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Abstract
Females of many species obtain benefits by mating polyandrously, and often prefer novel males over previ-

ous mates. However, how do females recognise previous mates, particularly in the face of cognitive con-

straints? Female crickets appear to have evolved a simple but effective solution: females imbue males with

their own cuticular hydrocarbons (CHCs) at mating and utilise chemosensory self-referencing to recognise

recent mates. Female CHC profiles exhibited significant additive genetic variation, demonstrating that

genetically unique chemical cues are available to support chemosensory self-referencing. CHC profiles of

males became more similar to those of females after mating, indicating physical transfer of CHCs between

individuals during copulation. Experimental perfuming of males with female CHCs resulted in a female

aversion to males bearing chemical cues similar to their own. Chemosensory self-referencing, therefore,

could be a widespread mechanism by which females increase the diversity of their mating partners.
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INTRODUCTION

Polyandry is pervasive across animal mating systems (Zeh & Zeh

2003), and especially so in the insects (Arnqvist & Nilsson 2000).

Females of numerous insect species mate repeatedly throughout

their lives, invariably with many different males. Such behaviour

seems paradoxical because females often mate more frequently than

is necessary to ensure fertilisation of their eggs (Ridley 1988), often

at the cost of increased time and energy expenditures, as well as the

increased risk of injury, disease and predation (Daly 1978). How-

ever, a growing body of evidence has revealed that females can

increase their fitness by obtaining material benefits from males dur-

ing mating (Arnqvist & Nilsson 2000) or indirect genetic benefits

through paternally derived genes that enhance offspring viability

(Jennions & Petrie 2000; Tregenza & Wedell 2002; Bretman et al.

2004; Ivy 2007; Slatyer et al. 2012). Although direct benefits of mul-

tiple mating could in theory be realised by mating repeatedly with

the same male, only by mating with different partners can females

secure the diverse ejaculates that can maximise indirect genetic ben-

efits. In polyandrous species, therefore, selection should favour

mechanisms by which females forego matings with previous part-

ners in favour of novel males. Indeed, a number of empirical stud-

ies across an array of animal taxa including pseudoscorpions (Zeh

et al. 1998), crickets (Bateman 1998; Ivy et al. 2005; Gershman

2009), hide beetles (Archer & Elgar 1999), dung flies (Hosken et al.

2003) and guppies (Eakley & Houde 2004), have demonstrated a

female mating preference for novel males over previous mates.

Although a female preference for novel mates has been well estab-

lished, the mechanism by which females distinguish between previous

mates and novel males remains unknown. How do females recognise

previous mates, particularly when cognitive constraints would appear

to limit their ability to learn the unique features of each of their mates

over their reproductive lifetime? A recent study of female decorated

crickets (Gryllodes sigillatus) provides a clue. When females were given a

choice between a male previously mated to the focal female’s inbred

sister (‘familiar’ male) and a male mated to an unrelated female (‘novel

male’), they preferentially mated with the ‘novel’ male (Ivy et al. 2005).

This suggests that the focal female perceived chemical cues left on the

male by her inbred sister as her own, and consequently identified the

‘familiar’ male as a previous mating partner. This kind of chemosenso-

ry self-referencing would only require the female to compare these

cues with an internal representation of her own chemical phenotype,

and avoid mating with any male whose cues match her own pheno-

type (Hauber & Sherman 2001).

If females rely on self-referent chemical cues to recognise previ-

ous mates, then individual females must possess unique chemical

signatures that allow discrimination of ‘self’ from the cues of other

individuals they encounter. Cuticular hydrocarbons (CHCs), lipid

compounds present on the surface of the insect epicuticle, offer

considerable promise in this regard. CHCs often play an integral

role in insect chemical communication (Howard & Blomquist

2005), facilitating species recognition, kin recognition and sex recog-

nition in a variety of insect taxa, including crickets (Tregenza &

Wedell 1997; Nagamoto et al. 2005; Ryan & Sakaluk 2009). There is
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also evidence that CHCs can be transferred between individuals

through direct physical contact (Coyne et al. 1994; Blows & Allan

1998; Harris & Moore 2005; Everaerts et al. 2010). Successful copu-

lation in G. sigillatus requires that the female physically mount the

male, and that the pair remain in direct physical contact for 2–
4 min until the male successfully transfers a spermatophore (Sakaluk

1987) (Fig. 1). Wide variation in CHCs have been documented in

crickets at the species and population levels (Mullen et al. 2007), as

well as within and between the sexes (Warthen & Uebel 1980; Treg-

enza & Wedell 1997; Mullen et al. 2007; Thomas & Simmons 2008).

