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In insect vectors of disease, male and female molecules that mediate reproductive
processes are promising targets to suppress fertility of these populations. One process,
the storage of sperm in the female reproductive tract, is essential for optimal fertility in all
organisms examined to date. In the dengue vector mosquito Aedes aegypti, female sperm
storage has not been fully characterized, a requirement to identify sex-specific molecules
that mediate this process. Aedes aegyptimales deposit the ejaculate into the bursa of the
female reproductive tract, and sperm enter the spermathecae—the long-term storage
sites—quickly after insemination. However, the proportion of sperm received during
mating that are stored in the spermathecae is unclear, and the fate of non-stored
sperm unknown. We quantified sperm storage in two Ae. aegypti strains, mated in all
combinations, and in two contexts (mass mated and when mating was observed) at 1-, 3-
and 5-days post-mating. Sperm quantity in the spermathecae was similar at all
timepoints; most females stored ~400 sperm on average. Sperm that did not enter the
spermathecae remained in the bursa, where they declined in number and became more
fragile to mechanical manipulation at each timepoint. Further, sperm viability in the bursa
fell from 91.6% shortly after mating to 12.2% 24 h later. One day after insemination, ~50%
of sperm detected in the female reproductive tract was stored in the spermathecae. When
we quantified sperm storage in females mated to males that transferred reduced ejaculate
quantities (but still able to induce optimal fertility in their mates), sperm detected in the
spermathecae similarly declined; females stored ~50% of the sperm received even as
sperm quantities transferred at mating declined. Our results suggest that sperm storage in
Ae. aegypti females is influenced by ejaculate volume, and that sperm that do not enter the
spermathecae remain in the bursa, where they appear to degrade. The consistent
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presence of sperm in the bursa, even when males transferred low sperm quantities,
suggests that the putative degradation of bursa sperm may play a role in Ae. aegypti
female fertility, potentially identifying a novel process in this important vector species.
Keywords: Aedes aegypti, sperm storage, sperm transfer, spermathecae, bursa
INTRODUCTION

Sperm storage in the female reproductive tract (RT) is a common
process in animals with internal fertilization (1, 2). In female
insects, sperm received at mating are stored in specialized
structures of the RT called spermathecae (3), which allows
insemination and fertilization to be uncoupled, permitting the
continual fertilization of eggs in the absence of additional mating
opportunities. Sperm that are transferred to females during
mating need to travel to and enter the sites of storage, be
maintained viably within storage, and be efficiently released to
fertilize eggs (4). Disrupting any of these steps impacts fertility
(5, 6), highlighting the essential nature of sperm storage in
reproduction. In the extensively studied insect model
Drosophila melanogaster, male seminal fluid proteins (SFPs),
transferred to females along with sperm during mating, are
essential in mediating sperm storage in mated females (7–14).
Female genes expressed from the spermathecae are also required
for sperm entry into storage and sustained sperm motility there
(15, 16).

Aedes aegypti mosquitoes are the primary vectors of the
dengue (17), Zika (18), and yellow fever (19) viruses, among
others. This invasive species has colonized large portions of the
tropics and sub-tropics (20), and its territory is predicted to
expand with increasing global temperatures (21). Characterizing
reproductive processes important for fertility in Ae. aegypti,
including sperm storage, will identify novel targets to control
this vector species, potentially creating alternatives to insecticide
use, or contemporary control strategies that release of genetically
modified (22) or Wolbachia infected (23) Ae. aegypti adults into
the field.

To date, 280 Ae. aegypti SFPs (24, 25) and hundreds of mating
responsive genes in female RT tissues have been identified (26),
including from the spermathecae (27, 28). However, identifying
the sex-specific molecules necessary for sperm storage in Ae.
aegypti requires a better understanding of this physiological
process. To date, most studies have focused on factors that
influence sperm quantities in the Ae. aegypti male RT (29, 30)
or that influence sperm quantities transferred during mating
(31). Aedes aegypti males deposit the ejaculate into the bursa of
the female RT (also called the bursa copulatrix or bursa
inseminalis), and sperm begin to enter the spermathecae
seconds after insemination (reviewed in 32), typically filling 2.5
of the three spermathecae (on average) with no effect of male or
female size influencing this number (33). About 1000-2000
sperm are transferred to females during mating, with factors
such as male size and age influencing this quantity (31).
However, fundamental questions regarding sperm storage in
mated Ae. aegypti females remain unanswered. For example,
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the number of transferred sperm that are stored by Ae. aegypti
females is not clear. De Jesus and Reiskind (34) reported that
mass mated Ae. aegypti females store ~800 sperm in the
spermathecae. However, they detected similar sperm quantities
in females before and after each of 5 oviposition cycles, when
sperm numbers should decline due to their release to
fertilize eggs.

