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We report that Aedes albopictus Paris collected in June 2023 were experimentally able to transmit at least three dengue virus (DENV) serotypes, from 14 days post-infection (dpi) for DENV-3 and DENV-4, and from 21 dpi for DENV-2. Given the growing number of dengue autochthonous cases reported in France, episodes of active transmission in Paris are expected as it was reported in 2023 in the greater Paris area.
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Introduction

The last dengue outbreak in Europe was reported in 1927–1928 in Greece, causing ~ 1 million cases and ~ 1,000 deaths. Aedes aegypti was the main vector (1). Dengue virus (DENV; Flavivirus, Flaviviridae) disappeared from continental Europe following the successful control of Ae. aegypti in 1953 (2). In 1979, the tiger mosquito Ae. albopictus, native to Asia, arrived in Europe in Albania (3); it is now present in 20 European countries (4). In the absence of Ae. aegypti, Ae. albopictus was the vector of the first dengue autochthonous cases in 2010, in France (5) and Croatia (6).

In France, Ae. albopictus was first detected in the Southeast region close to the Italian border in 2004 (7) and is now established in 78 of the 96 departments in mainland France including Paris (8). Since 2010, dengue autochthonous cases were reported each year with a peak of 45 cases in 2023 (9) and 83 cases in 2024 (10). While most autochthonous dengue cases were reported in the south of France, three local cases were detected in the greater Paris in September 2023 (11, 12); dengue 2 serotype has been identified, probably imported via infected travelers from Martinique and Guadeloupe (13). Here, we assess the vector competence of Ae. albopictus Paris to the four DENV serotypes and discuss the epidemiological consequences and vector control measures to be implemented.





Materials and methods




Ethical statement

Animals were housed in the Institut Pasteur animal facilities (Paris) accredited by the French Ministry of Agriculture for performing experiments on live rodents. Work on animals was performed in compliance with French and European regulations on care and protection of laboratory animals (EC Directive 2010/63, French Law 2013–118, February 6th, 2013). All experiments were approved by the Ethics Committee #89 and registered under the reference APAFIS#6573-201606l412077987 v2.





Mosquitoes

From May to November each year, a batch of 50 ovitraps was usually set in Paris (department n°75) and replaced on a monthly basis. In 2023, from 96 traps containing eggs, 20 larvae were identified as Ae. albopictus and obtained adults were used to generate the colony. Neonate larvae were placed in pans containing 1 liter of dechlorinated water and a yeast tablet renewed every 2 days. Pupae were collected in bowls placed in cages where adults emerged. Adults were fed with a 10% sucrose solution and kept at 28 ± 1°C with a 16L:8D cycle and 80% relative humidity. Three times a week, adults were fed on an anesthetized 4-8-week-old OF1 mice to obtain eggs. We used the generations F2-F3 of Ae. albopictus 75 for experimental infections.





Viral strains

We infected mosquitoes with four DENV strains: (i) DENV-1 2010-1806P France (GenBank accession number: MG518567.1 (5), (ii) DENV-2 Bangkok 1974 (GenBank accession number: MK268692 (14), (iii) DENV-3 Martinique 2020 (kindly provided by the National Reference Centre of Arboviruses, Marseille, France), and (iv) DENV-4 CAY.09 (15). Viral stocks were produced on Aedes albopictus C6/36 cells and stored at -80°C until use.





