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Context-dependent trait exaggeration is a major contributor to phenotypic
diversity. However, the genetic modifiers instructing development across
multiple contexts remain largely unknown. We use the arthropod tibia, a hot-
spot for segmental differentiation, as a paradigm to assess the developmental
mechanisms underlying the context-dependent structural exaggeration of size
and shape through nutritional plasticity, sexual dimorphism and segmental
differentiation. Using an RNAseq approach in the sexually dimorphic
and male-polyphenic dung beetle Digitonthophagus gazella, we find that
only a small portion (3.7%) of all transcripts covary positively in expression
level with trait size across contexts. However, RNAi-mediated knockdown
of the conserved sex-determination gene doublesex suggests that it functions
as a context-dependent master mediator of trait exaggeration in D. gazella as
well as the closely related dung beetle Onthophagus taurus. Taken together,
our findings suggest (i) that the gene networks associated with trait exagger-
ation are highly dependent on the precise developmental context, (i) that
doublesex differentially shapes morphological exaggeration depending on
developmental contexts and (iii) that this context-specificity of dsx-mediated
trait exaggeration may diversify rapidly. This mechanism may contribute to
the resolution of conflict arising from environment-dependent antagonistic
selection among sexes and divergent developmental contexts in a wide
range of animals.

1. Background

Organismal growth and differentiation require developmental systems to respond
to cues and signals originating from both outside and within the growing organ-
ism. Yet how organisms weave together various sources of intrinsic and extrinsic
information into a cohesive developmental progression remains poorly under-
stood. This applies in particular to traits subject to antagonistic selection
depending on the genetic, developmental or environmental contexts within
which they are expressed. A common feature of structural development associated
with multiple such developmental contexts and various forms of conflict is trait
exaggeration—a major component of organismal diversification [1]. This is
especially true for male secondary sexual traits acting as ornaments and /or arma-
ments [2,3] that are often nutritionally plastic. In these instances, trait exaggeration
becomes a function of both nutritional conditions as well as sex. However, a third
context is likely to be just as important: when traits possess serial homologues
along the body axis. For example, the serially reiterated appendages of arthropods
form through a shared and highly conserved set of developmental processes [4,5]
yet often present dramatically different manifestations of the same homologous
structure, such as the greatly elongated forelimbs of male harlequin beetles or
the exaggerated hindlimbs of male leaf-footed bugs [6]. In these cases, trait exag-
geration is contingent not only on sex or nutritional context, but also on the
segmental identity of the serial homologue. Despite the importance of these inter-
woven contexts in driving trait exaggeration, the mechanisms that underlie and
integrate context-dependent trait exaggeration in the same trait across multiple
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contrasts remain largely unexplored. This is despite the critical
contribution of context-dependent development to the resol-
ution of intralocus sexual conflict—a common phenomenon
which arises when the optimal trait value of homologous struc-
tures differs between sexes [7]. Similar effects can be expected if
the same trait is expressed in different external or internal
environments, such as nutritional conditions or body regions.
Using a combination of transcriptomic, functional genetic
and geometric morphometric approaches, we sought to
better understand the developmental underpinnings of trait
exaggeration across diverse contexts, their integration within
the formation of a singular structure—the dung beetle tibia—
and the developmental resolution of potential conflicts arising
when trait exaggeration in one context results in trait values
inappropriate for another.

The evolution of trait exaggeration could be enabled by the
deployment of taxon-restricted genes, recruitment and co-
option of previously unrelated developmental processes, or
modification of ancestrally plastic developmental processes
via genetic accommodation [8,9]. Functional interrogation
has identified several common developmental mechanisms
underlying the evolution and diversification of exaggerated
traits [3] including, among others, the homeobox genes Ubx/
UbdA (in orthopteran hindlegs [10]), genes associated with
insulin signalling (in beetle horns [11-13]) and genes ances-
trally tasked with somatic sex determination (in dung and
rhinoceros beetle horns and stag beetle mandibles [8,14-16]).
Previous transcriptomic and quantitative genetic studies
further suggest that sexual dimorphism and nutritional
plasticity share developmental underpinnings. For example,
sexual dimorphism has been shown to coincide with increased
sex-bias in nutritional plasticity [17-21] and to co-evolve with
sex-specific plasticity in traits under directional selection [22].
Together, these findings suggest that the same developmental
processes may be recruited repeatedly during the convergent
evolution of sex-biased trait exaggeration, hinting at the exist-
ence of a set of ‘core exaggeration genes’. Additive effects of
environmental and intrinsic signals on such exaggeration
genes could then mediate trait exaggeration that converges
on optimal trait expression.

