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A single gene integrates sex and hormone
regulators into sexual attractiveness

Nan Chen®'234° Yong-Jun Liu"®, Yong-Liang Fan®2X, Xjao-Jin Pei'?, Yang Yang', Ming-Tao Liao',
Jiru Zhong', Na Li'4, Tong-Xian Liu%*, Guirong Wang?, Yufeng Pan®7, Coby Schal ®® and Sheng Li®134X

Sex differentiation and hormones are essential for the development of sexual signals in animals, and the regulation of sexual
signals involves complex gene networks. However, it is unknown whether a core gene is able to connect the upstream regula-
tors for controlling sexual signal outputs and behavioural consequences. Here, we identify a single gene that integrates both
sex differentiation and hormone signalling with sexual attractiveness in an insect model. CYP4PC1 in the German cockroach,
Blattella germanica, controls the rate-limiting step in producing female-specific contact sex pheromone (CSP) that stimulates
male courtship. As revealed by behavioural, biochemical, molecular, genetic and bioinformatic approaches, in sexually mature
females, CYP4PC1 expression and CSP production are coordinately induced by sex differentiation genes and juvenile hormone
(JH) signalling. In adult males, direct inhibition of CYP4PC1 expression by doublesex™ binding in gene promoter and lack of the
gonadotropic hormone JH prevent CSP production, thus avoiding male-male attraction. By manipulating the upstream regu-
lators, we show that wild-type males prefer to court cockroaches with higher CYP4PC1 expression and CSP production in a
dose-dependent manner, regardless of their sex. These findings shed light on how sex-specific and high sexual attractiveness

is conferred in insects.

male is wooing, a pretty female he prefers. As implied by a

saying in the Book of Songs (an ancient Chinese poetry clas-

sic), sexual signals evoke sexual attraction. As a key driver of sexual
selection, sexual attraction involves both emission and reception of
sexual signals">. Most animals have evolved species-specific sexual
signals, such as tail colour and length, song quality and amplitude,
and unique pheromone blends, that are highly attractive to poten-
tial sexual partners'. Sensed through vision, audition, olfaction,
taste and touch, and interpreted in brain networks, sexual signals
elicit sexual interest, courtship and ultimately copulation. Chemical
communication stimuli are pivotal sexual signals in mammals, and
their production is regulated by sex steroid hormones’. Moreover,
sex differentiation directs somatic cell specification, leading to the
development of distinct sex glands, ovaries and testes, and thus
the production of sex-specific steroid hormones®*. Nevertheless, it
is poorly understood how sex differentiation and sex-specific hor-
mones are integrated for controlling the production of sexual signals.
Sex-specific sexual signals have been investigated in many
insects. In the fruit fly, Drosophila melanogaster, sex differentia-
tion affects sexual signals and attraction, as do insect hormones™.
Many insects rely on volatile sex pheromones for mate-finding, and
non-volatile contact sex pheromones (CSPs) in the final species- and
sex-recognition and mate choice’. The German cockroach, Blattella
germanica, is a well-studied species regarding sex pheromone
chemistry and sexual behaviours, and thus serves as an excellent

1 By riverside are cooing, a pair of turtledoves; a good young

insect model for studying reciprocal sexual signalling between the
sexes”®. Sexually receptive female cockroaches produce a volatile
sex pheromone, blattellaquinone, that guides males to the female’,
and a blend of hydrocarbon-derived CSP components that elicit
close-range male courtship, which also enables females to assess
males and engage in mate choice®'". The CSP consists of two
homologous series of C,, and C,, methyl ketones, alcohols and alde-
hydes, and each component can independently elicit courtship®. The
most abundant CSP component is 3,11-dimethylnonacosan-2-one
(C,o methyl ketone)®'?, which is derived through hydroxylation and
subsequent oxidation of its 3,11-dimethylnonacosane precursor at
the 2-position”. Being female- and age-specific and induced by the
insect gonadotropic hormone, juvenile hormone (JH), the hydrox-
ylation step, mediated by a putative cytochrome P450 (CYP) gene,
was shown to be a rate-limiting step in CSP production" (Extended
Data Fig. 1). However, the identity of this putative CYP gene and
the molecular mechanism behind how it connects and integrates
upstream regulatory elements with sexual attractiveness have
remained unknown for 30 years.