In Ae. aegypti, the fate of sperm that do not enter the storage
organs is also unknown. Some female insects derive nutrients
from non-stored sperm and/or other seminal components that
enhance their fertility. For example, Lepidopteran females obtain
nutrients from seminal components that aid in egg production
(35), with the bursa copulatrix expressing digestion-related genes
thought to aid this process (36). The bursa of Tettigoniidae bush
crickets also has a digestive function, and females reabsorb sperm
and other seminal components that remain there (37). In
Drosophila mojavensis, the ejaculate solidifies within the female
RT and contributes nutrients to developing oocytes (38). In Ae.
albopictus, non-stored sperm and other seminal components
become a solidified mass in the bursa, which decreases in size and
is nearly absent by 48 h (39). Other female insects such as D.
melanogaster physically expel non-stored sperm a few hours after
mating (40, 41). The Ae. aegypti bursa has no associated
musculature (42), so the expulsion of non-stored sperm is
unlikely to occur. Jones and Wheeler (43) reported that nearly
all Ae. aegypti females had empty bursa by 48 h post-mating.
However, Spielman (42) noted that an unspecified amount of
sperm remained in the bursa, and that their motility ceased by 2
d post-mating, speculating that females digest sperm that
remain there.

In this study, we assessed the quantity of sperm transferred by
Ae. aegyptimales that females ultimately store and examined the
fate of sperm that do not enter the spermathecae. To do so, we
quantified sperm in the bursa and spermathecae at 1-, 3- and 5-
days after insemination. Further, we performed our assays in two
contexts: 1) when females were mass mated and 2) when mating
was observed. Nearly 25% of Ae. aegypti females re-mate when
given the opportunity (30, 44), suggesting that a significant
proportion of mass mated females are likely to re-mate; the
potential effect of re-insemination on sperm storage is unknown.
To identify possible strain-dependent effects, we used two Ae.
aegypti strains in our assays—Thai and DsRed—mated in all
combinations. Next, we asked if total sperm stored was related to
the quantity received at insemination, or whether females
maximized sperm storage levels when males transferred
reduced quantities. We used consecutive mating assays, mating
a single male with five consecutive females, to reduce ejaculate
volume (45), which allowed us to determine 1) the quantity of
sperm transferred by the male after an initial mating and each
April 2022 | Volume 3 | Article 816556
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subsequent mating, and 2) the quantity of sperm stored by the
female after an initial mating and each successive mating. The
first three mated females are equally fertile in this assay (46),
suggesting SFP transfer is sufficient to induce optimal fertility in
female Ae. aegypti, as SFP receipt is required for optimal
fecundity in this species (47).

This study further elucidates the process of sperm storage in
Ae. aegypti females by determining sperm quantities stored by
females under optimal conditions and examines characteristics
that influence this process. As sperm storage in insects is
typically a multi-step process regulated by male- and female-
derived molecules (5, 6, 15, 48), our results are likely to highlight
areas where male SFPs, females-derived proteins, or both,
potentially exert their effects to ensure the successful storage of
sperm and subsequent female fertility in Ae. aegypti
vector mosquitoes.
MATERIALS AND METHODS

Mosquitoes
We used Thai and DsRed strain mosquitoes in our assays. Thai
strain Ae. aegypti was collected in Bangkok, Thailand and has
been maintained in colony since 2009. The DsRed strain contains
a transgene that labels sperm with the red fluorescent protein
DsRed and was created using Ae. aegypti collected in Riverside,
California, USA (49). Mosquito eggs were hatched under
vacuum pressure (-50 kPa) and larvae reared at a density of
200/L in type II H2O supplemented with four large (7.2-8.2 mm)
Hikari Gold Cichlid food pellets (Hikari, Himeju, Japan). This
feeding regimen produces adults of similar size (30, 46). Pupae
were transferred to 5 ml tubes to ensure virginity, and resulting
adults were separated into sex-specific cages upon eclosion.
Larvae and adults were maintained in an incubator at 27°C,
70% relative humidity and a 12 h:12 h light:dark cycle. Adults
had constant access to 10% sucrose. Four-to-six-day-old adults
were used in all experiments. As adult size influences sperm
transfer during mating (29, 31) and sperm uptake into the
spermathecae (34), we estimated body size of a subset of
males/females used in our assays by measuring wing lengths as
in (50). Sizes of the adults used in our sperm storage assays are
shown in (Table S1).
Mating Assays
Mass mating and observed mating. For mass mating, we mated
females in a 2:1 male:female ratio for 24 h in an 8 L cage (30
females per cage), after which males were removed. For observed
mating, a single virgin male and female were placed into an 8 L
cage until a copulation occurred, defined as genitalia engagement
of ≥10 s (45, 46). Adults from the same hatch were used in both
mating contexts (i.e., mass mated and observed), and all mating
combinations were conducted on the same day. At each post-
mating timepoint (1-, 3- and 5-d), a subset of females was
knocked down on ice and stored at -80°C until sperm
quantification commenced.
Frontiers in Tropical Diseases | www.frontiersin.org 3
Consecutive mating assays. Consecutive mating assays were
performed as in (46). Separate assays were performed to 1)
directly quantify sperm transfer to females after each mating
event, and 2) to quantify sperm in the spermathecae and bursa of
each female of the assay (i.e., the first mated female, second
mated female, etc.). To directly quantify sperm transfer, mated
females were flash frozen on dry ice shortly after uncoupling
(~30 s). To assess sperm storage in each female of the assay,
mated females were placed in an incubator for 24 h before being
knocked down on ice. All specimens were stored at -80°C until
sperm quantification commenced.

