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The evolutionary consequences of phenotypic plasticity are debated. For example, reproductive barriers between incipient spe-
cies can depend on the social environment, but most evidence for this comes from studies focusing on the effects of experiencing
heterospecific individuals of the opposite sex. In Drosophila melanogaster, males are well known to invest strategically in ejaculate
components and show different courtship behavior when reared in the presence of male competitors. It is unknown whether such
plasticity in response to same-sex social experience influences sexual isolation, so we tested this using African and cosmopolitan
lines, which show partial sexual isolation. Males were housed in social isolation, with homopopulation, or with heteropopulation male
partners. We then measured their mating success, latency, and duration, their paternity share, and female remating success. Isolated
males copulated for a shorter duration than males housed with any male partners. However, we found no difference in any measure
between homopopulation or heteropopulation treatments. Our findings suggest that the male intrasexual competitive social environ-
ment does not strongly influence sexual isolation in 0. melanogaster, and that plastic effects on reproductive isolation may be influ-
enced more strongly by the experience of social isolation than by the composition of individuals within different social environments.

Lay Summary: The strength of reproductive isolation between diverging populations may depend on the social interactions experienced by
individuals. We used partially isolated populations of fruit flies, Drosophila melanogaster, and showed that whether males had previously
interacted with homopopulation or heteropopulation male partners did not affect the strength of premating or postmating sexual isolation.
Thus, although male sexual traits are highly labile, this flexibility does not seem to affect the strength of sexual isolation in this system.

Key words: behavioral isolation, postmating sexual isolation, premating sexual isolation, social learning, speciation, species
recognition.

INTRODUCTION generations is poorly understood and challenging to study empirically.
One route by which socially mediated plasticity could affect trait ev-
olution or speciation dynamics is if the expression of traits involved
in mate recognition and choice is sensitive to the social environment
(Rodriguez et al. 2013). Theory suggests that evolutionary effects of
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The role of phenotypic plasticity in evolution is intensely de-
bated. Organisms can adjust phenotypic traits within a generation,
but whether and how this plasticity impacts longer-term evolu-

tionary change is less clear (Price et al. 2003; West-Eberhard 2005; . . - A
Ghalambor et al. 2007: Scoville and Pfrender 2010: Parsons et al. socially mediated plasticity might accelerate or decelerate the evolu-

2016; Schmid and Guillaume 2017; Bailey et al. 2018). One factor tion of reproductive isolation, depending on whether individuals en-
’ ’ counter conspecifics or heterospecifics, the fitness consequences of

the encounters, and the genetics of plasticity (Servedio et al. 2009;
Servedio and Dukas 2013). For instance, a recent study has found that
bird songs diverged faster in songbird species with innate songs than
in species with socially learned songs (Ireeman et al. 2017), suggesting
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to which animals show considerable phenotypic plasticity is the so-
cial environment. Socially mediated plasticity can allow individuals
to cope with variation in demography and social interactions within
generations, but whether it influences evolutionary processes across
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Although reproductive barriers between species have usually been
assumed to be relatively canalized traits, theoretical and empirical
data both challenge this view (Irwin and Price 1999; Servedio and
Noor 2003; Servedio et al. 2009; Verzijden et al. 2012; Kawecki 2013;
Verzijden et al. 2013; Servedio and Biirger 2014; Yeh and Servedio
2015). The social environment experienced by individuals has repeat-
edly been found to influence traits with roles in reproductive isolation,
such as mating rates (e.g;, Billeter et al. 2012), sexual signals (e.g., Krupp
et al. 2008; Groot et al. 2010), mating preferences (e.g:, Bailey and Zuk
2009; Danchin et al. 2018), courtship behavior (e.g., Lehtonen et al.
2016), aggressive behavior (e.g., Carazo et al. 2014), and ejaculate allo-
cation (e.g,, Wigby et al. 2009). Female preferences can be modified ac-
cording to experience with heterospecifics (Li et al. 2018), and it is well
established that postmating prezygotic reproductive interactions evolve
rapidly and are an early acting component of reproductive isolation
(Alipaz et al. 2001; Manier et al. 2013; Jennings et al. 2014; Turissini
et al. 2018). But is the response to the male social environment tuned
to the identity of the competitor? Is it population specific? And does it
influence premating and postmating reproductive success?