Here, using behavioural, biochemical, molecular, genetic and
bioinformatic approaches, we identify a single gene, CYP4PCI, that
controls CSP production and sexual attractiveness by acting as a core
integrator of sex differentiation and hormone pathways. This dis-
covery reveals how high sexual attractiveness is achieved on matura-
tion and, most importantly, only in females, making them sexually
attractive to wild-type (WT) males. Moreover, by manipulating the
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Fig. 1| Screening of CYP candidates for CSP biosynthesis. a, Cuticular C,; and C,, methyl ketone accumulation in virgin females during the first
vitellogenic cycle. n=6 biological replicates. b, A colour diagram of C,, methyl ketone distribution on the body surface of a sexually mature female.
Detailed statistical analyses are shown in Extended Data Fig. 2a. ¢,d, Heatmap representation (log,, fold change) of 23 upregulated CYPs in the antennae
(¢), and 32 upregulated CYPs in the abdominal integument (d) of females compared to males, and their transcriptional dynamics during sexual maturation.
FPKM values underlying the heatmaps are available in Supplementary Tables 1 and 2. e, Temporal changes of CYP4PC1 mRNA and protein levels from the
antennae during the first vitellogenic cycle. n=4 biological replicates. f, Tissue distribution of CYP4PCT mRNA and protein in sexually mature females (day
7). n=4 biological replicates. NA, not applicable in males. P values were determined by two-tailed unpaired t-test (e,f). Males used as a control in a-f.

Datain a,efare mean+s.e.m.

upstream regulators of CYP4PC1, we show that feminized adult males
could be more attractive to WT males than sexually mature females.

Results

Screening of CYP candidates for CSP production. As a first step
towards screening of key genes involved in the cockroach CSP bio-
synthetic pathway, we investigated changes in two cuticular CSP
components, C,, and C,, methyl ketones, across tissues and ages
in both sexes. The two methyl ketones were not detected in adult
males, but they consistently increased in females during the first
vitellogenic cycle (Fig. 1a). The most abundant C,, methyl ketone
was distributed throughout the female’s body surface, and was pres-
ent in considerably higher concentration on the antennae and wings
than in other body parts (Fig. 1b and Extended Data Fig. 2a), sug-
gesting that the antennae and wings may serve as the major sites of
CSP production or accumulation.

To screen for the putative sex- and age-specific CYP gene that
encodes the rate-limiting hydroxylase', we performed compara-
tive RNA-sequencing (RNA-seq) analysis of female antennae at dif-
ferent ages, using male antennae as a negative control. Compared
to the males, 23 CYP genes showed a significant upregulation in
sexually mature (day 7) females, of which C0J52_06753 (previously
named CYP4CI_9 by genomic annotation)'* exhibited the highest
expression (Extended Data Fig. 2b, left and Supplementary Table 1).

