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We assessed the ability of a French population of 
Aedes albopictus to transmit yellow fever virus (YFV). 
Batches of 30 to 40 female mosquitoes were analysed 
at 7, 14 and 21 days post-exposure (dpe). Bodies, 
heads and saliva were screened for YFV. Infectious 
viral particles were detected in bodies and heads at 
7, 14 and 21 dpe whereas the virus was found in saliva 
only from 14 dpe. Our results showed that Ae. albopic-
tus can potentially transmit YFV.

We assessed the vector competence of Aedes albop-
ictus collected in France for a West African strain of 
yellow fever virus (YFV). Our results show that this tem-
perate population of Ae. albopictus was able to deliver 
virus through saliva 14 days after receiving an infec-
tious blood-meal.

Experimental infection of mosquitoes
A YFV S79-P4 strain isolated in 1979 from a human 
case in Senegal [1] was passaged twice on newborn 
mice and two times on C6/36 Ae. albopictus cells. Viral 
stocks were produced on C6/36 Ae. albopictus cells.

Ae. albopictus mosquitoes used for the study origi-
nated from Bar-sur-Loup, a commune in the depart-
ment of Alpes-Maritimes, which is in the region of 
Provence-Alpes-Côte d’Azur in south-east France. Eggs 
were collected from the field in ovitraps and reared in 
an insectary for 11 generations (the generation time is 
approximately 10 days) before experimental infections. 
Several batches of 200 larvae were reared in pans con-
taining 1 L of dechlorinated tap water and a yeast tab-
let renewed every two days. Adults were maintained at 
28 °C ± 1 °C in 80% relative humidity with a light:dark 
cycle of 16h:8h. The mosquitoes were fed ad libitum 
with a 10% sucrose solution. Females were blood fed 
three times a week on anaesthetised mice (OF1 mice, 
Charles River laboratories, France). Adult females were 
exposed to an infectious blood-meal containing 106.2 
foci fluorescent units (FFU)/mL of YFV S79-P4 strain 

mixed with rabbit blood and maintained at 28 °C for 21 
days without any additional blood meals.

A total of 30 to 40 exposed mosquitoes were analysed 
at 7, 14 and 21 days post-exposure (dpe) to estimate 
the four indices describing the vector competence: (i) 
the infection rate (IR), which corresponds to the pro-
portion of successfully infected mosquitoes (viral parti-
cles detected in bodies) after exposure to an infectious 
blood-meal among analysed mosquitoes, (ii) the dis-
seminated infection rate (DIR), which measures the 
proportion of mosquitoes with evidence that the virus 
crossed the midgut barrier to reach the haemocoel and 
infected internal organs (infection detected in heads) 
among infected mosquitoes, (iii) the transmission rate 
(TR), which estimates the proportion of mosquitoes 
with the virus present in saliva among mosquitoes able 
to disseminate the virus in the mosquito haemocoel 
(examined when calculating DIR), and (iv) the transmis-
sion efficiency (TE), which corresponds to the overall 
proportion of females with the virus present in saliva 
among the total number of tested mosquitoes. Saliva 
was collected using the forced salivation technique 
previously described [2]. Briefly, wings and legs of 
each mosquito were removed from each mosquito and 
the proboscis was inserted into a 20 μL tip containing 
5 μL of fetal bovine serum (FBS). After 30 to 45 min of 
salivation, FBS containing saliva was expelled in 45 μL 
of Dulbecco’s modified Eagle medium (DMEM) for fur-
ther titration. Heads/bodies homogenates and saliva 
from respective mosquitoes were titrated by focus flu-
orescent assay on C6/36 Ae. albopictus cells as prior 
described [3].

Vector competence analysis
When analysing the ability of Ae. albopictus to be 
infected at 7, 14 and 21 dpe, IRs remained below 15/40 
and were similar regardless of the dpe examined (7dpe: 
6/40, 14 dpe: 15/40 and 21 dpe: 8/30; Fisher’s exact 
test: p = 0.074). When testing the ability of mosquitoes 
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to undergo dissemination of the virus beyond the mid-
gut barrier, DIR did not exceed 6/8 as observed at 21 
dpe and remained comparable for the three dates post-
exposure (7 dpe: 2/6, 14 dpe: 9/15 and 21 dpe: 6/8; 
Fisher’s exact test: p = 0.29).

When examining mosquito saliva for YFV among mos-
quitoes with a viral dissemination to calculate the TR, 
we found that the virus could be detected in saliva 
at 14 dpe (TR=2/9) and 21 dpe (TR=1/6). No virus 
was detected at 7 dpe. The corresponding TEs for Ae. 
albopictus, which take into account the total number 
of tested mosquitoes, were two individuals among 40 
tested at 14 dpe and one among 30 at 21 dpe. When 
considering only mosquitoes with infectious saliva 
(n=3), a mean of 52 viral particles (standard deviation 
± 28; n=2 individual mosquitoes’ saliva examined) was 
estimated at 14 dpe and 10 viral particles (1 mosquito’s 
saliva) at 21 dpe. Hence Ae. albopictus from southern 
France was able to transmit a West African YFV from 
14 dpe. 

In a separate unpublished study (data not shown) that 
we conducted on Ae. aegypti, we found that at 14 dpe, 
Ae. aegypti had an IR of 5/17, a DIR of 2/5 and a TE of 
2/17. This may suggest that Ae. albopictus mosquitoes 
might have higher rates of infection and dissemination 
of the virus in the body (15/40 and 9/15 respectively) 
than Ae. aegypti, albeit a lower TE (2/40).

