the IRES region of the HCV genome.
Sequencing by the Sanger method of amplification long products.
(TIFF 847 kb)

Dan L Duncan Cancer Center, Baylor College of Medicine, One Baylor Plaza,
Houston, TX, USA.

Additional file 7: Figure S6. Absence of HCV RNA detection in HEK
293 cells. Cells were collected at days 0 (D0), 4 (D4), 21 (D21) and 28
(D28) p.i. The inoculum HCVsp (LAT isolate, genotype 3) was used as
positive control. Non-infected (mock) cells (−) and HCV-infected (+) HEK
293 cells. (TIFF 1236 kb)

References
1. Ray SC, Bailey JR, Thomas DL. Hepatitis C Virus. In (Knipe DM, Howley P, Ed.)
Fields Virology, Sixth edn: Lippincott Williams & Wilkins; 2013.
2. Gould EA, Solomon T. Pathogenic flaviviruses. Lancet. 2008;371(9611):500–9.
3. Weaver SC, Reisen WK. Present and future arboviral threats. Antivir Res.
2010;85(2):328–45.
4. Pierson TC, Diamond MS. Flaviviruses. In (Knipe DM, Howley P, Ed.) Fields
Virology, Sixth edn: Lippincott Williams & Wilkins; 2013.
5. Liang TJ, Ghany MG. Current and future therapies for hepatitis C virus
infection. N Engl J Med. 2013;368(20):1907–17.
6. Shepard CW, Finelli L, Alter MJ. Global epidemiology of hepatitis C virus
infection. Lancet Infect Dis. 2005;5(9):558–67.
7. Li C, Lu L, Murphy DG, Negro F, Okamoto H. Origin of hepatitis C virus
genotype 3 in Africa as estimated through an evolutionary analysis of the
full-length genomes of nine subtypes, including the newly sequenced 3d
and 3e. J Gen Virol. 2014;95(Pt 8):1677–88.
8. Simmonds P. The origin of hepatitis C virus. Curr Top Microbiol Immunol.
2013;369:1–15.
9. Baumert TF, Vergalla J, Satoi J, Thomson M, Lechmann M, Herion D,
Greenberg HB, Ito S, Liang TJ. Hepatitis C virus-like particles synthesized
in insect cells as a potential vaccine candidate. Gastroenterology.
1999;117(6):1397–407.
10. Jeong S-H, Qiao M, Nascimbeni M, Hu Z, Rehermann B, Murthy K, Liang
TJ. Immunization with hepatitis C virus-like particles induces humoral
and cellular immune responses in nonhuman primates. J Virol.
2004;78(13):6995–7003.
11. Flint M, Quinn ER, Levy S. In search of hepatitis C virus receptor(s). Clin Liver
Dis. 2001;5(4):873–93.
12. Bartosch B, Dubuisson J, Cosset F-L. Infectious hepatitis C virus pseudoparticles containing functional E1-E2 envelope protein complexes. J Exp
Med. 2003;197(5):633–42.
13. Fafi-Kremer S, Fauvelle C, Felmlee DJ, Zeisel MB, Lepiller Q, Fofana I,
Heydmann L, Stoll-Keller F, Baumert TF. Neutralizing antibodies and
pathogenesis of hepatitis C virus infection. Viruses. 2012;4(10):2016–30.
14. Steinmann E, Pietschmann T. Cell Culture Systems for Hepatitis C Virus. In:
Bartenschlager R, editor. In: Hepatitis C Virus: From Molecular Virology to
Antiviral Therapy, vol. 369. Berlin: Springer-Verlag Berlin; 2013. p. 17–48.
15. Bartosch B, Vitelli A, Granier C, Goujon C, Dubuisson J, Pascale S, Scarselli E,
Cortese R, Nicosia A, Cosset FL. Cell entry of hepatitis C virus requires a set
of co-receptors that include the CD81 tetraspanin and the SR-B1 scavenger
receptor. J Biol Chem. 2003;278(43):41624–30.
16. Verbeeck J, Maes P, Lemey P, Pybus OG, Wollants E, Song E, Nevens F,
Fevery J, Delport W, Van der Merwe S, et al. Investigating the origin and
spread of hepatitis C virus genotype 5a. J Virol. 2006;80(9):4220–6.
17. Ward JW. The hidden epidemic of hepatitis C virus infection in the United
States: occult transmission and burden of disease. Top Antivir Med. 2013;
21(1):15–9.
18. Bellini R, Casali B, Carrieri M, Zambonelli C, Rivasi P, Rivasi F. Aedes
Albopictus (Diptera:Culicidae) is incompetent as a vector of hepatitis C virus.
APMIS. 1997;105(4):299–302.
19. Silverman AL, McCray DG, Gordon SC, Morgan WT, Walker ED. Experimental
evidence against replication or dissemination of hepatitis C virus in
mosquitoes (Diptera:Culicidae) using detection by reverse transcriptase
polymerase chain reaction. J Med Entomol. 1996;33(3):398–401.
20. Chang TT, Chang TY, Chen CC, Young KC, Roan JN, Lee YC, Cheng PN, Wu
HL. Existence of hepatitis C virus in Culex Quinquefasciatus after ingestion
of infected blood: experimental approach to evaluating transmission by
mosquitoes. J Clin Microbiol. 2001;39(9):3353–5.
21. Houldsworth A. Exploring the possibility of arthropod transmission of HCV. J
Med Virol. 2016;
22. Germi R, Crance JM, Garin D, Guimet J, Thelu MA, Jouan A, Zarski JP,
Drouet E. Mosquito cells bind and replicate hepatitis C virus. J Med
Virol. 2001;64(1):6–12.
23. Bieniossek C, Imasaki T, Takagi Y, Berger I. MultiBac: expanding the research
toolbox for multiprotein complexes. Trends Biochem Sci. 2012;37(2):49–57.

