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Abstract

Owing to the risk of inbreeding depression, the evolution of inbreeding avoidance by means of kin recognition is expected for many biological systems. Nevertheless, an ability to distinguish among relatives and non-relatives has been only rarely demonstrated, especially so in non-social organisms. We here show that, in the non-social tropical butterfly Bicyclus anynana, females discriminate against relatives by preferentially mating with non-relatives. Inbreeding avoidance was more pronounced in inbred as compared with outbred butterflies, suggesting that it is partly condition-dependent. We argue that, in our system, the evolution of inbreeding avoidance is related to carrying a high genetic load and thus to being particularly sensitive to inbreeding depression. We suggest that kin recognition might be more widespread than currently thought, and that future studies may possibly benefit from considering condition-dependence, especially by paying attention to and / or manipulating population history, genetic load, and the risk of inbreeding depression. We further suggest that kin recognition in B. anynana might be based on cuticular hydrocarbons (CHCs) used for self-referencing. 
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Introduction

Inbreeding has attracted the attention of scientists for centuries, owing to its potentially large effects on individual fitness (Charlesworth & Charlesworth 1987). Negative effects of inbreeding, termed inbreeding depression, may arise from unmasking deleterious recessive alleles and, to some extent, from the loss of heterosis; both are ultimately the consequence of mating between individuals related by common ancestry (Charlesworth & Charlesworth 1987; Blouin & Blouin 1988; Pusey & Wolf 1996). Driven by the risk of such fitness costs, the evolution of inbreeding avoidance is often expected (Blouin & Blouin 1988). However, inbreeding may yield inclusive fitness benefits by helping relatives to pass on genes identical by descent (Kokko & Ots 2006), which may result in an active preference for kin (Thünken et al. 2007; Szulkin et al. 2013). Generally, two classes of inbreeding avoidance mechanisms are readily distinguished: (1) Sex-specific dispersal rates reducing contact between relatives and (2) kin recognition with subsequent discrimination against kin as mating partners (Blouin & Blouin 1988; Pusey & Wolf 1996). Although the latter may include phenomena such as sexual suppression and delayed reproduction found e.g. in mammals (Blouin & Blouin 1988; Pusey & Wolf 1996), we will here exclusively focus on kin recognition as a means to actively favor non-relatives. 
Kin recognition and inbreeding avoidance have been quite extensively studied in vertebrates and social insects (Pusey & Wolf 1996; Keller & Fournier 2002; Frommen & Bakker 2006; Lihoreau et al. 2007; Oppelt et al. 2008), but much less so in non-social organisms. Kin recognition has in many cases been attributed to familiarity, i.e. learned environmental cues, rather than to ‘true’ kin recognition, i.e. the ability to distinguish among relatives and non-relatives even if unfamiliar (Fletcher & Michener 1987; but e.g. Lihoreau et al. 2007). Insect groups in which true kin recognition has been confirmed include bumblebees, bees, ants, termites, and cockroaches (summarized in Whitehorn et al. 2009). The fact that social insects, especially Hymenoptera, have received particular attention in the given context is at least partially caused by their mating system and complicated sex determination mode, such that mating with a ‘wrong’ partner or a relative is particularly detrimental (Boomsma 2007; Oppelt et al. 2008). Nevertheless, evidence for true kin recognition is rare even in social Hymenoptera, with discriminatory capabilities being typically restricted to distinguishing nest-mates and non-nest mates (i.e. familiarity) regardless of the degree of relatedness (Oppelt et al. 2008). The few examples for the occurrence of kin recognition in non-social insects include the crickets Gryllus bimaculatus and Teleogryllus oceanicus (Simmons 1989; Simmons et al. 2006; Bretman et al. 2009). Additionally, there is evidence for kin recognition in a solitary beetle, though not in the context of inbreeding avoidance but of sibling-directed altruistic behavior (Lize et al. 2006). 

