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Abstract

Background: Since 2005, cases of chikungunya (CHIK) were caused by an unusual vector, Aedes albopictus. This mosquito,
present in Europe since 1979, has gained importance since its involvement in the first CHIK outbreak in Italy in 2007. The
species is capable of transmitting experimentally 26 arboviruses. However, the vectorial status of its temperate populations
has remained little investigated. In 2010, autochthonous cases of CHIK and dengue (DEN) were reported in southeastern
France. We evaluated the potential of a French population of Ae. albopictus in the transmission of both viruses.

Methodology and Principal Findings: We used two strains of each virus, CHIK and DEN: one strain was isolated from an
imported case, and one from an autochthonous case. We used as controls Aedes aegypti from India and Martinique, the
source of the imported cases of CHIK and DEN, respectively. We showed that Ae. albopictus from Cagnes-sur-Mer (AL-CSM)
was as efficient as the typical tropical vector Ae. aegypti from India to experimentally transmit both CHIK strains isolated
from patients in Fréjus, with around 35–67% of mosquitoes delivering up to 14 viral particles at day 3 post-infection (pi). The
unexpected finding came from the high efficiency of AL-CSM to transmit both strains of DENV-1 isolated from patients in
Nice. Almost 67% of Ae. albopictus AL-CSM which have ensured viral dissemination were able to transmit at day 9 pi when
less than 21% of the typical DEN vector Ae. aegypti from Martinique could achieve transmission.

Conclusions/Significance: Temperate Ae. albopictus behaves differently compared to its counterpart from tropical regions,
where recurrent epidemic outbreaks occur. Its potential responsibility for outbreaks in Europe should not be minimized.
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Introduction

In September 2010, a few cases of dengue (DEN) and

chikungunya (CHIK) were reported in the southeast of France

[1,2]. Patients did not move outside France during the preceding

weeks, suggesting an autochthonous transmission of both viruses

by the mosquito Aedes albopictus. This species, native to Southeast

Asia, has expanded all over the world during the past decades,

including to the south of Europe (reviewed in [3]). Since its first

report in Albania in 1979 [4], Ae. albopictus has been found in 20

European countries including France [5]. This mosquito was first

detected in 2004 in the city of Menton near the Italian border, and

has gained ground each year. It is now established in seven French

departments [6].

Ae. albopictus is able to transmit a large number of arboviruses

(reviewed in [7]). Laboratory viral challenges gave evidence of the

high efficiency of Ae. albopictus from Europe (Corsica and Italy) to

ensure dissemination of CHIK virus (CHIKV) and to a lesser

extent, DEN virus (DENV) [8,9]. However, its vectorial status in

temperate regions has been debatable for a long time until the first

European epidemic of CHIK in 2007 in Italy [10]. Its implication

as vector has been corroborated in 2010 with the detection of

CHIK and DEN cases in France and Croatia [1,2,11–13]. These

unexpected cases illustrate the risk for European countries of

arboviral outbreaks, supported by increasing numbers of viraemic

travelers returning from endemic tropical regions [14].

In September 2010, two autochthonous cases of DENV-

serotype 1 (DENV-1) were reported in Nice (southeastern France).
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Molecular genotyping revealed that DENV-1 strains were similar

to strains circulating in Martinique in 2010 [1]. At the same time,

50 km west of Nice, in Fréjus, two autochthonous cases of CHIK

were detected [11]. Viral genome sequences were identical to that

isolated from a traveler returning from India (Rajasthan) [2]. A

local transmission of both viruses has then been suspected as it

coincided with the occurrence of high densities of Ae. albopictus

[3,5]. The main aim of our study is to assess whether the

temperate counterpart of Ae. albopictus collected in southeastern

France shows a high ability to transmit CHIKV and DENV when

compared to Ae. aegypti, the typical vector of both viruses in tropical

endemic regions.

Materials and Methods

Ethics Statement
The Institut Pasteur animal facility has received accreditation

from the French Ministry of Agriculture to perform experiments

on live mice [see permit numbers at http://webcampus.pasteur.

fr/jcms/c_97619/agrements-des-animaleries] in appliance of the

French and European regulations on care and protection of the

Laboratory Animals. This study was approved by the Institutional

Animal Care and Use Committee (IACUC) at the Institut Pasteur.

