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Abstract

Ades aegypti is the most important arbovirus vector in the world, and new strategies are
under evaluation. Biological studies mentioning the occurrence of a second mate in Aedes
aegypti can interfere with vector control program planning, which involves male mosquito
release technique. This study presents different experiments to show the occurrence of
mixed progeny. Mixed male crosses (using a combination of different type of males in con-
finement with virgin females) showed no polyandric female. Individual crosses with male
substitution in every gonotrophic cycle also did not show any polyandric female. Individual
crosses with a 20 minutes interval, with subsequent male change, showed that only a few
females presented mixed offspring. The copulation breach in three different moments,
group A with full coitus length, group B the coitus was interrupted in 5—7 seconds after the
start; and group C, which the copulation was interrupted 3 seconds after started. In sum-
mary, group A showed a majority of unique progeny from the first male; group B showed the
higher frequency of mixed offspring and group C with the majority of the crosses belonging
to the second male. To conclude, the occurrence of a viable second mate and mixed off-
spring is only possible when the copulation is interrupted; otherwise, the first mate is respon-
sible for mixed progeny.

Introduction

The mosquito Aedes aegypti is one of the most relevant disease vectors in the world due to its
capacity to adapt to the urban environment and being able to transmit different pathogens,
such as Dengue, Chikungunya and Zika virus [1-3]. There are new attempts at the control of
Ae. aegypti population using Wolbachia-infected mosquitoes, Genetically Modified Mosqui-
toes (GMM) and sterile mosquitoes using ionizing radiation (so-called Sterile Insect Tech-
nique-SIT) [4]. They are all technologies under evaluation in different countries, and their
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primary target is to suppress mosquito population and decrease (and eliminate) arboviruses
transmission [4,5] using male releases. The aim is to provide a mating competitivity disadvan-
tage for the wild-type male and increase the number of successfully mated females with the
desired released male. Besides operational aspects of those technologies, additional ecological
and biological factors need to be clarified and not only to guarantee safeness to the human
population but also to understand the behavior of the technology under different circum-
stances [6-8]. One crucial factor is to determine the mechanisms which females of this species
become polyandric, or can mate with several males.

Mosquito mating process (coitus) consists of three phases, the coupling (from recognition
to genital contact), copulation (engagement of the genitalia and initiation of semen transfer)
and insemination (deposition of spermatozoa and additional secretion into the bursa and later
migration to the spermatheca). Ae. aegypti (males and females) after adult emergence, they
need 36 to 48 hours to be fully able to mate, during this period the male genitalia turns 180° to
make copulation process possible [9,10].

Studies on mosquito mating behaviors are difficult to perform due to the sophisticated con-
stituency (swarm formation) and its uneven spatial distribution [11]. These factors also include
behavior parameters, such as recognition, wing beats and pheromones [9-11]. Yuval et al.
(2006) mention that some Aedes species may swarm near the host, and because they are con-
tinuous breeders in small containers of low volume they highly disperse at low densities [12].
In Ae. aegypti, the copulation and insemination usually take around six to ten seconds, and
this period is sufficient to transfer enough amount of sperm for the entire female’s lifespan
[13,14]. In laboratory conditions, copulation may take longer, as observed by Oliva and col-
leagues (2013) for Ae. albopictus, which could take up to 45 seconds compared to 8 seconds in
natural conditions [15]. The study also mentions that when copulation occurs in a small con-
finement space, polyandry happens more often [16].

The additional material transfer during copulation has a significant role on female behavior,
such as stimulating the female to find a blood meal, and critical from vector control point of
view, the female becomes refractory to subsequent (future) mating. The male accessory gland
produces the seminal fluid which contains many proteins and peptides which are involved in
modulating the female responses to host-seek, mating refractoriness, stiffening of the sperma-
theca, among others. So, the mating is not only for egg production, but it also has an essential
factor in mosquito behavior [16-18].

Even after storing enough sperm for their lifespan, Aedes mosquito females can mate with
other subsequent males, but usually, the offspring belongs to the first male [10,19]. However,
some polyandrous females and females which their offspring belongs to different males were
found among mosquitoes collected from the field [20-23]. This information is crucial to new
vector control strategies mentioned previously since they require releasing millions of male
mosquitoes. Moreover, due to polyandry, the techniques would require significant changes to
a sustained release protocol regarding the frequency of males to be produced, its frequency to
be released and the necessary number of releases in the field to compensate and guarantee the
success of all techniques [24-26].

Although some studies have demonstrated the occurrence of a re-mating event, even in low
frequencies, they do not explore the mechanism by how this phenomenon occurs. Once mated
females are capable of multiple mating, they can empty the bursa or use the sperm for the next
progeny, and this mechanism is not yet determined. The described experiments in this paper
considered the study of Degner and Harrington (2016) [27], where the majority of polyandric
females occurred in 0-2 hours post-mating. Thus, we focused on determining a fully capable
mixed-offspring mother as a polyandric female, and the moment a female could be able to
have a mixed progeny.
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Material and methods
Mosquito rearing and manipulation

The Aedes aegypti strains were reared using standard laboratory procedures [28,29]. Briefly,
eggs were hatched in previously boiled water jars for around 12 hours and L1 larvae placed in
plastic trays with 30x20x10 cm with 2 L distilled water with 300 larvae/tray. Larvae were fed
with finely grounded fish food (Sera Vipan Premium, Germany) throughout all instars. Pupae
were sorted using a glass plate sorter, and each gender was kept separated until adult emer-
gence. Adults were fed with 10% sucrose solution ad libitum using cotton wool balls. Pre-
mated female mosquitoes were blood fed on anesthetized mice when necessary. For female
blood feeding the University of Sao Paulo Ethics Committee approved the method under the
certificate number:186, 187 and 188/12/CEUA.