Here, we evaluate the impact of socially mediated plasticity
on sexual isolation between diverging populations of Drosophila
melanogaster, focusing on male responses to the presence of potential
sexual competitors in their social environment. In Drosophila, many
plastic responses of male reproductive traits are adaptive responses
to the perceived likelihood of intrasexual competition. For example,
males may produce more competitive behaviors or ejaculates, which
increase sperm competition success when they experience rivals
during development (Bretman et al. 2009) as predicted under classic
models of strategic investment in sperm competition (Parker 1970;
Parker and Pizzari 2010). Moreover, young male flies court each
other on the first day after eclosion (Gailey et al. 1982), which is
thought to potentially contribute to courtship learning (Griffith 2014).
Interestingly, the genetic makeup of other males encountered in the
social environment may influence the expression of both premating
and postmating reproductive traits (reviewed in Bretman et al. 2011;
Schneider et al. 2012; Griffith 20145 Schneider et al. 2017). For in-
stance, the expression of key cuticular pheromones and male mating
behavior are affected by the genetic composition of male social part-
ners (Kent et al. 2008; Krupp et al. 2008). The degree of familiarity
and genetic relatedness among males impacts female reproduction
and female lifespan in that males exposed to familiar or related
males seem to be less harmful to females (Carazo et al. 2014; Hollis
et al. 2015; Le Page et al. 2017). Such an effect is presumably me-
diated by the ejaculate transferred to females, which is known to be
highly flexible. Males adjust the transfer of sperm and seminal fluid
proteins when they are exposed to rivals (e.g., Bretman et al. 2009;
Wigby et al. 2009) presumably as part of a flexible strategic invest-
ment strategy influenced by the likelihood of sperm competition and
mating opportunities. Despite what is known about flexibility in male
D. melanogaster ejaculate characteristics, relatively little is known about
how this might translate to flexibility in sexual isolation.

In this study, we take advantage of African and cosmopolitan
populations of D. melanogaster, which show mcomplete sexual isolation
at both the premating and postmating stages (Hollocher et al. 1997;
Alipaz et al. 2001). We used multiple lines from these two populations
to test if plastic responses of males to intrasexual competitors influ-
ence the strength of sexual isolation in the early stages of evolutionary
divergence. We manipulated the male social environment by housing
focal males in social isolation or with either five homopopulation or
five heteropopulation males for 5 days. We assessed the effects of this
treatment on premating isolation by measuring mating latency, mating
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success, and mating duration with heteropopulation females. To assess
effects on postmating isolation, we measured remating rates of the fe-
males with second males and, when copulations occurred, we quanti-
fied the focal males’ paternity share. We test several predictions about
how the male social environment may influence sexual isolation. First,
D. melanogaster males are known to plastically increase the mating du-
ration or ejaculate components in the presence of other males (e.g.,
Bretman et al. 2009). If males only perceive homopopulation males
as sexual competitors, then we would expect that males exposed to
heteropopulation males would show a similar strength of sexual iso-
lation as previously isolated males. Second, D. melanogaster males can
plastically modify the expression of cuticular pheromones according
to the genetic composition of the other group members (Kent et al.
2008; Krupp et al. 2008). If such a plastic response allows males to
better match the pheromones profiles of their male social partners,
then males exposed to heteropopulation male social partners would
show a lower strength of sexual isolation than males previously ex-
posed to homopopulation males. Such efects can influence both the
premating (e.g., mating success) and/or the postmating (e.g., mating
duration and sperm precedence) episodes of selection.

MATERIAL AND METHODS
Line establishment

We used six lines of D. melanogaster (three African and three cosmo-
politan; Supplementary Table S1) into which we inserted markers
allowing parentage scoring. We backcrossed two dominant fluores-
cent markers, a green fluorescent protein (GFP), and a red fluores-
cent protein (RFP) into these strains.

In the first generation, we pooled five virgin wild-type females
with five males from the marker lines (parental individuals), repli-
cated three times per line. We then grouped five of the resulting /|
virgin females with five males of the corresponding wild-type line,
replicated three times per line. We continued backcrossing for 10
generations by sampling the females carrying the marker, that is, ex-
pressing the green or red fluorescent protein. In every generation,
we crossed females from the backcross to males from the wild-type
line to allow recombination. Because the first generation did not
yield any offspring in some lines, we made the reverse cross (i.e., fe-
male from marker line X wild-type male) in the first generation but
used wild-type females subsequently (% or F3) so that the mitochon-
drial DNA was correctly introgressed into all newly established lines.