Detection of DsRed Sperm in the Female
Reproductive Tract
To assess the presence of sperm in the bursa of Thai females
mated to DsRed males, we mass mated females and dissected
their reproductive tracts at 1-, 5-, and 7-d post-mating to detect
fluorescence from DsRed sperm (49). At each timepoint, females
were knocked down on ice and stored at -80°C until dissection;
freezing tissue does not affect fluorescence from DsRed sperm
(30, 46). We also examined the presence of fluorescence from
DsRed sperm prior to the first, and after two oviposition cycles
(5-, 7- and 13-d post-insemination, respectively). Thai females
were mass mated to DsRed males and blood-fed 24 h later on the
arm of a volunteer. Blood feeding on human subjects was
approved by the Comité de Bioética Sede de Investigación
Universitaria (Universidad de Antioquia) and all volunteers
signed a consent form. Four days after blood-feeding, females
were individually placed into 50 ml conical tubes that contained
a 13 cm x 4 cm paper towel strip and 6.5 ml of type II H2O. After
48 h, females were again blood-fed to allow for a second egg-
laying cycle. Immediately prior to the first, and after each
oviposition cycle, a subset of females was knocked down on ice
and stored at -80°C until dissection. The lower female
reproductive tract (bursa, spermathecae, and common oviduct)
was dissected in 1X PBS, and the presence/absence of fluorescent
sperm in the bursa was determined using a Nikon Eclipse Ti-U
fluorescent microscope (Nikon Instruments Inc., Tokyo, Japan).

Sperm Quantification
Sperm were quantified using a modified protocol from (29). In
females from mass mated, observed mated, and consecutive
mating assays (24 h), bursa and spermathecae were dissected
separately. In assays to determine total sperm transferred by
males, the bursa and spermathecae were dissected together.
Dissected tissue was placed into a 250 ml chamber containing
100 ml of 1X PBS, ruptured with minutiae pins to release sperm,
and vigorously mixed by pipetting up and down. An additional
100 ml of PBS was added and the solution re-mixed. Ten 5 ml
aliquots of the sperm mixture were placed onto a glass slide and
dried at 50°C for 5 min. Sperm were fixed in 70% ethanol and
stained with Giemsa dye (Merck, Kenilworth, USA). Sperm
heads in each drop were counted under brightfield
illumination at 200X magnification using a Nikon Eclipse Ti-U
microscope (Nikon Instruments Inc., Tokyo, Japan). This
subsample was used to calculate total sperm.
April 2022 | Volume 3 | Article 816556
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Sperm Head Measurement
Sperm heads were measured at 200X magnification using the
“multi-line” function in the NIS-Elements imaging software
package (Nikon Instruments Inc., Tokyo, Japan). At each
timepoint, the heads of five sperm isolated from the bursa or
spermathecae were measured from each female. Only sperm
heads where the distal tip could be visualized were measured. For
comparison, we measured the heads of sperm dissected from the
seminal vesicles (SVs) of both Thai and DsRed males. Sperm
isolated from the male SVs were processed identically as sperm
isolated from the spermathecae and bursa of mated females.

Sperm Viability Assays
To determine sperm viability in the spermathecae and bursa, we
mass mated Thai males and females. We assessed sperm viability
in the bursa and spermathecae at 0.5 – 2 h and 24 h post-mating
using the LIVE/DEAD Sperm Viability Kit (ThermoFisher
Scientific, Waltham, USA). Females were knocked down on ice
and the lower female RT was dissected in 1X PBS. Dissected
tissue was placed in 10 ml 1X PBS with 1 ml SYBR14 (1:50 in
DMSO) and 1 ml Propidium Iodide, a coverslip was applied, and
sperm visualized with a Nikon Eclipse Ti-U microscope and the
NIS-Elements imaging software package (Nikon Instruments
Inc., Tokyo, Japan); sperm were visualized within 1-2 minutes
of dissection. Sperm that stained green were considered alive,
and those that stained red were considered dead. We focused on
a single area where sperm (typically 15-40) were displaced from
the examined tissue by the weight of the coverslip; tissues where
less than 10 sperm were displaced were excluded from
the analysis.

