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Cuticular hydrocarbons (CHCs) play pleiotropic roles in insect
survival and reproduction. They prevent desiccation and
function as pheromones influencing different behaviors. While
the genes in the CHC biosynthesis pathway have been
extensively studied, the regulatory mechanisms that lead to
different CHC compositions received far less attention. In this
review, we present an overview of how different hormones and
transcriptional factors regulate CHC synthesis genes, leading to
different CHC compositions. Future research focusing on the
regulatory mechanisms underlying CHC biosynthesis can lead
to a better understanding of how insects could produce
dynamic chemical profiles in response to different stimuli.
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Introduction

Cuticular hydrocarbons (CHCs) form a lipid layer on the
body surface of most insect species. These molecules
play pleiotropic roles in insect survival and reproduction
[1-3]. CHCs are important in preventing desiccation and
facilitating adaptation to various terrestrial environments
[4-7] while also functioning as contact pheromones that
modulate various behaviors in diverse insects, such as
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mating success [8-10], species recognition [11-13], and
social interactions [14]. CHCs have also been implicated
in insecticide resistance by reducing insecticide pene-
tration [15-17]. Due to these critical roles of CHCs
across insect species, the genes underlying CHC
synthesis have garnered significant attention in recent
years [2,18].

CHC synthesis in insects occurs in specialized cells
called oenocytes located underneath the cuticle and co-
opts the fatty acyl-CoA synthesis pathway involving
multiple enzymes from gene families, such as fatty acyl-
CoA synthases, elongases, desaturases, and reductases,
to produce very-long-chained fatty acyl-CoA (222 car-
bons) [19] and other derived molecules [2,20]. The final
step of CHC synthesis in the oenocytes involves the
conversion of some of these molecules into hydrocarbons
by an insect-specific cytochrome P450 (Cyp4gl) ex-
pressed in the oenocytes [21,22]. Evolutionary changes
in the genes that encode these enzymes, such as birth-
and-death evolution [23-25], protein-coding evolution
[5], and es-regulatory evolution [10,26], can lead to very
different CHC profiles within and between species.

While CHC biosynthesis pathways have been in-
tensively studied and many reviews have been pub-
lished recently [1,2,18,27], the factors that regulate CHC
biosynthesis received far less attention. Understanding
how CHC biosynthesis is regulated is important for
determining how sexually dimorphic CHCs are pro-
duced, how different CHC profiles are generated be-
tween different castes in social insects, and how CHC
profiles can vary within an individual at different times
of the day. These different CHC compositions can play
essential roles in modulating behaviors such as mating
[8,9,28], aggression [13,29], and kin or caste recognition
[30,31]. In this review, we discuss the hormonal and
transcriptional factors (TFs) regulating CHC biosynth-
esis and highlight recent studies on this topic.

Hormonal control of cuticular hydrocarbon
biosynthesis

In insects, hormones play essential roles in development
and other important physiological processes. These
hormones include lipophilic hormones, such as ecdysone
and juvenile hormone (JH), hydrophilic neuropeptides,
such as insulin and pigment-dispersing factor (PDF),
and hydrophilic biogenic amines, such as dopamine and
serotonin. Hormones act in a complex manner to enter
cells and regulate gene expression. Lipophilic hormones
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2 Development and regulation

directly pass through cell membranes and regulate gene
expressions through binding nuclear receptors, while
hydrophilic hormones require the binding of corre-
sponding membrane receptors and activate a second
messenger system to regulate gene expression [32].

Several key hormones were reported to affect CHC
biosynthesis, including insulin [33], JH [34], ecdysone
[35], and dopamine [36] (FFigure 1). Insulin, including
insulin-like peptides and insulin-like growth factors,
controls the rate of glucose transport across cell mem-
branes and affects insect reproduction, growth, and
metabolism. Global disruption of insulin/insulin-like
growth factor signaling pathway (IIS) leads to reduced
CHC production [33]. Interestingly, not only does IIS in
the oenocytes affect CHC production [37] but also IIS in
the fat body and late follicle cells in the ovary indirectly
affect the production of several CHCs that are related to
female sexual attractiveness in Drosophila melanogaster
[38,39]. Although the increased transcription of an in-
sulin-like peptide (dI/p6) in the fat body has been
identified as a key component associated with these

