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Effective control strategies against arthropod disease vectors are amongst the most
powerful tools to prevent the spread of vector-borne diseases. The sterile insect technique
(SIT) is an effective and sustainable autocidal control method that has recently shown
effective population suppression against different Aedes vector species worldwide. The
SIT approach for mosquito vectors requires the release of radio-sterilized male mosquitoes
only, but currently available sex separation techniques cannot ensure the complete
elimination of females resulting in short-term risk of increased biting rate and arboviral
disease transmission. In this study, we compared for the first time the transmission of
dengue and chikungunya viruses in Aedes aegypti and Aedes albopictus females exposed
as pupae to an irradiation dose of 40 Gy. Females of both species were fed on blood
spiked with either dengue or chikungunya viruses, and body parts were tested for virus
presence by real-time RT-PCR at different time points. No differences were observed in the
dissemination efficiency of the dengue virus in irradiated and unirradiated Ae. albopictus
and Ae. aegyptimosquitoes. The dissemination of the chikungunya virus was higher in Ae.
albopictus than in Ae. Aegypti, and irradiation increased the virus load in both species.
However, we did not observe differences in the transmission efficiency for chikungunya
(100%) and dengue (8–27%) between mosquito species, and irradiation did not impact
transmissibility. Further implications of these results on the epidemiology of vector-borne
diseases in the field are discussed.
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INTRODUCTION

Despite control measures applied worldwide over decades, mosquito-borne diseases continue to pose
a constant threat to human and animal health. Globalization and climate change are resulting in the
increased movement of mosquitoes and introductions and establishment of mosquito populations in
areas where they could not survive before. This has contributed to a resurgence of important known
diseases such as dengue fever, caused by the dengue virus (DENV), and new viruses which only
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recently have demonstrated their enormous pathogenic potential,
such as the virus responsible for the Zika disease (ZIKV). Aedes
albopictus and Aedes aegypti are considered the two most
important mosquito vectors responsible for transmitting
dangerous arboviruses circulating in tropical and temperate
areas and that have the potential of imposing a significant
global disease burden on half of the world’s population.
Mosquitoes are recognized as the most invasive and deadly
animal species in the world, and many of these species have
expanded their distribution in all continents primarily through
human-mediated transportation, despite attempts to reduce their
density and prevent their establishment (Benedict et al., 2007;
Paupy et al., 2009; Medlock et al., 2012; Schaffner et al., 2013;
Schaffner et al., 2014). The increased and rapid development of
the resistance of mosquitoes against existing and newly developed
insecticides, the paucity of specific drugs or the lack of the
development of new drugs, and the absence of effective
vaccines against most of these arboviruses have stimulated the
evaluation of alternative, sustainable, and effective mosquito
control methods to successfully reduce the density and
distribution of these important sanitary pests (Medlock et al.,
2012).

The application of effective vector control tactics remains the
main strategy for the management of many vector-borne diseases
and the only approach available to protect populations against
this nuisance (Wilson et al., 2020). The sterile insect technique
(SIT) is an autocidal pest control method that requires the area-
wide inundative releases of sterile insects (FAO, 2005) to induce
sterility in the native female pest population. Consequently, the
reproduction rate of the target population declines, resulting in a
reduced density of the field population with each generation. It is,
therefore, a type of “birth control” as wild female insects of the
pest population do not reproduce when they are inseminated by
the released sterilized males. In this type of autocidal control,
sequential releases of sterilized insects in adequate sterile to wild
male overflooding ratios lead to vector suppression, and hence, to
the containment of the diseases these vectors transmit (Dame
et al., 2009; IAEA et al., 2012; Bellini et al., 2013; Dyck et al., 2021).
The SIT has been used all over the world as a part of area-wide
integrated pest management (AW-IPM) programs over the past
70 years to successfully contain, reduce, eliminate, or prevent the
establishment of insect pests of agricultural, veterinary, and
medical importance (Dyck et al., 2021). In the last decade,
several SIT pilot field trials have been implemented against
several Aedes vector species worldwide with promising results
(Oliva et al., 2021). However, many improvements in the
mosquito “SIT package” are required to advance this control
tactic toward a larger-scale operational level (Bouyer et al., 2020a;
WHO/IAEA, 2020; Oliva et al., 2021). Sex separation remains one
of the main challenges for the efficient application of the
mosquito SIT. The release of sterile female mosquitoes has to
be avoided at all costs as they could contribute to the transmission
of these viruses. Although mechanical sex separation techniques
of Aedes pupae do exist, a small percentage of females is still
accidentally processed together with the males and then released
in the field. It is not expected that the release of a small percentage
of unwanted sterile females together with the males would have a

significant impact on the efficiency of the SIT, but it might
increase the biting rate, and hence, the risk of transmission of
these arboviruses which will limit its applicability and more
importantly, its political and ethical acceptability, especially in
areas where these diseases are endemic (WHO/IAEA, 2020).