For all experiments using individual female egg collection, pregnant/blood-fed females
were transferred to flat-bottom glass tube (2.5 @ x 10 cm) containing a wet cotton ball covered
by a wet circular filter paper on the bottom and the tube closed with a dry cotton ball. The
insectary rearing conditions were 27°C (x1°C), 80% humidity (+10%), and 16/08-hour light/
dark photoperiod with 4 hours dusk/dawn.

For all experiments, the Higgs strain was used as wild-type, and the respective transgenic
line N2, described by [30] to quickly identify the offspring. The N2 transgenic line express
eGFP in the eyes driven by the 3xP3 promoter as a dominant characteristic, all offspring
resulted from an N2 male, and a wild-type female is heterozygous and has the fluorescent eyes
when submitted under fluorescent light.

Progeny type determination—Fluorescence screening

In all experiments, progeny type was determined under the fluorescent light as unique or
mixed progeny. Unique progeny was defined when the larval fluorescent status was positive,
or all larvae were negative. Mixed progeny was defined when the larval fluorescent status was
both positive and negative. Progeny of each cross was submitted as larvae (L3-L4) under fluo-
rescent light in excitation 480/40 nm, extinction 510 nm in Leica MZ FLIII stereomicroscope
(Leica Microsystem, Heerbrugg, Switzerland).

Mixed male cross

Pupae were sorted, and males were kept separated from females to avoid coitus. Copulation
occurred in plastic containers of 08 @ x 10 cm (mating container) with ten adult virgin males
of both lines (five wild-type and five transgenic—with at least three days after emergence) and
ten adult virgin wild-type females allowed to mate for 24 hours. Females blood fed, and three
days after blood feeding they (individually) had access to an oviposition site-females which
did not blood feed were substituted). After the first gonotrophic cycle, the collected eggs dried
in lab conditions and the number of eggs, the number of larvae and the hatch rate were
recorded. This process was repeated for the following three subsequent gonotrophic cycles
(total of four cycles). The progeny type was determined under fluorescent light, as described
previously, as unique progeny (the total isofemale offspring belongs to one male type only) or
mixed (the total isofemale offspring belongs to two male type). The results combine three rep-
licates with 30 crosses in total.

Consecutive male exchange

Wild-type female and male pupae (wild-type and transgenic) were isolated after sorting to
avoid coitus, and they remained isolated for up to 3 days after emergence. There were two
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experimental groups, the first group (group A), it was constituted by 30 individual couples of
one wild-type female and one wild-type male, they mated for 24 hours, and the male was
removed from the cage. All females were transferred to a lab cage; they received a blood meal,
and eggs were collected/counted. Later a transgenic male was placed in the cage and remained
for another 24 hours. This substitution with a new and virgin transgenic male happened before
every subsequent gonotrophic cycle of the same wild-type female (Fig 1). In the group B, the
order of the first male was inverted, starting with a virgin transgenic male and substitute by a
virgin wild-type male for the subsequent cycles. The data collection happened for six gono-
trophic cycles in each group, and the offspring paternity evaluation determined as previously
described. This experiment was performed in three replicates.

20 minutes mating interval

A total of 10 individual couples (wild-type adults with up to 3 days after emergence) were
placed in plastic containers and stayed for 20 minutes to perform mating. After this period the
wild-type male was substituted by a transgenic male, and the couple stayed for at least 24 hours
before the transgenic male being also removed (Fig 2). Like previous experiments the inverted
cross was also performed, starting with a transgenic male and then substituting by a wild-type
one. All females had access to a blood meal, and they performed individual oviposition. The
number of eggs and its hatch rate were recorded, and the progeny status was evaluated as pre-
viously. This experiment was performed in three replicates.

Interrupted coitus

Three mating groups (with at least 30 crosses using adults with three days after emergence)
were defined according to the total amount of time to perform copulation, group A—the cou-
ple performed the coitus without interruption (full-time length). Group B—the couple was
interrupted in the middle of coitus (5-7 seconds), and group C—couple was interrupted as
soon as the male has to grab females’ genitalia (Fig 3). The observer interrupted the coitus by a
strong air blow inside the mating container using the mouth aspirator by the time limit of each
group. The transgenic males immediately replaced the wild-type male; the new couple
remained together for the next 24 hours. After this period, males were removed, and females
were blood fed and had their number of eggs and hatch rate recorded individually. The pater-
nity was determined as above. The crosses which could not fit in any appropriate mating
group were discarded. This experiment was performed in three replicates.

Statistical analysis

All statistical analyses were performed by scripts written in R language implemented in the
RStudio software [31,32].The statistical analyses for all experiments with a continuous type of
data (number of eggs per female and hatch rate) were submitted for a normality test (Shapiro-
Wilk Normality test [33]) considering nonparametric data with a p-value higher than 0.05;
analyses employed the core statistical package: stats. The plot of histograms and normal distri-
bution curves, linear models/general linear models, ANOVA and graphical plots of each set of
data of the continuous data were done using the following R packages: rcompanion, ggplot2,
multcompView, plyr, knitr. In all cases, p was considered significant when lower than 0.05. An
ordered logistic regression model was used to estimate the probability of crosses in different
categories. This specific model and its respective plot used the R packages: MASS, reshape2,
and ggplot2. Data bank is available in S1 File.
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Table 1. Average number of eggs, mean hatch rate and number of crosses with mixed/unique type of progeny in mixed male crosses.

