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Sexual conflict may result in the escalating coevolution of sexually antagonistic traits.
However, our understanding of the evolutionary dynamics of antagonistic traits and their
role in association with sex-specific escalation remains limited. Here we study sexually
antagonistic coevolution in a genus of water striders called Rhagovelia. We identified
a set of male grasping traits and female anti-grasping traits used during pre-mating
struggles and show that natural variation of these traits is associated with variation in
mating performance in the direction expected for antagonistic coevolution. Phylogenetic
mapping detected signal of escalation of these sexually antagonistic traits suggesting
an ongoing arms race. Moreover, their escalation appears to be influenced by a trade-
off with dispersal through flight in both sexes. Altogether our results highlight how
sexual interactions and natural selection may have shaped sex-specific antagonistic
trait coevolution.
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INTRODUCTION

The evolutionary interests of males and females in reproductive interactions often diverge, leading
to the coevolution of sexually antagonistic traits that are favored in one sex at a fitness cost to the
other (Arnqvist and Rowe, 2005). Females possess a limited number of eggs and pay increasing costs
for multiple mating (Rowe et al., 1994; Arnqvist and Rowe, 2005). On the other hand, males are
favored to mate repeatedly because increased mating rate in males results in increased fitness (Rowe
et al.,, 1994; Arnqvist and Rowe, 2005). These opposing interests during mating interactions cause
sexual conflict over mating rate (Arnqvist and Rowe, 2005). In this specific case, sexual antagonism
drives the evolution of armaments whereby grasping traits allowing males to persist and increase
their mating success are often matched by the evolution of anti-grasping traits in females improving
their ability to resist and thus escape fitness costs associated with superfluous mating events
(Weigensberg and Fairbairn, 1996; Arnqvist and Rowe, 2002b). The repeated evolution of such sex-
specific armaments can lead to episodes of escalation and ultimately arms race (Arnqvist and Rowe,
1995, 2002a; Pennell and Morrow, 2013). Sex chromosome evolution (Dean et al., 2012; Pennell and
Morrow, 2013), sex biased gene expression (Snook et al., 2010; Mank et al., 2013; Mank, 2017) and
intra- and inter-locus sexual conflict (Rowe and Day, 2006; Bonduriansky and Chenoweth, 2009;
Crumiere and Khila, 2019), are expected to drive the divergence of the sexes, often resulting in
striking cases of sexual dimorphism (Rowe and Day, 2006; Bonduriansky and Chenoweth, 2009).
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The dynamics of morphological co-evolution of sexually
antagonistic traits has attracted much attention (Arnqvist and
Rowe, 2002a; Bergsten and Miller, 2007; Kuntner et al., 2009)
and water striders have been widely used as a model to study
sexual dimorphism and antagonistic co-evolution in the context
of sexual conflict (Arngvist, 1992; Arngvist and Rowe, 1995;
Weigensberg and Fairbairn, 1996). Despite the rich diversity
of this group of semiaquatic insects, the vast majority of
these studies have focused on the Gerridae family (Insecta,
Heteroptera, Gerromorpha, Veliidae) (Arnqvist, 1992; Arnqvist
and Rowe, 1995, 2002a; Weigensberg and Fairbairn, 1996).
Here, we investigated the evolution of sexual dimorphism
in the tropical genus Rhagovelia from the Veliidae family
(Insecta, Heteroptera, Gerromorpha, Veliidae) (Andersen, 1982;
Polhemus, 1997; Moreira and Ribeiro, 2009). In this genus,
sexual dimorphism is particularly dramatic with both sexes often
bearing morphological traits reminiscent to those usually found
in species with strong sexual conflict (Andersen, 1982; Polhemus,
1997; Arnqvist and Rowe, 2005; Moreira and Ribeiro, 2009).
However, the process of sexual selection; i.e., male competition,
mate choice or sexual conflict over mating rate, driving
sexual dimorphism in Rhagovelia is unknown (Andersson,
1994; Arnqvist and Rowe, 2005). Through morphological and
behavioral observations, we identified a large set of potentially
sexually antagonistic armaments in the Rhagovelia genus and
tested their role during sexual interactions in a representative
species called Rhagovelia antilleana (Andersen, 1982; Polhemus,
1997; Moreira and Ribeiro, 2009). We then tested how variation
in sexually antagonistic traits affects male and female success
during sexual interactions. We show that this variation is
associated with trade-offs with flight capability and egg storage.
Finally, we used phylogenetic reconstruction of male and
female secondary sexual traits to understand how antagonistic
coevolution and diversification may have shaped the divergence
of the sexes in this lineage and assess the extent of evolutionary
arms race.

