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Ontogeny can provide insight into the roles of natural and sexual
selection in cricket cuticular hydrocarbon evolution
Leigh W. Simmons1,*, Maxine Lovegrove1, Xin (Bob) Du2, Yonglin Ren2 and Melissa L. Thomas2,3

ABSTRACT
The often complex cocktails of hydrocarbon compounds found on the
cuticles of insects can serve both naturally and sexually selected
functions, contributing to an individual’s ability to withstand water loss
and attract mating partners. However, whether natural and sexual
selection act synergistically or antagonistically on a species’ cuticular
hydrocarbon (CHC) profile remains unclear. Here, we examined the
ontogeny of the CHC profile in a species of cricket, Teleogryllus
oceanicus, while manipulating humidity during development. We
predicted that juvenile crickets should produce only those
compounds that contribute to desiccation resistance, while those
compounds contributing specifically to male attractiveness should be
produced only at sexual maturity. Further, if attractive CHCs come at a
cost to desiccation resistance as predicted by somemodels of sexual
selection, then males reared under low humidity should be
constrained to invest less in attractive CHCs. Crickets reared under
low humidity produced more long-chain methyl-branched alkanes,
alkenes and alkadienes than did crickets reared under high humidity.
The abundance of n-alkanes was unaffected by humidity treatment.
Sexual dimorphism in the CHC profile was not apparent until adult
emergence and became exaggerated 10 days after emergence,
when crickets were sexually mature. Males produced more of the
same compounds that were increased in both sexes under low
humidity, but the humidity treatment did not interact with sex in
determining CHC abundance. The data suggest that CHC profiles
which protect crickets from desiccation might have synergistic effects
on male attractiveness, as there was no evidence to suggest males
trade-off a CHC profile produced in response to low humidity for one
associated with sexual signalling.

KEY WORDS: Sexual signalling, Waterproofing, Trade-off, Insect,
Mate choice, Desiccation resistance, Chemical signal, Magic trait

INTRODUCTION
Sexual selection acts on traits that enhance an individual’s ability to
gain access to members of the opposite sex and persuade them to
mate, with significant evolutionary consequences for sexual
dimorphism, population divergence and speciation (Andersson,
1994; Darwin, 1871). The costs of sexual trait expression have long
been central to the development of sexual selection theory (Kotiaho,
2001; Kuijper et al., 2012). Nevertheless, while a large body of

empirical work has focused on the reproductive benefits of sexual
trait expression, far less attention has been given to the costs and
constraints that are predicted to impose antagonistic natural
selection against sexual trait expression (Podos, 2022). Moreover,
some theoretical models have suggested that if a trait subject to
natural selection is also beneficial in a mating context, then
speciation can proceed more rapidly because of the synergistic
effects of natural and sexual selection (Servedio et al., 2011). The
concept of so-called ‘magic traits’ has long been controversial and
empirical support for the idea is limited (Jiggins et al., 2001;
Seehausen et al., 2008; Villa et al., 2019). The insect cuticular
hydrocarbon (CHC) profile is a multivariate chemical trait that
contributes to both sexual attractiveness and desiccation resistance.
The dual function of insect CHC profiles makes them good models
with which to explore how natural and sexual selection might
interact in the evolution of trait expression.

Insect CHCs are long (C20 or longer) straight or methyl-branched
carbon chains, with (unsaturated) or without (saturated) double-
bonds. They are synthesised in the oenocytes and transported via the
epidermal cells to the external cuticle of the insect (Blomquist
and Bagneres, 2010; Wigglesworth, 1933). Generally, the CHC
coating of insects comprises a cocktail of hydrocarbons, with asmany
as 100 or more different compounds constituting the CHC profile
(Blomquist and Bagneres, 2010). At ambient temperatures, the CHC
coating exists as a biphasic solid–liquid mixture with a viscosity
approaching that of motor oil (Menzel et al., 2019). The CHC coating
is thought to protect insects from desiccation (Gibbs, 1998) and
the compounds within it to serve as semiochemicals involved in
the transfer of information between conspecifics (Blomquist and
Bagneres, 2010). A significant bodyof recent research has focused on
sexual selection and the signalling properties of insect CHCs (Steiger
and Stökl, 2014). Their naturally selected functions, however, have
been relatively less well documented in the evolutionary ecology
literature, and the precise function(s) of individual compounds within
the CHC profile remains poorly understood (Blomquist and
Bagneres, 2010; Brückner et al., 2017).

