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Thesis Summary

The ultimate goal of my thesis is to develop adrathderstanding of the contribution of indirechélits
(i.e. good genes) to the evolution of female masdgoences. It is genetic variance in, and genetic
correlations (covariances) among, male sexualaspfemale preferences for them, and fitnessithat
part determine the degree to which females prefgeertain male displays over others will gain an
indirect benefit by having higher fitness offsprifitecent advances in quantitative genetic theayige
the mathematical means for quantifying the streongihdirect selection for female mate preferences
(Kirkpatrick and Hall 2004), at least under certemmditions, but there are few empirical systems fo
which such data exist (Brooks and Endler 2001; @stadm et al. 2006). | have undertaken a clasdfe ha
sibling breeding design with the ultimate goal stiraating the specific parameters of this model in
population of the Australian fruit fliprosophila serrataThe breeding design was performed across two
environments - one to which the population was weétpted and a novel environment to which it was
not - thereby also providing insight into genotypeenvironment interactions for this suite of tsaaind
their effects on good genes indirect benefits moeel environment. General insight is also gaimed i

the genetic covariance of male and female fitnedstlae prevalence of intralocus sexual conflia, th
guantitative genetic basis of female mate prefergfior multiple male traits, the condition-deperaeaf
these traits, and the genetic association betwearatdisplays and fithess when mutation-selection
balance is inferred. My results advocate cautiaéapplication of existing theory to quantify the
strength of indirect selection, suggesting thabadggenes process may be fundamentally differeenhwh
the exaggeration of sexual displays is eventuallteld and an equilibrium is reached between opgosin

selection.



Résumé de la thése

L'objectif de ma thése est d’établir une meilleacenpréhension de I'importance de la théorie
des bons genes (ou bénéfices indirects) dans lidealdes préférences sexuelles des femelles.
Ce sont les variances et les corrélations (coveegngénétiques des caracteres sexuels, des
préférences qui leurs sont associées ainsi que \tidur sélective qui déterminent si les
femelles préférant certains traits sexuels male®ptue d’autres obtiendront des bénéfices
indirects par le biais d’'une descendance a plutehaleur sélective. De récentes avancées en
génétique quantitative fournissent des outils mmatté&ues pour quantifier I'intensité de la
sélection indirecte sur les préférences sexuettisdamelles (Kirkpatrick and Hall 2004), au
moins dans certaines conditions, mais il n’existe gieés peu de systémes empiriques pour
lesquels de telles données existent (Brooks anttERA01; Qvarnstrom et al. 2006). J'ai réalisé
un élevage de demi-parents afin d’estimer les pena® de ce modele chez une population de
mouche du vinaigre australienBeosophila serratalL’élevage a été effectué dans deux
environnements différents - un auquel la populaéitait adapté et un auquel elle ne I'était pas -
permettant I'étude des interactions génotype-pair@nnement de traits quantitatifs ainsi que
leurs effets sur les bénéfices indirects dans uwvelaenvironnement. Aussi, sont analysées les
covariances génétiques entre les valeurs sélectigéss et femelles, la prépondérance du conflit
sexuel intralocus, la condition-dépendance destenes males, la base génétique des
préférences ainsi que I'association génétique émsriraits sexuels et la valeur sélective en
balance de mutation-sélection. Mes résultats megteigarde contre I'application de la théorie
des bons genes qui peut étre radicalement difiétergaque I'exagération des caractéres sexuels

est arrétée a I'approche d’'un équilibre généréparforces de sélection opposées.
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Chapter 1:Good genes sexual selection and the evolution of female mate preferences



Sexual selection occurs whenever individuals varg trait and a non-random relationship
exists between this trait and reproductive success.main forms of sexual selection are
often recognized (Darwin 1859; Andersson 1994 stFintrasexual sexual selection occurs
when individuals of one sex (generally males) campath one another, directly and/or
indirectly, for access to the other sex. Intraségakection may result, for example, in the
evolution of weapons of combat used in overt aggvesncounters among individuals, as
well as in traits that enhance an individual’s @sscduring scramble competition for access
to the other sex. Second, intersexual selectioarsaghen individuals of one sex (usually
females) exhibit particular preferences, choosimges non-randomly among individuals of
the opposite sex. Such preferences are often bask@st in part, on particular sexual
displays in the other sex and can thereby be resiplerfor the evolutionary exaggeration of

such traits.

Darwin was the first to describe both intra- angisexual selection and highlighted their
role in the evolution of traits that otherwise apeal to be maladaptive with respect to
survival or fecundity. Since then, many studiesoth natural and laboratory populations
have demonstrated sexual selection acting on péatitraits in animals and plants
(Andersson 1994) and more recently in microorgasifRogers and Greig 2009). A recent
meta-analysis of the strength of selection in tiild vevealed that directional selection
arising from variation in mating success was stesrgn average than that arising from
variation in survival or fecundity (Kingsolver dt 2001), suggesting that sexual selection

may be strong in nature relative to other formaatiiral selection.



The evolution of mate preferences

My focus here is on the evolution of mate prefeesnihat generate intersexual selection.
Mate preferences exist when individuals of one bexeafter females, choose their mates
nonrandomly with respect to values for one or moade traits. Mate preferences are
extremely common in natural populations and thearnmtypic consequences have been the
subject of much study (Andersson 1994; Arnqvist Rogve 2005). In addition to being
responsible for the evolution of extravagant aneidie sexual display traits that
characterize many species, the divergence of nmaferpnces among populations will also
eventually generate sexual (behavioural) isoldbietween them, a form of premating
reproductive isolation that appears to be key @ittitial stages of speciation (Coyne and

Orr 2004).

As first pointed out by Fisher (1930), the exisent a mate preference generates sexual
selection for the preferred trait, and the ass@danating that results generates a genetic
correlation between the male display and femaléepgace. This correlation arises because
females with the preference mate with males possg#ise trait, causing their offspring to
carry alleles for both traits. The non-random gergtsociation among loci (i.e. linkage
disequilibrium) that results generates indireceésebn for the preference (due to selection
on a genetically correlated trait, here male aitvaness), causing a self-reinforcing
coevolutionary process termed ‘Fisher’s runawayisTcoevolutionary process will occur
whenever mate preferences and the display tratsdbt upon have a genetic basis. Theory
suggests that such indirect benefits alone canaottain costly female preferences at

equilibrium (Cameron et al. 2003). This is becaatsequilibrium (i.e. when the male



display is maintained at a balance between nafingisexual selection), females exercising
directional preference do not gain any benefit carag to females that mate randomly, and

costly female preferences are therefore seleganhst.

Although difficult to estimate empirically, costémate preferences have been inferred in a
handful of cases (Reynolds and Gross 1990; Byeak 2005; Cotton et al. 2006; Rundle et
al. 2009). These costs imply that preferences mmishaintained within populations
ultimately as a consequence of the direct bengditsed by females, and/or by the indirect
benefits that accrue as a consequence of the featetbe males carry (e.g., good genes
mate choice); (Kirkpatrick and Barton 1997; Houhel &ondrashov 2002; Cameron et al.
2003; Kokko et al. 2003). Direct benefits presdtielcontroversy — it is straightforward to
understand the evolution and maintenance of céstivale preferences when males provide
the females with resources (e.g., nuptial giftayeptal care, or protection from predators,
and examples abound of such situations (Anders884;JArngvist and Rowe 2005).
Benefits may also come in the form of cost avoiéamar example if preferred males carry

fewer parasites or diseases that could be traresihtittthe female.

Differential resistance (equivalent to varying reinces) of females may also be directly
beneficial if it minimizes male-imposed costs argsfrom sexual conflict (Chapman et al.
2003; Arngvist and Rowe 2005). Such costs can desause, although males and females
share the same genome, their evolutionary intemeseproduction generally differ (Parker
1979). This can generate sexually antagonisticteleon shared traits because the values

that maximize fitness in one sex are different fibwwse in the other sex. This conflict can



occur with respect to a shared trait (e.g., bodg;9ermed intralocus sexual conflict), or a
trait arising from male-female interactions (e.@timg rate, parental care; termed interlocus
sexual conflict). In the specific case of intrals@exual conflict, the conflict can be
resolved through the evolution of sexual dimorphisana number of mechanisms including
sex-specific gene expression, thereby allowing sagrto reach its own fitness optima (Cox

and Calsbeek 2009).

Benefits outside of the context of mating may asntribute to the maintenance of a costly
female preference. If female sensory systems aeeshby natural selection due to their
involvement in other tasks such as foraging or gi@davoidance, mate preferences may
arise as a side-effect of these changes (Ryan 1988r such a scenario, mate preferences
themselves are not adaptive, but are the pleiatrefbect of adaptive traits. The existence of
such preferences may create pre-existing sensasg®din females and males that exploit
their existence may have a selective advantagmgnse to sexual conflict (Arngvist and

Rowe 2005).

