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Dwindling male fertility due to xenobiotics is of global concern. Accordingly, male reproductive toxicity
assessment of xenobiotics through semen quality analysis in exposed males, and examining progeny
production of their mates is critical. These assays, in part, are biased towards monogamy. Females soliciting
multiple male partners (polyandry) is the norm in many species. Polyandry incites sperm competition and
allows females to bias sperm use. However, consequences of xenobiotic exposure to the sperm in the light of
sperm competition remain to be understood. Therefore, we exposed Drosophila melanogaster males to
endosulfan, and evaluated their progeny production as well as the ability of their sperm to counter rival
control sperm in the storage organs of females sequentially mated to control/exposed males. Endosulfan
(2 mg/ml) had no significant effect on progeny production and on the expression of certain genes associated
with reproduction. However, exposed males performed worse in sperm competition, both as 1st and 2nd male
competitors. These findings indicate that simple non-competitive measures of reproductive ability may fail
to demonstrate the harmful effects of low-level exposure to xenobiotics on reproduction and advocate
consideration of sperm competition, as a parameter, in the reproductive toxicity assessment of xenobiotics
to mimic situations prevailing in the nature.

I
ndiscriminate use of thousands of synthetic chemicals and their inadvertent release to the environment led to
tremendous modification in the abiotic chemistry of the environment. Several reports in the past 20–30 years
reflect the hazardous impact of xenobiotics on male fertility1 and the deterioration of male reproductive health

at an exponential rate with every passing decade2–4. Moreover, this trend due to adult/developmental exposure to
xenobiotics is not limited to higher organisms (including human) but is observed in males from all taxonomic
ranks across the animal kingdom. Consequently, the reproductive toxicity assessment of various environmental
agents has led to evaluation of their potential to hamper male reproductive health5. The adverse effects of various
environmental agents on the male fertility are well documented through the standard semen quality analysis
(including sperm counts, sperm morphology and motility) in males exposed to chemicals and/or by assessing
progeny production of their mates6. The semen quality assessment does not account for the sperm fate in the
female environment and the assay of progeny production is biased towards monogamy as the design of the assay
involves pairing of one male with a female7. However, in nature, females of most animal species actively soliciting
copulations with multiple males8,9 to optimize the offspring number10 is quite common. Although the adaptive
significance of the same to females is unclear, polyandry is a strategy suggested to reduce the risk of population
from being extinct11. Despite this, there is paucity of knowledge on the adverse reproductive consequences of
exposure to xenobiotics in the context of polyandry.

Polyandry incites post-copulatory male-male competition inside the female reproductive tract in the form of
sperm competition12 with sperm from two or more males trying to fertilize the ovum, to produce genetically
variable offspring in stochastic environmental conditions. The success in sperm competition depends upon the
number of sperm displaced and the quality of the ejaculate provided by the male13,14. Therefore, in the present
study, using Drosophila melanogaster as a model organism, we evaluated the consequence of the environmental
chemical exposure on sperm competition. Drosophila melanogaster, with its unique suite of genetic tools, has
proven to be an excellent model for toxicological studies in general15,16 and male reproductive toxicity assessment
in particular17–19. Further, the use of Drosophila as a model is in line with the recommendations of European
Centre for Validation of Alternate Methods (ECVAM) for the use of lower vertebrates and invertebrates as
alternatives to existent animal models20. In addition, Drosophila melanogaster transgenic lines harboring
enhanced green fluorescent protein (EGFP) or Discosoma red fluorescent protein (dsRed) labeled sperm permit
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unambiguous differentiation of sperm from competing rivals, within
the mated females’ reproductive tract to analyze sperm precedence,
displacement of pre-existing sperm by second males, and biased use
of competing sperm coming from rival mates, in the process of
fertilization21.

In this study, we analyzed the impact of exposure to endosulfan on
sperm competition. Endosulfan is a broad spectrum non-systemic
persistent organic pollutant (POP), which binds to sediments of the
aquatic/terrestrial matrices and tends to bioaccumulate in the tissues
of the organisms inhabiting the contaminated matrix. Endosulfan is
known to hamper male fertility22. The concentrations of endosulfan
reported vary in different matrices of environment from 1.7 mg/ml in
water bodies, 0.3–34.86 mg/ml in soil to 0.36–212.28 mg/ml in
fruits23. Developmental exposure of Drosophila to endosulfan was
shown to induce ROS generation, oxidative stress and xenobiotic
metabolism markers24. Here, by exposing transgenic Drosophila
adult males to environmentally relevant concentration(s) of endo-
sulfan, we show that exposure to endosulfan indeed affects sperm
competition. In both defensive and offensive sperm competition,
sperm from exposed males failed to perform at control levels as
witnessed by their proportions in the sperm storage organs. This
was further validated, at the organismal level, and we observed that
the exposed males, sired fewer progeny (P1/P2), irrespective of they
being the first or the second mate, when compared to their control
mates. Alarmingly, endosulfan, at this concentration and exposure

duration, has no detectable effect on the number of progeny (pro-
duced by the exposed male when mated to control females), sperm
storage and expression of genes encoding male reproductive proteins
in Drosophila. These findings suggest the vulnerability of sperm
competition over other reproductive components to xenobiotic
exposure. Moreover, the study indicates that simple non-competitive
measures of reproductive ability may fail to demonstrate the harmful
effects of environmental agents on reproduction and highlights the
importance of competitive measures of reproductive ability to
account for the scenario prevailing in the nature.

