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Abstract

Background Mayaro virus (MAYV) is an emerging alphavirus, primarily transmitted by the mosquito Haemagogus
janthinomys in Central and South America. However, recent studies have shown that Aedes aegypti, Aedes albopictus
and various Anopheles mosquitoes can also transmit the virus under laboratory conditions. MAYV causes sporadic
outbreaks across the South American region, particularly in areas near forests. Recently, cases have been reported

in European and North American travelers returning from endemic areas, raising concerns about potential introduc-
tions into new regions. This study aims to assess the vector competence of three potential vectors for MAYV present
in Europe.

Methods Aedes albopictus from Italy, Anopheles atroparvus from Spain and Culex pipiens biotype molestus from Bel-
gium were exposed to MAYV and maintained under controlled environmental conditions. Saliva was collected
through a salivation assay at 7 and 14 days post-infection (dpi), followed by vector dissection. Viral titers were
determined using focus forming assays, and infection rates, dissemination rates, and transmission efficiency were
calculated.

Results Results indicate that Ae. albopictus and An. atroparvus from Italy and Spain, respectively, are competent
vectors for MAYV, with transmission possible starting from 7 dpi under laboratory conditions. In contrast, Cx. pipiens
bioform molestus was unable to support MAYV infection, indicating its inability to contribute to the transmission cycle.
Conclusions In the event of accidental MAYV introduction in European territories, autochthonous outbreaks could
potentially be sustained by two European species: Ae. albopictus and An. atroparvus. Entomological surveillance
should also consider certain Anopheles species when monitoring MAYV transmission.
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Background
The Mayaro virus (MAYV), classified within the Alphavi-
rus genus of the Togaviridae family, was initially isolated
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fever manifests in humans as a mild to severe self-limited
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illness, characterized by abrupt fever, arthralgia/arthri-
tis and maculopapular rash. Additional symptoms may
include headache, myalgia, retro-orbital pain, vomit-
ing and diarrhea. This acute incapacitating disease, akin
to chikungunya virus (CHIKV; Togaviridae, Alphavirus)
fever, often leads to prolonged arthralgia in over 50% of
cases [4, 5]. The primary vector for MAYV is the can-
opy-dwelling mosquito Haemagogus janthinomys (Dyar,
1921) [6]. Several vector competence studies indicate that
the yellow fever mosquito Aedes aegypti (Linnaeus, 1762)
and the Asian tiger mosquito Aedes albopictus (Skuse,
1895) are competent vectors of MAYV [7, 8]. In addi-
tion, we recently demonstrated that at least five differ-
ent Anopheles species are competent vectors for MAYV
under laboratory conditions [9, 10], highlighting MAYV’s
considerable plasticity in terms of permissive vector spe-
cies. Over time, MAYYV has triggered sporadic outbreaks
and localized epidemics, especially in communities liv-
ing and working in close proximity to the Amazon for-
est. In the last decade, however, the number of outbreaks
has increased, likely due to the increase of anthropogenic
activities, including landscape fragmentation [11]. As a
consequence, the Pan American Health Organization
(PAHO) suggested increasing the level of awareness and
surveillance [12]. Given the expanding geographical area
and the rising number of local MAYV cases, it is reason-
able to anticipate an increase in the number of imported
cases, as travelers will have a higher probability of
becoming infected during their stay abroad. Several cases
of MAYV-infected travelers have already been reported
in Europe, spanning countries such as the Netherlands
[13], Germany [14], France [15] and Switzerland [16], and
highlighting the potential of this pathogen to spread to
new regions. This phenomenon is similar to what already
happened with other major arboviruses, such as CHIKV
[17, 18] and dengue virus (DENV; Flaviviridae, Flavivi-
rus) [19, 20] in Europe. The last imported case of Mayaro
was in France during 2016 [21]. Since then, Ae. albopic-
tus, a competent vector species for MAYV, has largely
spread across Europe, reaching the Central-North area of
Europe [22], thereby increasing the risk of local transmis-
sion of several arboviruses such as CHIKV, DENV, Zika
virus (ZIKV; Flaviviridae, Flavivirus) and potentially
MAYV.

Despite the call to attention regarding MAYV by the
PAHO, nothing is known about the vector competence of
European mosquito populations for this emerging arbo-
virus. Therefore, it is crucial to investigate the capacity of
autochthonous species to sustain the transmission cycle
of this emerging pathogen, in case of its introduction to
the European continent.