RESULTS

Sexual Dimorphism in Rhagovelia

Sexual dimorphism in the water strider genus Rhagovelia ranges
from subtle to spectacular differences in morphology between
the sexes (Figures 1A-D’; Polhemus, 1997; Moreira and Ribeiro,
2009). Rhagovelia populations contain both winged and wingless
morphs (Polhemus, 1997; Moreira and Ribeiro, 2009). In our
R. antilleana lab population, winged females were present at
27.5% and wingless females at 72.5% while winged males were
present at 18.75% and wingless males at 81.25%. In both
male morphs, the foreleg tarsi are equipped with prominent,
hook-like, combs that are absent in the females (Figures 1E,E’;
Polhemus, 1997; Moreira and Ribeiro, 2009). The rearlegs of
males possess several rows of spikes of different sizes along
the trochanter, femur, and tibia (Figures 1IEF-G,G’; Polhemus,
1997; Moreira and Ribeiro, 2009). In addition, the femurs of the
males’ rearlegs are very thick compared to those of the females
(Figures 1C,D,EC D’F’; Polhemus, 1997; Moreira and Ribeiro,
2009). Staining for actin fibers revealed that the width of the

femur is entirely occupied by muscles (Figure S1), suggesting
that thicker femurs have the potential to apply stronger grip
force. In females, winged morphs possess a prominent spike-like
projection of the pronotun (Figure 1H’; Polhemus, 1997) that
is not found in wingless females (Figure 1C’) or winged males
(Figure 1H; Polhemus, 1997). Wingless females have a narrow-
shaped abdomen (Figure 2B) that can be even more pronounced
in some species such as Rhagovelia obesa (Figure2C). We
have never observed winged females with narrow abdomen
or wingless females with pronotum projection indicating that
these two traits are mutually exclusive (Figures2A,B). This
observation suggests that morph-specific strategies to reduce
mating frequency have evolved in Rhagovelia females.

Mating Behavior in Rhagovelia antilleana
Pre-mating interactions in R. antilleana include vigorous
struggles between males and females, characteristic of sexual
conflict over mating rate (Arnqvist and Rowe, 1995, 2005; Khila
etal., 2012). Behavioral quantification revealed that both winged
and wingless males approach females preferably on the side and
the back by grasping female’s mid- and rearlegs (Figure S2A).
We did not detect a significant male preference for winged or
wingless morphs or any differences in the frequency of mating
events related to the overall numbers of pre-mating interactions
across female morphs (Figures S2B-D). When mounted, males
use the sex combs to clasp the pronotum of the female and
tighten the grip on her legs using their modified rearlegs
(Supplementary Video 1). Females vigorously shake their body
and perform repeated somersaults, which frequently result in
rejecting the male (Supplementary Video 2). The struggles are
vigorous and their duration is typically 0.68 &= 0.99s in average,
but can vary between fractions of a second (<0.15s) to several
seconds (9.75s) (Figure S2E). These pre-mating struggles are
indicative of sexual conflict over mating rate and the sex-specific
modifications we observed might be the result of antagonistic
interaction between the sexes in this species.

Effect of Natural Variation in Male and

Female Antagonistic Traits on Mating Rate
Artificially generated variation in sexually antagonistic traits is
known to result in variation in mating success (Khila et al,
2012). Here, we wanted to test whether natural variation in
male persistence and female resistance traits is also associated
with variation in mating success. In R. antilleana, only
winged females have the pronotum projection (Figure2A)
and only wingless females have narrow abdomen (Figure 2B),
whereas in males there is considerable natural variation in
the degree of elaboration of the rear-legs (Figures 2D-F). To
determine the extent to which this variation affects individual
performance during pre-mating struggles, we used a tournament
design (Figure 83; Ivy and Sakaluk, 2007) composed of 10
replicates with 8 males and 8 females each for a total of 80
males and 80 females. This experiment separated males and
females based on the outcome of premating struggles into
successful, intermediate, and unsuccessful individuals (Figure 3
and Figure S3). Successful males are those who copulate after
a premating struggle and successful females are those who
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and a pronotum projection (H’) that are absent in males (C,H).