Indirect benefits of female mate preference existnvpreferred males are of higher genetic
guality (i.e. have higher breeding values for f#sethan non-preferred males (Zahavi 1975;
Kirkpatrick and Ryan 1991). This is suggested tarbe whenever there is a positive
genetic correlation between male sexual displaygametic quality (lwasa and
Pomiankowski 1991; Rowe and Houle 1996; Lorch €2@03). By mating with such males,
females pass these good genes on to their offsprireycontribution of good genes indirect

benefits is key to understanding mate preferenotgon and has therefore been the



subject of much theoretical and empirical reseatshl. outline below, however, results are

mixed and its prevalence remains unclear.

Good genes indirect benefits

My research focuses on the contribution of goodegea the evolution of female mate
preferences. While the evolution of mate preferens@asy to understand when individuals
gain a direct fitness benefit from their partneg.(parental care, nuptial gifts, resource
access, etc.), in many species there appearslittidoepportunity for direct benefits

because males contribute nothing to their partegoihd their genes. Why mate preferences
evolve in such a situation is a central and unvegbtjuestion in sexual selection and
behavioural research. As mentioned previouslyngstanding hypothesis to explain the
evolution of female preferences for such exaggdrdigplay traits is that they signal high
genetic quality in males, and that by mating witese males, females gain an indirect
benefit in terms of higher fitness offspring. Thiea dates back to Darwin (1859) and is
now known as the good genes model of sexual sefecBood genes requires that male
display traits must be honest indicators of maleetje quality (Zahavi 1975; Iwasa and
Pomiankowski 1991). This is suggested to be truenglier display traits are costly to
produce and their exaggeration increases male gaticcess. This is because, once genetic
variation in the display trait is exhausted, genesiriance in overall condition will be
recruited because only males in high conditionalfocate the resources to pay the costs of
trait exaggeration (Rowe and Houle 1996). Sincalitmm depends on many loci, it is a
large target for mutation, suggesting that genetr@ation in display traits may be

maintained despite continued directional selecfidns process, called “genic capture”, is



predicted to create a positive genetic correlabietween male display traits and male

genetic quality.

When good genes mate choice occurs, males withrfugksexual fithess (e.g., viability)

also have high sexual fitness (e.g., mating sugcessaning that natural and sexual
selection should reinforce one another, therebynpting adaptation to a given
environment. This was summarized by Darwin as ¥adlo‘Amongst many animals, sexual
selection will have given its aid to ordinary séiee, by assuring to the most vigourous and
best adapted males the greatest number of offspfibgrwin 1859). Recent theoretical
models have confirmed that good genes sexual smlezdn benefit non-sexual fithess by
increasing the rate and extent of adaptation (Letc. 2003), purging mutation load
(Whitlock 2000), and promoting the spread of adagabus alleles in structured populations

(Proulx 2001, 2002).

Despite considerable attention over the past decadedence for good genes indirect
benefits is mixed. Many of the empirical studies abservational, consisting of tests for
phenotypic correlations between male sexual disptay/fitness (Norris 1993; Moller 1994;
Petrie 1994; Welch et al. 1998; Cotton et al. 2@DAns et al. 2004). Mating with attractive
males has been shown to benefit certain compooéwnféspring fitness, although other
components sometimes appeared to suffer (reviemwBdindle et al. 2007). Only a handful
of studies have attempted to include all the mammonents of offspring fitness (e.g., larval
competition, male attractiveness, adult survivad,)erevealing weak indirect benefits that

are overwhelmed by direct costs in some cases.



Manipulative tests of good genes are few and resué again variable. One approach has
been to manipulate the opportunity for female ncat@ce by either enforcing monogamy or
permitting polygamy, and then measuring the fitressequences. Holland and Rice
(1999) showed that the removal of mate choice aszd the net reproductive rate after 47
generations iiD. melanogastemrevealing a cost of sexual selection. In anothanipulative
experiment, indirect benefits were also found todiber weak and did not counterbalance
the direct costs imposed by sexual conflict assediaith male-induced harm (Stewart et
al. 2008). Larval competitive success has been showncrease in the offspring when mate
choice is allowed (Partridge 1980). However, thaswot the case after a number of

generations of experimental evolution (Promislowalei998).

Experimental evolution is a powerful technique &etimine the role of sexual selection on
fitness because it allows fithess to be integraiethe organisms themselves. After 26
generations of sex-specific selectiorDrosophila melanogastgiMorrow et al. 2008),

lifetime fitness was found to be asymmetrical betmvthe sexes, suggesting that sexually
antagonistic mechanisms are predominant. Othes-@eserational studies suggest more
substantial indirect benefits from mate choice @Hekal. 2005; Rundle et al. 2007).
Particular attention has also been given to testingther sexual selection promotes
adaptation to novel environments. In two casesyaeselection failed to speed adaptation in
two species of fruit flies (Holland 2002; Rundlea&t2006), whereas a third experiment
using seed beetles (Fricke and Arnqgvist 2007) fausdhall beneficial effect of sexual

selection.



Results from theory are likewise mixed, with somadels suggesting that the indirect
benefits are unlikely to overcome direct costs aterchoice (Kirkpatrick 1996; Kirkpatrick
and Barton 1997; Cameron et al. 2003), and otheygesting the opposite (Houle and

Kondrashov 2002).

Quantitative genetics of good genes sexual selectio

Quantitative genetic studies of the strength oirex selection favouring female mate
preferences provide an alternative approach totdvizng the role of indirect benefits in
preference evolution that has received limitednaitbe to date (but see Hine et al. 2002;
Brommer et al. 2007). Using a general frameworktioitiocus modeling developed by
Barton and Turelli (1991) and Kirkpatrick et al0@), an equation predicting the
guantitative change in mean mate preference cdusgdod genes indirect benefits has
been derived that uses parameters that can beieaflgiestimated (Kirkpatrick and Barton

1997; Brommer et al. 2007; Kirkpatrick 2009):

m mf f
— 1 Gy *try vGw

AP ==p,hihr . )
2 PT P T "TW 2

AP is the change in the mean preference (measunattsmof phenotypic standard

deviations), 01 is the phenotypic correlation between female pegfee and male display

among mated pairs)’ is the heritability of the preferench, is the square root of the



heritability of the display traity;,, is the genetic correlation between the displaiy arad

total fitness,,/Gyy and+/G,, are the genetic standard deviations of male amelfefitness

respectively, and,]" is the genetic correlation between male fithessfamale fitness.

These parameters can be estimated using classititatisae genetic techniques in
laboratory populations, or employing the animal eldcom pedigree data from the wild
(Kruuk 2004). To the best of my knowledge, thereation of these parameters has been

attempted only once (Qvarnstréom et al. 2006; Bromeghal. 2007).

My PhD research employs classic quantitative gemaéithods to estimate the key
parameters of equation (1) in a laboratory popathatif Drosophila serratawith the
ultimate goal of quantifying the strength of indirselection for female mate preference

One of the key features of this model is the errsteof a positive genetic correlation
between the display trait(s) and total male fitngsg), or in other words, the expectation

that males producing the best display also havéititeest fithess. The extent to which this
is true in unmanipulated populations is uncleawdner. Fisher (1930) described the
dynamics of male display trait evolution. In affiphase, the male sexual display trait
undergoes a rapid exaggeration in which the tsgibisitively correlated with total male
fitness. This exaggeration is eventually haltethassexual benefits (e.g. attractiveness) of
the trait are counter-balanced by a trade-off widme other components of fithess (e.g.
survival). In this second phase, while the covarabetween the display trait and sexual
fitness remains positive, the display trait is sgbjo stabilizing selection with respect to

total male fitness. A positive covariance betwesxual displays and fitness is therefore not

10



expected under equilibrium conditions. The exterwhich male sexual display traits are
undergoing continued exaggeration (e.g. in thewaygphase) or are at a selective limit in
contemporary populations is therefore crucial targifying the indirect genetic benefits of

female mate preferences, yet has received litisabn.