To create homozygous lines for the introgressed marker, we
made Fj, X Fj, crosses within each line and selected homozygous
individuals by eye based on the intensity of the fluorescent signal
using a fluorescence microscope (Iritech Research, Inc). Hence,
the backcross breeding program yielded 12 newly established lines
(2 markers X 2 populations X 3 lines), with genetic backgrounds
from African or cosmopolitan populations and stable expressions of
GFP or RFP (Supplementary Figure S1). These lines are expected
to share more than 99.9% of their genome with the initial wild-
type lines (Hartl and Clark 1997) and to contain on average 10-cM
DNA segments from the marker line on each side of the locus of
the introgressed markers (Hospital 2001).

During the backcrossing, we assayed the fitness of individuals car-
rying the markers using two tests. First, we sampled 566 and 870 F,
offspring in the GIP and RFP backcross, respectively, and counted
the number of offspring carrying the markers of interest vs. wild-type
offspring. We tested for viability effects of the markers by calculating
heterogeneity and pooled G tests. There were no significant deviations
(see Supplementary Information). Second, in the fifth generation, we
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sampled males that did and did not carry markers and tested their
reproductive success In a competitive mating situation. We grouped
two males (one of each type) with two wild-type females in vials for
10 days, which we replicated 20 times per marker, and assessed the
status of 40 resulting offspring per replicate. The observed proportion
of offspring expressing the markers was tested against an expectation
of 0.25 using G tests. There was significant heterogeneity but, for the
GFP marker, no overall difference from expectations. For the RFP
marker, there was again significant heterogeneity but individual com-
parisons were inconsistent in direction, so there was no consistent ev-
idence for an excess of wild type as would be expected if the marker
was less competitive in these assays (see Supplementary Information).

Experimental design

Rearing and social environment manipulation

All flies were maintained at 23 °C on a 12:12 light:dark cycle and
we standardized stock densities to 12 males and 12 females per vial
(25 % 95 mm, Scientific Laboratory Supplies) for two generations be-
fore sampling flies used in experiments. To manipulate the social en-
vironment of males, we raised virgin focal males for 5 days either in
isolation or with five homopopulation or five heteropopulation virgin
male partners in small vials (15 X 95 mm, Sarstedt) containing food
and yeast (I'igure 1). The five male partners were from the same line,
which either matched the line of the focal male (i.e., homopopulation
treatment) or the line of the female (i.e., heteropopulation treatment;
see below for line combinations). Focal males carried markers (GIFP
or RFP) and male partners were wild type.

Line combinations for reproductive isolation tests

We crossed African and cosmopolitan D. melanogaster populations as fol-
lows: Chipatal.l % I'T-IV-69; L.ZV3.4 X FIN-I-15-17; and Zim30 X
Canton-S. Each cross was performed in both directions (i.e., @ cos-
mopolitan X & African and @ African X & cosmopolitan). However,
we observed few copulations in @ LZV3.4 X & FIN-I-15-17 and @
7im30 X d Canton-S, confirming that these African females discrim-
inate strongly against cosmopolitan males (Hollocher et al. 1997), so
we discarded these two crosses from subsequent analyses. Our initial
sample size was 18 replicates per treatment and cross (Le., 324 sam-
ples). However, we lost replicates over the course of the experiment due
to unsuccessful first or second mating trials, fly death, or handling mis-
takes (see Iigure 2 and Supplementary Table S2 for final sample sizes).

Premating isolation

To test premating isolation among lines and evaluate the effect of
male social environment manipulation upon it, we exposed focal
males to virgin heteropopulation females (i.e., 1-day old) in small
vials containing food. We first sampled all males—without anesthe-
tization—and then distinguished focal males from male partners by
momentarily exposing flies to epifluorescence illumination using a
fluorescence compound microscope. We observed all male—female
pairs for 2 h and recorded mating success, mating duration, and room
temperature. Importantly, pair formation and mating observation
were done by two different experimenters to ensure that the data were
recorded blind with regards to the fly lines and the treatment. We then
kept females in isolation for 5 days. Note that we confirmed at this
stage that focal males were homozygotes for the marker by verifying
that all offspring produced during these 5 days expressed the marker.

Postmating isolation
To assess postmating isolation, we exposed females from the proce-
dure above that had been isolated for 5 days after their first mating
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@ Sampling males from African and cosmospolitan
Drosophila melanogaster populations

2

@ Social environment manipulation (5 days)

Focal male l l iNIale partners

Isolated Homopop Heteropop.