Gonotrophic cycle

lst
2nd
3rd
4th

# eggs/ female*

137.13 (21.9)
128.37 (13.8)
114.03 (34.7)
124.53 (18.0)

*—The values between brackets represent the standard deviation.

https://doi.org/10.1371/journal.pone.0193164.t001

Hatch rate (%)*

91.2 (10.9)
88.4(7.2)
85.6 (8.9)
86.0 (6.9)

Mixed progeny

0 (0%)
0 (0%)
0 (0%)
0 (0%)

Unique progeny
30 (100%)
30 (100%)
30 (100%)
30 (100%)

Results
Mixed male cross

In total, 30 crosses with 30 virgin females and 30 virgin males (15 wild-types and 15 transgenics)
performed copulation in lab containers. Table 1 shows the mean number of eggs and its mean
hatch rate for each gonotrophic cycle (statistical analysis is provided in S2 File). The number of
crosses (isofemale laying eggs) was counted, and the frequency of crosses with the mixed or the
unique type of progeny is also shown in Table 1. In this experiment, all crosses (100%) only had
unique offspring type, meaning no polyandric event was observed in aggregate mating condition.

Consecutive male exchange

In groups A and B (Table 2), the first gonotrophic cycle had 100% of unique progeny from the
first male, as expected. From the subsequent gonotrophic cycles (from 2 to 6™) no cross showed
mixed progeny, or polyandric event, remaining 100% of crosses with unique progeny despite the
virgin male change. There was no difference regarding the crosses between group A and B. Statis-
tical analysis regarding the number of eggs and hatch rate are available in the S2 File.

20 minutes mating interval

The interval mating had a total of 30 crosses individually observed and followed by two gono-
trophic cycles. The number of eggs per female and its hatch rate statistical analysis are available

Table 2. Average number of eggs and hatch rate through a consecutive male change throughout different gonotrophic cycles and its progeny status.

Male type
Wild-type
Transgenic
(group A)

Transgenic
Wild-type
(group B)

Gonotrophic Cycle

lsl
2nd
3rd
4th
Sth
Gth

# Eggs/ female* Hatch rate (%)* Mixed progeny Unique progeny
123.8 (13.5) 84.6 (17.9) - 30 (100%)
128.2 (12.8) 64.3 (18.2) 0 (0%) 30 (100%)
101.9 (26.4) 91.0 (8.8) 0 (0%) 30 (100%)
92.3 (36.7) 86.5 (11.1) 0 (0%) 30 (100%)
100.7 (45.7) 78.1(21.4) 0 (0%) 30 (100%)
133.9 (31.1) 73.3(25.9) 0 (0%) 30 (100%)
129.4 (34.8) 79.0 (15.0) - 30 (100%)
136.9 (38.5) 69.2 (15.9) 0 (0%) 30 (100%)
116.4 (47.1) 86.6 (11.5) 0 (0%) 30 (100%)
146.5 (17.1) 70.9 (20.6) 0 (0%) 30 (100%)
130.6 (28.7) 76.1 (24.7) 0 (0%) 30 (100%)
145.3 (27.4) 76.5 (14.8) 0 (0%) 30 (100%)

*—The values between brackets represent the standard deviation.

The first gonotrophic cycle occurred with a virgin female mating with one of the males (group A wild-type and group B transgenic), they were replaced by a different

type of male (group A transgenic and group B wild-type) every subsequent gonotrophic cycle (up to the 6.

https://doi.org/10.1371/journal.pone.0193164.t002
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Table 3. Average number of eggs, mean hatch rate and number of crosses with mixed/unique type of progeny in 20 minutes interval for first male cross.

Gonotrophic cycle # eggs/ Hatch Mixed progeny Unique progeny
female * rate (%) *
™ 117.0 (26.8) 79.8 (14.9) 4 (13.3%) 26 (86.7%)
o 125.7 (32.4) 82.9 (13.7) 4 (13.3%) 26 (86.7%)

*—The values between brackets represent the standard deviation.

https://doi.org/10.1371/journal.pone.0193164.t003

in the S2 File. Table 3 shows the number of crosses (and frequencies) on each gonotrophic
cycle, which only four presented mixed progeny and 26 unique progeny type. Considering
these number, the percentage of polyandric females was 13.3%. The number of crosses with
mixed progeny on the first and second gonotrophic cycle is the same (total of 4 crosses), this
might suggest that they are the same females on both gonotrophic cycles.

Interrupted coitus

A total of 227 individual couples were observed for each mating group, previously determined
(120 crosses with a transgenic male as the first male and 107 crosses with a wild-type male).
For the number of eggs per female and its hatch rate, the statistical analysis details and average
data are provided in the S2 File. The data was subset into two groups, one using a transgenic
male (TM) as first male and a wild-type male (WM) as the second, and the second subset in an
inverted order (Table 4). The first subset for group A (no coitus interruption) had 100% of the
crosses from the first male (TM), 0% from males 1 and 2 (TM/WM) and 0% from the second
male (WM). For the mating group B (interruption between 5-7 seconds after coitus initiation),
51.4% of the crosses belong to the first male (TM), while 40.0% belongs to both males (TM/
WM) and 8.6% belongs to the second male (WM). The mating group C (interruption between
1-3 seconds after coitus initiation) had 2.3% of the crosses from the first male (TM), 25.0%
from both males (TM/WM) and 72.7% from the second male (WM).