Statistical Analysis
We first determined the probability distribution that fit the
sperm count data for each experiment including normal,
negative binomial, and Poisson distributions. Sperm count was
analyzed using a negative binomial distribution based on the
Akaike information criterion (AIC), where the lowest AIC value
corresponds to the best fitted distribution. The sperm counts in
all experiments were analyzed using general linear models
(GLMs) with a negative binomial distribution. In the mass
mated and observed mated experiments, a GLM was developed
for each individual cross. For sperm head length data, we
developed linear models (LMs) for all experiments based on
the continuous nature of the data. To evaluate differences in the
proportion of live sperm between replicates, time after mating
(0.5 or 24 h) and female organ (bursa or spermathecae), a GLM
with a binomial distribution was developed. Post hoc Tukey tests
were developed for each model when significant differences were
observed. To identify differences in the number of sperm in each
organ for each cross between observed mated and mass mated
contexts, we used data from day 1 to develop a GLM with a
negative binomial distribution.

For data from consecutive mating assays, we first analyzed if
there were significant differences between replications. As both
replicates behaved similarly, we used the data from both
replicates in one model. We analyzed the distribution of the
Frontiers in Tropical Diseases | www.frontiersin.org 4
data using normal, negative binomial, and Poisson distributions,
and used the best fitted distribution based on the AIC value
described above. To analyze the proportion of sperm in the
spermathecae at 24 h (in relation to total sperm present in the
female reproductive tract), we used a GLM with a binomial
distribution. Post hoc Tukey tests were developed for each model
when significant differences were observed. R statistical software
version 3.6.1 coupled with R-Studio Version 1.2.1335 was used
for all analyses (51).
RESULTS

Sperm Are Detected in the Bursa for Up to
Two Weeks After Insemination
We first asked if all sperm transferred to the female entered the
spermathecae, or if some remained in the bursa, as older
experiments gave conflicting results: Jones and Wheeler (43)
reported that bursa were empty of sperm by 2 days post-mating,
while Spielman (42) reported finding ample sperm in the bursa at
the same timepoint. We mass mated Thai females to DsRed
males and examined the bursa at 1-, 5-, and 7-d post-mating to
determine if we could visualize fluorescence from DsRed male
sperm (49). We detected fluorescence from the bursa of all
females examined at each timepoint (N = 8 – 10; Figure S1A).
We next asked if we could detect fluorescence in the bursa of
Thai females after multiple egg-laying cycles—we again mass
mated Thai females to DsRed males, blood-fed females, and
examined the bursa for fluorescence immediately prior to, and
after each of two oviposition cycles (5-, 7-, and 13-d post-mating,
respectively). We observed fluorescence from the bursa in 92% of
females (N = 52) prior to laying their first clutch of eggs, in 87%
(N = 54) of bursa after the first oviposition cycle, and 84% (N =
43) after the second oviposition cycle (Figure S1B). Thus, we
detected fluorescence from DsRed sperm in the bursa from most
females for ~2 weeks after insemination.
Sperm That Remain in the Bursa Decline
in Number and Display Increased Fragility
As we were able to detect sperm in the bursa two weeks after
insemination, we next determined if sperm quantity changes in
the bursa or spermathecae in the immediate days after
insemination. We initially used Thai strain Ae. aegypti mated
in two contexts: when females were mass mated and when
mating was observed. In each context, we quantified sperm in
the spermathecae and bursa at 1-, 3- and 5-d post-mating. In
both contexts, we observed a significant interaction between
sperm quantity, organ type, and timepoint (GLM observed
mated: DF = 2, q = 2.91, SE = 0.49, P = 0.0004; mass mated:
DF = 2, q = 2.02, SE = 0.27, P = 0.0093). In the spermathecae,
sperm quantity was similar at each post-mating timepoint in
both the observed (Figure 1A) and mass mated groups
(Figure 1B). However, a significant decline in sperm quantity
in the bursa was observed by day 5 in both contexts
(Figures 1A, B).
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The methods used to quantify sperm stain sperm nuclei (29).
During processing for quantification, sperm heads often detach
from tails, with sperm quantified by counting sperm heads (see
Methods). We noted that sperm heads isolated from the bursa
appeared to fragment into smaller pieces compared to sperm
from the spermathecae (Figure S2). Therefore, we measured the
lengths of sperm heads dissected from the bursa and
spermathecae after processing for quantification at each time
point in both mating contexts, measuring only sperm where the
distal tip of the head was visible. We observed a significant
interaction with organ type, timepoint, and head length in both
mating contexts (LM observed mated: DF = 2, F = 117.52, P <
Frontiers in Tropical Diseases | www.frontiersin.org 5
0.0001; mass mated: DF = 2, F = 105.26, P <0.0001). Sperm heads
from the spermathecae were of similar length at each timepoint
in both mating contexts (Figures 1C, D), and of similar length to
sperm nuclei, which give the head its rigidity (32). However,
head lengths from the bursa were present in smaller lengths at
each time point in both mating contexts and were significantly
shorter in size by day 3 in observed mated females (Figure 1C)
and by day 5 in mass mated females (Figure 1D).