Results
Males exposed to endosulfan perform poorly in defensive sperm
competition when compared to control males. To evaluate the
ability of sperm from males exposed to endosulfan to defend
against the rival control sperm, we mated the w1118 females to
control or exposed EGFP males, and after 3 days, remated these
females with dsRed males. Subsequently, we determined the
proportion of the first male’s (EGFP) sperm (S1) to the total sperm
(EGFP 1 dsRed) residing in the storage at 2 h ASSM (After the start
of second mating) by counting the sperm in seminal receptacle and
paired spermathecae, the two major sperm storage organs in
Drosophila. When compared to the S1 under control conditions in
the seminal receptacle (0.3421 6 0.01198; Figs. 1A & 1C), we

Figure 1 | Assessment of the ability of sperm from males exposed to endosulfan (EGFP) to defend against the rival control sperm. Panel A depicts EGFP

(green) and dsRed (red) sperm at 2 h ASSM in the seminal receptacle of w1118 females first mated to control Prot B-EGFP males and remated to control

Prot B-dsRed males, as visualized under confocal microscope. Panel B represents sperm from different males in the seminal receptacles of females

first mated to Prot B-EGFP males exposed to 2 mg/ml endosulfan and subsequently mated to control Prot B-dsRed males. Panel C gives the proportion of

first male sperm (S1) in different sperm storage organs, namely seminal receptacle (SR) and spermathecae (SP) and among sum of sperm (represented by

Total **p , 0.01; N 5 15–20) stored in seminal receptacle, and spermathecae. Panel D represents the proportion of progeny sired by ProtamineB-EGFP

males when they are the first to mate (P1) under control as well as exposure conditions (2 mg/ml) with w1118 males as the second rival mates. P1 was

calculated as the proportion of red eyed progeny (sired by Prot B-EGFP males) over the total of red and white eyed (sired by w1118) progeny produced by

the female/10days ASSM (***p , 0.001; N 5 25–30).
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observed significant reduction in the proportion of first male’s sperm
(S1) under exposure conditions (0.1755 6 0.03226; p 5 0.0013;
Figs. 1B &1C). In contrast, we observed similar S1 levels in
spermathecae of females mated to control (0.5017 6 0.02002) or
exposed (0.4454 6 0.08036; p 5 0.9497; Fig. 1C) EGFP males. Yet,
the proportion of first male sperm among total sperm in storage
(counts including both storage organs) in females mated to EGFP
males exposed to endosulfan (0.2592 6 0.03761; p 5 0.0047;
Fig. 1C), differed significantly from that in the control group
(0.3783 6 0.01249; Fig. 1C). A similar trend was witnessed in the
ratio of EGFP to rival dsRed sperm in the seminal receptacle (p ,

0.001; Fig. S1), spermathecae (p 5 0.4891; Fig. S1) and among total
sperm in storage (p 5 0.0025; Fig. S1).

At the organismal level, the proportion of progeny sired by the first
male (P1) exposed to endosulfan was significantly lower when com-
pared to that of controls (p , 0.001; Fig. 1D) indicating the differ-
ential sperm use by the female for the process of fertilization.

Males exposed to endosulfan sired significantly reduced offspring
in offensive sperm competition when compared to control males.
To determine the efficiency of the sperm from males exposed to
endosulfan to rival the control sperm from the first mate, we
presented control dsRed males to the w1118 virgin females, as their
first mates, and control/exposed EGFP males, as their second mates.
Subsequently, we determined the proportion of second male’s sperm
(S2) by counting EGFP and dsRed sperm in the storage organs of
these females. Under control conditions, S2 in the seminal receptacles

was 0.9302 6 0.014 (Figs. 2A & 2C). However, we observed a
significant reduction in the S2 (0.7906 6 0.0278; p 5 0.0012;
Figs. 2B & 2C) in seminal receptacles of females mated to exposed
EGFP males, as their second mates, in comparison to those in
controls (see above). On the contrary, similar to our observations
in defensive sperm competition, S2 in the spermathecae of females
mated to control EGFP males (0.7110 6 0.03814; Fig. 2C) did not
differ from that of females to exposed EGFP males, (0.6278 6

0.04926; p 5 0.2343; Fig. 2C). Nevertheless, the difference in the S2

levels among total sperm stored by females mated to exposed males
(0.7410 6 0.02408; p 5 0.0012; Fig. 2C) was significantly different
from that in their controls (0.8868 6 0.01605; Fig. 2C). In addition,
the ratio of EGFP to dsRed in seminal receptacle (p 5 0.0054; Fig.
S2), spermathecae (p 5 0.3922; Fig. S2) and total sperm (p 5 0.0015;
Fig. S2) is concordant with the observed S2 levels. The altered offense
capability was also reflected at the organismal level in the proportion
of progeny sired by the second male (P2) of endosulfan exposure
group. When the EGFP males were the second to mate, the
proportions of red eyed progeny sired by them under exposed
conditions were significantly lower (p 5 0.0245; Fig. 2D) when
compared to those under control conditions.

Sperm from males exposed to endosulfan are stored at levels
similar to controls in mated females. To determine if the
observed effect on sperm competition is a consequence of reduced
receipt of sperm, in response to chemical exposure, we quantified the
storage levels of sperm in the spermathecae and seminal receptacles

Figure 2 | Assessment of the ability of sperm from males exposed to endosulfan (EGFP) to displace the rival control sperm. GFP (green) and dsRed

(red) sperm observed at 2 h ASSM in the seminal receptacle of w1118 females first mated to control Prot B-dsRed males and remated to control

Prot B-EGFP males (Panel A) or Prot B-EGFP males exposed to 2 mg/ml endosulfan (Panel B) are represented. Panel C represents the proportion of

second male sperm (S2) in different sperm storage organs, seminal receptacle (SR), spermathecae (SP) and among the total sperm in storage (**p , 0.01;

N 5 10–15). Panel D represents the proportion of red eyed progeny sired by Prot B- EGFP (control/exposed) when they were second to mate (P2) with

females first mated to w1118 males, out of the total (red 1 white eyed) progeny/female/10 days ASSM (*p 5 0.0245; N 5 25–30).
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of females mated to control or exposed Prot B-EGFP males. We
observed that the number of sperm stored in each storage organ
and the total number of sperm stored in females mated to control
males were comparable to those mated to exposed Prot B-EGFP
males (p . 0.05; Fig. 3).