CHCs, therefore, seem likely candidates as the chemical cues facili-

tating female recognition of, and discrimination against, previous

mating partners.

Here, we report results of studies designed to test the hypothesis

that CHCs are used by female crickets to facilitate chemosensory

self-referencing. Gas chromatography-mass spectrometry (GC-MS)

analysis revealed significant genetic variation in female CHC pro-

files, demonstrating that genetically unique chemical cues are avail-

able to support chemosensory self-referencing. Solvent-free, solid-

phase microextraction (SPME) showed that CHC profiles of males

became more similar to those of females after mating, indicating

physical transfer of CHCs between individuals during copulation.

Experimental perfuming of males with female CHCs resulted in a

female aversion to mating with males bearing cues similar to their

own. However, outbred females showed no aversion to mating with

sibling males, suggesting that discrimination against previous mates

is not simply an incidental consequence of a mechanism that

evolved to facilitate inbreeding avoidance. Given the pervasiveness

of CHCs as recognition cues among arthropods, chemosensory self-

referencing via CHCs could be a ubiquitous mechanism by which

females across a broad range of animal mating systems increase the

diversity of their mating partners.

METHODS AND MATERIALS

GC-MS analyses of female CHC extracts

Nine inbred lines were generated by subjecting randomly selected

G. sigillatus individuals from a large, panmictic laboratory population

to 16 generations of full-sib mating (see Appendix S1 in Supporting

Information for additional details on rearing conditions). Seven days

after adult eclosion, crickets were freeze-killed at �80 °C for

10 min. Cuticular hydrocarbons were extracted by whole-body

immersion in 2 mL of hexane (Fisher H303-4) for 10 min (see

Appendix S1).

Samples were analysed on a 6890 series GC (Agilent Technolo-

gies, Cheshire, UK) using a DB5-HT column (30 m 9 0.25 mm

ID 9 0.1 lm film thickness) with a flame ionisation detector. Sam-

ples were injected via an Agilent 7683B autoinjector at a volume of

1 lL each (see Appendix S1). Differences in hydrocarbon peaks

obtained by the gas chromatograph were analysed for 31 females

from each of the nine genetic lines.

To identify peaks corresponding to individual CHCs, an addi-

tional four females from each line were analysed on an Agilent

Technologies 7890A GC attached to a 5975B inert MSD using the

temperature program outlined in Appendix S1. Data were analysed

using MSD Chemstation software (version E.02.00.493) (Agilent

Technologies, Cheshire, UK). Methyl branched alkanes were identi-

fied by their mass spectra (Nelson et al. 1972), and the identities

of the peaks were confirmed using retention indices (Francis &

Veland 1981). The positions of double bonds in unsaturated

hydrocarbons were determined by interpreting the mass spectra of

the dimethyl disulphide derivatives (DMDS, Francis & Veland

1981). For two of the alkadienes, the levels of DMDS derivatives

were too low, and these were identified based on their mass spec-

tra using the methods of Howard et al. (2003). The identification

of the positions of the double bonds of alkatrienes was beyond

the scope of our study. To quantify CHC peaks, the relative abun-

dance was measured using ion 57 as the target ion for saturated,

and ion 55 for unsaturated compounds.

To analyse differences in CHC profiles across genetic lines, we

used a multivariate approach modified after Dietmann et al. (2005)

and Herzner et al. (2006). The standardised peak areas at each reten-

tion time (log10 transformed, corresponding to the relative abun-

dances of CHCs) were analysed by multivariate analysis of variance

(MANOVA) to test for an effect of genetic line on thirteen CHCs. We

then used discriminant analysis using the CANDISC procedure in

SAS to investigate what combinations of CHC peaks discriminate

females into genetic lines. We examined the strength of the relation-

ships between the CHC peaks and the discriminant functions by

interpreting factor loadings > |0.25| as contributing significantly to

the axis of variation represented by a discriminant function. We

used the DISCRIM procedure in SAS to determine the extent to

which the CHC profiles of individuals could correctly predict the

membership of each female to a genetic line. The proportion of

individuals misclassified was estimated using Lachenbruch’s jack-

knife procedure (CROSSVALIDATE option in SAS), in which each

observation is classified based on the discriminant function derived

from analysis of the remaining n�1 observations (Stevens 2002;

SAS Institute Inc. 2006).

