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Theories predict that parents will be selected for optimizing
offspring phenotype, particularly when certain components
of the environment remain unchanged over a number of
generations (Bonduriansky and Day 2009). Such adaptive
parental effect on progeny phenotype and ﬁtness components
is not well understood and is a topic of a number of recent
studies (Bonduriansky and Head 2007; Crean et al. 2013,
2014). Here, we report a set of preliminary results from a
study using laboratory adapted populations of Drosophila
melanogaster showing the effect of paternal experience of
the risk of sperm competition on reproductive behaviour of
the sons. We show that males which experience risk of sperm
competition sired sons which mated for signiﬁcantly longer
duration compared to sons of males that experienced no risk.
Such paternal effect is likely to be nongenetic in nature.
Our ﬁnding is likely to be crucial in our understanding of
how nongenetic inheritance may inﬂuence the evolution of
sexually selected traits including sperm competitive ability.
Recent studies have shown adaptive paternal effect on
offspring ﬁtness component in a Dipteran insect (Adler
and Bonduriansky 2013; Crean et al. 2014) and a solitary Ascindian (Crean et al. 2013). While all these studies
investigated the prospect of nongenetically inherited parental
effects on components of natural selection acting on the offsprings, similar phenomena can also affect sexually selected
traits. This can happen if parental effects change offspring
reproductive success by affecting their behaviour and/or
physiology. Such possibility has so far never been explored.
Fruit ﬂy (Drosphila melanogaster) males perceive various social cues (e.g. number of rivals, sex ratio and female
mating status) to assess the risk of sperm competition and
thereby adaptively modulate their mating behaviour and
physiology (Bretman et al. 2011). Such plasticity has been
found to have signiﬁcant effect on male competitive ability
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(Bretman et al. 2009; Nandy and Prasad 2011). One interesting aspect of at least some of these ‘risk’ factors is that
they are likely to persist for more than one generation, specifically for animals with short generation time. Therefore,
we hypothesized that males may be selected to optimize
their progeny behaviour depending on the prevailing risk of
sperm competition.
To test this idea, we used a set of laboratory adapted populations (BL) of D. melanogaster, unless mentioned otherwise. Three replicate populations were used to run the three
statistical blocks of the entire experiment: BL1 , BL2 and BL3 .
These populations are laboratory-adapted outbred populations derived from BRB1−3 populations used by Gupta et al.
(2013). They are maintained at 14-day discrete generation
cycles under 25◦ C temperature, 60–80% relative humidity
and 24 h light on standard banana–yeast–jaggery food. The
following assays were done under conditions as close as possible to their normal laboratory maintenance regime. We subjected males to two different conditions: (i) absence of any
risk of sperm competition (NC, no competition treatment,
single virgin male in a vial) and (ii) presence of risk of sperm
competition (C, competition treatment, four virgin males in
a vial). Males (G0 generation) were collected very early in
their adult life under mild carbon dioxide anaesthesia and
randomly assigned to one of the two treatments (i.e. NC and
C). After two days of conditioning, these males were used
as sires to produce the next generation. To avoid any potential source of selection during this step, we allowed all the
treatment males to mate with virgin females only once (limited exposure sufﬁcient for single mating, all males successfully mated). For this purpose, ﬁve males and ﬁve females
were combined in each vial. A total of ﬁve vials were set up
for each of the two treatments. All females used in this step,
regardless of the treatment, were age matched with the males
and were derived from the same population under standard
conditions described above. They were collected as virgins
and held in groups of 10 per vial before being used in the
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experiment. Following copulation, females were separated
and allowed to oviposite. Eggs were then randomly collected
from all females and cultured in their standard food vials at
the density of 50–70 eggs per vial (the natural density for
these populations). The progeny (G1 generation) was allowed
to grow and upon onset of emergence, male progeny were
collected as virgins and held in single sex vials in groups of
10 in each vial.
Reproductive behaviour and sperm defence ability (P1)
of these G1 generation males were measured. For this purpose ﬂies from an outbred population (LHst , see Prasad
et al. 2007) carrying an autosomal recessive marker, i.e.,
scarlet eye, were used. LHst males were used as common
competitor males. A three-day old male, belonging to one of
the three treatments was combined with a virgin LHst female
in a standard vial (with food) and left undisturbed. Mating
latency (ML, time taken by a pair to start mating after being
combined) and copulation duration (CD, duration for which
a pair remained in copula) were recorded (by visual inspection). Thirty mating pairs were observed for each treatment.
After the completion of the mating in each of the above mentioned vials, the male was discarded and a second male (competitor male, LHst ) was introduced. A window of ∼22 h was
allowed to the competitor male to interact with the female.
Following this window, the females were individually transferred to test tubes (12 mm diameter × 75 mm height) having sufﬁcient food and allowed to oviposit for 18 h. These
test tubes were kept under the normal laboratory conditions
(25◦ C temperature, 60–80% relative humidity, 24 h light) till
the progeny complete its development. Once all the progeny
completed eclosion, these test tubes were frozen at −20◦ C
and the progeny were counted and scored for eye colour.
Progeny sired by the ﬁrst males were all red eyed, whereas
those sired by the second males were all scarlet eyed. We
calculated sperm defence score (P1) following the deﬁnition:
P1 =