No specific permits were required for the described field studies in

locations which are not protected in any way and did not involve

endangered or protected species.

Mosquitoes
Three colonies of Aedes mosquitoes were used: (i) Ae. albopictus

collected in 2007 in the city of Cagnes-sur-Mer (AL-CSM) in

southeast France; (ii) Ae. aegypti collected in 2010 in the district ‘‘Le

Robert’’ in the French overseas department of Martinique (AA-

Martinique); and (iii) Ae. aegypti from New-Delhi in India (AA-

India). All colonies were derived from field-collected eggs. After

hatching, larvae were split by 200 individuals per pan, fed with 1

yeast tablet dissolved in 1 liter of tap water. Emerging adults were

maintained in cages at 28uC61uC with a light:dark cycle of

16 h:8 h, 80% relative humidity, and were supplied with a 10%

sucrose solution. The F13 and F2 generations were respectively

used for AL-CSM and AA-Martinique. AA-India has been

maintained in laboratory since 1985.

Viral Strains
Four viral strains isolated from patients in Southeastern France

were used: CHIKV (2010–1630 and 2010–1909) and DENV-1

(2010–1806 and 2010–2025). CHIKV 2010–1630 and DENV

2010–2025 were isolated from imported cases returning respec-

tively from India and Martinique, whereas CHIKV 2010–1909

and DENV 2010–1806 were obtained from autochthonous cases

who have not traveled during the preceding months. Viral strains

were produced on African green monkey kidney Vero cells. The

2nd passage was used for experimental infections of mosquitoes.

Serial dilutions were used to determine the titer of viral stocks that

was expressed in plaque-forming units (PFU)/mL for CHIKV and

focus-forming units (FFU)/mL for DENV.

Viral Genome Sequencing and Phylogenetic Analyses
Viral genomic RNA was extracted from CHIKV grown once

on mosquito C6/36 cells. RT-PCR was performed using

SuperScript One-Step RT-PCR with platinum Taq (Invitrogen)

using primers targeting the complete genome [15]. Amplicons

sequencing reactions were performed by using Big Dye Termina-

tor v1.1 cycle sequencing kit (Applied Biosystems) and sequencing

was performed in ABI3730XL sequence analyzer (Applied

Biosystems). For sequence analysis, contig assembly and sequence

alignments were performed using program BioNumerics version

6.5 (Applied-Maths, Sint-Martens-Latem, Belgium). For phyloge-

netic analysis, maximum-likelihood tree was constructed using

MEGA version 5 (www.megasoftware.net), based on the Tamura-

Nei model. Reliability of nodes was assessed by bootstrap

resampling with 1,000 replicates.

Mosquito Oral Infections
One-week-old females were fed on an infectious blood-meal

containing 2 mL of washed rabbit erythrocytes, 1 mL of viral

suspension supplemented with a phagostimulant (ATP) at a final

concentration of 5 mM. The titer of the blood-meal was

determined at 107.3 PFU/mL for CHIKV and 105.3 FFU/mL

for DENV. Fully engorged females were transferred in cardboard

containers and maintained with 10% sucrose at 2861uC.

Dissemination and Transmission Analysis
Batches of mosquitoes were analyzed at days 3, 6, 9 and 14 post-

infection (pi) for CHIKV [15] and at days 9 and 14 pi for DENV

[16].

To estimate the dissemination rate, heads were removed from

mosquitoes and ground in 500 mL of Leibovitz L15 medium

supplemented with 10% Fetal Bovine Serum (FBS). Obtained

homogenates were then filtered with a MilliporeH membrane

(0.22 mm) for further titration. To estimate transmission, saliva was

collected from individual mosquitoes as described in [17]. For

each mosquito, wings and legs were removed and the proboscis

was inserted into a 20 mL tip containing 5 mL of FBS. After

45 min, FBS containing saliva was expelled in 45 mL of Leibovitz

L15 medium (Invitrogen) for titration.

Disseminated infection rate corresponds to the proportion of

mosquitoes with infected head among tested ones. Transmission

rate represents the proportion of mosquitoes with infectious saliva

among mosquitoes able to disseminate the virus beyond the

midgut barrier. Ultimately, transmission efficiency corresponds to

the proportion of mosquitoes with virus in saliva among tested

ones (i.e., surviving females including females unable to dissem-

inate the virus and those able to disseminate).