Thewaterproofing properties of insect CHCs are thought to depend
on their ability to form a tightly packed hydrophobic layer across the
insect cuticle (Geiselhardt et al., 2010). There is evidence from
Drosophila that longer-chain CHC compounds might provide greater
desiccation resistance than shorter-chain compounds (Foley and
Telonis-Scott, 2011; Ingleby et al., 2014; Toolson, 1982). A
comparative analysis of Drosophila sp. found associations between
the average length of CHC chains and climatic variables; CHC chain
length tends to be longer in species from regions of low precipitation
(Jezovit et al., 2017). Moreover, female flies respond to desiccating
environments by rapidly increasing the proportion of long-chain
saturated hydrocarbons in their CHC profiles (Stinziano et al., 2015).
Likewise, for both Temnothorax (Sprenger et al., 2018) andMyrmica
ants (Menzel et al., 2018), acclimation to dry and warm conditions is
associated with an increase in the abundance of longer n-alkanes.Received 6 April 2022; Accepted 12 July 2022
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The presence of double bonds and methyl groups changes the
shape of the molecule, which can effect lipid packing. It has been
suggested, therefore, that the protective properties of a CHC blend
might depend on its composition, with the presence of alkenes and
methyl alkanes potentially compromising the ability of an insect to
resist water loss (Blomquist and Bagneres, 2010; Gibbs and
Pomonis, 1995). In contrast, methyl-branched alkanes and alkenes
appear critical for the communicative function of insect CHCs
(Blomquist and Bagneres, 2010). A recent comparative study of 85
ant taxa found that the CHC profiles of species from dry climates
had fewer alkenes than those from wet habitats, and that species
living in mutualistic association with other ant species had CHC
profiles consisting of greater quantities of methyl-branched alkenes
and alkadienes (hydrocarbons with two double bonds) (Menzel
et al., 2017). The functional composition of an insect’s CHC blend
may thereby reflect the relative strengths of different selection
pressures acting on it. In Drosophila serrata, alkenes, alkadienes,
methyl-branched alkanes and methyl-branched alkenes all
contribute to a male’s attractiveness to females (Hine et al., 2011).
However, the presence of these compounds in the CHC profile is
predicted to make males more susceptible to water loss, generating
antagonistic natural selection that impedes their evolutionary
exaggeration. Indeed, populations of flies selected for increased
amounts of these compounds returned to pre-selection levels
following the relaxation of selection, consistent with antagonistic
natural selection against them (Hine et al., 2011; see also Sharma
et al., 2012). In contrast to these findings, methyl-branched alkanes
were found to both increase male attractiveness and improve male
survival under desiccation stress (Chung et al., 2014), leading to the
suggestion that insect CHCs in general may be magic traits capable
of promoting ecological divergence (Chung and Carroll, 2015).
Indeed, when Krupp et al. (2020) applied synthetic hydrocarbons to
flies lacking oenocytes, and thus unable to manufacture their own
CHCs, they found that the application of blends of either n-alkanes
or methyl-branched alkanes increased desiccation resistance, with
either class of compound seemingly equivalent in its rescuing
efficacy. These apparently conflicting findings for Drosophila call
for further studies of insect CHC profiles and the interacting roles of
natural sexual selection in their evolution.
Changes in CHC profiles during ontogeny can provide insight