Probably, one important reason for not spending much effort on non-social organisms is that here the risk of incest matings is typically relatively low. Thus, maintaining elaborate recognition systems may simply not pay off in solitary organisms. However, inbreeding avoidance should be favored in any system in which genetic load and concomitantly inbreeding depression is high (Getz et al. 1992). An important issue here is that the extent of inbreeding depression is difficult to predict due to its stochastic nature. Thus, inbreeding depends on the specific deleterious alleles accumulated and their frequencies, and therefore on population history and size (e.g. drift and the effectiveness of purging; Crnokrak & Barrett 2002; Theodorou & Couvet 2006; Björklund & Rova 2012). Consequently, the need for inbreeding avoidance may not differ primarily among social and non-social organisms, but may depend on the above issues and may therefore well occur also in solitary species with e.g. patchy populations and small local population size. Additionally, kin recognition and inbreeding avoidance may be related to the level of inbreeding found in a given population, and thus be condition-dependent. For instance, owing to the large genetic variation among offspring in sexually reproducing organisms, sib-matings are likely to be much less detrimental for outbred than for inbred individuals, in which the genetic load will evidently be high. 
Apart from the question whether inbreeding avoidance does or does not occur in a specific system, the potential cues that may enable kin recognition are of considerable importance. Throughout the animal kingdom it is mainly chemical cues which have been implied to function as cues for kin recognition. While in mammals the major histocompatibility complex (MHC) seems to play a decisive role (Pusey & Wolf 1996; Tregenza & Wedell 2000), cuticular hydrocarbons (CHCs) seem to be most important in insects (Simmons 1989; Keller & Fournier 2002; Oppelt et al. 2008). The latter chemicals are widespread in insects and often play a central role in insect chemical communication within as well as among species (Howard & Blomquist 2005). They are highly diverse and variable, and CHC profiles are known to have a heritable component (Thomas & Simmons 2008; Weddle et al. 2013). The latter is important for the ability to discriminate even against unfamiliar individuals based on relatedness, where the own phenotype could be used as a template to which the phenotype of a potential partner is matched (Pusey & Wolf 1996; Mateo & Johnston 2003). 
We here test for the occurrence of inbreeding avoidance and kin recognition in the tropical butterfly Bicyclus anynana, living solitarily in both larval and adult stage. However, this species is very sensitive to inbreeding depression and has been shown to carry a high genetic load (Van Oosterhout et al. 2000; Dierks et al. 2012; Franke & Fischer 2013, 2014). We specifically address the following questions: (1) Does inbreeding avoidance by means of kin recognition occur in this solitary species? (2) Do patterns differ between outbred and inbred individuals, with inbreeding being predicted to increase discrimination against relatives? (3) Do B. anynana butterflies perceive information conveyed by CHCs by showing antennal responses to individual CHC components? 

Methods
Study organism and rearing conditions

Bicyclus anynana (Butler, 1879) is a tropical, savannah-adapted butterfly with a distribution area ranging from southern Africa to Ethiopia (Larsen 1991). Larvae feed on a wide spectrum of Poaceae grasses, while adults feed on a variety of fallen and decaying fruit including that from Ficus trees (Larsen 1991; Brakefield 1997). As an adaptation to alternate wet-dry seasonal environments and the associated changes in resting background and predation (Lyytinen et al. 2004), this species exhibits striking phenotypic plasticity with two seasonal morphs. A laboratory stock population was established at Leiden University, the Netherlands, from over 80 gravid females collected at a single locality in Malawi in 1988. Several hundred adults are reared in each generation to maintain high levels of heterozygosity at neutral loci (Van’t Hoff et al. 2005). From the Leiden stock population, a laboratory population was established at Bayreuth University, Germany, in 2003. Animals for the experiments shown here stem from the Bayreuth stock population. 
All animals were reared in a single climate chamber at a constant temperature of 27°C, high relative humidity (70%) and a 12:12 h light / dark cycle. These conditions are similar to those at which the butterflies develop and reproduce during the favorable wet season in the field (Brakefield & Reitsma 1991; Brakefield 1997). To avoid any matings prior to experiments, males and females were separated on their eclosion day and kept separated in cylindrical hanging cages (diameter 30 cm, height 38 cm). Male B. anynana do not mate on their eclosion day. Butterflies were supplied with moist banana and water ad libitum throughout. 
Experimental design