Moreover, its expression in the female antennae consistently
increased during the first vitellogenic cycle (Fig. 1¢), resembling the
developmental pattern of cuticular CSP production. Similar results
were obtained from RNA-seq of abdominal integument (Fig. 1d,
Extended Data Fig. 2b, right and Supplementary Table 2), which
was previously proposed as the major site of CSP biosynthesis'.
Nevertheless, this gene showed much higher relative expression in
the antennae than in the abdominal integument (Supplementary
Tables 1 and 2). The full length of C0J52_06753 encodes 507 amino
acid residues containing conserved P450 motifs (Extended Data Fig.
2¢), and was assigned to a new 4PC subfamily and named CYP4PC1
(GenBank no. MZ962381) by the P450 nomenclature committee.
Real-time quantitative PCR (qQPCR) and western blotting were then
performed to validate the spatio-temporal pattern of CYP4PCI
expression. The same as CSP production, both CYP4PCI messen-
ger RNA and protein showed substantial female-specificity (Fig. le
and Extended Data Fig. 2d-f) and predominant enrichment in the
antennae and wings (Fig. 1f and Extended Data Fig. 2g). By contrast,
the non-sex-specific CYP4G19, a P450 involved in the final oxida-
tive decarbonylation step of hydrocarbon biosynthesis'® (Extended
Data Fig. 1), was very abundant in the abdominal integument but
not detected in the antennae and wings of both sexes (Fig. 1f).
These results indicate that CYP4PClI is a strong candidate for con-
trolling CSP production, possibly the hydroxylation step.
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Fig. 2 | CYP4PC1 controls female-specific CSP production and sexual attractiveness. a, Depletion of CYP4PC1 protein level in the female antennae by
RNAi from the onset of N6. b,¢, Effect of CYP4PCT knockdown (target 2) on the methyl ketone (b) and hydrocarbon (¢) fractions in adult females. IS,
internal standard of 14-heptacosanone in b and n-hexacosane in €. n=38 biological replicates. ND, not detected. d, Behavioural phenotype (left) and
percentage of wing-raising (right) in WT males in response to dsMuslta- and dsCYP4PCI-treated females. Scale bars, Tcm. n=53 (dsMuslta) and 52
(dsCYP4PCT) cockroaches from five behavioural replicates. See Supplementary Videos 1-3 for behavioural details. P values were determined by two-tailed

unpaired t-test (b-d). Data in b-d are mean+s.e.m.

CYP4PCl1 is required for CSP production and female attractive-
ness. To examine whether CYP4PCl1 is required for CSP biosynthe-
sis, we conducted systemic RNA interference (RNAi) of this gene
in females from the onset of the sixth instar nymph (N6) by mul-
tiple injections of CYP4PCI double-stranded RNA (dsCYP4PC1).
Effectively, each of the two dsRNA fragments caused a depletion
of CYP4PC1 protein in adult females (Fig. 2a), resulting in a dra-
matic decrease in C,, methyl ketone and an under-detectable level
of C,, methyl ketone (Fig. 2b). By contrast, CYP4PCI knockdown
had no effect on the cuticular hydrocarbon profile, including the
two 3,11-dimethyl alkanes that serve as direct precursors of the
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methyl ketone CSP components (Fig. 2c). We then used WT males
in behavioural assays in response to dsRNA-injected females.
A high percentage of WT males (93.4%) displayed courtship
wing-raising in response to dsMusita females (RNAi control), but
only 23.2% responded to dsCYP4PCI females. Notably, 92.5% of the
males that showed no courtship behaviour to dsCYP4PCI females
performed wing-raising display to dsMuslta females (Fig. 2d
and Supplementary Videos 1-3). These behavioural data indicate
that CYP4PCl is required for the production of not only the methyl
ketones that we examined, but also the alcohol and aldehyde com-
ponents that are derived from the methyl ketones, as each of the
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Fig. 3 | Hormone-regulated CYP4PC1 expression sustains female attractiveness. a, CYP4PCT expression in the female antennae after a single JH IlI
treatment on day 3. n=4 biological replicates. b, CYP4APC1 and CYP4G19 protein levels in adult females 48 hours after a JH Ill treatment. ¢,d, Relative
expressions of CYP4PCT and CYP4G19 in females on day 5 after knockdown of Met or Kr-h1 (¢), and the effects on their protein levels on day 7 (d). n=4
biological replicates. e, C,o methyl ketone production (left, n=6 biological replicates) in females with Kr-hT knockdown and in those with dsKr-h7and JH
Il treatments, and the latency of male wing-raising responses to these females (right, n=26 cockroaches). The solid and dashed lines within the violin
plots indicate medians and quartiles, respectively. f, Wing-raising courtship elicited in a WT male by a JH llI-treated male but not by a male treated with
both JH Il and dsCYP4PCT. Scale bars, 1cm. See Supplementary Video 4 for behavioural details. g, CYP4PC1 expression and C,, methyl ketone production
(both n=4 biological replicates), and the percentage of WT males displaying wing-raising in JH llI-treated males and those treated with both JH IlI

and dsCYP4PC1. The numbers of tested males from five behavioural replicates are indicated at the bottom of the bars. ND, not detected. P values were
determined by two-tailed unpaired t-test (a,c,g). Different letters indicate significant differences between groups using Welch's ANOVA (Games-Howell
multiple comparisons test, P< 0.05) (e,g). Data in bar plots are mean+s.e.m.