Endosulfan affects sperm competition at concentrations that do
not affect progeny production and the transcripts of certain genes
encoding reproductive proteins. To determine if sperm from the
exposed males are viable and are used by their mates, we analyzed the
egg production and progeny production of females mated to control
or exposed males. We observed that the females mated to males
exposed to 0.02 mg/ml (Fig. 4; p . 0.05), 0.2 mg/ml (Fig. 4; p .

0.05), and 2 mg/ml endosulfan (Fig. 4; p . 0.05) laid eggs at levels
similar to their controls (Fig. 4A, control and DMSO bars). Similarly,
the number of progeny produced by females also did not vary
between females mated to males exposed to various concentrations
of endosulfan (Fig. 4B; p . 0.05) or their controls (Fig. 4B, control
and DMSO bars). In addition, at all concentrations, we observed that
transcript levels of sub-set of genes encoding seminal proteins
(CG8194, CG17673, CG8137, PEB-me, CG11664, CG17575, GLD,
CG15116, CG984725,26) or critical for spermatogenesis (CG476027) or
expressed in the male reproductive tract (CG740428) were
comparable to those in controls (Fig. 5A).

To validate the expression pattern of the candidate genes observed
in semi-quantitative transcript analysis, we analyzed the transcript
levels of couple of these genes (CG17673, and GLD) through quant-
itative real time PCR (qPCR). We observed that the expression levels
of CG17673, and GLD were similar between controls and exposed
males (p . 0.05; Fig. 5B) and supported our semi-quantitative tran-
script data. Additionally, expression of genes implicated in sperm
competition (CG1652, CG999729, CG126230, Acp36DE31, and
Acp29AB32) was also analyzed through qPCR (Fig. 5B). We observed
that the transcript levels of all these genes in males exposed to 2 mg/
ml of endosulfan were comparable to those in vehicular controls
(DMSO) or controls (p . 0.05; Fig. 5B).

Isomers of endosulfan are detectable only in exposed males but
not in their mates. To determine the internalization of the test
chemical, we estimated the levels of endosulfan through Gas
chromatography coupled with mass-spectrometry (GC-MS/MS) in
exposed males and their mates. Two isoforms of endosulfan (ESI, and
ESII with reference to peaks obtained in standards; Fig. 6, exposed
males panel) were detected only in exposed males. Females mated to
exposed males, did not have peaks corresponding to the isoforms
(Fig. 6, mated female panel). Similarly we did not observe any peaks
corresponding to endosulfan in control males (Fig. 6, control male
panel) or their mates (Fig. 6, Control female panel).

Discussion
The present study was aimed at understanding the consequence of
exposure to xenobiotics on the male reproductive performance
under competitive conditions. The rationale for the assessment of
the toxicity potential of xenobiotics to hamper male fertility under
competitive conditions stems from the fact that reproductive success
of males in majority of the species under natural conditions is deter-
mined by their ability to rival the competing males either at the
organismal or at the sub-organismal level. Despite this, the effect
of exposure to xenobiotics on this phenomenon remains neglected.
Therefore, in the present study, using Drosophila melanogaster as a
model, we evaluated the effect of a xenobiotic, endosulfan, on male-
male competition at organismal/sub-organismal level by examining
sperm competition, which is an important component of male repro-
ductive success33–35.

The potential of one’s sperm pool to defend against and/or dis-
place the sperm from rival pool during sperm competition deter-
mines the reproductive fitness of the male. Significantly reduced S1

of males exposed to endosulfan when compared with that of controls
in the present study, suggests the adverse effects of endosulfan on the
ability of sperm to defend against the rival sperm. Similarly, the

Figure 4 | Evaluation of effects of endosulfan on male fertility. We evaluated effects of endosulfan exposure on male fertility by analyzing the number of

eggs laid (Panel A; p . 0.05; N 5 15–20) and number of progeny (Panel B; p . 0.05; N 5 15–20) produced by the females mated to males exposed to

different concentrations of endosulfan. At all concentrations, we observed that both these reproductive parameters were comparable among control,

solvent control (DMSO) and exposed groups.

Figure 3 | Females store sperm from males exposed to endosulfan at
levels similar to controls. We observed similar numbers of sperm in

seminal receptacle (SR, p 5 0.3917; N 5 20–25), spermathecae (SP, p 5

0.5534; N 5 20–25) in females mated to control or exposed males at 2 h

ASM. The total sperm in storage of females (sum of sperm stored in SR,

and SP represented by Total) mated to control or exposed males also did

not differ from each other.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7433 | DOI: 10.1038/srep07433 4



significantly reduced S2 reflects the adverse effect of endosulfan on
sperm offence. Interestingly, in both cases, competition was evident
among the sperm stored in the seminal receptacle but not in spermathe-
cae. Sperm stored in seminal receptacle are designated as the more
immediate fertilization set36 and therefore, our observation might reflect
the fight between control or exposed sperm for fertilization. In addition,
S2 was suggested to be a highly significant predictor of proportion of
offspring sired by the second male (P2) for the seminal receptacle21. Our
observations in offensive sperm competition assays at the sub-organis-
mal as well as organismal level support the above notion that S2 can be
significant predictor of P2. In addition, our findings in defensive sperm
competition assays suggest that S1 can also be a predictor of P1.
Together, our findings indicate that exposed males performed worse
in sperm competition, both as 1st and 2nd male competitors. This may be
a consequence of the effect of endosulfan on the sperm competitive
ability. Alternatively, poor performance of exposed males may also be
due to the preferential sperm use by the mated females. However, this is
not a consequence of receipt of endosulfan along with sperm by the
mated females as we did not detect the isomers of endosulfan in mated
females but detected the same in exposed males.