Vector-borne diseases are often characterized by com-
plex biological cycles, in which multiple mosquito species
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can transmit the pathogen to different hosts (human and/
or animals). In this context, it is of the utmost impor-
tance to determine the role of each potential vector
species, especially in naive regions [23]. To address this
knowledge gap, we investigated the vector competence
of three European mosquito species for MAYV under
laboratory condition: Ae. albopictus, Anopheles atropar-
vus (van Thiel, 1927), and Culex pipiens bioform moles-
tus (Forskél, 1775) (hereafter referred to as Cx. pipiens).
These particular mosquito species were selected for this
study based on their feeding habits, geographical distri-
bution and expected significance as potential vectors. All
three species are widely dispersed throughout Europe,
occupying diverse ecological niches, including urban
areas (Ae. albopictus and Cx. pipiens) and peri-urban and
rural regions (An. atroparvus). Aedes albopictus and Cx.
pipiens exhibit an aggressive feeding behavior, primarily
biting humans and occasionally other domestic mam-
mals such as cats, dogs and avian species [24, 25], while
An. atroparvus displays opportunistic feeding behaviors,
readily biting humans or wild and domestic animals such
as deer, goats, horses and bovines [26, 27]. In Europe,
Ae. albopictus and Cx. pipiens are prominent vector spe-
cies, with Ae. albopictus serving as a primary vector for
ZIKV, CHIKV and DENYV, while Cx. pipiens acts as a pri-
mary vector for West Nile virus and Usutu virus [28, 29].
Although An. atroparvus was identified as a key vector
of malaria during the twentieth century [30], its potential
for transmitting any arbovirus was previously unknown.

Our results demonstrate for the first time that Euro-
pean populations of Ae. albopictus and An. atroparvus
are capable of sustaining the replication cycle of MAYV
and of efficiently transmitting the virus through saliva
starting from day 7 post feeding. Conversely, Cx. pipiens
was found to be refractory to MAYV infection. Our find-
ings emphasize that surveillance plans and entomological
control measures should be adapted to include Anopheles
species which may contribute to the transmission cycle
of MAYV and potentially other exotic arthropod-borne
viruses.

Methods

Three mosquito species were investigated for their poten-
tial MAYV vector competence. Anopheles atroparvus
(strain Ebre delta) was originally collected in Catalo-
nia, Spain in 2020 [30]; Cx. pipiens was repeatedly col-
lected in Antwerp, Belgium during summer 2020 [31];
and Ae. albopictus was collected in Terni, Italy, in 2021
[32]. Following field collections, laboratory colonies
were established at the Merian Insectarium of the Insti-
tute of Tropical Medicine Antwerp (Belgium). Mosquito
colonies were reared and maintained under the follow-
ing environmental conditions: (i) Ae. albopictus and An.
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atroparvus: 27 °C and a light/dark cycle of 11.5/11.5 h;
(if) Cwx. pipiens: 23 °C and a light/dark cycle of 15.5/7.5
h. Two crepuscular cycles of 30 m each in between the
day and night cycles were add to simulate dusk and
dawn. Colonies were kept at 80% relative humidity in
30x30x30-cm cages (BugDorm-1 type; Megaview,
Taichung, Taiwan) with access to 10% glucose solution
+ 0.1% of methyl paraben (Sigma-Aldrich, St. Louis,
MO, USA). During larvae stages, Aedes and Culex lar-
vae were fed on Koi mini sticks (Tetra, Melle, Germany)
and Anopheles larvae on Novo Fect (JBL, Neuhoken,
Germany).

Molecular identification of Culex pipiens bioform

The molecular identification of the bioform Cx. pipi-
ens form pipiens versus Cx. pipiens form molestus, of all
specimens used was performed by PCR, targeting the
CQ11 microsatellite region. Briefly, mosquito DNA was
extracted using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany) following the manufacturer’s recom-
mendation. Extracted samples were used as template
and amplified using the forward primer CQ11F2 and the
reverse primers pipCQ11R and molCQ11R. The primers,
reagents and conditions were previously described [33].

Virus and cells

Mayaro virus strain BeAn 343102 (NR-49909; BEI
Resources, Manassas, VA, USA) was used for the experi-
mental infections. Strain BeAn 343102 belongs to geno-
type D and was originally isolated from a monkey in Para
(Brazil) in 1978. The virus was propagated on Vero E6
cells (CRL-1586; ATCC, Manassas, VA, USA), and the
stock solution was aliquoted and stored at — 80 °C until
used. Viral stock and sample titers were determined using
the focus forming assay (FFA) with Vero E6 cells.

Vector competence assay

Female mosquitoes aged 5-7 days were used to perform
the vector competence studies. Approximately 80 females
of each species were caged inside a 450-ml cardboard
cup covered with mesh screen and the cup transferred to
inside the Finlay arthropod containment level 3 facility at
1 day before the experimental infection to allow acclima-
tization. Mosquitoes were deprived of sugar 18 h before
the start of the experiment to stimulate feeding. During
the feeding, mosquitoes were exposed to MAYV-spiked
human blood (final titer of 1x10” focus-forming units
[FFU]/ml) via the Hemotek feeding system (SP6W1-3;
Hemotek Ltd, Blackburn, UK) using a collagen mem-
brane (MEMb5; Hemotek Ltd) at 38 °C for 45 min. After
the feeding, mosquitoes of each group were anesthe-
tized at 4 °C, and fully engorged females were selected,
randomly allotted to two subgroups, housed in clean
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cardboard cups with access to cotton soaked in 10% glu-
cose solution and stored in climatic cupboards under
the following controlled environmental condition: light/
dark cycle of 11.5/11.5 h, with two crepuscular cycles of
30 min each in between to simulate dusk and dawn; the
mean day and night temperature was 27 °C and 23 °C,
respectively. During dawn and dusk, the temperature
increased or decreased by 1 °C/5 min (Fig. 1).

