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Adult females and males of most species differ in many aspects of their morphology, physiology and behavior, in
response to sex-specific selective pressures that maximize fitness. While we have an increasingly good under-
standing of the genetic mechanisms that initiate these differences, the sex-specific developmental trajectories
that generate them are much less well understood. Here we review recent advances in the sex-specific regulation
of development focusing on two models where this development is increasingly well understood: Sexual
dimorphism of body size in the fruit fly Drosophila melanogaster and sexual dimorphism of horns in the horned
beetle Onthophagus taurus. Because growth and development are also supported by metabolism, the regulation of
sex-specific metabolism during and after development is an important aspect of the generation of female and
male phenotypes. Hitherto, the study of sex-specific development has largely been independent of the study of
sex-specific metabolism. Nevertheless, as we discuss in this review, recent research has begun to reveal
considerable overlap in the cellular and physiological mechanisms that regulate sex-specific development and

metabolism.

1. Introduction

Males and females are different. At the most elementary level, males
and females differ in the size of their gametes: few large gametes in fe-
males and many small gametes in males. These differences in gamete
size, however, result in fundamental differences in the reproductive
strategies that optimize fitness in each sex and that are favored by se-
lection. This in turn impacts myriad aspects of biology, resulting in sex-
specific differences in adult morphology, behavior and physiology.
There has been more than a century of research describing the nature of
these differences in male and female form and function, and into the
selective pressures that ultimately generate them. What is much less well
understood, however, is how these differences arise during development
and what effect they have on adult physiology and metabolism.

The goal of this paper is to review recent advances in our under-
standing of sex-specific development, growth and metabolism. Sex-
specific development requires differences in gene expression between
males and females, while sex-specific growth also implicates differences
in the metabolic process that drive growth. This review will explore both
the developmental-genetic and metabolic processes that generate male
and female phenotype, with a particular focus on body and trait size.
Rather than attempt a broad overview of these processes in all animals,
however, we will largely restrict our focus to holometabolous insects,
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which have become primary models in the study of sex-specific devel-
opment, growth and metabolism. As will become clear, many of the
developmental and physiological mechanisms employed to generate
female and male phenotype in holometabolous insects are extremely
evolutionarily conserved, so discoveries made in these species facilitates
discoveries made in other species, including our own. We will consider
two exemplars of sex-specific development and growth in insects: The
developmental regulation of sexual size dimorphism of body size
Drosophila and of horn size in horned beetle (Scarabaeidae). We will
then turn our attention to sex-specific differences in metabolism in
Drosophila, particularly as it pertains to the generation and maintenance
of the female versus the male body.

2. The genetics of sex-determination

In order to understand the cellular and physiological mechanisms of
sex-specific development and metabolism, it is first necessary to briefly
review the mechanisms underlying sex determination. Since this review
is focusing primarily on sex-specific development, growth and meta-
bolism in holometabolous insects, we will only consider these mecha-
nisms here. Readers interested in sex determination mechanisms in
other animals, particularly vertebrates, should read [1-4] for compre-
hensive reviews.
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The mechanisms of genotypic sex determination (GSD) in insects
have been best established in Drosophila (Fig. 1) [5-8]. Canonically,
Drosophila GSD is regulated by the X-chromosome to autosome ratio (X:
A ratio model) [9], although more recent evidence suggests that it is
regulated by the number of X chromosomes (X-counting model) in
diploid cells [10]. Possession of two X chromosomes leads to the syn-
thesis of the RNA binding protein Sex-lethal (Sxl) in females only [6,
11-13]. Sxl controls both dosage compensation, through suppression of
male-specific-lethal-2 (msl-2) [5,14,15], and sex-specific phenotypic dif-
ferentiation [12,16]. The latter is achieved by the splicing of transformer
(tra) transcripts into the female form by Sxl in females only, generating
functional Transformer [17-20]. Tra in turn regulates the alternative
splicing of doublesex (dsx) transcripts to produce the female isoform of
Dsx protein [21], which controls development of the female phenotype
[22-24]. In males, where there is no Sxl and the default splicing of tra
results in a non-functional protein, dsx is spliced into the male isoform,
which directs development of the male phenotype [22,25,26]. The
absence of Tra in males also results in the default splicing of fruitless (fru)
pre-mRNA into a male-specific isoform, which is translated into protein
and functions in the CNS to regulate male-specific behavior [27-29]. In
females, Tra splices fru into a female-specific isoform that is not trans-
lated (although see [30] for the effect of non-sex specific isoforms of fru
on female behavior) [28,31]. While most sex-specific development ap-
pears to be regulated via Tra, there is also increasing evidence that Sxl
also directly regulates sexual dimorphism independent of Tra, including
behavior [32] and body size [33]. GSD mechanisms in other insects are
similar but not identical to the mechanisms in Drosophila [6]. In all
holometabolous insects, however, tra is alternatively spliced to produce
functional protein only in females, and its presence or absence controls
alternate sex-specific splicing of dsx [34,35]. (The one exception to the
conservation of the Tra-Dsx splicing cascade is in Lepidoptera, where tra
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Fig. 1. Genetic sex determination cascade in Drosophlia. Functional parts of the
cascade are shown in black, non-functional parts are shown in gray. The
possession of two X chromosomes leads to the synthesis of Sxl, which splices tra
pre-mRNA to generate a functional protein in females only. Functional Tra in
turn splices dsx pre-mRNA to generate the female isoform of Dsx (DsxF). In
males, in the absence of Sxl and functional Tra, dsx pre-mRNA is spliced to
generate the male isoform of Dsx (DsxM. Functional Tra also directs the splicing
of fru pre-mRNAinto a female isoform (fruF) that is not translated, while the
absence of functional Tra in males results in the default splicing of frupre-mRNA
into a male isoform (fruM) that is translated into functional protein. Active Sxl
also suppresses the synthesis of the dosage compensation protein msl-2 in fe-
males, which otherwise heightens the activity of the single X chromosomes in
males. Here and in all other figures, female is purple an male is green. (For
interpretation of the references to colour in this figure, the reader is referred to
the web version of this article.)
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has been lost and dsx splicing is regulated by a male-specific protein and
a female-specific piRNA [36]).

3. Sex-specific regulation of growth: an overview

Perhaps the most obvious phenotypic difference between females
and males is body size, a phenomenon referred to as sexual size
dimorphism (SSD) (Fig. 2A). SSD varies in both direction and degree
among even closely related species. There are some general trends,
however: In mammals and birds, the male is usually the larger sex, while
in invertebrates the female is usually the larger sex. For male-biased
SSD, the increase in male body size is generally thought to reflect sex-
ual selection on males for their ability to compete for and/or attract
mates. For female-biased SSD, the increase in female body size appears
to reflect fecundity selection on females, where reproductive success is
typically limited by the production of large gametes and therefore cor-
relates with body size. In addition to differences in overall body size,
however, males and females may also differ in body proportion; that is,
the relative size of different organs. This is most apparent for exagger-
ated secondary sexual characteristics, such as horns and antlers, used by
males to attract or compete for females.

In order to generate sex-specific differences in body size, males and
females must necessarily differ either in initial body (egg) size, the rate
and duration of body growth, or the rate and duration of subsequent
body degradation (Fig. 2B). All of these mechanisms are utilized to
generate and modify sexual size dimorphism, and often more than one is
used within a species. Perhaps the least common mechanism generating
SSD is variation in initial body size, although there is sexual size
dimorphism of egg size in some birds [37,38] and at least one insect
[39]. Much more typical are sex-specific differences in the rate and
duration of growth. Sex-specific differences in growth rate are seen to
generate SSD in both insects [39-44] and vertebrates [45-49], as do
differences in growth duration (bimaturism) [40,49-53]. Finally,
sex-specific differences in post-growth mass reduction can also influence
SSD. In holometabolous insects, for example, metamorphosis imposes a
delay between the cessation of overall growth and adult emergence,
during which non-feeding larvae and pupae lose mass. If this mass loss is
sex-specific, this can also generate or modify SSD [40,41].

The same mechanisms can generate sexual dimorphism in the size of
individual traits, particularly exaggerated secondary sexual character-
istics used by males to compete for or attract females. (Here we restrict
the term SSD to refer to sexual dimorphism of overall body size, rather
than sexual dimorphism in the size of individual traits). For example, in
horned Onthophagus beetle, males grow large head- or thoracic-horns
that are typically reduced or absent in females. These horns grow
from a patch of epidermal cells that rapidly proliferate at the end of
larval development, and fold in upon themselves to form a disc [54].
This disc then unfurls during pupation to form a horn, that may be
subsequently modified by apoptosis to its final size and shape. Different
species modify different parts of this developmental program to generate
sexual dimorphism in horn size and shape. For example, in
O. nigriventris, sexual dimorphism arises primarily due to differential
growth of the thoracic horn in the pre-pupal period, with moderate
differential resorption of horn tissue during pupation to further refine
the sexual dimorphism [55]. In O. binodis in contrast, larval growth of
the thoracic horns is the same in males and females, which are sexually
monomorphic at the beginning of pupation. However, substantial
sex-specific resorption of horn tissue during pupation results in the
sexual dimorphism in thoracic horn length observed in adults [55].
Similar developmental mechanisms generate other sexually dimorphic
traits, such as antlers in male deer [56], asymmetrical claws in male
fiddler crabs [57], and the exaggerated third legs in male water striders
(Microvelia longipes) [58].

Perhaps the most obvious form of sexual dimorphism is of the
reproductive organs themselves, including ovaries, testis, and the in-
ternal and external genitalia. Much has been written on the
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Fig. 2. Sexual size dimorphism (SSD) in animals. (A) The direction and extent of SSD varies extensively among species. (B) SSD can be generated by sex-specific
differences in (1) initial body size, (2) growth rate, (3) growth duration, and (4) mass loss.

Adapted from [159].

developmental processes that generate male versus female reproductive
systems, and of oogenesis and spermatogenesis, and we will not detail
these processes here. However, in most animals, including Drosophila
[59,60] and humans [61], the male and female gonads and genitalia
originate through differential growth, and apoptosis, of different parts of
the same primordia.

With the exception of initial body/trait size, the mechanisms that
generate sexual dimorphism - either of the whole body or individual
traits — are therefore dynamic (Fig. 2B). Consequently, sexual dimor-
phism is not a static state but one that changes as individuals in a
population develop and mature (Fig. 2B).

4. Sex-specific growth in Drosophila

Of all animals, the regulation of body size at the developmental-
genetic and physiological level is perhaps best understood in the fruit
fly Drosophila melanogaster. Fruit flies are holometabolous insects and so
molt through three larval instars before pupating and metamorphosing
into their final adult form. Growth of the body as a whole is restricted to
the larval period, and final body size is more-or-less fixed by the size of
the larval body at pupation. Growth of external body parts of the adult
fly (the wing, legs, eyes, genitalia, etc) also takes place primarily during
the last larval instar, where they grow internally as imaginal discs before
differentiating during metamorphosis into their adult structures. The
discs do, however, continue some growth at the beginning of the pupal
period, relying on stored nutrients to fuel cell proliferation.

Broadly speaking, the size of the larva at pupation, and hence final
body size, is regulated by four developmental phenomena [62]. The first
phenomenon is attainment of critical size, the point in development
when the larvae initiates the synthesis and release of ecdysone, a steroid
hormone. Ecdysone titers then fluctuate in series of ever-increasing
pulses, each of which drives a developmental event that prepares the
larva for pupariation and metamorphosis. Whole body growth stops
when a pulse of ecdysone initiates larval wandering, at which point the
larva stops feeding and searches for a pupariation site. The second
phenomenon that regulates final body size is therefore the length of time
between attainment of critical size and larval wandering, called the
terminal growth period (TGP), and the third phenomenon is the rate of
growth during the TGP. Finally, larvae lose mass during non-feeding
wandering phase before pupariation, which reduces final body size.
This is therefore the fourth phenomenon that regulates adult body size in
Drosophila. Of these, sex-specific critical size, growth rate and mass loss
appear to be the primary regulators of SSD in Drosophila.