Sperm competition is positively associated with larger testes,
increased sperm production, improved sperm morphology, design

and energetics13,37–39, and discrepancies in their storage and/or
usage40. In Drosophila, several proteins from the male accessory
glands (Acps) participate in sperm competition41,42. Further, males
are competent of modifying their ejaculates in response to social and
environmental cues43. In addition, exposure to endosulfan is known
to affect processes pertinent to spermatogenesis in rats44. Endosulfan
causes generation of reactive oxygen species (ROS) and induces
oxidative stress in exposed organisms24. Sperm DNA is vulnerable
to oxidative damage resulting in reduced viability45. In these contexts,
(1) differential storage of sperm by the females mated to control and/
or exposed males, (2) altered seminal proteins and/or sperm viability
due to endosulfan exposure in the male may account for the observed
poor competitive outcome of sperm from males exposed to endosul-
fan. However, similar sperm storage levels in the mates of control/
exposed males suggest that exposure to 2 mg/ml of endosulfan does
not hamper sperm storage and that the observed sperm competition
phenotype is not a consequence of differential storage of sperm in
mated females. In addition, our semi-quantitative as well as quant-
itative transcript analyses suggest that the observed findings in sperm
competition assays might not be a consequence of chemical mediated
modification of seminal proteins and/or reproductive proteins. The
lack of significant differences in the ejaculate mediated post-mating
processes (such as egg production, progeny production, and sperm
storage) between females mated to exposed males, and their controls
in the present study do not concur with the possibility of reduced
sperm viability and/or decreased transfer of ejaculate by the exposed
males to their mates influencing sperm competition. At this juncture,
it is important to note that exposure to xenobiotics has been assoc-
iated with alterations in sperm chromatin structure46 although the
underlying mechanisms are unclear. Therefore, the observed poor
performance of exposed males may be the consequence of endosul-
fan mediated effects on the sperm DNA. Alternatively, harmful effect
of endosulfan on the post-copulatory reproductive success might be
mediated by cryptic female choice47 that enables females to manip-
ulate the sperm from different males. Females’ choice against xeno-
biotic exposed sperm might be a way to safeguard their reproductive
investment as well as fitness. Future studies on cryptic female choice
under exposure conditions and on the effect of endosulfan on the
sperm chromatin architecture and associated epigenetic modifica-
tions48 would help to resolve the intricacies underlying the xenobiotic
effects on the competitive ability of sperm. Nevertheless, present
study does emphasize and point towards the detrimental effect of a
xenobiotic on sperm competition, a naturally prevalent and selective
phenomenon, at a concentration with no adverse effects on the con-
ventionally assayed toxicological parameters, including progeny pro-
duction and sperm counts.

The adverse influence of xenobiotic on sperm competition as
reflected in the present study has ecological as well as toxicological
implications. The observed retention as well as use of control sperm
over exposed sperm in females although reflects nature’s efforts to
nullify the chemical exposure to protect the female reproductive
interests, it has compromised the reproductive fitness of those males
exposed to xenobiotics (endosulfan in this case). Such a non-align-
ment in reproductive interests between sexes can lead to sexual con-
flict49, which can have a huge impact on the mean fitness of the
population50,51 and by extension, the population demography11,52.
From the male reproductive toxicity perspective, sperm competition
is quite vulnerable to endosulfan exposure and hence males appear to
be at odds in this era of industrialization in species with polyandry.
Further, assaying the effects of xenobiotics on competitive measures
of reproduction such as sperm competition along with non-compet-
itive traditional reproductive toxicity measures would not only
mimic the prevailing scenario in nature but also help to understand
the consequences of low-level exposures to xenobiotics in the
environment.

Figure 5 | Determination of transcript levels of candidate genes encoding
reproductive proteins in Drosophila males exposed to endosulfan and
their controls. Panel A depicts the PCR amplicons from semi-quantitative

PCR reflecting the transcript levels of candidate genes encoding seminal

proteins and/or reproductive proteins in males exposed to 0.02–2 mg/ml of

endosulfan and the observed levels were comparable to those in control

males. We used RPL32 (RPL 32 panel; Panel A) as an internal control for

the quality as well as quantity of the template. The semi-quantitative PCR

data were validated by quantifying the expression levels of, GLD and

CG17673 through qPCR (Panel B, p . 0.05) in males exposed to 2 mg/ml

of endosulfan and their controls as well as vehicular controls (DMSO). The

quantities of transcripts of additional genes implicated in sperm

competition in Drosophila (CG1262, CG1652, CG9997, Acp36DE, and

Acp29AB; Panel B) were also comparable between control and exposed

male samples (p . 0.05).
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To conclude, we have shown here that sperm from males exposed
to endosulfan fare poorly in the context of sperm competition even at
a low level of exposure concentration as well as duration where other
reproductive parameters tested are normal. Further, sperm competi-
tion is quite vulnerable to endosulfan exposure, and that the exposure
may hamper the reproductive output of males in species with
polyandry, with the odds stacked against their sperm. Our study
highlights the need for the addition of competitive measures of
reproductive performance for the comprehensive understanding of
toxicology of male reproduction. In addition, our study reflects the
capability as well as utility of Drosophila as a model for the assess-
ment of male reproductive toxicity potential of xenobiotics.