Genetic analyses of female CHCs

The heritability of each cuticular hydrocarbon compound was calcu-

lated as the intraclass correlation from an ANOVA on inbred lines

using the protocol established by David et al. (2005). Genetic corre-

lations and standard errors were estimated using the jackknife pro-

cedure of Roff & Preziosi (1994); see Appendix S1.

Figure 1 A mating pair of decorated crickets, Gryllodes sigillatus. The female’s

(above) ventral side remains in direct physical contact with the male’s (below)

dorsum for 2–4 min during copulation. Photograph by David Funk.
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SPME analysis of mated males

Experimental subjects were from inbred lines B (males) and H

(females, see Appendix S1). Upon adult eclosion, individuals were

isolated and housed in same sex-groups to ensure virginity. On days

9–11 post-eclosion, we randomly sampled experimental individuals

via SPME approximately 2 h prior to the dark cycle (time 1). For

SPME sampling, we sampled each sex on the portions of the body

that come into direct physical with the opposite sex during copula-

tion (Fig. 1). Individual males were sampled by lightly rubbing the

SPME fibre across the dorsal surface of the abdomen and wings,

equally for a total of 1 min. Females were sampled by lightly rub-

bing the ventral surface of the abdomen with the fibre for 1 min.

Males and females were then held in a darkened room and allowed

2 h of recovery, after which males and females were paired and

allowed to mate. Control males were treated in the same manner,

but were not paired with a female and therefore, remained unmated.

After successful mating, experimental males were immediately sepa-

rated from females and resampled via SMPE using the same

method as described above (time 2). Control males were resampled

at the same time.

SPME fibres used were 7 lm Polydimethylsiloxane (Supelco, see

Appendix S1). Once the SPME sample had been taken, the fibre

was injected into an Agilent 7890A GC coupled to an Agilent

5975B mass spectrometer (see Appendix S1). To analyse differences

in CHCs detected by SPME, we calculated the relative abundance

of each CHC peak using a log-contrast transformation (Blows &

Allan 1998). The area of each CHC peak was divided by the total

peak area of all CHCs for each individual. These ratios were then

divided by an arbitrarily chosen peak (peak 1, 7-MeC33) and log

transformed. Differences in hydrocarbon peaks obtained by the gas

chromatograph were analysed for 61 virgin females, 61 males before

and after mating, and 24 control males sampled at time 1 and time

2, with approximately 4 h between sampling. We used Repeated

Measures MANOVA on each CHC peak to test for significant differ-

ences between virgin and mated males due to mating (Bonferroni

adjusted a = 0.0029). We performed Principal Component Analysis

(PCA) on the relative abundance of CHCs obtained for both mated

males and control males at sample time two. We then used MANOVA

on the principal component scores to detect significant differences

between mated and control males.

Perfuming with CHCs and its effect on mate choice

Experimental females were from inbred lines B and H (see

Appendix S1). Upon adult eclosion, individuals were housed in

same sex-groups for 6–12 days to ensure their virginity. On day 7–
13 post-eclosion, experimental individuals were randomly assigned

to a mating combination consisting of one focal female and two

males. Males within a mating combination were from the same

genetic line as each other to control for any differences in female

choice due to the genetic background of males. To avoid any possi-

ble effects of inbreeding avoidance on female choice, males used in

mate choice trials were never from the same line as the focal

female. A male from each sibling dyad was randomly assigned as

either the ‘familiar male’ or the ‘novel male.’ One of each male in a

dyad was randomly selected to be marked with a small dot of cor-

rection fluid 48-h prior to mate choice trials to facilitate subsequent

identification. Twenty-four hours prior to mate choice trials, focal

females were mated with a randomly selected male from our out-

bred colony and ampulla retention time was standardised to 30 min

for all females to equalise mating experience. We used 57 females

from line B (mated to males from line H), and 45 individuals from

line H (mated to males from line B) as focal individuals (n = 102).