9 Pre-mating 1solat10n assessment
(2h mating trial with virgin heteropop. female)

7& 7& 7&— Female
L 2

(4] Post-mating isolation assessment
(female remating trial with a homopop. male)

Second male

Figure 1

Experimental setup used to manipulate male social environment and assess
premating and postmating isolation. First, males were sampled from lines
of either African or cosmopolitan populations. Second, we experimentally
manipulated the social environment experienced by focal males by
raising them for 5 days either in isolation, or with five homopopulation
or heteropopulation male partners. Third, we exposed focal males for
2 h to a virgin heteropopulation female and scored mating success and
mating duration. Fourth, females had a second mating opportunity with a
homopopulation male, and we scored mating success and mating duration,
as well as the resulting paternity share. Fly color denotes fly population.

to a second male that came from the same line as the female. We
observed the pair for 2 h and recorded mating success, mating du-
ration, and room temperature. Again, mating observations were
blinded. We kept the twice-mated female in isolation for a further
5 days and counted all resulting offspring and scored the marker,
allowing quantification of offspring sired by focal males.

Data analysis

We measured premating isolation using three response variables
(mating success, mating latency, and mating duration), and postmating
isolation using two (remating success and paternity share). We tested
whether these responses were influenced by the male social environ-
ment (isolated, homopopulation male partners, and heteropopulation
male partners), by line, and by a male social environment X line inter-
action. We included room temperature as a covariate in all data ana-
lyses. We used binary nominal logistic regressions for mating success
and remating success, analyses of covariances for mating latency and
mating duration, and a binomial generalized linear model with logit
link function for paternity share. Note that when we found a signif-
icant interaction effect, we tested for male social environment effect
within each line. Similarly, when we found significant male social en-
vironment eflects, we ran post hoc pairwise comparisons to determine
which treatment explained the overall effect. All statistical analyses
were carried out in JMP (SAS Institute Inc., Cary, NC).

RESULTS

The male social environment did not affect the mating success or
mating latency (Table 1; Figure 2A,B). The significant interaction
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The effects of male social environment on premating and postmating sexual isolation. We manipulated the social environment of focal males, and then
measured mating success (A), mating latency (B), and mating duration (C) with heteropopulation females. Females were then exposed to a second male,
and we measured female remating success (D) and focal male’s paternity share (E). Stars and ns stand for significant and nonsignificant pairwise differences,
respectively. In panels B, C, and D, all data points are shown jittered, thick black bars indicate standard errors, and the white gap between them the means for
each comparison. Sample sizes are indicated under brackets. See Results for statistics.

Table 1

The effect of male social environment, line, social environment X line social environment, and temperature on measures of
premating isolation (mating success, mating latency, and mating duration) and postmating isolation (remating success and paternity

share). See Methods for details

Mating success

Mating latency

Mating duration Remating success Paternity share

df x? P Fratio P Fratio P %2 P x? P
Social environment 2 0.0 1.000 0.2 0.847 3.6 0.030 3.5 0.1701 0.4 0.838
Line 3 53.1 <0.001 18.0 <0.001 33.2 <0.001 16.3 0.001 0.1 0.995
Social environment X line 6 13.5 0.035 1.1 0.355 1.8 0.103 4.0 0.671 5.5 0.486
Temperature 1 0.3 0.597 0.8 0.364 2.7 0.105 0.7 0.672 0.0 0.841

observed for mating success X line suggested that social environment
affected mating success differently among lines. However, we did
not find significant social environment effects on mating success in
follow-up analyses conducted within each line (all 2> 0.05; binary
nominal logistic regressions accounting for multiple testing), so any
effect was weak. The only significant effect of social environment we
found was on mating duration (lable 1; Figure 2C). Post hoc ana-
lyses showed that males previously raised in isolation copulated for a
shorter duration than males raised with either homopopulation male
partners (2.04 £ 0.81 min [0.43-3.65], ¢ = 2.5, degrees of freedom
[df] = 144, P=0.013; mean duration difference * standard error
[lower and upper confidence limit]; post hoc Student’s ¢ test) or
with heteropopulation male partners (1.72 + 0.80 min [0.13-3.31],

t=2.1,df = 144, P=0.033). Males raised with homopopulation or
heteropopulation male partners did not significantly differ in cop-
ulation duration (0.32 + 0.79 min [—1.24-1.87], = 0.4, df = 144,
P=0.688; Figure 2C)). We did not find significant effects of male
social environment on either measure of postmating isolation, fe-
male remating success, and paternity share (Table 1; Figure 2D,E).
Note that the exclusion of the two outliers on male paternity share
(>0.75) does not qualitatively change the statistical outcomes (all ns).