4.1. Sex-specific critical size in Drosophila

Males and females differ in their critical size and so initiate the
hormonal cascade that ends body growth at a smaller size in males than

in females (Fig. 3A) [41]. Although its mechanisms have not been
completely elucidated, evidence suggests that critical size is attained
when ecdysone biosynthesis switches from non-autonomous to auton-
omous regulation [63]. Prior to attainment of critical size, ecdysone
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Fig. 3. Development of sexual size dimorphism in Drosophila. (A) SSD is
generated by an increase in critical weight and growth rate in females, and is
maximal at peak larval mass. Higher mass loss in females versus males during
larval wandering, however, reduces SSD prior to adult eclosion. TGP: terminal
growth period. Data from [41](B) The systemic regulation of SSD appears to be
regulated by two mechanisms. The activity of Sxl in the female brain (red),
including in the insulin-producing cells (IPCs, green) increases female growth of
the body and the imaginal discs (yellow), seemingly independent of dILPs.
Further, the activity of Tra in the female fat body (pink) also increases female
growth, ostensibly through the release of dILP2 from the IPCs. (C) The
trait-autonomous regulation of SSD in the wing imaginal disc appears to be
regulated by the elevated activation of Hh by Sxl. Hh is a morphogen that is
synthesized in the posterior compartment of the wing imaginal disc, and
spreads to the anterior compartment. Sxl in the anterior compartment increases
the levels and rate of nuclear entry of Cubitus interruptus (Ci), the Hh signaling
target, which then acts indirectly across the whole disc to enhance growth.
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synthesis by the prothoracic gland is regulated by a number of factors.
These include nutritional signaling via the insulin/insulin-like growth
factor signaling (IIS) and Target of Rapamycin (TOR) pathways [63], as
well as signaling via prothoracicotropic hormone (PTTH) [64], which is
in turn regulated by a number of external and internal stimuli such as
photoperiod [65] and signals from damaged imaginal discs [66,67].
Collectively, these factors cause a gradual rise in ecdysone biosynthesis
early in the third larval instar that correlates with an increase in body
size [63]. Once ecdysone reaches a particular threshold, however, it
begins to regulate its own biosynthesis via positive and negative feed-
back loops, which generate the pulses of ecdysone responsible for larval
wandering and pupariation [68]. It is this threshold that appears to
correspond to the critical size. Why male critical size is smaller than
female critical size presumably reflects differences in when this
threshold is achieved relative to body size. One possibility is that levels
of circulating ecdysone are lower in females than males of the same size.
If the critical size ecdysone threshold were the same in both sexes, then
females would therefore achieve critical size at a larger size than males.
Alternatively, if the critical size ecdysone threshold were higher in fe-
males than males, this would also result in females having a larger
critical size. Detailed studies of the differences in ecdysone synthesis and
circulation in the two sexes would help separate these two hypotheses.

4.2. Sex-specific growth rate in Drosophila

Males and females also differ in the amount of growth achieved
during the TGP [41]. This is not due to differences in the duration of the
TGP but in the rate of growth during the TGP (Fig. 3A) [41]. A primary
regulator of growth rate during the TGP, and of final body size, is
nutritional signaling via the IIS pathway: low nutrition during the TGP
reduces systemic IIS, slows body growth rate and reduces final body size
[69]. Intriguingly, low nutrition also reduces or eliminates SSD [70,71],
while direct suppression of IIS activity through mutation of the insulin
receptor (InR) has the same effect [41]. Consequently, changes in
nutrition and IIS activity have more of an effect on female body size than
male body size, and suggests that IIS activity is higher in well-fed fe-
males than well-fed males. This hypothesis is supported by a number of
observations (Fig. 3B). First, females appear to secrete higher levels of
Drosophila insulin-like peptide 2 (dILP2) from the insulin-producing
cells (IPCs) in the brain than males, and have correspondingly higher
levels of IIS activity in the mid-third larval instar [70]. Second, knockout
of the different dILPs (with the exception of dILP6, see below) reduce
body size more in females than males, while activation of IIS increases
body size in males more than females [72,73]. Third, increases in dietary
protein have a more potent effect activating the IIS pathway in females
than in males, corresponding to an increase in SSD on higher protein
diets [74]. This effect is also dILP2 dependent and involves the
female-specific transcriptional upregulation of stunted (sun) [74], a
circulating insulinotropic peptide produced by the fat body (the
Drosophila equivalent of the liver and adipose tissue) in response to di-
etary protein [75]. The regulation of sex-specific growth in turn appears
to be controlled by the activity of Tra in the female fat body.

Collectively, these data present a relatively simple model of sex-
specific growth rate in Drosophila: females grow faster than males in a
nutrient-dependent manner due to increased levels of circulating dILP2
and IIS-activity on high quality diets. Some details remain equivocal,
however. A second study failed to detect any sex-specific differences in
IIS activity in the mid-second and early third larval instars [33], when
SSD is already apparent. This study also found that, while loss of dILP2
reduced larval body size, it did not affect SSD in wandering third larval
instar [33], when SSD is greatest in Drosophila [41]. Intriguingly, how-
ever, loss of dILP2 did affect SSD of the growing wing imaginal discs at
the same stage [33], suggesting that dILP2 is necessary to generate SSD
of the imaginal tissue but not of the body as a whole. Further, expression
of the female-specific gene Sexlethal (SxI) in the IPCs was necessary for
normal whole-body SSD in wandering third larvae, but overexpression
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of either dILP2 or dILP5 did not affect SSD [33]. This suggests that the
IPCs may affect SSD of the larval body independent of IPC-secreted dILPs
(Fig. 3B). While these observations may be difficult to reconcile with
earlier studies [70], they may reflect differences in the regulation of SSD
under different dietary conditions. Studies looking at the effect of diet
quality on SSD indicate a complex relationship between carbohydrate
and protein level, SSD, dILP expression and dILP peptide levels in the
brain [71,76]. Further, as noted above, dILP2 appears to have a
particularly potent effect on SSD when larvae are fed a high protein diet
[74]. Thus differences in diet between studies may impact the outcome
of ostensibly identical experiments.

4.3. Sex-specific mass loss in Drosophila

The final mechanism through which SSD can be generated in
Drosophila is through sex-specific mass loss during the non-feeding
wandering stage, between the end of the TGP and pupariation
(Fig. 3A). This has a considerable influence on male and female body
size, with females losing more mass than males. Since females are larger
than males at the beginning of larval wandering, this has the effect of
reducing the SSD index (female mass/male mass — 1 [77]) from about 0.3
at the beginning of larval wandering to 0.15 at pupariation [41]. How
mass loss is regulated is poorly understood, but it presumably reflects
metabolic activity as the non-feeding larvae prepares for meta-
morphosis. One possible candidate is dILP6, which regulates the growth
of adult-specific tissues during the post-feeding period and is expressed
by the fat body. Knockdown/out of dILP6 reduces the growth of
adult-specific tissues, lowering adult body mass and increasing excretion
of unused materials during wandering and after adult eclosion [78,79].
While the effect of dILP6 knockout on adult body mass is the same in
both sexes [78], it reduces pupal size in males but not females, relative
to controls [72]. If, during normal development, the greater mass loss in
female larvae is due to lower levels of dILP6 expression, then this may
explain why loss of dILP6 has a greater effect on male pupal size than
female pupal size.

4.4. Trait-autonomous regulation of SSD in Drosophila

The mechanisms that regulate SSD discussed above are systemic: that
is they affect overall body size through sex-specific differences in the
hormones that regulate growth rate and duration. However, the size of
individual traits in the body is also regulated by trait-autonomous fac-
tors. These factors generate the characteristic shape of a trait, and ensure
, for example, that our feet are bigger than our hands, or that a Dro-
sophila’s wings are bigger than its halteres. Trait-autonomous factors
include genes that specify cell fate during development; that is
patterning genes. Gynandormorphs in Drosophila and other insects,
which are a mosaic of female and male cells within a single body, show
differences in the sizes of individual traits depending on whether the
trait has female or male genetic identity [80]. The fact that these female
and male traits grew in the same body indicates that their size differ-
ences arise at the level of individual traits, and suggest the involvement
of patterning genes in the generation of these differences in size.

There is some evidence that this is the case (Fig. 3C). One study on
development of the wing imaginal discs has demonstrated that over-
expression of Sxl (which is only expressed in females) enhances
signaling through the Hedgehog (Hh) signaling pathway, a highly
conserved pathway involved in patterning morphological traits in both
insects and vertebrates. Hh is a diffusible morphogen that regulates cell
fate and proliferation during development, but in the wing imaginal disc
is only active immediately anterior to the disc’s anterior-posterior
boundary. Patterning of the rest of the disc is achieved by the Hh-
activation of the Decapentaplagic (Dpp), another diffusible
morphogen that also stimulates growth [81,82]. Consequently, the
sex-specific difference in wing size appears, in part, to be due to the Sxl
up-regulation of Hh-signaling in females relative to males [83]. SxI also
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regulates Notch signaling, which is also involved in regulating cell
proliferation and patterning in the wing imaginal disc [84], as well as
other tissues around the body. Sxl has been shown to down regulate
Notch signaling, and while this does not appear to affect size dimor-
phism it does regulate the sexual dimorphism of bristle number on the
abdominal sternites (females normally have more bristles) [16]. Inter-
estingly, aspects of the effects of Sxl on wing size and bristle number
appear to be independent of Tra. Wing-specific expression of tra does not
increase wing size [70,83]. Similarly, expression of the female isoform of
tra in males, while giving males female-like abdominal pigmentation,
does not affect bristle number [16]. However, knock down of tra
expression in the posterior compartment of the wing does reduce
compartment size, through a reduction in cell size [70]. There may,
therefore, be multiple mechanisms by which different components of the
sex-determination pathway affect the cell- and trait-autonomous regu-
lation of SSD in individual morphological traits. More generally, the
differences in size between traits in females and males often reflects
subtle (or not so subtle) differences in shape [85,86], which suggests
that we might expect other examples of sex-determination genes directly
impacting the expression and activity of patterning genes. As we discuss
below, this appears to be the case for the horns of Onthophagus beetle,
where males and females have dramatic differences in the size of their
horns.

5. Sex-specific growth in Onthophagus

Onthophagu beetle comprise over 2000 described species and are
characterized by single or paired horns projecting from the head and/or
thorax of males, which are used to attract and compete for females. As
discussed above, these horns develop during the late larval and pupal
phase, and either do not grow in females, or are resorbed before emer-
gence as an adult. Importantly, while horns are characteristic of males,
their expression is tightly linked to the male’s nutritional status: small
malnourished males typically have small horns that resemble those of
females, while large well-fed males have disproportionally large horns
(Fig. 4 A).

Early studies on horn development indicated that the transcription
factor Doublesex (Dsx) is involved in the specification of horns [87]
(Fig. 4B). Intriguingly, Dsx appears to not only be involved in regulating
the horn dimorphism between males and females, but also in regulating
the nutritional-sensitivity of the horn. In O. tuarus, the expression of dsx
is tissue specific and the level of expression in the head correlates with
horn size: Expression is higher in large males — which typically have
exaggerated horns — than in small males or females [88]. Correspond-
ingly, knockdown of dsx expression in large males has much more of a
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dramatic effect on horn size in large males than small males. Conversely,
knockdown of the female-specific isoform of dsx in females has the
opposite effect, and induces horn growth in a nutrient-dependent
manner, so that large females, which typically have small horns, now
have disproportionally large horns [88]. Collectively, these data suggest
that it is the tissue-specific expression of the sex-specific isoforms of Dsx
that either promote or inhibit differential horn growth among males of
different sizes and between males and females. Subsequent analysis in-
dicates that Dsx mediates these effects at a molecular level using two
mechanisms: The sex-specific isoforms either direct transcription of
genes that are expressed in only one sex, or they direct transcription of
genes that are expressed in both sexes but in opposing directions
(up-regulated in males and down-regulated in females or vice versa)
[89].

While the upstream regulation of Dsx isoform expression has been
well described in a number of insect species [6,90], the downstream
targets of Dsx, which confer sex-specific identity on individual tissues,
are much less well elucidated. Nevertheless, we might expect that key
targets would include patterning genes, and this appears to be the case
for O. taurus horns. Indeed, as in the Drosophila wing, growth of the
horns in appears to be regulated by Hh signaling, albeit in the opposite
direction (Fig. 4B). Knockdown of Hh signaling promotes horn growth in
small males that would otherwise have small horns, while activation of
Hh signaling inhibits horn growth in all males [91]. Consequently, while
Hh-signaling appears to drive sex-specific growth in the Drosophila wing,
making female wings larger than male wings, Hh-signaling appears to
inhibit sex-specific growth of the O. taurus horn in small males, making
male horn length comparable to that of females. Interestingly, knock-
down of the forkhead transcription factor (FOXO), a key component of the
IIS pathway, also increases in horn size in small but not large males
(Fig. 4B). FOXO activity is negatively regulated by IIS and up-regulates
the transcription of growth inhibitors when IIS is low [92-94] Knock-
down of FOXO, however, also reduces the expression of smoothened
(smo) [95], which in turn reduces Hh-signaling, implicating IIS in the
regulation of sexual-dimorphism of horn size in Onthophagous.