‘Familiar’ CHC perfumes were created using hexane-extracted

CHCs from three virgin females of the same age and from the same

genetic line as the focal female, which were subsequently applied to

the ‘familiar’ male. To create the ‘novel’ CHC perfumes, hexane-

extracted CHCs from another three randomly selected virgin

females from one of three genetic lines (lines G, D or E) different

from that of the focal female and both males were applied to the

‘novel male’ (see Appendix S1). Two hours prior to mating trials,

males were confined in the glass tubes containing the residual

CHCs and were vortexed in a tube rack on medium-low speed for

1 min (Thomas & Simmons 2009). Each individual male was then

vortexed separately on low speed for an additional 10 s to ensure

CHC transfer by contact of the male’s body with the walls of the

tube. All males were allowed to recover from the perfuming treat-

ment for 2 h before being used in mate choice trials.

Mate choice trials were established on day 8–14, post-eclosion.
All trials were conducted blind to treatment under red lighting

approximately 2 h into the dark cycle. Experimental females were

paired with both the ‘novel’ and ‘familiar’ male in clear plastic shoe-

boxes (34.2 cm 9 20.9 cm 9 11.8 cm). As females do not mate

with males that do not produce courtship song (Adamo & Hoy

1994), only those trials in which both males actively courted the

female were included in experimental analyses. The identity of the

male with which the female copulated (indicated by successful trans-

fer of a spermatophore) was recorded, along with the time of suc-

cessful copulation relative to the time when males first began

courtship of the female. We used a v2 test for equal proportions to
determine if there was a female mating preference for novel or

familiar males and v2 test of independence to determine if female

mating preferences differed with the inbred line of origin for

females (line B or H) or males from which CHCs were extracted

(lines G, D or E).

Inbreeding avoidance

As there may be incidental selection against inbreeding avoidance in

our inbred genetic lines, we tested for inbreeding avoidance in out-

bred females established from wild G. sigillatus collected at Phoenix,

AZ prior to the experiment. F1 crickets (produced by different

females collected in the wild) were used in a full-sib/half-sib mating

design in which 13 randomly selected males were each mated to

two females to establish 26 F2 family lines of known parentage (see

Appendix S1). One of each male in a mating dyad was randomly

marked with a small dot of correction fluid 48-h prior to mate

choice trials to facilitate subsequent identification. On day seven

post-eclosion, experimental females were randomly assigned to mat-

ing trials in one of two treatments and allowed to choose between:

(1) a full-sib male and an unrelated male (from a family line other

than the one from which the focal female originated), or (2) a half-

sib male and an unrelated male. For each focal female family

(within sire), we performed five replicates of each mate-choice treat-

ment (n = 130).

All mating trials were observed blind to treatment under red light

illumination approximately 3 h into the dark cycle. Matings were
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conducted in plastic shoeboxes lined with paper towel. The identity

of the male with which the female copulated (as indicated by the

successful transfer of a spermatophore) was recorded, along with

the time of successful copulation relative to the time when males

first began courtship of the female. Only those trials in which both

males actively courted the female were included in the experimental

analyses. We used v2 contingency analysis to determine if there was

a female mating preference for related or unrelated males, and

whether female mate choice differed among treatments.

RESULTS

GC-MS analyses of female CHC extracts

We analysed cuticular hexane extracts for 287 females from nine

inbred lines and identified a total of 15 different CHCs (Fig. 2).

Mass spectrometric characterisation of female cuticular hydrocar-

bons revealed a diverse mixture of compounds ranging from 33 to

41 hydrocarbons in length, and consisting of branched alkanes, alk-

enes, alkadienes and alkatrienes (Table 1). Consistent with our pre-

dictions, we found significant differences in female cuticular

hydrocarbons due to genetic line (MANOVA, Pillai’s trace = 4.83,

F104,2112 = 30.89, P < 0.0001). Discriminant analysis yielded four

discriminant functions that explained 91.41% of the between-group

variation in CHCs (Table S1). The predictive model correctly dis-

criminated females to genetic line with 100% success for six of the

nine genetic lines, and between 84 and 97% of the females in the

remaining three lines, with a total misclassification rate of only

2.87%. Only 11% correct classifications would be expected for each

of the nine genetic lines by chance alone.

As might be expected in genetic lines derived from randomly

selected individuals from a larger panmictic colony, some lines were

more similar in their hydrocarbon profiles than others (Fig. 3).