Here, we study the mechanisms underlying the multi-
context-dependent exaggeration of insect tibia morphology.
Tibiae—the fourth segments of all three pairs of insect
legs—have an ancient evolutionary history, are exposed to selec-
tion in both sexes and, as integral components of critical
locomotory appendages, are probably under strong functional
constraints and selection. Yet, in insects, tibia exaggera-
tion often varies between sexes, nutritional contexts and
thoracic segments. For instance, male gazelle dung beetles
(Digitonthophagus gazella; figure 1a) develop particularly long
and elongated fore tibiae (figure 1b) used to hold on to the
female elytra during copulation. This elongation is dependent
on nutritional contexts in that fore tibia size increases dispropor-
tionately with larval nutrition and adult size (hyperallometry).
Females on the other hand develop stout shovel-like fore tibiae
used in the excavation of breeding tunnels and exhibit a largely
isometric tibia length allometry in response to variation in
larval nutrition (figure 1b,c). Furthermore, hind tibiae—which
develop from serially homologous tissues in the third thoracic
segment—are comparatively small and hypoallometric in both
sexes (figure 1b,c). By comparing the developmental underpin-
nings of such sex-, nutrition- and segment-specific
development of homologous tissues, we here aim to further

our understanding of the mechanisms facilitating context-
dependent trait exaggeration.

2. Material and methods
(@) Animal husbandry

Digitonthophagus gazella (Fabricius, 1787) was collected in Santa
Fe, Florida, in spring 2019 and shipped to Bloomington, Indiana,
where a laboratory colony was established following standard
procedures [23].

(b) Sex-specific static allometries in Digitonthophagus
gazella

To quantify variation in tibia size due to sexual dimorphism,
nutritional plasticity and segment identity, we first reared F1
offspring under various amounts of food (1.0 to 3.0 g of hom-
ogenized cow dung) in 12-well tissue culture plates at 29°C (as
described previously [23]). Upon adult eclosion, individuals
were sacrificed and stored in 70% ethanol. As an estimate of over-
all body size, we measured pronotum width (a common measure
in this group of organisms that shows a multivariate allometric
slope close to isometry in this species). Body size and fore and
hind tibia length (see electronic supplementary material) were
measured for 30 individuals per sex spanning the entire body
size range. Sex-specific allometric coefficients were calculated
using ordinary least-squares regression of log trait size against
log pronotum width.

(c) Sample generation, sequencing and sequence
analysis

To study variation in gene expression, we again reared newly
hatched (F1) offspring in 12-well plates. This time, half or all ani-
mals received a full well (3.2 g) of homogenized cow dung, while
the other half received only 50% as much food (1.6 g). Upon
reaching the third larval stage, individuals were sexed based
on gonad morphology [24], weighed using a Mettler Toledo
(AL54 Ohio, USA, d =0.1 mg) scale and dissected (see electronic
supplementary material, figures S6 and S7). Following [25], we
first rinsed all prepupae with RNAse-free water and carefully
removed the larval cuticle in 0.05% Triton-X in phosphate-buf-
fered saline, removed the prepupal fore- and hindleg primordia
of all individuals, and dissected only the tissue that gives rise
to the adult fore and hind tibia (see electronic supplementary
material, figure S6). We collected fore- and hindleg tissue for
six males reared under high food conditions, foreleg tissue of
six males reared under poor food conditions, and foreleg tissue
of six females reared under high food conditions (24 samples
of 18 individuals total). Tissue was stored immediately in
RNAlater and kept at —80°C. After thawing, tissues were hom-
ogenized with disposable polypropylene RNase-free pestles
and RNA was extracted using a RNeasy Plus Mini Kit
(Qiagen) following the manufacturer’s instructions. Total RNA
quality was checked using an RNA ScreenTape TapeStation
System (Agilent). Libraries were quantified using a Quant-iT
DNA Assay Kit (Thermo Fisher), pooled in equal molar amounts
and sequenced as single-end reads using a 75-cycle High kit on
the NextSeq500 platform (Illumina, San Diego, CA). Samples
were all pooled to control for batch effects.