We next asked if the decline in quantity and increased
fragmentation of sperm heads isolated from the bursa was
specific to the Thai strain, or if these effects are also observed
in another strain. Therefore, we examined sperm storage in the
A B

FIGURE 2 | Total sperm detected in the spermathecae and bursa in observed mated (A) and mass mated (B) Ae. aegypti females at 1-, 3-, and 5-d post-mating.
The mating combination (Female x Male) is shown above each graph. Sample sizes for each tissue and all mating combinations: (A) N = 12 – 14, (B) N = 15 – 17.
Different letters show significant differences (P < 0.05) for a post hoc Tukey test. ***(P < 0.001).
A B

DC

FIGURE 1 | Total sperm detected in the spermathecae and bursa (A, B), and head lengths of sperm dissected from each organ (C, D) at 1-, 3-, and 5-d post-
mating in observed mated and mass mated Thai strain females. Sample sizes in (A) N = 10 – 12; (B) N = 15 – 17; (C, D) N = 40 – 45. Different letters show
significant differences (P < 0.05) for a post hoc Tukey test. **(P < 0.01), ***(P < 0.001).
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DsRed strain (49). As in our previous assays, we quantified
sperm in the bursa and spermathecae, and measured head
lengths of sperm isolated from each organ, at 1-, 3-, and 5-d
post-mating in Thai and DsRed strain Ae. aegypti mated in all
combinations (Female x Male: Thai x Thai, Thai x DsRed, DsRed
x Thai, and DsRed x DsRed), when females were mass mated and
when mating was observed.

In the observed mated group, we detected a significant
interaction between sperm quantity, organ type, and timepoint
in three of the four mating combinations (GLM DsRed x DsRed:
DF = 2, q = 3.08, SE = 0.48, P = 5.633e-12; DsRed x Thai: DF = 2,
q = 0.49, SE = 0.48, P < 2.2e-16; Thai x Thai: DF = 2, q = 3.74,
SE = 0.60, P = 1.387e-07); no significant interaction was detected
in the Thai x DsRed combination (GLM DF = 2, q = 2.64, SE =
0.41, P = 0.28). Sperm quantity detected in the spermathecae was
similar at each timepoint (Figure 2A), but sperm quantity
detected in the bursa was significantly lower by day 5 in three
of the four mating combinations (Figure 2A). In the mass mated
group, we observed a significant interaction between sperm
quantity, organ type, and timepoint for the DsRed x Thai
(GLM Df = 2, q = 2.059, SE = 0.28, P = 0.0001) and Thai x
Thai (GLM DF = 2, q =1.84, SE = 0.25, P = 0.0048) mating
combination; no significant interaction was observed in the
DsRed x DsRed (GLM DF=2, q = 3.08, SE = 0.48; P = 0.34) or
Thai x DsRed (GLM DF = 2, q = 1.87, SE = 0.25, P = 0.13)
combination. Sperm quantity detected in the spermathecae was
similar at each timepoint for all mating combinations
(Figure 2B), but we observed a significant decline in sperm
quantity by day 5 from the bursa of the DsRed x Thai and Thai x
Thai groups (Figure 2B).