For the second subset (Table 4), the mating group A had 97.4% from the first male (WM),
2.6% from both males (WM/TM) and no cross produced progeny from the second male. The
mating group B had 42.9% of the crosses from the first male (WM), 45.7% of both males
(WM/TM) and 11.4% from the second male (TM). The final mating group C had 2.9% of the
crosses from the first male (WM), 14.7% from both males (WM/TM) and 82.4% from the sec-
ond male (TM).

In both subsets, the group A presented the highest number of crosses which the progeny
type is identical to the first male that had contact with the female with 100 and 97.4% of the
crosses. Group B shows the highest concentration of polyandric crosses with 40 and 45.7% of

Table 4. Number of crosses of each interrupted mating group according to the initial male.

1st mating male Progeny type

Transgenic Male 1
Male 1&2

Male 2

Wild-type Male 1
Male 1&2

Male 2

https://doi.org/10.1371/journal.pone.0193164.t004

Mating group
A B C

41 100% 18 51.4% 1 2.3%
0.0% 14 40.0% 11 25.0%

0.0% 3 8.6% 32 72.7%

37 97.4% 15 42.9% 1 2.9%
1 2.6% 16 45.7% 5 14.7%

0 0.0% 4 11.4% 28 82.4%
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them. Group C had the highest number of crosses which the progeny type belongs predomi-
nantly to the second male with 72.7 and 82.4% of the crosses in each dataset (Fig 4).

An ordered logistic regression model was performed using the mating group in function of
the progeny type (male 1, male 1&2 and male 2) and the first mating male (transgenic and
wild-type). The regression model had a coefficient for progeny type of 3.373 (with a standard
error—SE of 0.3434 and t-value 9.821) and male type of -0.369 (SE 0.315 and t-value of -1.172.
The Residual Deviance was equal to 271.51 and the AIC equal to 279.51. The code used for the
analysis is available in S2 File. Fig 5 shows the plot obtained from the ordered logistic regres-
sion model, with the probability of each mating group (A, B or C) to produce a polyandric
event (progeny type) when the first male is transgenic or wild-type. About the type of male, the
model shows that there was no statistical difference between transgenic or wild-type first male
mating with a p-value equals to 0.241 (p-values table in the S2 File), while there was a p < 0.05
for all mating groups about the progeny type.
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Discussion

The study from Degner and Harrington (2016) define polyandric females as a female which
received sperm from multiple males, they also mention that the majority of polyandric events
occurs in 0-2 hours post-mating interval. They found sperm of the second male in females’
bursa, but they do not specify whether those females could use the second male sperm to pro-
duce mixed progeny [27]. In our work, we defined as polyandric females, the female which
was able to provide an offspring from two different males (a wild-type and a transgenic).

Herein, the mixed male cross experiment resulted in no polyandric event, despite the possi-
bility of polyandry females to occurs in laboratory cages and conditions [27,34]. The absence
of a polyandric event might be related to the insect density and the size of the mating con-
tainer, which could be not sufficient to promote it. However, males after many coitus can be
depleted of sperm and increase the chances of a polyandric female to occur [34,35]. With this
information, we could not determine in our experiments if polyandric females happened
between males of the same type.

The first male mating replacement experiment showed that even after six consecutive
replacements and egg collection, none of the females were able to produce a mixed progeny,
this result can be compared with the previously described from Gwadz (1970) and in particular
to Spielman (1967) [34,36]. It means that even if a fully-mated female had coitus with a second
male, this sperm would not be stored in the spermathecas for egg production, although the sec-
ond sperm can be kept for some time inside the bursa, as showed by Degner and Harrington
(2016) [27].

In our study, the polyandric event was observed in a 20 minutes interval between the first
and the second male, presented to the same female. From all crosses, we had a 13.4% polyand-
ric females, which is comparable to semi-field and field collection studies [21,23,37,38]. How-
ever, it is worth to mention that during the 20 minutes interval experiment, some crosses had
their copulation interrupted to replace the male. The interruption could have contributed to
the polyandry.

In this sense, controlling the copulation breach (group B) increases the chances of the sec-
ond male to deposit sperm in the female bursa and contributes for a mixed offspring (when
compared to group A), this can be correlated with the work described by Degner and Harring-
ton (2016) [27]. On the other hand, group C showed an inverted scenario from group A, the
majority of the crosses resulted in offspring from the second male, which might be related to
the amount of sperm transferred to females. If the amount is not sufficient, females can accept
a second load from a different male [34,36]. Group C shows that the time to deposit sperm and
guarantee a viable offspring was not enough, which enables the second male to be successful,
despite female refractoriness.

