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Introduction and main project aims
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Males and females generally need very different attributes to be successful in the battle for survival and reproduction. Indeed, males and females often show large differences in morphology, physiology and behaviour, enabling each sex to successfully survive and reproduce. These sex differences, referred to as sexual dimorphism, could potentially lead to a so-called evolutionary conflict between the sexes: what is good for one sex may be disadvantageous for the other.  For example, the two sexes may have different requirements during their early development, even already before birth. In mixed-sex twins, this could lead to male and female embryos having a negative influence on each other’s development in the womb. On a genetic level, the differences between males and females could result in genes that are beneficial to males but may be disadvantageous to females and vice versa. This may lead to opposing selective pressures on these genes depending on whether they are expressed in males or females. Such sexually antagonistic genetic effects may contribute to the maintenance of genetic variation in natural populations despite expected genetic erosion under continual selection. If sexually antagonistic genetic variation is common in nature, this will also have implications for theories of mate choice and sexual selection. Individuals are often thought to choose mates for their ‘good genes’. However, the presence of sexually antagonistic genetic effects could mean that ‘good genes’ in one sex may actually be ‘bad genes’ in the other. In this EU funded Marie Curie Fellowship, I set out to test for the presence of negative interactions between the sexes, focussing on negative influences between twins of different sex and sexually antagonistic genetic effects. The fellowship allowed me to do research at one of the world’s leading centres in evolutionary biology, the Institute of Evolutionary Biology at The University of Edinburgh, UK, and to collaborate with Profs Loeske Kruuk and Josephine Pemberton who are leaders in the field of molecular and quantitative genetics of wild animal populations. In this project, I had the opportunity to use a unique dataset of detailed life-history and pedigree records (dating back to 1985) from a wild population of Soay sheep (Ovis aries) living on the islands of St Kilda, Scotland. An important aim of my fellowship was to also receive training in advanced statistical modelling techniques that use pedigree information to derive estimates of the extent to which different characters may be heritable.
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In Soay sheep, males and females show marked differences in morphology and behaviour. For example, on average males grow almost 50% larger body size, have bigger horns, and show more aggressive behaviour compared to females. This could lead to different requirements of the sexes already during early development, which could cause interference between individuals of different sex even while still in the womb. Males are already larger than females at birth, which suggests that male embryos may be more efficient in the competition for maternal resources than females. Lab studies, mainly on rodents, have also shown that male embryos produce and require higher levels of male sex hormones, such as testosterone, during their development than females. These male hormones may leak through the membranes enclosing the embryos and may harm the development of neighbouring females. In the Soay sheep, we studied the effects of co-twin sex on both weight at birth and the number of lambs produced by female twins over their entire lives. Very few studies have investigated short- and long-term effects of co-twin sex simultaneously, particularly not in wild animals. Free-living animals like the Soay sheep are more likely to be resource limited than animals kept in captivity, which may amplify the potential conflict over resources between co-twins of opposite sex. After statistically controlling for variation in capture age and several other variables known to influence lamb weight, like birth date and the mother’s age and weight in the preceding August, we found a 10.0% (0.18 kg) reduction in birth weight of female lambs with a male co-twin relative to those with a female co-twin, while the weight of males only differed by 1.4% (0.03 kg) depending on the sex of their co-twin (P = 0.006). 