CSP components can independently elicit wing-raising courtship in
males®. Furthermore, knockdown of CYP4PCI only in adults also
remarkably reduced methyl ketone production (Extended Data
Fig. 3a,b). Although the percentage of males that were stimulated
to wing-raise was not affected, the latency of male wing-raising
increased from 1.7 to 3.1seconds, showing compromised female
attractiveness (Extended Data Fig. 3c). In addition, CYP4G19
knockdown in females from the onset of N6 significantly decreased
the amounts of cuticular hydrocarbons and methyl ketone CSPs
(Extended Data Fig. 4a,b), while injection of dsRNA against two

other CYP genes (C0J52_06748 and C0J52_20733), which showed
expression patterns similar to CYP4PCI (Supplementary Table 1),
did not alter C,; methyl ketone production (Extended Data Fig. 4c).
These outcomes demonstrate that CYP4PCI is essential for CSP
production that stimulates males to court females, most likely by
participating in the hydroxylation of hydrocarbon precursors to
CSP components.

JH-stimulated CYP4PCI expression sustains female attractive-
ness. In most adult insects including cockroaches, JH is produced
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cyclically in females and females have a higher JH titre than males'”.
JH also regulates and coordinates reproductive maturation of the
ovaries*?’ and often sex pheromone production®*. On JH bind-
ing, the JH receptor methoprene-tolerant (Met) and the coacti-
vator Taiman (Tai) induce expression of JH primary-response
genes, that is Kriippel homologue 1 (Kr-h1)'7*>. We next confirmed
whether CYP4PCl1 is the putative JH-stimulated CYP gene in the
CSP biosynthetic pathway'’. Throughout N6 and the adult stage,
CYP4PCl1 exhibited an expression pattern similar to Kr-hl in a
sexually dimorphic manner (Extended Data Fig. 5a). Treatment

NATURE ECOLOGY & EVOLUTION | www.nature.com/natecolevol

of young adult females with JH III (the native JH in cockroaches)
caused significant upregulation in both mRNA and protein levels
of CYP4PCl1, but not in those of CYP4G19 (Fig. 3a,b and Extended
Data Fig. 5b,c). By contrast, RNAi knockdown of either Met or
Kr-h1 had opposite effects on CYP4PCI, whereas CYP4G19 was
not affected (Fig. 3c¢,d and Extended Data Fig. 5d). Moreover,
Kr-h1 knockdown resulted in a decrease in C,, methyl ketone and
consequently an increase in the latency of male wing-raising, both
of which were rescued by exogenous JH III treatment (Fig. 3e and
Extended Data Fig. 5e).
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Since JH titre are very low in adult male cockroaches®, we next
asked whether exogenous JH application in males might emulate
the effects of endogenous JH in females. We found that 27.5% of
the JH III-treated adult males elicited wing-raising in WT males,
a behaviour that is typically stimulated by antennal contact with
females (Fig. 3f,g and Supplementary Video 4). Likewise, exogenous
JH III treatment promoted substantial, although limited, CYP4PCI
expression and C,, methyl ketone production in adult males (Fig. 3g
and Extended Data Fig. 5f). Moreover, the JH III-induced CYP4PC1
expression, C,, methyl ketone production and homosexual courtship
in adult males were suppressed by CYP4PCI knockdown (Fig. 3g).
Both loss-of-function studies in females and gain-of-function stud-
ies in males demonstrate that JH-induced CYP4PCI expression sus-
tains CSP production and thus sexual attractiveness.