When we examined the head lengths of sperm dissected from
the female RT and processed for quantification, we observed a
significant interaction between sperm head length, organ type,
and timepoint in all mating combinations in both observed
mated (LM DsRed x DsRed: DF = 2, F = 80.64, P < 2.2e-16;
DsRed x Thai: DF = 2, F = 28.62, P = 3.086e-12; Thai x DsRed:
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DF = 2, F = 60.42, P < 2.2e-16; Thai x Thai: DF = 2, F = 104.72, P
< 2.2e-16) and mass mated individuals (LM DsRed x DsRed:
DF = 2, F = 71.98, P < 2.2e-16; DsRed x Thai: DF = 2, F = 58.30,
P < 2.2e-16; Thai x DsRed: DF = 2, F = 49.78, P < 2.2e-16; Thai x
Thai: DF = 2, F = 98.4, P < 2.2e-16). The head lengths of sperm
isolated from the spermathecae were of similar size in both
mating contexts at all timepoints examined (Figures 3A, B;
Figure S3; Table S2). Further, head lengths of sperm from the
spermathecae were similar to head lengths of sperm dissected
directly from the male seminal vesicles (Table S2). In contrast,
head lengths of sperm isolated from the bursa were found in
significantly smaller fragments at each post-mating timepoint, in
both mating contexts, and in all mating combinations
(Figures 3A, B; Figure S3; Table S2).
Sperm Viability in the Bursa Substantially
Declines by 24 h After Insemination
The decline in sperm quantity detected in the bursa, and the
increased fragmentation in sperm observed there in most
females, suggested that sperm that are not stored in the
spermathecae and remain in the bursa die in the days
following insemination. Therefore, we examined sperm
viability in bursa from mass mated Thai adults shortly after
mating (0.5 – 2 h) and 24 h after mating was initiated. As a
control, we also measured sperm viability from the spermathecae
—where sperm are expected to maintain high viability—at the
same timepoints.

We observed significant differences in the proportion of live
sperm between time points for each organ (GLM SE = 0.48, Z =
-7.60, P = 2.78e-14). Sperm from the spermathecae and bursa
were motile at the early timepoint, and sperm viability in the
spermathecae and bursa were also similar (post hoc Tukey test:
P = 0.934; Table 1). At 24 h post-insemination, sperm in the
spermathecae were motile but showed a marginally significant
A B

FIGURE 3 | Head lengths of sperm dissected from the spermathecae and bursa of observed mated (A) and mass mated (B) Ae. aegypti females at 1-, 3-, and 5-d
post-mating. The mating combination (Female x Male) is shown above each graph. Sample sizes for each tissue and all mating combinations: (A) N = 55 – 60, (B)
N = 70 – 75. Different letters show significant differences (P < 0.05) for a post hoc Tukey test. ***(P < 0.001).
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decline in viability at 24 h (post hoc Tukey test: P = 0.042;
Table 1). However, sperm in the bursa from most females
displayed no motility 24 h post-insemination, and the decline
in sperm viability in the bursa between time points was much
greater than in the spermathecae, with only 12.2% of bursa
sperm viable by 24 h (post hoc Tukey test: P < 0.001; Table 1).
Mass Mated and Observed Mated
Females Contain Similar Spermathecal
Sperm Quantities
Our experimental design allowed us to assess if total sperm
present in the spermathecae and bursa differed between mating
contexts (i.e., mass mated or observed mated). A proportion of
Ae. aegypti females re-mate shortly after an initial mating when
given the opportunity (44). Thus, re-insemination would
increase not only sperm quantity in the female RT, but also
SFP concentration in the female RT; SFPs mediate sperm storage
in insects (5).
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We compared total sperm present in the bursa and
spermathecae when females were mass mated and when
mating was observed, focusing on sperm quantities 24 h after
insemination due to the decline in sperm quantity in the bursa
observed at day 3 and 5. We found that sperm quantities in the
bursa were significantly increased in mass mated Thai females
compared to observed mated females (GLM Thai x Thai: Df = 1,
q = 3.22, SE = 0.84, P = 0.009; Thai x DsRed: DF = 1, q = 2.99, SE
= 0.75, P = 0.002) but no effect was observed for DsRed females
(GLM DsRed x DsRed DF = 1, q = 4.56, SE = 1.19, P = 0.25;
DsRed x Thai: DF = 1, q = 3.24, SE = 0.83, P = 0.10). Further, we
detected a small, but significant increase of sperm stored in the
spermathecae in mass mated compared to observed mated
females in only one mating combination: Thai x DsRed (DF =
1, q = 4.38, SE = 1.14, P = 0.006). No significant increases in
sperm stored in the spermathecae was detected in any other
mating combination when females were mass mated (GLM Thai
x Thai: DF = 1, q = 9.21, SE = 2.52, P = 0.53; DsRed x Thai: DF =
1, q = 3.61, SE 0.90, P = 0.28; DsRed x DsRed: DF = 1, q = 5.46,
SE = 1.39, P = 0.77).
FIGURE 4 | Sperm transfer to each female of the consecutive mating assays (1 = first mated female, 2 = second, etc.). N = 25 for each female. The middle
horizontal line in the box plots represents the median, the lower and upper margins of the box the 25th and 75th quartile, and the whiskers extend to the minimum
and maximum of the data (excluding outliers, shown as points outside the whiskers). Different letters show significant differences (P < 0.05) for a post hoc Tukey test.
TABLE 1 | Proportion of live sperm in the bursa and spermathecae at the indicated timepoint.