DISCUSSION

The strength of sexual isolation between animal species can
depend on whether individuals have previously experienced
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heterospecific individuals of the opposite sex (e.g., Magurran and
Ramnarine 2004; Fincke et al. 2007; Dukas 2008; Kujtan and
Dukas 2009). Here, we test if male experience of other males
could also influence isolation. For example, strategic allocation of
courtship effort or ejaculate components could influence sexual
isolation, both in terms of mating success and postmating fertiliza-
tion success. However, we found that the male social environment
had little influence on sexual isolation between African and cos-
mopolitan D. melanogaster populations. Whether males experienced
homopopulation or heteropopulation males did not affect the
strength of sexual isolation despite examining both premating and
postmating reproductive barriers. The only significant difference
we found was on mating duration. Previously isolated males copu-
lated for a shorter duration than males that had (any) social part-
ners. Thus, despite the fact that many premating and postmating
reproductive traits are known to depend on the male social environ-
ment in D. melanogaster, our findings suggest that plastic responses in
these traits might have limited effects on sexual isolation.

If males can alter their reproductive strategy due to the likeli-
hood of sperm competition intensity, how phylogenetically related
must males encountered in the social environment be for focal
individuals to perceive them as sexual competitors? In this study
examining intraspecific, but population-level, variation in social
experience, we found that males showed similarly longer mating
durations in response to the presence of either homopopulation or
heteropopulation males, suggesting that focal males perceived both
as sexual competitors. In a previous study examining interspecific
variation in social experience, we found that D. melanogaster and
Drosophila simulans males produce longer courtship songs after being
raised with other males, regardless of whether social partners were
D. melanogaster or D. simulans (Marie-Orleach et al. 2019a). In con-
trast, Bretman et al (2017) found that D. melanogaster males increase
their mating duration in response to the presence of heterospecific
males but not as might be predicted based on genetic distances
between species. Responses to other species may be related to
phenotypes rather than genetic distance per se. D. melanogaster
males increase their mating duration in response to the presence
of D. simulans and Drosophila pseudoobscura males (though not to the
same extent as to the presence of D. melanogaster males) but not of
the closely related Drosophila yakuba or Drosophila virilis males. More
surprisingly, such a response to the risk of sperm competition is
also seen in monandrous populations of Drosophila subobscura (Iisher
et al. 2013), and such responses may have evolved in the context
of direct male—male competition rather than (or alongside) sperm
competition to maximize strategic investment (Lizé et al. 2014).
Altogether, our data and these previous findings suggest that plas-
ticity mediated by male competition may be a general response to
interactions with other males but not in a manner that is gener-
ally predicted by phylogenetic distance, suggesting that such plas-
ticity may not be instrumental in influencing subtle levels of sexual
isolation.

Our results suggest that phenotypic plasticity mediated by the
male social environment is unlikely to play a role in accelerating
population divergence, which is important in the light of current
debates about how socially mediated phenotypic plasticity affects
trait evolution and speciation processes (Price et al. 2003; West-
Eberhard 2005; Ghalambor et al. 2007; Scoville and Pfrender
2010; Parsons et al. 2016; Schmid and Guillaume 2017; Bailey
et al. 2018). In contrast, it is clear that male-male competition itself
is a strong agent of selection and likely responsible for rapid evo-
lutionary change in multiple phenotypes. For instance, accelerated
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evolutionary rates are observed in gonadal and genital traits (e.g,,
Civetta and Singh 1998) and in ejaculate proteins (Swanson et al.
2001). Similarly, closely related species are often found to have
higher levels of diversification in sperm traits and in genital mor-
phology (e.g., Pitnick et al. 2003), as well as in sperm precedence
traits (e.g., Manier et al. 2013). Our study suggests that this accel-
erated evolutionary rate of male traits is not reflected in species-
specific plasticity in their expression or that any such plasticity in
traits is not effective in influencing sexual isolation.

Our data confirm that previously isolated D. melanogaster males en-
gage in shorter copulations than males previously housed with (any)
types of social partners do. This is consistent with previous studies
showing that males respond to the risk of sperm competition by
copulating for longer. This is usually thought to increase the number
of sperm transferred and offspring sired (Bretman et al. 2009;
Garbaczewska et al. 2013). However, in our study, this effect did not
translate to subsequent increases in offspring production as we did
not find that the social environment influenced paternity share. This
discrepancy is surprising. Perhaps any influence is relatively subtle
and not detected in our experiment. Because paternity share can
only be assessed on the subset of females that remate, our sample
size decreased over the course of the experiment. Nevertheless, our
findings indicate that there are no large effects of the male social en-
vironment on postmating sexual isolation, despite our observation of
increased copulation duration when reared in the presence of rivals.