At 7 and 14 days post infection (7 dpi and 14 dpi,
respectively), mosquitoes were anesthetized with tri-
ethylamine (Sigma-Aldrich). Their legs were dissected,
and immobile mosquitoes were forced to salivate into a
20-pl pipette tip filled with 10 pl of a 1:1 solution of 50%
sucrose solution and fetal bovine serum (FBS) for 30 min.
After 30 min, the saliva was pipetted into a 2-ml Eppen-
dorf tube containing 90 pl of mosquito medium (20% FBS
in Dulbecco’s phosphate-buffered saline [PBS], 50 mg/
ml penicillin/streptomycin, 50 mg/ml gentamicin and
2.5 mg/ml fungizone). Each mosquito body and respec-
tive legs were placed in separate 2-ml Eppendorf tubes
containing 1 ml of mosquito medium and a zinc-plated
steel 4.5-mm bead (Fig. 2). Body and leg samples were
homogenized at 30 Hz for 2 min using the TissueLyser II
sample disruption system (Qiagen) and then centrifuged
for 30 s at 11,000 rpm. All samples were stored at — 80 °C
for further analysis. Three technical replicates were per-
formed for Ae. albopictus and An. atroparvus, and two
technical replicates were done for Cx. pipiens.

Focus forming assay

To determine vector competence status, we tested the
infectious viral load in the body, legs and saliva samples
of individual mosquitos using the focus forming assay, as
previously described [34]. Briefly, samples were diluted
tenfold multiple times, added to a confluent monolayer
of Vero E2 cells and incubated for 24 h at 37 °C and 5%
CO,. Cells were fixed with 4% paraformaldehyde (Sigma-
Aldrich) in cold PBS 1X, blocked and permeabilized with
blocking buffer (3% bovine serum albumin and 0.05%
Tween 20 in cold PBS 1x). Immunolabeling was per-
formed with the monoclonal anti-chikungunya virus
E2 envelope glycoprotein clone CHK-48 (cross-reactive
with MAYV) (BEI Resources) diluted 1:1000 in blocking
buffer. After four washes with cold PBS 1X, the primary
antibody was labeled with the Alexa-488 goat anti-mouse
immunoglobulin G secondary antibody (Invitrogen, Life
Technologies, Thermo Fisher Scientific, Waltham, MA,
USA) at a dilution of 1:1000 in blocking buffer, and green
fluorescent foci were observed and enumerated with a
Leica DMi8 fluorescence microscope (Leica Microsys-
tems, Wetzlar, Germany). Viral titer was expressed as
FFU/ml, and infection rate (IR), dissemination rate
(DIR) and transmission efficiency (TE) were calculated
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as following: IR =proportion of mosquitoes with a posi-
tive body among the total number of mosquitoes exposed
to the infectious blood meal that had been analyzed;
DIR =proportion of mosquitoes with positive legs among
mosquitoes with a positive body; TE=proportion of
mosquitoes with positive saliva among the total number
of mosquitoes exposed to infectious blood meal that had
been analyzed.

Statistical analysis

Data obtained were analyzed using GraphPad Prism ver-
sion 10.0.3 (GraphPad Software, San Diego, CA, USA.
Differences in IR, DIR and TE between and within mos-
quito species and between time points (7 dpi vs 14 dpi)
were analyzed by Fisher’s exact test. Two-tailed Mann—
Whitney U-tests were used to compare viral titers in the
body, legs and saliva between and within mosquito spe-
cies at different time points. The level of significance was
set to P<0.05.

Results

A total of 69 Ae. albopictus (31.2% combined feeding
rate), 100 An. atroparvus (81.5% combined feeding rate)
and 30 Cx. pipiens (25.2% combined feeding rate) were
analyzed in the vector competence assays. Full details on
the total number of mosquito tested per species and per
time point, and on the IR, DIR and TE are described in
Table 1.

11h 30min

30min

Fig. 1 Environmental conditions for the vector competence assay. These conditions were applied starting from — 1 day post infection (transfer

of mosquitoes to arthropod containment level 3 unit and acclimatization to a light/dark cycle of 11.5/11.5 h (shown in yellow and blue,
respectively, on the graph) separated by two periods of 30 min to simulate dusk and dawn (in orange). Temperature (T, black line) was set at 23 °C
during the nighttime and 27 °C during the daytime. During dusk and dawn (duration of 30 min each), temperature changed at a rate of 1 °C/5 min
and light intensity (purple line) changed at a rate of 20%/5 min. Relative humidity (RH, dotted line) was set constant to 80%. Figure was created
with BioRender.com

Among the tested species, Ae. albopictus and An.
atroparvus proved to be competent vectors, with 15.2%
(7 dpi) and 13.6% (14 dpi) of the mosquitoes of these
two species showing MAYV in their saliva, respectively
(Table 1; Fig. 3a, ¢, TE). The infection in Ae. albopictus’
bodies remained consistently high throughout the entire
experiment, with very similar infection rates between 7
and 14 dpi (90.9% and 91.7%, respectively).