Examination of the factor loadings for each of the CHC peaks onto

the four discriminant functions (DF) showed that all peaks contrib-

uted significantly to group separation with the exception of

9,31-C39diene (Table S1). According to the discriminant analysis,

much of the contribution to between-group variation in CHCs (for

DF 1 and 2, cumulative 68.71%) was predominantly due to alkatri-

enes (peaks 14 and 17) and alkenes 7-C35ene, 9,31-C37diene, and

9,31-C38diene.

Genetic analyses of female CHCs

Heritabilities of standardised peak areas of the 13 CHC compounds

were uniformly high and statistically significant, with an average her-

itability (� 1 S.E.) of 0.978 � 0.008 (Table S2). There were statisti-

cally significant genetic correlations between many of the 13

cuticular hydrocarbon compounds (Table S2). All of the branched

alkanes 3-MeC33, 5-MeC33, 7-MeC33, and 3,7-diMeC33 were highly,

positively correlated with one another. Moreover, with the excep-

tion of one alkatriene (peak 13), these branched alkanes were also

predominately positively genetically correlated with all other CHC

peaks (Table S2). We found significant positive correlations between

many of the alkene compounds (including 7-C35ene and

9,31-C37diene, 7-C35ene and 9,31-C38diene, and 9,31-C37diene and

9,31-C38diene). One alkatriene (peak 13) was significantly negatively

correlated with the other alkatriene peaks (peaks 14 and 17).

SPME analysis of mated males

SPME analysis detected a total of 18 CHC peaks for both males

and females (Table 1). Comparisons of the SPME data for mean

Table 1 Chemical characterisation of CHCs. DMDS: diagnostic ions after derivi-

tisation with dimethyl disulphide

Peak RI Compound Formula Diagnostic ions

1†§ 3338 7-MeC33 464 (M-15), 394

2† 3347 5-MeC33 464 (M-15), 422

3† 3376 3-MeC33 464 (M-15), 450

4† 3406 3,7-diMeC33 478 (M-15), 464, 394, 127

5† 3490 7-C35ene DMDS: 585 (M+), 145, 440
6†‡ 3551 3,13-diMeC36 506, 352, 211

7†‡ 3573 5,9-diMeC36 478,155

8 3664 5,9-C37diene 517(M+), 123, 135, 432, 444*
9 3672 3,9-C37diene 517(M+), 123, 135, 458, 474*
10†¶ 3684 9,31-C37diene DMDS: 705 (M+), 131, 173
11†¶ 3691 7,31-C37diene DMDS: 705 (M+), 131, 145
12† 3776 9,31-C38diene DMDS: 719 (M+), 145, 173
13† 3842 Alkatriene C39H74 543 (M+)
14† 3849 Alkatriene C39H74 543 (M+)
15† 3885 9,31-C39diene DMDS: 733 (M+), 159, 173
16† 3893 7,31-C39diene DMDS: 733 (M+), 145, 159
17† 4033 Alkatriene C41H78 571 (M+)
18† 4051 9,31-C41diene 761 (M+), 145, 173

*Identification based on Howard et al. (2003) as DMDS derivatives were too

small.

†Peaks identified in GC-MS analysis of solvent extracts.

‡Peaks not included in the genetic analyses of solvent extracts due to insufficient

quantities for all samples.

§Peak used to standardise the remaining 17 peaks for the analysis of SPME data.

¶These peaks were combined for the GC-MS analysis of solvent extracts, but

were resolved into two separate peaks in the SPME analysis.
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Figure 2 A typical GC profile from epicuticular extracts of a female decorated

cricket derived using SPME analysis. The x-axis shows the retention time (min)

and the y-axis shows the GC signal strength (picoamperes). We found 18 distinct

hydrocarbon peaks using SPME, which are characterised by their mass spectra in

Table 1. Fifteen of these peaks were quantified using GC-flame ionisation

detector and GC-MS and used in our genetic analysis.
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relative concentration of each male CHC peak before and after mat-

ing revealed significant differences between virgin and mated males

in 12 of the 17 CHCs analysed (Repeated Measures MANOVA, Bon-

ferroni adjusted a = 0.0029; Table 2). Examination of the means

for each of these 12 CHCs shows that the chemical profile of

mated males becomes more similar to that of females after mating

for all of these compounds except 9,31-C41diene (Fig. 4). Com-

pounds that were more abundant in females tended to increase in

mated males, whereas compounds that were less abundant in

females showed an overall decrease in males after mating.