0.5 h 24 h P value

Spermathecae 91.9% 90.0%
(N) (50) (65) P = 0.042
Bursa 91.6% 12.2%
(N) (49) (52) P < 0.001
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Sperm Storage by Aedes aegypti Females
Is Influenced by Sperm Quantity Received
at an Initial Mating
In observed mated females, ~50% of the sperm detected in the
RT at 24 h was stored in the spermathecae (Figures 1A, 2A). We
asked whether this proportion was constant, or whether females
maximize sperm storage when males transfer sperm in lower
quantities. To generate males that transferred reduced sperm
quantities, we utilized consecutive mating assays (46), where a
single male is mated to five consecutive females. Although SFP
quantity declines with each successive mating (45), sperm
quantity transferred after successive mating events is unknown;
4-6 day-old Thai strain males contain ~5000 mature sperm in
their seminal vesicles (30), the organ that contains mature sperm
transferred in the ejaculate (52).

We observed significant differences in the number of sperm
transferred and female order in the mating sequence (first mated,
second mated, etc.; GLMDF = 4, q = 1.66, SE = 0.01, P < 2.2e-16)
—males transferred the largest sperm quantity at the first mating
and less sperm with each successive mating (Figure 4). Although
males transferred sperm in decreasing quantities, the quantity of
sperm transferred in the first, second and third mating (Figure 4)
often exceeded the average quantity females stored (Figures 1,
2A, B). Therefore, we assessed the quantity of sperm ultimately
stored in the spermathecae and the quantity that remained in the
bursa in each female of the assay 24 h after insemination.
Females stored the largest amount of sperm after the initial
mating, and reduced quantities with each successive mating
(Figure 5A). Sperm were always observed in the bursa, even
after a fifth consecutive mating (Figure 5A). Finally, we
examined the proportion of sperm in the female RT detected
in the spermathecae at 24 h when we successfully quantified
sperm from the bursa and spermathecae from the same female.
We found that the proportion of sperm detected in the
spermathecae did not significantly differ in the first three
mated females (Figure 5B), with ~50% of the sperm detected
found in the spermathecae. However, the proportion of sperm
detected in the spermathecae significantly declined in the fourth
Frontiers in Tropical Diseases | www.frontiersin.org 8
and fifth mated female, with a larger proportion of sperm
remaining in the bursa (Figure 5B).
DISCUSSION

Sperm storage is an essential process in reproduction that
requires both male- and female-specific molecules for females
to efficiently store and utilize sperm (1, 5). In the insect model D.
melanogaster, sex-specific molecules mediate sperm storage
parameters (5, 6, 15, 16). Elimination of individual seminal
proteins required for sperm storage severely impacts female
fertility (7–11, 13, 14), suggesting that molecules that mediate
sperm storage offer intriguing targets to suppress vector
populations. Early studies showed that in female Ae. aegypti,
sperm are transferred to the bursa of the female reproductive
tract, where they quickly aggregate at, and orient towards, the
entrance of the spermathecae (53), accumulating into the
spermathecae minutes after insemination (42). However, since
these studies, other questions regarding this process in Ae.
aegypti have remained unanswered. In our study, we examined
three such areas: 1) the quantity of transferred sperm females
ultimately store, 2) the fate of non-stored sperm, and 3) the
influence of ejaculate volume on sperm storage in Ae.
aegypti females.

We found that although males transfer large sperm quantities
during mating under optimal conditions—1000-2000 sperm (30,
31)—Ae. aegypti females only stored a proportion of this
amount, with most females storing 300-500 sperm. Studies that
have examined lifetime fecundity of large bodied females
regularly given a blood meal show that females laid ~200 eggs
on average under laboratory (34) and semi-field conditions (54).
This suggests that the range of sperm stored detected in our
assays is sufficient for Ae. aegypti females to maintain a high
reproductive output throughout their lifetimes. As we observed
that ejaculate volume influenced the number of sperm that are
ultimately stored, the large sperm quantities transferred by male
Ae. aegypti may be a response to this characteristic—larger
A B

FIGURE 5 | Sperm stored in the spermathecae, and sperm that remain in the bursa by each female of the consecutive mating assays 24 h after insemination (A). The
proportion of sperm detected in the female RT that are stored in the spermathecae by each female of the assay (B). Sample sizes: (A) spermathecae: N = 27 – 34;
bursa: N = 26 – 31, (B) N = 21 – 30. The middle horizontal line in the box plots represents the median, the lower and upper margins of the box the 25th and 75th
quartile, and the whiskers extend to the minimum and maximum of the data (excluding outliers, shown as points outside the whiskers). Different letters show significant
differences (P < 0.05) for a post hoc Tukey test.
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sperm quantities transferred during mating would effect larger
sperm quantities to accumulate into the spermathecae in their
mates. Larger ejaculate volumes would also suggest larger doses
of SFPs, which may better induce female sperm storage.