FIGURE 1 | Sexual dimorphism and secondary sexual traits in the genus Rhagovelia. The outgroup Oiovelia cunucunumana (A,A’) does not show strong dimorphism.
In the genus Rhagovelia, sexual dimorphism can be subtle as in Rhagovelia plumbea (B,B’) or more extreme as in Rhagovelia antilleana (C,C’) or Rhagovelia sp.2
(D,D’). This dimorphism affects secondary sexual traits such as the sex combs (in red) present in male fore-legs (E) and absent in females (E’); the presence of spikes
(in blue, yellow and red) and the larger femur of the rear-leg femur in males (F) compared to females that only have some small femur spikes (F’); and the presence of
spikes (in green) along the rear-leg tibia in males (G) that are also absent in females (G’). Females possess secondary sexual traits such as a narrow abdomen (C’)

reject males after pre-mating struggle (Figure $3). We found
that successful males have significantly more rear-leg tibia
spikes and thicker rear-leg femurs compared to unsuccessful
males (respectively Wilcoxon test: p = 0.045%; Student ¢-test:
p = 0.02%; Figures 3A,B and Figure S4), however body size,
number of spikes on rear-leg femur, and the length of rear-
leg tibia and femur did not significantly differ between the two
groups (Figures 3C-F and Figure S4). This result highlights the
importance of the rear-legs for increasing male mating frequency
and therefore, to some extents, male fitness (Andersson, 1994;
Danielsson, 2000; Arnqgvist and Rowe, 2005). In females, our
data indicated that individuals with a pronotum projection

were significantly more efficient in rejecting males than females
with narrow abdomen (Cochran-Mantel-Haenszel chi-squared
test: 23,45; df = 2; p-value: 8.089e-06™**; Figure 3G). To
further test the validity of this conclusion, we conducted an
experiment where the performance of 30 wingless females
(narrow abdomen and absence of pronotum projection) was
compared to that of 18 winged females (wide abdomen) from
which we amputated the pronotum projection. We found that
winged females with amputated pronotum projection were less
efficient at rejecting males, which resulted in higher mating
frequency (Figures 3G,H). This result indicates that in the
absence of the pronotum projection, narrow abdomen increases
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W 4 500 pm 500 pm 500 pm
R. antilleana winged female R. antilleana wingless female R. obesa wingless female
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R. antilleana winged female R. antilleana wingless female

D
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R. antilleand@ wingless male

R. antilleana wingless male

R. antilleana wingéd male

FIGURE 2 | Variation in secondary sexual traits in Rhagovelia. Winged R. antilleana females (A) have a large abdomen compared to wingless females (B). The
presence of wing muscles (A’, in red) in the thorax constrains the eggs to be located in the abdomen (in yellow) while in wingless females (B’) the space in the thorax is
free from wing muscles and can be occupied by eggs, thus allowing a narrow abdomen. In species such as R. obesa (C), the narrow abdomen is even more
pronounced and eggs are located in the thorax (C’), thus confirming our observation. There is also variability in the rear-leg in males, especially in the size of the femur.
Winged males (D), have thin femurs while other males have intermediate (E) or large femurs (F).
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female’s ability to resist harassing males. Therefore, alternative
morph-specific strategies evolved in the females possibly under
selection by male harassment. Altogether, these experiments
suggest that natural variation in sexually antagonistic traits is
associated with variation in the ability of both sexes to control
mating rate.