The quality of raw reads was checked using FastQC [26]. Illu-
mina adapter sequences were removed using trimmomatic [27]
(electronic supplementary material, table S1). The transcripts of
all 24 tibia samples were used to generate a de novo transcriptome
assembly using Trinity v2.4.0 [28] (only considering longest
isoforms  using  get longest isoform seq per trinity gene.pl;
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Figure 1. (a) Digitonthophagus gazella males have generally (b,¢) longer and more nutritionally plastic fore tibiae compared to females (35 = 1.47 [1.40,1.53] (95%
(), n=30; Bo=10.90 [0.80, 0.99], n = 30; sex x log pronotum width interaction: p < 0.001, n = 60). By contrast, the hind tibia is much smaller and scales
hypoallometrically in both sexes (85 =0.81 [0.74, 0.89], n=30; Bo =10.72 [0.57, 0.87], n=30; sex X log pronotum width interaction: p = 0.265, n = 60).
(de) Venn diagrams depicting the number of differentially expressed genes (p adj < 0.05) that correlate positively (d) and negatively (e) in expression levels

with trait size. (Online version in colour.)

electronic supplementary material, table 52). BUSCO [29] was used
to assess the completeness of the transcriptome and Trinotate
(https://trinotate.github.io/) was used for gene annotation (elec-
tronic supplementary material, table S2). The trimmed reads were
mapped against the de novo transcriptome using bowtie2 (v2.3.2)
[30] and quantified with rsem (v1.3.0) [31] using Trinity's
built in ‘align_and_estimate_abundance’ and ‘abundance_estima-
tes_to_matrix’ tool. We performed pairwise comparisons of
normalized gene expression levels across all contrasts as
implemented in the R-package DESEq2 [32]. For all contrasts, we
used a critical false discovery rate threshold of 0.05 with
Benjamini-Hochberg adjustment.

(d) RNA interference: dsRNA synthesis and injection

To assess the function of dsx, we revisited individuals subjected
to RN Ai-mediated knockdown of dsx expression (dsx""*%) gener-
ated in a previous study [8]. dsRNA synthesis and injection
followed methods described elsewhere [14,33]. In brief, dsx tem-
plate DNA was amplified by PCR using dsx-specific primers

attached to a T7 promoter sequence. MEGAscript T7 transcrip-
tion and MEGAclear kits (Invitrogen) were used to synthesize
and purify dsRNA. dsRNA was then diluted in injection buffer
to reach a concentration of 1.0 pg pl™' dsRNA. Using a hand-
held syringe, 3 pg dsRNA were consequently injected into the
thorax of early L3 larvae. Control injections were performed by
injecting buffer solution only. The sex of larvae was determined
according to gonad morphology [24]. After complete sclerotiza-
tion, emerging adults were sacrificed and stored in 70% ethanol.

(e) (Geometric) morphometric analysis in
Digitonthophagus gazella

Using a digital camera (Scion, Frederick, MD, USA) mounted on
a Leica MZ-16 stereomicroscope (Bannockburn, IL, USA), we
took calibrated pictures of the pronotum as well as the fore
and hind tibiae. Pronotum width and tibia length were measured
using tpsDig2 [34]. To test for an effect of dsx knockdown on
logarithmized fore and hind tibia length, we used ANOVAs
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(type II sums of squares) with injection treatment (buffer or
dsx"™ ™) and sex as fixed effects and logarithmized pronotum
width as covariate.

