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Abstract
Background: Exaggerated secondary sexual traits are widespread in nature and often evolve under strong
directional sexual selection. Although heavily studied from both theoretical and empirical viewpoints, we have little
understanding of how sexual selection influences sex-biased gene regulation during the development of
exaggerated secondary sexual phenotypes, and how these changes are reflected in genomic architecture. This is
primarily due to the limited availability of representative genomes and associated tissue and sex transcriptomes to
study the development of these traits. Here we present the genome and developmental transcriptomes, focused
on the legs, of the water strider Microvelia longipes, a species where males exhibit strikingly long third legs
compared to females, which they use as weapons.
Results: We generated a high-quality genome assembly with 90% of the sequence captured in 13 scaffolds. The
most exaggerated legs in males were particularly enriched in both sex-biased and leg-biased genes, indicating a
specific signature of gene expression in association with trait exaggeration. We also found that male-biased genes
showed patterns of fast evolution compared to non-biased and female-biased genes, indicative of directional or
relaxed purifying selection. By contrast to male-biased genes, female-biased genes that are expressed in the third
legs, but not the other legs, are over-represented in the X chromosome compared to the autosomes. An
enrichment analysis for sex-biased genes along the chromosomes revealed also that they arrange in large genomic
regions or in small clusters of two to four consecutive genes. The number and expression of these enriched regions
were often associated with the exaggerated legs of males, suggesting a pattern of common regulation through
genomic proximity in association with trait exaggeration.
Conclusion: Our findings indicate how directional sexual selection may drive sex-biased gene expression and
genome architecture along the path to trait exaggeration and sexual dimorphism.
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Background
Sexual dimorphism, or phenotypic differences between
males and females of the same species, is one of the
most common sources of phenotypic variation in nature
[1, 2]. Understanding how this process is regulated in a
sex-specific manner at the genomic level still poses an
important challenge [3]. Differences in gene expression
have emerged as a common mechanism to explain
phenotypic differences among individuals sharing almost
the same genome [4, 5]. In the last decade, a large number of studies have characterized genes with sex-biased
expression in a variety of species, leading to an emerging
framework attempting to link sex-biased gene expression
to phenotypic divergence of the sexes [4–6]. Other
mechanisms that may explain the evolution of sexual dimorphism have also been documented, including analyses of signature of selection in coding sequence [7, 8].
Elevated rates of sequence evolution, when detected in
the set of genes that are sex-biased, are often interpreted
as a sign of adaptive evolution caused by sexual selection
and, in some cases, the correlation with sexual dimorphism is particularly appealing [9, 10]. The development of
whole genome sequencing techniques also made it possible to assess the genomic distribution of genes associated with sexual dimorphism. Recent studies have
notably shown that sex-biased or sex-specific genes tend
to be unevenly distributed between chromosomes (e.g.,
X chromosome versus autosomes), sometimes even
forming gene clusters within chromosomes, highlighting
a possible role of sexual selection in driving genome evolution [11, 12].
Among the countless examples of sexual dimorphism,
some species have evolved extreme characters whereby
males, generally, develop such drastic phenotypes that
they appear exaggerated compared to homologous traits
in the other sex or to other body parts [13–16]. These
growth-related secondary sexual traits have received
considerable attention in developmental genetics, but we
still lack a general understanding of the genomic regulation underlying their development [13, 17–27]. In
addition, studies of sexual dimorphism tend to focus on
adult gonads or whole-body transcriptomic datasets,
which are unsuited for understanding how secondary
sexual characters are built during development and their
possible consequences on genome evolution [4, 5, 28–
33]. Conversely, while some studies in flies examined
sex-biased gene expression underlying sex differences in
bristle patterns [34], most studies across tissues and developmental stages lack comparisons between the sexes
[35, 36]. We, therefore, know little about which sets of
developmental genes are associated with trait exaggeration, whether they present a pattern of sequence evolution or whether they tend to be arranged in any specific
genomic organization. Developmental genes are often
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known to be highly pleiotropic, which may in turn influence the genomic architecture associated with trait exaggeration due to developmental constraints [37–39].
We aimed here to assess how ontogenetic sexual dimorphism is associated with sex-specific regulation of
gene expression and genome architecture in the water
strider Microvelia longipes (Heteroptera, Gerromorpha,
Veliidae), an emerging model in the field of sexual selection and trait exaggeration [40, 41]. M. longipes is a
hemimetabolous insect that displays a striking case of
male-specific exaggerated trait where some males develop extremely long third legs compared to females
(Fig. 1a). The length of the third legs in males is under
strong directional sexual selection and these legs are
used as weapons to kick opponents away from the sites
where females mate and lay eggs [41]. Such directional
selection is associated with the evolution of disproportionate growth (i.e., hyperallometry) in male third legs.
Here we study the genomic regulation underlying the
elaboration of this exaggerated phenotype in order to
shed light on the role of sexual dimorphism in shaping
genome evolution. We generated a high-quality genome
of M. longipes, with chromosome-scale resolution, and
compared the expression, molecular evolution, and genomic location of sex-biased genes in the three pairs of
legs at a developmental stage where the legs diverge between the sexes [40]. Combined, our approach first identified signatures of trait exaggeration in terms of sexbiased gene expression patterns and sequence evolution.
Second, it characterized chromosomes and genomic regions that are enriched in sex-biased genes associated
with the directional sexual selection applying to male exaggerated legs in M. longipes.

Results
De novo assembly and automatic annotation of M.
longipes genome

To study the genetic mechanisms underlying extreme
growth of male legs, we generated de novo the genome
of M. longipes (Fig. 1a) using lines established from a
French Guiana population that were inbred through 15
brother-sister crosses [41]. Next-generation sequencing
and k-mer frequency distribution in raw sequencing
reads estimated M. longipes genome size to about 0.67
Gb (see Additional file 1: Table S1 for metrics). Genome
assembly combined multiple mate-pair Illumina libraries, PacBio, and Dovetail Hi-C/Hi-Rise libraries [42–44]
(Additional file 1: Table S1; see the “Methods” section).
The final assembly generated chromosome-length scaffolds with scaffold N50 = 54.15 Mb and contig N50 =
216.72 Kb (Additional file 1: Table S1). Over 90% of M.
longipes genome is represented in the thirteen largest
scaffolds (Additional file 1: Table S1).
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Fig. 1 a Microvelia longipes in the wild. b Sexual dimorphism in the legs, showing differences in length and male-specific sex combs in the firstlegs (Inset). c, d Principal component analysis (PCA) on measurements of male and female leg length from the long-leg and short-leg selected
inbred populations, also used for the transcriptomic analyses [41]. c The first principal component (Dim1) explains primarily differences between
legs of the same sex while the second PCA (Dim 2) explains differences between inbred populations, specifically in males. d The third PCA (Dim
3) explains the differences between the sexes. e, f Principal Component Analysis on the whole transcriptomic dataset. e The three first PCAs
(Dim1, 2, 3) recapitulate the variance between the Big (blue) and Small (green) lines. f Within-class analysis after correcting for line effects.
Dimension 1 separates sexes while Dimension 3 separates legs. The inset represents the within-class correction for the line effects

We then used automatic genome annotation, supported by de novo transcriptome-based gene models, to
build the gene set of M. longipes (see the “Methods” section). This analysis predicted 26,130 genes and 27,553
transcripts. BUSCO analysis, based on the 2018 insect
dataset [45], revealed that 96% of gene models are
present; among these 92% are complete, 3% are fragmented and 1% are duplicated (Additional file 2: Figure
S1). We therefore conclude that M. longipes genome is
near-complete.
Variation in gene expression explains differences in leg
length

In M. longipes, the most obvious difference between legs
is reflected in their size (Fig. 1a, b), at the exception of a
sex comb which is present in males’ first legs but not females’ first legs (Insets in Fig. 1b) [41]. Principal component analysis (PCA) of adult male and female leg length
from two isogenic lines (hereafter called big and small
lines), selected for differences in absolute leg length [41],
revealed that the first major component of variation
encompassed 97% of the total variation and separated
samples based on pairs of legs in both sexes, with male
third legs covering most of the divergence (Fig. 1c). The
second and third major axes of variation discriminated

males from the two lines and sexes, respectively, although they only contributed 2% to the total variation
(Fig. 1c, d).
To test whether these phenotypic differences correlate
with variation in gene expression, we sequenced the leg
transcriptomes of males and females from these lines at
the 5th nymphal instar – the developmental stage where
we observed a burst of growth [40]. If a strict correlation
existed between leg length and gene expression, we
should predict samples to cluster by pairs of legs, then
by line, and finally by sex. Instead, the three first major
axes of variation in the leg transcriptomes clustered
samples based on line (Fig. 1e). The line effect accounted
for about 60% of the total variation in gene expression,
thus potentially hiding signals associated with differences
between legs and sexes. We therefore corrected for this
line effect, using within-class analysis, and generated a
new PCA that now separates the sexes in PC1 (28.3% of
variation in gene expression), and the legs of the same
sex in PC3 (10.2% of the variation in gene expression)
(Fig. 1f). We conclude that the three main components
involved in leg length variation were retrieved in our
transcriptome datasets. Yet, conversely to leg morphologies, homologous legs from the two sexes are now more
divergent in terms of gene expression than legs from the
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same sex, consistent with previous findings in flies [34].
We hereafter focus on the effect of sex on gene expression as it potentially represents a major factor underlying leg exaggeration through differences in allometric
coefficients [41] (Additional file 3: Figure S2).
Leg exaggeration and sex-biased gene expression