Armament Escalation Is Influenced by
Flight Capability in Rhagovelia

Because natural variation in antagonistic traits can result in
variation in the performance of males and females during pre-
mating struggles, we investigated whether life history traits might
influence this variation. Many studies described the presence of
trade-offs between flight capability and certain morphological
or physiological traits, such as fertility, in a number of insects
(Fairbairn and Desranleau, 1987; Langellotto et al., 2000;
Simmons and Emlen, 2006; Karlsson and Johansson, 2008). We
therefore tested whether wing polymorphism in R. antilleana
affects variation in males and female’s sexually antagonistic
traits. The pronotum projection, a sexually antagonistic trait that
increases the ability of females to resist male harassment, only
develops in winged female morphs (Figure 1H’). The presence of
the wings is accompanied by the presence of flight muscles, which
fill most of the space in the thorax (Figure 2A’; Fairbairn and
Desranleau, 1987; Kaitala, 1988). These winged females position
their developing eggs mostly in the abdomen (Figure 24A’). In
wingless females of both R. antilleana and R. obesa, we found that
the absence of flight muscles provides a space in the thorax that is
occupied by the developing eggs (Figures 2B,C’). Furthermore,
we found that wingless females contained a significantly higher
number of developing eggs than winged females, consistent
with the trade-off between flight and fertility (mean of 4.15
eggs £ 2.96 for n = 20 wingless females vs. mean of 1.35
eggs + 2.35 for n = 20 winged females; Student ¢-test: p-value
0.002094**; Figures 2A’-C’) (Fairbairn and Desranleau, 1987;
Fairbairn, 1988; Roff and Fairbairn, 1991). These data suggest
that the presence of wings is associated with the development
of the pronotum projection and constrains the narrowing of
the abdomen (Figure S5). These morphological constraints may
have driven the evolution of alternative sex-specific and morph-
specific strategies to escape fitness costs due to frequent mating
in females. In males, we observed that winged morphs typically
have the thinnest rear-leg femurs (Figure 2D) and were under-
represented in the successful group of our tournament set-
up, contrary to wingless morphs that have the largest rear-
leg femurs (Cochran-Mantel-Haenszel chi-squared test: 10,957;
degree of freedom: 2; p-value: 0.004177**; Figure 3I). Altogether,
our observations highlight a trade-off between dispersal and
mating success in both males and females.

Signs of Evolutionary Arms Race Between

the Sexes in the Rhagovelia Genus

Coevolution of the sexes due to antagonistic interactions
could lead to escalation and arms race that deeply shape the
evolutionary trajectory of lineages in nature (Arnqvist and Rowe,
1995, 2002a,b; Bergsten and Miller, 2007; Kuntner et al., 2009).

We therefore tested the evolution of armament and presence
of arms race in the Rhagovelia genus by analyzing phylogenetic
patterns of correlation of male and female phenotypic complexity
in terms of secondary sexually antagonistic traits (Arnqvist
and Rowe, 2002a; Bergsten and Miller, 2007; Kuntner et al.,
2009). We mapped eight male specific traits and two female
specific traits on a phylogeny comprising a sample of 13
species to determine the patterns of phenotypic complexity
between the sexes (Tables S1, S2, Figure 4, and Figures S6, S7).
Our reconstruction showed a strong phylogenetic signal where
males of the Rhagovelia genus evolved an increasing number
of secondary sexual traits (Figure4). This pattern indicates
substantial escalation of conflict in males (Arnqvist and Rowe,
2002a,b; Bergsten and Miller, 2007; Kuntner et al., 2009). In
females, we detected the evolution of anti-grasping traits in a
clade where males are the most armed (Figure 4). However, these
armaments do not show phylogenetic signal in females and we
did not detect correlation between male and female phenotypic
complexities (correlation test with phylogenetic independent
contrast; rho: 0.28; p-value: 0.37, n.s.). Based on our samples,
these results suggest an on-going arms race between males and
females in the Rhagovelia genus and more specifically in R.
antilleana and R. obesa (Arnqvist and Rowe, 2002a,b; Bergsten
and Miller, 2007; Kuntner et al., 2009).

DISCUSSION

We have shown that sexual conflict over mating rate generates
sexual dimorphism via the presence of secondary sexual traits
in the Rhagovelia genus. Males have evolved a set of persistence
grasping traits aimed at increasing mating frequency, whereas
females evolved a set of anti-grasping traits aimed at decreasing
mating frequency. Natural variation in these antagonistic traits
directly impacts mating frequency and therefore influences the
fitness of both sexes. Rhagovelia males possess the sex combs as
grasping traits similar to other insects (Spieth, 1952; Markow
et al., 1996; Polak et al., 2004; Chesebro et al., 2009; Tanaka
et al., 2011). An additional male set of grasping traits consists
of elaborations in the rearlegs, which are used as clasps that
neutralize female’s legs (Supplementary Video 1). Our analysis
revealed that variation in number of spines on the tibia
and in the width of the femurs results in variation in male
mating success. While these two traits have shown significant
importance, the legs possess a complete set of secondary sexual
modifications that likely act in synergy altogether and increase
male mating frequency. Females on the other hand, possess
morph-specific modifications consisting of a narrow abdomen
in wingless morphs and a pronotum projection in winged
morphs. Both of these traits increase the chances for the female
to reject harassing males. The projection forms a barrier and
increases the distance between the abdomen of the male and
the female (Supplementary Video 2), likely making it easier for
the female to reject the male. Our experiments also showed
that females with narrow abdomen are better at rejecting males
than females to which we removed the pronotum projection
and that have a wide abdomen. Because males use their rearlegs
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as clamps on the legs of the female, it is possible that the
narrowing of the abdomen allows the female to slide out of this
grip. Altogether our observations indicate a role of these sex-
specific phenotypes in male persistence and female resistance
(Arnqvist and Rowe, 2002a,b).