Virus transmission by arthropods is a complex process (vector
competence) controlled by biological intrinsic barriers in the
vectors, including barriers affecting virus amplification in the
mid-gut cells, dissemination in the insect’s body fluid
(hemolymph), and finally, infection and amplification in the
salivary glands as the last stage before transmission to a new
host. Ionizing radiation can influence the competence of different
mosquitoes for pathogens and viruses through alterations of their
immune response, and therefore, their ability to effectively
transmit these arboviruses (Guissou et al., 2020). Radiation
can also seriously alter symbiotic gut microbiota which is
linked to the insect ecological fitness (Cai et al., 2018) and can
affect immune responses that can influence vector competence
for human pathogens (Dennison et al., 2014). Moreover,
radiation can alter the feeding behavior and the survival rate
of females under laboratory conditions (Cunningham et al.,
2020). All of the aforementioned suggests the need for a more
in-depth investigation of the effect of irradiation on vector
competence in Aedes female mosquitoes.

The present study is the initial step of a more comprehensive
investigation of the effect of irradiation (40 Gy) administered to
Ae. albopictus and Ae. aegypti female pupae, on the transmission
of dengue (DENV) and chikungunya viruses (CHIKV). We
measure the viral RNA load of DENV and CHIKV in the
saliva of irradiated and nonirradiated adult female mosquitoes
as a means of transmission efficiency and transmission rate.
Saliva samples were analyzed as individual females and in
pools of eight samples/pool to compare the sensitivity of the
test. Moreover, viral RNA load was also investigated in other body
parts, to evaluate the propagation of the two viruses
(dissemination efficiency) within the two species of irradiated
and nonirradiated mosquitoes. The results will contribute to a
better understanding of the implications and risks of
unintentionally released irradiated Aedes females during AW-
IPM programs that include an SIT component.

MATERIALS AND METHODS

Mosquito Strains
The Ae. albopictus and Ae. aegypti strains used in this study were
obtained from eggs collected in Rimini (Emilia-Romagna, Italy)
and Juazeiro (Bahia, Brazil), respectively, by the Centro
Agricoltura Ambiente CAA Italy and Moscamed Brasil, both
IAEA collaborating centers for the development of the SIT
package against Aedes vectors. Eggs were received from the
FAO/IAEA Insect Pest Control Laboratory (IPCL, Seibersdorf,
Austria) and reared under laboratory conditions (27 ± 1°C, 85 ±
5% RH, 16:8 h L:D photoperiod) at the National Centre for
Vector Entomology of the University of Zürich (UZH, Zürich,
Switzerland). Larvae obtained after standardized hatching
procedures (Balestrino et al., 2010) were reared at a fixed
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larval density (2 larvae/mL) and fed with IAEA-BY liquid diet
(3.0% w/v) at a mean daily dose of 0.5 mg/larvae (Balestrino et al.,
2014) for the first four days of development. Pupae harvested on
the sixth day from larval introduction were sexed under a
stereomicroscope and aged at least 24 h before being subjected
to irradiation treatments.

Mosquito Irradiation
About 1,000 Ae. albopictus and Ae. aegypti female pupae were
transferred into separated tissue culture flasks (type T75, 250 ml
capacity) each containing 210 ml of deionized water for
irradiation procedures. The quantity of water in the flask was
used to standardize the pupal irradiation exposure during
treatment by maintaining the floating position of the pupae at
3 cm from the flask’s bottom. Flasks were transported to the
Department of Radiation Oncology, University Hospital of
Zürich (USZ), where irradiation was carried out with a
TrueBeam linear accelerator (TrueBeam® STx, Varian Medical
Systems, Palo Alto, CA) at 40 Gy (dose rate 6.2 Gy/min, photons
energy 6.0 MV) [48]. Immediately after irradiation, the pupae
were transported back to the UZH Insectary and placed in plastic
cups (diameter 7 cm, height 8 cm) with about 150 ml of deionized
water for emergence inside two separated polyester netting cages
(32.5 × 32.5 × 32.5 cm) (BugDorm 43030F, MegaView Science
Co., Ltd., Taichung, Taiwan). Each cage was provided with about
1,000 conspecific fertile males to assure the mating status of
females and their optimal post-mating biting behavior. A 10%
sucrose solution was supplied as a carbohydrate source and the
cages were kept in a climate chamber under laboratory conditions
(27°C with 85% RH and 16:8 h L:D photoperiod). In this
preliminary study, we applied a dose of 40 Gy to 24–30 h old
Ae. aegypti and Ae. albopictus pupae, shortly before adult
emergence. This dose and time of treatment were selected as it
resulted in male residual sterility of around 1% for both species
with a low impact on sterile insect quality (Balestrino et al., 2010;
Balestrino et al., 2017; Culbert et al., 2018).