Other patterning genes have also been implicated in the develop-
ment of Onthophagus horns, including Dpp [96], Distal-less [97],
homothorax [97], and Notch [98]. Indeed, sex-specific horn develop-
ment, not just in Onthophagus but also in the rhinoceros beetle Trypox-
ylus dichotomus, appears to involve the co-option of genes previously
known to be involved in patterning the head and appendages of
Drosophila [99].

Fig. 4. Developmental regulation of sexual dimorphism in
Onthophagus. (A) Horn growth is sexually dimorphic in
O. taurus. (B) Suppression of horn growth in small males is
through FOXO (part of the IIS) and Hh, while increase in
horn growth in large males is regulated by DsxMlIn large
females, in contrast, DsxF. (C) Genetic sex determination
(GSD) mechanisms appear to act on horn growth via the
insulin/IGF-signaling (IIS) pathway to enhance the insulin-

.’.‘ sensitivity of the horn imaginal discs in males alone and
’o'r f increase their nutritional plasticity.
© (B,C) Adapted from [54].
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6. Sex-specific growth and sex-specific plasticity

Theory suggests that sexual selection acting on male traits will
generate sexual dimorphism if males with larger traits achieve higher
mating success (Darwin 1874). Further, if an increase in relative trait
size is of greater benefit, or lower cost, to large males relative to small
males, then that trait should evolve heightened condition-dependence
relative to other traits in the body, and to the same trait in the other
sex, called the condition dependence hypothesis [100,101]. The result is
that for many (but not all) exaggerated male secondary sexual charac-
teristics, as body size increases with an increase in condition, trait size
increases even more, such that the trait becomes disproportionally
larger in larger males, and example of positive allometry, or hyper-
allometry [102]. One important aspect of this heightened
condition-dependence is that, as body size varies with environmental
factors, particularly developmental nutrition, the sexually dimorphic
trait should also show heightened phenotypic plasticity: That is, there
should be sex-specific plasticity (SSP), where the trait is more plastic in
one sex than the other. Several studies support this hypothesis. For
example, the strength of condition dependence increases with the degree
of sexual dimorphism among different traits in Prochyliza xanthostoma
and Telostylinus angusticollis flies [103,104]: Traits that are more
dimorphic show greater differential plasticity between sexes. The same
pattern is observed for sexually-dimorphic traits among species [105].
The condition-dependence hypothesis can also be applied to body size,
when there is stronger directional selection on body size in one sex
relative to the other, generating SSD [44,106]. Again, theory suggests
that as SSD increases so does condition dependence of body size in the
larger relative to the smaller sex. This hypothesis is supported by data
showing a positive correlation between SSD and SSP among species
[105]. Further, this correlation holds among isogenic lineages of
Drosophila, indicating a genetic correlation between SSD and SSP [107].

Collectively, these studies suggest that the developmental mecha-
nisms that regulate the differential growth of sexually-dimorphic traits,
including body size, overlap with the mechanisms that regulate their
sex-specific plasticity. This is certainly supported by the research
reviewed in this paper, which implicates IIS - canonically a regulator of
growth in response to nutrition and other environmental factors — in the
generation of sex-specific growth of the body in Drosophila and horns in
Onthophagus. Perhaps most telling is that experimental manipulations of
the genes and pathways that affect SSD and sexual-dimorphism also
affect the plasticity of the traits in question [74,88,95]. This has
important implications for our view of how SSD and sexual-dimorphism
evolves. Rather than selection favoring differences in body and trait size
between females and males per se, selection may be favoring difference
in body- and trait-size plasticity between females and males, the result of
which is sexual dimorphism but only under certain conditions. Further
studies elucidating the developmental mechanisms that regulate
sexual-dimorphism of trait and body size in different animals are clearly
needed to test this hypothesis. Indeed, because the
developmental-genetic mechanisms that regulate plasticity are evolu-
tionarily conserved, if this hypothesis were correct, identifying the
mechanisms that regulate SSD in other animals may be relatively
straightforward.

7. Sex-specific metabolism: an overview

Sex-specific differences in the developmental response of males and
females to nutrition reflect, in part, the fact that males and females have
different metabolic requirements as adults. Adult females require a
metabolism that supports the production of eggs, while adult males
require one that supports the production of sperm. This in turn leads to
sex-specific differences in life-history characteristics that also impact
metabolism. There is increasing awareness of sex-specific differences in
human metabolism, including energy balance and glucose and lipid
metabolism, that impact the progression and treatment of myriad
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diseases, and there is an extensive literature describing these differences
(Seee [160-162] for a review). Because mammalian sex-differences are
canonically a response to gonadal hormones, much of this research has
focused on the influence of sex steroids on different aspects of meta-
bolism [108,109]. However, evidence from the Four Core Genotype
mice — XX and XY mice, both with either ovaries or testis — indicates that
sex-specific metabolism is also impacted by the cell-autonomous effects
of sex chromosomes [110,111]. The fruit fly serves as an excellent po-
tential model for understanding these cell-autonomous effects of genetic
sex on metabolism.

Despite the obvious differences in sex-specific physiology in verte-
brates versus invertebrates there are some common metabolic themes
associated with oogenesis versus spermatogenesis across all animals. In
particular, females of many species either slow or delay egg production
when malnourished ([163]), and conversely adjust their feeding in
anticipation of mating [112]. The provisioning of the cytosol of the egg
with nutrients, particularly lipids, sufficient to support embryonic
development leads to the general trend of differences in lipid meta-
bolism between males and females. This differences is even more acute
in mammals, where females continue to provision the embryo and
young after fertilization. Sex-specific differences in metabolism may in
turn help explain observed sex-specific differences in mortality and
aging. In humans, females show greater longevity than men, and this
trend may be true for animals in general, although there are many ex-
ceptions [113-116]. While sex differences in longevity likely reflect
differences in sexual-selection acting on males versus females [115], the
general increased longevity of females may also be due to sex-specific
differences in mitochondrial function and turnover that result from
maternal inheritance of mitochondria. This in turn allows optimization
of nuclear-mitochondrial genetic interactions for metabolic function in
females but not in males [117].

8. Sex-specific metabolism in Drosophila

While adult male and female Drosophila show distinct differences in
their metabolism (ref), the evidence that they differ in their metabolic
rate is equivocal, and reflects a highly variable and contradictory liter-
ature that employs multiple methods to measure metabolic rate [118].
Mass-specific routine oxygen consumption (VO3) has been reported as
higher in male than in females, but decreases with density (10-50 flies),
and more steeply in male. This suggests that sex-specific metabolic rates
measured in groups of flies may reflect behavioral differences in social
interactions in males versus females. When metabolic rate is measured
in individual flies, in the absence of social interaction, then mass-specific
metabolic rates (VO2 and/or VCO,) is recorded as either higher in fe-
males than in males [119,120] or the same [121]. Nevertheless, even in
individual flies, these differences in metabolic rate may reflect
sex-specific differences in activity, which vary between males and fe-
males during the day [121]. Thus assays of metabolic rate are likely to be
highly contextual, which probably accounts for the variability in
sex-specific metabolic rates observed among different studies.

Regardless of the rate at which metabolism runs in females and
males, the products of metabolism show clear sex-specific differences in
Drosophila. As noted above, a general trend in all animals is for females
to show higher levels of lipid metabolism than males. Triglycerides are
the main form of lipid storage in Drosophila, and females have higher
levels of triglycerides than males [122]. Females also have higher levels
of polyunsaturated fatty acids while males have higher levels of satu-
rated fatty acids [123]. These differences in lipid profile and storage are
evident even when the gonads have been removed and so do not solely
reflect the presence or absence of the ovaries [123,124]. Sex-specific
differences in triglyceride storage are not, however, evident in newly
eclosed adult flies, but rather emerge over the first five days of adult life
due to a reduction in triglyceride storage in males but not in females
[120]. There are multiple genes that regulate the synthesis and storage
of lipids in Drosophila [125,126], but the observation that differences in
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triglycerides between females and males arises due to the sex-specific
reduction in males points to genes involved in the breakdown of tri-
glycerides as central to generating sex differences in triglyceride levels
[120].

A number of mechanisms have been identified that regulate the sex-
specific breakdown of triglycerides in Drosophila (Fig. 5). First, the tri-
glyceride lipase brummer (bmm) is more highly expressed in males than
females, and loss of bmm substantially reduces the sexual dimorphism in
triglyceride levels [120]. Intriguingly, the sex-specific effects of bmm on
triglyceride levels appears to be mediated by its expression not in the fat
body, but in the gonads and neurons [120]. Second, the adipokinetic
hormone (Akh), which is the fly homolog of glucagon and plays a central
role in fat storage and breakdown [127], is also more highly expressed in
males than in females [128]. Ablation of the Akh-producing cells (APCs)
in the corpora cardiaca increases fat storage in males but not females,
while augmenting Akh release decreases fat storage in females [128].
This sex-specific activation of Akh signaling appears to be due to the
action of Transformer (Tra), which is only spliced into its functional
form in females. Driving expression of the functional tra in male APCs
increases fat storage in males, while females that lack functional Tra
protein show both elevated levels of Akh expression and reduced tri-
glyceride storage. Epistatic analysis of the effects of bmm and Akh
knockdown suggest that these two mechanisms act in parallel to regu-
late sex differences in fat storage.

These are unlikely to be the only mechanisms that regulate sex-
specific differences in lipid metabolism in Drosophila. In particular,
both ecdysone and juvenile hormone (JH) may be involved. JH, which is
released by the corpora allata, is best known as a regulator of molt
identity during development, while ecdysone controls the timing and
coordination of developmental transitions. In particular, ecdysone reg-
ulates remodeling of the late-larval fat body to support development
during the non-feeding stages and very early adult life. Loss of ecdysone
signaling in the larval fat body increases lipid accumulation [129], in
part by suppressing IIS signaling in the fat body via the effects of
microRNA-8 on PI3K [130,131]. Females show greater mass loss during
the non-feeding larval stages [41], and this may reflect differences in the

triglyceride
breakdown
aﬁvo/w AN
Midgut cell
proliferation ‘
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—» Male effects
—» Females effects

Brain [l Corpora cardiaca || Ovaries

Fat body

Gut [l Corpora allata Testis

Fig. 5. Sex-specific metabolic regulation in Drosophila. In males (green arrows),
the action of bmm in the nervous system [120] and testis and the action of Akh
secreted by the corpora cardiaca [128] leads to triglyceride breakdown and a
reduction in lipid content in males relative to females. In mated females (purple
arrows), the action of JH from the corpora allata [134] and ecdysteroids (20HE)
from ovaries [137,138] stimulates the proliferation and differentiation of the
midgut cells to increase the size and absorptive capacity of the midgut. JH also
activates the expression of genes involved in lipid synthesis in the midgut. Note
that the illustration is of a fly with both male and female body parts. (For
interpretation of the references to colour in this figure, the reader is referred to
the web version of this article.)
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timing or level of ecdysone synthesis in males versus females. Indeed
expression of dILP6, which may be involved in sex-specific mass loss
during later larval instar, is regulated by ecdysone [79]. In the adult
female, JH is critical for the maturation of eggs, particularly vitello-
genesis [132]. However, the eggs comprise 30-40% lipids so it would be
surprising if JH were also not involved in fat metabolism in females. JH
is also a positive regulator of IIS, further implicating its involvement in
sex-specific metabolism.