Our results also indicated that some life history traits such as
fertility and dispersal influence sexually antagonistic armaments
in both sexes (Fairbairn and Desranleau, 1987; Fairbairn, 1988;
Roft and Fairbairn, 1991). Dispersal, manifested by the presence
of wings (Andersen, 1982; Spence, 1989; Fairbairn and King,
2009), is associated with variation in the expression of sexually
antagonistic traits in both sexes. Variation in the elaboration
of these traits in turn influences the ability of the sexes to
control mating frequency. Therefore, there is a tradeoff between

dispersal and the expression of sexually antagonistic traits in
Rhagovelia. In many wing-dimorphic gerrids, winged morphs
are larger, less reproductively active, and mate and lay eggs
at reduced rates compared with wingless morphs (Roff and
Fairbairn, 1991; Fairbairn and Preziosi, 1996). In the case
of R. antilleana winged females, the presence of wings is
associated with the extension of the pronotum, which suggests
that the development of this antagonistic structure might be
contingent on the activation of the wing development program,
although this hypothesis remains to be experimentally tested.
This structure is an efficient female resistance trait that allows
winged females to reduce mating events and potentially increase
their fitness. Inversely, winged males develop relatively simple
antagonistic traits associated with a low mating success but with
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the dispersal capability. In wingless morphs, males have evolved
more elaborated secondary sexual traits that are associated with
increased in mating success and the narrow abdomen of females
allows male rejection but at a lower efficiency compared to
winged females. These differences in mating success correlate
with the higher egg numbers observed in wingless females
that could potentially need to replenish sperm more often
than winged females. However, how the decision to develop
into winged or wingless morphs and whether sexual conflict
affects this decision in Rhagovelia is unknown. Rhagovelia is a
tropical genus and populations occur in large groups that can
reach hundreds of individuals, suggesting that male harassment
is frequent (Ditrich and Papacek, 2010). It is possible that
under these conditions, winged morphs are favored to allow
for dispersal and occupation of niches with lower population
densities. However, winged morphs may not be favored in other
contexts because of the trade-offs we observed between the
presence of wings, the number of eggs produced by females,
and the low success in pre-mating interactions we observed for
males. It is more likely that trade-offs, between mating frequency,
dispersal, and fertility are associated with differences in benefits
and costs that maintain the variation of these traits and have
shaped phenotypic evolution in this group of insects (Roff and
Fairbairn, 1991).

Our study also highlights that antagonistic sexual interactions
and morphological constraints might have driven evolutionary
escalation in the Rhagovelia genus, similar to the dynamics

observed in many species of the Gerridae (Arnqvist and Rowe,
2002a,b). Our analysis has shown that, across this genus, males
have evolved an arsenal of traits across different species while
females only evolved two morph-specific armaments (i.e., narrow
abdomen and pronotum projection) in only two species from
a single clade in our sample. These species, R. antilleana and
R. obesa both belong to the collaris complex in the genus
Rhagovelia (Polhemus, 1997). This complex of 44 species, out
of the 396 Rhagovelia species identified, is characterized by
the presence of pronotum projection in winged females and
narrow abdomen in wingless females (Polhemus, 1997; Polhemus
and Chordas, 2010). This suggests that sexual antagonism had
strongly impacted the evolution of the genus. In addition to
morphological modifications, the females have evolved complex
behavior among their resistance arsenal through shaking and
vigorous somersaults. In our study we have conducted behavioral
observation in one species and our arms race hypothesis is
based on morphological traits only. It would be interesting to
expand the analysis to the difference in female resistance behavior
across Rhagovelia species and assess to which extant females
rely on behavior rather than morphological modifications in
this genus (Rowe and Arnqvist, 2002). These observations could
provide important insights about how behavioral modifications
could participate and influence escalation and arms race. This
could also explain why females from only some species evolved
morphological secondary sexual traits, and why females generally
evolved less traits than males. At a broader scale, comparison
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across families and therefore across different ecological niches,
with gerrids inhabiting stagnant water (Crumiere et al., 2016)
and Rhavogelia inhabiting stream water (Santos et al., 2017),
would provide interesting insights about how habitats and
lifestyles can influence behavioral and morphological coevolution
(Perry and Rowe, 2018).