Viral Titration of Mosquitoes
The number of infectious particles per saliva and per head

homogenates was estimated by focus fluorescent assay on C6/36

Ae. albopictus cells. Samples were serially diluted and inoculated into

C6/36 cells in 96-well plates. After incubation at 28uC for 3 days

(CHIKV) or 5 days (DENV), plates were stained using hyper-

immune ascetic fluid specific to CHIKV or DENV-1 as primary

antibody. A Fluorescein-conjugated goat anti-mouse was used as

the second antibody (Biorad).

Statistical Analysis
Statistical analyses were performed with Stata software

(StataCorp LP, Texas, and USA). The numbers of infectious

particles in saliva and/or head homogenates were compared using

Kruskal-Wallis test. Chi square test was used to compare

disseminated infection rate, transmission rate and vector compe-

tence for each mosquito/virus pairing.

Results

Ae. albopictus from France is Susceptible to CHIKV
To compare the susceptibility of Ae. albopictus from France (AL-

CSM) to CHIKV, Ae. aegypti from India (AA-India), where the

imported case was originated, was also orally infected with two

Vectorial Status of Aedes albopictus in France
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viral strains: (i) CHIKV 2010–1630 strain that circulated in India

in 2010 and (ii) CHIKV 2010–1909 strain isolated from a CHIK

autochthonous case from Fréjus. These two viral strains, whose

complete genome has been defined, differed only by one single-

nucleotide, and showed a 100% identity at the amino acid level.

As previously found [2], phylogenetic analysis based on complete

genomes confirmed that the two CHIKV strains belong to the

ECSA clade, in close relation with strains from India (Figure S1).

To measure the ability of mosquitoes to allow virus to overcome

the midgut barrier, disseminated infection rate (DIR) was assessed

at days 3, 6, 9 and 14 after the infectious blood-meal. DIR was

calculated for each pairing mosquito/virus. After infection with

CHIKV, DIR increased along with day pi to reach 100% at day

6 pi (Table 1), illustrating a high susceptibility of both mosquito

species to the two CHIKV strains. Slight decreases of DIR were

observed from day 6–9 pi to day 14 pi. When examining DIR

according to day pi, a significant difference was only found for AA-

India infected with CHIKV 2010-1909 (Chi square test: p,0.05).

No difference was found according to viral strains and mosquito

species (Chi square test: p.0.05).

The intensity of viral dissemination beyond the midgut barrier

can be evaluated by estimating the number of viral particles in

head homogenates (Figure 1). For Ae. albopictus AL-CSM, the

maximum number of CHIKV particles was reached at day 6 pi

with 5.760.7 log10 particles for CHIKV 2010-1630 (Figure 1A)

and at day 9 pi with 5.061.0 log10 particles for CHIKV 2010-

1909 (Figure 1B). For Ae. aegypti AA-India, the maximum viral load

was detected at day 9 pi with 6.160.4 log10 viral particles for

CHIKV 2010-1630 (Figure 1A) and at day 14 pi with 6.060.3

log10 viral particles for CHIKV 2010-1909 (Figure 1B). When

considering each viral strain, AA-India had a slightly higher

number of viral particles than AL-CSM at late days pi (Kruskal-

Wallis test: p,0.05). When considering each mosquito species,

both viral strains were disseminated with similar efficiencies

(Kruskal-Wallis test: p.0.05).

To describe the ability of mosquitoes to allow virus to reach the

salivary glands after replicating in different mosquito organs and to

be transmitted with the saliva delivered by females during blood-

feeding, transmission rate (TR) was assessed at days 3, 6, 9 and 14

after the infectious blood-meal. Viral detection in saliva revealed

that TR reached a maximum (around 70–80%) at day 6 pi

whatever the pairing mosquito/virus, and then declined gradually

until day 14 pi (Table 1). When examining mosquito species, a

slightly higher proportion of Ae. aegypti AA-India was able to

transmit CHIKV strains compared to Ae. albopictus AL-CSM. No

difference was found between the two viral strains (Chi square test:

p.0.05) except at day 9 for Ae. albopictus AL-CSM (Chi square test:

p,0.05). When examining TR according to day pi, no significant

difference was found except for Ae. albopictus AL-CSM infected

with both CHIKV strains (Chi square test: p,0.05).