Supporting sex-specific differences in metabolism necessary to
generate eggs versus sperm are corresponding physiological differences
in the organs involved in nutrient acquisition and processing, particu-
larly the gut (Fig. 5). In Drosophila, the midgut is the major site of
digestion and absorption, and comprises three cell type: (1) intestinal
stem cells (ISCs) that continuously divide to generate (2) absorptive
enterocytes and (3) hormone-producing enteroendocrine cell [133]. In
female flies, mating stimulates an increase in the number of dividing and
differentiating midgut cells, as well as an overall increase in midgut size
[134]. This response is due to JH signaling from the corpora allata,
which also acts on the absorptive enterocytes to activate the transcrip-
tion of genes involved in lipid synthesis [134]. Intriguingly, mating also
stimulates the ovaries (and possibly other tissues) to synthesize ecdys-
teroids [135,136], which act on the proliferating midgut cells and drives
them towards differentiating into absorptive enterocytes, thereby
further increasing the absorptive epithelium to support the metabolic
requirements of egg production [137,138]. These characteristics of the
female gut do not appear to be mediated solely by hormones, however.
Female ISCs show a heightened proliferative response to damage to the
intestinal epithelium compared to males, and this is due to the presence
of Sxl/Tra in the cells of the female midgut [139,140]. Whether Sxl/Tra
also mediates the effects of ecdysteroids and JH on female gut physi-
ology, or regulates cell proliferation through an independent pathway is
an open question. One final intriguing observation is that feminizing the
male gut both reduces lifespan but also increases the effect of dietary
restriction on extending lifespan, which is greater in females than in
males [140]. This suggests that gut sex plays an important role in aging
and in the physiological response of males and females to diet.

9. The metabolic regulation of sex-specific growth and
development

Differences in growth between females and males inevitably affect
differences in their metabolic requirements during development, and
these differences continue into adulthood as the two sexes pursue
different strategies to ensure reproductive success. As outlined above,
the developmental mechanisms that regulate sexual size dimorphism of
body and trait size in invertebrates include mechanisms that canonically
regulate metabolism, in particular the IIS pathway. A compelling hy-
pothesis, therefore, is that the sex-specific differences in IIS that
generate differences in male and female development also impact
metabolism. More generally, we should observe sex-specific differences
in metabolism that match differences in the growth and developmental
dynamics of females and males.

Problematically, this hypothesis is not yet supported by data. The
fact that the genes involved in regulating metabolism are highly
conserved across all animals, the tractability of Drosophila for the
functional manipulate these genes, and the rise in metabolomics, have
all made the fruit fly a particularly powerful model for studying meta-
bolism in general and the metabolism of development in particular [141,
142]. Nevertheless, almost all of the studies of the metabolism of growth
and development in Drosophila do not analyze females and males sepa-
rately, possibly because of the challenges of sexing embryos and larvae.
There have been some studies on sex-specific differences in dietary
intake in other insects. For example, in the gypsy moth Lymuntriu dispar,
male and female larvae show sex-specific shifts in their preference for
protein versus lipid during ontogeny [143]. In Drosophila, however,
despite differences in male and female growth rate [41], there are no
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differences in feeding rate [70]. Further, while molecular and genetic
evidence supports a role for IIS in generating SSD, circulating levels of
dILP2 are not different between female and male larvae, at least using
current methodologies to measure hormone levels [74].

There are more data on sex-specific metabolism during development
of vertebrates, particularly humans, where juvenile sex is easily deter-
mined. Nevertheless, the data are equivocal. For example, SSD changes
during human puberty, reflecting differences in the timing of growth
between males and females [144] and in both sexes this growth spurt is
marked by an increase in absolute metabolic rate [145]. Much less clear
is whether this increase in metabolic rate is sex-specific and matches
differences in growth between males and females. Two studies suggest
that metabolic rate plateaus earlier in females than in males, relative to
the beginning of puberty (which is approximately one year earlier in
females) [146,147]. This does not appear to be reflected in differences in
male and female growth curves, however, when controlling for differ-
ences in the timing of puberty [148]. In humans, growth is regulated by
the hypothalamic-pituitary-somatotropic (HPS) axis, which includes
growth hormone and insulin growth factor 1 (IGF-1). IGF-1 also has
major metabolic effects, in particular as a regulator of protein synthesis
[149]. IGF-1 levels are elevated prior to the pubertal growth spurt,
which occurs earlier in females than males [150]. While the timing of
IGF-1 elevation is different in males and females, however, the absolute
levels of IGF-1 are not, and so do not appear to explain sex-specific
growth and metabolism [150].

Collectively, therefore, there are a paucity of data indicating meta-
bolic differences between females and male during development,
despite established sex-specific differences in growth and development
in myriad species. This is in contrast to an extensive literature describing
differences in metabolism between male and female adults, only briefly
covered in this review. It is well established that adult metabolism is
profoundly influenced by developmental metabolic factors, particularly
in response to environmental stress [151-153]. Our lack of data
describing sex-specific developmental-differences in metabolism is
therefore unlikely to be because such differences do not exist. Rather,
the scarcity of data may be due to the challenges of integrating devel-
opment and metabolism in general, and especially in a sex-specific
manner. Growth and development are intrinsically dynamics pro-
cesses, and while developmental geneticists have been hugely successful
at describing the genetics of development by perturbing gene function at
one point in development and looking at the effect on the adult
phenotype, such an approach may have limited utility in studying
developmental metabolism. Instead, researchers will need to assay
metabolism at multiple time-points throughout development — a much
more challenging prospect. Further, the frequency of assays may need to
be increased if we are to detect possibly subtle differences in the
developmental metabolism of males and females. Nevertheless, new
genetic tools that allow the application of functional genetics to
non-model organisms [154,155], an increasingly good understanding of
the genetic basis of metabolic regulation, and recently developed tech-
nologies in metabolite sensors and analytics [156,157], mean that our
lack of understanding of the sex-specific regulation of metabolism dur-
ing development is only a temporary state.

10. Conclusions

This review has focused on the developmental and growth processes
that generate differences in male and female body and trait size, and on
the metabolic mechanisms that support this sex-specific development
and growth and the final adult phenotype. While there is almost
certainly a diversity of mechanisms that generate and maintain female
and male phenotypes, work in Drosophila and horned beetle suggests
some general themes as to how development, growth and metabolism
are affected by sex.

First, biologists are increasingly recognizing that while individual
traits have autonomous aspects to their development, each trait is part of
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a network of traits that comprise the whole. For example, developmental
perturbations of one trait can have profound implications for develop-
ment across the rest of the body [158]. Consequently, we should not
expect that sex-specific developmental mechanisms either act wholly at
the level of individual traits, nor wholly through systemic mechanisms,
but rather a combination of both.

Second, sex-specific growth, both of individual traits and the body as
a whole, appears to involve mechanisms that also regulate growth
plasticity, particularly in response to nutrition via the IIS pathway. The
observation that selection for SSD has targeted these mechanisms sug-
gests that selection is not simply acting to increase trait or body size of
one sex relative to the other per se, but rather it is acting to increase size
under favorable conditions in one sex more than the other.

Third, even though sex-specific development and growth likely in-
volves metabolic differences between males and females, and involves
key regulators of metabolic rate, there are a paucity of data supporting
this hypothesis. Future studies on the metabolism of development and
growth should include sex as an explanatory factor.

Differences in adult female and male phenotypes, in particular
morphology and physiology, have important implications for sex dif-
ferences in metabolism, environmental stress responses, aging and dis-
ease progression. If we are to better understand these differences in
adults, we need to understand how these differences arise during
development. The exploration of sex-specific development, while in its
infancy, is clearly an important area of future research.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thanks members of the Shingleton Laboratory for comments on
early drafts of the manuscript.

Funding

This work was funded by The National Science Foundation USA, (I0S
1952385).

References

[1] A.V. Trukhina, N.A. Lukina, N.D. Wackerow-Kouzova, A.F. Smirnov, The variety
of vertebrate mechanisms of sex determination, Biomed. Res. Int. 2013 (2013)
1-8, https://doi.org/10.1155/2013/587460.

[2] B. Capel, Vertebrate sex determination: evolutionary plasticity of a fundamental
switch, Nat. Rev. Genet 18 (2017) 675-689, https://doi.org/10.1038/
nrg.2017.60.

[3] X.-Y. Li, J.-F. Gui, Diverse and variable sex determination mechanisms in
vertebrates, Sci. China Life Sci. 61 (2018) 1503-1514, https://doi.org/10.1007/
s11427-018-9415-7.

[4] D. Bachtrog, et al., Sex determination: why so many ways of doing It? Plos Biol.
12 (2014), e1001899 https://doi.org/10.1371/journal.pbio.1001899.

[5] H. Salz, J.W. Erickson, Sex determination in Drosophila: the view from the top,
Fly 4 (2010) 60-70, https://doi.org/10.4161/fly.4.1.11277.

[6] H.K. Salz, Sex determination in insects: a binary decision based on alternative
splicing, Curr. Opin. Genet Dev. 21 (2011) 395-400, https://doi.org/10.1016/j.
gde.2011.03.001.

[7] A. Pomiankowski, R. Nothiger, A. Wilkins, The evolution of the Drosophila sex-
determination pathway, Genetics 166 (2004) 1761-1773, https://doi.org/
10.1534/genetics.166.4.1761.

[8] P. Forch, J. Valcércel, Splicing regulation in Drosophila sex determination, Prog.
Mol. Subcell. Biol. 31 (2003), 127-51.

[9] B.S. Baker, J.M. Belote, Sex determination and dosage compensation in
Drosophila melanogaster, Annu Rev. Genet 17 (1983) 345-393, https://doi.org/
10.1146/annurev.ge.17.120183.002021.

[10] J.W. Erickson, J.J. Quintero, Indirect effects of ploidy suggest X chromosome
dose, not the X:A ratio, signals sex in Drosophila, Plos Biol. 5 (2007), €332,
https://doi.org/10.1371/journal.pbio.0050332.


https://doi.org/10.1155/2013/587460
https://doi.org/10.1038/nrg.2017.60
https://doi.org/10.1038/nrg.2017.60
https://doi.org/10.1007/s11427-018-9415-7
https://doi.org/10.1007/s11427-018-9415-7
https://doi.org/10.1371/journal.pbio.1001899
https://doi.org/10.4161/fly.4.1.11277
https://doi.org/10.1016/j.gde.2011.03.001
https://doi.org/10.1016/j.gde.2011.03.001
https://doi.org/10.1534/genetics.166.4.1761
https://doi.org/10.1534/genetics.166.4.1761
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref8
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref8
https://doi.org/10.1146/annurev.ge.17.120183.002021
https://doi.org/10.1146/annurev.ge.17.120183.002021
https://doi.org/10.1371/journal.pbio.0050332

A.W. Shingleton and I.M. Vea

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

L.O.F. Penalva, L. Sanchez, RNA binding protein sex-lethal (Sx1) and control of
Drosophila sex determination and dosage compensation, Microbiol Mol. Biol.
Rev. Mmbr. 67 (2003) 343-359, https://doi.org/10.1128/mmbr.67.3.343-
359.2003.

L.R. Bell, E.M. Maine, P. Schedl, T.W. Cline, Sex-lethal, a Drosophila sex
determination switch gene, exhibits sex-specific RNA splicing and sequence
similarity to RNA binding proteins, Cell 55 (1988) 1037-1046, https://doi.org/
10.1016/0092-8674(88)90248-6.

H. Sakamoto, K. Inoue, I. Higuchi, Y. Ono, Y. Shimura, Control of drosophila sex-
lethal pre-mRNA splicing by its own female-specific product, Nucleic Acids Res.
20 (1992) 5533-5540, https://doi.org/10.1093/nar/20.21.5533.

R.L. Kelley, I. Solovyeva, L.M. Lyman, R. Richman, V. Solovyev, M.I. Kuroda,
Expression of Msl-2 causes assembly of dosage compensation regulators on the X
chromosomes and female lethality in Drosophila, Cell 81 (1995) 867-877,
https://doi.org/10.1016,/0092-8674(95)90007-1.

G.J. Bashaw, B.S. Baker, The regulation of the Drosophila msl-2 gene reveals a
function for sex-lethal in translational control, Cell 89 (1997) 789-798, https://
doi.org/10.1016/s0092-8674(00)80262-7.

J.K.M. Penn, P. Schedl, The master switch gene sex-lethal promotes female
development by negatively regulating the N-signaling pathway, Dev. Cell 12
(2007) 275-286, https://doi.org/10.1016/j.deveel.2007.01.009.

B.A. Sosnowski, J.M. Belote, M. McKeown, Sex-specific alternative splicing of
RNA from the transformer gene results from sequence-dependent splice site
blockage, Cell 58 (1989) 449-459, https://doi.org/10.1016/0092-8674(89)
90426-1.

K. Inoue, K. Hoshijima, H. Sakamoto, Y. Shimura, Binding of the Drosophila sex-
lethal gene product to the alternative splice site of transformer primary transcript,
Nature 344 (1990) 461-463, https://doi.org/10.1038/344461a0.

J.M. Belote, M. McKeown, R.T. Boggs, R. Ohkawa, B.A. Sosnowski, Molecular
genetics of transformer, a genetic switch controlling sexual differentiation in
Drosophila, Dev. Genet 10 (1989) 143-154, https://doi.org/10.1002/
dvg.1020100304.