Abbreviations
bacFlupp: baculovirus-derived Influenza Virus pseudo particles;
bacHCVpp: baculovirus-derived HCV pseudo particles;
GAG: Glycosaminoglycans; HCV-LP: HCV- Like particles; HCVpp: HCV pseudo
particles; HCVsp: HCV serum particles; LDL-R: Low density lipoproteinreceptor; NGS: New generation sequencing
Acknowledgments
We thank all members of our laboratories for helpful discussions. We are
indebted to Jean Dubuisson (IBL, Lille, France) for providing the anti-E1 (H4)
and anti-E2 (H47) monoclonal antibodies. We thank Christophe Chesné for
providing HepaRG® Culture kit for HCV infection and study of entry inhibitors
(Cat. Number: KIT902, Biopredic International, Saint Grégoire, France). We thank
Anna-Bella Failloux (Institut Pasteur, Paris) for providing the Aag-2 cells.
Funding
C. F. is the recipient of MENRT fellowship (French Ministry of Higher
Education and Research). I.B. and F.G. acknowledge funding from the
European Commission (EC) Framework Program (FP) 7 through the
projects ComplexINC (contract nr. 279,039) and Biostruct-X (contract nr.
283,570). This work used the platforms of the Grenoble Instruct Center
(ISBG: UMS 3518 CNRS-CEA-UJF-EMBL) with support from FRISBI (ANR-10INSB-05-02) and GRAL (ANR-10-LABX-49-01) within the Grenoble Partnership for
Structural Biology (PSB).
Availability of data and materials
Regarding avaibility of data and material, please contact authors
Authors’ contributions
CF, MAP, OF, YR, and IB conceived and designed the experiments; CF and FG
performed the experiments; PF, ED, AC, IB, PM and SL analyzed the data; CF, IB
and ED wrote the data. All authors read and approved the final manuscript.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Institut de Biologie Structurale (IBS), Université Grenoble Alpes, CEA, CNRS,
71 Avenue des Martyrs, 38000 Grenoble, France. 2Institut de Biologie et de
Pathologie (IBP), Centre Hospitalier Universitaire (CHU) Grenoble-Alpes,
CS10217, 38043 Grenoble Cedex 9, France. 3Laboratoire Techniques de
l’Ingénierie Médicale et de la Complexité, UMR CNRS 5525, Université
Grenoble-Alpes, Grenoble, France. 4EMBL Grenoble, 71 Avenue des Martyrs,
CS90181, 38042 Grenoble Cedex 9, France. 5The School of Biochemistry,
University of Bristol, University Walk, Bristol, Clifton BS8 1TD, UK. 6Centre de
Recherche en Cancérologie de Lyon (CRCL), UMR INSERM 1052/CNRS 5286,
151 Cours Albert Thomas, 69424 Lyon, Cedex 03, France. 7Present Address:

Received: 25 October 2016 Accepted: 14 August 2017

Fallecker et al. Virology Journal (2017) 14:161

24. Clayton RF, Owsianka A, Aitken J, Graham S, Bhella D, Patel AH. Analysis of
antigenicity and topology of E2 glycoprotein present on recombinant
hepatitis C virus-like particles. J Virol. 2002;76(15):7672–82.
25. Ndongo-Thiam N, Berthillon P, Errazuriz E, Bordes I, De Sequeira S, Trepo C,
Petit MA. Long-term propagation of serum hepatitis C virus (HCV) with
production of enveloped HCV particles in human HepaRG hepatocytes.
Hepatology. 2011;54(2):406–17.
26. Ndongo N, Rechoum Y, De Sequeira S, Zoulim F, Trepo C, Drouet E, Petit MA.
Inhibition of the binding of HCV serum particles to human hepatocytes by
E1E2-specific D32.10 monoclonal antibody. J Med Virol. 2009;81(10):1726–33.
27. Singh KR. Growth of arboviruses in arthropod tissue culture. Adv Virus Res.
1972;17:187–206.
28. Vijayachandran LS. Thimiri Govinda raj DB, edelweiss E, Gupta K, Maier J,
Gordeliy V, Fitzgerald DJ, Berger I: gene gymnastics: synthetic biology for
baculovirus expression vector system engineering. Bioengineered. 2013;4(5):
279–87.
29. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 2004;32(5):1792–7.
30. Paradis E, Claude J, Strimmer K. APE: analyses of Phylogenetics and
evolution in R language. Bioinformatics. 2004;20(2):289–90.
31. Tajima F. Statistical method for testing the neutral mutation hypothesis by
DNA polymorphism. Genetics. 1989;123(3):585–95.
32. Saitou N, Nei M. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol. 1987;4(4):406–25.
33. Peleg J. Growth of arboviruses in primary tissue culture of Aedes Aegypti
embryos. Am J Trop Med Hyg. 1968;17(2):219–23.
34. White LA. Susceptibility of Aedes Albopictus C6/36 cells to viral infection. J
Clin Microbiol. 1987;25(7):1221–4.
35. Hassan MI, Mangoud AM, Etewa S, Amin I, Morsy TA, El Hady G, El Besher
ZM, Hammad K. Experimental demonstration of hepatitis C virus (HCV) in an
Egyptian strain of Culex Pipiens Complex. J Egypt Soc Parasitol. 2003;33(2):
373–84.
36. Gondeau C, Briolotti P, Razafy F, Duret C, Rubbo PA, Helle F, Reme T, Ripault
MP, Ducos J, Fabre JM, et al. In vitro infection of primary human
hepatocytes by HCV-positive sera: insights on a highly relevant model. Gut.
2014;63(9):1490–500.
37. Pietschmann T. In sero veritas: what serum markers teach us about HCV
infection of primary human hepatocytes. Gut. 2014;63(9):1375–7.
38. Ndongo N, Selliah S, Berthillon P, Raymond V-A, Trépo C, Bilodeau M, Petit
M-A. Expression of E1E2 on hepatitis C RNA-containing particles released
from primary cultured human hepatocytes derived from infected cirrhotic
livers. Intervirology. 2011;54(1):1–9.
39. Xu Y, Martinez P, Seron K, Luo G, Allain F, Dubuisson J, Belouzard S.
Characterization of hepatitis C virus interaction with heparan sulfate
proteoglycans. J Virol. 2015;89(7):3846–58.
40. Germi R, Crance JM, Garin D, Guimet J, Lortat-Jacob H, Ruigrok RW, Zarski JP,
Drouet E. Cellular glycosaminoglycans and low density lipoprotein receptor are
involved in hepatitis C virus adsorption. J Med Virol. 2002;68(2):206–15.
41. Chen Y, Maguire T, Hileman RE, Fromm JR, Esko JD, Linhardt RJ, Marks RM.
Dengue virus infectivity depends on envelope protein binding to target cell
heparan sulfate. Nat Med. 1997;3(8):866–71.
42. Hilgard P, Stockert R. Heparan sulfate proteoglycans initiate dengue virus
infection of hepatocytes. Hepatology. 2000;32(5):1069–77.
43. Germi R, Crance JM, Garin D, Guimet J, Lortat-Jacob H, Ruigrok RW, Zarski
JP, Drouet E. Heparan sulfate-mediated binding of infectious dengue virus
type 2 and yellow fever virus. Virology. 2002;292(1):162–8.
44. Olson KE, Blair C. Flavivirus-Vector Interactions. In (Shi PY, Ed.) Molecular
Biology and Control of Flaviviruses. Poole: Caister Academic Press; 2012.
45. Sinnis P, Coppi A, Toida T, Toyoda H, Kinoshita-Toyoda A, Xie J, Kemp MM,
Linhardt RJ. Mosquito heparan sulfate and its potential role in malaria
infection and transmission. J Biol Chem. 2007;282(35):25376–84.
46. Nene V, Wortman JR, Lawson D, Haas B, Kodira C, Tu ZJ, Loftus B, Xi Z,
Megy K, Grabherr M, et al. Genome sequence of Aedes Aegypti, a major
arbovirus vector. Science. 2007;316(5832):1718–23.
47. Sappington TW, Kokoza VA, Cho WL, Raikhel AS. Molecular characterization
of the mosquito vitellogenin receptor reveals unexpected high homology
to the drosophila yolk protein receptor. Proc Natl Acad Sci U S A. 1996;
93(17):8934–9.
48. Black WC, Bennett KE, Gorrochótegui-Escalante N, Barillas-Mury CV,
Fernández-Salas I, de Lourdes MM, Farfán-Alé JA, Olson KE, Beaty BJ.
Flavivirus susceptibility in Aedes Aegypti. Arch Med Res. 2002;33(4):379–88.