The legs of M. longipes males and females differ in their
scaling relationships and degree of exaggeration [41]
(Fig. 1a–d, Additional file 3: Figure S2). To determine
more specifically the patterns of gene expression underlying the observed sexual dimorphism in scaling relationships, we compared gene expression profiles of
homologous legs between the sexes. We found that the
legs of M. longipes at the fifth nymphal instar consistently expressed about 30% of the genome (Table 1). All
three legs showed about twice as many female-biased
than male-biased genes, with the third legs having the
highest total number of sex-biased genes (Fig. 2a–c;
Table 1). Interestingly, average sex-bias in gene expression, as measured by log2 fold change, is significantly
higher in the second legs and third-legs of males, which
are hyper-allometric, than the first-legs, which are isoallometric (Fig. 2d; Additional file 4: Table S2). This pattern was consistent with the general over-expression of
male-biased genes in the two exaggerated legs, especially
the third, compared to the first legs (Additional file 5:
Figure S3;Additional file 4: Table S2). This correlation
was however absent for female-biased genes (Fig. 2d;
Additional file 5: Figure S3). These findings suggest that
the extent of sex-biased gene expression correlates with
the pattern of leg growth in males but not in females.
More than two thirds of the male-biased genes in the
first and second legs were shared with the most exaggerated legs, whereas about two thirds of male-biased genes
in the third leg (N = 354) were not shared with the other
legs (Fig. 2e). A hierarchical clustering analysis separated
males’ third legs from the other legs in both sexes, confirming that on average the sexual dimorphic expression
of these 354 genes is restricted to the most exaggerated
leg (Fig. 2f). Furthermore, the third legs showed a high
number of female-biased genes, despite the lack of exaggeration, suggesting that the development of this extreme sexual dimorphism may also result from the
active regulation of specific genes in female’s third legs
or their active repression in male’s third legs. Altogether,
Table 1 Number and percentage of genes expressed in the
legs in males and females
Total expressed genes

Male-biased

Female-biased

Leg 1

8950

161 (1.80%)

398 (4.45%)

Leg 2

8706

166 (1.91%)

346 (3.97%)

Leg 3

8710

524 (6.02%)

999 (11.47%)

these results show that the developing third legs display
unique patterns of sex-biased gene expression, in terms
of number and/or levels of expression, compared to the
two other legs. This suggests that heightened sexual dimorphism of M. longipes third legs is associated with
both increased degree of male-biased expression and the
recruitment of new sex-biased genes.
Male exaggerated legs are enriched in both leg- and sexbiased genes

Pleiotropy is thought to constrain the evolution of sexbiased gene expression [46], and sexual dimorphism may
result from post-transcriptional regulation, possibly
resulting in rather broad expression of sex-biased genes
[47]. To test the impact of trait exaggeration on gene expression during leg development, we combined our list
of leg-biased genes (genes differentially expressed between the first-legs and the third-legs of the same sex)
with the list of sex-biased genes (genes differentially
expressed between the same leg of males and females),
and performed a comparison of fold-change (Fig. 3).
Interestingly, we observed that male-biased genes in the
third legs tend to be upregulated in the third compared
to the first legs of males (84 out of 524 (16.03%); Fisher’s
exact test; p value 3.48e−31) (red dots in Fig. 3a, Additional file 6: Table S3). Similarly, 80 out of the 856
(9.34%) female-biased genes in the third legs are also upregulated in the first legs compared to the third legs of
males (Fisher’s exact test; p value 1.62e−14) (blue dots in
Fig. 3a, Additional file 6: Table S3). This suggests that
male exaggerated legs are enriched in sex- and legbiased genes.
We therefore compared, in a second step, the association between sex-biased genes in the first legs and their
leg-biased expression. Likewise, these associations were
dampened in terms of number of genes when we looked
at sex-biased genes in the first legs (Fig. 3d, e). Malebiased genes in the first legs were not over-represented
among upregulated genes in male first legs (Fisher’s
exact test; p value 0.61) (orange dots in Fig. 3c). We obtained similar results when we selected leg-biased genes
in females with male-biased genes showing no tendency
toward leg-biased expression (Fisher’s exact tests; p
values 0.06 and 0.91) (Fig. 3e, Additional file 6: Table
S3). In contrast, female-biased genes in the first legs
tend to be differentially expressed between legs, although
such association is observed to a lower degree than in
the exaggerated third legs (Fig. 3c, d, Additional file 6:
Table S3).
In the second legs, which are mildly exaggerated in
males, we also recovered a similar pattern of sex and
leg-biased gene expression, although with fewer genes as
for female-biased genes in the first legs (Additional file 7:
Figure S4; Additional file 6: Table S3). Overall, we found
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Fig. 2 Signature of trait exaggeration among sex-biased genes. a–c Comparison of gene expression (log2 TPM + 1) in male and female legs. Dots
highlighted in purple and blue represent genes with significant difference in expression in females and males respectively. Insets indicate the
number of female- and male-biased genes in each leg. d Differences in fold change (Wilcoxon tests) among the sex-biased genes identified in
the three pairs of legs independently. e Venn diagrams of the male-biased genes identified in the three pairs of legs. Size of the diagrams is
proportional to the total number of genes. f Hierarchical clustering (1000 bootstraps) and heatmap based on average leg expression in males and
females for the genes with significant male-biased expression specifically in the third legs of males (n = 354)

an enrichment of genes with both leg- and sex-biased
expression that was particularly higher in male exaggerated third legs. This crosstalk highlights possible modularity by which sex-biased genes may have acquired legbiased expression (or vice versa) in association with the
exaggerated growth of male third legs without affecting
other organs.
Sequence evolution of sex-biased genes

We have shown that the pattern of sex-biased gene expression in M. longipes legs correlated in several aspects
with the elaboration of the exaggerated third legs in
males. In several species, sex-biased genes display a
higher rate of evolution compared to unbiased genes but
relatively little is known about their sequence evolution

in the context of trait exaggeration [48]. We classified
genes in M. longipes based on their sex-biased expression pattern in all three legs (male-biased, female-biased
and unbiased, respectively) and compared their sequence
evolution between each other but also with five additional Microvelia species (Fig. 4a–d; Additional file 8:
Table S4; Additional file 9: Figure S5; see the “Methods”
section). In M. longipes, we found that the genes that are
male biased in all three legs evolved faster than unbiased
and female-biased genes (Fig. 4b–d). However, the pattern of sequence evolution was different for femalebiased genes. While the pattern of sequence evolution
for female-biased genes in the first legs was similar to
that of unbiased genes (Fig. 4b, c, Additional file 8: Table
S4; Additional file 9: Figure S5), female-biased genes in

Toubiana et al. BMC Biology

(2021) 19:89

Page 6 of 17

Fig. 3 Crosstalk between leg- and sex-biased genes. a Comparison between sex-biased genes in the third legs and leg-biased genes in males. b
Comparison between sex-biased genes in the third legs and leg-biased genes in females. c Comparison between sex-biased genes in the first
legs and leg-biased genes in males. d Comparison between sex-biased genes in the first legs and leg-biased genes in females. Color code in a
and b represents the same genes in these two panels, and color code in c and d represents the same genes in these two panels. Gens are based
on sex-biased and leg-biased expression in males (log2FC > log2(1.5)): purple = female-biased and leg 3 biased; dark brown = sex unbiased and
leg 3 biased; red = male-biased and leg 3 biased; light green = female-biased and leg unbiased; gray = sex unbiased and leg unbiased; dark
green = male-biased and leg unbiased; blue = female-biased and leg 1 biased; light brown = sex unbiased and leg 1 biased; orange = male-biased
and leg 1 biased. Filled circles indicate genes with padj < 0.05 in both conditions (sex- and leg-biased). Hollow circles indicate genes with padj >
0.05 in one or both conditions

the second and third legs evolved slower than unbiased
genes (Fig. 4c, d; Additional file 8: Table S4; Additional
file 9: Figure S5). These results suggest that the evolution of trait exaggeration was associated with positive selection for male-biased and purifying selection for
female-biased genes (Additional file 8: Table S4). Given
the association previously observed between sex- and
leg-biased expressions, we further classified sex-biased
genes into leg-biased and leg-unbiased categories (Additional file 9: Figure S5). Interestingly, we found that the
relatively fast evolution of male-biased genes results primarily from genes with both sex- and leg-biased expressions (Additional file 8: Table S4; Additional file 9:
Figure S5). This pattern was again not found in femalebiased genes as they have similar sequence evolution regardless of their leg-biased expression (Fig. 4d; Additional file 8: Table S4; Additional file 9: Figure S5).
When we analyzed sequence evolution of this same set
of genes (i.e., sex-biased and leg-biased genes in M.

longipes) in the remaining five Microvelia species, we
found that the pattern observed in M. longipes was similar across all Microvelia species, even though trait exaggeration occurs only in M. longipes (Fig. 4b–d;
Additional file 8: Table S4; Additional file 9: Figure S5).
This result suggests that the increased rate of sequence
evolution in this sample of genes preceded the evolution
of exaggerated male leg length, and that a set of genes
already under sexual selection may have been co-opted
during the evolution of exaggerated leg length in M.
longipes. Determining whether these genes are sexbiased in the other Microvelia species will further improve our understanding of the link between sex-specific
regulation of gene expression and the evolution of sexual
dimorphism.
Sex-biased gene expression and genome architecture