R.T. Boggs, P. Gregor, S. Idriss, J.M. Belote, M. McKeown, Regulation of sexual
differentiation in D. melanogaster via alternative splicing of RNA from the
transformer gene, Cell 50 (1987) 739-747, https://doi.org/10.1016/0092-8674
(87)90332-1.

K. Hoshijima, K. Inoue, I. Higuchi, H. Sakamoto, Y. Shimura, Control of doublesex
Alternative Splicing by transformer and transformer-2 in Drosophila, Science 252
(1991) 833-836, https://doi.org/10.1126/science.1902987.

B.S. Baker, M.F. Wolfner, A molecular analysis of doublesex, a bifunctional gene
that controls both male and female sexual differentiation in Drosophila
melanogaster, Gene Dev. 2 (1988) 477-489, https://doi.org/10.1101/
gad.2.4.477.

K.C. Burtis, B.S. Baker, Drosophila doublesex gene controls somatic sexual
differentiation by producing alternatively spliced mRNAs encoding related sex-
specific polypeptides, Cell 56 (1989) 997-1010, https://doi.org/10.1016/0092-
8674(89)90633-8.

S.S. Chatterjee, L.D. Uppendahl, M.A. Chowdhury, P.-L. Ip, M.L. Siegal, The
female-specific Doublesex isoform regulates pleiotropic transcription factors to
pattern genital development in Drosophila, Development 138 (2011) 1099-1109,
https://doi.org/10.1242/dev.055731.

V.A. Jursnich, K.C. Burtis, A positive role in Differentiation for the male
doublesex protein of Drosophila, Dev. Biol. 155 (1993) 235-249, https://doi.org/
10.1006/dbio.1993.1021.

P.E. HILDRETH, Doublesex, recessive gene that transforms both males and
females of Drosophila into intersexes, Genetics 51 (1965) 659-678.

K.-I. Kimura, M. Ote, T. Tazawa, D. Yamamoto, Fruitless specifies sexually
dimorphic neural circuitry in the Drosophila brain, Nature 438 (2005) 229-233,
https://doi.org/10.1038/nature04229.

A. Anand, et al., Molecular genetic Dissection of the sex-specific and vital
functions of the drosophila melanogaster sex determination gene fruitless,
Genetics 158 (2001) 1569-1595, https://doi.org/10.1093/genetics/158.4.1569.
E. Demir, B.J. Dickson, fruitless splicing specifies male courtship behavior in
drosophila, Cell 121 (2005) 785-794, https://doi.org/10.1016/j.
cell.2005.04.027.

T. Chowdhury, R.M. Calhoun, K. Bruch, A.J. Moehring, The fruitless gene affects
female receptivity and species isolation, Proc. R. Soc. B 287 (2020), 20192765,
https://doi.org/10.1098/rspb.2019.2765.

L.C. Ryner, S.F. Goodwin, D.H. Castrillon, A. Anand, A. Villella, B.S. Baker, J.
C. Hall, B.J. Taylor, S.A. Wasserman, Control of male sexual behavior and sexual
orientation in Drosophila by the fruitless Gene, Cell 87 (1996) 1079-1089,
https://doi.org/10.1016/50092-8674(00)81802-4.

D.S. Evans, T.W. Cline, Drosophila switch gene Sex-lethal can bypass its switch-
gene target transformer to regulate aspects of female behavior, Proc. Natl. Acad.
Sci. 110 (2013) E4474-E4481, https://doi.org/10.1073/pnas.1319063110.

A. Sawala, A.P. Gould, The sex of specific neurons controls female body growth in
Drosophila, Plos Biol. 15 (2017), e2002252, https://doi.org/10.1371/journal.
pbio.2002252.

J. Wexler, E.K. Delaney, X. Belles, C. Schal, A. Wada-Katsumata, M.J. Amicucci,
A. Kopp, Hemimetabolous insects elucidate the origin of sexual development via
alternative splicing, Elife 8 (2019), e47490, https://doi.org/10.7554/¢life.47490.
D. Bopp, G. Saccone, M. Beye, Sex determination in insects: variations on a
common theme, Sex. Dev. 8 (2014) 20-28, https://doi.org/10.1159/000356458.
T. Kiuchi, et al., A single female-specific piRNA is the primary determiner of sex
in the silkworm, Nature 509 (2014) 633-636, https://doi.org/10.1038/
naturel3315.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

Seminars in Cell and Developmental Biology xxx (xxxX) xxx

P.S. Mead, M.L. Morton, B.E. Fish, Sexual dimorphism in egg size and
implications regarding facultative manipulation of sex in mountain white-
crowned sparrows, Condor 89 (1987) 798, https://doi.org/10.2307/1368527.
D.J. ANDERSON, J. REEVE, D.M. BIRD, Sexually dimorphic eggs, nestling growth
and sibling competition in American Kestrels Falco sparverius, Funct. Ecol. 11
(1997) 331-335, https://doi.org/10.1046/j.1365-2435.1997.00091 .x.

A. Budriené, E. Budrys, Z. Nevronyte, Sexual size dimorphism in the ontogeny of
the solitary predatory wasp Symmorphus allobrogus (Hymenoptera: Vespidae),
C. R. Biol. 336 (2013) 57-64, https://doi.org/10.1016/].crvi.2013.03.001.

V. Sober, S.-L. Sandre, T. Esperk, T. Teder, T. Tammaru, Ontogeny of sexual size
dimorphism revisited: females grow for a longer time and also faster, Plos One 14
(2019), €0215317, https://doi.org/10.1371/journal.pone.0215317.

N.D. Testa, S.M. Ghosh, A.W. Shingleton, Sex-specific weight loss mediates sexual
size dimorphism in Drosophila melanogaster, Plos One 8 (2013), e58936, https://
doi.org/10.1371/journal.pone.0058936.

T. Vendl, P. Sipek, O. Kouklik, L. Kratochvil, Hidden complexity in the ontogeny
of sexual size dimorphism in male-larger beetles, Sci. Rep. -uk 8 (2018) 5871,
https://doi.org/10.1038/541598-018-24047-1.

W.U. Blanckenhorn, et al., Proximate causes of Rensch’s rule: does sexual size
dimorphism in arthropods result from sex differences in development time? Am.
Nat. 169 (245) (2007) 257, https://doi.org/10.1086/510597.

P.T. Rohner, W.U. Blanckenhorn, N. Puniamoorthy, Sexual selection on male size
drives the evolution of male-biased sexual size dimorphism via the prolongation
of male development, Evolution 70 (2016) 1189-1199, https://doi.org/10.1111/
evo.12944.

T.L.F. Martins, Sex-specific growth rates in zebra finch nestlings: a possible
mechanism for sex ratio adjustment, Behav. Ecol. 15 (2004) 174-180, https://
doi.org/10.1093/beheco/arg094.

M. Garel, A. Loison, J.-M. Jullien, D. Dubray, D. Maillard, J.-M. Gaillard, Sex-
specific growth in alpine chamois, J. Mammal. 90 (2009) 954-960, https://doi.
org/10.1644/08-mamm-a-287.1.

E. Kalmbach, R. Griffiths, R.W. Furness, Sex-specific growth patterns and effects
of hatching condition on growth in the reversed sexually size-dimorphic great
skua Stercorarius skua, J. Avian Biol. 40 (2009) 358-368, https://doi.org/
10.1111/j.1600-048x.2008.04339.x.

A.J. Williams, J.H. Farley, S.D. Hoyle, C.R. Davies, S.J. Nicol, Spatial and sex-
specific variation in growth of albacore tuna (thunnus alalunga) across the south
pacific ocean, Plos One 7 (2012), e39318, https://doi.org/10.1371/journal.
pone.0039318.

S.R. Leigh, Socioecology and the ontogeny of sexual size dimorphism in
anthropoid primates, Am. J. Phys. Anthr. 97 (1995) 339-356, https://doi.org/
10.1002/ajpa.1330970402.

T. Teder, Sexual size dimorphism requires a corresponding sex difference in
development time: a meta-analysis in insects, Funct. Ecol. 28 (2014) 479-486,
https://doi.org/10.1111/1365-2435.12172.

M.T. O’Mara, A.D. Gordon, K.K. Catlett, C.J. Terranova, G.T. Schwartz, Growth
and the development of sexual size dimorphism in lorises and galagos, Am. J.
Phys. Anthr. 147 (2012) 11-20, https://doi.org/10.1002/ajpa.21600.

T. Teder, A. Kaasik, K. Taits, T. Tammaru, Why do males emerge before females?
sexual size dimorphism drives sexual bimaturism in insects, Biol. Rev. (2021),
https://doi.org/10.1111/brv.12762.

V. Jarosik, A. Honek, Sexual differences in insect development time in relation to
sexual size dimorphism. In Sex, in: D. Fairbairn, W. Blanckenhorn, T. Székely
(Eds.), Size and Gender Roles: Evolutionary Studies of Sexual Size Dimorphism,
Oxford University Press, Oxford, 2007, pp. 205-212.

D.J. Emlen, L.C. Lavine, B. Ewen-Campen, On the origin and evolutionary
diversification of beetle horns, Proc. Natl. Acad. Sci. 104 (2007) 8661-8668,
https://doi.org/10.1073/pnas.0701209104.

A.P. Moczek, Pupal remodeling and the development and evolution of sexual
dimorphism in horned beetles, Am. Nat. 168 (2006) 711-729, https://doi.org/
10.1086/509051.

RJ. Goss , 1983 Deer Antlers: Regeneration, Function and Evolution. London, UK:
Academic Press Inc.

T.H. Morgan, The development of asymmetry in the fiddler crab, Am. Nat. 57
(1923) 269-273, https://doi.org/10.1086/279921.

W. Toubiana, D. Armisén, S. Viala, A. Decaras, A. Khila, 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. 19 (2021), e3001157,
https://doi.org/10.1371/journal.pbio.3001157.

R. Nothiger, A. Diibendorfer, F. Epper, Gynandromorphs reveal two separate
primordia for male and female genitalia inDrosophila melanogaster, Wilhelm.
Roux’s Arch. Dev. Biol. 181 (1977) 367-373, https://doi.org/10.1007/
bf00848062.

F. Epper, Morphological analysis and fate map of the intersexual genital disc of
the mutant doublesex-dominant in Drosophila melanogaster, Dev. Biol. 88 (1981)
104-114, https://doi.org/10.1016/0012-1606(81)90222-0.

S.P. Windley, D. Wilhelm, Signaling pathways involved in mammalian sex
determination and gonad development, Sex. Dev. 9 (2016) 297-315, https://doi.
0rg/10.1159/000444065.

H.F. Nijhout, L.M. Riddiford, C. Mirth, A.W. Shingleton, Y. Suzuki, V. Callier, The
Developmental Control of Size in Insects, Wiley Interdiscip Rev Dev Biology,
2014, p. 134, https://doi.org/10.1002/wdev.124.