Measuring the vector competence

Seven-to-ten-day-old mosquitoes were sorted on ice and females placed by 60 in plastic boxes, 24 hours before experimental infection. The infectious blood meal composed of 2/3 rabbit red blood cells, 1/3 viral suspension and ATP (a phagostimulant) was at a titer of 107 foci-forming units (FFU)/mL. Mosquitoes were allowed to feed for 15-20 min through a piece of pig intestine covering a capsule containing the infectious blood heated at 37°C using the Hemotek® system. Engorged females were sorted on ice and placed in cardboard boxes. Mosquitoes were maintained at 28 ± 1°C, relative humidity of 80%, 12L:12D cycle and supplied with 10% sugar solution. We analyzed mosquitoes at 14 and 21 days post-infection (dpi) to estimate three parameters describing the vector competence (16): (i) infection rate (IR) corresponding to the percentage of mosquitoes with an infected abdomen (a proxy of the midgut) among analyzed mosquitoes, (ii) stepwise dissemination rate (SDR) representing the percentage of mosquitoes with infected thorax and head among mosquitoes having an infected abdomen; it measures the ability of the virus to cross the midgut barrier and to disseminate into the mosquito’s general cavity, and (iii) stepwise transmission rate (STR) referring to the percentage of mosquitoes with virus in saliva among mosquitoes with infected head; it reflects the ability of the virus to invade the salivary glands, replicate and be excreted with the saliva produced by the mosquito when it bites. Values of SDR and STR assign the relative importance of, respectively, the midgut and salivary glands as barriers to the progression of viral infection in the mosquito; the higher the value, the less effective the barrier will be.





Mosquito processing

Mosquitoes were cold anesthetized on ice. Then legs and wings were removed and the proboscis was inserted into a pipette tip containing 5 μL of fetal bovine serum (FBS). After 30 min, the tip content was transferred in 45 μL of L15 medium. Abdomen was then separated from the thorax and head. These two samples were separately ground in 300 μL of Leibovitz L15 medium (Invitrogen, CA, USA) supplemented with 2% FBS, and centrifuged at 10,000×g for 5 min at +4°C.





Viral titration

Infection status of samples were determined by titration on Ae. albopictus C6/36 cells (17). After 5 days of an incubation period at 28˚C, cells were stained using the primary antibody, Ms X Dengue complex MAB 8705 (Millipore, MA, USA) and then, the secondary antibody, Alexa Fluor 488 goat anti-mouse IgG (Life Technologies, CA, USA). Foci were counted under a fluorescent microscope and titers expressed as FFU/mL.





Statistical analysis

IR, SDR and STR were compared using Fisher’s exact test and viral loads using Mann-Whitney test. Statistical analyses were conducted using the Stata software (StataCorp LP, Texas, USA). p-values < 0.05 were considered significant.






Results




Aedes albopictus Paris is not able to transmit DENV-1 before 21 days post-infection

At 14 dpi, 8.3% (IR; 2/24) of mosquitoes had an infected midgut and among them, 50% (SDR; 1/2) were able to disseminate the virus in the mosquito general cavity but none of them (STR; 0/1) excreted infectious saliva (Figure 1A; Supplementary Table S1). This profile was also observed at 21 dpi (Figure 1E; Supplementary Table S1) suggesting that Ae. albopictus Paris was not able to transmit DENV-1 before 21 dpi, the critical step being midgut infection.




Figure 1 | Infection, stepwise dissemination, stepwise transmission rates, and number of viral particles in abdomen, head&thorax, saliva of Aedes albopictus Paris examined at 14 (A-D) and 21 (E-H) days post-infection with a blood meal containing DENV at a titer of 107 FFU/mL. Mosquitoes were examined to measure: (i) infection rate (IR) corresponding to the percentage of mosquitoes with an infected abdomen (a proxi of the midgut) among analyzed mosquitoes, (ii) stepwise dissemination rate (SDR) representing the percentage of mosquitoes with infected head&thorax among mosquitoes having an infected abdomen and thorax, and (iii) stepwise transmission rate (STR) referring to the percentage of mosquitoes with virus in saliva among mosquitoes with infected head&thorax. Samples were processed for viral titration on mosquito cells. Bars correspond to rates (infection, dissemination, and transmission) and dots to numbers of viral particles. In brackets are the numbers of mosquitoes examined.







Aedes albopictus Paris transmits DENV-2 at 21 days post-infection

At 14 dpi, 45.8% (IR; 11/24) of mosquitoes were infected, and among them, 63.6% (SDR; 7/11) were able to disseminate the virus in the general cavity but none (STR; 0/7) could excrete the virus (Figure 1B; Supplementary Table S1). At 21 dpi, a similar profile was obtained with IR=68.7% (22/32) and SDR=68.2% (15/22), but 20% of mosquitoes were able to excrete infectious saliva (STR; 3/15) (Figure 1F; Supplementary Table S1). These results suggest that the salivary glands played a more significant role than the midgut as barrier to the DENV-2 progression in the mosquito but the virus overcomes this ultimate obstacle at 21 dpi.