Viruses
Two viruses were used for mosquito oral inoculation: dengue type
2 virus strain (Vazeille et al., 1999) (DENV-2) from Bangkok and
chikungunya strain 06.21 (Vazeille et al., 2007) (CHIKV) from La
Réunion Island. Both viruses were amplified twice in C6/36 cell
lines before their use for oral inoculation of mosquitoes. Briefly,
C6/36 cells were grown in cell culture flasks (T25, 50 ml capacity)
maintained in a Leibovitz L-15 medium supplemented with 1%
antibiotics-antimycotics (penicillin, streptomycin, and
amphotericin B), and fetal calf serum (FCS) at a concentration
of 4 and 10% for CHIKV and DENV, respectively. Confluent C6/
36 cells were inoculated with 100 µL of the original virus
generating a C6/36 passage 1 (P1). All the flasks were
incubated for three days (CHIKV) and five days (DENV) at
28°C with 5% CO2. After the incubation period, the supernatants
were harvested and 200 µL inoculated into a new C6/36 cell flask
(T75, 250 ml capacity) to generate a P2 passage at a multiplicity of
infection (MOI) of 0.1. To confirm the infectivity of all passages,
10-fold serial dilutions of P1 and P2 supernatants were titrated on
96-well plates layered with C6/36 cells. Briefly, 96-well plates were

seeded with 6.2 × 106 cells/mL and incubated at 28°C and 5% CO2

for 24 h before their inoculation with the virus. For the
inoculation, media were removed from all the well plates
followed by inoculation of 50 µL/well of each ten-fold serial
dilutions (using four replicates per dilution) and incubated for
1 h at 28°C and 5% CO2. After the incubation time, each well was
overlaid with 150 µL of a premix 1:1 of sterile CMC
(carboxymethylcellulose sodium salt, Sigma), 3.2% (water and
0.85% NaCl), and an L-15 medium supplemented with 10% FCS,
and then the plates were sealed and incubated at 28°C with 5%
CO2. On day three (CHIKV) or day five (DENV) post-
incubation, the cells were fixed by adding 100 µL/well of
formaldehyde 3.6% (in PBS) (without removal of the overlay)
followed by an incubation period of 20 min at RT. After this time,
the content from each well (medium and formaldehyde) was
removed and the cells were rinsed three times with PBS. To detect
viral foci, an immunoperoxidase assay was performed. Briefly, the
wells were incubated in Triton (0.5% in PBS) for 5–15 min at RT
followed by three PBS washes. The wells were incubated for
30–45 min at 37°C with the primary antibody at the appropriate
concentration in PBS (1:200 for DENV and 1:1000 for CHIKV)
followed by three PBS washes. The secondary antibody goat anti-
mouse igG (H + L) (Alexa Fluor® 488; ThermoFisher Scientific
Inc., USA) was added (1:500 in PBS for both viruses) and
incubated for 30 min at 37°C and the final three PBS washes
were applied before examination of the fluorescence in each well
by an indirect immunofluorescence assay (IFA). Tissue culture
infectious dose (TCID50) of both viruses was calculated by the
observation of fluorescence at each dilution series and the titers
were calculated as the last dilution recorded positive at the 50%
end-point and expressed as log10TCID50/mL which was later
converted to log10 plaque-forming units/mL (log10 PFU/mL)
(O`Reilly et al., 1994). Finally, a standard curve of the two
viruses was generated by converting the viral RNA amount
cycle threshold (Ct) values into PFU. Briefly, viral RNA from
the supernatant of the second virus passages (DENV C6/36 P2
and CHIKV C6/36 P2) was extracted using a viral nucleic acid kit
(Qiagen QIAmp viral RNA mini kit), and a real-time reverse
transcriptase polymerase chain reaction (rRT-PCR) of ten-serial
fold dilutions of viral RNA was performed (Mousson et al., 2010;
Mousson et al., 2012). Finally, Ct values from each serial dilution
were challenged toward the standard curves to infer the
equivalent number of PFU/mL to the Ct values.