Drosophila serrata

Mate preferences iD. serrata(an Australian fruit fly) are based on a suitenohvolatile
contact pheromones, composed of long-chain cuti¢yldrocarbons (CHCs). These
preferences are important in both species recagn{Blows and Allan 1998; Higgie et al.
2000; Higgie and Blows 2007) and mate choice wiggopulations, and both CHCs and
preferences for them have been shown to evolveeatoratory during adaptation to a
novel environment (Rundle et al. 2006). A potent@tribution of good genes indirect
benefits was suggested by a quantitative genetetyshat found a positive genetic
correlation between female preference for male Cai@soffspring fitness (Hine et al.
2002). In addition, four individual CHCs were foutadbe positively correlated with an
index of body size in a field population, suggestinat their expression may be condition
dependent (Hine et al. 2004). Contrary to expemtainder a good genes process, however,
the genetic correlation between male attractive(essletermined by CHCs) and offspring
fitness in the same study was negative. In addiaananipulative evolution experiment
revealed that sexual selection failed to promotgptation to a novel environment as
predicted by good genes (Rundle et al. 2006). $ooHicting evidence indicates that our
understanding of the contributions of good gendseat benefits to preference evolution in

D. serratais incomplete.

11



Of particular interest with regards to past resaftsthe effects of a novel environment. As
discussed above, the operation of good genes esgaligenetic correlation between display
traits and condition such that individuals choosatigactive mates also get mates of high
genetic quality. However, if the genetic basisha tisplay traits used in mate choice, or of
condition, vary among environments, the geneticetation between them that was
originally present in an ancestral environment in@ayveakened or eliminated in a novel
environment, preventing any indirect genetic beaae&fi mate choice in one environment
from translating immediately into another (Huntkt2004). Despite the fact that such
genotype-by-environment (GXE) interactions fordga components (e.g., performance) are
common (Lynch and Walsh 1998; Hunt et al. 2004)irtbffect on a good genes process has

never been explored.

Thesis Overview

My thesis is organized as follows. Empirically,ave conducted a large half-sibling
breeding design across two environments (the papuola ‘ancestral’ laboratory
environment to which it is well adapted and a ndeell environment) that includes data on
male display traits (CHCs), female preferenceshiem, and the fitness of male and female
offspring. In chapters 2-4, | develop the somevduaplex analyses of these data. In
particular, the second chapter presents resultseogenetic (co)variance structure of male
and female fitness from this breeding design. phawvides fundamental insight into the
prevalence of intralocus sexual conflict and howaities between the two environments, a

topic of broader interest beyond good genes maieehit is also an essential component

12



affecting the strength of indirect selection faungrmate preferences (represented by the
parameters in parentheses in equation 1). In ch@ptandertakes a comprehensive
investigation of the quantitative genetic basisemhale mating preferences for male CHCs
and how they vary between these environments, gnmglodecent advances in the statistical
analysis of function-valued traits. In chapteridvestigates the genetics of condition-
dependence of male CHCs, a prerequisite for theiewo of male display traits as honest
indicator of male genetic quality. Finally, in chi@p5 | estimate the genetic covariance of
CHCs and fitness. The original goal was also totpgeéther the data from chapters 2, 3 and
4 in this chapter in an attempt to parameterizeaggn 1 and therefore provide a direct
estimate of the strength of indirect selection favng female mate preferences in this
population. However, the relationship between Cldas fitness was found to be more
complex and, taking advantage of recent methodsharacterizing fithess optima under
equilibrium conditions, | provide evidence for tingportance of pleiotropy in mutation-
selection balance of male sexual display traihd the thesis with some general conclusions
on the evolution of female preference and male aledigplay traits addressing what we

have learned from the application of a multivarigt@ntitative genetics approach.

Chapters 2, 3, 4, and 5 were all written as stdodeamanuscripts for publication in peer-
reviewed scientific journals. While this resultssimme replication of the background
material, | attempt to keep this to a minimum. Tdrenat of each chapter also follows the
guidelines for the specific journal in questiorthaligh referencing styles have been
standardized for this thesis. Chapters 2, 3 analvé hlready been published (the full

citation is given at the start of each chapter)l @hapter 5 is in preparation for submission

13



to a high profile journal (explaining the formattbfs chapter). Chapters 2 to 5 were
collaborative projects involving my supervisor, Hand Rundle and, with the exception of
Chapter 4, Mark Blows (School of Biological SciescBniversity of Queensland,
Australia). | took the lead role in conducting 8tady, analyzing the results, and writing the

manuscripts and this thesis, with input from thesléaborators at all of these stages.
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Chapter 2:Sexually-antagonistic genetic variance for fitnessin an ancestral and a novel

environment

The work in this chapter is a slightly modified sien of the following article, coauthored
by Mark Blows (School of Biological Sciences, Umsi¢y of Queensland, Australia) and
Howard Rundle (Department of Biology, University@ftawa):

Delcourt, M., Blows, M.W. and Rundle, H.D. 2009 x8ally-antagonistic genetic variance
for fitness in an ancestral and a novel environnférceedings of the Royal Society of

London Biological Science276: 2009-2014.
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Abstract

The intersex genetic correlation for fithesg (. a standardized measure of the degree to
which male and female fithess covary geneticalg bonsequences for important
evolutionary processes but few estimates are dlailnd none have explored how it
changes with environment. Using a half-sibling dreg design, | estimated the genetic
(co)variance matrix@) for male and female fitness, and the resultj,ﬂ@ in Drosophila
serrata My estimates were obtained in two environmetts:laboratory yeast-food to
which the population was well adapted and a noesi-food. The major axis of genetic
variation for fitness in the two environments, aatting for 51.3% of the total genetic
variation, was significant and revealed a stroggai of sexual antagonism, loading
negatively in both environments on males but pesiyion females. Consequently,
estimates of,/™ were negative in both environments (—0.34 and 3-@e8pectively),
indicating that the majority of genetic variancgrggating in this population has contrasting
effects on male and female fitness. The possibémgthening of the negativg™ in this
novel environment may be a consequence of no kisfaelection for amelioration of
sexual conflict. Additional studies from a diveramge of novel environments will be

needed to determine the generality of this finding.
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Introduction

Sexually antagonistic genetic variation for fitnesssts when alleles segregating within a
population tend to have opposite effects on time§$s of the two sexes. Such variation arises
when different values of a shared trait maximizéenaad female fitness, generating
intralocus sexual conflict in which the adaptivelkenion of one sex is impeded by the other
(Lande 1980; Rice 1984, Parker & Partridge 1998eRi Chippindale 2001; Bonduriansky
& Chenoweth 2009). The extent of this evolutionemystraint is indicated by the intersex
genetic correlation for fitness,{F), a standardized measure of the genetic covariahce
male and female fitness. In the absence of sexumlict, r,™ is expected to be large and
positive (Lynch & Walsh 1998). Sexually antagormdiiness variation will cause a negative
covariance between male and female fitness, thdostmring ™. Negative correlations

can severely constrain adaptive evolution, evehempresence of substantial genetic
variation for lifetime fitness (Lande 1982), anad@dmmon, could explain why genetic
variation in fitness appears to be higher than etqueunder mutation-selection balance
(Turelli & Barton 2004). Negative correlations melgo affect the evolution of mate choice,
impeding the evolution of female preferences fotamaf high breeding value for fithess
(i.e. ‘good genes’ theories of sexual selectio)if@indale et al. 2001; Pischedda &

Chippindale 2006; Kirkpatrick 2009).

A number of studies have demonstrated the existehsexually antagonistic genetic
variation for specific traits or components of &gs (Meagher 1992; Rice 1992; Gibson et
al. 2002; Fedorka & Mousseau 2004; Calsbeek & 8m2004; Pischedda & Chippindale

2006; Prasad et al. 2007). Fewer studies haveteghestimates of the intersex genetic
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correlation for lifetime fitness: —0.85 in collarfigcatchers (Qvarnstrom et al. 2006), —0.48
in red deer (Foerster et al. 2007), and —0.16labaratory population ddrosophila
melanogaste(Chippindale et al. 2001). General conclusiond@néative, however, because
direct estimates of,}" are few, standard errors on them are large, arabunes of fitness
vary (Kirkpatrick 2009). Nevertheless, the avaitaflata suggest that sexually antagonistic

fitness variation may be more common than previotisught.

An important aspect of the nature of sexually-aotégfic genetic variation that has yet to
be investigated is the extent to whicﬁ“rmay vary among environments. Genotype-by-
environment interactions are common for many ti@iysch & Walsh 1998), including
measures of performance (Hunt et al. 2004), aisttiterefore likely that the genetic basis
of fitness will vary with environment. Theory sugt®ethat there is little reason to expect
genetic variances and covariance to remain congtaem environments change (Via &
Lande 1987), and consistent with this, geneticatations for numerous traits, including
morphology and life history, have been shown tg/\&ross environments (Sgro &
Hoffmann 2004). How,/™ in particular may change in novel environmentdificult to
predict and alternative scenarios are possibleraipg on changes in sex-specific selection
and the nature of any genotype-by-environment actesns for the traits determining

fitness.