Aedes albopictus Paris transmits DENV-3 and DENV-4 from 14 days post-infection

For DENV-3, at 14 dpi, 62.5% (IR; 15/24) of mosquitoes were infected, among which, 40% (SDR; 6/15) were able to disseminate the virus, and among them, 16.7% (STR; 1/6) were able to transmit DENV-3 (Figure 1C; Supplementary Table S1). At 21 dpi, IR (71.9%; 23/32) and SDR (73.9%; 17/23) significantly increased while STR remained steady (17.6%; 3/17) suggesting that the salivary glands regulate DENV-3 transmission (Figure 1G; Supplementary Table S1).

For DENV-4, at 14 dpi, IR, SDR and STR were respectively, 54.2% (13/24), 61.5% (8/13) and 12.5% (1/8) indicating that the salivary glands are a strong barrier to DENV-4 transmission (Figure 1D; Supplementary Table S1). At 21 dpi, while only 31.2% of mosquitoes (IR; 10/32) were infected, 100% of mosquitoes (SDR; 10/10) were able to disseminate the virus and 20% (STR; 2/10) had infectious saliva (Figure 1H; Supplementary Table S1).

DENV-3 and DENV-4 were transmitted by Ae. albopictus Paris from 14 dpi.





Viral load in midgut determines efficient viral dissemination and transmission

We counted the number of viral particles in abdomen (proxy of midgut, infection), head (dissemination), and saliva (transmission) of all mosquitoes (including all four DENV and the two dpi). The mean number of viral particles in midgut was significantly higher in mosquitoes that could disseminate the virus (mean ± SD; 66987 ± 107741, N=66), as compared to mosquitoes unable to disseminate the virus (19959 ± 33566, N=32) (p=0.003) (Figure 2A; Supplementary Table S2). Similarly, the mean number of viral particles in midgut was significantly higher in mosquitoes able to transmit the virus (174960 ± 194034, N=10), as compared to mosquitoes unable to transmit (37616 ± 61484, N=88) (p=0.0093) (Figure 2B; Supplementary Table S2).




Figure 2 | Number of virus particles (in Log10) detected in the midgut of Aedes albopictus Paris according to mosquito status: with/without dissemination (A) and with/without transmission (B). We examined all mosquitoes regardless of the DENV serotype and the day post-infection. The number of virus particles in abdomen (a proxi of the midgut), head&thorax (dissemination) and saliva (transmission) were estimated by titration on mosquito cells. D, mosquitoes able to disseminate the virus in the general cavity. ND, mosquitoes unable to disseminate the virus in the general cavity (undetected virus in the head&thorax). T, mosquitoes able to transmit the virus. NT, mosquitoes unable to transmit the virus (undetected virus in saliva). *0.01 ≤ p < 0.05, **0.001 ≤ p < 0.01 by Kruskall-Wallis non-parametric test (one-sided). In brackets are the numbers of mosquitoes tested.



On examination of the DENV serotype, the mean viral load of viral particles in midgut was not significantly different between mosquitoes able to disseminate versus mosquitoes unable to disseminate (p>0.05) except for DENV-3 where mosquitoes able to disseminate had a mean of 59,739 ± 124,114 versus 12,720 ± 15,924 for mosquitoes unable to disseminate (p=0.033) (Figure 3A; Supplementary Table S3). When considering transmission, the mean number of viral particles in midgut was not significantly different between mosquitoes able to transmit compared to mosquitoes unable to transmit except for DENV-2 with 288,000 ± 66,813 versus 55,353 ± 94,898 (p=0.012) (Figure 3B; Supplementary Table S3).