Methods
Stocks. Drosophila strains carrying sperm labeled with enhanced green fluorescent
protein (EGFP) [w1118; p{ProtamineB-EGFP, w1} 75A(3)] or red fluorescent protein
(dsRed) [w1118; P{w1, ProtamineB-dsRed}50A(III)] labeled21 were generously
provided by Prof. John Belote, Syracuse University, USA. The white eye strain (w1118)
and the wild type strain (Oregon R) of Drosophila melanogaster were from
Bloomington Stock Center, USA. All flies were reared on standard Drosophila Corn-
sucrose, yeast medium, at 22 6 2uC, and a 12512 hour light/dark cycle.

Exposure of Drosophila melanogaster males to endosulfan. Adult males within
24 hours of their eclosion were exposed to endosulfan in accordance to the protocol
of National Toxicology Programme of US Department of Health and Human
services53. Briefly, unmated GFP or dsRed males were placed in a vial containing a
tissue wick soaked in 2 ml of 5% sucrose containing endosulfan at concentrations
ranging from 0.02 to 2 mg/ml, for 72 hours at 22 6 2uC. Endosulfan was dissolved in
DMSO and hence unmated males exposed to 0.04% DMSO in 2 ml of 5% sucrose
formed the vehicular controls. For fertility and transcript analysis, we included males

fed on 5% sucrose alone as additional controls. Each group consisted of a minimum of
2–3 replicates and each replicate contained 20 males.

Defensive sperm competition assay. The sperm defense assay was carried out as in
Manier et al21. Briefly, 3–5 days old w1118 virgin females were individually mated to
GFP males exposed to endosulfan at a concentration of 2 mg/ml. Females mated to
males fed on 0.04% DMSO in 5% sucrose formed the control group. The mating pairs
were observed and pairs that copulated for 15–20 mins were considered successful
while those copulations that lasted for ,15 mins were considered unsuccessful and
the same were discarded. Males were discarded immediately after the mating was
completed. The mated females were individually transferred to vials containing fresh
food medium and were retained for three days at 22 6 2uC. Since 3 days post- mating
is generally considered to be the typical remating latency period for D. melanogaster21,
these once mated females were given the opportunity to remate to 3 day old control
dsRed males at 3 days ASM (After the Start of Mating). The mating pairs were
observed for successful mating, as above. Subsequently, at 2 h ASSM (After the Start
of Second Mating), we counted the number of GFP and dsRed sperm in the sperm
storage organs (namely seminal receptacle and paired spermathecae) of remated
females to calculate the proportional representation of first male sperm (S1) in each
region of the reproductive tract, by comparing the number of EGFP sperm to the total
of EGFP 1 dsRed sperm in storage. We also determined ratio of EGFP to dsRed
sperm in the storage organs. The differences, if any, were statistically analyzed using
Mann-Whitney U test.

To determine the proportion of the total progeny sired by the first male (P1, control
or exposed), the same set of crosses with similar treatment schedules were set up as
stated above, except that w1118 males (3 days old) were used in place of dsRed males as
the second male. This was essential to discriminate between the progeny of first and
the second male. The remated females were transferred to fresh food vials twice, over
the span of ten days. The red eyed (sired by first male), and the white eyed (sired by
second male) progeny were counted. The proportion of the progeny sired by the first
male (control/exposed) was determined as the ratio of red eyed progeny out of the
total progeny per female over 10 days ASSM. Each group consisted of 25–30 repli-
cates. These assays were carried out through single blind coding: identity of crosses/

Figure 6 | GC-MS chromatogram(s) of males exposed to 2 mg/ml of endosulfan, control males, females mated to exposed male, and control female.
Endosulfan (I and II isoforms, marked with black arrows) was detected only in exposed males. ESE (endosulfan ether), ESHE (endosulfan hydroxyl ether),

ESL (endosulfan lactone), ES-I (a-endosulfan), ESD (endosulfan diol), and ESS (endosulfan sulphate) were run as standards for determination of RT,

peak area and subsequent quantification.
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batches was coded by one personnel and subsequently these were decoded only after
the counting of progeny was completed by the second personnel and finally data were
assigned to the respective groups. The differences between control and exposed
groups were statistically analyzed through Mann-Whitney U test.

Offensive sperm competition assay. The ability of the sperm to displace the rival
sperm was analyzed through offensive sperm competition assays (exposed male is
second to mate). These assays were done, as aforesaid, except that w1118 virgin females
(3–5 days old) had control dsRed male as first mate and EGFP male with or without
exposure to endosulfan as second male. Subsequently, the proportions of second
male’s sperm in storage (S2) and the ratio of EGFP to dsRed in the sperm storage
organs of remated females were determined as above. The statistical analysis was
performed using Mann-Whitney U test.

For the determination of the proportion of the total progeny sired by the second
male (P2, control/exposed), the w1118 virgin females (3–5 days old) were mated to w1118

males as their first mates, and GFP males (control/exposed), as the rival second mates.
The remated females were transferred to fresh food vials twice, over the span of ten
days. The white eyed (sired by first male) and the red eyed (sired by second male)
progeny were counted. The proportion of the progeny sired by the second male
(control/exposed) was calculated as above. Each group consisted of 25–30 replicates.
The differences were statistically analyzed using Mann-Whitney U test.

Sperm Counts. Sperm counts were carried out as in Mueller et al54, except that sperm
were counted using fluorescent label on the sperm heads as a marker. The number of
sperms stored both in seminal receptacle and paired spermathecae, at 2 h ASM (after
the start of mating) or 2 h ASSM were counted twice, with a repeatability index of 91–
95%, under fluorescent microscope (at total magnification of 600X with GFP and PI
filters, Leica DMLB, Germany) and sample identity was coded to avoid bias. The
differences in the sperm counts, if any, between control and exposed mates, were
analyzed statistically using Mann-Whitney U test.