into both naturally and sexually selected functions. The CHC
profiles of adult insects are known to exhibit considerable plasticity,
with quantitative and qualitative changes in their composition
associated with temperature, humidity, social experience and age
(Otte et al., 2018). For example, changes in female CHC profiles
during the first few days following adult emergence have been
linked to ovary development and are responsible for age-related
changes in the attractiveness of females to males (Otte et al., 2018).
In D. melanogaster, female-specific CHCs replace longer-chain
CHCs that are common to both sexes after the moult to adulthood
(Arienti et al., 2010). However, little is known of the developmental
ontogeny of CHC blends in male insects, or of the ontogeny of CHC
profiles across different life-history stages. Here, we analysed the
ontogeny of the CHC profile in male and female field crickets,
Teleogryllus oceanicus, in order to gain insight into the potential
roles of natural and sexual selection in their evolution.
In T. oceanicus, CHC profiles are sexually dimorphic and used by

both sexes in mate choice (Simmons et al., 2013; Thomas and
Simmons, 2009, 2010). For males, there appears to be a trade-off
between the production of CHC profiles that are attractive to females
and those that protect a male from desiccation (Berson et al., 2019),
suggesting that natural selection may oppose sexual selection acting

on the composition of CHC profiles. We analysed the ontogeny of
CHC profiles in this species, from the 8th nymphal instar when sex
can first be determined through to adulthood and sexual maturity.
We expected to see little sexual dimorphism in CHC profiles when
crickets are in their nymphal life-history stages and are required only
to avoid desiccation, but to see increased sexual dimorphism at
sexual maturity when sexual signalling becomes important.
Moreover, we reared crickets in either high or low humidity
environments, predicting that compounds which contribute to
desiccation resistance should be upregulated in low humidity
environments where crickets are more susceptible to evaporative
water loss. If CHC attractiveness incurs a desiccation cost to males,
the production of those compounds contributing to sexual signalling
should be compromised in low humidity environments. In contrast,
if CHCs are magic traits with synergistic effects on male
attractiveness and desiccation resistance, the compounds that are
elevated in response to low humidity should be the same
compounds that are elevated in males at sexual maturity.

MATERIALS AND METHODS
Male and female crickets, Teleogryllus oceanicus (Le Guillou
1841), at the 8th nymphal instar were collected from a large outbred
laboratory stock that is seeded annually with >50 freshly captured
individuals sourced from tropical fruit plantations in Carnarvon,
Western Australia, and held at the University of Western Australia.
The crickets were housed in individual boxes (7×7×5 cm) with wire
fly screen lids and provided with cat chow and a small piece of green
bean, which was changed every 2 days.

Crickets were assigned haphazardly to one of two humidity-
controlled environments that were maintained at constant temperature
(26°C) and on a 12 h:12 h light:dark cycle. To manipulate humidity,
crickets were placed within their individual boxes inside 149 l storage
boxes, on a wire rack that rested above a tray containing a
humidifying agent. Once crickets had been stacked inside these
boxes, the boxes were sealed with a layer of plastic food wrap before
securing the lid. High humidity was maintained using a saturated
solution of potassium chloride. Low humidity was maintained using
silicon dioxide (silica gel), which was dried in an oven at 60°C and
changed every 2 days. Humidity within the storage boxes was
recorded daily throughout the course of the experiment, a total of
41 days: the high humidity treatment had a mean (±s.e.m.) relative
humidity of 77.5±0.38% (range 72–82%) while the low humidity
treatment had a mean humidity of 25.4±0.16% (range 25–29%).

Crickets (20 males and 20 females) were sampled from each
humidity treatment at four different developmental stages: as 8th
nymphal instars 2–4 days after being introduced into the humidity
treatments, 5 days after moulting to the 9th nymphal instar, 1 day
after adult eclosion and 10 days after adult eclosion, when crickets
are sexually mature. Crickets were removed from the treatments
at the designated sampling stage and frozen at −20°C. They
were then weighed and placed individually into clean glass vials
with 5 ml of hexane (Merck) for exactly 5 min. The hexane
contained two internal standards, nonacosane (Sigma-Aldrich) and
tetratriacontane (Sigma-Aldrich) at a concentration of 0.02 g l−1.
When removed from the hexane, crickets were placed in an oven
overnight at 60°C. Dry mass was measured the following day. Vials
were left in a fume cupboard overnight to allow the hexane to
evaporate fully, after which the samplewas resuspended in 0.5 ml of
hexane with standards as above. The extract was transferred to a
GCMS vial and stored at −20°C until analysis.