Mosquito Infection
Infection and incubation of mosquitoes were carried out in the
BSL3 laboratory of the Laboratory Animal Service Centre (LASC)
at the UZH. Seven-day-old Ae. aegypti and Ae. albopictus
irradiated females (F0), caged with conspecific fertile males,
were deprived of sugar for 24 h before their exposure to
heparinized sheep blood spiked with either CHIKV or DENV
at a final concentration of 8.0 log10TCID50/mL (17.2 Ct) and 6.0
log10TCID50/mL (21.21 Ct), respectively. The virus-spiked blood
was transferred to a Hemotek feeder (Hemotek Ltd., Lancashire,
United Kingdom) layered with a membrane Parafilm M (Sigma-
Aldrich, Buchs, Switzerland) and kept at a constant temperature
of 36 °C during the whole feeding process. After 30 min of
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feeding, fully engorged females of both species were transferred
into a netted cardboard pot (approximately 80 females/pot) with
a 10% sucrose solution imbibed cotton pad on top of the net. All
the pots were incubated in a climate chamber as described
previously for 7 (CHIKV) or 14 (DENV) days post-
inoculation (dpi). As a control, unirradiated mosquitoes from
both species were exposed to CHIKV or DENV, incubated, and
processed as irradiated mosquitoes. Freshly engorged Ae. aegypti
and Ae. albopictus females for each irradiated and unirradiated
group were collected at day 0 (day 0 females) and a sample of the
infectious blood mixtures used for oral inoculation and processed
for rRT-PCR to confirm infection and provide baseline data.

Mosquito Dissection and Saliva Collection
After the incubation period, 100 surviving female mosquitoes
from each treatment were processed. To collect saliva from live
females, legs and wings were removed and stored in individual
1.5 ml Eppendorf tubes previously filled with 100 µL of DMEM
supplemented with 1% antibiotics-antimycotics (penicillin,
streptomycin, and amphotericin B) and 10% FCS. Females
deprived of legs and wings were allocated on a flat surface and
their proboscides were inserted into 5 µL glass capillary tubes
filled with 10% FCS. Females were left in this position for 30 min
after which the proboscides were removed from the capillary
tubes and the contents of the capillary tube with the possibly
spitted saliva flushed into a 1.5 ml Eppendorf tube filled with
400 µL of DMEM (10% FCS and 1% antibiotics-antimycotics as
described previously). After saliva collection, the bodies of all
females were dissected into 1) head and thorax and 2) abdomen,
which were individually stored in separated 1.5 ml Eppendorf
tubes at −80°C until further examination.

Viral RNA Quantification
Dissemination of CHIKV and DENV was investigated by
quantifying viral RNA (rRT-PCR) isolated from the legs and
wings. These body parts from individual females were
homogenized using the TissueLyser II instrument (TL)
(Qiagen GmbH, Hilden, Germany). Briefly, one stainless steel
bead (3 mm diameter) was added to each tube together with
100 µL of DMEM supplemented as described previously and
processed with the TL at 25 Hz for 1 min. Additional 900 µL
of DMEMwas then added yielding a final volume of 1.0 ml. After
centrifugation at 13,000 rpm for 5 min, 100 µL aliquots from
eight samples were pooled (800 µL total volume/8 females).
Viral RNA was extracted from each pool using the manual
viral nucleic acid extraction kit (QIAmp viral RNA mini kit)
described previously and rRT-PCR was performed as described
elsewhere (Mousson et al., 2010; Mousson et al., 2012).
Dissemination efficiency corresponds to the proportion of
mosquito pools with infected legs and wings among tested ones.

To confirm the presence of viral RNA in saliva
(transmissibility), the saliva of individual females that were
positive in legs and wings (pools) were pooled and processed
for viral RNA detection using the protocols described previously.
Briefly, viral RNA was extracted from all females (n = 16)
originated from two saliva positive pools (16 females per type
of treatment [irradiated vs. unirradiated], vector species [Ae.

albopictus vs. Ae. aegypti], and virus [CHIKV vs. DENV]).
Saliva pools were chosen according to their Ct values: one
pool with the highest Ct values and one with the lowest.
Transmission efficiency corresponds to the proportion of
mosquito pools with the virus in saliva among tested ones.