The intensity of viral transmission can be calculated by

estimating the viral load in saliva collected from mosquitoes. As

expected, the number of CHIKV particles in saliva was lower than

particles estimated in head homogenates (Figure 2). Virus in saliva

was detected from day 3 pi and the number of viral particles did

not fluctuate significantly along with day pi (Kruskal-Wallis test:

p.0.05). For Ae. albopictus AL-CSM, the maximum number of

CHIKV particles in saliva was reached at day 6 pi with 1.660.8

log10 particles for CHIKV 2010-1630 (Figure 2A) and 1.660.5

log10 particles for CHIKV 2010-1909 (Figure 2B). For Ae. aegypti

AA-India, the maximum viral load in saliva was detected at day

9 pi with 1.560.8 log10 viral particles for CHIKV 2010-1630

(Figure 2A) and as soon as day 3 pi with 1.160.5 log10 viral

particles for CHIKV 2010-1909 (Figure 2B). Roughly, AL-CSM

delivered more viral particles than AA-India for both CHIKV

strains (Kruskal-Wallis test: p,0.05).

Ultimately, transmission efficiency (TE) was also defined by

estimating the proportion of mosquitoes with virus in saliva among

tested ones. When comparing TE between the two viral strains for

each mosquito species at a given day pi, no difference was found

(Chi square test: p.0.05) except at day 9 pi for Ae. albopictus AL-

CSM. When examining TE according to day pi for each pairing

mosquito/virus, significant difference was found (Chi square test:

p,0.05) except for Ae. aegypti AA-India infected with the imported

CHIKV strain (2010-1630).

These results suggest that a higher proportion of Ae. aegypti AA-

India was able to transmit both strains of CHIKV but with a lower

number of virus in saliva than for Ae. albopictus AL-CSM. The

imported CHIKV strain (2010–1630) as well as the autochthonous

CHIKV strain (2010–1909) behave similarly.

Ae. albopictus from France is Unexpectedly Highly
Susceptible to DENV

It is known that Ae. albopictus is an unusual vector of DENV

compared to the typical vector, Ae. aegypti. Therefore, to measure

the potential to transmit DENV of Ae. albopictus from France (AL-

CSM) compared to Ae. aegypti from Martinique (AA-Martinique)

where the imported case spent some times, mosquitoes were

Table 1. Disseminated infection rate, transmission rate and transmission efficiency to CHIKV strains of Ae. albopictus from France
(AL-CSM) and Ae. aegypti from India (AA-INDIA) at different days post-infection.

AA-India AL-CSM

Day pi CHIKV-1909{ CHIKV-1630{ CHIKV-1909{ CHIKV-1630{

DIR TR TE DIR TR TE DIR TR TE DIR TR TE

3 66.7 (15) 50 (10) 33.3 (15) 94.7 (19) 66.7 (18) 63.2 (19) 82.4 (17) 35.7 (14) 29.4 (17) 94.1 (17) 37.5 (16) 35.3 (17)

6 100 (23) 78.3 (23) 78.3 (23) 100 (19) 73.7 (19) 73.7 (19) 100 (19) 84.2 (19) 84.2 (19) 100 (18) 72.2 (18) 72.2 (18)

9 100 (20) 40 (20) 40 (20) 100 (20) 45 (20) 45 (20) 95 (20) 26.3 (19) 25 (20) 94.7 (19) 77.8 (18) 73.7 (19)

14 100 (22) 31.8 (22) 31.8 (22) 85 (20) 47.1 (17) 35 (20) 95.5 (22) 14.3 (21) 13.6 (22) 89.5 (19) 11.8 (17) 10.5 (19)

DIR: Disseminated infection rate corresponding to the proportion of mosquitoes with infected head among tested ones; TR: Transmission rate corresponding to the
proportion of mosquitoes with infectious saliva among mosquitoes able to disseminate the virus beyond the midgut barrier; TE: Transmission efficiency corresponding
to the proportion of mosquitoes with infectious saliva among tested ones; In parenthesis for DIR, number of mosquitoes analyzed; In parenthesis for TR, number of
mosquitoes able to disseminate the virus beyond the midgut; In parenthesis for TE, number of mosquitoes analyzed; { Strain isolated from a French autochthonous
case; { Strain isolated from a French imported case.
doi:10.1371/journal.pone.0059716.t001

Vectorial Status of Aedes albopictus in France
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infected with two viral strains: (i) DENV-2025 strain that

circulated in Martinique in 2010 and (ii) DENV-1806 strain

isolated from a DEN autochthonous case from Nice in 2010.