We injected 1 µl of this sample via an Agilent 7693 Autosampler
into a gas chromatograph and mass spectrometer (Agilent GCMS
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7890B/5977E) operating in the split mode (ratio 2:1) and fitted with
an Agilent VF-WAXms column of 30 m×0.25 mm internal
diameter with 0.5 µm coating (PN: CP9222, Agilent). Helium was
used as the carrier gas at a flow rate of 1 ml min−1. We optimized
separation of the extract using a column temperature profile in which
the analysis began at a temperature of 150°C for 1 min and rose to
250°C by 25°C min−1 for 16 min. The final temperature was set at
255°C for 8 min. The MS transfer line, the ion source and the quad-
pole temperatures were 280°C, 230°C and 150°C, respectively. The
certified saturated alkanes standard (C7–C40, 49452-U,Merck) was
used for concentration calibration and retention index calculation.
Agilent Mass Hunter Software was used to acquire and analyse

extracts. These were randomised and analysed in two independent
iterations. The mass spectra of unknown compounds were
deconvoluted and identified by AMDIS_32 with the NIST MS
database 2020. The retention index was also used to help identify
the compounds. Quantitation of metabolite features, peak detection,
deconvolution, filtering, scaling and integration were all processed
by Mass Hunter Quantitative Analysis for GCMS (v.7.045.7). All
statistical analyses were conducted using JMP 15. Data reduction
was achieved using a principal components analysis, and ANOVA
was used to test the significance of treatment, sex and stage of
development effects. We included log-transformed dry mass as a
covariate in these analyses to control for any variation in CHC
abundance that might be due to variation in body size. We also
assessed the effects of treatment, developmental stage and sex on
water content by analysing log cricket wet mass in an ANOVAwith
log dry mass as a covariate. For all analyses, interaction effects that
were not statistically significant were removed from the final
models. Post hoc contrasts were conducted using Tukey HSD. All
data required to replicate the analyses reported in this article are
available from Dryad (https://doi.org/10.5061/dryad.5x69p8d5z).

RESULTS
We identified 34 compounds from the extracts of 320 crickets,
with carbon chains ranging in length from C28 to C35, and mean
abundance ranging from 0.1 to 241 ppm (Table 1). Principal
components analysis returned two major axes of variation that each
explained ≥10% of the variation in the CHC profile (Table 1). PC1
contrasted the abundance of alkanes of relatively shorter chain
length (C28–C31) with the abundance of methyl alkanes, alkenes and
alkadienes of relatively longer chain length (C31–C33), with the
latter classes of compounds contributing most strongly to the
principal axis. PC2 was loaded most strongly by the shorter-chain
alkanes (Table 1).
We found significant differences in CHC profiles between

crickets raised in high and low humidity environments, as well as
significant differences among developmental stages and between
the sexes (Table 2). For PC1, there were significant two-way
interaction effects between developmental stage and humidity and
between developmental stage and sex, requiring interpretation of the
main effects at these levels. PC1 was greater in nymphal crickets
(stages A and B) raised under low humidity but this difference was
initially lost on adult emergence (stage C) and then restored at
greater magnitude once crickets were 10 days of adult age (stage D)
(Fig. 1A). Thus, low humidity was associated with a greater
abundance of longer-chain methyl-branched alkanes, alkenes and
alkadienes. Males also tended to have a greater abundance of these
compounds, and thus higher scores on PC1, than did females at
adult eclosion (stage C) and this sexual dimorphism had increased
by 10 days after their emergence (stage D) (Fig. 1B). For PC2,
there was a three-way interaction between treatment, sex and