To quantify the effect of dsx knockdown on tibia shape we
again used tpsDig2 [34] to acquire nine two-dimensional coordi-
nates to quantify fore tibia shape and five landmarks to quantify
hind tibia shape (see electronic supplementary material, figure
S8). Landmark coordinates were subjected to a full Procrustes
analysis using the function gpagen() of the R-package geomorph
v. 3.1.1 [35]. Centroid size, a shape-independent measure of
structural size [36], was retrieved. To test for an effect of dsx
knockdown and sex differences in tibia shape, we used Pro-
crustes ANOVAs with residual randomization permutation
procedure (as implemented in geomorph). Logarithmized centroid
size was included to control for (sex-specific) shape variation due
to allometry. To illustrate the variation in tibia shape, and to
quantify how strongly sexes and RNAIi treatments were differen-
tiated, we performed a canonical variate analysis (CVA) with
jack-knife cross-validation (as implemented in Morpho [37]). To
explore whether dsx causes differences in the direction or magni-
tude (vector norm) of shape change between sexes and treatment
groups, we used trajectory analysis (TA) [38] with a randomized
residual permutation procedure (as implemented in the geomorph
function trajectory.analysis())

(f) Evolutionary diversification of the function of
doublesex

To assess whether the function of doublesex in tibia development is
unique to D. gazella or whether it is conserved among species,
we revisited a previous study that used dsx knockdown in
Onthophagus taurus, a related species of dung beetle [14]. We
haphazardly chose several dsx dsRNA-injected and control indi-
viduals per sex and again measured pronotum width, as well as
fore and hind tibia length. We then used (Procrustes) ANOVAs
to test for species differences in the function of dsx in the sex-
specific development of size and shape (electronic supplementary
material, tables S5 and S6).

(g) Sex-specific nutritional plasticity in horns, legs and
thorax

To investigate the effect of dsx on sex-specific nutritional
plasticity, we again reared 144 newly hatched (L1) larvae in 12-
well plates. As in the RNAseq experiment described above,
half of all individuals were provided with 3.2 g of homogenized
cow dung, while the other half received only half as much food
(1.6 g). This nutritional manipulation was crossed with an RNAi
treatment (dsRNA or buffer injection). After adult emergence
and sclerotization, we quantified the shape of fore and hind
tibiae (as described above), heads (6 full- and 8 semi-landmarks),
horns (4 full- and 26 semi-landmarks) and thoraces (3 full- and 18
semi-landmarks) as indicated in electronic supplementary
material, figure S8. The positioning of semi-landmarks was opti-
mized by minimizing bending energy. Procrustes ANOVAs were
used to test for the effect of dsx™ ! and nutritional manipulation
on sex-specific shape. To visualize the effect of nutrition and
dsx®™NA! on sexual shape dimorphism, we extracted vectors of coef-
ficients for the sex effect in high-quality nutrition () and projected
the shape data (Y) onto this vector as s = YR (BB) ™" [39]. This
renders an individual ‘shape score” (s) for each trait (figure 4).
Small values indicate a more female-like shape while larger
values indicate more masculinized morphology. Sex-specific vec-
tors of the effect of nutritional manipulation on shape were
computed for buffer and dsx dsRNA-injected individuals using
multivariate linear models. Vector correlations between male-
and female-specific vectors of regression coefficients (5) were

RNAi

Computed as r= ‘Bmale : Bfemale'/”ﬁmale H X ”:Bfemale” (ﬁgure 5). n

95% Cls were generated using non-parametric bootstrapping.
See electronic supplementary material, table S10 for vector corre-
lation between sexual shape dimorphism vectors (vectors of
regression coefficients for the effect of sex) of animals injected
with buffer and individuals injected with dsx dsRNA.

3. Results and discussion

(a) Transcriptional underpinnings of context-dependent
tibia exaggeration

We sought to investigate the developmental mechanisms med-
iating context-dependent exaggeration of homologous traits.
To do so, we assessed the transcriptomic and functional genetic
underpinnings of sex-, nutrition- and segment-specific devel-
opment of tibia size and shape in dung beetles. To explore
whether trait enlargement driven by sexual dimorphism, nutri-
tional plasticity or segment identity is governed by a set of ‘core
exaggeration genes’ or, alternatively, by discrete developmen-
tal processes, we compared gene expression patterns across
homologous prepupal tibia tissues at the time point during
which the prepupal tibia is reshaped into the adult leg. Of
the 17776 longest isoforms detected overall, 1220 (6.8%)
showed differential expression (DE) in one or more of the
three contrasts investigated. Nutritional plasticity caused the
weakest change in tibia length (figure 1c) but affected the lar-
gest number of transcripts (n =893; figure 1d,e). By contrast,
the stronger morphological differences between fore and
hind tibiae and male and female fore tibiae (figure 1c) were
associated with much fewer DE transcripts (n =337 and 106,
respectively; figure 1d,e). This is in contrast with previous
reports of a stronger effect of sexual dimorphism compared
to nutritional plasticity across various types of tissues in bee-
tles [17,20,40] and highlights that differences in the
morphological exaggeration of (serially) homologous tissues
do not necessarily mirror transcriptional disparity.