T. Koyama, M.A. Rodrigues, A. Athanasiadis, A.W. Shingleton, C.K. Mirth,
Nutritional control of body size through FoxO-Ultraspiracle mediated ecdysone
biosynthesis, Elife (2014) 3, https://doi.org/10.7554/¢life.03091.


https://doi.org/10.1128/mmbr.67.3.343-359.2003
https://doi.org/10.1128/mmbr.67.3.343-359.2003
https://doi.org/10.1016/0092-8674(88)90248-6
https://doi.org/10.1016/0092-8674(88)90248-6
https://doi.org/10.1093/nar/20.21.5533
https://doi.org/10.1016/0092-8674(95)90007-1
https://doi.org/10.1016/s0092-8674(00)80262-7
https://doi.org/10.1016/s0092-8674(00)80262-7
https://doi.org/10.1016/j.devcel.2007.01.009
https://doi.org/10.1016/0092-8674(89)90426-1
https://doi.org/10.1016/0092-8674(89)90426-1
https://doi.org/10.1038/344461a0
https://doi.org/10.1002/dvg.1020100304
https://doi.org/10.1002/dvg.1020100304
https://doi.org/10.1016/0092-8674(87)90332-1
https://doi.org/10.1016/0092-8674(87)90332-1
https://doi.org/10.1126/science.1902987
https://doi.org/10.1101/gad.2.4.477
https://doi.org/10.1101/gad.2.4.477
https://doi.org/10.1016/0092-8674(89)90633-8
https://doi.org/10.1016/0092-8674(89)90633-8
https://doi.org/10.1242/dev.055731
https://doi.org/10.1006/dbio.1993.1021
https://doi.org/10.1006/dbio.1993.1021
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref26
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref26
https://doi.org/10.1038/nature04229
https://doi.org/10.1093/genetics/158.4.1569
https://doi.org/10.1016/j.cell.2005.04.027
https://doi.org/10.1016/j.cell.2005.04.027
https://doi.org/10.1098/rspb.2019.2765
https://doi.org/10.1016/s0092-8674(00)81802-4
https://doi.org/10.1073/pnas.1319063110
https://doi.org/10.1371/journal.pbio.2002252
https://doi.org/10.1371/journal.pbio.2002252
https://doi.org/10.7554/elife.47490
https://doi.org/10.1159/000356458
https://doi.org/10.1038/nature13315
https://doi.org/10.1038/nature13315
https://doi.org/10.2307/1368527
https://doi.org/10.1046/j.1365-2435.1997.00091.x
https://doi.org/10.1016/j.crvi.2013.03.001
https://doi.org/10.1371/journal.pone.0215317
https://doi.org/10.1371/journal.pone.0058936
https://doi.org/10.1371/journal.pone.0058936
https://doi.org/10.1038/s41598-018-24047-1
https://doi.org/10.1086/510597
https://doi.org/10.1111/evo.12944
https://doi.org/10.1111/evo.12944
https://doi.org/10.1093/beheco/arg094
https://doi.org/10.1093/beheco/arg094
https://doi.org/10.1644/08-mamm-a-287.1
https://doi.org/10.1644/08-mamm-a-287.1
https://doi.org/10.1111/j.1600-048x.2008.04339.x
https://doi.org/10.1111/j.1600-048x.2008.04339.x
https://doi.org/10.1371/journal.pone.0039318
https://doi.org/10.1371/journal.pone.0039318
https://doi.org/10.1002/ajpa.1330970402
https://doi.org/10.1002/ajpa.1330970402
https://doi.org/10.1111/1365-2435.12172
https://doi.org/10.1002/ajpa.21600
https://doi.org/10.1111/brv.12762
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref53
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref53
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref53
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref53
https://doi.org/10.1073/pnas.0701209104
https://doi.org/10.1086/509051
https://doi.org/10.1086/509051
https://doi.org/10.1086/279921
https://doi.org/10.1371/journal.pbio.3001157
https://doi.org/10.1007/bf00848062
https://doi.org/10.1007/bf00848062
https://doi.org/10.1016/0012-1606(81)90222-0
https://doi.org/10.1159/000444065
https://doi.org/10.1159/000444065
https://doi.org/10.1002/wdev.124
https://doi.org/10.7554/elife.03091

A.W. Shingleton and I.M. Vea

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

K.F. Rewitz, N. Yamanaka, L.I. Gilbert, M.B. O’connor, The insect neuropeptide
PTTH activates receptor tyrosine kinase torso to initiate metamorphosis, Science
326, 1403 1405 (2009), https://doi.org/10.1126/science.1176450.

M. Selcho, et al., Central and peripheral clocks are coupled by a neuropeptide
pathway in Drosophila, Nat. Commun. 8 (2017) 15563, https://doi.org/10.1038/
ncomms15563.

D.M. Vallejo, S. Juarez-Carreno, J. Bolivar, J. Morante, M. Dominguez, A brain
circuit that synchronizes growth and maturation revealed through Dilp8 binding
to Lgr3, Science 350 (2015), https://doi.org/10.1126/science.aac6767 aac6767
aac6767.

J. Colombani, D.S. Andersen, L. Boulan, E. Boone, N. Romero, V. Virolle,

M. Texada, P. Léopold, Drosophila Lgr3 couples organ growth with maturation
and ensures developmental stability, Curr. Biol. 25 (2015) 2723-2729, https://
doi.org/10.1016/j.cub.2015.09.020.

M.E. Moeller, E.T. Danielsen, R. Herder, M.B. O’connor, K.F. Rewitz, Dynamic
feedback circuits function as a switch for shaping a maturation-inducing steroid
pulse in Drosophila, Development 140 (2013) 4730-4739, https://doi.org/
10.1242/dev.099739.

A.W. Shingleton, J. Das, L. Vinicius, D.L. Stern, The temporal requirements for
insulin signaling during development in Drosophila, Plos Biol. 3 (2005), e289,
https://doi.org/10.1371/journal.pbio.0030289.

E.J. Rideout, M.S. Narsaiya, S.S. Grewal, The sex determination gene transformer
regulates male-female differences in drosophila body size, Plos Genet 11 (2015),
€1005683, https://doi.org/10.1371/journal.pgen.1005683.

A.W. Shingleton, J.R. Masandika, L.S. Thorsen, Y. Zhu, C.K. Mirth, The sex-
specific effects of diet quality versus quantity on morphology in Drosophila
melanogaster, R. Soc. Open Sci. 4 (2017), 170375, https://doi.org/10.1098/
1r50s.170375.

J.W. Millington, G.P. Brownrigg, P.J. Basner-Collins, Z. Sun, E.J. Rideout, Genetic
manipulation of insulin/insulin-like growth factor signaling pathway activity has
sex-biased effects on Drosophila body size, G3 Genes Genomes Genet. (2021),
https://doi.org/10.1093/g3journal/jkaa067, 11, jkaa067.

S. Liao, S. Post, P. Lehmann, J.A. Veenstra, M. Tatar, D.R. Néssel, Regulatory roles
of Drosophila insulin-like peptide 1 (dilp1) in metabolism differ in pupal and
adult stages, Front Endocrinol. 11 (2020) 180, https://doi.org/10.3389/
fendo.2020.00180.

J.W. Millington, G.P. Brownrigg, C. Chao, Z. Sun, P.J. Basner-Collins, L.W. Wat,
B. Hudry, I. Miguel-Aliaga, E.J. Rideout, Female-biased upregulation of insulin
pathway activity mediates the sex difference in Drosophila body size plasticity,
Elife 10 (2021), 58341, https://doi.org/10.7554/elife.58341.

R. Delanoue, E. Meschi, N. Agrawal, A. Mauri, Y. Tsatskis, H. McNeill, P. Léopold,
Drosophila insulin release is triggered by adipose Stunted ligand to brain
Methuselah receptor, Science 353 (2016) 1553-1556, https://doi.org/10.1126/
science.aaf8430.

J.M.C. McDonald, P. Nabili, L. Thorsen, S. Jeon, A.W. Shingleton, Sex-specific
plasticity and the nutritional geometry of insulin-signaling gene expression in
Drosophila melanogaster, Evodevo 12 (2021) 6, https://doi.org/10.1186/
513227-021-00175-0.

J. E. Lovich , J.W.Gibbons 1992 , A review of techniques for quantifying sexual
size dimorphism. Growth, development, and aging: GDA 56, 269 281.

N. Okamoto, N. Yamanaka, Y. Yagi, Y. Nishida, A fat body-derived IGF-like
peptide regulates postfeeding growth in drosophila, Dev. Cell 17 (2009), https://
doi.org/10.1016/j.devcel.2009.10.008.

M. Slaidina, R. Delanoue, S. Gronke, L. Partridge, P. Léopold, A Drosophila
insulin-like peptide promotes growth during nonfeeding states, Dev. Cell 17
(2009) 874-884, https://doi.org/10.1016/j.devcel.2009.10.009.

C.B. Bridges , T.H. Morgan , A. H. Sturtevant , 1919 Contributions to the genetics
of Drosophila melanogaster. Washington: Carnegie Institution of Washington.
(doi:(10.5962/bhl.title.27708)).

C. Martin-Castellanos, B.A. Edgar, A characterization of the effects of Dpp
signaling on cell growth and proliferation in the Drosophila wing, Dev. (Camb.,
Engl. ) 129 (2002) 1003-1013.

G. Schwank, S. Restrepo, K. Basler, Growth regulation by Dpp: an essential role
for Brinker and a non-essential role for graded signaling levels, Development 135
(2008) 4003-4013, https://doi.org/10.1242/dev.025635.

J.I. Horabin, Splitting the Hedgehog signal: sex and patterning in Drosophila,
Development 132 (2005) 4801-4810, https://doi.org/10.1242/dev.02054.

A. Baonza, A. Garcia-Bellido, Notch signaling directly controls cell proliferation in
the Drosophila wing disc, Proc. Natl. Acad. Sci. 97 (2000) 2609-2614, https://
doi.org/10.1073/pnas.040576497.

M. Reis, N. Siomava, E.A. Wimmer, N. Posnien, Sexual dimorphism and plasticity
in wing shape in three Diptera, Biorxiv (2021), 135749, https://doi.org/10.1101/
135749.

N.A. Gidaszewski, M. Baylac, C.P. Klingenberg, Evolution of sexual dimorphism
of wing shape in the Drosophila melanogaster subgroup, Bmc Evol. Biol. 9 (2009)
110, https://doi.org/10.1186/1471-2148-9-110.

T. Kijimoto, J. Costello, Z. Tang, A.P. Moczek, J. Andrews, EST and microarray
analysis of horn development in Onthophagus beetles, 504-504, Bmc Genom. 10
(2009), https://doi.org/10.1186/1471-2164-10-504.

T. Kijimoto, A.P. Moczek, J. Andrews, Diversification of doublesex function
underlies morph-, sex-, and species-specific development of beetle horns, Proc.
Natl. Acad. Sci. 109 (2012) 20526-20531, https://doi.org/10.1073/
pnas.11185891009.

C.C. Leddn-Rettig, E.E. Zattara, A.P. Moczek, Asymmetric interactions between
doublesex and tissue- and sex-specific target genes mediate sexual dimorphism in
beetles, Nat. Commun. 8 (2017) 14593, https://doi.org/10.1038/ncomms14593.

10

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Seminars in Cell and Developmental Biology xxx (xxxX) xxx

J.N. Shukla, S.R. Palli, Doublesex target genes in the red flour beetle, Tribolium
castaneum, Sci. Rep. -uk 2 (2012) 948, https://doi.org/10.1038/srep00948.

T. Kijimoto, A.P. Moczek, Hedgehog signaling enables nutrition-responsive
inhibition of an alternative morph in a polyphenic beetle, Proc. Natl. Acad. Sci.
113 (2016) 5982-5987, https://doi.org/10.1073/pnas.1601505113.

M.A. Jiinger, F. Rintelen, H. Stocker, J.D. Wasserman, M. Végh, T. Radimerski, M.
E. Greenberg, E. Hafen, The Drosophila forkhead transcription factor FOXO
mediates the reduction in cell number associated with reduced insulin signaling,
J. Biol. 2 (2003) 20, https://doi.org/10.1186/1475-4924-2-20.

O. Puig, M.T. Marr, M.L. Ruhf, R. Tjian, Control of cell number by Drosophila
FOXO: downstream and feedback regulation of the insulin receptor pathway,
Gene Dev. 17 (2003) 2006-2020, https://doi.org/10.1101/gad.1098703.

J.M. Kramer, J.T. Davidge, J.M. Lockyer, B.E. Staveley, Expression of Drosophila
FOXO regulates growth and can phenocopy starvation, BMC Dev. Biol. 3 (2003)
5, https://doi.org/10.1186/1471-213x-3-5.

S. Casasa, A.P. Moczek, Insulin signalling’s role in mediating tissue-specific
nutritional plasticity and robustness in the horn-polyphenic beetle Onthophagus
taurus, Proc. R. Soc. B 285 (2018), 20181631, https://doi.org/10.1098/
rspb.2018.1631.

B.R. Wasik, A.P. Moczek, Decapentaplegic (dpp) regulates the growth of a
morphological novelty, beetle horns, Dev. Genes Evol. 221 (2011) 17-27, https://
doi.org/10.1007/s00427-011-0355-7.

A. Moczek, D. Rose, Differential recruitment of limb patterning genes during
development and diversification of beetle horns, Proc. Natl. Acad. Sci. (2009)
106, https://doi.org/10.1073/pnas.0809668106.

J.R. Crabtree, A.L.M. Macagno, A.P. Moczek, P.T. Rohner, Y. Hu, Notch signaling
patterns head horn shape in the bull-headed dung beetle Onthophagus taurus,
Dev. Genes Evol. 230 (2020) 213-225, https://doi.org/10.1007/500427-020-
00645-w.

T. Ohde, et al., Rhinoceros beetle horn development reveals deep parallels with
dung beetles, Plos Genet 14 (2018), e1007651, https://doi.org/10.1371/journal.
pgen.1007651.