Table 2. Effect of humidity treatment, developmental stage and sex on
CHC profiles of T. oceanicus

Source d.f. SS F P

PC1
Treatment 1 170.13 37.44 <0.0001
Sex 1 457.08 100.59 <0.0001
Stage 3 406.37 29.81 <0.0001
Treatment×Stage 3 63.53 4.66 0.0034
Sex×Stage 3 419.36 30.76 <0.0001
log Dry mass 1 25.81 5.68 0.0178
Error 307 1394.93

PC2
Treatment 1 43.28 13.91 0.0002
Sex 1 15.18 4.88 0.0280
Stage 3 306.26 32.81 <0.0001
Treatment×Sex 1 3.13 1.01 0.3168
Treatment×Stage 3 12.76 1.37 0.2529
Sex×Stage 3 17.81 1.91 0.1283
Treatment×Sex×Stage 3 25.09 2.69 0.0466
log Dry mass 1 0.49 0.16 0.6921
Error 303 942.75

Analysis of variance in the first two major axes of variation in the CHC profiles
of T. oceanicus developing under high or low humidity treatments and sampled
at the eighth and ninth nymphal stages, on adult emergence and 10 days after
adult emergence when sexually mature.

Table 1. Cuticular hydrocarbons (CHCs) identified in whole-body
hexane extracts of 320 Teleogryllus oceanicus that differed in sex,
developmental stage and rearing humidity

Peak Hydrocarbon Abundance (ppm) PC1 (29%) PC2 (18%)

1 C28 3.07±7.56 −0.167 0.272
2 Unresolved 0.32±0.30 −0.129 0.292
3 C30 0.91±2.14 −0.087 0.136
4 C30 0.34±1.02 −0.131 0.255
5 C30 0.32±0.35 −0.118 0.302
6 C30 0.68±0.90 −0.108 0.305
7 C30 0.18±0.37 −0.141 0.291
8 C30 0.13±0.22 −0.125 0.198
9 C31 0.09±0.22 −0.103 0.106
10 C31 4.73±4.19 0.029 0.009
11 C31 0.99±0.74 0.012 0.098
12 Unresolved 2.55±1.62 0.143 0.271
13 Unresolved 3.49±5.31 −0.009 0.299
14 x-meC31 64.72±31.97 0.240 0.147
15 Unresolved 8.13±3.32 0.123 0.090
16 C31:1 3.41±1.95 0.237 0.081
17 C31:1 5.09±2.89 0.076 −0.057
18 C31:1 56.09±50.49 0.252 0.166
19 C31:2 5.44±3.61 0.140 0.041
20 C31:2 35.40±18.40 0.262 0.109
21 C31:2 161.51±107.00 0.261 0.152
22 C31:2 19.76±21.42 0.224 0.178
23 x-meC33 19.21±7.75 0.181 0.118
24 C32:2 1.80±2.59 0.152 0.163
25 C33:1 1.86±0.75 0.232 −0.022
26 C33:1 39.29±18.80 0.278 0.077
27 C33:1 2.55±1.25 0.127 −0.123
28 C33:1 6.38±3.93 0.205 0.058
29 C33:2 33.63±16.38 0.116 −0.147
30 C33:2 151.87±63.01 0.139 −0.182
31 C33:2 241.44±124.93 0.260 0.027
32 C33:2 11.22±6.70 0.246 0.041
33 C35:2 2.78±1.93 0.085 −0.036
34 C35:2 8.54±5.49 0.139 −0.078

The mean (±s.d.) abundance and contribution to the first two principal axes of
variation (% variance explained) in the hydrocarbon profile are shown
(eigenvectors in bold are interpreted as contributing significantly to the axis of
variation, being ≥70% of the largest eigenvector; Mardia et al., 1979).
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developmental stage (Table 2). Scores on PC2 increased throughout
development for both males and females (Fig. 2). For females, PC
scores did not differ significantly between humidity treatments
at any developmental stage (Fig. 2A). In contrast, for males,
PC2 scores were higher in the low humidity treatment 10 days after

adult emergence (Fig. 2B). Thus, crickets increased the relative
abundance of shorter-chain alkanes as they developed and there
was no evidence of sexual dimorphism at any stage. Among males,
those housed in a low humidity environment produced a greater
abundance of short-chain alkanes as sexually mature adults
compared with those housed in a high humidity environment.