In Ae. albopictus, there was a statistically significant
increase in DIR between the two analyzed time points
(63.3% at 7 dpi vs 90.9% at 14 dpi; P=0.0323). No statis-
tically significant variation was found regarding MAYV
viral titer in the body, legs or saliva samples between 7
and 14 dpi. Anopheles atroparvus presented relatively
high IR, DIR and TE, with minimal and not significant
variations between 7 and 14 dpi (Table 1; Fig. 3c). Con-
trary to the observations in Ae. albopictus, viral titer in
the bodies and legs of positive mosquitoes increased sig-
nificantly between the two time points analyzed (Fig. 3d;
body, P=0.0002; legs, P=0.0067). Comparative analy-
sis showed no statistical difference in IR, DIR and TE
between Ae. albopictus and An. atroparvus. However,
MAYV viral titer was significantly higher in the body
(7 dpi, P<0.0001; 14 dpi, P=0.0026) and legs (14 dpi:
P=0.0181) of Ae. albopictus compared to those of An.
atroparvus (Fig. 3b, d). Conversely to Ae. albopictus and
An. atroparvus, Cx. pipiens remained completely refrac-
tory to infection, with an IR of 0% (Table 1; Fig. 3e).
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Fig. 2 Vector competence assay. Mosquitoes were artificially exposed to infectious blood meals at a final titer of 1 x 107 FFU/ml MAYYV,

and maintained in a climatic chamber (under the condition shown in Fig. 1). At 7 dpi and 14 dpi, mosquito saliva was collected, and the body
and legs of each mosquito were processed individually. The viral titer of all samples (body, legs and saliva) was determined by the focus forming
assay and expressed as FFU/ml. dpi, Days post infection; FFU, focus-forming units; MAYV, Mayaro virus. Figure was created with BioRender.com

Table 1 Infection rate, dissemination rate and transmission efficiency

Mosquito species NX?  NE* (% feeding) 7 dpi 14 dpi

Ntested® IR®,N(%) DIR®, N (%) TE°,N(%) Ntested® IR®N (%) DIR®, N (%) TE N (%)
Aedes albopictus 237 74(31.2) 33 30 (90.9) 19 (63.3) 5(15.2) 36 33(91.7) 30(90.9) 2 (5.6)
Anopheles atroparvus 146~ 119 (81.5) 56 41 (73.2) 26 (634) 3(54) 44 34(77.2) 32(94.1) 6(13.6)
Culex pipiens 119 30(25.2) 14 0 16 0 0

dpi Days post infection

2 NX (total number of mosquitoes exposed to infectious blood meal; cumulative across all replicates), NE (total number of fully engorged females and percentage
feeding; cumulative across all replicates), N (humber of mosquitoes analyzed per species and time point). Discrepancies between NE and N tested are due to mosquito

mortality during the extrinsic period of incubation

P IR (Infection rate),DIR (dissemination rate) and TE (transmission efficiency) are reported as the number of positive samples and their percentage (%), as defined in the

Methods section

Molecular characterization of Cx. pipiens bioform
demonstrated that 86.6% of the mosquitoes tested
belongs to bioform molestus, with remaining 13.3%
identified by molecular characterization as Cx. pipiens
bioform hybrid (Additional file 1: Fig. S1).

Discussion

To our knowledge, this is the first study describing the
vector competence of European mosquito species for
MAYV. Aedes albopictus and An. atroparvus proved to
be competent vectors for MAYYV, capable of transmitting
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Fig. 3 Infection parameters and MAYV viral titer in the body, legs and saliva of mosquitoes. a, ¢, e Infection rate, dissemination rate and transmission
efficiency at 7 dpi (black) and 14 dpi (orange) for Ae. albopictus (a), An. atroparvus (c) and Cx. pipiens (e). b, d, f Viral titer expressed as focus forming
units/milliliter (FFU/ml) in the body, legs and saliva of Ae. albopictus (b), An. atroparvus (d) and Cx. pipiens (f) at 7 dpi (black) and 14 dpi (orange).
Statistics in a, ¢, e: Fisher's exact test between and within mosquito species and between time points. Statistics in b, d, f: two-tailed Mann-Whitney
U-tests were used to evaluate significance between and within mosquito species and between time points time points. P-value < 0.05 were
considered to be significant. B, Body; DIR, dissemination rate; dpi, days post infection; IR, infection rate; L, legs; MAYV, Mayaro virus; S, saliva; TE,

transmission efficiency
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the virus starting from 7 dpi under laboratory conditions.
In addition, our results showed that the European popu-
lation of Ae. albopictus is also capable of transmitting
MAYV. Aedes albopictus is widely distributed through-
out Europe. Consequently, it is imperative to test various
populations of Ae. albopictus from Central and Northern
Europe to gain a more comprehensive understanding of
their competence as vectors for MAYV. Infection, dis-
semination and transmission results obtained with this
European Ae. albopictus population are comparable to
those previously described using a mosquito population
from Florida [7], but lower than those reported using a
mosquito population from New York [35]. The notable
difference is particularly evident for the TE. In these two
previous study [7, 35], the authors detected a TE rang-
ing from 30% to 43% at 7 dpi (against 15.2% for the Euro-
pean population) and from 43% to 80% at 14 dpi (against
5.6% for the European population). Since both studies
used MAYYV strain TRVL-4675 (a genotype D strain), the
higher rates obtained in the study of Dieme et al. [35] are
probably due to (i) different genetic background of the
mosquito population; (ii) higher viral titer used for the
experiment (8.1 +1.1 logl0 PFU/ml); and/or (iii) different
temperature regime during the extrinsic period of incu-
bation. The European population of Ae. albopictus in the
present study exhibited a higher viral titer of MAYV in
the body, legs, and saliva samples than that reported by
Wiggins et al. for the Florida population [7] (viral titer of
MAYYV for New York population are not available). The
higher viral titer present in the saliva of infected mosqui-
toes in the European population may indicate a greater
transmission potential to a susceptible host, as the viral
titer can influence the likelihood of virus transmission.