Sex differentiation genes control sexually dimorphic CYP4PClI
expression. A long-standing question in the development of sexual
attraction is why sex pheromones are produced in a sexually dimor-
phic manner. Sex differentiation genes play a key role in regulating
D. melanogaster sex pheromone production in females***, and sex
pheromone reception and courtship behaviour in males®***. We
therefore examined whether female-specific CYP4PCI expression
was controlled by sex differentiation genes. In the German cock-
roach, there are two female-specific doublesex isoforms (dsx; dsx2
and 3) and one male-specific dsx isoform (dsx™; dsx1) (Extended
Data Fig. 6a), which are controlled by an RNA splicing factor, trans-
former (tra), that functions in females®. Injection of dsDsx against
all isoforms into adult females only eliminated expression of dsx2
but not dsx3 in the antennae (Extended Data Fig. 6b), resulting
in a minor decrease in CYP4PCI expression yet no change in its
protein level (Fig. 4a). Consistent with previous studies'"*, RNAi
knockdown of tra in females prevented dsx" (both dsx2 and 3) for-
mation and promoted transcription of the default dsx (Extended
Data Fig. 6c). Tra knockdown reduced CYP4PCI expression by
more than 80% in the female antennae, which is much stronger
than knockdown of dsx” alone. The dsTra-inhibited CYP4PCI
mRNA and protein levels were markedly rescued by coinjection
of dsTra and dsDsx (Fig. 4a), which resulted in depletion of both
dsx™ and dsx™ (Extended Data Fig. 6d), suggesting that the con-
comitant dsDsx removed the inhibition of CYP4PCI expression
by dsTra-induced dsx™. Moreover, tra knockdown decreased C,,
methyl ketone production and consequently prolonged the latency
of male wing-raising, both of which were rescued by the simultane-
ous knockdown of tra and dsx (Fig. 4b). To understand whether dsx”
and dsx regulate CYP4PC1I expression differently, we performed
RNAI of dsx™ in adult males (Extended Data Fig. 7a, upper). Most
of the dsDsx-injected males courted each other with wing-raising,
feeding on the tergal secretions and even attempted to copulate with
other males (Supplementary Video 5), whereas these behavioural
characteristics of male-male sexual attraction were completely
absent in males that were simultaneously injected with dsDsx and
dsCYP4PCl1 (Fig. 4c). Meanwhile, dsx* knockdown promoted sub-
stantial CYP4PC1 mRNA and protein levels, C,, methyl ketone
production, and sexual attractiveness to WT males, all of which
were restored to low levels by CYP4PC1 knockdown (Fig. 4d-f and
Extended Data Fig. 7a, lower, 7b). By contrast, manipulation of sex
differentiation pathways in both sexes did not affect CYP4G19 pro-
tein level (Extended Data Fig. 7c). These functional studies dem-
onstrate a crucial role of sex differentiation genes in regulating
sexually dimorphic CYP4PC1 expression and thus CSP production.

In addition, RNAi knockdown of fruitless (fru), another sex dif-
ferentiation gene under the control of tra®, did not alter the expres-
sions of dsx™ and CYP4PCI in adult males (Extended Data Fig. 7d).
Considering these functional studies in both females and males, it
is reasonable to assume that dsx* should be a primary repressor for
controlling sex-specific CYP4PCI expression. In the 5’-flanking

promoter sequence of CYP4PCI, there exists a putative dsx and
mab-3-related transcription factor binding site (DBS) located at
nucleotides —99 to —87. Overexpression of dsx™ in Drosophila Kc
cells significantly reduced the luciferase activity driven by a 175bp
CYP4PCI promoter fragment containing the DBS (Fig. 4g). The
Dsx™ protein harbouring a His tag was translated in vitro, and we
performed electrophoretic mobility shift assays (EMSA) to deter-
mine whether Dsx™ binds to the DBS. The biotin-labelled probes,
derived from nucleotides —113 to —74 of the CYP4PCI promoter,
were capable of binding Dsx™ (lane 2) and the band could be com-
petitively eliminated by adding into the reaction 200-fold molar
excess of unlabelled probes (lane 4), but not the core 7-base-mutated
probes (lane 5). In addition, preincubation of the protein with a
His antibody decreased the band intensity (lane 7 and 8) (Fig. 4h).
Collectively, Dsx™ binds to DBS in the CYP4PCI promoter, thus
switching off CYP4PC1 expression in males, which precludes the
production of female CSP and averts male-male sexual attraction.