Page 11 of 11

49. Walker T, Jeffries CL, Mansfield KL, Johnson N. Mosquito cell lines: history,
isolation, availability and application to assess the threat of arboviral
transmission in the United Kingdom. Parasit Vectors. 2014;7:382.
50. Kraemer MU, Sinka ME, Duda KA, Mylne A, Shearer FM, Brady OJ, Messina
JP, Barker CM, Moore CG, Carvalho RG, et al. The global compendium of
Aedes aegypti and Ae albopictus occurrence. Sci Data. 2015;2:150035.
51. Kraemer MU, Sinka ME, Duda KA, Mylne AQ, Shearer FM, Barker CM,
Moore CG, Carvalho RG, Coelho GE, Van Bortel W, et al. The global
distribution of the arbovirus vectors Aedes aegypti and Ae albopictus.
Elife. 2015;4:e08347.
52. Bhatt S, Katzourakis A, Pybus OG. Detecting natural selection in RNA virus
populations using sequence summary statistics. Infect Genet Evol. 2010;
10(3):421–30.
53. Shriner D, Shankarappa R, Jensen MA, Nickle DC, Mittler JE, Margolick JB,
Mullins JI. Influence of random genetic drift on human immunodeficiency
virus type 1 env evolution during chronic infection. Genetics.
2004;166(3):1155–64.
54. Kapoor A, Simmonds P, Gerold G, Qaisar N, Jain K, Henriquez JA, Firth C,
Hirschberg DL, Rice CM, Shields S, et al. Characterization of a canine
homolog of hepatitis C virus. Proc Natl Acad Sci. 2011;108(28):11608–13.
55. Kapoor A, Simmonds P, Scheel TKH, Hjelle B, Cullen JM, Burbelo PD,
Chauhan LV, Duraisamy R, Leon MS, Jain K, et al. Identification of Rodent
Homologs of Hepatitis C Virus and Pegiviruses. MBio. 2013;4(2):e00216–13.
56. Scheel TKH, Simmonds P, Kapoor A. Surveying the global virome:
identification and characterization of HCV-related animal hepaciviruses.
Antivir Res. 2015;115:83–93.
57. Pybus OG, Markov PV, Wu A, Tatem AJ. Investigating the endemic
transmission of the hepatitis C virus. Int J Parasitol. 2007;37(8–9):839–49.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