In the present study, we report for the first time that
An. atroparvus is a competent vector for MAYYV; this
result is similar to those results previously reported for
other Anopheles species, including An. stephensi, An.
gambiae, An. quadrimaculatus, An. freebornii and An.
albimanus [9, 10, 35]. We observed relatively lower val-
ues for IR, DIR and TE for An. atroparvus at 7 dpi, when
compared with those of Ae. albopictus (Table 1; Fig. 3).
Although these differences in IR, DIR and TE did not
reach statistical significance, they may reflect a lower tro-
pism of MAYYV for An. atroparvus. This hypothesis gains
support from a significantly lower MAYV titer found in
the bodies and legs of An. atroparvus compared to those
observed in Ae. albopictus. Our results, together with
previously reported findings for other Anopheles species,
confirm the considerable vector plasticity of MAYV and
highlight the necessity to reconsider the role of members
of the genus Anopheles as a potential source of vector
species for arboviruses. Anopheles spp. have historically
been considered to be only poor vectors of arboviruses.
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In nature, O’'nyong-nyong virus (ONNV; Togaviridae,
Alphavirus) and Rift Valley fever virus (RVFV; Phenuivir-
idae, Phlebovirus) are the only arboviruses known to be
transmitted by Anopheles mosquitoes [36—38]. Although
several other pathogenic arboviruses and insect-specific
viruses have been identified/isolated from Anopheles spe-
cies [39], the role of Anopheles in the transmission cycle
of the majority of these remains unknown. This lack of
information underscores the need for a more in-depth
study of the Anopheles-arbovirus interaction.

Both Ae. albopictus and An. atroparvus are compe-
tent vectors for MAYV and can potentially sustain local
transmission. However, it is important to note that in
the present study, we investigated vector competence,
which is one of the parameters used to determine vecto-
rial capacity. Vectorial capacity represents a more com-
plete measure of the potential of a vector population to
transmit a pathogen, taking into account factors such as
vector density, host availability, and vector survivability.
In this context, it is interesting to note that these two spe-
cies occupy different ecological niches. The distinctive
ecological habitats of Ae. albopictus and An. atroparvus
(urban vs peri-urban), which are increasingly converg-
ing due to landscape fragmentation, urban expansion
and climate change [11, 40], expand the geographical
area for potential MAYV transmission risk. An ecological
niche modeling to provide a detailed spatial analysis of
MAYYV vector dynamics, similar to the modeling previ-
ously described for DENV [41], should be conducted for
re-thinking vector control programs in the case of local
MAYYV transmission.

Finally, Cx. pipiens bioform molestus was found to be
totally refractory to MAYYV infection and cannot contrib-
ute to the transmission cycle of this pathogen. Despite
the low number of individuals tested, this result is similar
to the findings previously described for Culex quinque-
fasciatus [10] and suggests a poor vector competence of
Culex spp. for MAYV. However, more evidence is needed
to strengthen this hypothesis, including: (i) replicate vec-
tor competence with different populations/bigger num-
ber of mosquitoes, and (ii) testing the Cx. pipiens bioform
pipiens in order to obtain a better insight into differences
in vector competence between bioforms.

Our study demonstrates the capacity of Ae. albop-
ictus and An. atroparvus to sustain local transmission
of MAYV in the case of its introduction. While these
data are of major importance, multiple aspects associ-
ated with an autochthonous transmission event remain
unsolved. In the present study, we investigated vector
competence using one viral strain and a single infectious
viral titer in the blood meal. Dose-dependent studies
with different viral strains should be performed to fully
understand the risk of transmission. Another important
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aspect to consider is the capacity of MAYV to circulate in
different animal hosts. Non-human primates are consid-
ered to be the main reservoir animal for MAYYV, but evi-
dence of circulation in small mammals and rodents has
been reported [42]. To date, few data are available regard-
ing potential animal reservoirs for MAYV, especially
in urban and peri-urban contexts. Given the significant
variety of vertebrate species normally included within the
feeding habits of An. atroparvus and Ae. albopictus, a tar-
geted susceptibility study would provide better insights
into possible animal hosts in Europe.