One possible scenario for changes, A builds upon the idea that sustained sexually
antagonistic selection in an environment is ultehaexpected to favour mutations that

allow males and females to achieve their sex-sigemjitima, thereby resolving sexual
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conflict (Lande 1980; Lande 1987). Over the lomgteany (partial) resolution of sexual
conflict via the evolution of sexual dimorphism Mgause ™ to become less negative
(reviewed in Bonduriansky & Chenoweth 2009). Timeetscale over which this occurs may
be exceedingly slow, however, if the intersex genzirrelations for the phenotypic traits
experiencing sexually antagonistic selection agh ljfLande 1987). In a novel environment
with unique sex-specific optima for the traits detming fitness and no history of selection
to accommodate this,"' may therefore be expected to be strongly negdfilis. is of
particular relevance to the recent observationgbatial selection may often fail to promote
adaptation to novel environments in evolution expents (Holland 2002; Rundle et al.
2006). One possible explanation for why sexualcsigle fails in this regard is that a strong
negative ™ in the novel environments hampers a good geneepspimpeding or even

preventing sexual selection from contributing tatation.

Here | estimate genetic variances for male and liefitaess, and the resulting?, using a
laboratory population of the Australian fruit flprosophila serratal obtain these measures
in each of two environments, one to which the papoih is long adapted (‘ancestral’ yeast-
food environment) and a novel environment (corrdjdo which the population is not well
adapted. The addition of the novel environment pisrmsight into how the genetic
covariance of male and female fitness varies a@nggonments in response to any changes
in the genetic basis of fithess, and is of diret#vance to the question of whether sexual
selection promotes adaptation to novel environmasifsredicted by good genes models
(Lorch et al. 2003). The inclusion of a novel eomiment also allows me to address directly

the possibility that the importance of sexuallyagunistic fithess variation is exaggerated in
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laboratory populations due to long term adaptattonnusually consistent environments

(Chapman et al. 2003).

| estimate genetic variances and covariances fée aral female fitness in both
environments within the context of a large quatitieagenetic paternal half-sibling breeding
design that involved 81 sires mated to 326 danteef$ assays were conducted in the
ancestral and novel environments on a total of2féimhale and 2,005 male offspring from
the breeding desig. serratais an ideal candidate for such experiments becinsss
measures can integrate the major components relérathe population in the environment
to which it is adapted, including mating succesmafes within a competitive context. In
addition, good genes mate choice has been wellestud this species (Hine et al. 2004),
including a manipulative evolution experiment tegtthe contribution of sexual selection
during adaptation of this same population to thmesaovel corn-food environment (Rundle

et al. 2006).

Materials and methods

Half-sib breeding design

A paternal half-sibling breeding design was conddaising a previously described
laboratory population dbrosophila serratd Rundle et al. 2006; Chenoweth et al. 2008).
Eighty-one sires were each mated to four virgindlas (dams) and these females were
subsequently allowed to oviposit for 20h in oneigmment (yeast or corn) and then 48h in
the other. The order of oviposition environments &hernated among females. The

breeding design was conducted in three blocks stingiof 22, 30 and 29 sires that spanned
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five generations of the laboratory population. lircases, fithess assays were performed on
3 day-old virgin sons and daughters from each faoullected at emergence and separated

by sex using light C@anaesthesia.

Male fitness assays

A competitive measure of male fithess was conduloieplacing together in a vial one

virgin son from the breeding design along with vu@in competitor males of similar age
randomly chosen from a stock population into wlaatecessive orange-eye mutation had
been introgressed. These males competed to feréiliandomly chosen virgin orange-eye
female that was free to oviposit in the same \Aftler 72h all flies were discarded and vials
were retained for offspring development. Vials exméd food that matched the environment
in which the son was raised (i.e., yeast or cd¥ive replicate trials using five separate sons
were conducted using the offspring of each danaghenvironment. Male fithess was
calculated as the ratio of wild-type:orange-eyavigials in the adult offspring produced by
the female. This measure of male fitness includsahfating success, the subsequent
productivity of the female he mated, and the swaMiw emergence of his male and female
offspring in competition with half-sib offspringred by the orange-eye competitors. Sons
that did not produce any offspring were excludedrfithe analysis. Prior to analyses, data
were In-transformed (after the addition of a consta both mutant and wild-type offspring

counts) and standardized to a mean of zero and/anénce.
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Female fitness assays

Female fitness was measured by placing togethewial one virgin daughter from the
breeding design along with one randomly chosenrvimple of similar age from the stock
population. The pair was allowed to mate freely tHredfemale could oviposit on the food.
After 48h both flies were discarded and the viaswetained for offspring development.
Vials contained food that matched the environmenthich the daughter was raised (i.e.,
yeast or corn). Five replicate trials using fivea®ate daughters were conducted using the
offspring of each dam in each environment. Femaied$s was calculated as the total
number of adult offspring emerging in each vialuBlaters that did not produce any
offspring were not included in the analysis. Da&evsquare-root transformed and

standardized to a mean of zero and unit varianice far analysis.

This measure of female fitness included her fedyradong with the survival to emergence
of her male and female offspring. This differednfrony measure of male fithess in that it
lacked any contribution of mating success arismgifmate choice by the opposite sex (i.e.
male choice), and competition from half-siblingspifing was absent during larval
development. However, fitness is a different tiraithe two sexes and, unlike in males,
variance in female mating success due to male atatiee is likely a small component of
female fitness. It is likely that a single male Wwbbave mated all three females within the
time provided had | mirrored the design used togueamale fithess. The strength of larval
competition overall was likely similar in both féas assays as well because larval rearing

densities did not differ drastically in the two ags (mean total number adults emerging per
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vial £ SE for females and males respectively; yeg&0 + 1.2 and 79.9 £ 1.3; corn: 40.8 +

0.7 and 45.2 £ 0.7).

Statistical analysis

The additive genetic variance-covariance (3. matrix for male and female fitness in the
two environments was constructed at the sire-IleydREML using the factor-analytic
modelling approach implemented in the Mixed procedif SAS version 9.1 (Hine &

Blows 2006; McGuigan & Blows 2007). The model was:

Yikm = M + § + Dy + B) + Ot BiOm + sjjkim (1)

whereYim is the observed fitness of thé offspring of thekth dam nested within thjén
sire. Fixed effects include the intercep}, (experimental blockR), the order of oviposition

environments@), and their interaction.

The factor-analytic approach has several advantagksling that, by directly estimating

the principal components ®, the resulting covariance matrix is guaranteeoetpositive
semidefinite (all eigenvalueszero; Kirkpatrick & Meyer 2004). This approachals
provides a powerful method for directly testing themensionality ofG, or in other words,

the number of genetically independent traits uryitegl male and female fitness in these two
environments (Hine & Blows 2006). For this analy#ii® covariance matrix was
constrained to be from four through zero dimensams a series of nested likelihood ratio

tests were used to determine whether excluding @acénsion significantly worsened the
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fit of the model (Hine & Blows 2006). Significanoé specific covariances (correlations)
from an unconstrained covariance matrix were datexdhusing likelihood ratio tests in
which the parameters of interest were fixed at fipa@lues (either O or 1) and the fit of the

model was compared to its unconstrained counte(gaaw 1991; Fry 2004).

To test whether the genetic basis of fitness diffesverall between the two environments,
male and female fithesses were pooled across theements and a single unconstrained
2x2 covariance matrix was constructed at the swetlusing egn. (1). A fixed effect of
environment was included in this model because$sges were standardized to a mean of
zero and a unit variance by sex only in this anslyEhe fit of this model was compared to
one in which separate unconstrained 2x2 covariarateces were constructed in each
environment by employing the ‘group’ statementhat sire-level in the SAS Mixed

procedure, with significance determined using aliilood ratio test.

Results

The genetic basis of male and female fitness vaiguificantly between the two
environmentsy; = 117.5, p < 18), so the additive genetic (co)variances mai@x for
male and female fithess was estimated by trealieditness of each sex in each
environment as separate traits (Table 2.1). Fatatytic modelling revealed support for
one significant genetic dimension underlying thigesof traits kzz =10.60; p =0.031;
Table 2.2) that explained 51.3% of the total genediriance in fitness. This major axis of

genetic variance loaded negatively in both envirents in males and positively in females
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(Table 2.1), thus revealing a strong signal of a¢aantagonism for the majority of genetic

variance in fitness across these two environments.

Within each sex, the genetic correlation in fitnleegveen the two environments was
positive (Table 2.1; males: r = 0.2734; females0x:5581). Thus, sires producing high
fithess daughters (sons) in one environment teatksdto produce high fitness daughters
(sons) in the other environment, indicating that glenetic basis of fitness in the two
environments is at least partially shared withiohesex. In contrast, intersex genetic
correlations for fitness were negative in both emwvments (Table 2.1, yeastf”?z -0.34;
corn: ™ = -0.73), indicating that in the ancestral andrtbeel environments, sires
producing high fitness sons tended to produce love$s daughters and vice versa (Fig.
2.1). In both environments,'f was significantly less than one (yeadt:= 5.87, p = 0.015;
corn:y% = 5.63, p = 0.018) and the associated intersearémwe was significantly less than

zero in corn?; = 4.43; p = 0.035), although not in yeagt € 1.22, p = 0.270).

