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Abstract

Zika virus (ZIKV) is a Flavivirus that is transmitted to humans by Aedes mosquitoes. ZIKV is divided into two
phylogenetic lineages, African and Asian. In the Asian lineage, Pacific and American clades have been linked to the
recent worldwide outbreak of ZIKV. The aim of this study was to measure the vector competence of Aedes aegypti for
seven ZIKV strains belonging to both lineages. We demonstrate that Ae. aegypti from New Caledonia (NC), South
Pacific region, is a low-competence vector for Asian ZIKV (<10% transmission efficiency). No significant differences
were observed in vector competence with respect to the sampling date and collection site of Asian ZIKV strains used
(2014 and 2015 for New Caledonia, Pacific clade, and 2016 for French Guiana, American clade). The ability of the New
Caledonian Ae. aegypti to transmit ZIKV is significantly greater for the earlier viral isolates belonging to the African
lineage (>37% transmission efficiency after 9 days post-infection) compared to recent ZIKV isolates from African (10%
transmission efficiency) and Asian lineages (<10% transmission efficiency). The results of this study demonstrate that
Ae. aegypti from NC can become infected and replicate different ZIKV strains belonging to all lineages. Our data
emphasize the importance of studying the interaction between vectors and their arboviruses according to each local

emergence and improve health surveillance.

geographic context. This approach will improve our understanding of arbovirus transmission to prevent their

Introduction

Zika virus (ZIKV; family Flaviviridae, genus Flavivirus)
was first isolated in the eponymous Ugandan forest in
1947'. Since first being isolated, ZIKV has been spor-
adically detected in Africa and Asia and has recently
emerged in the Pacific region and spread to Latin Amer-
ica?, causing major outbreaks. ZIKV is transmitted to
humans by the bite of mosquitoes belonging to the Aedes
genus, such as Aedes aegypti and Aedes albopictus®°. Zika
fever is a predominantly mosquito-borne disease, although
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rarer forms of ZIKV transmission have been described,
including sexual or blood-borne transmission and vertical
transmission from mother to child’. During the recent
emergence, ZIKV infection has been associated with a
dramatic increase in congenital abnormalities, including
microcephaly and neurological disorders, especially in
Brazil and in French Polynesia®''. Previous phylogenic
studies identified two distinct lineages for ZIKV, African,
and Asian, which circulated in these two geographic
contexts. However, the Asian lineage is solely responsible
for the current global expansion of ZIKV'*™'°. Two clades
have been identified in the Asian lineage, Pacific and
American'*'®, which exhibit a low genetic divergence of
less than 12% at the nucleotide level®.

The recent explosive ZIKV epidemic in the Pacific and
in South America is driven by complex and poorly
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understood interactions between the human host, the
mosquito vector and ZIKV. Among the possible factors
involved in ZIKV emergence, the characteristics of the
virus, especially genetic factors and affecting vector
transmission, may affect the spread of the arbovirus by
impacting mosquitoes’ vector competence'”™'°. The vec-
tor competence of Ae. aegypti for dengue virus (DENV) is
likely governed to a large extent by mosquito-virus genetic
interactions, where the outcome of vector infection
depends on the specific mosquito-virus genotype combi-
nation®”. The Ae. aegypti genus has been shown to be
composed of several subpopulations that display specific
genetic characteristics®’, even at the Pacific regional
scale”. These characteristics, along with the genetic spe-
cificity of viruses, can impact vector competence®>*>**,
This phenomenon has also been demonstrated for other
arboviruses, such as chikungunya virus (CHIKV)'”'%*°
and West Nile virus®. Recent studies have evaluated the
vector competence of different vectors for several ZIKV
strains isolated in Africa, Asia, Pacific, and the Americas®’.
These studies have yielded varying results depending on
the vector being tested (Ae. aegypti or Ae. albopictus) and
the ZIKV lineage used, emphasizing the importance of the
above-mentioned mosquito-virus interactions.

New Caledonia (NC) is a French territory in the western
part of the South Pacific with a population of 270,000. A
Zika outbreak occurred in NC in 2014-2015 with more
than 1500 confirmed cases®®*’. Since the first reported
dengue epidemic (1883), Ae. aegypti has been considered to
be the primary vector of DENV, ZIKV and CHIKV in
NC?*?!, Previous vector competence studies quantified the
ability of Ae. aegypti from NC to transmit DENV>* and
CHIKV?.