To assess whether trait exaggeration in different contexts
relies on a shared set of developmental processes, we were
particularly interested in differentially expressed transcripts
overlapping across various contexts that give rise to an
exaggerated morphology as well as those that overlap in con-
texts that generate less exaggerated morphology. We thus
compared transcripts differentially expressed uniquely in
conditions that lead to a larger or smaller structure
(figure 1d,e, respectively). If a common set of ‘exaggeration
genes’ is responsible for the exaggerated growth of homolo-
gous tissues, we expected candidate genes directly linked to
leg growth, tibia development and nutritional plasticity to
be shared in all pairwise comparisons. In contrast with our
expectation, only a small portion (n =21, 3.7%; figure 1d) of
all transcripts that covaried positively in expression level
with trait size were shared across all three contrasts and, sur-
prisingly, none of these transcripts had detectable
orthologues in the genomes of Drosophila melanogaster, Tribo-
lium castaneum or the close relative Onthophagus taurus. This
indicates that exaggeration due to nutritional plasticity,
sexual dimorphism and segment identity are likely underlain
by disparate transcriptomic landscapes and, by extension, lar-
gely non-overlapping gene networks and developmental
pathways. This is further reflected in that a majority of differ-
entially expressed genes were entirely unique to a given
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Figure 2. RNAi-mediated systemic knockdowns of doublesex reduce fore (a) and hind tibia (b) length in male D. gazella, but has the opposite effect in females.
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contrast—that is, only 12.2% of all upregulated transcripts
were contained in one of the three possible pairwise overlaps.
However, 64.4% (49/76) of all genes that were overexpressed
in males relative to females (sexual dimorphism) exhibited
the same direction in one of the other two contrasts
(figure 1d). This adds to previous studies that suggest nutri-
tional plasticity and sexual dimorphism share developmental
underpinnings [19] but indicates that the degree of transcrip-
tional overlap may depend on the specific contrasts in
question. Lastly, when considering only genes that were upre-
gulated in tissues giving rise to smaller adult structures, the
overlap between contrasts was minimal (0.01%; figure 1le).
Taken together, these findings indicate that some exagger-
ation contrasts recruit a similar set of putative ‘exaggeration
genes’; yet, overall, the overlap in DE genes between contrasts
was surprisingly small. This implies that the genes, gene net-
works and developmental pathways involved in tibia
exaggeration are strongly dependent on the developmental
context—a finding inconsistent with the ‘core exaggeration
genes’ hypothesis. By extension, these results raise the possi-
bility that differential exaggeration is not caused by the
accumulation of additive effects in multiple contrasts, but
possibly by context-dependent expression of a developmen-
tal master mediator gene able to integrate various sources
of information in a sex-, segment- and nutrition-dependent
manner.