The extent to which the negativwg"would constrain the evolution of fitness in these
environments can be illustrated by applying thetivalliate breeders equation using the 2x2
G matrices for each environment (Table 2.1) andibwaator of linear selection gradients
that seeks to increase fitness in both sexes tsaime extent (i.¢8 ' = [0.5, 0.5]). In yeast,
there remains a small amount of genetic varianedable to increase fitness in both sexes,
with fitness predicted to increase by 6% and 4% phenotypic standard deviation in
females and males respectively. In corn, in cohtfamale fitness is predicted to decrease

by 0.2% while male fitness would increase by 3%.
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Discussion

Sexually antagonistic genetic variance arises whetlitness optima for shared traits differ
between males and females, generating intralocusakeonflict in which the adaptive
evolution of each sex impedes the other (Lande 1R&® 1984; Parker & Partridge 1998;
Rice & Chippindale 2001; Chapman et al. 2003; Boiathsky & Chenoweth 2009).
Sexually antagonistic genetic variance will resula negativem;Im that can have important
consequences for the maintenance of genetic \amriatie evolution of recombination, and
rates of adaptation. It may also reduce or evenirdite the genetic benefits that accrue to
females from mating with high fitness males (Chmgaile et al. 2001; Pischedda &

Chippindale 2006; Kirkpatrick 2009).

Using a laboratory population B serrata | estimated a negativg'f in a yeast-food
environment to which the population was well addp#s well as in a novel corn-food
environment (™ = —0.34 and —0.73 respectively). This novel envinent displaced the
population from its adaptive peak: female fithess witially reduced by 35 % on average,
yet was shown previously to rapidly increase (58%6 generations) during adaptation to
this environment (Rundle et al. 2006). Determinwitether the persistence and apparent
strengthening of the negativg™is a general outcome of colonization of a novel
environment, as opposed to an effect specificenthvel environment | used, will require
additional studies across a range of environmétgsertheless, my results indicate that the
importance of sexually antagonistic fitness vaoiatis not necessarily an artefact of an
unusually consistent laboratory environment, asbess previously suggested for

laboratory populations (Chapman et al. 2003).
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My estimates of negative/T" in both environments may be conservative. Bectheséitness
of both sexes was measured by counting the nunflzetult offspring produced, egg to
adult survival of male and female offspring wadukled in the fithess estimates of both
sexes. These shared fitness components will cqasiively, biasing4™ to be more
positive than it otherwise would. This bias couéddubstantial if sexually antagonistic
genetic variance was prevalent for larval fitnésgtimates fronDrosophila melanogaster
suggest that this is not the case (Chippindalé 2081), although this has not been

determined foD. serrata

My current quantitative genetic analysis of fithessonsistent with a recent evolution
experiment that independently manipulated the dppdres for both natural and sexual
selection during adaptation of the saiheserratapopulation to the same novel corn-food
environment. After 16 generations in the novel emwinent, female fitness increased by
52% on average due to natural selection aloneoritrast, and despite strong sexual
selection on display traits (Chenoweth et al. 2088xual selection failed to promote
adaptation either on its own or in combination withltural selection (Rundle et al. 2006).
The strong negative intersex genetic correlatiariifoess estimated here in the corn
environment provides a potential explanation fag failure: genetic variance for fitness in
corn is predominately sexually antagonistic in ogulation and is therefore not conducive
to a good genes process. The negative interseglaton for fithess also makes a clear
prediction: given the dramatic increase in femdteets that occurred over 16 generations in

the corn environment, male fithess should haveedsad substantially as a correlated
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response. Unfortunately male fithess was not trdhckeing that experiment, but this will be

an important focus of future studies.

A negative §™ in yeast is perhaps not unexpected: given a consterironment with
moderate population size, mutations that are urnidondlly beneficial (deleterious) in both
sexes should be fixed (eliminated) fairly efficigniThe majority of genetic variation left
segregating may therefore arise from alleles thegigt at intermediate frequencies for
longer because they are under conflicting selecB@xual antagonism, in which an allele is
favoured in one sex but selected against in therpth a primary source of such conflict
because other processes (e.g., spatial and tenyaoiaion in selection) are minimized
under laboratory conditions. Thaf remained negative, potentially even strengthening,
the novel environment, is perhaps less intuititdoaigh it is consistent with one possible
scenario concerning the resolution of sexual conviia the evolution of sexual dimorphism
after long-term adaptation to consistent selecti@mde 1980; Lande 1987). There are at

least two potential processes that could be carting.

First, the average strength of sexual antagonisgnvagy between novel mutations overall
and the small subset of these that are left sefynggafter long-term adaptation. Standing
genetic variation for fitness in yeast has nevenbsubjected to selection in the novel corn
environment, so in the majority of cases its effesttould be deleterious in both sexes,
resembling that expected for novel mutations is érivironment. The strong negativ&'r

in corn implies that the majority of this variatibas a much higher fitness cost in one sex

than the other. This could occur, for example, ueariation on the sex chromosomes (i.e.
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in males, all mutations on the X would be expresadubreas in females they would be

largely masked).

Second, long term evolution under consistent sesmaflict could favour the evolution of
mechanisms that allow males and females to expiegssex-specific optima for the traits
determining fitness, thereby generating sexual damsm that ameliorates sexual conflict
and makes,/™ less negative (Lande 1980; Lande 1987). Such méstha include: 1) the
physical relocation of loci to the sex chromosoiftesher 1930; Rice 1984); 2) the
evolution of modifiers that permit the sex-limitegpression of loci (Chenoweth et al.
2008); 3) the duplication of autosomal loci follavey their sex-limited expression (Rhen
2000; Rice & Chippindale 2002); and 4) the evolutod parent-of-origin effects via
genomic imprinting (Day & Bonduriansky 2004). Ifyaof these mechanisms are
environment-dependent in their action, they couhk-down in the novel corn
environment, causing sexual conflict to increasezionment-dependent expression levels
of a modifier permitting sex-limited expression ptausible, and recent experimental work
suggests the possibility of environment-dependenbgic imprinting (Bonduriansky &

Head 2007).

The above two processes are not mutually exclusidedetermining their contributions to
changesy#™in novel environments will be a difficult task. Amportant first step will be
detailed studies of how,"" changes upon colonization of a range of novelrenments and

its subsequent evolution as populations adaptesetienvironments.
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Table 2.1. Full-rank additive genetic (co)variantatrix (G matrix) for male and female
fitness in the ancestral (yeast) and novel (conejrenments. Genetic variances are given
along the diagonal (in bold) and covariances belbwe corresponding genetic correlations

are given above the diagonal.

Q yeast J yeast Q corn d corn PCi
Q yeast 0.1704 -0.3429 0.5581 -0.0701 0.7902
4 yeast -0.0518 0.1339 0.0556 0.2734 -0.4493
Q corn 0.0460 0.0041 0.0399 -0.7260 0.2892
4 corn -0.0090 0.0313 -0.0453 0.0978 -0.3001

The first eigenvector o8, accounting for 51.3% of the genetic variance.
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Table 2.2. Model fit statistics of the number deefive dimensions of the sire-level

covariance matrixG.

No. dimensions No. parameters-2 log likelihood

AIC'  p-valué

fa0(4)
fa0(3)
fa0(2)
fa0(1)

fa0(0)

10

9

7

4

0

11801.69472

11801.69471

11804.48596

11808.41856

11819.01405

11845.701.000

11845.70 0.248

11844.500.269

11844.400.031

11847.00 -

1 Akaike information criterion.

2 Results of a likelihood ratio test of whether fit@®f a model that excludes one factor (i.e.

the model in the row below) is significantly wottban the fit of the current model.
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Fig. 2.1. Interaction plot of the breeding valué$emale and male fitness in yeast (A) and
corn (B). Lines join breeding values for the saine, £stimated as best linear unbiased
predictors from eqn. 1 using the factor-analytiprapach with four dimensions for the sire-

level covariance matrix.
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Chapter 3:Quantitative genetics of female mate preferencesin an ancestral and a novel

environment

The work in this chapter is a slightly modified sien of the following article, coauthored
by Mark Blows (School of Biological Sciences, Umsi¢y of Queensland, Australia) and
Howard Rundle (Department of Biology, University@ftawa):

Delcourt, M., M.W. Blows and H.D. Rundle. 2010. Qtitative genetics of female mate

preferences in an ancestral and a novel environrggotution64: 2758-2766.
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Abstract

A female’s mate preference is a potentially comgiexction relating variation in multiple
male phenotypes with her probability of acceptimgjvidual males as a mate. Estimating
the quantitative genetic basis of preference fonstwithin a population is empirically
challenging yet key to understanding preferencéuthem. | employed a recently described
approach that uses random-coefficient mixed madedlse analysis of function-valued
traits. Using a half-sib breeding design in a labory-adaptedrosophila serrata
population, | estimated the genetic (co)variancefion of female preference for male
sexual displays composed of nine contact pheromdinesbreeding design was performed
across two environments: the food to which the patmn was well adapted and a novel
food that reduced average female productivity b¥%3Significant genetic variance in
female preference was detected and the majoritg¥eywas attributable to a single genetic
dimension (eigenfunction), suggesting that prefeesrfor different pheromones are not
genetically independent. The second eigenfunciooounting for 24% of the total genetic
variance, approached significance in a conservétiste suggesting the existence of a
second, independent genetic dimension. There wasidence that the genetic basis of
female preference differed between the two enviremis) suggesting the absence of
genotype-by-environment interactions and henceladécondition-dependent preference

expression.
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Introduction

Female mate preferences describe the relationgtipelen the phenotype of males and their
probability of being accepted as a mate. Females @issess multiple traits when choosing
mates, including various sexual signals and disp{@andolin 2003; Chenoweth and Blows
2006), and many of these traits vary continuousipag males. Therefore, in contrast to
scalar-valued traits that take on a single valuenfdividuals, mate preferences constitute
potentially complex functions describing the qutative relationship between multiple male

traits and a female’s acceptance.