Two experiments were carried out to test whether inbreeding (sib-mating) avoidance occurs and whether males and females show antennal responses to CHCs. 
Experiment 1: Inbreeding avoidance
First, we established full-sib families by mating 2-day old virgin females randomly to 3-day old virgin males. To initiate mating, ca. 40 males and females, respectively, were transferred to mating cages. These were monitored continuously, and mating couples were immediately removed and individually transferred to 1 L translucent plastic containers covered by gauze. After mating, females were transferred individually to elongated, sleeve-like gauze cages (20 x 12 x 82 cm) containing a potted maize plant as oviposition substrate (n = 140 females). After 5 days of egg-laying, females were removed from the cages, and the concomitant full-sib families were reared until pupation. Resulting pupae were collected bi-daily and kept, separated by family, in 1 L plastic containers. After adult eclosion, butterflies were marked individually and transferred, separated by eclosion day and sex, to cylindrical hanging cages. 

Using the above full-sib families (n = 106) we set up a total of 212 mating trials. In each mating trial, one virgin brother and one virgin unrelated male (both 2-3 days old) competed for a single, 2-3 day-old virgin female (size of mating cages: 30 x 10 cm). To avoid pseudo-replication, one female and one male from family 1 was tested together with one male from family 2, one female and one male from family 2 with one male from family 3 and so forth. The whole procedure was replicated, resulting in two-times 106 mating trials. Mating cages were monitored continuously for successful matings, and the first male to mate was scored as ‘winner’. Additionally, the above full-sib families were used to set up inbred families by mating one brother to one sister per family. With the resulting inbred families the above experiment was repeated, using the same experimental set-up and sample sizes as above. 


Experiment 2: Antennal responses to cuticular hydrocarbons (CHCs)

Butterfly antennae were tested for their responses to CHCs by gas chromatography-electroantennographic detection (GC-EAD), and EAD-active compounds were identified by gas chromatography-mass spectrometry (GC-MS). CHCs for testing were extracted from pooled samples of ten 3-day old virgin males and ten 2-day old virgin females. Therefore, wings, heads and legs were removed from the butterflies. Afterwards, thorax and abdomen were submersed in 1 ml pentane (p.a., Grüssing, Germany) for 1 min to extract CHCs. The samples were subsequently filtered with silanized glass wool (Supelco, Sigma-Aldrich, Germany) to remove particles. 
Electrophysiological experiments were performed on a GC (Vega 6000 Series 2, Carlo Erba, Rodano, Italy) equipped with a FID and an EAD setup (heated transfer line, 2-channel USB acquisition controller; Syntech, Hilversum, The Netherlands; cf. Dötterl et al. 2005). One µl per sample was injected in splitless mode at 60°C, followed by opening the split vent after 1 min and heating the oven at a rate of 10°C min-1 to 300°C. The final temperature was held constant for 5 min. A ZB-5 column (5% phenyl polysiloxane) was used for analyses (length 30 m, inner diameter 0.32 mm, film thickness 0.25 µm; Phenomenex, Germany). The column was split by a four-arm flow splitter (Graphpack 3D/2, Gerstel, Germany) into two deactivated capillaries (length 50 cm, inner diameter 0.32 mm) leading to the FID and the EAD setup, respectively. Makeup gas (He, 16 ml min-1) was introduced through the fourth arm of the splitter. 
For EAD, both sides of an excised antenna from a freshly eclosed male or female were plugged into glass micropipette electrodes filled with insect ringer solution (8.0 g l-1 NaCl, 0.4 g l-1 KCl, 4 g l-1 CaCl2) and connected to silver wires. We tested for the responses of (1) female antennae to female extract, (2) female antennae to male extract, (3) male antennae to female extract, and (4) male antennae to male extract, using at least 3 antennae per treatment group. A compound was considered to be EAD-active when it elicited a response at least once. 
To identify the EAD-active compounds, 1 µl of each male and female extract was analyzed by GC-MS on a Varian 3800 gas chromatograph fitted with a 1079 injector and a Varian Saturn 2000 mass spectrometer (Varian Inc., Palo Alto, CA, USA). The sample was placed in a quartz vial and inserted into the injector by using the ChromatoProbe kit of Varian (Dötterl et al. 2005). The injector split vent was opened and the injector was heated to 40°C to flush any air from the system. After 2 min, the split was closed and the injector was heated at 200°C min-1 to 300°C, held at this temperature for 2 min, after which the split vent was opened and the injector cooled down. Again a ZB-5 column was used for separation. Helium carrier gas flow was 1.0 ml min-1. GC oven temperature was held for 4.5 min at 40°C, then increased by 6°C min-1 to 300°C and held at this temperature for 15 min. The MS-interface temperature was 290°C and the ion trap worked at 175°C. The mass spectra were taken at 70 eV (in EI mode) with a scanning speed of 1 scan s-1 from m/z 30 to 650. GC-MS data were processed using the Saturn Software package 5.2.1. Component identification was carried out using the NIST 08 mass spectral database (www.nist.gov) or MassFinder 3 (www.massfinder.de), and confirmed using retention times of authentic standards. 