Theory predicts that sexual selection can be an important driver of genome evolution [49, 50], and we sought
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Fig. 4 Phylogenetic relationships and sequence evolution across a sample of six Microvelia species: M. longipes, M. pulchella, M. ayacuchana, M.
americana, M. paludicola, and M. sp (Cayenne). a Phylogeny of Microvelia genus based on 1500 genes and males and females pictures showing
leg length exaggeration evolution in M. longipes. b–d Estimation of sequence evolution, using dN/dS of the genes that are male-biased, femalebiased or unbiased in the first legs (b), second legs (c), or the third legs (d). Statistical analyses are shown in Additional file 8: Table S4

to test this prediction by analyzing the distribution of
sex-biased genes along the genome of M. longipes. First,
we identified the scaffold that corresponds to the X
chromosome (see material & methods). Interestingly,
our analysis detected enrichment in the X chromosome
with female-biased genes of the third legs, but not the
two other legs, compared to the autosomes (Fig. 5a).
The proportion of female-biased genes between the X
chromosome and the autosomes in the different legs
confirmed that the enrichment observed was caused by
an accumulation on the X chromosome of genes specifically biased in the third legs of females (Fig. 5a). In contrast, we did not find any significant under- or overrepresentation of male-biased genes from any of the
three legs on the X chromosome (Fig. 5a). Because of
the known effect of dosage compensation on the expression of genes located on the X chromosome [4, 51–53],

we compared the levels of expression of all X chromosome genes between the sexes. This analysis failed to detect any significant global difference in expression of
these genes between males and females, regardless of the
legs (Additional file 10: Figure S6), suggesting that dosage compensation occurs in all leg tissues in M. longipes.
Another potential effect of sexual selection on genome
architecture is through rearrangements of genes or large
genomic regions within chromosomes [11, 54–58]. We
therefore performed a fine-scale visualization of the sexbiased genes along the thirteen largest scaffolds covering
M. longipes genome (Fig. 5b; Additional file 11: Figure
S7). We recovered few large genomic regions of 2 Mb
significantly enriched in sex-biased genes (Additional file 11: Figure S7; see the “Methods” section).
These include a total of 100 sex-biased genes (about 2%
of the total number of sex-biased genes in all three legs),
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Fig. 5 Genomic distribution of sex-biased genes in M. longipes. a Percentage of male-biased, female-biased and unbiased genes (from top to
bottom) in the X chromosome and the autosomes across the three pairs of legs. Biased-distribution of the sex-biased genes on the X
chromosome was estimated using Fisher’s exact tests: *p value< 0.05. b Large genomic clusters of sex-biased genes along scaffold #2 and the
scaffold #8. Clusters highlighted in blue represent genomic regions enriched in male-biased genes. Clusters highlighted in purple represent
genomic regions enriched in female-biased genes. Solid red frame indicates genomic clusters enriched in male- and female-biased genes
specifically in the third legs. Dotted red frame indicates genomic clusters enriched in male-biased genes in all three legs but with different
degrees of fold-change, recapitulating the degree of leg length exaggeration. c Genomic clusters of consecutive male- (blue) or female-biased
(purple) genes in the three pairs of legs. Cluster size indicates the number of consecutive genes. Note that the y axis is log scaled. Error bars
contain 95% of randomly generated bootstrap values

indicating that only a fraction of sex-biased genes arranges in such large genomic regions (Fig. 5b; Additional file 11: Figure S7). Among these, three large
enriched regions located on scaffolds #2 and #8 contained a total of 36 sex-biased genes in the third legs (11
female-biased and 25 male-biased) (Fig. 5b). Interestingly, two of these regions were specific to the third leg
whereas the third indicated an enrichment of malebiased genes that were common to the three pairs of legs
but with a higher degree of differential expression in the
third legs (boxes with solid line and box with dashed line
respectively in Fig. 5b). In these regions, we could notably identify several unknown genes (10 out of 36 genes)
including a cluster of four that were all strongly malebiased. Protein motif prediction, using Pfam, revealed a
conserved domain of several transmembrane motifs in
these four protein-coding genes.
Finally, we looked for small clusters of consecutive
genes with similar patterns of expression in an attempt
to assess common regulation [59]. We found that over

15% of male-biased and over 20% of female-biased genes
arranged in clusters of two to four genes in the third
legs, while only about 8.5% and 10% respectively are expected under a null hypothesis of random gene order
(permutation test: p value < 0.05; see material and
method) (Fig. 5c; Additional file 12: Figure S8). Specifically, we found up to seven clusters of four consecutive
sex-biased genes in the third legs while only a maximum
of two of them were expected by random permutation
(Fig. 5c). In the second pair of legs, we also found that
about 10% of the male- and female-biased genes are arranged in clusters of at least two genes, while 2 to 3%
were expected by random permutation (p value < 0.05;
Fig. 5c; Additional file 12: Figure S8). In comparison
with the third legs, clusters of male- and female-biased
genes did not exceed two and three consecutive genes,
respectively (Fig. 5c). Male-biased genes in the first legs
did not show any enrichment in clusters, and only one
such cluster of three genes was detected (p value > 0.05;
Fig. 5c; Additional file 12: Figure S8). However, we
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found an enrichment of female-biased gene clusters, including 2 clusters of 3 consecutive genes (Fig. 5c; p value
< 0.05; Additional file 12: Figure S8).
Molecular function of sex-biased genes

Finally, we aimed to determine the molecular function
of the sex-biased genes in our dataset. Gene ontology
(GO) term analyses revealed enrichment in translation,
metabolic processes, and Wnt signaling pathways for the
male-biased genes in the third legs (Additional file 13:
Table S5). The “translation” GO term uncovered enrichment for several ribosomal proteins also known to play
an essential role in cell proliferation in response to ribosomal stress [60]. We also identified enrichment in molecular functions such as transferase activity indicative of
possible post-transcriptional regulation differences between the two sexes. Female-biased genes in the third
legs were enriched in various functions such as transcription factor, kinase, or GTPase activities that are
probably involved in regulating biological processes such
as transcription, metabolism, or signal transduction
(Additional file 13: Table S5).

Discussion
Uncovering the genetic and genomic changes underlying
phenotypic divergence between males and females is
central to our understanding of phenotypic evolution [5,
14, 49, 61]. As an emerging model, Microvelia longipes
offers exciting life history and ease of experimental manipulation to study how sexual selection can drive extreme phenotypic divergence between the sexes [40, 41,
62]. The genome sequencing and assembly add a significant resource that will benefit the community in addressing fundamental questions in relation to the genetic
and genomic processes underlying, not only the divergence of the sexes, but also phenotypic plasticity within
the same sex. In a previous study, we established that
the evolution of male third leg exaggeration was associated with intense competition between conspecific males
to dominate egg-laying sites [41]. The current study
sheds light on the regulatory processes, both developmental and genomic, underlying this male-specific trait
exaggeration.
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exaggerated growth of male third legs, a quantitative
trait which also occurs during the 5th nymphal instar
[40], is an example of directional sexual selection that is
absent, or at least reduced, in the two other male legs
and in females legs [41]. It is often hypothesized that
sex-biased gene expression is correlated with phenotypic
dimorphism. This would imply that the genes evolving
under strong sexual selection in males for leg exaggeration should be male-biased in expression during the developmental window where divergence in growth rate
occurs between the sexes. While our data support this
hypothesis, we also found an even larger number of
female-biased genes in the third legs (Fig. 2). This is in
contrast to a previous study in flies where Barmina et al.
compared the developmental transcriptome of first and
second legs just before the elaboration of male sexcombs [34]. In contrast to the high number of sexbiased genes we observe in M. longipes legs, this fly
study only identified a handful in the first legs and none
in the second legs [34]. The large differences in the
number sex-biased genes in the developing legs between
Microvelia and Drosophila could be explained by the differences in the nature of dimorphism (whether it involves complex or discrete traits) along with the
fundamental difference in development mode (holometabolous versus hemimetabolous).
Our data, although representing a snapshot of a specific developmental window across legs and sexes, point
to a unique set of genes that are active in the exaggerated leg when compared to its non-exaggerated serial
homolog in males or to its homolog in females. This
suggests that trait exaggeration is associated with gene
regulation in a leg-dependent manner. Genes with
female-biased expression may therefore have evolved as
a consequence of the strong sexual selection on male exaggerated legs, in addition to the antagonistic selection
on females to escape costs associated with superfluous
leg elongation. This highlights the need for further studies
to understand the regulatory process underlying the development and evolution of various types of secondary sexual
traits (e.g., discrete versus quantitative) across distinct
modes of development in a comparative framework.
Trait exaggeration and sequence evolution

Trait exaggeration and sex-biased gene expression

Comparing the three pairs of legs in M. longipes offers a
unique opportunity to understand how gene regulation
correlates with phenotypic differences between males
and females, as these legs present different types and degrees of sexual dimorphism, including discrete and
quantitative phenotypes [40, 41]. For example, the development of the sex-comb, a discrete phenotype known to
be under stabilizing selection [63, 64], occurs in the first
legs of males during the 5th instar [65]. In contrast, the

It is well established that sex-biased genes tend to show
a different rate of sequence evolution compared to unbiased genes, which often indicates signs of adaptive
evolution [66, 67]. However, how selection on exaggerated traits manifests itself in the sequence of genes associated with the sex-restricted development of these traits
and throughout the evolution of a lineage remains to be
tested. In this context, our data show several important
insights. First, male-biased genes in M. longipes evolved
faster than unbiased genes, whereas by contrast, female-
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biased genes evolved slower than unbiased genes. Second, this increased rate of sequence evolution in malebiased genes is largely driven by the set of genes whose
expression profiles are tightly associated with trait exaggeration. Third, the pattern of sequence evolution seen
in M. longipes is largely shared by five additional Microvelia species that do not exhibit any exaggerated leg
length. These findings suggest that male-biased genes associated with trait exaggeration are under positive selection, probably due to their reduced pleiotropic effect,
also consistent with their expression being enriched in
the exaggerated leg. This might free these sequences
from developmental constraints and allow for adaptive
evolution driven by male competition [41, 67]. Femalebiased genes, however, show a clear pattern of purifying
selection suggesting that these genes may be involved in
various developmental processes thus constraining their
evolution. One possible explanation is that these genes
are driven by sexual conflict in females favoring much
shorter legs as an optimum.
The finding that the genes associated with trait exaggeration in M. longipes males show the same pattern of
sequence evolution across all other Microvelia species is
surprising given the clear divergence in the degree and
nature of sexual dimorphism across this sample. Although only M. longipes exhibits such dramatic dimorphism in leg length, other species present various
sexually dimorphic phenotypes ranging from male fighting behavior to the presence of spines and slightly longer
legs in males [41]. While we do not have any information about sex-biased expression of these genes in the
five additional species, the consistency of sequence evolution between the sexes in this sample suggests that
these genes may have already been involved in sexual dimorphism ancestrally in this lineage, and that a subset
of them continued to be co-opted for further divergence
between the sexes.
Trait exaggeration and genome architecture