Figure 3 | Number of virus particles (in Log10) detected in the midgut of Aedes albopictus Paris according to the DENV (1–4) and the mosquito status: with/without dissemination (A) and with/without transmission (B). We examined mosquitoes for each DENV serotype and each day post-infection. The number of virus particles in abdomen (a proxi of the midgut), head&thorax (dissemination) and saliva (transmission) were estimated by titration on mosquito cells. D, mosquitoes able to disseminate the virus in the general cavity. ND, mosquitoes unable to disseminate the virus in the general cavity (undetected virus in the head&thorax). T, mosquitoes able to transmit the virus. NT, mosquitoes unable to transmit the virus (undetected virus in saliva). *0.01 ≤ p < 0.05, by Kruskall-Wallis non-parametric test (one-sided). In brackets are the numbers of mosquitoes tested.



Therefore, the viral load required to allow viral dissemination and transmission in mosquitoes depended on the DENV serotype. A high viral load in the midgut did not lead necessarily to successful dissemination and transmission.






Discussion

Aedes albopictus is usually a less competent vector for DENV (18) but participates in dengue outbreaks in areas where Ae. aegypti is absent (19). In September 2023, the arbovirus surveillance system detected the first autochthonous cases of dengue in the greater Paris. We showed that Ae. albopictus Paris was competent for at least three DENV serotypes (-2, -3, and -4) with transmission from day 21 post-infection.

While most human infections are asymptomatic or develop minor symptoms, ~25% are symptomatic and detected by the national surveillance system implemented each year from May to November (20). When an autochthonous case is identified, an investigation of infected people is implemented in the area to determine the extent of local transmission. The « Agence Régionale de Démoustication » (ARD), responsible for vector control, set up entomological and vector control measures by eliminating larval breeding sites and using insecticides against immature stages with Bacillus thuringiensis and adults with a pyrethroid, Deltamethrin. People with inapparent DENV infections are, against all expectations, more infectious to mosquitoes than people with symptomatic infection (21). These DENV viremic people without clinical symptoms are more likely exposed to mosquito bites as infection does not disrupt their daily activities, contributing to virus dissemination.

For Ae. aegypti, it has been demonstrated that the level of viremia required to infect 50% of mosquitoes was lower for DENV-1 and DENV-2 than for DENV-3 and DENV-4, suggesting a lower infectiousness of DENV-3 and DENV-4 (22). However, we demonstrated that Ae. albopictus Paris transmitted DENV-3 and DENV-4 earlier at day 14 post-infection than DENV-2 when offering a blood meal at a titer of 107 FFU/mL. Coincidentally, virus surveillance in mainland France indicates that the largest source of autochthonous transmission (i.e. 34 infection cases) was with DENV-3 in Southeast France (Saint Jeannet, Gattières, Alpes-Maritimes) (23). Nevertheless, multiple other factors may determine the prevalence of DENV serotypes in epidemic areas including the mosquito life span (24); to transmit, the mosquito’s life span should be longer than the time necessary for a mosquito to become infectious. Beyond the DENV serotype, a high viral load in mosquito midgut can lead to an efficient viral transmission. We showed that mosquitoes able to transmit DENV-2 presented 3 times more viral particles in midgut than mosquitoes unable to transmit, 288,000 and 55,353, respectively. This was not the case for the other three DENV serotypes. To note, in natural conditions, mosquitoes can acquire a second non-infectious blood meal and this may enhance viral dissemination and transmission via blood meal-induced micro-perforations in the basal lamina surrounding the midgut epithelium (25).

Growing international travels with dengue endemic regions and the establishment of Ae. albopictus since 2015 in the greater Paris will intensify the risk for autochthonous dengue transmission in the region. This unusual episode of local dengue transmission emphasizes the threat of dengue for northern European countries where Ae. albopictus is well establish as in Belgium or Germany. Eliminating sources of larval breeding in artificial containers or natural stagnant water must be conducted on a routine basis. The use of insecticides should be implemented only when autochthonous cases are detected. As long as the arsenal of vector control methods is limited to the use of a few insecticides, these should be used sparingly to delay the development of resistance as long as possible (26).
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