Figure 1

indirect effects [38,40], the molecular mechanisms un-
derlying this cross-tissue effects of CHC biosynthesis are
not clear, along with how specific CHC synthesis genes
were regulated. As the effects of IIS on CHC production
were mainly on the CHCs related to female sexual at-
tractiveness, the related biosynthesis genes such as the
desaturase desarl and the elongase eloF are likely in-
volved with the regulation of IIS in the oenocytes
[37,38]. Insulin is a conserved hormone in insects that
affects reproductive and courtship behaviors in insects
[41]. Although the connection of CHC biosynthesis be-
tween IIS and related behaviors is not examined in in-
sects other than D. melanogaster, the connection through
CHG:s i1s likely conserved in the various insect species.

Similar to insulin, experiments that disrupted JH and
ecdysone synthesis (e.g. by ablating the JH-secreting
corpora allata) or mutated hormonal receptors showed
delayed or reduced production of CHCs [34,35]. Using
similar experimental approaches, dopamine was also
found to influence the synthesis of a female-specific
CHC (7,11-heptacosadiene) in D. melanogaster [36].
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An overview of hormonal and transcriptional regulation on CHC biosynthesis. Insect CHCs are produced in a group of cells underneath the abdominal
cuticle named oenocytes. Hormones that are produced in secretory cells affect CHC biosynthesis in the oenocytes. Although some hormones such as
inotocin and insulin regulate CHC biosynthesis genes via binding with corresponding membrane receptors, whether and how the other hormones,

including JH, ecdysone, dopamine, and PDF, regulate CHC biosynthesis are

not clear. Several TFs have been found regulating gene expressions of

different CHC biosynthesis genes. The TFs in the sex determination pathway, including Sex lethal (Sx/) and transformer (tra), and the sex-specifically
spliced TF, doublesex (dsx), are the main regulators leading to sex-specific CHC compositions. In addition, the recently found oenocyte-specific

fruitless (fru) transcript Fru®V

biosynthesis genes and contributes to CHC production.

and HNF4 are expressed in the oenocytes of both sexes, and the collaboration of these two TFs regulates several CHC
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Although none of these studies specifically tested the
direct hormonal regulations on oenocytes, a recent study
using RiboTag sequencing on the D. melanogaster oe-
nocytes reported the expression of corresponding hor-
monal receptors in these cells [42], suggesting the roles
of these essential hormones in regulating CHC bio-
synthesis. Similar effects of the key hormones on CHC
compositions are also observed in other distantly related
species; for example, JH regulates CHCs in wasps
[43,44] and ants [45] and ecdysone in houseflies [46] and
flesh flies [47]. The regulatory mechanisms of JH and
ecdysone on CHC biosynthesis are likely conserved
widely in insects.

In addition to these conserved hormones, a recent in-
teresting finding in social insects showed another ex-
ample of hormonal regulation of CHC production. This
was uncovered from the worker of the carpenter ant
Camponotus fellah, of which the CHC production in-
creases when its worker ages and switches tasks from
nursing to foraging [48]. The increased CHC production
is regulated by higher gene expression of inotocin in the
head, which produces an oxytocin/vasopressin-like neu-
ropeptide hormone and the upregulation of its receptor
in the oenocytes (Figure 1). The upregulation of both
inotocin and inotocin receptor led to the upregulation of the
key P450 enzyme gene for CHC synthesis, Cyp4gl, in
the oenocytes. Oxytocin/vasopressin-like peptides are
conserved neuropeptides in arthropods, and they mod-
ulate various behaviors in social insects [49]. In subsocial
insects such as the burying beetles (Vicrohorus spp.), the
oxytocin/vasopressin peptide is associated with their
parenting behaviors [50]. Interestingly, CHCs are a key
group of chemical signals that modulate these behaviors,
including the parenting behaviors in the burying beetle
[51]. There may be a possibility in burying beetles that
the oxytocin/vasopressin peptide-regulated parenting
behaviors are mediated through changes in CHC pro-
duction. A mechanistic investigation of the connection
between oxytocin/vasopressin peptides, CHC biosynth-
esis, and various behaviors in subsocial and social insects
may uncover mechanisms underlying the evolution of
diverse behaviors in insects and lead to a better under-
standing of how certain behaviors in social insects were
maintained.