Statistical analyses

In experiment 1, frequencies of successful matings for brothers versus unrelated males were tested using a generalized linear model with a binomial error distribution and a logit-link function. To account for the non-independency of both males involved in a single mating trial, we randomly defined one male per trial as the focal male. If the focal male gained the mating this was encoded with 1, the alternative case with 0. Factors were generation (outbred versus inbred), relatedness (brother versus unrelated male), the respective interaction, and replicate. Statistics were computed using Statistica 8.0 (StatSoft, Tulsa, USA). All p-values were two-tailed. 
Results
Experiment 1. In the outbred animals, brothers attained fewer matings compared with unrelated males (replicate 1: 48 versus 58 matings; replicate 2: 46 versus 60 matings; Fig. 1a). In the inbred animals, brothers also had a lower mating success than unrelated males, with the difference between both groups being larger (replicate 1: 39 versus 67 matings; replicate 2: 36 versus 70 matings; Fig. 1b). Accordingly, the generalized linear model revealed a significant interaction between generation and relatedness (χ2 = 3.9, p = 0.0475), indicating that the difference between brothers and unrelated males was significantly more pronounced in the inbred generation. Overall, brothers had a significantly lower mating success than unrelated males (χ2 = 18.1, p < 0.0001), while the main effects of generation and replicate were not significant (p > 0.99).

Experiment 2. In total 16 CHCs were electrophysiologically active (Table 1). Female antennae responded to 8 CHCs, male antennae to 16 CHCs. Responses were found to 13 CHCs from the female extract, and to 9 CHCs from the male extract. However, not a single CHC yielded a response in all four possible combinations, and only one yielded a response in 3 out of 4 combinations. Nine CHCs yielded a response in two combinations. Most relevant to our question female antennae responded to 6 CHCs from the male extract, and male antennae responded to 13 CHCs from the female extract. 
Discussion