The expression profiles of the active transcripts across
M. longipes legs represent a valuable resource to inform
about the distribution of sex-biased genes in the genome. The X chromosome, for example, has been hypothesized to be a genomic hotspot for sexual selection
where female beneficial dominant mutations and male
beneficial recessive mutations are expected to accumulate [49, 51, 52]. However, interpreting the representation of sex-biased genes on the X chromosome is often
influenced by dosage compensation [4, 51, 52]. In Drosophila, for example, the scarcity of male-biased genes on
the X chromosome was suggested to result, at least partially, from dosage compensation. Our analyses uncovered a significant enrichment of the X chromosome with
female-biased genes in the third legs, but not the two
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other legs. We also detected that dosage compensation
operates in all legs of M. longipes, suggesting that this
mechanism is unlikely to be responsible for the enrichment observed. Therefore, it is possible that this “feminized” X chromosome represents a mechanism for the
resolution of sexual conflict during the evolution of extreme sexual dimorphism in M. longipes third legs.
Previous studies have reported large genomic regions
and profound genomic rearrangements (e.g. large
chromosome inversions) in association with sexually dimorphic characters [11, 55–58]. In contrast, we found
relatively few large but many small clusters of sex-biased
genes in M. longipes genome (Fig. 5). Moreover, these
small and large enriched regions seem to be associated
with the extreme elongation of male third legs, in terms
of number, specificity or degree of differential expression,
and may highlight some important genes and regulatory
processes involved in sex-specific trait exaggeration. These
enriched regions may result, for example, from adaptive
gene rearrangement due to shared regulatory elements.
Alternatively, they may be a non-adaptive consequence of
chromatin-level regulation that prevents some genes from
being inactive [59]. Further work, by testing the function
of these clustered genes or by comparing the genome
architecture of different Microvelia species will therefore
be necessary to conclude on the adaptive significance of
these enriched regions. It is also important to note that
the large genomic regions and genomic rearrangements of
sex-biased genes reported in previous studies were primarily conducted on primary sexual organs, such as ovaries and testes [11, 54–58]. These tissues are highly
complex, often express more sex-biased genes than secondary sexual traits and their evolution is considered to
be under natural selection [1, 68–71]. Moreover, analyzing
gene expression in these adult tissues does not capture the
sex differences that are established during development.
In the case of ontogenetic sexual dimorphism, it is expected that sexual selection will act on developmental
regulatory processes [5, 17, 72, 73]. In this regard, our results offer the opportunity to test more accurately the role
of sexual selection on gene and genome evolution by directly linking the development of sexual dimorphism with
patterns and genomic locations of sex-biased genes in the
three pairs of legs.

Conclusions
We identified a signature of leg exaggeration among sexbiased genes. Consistent with studies of sex-biased gene
expression [5, 68, 74, 75], we found that the degree of
sexual dimorphism in leg length is consistent with different patterns of expression among these genes. In our
dataset, the most exaggerated legs mobilized more differentially expressed genes between the sexes and a
higher degree of differential expression, especially in
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male-biased genes. Male-biased genes were significantly
fast-evolving whereas female-biased genes were significantly slow evolving compared to unbiased genes. Interestingly, the same genes showed a highly similar pattern
of sequence evolution in a sample of five additional species. We found that a large proportion of sex-biased
genes, especially in the third legs, displayed also tissuebiased expression (Fig. 3a). Along with other studies
showing less pleiotropy for sex-biased than unbiased
genes [76, 77], our results point to modularity as a possible mechanism whereby tissues can evolve biased expression freely and acquire sex-specific phenotypes with
little deleterious effects. Overall, our findings indicate
how directional sexual selection may drive sex-biased
gene expression and genome architecture along the path
to trait exaggeration and sexual dimorphism.

Methods
Population sampling and culture

A Microvelia longipes population was collected during
fieldwork in French Guyana in Crique Patate near
Cayenne in March 2013 [78], and inbred lines were generated from this initial natural population. Two couples
were isolates each consisting of one female with a large
or a small male respectively. The males were selected
based on their absolute third leg size. The crosses were
repeated using the progeny of these two initial crosses
for the next 15 generations, with a large brother mated
with a sister for the big line and a small brother mated
with a sister for the small line. After 15 generations of
these sibling–sibling inbreeding, the lines were amplified
over two generations before phenotyping. The bugs were
maintained in the laboratory at 25 °C and 50% humidity
in water tanks and fed on crickets.
Statistics and leg measurements

All statistical analyses were performed in RStudio
0.99.486. For the PCA analysis on leg length, we used
twenty males and females from each inbred population
and measured them with a SteREO Discovery V12
(Zeiss) using the Zen software.
Sample collection, assembly, and annotation of the M.
longipes genome

Hundreds of individuals (males and females mixed) were
collected from three inbred populations and frozen in liquid nitrogen before DNA extraction. Genomic DNA
was extracted and purified using the Genomic-tip 20/G
DNA extraction kit from Qiagen. Genome sequencing,
using a mix of Illumina mate pairs and PacBio libraries,
was performed at the Beijing Genomics Institute.
Chromosome-length scaffold assembly was performed
by Dovetail Genomics using Hi-C/Hi-Rise libraries.
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Additional file 1: Table S1 summarizes the sequencing
strategy employed.
The genome sequence was polished using Illumina libraries (Additional file 1: Table S1) and Pilon [79].
Three different automatic annotation strategies, namely
Braker, Maker, and StringTie were tested to annotate
the genome [80–82]. These annotations were based on
the leg transcriptomic dataset generated in this study (36
samples in total), a transcriptome from whole-body individuals collected at all developmental stages (1 sample),
and a transcriptome from a third inbred population not
mentioned in this study (18 samples). Braker and Maker
pipelines also performed de novo automatic annotations.
Maker and Stringtie annotations yielded lower BUSCO
quality and manual quality assessment using JBrowse revealed a relatively high number of gene fragmentations
that were poorly supported by the alignments. We therefore used Braker annotation for further analyses (Additional file 2: Figure S1).
For Braker annotation, we used Hisat2 alignment files
from each transcriptomic sample to train Augustus with
UTR option. Final annotation includes 26,130 genes and
27,553 transcripts.
Sample collection and preparation RNA-sequencing

We collected leg tissues from male and female 5th
nymphal instars (2 days after molting within a 6-h time
window) that belonged to two inbred populations that
differ in average size (see [41]). All individuals were
raised in the same laboratory condition and fed with
nine fresh crickets every day until the 5th instar. Individuals from the same inbred population were raised in the
same water tank. The three replicates of each condition
(lines, sexes, and legs) correspond to a pool of 20 individuals chosen randomly (Additional file 3: Figure S2).
The dissection of the three pairs of legs, dissociated from
the thorax, was performed in RNAlater (Sigma) using
fine needles; each pair of legs was incubated immediately
on ice in tubes filled with TRIzol (Invitrogen). RNA extractions were performed according to manufacturer
protocol. The concentrations were assessed using the
Qubit 2.0 Fluorometer (Invitrogen). Quality of RNA
samples, library construction, and sequencing were performed by Beijing Genomics Institute. The samples were
sequenced using HiseqXten sequencing technology with
a paired-end read length of 150 bp.
Transcriptome assembly, mapping and normalization

Read quality was assessed with FASTQC version 0.10.1
(http://www.bioinformatics.babraham.ac.uk/projects/
download.html), and trimmed with TRIMMO-MATIC
version 0.32. Specifically, reads were trimmed if the
sliding window average Phred score over four bases was
< 15, and only reads with a minimum length of 36 bp
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were kept. Braker annotation was used as a reference for
read alignment and the transcriptome quantification.
We obtained around 90% alignment rate on the genome
and about 72% of uniquely mapped reads using the
Hisat2 method (Additional file 14: Table S6). The latter
condition was used for the estimation of transcript
abundances and the creation of count tables (raw
counts, FPKM and TPM tables) were performed using
the StringTie pipeline (Additional file 15: Table S7) [82,
83]. The abundance of reads per gene was finally calculated by adding the read counts of each predicted transcript isoforms.

overlap with only 20% of sex-biased genes from the two
lines separately not included in the combined set (Additional file 16: Figure S9).

Comparative transcriptomics: analyses of variance

Hierarchical clustering

Initially, the transcriptomic approach was performed on
three levels of comparisons; namely the lines, the sexes,
and the legs (Additional file 3: Figure S2). The first three
axes of variation in gene expression explained 57.1% of
the total variation and separated the two inbred populations (Fig. 1e). This confirms the genetic similarity that
exists between individuals of the same inbred population. In order to correctly assess the influence of sex and
leg comparisons on gene expression variance, we corrected for the line effect using a within-class analysis
[84]. Within-class analysis is a method that has been developed for microarray experiments including various
factors structuring the data. The objective is to explore
the effect of some factors in a multivariate analysis while
controlling for several sources of variation from other
factors. After correction, the first major axis of variation
separated male and female conditions, while PC3 explained the variation between legs (Fig. 1f).

Average expressions of sex-biased genes in the different
tissues were clustered using Euclidean clustering in the
R package PVCLUST version 1.3-2 [86] with 1000 bootstrap resampling. Heatmaps and clustering were performed using the log2(TPM) average expression of each
gene from each tissue. Heatmaps were generated using
the R package GPLOTS version 3.0.1.1.

Identification of sex-biased genes

We first filtered transcripts for which expression was
lower than 2 FPKM in more than half of the samples
after combining the two inbred populations (12 samples
in total). Transcripts with average expression that was
lower than 2 FPKM in both males and females were also
discarded. The number of reads per “gene” was used to
quantify differences in expression among the different conditions of interest using DESeq2 [85]. DESeq2 script is
available from Dryad Digital Repository link below and was
implemented from the DESeq2 vignette: https://datadryad.
org/stash/share/TieHWUYVZWsPHBeCkDkbQ-b_0B3
NAsAFy6SUkD4ybrs.
Differential expression analyses between males and females were performed on the two lines combined as we
aimed to identify genes involved in male third leg exaggeration, which is a common feature to both lines. The
differential expression analysis was also corrected for the
line effect and we called sex-biased any gene with a foldchange > 1.5 and a Padj < 0.05. We also ran the differential analysis on lines separately and observed a large

Interaction between leg and sex regulations

In order to detect a possible interaction between leg and
sex regulations, we combined our list of sex-biased genes
with another list of genes that were identified as differentially expressed between legs of the same sex (i.e., legbiased genes). Using Fisher’s exact tests, we then identified
possible enrichment of genes with both sex- and leg-biased
expression among the genes expressed within each tissue.