number of red eyed progeny
.
Total number of progeny

All data were analysed using two factor mixed model analysis of variance (ANOVA) with paternal conditioning treatment (two levels, NC and C) as ﬁxed factor crossed with
random blocks (three levels, blocks 1, 2 and 3). Not all
females were remated within the allowed time window of
22 h. Therefore, the sample size turned out to be much
smaller for this part of the experiment, ranging from 7–12.
Data from all pairs within a block were used to calculate
block means and these block means were then used as the
unit of analysis. Testing for normality of the data distribution
is not required in such an approach of analysis (Chippindale
et al. 1993).
The two treatments were different with regard to their
paternal environment, but were identical in terms of all other
conditions including maternal environment. Therefore, differences across treatments can be attributed to the effect of
paternal environment only.
Interestingly, we found a signiﬁcant effect of paternal
environment on sons’ copulation duration (table 1). Males

Figure 1. Effect of paternal experience of competition on copulation duration.

Table 1. Results of the mixed model ANOVA with treatment (paternal environment) as ﬁxed factor
crossed with random blocks on mating latency, copulation duration, P1 and mating ﬁdelity.
Trait

Effect

Mating latency
Copulation duration
Sperm defense score (P1)
Mating ﬁdelity

Paternal environment
Block
Paternal env. × Block
Paternal environment
Block
Paternal env. × Block
Paternal environment
Block
Paternal env. × Block
Paternal environment
Block
Paternal env. × Block

SS

DF

MS

F

P

0.066
1.234
0.204
0.183
0.622
0.015
0.000
0.036
0.001
0.010
0.028
0.009

1
2
2
1
2
2
1
2
2
1
2
2

0.066
0.617
0.102
0.183
0.311
0.007
0.000
0.018
0.001
0.010
0.014
0.004

0.643
6.054

0.507
0.142

24.756
42.095

0.038
0.023

0.082
31.715

0.802
0.031

2.160
3.137

0.279
0.242

SS, sum of squares; DF, degrees of freedom; MS, mean square; F, F-statistic; statistically signiﬁcant
P value are in bold.
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Paternal effect on mating behaviour of male fruit ﬂies
whose fathers were exposed to C-treatment were found to
have signiﬁcantly longer copulation duration compared to
those sired by fathers from NC-treatment (ﬁgure 1). On an
average, there was ∼2% difference between the two treatments. Males’ experience of rival number (namely, no rivals
versus some rivals) is known to affect copulation duration in this system. Following similar treatment, we found
males subjected to C-treatment to copulate ∼11% longer than
males subjected to NC-treatment (Nandy et al. 2016). However, transgenerational effect of exposure to rivals was not
previously reported.
As all males during G1 generation were handled identically, the difference in copulation duration observed across
treatments is likely due to differences in paternal conditions.
It is important to consider that the design of the experiment
avoided any selection (sexual or natural) that have affected
our results. None of the G0 males (i.e. fathers) died during
the experiment. All G0 males were allowed equal opportunity
to mate with the virgin females (single mating), therefore,
excluding precopulatory sexual selection. To avoid postcopulatory sexual selection, females were allowed only a single
mating before allowing them to produce progeny. Eggs were
collected randomly from all females. We also rule out any
source of bias in our sampling based on our sample size (25
sires and 25 dams in each block) and block design (three statistical blocks). Therefore, it is likely that the observed results
are due to nongenetically inherited paternal effect.
Plasticity in copulation duration has also been shown to
affect sperm defense ability (P1) of the males. Variation in
copulation duration may indicate amount of ejaculate transferred by the male (such as, various seminal ﬂuid proteins,
Wigby et al. 2009; Sirot et al. 2011), thereby affecting reproductive success of the males facing sperm competition. Thus,
if males can assess the risk of sperm competition that their
sons are likely to face, it might be adaptive for them to optimize the sons’ copulation duration. We, however, did not
ﬁnd a difference in P1 and mating ﬁdelity across the two
treatments, very likely due to the extreme low sample size.
This makes difﬁcult for us to assess the adaptive value of the
paternal effect mentioned earlier. Therefore, this theory will
be subjected to further investigations.
Though preliminary, our ﬁnding can potentially be very
important in terms of our understanding of adaptation to
sperm competition. If such paternal effect signiﬁcantly
affects different components of sperm competitive ability,
it may also partly explain a substantial variation in reproductive behaviour and sperm competitive ability observed in
both natural-adapted and laboratory-adapted populations.