(a)

(b)

(c)

Figure 3 Discriminant analysis of cuticular hydrocarbon extracts of females from

nine genetic lines. Each colour represents a genetic line: Line A = cyan, Line

B = red, Line C = green, Line D = purple, Line E = yellow, Line F = grey,

Line G = dark blue, Line H = pink, Line I = black. Plots show discriminant

functions 4 (a), 3 (b) and 2 (c), plotted against function 1. Despite some overlap,

females discriminate significantly into genetic lines based on the relative amounts

of the 13 cuticular hydrocarbon peaks (n = 287).

Table 2 Results of Repeated Measures MANOVA for SPME. We analysed each of

the 17 CHC peaks for males from SPME samples taken before (virgin) and after

(mated) mating. Significant effects of mating are shown in bold (Bonferroni

adjusted a = 0.0029). Although 18 CHC peaks were detected, Peak 1 was used

to standardise the remaining peaks and therefore only 17 peaks were analysed

Peak # Description Pillai’s Trace F df P

2 5-MeC33 0.367 34.74 1, 60 0.0001

3 3-MeC33 0.000 0.02 1, 60 0.8992

4 3,7-diMeC33 0.004 0.26 1, 60 0.26

5 7-C35ene 0.368 34.97 1, 60 0.0001

6 3,13-diMeC36 0.078 5.1 1, 60 0.0276

7 5,9-diMeC36 0.405 40.86 1, 60 0.0001

8 5,9-C37diene 0.276 22.92 1, 60 0.0001

9 3,9-C37diene 0.477 54.81 1, 60 0.0001

10 9,31-C37diene 0.521 65.34 1, 60 0.0001

11 7,31-C37diene 0.364 34.31 1, 60 0.0001

12 9,31-C38diene 0.309 26.78 1, 60 0.0001

13 Alkatriene C39H74 0.316 27.76 1, 60 0.0001

14 Alkatriene C39H74 0.510 62.48 1, 60 0.0001

15 9,31-C39diene 0.164 11.77 1, 60 0.0011

16 7,31-C39diene 0.430 45.28 1, 60 0.0001

17 Alkatriene C41H78 0.088 5.77 1, 60 0.0194

18 9,31-C41diene 0.052 3.27 1, 60 0.0755

Figure 4 Cuticular hydrocarbons detected by SPME before and after mating.

Mean (� S.E.) relative peak area (in per cent) for each cuticular hydrocarbons

peak for virgin females, mated males and virgin males detected via SPME.

Asterisks indicate peaks that showed statistically significant differences between

mated and virgin males (Repeated Measures MANOVA, Bonferroni adjusted

a = 0.0029; see Table 2 for statistical summary). Peak 1 (7-MeC33) was used to

standardise the remaining 17 peaks and therefore is not included in the analysis.

© 2012 Blackwell Publishing Ltd/CNRS

350 C. B. Weddle et al. Letter



Principal component analysis of the relative abundance of CHCs

for mated and control males (time 2) returned three principal com-

ponents (PC) with eigenvalues > 1. These three PCs cumulatively

explained 75.8% of the variance in CHCs (PC1: 51.8%, PC2:

12.9%; PC3: 11.1%). We then compared the principal component

scores generated from the PCA for mated and control males sam-

pled during the same time period. We found a significant difference

in CHC profiles between mated males and control males (MANOVA,

Pillai’s trace = 3.25, F3,81 = 30.89, P < 0.026). The canonical struc-

ture of the MANOVA revealed that the first 2 PCs made the most sig-

nificant contribution to between-group variation in CHCs

(standardised canonical coefficients: PC1 = 0.868, PC2 = 0.589,

PC3 = 0.089). To interpret which of the original CHCs contributed

to each principal component, we examined the correlations between

the relative peak abundance for each CHC and the three principal

components (Table S3). We used the criteria suggested by Mardia

et al. (1979) in which correlations above 0.7 times the highest corre-

lation within a PC were considered to contribute significantly to

that PC.