Since Darwin (1871) first recognized that femald@enaeferences could be responsible for
the evolution of the extravagant male sexual digpthat characterize many species, the
evolutionary consequences of mate preferencesreaee/ed much attention (Andersson
1994). The typical approach involves measuringmtlaéing success of a range of male
phenotypes across a group of females, providiraymmétion on the average female
preference within the population (Wagner 1998; Ismiger et al. 2001; Chenoweth and
Blows 2006). Such population-level mate prefereraresuseful because they quantify
sexual selection on male traits arising from fenmadge choice in a currency appropriate to
the microevolutionary equations for predicting shert-term response to selection (Lande
1979; Lande and Arnold 1983). This approach hasribarted to our understanding of the
evolution of extravagant male displays that cam@éxplained by natural selection alone.
However, mate preferences are predicted to evaltva eoevolutionary process between
males and females that involves both direct anatl@ntiselection; knowledge of the genetic

basis of preferences is therefore key to understgritlis process. Population-level
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preferences obscure individual preference variaiuhtherefore provide little insight into

its genetic basis (Wagner 1998; Chenoweth and BRYGS).

Estimating individual mate preferences can preaesgnificant empirical challenge because
it is often difficult to evaluate the responsesnafividual females to a range of male
phenotypes under controlled conditions (Wagner 1@9&noweth and Blows 2006). In
many species, for example, male display traits caha synthesized artificially and
measuring preferences requires copulation, an médbat may alter a female’s preference
with respect to subsequent males. These difficiltiere overcome recently by the
application by McGuigan et al. (2008) of quantitatgenetic methods for function-valued
traits (Kirkpatrick and Heckman 1989; De Jong 19890mulkiewicz and Kirkpatrick 1992;
Kingsolver et al. 2001; Kirkpatrick and Meyer 200eyer and Kirkpatrick 2005;

Kirkpatrick 2009). Function-valued traits descrdmntinuous variation of phenotypes over a
range of values as opposed to scalar traits wheskribe discrete variation of phenotypes.
This approach uses random-coefficient mixed maetgiantify the genetic basis of female
preference within the context of a classic quativgagenetic breeding design, even when
individual females are used in only a single méwaiae trial. The basis of the approach is to
calculate preference functions not for individuahtles, but rather for groups of related
females within the breeding design for which mudtipbservations (i.e. mate-choice trials)
are available. Variance in preference among ap@i@pgroups of females, such as
offspring of separate sires, provides an estimbtleeoadditive genetic basis of preference.

When preferences are modeled as a function of phelithale traits, genetic variation in
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them is represented by a covariance funct®hif place of the standard covariance matrix

(G) for scalar-valued traits (Kirkpatrick and Mey&().

The nature of individual variation in mate prefares, and in particular, whether female
mate preferences are condition-dependent, has/egticreased attention of late (Hingle et
al. 2001; Bro-Jgrgensen 2002; Mazzi 2004; Oweias 4994; Hunt et al. 2005; Baugh and
Ryan 2009; Holveck and Riebel 2010; reviewed int@oet al 2006). Mate preferences are
thought to be costly (Pomiankowski 1987; Reynolid &ross 1990; Byers et al. 2005;
Rundle et al. 2009) and if these costs, or the$rbenefits the preferences provide, vary
with female quality then the strength of the prefees should evolve to depend on
condition for reasons analogous to the evolutiocoofdition-dependence for male sexual
displays (Cotton et al. 2006). Preferences areagddo be weaker in low condition
females and stronger in high condition females.dit@mn-dependent expression of mate
preferences is of interest because it may altestiiemgth and direction of sexual selection
within an environment due to variation in femaleadition, and it may affect the degree to
which sexual selection may promote adaptationrtoveel environment (Lorch et al. 2003).
Condition-dependent mate preferences may alsoibaterto the maintenance of genetic
variation in male display traits. The preferred @ggh for demonstrating condition-
dependence has been to estimate changes in prdexbien female condition is
experimentally manipulated, often through alteradion diet quality (Cotton et al. 2004a;
Cotton et al. 2006). While studies of the phenatygmnsequences of such manipulations are
accumulating, the genetic basis of condition-depahdate preferences is generally

unknown (but see Bakket al. 1999; Rodriguez & Greenfield 2003).
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Here | conduct a standard diet manipulation of fensandition within the context of a
guantitative genetic half-sibling breeding desigilgwing me to estimate the genetic basis
of female preference and providing insight intocogdition-dependence. | usBdosophila
serratg an Australian species in which population-levatenpreferences and the sexual
selection they generate have been extensivelyestuda a series of quantitative genetic and
evolution experiments. Females use a suite of copteeromones, composed of long-chain
cuticular hydrocarbons (CHCs), in mate choice witghopulations (Chenoweth and Blows
2003, 2005; Petfield et al. 2005) and species m@tiog (Blows and Allan 1998; Higgie et

al. 2000; Higgie and Blows 2007). As in past stadidine et al. 2002; 2004; Chenoweth
and Blows 2003; 2005; Petfield et al. 2005; Skmhind Blows 2006; Rundle et al. 2009), |
guantify sexual selection by female choice on NG s using replicate laboratory mating
trials in which individual females are allowed towoose between two or more males which
subsequently have their CHCs extracted and quedhtifsing gas chromatography. Selection
gradients are estimated using a standard firstrandgtiple regression (Lande and Arnold
1983) that models the mating success of maledwascton of their CHCs. Selection
gradients estimated in this way are equivalentéopopulation-level female mate

preference for these traits (Wagner 1998; ChenoaethBlows 2006).

A number of lines of evidence . serratademonstrate that male CHCs are the direct
target of sexual selection arising from female npaigerences, and that the quantification
of such preferences via laboratory mate choicéstrgabiologically relevant to our

understanding of preferences in nature. Male CH®@#hé a pattern of reproductive
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character displacement along the Australian easttdbat corresponds with the presence vs.
absence of the related specigshirchii (Higgie 2000; Higgie and Blows 2007). Laboratory
mate choice trials reveal genetically-based diffees in female mate preferences for male
CHCs between sympatry and allopatry, and the egulivergent sexual selection
estimated in the laboratory corresponds with thieepaof character displacement in nature
(Higgie and Blows 2007). In addition, in a laborgtevolution experiment that manipulated
the opportunity for sexual selection, male CHCs femdale preferences for them evolved to
match the observed character displacement (HiggieBéows 2008). This effect was
attributable to female choice alone (the additia@@ortunity for both male-male
competition and sperm competition had no signifiedfect), providing strong manipulative
evidence that the measure of preference, and theriexental design for the mate choice
trials, are relevant to the field. Finally, femaleferences for male CHCs have also been
shown to evolve in other contexts, for examplessponse to altered natural selection
(Rundle et al. 2005; Higgie and Blows 2008; Ruretlal. 2009), indicating that females
exercise choice during laboratory trials and rewgahe existence of genetic variation in

this choice.

| estimated the linear genetic co-variance functieacribing female mate preferences for
eight CHCs in males using a paternal half-sib bregedesign involving a laboratory-
adapted. serratapopulation. This population was created almost f@ars earlier by
pooling collections from multiple geographic pogida (potential effects on the genetic
basis of preference are addressed in the Discyssiparformed the breeding design across

two environments, one involving a larval diet toig¥hthe population was well adapted (its
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‘ancestral’ yeast food) and the other involvingosel larval diet (corn food). The corn-food
diet reduces female productivity by 35% on aver@gdcourt et al. 2009), creating an
experimental manipulation of condition. If prefecerexpression is condition-dependent, it
will vary between the diet treatments; such phepictghanges would be manifested as a

genotype x environment interaction in a quantimtenetic analysis of preference.