Molecular analysis demonstrated that these two strains belonged

to the serotype 1, presenting similarities with strains circulating at

the same period in the French West Indies [1]. Complete genome

sequence of both DENV strains will be available in a near future

(Caro V, personal communication).

Disseminated infection rate (DIR), transmission rate (TR) and

transmission efficiency (TE) were assessed at days 9 and 14 after

the infectious blood-meal.

Dissemination of DENV in AA-Martinique after ingestion of

the infectious blood-meal was characterized by high values of DIR

from day 9 pi (, .70%) whereas in AL-CSM, DIR fluctuated

from 11.5 to 44.8% (Table 2). No difference was detected

according to the day pi (Chi square test: p.0.05) except for Ae.

albopictus AL-CSM infected with the imported DENV strain

(2010–2025). Whatever the DENV strain, Ae. aegypti AA-

Martinique showed higher values of DIR than Ae. albopictus AL-

CSM (Chi square test: p,0.05) (Table 2). Each mosquito

population disseminated equally the two DENV strains (Chi

square test: p.0.05).

In order to compare the intensity of viral dissemination, the

number of viral particles in head homogenates was estimated. The

maximum number of DENV particles was reached at day 14 pi

for each pairing mosquito/virus (Figure 3). Ae. aegypti AA-

Martinique disseminated more DENV particles than Ae. albopictus

AL-CSM (Kruskal-Wallis test: p,0.05). When comparing the two

Figure 1. Dissemination of CHIKV in Ae. albopictus from France
(AL-CSM) and Ae. aegypti from India (AA-India). At days 3, 6, 9,
and 14 after infection with an infectious blood-meal, mosquitoes were
sacrificed and heads were removed for viral titration. The number of
infectious particles per head homogenate was estimated by focus
fluorescent assay on C6/36 Ae. albopictus cells. Two viral strains were
tested: (A) CHIKV-1630 strain that circulated in India in 2010 and (B)
CHIKV-1909 strain isolated from a CHIKV autochthonous case from
Fréjus. Error bars refer to the standard error between different
mosquitoes.
doi:10.1371/journal.pone.0059716.g001

Figure 2. Transmission of CHIKV in saliva of Ae. albopictus from
France (AL-CSM) and Ae. aegypti from India (AA-India). At days 3,
6, 9, and 14 after infection with an infectious blood-meal, mosquitoes
were sacrificed and saliva was collected from individual mosquitoes and
titrated by focus fluorescent assay on C6/36 Ae. albopictus cells. Two
viral strains were tested: (A) CHIKV-1630 strain that circulated in India in
2010 and (B) CHIKV-1909 strain isolated from a CHIKV autochthonous
case from Fréjus. Error bars refer to the standard error between different
mosquitoes.
doi:10.1371/journal.pone.0059716.g002

Vectorial Status of Aedes albopictus in France
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DENV strains for each mosquito strain, the number of viral

particles was roughly similar (Kruskal-Wallis test: p.0.05).

Viral transmission was examined by estimating TR for each

pairing mosquito/virus. TRs varied from 4% to 21.4% for Ae.

aegypti AA-Martinique and from 55.6% to 66.7% for Ae. albopictus

AL-CSM, with a decrease from day 9 to day 14 pi (Table 2).

Higher TRs were obtained for AL-CSM with both DENV strains

(Chi square test: p,0.05). No significant differences were found

between the two DENV strains for a given mosquito species (Chi

square test: p.0.05).

As observed with CHIKV, the number of DENV particles in

saliva was lower to that obtained in head homogenates (Figure 4).