Any phenotypic plasticity mediated by the male social environ-
ment is not likely to accentuate the population divergence seen
here, and such plasticity seems to be relatively broadly tuned
to the identity of interacting partners. Additional experiments
investigating more diverse components of the social environment,
and premating and postmating sexual isolation, at different stages
of evolutionary divergence, are required to fully address how the
social environment affects speciation processes in general.

FUNDING

This work was supported by the Swiss National Science Foundation
(P2BSP3_158842 and P300PA_171516 to L.M.O.) and the Natural
Environment Research Council (NE/L011255/1 to N.W.B. and NE/
J020818/1 to M.G.R.).

We thank M. Cunningham, D. Forbes. A. Grant, and T. Sneddon for tech-
nical support, and J. Cooper, A. Goddard, and C. Pemberton for project de-
velopment support. We also thank Luke Holman, Leigh Simmons, and two
anonymous reviewers for helpful comments. Fly strains were supplied by
M. Bischoff, D. Matute, H. Hollocher, the DrosEU project (http://drosecu.
net/) and from the Bloomington Drosophila Stock Center, Indiana University
Bloomington, USA.

Conflict of interest: The authors declare no conflicts of interest.

Data accessibility: Analyses reported in this article can be reproduced using
the data provided by Marie-Orleach et al. (2019b).

Handling editor: Luke Holman

REFERENCES

Alipaz JA, Wu CI, Karr TL. 2001. Gametic incompatibilitics between races
of Drosophila melanogaster. Proc Biol Sci. 268:789-795.

Bailey NW, Marie-Orleach L, Moore AJ. 2018. Indirect genetic effects in
behavioral ecology: does behavior play a special role in evolution? Behav
Ecol. 29:1-11. doi:10.1093/beheco/arx127

Bailey NW, Zuk M. 2009. Field crickets change mating preferences using
remembered social information. Biol Lett. 5:449-451.

0202 YoIel 1.2 U0 1sonb Aq $98969G/.8¥/2/ 1 €AOBISqR-9]011E/009ad /W00 dNO-0IWSPEE//:SARY WOl pepeojumod


http://droseu.net/
http://droseu.net/

492

Billeter JC, Jagadeesh S, Stepek N, Azanchi R, Levine JD. 2012. Drosophila
melanogaster females change mating behaviour and offspring production
based on social context. Proc Biol Sci. 279:2417-2425.

Bretman A, Fricke C, Chapman 'T. 2009. Plastic responses of male Drosophila
melanogaster to the level of sperm competition increase male reproductive
fitness. Proc Biol Sci. 276:1705-1711.

Bretman A, Gage M]J, Chapman T. 2011. Quick-change artists: male plastic
behavioural responses to rivals. Trends Ecol Evol. 26:467-473.

Bretman A, Rouse ], Westmancoat JD, Chapman T. 2017. The role
of species-specific sensory cues in male responses to mating rivals in
Drosophila melanogaster fruitflies. Ecol Evol. 7:9247-9256.

Carazo P, Tan CK, Allen E, Wigby S, Pizzari T. 2014. Within-group male
relatedness reduces harm to females in Drosophila. Nature. 505:672-675.
Civetta A, Singh RS. 1998. Sex and speciation: genetic architecture and ev-
olutionary potential of sexual versus nonsexual traits in the sibling species

of the drosophila melanogaster complex. Evolution. 52:1080-1092.

Danchin E, Nobel S, Pocheville A, Dagaeft AC, Demay L, Alphand M,
Ranty-Roby S, van Renssen L, Monier M, Gazagne E, et al. 2018.
Cultural flies: conformist social learning in fruitflies predicts long-lasting
mate-choice traditions. Science. 362:1025-1030.

Dukas R. 2008. Learning decreases heterospecific courtship and mating in
fruit flies. Biol Lett. 4:645-647.

Fincke OM, Fargevieille A, Schultz TD. 2007. Lack of innate preference
for morph and species identity in mate-searching Enallagma damselflies.
Behav Ecol Sociobiol. 61(7):1121-1131.

Fisher DN, Doff R], Price TA. 2013. True polyandry and pseudopolyandry:
why does a monandrous fly remate? BMC Evol Biol. 13:157.