R. Bonduriansky, T. Day, The evolution of static allometry in sexually selected
traits, Evolution 57 (2003) 2450-2458, https://doi.org/10.1554/03-213.

S. Cotton, K. Fowler, A. Pomiankowski, Do sexual ornaments demonstrate
heightened condition-dependent expression as predicted by the handicap
hypothesis, Proc. R. Soc. Lond. Ser. B Biol. Sci. 271 (2004) 771-783, https://doi.
0rg/10.1098/rspb.2004.2688.

R. Bonduriansky, Sexual selection and allometry: a critical reappraisal of the
evidence and ideas, Evolution 61 (2007) 838-849, https://doi.org/10.1111/
j.1558-5646.2007.00081.x.

R. Bonduriansky, The evolution of condition-dependent sexual dimorphism, Am.
Nat. 169 (2007) 9-19, https://doi.org/10.1086/510214.

R. Bonduriansky, L. Rowe, Sexual selection, genetic architecture, and the
condition dependence of body shape in the sexually dimorphic fly Prochyliza
xanthostoma (Piophilidae), Evolution 59 (2005) 138-151, https://doi.org/
10.1111/j.0014-3820.2005.tb00901.x.

P.T. Rohner, W.U. Blanckenhorn, A Comparative Study of the role of sex-specific
condition dependence in the evolution of sexually dimorphic traits, Am. Nat. 192
(2018) E202-E215, https://doi.org/10.1086,/700096.

R.C. Stillwell, W.U. Blanckenhorn, T. Teder, G. Davidowitz, C.W. Fox, Sex
differences in phenotypic plasticity affect variation in sexual size dimorphism in
insects: from physiology to evolution, Annu. Rev. Entomol. 55 (2010) 227-245,
https://doi.org/10.1146/annurev-ento-112408-085500.

I.M. Vea, A. Wilcox, W.A. Frankino, A.W. Shingleton, Sex-specific plasticity
explains genetic variation in sexual size dimorphism in drosophila, 2021.06.16,
Biorxiv (2021), 448738, https://doi.org/10.1101/2021.06.16.448738.

F. Mauvais-Jarvis, D.J. Clegg, A.L. Hevener, The role of estrogens in control of
energy balance and glucose homeostasis, Endocr. Rev. 34 (2013) 309-338,
https://doi.org/10.1210/er.2012-1055.

B.F. Palmer, D.J. Clegg, The sexual dimorphism of obesity, Mol. Cell Endocrinol.
402 (2015) 113-119, https://doi.org/10.1016/j.mce.2014.11.029.

T. Zore, M. Palafox, K. Reue, Sex differences in obesity, lipid metabolism, and
inflammation—A role for the sex chromosomes? Mol. Metab. 15 (2018) 35-44,
https://doi.org/10.1016/j.molmet.2018.04.003.

X. Chen, R. McClusky, J. Chen, S.W. Beaven, P. Tontonoz, A.P. Arnold, K. Reue,
The number of X chromosomes causes sex differences in adiposity in mice, Plos
Genet 8 (2012), 1002709, https://doi.org/10.1371/journal.pgen.1002709.
A.W. Shingleton, Physiology: female flies have the guts for reproduction, Curr.
Biol. 25 (R716) (2015) R718, https://doi.org/10.1016/j.cub.2015.06.073.

D.H. Nussey, H. Froy, J.-F. Lemaitre, J.-M. Gaillard, S.N. Austad, Senescence in
natural populations of animals: Widespread evidence and its implications for bio-
gerontology, Age. Res. Rev. 12 (2013) 214-225, https://doi.org/10.1016/j.
arr.2012.07.004.

S.N. Austad, K.E. Fischer, Sex differences in lifespan, Cell Metab. 23 (2016)
1022-1033, https://doi.org/10.1016/j.cmet.2016.05.019.

M. Tidiere, J. Gaillard, D.W.H. Miiller, L.B. Lackey, O. Gimenez, M. Clauss,

J. Lemaitre, Does sexual selection shape sex differences in longevity and
senescence patterns across vertebrates? a review and new insights from captive
ruminants, Evolution 69 (2015) 3123-3140, https://doi.org/10.1111/evo.12801.
S. Gopalakrishnan, N.K. Cheung, B.W. Yip, D.W. Au, Medaka fish exhibits
longevity gender gap, a natural drop in estrogen and telomere shortening during
aging: a unique model for studying sex-dependent longevity, Front. Zool. 10
(2013), https://doi.org/10.1186/1742-9994-10-78.


https://doi.org/10.1126/science.1176450
https://doi.org/10.1038/ncomms15563
https://doi.org/10.1038/ncomms15563
https://doi.org/10.1126/science.aac6767
https://doi.org/10.1016/j.cub.2015.09.020
https://doi.org/10.1016/j.cub.2015.09.020
https://doi.org/10.1242/dev.099739
https://doi.org/10.1242/dev.099739
https://doi.org/10.1371/journal.pbio.0030289
https://doi.org/10.1371/journal.pgen.1005683
https://doi.org/10.1098/rsos.170375
https://doi.org/10.1098/rsos.170375
https://doi.org/10.1093/g3journal/jkaa067
https://doi.org/10.3389/fendo.2020.00180
https://doi.org/10.3389/fendo.2020.00180
https://doi.org/10.7554/elife.58341
https://doi.org/10.1126/science.aaf8430
https://doi.org/10.1126/science.aaf8430
https://doi.org/10.1186/s13227-021-00175-0
https://doi.org/10.1186/s13227-021-00175-0
https://doi.org/10.1016/j.devcel.2009.10.008
https://doi.org/10.1016/j.devcel.2009.10.008
https://doi.org/10.1016/j.devcel.2009.10.009
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref78
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref78
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref78
https://doi.org/10.1242/dev.025635
https://doi.org/10.1242/dev.02054
https://doi.org/10.1073/pnas.040576497
https://doi.org/10.1073/pnas.040576497
https://doi.org/10.1101/135749
https://doi.org/10.1101/135749
https://doi.org/10.1186/1471-2148-9-110
https://doi.org/10.1186/1471-2164-10-504
https://doi.org/10.1073/pnas.1118589109
https://doi.org/10.1073/pnas.1118589109
https://doi.org/10.1038/ncomms14593
https://doi.org/10.1038/srep00948
https://doi.org/10.1073/pnas.1601505113
https://doi.org/10.1186/1475-4924-2-20
https://doi.org/10.1101/gad.1098703
https://doi.org/10.1186/1471-213x-3-5
https://doi.org/10.1098/rspb.2018.1631
https://doi.org/10.1098/rspb.2018.1631
https://doi.org/10.1007/s00427-011-0355-7
https://doi.org/10.1007/s00427-011-0355-7
https://doi.org/10.1073/pnas.0809668106
https://doi.org/10.1007/s00427-020-00645-w
https://doi.org/10.1007/s00427-020-00645-w
https://doi.org/10.1371/journal.pgen.1007651
https://doi.org/10.1371/journal.pgen.1007651
https://doi.org/10.1554/03-213
https://doi.org/10.1098/rspb.2004.2688
https://doi.org/10.1098/rspb.2004.2688
https://doi.org/10.1111/j.1558-5646.2007.00081.x
https://doi.org/10.1111/j.1558-5646.2007.00081.x
https://doi.org/10.1086/510214
https://doi.org/10.1111/j.0014-3820.2005.tb00901.x
https://doi.org/10.1111/j.0014-3820.2005.tb00901.x
https://doi.org/10.1086/700096
https://doi.org/10.1146/annurev-ento-112408-085500
https://doi.org/10.1101/2021.06.16.448738
https://doi.org/10.1210/er.2012-1055
https://doi.org/10.1016/j.mce.2014.11.029
https://doi.org/10.1016/j.molmet.2018.04.003
https://doi.org/10.1371/journal.pgen.1002709
https://doi.org/10.1016/j.cub.2015.06.073
https://doi.org/10.1016/j.arr.2012.07.004
https://doi.org/10.1016/j.arr.2012.07.004
https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.1111/evo.12801
https://doi.org/10.1186/1742-9994-10-78

A.W. Shingleton and I.M. Vea

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

J. Tower, Sex-Specific Gene Expression and Life Span Regulation, Trends.
Endocrinol. Metab. 28 (2017) 735-747, https://doi.org/10.1016/j.
tem.2017.07.002.

W. Burggren, B.M. Souder, D.H. Ho, Metabolic rate and hypoxia tolerance are
affected by group interactions and sex in the fruit fly (Drosophila melanogaster):
new data and a literature survey, Biol. Open 6 (2017) 471-480, https://doi.org/
10.1242/bi0.023994.

C.J. Klok, A. Kaiser, J.R.B. Lighton, J.F. Harrison, Critical oxygen partial pressures
and maximal tracheal conductances for Drosophila melanogaster reared for
multiple generations in hypoxia or hyperoxia, J. Insect Physiol. 56 (2010)
461-469, https://doi.org/10.1016/j.jinsphys.2009.08.004.

L.W. Wat, et al., A role for triglyceride lipase brummer in the regulation of sex
differences in Drosophila fat storage and breakdown, Plos Biol. 18 (2020),
€3000595, https://doi.org/10.1371/journal.pbio.3000595.

M. Videlier, H.D. Rundle, V. Careau, Sex-specific among-individual covariation in
locomotor activity and resting metabolic rate in Drosophila melanogaster, Am.
Nat. 194 (2019) E164-E176, https://doi.org/10.1086/705678.

T.E. SCHWASINGER-SCHMIDT, S.D. KACHMAN, L.G. HARSHMAN, Evolution of
starvation resistance in Drosophila melanogaster: measurement of direct and
correlated responses to artificial selection, J. Evol. Biol. 25 (2012) 378-387,
https://doi.org/10.1111/j.1420-9101.2011.02428.x.

M. Parisi, R. Li, B. Oliver, Lipid profiles of female and male Drosophila, BMC Res.
Notes 4 (2011), https://doi.org/10.1186/1756-0500-4-198.

M.H. Sieber, A.C. Spradling, Steroid signaling establishes a female metabolic state
and regulates SREBP to control oocyte lipid accumulation, Curr. Biol. 24 (2015)
993-1004, 10.1016/j.cub.2015.02.019).

R.P. Kiihnlein, The contribution of the Drosophila model to lipid droplet research,
Prog. Lipid Res 50 (2011) 348-356, https://doi.org/10.1016/j.
plipres.2011.04.001.

R.P. Kiihnlein, Lipid droplet-based storage fat metabolism in drosophila thematic
review series: lipid droplet synthesis and metabolism: from yeast to man, J. Lipid
Res. 53 (2012) 1430-1436, https://doi.org/10.1194/jlr.r024299.

B.N. Hughson, M. Shimell, M.B. O’Connor, AKH Signaling in D. melanogaster
alters larval development in a nutrient-dependent manner that influences adult
metabolism, Front. Physiol. 12 (2021), 619219, https://doi.org/10.3389/
fphys.2021.619219.

L.W. Wat, Z.S. Chowdhury, J.W. Millington, P. Biswas, E.J. Rideout, Sex
determination gene transformer regulates the male-female difference in
Drosophila fat storage via the adipokinetic hormone pathway, Elife 10 (2021),
€72350, https://doi.org/10.7554/elife.72350.

Y. Kamoshida, S. Fujiyama-Nakamura, S. Kimura, E. Suzuki, J. Lim, Y. Shiozaki-
Sato, S. Kato, K. Takeyama, Ecdysone receptor (EcR) suppresses lipid
accumulation in the Drosophila fat body via transcription control, Biochem.
Bioph. Res. Co. 421 (2012) 203-207, https://doi.org/10.1016/j.
bbrc.2012.03.135.

H. Jin, V.N. Kim, S. Hyun, Conserved microRNA miR-8 controls body size in
response to steroid signaling in Drosophila, Gene. Dev. 26 (2012) 1427-1432,
https://doi.org/10.1101/gad.192872.112.

S. Hyun, J. Lee, H. Jin, J. Nam, B. Namkoong, Conserved MicroRNA miR-8/miR-
200 and Its Target USH/FOG2 Control Growth by Regulating PI3K, Cell (2009)
139, https://doi.org/10.1016/j.cell.2009.11.020.

M. Bownes, Hormonal and genetic regulation of vitellogenesis in Drosophila,

Q Rev. Biol. 57 (1982) 247-274, https://doi.org/10.1086/412802.