Materials and methods

Half-sib breeding design

A paternal half-sibling breeding design was conddaising a previously described
laboratory stock population @f. serrata(Rundle et al. 2006; Chenoweth et al. 2008).
Ninety-two sires were each mated to four virgin &es (dams) and these females were
subsequently allowed to oviposit for 20h in oneigmment (yeast or corn) and then 48h in
the other. The order of oviposition environments &hlernated among females and the
difference in oviposition time ensured similar larvearing densities given a decline in
female egg laying rate with time. The breeding glesvas conducted in three blocks
consisting of 30, 31 and 31 sires that spannedg@reerations of the laboratory population.
The results of fithess assays conducted on maldeamale offspring from this breeding
designed are presented in Delcourt et al. (20093."Mumber of sires in the current data set
differs slightly from Delcourt et al. (2009) dueit@womplete data records. Unique offspring
(i.e. different individuals from the fithess assay®re used in the mate preference assays

described below.
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Female mate preference assays

Preference assays were performed using 3 day-aoh\daughters from each half-sib
family, raised in each environment, that were @béld at emergence and separated by sex
using light CQ anaesthesia. These females were held in vialsupg of ten on their
respective larval food media with abundant livesgesprinkled on top. Female preference
was estimated using replicate mate choice triaghith a single daughter was placed in a
vial along with five virgin males of similar agendomly chosen from the stock population
and raised in the yeast environment. Five maleg weed to give females a greater
opportunity to express their preference by incregathe range of male phenotypes among
which she could choose. Vials were observed umtiffémale successfully mated with one
of the five males, at which point the chosen maleng with one of the four rejected males
(randomly selected), were removed using.@@esthesia for CHC extraction. The
remaining three rejected males were discardedgalotin the female. Mating vials
contained food that matched the environment in Wwhhe daughter was raised (i.e., yeast or
corn). Five replicate mating trials using five septa daughters were conducted using the
offspring of each dam raised in each environmesmegating more than 7000 males for

CHC extraction.

CHC extraction and analysis
CHCs were extracted from single flies by washingjuiduals in 100 pL of hexane for
approximately 3 min and then vortexing for 1 mimdividuals were then removed and

samples were analyzed using an Agilent Technol@g88N gas chromatograph fitted with
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a HP5 column of 50 mx0.32 mm internal diametersedisplitless inlet (at 200 °C), and a
flame ionization detector (at 250 °C), using thaperature program given in Rundle et al.
(2005). Individual CHC profiles were determinedibtegration of the area under nine
peaks, corresponding to those used in past stuahesdentified in order of their retention
times as: (Z,2)-5,9-%:2 (Z,2)-5,9-Gs:2) (£)-9-Cos.1; (£2)-9-Cogir; 2-Me-Gs; (£,2)-5,9-Gor:z
2-Me-Gg; (Z,2)-5,9-Gg.2; and 2-Me-Go (Howard et al. 2003). After integration, relative
abundances were calculated separately for eachdidi by dividing the area integrated for
each of their CHCs by the total area for all nit¢GS. Expressing the abundances of each
CHC as a proportion of the total corrects for tecanerror associated with quantifying the
absolute CHC abundance. Proportions were thenftraned to logcontrasts, using (Z,2)-
5,9-Gu4:» as the divisor, to break the unit-sum constramat thereby permit multivariate
analyses to be performed (Atchison 1986). LogcehttdC values were standardized

(mean = 0, standard deviation = 1) prior to statianalyses.

Statistical analyses

Linear sexual selection gradients on the eightdagyast CHCs, equivalent to the
population-level female mate preference for thesi¢st were estimated separately for each
environment using a standard first-order multiglgression model (Lande and Arnold

1983):

8
wW=a+B+0+BO+) Bz +¢, )
i=1
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in whichw is the mating success score (0 = rejected, 1 sasfjoof individual maleg; are
the eight logcontrast CHC values for a given maihele is unexplained error. Fixed effects
include the intercepuf, experimental blockR), the order of oviposition environment3)(
and their interactionBO). This regression yielded a column vector of limsalection
gradients £) characterizing directional selection on eachhefeight log-contrast CHCs.
Because these gradients arise from female mateehbey provide an estimate of
population-level linear preference functions of &es for these male traits (Wagner 1998;
Chenoweth and Blows 2006). Although the selecti@uignts were estimated using
standard least squares, significance was deternuisiad logistic multiple regression
because mating success is binomially distributearijgirn and Preziosi 1996; Rundle et al.
2009). This was done using a generalized linearainwdh a logistic link function, fit via
maximum likelihood, as implemented in the GENMODg&dure in SAS v. 9. 2 (SAS
Institute, Cary, NC, USA). To determine whetherws#selection, and hence population-
level mate preferences, differed between the twar@mments, data from both
environments were combined in a single analysisgusie multiple regression described in
equation 1 with the inclusion of a fixed effectrterepresenting the main effect of
environment and eight additional terms represerttiegnteraction of each logcontrast CHC
with environment. A likelihood ratio test was thesed to compare the fit of this full model

with a reduced one lacking the eight interactiomse
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Genetic variation in female preferences for théeiggcontrast CHCs in males was
estimated using the following multivariate randoaefficient model (Meyer and

Kirkpatrick 2005; Littell et al. 2006; McGuigan at 2008):

Yiju =a+E+B+0O+BO+ Xub +Z|(<(|j)51(<c|i) + ZS)SS) tEy, (2)

in whichy is a response vector containing the binomial ngasiunccess scores of tith male
from a mating trial employing théh daughter of th&th dam within théth sire. Fixed
effects are as described in equation 1 with thetiaddof environmentk). The vector of
population-wide linear partial-regression slogasfér the eight logcontrast CHCs,
represented in the design matdxis equivalent to the vector of directional seleatio
gradients g) in equation 1 that quantifies linear sexual gedacon the eight logcontrast
CHCs. Although more complex (e.g., second-ordenttions can be fit using random
regression, consistent with previous investigati@isenoweth and Blows 2005),
population-level mate preferences in this popuratbD. serrataappear to be

predominately linear (H. Rundle, unpublished regult

The genetic basis of female preference functiors esimated through the random-effect
terms in equation (2). These terms treat the paegaession coefficients (i.e. the slopgs,
of the population-level linear preference functiémseach logcontrast CHC) as random

samples from some population of possible coeffisienhere those at the dam and sire
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levels of my breeding design. In particula 6 represents the departure of the

regression slope for théh dam nested with théh sire, andZ 96" represents the departure

of the regression slope for th sire from the population-wide regressidb. Z and
Z® are the design matrices at the dam and sire lensigectively, and the variancé$’

and &% are assumed to be normally distributed with mearmead and variances, and =

respectively. The vector of residual (error) parserewas reduced because | lacked
replication to estimate the covariance among ferpadéerence functions at this level
(Meyer 1991; McGuigan et al. 2008). Separate em@® estimated for groups of sires that
had different numbers of daughters to account ébetogeneity as a consequence of family
size. Hypothesis tests assumed a normal distribiézause samples sizes were large and
the probability of either outcome (chosen or regdanales) was equal by design (Zar 1999;

Chenoweth and Blows 2003).

Equation (2) was fit by restricted maximum likeldth as implemented in the MIXED
procedure of SAS v. 9.2 (SAS Institute, Cary, NGA), using the factor analytic approach
to estimate the covariance matrices of the randfects at the dam and sire level. Of
particular interest here is the sire-level covareamatrix because, when multiplied by four,
it provides an estimate of the additive geneticac@ance function@) of female preference
for male CHCs. Factor analytic modeling directlyiraates the eigenfunctions of a
covariance function, representing mutually ortha@spects of trait covariation with@,
and is analogous to the direct estimation of theeegie principal components (i.e.

eigenvectors) of an additive genetic covariar@grfiatrix (Kirkpatrick and Meyer 2004,
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Hine and Blows 2006). The factor-analytic appropiavides a powerful method for
directly testing the number of statistically sugpdreigenfunctions underlyir@, or in

other words, the number of independent dimensidgeieetic variance for female
preference (Hine and Blows 2006; Meyer and Kirkip&t2008). For this analysi§ was
constrained to be from eight through zero dimerssamd a series of nested likelihood ratio
tests were used to determine whether excluding @acénsion significantly worsened the
fit of the model. The covariance function at thendavel was fixed at three dimensions for
these tests, corresponding to the number of eigetiitns with non-zero (i.e. positive)

eigenvalues at this level.