There was a significant effect of treatment and a significant two-
way interaction effect between developmental stage and sex on the
water content of crickets (Table 3). Crickets reared in the low
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Fig. 1. Differences in cuticular hydrocarbon (CHC) profiles of
Teleogryllus oceanicus raised in high and low humidity environments
and between sexes. Boxplots (median, upper and lower quartiles and 1.5×
interquartile range; circles are outliers) of the scores on the first major axis of
variation (PC1) in the CHC profiles of (A) crickets developing under high (blue)
or low (yellow) humidity and (B) males (blue) and females (pink), at the eighth
(stage A) and ninth nymphal stages (stage B), 1 day after adult emergence
(stage C) and 10 days after adult emergence when sexually mature (stage D).
The breakdown in A illustrates the two-way interaction between stage and
treatment, and in B the two-way interaction between stage and sex. Thus,
within each plot, categories without a lowercase letter in common differ
significantly at P<0.05 using Tukey HSD.
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Fig. 2. Differences in CHC profiles of male and female crickets raised in
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reared under high (blue) and low (yellow) humidity, at the eighth (stage A) and
ninth nymphal stages (stage B), 1 day after adult emergence (stage C) and
10 days after adult emergence when sexually mature (stage D). The
breakdown of the data illustrates the three-way interaction between treatment,
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letter in common differ significantly at P<0.05 using Tukey HSD.
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humidity environment generally had a lower water content (log wet
mass corrected for log dry mass: low humidity, 2.668±0.003; high
humidity, 2.697±0.003). Males tended to have the greater water
content until adult emergence, after which there was no longer a
difference in water content between the sexes (Fig. 3).

DISCUSSION
Here, we manipulated the potential for water loss in crickets,
T. oceanicus, by manipulating humidity during their development
from juvenile to adult. Crickets reared under low humidity had a
lower body water content than crickets reared under high humidity,
confirming that our experimental manipulation of humidity had a
significant effect on water balance. We found that crickets exposed
to the low humidity environment increased the abundance of
methyl-branched alkanes and longer-chain alkenes and alkadienes
in their CHC profiles. Sexual dimorphism in CHC profiles appeared
only after the adult moult and increased as adults aged, with males

having a greater abundance of methyl-branched alkanes and longer-
chain alkenes and alkadienes in their CHC profiles. There was no
evidence to suggest that sexual dimorphism in the CHC profile was
moderated by environmental humidity. These patterns of CHC
development shed light on the potential role of natural and sexual
selection in the evolution of the cricket CHC profile.

Longer-chain CHC compounds are predicted to afford greater
resistance to desiccation than relatively shorter-chain compounds,
because of their higher melting temperatures (Blomquist and
Bagneres, 2010). Consistent with this prediction, we found that
crickets raised under low humidity increased their scores on the first
major axis of CHC variation compared with crickets raised under
high humidity. This axis of variation was loaded positively by the
abundance of compounds with chain lengths ranging between C31

and C35 but loaded negatively by compounds in the CHC blend with
relatively shorter chain lengths (C28–C30). Similar increases in the
production of longer-chain CHCs have been found in studies that
have acclimated flies (Stinziano et al., 2015) and ants (Menzel et al.,
2018; Sprenger et al., 2018) to xeric conditions, suggesting that
in general these longer-chain hydrocarbons are key players in
desiccation resistance across insect taxa.