For Ae. albopictus AL-CSM, the maximum of DENV particles was

reached at day 9 pi with 0.560.4 log10 particles for DENV 2010-

1806 (Figure 4A) and 0.460.4 log10 particles for DENV 2010–

2025 (Figure 4B). For Ae. aegypti AA-Martinique, viral loads were

also low: 0.1 log10 particles for DENV 2010-1806 (Figure 4A) and

0.660.9 log10 particles for DENV 2010–2025 (Figure 4B) at day

9 pi. AL-CSM and AA-Martinique delivered a number of DENV

particles comparable between DENV 2010-1806 and DENV

2010–2025 (Kruskal-Wallis test: p.0.05).

Finally, transmission efficiency (TE) was also defined for each

pairing mosquito/virus at different days pi. When examining TE

between the two viral strains for each mosquito species at a given

day pi, no difference was found (Chi square test: p.0.05). When

analyzing TE according to day pi for each pairing mosquito/virus,

no significant difference was found (Chi square test: p.0.05)

except for Ae. albopictus AL-CSM infected with the imported

DENV strain (2010–2025) at day 14 pi.

These results suggest that Ae. albopictus AL-CSM ensured a low

dissemination of DENV even if transmission rate was unexpect-

edly high. Its TR was high at day 14 pi when infected with the

imported DENV strain (2010–2025). Moreover, the typical vector

Ae. aegypti AA-Martinique achieved a high dissemination of both

DENV strains without being correlated with a high transmission.

AL-CSM presents the same features for dissemination and

transmission of the imported (DENV 2010–2025) as well as the

autochthonous (DENV 2010-1806) DENV strains.

Discussion

Taking advantage of intercontinental trading, Ae. albopictus,

native to southeast Asia, has extended its geographical range and

has brought into light the fear of emerging mosquito borne-

diseases. In France, the scare became reality in September 2010,

when autochthonous cases of CHIK and DEN were detected in

southeast of France, where Ae. albopictus has been established since

2004 [18]. Our results show that Ae. albopictus from Cagnes-sur-

Mer (AL-CSM) was as efficient as the typical tropical vector Ae.

aegypti to transmit both CHIKV and DENV.

Populations of Ae. albopictus are currently established on the

eastern Mediterranean coastline of France. Its capacity to lay cold-

resistant eggs has facilitated the colonization of new geographic

areas in northern latitudes (reviewed in [3]; [19]). In addition, its

preference for small artificial containers as breeding sites in

domestic environments has increased potential close contacts with

humans (reviewed in [7]). Ae. albopictus can reach high densities in

August-September as climatic conditions are favorable [18]. In

addition, travelers infected with CHIKV and DENV returning

from countries where these arboviruses are endemic or where

epidemics are taking place have been frequently reported in

Europe, including France [1,20]. These conditions together are

essential for the transmission of imported arboviruses to take place.

Our laboratory viral challenges were implemented in conditions

allowing optimal viral replication in tropical mosquito species: an

incubation temperature of 28uC and an incubation period (day 3

to day 14 for CHIKV and day 9 to day 14 pi for DENV) suitable

for CHIKV [17] and DENV infecting Ae. aegypti [21]. Exper-

imental infections were performed with blood-meals providing

viral titers compatible with viremia levels recorded in patients

[22,23]. Temperate populations such as AL-CSM are expected to

be disadvantaged in such conditions, but our results were not

consistent with these expectations. Several environmental factors

such as temperature may affect vector capacity by modifying

notably vector dynamics [24] and vector competence [25]. For

example, recent studies have shown that the incubation temper-

ature of immature stages alters susceptibility of Ae. albopictus for

CHIKV [26]. Although Ae. albopictus was already shown to be

susceptible to both viruses in the laboratory, its high vector

competence in optimal conditions compared to the typical vector

was quite surprising.

The analyzed CHIKV strain isolated in Fréjus from an

imported human case belongs to the ECSA clade and harbors

an alanine at the position E1-226. Based on our laboratory viral

challenges, we found that both CHIKV strains (autochthonous

and imported) were efficiently transmitted by Ae. albopictus AL-

CSM and Ae. aegypti AA-India with around 35–67% of mosquitoes

able to ensure viral dissemination delivering up to 14 viral particles

at day 3 pi. Using a similar titer of blood-meal (i.e., 107.5 PFU/

mL), we showed in a previous work that Ae. albopictus from La

Table 2. Disseminated infection rate, transmission rate and transmission efficiency to DENV strains of Ae. albopictus from France
(AL-CSM) and Ae. aegypti from Martinique (AA-Martinique) at two days post-infection.