Analysis of eggs laid and progeny produced by females mated to endosulfan
exposed males. The assays for determination of the reproductive performance of flies
were carried out as in Ravi Ram et al26 with slight modification. Briefly, males from
control, vehicular control and exposed batches (0.02, 0.2 and 2 mg/ml endosulfan)
were individually mated to 3–5 days old wild type (Oregon-R) virgin females in pairs.
Mating was observed and pairs that mated for unusually shorter duration (,15 min)
were removed from the analysis. Following mating, males were discarded and females
were allowed to lay eggs. With intermediate transfer to individual fresh food vials
every three days assays were carried out for 10 days. The number of eggs laid by the
mated females were counted on daily basis post transfer of the female to fresh food
vial, and the number of progeny eclosed out of the laid eggs were determined by
manual counting of the adult flies. These assays were repeated twice with 15–20
replicates in each group. The differences, if any, were analyzed through One-way
ANOVA.

Analysis of transcripts of genes encoding reproductive proteins. To determine the
effect of endosulfan on genes encoding seminal proteins, total RNA was isolated from
males from control, DMSO and exposed groups, independently, by TRIzol extraction
according to the manufacturer’s instructions (Life Technologies, USA). cDNA was
synthesized using the first strand synthesis system for RT-PCR (Fermentas, USA).
Transcript levels of 11 reproductive tract genes (CG8194, CG17673, CG8137, PEB-
me, CG11664, CG17575, GLD, CG15116, CG9847, CG4760, CG7404) were
measured semi-quantitatively through PCR amplification by using gene-specific
primers55 (amplification cycles-25; other conditions applied were same as in55). The
amplified products were resolved on 1.5% agarose gels and the profiles were
documented using densitometer (Bio-Rad, USA). RPL32 (CG7939), a constitutive
gene, was used as an internal control for the quality and quantity of template used for
amplification. To confirm the data obtained from semi-quantitiatve transcript
analysis, we analyzed the transcript levels of GLD, and CG17673 as described in ref 17
(please see supplementary material for detailed methodology), through quantitative
real time PCR (qPCR). Further, transcript levels of few additional genes, implicated in
sperm storage and/or sperm competition (Acp36DE31, Acp29AB32, CG126254,
CG9997, and CG165229) were also quantified through qPCR (please see Table S1 for
the details of the sequences of the Real-Time primers used). The experiments were
performed in triplicate with two technical replicates per biological replicate for every
group (control, DMSO, and 2 mg/ml endosulfan exposed). Differences in the fold
change of transcript levels between groups were analyzed statistically by employing
One- way ANOVA.

Gas chromatography coupled with mass-spectrometry based estimation of
endosulfan within the fly. Both control and exposed flies, ten per batch, in three
replicates, were washed with hexane to remove external contamination of endosulfan
and were subsequently homogenized in 1 ml acetone and the samples were
ultrasonicated for 10 mins. Subsequently, endosulfan analytes were extracted into
trichloroethylene and were subjected to ultracentrifugation at 5000 rpm for 5 min.
The sedimented phase at the bottom was collected and 1 ml each was injected into
Trace GC ultra gas chromatograph connected to a Quantum XLS mass spectrometer
(Thermo Scientific, FL, USA) equipped with TG-5MS capillary column to measure
the amount of endosulfan within control/exposed flies and their mates. Helium was
used as a carrier gas and the oven temperature programming was as follows: the initial
oven temperature was 100uC for 1.0 min, and then was increased to 260uC at a rate of

3uC/min and held for 5.0 min. The ion source and transfer line temperature were
220uC and 290uC, respectively.

Confocal microscopy. To visualize the fluorescent labeled sperm, reproductive tracts
of mated females were dissected at 2 h ASSM in physiological saline and were
mounted on a slide. Subsequently, the dsRed (red) and EGFP (green) sperm were
observed, and images were captured using confocal microscope (Leica, Germany). A
minimum of 10 reproductive tracts were observed for each group.

1. Bonde, J. P. & Giwercman, A. Environmental xenobiotics and male reproductive
health. Asian J. Androl. 16, 3–4 (2014).

2. Carlsen, E., Giwercman, A., Keiding, N. & Skakkebaek, N. E. Evidence for
decreasing quality of semen during past 50 years. B.M.J. 305, 609–13 (1992).

3. Diamanti-Kandarakis, E. et al. Endocrine-disrupting chemicals: an Endocrine
Society scientific statement. Endocr. Rev. 30, 293–342 (2009).

4. Rolland, M., Le Moal, J., Wagner, V., Royere, D. & De Mouzon, J. Decline in semen
concentration and morphology in a sample of 26,609 men close to general
population between 1989 and 2005 in France. Hum. Reprod. 28, 462–70 (2012).

5. Toppari, J. et al. Male reproductive health and environmental xenoestrogens.
Environ. Health Perspect. 104, 741–803 (1996).

6. Bonde, J. P. et al. Fertility and markers of male reproductive function in Inuit and
European populations spanning large contrasts in blood levels of persistent
organochlorines. Environ. Health Perspect. 116, 269–77 (2008).

7. Sengupta, P. & Banerjee, R. Environmental toxins: Alarming impacts of pesticides
on male fertility. Hum. Exp. Toxicol. 33, 1017–39 (2014).

8. Birkhead, T. R. & Møller, A. P. Sperm Competition and Sexual Selection,
(Academic Press, London, 1998).

9. Chapman, T., Liddle, L. F., Kalb, J. M., Wolfner, M. F. & Partridge, L. Cost of
mating in Drosophila melanogaster females is mediated by male accessory gland
products. Nature 373, 241–4 (1995).