Conclusions

Understanding the vector competence of mosquito spe-
cies is crucial for controlling and preventing the trans-
mission of viruses by arthropods. Although predicting
the emergence of a disease is challenging and can be
influenced by multiple factors, our findings indicate
that MAYV may poses a health threat in several regions
of Europe where Ae. albopictus and An. atroparvus are
present. Vector competence studies for several autoch-
thonous European species and/or population should be
performed. In addition, a study aimed to test the capac-
ity of different local vertebrate to serve as sensible host/
reservoir should be performed. Finally, local authorities
in Europe should enhance epidemiological and entomo-
logical surveillance measures so as to be able to promptly
detect the introduction of this viral pathogen.
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All mosquitoes used during vector competence assay were molecularly
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sis. m, Cx. pipiens biorm molestus; h, Cx. pipiens biorm hybrid; C+, positive
control Cx. pipiens biorm hybrid.

Acknowledgements

The authors thank Dr. Nuria Busquets Marti (IRTA-CReSA, Bellaterra, Spain) for
providing the authors with the colony of Anopheles atroparvus strain Ebre. The
following reagents were obtained through BEI Resources, NIAID, NIH, as part of
the WRCEVA program: Mayaro virus, BeAn343102, NR-49909 and Monoclonal
Anti-Chikungunya Virus E2 Envelope Glycoprotein, Clone CHK-48 (produced

in vitro) NR-44002.

Author contributions

Conceptualization: MB, KKA and RM. Investigation: MB, KB and TR. Analysis: MB.
Funding acquisition: KKA and RM. Writing—original draft: MB. Writing—review
and editing: all authors participated in the review and editing of the manu-
script. All authors read and approved the final manuscript.

Funding
This research was funded with the support of 2018-2019 BiodivERSA joint call
for research proposals, under the BiodivERsA3 ERA-Net COFUND programme

Page 8 of 9

(project DiMoC—Diversity Components of Mosquito-borne Diseases under
Climate Change), and with the funding organization FWO (grant number
GOG2319N) to RM. The insectaries at ITM are partially funded through the
Department of Economy, Science and Innovation (EWI) of the Flemish Govern-
ment. The funders had no role in study design, data collection and analysis,
decision to publish or preparation of the manuscript.

Availability of data and materials
All data are included as tables and figures within the article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 19 February 2024 Accepted: 21 April 2024
Published online: 04 May 2024

References

1. Anderson CR, Wattley GH, Ahin NW, Downs WG, Reese AA. Mayaro virus: a
new human disease agent. Am J Trop Med Hyg. 1957,6:1012-6.

2. Powers AM, Aguilar PV, Chandler LJ, Brault AC, Meakins TA, Watts D, et al.
Genetic relationships among Mayaro and Una viruses suggest distinct
patterns of transmission. Am J Trop Med Hyg. 2006;75:461-9.

3. Auguste AJ, Liria J, Forrester NL, Giambalvo D, Moncada M, Long KC,
et al. Evolutionary and ecological characterization of Mayaro virus
strains isolated during an outbreak, Venezuela, 2010. Emerg Infect Dis.
2015;21:1742-50.

4. Acosta-Ampudia Y, Monsalve DM, Rodriguez Y, Pacheco Y, Anaya J-M,
Ramirez-Santana C. Mayaro: an emerging viral threat? Emerg Microbes
Infect. 2018;7:1-11. https://doi.org/10.1038/541426-018-0163-5.

5. Bartholomeeusen K, Daniel M, LaBeaud DA, Gasque P, Peeling RW, Ste-
phenson KE, et al. Chikungunya fever. Nat Rev Dis Prim. 2023,9:17.

6. De Oliveira Mota MT, Ribeiro MR, Vedovello D, Nogueira ML. Mayaro virus:
a neglected arbovirus of the Americas. Future Virol. 2015;10:1109-1122.
https://doi.org/10.2217/fv1.15.76.

7. Wiggins K, Eastmond B, Alto BW. Transmission potential of Mayaro virus in
Florida Aedes aegypti and Aedes albopictus mosquitoes. Med Vet Entomol.
2018;32:436-442.

8. LongKC, Ziegler SA, Thangamani S, Hausser NL, Kochel TJ, Higgs S, et al.
Experimental transmission of Mayaro virus by Aedes aegypti. Am J Trop
Med Hyg. 2011;85:750-7.

9. Terradas G, Novelo M, Metz H, Brustolin M, Rasgon JL. Anopheles albi-
manus is a potential alphavirus vector in the Americas. Am J Trop Med
Hyg. 2023;108:412-23.

10. Brustolin M, Pujhari S, Henderson CA, Rasgon JL. Anopheles mosquitoes
may drive invasion and transmission of Mayaro virus across geographi-
cally diverse regions. PLoS Negl Trop Dis. 2018;12:e0006895. https://doi.
org/10.1371/journal.pntd.0006895.

11. Jones RT, Tusting LS, Smith HMP, Segbaya S, Macdonald MB, Bangs MJ,
et al. The impact of industrial activities on vector-borne disease transmis-
sion. Acta Trop. 2018;188:142-51. https://www.sciencedirect.com/scien
ce/article/pii/S0001706X18304297?via%3Dihub.

12. Pan-American Health Organization (PAHO)/WHO. Epidemiological alert:
Mayaro fever. Washington, D.C.: PAHO/WHO. 2019. http://www.paho.org.
Accessed 8 Dec 2023.

13. Hassing RJ, Leparc-Goffart |, Blank SN, Thevarayan S, Tolou H, van Door-
num G, et al. Imported Mayaro virus infection in the Netherlands. J Infect.
2010;,61:343-5.