Background
Yellow fever (YF) is a potentially deadly disease with 
symptoms including jaundice, enlargement of the liver, 
and haemorrhage [4]. It is caused by YFV (Flavivirus, 
Flaviviridae), a virus that was first isolated in West 
Africa in 1927 [5]. Globally, the heaviest burden of YF 
is in Africa where the endemic area covers 34 countries 
and concerns ca 500 million people [6].

Besides genetic differences between seven YFV geno-
types identified to date [7], the competence of potential 
mosquito vectors to transmit the virus may affect the 
distribution pattern of YF outbreaks. In sub-Saharan 
Africa, where more than 90% of YF cases occur, three 
different transmission cycles have been described [4]. 
In the jungle cycle, YFV can spread between non-human 
primates by canopy-dwelling mosquitoes such as Ae. 
africanus. The intermediate or savannah cycle involves 
other mosquito species including Ae. luteocephalus, Ae. 
furcifer, Ae. metallicus, Ae. opok, Ae. taylori, Ae. vittatus 
and members of the simpsoni complex. In areas where 
this cycle occurs, termed ‘zones of emergence’, YFV 
is transmitted from non-human primates to humans. 
Lastly, the urban cycle involves transmission of YFV 
between humans by the anthropophilic mosquito Ae. 
aegypti. In South America, YFV circulates exclusively in 
a jungle cycle involving Haemagogus janthinomys and 
Sabethes chloropterus mosquitoes and non-human pri-
mates [4]. The virus is absent in Asia although local Ae. 
aegypti are susceptible to the virus [8].

Since 1937, YF can be prevented through immunisa-
tion provided by the 17D vaccine; one dose confers a 
protective immunity for life and more than 650 million 
doses have been distributed in the past 75 years [9]. 
In endemic areas for YF however, funds are lacking to 
stimulate YFV vaccine production and accelerate vac-
cination campaigns, and human cases continue to be 
recorded annually. Moreover, during the past 20 years, 
at least one annual YF outbreak has been reported in 
Africa, mainly in West Africa (East and Central African 
countries are usually less affected). In such out-
breaks, human cases are mainly associated with mass 
migrations of non-immunised people who have been 
exposed to YF in endemic areas, reminding that YF is 
still a major public health problem.

On 21 January 2016, an outbreak of YF occurred Angola 
[10]. With more than 3,000 suspected cases and 300 
deaths as of 10 June 2016, the country is facing the 
most important urban YF outbreak observed so far in 
Africa [11]. Despite a slow decrease in the number of 
cases in Angola since the end of March 2016 [12], YFV 
circulation meanwhile continued to expand to neigh-
bouring countries, such as Congo [13] and Uganda [14]. 
In Congo, 700 suspected cases with 63 deaths were 
recorded on 31 May 2016 while in Uganda, 30 cases 
including seven deaths were reported from 26 March to 
18 April 2016. Most cases were found in cities suggest-
ing that transmission implicates urban vectors, mainly 
Ae. aegypti. Imported YF cases from Angola were also 
later confirmed in Kenya [15] and China [16,17], high-
lighting that while the YF vaccine is very effective, 
there is a potential risk for unvaccinated travellers from 
endemic areas to further export the virus.

Discussion
The establishment of a local YF transmission cycle 
outside endemic areas is related to competent Aedes 
mosquitoes, active all year long in tropical regions and 
during the warm period in temperate areas. The mos-
quito species Ae. albopictus is present in 20 European 
countries [18], and a strain of this species (Houston) 
in the United States has been previously reported to 
be a competent vector for YFV [19]. Hence travellers 
returning to Europe from countries where a YF out-
break is occurring could be a source of infection for 
local strains of Ae. albopictus. We therefore assessed 
the competence of Ae. albopictus mosquitoes from the 
south of France for a West African strain of YFV. 

The virus was detected at 14 dpe in saliva of the French 
Ae. albopictus mosquitoes at a rate of two mosquitoes 
in 40, a relatively low TE. While this is reassuring, a low 
vector competence can on the other hand contribute to 
select for virulent virus strains capable of eliciting high 
viraemia in humans [20] and causing more severe clini-
cal symptoms [21]. Moreover although our results point 
to a low TR (2/9) for YFV, the anthropophilic nature of 
Ae. albopictus mosquitoes and their high densities in 
urban areas may allow them to be a vector of YFV. 
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Concerning the virus strain assessed in this study, the 
West African YFV strain should not be very genetically 
distant from the other six genotypes with ca 9% amino-
acid divergence between strains, indicating genetic 
stability of YFV genotypes [7]. However, small genetic 
changes in the viral genome may change the vector 
competence.

As Europe has faced YF outbreaks in the past [22], the 
last being recorded in Gibraltar in 1905, a risk of impor-
tation of YF into Europe is to be considered. Although 
so far there have been hardly any reports from Europe 
of imported YF cases, many imported cases of chikun-
gunya and dengue, two other arboviral diseases, have 
been documented [23]. If YF follows the same path as 
dengue and chikungunya, which have a greater num-
ber of imported cases, a local transmission of YF in 
temperate regions where Ae. albopictus is established 
becomes a plausible scenario, underlining the need for 
continued vigilance for YF. 
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