Estimation of sequence evolution using dN/dS

Whole transcriptomes of five Microvelia species (M. sp.
(Cayenne), M. pulchella, M. paludicola, M. Ayacuchana,
and M. americana) were sequenced and assembled as in
[75]. Additionally, gene sequences for Microvelia longipes were extracted from genome-based transcriptome
assembly (see the above section). Protein sequences for
all transcripts in these Microvelia species were retrieved
and BLASTP results were used to construct Reciprocal
Best Hits (RBH) clusters that include reciprocal best hits
between Microvelia longipes, Microvelia pulchella, and
at least a third Microvelia species. To improve the accuracy of the alignments we applied a simple length ratio
cut-off to assign RBH of 0.5. This filter prevents short
transcripts generated by Trinity containing a very well
conserved motif to be assigned as RBH if they are less
than half the size of the longest sequence in the cluster.
Our dataset contained a total of 6289 RBH clusters that
were further used to reconstruct the phylogenetic tree.
To do so, gene sequences were aligned using PRANK
(https://pubmed.ncbi.nlm.nih.gov/24170401/)
and
GBLOCKS [87, 88] and a tree was built using IQTREE
[89–92]. The tree obtained was then used to calculate
corrected dN/dS using the method described in [76].
For dN/dS calculation we use all RBH clusters,
aligned with PRANK (-t=guidetree.txt -f=phylips -prunetree -prunedata -translate -F -once -maxbranches =
0.15) using the appropriate pruned guide tree plus
GBLOCKS (-t=c -b5=h ; data available in Dryad
through the link: https://datadryad.org/stash/share/
TieHWUYVZWsPHBeCkDkbQ-b_0B3NAsAFy6SUkD4
ybrs.
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dN and dS values for leafs were extracted using newick
tools. Finally, we performed Wilcoxon tests on dN/dS
values to compare the sequence evolution in sex-biased
versus unbiased genes. To test for faster evolution of
sex-biased genes along the M. longipes branch we performed a Generalized Linear Model (GLM) in pair-wise
comparisons between M. longipes and its closest relative
species (i.e. M. pulchella and M. sp (Cay)). To test the
biological relevance of this result, we developed a bootstrap approach. On each iteration, we set all genes as
unbiased and randomly assigned 253 genes as male sexbiased and 463 as female sex-biased. We then recalculated the differences in sequence evolution. We performed this bootstrap method for 1000 iterations and we
defined the cut-off p value for 99.95% of samples for
male-biased vs unbiased genes at 0.1631. This means
that p values for male sex-biased genes are significant
(0.0018) but also unlikely to have been obtained randomly (0.0018 < 0.1631).

Sex-biased gene distribution between chromosomes
Sex chromosome identification

Gerromorphan karyotypes have previously been characterized as having either the XX/XY or XX/X0 sex determination systems [93, 94]. In M. longipes, Illumina
genomic sequencing containing only males was used to
align genomic reads against M. longipes genome and
extract the genomic coverage of each scaffold. The
scaffold 1893 was the only scaffold among the 13 biggest scaffolds (more than 90% of the genome) that
presented twice less coverage than the other scaffolds.
To finally assess the identity of the X chromosome in
M. longipes, we monitored the gene expression and
found that the scaffold 1893 included both male- and
female-biased genes, excluding this scaffold to be the
Y chromosome. We also looked for a possible Y
chromosome by identifying scaffolds with similar genomic coverage as the X chromosome but containing
genes with only male-biased expression. We did not
find any among the fifty largest scaffolds, suggesting
either that M. longipes has a XX/X0 sex determination system or that our genome assembly presents a
highly fragmented Y chromosome.

Genomic distribution of sex-biased genes

We identified the genomic location of each gene and selected genes with a fold change superior to 1.5 between
males and females as sex-biased genes (Padj < 0.05).
Over- or under-representation of sex-biased genes in the
X chromosome (scaffold 1893) compared to the autosomes (12 other largest scaffolds) was tested using Fisher’s exact tests.
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Estimation of dosage compensation

To compare the average level of gene expression between males and females in the X chromosome we first
selected expressed genes with FPKM > 2 in at least half
of the samples (12 samples per leg). We also averaged
gene expressions between replicates and lines before
testing for differences in expression (Wilcoxon tests on
the log2 (FPKM)).
Detection of large sex-biased gene regions

To detect large chromosomal regions enriched in sexbiased genes we developed a bootstrapping method based
on sliding windows of 2 Mb with a step size of 100 kb
(Additional file 17: Figure S10). Gene density calculation
revealed that on average, genes are found every 20 kb in
M. longipes genome. This pattern was homogeneous
among chromosomes (Additional file 18: Table S8). We
therefore split each chromosome into bins of 100 kb and
generated sliding windows of 2 Mb (20 bins) to include
approximately 100 genes per window in the analysis (Additional file 17: Figure S10B, Additional file 18: Table S8).
We used two scaffolds, one scaffold with two enriched regions (scaffold 2) and a scaffold with no enriched region
(scaffold 1914), to repeat the analysis with smaller regions
(1 Mb, 500 kb, 250 kb, and 120 kb). We found similar results in both scaffolds, regardless of the size of the region,
indicating that our analysis is statistically robust and is not
missing information.
Fold-change reassignment and gene position

From the DESeq2 analyses, all expressed genes were associated with a log2 fold change (Log2FC) and a p value
(Padj). Unexpressed genes (FPKM < 2) were assigned a
log2FC of 0 and a p value of 1. Among the expressed
genes, we switched the log2FC to 0 for the unbiased
genes (Padj > 0.05), in order to directly assess sex-biased
genes based on log2FC values (Additional file 17: Figure
10A).
In a second step, we merged the dataset on sex-biased
expression with the gene positions (Additional file 17:
Figure S10A).
Genome-wide detection of sex-biased gene regions

A mean log2FC was calculated for each window and reported along the chromosomes to reveal genome-wide
regions of sex-biased genes (Additional file 17: Figure
10B).
Bootstrapping method

To test whether these regions are significantly enriched
in male or female-biased genes, we developed a bootstrap approach (Additional file 17: Figure S10C). As the
mean expression level of a gene influences the log2FC
value (i.e., genes with low expressions are more likely to
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have high log2FC values and genes with high expression
are more likely to be differentially expressed), we created
5 categories of genes based on their expression levels
(baseMean values from DESeq2 tables; Additional file 15:
Table S7). We then reassigned randomly, within each
category, the log2FC at each gene position in the genome. This step was performed 100,000 times, therefore
generating 100,000 random log2FC profiles.
Finally, to test for the significant enrichment of gene in
these regions, we compared for each bin the observed
log2FC values with the log2FC values generated from the
bootstrap. To call for significantly enriched region of sexbiased genes, we identified regions for which the observed
log2FC value was higher (male-biased) or lower (femalebiased) than expected randomly after applying a Bonferroni
correction (Additional file 17: Figure S10D), correcting the
bootstrap values by the total number of independent windows in the genome (n = 300). We then applied a cut-off
value of 99.99% to define significantly enriched regions. We
note that this analysis is rather stringent (possibly missing
other important enriched regions), but the highlighted regions are unambiguous (low sensitivity but high robustness).
Detection of clusters of consecutive sex-biased genes

This analysis was primarily inspired from Boutanaev et al.
[11]. In short, we determined clusters by ordering genes
along the genome and detecting regions of consecutive
male- or female-biased genes (Padj < 0.05). To avoid identifying clusters overlapping two different chromosomes,
we performed this analysis on the thirteen largest scaffolds
separately. We then tested whether the observed distribution of genes differed from a stochastic distribution by
randomly assigning a genomic position to unbiased, malebiased, and female-biased genes, respectively. The proportion of sex-biased genes found in clusters as well as the
distribution of cluster sizes was calculated by averaging
1000 iterations (Additional file 17: Figure S10). P values
were extracted from the 95% fluctuation intervals calculated from the 1000 randomized iterations.
Gene ontology analysis

Gene names and functions were annotated by sequence
similarity against the NCBI “non redundant” protein
database using Blast2GO. The Blast2GO annotation was
then provided to detect Gene Ontology terms enrichment (p value < 0.05) using the default method of
TopGO R package version 2.34.0.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12915-021-01021-4.
Additional file 1: Table S1. Genome metrics after assembly and
genomic libraries used to sequence and assemble M. longipes genome.

Page 14 of 17

Additional file 2: Figure S1. Diagram of BUSCO analysis.
Additional file 3: Figure S2. Experimental design of the comparative
transcriptomic analysis.
Additional file 4: Table S2. Summary statistics of the differences in
fold-change and expression for the sex-biased genes between the three
legs.
Additional file 5: Figure S3. Comparison of gene expression
(log2FPKM + 1) across legs for male- and female-biased genes identified
in each leg respectively.
Additional file 6: Table S3. Fisher test statistical analyses of leg and sex
biased genes.
Additional file 7: Figure S4. Crosstalk between leg- and sex-biased
genes.
Additional file 8: Table S4. Summary statistics for dN/dS analyses.
Additional file 9: Figure S5. Interaction plots on dNdS medians on the
six Microvelia species.
Additional file 10: Figure S6. Gene expression correlation between
male and female transcriptomes for each gene on the X chromosome.
Additional file 11: Figure S7. Genome-wide characterization of large
genomic clusters.
Additional file 12: Figure S8. Distributions of the proportion of
clustered sex-biased genes.
Additional file 13: Table S5. Gene Ontology (GO) term tables.
Additional file 14: Table S6. Transcriptome metrics.
Additional file 15: Table S7. Summarizing tables on raw read counts,
FPKM counts, blast analysis and the lists of differentially expressed (DE)
genes between males and females across legs.
Additional file 16: Figure 9. Venn diagrams on sex-biased genes identified on the two lines.
Additional file 17: Figure S10. General pipeline of the bootstrap
analysis to detect large genomic clusters of sex-biased genes.
Additional file 18: Table S8. Summary table of the average gene
number and density per scaffold.