B. Lemaitre, 1. Miguel-Aliaga, The Digestive Tract of Drosophila melanogaster,
Annu. Rev. Genet 47 (2013) 377-404, https://doi.org/10.1146/annurev-genet-
111212-133343.

T. Reiff, J. Jacobson, P. Cognigni, Z. Antonello, E. Ballesta, K.J. Tan, J.Y. Yew,
M. Dominguez, I. Miguel-Aliaga, Endocrine remodelling of the adult intestine
sustains reproduction in Drosophila, Elife 4 (2015), e06930, https://doi.org/
10.7554/elife.06930.

A. Garen, L. Kauvar, J.-A. Lepesant, Roles of ecdysone in Drosophila development,
Proc. Natl. Acad. Sci. 74 (1977) 5099-5103, https://doi.org/10.1073/
pnas.74.11.5099.

T. Ameku, Y. Yoshinari, R. Fukuda, R. Niwa, Ovarian ecdysteroid biosynthesis
and female germline stem cells, Fly 11 (2017) 185-193, https://doi.org/10.1080/
19336934.2017.1291472.

L. Zipper, D. Jassmann, S. Burgmer, B. Gorlich, T. Reiff, Ecdysone steroid
hormone remote controls intestinal stem cell fate decisions via the PPARy-
homolog Eip75B in Drosophila, Elife 9 (2020), 55795, https://doi.org/10.7554/
elife.55795.

S.M.H. Ahmed, J.A. Maldera, D. Krunic, G.O. Paiva-Silva, C. Pénalva, A.

A. Teleman, B.A. Edgar, Fitness trade-offs incurred by ovary-to-gut steroid
signalling in Drosophila, Nature 584 (2020) 415-419, https://doi.org/10.1038/
541586-020-2462-y.

B. Hudry, S. Khadayate, I. Miguel-Aliaga, The sexual identity of adult intestinal
stem cells controls organ size and plasticity, Nature 530 (2016) 344-348, https://
doi.org/10.1038/nature16953.

11

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

Seminars in Cell and Developmental Biology xxx (xxxX) xxx

J.C. Regan, M. Khericha, A.J. Dobson, E. Bolukbasi, N. Rattanavirotkul,

L. Partridge, Sex difference in pathology of the ageing gut mediates the greater
response of female lifespan to dietary restriction, Elife 5 (2016), e10956, https://
doi.org/10.7554/elife.10956.

T. Koyama, M.J. Texada, K.A. Halberg, K. Rewitz, Metabolism and growth
adaptation to environmental conditions in Drosophila, Cell Mol. Life Sci. 77
(2020) 4523-4551, https://doi.org/10.1007/s00018-020-03547-2.

H. Li, J.M. Tennessen, Methods for studying the metabolic basis of Drosophila
development, Wiley Inter. Rev. Dev. Biol. 6 (2017), €280, https://doi.org/
10.1002/wdev.280.

B.A. Stockhoff, Ontogenetic change in dietary selection for protein and lipid by
gypsy moth larvae, J. Insect Physiol. 39 (1993) 677-686, https://doi.org/
10.1016/0022-1910(93)90073-z.

A. German, Z. Hochberg, Sexual Dimorphism of Size Ontogeny and Life History,
Front. Pediatr. 8 (2020) 387, https://doi.org/10.3389/fped.2020.00387.

H.L. Cheng, M. Amatoury, K. Steinbeck, Energy expenditure and intake during
puberty in healthy nonobese adolescents: a systematic review, Am. J. Clin. Nutr.
104 (2016) 1061-1074, https://doi.org/10.3945/ajcn.115.129205.

A. Bitar, N. Fellmann, J. Vernet, J. Coudert, M. Vermorel, Variations and
determinants of energy expenditure as measured by whole-body indirect
calorimetry during puberty and adolescence, Am. J. Clin. Nutr. 69 (1999)
1209-1216, https://doi.org/10.1093/ajcn/69.6.1209.

D. Molnar, Y. Schutz, The effect of obesity, age, puberty and gender on resting
metabolic rate in children and adolescents, Eur. J. Pedia 156 (1997) 376-381,
https://doi.org/10.1007/s004310050618.

R.J. Kuczmarski, et al., 2000 CDC Growth Charts for the United States: methods
and development, Vital.-. Heal Stat. Ser. 11 Data Natl. Heal Surv. (2002) 1-190.
D.R. Clemmons, Metabolic actions of insulin-like growth factor-i in normal
physiology and diabetes, Endocrin. Metab. Clin. 41 (2012) 425-443, https://doi.
org/10.1016/j.ecl.2012.04.017.

S.E. Hyun, et al., Reference values for serum levels of insulin-like growth factor-I
and insulin-like growth factor binding protein-3 in Korean children and
adolescents, Clin. Biochem. 45 (2012) 16-21, https://doi.org/10.1016/j.
clinbiochem.2011.10.003.

L. Dearden, S.G. Bouret, S.E. Ozanne, Sex and gender differences in
developmental programming of metabolism, Mol. Metab. 15 (2018) 8-19,
https://doi.org/10.1016/j.molmet.2018.04.007.

D.J. Barker, P.M. Clark, Fetal undernutrition and disease in later life, Rev. Reprod.
2 (1997) 105-112.

M.D. DeBoer, A.A. Lima, R.B. Oria, R.J. Scharf, S.R. Moore, M.A. Luna, R.

L. Guerrant, Early childhood growth failure and the developmental origins of
adult disease: do enteric infections and malnutrition increase risk for the
metabolic syndrome, Nutr. Rev. 70 (2012) 642-653, https://doi.org/10.1111/

j.1753-4887.2012.00543.x.

Y. Huang, Z. Liu, Y.S. Rong, Genome editing: From Drosophila to non-model
insects and beyond, J. Genet Genom. 43 (2016) 263-272, https://doi.org/
10.1016/j.jgg.2016.04.007.

J.J. Russell, et al., Non-model model organisms, BMC Biol. 15 (2017) 55, https://
doi.org/10.1186/5s12915-017-0391-5.

J.S. Paige, T. Nguyen-Duc, W. Song, S.R. Jaffrey, Fluorescence imaging of cellular
metabolites with RNA, 1194-1194, Science 335 (2012), https://doi.org/10.1126/
science.1218298.

A.S. Martin, et al., Single-cell imaging tools for brain energy metabolism: a
review, Proc. Spie. 1 (2014), https://doi.org/10.1117/1.nph.1.1.011004,
011004-011004.

I.M. Vea, A.W. Shingleton, Network-regulated organ allometry: the
developmental regulation of morphological scaling, Wiley Inter. Rev. Dev. Biol.
(2020), €391, https://doi.org/10.1002/wdev.391.

R.M. Cox, A.F. Karhl, Sexual selection and sexual dimorphism, in: J.R.D. Seigel,
D. Seigel, S. Trauth, B. Jamieson (Eds.), In Reproductive Biology and Phylogeny
of Lizards and Tuatara, CRC Press, 2014, p. 760.

O. Varlamov, C.L Bethea, C.T. Roberts, Sex-Specific Differences in Lipid and
Glucose Metabolism, Frontiers in Endocrinology 5 (2015) 241, https://doi.org/
10.3389/fendo.2014.00241.

B. Tramunt, S. Smati, N. Grandgeorge, F. Lenfant, J.-F. Arnal, A. Montagner,

P. Gourdy, Sex differences in metabolic regulation and diabetes susceptibility.
Diabetologia 63 (2020) 453-461, https://doi.org/10.1007/500125-019-05040-3.
L. Dearden, S.G. Bouret, S.E. Ozanne, Sex and gender differences in
developmental programming of metabolism, Molecular Metabolism 15 (2018)
8-19, https://doi.org/10.1016/j.molmet.2018.04.007.

C.K. Mirth, A.N. Alves, M.D. Piper, Turning Food Into Eggs: insights from
nutritional biology and developmental physiology of Drosophila, Current
Opinions in Insect Science 31 (2018) 49-57, https://doi.org/10.1016/j.
€0is.2018.08.006.


https://doi.org/10.1016/j.tem.2017.07.002
https://doi.org/10.1016/j.tem.2017.07.002
https://doi.org/10.1242/bio.023994
https://doi.org/10.1242/bio.023994
https://doi.org/10.1016/j.jinsphys.2009.08.004
https://doi.org/10.1371/journal.pbio.3000595
https://doi.org/10.1086/705678
https://doi.org/10.1111/j.1420-9101.2011.02428.x
https://doi.org/10.1186/1756-0500-4-198
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref121
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref121
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref121
https://doi.org/10.1016/j.plipres.2011.04.001
https://doi.org/10.1016/j.plipres.2011.04.001
https://doi.org/10.1194/jlr.r024299
https://doi.org/10.3389/fphys.2021.619219
https://doi.org/10.3389/fphys.2021.619219
https://doi.org/10.7554/elife.72350
https://doi.org/10.1016/j.bbrc.2012.03.135
https://doi.org/10.1016/j.bbrc.2012.03.135
https://doi.org/10.1101/gad.192872.112
https://doi.org/10.1016/j.cell.2009.11.020
https://doi.org/10.1086/412802
https://doi.org/10.1146/annurev-genet-111212-133343
https://doi.org/10.1146/annurev-genet-111212-133343
https://doi.org/10.7554/elife.06930
https://doi.org/10.7554/elife.06930
https://doi.org/10.1073/pnas.74.11.5099
https://doi.org/10.1073/pnas.74.11.5099
https://doi.org/10.1080/19336934.2017.1291472
https://doi.org/10.1080/19336934.2017.1291472
https://doi.org/10.7554/elife.55795
https://doi.org/10.7554/elife.55795
https://doi.org/10.1038/s41586-020-2462-y
https://doi.org/10.1038/s41586-020-2462-y
https://doi.org/10.1038/nature16953
https://doi.org/10.1038/nature16953
https://doi.org/10.7554/elife.10956
https://doi.org/10.7554/elife.10956
https://doi.org/10.1007/s00018-020-03547-2
https://doi.org/10.1002/wdev.280
https://doi.org/10.1002/wdev.280
https://doi.org/10.1016/0022-1910(93)90073-z
https://doi.org/10.1016/0022-1910(93)90073-z
https://doi.org/10.3389/fped.2020.00387
https://doi.org/10.3945/ajcn.115.129205
https://doi.org/10.1093/ajcn/69.6.1209
https://doi.org/10.1007/s004310050618
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref145
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref145
https://doi.org/10.1016/j.ecl.2012.04.017
https://doi.org/10.1016/j.ecl.2012.04.017
https://doi.org/10.1016/j.clinbiochem.2011.10.003
https://doi.org/10.1016/j.clinbiochem.2011.10.003
https://doi.org/10.1016/j.molmet.2018.04.007
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref149
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref149
https://doi.org/10.1111/j.1753-4887.2012.00543.x
https://doi.org/10.1111/j.1753-4887.2012.00543.x
https://doi.org/10.1016/j.jgg.2016.04.007
https://doi.org/10.1016/j.jgg.2016.04.007
https://doi.org/10.1186/s12915-017-0391-5
https://doi.org/10.1186/s12915-017-0391-5
https://doi.org/10.1126/science.1218298
https://doi.org/10.1126/science.1218298
https://doi.org/10.1117/1.nph.1.1.011004
https://doi.org/10.1002/wdev.391
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref156
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref156
http://refhub.elsevier.com/S1084-9521(22)00142-2/sbref156
https://doi.org/10.3389/fendo.2014.00241
https://doi.org/10.3389/fendo.2014.00241
https://doi.org/10.1007/s00125-019-05040-3
https://doi.org/10.1016/j.molmet.2018.04.007
https://doi.org/10.1016/j.cois.2018.08.006
https://doi.org/10.1016/j.cois.2018.08.006

	Sex-specific regulation of development, growth and metabolism
	1 Introduction
	2 The genetics of sex-determination
	3 Sex-specific regulation of growth: an overview
	4 Sex-specific growth in Drosophila
	4.1 Sex-specific critical size in Drosophila
	4.2 Sex-specific growth rate in Drosophila
	4.3 Sex-specific mass loss in Drosophila
	4.4 Trait-autonomous regulation of SSD in Drosophila

	5 Sex-specific growth in Onthophagus
	6 Sex-specific growth and sex-specific plasticity
	7 Sex-specific metabolism: an overview
	8 Sex-specific metabolism in Drosophila
	9 The metabolic regulation of sex-specific growth and development
	10 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Funding
	References