Furthermore, the presence of a male co-twin had long-term fitness consequences for female twins, because females with a male co-twin produced significantly fewer lambs over their lifetimes (lifetime breeding success) than females with a female co-twin (Fig. 1; P = 0.013). The difference in lifetime breeding success between females with male versus female co-twins appeared to be partly driven by differences in first-year survival. It is therefore possible that sex-specific competition over maternal resources, especially the mother’s milk, after birth also contributed to the observed differences in lifetime breeding success of females in relation to their co-twin’s sex. The occurrence of continuing resource competition between male and female twin lambs during lactation was confirmed by the finding of a significant effect of co-twin sex on the weight of lambs just after weaning at four months of age (P = 0.019; after controlling for mothers’ weight and age). However, we found no influence of co-twin sex on horn development, which is testosterone-dependent (P > 0.80). Therefore, we have no evidence for prenatal hormonal interference also contributing to the negative influence of males on their twin sisters. In cattle, very strong negative interactions between different-sex twins occur, due to a large exchange of both hormones and even blood cells via connected blood vessels between their placentas during embryonic development. This prenatal exchange of blood cells can lead to adult females carrying male cells in their body (chimeras), which strongly reduces their fertility. We tested for the presence of such mixed-cell individuals in the Soay sheep using molecular genetic markers (microsatellites), but we found no evidence for this.
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Previous research has found evidence for sexually antagonistic genetic effects in a wild population of red deer. In the red deer, daughters of successfully reproducing fathers had relatively low breeding success, indicating potentially opposite genetic effects on fitness in males and females. To test whether such sexually antagonistic genetic effects may also occur in the Soay sheep we made use of the extensive Soay sheep pedigree (Fig. 2). Based on the information on the relatedness of individuals in the pedigree, using advanced statistical modelling techniques, we estimated whether the lifetime breeding success of males and females was negatively genetically correlated. Or in other words, we asked: do female relatives of successful males have relatively low breeding success, and vice versa? Although we found significant heritable variation for lifetime breeding success (h2 = 0.0234 ( 0.0060 SE), our analyses did not show evidence for a negative genetic correlation between male and female lifetime breeding success in the Soay sheep (rG = 0.2350 ( 0.2995 SE).

In conclusion, our research shows there can be appreciable short and long-term effects of both the pre- and postnatal environment, in particular as influenced by the sex of a co-twin, on individual development and fitness. In contrast to a previous study on red deer, we found no clear evidence for sexually antagonistic genetic effects in this population of wild Soay sheep.
Socio-economic impact

The Marie Curie Fellowship allowed me do research and receive training at the Institute of Evolutionary Biology at The University of Edinburgh, which has been highly beneficial to my research career and strongly contributed to my development as an independent researcher. It has been an incredibly useful experience to be part of the large international team working on the long-running St Kilda Soay sheep project. During my stay in Edinburgh, I was thoroughly trained in the use of advanced statistical models for estimating genetic parameters using pedigrees from free-living populations (for example using the ASReml software). Mastering these methods is invaluable for the analysis of large individually based datasets collected in long-term studies on natural populations of birds and mammals, which are a highly valuable resource for ecological and evolutionary research. For example, these population studies have shown the effects of climate change on the reproductive biology of birds. The fellowship has allowed me to build a new collaboration with the University of Antwerp, Belgium, where I am now working as a visiting research fellow funded by the Flemish Research Foundation (FWO). In this new project, I am using my newly acquired analytical expertise to investigate the heritability of dispersal behaviour and other ecologically relevant traits using pedigree and life history data from a long-term population study (running since 1993) on two common songbird species, the blue tit and the great tit. In addition to acquiring new research skills, I received general training in for example project and time management, and enterprise & business skills. I also gained important experience in teaching by giving lectures and supervising undergraduate and postgraduate students. Finally, I strongly improved my English writing and presentation skills, also by presenting my research at seminars and various meetings and international conferences. 
Dissemination of results

The research outcomes have been presented at the conference of the European Society for Evolutionary Biology (Turin, Italy, 2009) and the Netherlands Society for Behavioural Biology (Dalfsen, The Netherlands, 2009), are reported in scientific publications, and have been extensively covered in various popular media including the New York Times and BBC News.
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A pair of four-month old Soay sheep twins.
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Figure 2. Representation of the Soay sheep pedigree used in the analyses. Blue and red lines connect individual offspring (indicated by numbers) to their fathers and mothers, respectively. 
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Figure 1. Mean (± standard error; SE) lifetime breeding success of Soay sheep twin females in relation to the sex of their co-twin. ‘F’ indicates female, ‘M’ male. The statistical analysis only included twins. Values of singleton females are depicted for visual comparison. Sample sizes (n) are indicated at the top.