For PC1, several of the larger molecular weight alkenes (9,31-

C38diene, 7,31-C39diene, 9,31-C39diene, 9,31-C41diene) and alkatri-

enes (peaks 13, 14 & 17) weighted positively on this factor (Table

S3). Examination of the PC scores for individual males reveals that

mated males tended to have less of these compounds relative to

control males (Fig. S1). These results correspond to our comparison

of males sampled before and after mating. All but two of these com-

pounds showed significant differences between virgins and mated

males, and three of these compounds (9,31-C38diene, 7,31-C39diene;

alkatriene, peak 14) were shown to decrease after mating. CHCs that

weighted negatively on PC1 included smaller molecules such as 7-

C35ene, 5,9-C37diene, and 5-MeC33 (Table S3). Mated males tended

to have more of these compounds than control males (Fig. S1).

2, 5,9-diMeC36, 9,31-C37diene, and 7,31-C37diene weighted posi-

tively on PC2, and mated males tended to have less of these com-

pounds relative to control males (Table S3, Fig. S1). These results

also correspond to the comparison of males before and after mat-

ing, as all three of these CHCs were shown to significantly decrease

in males after mating. Principal component three did not appear to

contribute to the separation of mated and control males in any bio-

logically meaningful way. It is interesting to note that five of the

CHC compounds identified as major factors in the PCA above (al-

katrienes, peaks 14 & 17, and 7-C35ene, 9,31-C37diene, and 9,31-

C38diene) were also found to be major discriminant factors explain-

ing genetic variance among inbred lines in the analysis of female

CHCs.

Perfuming with CHCs and its effect on mate choice

In mate-choice trials, focal females mated significantly more often

with ‘novel’ males bearing the CHC cues of unrelated, inbred

females than with ‘familiar’ males bearing the cues of inbred sisters

(62 ‘novel’ vs. 40 ‘familiar’; v2 test for equal proportions:

v21 = 4.75, P = 0.029). There was no significant difference in mate

preference for familiar or novel males due to focal female genetic

line (line B or H) (v2 test of independence: v21 = 0.31, P = 0.581).

Moreover, female mate preference for familiar or novel males did

not differ with regard to the genetic line from which male CHCs

were extracted (lines D, E or G) (v2 test of independence:

v22 = 0.92, P = 0.632).

Inbreeding avoidance

In mate-choice trials, there was no significant preference for related

or unrelated males due to mate-choice treatment (74 related males

vs. 56 unrelated males; v2 test for equal proportions: v21 = 2.49,

P = 0.114). For the full-sib treatment, females showed no signifi-

cant mating preference for related or unrelated males (39 full-sib vs.

26 unrelated; v2 test for equal proportions: v21 = 2.60, P = 0.107).

For the half-sib treatment, there was no significant female prefer-

ence for related males relative to unrelated males (35 half-sib vs. 30

unrelated; v2 test for equal proportions: v21 = 0.39, P = 0.535).

DISCUSSION

Our results support the hypothesis that cuticular hydrocarbons facil-

itate chemosensory self-referencing in crickets. Female CHC profiles

exhibited significant additive genetic variation, demonstrating that

genetically unique chemical cues are available to support chemosen-

sory self-referencing. Hydrocarbon compounds of similar chemical

nature are likely to share a genetic basis, given that many of these

compounds are known to share common biochemical pathways

during insect lipid production (Howard & Blomquist 2005; Van

Homrigh et al. 2007). The substantial genetic covariance between

many of the CHCs observed in the present study suggests that

these compounds are likely to be inherited together, making them

more reliable as cues of unique genetic identity for female recogni-

tion of ‘self’(Falconer & Mackay 1996).

Several features of CHCs combine to make them excellent candi-

dates as insect recognition cues used to distinguish between individ-

uals: chemical stability, low volatility (due to long carbon chain) and

a diversity of structures allowing for significant variability in lipid

composition (Howard & Blomquist 2005). Insect hydrocarbons typi-

cally range from 11 to 43 carbons in length (Howard & Blomquist

2005), whereas those isolated from G. sigillatus females ranged from

33 to 41 carbons in length. The long-chain nature of these large

lipid compounds suggests that they are more likely to remain stable

for longer periods of time after their transfer to males during copu-

lation. We know from previous work that these compounds allow

behavioural discrimination of previous mates for at least 24–28 h

after initial copulation (Ivy et al. 2005).

If females transfer their own CHCs to males during mating

thereby facilitating later recognition through chemosensory self-ref-

erencing, we predicted that the CHC profiles of males would

become more similar to the CHC profiles of females after mating.