10. Newcomer, S. D., Zeh, J. A. & Zeh, D. W. Genetic benefits enhance the
reproductive success of polyandrous females. Proc. Natl. Acad. Sci. U S A 96,
10236–41 (1999).

11. Holman, L. & Kokko, H. The consequences of polyandry for population viability,
extinction risk and conservation. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 368,
20120053 (2013).

12. Simmons, L. W. Sperm competition and its evolutionary consequences in the
insects, (Princeton University Press, Princeton, 2001).

13. Birkhead, T. R. & Pizzari, T. Postcopulatory sexual selection. Nat. Rev. Genet. 3,
262–73 (2002).

14. Kelly, C. D. & Jennions, M. D. Sexual selection and sperm quantity: meta-analyses
of strategic ejaculation. Biol. Rev. Camb. Philos. Soc. 86, 863–84 (2011).

15. Festing, M. F. W. et al. Reducing the use of laboratory animals in biomedical
research: problems and possible solutions. Altern. Lab. Anim. 26, 283–301 (1998).

16. Rand, M. D. Drosophotoxicology: the growing potential for Drosophila in
neurotoxicology. Neurotoxicol. Teratol. 32, 74–83 (2010).

17. Misra, S. et al. Identification of Drosophila-based endpoints for the assessment
and understanding of xenobiotic-mediated male reproductive adversities.
Toxicol. Sci. 141, 278–91 (2014).

18. Siddique, H. R., Chowdhuri, D. K., Saxena, D. K. & Dhawan, A. Validation of
Drosophila melanogaster as an in vivo model for genotoxicity assessment using
modified alkaline Comet assay. Mutagenesis 20, 285–90 (2005).

19. Tiwari, A. K., Pragya, P., Ravi Ram, K. & Chowdhuri, D. K. Environmental
chemical mediated male reproductive toxicity: Drosophila melanogaster as an
alternate animal model. Theriogenology 76, 197–216 (2011).

20. Russell, W. M. S. & Burch, R. L. The Principles of Humane Experimental Technique
(Methuen, London, 1959).

21. Manier, M. K. et al. Resolving mechanisms of competitive fertilization success in
Drosophila melanogaster. Science 328, 354–7 (2010).

22. Saiyed, H. et al. Effect of endosulfan on male reproductive development. Environ.
Health Perspect. 111, 1958–62 (2003).

23. Singh, N. D., Sharma, A. K., Dwivedi, P., Patil, R. D. & Kumar, M. Citrinin and
endosulfan induced teratogenic effects in Wistar rats. J. Appl. Toxicol. 27, 143–51
(2007).

24. Sharma, A. et al. Organochlorine pesticide, endosulfan induced cellular and
organismal response in Drosophila melanogaster. J. Hazard. Mater. 221–222,
275–87 (2012).

25. Findlay, G. D., Yi, X., Maccoss, M. J. & Swanson, W. J. Proteomics reveals novel
Drosophila seminal fluid proteins transferred at mating. PLoS Biol. 6, e178 (2008).

26. Ravi Ram, K. & Wolfner, M. F. Seminal influences: Drosophila Acps and the
molecular interplay between males and females during reproduction. Integr.
Comp. Biol. 47, 427–45 (2007).

27. Eberhart, C. G., Maines, J. Z. & Wasserman, S. A. Meiotic cell cycle requirement
for a fly homologue of human Deleted in Azoospermia. Nature 381, 783–5 (1996).

28. Chintapalli, V. R., Wang, J. & Dow, J. A. Using FlyAtlas to identify better
Drosophila melanogaster models of human disease. Nat. Genet. 39, 715–20 (2007).

29. Findlay, G. D. et al. Evolutionary rate covariation identifies new members of a
protein network required for Drosophila melanogaster female post-mating
responses. PLoS Genet. 10, e1004108 (2014).

30. Ravi Ram, K. & Wolfner, M. F. Sustained post-mating response in Drosophila
melanogaster requires multiple seminal fluid proteins. PLoS Genet. 3, e238 (2007).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7433 | DOI: 10.1038/srep07433 7



31. Neubaum, D. M. & Wolfner, M. F. Mated Drosophila melanogaster females
require a seminal fluid protein, Acp36DE, to store sperm efficiently. Genetics 153,
845–57 (1999).

32. Wong, A. et al. A role for Acp29AB, a predicted seminal fluid lectin, in female
sperm storage in Drosophila melanogaster. Genetics 180, 921–31 (2008).

33. Clapham, P. J. & Palsboll, P. J. Molecular analysis of paternity shows promiscuous
mating in female humpback whales (Megaptera novaeangliae, Borowski). Proc.
Biol. Sci. 264, 95–8 (1997).

34. Fiumera, A. C., Dumont, B. L. & Clark, A. G. Sperm competitive ability in
Drosophila melanogaster associated with variation in male reproductive proteins.
Genetics 169, 243–57 (2005).

35. Imhof, M., Harr, B., Brem, G. & Schlotterer, C. Multiple mating in wild Drosophila
melanogaster revisited by microsatellite analysis. Mol. Ecol. 7, 915–7 (1998).

36. Pitnick, S., Markow, T. A. & Spicer, G. S. Evolution of multiple kinds of female
sperm-storage organs in Drosophila. Evolution 53, 1804–1822 (1999).

37. Birkhead, T. R., Mart’ınez, J. G., Burke, T. & Froman, D. P. Sperm mobility
determines the outcome of sperm competition in the domestic fowl. Proc. R. Soc.
Lond. B. 266, 1759–1764 (1999).