MATERIALS AND METHODS

Insect Sampling and Culture

Species were collected during fieldwork in the locations indicated
in Table S1. Specimens from Brazil were collected under SISBIO
permit # 43105-1. Specimens from other locations did not request
any official authorizations. Lab populations were established for
R. antilleana. They were kept in water tanks at 25°C, 50%
humidity, 14 h of daylight and fed daily on crickets. Styrofoam
floaters were provided for adult female egg laying. Adults
and nymphs were raised in independent tanks to decrease
nymph cannibalism.

Imaging

Picture acquisition and observation of secondary sexual
traits were performed using a SteREO Discovery V12
(Zeiss), a Stereomicroscope M205 FA (Leica) and using
Scanning Electron Microscopy at Centre Technologique des
Microstructures (UCBL).

Muscle Staining

Male rear-leg femurs were dissected and opened using forceps
and scalpel to remove the cuticle. Femurs were fixed with
Formaldehyde 4% in PTW 1% during 20 min. Femurs were then
washed in 5 successive 10-min baths of PTW 1%. The muscles
were marked with 1/1,000 Phalloidine 488 (Invitrogen) for 1h
followed by 5 successive 10-min baths in PTW 1%. The femurs
were mounted in 50% glycerol + Dapi.

Analyze of Behavior During
Pre-mating Struggles

Male behavior during pre-mating interactions has been analyzed
through 4 different experiments. Experiment 1: 5 pairs of 2
males (4 pairs of 2 wingless males and 1 pair of 2 winged males)
and 5 pairs of 2 females (1 winged and 1 wingless females)
have been isolated during 5 days prior experiment in order to
standardize mating receptivity in females and mating motivation
in males. All individuals were taken from the stock population
and were potentially non-virgin individuals. The experiment was
performed during 5 consecutive days. Each day each pair of males
were placed with a different pair of females in a common 14
x 10 cm plastic container with water, no food and no resting
place. They were recorded during 10 min using a NIKON D7100
camera. We stopped trials when mating event occurred. Videos
were analyzed using QuickTime software (Apple). Between each
days/trials the different pairs were maintained isolated. With
this set-up we obtained 5 biological replicates with 5 technical
replicates for every pairs. Experiment 2: In this experiment we
placed 1 male and 1 female from the general stock population in
8 x 6cm plastic box containing water without food or resting

area and captured every interaction using a Phantom Miro M310
Digital High-Speed Camera and PCC Software (Vision research,
Ametek) for video acquisition. We recorded interactions until
we reached 20 videos per couples or until a mating event
occurred. We used 3 couples (biological replicates) with 3 trials
each (technical replicates) for the 4 different possible morph
combinations: wingless male with wingless female, winged male
with winged female, wingless male with winged female, and
winged male with wingless female. Experiment 3: In this
experiment we took males and females from the general stock
population. In each trial we placed 2 males (1 winged and 1
wingless) with 1 female (winged or wingless) in a 14 x 10cm
plastic container with water, no food and no resting place and we
counted the number of interactions of each male with the female
during 10 min. We used 3 different females for each morph type
(biological replicates) with 3 replicates for each female (technical
replicates). Experiment 4: We took males and females from the
general stock population. For each trial we placed 1 male with
1 female in a 14 x 10 cm plastic container with water, no food
and no resting place and using a stopwatch with centisecond
option we recorded the duration of interactions over 10-min
observation or until mating event occurred. Interactions shorter
than 0.15 s were too fast to take note and were not consider in the
analysis of data. We used 3 couples (biological replicates) with 3
trials each (technical replicates) for the 4 different possible morph
combinations: wingless male with wingless female, winged male
with winged female, wingless male with winged female, and
winged male with wingless female. Data analysis: Data collected
from experiments 1 and 2 were used to analyse the way males
approach females by counting and classifying the different types
of approach into “anteriorly” if males approach from the front
and block the female T1-legs (fore-legs), “posteriorly” if males
approach from the back and block the female T3-legs (rear-legs),
and from the side if the males block female T1- and T2-legs (mid-
legs), T1- and T3-legs or T2- and T3 legs (Figure S2A). Data from
experiments 1 and 3 were used to evaluate the interaction and
mating frequencies by counting the total number of interactions
and mating events and by calculating the ratio between these two
variables (Figures S2B-D). Data from experiment 4 were used to
quantify the duration of pre-mating interactions (Figure S2E).