Consistent with these predictions, SPME analysis of males before

and after mating revealed that the chemical profiles of mated males

became more similar to those of females after mating for 11 of 17

CHCs analysed. Compounds that were more abundant in females

tended to increase in mated males, whereas compounds that were

less abundant in females showed a relative decrease in males after

mating. This pattern of CHC change is similar to that found in

Drosophila melanogaster after mating, when males and females show

reciprocal variation in CHCs due to mechanical transfer of com-

pounds between males and females during copulation (Scott 1986;

Scott et al. 1988; Everaerts et al. 2010).

In our perfuming trials, we found that external application of

female CHCs to males directly affected female mating preferences.

In mate-choice trials, focal females given the opportunity to mate

with a ‘familiar’ male bearing the cues of inbred sisters, or a ‘novel’

© 2012 Blackwell Publishing Ltd/CNRS

Letter Self-referent CHCs promote polyandry 351



male bearing the cues of unrelated females, mated significantly more

often with ‘novel’ males. These results show that CHC extracts

from the female epicuticle contain sufficient information to facilitate

chemosensory self-referencing in decorated crickets. There is also

evidence in other species that CHCs are transferred from one indi-

vidual to another via direct physical contact. Female cockroaches,

Nauphoeta cinerea, discriminate against potentially sperm-limited males

that have had multiple female mating partners, and this effect was

also observed when epicuticular rubbings from multiple females

were applied to virgin males (Harris & Moore 2005). Male field

crickets, Teleogryllus oceanicus, respond to the perceived risk of sperm

competition by adjusting their ejaculate allocation in response to the

number of distinct CHC extracts from individual males present on

females (Thomas & Simmons 2009).

In our final experiment, we found no evidence of inbreeding

avoidance by females in mate-choice trials. This result suggests that

discrimination against previous mates is not simply an incidental

consequence of a mechanism that evolved to facilitate inbreeding

avoidance. Instead, chemosensory self-referencing based on CHCs

likely has evolved as a mechanism to facilitate recognition and dis-

crimination against previous mates.

Earlier studies demonstrating female recognition of previous

mates in arthropods have often invoked learning and memory of

individual male traits as the basis for mate recognition (Johnson

1977; Linsenmair 1985; Caldwell 1992). Although such a mechanism

might be important for mate recognition in monogamous species

(Linsenmair 1985), or species with complex social structures (Steiger

et al. 2008), it may not be as reliable a method of individual mate

recognition for polyandrous species such as Gryllodes sigillatus.

Instead, the kind of simple self-referencing employed by female

G. sigillatus permit them to identify previous mates without any

specialised cognitive abilities. Rather than a female learning the traits

of her various partners over the course of her reproductive lifetime,

she need only learn her own CHC profile and then assess a male

for traces of her own cuticular hydrocarbons (Hauber & Sherman

2001). Alternatively, females may use a form of online-processing

that does not require a ‘self’ recognition template, but simply a

comparison of her phenotype to that of a male during any interac-

tion (Hauber & Sherman 2001).

Any benefits to self-referencing will depend on the frequency

with which females encounter previous mates. Although the proba-

bility that a female will encounter a previous mate in nature is

unknown, lifetime measures of male and female mating success of

marked individuals in a large outdoor enclosure (Sakaluk et al. 2002)

suggest that it is can be quite high, at least within 24–48 h of mat-

ing. Sakaluk et al. (2002) reported that individuals of both sexes typ-

ically aggregate in large clusters in only a small minority of the

shelters that are available, and that they remain in these shelters

most of the day.

The application of DNA profiling techniques to free-living ani-

mals in nature has revolutionised our understanding of animal sys-

tems, revealing that polyandry is pervasive across all major animal

taxa (Zeh & Zeh 2003). However, the proximate mechanisms by

which cognitively simple animals such as crickets maximise their

opportunities for polyandry remain virtually unknown. The results

presented here demonstrate unequivocally that cuticular hydrocar-

bons provide the proximate basis for chemosensory self-referencing,

mediating the female preference for novel mates demonstrated in

crickets. Given the pervasiveness of CHCs as recognition cues

among arthropods, chemosensory self-referencing via CHCs could

be a ubiquitous mechanism by which females across a broad range

of animal mating systems increase the diversity of their mating

partners.
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