The accessory gland produces the seminal fluid, which is constituted by several proteins
and molecules to guarantee the sperm viability. Those proteins play a significant role in modi-
fying female physiology and contribute to refractoriness [16,18,21,39-41]. Due to this seminal
fluid, females keep laying eggs from the first-mated male even after several gonotrophic cycles
and exhaust the sperm over time. The critical factor for polyandry is a 0-2 hours period which
provides an experimental time-window to determine how often polyandry occurs [27]. A
recent study from Duvall et al. (2017), demonstrated that the mating period for polyandry
events to occur is concise and the Head Peptide-I (HP-I) and the NeuroPeptide Y-like Recep-
tor 1 (NPYR1) both have an essential role in female refractoriness and polyandric event forma-
tion [42].

The coitus interruption is one of the key factors to increase the chances of the polyandric
event to occur. This interruption could be any source of disturbance, which allows the couple
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Fig 5. Model probability distribution of crosses among the progeny type and the initial male.

https:/doi.org/10.1371/journal.pone.0193164.9005

to disassemble and would permit another male to take place [34]. Field conditions could also
contribute to the increase of polyandric events, where the resources are limited, and develop-
mental conditions are more drastic [43-48]. Males reared in field conditions with a higher fit-
ness cost might transfer less sperm during coitus, and even after a full mating time, females
could not be fully inseminated. The unfit male situation allows a second male to transfer an
additional sperm load. Those contributing factors need to be described and evaluate its
impacts on mosquito control programs that depend on copulation to achieve population sup-
pression or substitution, similarly evaluated for other insects [5].

Conclusion

The results suggest that in laboratory conditions, females which had an uninterrupted coitus
will produce progeny from this first male in all subsequent gonotrophic cycles, even though
this female still have subsequent and consecutive coitus with later and different types of males.
However, polyandric events can occur more frequently when coitus is interrupted in the mid-
dle of it. The polyandric event is associated with the amount of sperm deposited by each male
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and the time gap between the first and the second mate. Although many information is avail-
able regarding polyandric females in laboratory conditions, the influence of those factors to
promote polyandry in field conditions remain to be discussed.

Supporting information

S1 File. Data bank. Data bank containing all data used for the analysis of each experiment.
(XLSX)

S2 File. Statistical analysis. Detailed statistical analysis conducted for each experiment and
extra information.
(PDF)

Author Contributions

Conceptualization: Danilo O. Carvalho, Rafaella S. Ioshino, Isabel C. S. Marques, Regina Fini,
Maria Karina Costa, Helena R. C. Araujo, André L. Costa-da-Silva, Bianca Burini Kojin,
Margareth L. Capurro.

Data curation: Danilo O. Carvalho, Rafaella S. Ioshino, Maria Karina Costa.

Formal analysis: Danilo O. Carvalho, Isabel C. S. Marques, Regina Fini, Maria Karina Costa,
André L. Costa-da-Silva.

Investigation: Danilo O. Carvalho, Samira Chulffi, Rafaella S. Ioshino, Isabel C. S. Marques,
Maria Karina Costa, Helena R. C. Aradjo.

Methodology: Danilo O. Carvalho, Samira Chuffi, Rafaella S. Ioshino, Isabel C. S. Marques,
Regina Fini, Maria Karina Costa, Helena R. C. Aradjo, André L. Costa-da-Silva.

Project administration: Margareth L. Capurro.

Supervision: Helena R. C. Araujo, André L. Costa-da-Silva, Bianca Burini Kojin.
Visualization: Margareth L. Capurro.

Writing - original draft: Danilo O. Carvalho, André L. Costa-da-Silva.

Writing - review & editing: Danilo O. Carvalho, Helena R. C. Araujo, Bianca Burini Kojin,
Margareth L. Capurro.

References

1. Kraemer MU, Sinka ME, Duda KA, Mylne AQ, Shearer FM, Barker CM, et al. The global distribution of
the arbovirus vectors Aedes aegypti and Ae. albopictus. eLife. 2015; 4. https://doi.org/10.7554/eLife.
08347 PMID: 26126267

2. BhattS, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The global distribution and
burden of dengue. Nature. 2013; 496: 504-507. https://doi.org/10.1038/nature 12060 PMID: 23563266

3. Musso D, Cao-Lormeau VM, Gubler DJ. Zika virus: following the path of dengue and chikungunya? The
Lancet. 2015; 386: 243—244. https://doi.org/10.1016/S0140-6736(15)61273-9

4. Bourtzis K, Lees RS, Hendrichs J, Vreysen MJB. More than one rabbit out of the hat: Radiation, trans-
genic and symbiont-based approaches for sustainable management of mosquito and tsetse fly popula-
tions. Acta Trop. 2016; 157: 115-130. https://doi.org/10.1016/j.actatropica.2016.01.009 PMID:
26774684

5. Dyck VA, Hendrichs J, Robinson AS. Sterile insect technique principles and practice in area-wide inte-
grated pest management [Internet]. Dordrecht, Netherlands: Springer; 2005. Available: http://www.
springerlink.com/openurl.asp?genre=book&isbn=978-1-4020-4050-4

PLOS ONE | https://doi.org/10.1371/journal.pone.0193164 March 8,2018 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193164.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193164.s002
https://doi.org/10.7554/eLife.08347
https://doi.org/10.7554/eLife.08347
http://www.ncbi.nlm.nih.gov/pubmed/26126267
https://doi.org/10.1038/nature12060
http://www.ncbi.nlm.nih.gov/pubmed/23563266
https://doi.org/10.1016/S0140-6736(15)61273-9
https://doi.org/10.1016/j.actatropica.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/26774684
http://www.springerlink.com/openurl.asp?genre=book&isbn=978-1-4020-4050-4
http://www.springerlink.com/openurl.asp?genre=book&isbn=978-1-4020-4050-4
https://doi.org/10.1371/journal.pone.0193164

@° PLOS | ONE

Mosquito pornoscopy: Determination of female polyandric event

11.