The aim of this study was to evaluate the potential of
different ZIKV strains to infect, disseminate and be trans-
mitted by field-collected Ae. aegypti from NC to expand our
knowledge of mosquito-ZIKV interactions. For this purpose,
four Asian lineage ZIKV strains belonging to the Pacific clade
(New Caledonia) or the American clade (French Guyana)
and three strains belonging to the African lineage (one old
strain from Uganda and old and recent strains from Senegal)
were used. We performed experimental infections using
these seven ZIKV strains to document and quantify the
ability of New Caledonian Ae. aegypti to transmit Pacific,
American, and African ZIKV strains and to measure the
impact of ZIKV lineage and genetic divergence on Ae. aegypti
vector competence.

Results
Low competence of the New Caledonian Aedes aegypti
mosquito for ZIKV that circulated during the New
Caledonia outbreak

To first evaluate the vector competence of the NC Ae.
aegypti for the Pacific ZIKV clade, we infected female
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mosquitoes with three ZIKV strains isolated in NC in
2014 (NC-2014-843 and NC-2014-5132) and 2015 (NC-
2015-2391) (Table 1). The proportion of mosquitoes
infected was high and homogenous after 14 days post-
infection (dpi), 83% for NC-2014-5132 and 93% NC-2014-
843 (Fig. 1la; Table S1). The dissemination rate was
moderate (<69%) for the three ZIKV strains from New
Caledonia (Fig. 1b; Table S1). Infection at 9 dpi and the
dissemination rates at 14 dpi were significantly higher for
strain NC-2015-2391 than strain NC-2014-5132 (Fisher’s
exact test, p < 0.001 and p = 0.02, respectively). Infectious
viral particles were only present in mosquito saliva for
strain NC-2015-2391 and were detected as early as 6 dpi
(Fig. 1c; Table S1). Transmission efficiencies were below
10% at each dpi tested (Fig. 3a; Table S2).

Similar transmission efficiencies for the latest Pacific and
American ZIKV strains

To further evaluate the ability of NC Ae. aegypti to
transmit ZIKV belonging to the Asian lineage, we infected
NC mosquitoes with a ZIKV strain isolated in French
Guiana (SA-2016-18246) in 2016 that belongs to the
American ZIKV expansion (Table 1). The observed Ae.
aegypti infection and dissemination rates between Pacific
and American strains were equivalent (Fig. 1la, b;
Table S1). At 9 dpi, the infection rate was higher for the
SA-2016-18246 strain than for strain NC-2014-5132
(Fisher’s exact test, p <0.001) (Fig. 1a; Table S1), and at
14 dpi, dissemination rate was higher for SA-2016-18246
than for NC-2014-843 (Fisher’s exact test, p = 0.014) or
NC-2014-5132 (Fisher’s exact test, p =0.001) (Fig. 1b;
Table S1). Infectious viral particles were only detected in
the saliva at 21 dpi for SA-2016-18246 (Fig. 1c; Table S1).
Similar to the Pacific clade, the transmission efficiency of
the American clade was low (12%) (Fig. 3a; Table S2). No
significant differences in transmission efficiencies were
observed between the American and Pacific ZIKV clades,
although infectious particles were detected in the saliva
from 6 dpi for the Pacific clade (NC-2015-2391) com-
pared to 21 dpi for the American clade (SA-2016-18246)
(Fig. 3a; Table S2).

Vector competence for the African lineage is strain-specific

In parallel, we determined the ability of NC Ae. aegypti
to transmit ZIKV belonging to the African lineage. To this
end, we performed infections with three ZIKV strains
isolated in Uganda (an old strain, AF-1947-MR766, iso-
lated in 1947) and in Senegal (an old strain, AF-1991-
HD78788, isolated in 1991, and a recent strain, AF-2002-
ArD 165 522, isolated in 2002) (Table 1). The proportion
of infected mosquitoes was high and homogenous
(between 77 and 100% of infection) over the 21 days of
the analysis (Fig. 2a; Table S1). ZIKV dissemination
throughout the mosquito body was moderate to high
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Fig. 1 Infection, dissemination, and transmission of Aedes aegypti from New Caledonia with ZIKV belonging to the Asian lineage (Pacific
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Discussion

A mosquito is considered to be a vector if it is able to
transmit a pathogen. Vector competence is determined by
the ability of a virus to replicate and disseminate through
the body of a mosquito before reaching its salivary glands,
thus enabling transmission upon subsequent blood feed-
ing®. For this purpose, the virus needs to infect and
escape both the midgut and salivary gland barriers. Our
study shows that ZIKV particles were present in mosquito
saliva as early as 6 dpi and that NC Ae. aegypti is a
competent ZIKV vector. We also demonstrated that NC
Ae. aegypti vector competence for ZIKV greatly varies
according to the ZIKV strain considered.