38. Fitzpatrick, J. L. et al. Female promiscuity promotes the evolution of faster sperm
in cichlid fishes. Proc. Natl. Acad. Sci. U S A 106, 1128–32 (2009).

39. Snook, R. R. Sperm in competition: not playing by the numbers. Trends Ecol. Evol.
20, 46–53 (2005).

40. Wigby, S. & Chapman, T. Female resistance to male harm evolves in response to
manipulation of sexual conflict. Evolution 58, 1028–37 (2004).

41. Avila, F. W., Sirot, L. K., LaFlamme, B. A., Rubinstein, C. D. & Wolfner, M. F.
Insect seminal fluid proteins: identification and function. Annu. Rev. Entomol. 56,
21–40 (2011).

42. Harshman, L. G. & Prout, T. Sperm displacement without sperm transfer in
Drosophila melanogaster. Evolution 48, 758–766 (1994).

43. Perry, J. C., Sirot, L. & Wigby, S. The seminal symphony: how to compose an
ejaculate. Trends Ecol. Evol. 28, 414–422 (2013).

44. Sinha, N., Adhikari, N. & Saxena, D. K. Effect of endosulfan during fetal gonadal
differentiation on spermatogenesis in rats. Environ. Toxicol. Pharmacol. 10, 29–32
(2001).

45. Gharagozloo, P. & Aitken, R. J. The role of sperm oxidative stress in male infertility
and the significance of oral antioxidant therapy. Hum. Reprod. 26, 1628–40
(2011).

46. Delbes, G., Hales, B. F. & Robaire, B. Toxicants and human sperm chromatin
integrity. Mol. Hum. Reprod. 16, 14–22 (2010).

47. Eberhard, W. G. Female Control: Sexual Selection by Cryptic Female Choice,
(Princeton University Press, Princeton, 1996).

48. Rathke, C. et al. Transition from a nucleosome-based to a protamine-based
chromatin configuration during spermiogenesis in Drosophila. J. Cell Sci. 120,
1689–700 (2007).

49. Chapman, T., Arnqvist, G. J. B. & Rowe, L. Sexual conflict. Trends Ecol. Evol. 18,
41–47 (2003).

50. Chippindale, A. K., Gibson, J. R. & Rice, W. R. Negative genetic correlation for
adult fitness between sexes reveals ontogenetic conflict in Drosophila. Proc. Natl.
Acad. Sci. U S A 98, 1671–5 (2001).

51. Long, T. A., Pischedda, A., Stewart, A. D. & Rice, W. R. A cost of sexual
attractiveness to high-fitness females. PLoS Biol. 7, e1000254 (2009).

52. Rankin, D. J., Dieckmann, U. & Kokko, H. Sexual conflict and the tragedy of the
commons. Am. Nat. 177, 780–91 (2011).

53. Zimmering, S., Mason, J. M., Valencia, R. & Woodruff, R. C. Chemical
mutagenesis testing in Drosophila. II. Results of 20 coded compounds tested for
the National Toxicology Program. Environ. Mutagen. 7, 87–100 (1985).

54. Mueller, J. L., Linklater, J. R., Ravi Ram, K., Chapman, T. & Wolfner, M. F.
Targeted gene deletion and phenotypic analysis of the Drosophila melanogaster
seminal fluid protease inhibitor Acp62F. Genetics 178, 1605–14 (2008).

55. Mueller, J. L., Ripoll, D. R., Aquadro, C. F. & Wolfner, M. F. Comparative
structural modeling and inference of conserved protein classes in Drosophila
seminal fluid. Proc. Natl. Acad. Sci. U S A 101, 13542–7 (2004).

Acknowledgments
We thank the Director, CSIR-IITR, Head, Embryotoxicology, CSIR-IITR for providing the
research facility, Prof. John Belote, Department of Biological Sciences, University of
Syracuse, Syracuse, NY, USA, for generously providing flies containing fluorescent labeled
sperm. Financial support from CSIR, New Delhi (BSC0103), Science and Engineering
Research Board (SERB), New Delhi [SR/FT/LS-133/2009 to KRR], and UGC, New Delhi is
gratefully acknowledged. This manuscript bears IITR communication number- 3261.

Author contributions
S.M. and K.R.R. designed the experiments. S.M., A.K., C.R., V.S. and M.K.R.M. carried out
experiments. S.M., A.K., C.R., M.K.R.M. and K.R.R. analyzed the results. All authors wrote
and reviewed the manuscript.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Misra, S. et al. Exposure to endosulfan influences sperm
competition in Drosophila melanogaster. Sci. Rep. 4, 7433; DOI:10.1038/srep07433 (2014).

This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7433 | DOI: 10.1038/srep07433 8

http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	Exposure to endosulfan influences sperm competition in Drosophila melanogaster
	Introduction
	Results
	Males exposed to endosulfan perform poorly in defensive sperm competition when compared to control males
	Males exposed to endosulfan sired significantly reduced offspring in offensive sperm competition when compared to control males
	Sperm from males exposed to endosulfan are stored at levels similar to controls in mated females
	Endosulfan affects sperm competition at concentrations that do not affect progeny production and the transcripts of certain genes encoding reproductive proteins
	Isomers of endosulfan are detectable only in exposed males but not in their mates

	Discussion
	Methods
	Stocks
	Exposure of Drosophila melanogaster males to endosulfan
	Defensive sperm competition assay
	Offensive sperm competition assay
	Sperm Counts
	Analysis of eggs laid and progeny produced by females mated to endosulfan exposed males
	Analysis of transcripts of genes encoding reproductive proteins
	Gas chromatography coupled with mass-spectrometry based estimation of endosulfan within the fly
	Confocal microscopy

	Acknowledgements
	References