Sperm that did not enter the spermathecae remained in the
bursa, where they became more fragile to mechanical
manipulation and had mostly died there 24 h after
insemination. This result aligns with that of Spielman (42),
who observed non-motile sperm in the bursa 2 d after
insemination, and hypothesized that sperm that remain in the
bursa were degraded. Our observation of fluorescence from
transgenic DsRed sperm in the bursa for two weeks likely
results from the ability of the DsRed protein to maintain
conformational stability under a variety of conditions (55). It is
also possible that females release stored sperm into the bursa
under unfavorable conditions. Over time, an increase in reactive
oxygen species occurs in the male seminal vesicles (56) and
female spermathecae (48) in mosquitoes, which may impact
sperm function. Although “sperm dumping” is associated with
re-mating in Drosophila (40, 57), it is unknown if singly mated
females also dump unhealthy sperm from storage and will
require further investigation.

SFPs often associate with sperm in the female RT (58, 59). It is
possible that SFP-sperm interaction in the bursa sperm is
necessary for some SFPs to exert their effects in the mated
female—sperm stored in the spermathecae shed their outer
coat within 24 h of storage, a process that is completed by ~20
h after insemination, a time that correlates with sperm ability to
fertilize eggs (60). The modification of stored sperm observed in
Ae. aegypti may impede sperm-SFP interaction in the
spermathecae. It is also possible that females benefit from non-
stored sperm. Some female insects obtain nutrients from seminal
components transferred that can enhance fertility (35, 37, 38).
Although mating induces the transcription of genes that code for
digestion-related enzymes (e.g., proteases and lipases) in the Ae.
aegypti female RT (26, 27), the influence of sperm degradation in
the bursa in Ae. aegypti fertility, and the proteins responsible,
remain to be determined.

Our results also suggest that males deplete SFPs more rapidly
than sperm. Alfonso-Parra etal. (45) found that when males were
mated to five consecutive females, SFPs were nearly depleted by
the fifth mating. Ramıŕez-Sanchez etal. (46) similarly found that
fecundity and fertility of the first three mated females does not
differ, but is impacted after a third consecutive mating. Further,
half of fifth mated females re-mated 7 d after the initial mating
(46). Re-mating inhibition is mediated by SFP receipt in this
species (61); some females re-mate shortly after an initial mating,
but the proportion of re-mating females is reduced with time and
refractoriness is complete by 24 h (44). Further, complete female
refractoriness is observed by injection of 4% of one male
equivalent (61). These results suggest that males are SFP-
depleted by a fifth mating. However, we found that fourth and
fifth mated females contained ample sperm quantities in their
RTs, but that the proportion of sperm stored in the
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spermathecae, which did not differ in the first three mated
females, declined significantly after a third consecutive mating.
This result supports a role for Ae. aegypti SFPs in promoting
sperm accumulation into the female storage organs, as is
observed in other insects (5). A reduction in SFPs may also
impact sperm motility, often important for sperm accumulation
into storage (62); SFPs are required for sperm motility in several
insects, including Culex pipiens mosquitoes (63).

Surprisingly, we found that mass mating, which leads to a
large proportion of females being re-inseminated, did not have
a significant impact on sperm storage. When mass mated,
females are often inseminated quickly after males are
introduced (64), and a subset of females are likely to re-mate;
nearly 25% of Thai strain females re-mate shortly after an initial
mating when given the opportunity (30, 44). In our mating
assays, we found that Thai females had significantly more
sperm in the bursa compared to observed mated females,
suggesting some females had re-mated in this context.
However, a second insemination—and second dose of SFPs—
had only a small effect on the number of sperm ultimately
stored, suggesting that the influence of ejaculate volume is
limited, and that the spermathecae is restricted in the number
of sperm it can maintain.
CONCLUSIONS

Although the importance of sperm storage has been established
in a multitude of insects, this physiological process has not been
fully dissected in mosquitoes. The results of this study expands
upon our knowledge of sperm storage in Ae. aegypti. We show
that Ae. aegypti females store only a proportion of the sperm
they receive at mating, with the non-stored set remaining in the
bursa where they appear to slowly degrade, effects that did not
differ between geographically distinct Ae. aegypti strains.
Additionally, females stored similar proportions of sperm
even after mating with males that transferred sperm in
decreasing quantities, leaving a similar proportion of sperm
in the bursa. This suggests that the putative degradation of
bursal sperm may play a role in the fertility of this mosquito
vector, although more study is required to determine a female
benefit of this process. Further exploration of female sperm
storage parameters will continue to elucidate this reproductive
process in Ae. aegypti, allowing for the identification of sex-
specific molecules that mediate this process, and give us a better
understanding of how male and female coordinate their
activit ies to ensure successful reproduction in this
vector species.
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