Acknowledgements
We thank Jean-Nicolas Volff for comments on the manuscript, Laurent Duret
for help with dN/dS analyses and comments on the manuscript, François Leulier,
Kevin Parsons, Gaël Yvert and Augustin Le Bouquin for helpful discussions, Juliette
Mends for help with insect care. We thank Lois Taulelle and Hervé Gilquin for
providing access to computing resources in the Pôle Scientifique de Modélisation
Numérique (PSMN) at the ENS Lyon.
Authors’ contributions
W.T and A. K conceived the work, W. T and R. A collected samples for
sequencing, D.A. performed the analysis on genome assembly and
annotation, W. T performed analysis on gene expression, W. T and D. A
performed analysis on gene evolution, W. T and C. D performed analysis on
sex-biased gene distribution in the genome, and W. T, D. A, and A. K wrote
the manuscript. All authors read and approved the final manuscript.
Funding
This work was funded by ERC-CoG WaterWalking #616346 and Labex CEBA
to A.K., a Ph.D. fellowship from Ecole Doctorale BMIC de Lyon to W. T, and
Swiss National Foundation fellowship to R.A.
Availability of data and materials
All data generated or analyzed during this study are included in this
published article, its supplementary information files, and publicly available
repositories.
- BioProject ID: PRJNA610161 and PRJNA642372.
- Dryad link to dN/dS data analyses and scripts employed in this study:
https://datadryad.org/stash/share/TieHWUYVZWsPHBeCkDkbQ-b_0B3
NAsAFy6SUkD4ybrs.

Toubiana et al. BMC Biology

(2021) 19:89

Declarations
Ethics approval and consent to participate
Not applicable
Consent for publication
Not applicable
Competing interests
The authors declare that they have no competing interests.
Author details
1
Institut de Génomique Fonctionnelle de Lyon, Université de Lyon, Université
Claude Bernard Lyon1, CNRS UMR 5242, Ecole Normale Supérieure de Lyon,
46, allée d’Italie, 69364 Lyon Cedex 07, France. 2Present address: Department
of Ecology and Evolution, University of Lausanne, CH-1015 Lausanne,
Switzerland. 3Present address: Instituto Gulbenkian de Ciência, Rua da Quinta
Grande 6, 2780-156 Oeiras, Portugal.
Received: 11 May 2020 Accepted: 1 April 2021

References
1. Darwin C. The descent of man, and selection in relation to sex. London: J.
Murray; 1871.
2. Punzalan D, Hosken DJ. Sexual dimorphism: why the sexes are (and are not)
different. Curr Biol. 2010;20(22):R972–3. https://doi.org/10.1016/j.cub.2010.09.
067.
3. Lande R. Sexual dimorphism, sexual selection, and adaptation in polygenic
characters. Evolution. 1980;34(2):292–305. https://doi.org/10.1111/j.1558-564
6.1980.tb04817.x.
4. Grath S, Parsch J. Sex-Biased Gene Expression. Annu Rev Genet. 2016;50:29–
44.
5. Mank JE. The transcriptional architecture of phenotypic dimorphism. Nat
Ecol Evol. 2017;1(1):1–7.
6. Ellegren H, Parsch J. The evolution of sex-biased genes and sex-biased gene
expression. Nat Rev Genet. 2007;8(9):689–98. https://doi.org/10.1038/nrg21
67.
7. Sayadi A, Martinez Barrio A, Immonen E, Dainat J, Berger D, Tellgren-Roth C,
Nystedt B, Arnqvist G. The genomic footprint of sexual conflict. Nat Ecol
Evol. 2019;3(12):1725–30. https://doi.org/10.1038/s41559-019-1041-9.
8. Wright AE, Mank JE. The scope and strength of sex-specific selection in
genome evolution. J Evol Biol. 2013;26(9):1841–53. https://doi.org/10.1111/
jeb.12201.
9. Nadeau NJ, Burke T, Mundy NI. Evolution of an avian pigmentation gene
correlates with a measure of sexual selection. Proc Biol Sci. 2007;274(1620):
1807–13.
10. Swanson WJ, Clark AG, Waldrip-Dail HM, Wolfner MF, Aquadro CF.
Evolutionary EST analysis identifies rapidly evolving male reproductive
proteins in Drosophila. Proc Natl Acad Sci U S A. 2001;98(13):7375–9. https://
doi.org/10.1073/pnas.131568198.
11. Boutanaev AM, Kalmykova AI, Shevelyov YY, Nurminsky DI. Large clusters of
co-expressed genes in the Drosophila genome. Nature. 2002;420(6916):666–
9. https://doi.org/10.1038/nature01216.
12. Kirkpatrick M. The evolution of genome structure by natural and sexual
selection. J Hered. 2017;108(1):3–11. https://doi.org/10.1093/jhered/esw041.
13. Lavine L, Gotoh H, Brent CS, Dworkin I, Emlen DJ. Exaggerated trait growth
in insects. Annu Rev Entomol. 2015;60(1):453–72. https://doi.org/10.1146/a
nnurev-ento-010814-021045.
14. Emlen DJ, Nijhout HF. The development and evolution of exaggerated
morphologies in insects. Annu Rev Entomol. 2000;45(1):661–708. https://doi.
org/10.1146/annurev.ento.45.1.661.
15. Emlen DJ. A developmental view of exaggerated growth and conditional
expression in the weapons of sexual selection. In: Press PU, editor. From
Field Observations to Mechanisms: A Program in Evolutionary Biology; 2010.
16. Emlen DJ. The evolution of animal weapons. Annu Rev Ecol Evol S. 2008;
39(1):387–413. https://doi.org/10.1146/annurev.ecolsys.39.110707.173502.
17. Emlen DJ, Warren IA, Johns A, Dworkin I, Lavine LC. A mechanism of
extreme growth and reliable signaling in sexually selected ornaments and
weapons. Science. 2012;337(6096):860–4. https://doi.org/10.1126/
science.1224286.

Page 15 of 17

18. Gotoh H, Hust JA, Miura T, Niimi T, Emlen DJ, Lavine LC. The Fat/Hippo
signaling pathway links within-disc morphogen patterning to whole-animal
signals during phenotypically plastic growth in insects. Dev Dyn. 2015;
244(9):1039–45. https://doi.org/10.1002/dvdy.24296.
19. Moczek AP, Rose DJ. Differential recruitment of limb patterning genes
during development and diversification of beetle horns. Proc Natl Acad Sci
U S A. 2009;106(22):8992–7. https://doi.org/10.1073/pnas.0809668106.
20. Warren IA, Gotoh H, Dworkin IM, Emlen DJ, Lavine LC. A general
mechanism for conditional expression of exaggerated sexually-selected
traits. Bioessays. 2013;35(10):889–99. https://doi.org/10.1002/bies.201300031.
21. Gotoh H, Miyakawa H, Ishikawa A, Ishikawa Y, Sugime Y, Emlen DJ, Lavine
LC, Miura T. Developmental link between sex and nutrition; doublesex
regulates sex-specific mandible growth via juvenile hormone signaling in
stag beetles. PLoS Genet. 2014;10(1)1–9.
22. Gotoh H, Cornette R, Koshikawa S, Okada Y, Lavine LC, Emlen DJ, Miura T.
Juvenile hormone regulates extreme mandible growth in male stag beetles.
PLoS One. 2011;6(6)1–5.
23. Kijimoto T, Moczek AP. Hedgehog signaling enables nutrition-responsive
inhibition of an alternative morph in a polyphenic beetle. P Natl Acad Sci
USA. 2016;113(21):5982–7. https://doi.org/10.1073/pnas.1601505113.
24. Kijimoto T, Moczek AP, Andrews J. Diversification of doublesex function
underlies morph-, sex-, and species-specific development of beetle horns. P
Natl Acad Sci USA. 2012;109(50):20526–31. https://doi.org/10.1073/pnas.111
8589109.
25. Lavine LC, Hahn LL, Warren IA, Garczynski SF, Dworkin I, Emlen DJ. Cloning
and characterization of an mRNA encoding an insulin receptor from the
horned scarab beetle Onthophagus nigriventris (Coleoptera: Scarabaeidae).
Arch Insect Biochem Physiol. 2013;82(1):43–57. https://doi.org/10.1002/a
rch.21072.
26. Shelby JA, Madewell R, Moczek AP. Juvenile hormone mediates sexual
dimorphism in horned beetles. J Exp Zool B Mol Dev Evol. 2007;308(4):
417–27.
27. Ohde T, Morita S, Shigenobu S, Morita J, Mizutani T, Gotoh H, Zinna RA,
Nakata M, Ito Y, Wada K, et al. Rhinoceros beetle horn development reveals
deep parallels with dung beetles. PLoS Genet. 2018;14(10)1–23.
28. Arbeitman MN, Fleming AA, Siegal ML, Null BH, Baker BS. A genomic
analysis of Drosophila somatic sexual differentiation and its regulation.
Development. 2004;131(9):2007–21. https://doi.org/10.1242/dev.01077.
29. Arbeitman MN, Furlong EE, Imam F, Johnson E, Null BH, Baker BS, Krasnow
MA, Scott MP, Davis RW, White KP. Gene expression during the life cycle of
Drosophila melanogaster. Science. 2002;297(5590):2270–5. https://doi.org/1
0.1126/science.1072152.
30. Arbeitman MN, New FN, Fear JM, Howard TS, Dalton JE, Graze RM. Sex
differences in Drosophila somatic gene expression: variation and regulation
by doublesex. G3 (Bethesda). 2016;6(7):1799–808.
31. Brown JB, Boley N, Eisman R, May GE, Stoiber MH, Duff MO, Booth BW, Wen
J, Park S, Suzuki AM, Wan KH, Yu C, Zhang D, Carlson JW, Cherbas L, Eads
BD, Miller D, Mockaitis K, Roberts J, Davis CA, Frise E, Hammonds AS, Olson
S, Shenker S, Sturgill D, Samsonova AA, Weiszmann R, Robinson G,
Hernandez J, Andrews J, Bickel PJ, Carninci P, Cherbas P, Gingeras TR,
Hoskins RA, Kaufman TC, Lai EC, Oliver B, Perrimon N, Graveley BR, Celniker
SE. Diversity and dynamics of the Drosophila transcriptome. Nature. 2014;
512(7515):393–9. https://doi.org/10.1038/nature12962.
32. Graveley BR, Brooks AN, Carlson JW, Duff MO, Landolin JM, Yang L, Artieri
CG, van Baren MJ, Boley N, Booth BW, Brown JB, Cherbas L, Davis CA, Dobin
A, Li R, Lin W, Malone JH, Mattiuzzo NR, Miller D, Sturgill D, Tuch BB, Zaleski
C, Zhang D, Blanchette M, Dudoit S, Eads B, Green RE, Hammonds A, Jiang
L, Kapranov P, Langton L, Perrimon N, Sandler JE, Wan KH, Willingham A,
Zhang Y, Zou Y, Andrews J, Bickel PJ, Brenner SE, Brent MR, Cherbas P,
Gingeras TR, Hoskins RA, Kaufman TC, Oliver B, Celniker SE. The
developmental transcriptome of Drosophila melanogaster. Nature. 2011;
471(7339):473–9. https://doi.org/10.1038/nature09715.
33. Parisi M, Nuttall R, Edwards P, Minor J, Naiman D, Lu J, Doctolero M, Vainer
M, Chan C, Malley J, et al. A survey of ovary-, testis-, and soma-biased gene
expression in Drosophila melanogaster adults. Genome Biol. 2004;5(6):R40.
https://doi.org/10.1186/gb-2004-5-6-r40.
34. Barmina O, Gonzalo M, McIntyre LM, Kopp A. Sex- and segment-specific
modulation of gene expression profiles in Drosophila. Dev Biol. 2005;288(2):
528–44. https://doi.org/10.1016/j.ydbio.2005.09.052.
35. Cardoso-Moreira M, Halbert J, Valloton D, Velten B, Chen C, Shao Y, Liechti
A, Ascencao K, Rummel C, Ovchinnikova S, et al. Gene expression across