Statistical Analysis
All statistical analyses were carried out using R statistical software
(version 3.5.2). Pearson’s Chi-square test was applied to compare
the dissemination and transmission efficiency for dengue and
chikungunya viruses among irradiated and unirradiated Ae.
albopictus and Ae. aegypti mosquito pools. The normality of
the individual and pool data distributions was assessed using the
two-sample Kolmogorov–Smirnov test. The data of the
measurements of viral loads were normally distributed (p >
0.05). Concordance between individual values and their
corresponding positive pools was determined by measuring the
datasets through the Pearson correlation test. The viral loads
observed were about 1–3 logs lower in mosquitoes infected with
DENV than with CHIKV which were thus analyzed separately. A
Gaussian linear mixed-effects model fit by maximum likelihood
was used to analyze the virus titers (PFU/ml) separately for the
two viruses (CHIKV and DENV) with mosquito species,
irradiation, and their first-order interaction as fixed effects and
the replicate as a random effect. The best model was identified by
simplifying the complete one and considering the one with the
lowest corrected Akaïke information criterion. The significance of
the fixed effects was tested using the likelihood ratio test to
compare models with or without these effects (Hurvich and
Tsai, 1995; Burnham and Anderson, 2003).

RESULTS

Mosquito Infection
Overall, 411 irradiated female Ae. albopictus and 427 Ae. aegypti
were exposed to heparinized sheep blood spiked with DENV, and
296 irradiated female Ae. albopictus and 458 Ae. aegypti were
exposed to CHIKV-spiked blood. The viral RNA amounts (Ct)
measured in the infectious blood and in the day 0 females ranged
between 25.7 and 35.0 Ct.

Viral RNA Quantification
The virus inoculum (P0) used to generate P2 were 6.8 and 9.3
Log10 (PFU)/mL for DENV and CHIKV, corresponding to 19.26
and 13.44 Ct values for DENV and CHIKV, respectively.
Standard curves of the DENV and the CHIKV (C6/36, P2)
used in mosquito inoculations were calculated by linear
regression of the log10 PFU/mL to the viral RNA amount (Ct)
obtained from the rRT-PCRs of the corresponding dilution series.
Standard curves showed a high correlation coefficient for the
CHIKV (Log10 PFU = −0.3129*Ct + 13.468; R2 = 0.999) and
DENV (Log10 PFU = −0.3149*Ct + 12.723; R2 = 0.952).

Dissemination Efficiency and Viral Loads
Viral load measured in the pools of legs and wings from both
irradiated and unirradiated mosquito species infected with
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CHIKV or DENV is shown in Table 1 (dissemination efficiency)
and Figures 1A,B. All the pools of legs and wings from the
mosquitoes infected with CHIKV were positive whereas for
DENV, the percentage of positive pools ranged between 64
and 100% (Table 1). No differences were observed in the
dissemination efficiency of irradiated and unirradiated
mosquitoes infected with DENV at the pool level (χ2 = 6.3695,
df = 3, p = 0.095; Table 1). In the case of DENV, we did not
observe differences between the mosquito species (Figure 1A,
likelihood ratio = 3.167, p = 0.205) and radiation had no effect on
the viral load measured in both species (likelihood ratio = 3.249,
p = 0.197) (Table 2). In the case of CHIKV, however, the viral
loadmeasured inAe. albopictuswas higher (Figure 1B, likelihood
ratio = 10.578, p = 0.001) and irradiation increased the virus load
in both species (likelihood ratio = 41.470, p < 10–4) (Table 2).

Transmission Efficiency and Viral Loads
Viral RNA presence was also confirmed among saliva collected
from both irradiated and not-irradiated females on day 7 or day
14 after exposure to either CHIKV or DENV, respectively. Not all
positive leg and wing pools were positive for viral RNA in the
saliva. Nevertheless, 100% of saliva pools derived from Ae.
albopictus and Ae. aegypti infected with CHIKV were positive,
while only 8–27% of the saliva pools from females inoculated with
DENV were positive with a lower PFU range (Table 1,
transmission efficiency). Viral loads in pools of saliva from
both irradiated and unirradiated mosquito species infected
with CHIKV or DENV are shown in Table 1 (transmission
efficiency) and Figures 1C,D. No differences were observed in
the transmission rate of irradiated and unirradiated mosquitoes
infected with DENV (χ2 = 1.2415, df = 3, p = 0.7431). For both
viruses, we did not observe differences in the transmission rates
between the mosquito species (likelihood ratio = 0.109, p = 0.742
for DENV and likelihood ratio = 0.273, p = 0.602 for CHIKV).
Also, irradiation did not impact transmission rates (likelihood
ratio = 0.172, p = 0.679 for DENV and Likelihood ratio =
3.493,315, p = 0.062 for CHIKV) (Table 2; Figures 1C,D).