14. Friedrich-Janicke B, Emmerich P, Tappe D, Gunthe S, Cada D, Schmidt-
Chanasit J. Genome analysis of Mayaro virus imported to Germany from


https://doi.org/10.1186/s13071-024-06293-7
https://doi.org/10.1186/s13071-024-06293-7
https://doi.org/10.1038/s41426-018-0163-5
https://doi.org/10.2217/fvl.15.76
https://doi.org/10.1371/journal.pntd.0006895
https://doi.org/10.1371/journal.pntd.0006895
https://www.sciencedirect.com/science/article/pii/S0001706X18304297?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0001706X18304297?via%3Dihub
http://www.paho.org

Brustolin et al. Parasites & Vectors

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

(2024) 17:200

French Guiana. Emerg Infect Dis. 2014;20:1255-7. https://doi.org/10.
3201/eid2007.140043.

Llagonne-Barets M, Icard V, Leparc-Goffart |, Prat C, Perpoint T, André P,

et al. A case of Mayaro virus infection imported from French Guiana. J Clin
Virol. 2016;77:66-8.

Neumayr A, Gabriel M, Fritz J, Glnther S, Hatz C, Schmidt-Chanasit J, et al.
Mayaro virus infection in traveler returning from Amazon Basin, Northern
Peru. Emerg Infect Dis. 2012;18:695-6.

Rezza G, Nicoletti L, Angelini R, Romi R, Finarelli AC, Panning M, et al.
Infection with chikungunya virus in Italy: an outbreak in a temperate
region. Lancet. 2007;370:1840-6.

Venturi G, Di Luca M, Fortuna C, Remoli ME, Riccardo F, Severini F, et al.
Detection of a chikungunya outbreak in Central Italy, August to Septem-
ber 2017. Eurosurveillance. 2017;22:11-4. https://doi.org/10.2807/1560-
7917.E5.2017.22.39.17-00646.

Barzon L, Gobbi F, Capelli G, Montarsi F, Martini S, Riccetti S, et al.
Autochthonous dengue outbreak in Italy 2020: clinical, virological and
entomological findings. J Travel Med. 2021;28:taab130. https://doi.org/10.
1093/jtm/taab130/6354471.

De Carli G, Carletti F, Spaziante M, Gruber CEM, Rueca M, Spezia PG,

et al. Outbreaks of autochthonous Dengue in Lazio region, Italy,

August to September 2023: preliminary investigation. Eurosurveillance.
2023;28:pii=2300552. https://doi.org/10.2807/1560-7917.E5.2023.28.44.
2300552.

Diagne CT, Bengue M, Choumet V, Hamel R, Pompon J, Missé D. Mayaro
virus pathogenesis and transmission mechanisms. Pathogens. 2020;9:738.
https://doi.org/10.3390/pathogens9090738.

European Centre for Disease Prevention and Control (ECDC). Mosquito
maps. https.//www.ecdc.europa.eu/en/disease-vectors/surveillance-and-
disease-data/mosquito-maps. Accessed 22 Nov 2023.

McMillan JR, Armstrong PM, Andreadis TG. Patterns of mosquito and
arbovirus community composition and ecological indexes of arboviral
risk in the Northeast United States. PLoS Negl Trop Dis. 2020;14:e0008066.
Mufoz J, Eritja R, Alcaide M, Montalvo T, Soriguer RC, Figuerola J. Host-
feeding patterns of native Culex pipiens and invasive Aedes albopictus
mosquitoes (Diptera: Culicidae) in urban zones from Barcelona, Spain. J
Med Entomol. 2011;48:956-60.

Osorio HC, Zé-7é L, Amaro F, Nunes A, Alves JM. Sympatric occurrence

of Culex pipiens (Diptera, Culicidae) biotypes pipiens, molestus and their
hybrids in Portugal, Western Europe: feeding patterns and habitat deter-
minants. Med Vet Entomol. 2014;28:103-9. https://doi.org/10.1111/mve.
12020.

Danabalan R, Monaghan MT, Ponsonby DJ, Linton Y-M. Occurrence

and host preferences of Anopheles maculipennis group mosquitoes in
England and Wales. Med Vet Entomol. 2014;28:169-78. https://doi.org/10.
1111/mve.12023.

Pongon N, Toty C, LAmbert G, Le Goff G, Brengues C, Schaffner F, et al.
Biology and dynamics of potential malaria vectors in Southern France.
Malar J. 2007;6:18. https://doi.org/10.1186/1475-2875-6-18.

Paupy C, Delatte H, Bagny L, Corbel V, Fontenille D. Aedes albopictus,

an arbovirus vector: from the darkness to the light. Microbes Infect.
2009;11:1177-85.

Brugman V, Herndndez-Triana L, Medlock J, Fooks A, Carpenter S, Johnson
N.The role of Culex pipiens L. (Diptera: Culicidae) in virus transmission in
Europe. Int J Environ Res Public Health. 2018;15:389. https://doi.org/10.
3390/ijerph15020389.