In our study, infection and dissemination rates were
higher for ZIKV belonging to African lineage compared to
the Asian lineage (Pacific and American clades). Inter-
estingly, mosquitoes displaying a higher transmission
efficiency also had higher viral titers in their saliva
(Fig. 3b). The observed differences in infection and dis-
semination suggest the influence of ZIKV strain-specific
differences in midgut barrier escape. These differences
may also be linked to ZIKV-specific viral replication
limitations in the body and secondary organs of the
mosquito®*. The number of infected cells in the mosquito
midgut epithelium can vary depending on the virus-
mosquito combination®®, For example, less than 30% of
the Culex quinquefasciatus midgut cells are infected with

West-Nile virus®’, and the wall midgut of Culex tritae-
niorhynchus appeared to be infected by Japanese Ence-
phalitis virus®.

We observed a low transmission rate for the recent
ZIKV strains belonging to the African and Asian lineages,
indicating that the salivary gland barrier has a role in
ZIKV transmission by this population of Ae. aegypti®*
Although the infectious blood-meal provided was at a
high titer (107 TCIDso/mL), this salivary gland barrier
may have influenced the documented transmission rate.
Previous studies highlighted the impact of viral fitness and
transmission of the salivary gland and the bottleneck
effect of the midgut barrier on viral particles during the
transmission process’’. Allowing specific selection of viral
subspecies can decrease the number of viral particles or
reduce the effective virus population size. This effect was
previously described containing a Venezuelan Equine
Encephalitis virus clone, where a significant drop in the
number of clones was observed at each step of the mos-
quito infection®*°, The lower infection and dissemina-
tion rates observed for Ae. aegypti from NC infected by
recent ZIKV strains (African: AF-2002-ArD 165 522;
Asian: NC-2014-843, NC-2014-5132, NC-2015-2391,
and SA-2016-18246) compared to older African ZIKV
strains (AF-1947-MR766 and AF-1991-HD78788) can be
explained by efficient barriers and/or the innate immune
system of Ae. aegypti modulating or limiting ZIKV
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transmission. Previous studies have described the influ-
ence of the mosquito immune system on arbovirus
transmission®®*'. Moreover, specific interactions between
the immune system and viral strains was observed for
dengue virus in a previous study**. ZIKV transmission by
Aedes mosquitoes was experimentally estimated using
several vector populations from around world (Europe,
Asia, America, and Pacific) and the Asian ZIKV line-
age®?***  Qverall, these studies showed low transmis-
sion efficiencies, as was observed in our study”’. The
ZIKV isolated during the NC 2013-2016 outbreak appears
to be able to infect and replicate in the bodies of vectors,
although the salivary glands, appear to be a major barrier
to transmission in NC Ae. aegypti mosquitoes.

Phylogenetic analyses comparing the Pacific and
American ZIKV clades have identified amino acid sub-
stitutions, although genetic divergence is low. Only one
amino acid substitution on the NS5 genome region has
been identified'*'®. However, in our study, these viral
genetic differences apparently did not impact Ae. aegypti
vector competence. We observed no increase in trans-
mission between ZIKV strains isolated during the initial
(in New Caledonia: NC-2014-843, NC-2014-5132 and
NC-2015-2391) or later (French Guiana: SA-2016) recent
ZIKV outbreaks. Furthermore, the level of observed ZIKV
transmission remained low, with no significant differences
observed, contrary to a recent study by Pompon et al**. In
that study, significant differences were observed in
transmission efficiency of Asian Ae. aegypti for a ZIKV
strains from Brazil and French Polynesia. However, in that
study”®, molecular techniques were used for transmission
analysis, which might have increased the sensitivity of the
results. Although less sensitive, our plaque assay allowed
us to observe the infectivity of the saliva. The higher
transmission rate of the Brazilian strain was associated
with a higher viral titer in the vector body and in the saliva
at 10 dpi. This finding is in agreement with those of
previous studies and shows the impact of the viral titer on
ZIKV escape of the midgut barrier***®. The role of
mutations on the infection/transmission ability of ZIKV
needs to be assessed.

In addition, the transmission of the AF-1947-MR766
strain was described in several previous studies (using the
same viral titer as our study), the result of which indicated
moderate dissemination with Aedes hensilli from Yap
island®, high transmission with Aedes vectors from Mex-
ico” and Singapore*®**’, and no transmission with Ae.
aegypti from Senegal’. These results, as well as those
obtained in our study, highlight the specific virus-vector
interactions observed for this ZIKV strain. For strain NC-
2014-5132 (belonging to the Asian lineage and the Pacific
clade), the results are more coherent using Aedes vectors,
as low transmission was observed for Ae. aegypti and Ae.
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albopictus from Western Europe®™ and Brazil®, as was
shown by our own results.