A significant correlation was observed between the viral loads
measured in the saliva pool samples and in the corresponding

individual samples (t = 3.3424, df = 13; p = 0.0053; Cor estimated
= 0.68). In DENV, the two mosquito species had a similar virus
load (likelihood ratio = 4.343, p = 0.114) and irradiation only
marginally increased transmission (likelihood ratio = 5.689, p =
0.058) (Table 2; Figures 1E,F). In CHIKV, no impact of mosquito
species (likelihood ratio = 1.100, p = 0.294) nor irradiation
(likelihood ratio = 1.522, p = 0.217) was observed (Table 2;
Figures 1E,F).

DISCUSSION

This study demonstrated that the irradiation of female Ae. aegypti
and Ae. albopictus as pupae with a dose of 40 Gy had no effect on
the dissemination of DENV but increased the virus load of
CHIKV in the mosquitoes’ bodies in both species. However,
irradiation did not increase the transmission rate of both viruses
in both mosquito species, although a marginal increase was
detected at the individual level for DENV in Ae. albopictus.
Both species are well-known vectors of these two viruses, with
dissemination and transmission rates ranging between 33% and
87% for DENV (Vazeille et al., 2010; Guo et al., 2013; Gonçalves
et al., 2014) and between 40% and 100% for CHIKV
(Schuffenecker et al., 2006; Richards et al., 2010; Vega-Rúa
et al., 2014), respectively. The highest virus dissemination of
CHIKV was recorded in Ae. albopictus, regardless of irradiation
treatment. The CHIKV strain used here is the natural mutant
form with one amino-acid substitution (alanine → valine) in
position 266 of the E1 glycoprotein (E1-A226V) (Schuffenecker
et al., 2006). It was previously demonstrated that this strain is
better adapted to Ae. albopictus than to Ae. aegypti, resulting in a
high replication level and a shorter extrinsic incubation period
(EIP) for both species, with infectious virus particles being
detectable in the saliva as early as two dpi (Dubrulle et al.,
2009). However, despite the larger dissemination efficiency
observed in Ae. albopictus compared with Ae. aegypti, we did
not observe a clear increase of CHIKV viral load between the
saliva of the two species in either pools or individuals confirming
the essential role of salivary glands in selecting viruses for efficient

TABLE 1 | Number and percentage of positive pools of legs and wings (dissemination efficiency) and saliva (transmission efficiency) from irradiated (rad) and unirradiated
(control) Ae. albopictus and Ae. aegypti females orally fed with CHIKV and DENV after 7- or 14-days incubation, respectively. The range of log10 PFU measured
(MIN—MAX) for legs and wings and saliva pools in both irradiated and unirradiated species infected with CHIKV or DENV is also reported. Each pool of legs and wings (L&W)
and saliva (SAL) homogenates were derived from eight females.

Dissemination efficiency (L&W) Transmission efficiency (SAL)

Virus Status Species Pool
(N)

PCR/
+
(N)

PCR/
+
(%)

Log10

PFU (min—max)
PCR/
+
(N)

PCR/
+
(%)

Log10

PFU (min—max)