Toubiana et al. BMC Biology

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.
47.

(2021) 19:89

mammalian organ development. Nature. 2019;571(7766):505–9. https://doi.
org/10.1038/s41586-019-1338-5.
Sarropoulos I, Marin R, Cardoso-Moreira M, Kaessmann H. Developmental
dynamics of lncRNAs across mammalian organs and species. Nature. 2019;
571(7766):510–4. https://doi.org/10.1038/s41586-019-1341-x.
Martin A, Orgogozo V. The loci of repeated evolution: a catalog of genetic
hotspots of phenotypic variation. Evolution. 2013;67(5):1235–50. https://doi.
org/10.1111/evo.12081.
Morris J, Navarro N, Rastas P, Rawlins LD, Sammy J, Mallet J, Dasmahapatra
KK. The genetic architecture of adaptation: convergence and pleiotropy in
Heliconius wing pattern evolution. Heredity (Edinb). 2019;123(2):138–52.
https://doi.org/10.1038/s41437-018-0180-0.
Papakostas S, Vollestad LA, Bruneaux M, Aykanat T, Vanoverbeke J, Ning M,
Primmer CR, Leder EH. Gene pleiotropy constrains gene expression changes
in fish adapted to different thermal conditions. Nat Commun. 2014;5(1):
4071. https://doi.org/10.1038/ncomms5071.
Toubiana W, Armisen D, Viala S, Decaras A, Khila A. The growth factor
BMP11 is required for the development and evolution of a male
exaggerated weapon and its associated fighting behavior in a water strider.
PLoS Biol. 2021;19(5):e3001157:1–19. https://doi.org/10.1371/journal.pbio.3
001157.
Toubiana W, Khila A. Fluctuating selection strength and intense male
competition underlie variation and exaggeration of a water strider's male
weapon. Proc Biol Sci. 2019;286(1901):20182400.
Burton JN, Adey A, Patwardhan RP, Qiu R, Kitzman JO, Shendure J.
Chromosome-scale scaffolding of de novo genome assemblies based on
chromatin interactions. Nat Biotechnol. 2013;31(12):1119–25. https://doi.
org/10.1038/nbt.2727.
Bentley DR, Balasubramanian S, Swerdlow HP, Smith GP, Milton J, Brown
CG, Hall KP, Evers DJ, Barnes CL, Bignell HR, Boutell JM, Bryant J, Carter RJ,
Keira Cheetham R, Cox AJ, Ellis DJ, Flatbush MR, Gormley NA, Humphray SJ,
Irving LJ, Karbelashvili MS, Kirk SM, Li H, Liu X, Maisinger KS, Murray LJ,
Obradovic B, Ost T, Parkinson ML, Pratt MR, Rasolonjatovo IMJ, Reed MT,
Rigatti R, Rodighiero C, Ross MT, Sabot A, Sankar SV, Scally A, Schroth GP,
Smith ME, Smith VP, Spiridou A, Torrance PE, Tzonev SS, Vermaas EH, Walter
K, Wu X, Zhang L, Alam MD, Anastasi C, Aniebo IC, Bailey DMD, Bancarz IR,
Banerjee S, Barbour SG, Baybayan PA, Benoit VA, Benson KF, Bevis C, Black
PJ, Boodhun A, Brennan JS, Bridgham JA, Brown RC, Brown AA, Buermann
DH, Bundu AA, Burrows JC, Carter NP, Castillo N, Chiara E. Catenazzi M,
Chang S, Neil Cooley R, Crake NR, Dada OO, Diakoumakos KD, DominguezFernandez B, Earnshaw DJ, Egbujor UC, Elmore DW, Etchin SS, Ewan MR,
Fedurco M, Fraser LJ, Fuentes Fajardo KV, Scott Furey W, George D, Gietzen
KJ, Goddard CP, Golda GS, Granieri PA, Green DE, Gustafson DL, Hansen NF,
Harnish K, Haudenschild CD, Heyer NI, Hims MM, Ho JT, Horgan AM,
Hoschler K, Hurwitz S, Ivanov DV, Johnson MQ, James T, Huw Jones TA,
Kang GD, Kerelska TH, Kersey AD, Khrebtukova I, Kindwall AP, Kingsbury Z,
Kokko-Gonzales PI, Kumar A, Laurent MA, Lawley CT, Lee SE, Lee X, Liao AK,
Loch JA, Lok M, Luo S, Mammen RM, Martin JW, McCauley PG, McNitt P,
Mehta P, Moon KW, Mullens JW, Newington T, Ning Z, Ling Ng B, Novo SM,
O’Neill MJ, Osborne MA, Osnowski A, Ostadan O, Paraschos LL, Pickering L,
Pike AC, Pike AC, Chris Pinkard D, Pliskin DP, Podhasky J, Quijano VJ, Raczy
C, Rae VH, Rawlings SR, Chiva Rodriguez A, Roe PM, Rogers J, Rogert
Bacigalupo MC, Romanov N, Romieu A, Roth RK, Rourke NJ, Ruediger ST,
Rusman E, Sanches-Kuiper RM, Schenker MR, Seoane JM, Shaw RJ, Shiver
MK, Short SW, Sizto NL, Sluis JP, Smith MA, Ernest Sohna Sohna J, Spence
EJ, Stevens K, Sutton N, Szajkowski L, Tregidgo CL, Turcatti G, vandeVondele
S, Verhovsky Y, Virk SM, Wakelin S, Walcott GC, Wang J, Worsley GJ, Yan J,
Yau L, Zuerlein M, Rogers J, Mullikin JC, Hurles ME, McCooke NJ, West JS,
Oaks FL, Lundberg PL, Klenerman D, Durbin R, Smith AJ. Accurate whole
human genome sequencing using reversible terminator chemistry. Nature.
2008;456(7218):53–9. https://doi.org/10.1038/nature07517.
Rhoads A, Au KF. PacBio sequencing and its applications. Genomics Proteomics
Bioinformatics. 2015;13(5):278–89. https://doi.org/10.1016/j.gpb.2015.08.002.
Simao FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM.
BUSCO: assessing genome assembly and annotation completeness with
single-copy orthologs. Bioinformatics. 2015;31(19):3210–2. https://doi.org/1
0.1093/bioinformatics/btv351.
Hodgkin J. Seven types of pleiotropy. Int J Dev Biol. 1998;42(3):501–5.
Williams TM, Carroll SB. Genetic and molecular insights into the
development and evolution of sexual dimorphism. Nat Rev Genet. 2009;
10(11):797–804. https://doi.org/10.1038/nrg2687.