12

13.

14.

15.

16.

17.

18.

19.
20.

21.

22,

23.

24,

25.

26.

27.

Legros M, Xu C, Okamoto K, Scott TW, Morrison AC, Lloyd AL, et al. Assessing the Feasibility of Con-
trolling Aedes aegypti with Transgenic Methods: A Model-Based Evaluation. Vasilakis N, editor. PLoS
ONE. 2012; 7: €52235. https://doi.org/10.1371/journal.pone.0052235 PMID: 23284949

Okamoto KW, Gould F, Lloyd AL. Integrating Transgenic Vector Manipulation with Clinical Interventions
to Manage Vector-Borne Diseases. Alizon S, editor. PLOS Comput Biol. 2016; 12: €1004695. https:/
doi.org/10.1371/journal.pcbi. 1004695 PMID: 26962871

Lees RS, Knols B, Bellini R, Benedict MQ, Bheecarry A, Bossin HC, et al. Review: Improving our knowl-
edge of male mosquito biology in relation to genetic control programmes. Acta Trop. 2014; 132: S2—
S11. https://doi.org/10.1016/j.actatropica.2013.11.005 PMID: 24252487

Clements AN, Clements AN. Sensory reception and behaviour. Eastbourne: Print on demand; 2006.

Christophers SR. Aédes aegypti (L.) the yellow fever mosquito: its life history, bionomics and structure.
Cambridge: Cambridge University Press; 2009.

Helinski ME, Hassan MM, El-Motasim WM, Malcolm CA, Knols BG, El-Sayed B. Towards a sterile
insect technique field release of Anopheles arabiensis mosquitoes in Sudan: Irradiation, transportation,
and field cage experimentation. Malar J. 2008; 7: 65. https://doi.org/10.1186/1475-2875-7-65 PMID:
18439238

Yuval B. Mating Systems of Blood-Feeding Flies. Annu Rev Entomol. 2006; 51: 413-440. https://doi.
org/10.1146/annurev.ento.51.110104.151058 PMID: 16332218

Roth LM. A Study of Mosquito Behavior. An Experimental Laboratory Study of the Sexual Behavior of
Aedes aegypti (Linnaeus). Am Midl Nat. 1948; 40: 265. https://doi.org/10.2307/2421604

Jones JC. Sexual activities during single and multiple co-habitations in Aedes aegypti mosquitoes. J
Entomol Ser Gen Entomol. 1974; 48: 185—-191. https://doi.org/10.1111/j.1365-3032.1974.tb00054.x

Oliva CF, Damiens D, Vreysen MJB, Lemperiére G, Gilles J. Reproductive Strategies of Aedes albopic-
tus (Diptera: Culicidae) and Implications for the Sterile Insect Technique. Johnson N, editor. PLoS
ONE. 2013; 8: €78884. https://doi.org/10.1371/journal.pone.0078884 PMID: 24236062

Oliva CF, Damiens D, Benedict MQ. Male reproductive biology of Aedes mosquitoes. Acta Trop. 2014;
132: S12-S19. https://doi.org/10.1016/j.actatropica.2013.11.021 PMID: 24308996

Spiegel CN, Bretas JAC, Peixoto AA, Vigoder FM, Bruno RV, Soares MJ. Fine Structure of the Male
Reproductive System and Reproductive Behavior of Lutzomyia longipalpis Sandflies (Diptera: Psycho-
didae: Phlebotominae). Jones TM, editor. PLoS ONE. 2013; 8: €74898. https://doi.org/10.1371/journal.
pone.0074898 PMID: 24058637

Sirot LK, Hardstone MC, Helinski MEH, Ribeiro JMC, Kimura M, Deewatthanawong P, et al. Towards a
Semen Proteome of the Dengue Vector Mosquito: Protein Identification and Potential Functions. Kit-
tayapong P, editor. PLoS Negl Trop Dis. 2011; 5: €989. https://doi.org/10.1371/journal.pntd.0000989
PMID: 21423647

Forattini OP. Culicidologia médica. Sao Paulo: Edusp; 2002.

Gomulski L. Polyandry in nulliparous Anopheles gambiae mosquitoes (Diptera: Culicidae). Bull Entomol
Res. 1990; 80: 393. https://doi.org/10.1017/S0007485300050641

Richardson JB, Jameson SB, Gloria-Soria A, Wesson DM, Powell J. Evidence of limited polyandry in a
natural population of Aedes aegypti. Am J Trop Med Hyg. 2015; 93: 189—1983. https://doi.org/10.4269/
ajtmh.14-0718 PMID: 25870424

Yuval B, Fritz GN. Multiple mating in female mosquitoes—evidence from a field population of Anopheles
freeborni (Diptera: Culicidae). Bull Entomol Res. 1994; 84: 137. https://doi.org/10.1017/
S0007485300032326

Boyer S, Toty C, Jacquet M, Lempériere G, Fontenille D. Evidence of Multiple Inseminations in the Field
in Aedes albopictus. Michel K, editor. PLoS ONE. 2012; 7: e42040. https://doi.org/10.1371/journal.
pone.0042040 PMID: 22916116