CHIKV Control Ae. albopictus 8 8 100% 5.99—6.58 8 100% 1.73—4.51
CHIKV Rad Ae. albopictus 12 12 100% 6.11—6.04 12 100% 1.66—4.24
CHIKV Control Ae. aegypti 10 10 100% 5.06—6.77 10 100% 1.16—3.59
CHIKV Rad Ae. aegypti 12 12 100% 5.50—6.25 12 100% 2.13—4.70
DENV Control Ae. albopictus 8 7 88% 3.21—4.33 2 25% 0.00—1.48
DENV Rad Ae. albopictus 11 7 64% 0.00—4.84 3 27% 0.00—2.45
DENV Control Ae. aegypti 9 6 67% 0.00—4.41 2 22% 0.00—2.29
DENV Rad Ae. aegypti 13 13 100% 2.88—4.25 1 8% 0.00—2.94
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FIGURE 1 | Boxplots of the viral load (log10 PFU) measured in pooled samples (POOL) of legs and wings (L&W) and saliva (SAL) from both irradiated (rad) and
unirradiated (control) Ae. aegypti (AEG) and Ae. albopictus (ALB) mosquitoes infected with dengue (DENV, 14 dpi; or (A,C) chikungunya virus (CHIKV, 7 dpi; (B,D) Each
pool sample consisted of homogenates of legs and wings and saliva from eight individual females. Viral load measured in saliva samples from individual females (IND) is
also reported from both irradiated and not-irradiated Ae. aegypti and Ae. albopictus mosquitoes infected with (E) dengue or (F) chikungunya virus. There are no
statistical differences in the different groups represented in the figure except for the significant effects of radiation (rad) and the species used (AEG or ALB) on the
dissemination of chikungunya virus as shown in (B) and reported in Table 2. Asterisks represent statistical significance (**p < 0.01; ***p < 0.001).

TABLE 2 | Fixed effects of linear mixed-effects models fit by maximum likelihood for the effect of the virus type (CHIKV and DENV) and radiation treatment (rad) on female viral
loads measured in legs and wings and in the saliva on pooled (pool) and individual samples (individual). Values have been presented considering the two mosquito
species together except for data on CHIKV presence in legs and wings (*) where the mosquito species and the radiation treatment were both kept in the best model.

Virus Origin Sample Factors Value SE df t-value p
value

CHIKV * Legs and wings Pool Rad 0.261 0.078 28 3,342 0.002
* Legs and wings Pool Ae. albopictus 0.628 0.078 28 8,105 0.000
— Saliva Pool Rad 0.423 0.231 29 1,831 0.077
— Saliva Individual Rad 0.366 0.298 46 1,227 0.226

DENV — Legs and wings Pool Rad 0.296 0.523 27 0.566 0.576
— Saliva Pool Rad −0.121 0.296 27 −0.408 0.687
— Saliva Individual Rad 0.420 0.283 41 1,483 0.146
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transmission (Vega-Rúa et al., 2014). Ct values of DENV-
inoculated mosquitoes were generally higher than those of
CHIKV-inoculated mosquitoes. Still, the initial viral dose of
CHIKV (8.0 log10TCID50/mL) in the inoculum was 2 logs
higher than the one used for DENV (6.0 log10TCID50/mL).
However, DENV and CHIKV particles were well disseminated
through the entire body with clear virus amplification between
the initial intake of the infectious inoculum (day 0 females) and
the end of the EIP (7 or 14 dpi for CHIKV and DENV,
respectively) in both irradiated and unirradiated mosquitoes.
Despite the high inoculum of CHIKV used for the females’
infections, it was still possible to observe a different pattern in
the amplification of the virus at the dissemination stage (legs and
wings), with a higher virus load among irradiated females of both
species while irradiation treatment had no significant effect on
viral load amplification in the salivary glands.

Exposure to ionizing radiation is the most used method to
sterilize male insects in AW-IPM programs that include an SIT
component (Bakri et al., 2005). Because irradiation may adversely
influence the quality of the insect to be released through
mutations in the somatic cells, it is essential to select the
optimum radiation dose that effectively sterilizes the insect
without adversely affecting the insect’s competitiveness (Bakri
et al., 2005; Parker et al., 2021). Dose-dependent radiation
damage to the insect’s mid-gut has been previously identified
as the main factor affecting changes in the infection levels and in
the alteration in the gut bacterial communities (Lauzon and
Potter, 2012; Woruba et al., 2019; Guissou et al., 2020). The
structural damages observed in the mid-gut tissues of irradiated
flies lead to metabolic and physiological abnormalities (Lauzon
and Potter, 2012) and could be related to the increased
dissemination efficiency observed in irradiated female
mosquitoes in this study. Microscopic observations on fruit
flies irradiated at the dose used in the SIT suggested that
radiation interfered with tissue formation and generated small
breaks in the peritrophic membrane integrity, possibly affecting
the gut functions, the passage of pathogens, and the overall
quality and competitiveness in nature (Lauzon and Potter,
2012). Recently, it was reported that micro-perforations
produced after consecutive blood feedings in the virus-
impenetrable mid-gut basal lamina provided a mechanism for
enhanced virus escape increasing dissemination and transmission
efficiency for DENV and CHIKV inAe. albopictus andAe. aegypti
(Armstrong et al., 2020). Although the impact of irradiation on
mid-gut virus infection was not the topic of this work, our data
indicate that an irradiation dose of 40 Gy delivered at the pupal
stage increased the capability of the CHIKV variant E1-226V to
overcome the intrinsic barriers of orally infected mosquitoes
while we did not observe any increase in virus transmission in
the irradiated mosquito for both species. The key role of the mid-
gut barrier in CHIKV E1-226V dissemination through the
mosquito body has been already demonstrated in Ae.
albopictus in comparison with Ae. aegypti (Arias-Goeta et al.,
2013) and possible damage in the mid-gut barriers following
irradiation could therefore support the different CHIKV E1-226V
dissemination efficiency observed in our trial between the two
species.