Our experiments yielded, in contrast to some other studies on insects (e.g. Keller & Fournier 2002; Oppelt et al. 2008; Bourdais & Hance 2009), evidence for the existence of kin recognition and inbreeding avoidance in B. anynana. To our best knowledge this is one of the few such cases for non-social organisms, and the first one for the Lepidoptera. While mating success of unrelated males was higher throughout, the difference was more pronounced in the inbred (137 versus 75) than in the outbred (118 versus 94) generation, evidenced by a significant interaction term. We can think of two explanations for the latter finding. First, inbred individuals may be more reluctant to mate with relatives than outbred ones, owing to higher associated costs. This scenario is conceivable in case repeated inbreeding increases inbreeding depression. This is expected based on theory and also empirically supported in our study organism for several traits (Dierks et al. 2012; Franke & Fischer 2013, 2014). This explanation suggests that mating decisions in B. anynana may at least partly consider genetic compatibility (Tregenza & Wedell 2000). Second, inbreeding should substantially reduce variation among offspring, amongst others in the cues used for kin recognition. Therefore, it should be easier for the individuals involved to distinguish among related and unrelated mating partners. Thus, this scenario suggests that individuals are constrained by imperfect kin recognition, and that ‘wrong choices’ occur more often among outbred, genetically more diverse individuals. 
The current data do not allow for distinguishing between both explanations, which are moreover not mutually exclusive. Either way our results indicate that B. anynana butterflies are able to recognize kin, even though not faultlessly, and that they discriminate against kin for mating at least under certain conditions. This may seem surprising given that eggs are laid singly in this species (Fischer at al. 2004), rendering the possibility that related individuals would mate under natural conditions relatively low. Two explanations may account for the occurrence of inbreeding avoidance, being either the consequence of having a patchy population structure with fairly low numbers of individuals per subpopulation, or of carrying a high genetic load such that mating with relatives is particularly detrimental, for which there is indeed substantial evidence in B. anynana (Van Oosterhout et al. 2000; Dierks et al. 2012; Franke & Fischer 2013, 2014). We suppose that it is at least mainly the females who execute inbreeding avoidance in our system, based on the fact that females generally pay higher costs when mating with low quality males (Trivers 1972; Tregenza & Wedell 2000), and on existing evidence that B. anynana females are indeed choosy and frequently reject courting males (Karl & Fischer 2013; Karl et al. 2013). Alternatively, males may be more reluctant to mate with sisters than with unrelated females. 
Whether kin recognition in B. anynana, as demonstrated here, is due to learned environmental cues (familiarity) or the ability to distinguish among relatives and non-relatives even if unfamiliar, is currently unknown. Note that all our experiments were carried out under controlled conditions and using the same greenhouse-derived food for all individuals, thus minimizing variation in environmental cues across families. However, larvae were reared in family groups before adult eclosion, opening up the possibility to learn the scent of their kin. Whether B. anynana is actually able to learn such a cue as larva and to transfer the according knowledge across the metamorphic boundary into the adult stage is unknown. Such a scenario seems not very likely, since the larvae live solitarily in nature such that there is essentially no opportunity to learn how relatives smell. Furthermore, in dipterans it is known that CHC profiles show pronounced stage-specific and age-dependent variation (Roux et al. 2008). Such considerations may favor alternative explanations such as phenotype matching or the use of so-called recognition alleles (Dawkins 1976), though phenotype matching is typically considered to be the most parsimonious explanation (Mateo & Johnston 2003; Lihoreau et al. 2007). The imperfect kin recognition found here may suggest that the cues used show a high variability, as is at least sometimes the case for CHCs (Weddle et al. 2013). Indeed, CHCs have been often suggested to be involved in kin recognition (e.g. Simmons 1989; Keller & Fournier 2002; Lihoreau et al. 2007; Oppelt et al. 2008; Thomas & Simmons 2008). CHCs are widespread in insects and often play a central role in insect chemical communication (Howard & Blomquist 2005). Phenotype matching, for instance, may occur in the cricket Gryllus bimaculatus, in which the females are thought to use their own CHC profiles as a phenotypic template (Simmons 1989). The use of CHCs by females for chemosensory self-referencing has been recently suggested to be widespread (Weddle et al. 2013). However, our design is not suitable for distinguishing between familiarity and true kin recognition. To settle this issue future experiments should raise all offspring either individually or in groups consisting of relatives (i.e. a number of larvae from the same parents) versus non-relatives (a mixture of larvae from different parents). The latter design would open up the opportunity to compare the mating success of familiar relatives, unfamiliar relatives, familiar non-relatives, and unfamiliar relatives. 
Clearly, our data can furthermore not proof an involvement of CHCs in kin recognition in B. anynana. However both males and females showed antennal responses to a variety of CHCs. In particular female antennae responded to 6 CHCs from the male extract, and male antennae responded to 13 CHCs from the female extract. Thus, B. anynana readily responds to CHCs such that variation in CHC profiles might be used in kin recognition. This should be explored in future experiments testing for the involvement of CHC profiles in mating outcomes, by manipulating CHCs and / or by scoring profiles in females, preferred and non-preferred males. 
Apart from CHCs, sex pheromones are also widely used in butterfly communication (Nieberding et al. 2008, 2012), but are much less likely to be involved in kin recognition. This is because the sex pheromones known in B. anynana are restricted to males, thus (unlike CHCs) not allowing for phenotype matching during courtship. Therefore, it seems difficult to imagine that females base their mating decision on a trait they do not bear themselves, while they may mate preferably with males smelling different from themselves based on CHC profiles. An involvement of the latter is also suggested by the fact that males and females taste specific body parts of potential mating partners during courtship, which may also explain the excessive number of CHCs found in B. anynana (Heuskin et al. 2014). In conclusion, there are obviously several issues in our study system which deserve further attention (rule out familiarity, kin recognition cues), though the occurrence of kin recognition is clearly indicated. 
In summary, our data show kin recognition and inbreeding avoidance in a solitary species, for which such patterns have not been widely documented thus far (Pusey & Wolf 1996; Keller & Fournier 2002; Frommen & Bakker 2006; Lihoreau et al. 2007; Oppelt et al. 2008). Interestingly, differences were more pronounced in inbred individuals, suggesting that inbreeding avoidance is partly condition-dependent, either caused by avoiding excessive inbreeding depression or imperfect kin-recognition. Given that many studies failed to find support for kin recognition, we would like to stress, based on our findings, that this does not necessarily imply that it does not exist. We suggest that future studies should consider the possibility of condition-dependence and especially population history, genetic load, and the risk of inbreeding depression, which may reveal that kin recognition is actually more widespread than currently thought. 
Acknowledgements