Freeman BG, Montgomery GA, Schluter D. 2017. Evolution and plasticity:
divergence of song discrimination is faster in birds with innate song than
in song learners in Neotropical passerine birds. Evolution. 71:2230-2242.

Gailey DA, Jackson FR, Siegel RW. 1982. Male courtship in Drosophila: the
conditioned response to immature males and its genetic control. Genetics.
102:771-782.

Garbaczewska M, Billeter JC, Levine JD. 2013. Drosophila melanogaster males
increase the number of sperm in their ejaculate when perceiving rival
males. ] Insect Physiol. 59:306-310.

Ghalambor ACK, Mckay JK, Carroll SP, Reznick DN, Ghalambor CK,
Mckayt JK, Carroll SP, Reznick DN. 2007. Adaptive versus non-adaptive
phenotypic plasticity and the potential for contemporary adaptation in
new environments. Funct Ecol. 21(3):394-407.

Griffith LC. 2014. Courtship learning. In: Dubnau J, editor. Behavioral
genetics of the fly Cambridge (UK): Cambridge University Press. p.
116-124.

Groot AT, Classen A, Staudacher A, Schal C, Heckel DG. 2010. Phenotypic
plasticity in sexual communication signal of a noctuid moth. J Evol Biol.
23:2731-2738.

Hartl DL, Clark AG. 1997. Principles of population genetics. Sunderland,
MA: Sinauer Associates, Inc. Publishers.

Hollis B, Kawecki TJ, Keller L. 2015. No evidence that within-group
male relatedness reduces harm to females in Drosophila. Ecol Evol.
5:979-983.

Hollocher H, Ting CT, Pollack F, Wu CI. 1997. Incipient speciation by
sexual isolation in drosophila melanogaster: variation in mating prefer-
ence and correlation between sexes. Evolution. 51:1175-1181.

Hospital I 2001. Size of donor chromosome segments around introgressed
loci and reduction of linkage drag in marker-assisted backcross programs.
Genetics. 158:1363-1379.

Irwin DE, Price T. 1999. Sexual imprinting, learning and speciation.
Heredity (Edinb). 82(Pt 4):347-354.

Jennings JH, Snook RR, Hoikkala A. 2014. Reproductive isolation among
allopatric Drosophila montana populations. Evolution. 68:3095-3108.

Kawecki TJ. 2013. The impact of learning on selection-driven speciation.
Trends Ecol Evol. 28:68-69.

Kent C, Azanchi R, Smith B, Formosa A, Levine JD. 2008. Social context
influences chemical communication in D. melanogaster males. Curr Biol.
18:1384-1389.

Krupp JJ, Kent C, Billeter JC, Azanchi R, So AK, Schonfeld JA, Smith BP,
Lucas C, Levine JD. 2008. Social experience modifies pheromone ex-
pression and mating behavior in male Drosophila melanogaster. Curr Biol.
18:1373-1383.

Kujtan L, Dukas R. 2009. Learning magnifies individual variation in
heterospecific mating propensity. Anim Behav. 78(2):549-554.

Le Page S, Sepil I, Flintham E, Pizzari T, Carazo P, Wigby S. 2017. Male
relatedness and familiarity are required to modulate male-induced harm

to females in Drosophila. Proc R Soc B Biol Sci. 284(1860):20170441.

Behavioral Ecology

Lehtonen TK, Svensson PA, Wong BB. 2016. The influence of recent social
experience and physical environment on courtship and male aggression.
BMC Evol Biol. 16:18.

Li X, Ishimoto H, Kamikouchi A. 2018. Auditory experience controls the
maturation of song discrimination and sexual response in Diosophila.
Elife. 7:¢34348.

Liz¢ A, Price TAR, Heys C, Lewis Z, Hurst GDD. 2014. Extreme cost of
rivalry in a monandrous species: male-male interactions result in failure
to acquire mates and reduced longevity. Proc R Soc B Biol Sci. 281(1786)
:20140631.

Magurran AE, Ramnarine IW. 2004. Learned mate recognition and repro-
ductive isolation in guppies. Anim Behav. 67:1077-1082.

Manier MK, Belote JM, Berben KS, Liipold S, Ala-Honkola O, Collins WE,
Pitnick S. 2013. Rapid diversification of sperm precedence traits and pro-
cesses among three sibling Drosophila species. Evolution. 67:2348-2362.

Marie-Orleach L, Bailey NW, Ritchie MG. 2019a. Social effects on fruit fly
courtship song. Ecol Evol. 9:410-416.