Furthermore, the importance of this mosquito-virus
interaction was underscored by the higher ZIKV trans-
mission observed for Ae. aegypti from NC with the old
ZIKV strains belonging to the African lineage (AF-1947-
MR766 and AF-1991-HD78788). These results are in
accordance with other studies, most of which observed
higher transmission by Aedes mosquitoes of ZIKV
belonging to the African lineage®””°, except with the
Aedes mosquitoes from Senegal, where low dissemination
and no transmission was reported for the two Ae. aegypti
populations tested®. In the latter study, the same ZIKV
strains (AF-1947-MR766, AF-1991-HD78788 and AF-
2002-ArD 165,522) were used with the same blood meal
titer as in our study to assess the ZIKV vector competence
of several F1 generation Aedes species from Senegal. Both
of these studies emphasize that for a given virus strain,
different geographic origins lead to genetic differentiation
within the same vector species (here Ae. aegypti) that may
impact virus transmission®’. Finally, in our study, the
transmission efficiency of one ZIKV strain of the African
lineage (AF-2002-ArD 165,522) was lower than the two
assayed. This strain was isolated from Aedes vittatus in
2002 in Senegal.

Our study may suffer from bias and limitations. The
vector competence results we obtained may have been
determined by interactions between the specific virus and
vector genotypes, as ZIKV AF-2002-ArD 165,522 is the
only strain isolated from an arthropod (as opposed to
mammals for all others) and was the only recent African
lineage strain assayed. Although genetic variations could
explain the results obtained using the different ZIKV
strains in our study, these could have been affected by
other factors, such as viral production and passage his-
tory. Parameters such as passage number and cell type
could have modulated virus populations and then reduced
or increased viral fitness in the vector during in vivo
experiments®>>®>, The genetic divergence and higher
number of passages could explain the transmission dif-
ferences between strains AF-1947-MR766 and AF-1991-
HD78788 and the other strains, especially the ability of
these two strains to infect and escape the salivary gland
barrier. Whether and how these parameters may have
influenced the experimental infection results should be
investigated. Such an investigation could be conducted by
constructing mutagenized ZIKV isolates and measuring
their impact on infection or vector competence, as has
been previously described for other arboviruses®**°.

The results of our study show that Ae. aegypti from NC
is a competent but not a highly efficient vector of recent
ZIKV strains. An epidemic nevertheless occurred in NC
due to the high density of vectors, their lifespan, and close
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contacts between humans and Aedes mosquitoes. Fur-
thermore, the emergence of Asian ZIKV lineages in the
Pacific and in the Americas may be linked to other factors,
such as changing patterns of human migration and
behavior, large immunologically naive fractions of the
population and urbanization rather than vector compe-
tence alone. This ZIKV emergence draws a parallel with
the 2014 CHIKYV outbreaks in the Pacific region and in the
Americas caused by the Asian lineage of CHIKV>®*.
The geographical expansion of arbovirus vectors and
the intensification of international exchanges contribute to
the dissemination of arboviruses in subtropical and tem-
perate areas”®. The introduction and circulation of DENV,
ZIKV, or other Flaviviruses such as Yellow Fever™” virus is
a major concern. Our results underscore the importance
of studying the specific interactions between field vectors
and arboviruses in each specific geographical context to
anticipate public health risks.

Material and methods
Mosquito collection

Mosquitoes were sampled at the immature stage in
Noumea from an artificial breeding site during the hot
season. Approximately 200 larvae identified as belonging
to Ae. aegypti species were placed in a 2L plastic con-
tainer and feed with brewer’s yeast capsules. Pupae were
secondly transferred to a cage (30-cm sides) to await adult
emergence. Females were blood-fed twice a week for at
least five weeks with guinea pig blood to obtain F1-
generation eggs. The F2-generation eggs were obtained
under similar conditions (approximately 150 larvae per
plastic container and 400 to 600 mosquitoes per cage).
The room was maintained at 28°C and 80% humidity
under a 12:12 h light-dark cycle throughout the rearing
process, with adult-stage mosquitoes fed a 10% sucrose
solution ad libitum.