The phenotypic plasticity in longer-chain CHC production
observed in our study supports the hypothesis that these
hydrocarbons play an important role in desiccation resistance in
T. oceanicus. In support of this conclusion, a recent quantitative
genetic study of T. oceanicus examined genetic correlations
between individual hydrocarbon compounds within the CHC
profile and the ability of males to survive desiccation (Berson
et al., 2019). The authors found significant positive genetic
correlations between desiccation resistance and the abundance of
two of the longer-chain compounds, one alkene (C33:1) and one
alkadiene (C33:2). These compounds contributed positively to PC1
in our study, and showed increased abundance in response to low
humidity, as would be expected from their contribution to
desiccation resistance. In theory, straight-chain n-alkanes should
afford the greatest desiccation resistance as they can pack more
tightly to form a protective layer (Geiselhardt et al., 2010).
However, in T. oceanicus, straight-chain n-alkanes appear to be
present in very low abundance and those that are produced are of
relatively short chain lengths compared with the majority of
compounds found in the profile. Moreover, the second major axis
of variation, which was loaded predominantly by these shorter
n-alkanes, remained very low throughout juvenile development and
was generally unaffected by differences in humidity. This suggests
that n-alkanes within the CHC profile of T. oceanicus are unlikely to
be important for reducing water loss in drying environments.

We found sexual dimorphism in the CHC profile of crickets only
after they had moulted to adulthood, both 1 day after the adult moult
and to a significantly greater extent 10 days after the moult when
crickets were sexually mature. Males scored significantly higher
than females on PC1, producing a greater amount of longer-chain
methyl-branched alkanes, alkenes and alkadienes than did females.
This effect of sex was not moderated by rearing humidity. Thus, the
same suite of compounds that were upregulated in response to low
humidity were found in greater abundance in the sexually mature
adult male CHC profile. In their study of sexual selection acting on
the male CHC profile of male T. oceanicus, Thomas and Simmons
(2009) found that males with a greater abundance of alkenes and
alkadienes of chain length 31 had the greater mating success,
suggesting that sexual selection may act to increase the abundance
of these compounds in males. These C31 compounds were among
those found to be elevated in males at sexual maturity, raising the

Table 3. Effect of humidity treatment, developmental stage and sex on
the water content of T. oceanicus

Source d.f. SS F P

Treatment 1 0.057 45.90 <0.0001
Sex 1 0.036 29.32 <0.0001
Stage 3 0.176 47.25 <0.0001
Sex×Stage 3 0.028 7.58 <0.0001
log Dry mass 1 0.930 749.53 <0.0001
Error 310 0.385

Analysis of variance in thewater content of T. oceanicus developing under high
or low humidity treatments and sampled at the eighth and ninth nymphal
stages, on adult emergence and 10 days after adult emergence when sexually
mature.
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Fig. 3. Differences in the water content of crickets between sexes.
Boxplots of the water content of male (blue) and female (pink) T. oceanicus at
the eighth (stage A) and ninth nymphal stages (stage B), 1 day after adult
emergence (stage C) and 10 days after emergence when sexually mature
(stage D). Water content is shown as the residual wet mass (mg) after
controlling for dry mass. Categories without a lowercase letter in common differ
significantly at P<0.05 using Tukey HSD.

5

RESEARCH ARTICLE Journal of Experimental Biology (2022) 225, jeb244375. doi:10.1242/jeb.244375

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



possibility that these CHC compounds may be under synergistic
natural and sexual selection. Such a possibility holds important
implications for ecological divergence and speciation.
If a trait subject to divergent ecological selection also generates