AA-Martinique AL-CSM

Day
pi DENV-1806{ DENV-2025{ DENV-1806{ DENV-2025{

DIR TR TE DIR TR TE DIR TR TE DIR TR TE

9 86.4 (22) 21.1 (19) 18.2 (22) 68.4 (19) 15.4 (13) 10.5 (19) 12.5 (48) 66.7 (6) 8.3 (48) 11.5 (52) 66.7 (6) 7.7 (52)

14 96.2 (26) 4 (25) 3.8 (26) 84.2 (19) 12.5 (16) 10.5 (19) 28.1 (32) 55.6 (9) 15.6 (32) 44.8 (29) 61.5 (13) 27.6 (29)

DIR: Disseminated infection rate corresponding to the proportion of mosquitoes with infected head among tested ones; TR: Transmission rate corresponding to the
proportion of mosquitoes with infectious saliva among mosquitoes able to disseminate the virus beyond the midgut barrier; TE: Transmission efficiency corresponding
to the proportion of mosquitoes with infectious saliva among tested ones; In parenthesis for DIR, number of mosquitoes analyzed; In parenthesis for TR, number of
mosquitoes able to disseminate the virus beyond the midgut; In parenthesis for TE, number of mosquitoes analyzed;
{Strain isolated from a French autochthonous case;
{Strain isolated from a French imported case.
doi:10.1371/journal.pone.0059716.t002
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Reunion Island was very efficient to transmit CHIKV E1-226V

delivering around 11 viral particles at day 3 pi [17]. The

substitution E1-226A by E1-226V has been demonstrated to be

responsible of the improved transmission in Ae. albopictus [27,28].

Nevertheless, the pairing Ae. albopictus AL-CSM and CHIKV E1-

226A was found to be unexpectedly efficient. Ae. albopictus AL-

CSM is a temperate species experiencing low temperatures which

can express a higher competence to vector arboviruses [26].

Another substitution at position E2-211 with a threonine instead of

an isoleucine may increase the potential of CHIKV transmission

in Ae. albopictus when E1-226V is also present. The mutation E2-

I211T significantly increases infectivity of CHIKV for Ae. albopictus

when expressed together with the E1-226V mutation [29]. It was

suggested that this region of the E2 protein constitutes a cell-

receptor binding domain. Mutations might affect interactions of

the virus with putative receptor(s) present on midgut cells [30].

The detection of E2-211T in CHIKV isolates from France can

favor the E1-226V genotype to reach fixation after several rounds

of autochthonous transmission cycles involving Ae. albopictus. The

continuous circulation of CHIKV since its emergence in 2005 has

led to the selection of other mutations enhancing the effect of E1-

226V for transmission in Ae. albopictus [31]. In India, circulating

CHIKV genotypes belong to the newly introduced ECSA lineage

[2]. Two specific mutations, E1-K211E and E2-V264A, were

detected in CHIKV strains isolated from New-Delhi revealing the

emergence of a new signature in this clade [32]. Thus, other

positions in the CHIKV genome exert strong epistatic effects on

the E1-A226V substitution responsible for a significant increase in

Figure 3. Dissemination of DENV in Ae. albopictus from France
(AL-CSM) and Ae. aegypti from Martinique (AA-Martinique). At
days 9 and 14 after infection with an infectious blood-meal, mosquitoes
were sacrificed and heads were removed for viral titration. The number
of infectious particles per head homogenate was estimated by focus
fluorescent assay on C6/36 Ae. albopictus cells. Two viral strains were
tested: (A) DENV-2025 strain that circulated in Martinique in 2010 and
(B) DENV-1806 strain isolated from a DENV-1 autochthonous case from
Nice. Error bars refer to the standard error between different
mosquitoes.
doi:10.1371/journal.pone.0059716.g003

Figure 4. Transmission of DENV in saliva of Ae. albopictus from
France (AL-CSM) and Ae. aegypti from Martinique (AA-Martini-
que). At days 9 and 14 after infection with an infectious blood-meal
provided, mosquitoes were sacrificed and saliva was collected from
individual mosquitoes and titrated by focus fluorescent assay on C6/36
Ae. albopictus cells. Two viral strains were tested: (A) DENV-2025 strain
that circulated in Martinique in 2010 and (B) DENV-1806 strain isolated
from a DENV autochthonous case from Nice. Error bars refer to the
standard error between different mosquitoes.
doi:10.1371/journal.pone.0059716.g004
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CHIKV transmission by Ae. albopictus. These effects are lineage-

specific [29,31].