Viral strain

Seven ZIKV strains were used in this study (Table 1).
Three strains were isolated from patients in New Cale-
donia (NC) during the 2014-2015 outbreak, including two
at the beginning of the outbreak in February and April
2014 (NC-2014-843 and NC-2014-5132, respectively) and
one toward the end of the outbreak in July 2015 (NC-
2015-2391)**. The ZIKV strain from the American clade
was obtained from a patient blood sample in French
Guyana in January 2016 (SA-2016-18246). Three strains
were collected in Africa; the AF-1947-MR766 strain was
isolated from a rhesus macaque in Zika Forest in Uganda
in 1947;%'* the AF-1991-HD78788 strain was isolated
from a patient in Senegal in 1991;*'* and the AF-2002-
ArD 165 522 strain was collected from Aedes vittatus in
Senegal in 2002*'%. All final viral stocks were prepared
with passages in mammalian Vero E6 cells in DMEM
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medium (Gibco , Fisher scientific, UK) with 10% fetal
bovine serum (FBS; Gibco™, Fisher scientific) for 3-5 days
at 37 °C with 5% CO,. Supernatants were collected and
stored at —80 °C. Viral titers were determined using serial
10-fold dilutions of viral stocks on Vero E6 cells and were
expressed as TCID50/mL for each viral stock.

Mosquito oral infections

Five-to seven days-old females (not previously blood-
fed) were starved for 24 h before infection. The mosqui-
toes were allowed to take an infectious blood meal for
20min using an artificial system with pig intestine
membrane containing 2 mL of washed rabbit erythrocytes
and 1 mL of viral suspension supplemented with 5 mM
adenosine triphosphate (Sigma-Aldrich®, Germany) as a
phagostimulant. To optimize and compare the impact of
ZIKV lineages on vector competence, the final con-
centration of ZIKV used in the blood meal was 10
TCID50/mL, as previously described®****, After taking
the blood meal, fully engorged females were transferred
into new containers and maintained at 28°C and 80%
humidity, with a 12:12 h light-dark cycle and ad libitum
access to 10% sucrose.

Infection, dissemination, and transmission analysis

For each viral strain tested, 20-30 females were ana-
lyzed at 6, 9, 14, 21 days post-infection (dpi). The females
were cold-anesthetized and had their legs and wings
removed and discarded. For salivation, the proboscis of
each female was inserted into a filter tip containing 5 pL
of FBS for 20 min, and samples were subsequently stored
at —80°C. After salivation, the head was cut from the
body (abdomen and thorax). For each mosquito, the body,
head, and saliva were used to determine the infection,
dissemination, and transmission rates. Each body and
head were individually and mechanically ground with
2.4 mm metal beads in 250 uL. of DMEM medium sup-
plemented with 2% FBS. The materials were ground for
30 s at 6000 rpm using a MagnaLyser (Roche DiagnosticsE,
Switzerland). The samples were centrifuged at 10,000xg
for 10 min at 4 °C. The supernatants were collected and
stored at —80°C before analysis. For viral detection,
100 pL of the head and body samples were inoculated
onto Vero E6 cells in 96-well plates, incubated at 37 °C
with 5% CO, for 7 days, and were subsequently stained
with a 0.2% crystal violet solution (in 10% formaldehyde
and 20% ethanol). Viral particles were detected by the
presence of a cytopathic effect (CPE). Saliva samples were
inoculated directly after salivation onto Vero E6 cells in
6-wells plates under a 2% agarose overlay and were
incubated at 37 °C with 5% CO, for 7 days, after which
samples were processed as previously described. Saliva
titers were expressed as plaque forming units (pfu) per
milliliter of saliva.
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Ethical clearance

The experiments performed in this study observed the
New Caledonia ethic regulations regarding animal
experiments. NC virus isolates used in this study were
previously obtained from the sera of anonymized patients
who were unopposed to the secondary use of their bio-
logical material. The ZIKV isolate from French Guiana
was obtained as part of surveillance and expertise activ-
ities of the Arboviruses National Reference Center in
French Guiana.

Statistical analysis

The infection rate (number of positive bodies divided by
the total number of mosquitoes tested), dissemination
rate (number of infected heads divided by the number of
infected bodies), transmission rate (number of infected
saliva samples divided by the number of infected heads)
and transmission efficiency (number of infected saliva
samples divided by the total number of mosquitoes tested)
were calculated for each ZIKV strains at each dpi.

The samples were considered positive when the pre-
sence of ZIKV particles (presence of CPE) was detected in
saliva regardless of the titer being tested and negative in
absence of CPE. The number of positive samples allowed
the positivity rates to be calculated and compared by virus
and by days post-infection. The mean and median ZIKV
particle titers were also calculated and compared by viral
strain and by day post-infection.

Statistical analyses were performed with R v. 3.3.1
(R Core Team, Vienna, Austria)®®. Qualitative variables
were compared using Fisher’s exact test, and quantitative
variables by non-parametric tests (Kruskal-Weallis test)
because of a non-normal distribution. Differences were
considered significant for p-values < 0.05.
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