Acknowledgement
We thank the Department of Science and Technology, Govt. of
India, for funding this study in the form of INSPIRE Faculty grant
to BN.

References
Adler M. I. and Bonduriansky R. 2013 Paternal effects on offspring ﬁtness reﬂect father’s social environment. Evol. Biol. 40,
288–292.
Bonduriansky R. and Head M. 2007 Maternal and paternal condition effects on offspring phenotype in Telostylinus angusticollis
(Diptera: Neriidae). J. Evol. Biol. 20, 2379–2388.
Bonduriansky R. and Day T. 2009 Nongenetic inheritance and
its evolutionary implications. Annu. Rev. Ecol. Evol. Syst. 40,
103–125.
Bretman A., Fricke C. and Chapman T. 2009 Plastic responses of
male Drosophila melanogaster to the level of sperm competition
increase male reproductive ﬁtness. Proc. R. Soc. London, Ser. B.
276, 1705–1711.
Bretman A., Westmancoat J. D., Gage M. J. and Chapman T. 2011
Males use multiple, redundant cues to detect mating rivals. Curr.
Biol. 21, 617–622.
Chippindale A. K., Leroi A. M., Kim S. B. and Rose M. R. 1993
Phenotypic plasticity and selection in Drosophila life-history
evolution. I. Nutrition and the cost of reproduction. J. Evol. Biol.
6, 171–193.
Crean A. J., Dwyer J. M. and Marshall D. J. 2013 Adaptive paternal effects? Experimental evidence that the paternal environment
affects offspring performance. Ecology 94, 2575–2582.
Crean A. J., Kopps A. M. and Bonduriansky R. 2014 Revisiting telegony: offspring inherit an acquired characteristic of their
mother’s previous mate. Ecol. Lett. 17, 1545–1552.
Gupta V., Ali Z. S. and Prasad N. G. 2013 Sexual activity increases
resistance against Pseudomonas entomophila in male Drosophila
melanogaster. BMC Evol. Biol. 13, 185.
Nandy B. and Prasad N. G. 2011 Reproductive behavior and ﬁtness
components in male Drosophila melanogaster are non-linearly
affected by the number of male co-inhabitants early in adult life.
J. Insect. Sci. 11, 67.
Nandy B., Halder S., Dasgupta P. and Verma T. 2016 Plasticity
in aggressive displays contribute signiﬁcantly to the cost of
reproduction in Drosophila melanogaster. Anim. Behav. 114,
3–9.
Prasad N. G., Bedhomme S, Day T. and Chippindale A. K. 2007 An
evolutionary cost of separate genders revealed by male-limited
evolution. Am. Nat. 169, 29–37.
Sirot L., Wolfner M. and Wigby S. 2011 Protein-speciﬁc manipulation of ejaculate composition in response to female mating status in Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 108,
9922–9926.
Wigby S., Sirot L. K., Linklater J. R., Buehner N., Calboli F. C. F.,
Bretman A. et al. 2009 Seminal ﬂuid protein allocation and male
reproductive success. Curr. Biol. 19, 751–757.

Received 24 November 2015; accepted 8 January 2016
Unedited version published online: 12 January 2016
Final version published online: 19 July 2016

Journal of Genetics, Vol. 95, No. 3, September 2016

727