Regulation of cuticular hydrocarbon

biosynthesis by the circadian clock

The production of CHCs varies throughout the day
[52,53] and follows the daily circadian rhythm [54].
There is evidence that the circadian clock synchronizes
the increased production of some CHCs with sex pher-
omone activities at the time of the day when the highest
frequency of mating occurs [54]. In D. melanogaster, core
circadian clock genes such as zimeless (tim), period (per),
and Clock (C/#) in oenocytes display the typical cyclical
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expression pattern, suggesting oenocytes are also under
circadian clock control. In addition, the expression level
of the key Drosophila CHC pheromone synthesis gene,
desatl, in oenocytes and the amount of CHC pher-
omones showed the same cyclical pattern [54]. The
modulation of CHC production in the oenocytes is
coupled to the central nervous system by the neuro-
peptide PDF [55] (Figure 1). PDF is rhythmically re-
leased by the ventral lateral neurons, and it acts through
its receptor (PDFR) and cAMP to stabilize the PER
protein and synchronize molecular activities in the clock
neurons [56]. The receptor gene pdfr was also found to
be expressed in the oenocytes [42], indicating that PDF
may be released to the hemolymph and remotely reg-
ulate the circadian clock of genes in the oenocytes.

Although there is still a gap in knowledge of how PDF
remotely regulates the clock mechanism in different
tissues, two recent studies showed the connection be-
tween CHC synthesis and the circadian clock genes in
several mosquito species from different genera, in-
cluding Anopheles, Aedes, and Culex [57,58]. Mosquitoes
use CHCs as pheromones, modulating their swarming
and mating behaviors [59]. Expression of the desarl gene
of the mosquito species from these two studies is cor-
related with the expression of core circadian clock genes
tim, per, or Clk, similar to D. melanogaster. Global dis-
ruption of these genes leads to reduced expression of
desarl, decreased mating pheromone, and inhibited
mating behaviors. However, these studies only in-
vestigated one desaturase gene. In D. melanogaster, al-
most all CHCs change cyclically according to the
circadian rhythm; for example, the abundance of methyl-
branched CHC:s is higher in the day and the abundance
of linear CHCs is higher at night [53]. This suggests
that, in addition to desarl, other CHC biosynthesis genes
may also be regulated by the circadian clock.

So far, the investigation on the circadian regulation of
CHC biosynthesis is limited to fruitfly and mosquito
species in Diptera. However, as the circadian clock system
is conserved across insect species and also regulates the
production of other non-CHC pheromones [60,61], the
circadian clock system may also modulate the oscillation of
CHC production in other insect species. Moreover, the
mechanistic link between the core circadian clock genes
and CHC biosynthesis genes has been elusive. It remains
unknown what the other TFs downstream of these cir-
cadian clock pathways are, how they initiate or modulate
transcriptions of CHC biosynthesis genes, and whether
this mechanistic link between the clock genes and CHC
biosynthesis genes is also conserved across insect species.
Considering the diverse roles of different CHC compo-
nents in mediating insect behaviors, determining how the
circadian clock regulates CHC biosynthesis genes will
provide a promising perspective for understanding beha-
vioral changes in many insect species.
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4 Development and regulation

Transcription regulation of cuticular
hydrocarbon biosynthesis

TFs are regulators of gene expression. One known TF
regulation of insect CHC synthesis genes is through the
HNF4 nuclear receptor (Figure 1) [62,63]. In D. mela-
nogaster, the oenocyte-specific knockdown of Drosophila
HNF4 (dHNF4) leads to reduced expression of multiple
fatty acyl-CoA elongase genes and less CHC production
[62]. The regulation of HNF4 on CHC production in
oenocytes potentially starts from the direct binding of
fatty acid precursors [64]. This leads to a plausible hy-
pothesis that HNF4 regulation can be co-opted into the
other regulatory pathways in oenocytes and contribute to
the different CHC compositions within species.