Sex differentiation and JH signalling coordinately regulate CSP
production. Hitherto, it is unknown whether and how sex dif-
ferentiation and JH signalling pathways coordinately control any
sexual signals in insects. In cockroaches, the last two steps of JH III
biosynthesis are catalysed by two crucial enzymes, JH acid methyl-
transferase (Jhamt) and methyl farnesoate epoxidase (CYP15A1) in
the corpora allata, resulting in female-biased JH III production®>*.
RNAIi knockdown of either tra or dsx' caused decreases in Jhamt
and CYPI5A1 expressions, and tra knockdown also downregulated
Kr-h1 in the antennae (Fig. 5a). These data indicate that sex dif-
ferentiation genes regulate the expression of JH biosynthesis genes
and thus JH signalling in adult females. Consistent with our previ-
ous study'’, inhibition of JH signalling reduced the expression of
dsxF but not tra (Fig. 5b). The crosstalk between sex differentiation
and JH signalling pathways reveals that, with regard to CYP4PCI
expression, the two pathways reciprocally magnify each other in
females. Since tra knockdown affected JH biosynthesis, we simulta-
neously altered JH signalling by treatment with exogenous JH III or
RNAi knockdown of Kr-h1. JH III treatment dramatically increased
CYP4PC1 protein level, and the dsTra-decreased CYP4PCl was
partially rescued by JH III treatment (Fig. 5c). Compared with
RNAi knockdown of tra or Kr-hl alone, codepletion of tra and
Kr-h1 resulted in greater downregulation of CYP4PCI expression
and C,, methyl ketone production (Fig. 5d). These experimental
data confirm that sex differentiation and JH signalling coordinately
regulate CYP4PCI-specified CSP production.

To address the question why cockroach males do not synthesize
female-like CSP, even though they synthesize considerable amounts
of hydrocarbon precursors of CSP, we also examined the interaction
of sex differentiation and JH signalling pathways on female CSP
production in adult males. RNAi knockdown of dsx only slightly
upregulated Jhamt, but not CYP15A1 and Kr-h1, while JH III treat-
ment just slightly induced dsx™ expression (Fig. 5e). Simultaneous
dsx™ knockdown and JH III treatment had much greater stimula-
tory effects than each alone on CYP4PCI expression and C,, methyl
ketone production (Fig. 5f). The genetic interaction experiments
demonstrate that both direct inhibition of CYP4PCI expression by
Dsx™ binding in the promoter and the lack of JH signalling account
for the absence of CYP4PCI expression and CSP production in adult
males, and that experimentally elevated CYP4PC1 expression is able
to cause male-male sexual attractiveness and courtship behaviour.

CYP4PCI controls mate choice in a dose-dependent manner.
These behaviour assays suggest that by promoting female-specific
CSP production, CYP4PCI quantitatively controls sexual recogni-
tion and attractiveness. To understand how CYP4PC] intercedes in
mate choice, we performed competitive courtship assays, in which
courtship behaviour of a single WT male was assessed in response
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Fig. 5 | Sex differentiation and hormone signalling orchestrate CYP4PC1-specified sexual attractiveness. a, Downregulations of Jhamt and CYP15AT in
the head, and Kr-h1 in the antennae by RNAi knockdown of tra or dsx in adult females. n=4 biological replicates. b, Downregulation of dsx but not tra in
the antennae by RNAi knockdown of Met or Kr-hTin adult females. n=4 biological replicates. ¢, Effect of tra knockdown in adult females on CYP4PC1
protein level in the presence of JH IlI. d, Synergistic effects of Kr-hTand Tra knockdown in adult females on CYP4PCT expression and C,, methyl ketone
production. The fold change was defined as each of the data points divided by the mean of the control. n=4 (left), 6 (right, dsKr-h1) and 8 (right, dsTra
and dsKr-h1+dsTra) biological replicates. e, Effect of dsx knockdown in adult males on Jhamt, CYP15A1 and Kr-h1 expressions, and effect of JH Il on dsx"
expression. n=4 biological replicates. f, Synergistic effects of JH lll treatment and dsx knockdown in adult males on CYP4PC1 expression and C,, methyl
ketone production. n=4 (left) and 8 (right) biological replicates. P values were determined by two-tailed unpaired t-test (a,b,e). Different letters indicate
significant differences determined by one-way ANOVA (Tukey HSD multiple comparisons test, P<0.05) (d) or Welch's ANOVA (Games-Howell multiple