One of the genes that showed differential expression in two of
our three focal contrasts was the somatic sex-determination
gene doublesex (dsx). Specifically, dsx was upregulated in the
fore relative to the hind tibia of D. gazells and exhibited
higher expression in the fore tibia of males with access to
high-quality nutrition compared to low nutrition males. Pre-
vious work showed that strictly sex-specific splice variants
underpin sexual dimorphism in several species, including the
close relatives Onthophagus taurus and O. sagittarius [14,33].
When re-analysing differential expression to differentiate indi-
vidual isoforms (electronic supplementary material, figure S1;
note that by restricting our initial analysis to the longest iso-
forms male- and female-specific splicing variants are masked
in figure 1de) we, too, are able to document sex-specific DE
in 3 out of the 5 dsx isoforms detected in D. gazella. dsx therefore
emerged as a likely candidate simultaneously mediating tissue
exaggeration associated with sexual dimorphism (via the
expression of sex-specific isoforms), nutritional plasticity (via
upregulation in the fore tibia of high nutrition males) and seg-
ment identity (via upregulation in fore compared to hind tibiae
of the same individual). To begin assessing this possibility
experimentally, we perturbed dsx function through RNAi-
mediated transcript depletion. Systemic dsx expression
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knockdown of all known isoforms in males and females reared
on standardized laboratory conditions [8] revealed that dsx
expression results in the exaggeration of fore tibia length in
males but the reduction of fore tibia length in females (sex x
injection interaction: F; 59 = 184.88, p <0.001, 1 = 45; electronic
supplementary material, table S3; figure 2a). dsx"*! further
revealed strong sex-specific effects on fore tibia shape (Pro-
crustes ANOVA, sex x injection interaction: Fy 30 =41.65, p <
0.001, n=45; electronic supplementary material, table S4;
CVA cross-validation success: 91.1%; figure 3a), reducing
sexual dimorphism as measured in unit Procrustes distance
in fore tibia shape from 0.20 to 0.05 (TA: p < 0.001). By contrast,
even though dsx knockdown also reduced sexual shape
dimorphism in the hind tibia (Procrustes ANOVA, sex x injec-
tion interaction: F;4=321, p=0.010, n=45; electronic
supplementary material, table S4; figure 3b), compared to the
fore tibia, this effect was much weaker (CVA cross-validation
success: 53.3%). These results suggest that dsx regulates both
sex- and segment-specific exaggeration of tibial size and shape.

Next, we sought to test whether dsx also mediates nutri-
tion-dependent exaggeration of tibial development. To do
so, we reared larvae in a strictly controlled, fully factorial
design crossing nutritional manipulation with the RNAi-
mediated downregulation of dsx expression [41]. This

RNAT treatments confirmed results

additional round of dsx
reported above regarding sexual dimorphism in fore tibia

morphology, and in addition, demonstrated that the dsx*™Ai-

RNAI 3lso strongly affected sex-specific fore tibia shape in 0. taurus,

mediated reduction of sexual dimorphism in fore tibia size
was particularly pronounced among individuals that had
access to a high-quality diet (electronic supplementary
material, figure S2). This was driven by a reduction of allo-
metric slopes in males by dsx®™! (from 1.55 to 1.46) and an
increase in the slope in females from 1.03 to 1.37 (sex x log
body size x injection interaction: F; 934 =10.36, p=0.002, n =
102). Correspondingly, the dsx®“*imediated reduction of
sexual shape dimorphism was stronger among individuals
with access to high-quality nutrition (figure 4; electronic sup-
plementary material, figure S3; Procrustes ANOVA: sex x
nutrition x injection interaction: Fj93=3.81, p=0.009, n=
102). Furthermore, dsx"™*! largely eliminated sex differences
in nutritional plasticity of fore tibia shape (increasing vector
correlations between sexes from 0.43 to 0.97; figure 4). These
findings indicate that dsx expression mediates the
exaggeration of fore tibia size and shape across all three focal
contexts: sexual dimorphism, segment-specific differentiation,
as well as nutrition-responsive growth. Previous studies
have shown that dsx’s target repertoires are highly sex- and
tissue-specific [33], thus, our results support the hypothesis
that dsx functions as a master mediator able to differentially
employ discrete sets of target genes in different exaggeration
contexts via the nutrition- and tissue-specific expression
of sex-specific isoforms. Next, we sought to test whether
changes in doublesex function may contribute to evolutionary
divergences among species.
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and nutritional quality on shape in D. gazella. Shape scores [42] represent projections of the shape data onto the vector

defined by sexual shape dimorphism of animals reared on a high-quality diet. Small values indicate a more ‘female-like’ shape while larger scores indicate more

masculinized morphology. Sketches correspond to the sex-specific mean shapes of control and dsx

ANAT individuals for hor and fore tibia morphology (see electronic

supplementary material, figure S3 for a principal component analysis). (Online version in colour.)
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lations). However, with the exception of anterior head shape, these sex
differences in nutritional plasticity are largely eliminated when dsx expression
is knocked down (vector correlations close to 1). This indicates that dsx func-
tion is required for the sexes to follow independent nutrition-sensitive
development. (Online version in colour.)