Birnberg L, Aranda C, Talavera S, Nufiez Al, Escosa R, Busquets N. Labora-
tory colonization and maintenance of Anopheles atroparvus from the
Ebro Delta, Spain. Parasit Vectors. 2020;13:394.

Vereecken S, Vanslembrouck A, Kramer IM, Muller R. Phenotypic
insecticide resistance status of the Culex pipiens complex: a European
perspective. Parasit Vectors. 2022;15:423. https://doi.org/10.1186/
513071-022-05542-x.

Kramer IM, Pfeiffer M, Steffens O, Schneider F, GergerV, Phuyal P, et al. The
ecophysiological plasticity of Aedes aegypti and Aedes albopictus concern-
ing overwintering in cooler ecoregions is driven by local climate and
acclimation capacity. Sci Total Environ. 2021,778:146128.

Vanderheyden A, Smitz N, De Wolf K, Deblauwe |, Dekoninck W, Meganck
K, et al. DNA Identification and diversity of the vector mosquitoes Culex
pipiens s.s. and Culex torrentium in Belgium (Diptera: Culicidae). Diversity.
2022;14:486.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 9 of 9

Brustolin M, Pujhari S, Terradas G, Werling K, Asad S, Metz HC, et al.

In vitro and in vivo coinfection and superinfection dynamics of Mayaro
and Zika viruses in mosquito and vertebrate backgrounds. J Virol.
2023;97:e0177822. https://doi.org/10.1128/jvi.01778-22.

Dieme C, Ciota AT, Kramer LD. Transmission potential of Mayaro virus by
Aedes albopictus, and Anopheles quadrimaculatus from the USA. Parasit
Vectors. 2020;13:613. https://doi.org/10.1186/513071-020-04478-4.

Rezza G, Chen R, Weaver SC. O'nyong-nyong fever: a neglected
mosquito-borne viral disease. Pathog Glob Health. 2017;111:271-5.
Ratovonjato J, Olive M-M, Tantely LM, Andrianaivolambo L, Tata E,
Razainirina J, et al. Detection, isolation, and genetic characterization of rift
valley fever virus from Anopheles (Anopheles) coustani, Anopheles (Anoph-
eles) squamosus, and Culex (Culex) antennatus of the Haute Matsiatra
Region, Madagascar. Vector-Borne Zoonotic Dis. 2011;11:753-9. https://
doi.org/10.1089/vbz.2010.0031.

Nepomichene TNJJ, Raharimalala FN, Andriamandimby SF, Ravalohery JP,
Failloux AB, Heraud JM, et al. Vector competence of Culex antennatus and
Anopheles coustani mosquitoes for Rift Valley fever virus in Madagascar.
Med Vet Entomol. 2018;32:259-62.

Nanfack Minkeu F, Vernick KD. A systematic review of the natural virome
of anopheles mosquitoes. Viruses. 2018;10:222.

Franklinos LHV, Jones KE, Redding DW, Abubakar . The effect of global
change on mosquito-borne disease. Lancet Infect Dis. 2019;19:e302-12.
Peterson AT, Martinez-Campos C, Nakazawa Y, Martinez-Meyer E.
Time-specific ecological niche modeling predicts spatial dynamics of
vector insects and human dengue cases. Trans R Soc Trop Med Hyg.
2005;99:647-55. https://doi.org/10.1016/j.trstmh.2005.02.004.

de Thoisy B, Gardon J, Salas RA, Morvan J, Kazanji M. Mayaro virus in wild
mammals, French Guiana. Emerg Infect Dis. 2003;9:1326-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3201/eid2007.140043
https://doi.org/10.3201/eid2007.140043
https://doi.org/10.2807/1560-7917.ES.2017.22.39.17-00646
https://doi.org/10.2807/1560-7917.ES.2017.22.39.17-00646
https://doi.org/10.1093/jtm/taab130/6354471
https://doi.org/10.1093/jtm/taab130/6354471
https://doi.org/10.2807/1560-7917.ES.2023.28.44.2300552
https://doi.org/10.2807/1560-7917.ES.2023.28.44.2300552
https://doi.org/10.3390/pathogens9090738
https://www.ecdc.europa.eu/en/disease-vectors/surveillance-and-disease-data/mosquito-maps
https://www.ecdc.europa.eu/en/disease-vectors/surveillance-and-disease-data/mosquito-maps
https://doi.org/10.1111/mve.12020
https://doi.org/10.1111/mve.12020
https://doi.org/10.1111/mve.12023
https://doi.org/10.1111/mve.12023
https://doi.org/10.1186/1475-2875-6-18
https://doi.org/10.3390/ijerph15020389
https://doi.org/10.3390/ijerph15020389
https://doi.org/10.1186/s13071-022-05542-x
https://doi.org/10.1186/s13071-022-05542-x
https://doi.org/10.1128/jvi.01778-22
https://doi.org/10.1186/s13071-020-04478-4
https://doi.org/10.1089/vbz.2010.0031
https://doi.org/10.1089/vbz.2010.0031
https://doi.org/10.1016/j.trstmh.2005.02.004

	Mayaro virus, a potential threat for Europe: vector competence of autochthonous vector species
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Molecular identification of Culex pipiens bioform
	Virus and cells
	Vector competence assay
	Focus forming assay
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