Page 16 of 17

48. Wilkinson GS, Johns PM, Metheny JD, Baker RH. Sex-biased gene expression
during head development in a sexually dimorphic stalk-eyed fly. PLoS One.
2013;8(3):e59826. https://doi.org/10.1371/journal.pone.0059826.
49. Wilkinson GS, Breden F, Mank JE, Ritchie MG, Higginson AD, Radwan J,
Jaquiery J, Salzburger W, Arriero E, Barribeau SM, Phillips PC, Renn SCP,
Rowe L. The locus of sexual selection: moving sexual selection studies into
the post-genomics era. J Evolution Biol. 2015;28(4):739–55. https://doi.org/1
0.1111/jeb.12621.
50. Mank JE. Sex chromosomes and the evolution of sexual dimorphism:
lessons from the genome. Am Nat. 2009;173(2):141–50. https://doi.org/10.1
086/595754.
51. Vicoso B, Charlesworth B. Evolution on the X chromosome: unusual patterns
and processes. Nat Rev Genet. 2006;7(8):645–53. https://doi.org/10.1038/
nrg1914.
52. Dean R, Mank JE. The role of sex chromosomes in sexual dimorphism:
discordance between molecular and phenotypic data. J Evolution Biol.
2014;27(7):1443–53. https://doi.org/10.1111/jeb.12345.
53. Bachtrog D, Toda NRT, Lockton S. Dosage compensation and
demasculinization of X chromosomes in Drosophila. Curr Biol. 2010;20(16):
1476–81. https://doi.org/10.1016/j.cub.2010.06.076.
54. Dorus S, Busby SA, Gerike U, Shabanowitz J, Hunt DF, Karr TL. Genomic and
functional evolution of the Drosophila melanogaster sperm proteome. Nat
Genet. 2006;38(12):1440–5. https://doi.org/10.1038/ng1915.
55. Kim KW, Bennison C, Hemmings N, Brookes L, Hurley LL, Griffith SC, Burke T,
Birkhead TR, Slate J. A sex-linked supergene controls sperm morphology
and swimming speed in a songbird. Nat Ecol Evol. 2017;1(8):1168–76.
https://doi.org/10.1038/s41559-017-0235-2.
56. Knief U, Forstmeier W, Pei YF, Ihle M, Wang DP, Martin K, Opatova P,
Albrechtova J, Wittig M, Franke A, et al. A sex-chromosome inversion causes
strong overdominance for sperm traits that affect siring success. Nat Ecol
Evol. 2017;1(8):1177–84. https://doi.org/10.1038/s41559-017-0236-1.
57. Kupper C, Stocks M, Risse JE, dos Remedios N, Farrell LL, Mcrae SB, Morgan
TC, Karlionova N, Pinchuk P, Verkuil YI, et al. A supergene determines highly
divergent male reproductive morphs in the ruff. Nat Genet. 2016;48(1):79.
58. Lamichhaney S, Fan GY, Widemo F, Gunnarsson U, Thalmann DS, Hoeppner
MP, Kerje S, Gustafson U, Shi CC, Zhang H, et al. Structural genomic
changes underlie alternative reproductive strategies in the ruff (Philomachus
pugnax). Nat Genet. 2016;48(1):84.
59. Hurst LD, Pal C, Lercher MJ. The evolutionary dynamics of eukaryotic gene
order. Nat Rev Genet. 2004;5(4):299–310. https://doi.org/10.1038/nrg1319.
60. Zhou X, Liao WJ, Liao JM, Liao P, Lu H. Ribosomal proteins: functions
beyond the ribosome. J Mol Cell Biol. 2015;7(2):92–104. https://doi.org/10.1
093/jmcb/mjv014.
61. Stern DL, Emlen DJ. The developmental basis for allometry in insects.
Development. 1999;126(6):1091–101.
62. Santos ME, Berger CS, Refki PN, Khila A. Integrating evo-devo with ecology
for a better understanding of phenotypic evolution. Brief Funct Genomics.
2015;14(6):384–95. https://doi.org/10.1093/bfgp/elv003.
63. Ahuja A, Singh RS. Variation and evolution of male sex combs in Drosophila:
nature of selection response and theories of genetic variation for sexual
traits. Genetics. 2008;179(1):503–9. https://doi.org/10.1534/genetics.107.0863
63.
64. Maraqa MS, Griffin R, Sharma MD, Wilson AJ, Hunt J, Hosken DJ, House CM.
Constrained evolution of the sex comb in Drosophila simulans. J Evol Biol.
2017;30(2):388–400. https://doi.org/10.1111/jeb.13015.
65. Crumiere AJJ, Khila A. Hox genes mediate the escalation of sexually
antagonistic traits in water striders. Biol Lett. 2019;15(2):20180720. https://
doi.org/10.1098/rsbl.2018.0720.
66. Baines JF, Sawyer SA, Hartl DL, Parsch J. Effects of X-linkage and sex-biased
gene expression on the rate of adaptive protein evolution in Drosophila.
Mol Biol Evol. 2008;25(8):1639–50. https://doi.org/10.1093/molbev/msn111.
67. Sawyer SA, Parsch J, Zhang Z, Hartl DL. Prevalence of positive selection
among nearly neutral amino acid replacements in Drosophila. Proc Natl
Acad Sci U S A. 2007;104(16):6504–10. https://doi.org/10.1073/pnas.0701
572104.
68. Harrison PW, Wright AE, Zimmer F, Dean R, Montgomery SH, Pointer MA,
Mank JE. Sexual selection drives evolution and rapid turnover of male gene
expression. P Natl Acad Sci USA. 2015;112(14):4393–8. https://doi.org/10.1
073/pnas.1501339112.
69. Andersson MB. Sexual selection. Princeton: Princeton University Press; 1994.
https://doi.org/10.1515/9780691207278.

Toubiana et al. BMC Biology

(2021) 19:89

70. Mank JE, Hultin-Rosenberg L, Webster MT, Ellegren H. The unique genomic
properties of sex-biased genes: insights from avian microarray data. BMC
Genomics. 2008;9(1):148. https://doi.org/10.1186/1471-2164-9-148.
71. Ma WJ, Veltsos P, Toups MA, Rodrigues N, Sermier R, Jeffries DL, Perrin N.
Tissue specificity and dynamics of sex-biased gene expression in a common
frog population with differentiated, yet homomorphic, sex chromosomes.
Genes (Basel). 2018;9(6)1–24.
72. Khila A, Abouheif E, Rowe L. Function, developmental genetics, and fitness
consequences of a sexually antagonistic trait. Science. 2012;336(6081):585–9.
https://doi.org/10.1126/science.1217258.
73. Badyaev AV. Growing apart: an ontogenetic perspective on the evolution of
sexual size dimorphism. Trends Ecol Evol. 2002;17(8):369–78. https://doi.
org/10.1016/S0169-5347(02)02569-7.
74. Zinna R, Emlen D, Lavine LC, Johns A, Gotoh H, Niimi T, Dworkin I. Sexual
dimorphism and heightened conditional expression in a sexually selected
weapon in the Asian rhinoceros beetle. Mol Ecol. 2018;27(24):5049–72.
https://doi.org/10.1111/mec.14907.
75. Pointer MA, Harrison PW, Wright AE, Mank JE. Masculinization of gene
expression is associated with exaggeration of male sexual dimorphism.
PLoS Genet. 2013;9(8)1–9.
76. Dean R, Mank JE. Tissue specificity and sex-specific regulatory variation
permit the evolution of sex-biased gene expression. Am Nat. 2016;188(3):
E74–84. https://doi.org/10.1086/687526.
77. Mank JE, Hultin-Rosenberg L, Zwahlen M, Ellegren H. Pleiotropic constraint
hampers the resolution of sexual antagonism in vertebrate gene expression.
Am Nat. 2008;171(1):35–43. https://doi.org/10.1086/523954.
78. Da Motta FS, Moreira FFF, Crumiere AJJ, Santos ME, Khila A. A new species
of Rhagovelia Mayr, 1865 (Hemiptera: Heteroptera: Veliidae) from French
Guiana, with new records of Gerromorpha from the country. Zootaxa. 2018;
4433(3):520–30. https://doi.org/10.11646/zootaxa.4433.3.7.
79. Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo CA,
Zeng Q, Wortman J, Young SK, Earl AM. Pilon: an integrated tool for
comprehensive microbial variant detection and genome assembly
improvement. PLoS One. 2014;9(11):e112963. https://doi.org/10.1371/journal.
pone.0112963.
80. Hoff KJ, Lange S, Lomsadze A, Borodovsky M, Stanke M. BRAKER1:
unsupervised RNA-Seq-based genome annotation with GeneMark-ET and
AUGUSTUS. Bioinformatics. 2016;32(5):767–9. https://doi.org/10.1093/
bioinformatics/btv661.
81. Cantarel BL, Korf I, Robb SMC, Parra G, Ross E, Moore B, Holt C, Alvarado AS,
Yandell M. MAKER: an easy-to-use annotation pipeline designed for
emerging model organism genomes. Genome Res. 2008;18(1):188–96.
https://doi.org/10.1101/gr.6743907.
82. Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expression
analysis of RNA-seq experiments with HISAT, StringTie and Ballgown. Nat
Protoc. 2016;11(9):1650–67. https://doi.org/10.1038/nprot.2016.095.
83. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015;12(4):357–60. https://doi.org/10.1
038/nmeth.3317.
84. Baty F, Facompre M, Wiegand J, Schwager J, Brutsche MH. Analysis with
respect to instrumental variables for the exploration of microarray data
structures. Bmc Bioinformatics. 2006;7(1):422. https://doi.org/10.1186/14
71-2105-7-422.
85. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
https://doi.org/10.1186/s13059-014-0550-8.
86. Suzuki R, Shimodaira H. Pvclust: an R package for assessing the uncertainty
in hierarchical clustering. Bioinformatics. 2006;22(12):1540–2. https://doi.
org/10.1093/bioinformatics/btl117.
87. Castresana J. Selection of conserved blocks from multiple alignments for
their use in phylogenetic analysis. Mol Biol Evol. 2000;17(4):540–52. https://
doi.org/10.1093/oxfordjournals.molbev.a026334.
88. Talavera G, Castresana J. Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence
alignments. Syst Biol. 2007;56(4):564–77. https://doi.org/10.1080/106351
50701472164.
89. Chernomor O, von Haeseler A, Minh BQ. Terrace aware data structure for
phylogenomic inference from supermatrices. Syst Biol. 2016;65(6):997–1008.
https://doi.org/10.1093/sysbio/syw037.

Page 17 of 17

90. Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. UFBoot2:
improving the ultrafast bootstrap approximation. Mol Biol Evol. 2018;35(2):
518–22. https://doi.org/10.1093/molbev/msx281.
91. Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS.
ModelFinder: fast model selection for accurate phylogenetic estimates. Nat
Methods. 2017;14(6):587–9. https://doi.org/10.1038/nmeth.4285.
92. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol. 2015;32(1):268–74. https://doi.org/10.1093/
molbev/msu300.
93. Castanhole MMU, Pereira LLV, Souza HV, Itoyama MM. Spermatogenesis and
karyotypes of three species of water striders (Gerridae, Heteroptera). Genet
Mol Res. 2010;9(3):1343–56. https://doi.org/10.4238/vol9-3gmr841.
94. Fairbairn DJ, Kiseliova O, Muir S. Variation in chromosome numbers and the
sex determination system in the Gerromorpha with special reference to the
family Gerridae (Hemiptera). Aquat Insect. 2016;37(2):127–44. https://doi.
org/10.1080/01650424.2016.1167222.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