We thank Steffi Hartstein for help with experiment 1, and Kristin Franke and Christin Park for technical assistance. This work was supported by the Belgian “Fonds national pour la recherché scientifique” (FNRS) (FRFC grant no. 2.4560.11 to S. Heuskin). 
Literature Cited
Anderson, M. J., Gorley, R. N. & Clarke, K. R. 2008: PERMANOVA+ for PRIMER: guide to software and statistical methods. PRIMER-E, Plymouth, UK. 


Björklund, M. & Rova, E. 2012: Assortative mating and the cost of inbreeding - a simulation approach. Ecol. Inform. 9, 59–63. 
Blouin, S. F. & Blouin, M. 1988: Inbreeding avoidance behaviors. Trends Ecol. Evol. 3, 230–233. 
Boomsma, J. J. 2007: Kin selection versus sexual selection: why the ends do not meet. Curr. Biol. 16, R673–R683. 
Bourdais, D. & Hance, T. 2009: Lack of behavioural evidence for kin avoidance in mate choice in a hymenopteran parasitoid (Hymenoptera: Braconidae). Behav. Proc. 81, 92–93. 
Brakefield, P. M. & Reitsma, N. 1991: Phenotypic plasticity, seasonal climate and the population biology of Bicyclus butterflies (Satyridae) in Malawi. Ecol. Entomol. 16, 291–303.
Brakefield, P. M. 1997: Phenotypic Plasticity and Fluctuating Asymmetry as Response to Environmental Stress in the Butterfly Bicyclus anynana. In: Environmental Stress: Adaptation and Evolution (Bijlsma, R. & Loeschke, V., eds). Birkhäuser, Basel, pp. 65–78.
Bretman, A., Newcombe, D. & Tregenza, T. 2009: Promiscuous females avoid inbreeding by controlling sperm storage. Mol. Ecol. 18, 3340–3345. 

Charlesworth, D. & Charlesworth, B. 1987: Inbreeding depression and its evolutionary consequences. Annu. Rev. Ecol. Syst. 18, 237–268. 
Clarke, K. R. & Gorley, R. N. 2006: Primer v6: user manual/tutorial. Primer-E, Plymouth, UK. 
Crnokrak, P. & Barrett, S. C. 2002: Perspective: purging the genetic load - a review of the experimental evidence. Evolution 56, 2347–2358. 
Dawkins, R. 1976: The Selfish Gene. Oxford University Press, New York. 
Dierks, A., Hoffmann, B., Bauerfeind, S. S. & Fischer, K. 2012: Effects of inbreeding on life history and thermal performance in the tropical butterfly Bicyclus anynana. Popul. Ecol. 54, 83–90. 
Dötterl, S., Füssel, U., Jürgens, A. & Aas, G. 2005: 1,4-Dimethoxybenzene, a floral scent compound in willows that attracts an oligolectic bee. J. Chem. Ecol. 31, 2993–2998. 