Marie-Orleach L, Sanz AM, Bailey NW, Ritchie MG. 2019b. Data from: does
the response of D. melanogaster males to intrasexual competitors influence
sexual isolation? Behav Ecol. https://doi.org/10.5061/dryad.wwpzgmsfz

Parker GA. 1970. Sperm competition and its evolutionary consequences in
insects. Biol Rev. 45(4):525-567.

Parker GA, Pizzari T. 2010. Sperm competition and ejaculate economics.
Biol Rev Camb Philos Soc. 85:897-934.

Parsons KJ, Concannon M, Navon D, Wang ], Ea I, Groveas K,
Campbell C, Albertson RC.. 2016. Foraging environment determines the
genetic architecture and evolutionary potential of trophic morphology in
cichlid fishes. Mol Ecol. 25:6012-6023.

Pitnick S, Miller GT, Schneider K, Markow TA. 2003. Ejaculate-female co-
evolution in Drosophila mojavensis. Proc Biol Sci. 270:1507-1512.

Price TD, Qvarnstrom A, Irwin DE. 2003. The role of phenotypic plasticity
in driving genetic evolution. Proc Biol Sci. 270:1433-1440.

Rodriguez RL, Rebar D, Fowler-Finn KD. 2013. The evolution and evo-
lutionary consequences of social plasticity in mate preferences. Anim
Behav. 85(5):1041-1047.

Schmid M, Guillaume F. 2017. The role of phenotypic plasticity on popula-
tion differentiation. Heredity (Edinb). 119:214-225.

Schneider J, Atallah J, Levine JD. 2012. One, two, and many. A perspective
on what groups of Drosophila melanogaster can tell us about social dynamics.
In: Sokolowski MB, Goodwin SE editors. Gene-environment interplay:.
Vol. 77. San Diego (CA): Elsevier Academic Press Inc. p. 59-78.

Schneider J, Atallah J, Levine JD. 2017. Social structure and indirect ge-
netic effects: genetics of social behaviour. Biol Rev Camb Philos Soc.
92:1027-1038.

Scoville AG, Pfrender ME. 2010. Phenotypic plasticity facilitates recur-
rent rapid adaptation to introduced predators. Proc Natl Acad Sci USA.
107:4260-4263.

Servedio MR, Biirger R. 2014. The counterintuitive role of sexual selec-
tion in species maintenance and speciation. Proc Natl Acad Sci USA.
111:8113-8118.

Servedio MR, Dukas R. 2013. Effects on population divergence of within-
generational learning about prospective mates. Evolution. 67:2363-2375.

Servedio MR, Noor MAFF. 2003. The role of reinforcement in speciation:
theory and data. Annu Rev Ecol Evol Syst. 34(1):339-364.

Servedio MR, Sather SA, Setre GP. 2009. Reinforcement and learning
Evol Ecol. 23(1):109-123.

Swanson W], Clark AG, Waldrip-Dail HM, Wolfner MF, Aquadro CFE
2001. Evolutionary EST analysis identifies rapidly evolving male repro-
ductive proteins in Drosophila. Proc Natl Acad Sci USA. 98:7375-7379.

Turissini DA, McGirr JA, Patel SS, David JR, Matute DR. 2018. The rate
of evolution of postmating-prezygotic reproductive isolation in Drosophila.
Mol Biol Evol. 35:312-334.

Verzijden MN, ten Cate C, Servedio MR, Kozak GM, Boughman JW,
Svensson EI. 2012. The impact of learning on sexual selection and speci-
ation. Trends Ecol Evol. 27:511-519.

Verzijden MN, Ten Cate C, Servedio MR, Kozak GM, Boughman JW,
Svensson EI. 2013. The impact of learned mating traits on speciation is
not yet clear: response to Kawecki. Trends Ecol Evol. 28:69-70.

West-Eberhard MJ. 2005. Developmental plasticity and the origin of species
differences. Proc Natl Acad Sci USA. 102 Suppl 1:6543-6549.

Wigby S, Sirot LK, Linklater JR, Buehner N, Calboli FC, Bretman A,
Wolfner ME, Chapman T. 2009. Seminal fluid protein allocation and
male reproductive success. Curr Biol. 19:751-757.

Yeh DJ, Servedio MR. 2015. Reproductive isolation with a learned trait in a
structured population. Evolution. 69:1938-1947.

0202 YoIel 1.2 U0 1sonb Aq $98969G/.8¥/2/ 1 €AOBISqR-9]011E/009ad /W00 dNO-0IWSPEE//:SARY WOl pepeojumod