The mid-gut constitutes an important component of the
mosquito’s immune response defense against transmitted
pathogens and it is the first barrier that viruses must cross to
achieve a successful viral cycle (Janeh et al., 2017; Taracena et al.,
2018). The effectiveness of an early mid-gut cellular renewal and
the maintenance of mid-gut homeostasis during viral infection
proved to be an important factor in the antiviral response of Ae.
aegypti against DENV infections (Dennison et al., 2014; Taracena
et al., 2018; Janeh et al., 2019). Because radiation-induced cellular
damage could affect the viral permeability of the mid-gut
membranes and delays the activation of the regenerative
cellular process (Lauzon and Potter, 2012; Taracena et al.,
2018), there may be a larger window of opportunity during
which the mid-gut membrane of the irradiated mosquito
becomes permissive for viral dissemination (Dong et al., 2017).
The peculiar viral replication kinetics in the CHIKV strain
(Merwaiss et al., 2021), with a shorter EIP, could have played
a crucial role in increasing mid-gut escape and dissemination
efficiency in irradiated mosquitoes in comparison with DENV in
our trials. The marginal, not significant, increase of the viral load
observed in Ae. albopictus females infected with DENV would be
worth investigating in further studies.

In addition to the maintenance of an effective vector
competence, the irradiated females accidentally released during
an SIT campaign must effectively disperse, feed, and survive in
the field to increase the risk of transmission of arboviral diseases.
The mean survival rates observed during mark-release-recapture
studies with irradiated and unirradiated Aedes males were similar
with amean lifespan estimated at two to eleven days (Muir and Kay,
1998; Bellini et al., 2010; Brady et al., 2013; Vavassori et al., 2019). As
the more radiosensitive female mosquitoes have shorter survival
than their male counterparts under laboratory conditions (Bond
et al., 2019; Aldridge et al., 2020), further investigations will be
required to estimate if irradiated females are capable of surviving the
EIP to become infectious under field conditions. Aedes albopictus
and Ae. aegypti female mosquitoes would need to survive six to
twelve days in the field to acquire and effectively transmit
arboviruses (Tjaden et al., 2013; Christofferson et al., 2014).
Therefore, the average lifespan of irradiated Aedes females may
not be sufficient to consider them effective vectors. Moreover, the
reduced survival and blood-feeding frequency observed in
irradiated Aedes females (Bond et al., 2019; Cunningham et al.,
2020), and the increasedmortality resulting from the ingestion of an
infected blood meal (Maciel-de-Freitas et al., 2011; da Silveira et al.,
2018), can have a significant impact on the overall vectorial capacity
and transmission efficiency of irradiated Aedes females accidentally
released in an operational Aedes SIT program. In the present study,
only one time point of infection was investigated (days 7 and 14 for
CHIKV and DENV, respectively) with relatively small sample sizes.
Further studies would be therefore required to explore the temporal
dynamics of viral dissemination and transmission in irradiated
female mosquitoes fed with virus-spiked blood, that is, at daily
intervals and with different radiation doses. This will reveal whether
irradiation has an impact on the EIP as this could significantly
influence the epidemiology of vector-borne diseases in the field.
Moreover, the correlation between viral infection, mid-gut cell
damages, and the alteration of the gut microbiota in relation to
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different radiation doses need to be further addressed to investigate
the impact of radiation on female vector competence and male
survival, flight ability, and field competitiveness.

This study showed that irradiation did not significantly
alter the competence of irradiated female Aedes mosquitoes,
illustrating the need for improved, more fail-proof sexing
systems to reduce female contamination in released sterile
males to enhance the acceptability of SIT programs and
prevent any transmission risk.
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