Fischer, K., O’Brian, D. M. & Boggs, C. L. 2004: Allocation of larval and adult resources to reproduction in a fruit-feeding butterfly. Funct. Ecol. 18, 656–663.
Fletcher, D. J. C. & Michener, C. D. 1987: Kin recognition in animals. John Wiley, Chichester, UK. 
Franke, K. & Fischer, K. 2013: Effects of inbreeding and temperature stress on life history and immune function in a butterfly. J. Evol. Biol. 26, 517–528.
Franke, K. & Fischer, K. 2014: Inbreeding interferes with the heat shock response. Heredity doi:10.1038/hdy.2014.72.
Frommen, J. G. & Bakker, T. C. M. 2006: Inbreeding avoidance through non-random mating in sticklebacks. Biol. Lett. 2, 232–235. 
Getz, W. M., Kaitala, V. & Ratnieks, F. W. 1992: Invasion of sibmating genes in diploid and haplodiploid populations. Evol. Ecol. 6, 312–330. 
Heuskin, S., Vanderplanck, M., Bacquet, P., Holveck, M.-J., Kaltenpoth, M., Engl, T., Pels, C., Taverne, C., Lognay, G. & Nieberding, C. M. 2014: The composition of cuticular compounds indicates body parts, sex and age in the model butterfly Bicyclus anynana (Lepidoptera). Front. Ecol. Evol. doi: 10.3389/fevo.2014.00037. 
Howard, R. W. & Blomquist, G. J. 2005: Ecological, behavioral, and biochemical aspects of insect hydrocarbons. Ann. Rev. Entomol. 50, 371–393. 
Karl, I. & Fischer, K. 2013: Old male mating advantage results from sexual conflict in a butterfly. Anim. Behav. 85, 143–149.
Karl, I., Heuskin, S. & Fischer, K. 2013: Dissecting the mechanisms underlying old male mating advantage in a butterfly. Behav. Ecol. Sociobiol. 67, 837–849.
Keller, L. & Fournier, D. 2002: Lack of inbreeding avoidance in the Argentine ant Linepithema humile. Behav. Ecol. 13, 28–31. 
Kokko, H. & Ots, I. 2006: When not to avoid inbreeding. Evolution 60, 467–475. 
Larsen, T. B. 1991: The Butterflies of Kenya and there Natural History. University Press, Oxford, UK. 
Lihoreau, M., Zimmer, C. & Rivault, C. 2007: Kin recognition and incest avoidance in a group-living insect. Behav. Ecol. 18, 880–887. 

Lize, A., Carval, D., Cortesero, A. M., Fournet, S. & Poinsot, D. 2006: Kin discrimination and altruism in the larvae of a solitary insect. Proc. R. Soc. Lond. B. 273, 2381–2386. 
Lyytinen, A., Brakefield, P. M., Lindström, L. & Mappes, J. 2004: Does predation maintain eyespot plasticity in Bicyclus anynana? Proc. R. Soc. Lond. B. 271, 279–283.
Mateo, J. M. & Johnston, R. E. 2003: Kin recognition by selfreferent phenotype matching: weighing the evidence. Anim. Cogn. 6, 73–76. 
Nieberding, C. M., de Vos, H., Schneider, M. V., Lassance, J.-M., Estramil. N., Andersson, J., Bång, J., Hedenström, E., Löfstedt, C. & Brakefield, P. M. 2008: Male sex pheromones in the butterfly Bicyclus anynana: towards an evolutionary analysis. PLoS ONE 3, e2751.
Nieberding, C. M., Fischer, K., Saastamoinen, M., Allen, C., Wallin, E. A., Hedenström, E. & Brakefield, P. M. 2012: Cracking the olfactory code of a butterfly: the scent of ageing. Ecol. Lett. 15, 415–424.
Oppelt, A., Spitzenpfeil, N., Kroiss, J. & Heinze, J. 2008: The significance of intercolonial variation of cuticular hydrocarbons for inbreeding avoidance in ant sexuals. Anim. Behav. 76, 1029–1034. 
Pusey, A. & Wolf, M. 1996: Inbreeding avoidance in animals. Trends Ecol. Evol. 11, 201-206.
Roux, O., Gers, C. & Legal, L. 2008: Ontogenetic study of three Calliphoridae of forensic importance through cuticular hydrocarbon analysis. Med. Vet. Entomol. 22, 309–317. 
Simmons, L. W. 1989: Kin recognition and its influence on mating preferences of the field cricket Gryllus bimaculatus (De Geer). Anim. Behav. 38, 68–77. 
Simmons, L. W., Wedell, N., Beveridge, M. & Tregenza, T. 2006: Post-copulatory inbreeding avoidance by female crickets only revealed by molecular markers. Mol. Ecol. 15, 3817–3824. 
Szulkin, M., Stopher, K. V., Pemberton, J. M. & Reid, J. M. 2013: Trends Ecol. Evol. 28, 205–211. 