Quantification of Trait Functions

Non-virgin males and females were isolated into two different
buckets (one for each sex), feed with frozen crickets, during
5 days to increase the motivation to mate. We set-up 10
tournaments between 8 males and 8 females (80 males and 80
females in total; with 22 winged females and 58 wingless females)
to split them in three different categories: successful, intermediate
and unsuccessful, depending the ability in copulating for males
and the ability in rejecting male for females. Both males
and females were introduced at the same time in a common
26 x 35cm bucket of water without food or resting place.
During the first round, for each mating we removed the couple
and interrupted the mating by separating the male and the
female in order to preserve the motivation to mate for the
second round. The male was classified as successful and the
female as unsuccessful. Inversely, the remaining males that did
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not succeed to mate, despite interactions with females, were
classified as unsuccessful in mating. Remaining females that were
never mated, despite interactions with males, were classified as
successful in rejecting. The first round goes on until we obtained 4
successful males and 4 unsuccessful females (Figure $3). For the
second round, we used two different buckets. In the first bucket,
we introduced, at the same time, the 4 successful males with the
4 successful females, and in the second bucket we introduced, at
the same time, the 4 unsuccessful males with the 4 unsuccessful
females. When mating occurred, we removed the couple from
the bucket, as in the first round. The second round goes on until
we obtained 2 successful males and 2 unsuccessful females per
buckets. The different rounds of this experiment occurred for few
minutes to several hours depending on the activity of the bugs.
For each replicate males were actively harassing females. At the
end, we were able to obtain the following rank for both males and
females: successful for males that have mated twice and females
that have never mated, intermediate for individuals that mated
once, and unsuccessful for males that have never mated and
for females that mated twice (Figure $3). Then, using SteREO
Discovery V12 (Zeiss) with ZEN 2011 software (Zeiss) we took
pictures of each individual to quantify the individual phenotypes.
We measured the length and the width of the rear-leg femur,
the length of the rear-leg tibia and we counted the number of
spikes on the rear-leg femur and the number of spikes on the
rear-leg tibia. We also recorded the presence of a pronotum
projection, narrow abdomen and body length in females. To
further test the role of the pronotum projection, we manually
removed the pronotum projection from 18 winged females using
forceps and kept these females in lab condition during 1 week to
allow them to recover and assess whether they behaved normally.
Then we set-up 6 new tournaments to compare the ability of
these 18 winged females in rejecting males against 30 wingless
females. Prior experiment, all females were kept isolated from
males. All data are available in the Dryad Digital Repository
(doi: 10.5061/dryad.8¢cq6427) (Crumiére et al., 2019).

Statistical Analysis

Cochran-Mantel-Haenszel chi-squared tests (Figures 3G-I) were
performed on data of the tournament using only the replicates
where both morph types were present in order to compare
performance [i.e., winged vs. wingless; 9 replicates (72 females)
for pronotum projection vs. narrow abdomen; 6 replicates
(48 females) for amputated pronotum vs. narrow abdomen;
8 replicates (64 males) for winged vs. wingless morphs].
Proportional odds logistic regression (MASS package) (Venables
and Ripley, 2002) were performed on data of the tournament
using all individuals in order to analyse phenotypes related
to mating performance. Shapiro tests, and Student t-tests or
Wilcoxon tests with fdr correction for multiple comparisons
were performed using RStudio version 1.0.153 for analysis
of male preference, duration of interactions, comparison of
trait values for successful and unsuccessful males, depending
whether variables followed normal distributions. R Script used
in this study is available in the Dryad Digital Repository
(doi: 10.5061/dryad.8¢cq6427) (Crumiere et al., 2019).

Phylogenetic Reconstruction

Sequences were retrieved from in house transcriptome databases
and from Crumiere et al. (2016) for the following markers: 12§
RNA; 16S RNA; 185 RNA; 28S RNA; Cytochrome Oxydase subunit
I (COI); Cytochrome Oxydase subunit 1I (COII); Cytochrome
Oxydase subunit III (COIIl); Cytochrome b (cyt b); NADH-
ubiquinone oxidoreductase chain 1 (ND1); Ultrabithorax (Ubx);
Sex combs reduced (Scr); Gamma interferon inducible thiol
reductase (gilt); Antennapedia (Antp); Distal-less (dll); Doublesex
(dsx). All these markers were submitted to GenBank and
their accession numbers can be found in the Dryad Digital
Repository (doi: 10.5061/dryad.8cq6427) (Crumiere et al., 2019).
Phylogenetic reconstruction (Figure S5) was performed using
MrBayes version 3.2.6 (GTR model; one million generations;
25% burnin) and PhyML version 3.0 (GTR model with 100
bootstraps) in Geneious 7.1.9 as described in Crumiere et al.
(2016). Concatenation of sequence alignments and phylogenetic
tree in Newick format are also available in the Dryad Digital
Repository (doi: 10.5061/dryad.8cq6427) (Crumiere et al., 2019).