A recent study provided the first evidence that dHNF4
is the connection between one isoform of the TF fruitless
(Fru) and CHC biosynthesis (Figure 1) [65]. In D. mel-
anogaster, fru encodes a set of TFs generated through
alternative splicing. The most widely studied transcripts
of fru are the sex-specifically spliced fra® and fru" that
are expressed in the neurons of the central nervous
system of each sex and are the master regulators of many
behaviors in D. melanogaster, including courtship and
aggression [66]. In addition to the sex-specific alternative
splicing, fru produces several non-sex-specific TF iso-
forms in different tissues. In this study, the authors
showed that in the oenocytes of D. melanogaster, fru
produces one of the non-sex-specific isoforms Fru®“™ in
both sexes and regulates the expression of ZHNF4 and
multiple CHC biosynthesis genes, including a fatty acyl-
CoA synthase, a desaturase, multiple clongases, and
Cyp4gl. Further experiments showed that both oeno-
cyte-specific knockdown of fru and ZHNF4 reduced
most CHCs to very low amounts in males but only re-
duced half of most female CHCs, while overexpression
of dHNF4 in the fru-knockdown background can rescue
the reduced CHCs and produce even more CHCs in
females. This demonstrated that dHNF4 is an essential
part of Fru®“-mediated CHC biosynthesis [65].

In addition to fru, the other TFs that are known to
regulate CHC biosynthesis include TFs from the sex
determination pathway such as sex lethal (sx/) [67] and
transformer (tra) [68] and a sex-specifically spliced TF
doublesex (dsx) (Figure 1) [65], but their regulation on
CHC compositions are different from the regulation of
fru®™ 1t could be due to the sexually dimorphic ex-
pression pattern of 8x/, 77a, and dsx, which mainly reg-
ulate genes that contribute to the synthesis of sexually
dimorphic CHCs. Such sexually dimorphic regulation is
also reported in other distantly related insect species,
including cockroach [69] and a Nasonia wasp [70], in
which knockdown of &sx led to reductions of CHC sex
pheromones in both species and knockdown of 74 in
female cockroaches converted the CHC phenotype to a
male-like one.

Is HNF4 also co-opted in the regulatory pathway of dsx
or the other sex determination components on CHC
biosynthesis? If so, then the knockdown of ZHNF4 in
the D. melanogaster oenocytes would lead to similar
phenotypes as the knockdown of dsx. However, Sun
et al. (2023) showed that the oenocyte-specific knock-
down of dsx led to the reduction of CHCs in females and
the production of female-specific CHCs in males, which
is different from the ZHNF4 knockdown. Previous stu-
dies also showed dsx-binding sites in the enhancer re-
gions of desatF, a desaturase gene that is only expressed
in female oenocytes [71]. These two pieces of evidence
suggest that DSX may directly bind and regulate the
expressions of a few CHC synthesis genes for female-
specific  CHC  synthesis without working through
dHNF4, independent of fru®®Y. This also explains why
the knockdown of fr# in the oenocytes only reduces half
of the CHGCs in females, and other pathways, including
female-specific gene regulations, could regulate the
other half. Nevertheless, the current understanding
suggests that the collaboration of sy and fru®® reg-
ulates different sets of CHC biosynthesis genes and
contributes to the differences in CHC production be-
tween sexes in D. melanogaster. 'The fru gene homologs
have been found in various distantly related insect
species with alternatively spliced transcripts [72]. Future
studies on the roles of Fru isoforms, the master-con-
trolling T'Fs in the sex determination pathway, and other
T'Fs in regulating CHC compositions will be needed to
understand how dynamic CHC compositions are pro-
duced in various insect species.

Conclusion

In this review, we present an overview of hormonal and
transcriptional regulation of CHC biosynthesis in in-
sects. Although many essential hormones that are related
to development and reproduction also affect CHC pro-
duction, how they regulate gene expression in oenocytes
is still not clear. The neuropeptides, including PDF and
oxytocin/vasopressin-like peptides, have been demon-
strated to play important roles in regulating CHC com-
positions and modulating different  behaviors.
Elucidating the roles of various neuropeptides in reg-
ulating CHC biosynthesis and corresponding behaviors
will be promising for understanding how insects respond
to changes in the environment. We also summarized
current knowledge of the main TFs that regulate CHC
biosynthesis, including HNF4, fru, and dsx. As a dual
trait that contributes to both ecological adaptation and
chemical communication, the compositions of CHCs in
insects are highly dynamic, influenced by various abiotic
factors, such as temperature [8,73] and diet [74], as well
as biotic factors, including aging [75], social interaction
[29], and diapause [76]. A mechanistic understanding of
how these factors regulate genes involved in CHC bio-
synthesis may uncover new hormones and TFs that
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contribute to the dynamic production of CHC in insects.
Determining the regulatory mechanisms will provide a
clear picture of how these chemicals can change in re-
sponding to ecological and environmental changes.
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