The Dengue 1 strain, isolated from a patient in Nice, originated

from Martinique in the French West Indies where an on-going

epidemic took place in 2010. The mosquito Ae. aegypti is the main

vector involved in most urban dengue outbreaks worldwide [33].

However, Ae. albopictus may act as a secondary vector [34]

although in a recent past, it was implicated in outbreaks in Hawaii

in 2001–2002 [35] and La Réunion Island in 2004 [36]. Ae. aegypti

populations from Martinique are highly competent to DENV [37].

Nevertheless, Ae. albopictus from Cagnes-sur-Mer was found to be

efficient in transmitting both strains of DENV-1 (autochthonous

and imported) isolated from patients in Nice. Almost 67% of Ae.

albopictus AL-CSM which have ensured viral dissemination were

able to transmit DENV at day 9 after the ingestion of the

infectious blood-meal. On the other side, only 21% of Ae. aegypti

AA-Martinique were able to deliver DENV. The high efficiency of

Ae. albopictus from Cagnes-sur-Mer to transmit DENV-1 is really

unusual and contrasts with its counterpart Ae. albopictus from

another Mediterranean country, Lebanon; it was capable to

transmit only at day 21 pi with 38% of mosquitoes delivering

1746455 viral particles [38].

For both viruses, viral dissemination from the midgut to

colonize organs bathed in the hemolymph was more efficient for

the typical vector, Ae. aegypti. Later, release of viral particles from

the salivary glands through saliva expectorated by the mosquito

was favored in Ae. albopictus. We hypothesized that viral replication

in midgut cells is essential to acquire enough infectivity for the

virus to be transmitted in an optimal way. A direct competition of

assays in vivo between the E1-226V and E1-226A variants

highlighted the selective role of the midgut barrier. Indeed, when

intrathoracically inoculated into the mosquito hemocele, CHIKV

bypasses the midgut cells and infect directly secondary organs such

as the salivary glands without any selection operating; the

transmission of the E1-226V variant by Ae. albopictus is no longer

favored (Arias-Goeta et al., unpublished data). Thus, this mutation

mainly occurs before the virus is released from midgut cells into

hemocele. The midgut plays a key role in enhanced transmission

of E1-226V in Ae. albopictus as suggested by previous findings

[27,28]. The E1-226A seems to adopt the same features in Ae.

albopictus AL-CSM. Similar studies should be initiated with DENV.

In addition, for each virus, genomes of both strains (autochthonous

and imported) are quite similar, suggesting that more autochtho-

nous transmission cycles involving native Ae. albopictus would be

necessary to generate more adapted viruses for an enhanced

transmission by this vector. Moreover, mosquitoes are persistently

infected and the mosquito innate immune responses play a key

role in controlling infection [39]. This would contribute to explain

decrease in dissemination and transmission efficiencies at late days

post-infection.

Autochthonous transmission of CHIK and DEN in continental

Europe is thus possible. While occurrence of CHIK outbreaks has

been proven possible in the past [40], the establishment of DEN

transmission in southeastern France or further spread in Europe

seems to be unexpected. Nevertheless, the high efficiency of Ae.

albopictus from Cagnes-sur-Mer to transmit both viruses in the

laboratory leads us to avoid underestimating Ae. albopictus from

temperate regions to sustain epidemic outbreaks. Environmental

conditions prevailing in the southeast of France are suitable

enough to sustain outbreaks during favorable seasons, as evidenced

by the Italian outbreak of CHIKV occurring in the province of

Ravenna at the same latitude than the French cities, Nice and

Fréjus.

Supporting Information

Figure S1 Phylogenetic relationships among several
CHIKV and ones from French cases (Genbank accession
number pending) based on complete genome (11,237
nucleotides) analysis. Bootstrap support values (1,000 repli-

cates) are indicated at major nodes. Gray shading indicates the two

French CHIKV isolates. Scale bar indicates number of base

substitutions per site. ECSA, East/Central/South Africa.
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