(<) Doublesex-mediated context-dependent trait
exaggeration is evolutionarily labile

To assess if and to what extent dsx-mediated trait exagger-
ation contributes to species divergences, we compared dsx
knockdown phenotypes in D. gazella to those in Onthopha-
gus taurus, a species of dung beetle belonging to the same
tribe (Onthophagini) which possesses much stouter and
less sexually dimorphic fore tibiae. As in D. gazella, dsx
knockdown led to a reduction in fore tibia length in O.

taurus males while having the opposite effect in females
(sex-by-treatment interaction: F ¢, =73.41, p<0.001, n=69;
electronic supplementary material, table S5). dsx knock-
down also affected sex-specific shape exaggeration in the
fore tibia (sex-by-injection interaction: Fj¢;=25.20, p<
0.001, n=69; electronic supplementary material, table S6;
CVA cross-validation success: 85.5%), but there was little
to no effect on hind tibia shape (sex-by-injection interaction:
F164=0.84, p=0.496; electronic supplementary material,
table S6; CVA cross-validation success: 39.1%). While the
directionality of dsx®*! effects were similar in both species,
knockdown phenotypes were considerably stronger in D.
gazella (sex x injection x species interaction for tibia length:
F1102=62.05, p<0.001, n=114; electronic supplementary
material, table S7, and shape: Fj190=2.20, p=0.028, n=
114; TA: p<0.001; electronic supplementary material, table
S8). This is opposite to dsx"N! effects in cephalic horns
[8], suggesting that species differences in RNAi penetrance
cannot explain the observed differences between the two
species. Furthermore, dsx®™*! did not show species-specific
effects for hind tibia length (Fy 10, =0.85, p=0.347, n=114;
electronic supplementary material, table S7) or shape
(F1,102=0.95, p=0.150, n=114; electronic supplementary
material, table S8). Collectively, these findings suggest that
interspecific divergences in sexual dimorphism in fore
tibia exaggeration between two closely related dung beetle
species are largely driven by diversification in sex- and seg-
ment-specific dsx function during tibia ontogeny. Whether
this functional shift is enabled by divergences in the regu-
lation of dsx expression or changes in how DSX interacts
with downstream targets,

however, requires further

scrutiny.
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(d) Dsx mediates sex-specific nutritional plasticity in

legs, heads, horns and thorax

In addition to dsx’s function in instructing context-dependent
development in tibia shape and size, our data also allowed us
to document its effect on sexual shape dimorphism in diverse
other traits, in particular horns, heads and the dorsal prothorax
(figure 4a—d; electronic supplementary material, figures S3-S5).
Paralleling our results for fore tibia development detailed
above, this reduction was especially pronounced in horn and
thorax shape of individuals that had access to a high-quality
diet (sex x injection x nutritional quality interactions: p < 0.005).
Comparing the vectors of shape change associated with nutri-
tional plasticity between sexes revealed that dsx knockdown
largely eliminates sex differences in nutritional plasticity in the
shape of tibiae, thorax and horns, but not of the shape of the
anterior head (figure 5). Taken together, doublesex therefore
emerges as a ubiquitous mediator of tissue-specific sexual
dimorphism by modulating sex-specific nutritional plasticity
in the shape of diverse traits. More generally, these findings
highlight the significance of developmental plasticity in
generating sexual dimorphism in overall size and shape.

(e) Condition-dependent sexual dimorphism and the

resolution of sexual conflict
The evolution of sexual dimorphism requires the resolution of
intralocus sexual conflict generated by sexually antagonistic
selection acting on a genome largely shared between sexes [7].
Intralocus conflict is best understood in horns of O. taurus
where long horns benefit large males but are exceedingly
costly in females and small males due to manoeuvrability
costs [43]. Resolving this conflict requires horn exaggeration
to be nutrition-sensitive, sex-limited, as well as trait-specific.
Our findings support the hypothesis that the sex-specific
splice variants of a promiscuous transcription factor, dsx, gener-
ate the sex-limited environment-sensitive mechanism necessary
to resolve sexual conflict across nutritional contexts in a trait-
specific manner as predicted by theory [19]. That is, by virtue
of the nutrition-dependent expression of sex-specific isoforms,
males and females are enabled to develop divergent pheno-
types depending on the environment they experience.
Although the sex-specific fitness consequences of tibia and
thorax shape remain to be fully determined in our study species
(but see [44,45]), trait exaggeration in insects is generally costly
[4647], underscoring dsx’s potential to facilitate conflict
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