Assessment of Armament Escalation

We created a matrix of presence/absence of secondary sexual
traits for both males and females (Table S2) in 13 species (4
outgroups and 9 Rhagovelia species). Based on morphological
observation, we found eight traits exclusively present in males;
the sex combs in the forelegs, the different rows of spines (up to 5
rows) and the shape of the different segments of rear-legs. Traits
exclusively present in females include the pronotum projection
and the narrow abdomen shape. Then, we mapped each sexually
antagonistic trait individually and wing polymorphism on our
phylogeny to infer their ancestral states (Figure S$6). Finally,
we performed a reconstruction using the combination of all
traits, in males and females separately, to determine the pattern
of phylogenetic complexity in this sample. Reconstruction of
ancestral state was performed using ML reconstruction in
Mesquite version 3.2 (Maddison and Maddison, 2018). Mapping
of phenotypic complexity (ML reconstruction) and estimation of
phylogenetic signal were performed using, respectively contMap
and phylosig (package phytools, Revell, 2012). Correlation test
with phylogenetic independent contrast has been conducted
using the package ape (Paradis et al., 2004). These different
analysis have been performed in RStudio version 1.0.153.

Observation and Imaging of Egg Position
and Egg Counting

We used CT Scan to observe egg position without disrupting
internal morphology of our samples. We fixed females of R.
antilleana (n = 5 winged; n = 5 wingless) and R. obesa
(n = 5 wingless) during 2 days using Bouin solution (MM
France). Then, samples were washed twice with PBS 1X and
were emerged 4 days in 0.3% phosphotungstic acid + 70%
ethanol 4+ 1% Tween20 solution to improve the contrast during
microtomography acquisition (Metscher, 2009). Specimens were
scanned using Phoenix Nanotom S (General Electrics) using the
following parameters: 30 kV tensions, 200 pA intensity, 2,400
images with time exposure of 2,000 ms and a 2.5 uM voxel size.
Three-dimensional images were reconstructed with the software
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attached to the machine (data rec) and then visualized with
VGStudioMax (Volume Graphics). Longitudinal pictures were
acquired using this same software to assess the presence of
wing muscles and the position of eggs. Further egg counting
was performed after dissection of 20 winged and 20 wingless R.
antilleana females.

Two-Dimensional Morphometric Analyses
of Body Shape

Pictures of adult females of R. antilleana (n = 10 winged; n
= 10 wingless) and R. obesa (n = 9 wingless) were acquired
using SteREO Discovery V12 (Zeiss). The body outline of
each individual was extracted using Adobe Ilustrator CC 2017
(Adobe). The analysis of outlines of the different conditions
and Principal Component Analysis were performed using
the package Momocs (Bonhomme et al, 2014) in Rstudio
version 1.0.153.

CONTRIBUTION TO THE FIELD
STATEMENT

Sexual conflict is ubiquitous in nature and is thought to be a
potent force driving the evolution of sexually dimorphic traits.
Under sexual conflict, the evolutionary interests of males and
females in reproductive interactions often diverge, leading to the
coevolution of sexually antagonistic traits that are favored in one
sex at a fitness cost to the other. However, our understanding
of the role of sexually antagonistic selection in driving the
evolution of this dimorphism has been acquired through the
study of some historical model systems. In this work, we studied
the coevolution of males and females in the water strider
genus Rhagovelia, to understand the evolutionary dynamics
and the ecological factors that may influence the escalation of
antagonistic traits between the sexes. In these insects, sexual
dimorphism ranges from subtle to spectacular morphological
differences between males and females; with various traits having
arole during pre-mating struggles. By integrating morphological,
behavioral and phylogenetic comparisons, we highlighted how
sexual interactions and natural selection can influence and
trigger diversification of secondary sexually antagonistic traits
between males and females. Finally, our study promotes a new
model system for the study of sexual conflict, which offers new
perspectives for future studies.
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