non-random mating then speciation can proceed in the presence of
gene flow because of the synergistic effects of natural and sexual
selection (Servedio et al., 2011). Work on D. serrata has reported
how longer-chain methyl-branched compounds within the CHC
profile both are attractive to females and increase desiccation
resistance (Chung et al., 2014). Our finding that the axis of variation
in the CHC profile of T. oceanicus which responded to variation in
humidity was the same axis of variation that was exaggerated in
males at sexual maturity might be interpreted as consistent with the
CHC profile of T. oceanicus acting as a magic trait. However,
quantitative genetic analyses have reported significant negative
genetic correlations between male attractiveness and three longer-
chain compounds in the CHC profile, the methyl-branched alkane
(meC33), an alkadiene (C33:2) and an alkene (C33:1), the last of
which also had positive effects on desiccation resistance (Berson
et al., 2019). These patterns of genetic covariance suggest that the
compounds which protect a male from desiccation resistance may
have negative effects on his attractiveness to females. Thus, Berson
et al.’s (2019) findings are more consistent with antagonistic natural
and sexual selection acting on the CHC profile. These different
findings for T. oceanicus could perhaps be reconciled if different
compounds within the CHC profile contributed differently to
mating success and desiccation resistance. For example, if C31

compounds promote male mating success but C33 compounds
promote desiccation resistance at the expense of male mating
success, the negative effects of C33 compounds could be offset by a
relatively greater production of C31 compounds. In the parasitic
wasp Lariophagus distinguendus, there are in excess of 48
compounds in the CHC profile ranging in chain length from C25

to C48, yet just one compound, 3-meC27, appears to be necessary
and sufficient for courtship and mating (Kühbandner et al., 2012;
Steiner et al., 2007). This example shows that different compounds
in a CHC profile can serve different functions. While it is clear that
male T. oceanicus increase their production of longer-chain CHCs
at sexual maturity, and that these compounds are elevated in
response to low humidity environments, the extent to which their
joint or independent elaboration under sexual selection might be
opposed by natural selection for desiccation resistance requires
further functional analysis.
Although we are unable to draw firm conclusions regarding the

relative directions of natural and sexual selection, there is good
evidence that selection on the CHC profile of T. oceanicus has
resulted in significant divergence across the species range. Studies of
three genetically isolated populations introduced onto different
islands in the Hawaiian archipelago have found that the abundance
of longer-chain compounds (C33) relative to shorter-chain
compounds (C31) appears to be associated with annual rainfall on
different islands, with males from drier populations having a
greater abundance of longer-chain compounds (Simmons et al.,
2014). There is also evidence that the evolutionary loss of male song
on the islands of Oahu and Kauai is associated with an increased
abundance of C31 hydrocarbons, which might be expected if silent
males in these populations rely more heavily on their CHC profiles to
persuade females to mate (Simmons et al., 2014). More significantly,
a comprehensive study of T. oceanicus across its indigenous range in
Australia found that CHC divergence was strongly associated with an
ecological gradient from the wet tropics in the north to the drier
southern reaches of its distribution (Moran et al., 2020). Interestingly,

this divergence was significant only for males, which might be the
case if the major axis of variation in the CHC profile of males were a
magic trait promoting ecological speciation.

In conclusion, by manipulating environmental humidity during
development and examining the ontogeny of CHC profiles in male
and female T. oceanicus, we have identified a single axis of variation
in the blend of compounds that exhibits both phenotypic plasticity in
response to environmental humidity and sexual dimorphism. Crickets
produced more methyl-branched alkanes, alkenes and alkadienes
when developing in a low humidity environment. Sexual dimorphism
in the CHC profile did not develop until adult emergence, after which
males produced a greater abundance of the same compounds that
increased in abundance under low humidity. Contrary to theoretical
expectation (Geiselhardt et al., 2010), straight-chain n-alkanes
occurred in generally low abundance and were not upregulated in
response to low humidity, suggesting that these compounds play little
role in protecting these insects from desiccation. While our findings
suggest that some compounds found previously to contribute to male
mating success may constitute magic traits capable of promoting
ecological divergence, other compounds in the CHC profile may be
under antagonistic natural and sexual selection (Berson et al., 2019).
Future research will be needed to explore the interactions between
different compounds within the T. oceanicus profile, their relative
contributions to desiccation resistance and attractiveness, and the
extent to which they can evolve independently in response to natural
and sexual selection.
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