Seirin Lee S, Baker RE, Gaffney EA, White SM. Modelling Aedes aegypti mosquito control via trans-
genic and sterile insect techniques: Endemics and emerging outbreaks. J Theor Biol. 2013; 331: 78-90.
https://doi.org/10.1016/j.jtbi.2013.04.014 PMID: 23608633

Robert MA, Legros M, Facchinelli L, Valerio L, Ramsey JM, Scott TW, et al. Mathematical models as
aids for design and development of experiments: the case of transgenic mosquitoes. J Med Entomol.
2012; 49: 1177-1188. PMID: 23270145

Esteva L, Mo Yang H. Mathematical model to assess the control of Aedes aegypti mosquitoes by the
sterile insect technique. Math Biosci. 2005; 198: 132—-147. https://doi.org/10.1016/j.mbs.2005.06.004
PMID: 16125739

Degner EC, Harrington LC. Polyandry Depends on Postmating Time Interval in the Dengue Vector
Aedes aegypti. Am J Trop Med Hyg. 2016; 94: 780-785. https://doi.org/10.4269/ajtmh.15-0893 PMID:
26880776

PLOS ONE | https://doi.org/10.1371/journal.pone.0193164 March 8,2018 13/14


https://doi.org/10.1371/journal.pone.0052235
http://www.ncbi.nlm.nih.gov/pubmed/23284949
https://doi.org/10.1371/journal.pcbi.1004695
https://doi.org/10.1371/journal.pcbi.1004695
http://www.ncbi.nlm.nih.gov/pubmed/26962871
https://doi.org/10.1016/j.actatropica.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24252487
https://doi.org/10.1186/1475-2875-7-65
http://www.ncbi.nlm.nih.gov/pubmed/18439238
https://doi.org/10.1146/annurev.ento.51.110104.151058
https://doi.org/10.1146/annurev.ento.51.110104.151058
http://www.ncbi.nlm.nih.gov/pubmed/16332218
https://doi.org/10.2307/2421604
https://doi.org/10.1111/j.1365-3032.1974.tb00054.x
https://doi.org/10.1371/journal.pone.0078884
http://www.ncbi.nlm.nih.gov/pubmed/24236062
https://doi.org/10.1016/j.actatropica.2013.11.021
http://www.ncbi.nlm.nih.gov/pubmed/24308996
https://doi.org/10.1371/journal.pone.0074898
https://doi.org/10.1371/journal.pone.0074898
http://www.ncbi.nlm.nih.gov/pubmed/24058637
https://doi.org/10.1371/journal.pntd.0000989
http://www.ncbi.nlm.nih.gov/pubmed/21423647
https://doi.org/10.1017/S0007485300050641
https://doi.org/10.4269/ajtmh.14-0718
https://doi.org/10.4269/ajtmh.14-0718
http://www.ncbi.nlm.nih.gov/pubmed/25870424
https://doi.org/10.1017/S0007485300032326
https://doi.org/10.1017/S0007485300032326
https://doi.org/10.1371/journal.pone.0042040
https://doi.org/10.1371/journal.pone.0042040
http://www.ncbi.nlm.nih.gov/pubmed/22916116
https://doi.org/10.1016/j.jtbi.2013.04.014
http://www.ncbi.nlm.nih.gov/pubmed/23608633
http://www.ncbi.nlm.nih.gov/pubmed/23270145
https://doi.org/10.1016/j.mbs.2005.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16125739
https://doi.org/10.4269/ajtmh.15-0893
http://www.ncbi.nlm.nih.gov/pubmed/26880776
https://doi.org/10.1371/journal.pone.0193164

@° PLOS | ONE

Mosquito pornoscopy: Determination of female polyandric event

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

de Lara Capurro M, Coleman J, Beerntsen BT, Myles KM, Olson KE, Rocha E, et al. Virus-expressed,
recombinant single-chain antibody blocks sporozoite infection of salivary glands in Plasmodium gallina-
ceum-infected Aedes aegypti. Am J Trop Med Hyg. 2000; 62: 427—-433. PMID: 11220756

Carvalho DO, Nimmo D, Naish N, McKemey AR, Gray P, Wilke ABB, et al. Mass Production of Geneti-
cally Modified Aedes aegypti for Field Releases in Brazil. J Vis Exp. 2014; https://doi.org/10.3791/3579
PMID: 24430003

Jasinskiene N, Coleman J, Ashikyan A, Salampessy M, Marinotti O, James AA. Genetic control of
malaria parasite transmission: threshold levels for infection in an avian model system. Am J Trop Med
Hyg. 2007; 76: 1072-1078. PMID: 17556613

Team RStudio. RStudio: Integrated Development Environment for R [Internet]. RStudio, Inc.; 2015.
Available: http://www.rstudio.com/

R Core Team. R: A language and environment for statistical computing. [Internet]. R Foundation for
Statistical Computing; 2017. Available: https://www.R-project.org/

Shapiro SS, Wilk MB. An Analysis of Variance Test for Normality (Complete Samples). Biometrika.
1965; 52: 591. https://doi.org/10.2307/2333709

Gwadz Robert W, Craig George B Jr. Female polygamy due to inadequate semen transfer in Aedes
aegypti. Mosqg News. 1970; 30: 355-60.