comparisons test, P< 0.05) (f). Data in bar plots are mean=+s.e.m.

to two competing cockroaches (female and/or male) harbouring
different CYP4PCI expression and CSP production. We quanti-
fied the male’s courtship response with a courtship index derived
from the duration of wing-raising, which was highly sensitive to
CSP. A series of competitive assays demonstrated that N6 females
were the least attractive to WT males, followed by increased attrac-
tiveness of adults from day 1 females. dsDsx-treated day 5 males
and day 5 females that were treated with both dsTra and dsKr-h1
were similarly attractive to WT males, followed by day 5 females;
day 5 males that were treated with both dsDsx and exogenous JH
III were most attractive (Fig. 6a). Furthermore, positive correla-
tions between CYP4PCI expression and CSP production, and
between CSP production and male courtship index, demonstrate
that the higher CYP4PCI expression, the higher CSP production

NATURE ECOLOGY & EVOLUTION | www.nature.com/natecolevol

and thus the greater sexual attractiveness to WT males (Fig. 6b and
Extended Data Fig. 8a). In conclusion, WT males prefer to court
cockroaches with higher CYP4PCI expression and CSP produc-
tion in a dose-dependent manner, regardless of the sex of the cock-
roach that produces the CSP. By mutually affecting each other and
functioning together, sex differentiation and JH signalling orches-
trate CYP4PCl-specified female sexual attractiveness (Fig. 6¢ and
Extended Data Fig. 8b).

Discussion

Characterizing the key genes that control sexual signals is crucial to
understand the genetic basis of sexual communication in animals,
and our findings conclusively provide an insect example in which
a single gene (CYP4PCI) integrates upstream regulators (that is,
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Fig. 6 | CYP4PC1 controls mate choice in a dose-dependent manner. a, Courtship index of WT males in response to two attractive cockroaches with
different CYP4PCT expression in a competitive courtship assay. The solid line and dashed lines within each violin plot indicate median and quartiles,
respectively. NA, not applicable. P values were determined by a two-tailed paired t-test. b, Non-linear curve fitting between CYP4PC1 expression and CSP
production, and between CSP production and male courtship index. The 95%Cl is indicated by the grey area. The source data are derived from groups 1-5
and 7 in a. Data are mean +s.d. ¢, A summary model highlighting a key integrator role of CYP4PCT that links upstream regulators with CSP production and
thus sexual attractiveness in cockroaches. The sex differentiation gene dsx" functions as a brake of CYP4PC1 expression in males, and JH signalling plays an

accelerator role during sexual maturation in females.

sex differentiation and hormone signalling) with female-specific
pheromone production that stimulates courtship in males (Fig. 6¢).
Comprehensive data from RNA screening, expression profiling and
functional studies reveal that CYP4PCI encodes the rate-limiting
hydroxylase for CSP production in females. Unlike a previous report
claiming that the abdominal integument is a major site for CSP pro-
duction’, we found that the antennae and wings had considerably
higher relative CYP4PC1 expression and C,, methyl ketone concen-
tration (ngmg™! tissue mass). The enrichment of CSP on the anten-
nae and wings matches well with the courtship sequence, where
males perform antennal fencing’ to recognize and assess females
primarily via her antennae and wings. Since hydrocarbon biosyn-
thesis is specific to clustered oenocytes underneath the abdominal