Theodorou, K. & Couvet, D. 2006: On the expected relationship between inbreeding, fitness, and extinction. Genet. Select. Evol. 38, 371–387. 
Thomas, M. L. & Simmons, L. W. 2008: Cuticular hydrocarbons are heritable in the cricket Teleogryllus oceanicus. J. Evol. Biol. 21, 801–806. 
Tregenza, T. & Wedell, N. 2000: Genetic compatibility, mate choice and patterns of parentage. Mol. Ecol. 9, 1013–1027.
Trivers, R. L. 1972: Parental Investment and Sexual Selection. In: Sexual Selection and the Descent of Man 1871-1971 (Campbell, B. G., ed.). Aldine Press, Chicago, pp. 136–179. 
Tünken, T., Bakker, T. C. M., Baldauf, S. A. & Kullmann, H. 2007: Active inbreeding in a Cichlid fish and its adaptive significance. Curr. Biol. 17, 225–229.
Van Oosterhout, C., Zijlstra, W., van Heuven, M. K. & Brakefield, P. M. 2000: Inbreeding depression and genetic load in laboratory metapopulations of the butterfly Bicyclus anynana. Evolution 54, 218–225.
Van’t Hof, A. E., Zwaan, B. J., Saccheri, I. J., Daly, D., Bot, A. N. M. & Brakefield, P. M. 2005: Characterization of 28 microsatellite loci for the butterfly Bicyclus anynana. Mol. Ecol. Notes. 5, 169–172. 
Weddle, C. B., Steiger, S., Hamaker, C. G., Ower, G. D., Mitchell, C., Sakaluk, S. K. & Hunt, J. 2013: Cuticular hydrocarbons as a basis for chemosensory self-referencing in crickets: a potentially universal mechanism facilitating polyandry in insects. Ecol. Lett. 16, 346–353. 
Whitehorn, P. R., Tinsley, M. C. & Goulson, D. 2009: Kin recognition and inbreeding reluctance in bumblebees. Apidologie 40, 627–633. 

Figure legends

Fig. 1: Mating success of brothers (white bars) versus unrelated males (black bars) in Bicyclus anynana. (a): outbred (first) generation; (b): inbred (second) generation. Two replicates with 106 mating trials each were performed per generation. 



Tables
Table 1: Physiologically active cuticular hydrocarbons (CHCs) in Bicyclus anynana. Active CHCs were identified by gas chromatography coupled to electroantennographic detection (GC-EAD). We tested for the responses of female antennae to female extract (F-F), female antennae to male extract (F-M), male antennae to female extract (M-F), and male antennae to male extract (M-M). Antennal responses are denoted with ‘x’. Compounds are sorted according retention time.
	CHC
	F-F
	F-M
	M-F
	M-M

	Dodecane
	
	
	x
	

	Branched C13 Alkane
	
	
	x
	

	Tridecane
	
	
	
	x

	Unknown Aliphatic
	
	x
	
	x

	Pentadecane
	
	
	x
	x

	A Hexadecene
	
	x
	x
	

	Hexadecane
	x
	
	x
	

	An Octadecene
	
	
	x
	x

	Octadecane
	
	
	x
	

	Branched C19 Alkane
	
	
	x
	

	Nonadecane
	
	x
	x
	

	Heneicosane
	
	x
	
	x

	A Docosene
	x
	
	x
	

	Tricosane
	
	x
	x
	

	Pentacosane
	
	
	x
	

	Nonacosane
	x
	x
	x
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Fig. 1a
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Fig. 1b
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