Spielman A, Leahy MG, Skaff V. Failure of effective insemination of young female Aedes aegypti mos-
quitoes. J Insect Physiol. 1969; 15: 1471-1479. PMID: 5348111

Spielman A, Leahy MG, Skaff V. Seminal loss in repeatedly mated female Aedes aegypti. Biol Bull.
1967; 132: 404—412. https://doi.org/10.2307/1539644

Helinski MEH, Harrington LC. The role of male harassment on female fitness for the dengue vector
mosquito Aedes aegypti. Behav Ecol Sociobiol. 2012; 66: 1131-1140. https://doi.org/10.1007/s00265-
012-1365-9 PMID: 25544799

Massonnet-Bruneel B, Corre-Catelin N, Lacroix R, Lees RS, Hoang KP, Nimmo D, et al. Fitness of
Transgenic Mosquito Aedes aegypti Males Carrying a Dominant Lethal Genetic System. Michel K, edi-
tor. PLoS ONE. 2013; 8: e62711. https://doi.org/10.1371/journal.pone.0062711 PMID: 23690948

Craig GB. Mosquitoes: Female Monogamy Induced by Male Accessory Gland Substance. Science.
1967; 156: 1499-1501. https://doi.org/10.1126/science.156.3781.1499 PMID: 5611023

Jones JC. A study on the fecundity of male Aedes aegypti. J Insect Physiol. 1973; 19: 435-439. https:/
doi.org/10.1016/0022-1910(73)90118-2 PMID: 4705254

Hiss EA, Fuchs MS. The effect of matrone on oviposition in the mosquito, Aedes Aegypti. J Insect Phy-
siol. 1972; 18: 2217-2227. PMID: 4653439

Duvall LB, Basrur NS, Molina H, McMeniman CJ, Vosshall LB. A Peptide Signaling System that Rapidly
Enforces Paternity in the Aedes aegypti Mosquito. Curr Biol. 2017; 27: 3734-3742.€5. https://doi.org/
10.1016/j.cub.2017.10.074 PMID: 29174895

Ponlawat A, Harrington LC. Factors associated with male mating success of the dengue vector mos-
quito, Aedes aegypti. Am J Trop Med Hyg. 2009; 80: 395-400. PMID: 19270288

Koenraadt CJM. Pupal dimensions as predictors of adult size in fitness studies of Aedes aegypti (Dip-
tera: Culicidae). J Med Entomol. 2008; 45: 331-336. PMID: 18402150

Bader CA, Williams CR. Mating, ovariole number and sperm production of the dengue vector mosquito
Aedes aegypti (L.) in Australia: broad thermal optima provide the capacity for survival in a changing cli-
mate. Physiol Entomol. 2012; 37: 136—144. https://doi.org/10.1111/j.1365-3032.2011.00818.x

Xue R-D, Barnard DR, Muller GC. Effects of Body Size and Nutritional Regimen on Survival in Adult
Aedes albopictus (Diptera: Culicidae). J Med Entomol. 2010; 47: 778-782. https://doi.org/10.1603/
ME09222 PMID: 20939370

Sawadogo SP, Diabaté A, Toé HK, Sanon A, Lefevre T, Baldet T, et al. Effects of age and size on
Anopheles gambiae s.s. male mosquito mating success. J Med Entomol. 2013; 50: 285-293. PMID:
23540115

Ponlawat A, Harrington LC. Age and body size influence male sperm capacity of the dengue vector
Aedes aegypti (Diptera: Culicidae). J Med Entomol. 2007; 44: 422—-426. PMID: 17547226

PLOS ONE | https://doi.org/10.1371/journal.pone.0193164 March 8,2018 14/14


http://www.ncbi.nlm.nih.gov/pubmed/11220756
https://doi.org/10.3791/3579
http://www.ncbi.nlm.nih.gov/pubmed/24430003
http://www.ncbi.nlm.nih.gov/pubmed/17556613
http://www.rstudio.com/
https://www.R-project.org/
https://doi.org/10.2307/2333709
http://www.ncbi.nlm.nih.gov/pubmed/5348111
https://doi.org/10.2307/1539644
https://doi.org/10.1007/s00265-012-1365-9
https://doi.org/10.1007/s00265-012-1365-9
http://www.ncbi.nlm.nih.gov/pubmed/25544799
https://doi.org/10.1371/journal.pone.0062711
http://www.ncbi.nlm.nih.gov/pubmed/23690948
https://doi.org/10.1126/science.156.3781.1499
http://www.ncbi.nlm.nih.gov/pubmed/5611023
https://doi.org/10.1016/0022-1910(73)90118-2
https://doi.org/10.1016/0022-1910(73)90118-2
http://www.ncbi.nlm.nih.gov/pubmed/4705254
http://www.ncbi.nlm.nih.gov/pubmed/4653439
https://doi.org/10.1016/j.cub.2017.10.074
https://doi.org/10.1016/j.cub.2017.10.074
http://www.ncbi.nlm.nih.gov/pubmed/29174895
http://www.ncbi.nlm.nih.gov/pubmed/19270288
http://www.ncbi.nlm.nih.gov/pubmed/18402150
https://doi.org/10.1111/j.1365-3032.2011.00818.x
https://doi.org/10.1603/ME09222
https://doi.org/10.1603/ME09222
http://www.ncbi.nlm.nih.gov/pubmed/20939370
http://www.ncbi.nlm.nih.gov/pubmed/23540115
http://www.ncbi.nlm.nih.gov/pubmed/17547226
https://doi.org/10.1371/journal.pone.0193164