To test whether the genetic basis of female prateréunctions differed overall between the
two environments, sire X environment and dam xrenwent random effect terms were
added to equation (2). A nested likelihood ratgi teas then used to determine the
significance of the first eigenfunction at the strenvironment level, thereby providing a
test of whether the additive genetic basis of fenpaéference differed between
environments in an approach analogous to the stateehnique for detecting genotype x
environment interactions (Lynch and Walsh 1998y.ths analysis, the sire, dam, and dam
x environment covariance functions were fixed atiamber of dimensions (i.e.
eigenfunctions) with non-zero eigenvalues, corradpg to four, three, and three

dimensions respectively.
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Results

At the population level, female mate preferencaesegated significant linear sexual
selection on the eight logcontrast CHCs in maldsoith environments (Table 3.1),
explaining 21.2% (likelihood ratio tesf = 811.3,d.f.= 8,P < 0.0001) and 20.4%

(likelihood ratio testy? = 789.7,d.f. = 8,P < 0.0001) of the variance in male mating success
in the ‘ancestral’ yeast and novel corn environregraspectively. Although the population-
level preferences differed significantly betweeesi environments (likelihood ratio tegt:
=16.67,d.f.= 8,P = 0.033), the differences were minor: the vectorelation of the

selection gradients in yeast vs. corn was 98.2%.slgnificance of this difference likely
reflects the high statistical power (6,598 maleseyghenotyped). Consistent with numerous
past studies using various population®oterrata(Blows et al. 2004; Hine et al. 2004,
Rundle et al. 2006; Skroblin and Blows 2006), séseection was significant on the three
methyl-branched alkanes, acting in opposite dioastion 2-Me-Gg vs. 2-Me-Gg and 2-Me-
Cso. Selection was also strong on the diene (Z,2)&$ exceeding the median absolute
value of 0.18 for directional sexual selection geats across taxa in nature (Kingsolver el
al. 2001). Strong sexual selection on this dierseldeen previously observed in otler

serratapopulations (Blows et al. 2004; Chenoweth and BI@Q05).

The genetic basis of female mate preference foeitji® logcontrast CHCs in males did not
differ between the ancestral (yeast) and the n@eeh) environments, as indicated by a
non-significant sire x environment interaction lve random regression model (equation 2;
v* = 0.678,d.f.= 8,P = 0.99). Consequently, within this model the veatopopulation-

wide regression slopes across these two envirormf@ntrepresenting the fixed effects of
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each logcontrast CHC on male mating success, wassirailar to the environment-specific
vectors of sexual selectiofi;(Table 3.1). A single additive genetic covariahgection G)

of female preference was therefore estimated athessvo environments.

Genetic variance in female preference is preserdlf@ight logcontrast CHCs, although
both positive and negative covariances give risgrang genetic correlations that suggest a
shared genetic basis of preference for these (fEatsle 3.2). The absolute genetic
correlation among the three methyl-branched alkéaége-Cg, 2-Me-Gg and 2-Me-Gy),

for example, averages 0.83. This non-independeniedlected in the eigenfunctions Gf

with their associated eigenvalues declining rapidignagnitude (Table 3.3). This indicates
that, overall, the genetic covariances severelgitam the multivariate patterns of genetic

variation in female preferences for this suite @lenCHCs.

The first eigenfunction o6 (gmay accounts for well over half (64.6%) of the tagehetic
variance in female preference and is the only t@mbination for which genetic variance is
statistically supported by factor analytic model{fig= 0.0001; Table 3.3). The three
methyl-branched alkanes contributed strongly te gigenfunction (Table 3.1), with 2-Me-
Cyg loading in opposite direction to 2-Mexand 2-Me-Go. This suggests that genes
segregating in this population that strengthen femeeference for some methyl-alkanes
tend to weaken it for others. The second eigenfondty,) accounts for an additional 22.0%
of the genetic variance in preference and appraasigaificance (Self and Liang 1987;
McLachlan and Basford 1988), suggesting the exist&f a second, independent genetic

dimension underlying female preferences. This trambination represents, to a large
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degree, female preference for the diene (Z,2)-58x@Ithough moderate loadings also

contrast (Z2)-9-Gs.; with 2-Me-Gy (Table 3.1).

Discussion

Quantifying the genetic basis of female mate pesfee presents significant empirical
challenges (Chenoweth and Blows 2006), in partidodgause they often target sexual
displays that are composed of multiple components,(the various properties of a visual
or acoustic display, or the constituent componehtspheromone) and/or that involve traits
of different types or modes (Candolin 2003). Insiglay be gained, however, by treating
preferences not as scalar values but rather agaoons functions of the display traits they
target (McGuigan et al. 2008). Here | have usesldpproach i. serratato estimate the
guantitative genetic basis of female preferencefomulti-component sexual display in
males composed of a suite of contact pheromone€§&LHnd to test for condition-
dependence in the expression of these prefereliegs.preferences, estimated as the
population-level sexual selection gradients on NG s arising from female choice, were
relatively strong in this population, explaining-20% of the variance in male mating
success. In comparison, a survey of nine nafirgerratapopulations found that
directional selection on CHCs explained on avemgg@oximately 6.1% of the variance in
male mating success (Rundle et al. 2008), althmagies as high as 59% have been

observed in other laboratory populations (Rundia.€2005).
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My results reveal genetic variance in female pexiee for male CHCs, one effect of which
may be to aid in the maintenance of genetic vaganthe male display traits (CHCSs) they
target. The presence of genetic variance in preéerés confirmed by the evolution of these
traits when selection was manipulated in a recamratory experiment using this same
population (Rundle et al. 2009). Strong geneticatimnces among preferences for different
CHCs were also detected such that the majorith@fyenetic variance in preference
(64.6%) was accounted for by a single underlyiag {gmax the first eigenfunction dg,
equivalent taymax for scalar traits). This indicates that much & genetic basis for female
preference for the different CHCs is shared, simdahat observed in the related spe@es

bunnandaMcGuigan et al. 2008).

This first eigenfunction o6 (gnax represents the combination of male traits forohtthere
is the greatest genetic variance in female preterenthin this population. This
eigenfunction was dominated by the three methydiadls (Table 3.1), with 2-Me»g
loading in opposite direction to 2-Me-£and 2-Me-Go, reflecting the very strong genetic
correlations estimated between preferences foettigse traits (Table 3.2). Female mate
preferences for CHCs in males vary substantiallgrmgmatural population &. serrata
with much of this variation being associated witk presence vs. absence of a related
speciesD. birchii (Higgie and Blows 2007; Rundle et al. 2008). Amainge natural
populations, the major axis of variation in popigatlevel mate preferences (termigghy
because it also represents the major axis of v@miat sexual selection on male CHCs
generated by these population-level preferences)sdtongly contrasts 2-Mes§with the

other two methyl-alkanes (Chenoweth et al. 2018)s Similarity betweetvmax andgmax
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indicates that the combination of male traits fdviak genetic variance in female preference
is greatest is also the combination of traits fbroh mate preferences have diverged most

among these populations in nature.

The second eigenfunction Gf (g,) accounted for a substantial proportion of theaieng
genetic variance in preference (22%). Although tlimsension was not statistically
significant P = 0.142), likelihood ratio tests comparing nesteded models that differ in
more than one random-effect parameter are knoviae tmnservative (Self and Liang 1987,
McLachlan and Basford 1988). This suggests theilplessxistence of an independent
genetic dimension of preference variation. The ipidéexistence of a second dimension of
genetic variance in female preference implies genariance for changes in preference
direction, or in other words, the combination ofled@HCs that females find attractive.
Consistent with this, such variation has been shimmxist in nature (Chenoweth et al.
2010) and has evolved in the lab (Rundle et al920@y laboratory population was created
(almost four years prior to the experiment) by pagpkollections from multiple populations
sympatric and allopatric witD. birchii (Rundle et al. 2006). The presence of two
underlying genetic dimensions may therefore reffedistinct genetic basis to preference
variation within vs. among populations in naturé@hvthe latter arising from the

reinforcement of mate recognition in sympatry (Heggnd Blows 2000, 2008).

Notwithstanding the potential existence of a sedaddpendent dimension to the genetic
variance in female preference, my results strosgbgest the absence of independent

genetic variance in preference for all eight indual logcontrast CHCs in males. Although
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very similar to preference variation for CHCdnbunnandgMcGuigan et al. 2008), this
contrasts with findings in guppies in which fempteferences for orange and black
colouration respond individually to selection, ityiplg an independent genetic basis (Brooks
and Couldridge 1999). Additional studies are mueaded from a diversity of species and a
variety of traits, but if results such as mine @exmon, it suggests that explanations for the
evolution of multi-component sexual displays may Irein their conveying multiple
messages (e.g., signaling different aspects ofittonflor acting as redundant signals
(Candolin 2003), but rather in part in the tendeotsesearchers to over-parse such displays
relative to how they are perceived by female sgnsgstems. Whether the genetic basis of
preference for multi-modal signals shows similan{redependence may appear less likely,

although conclusions await direct empirical study.

Finally, | found no evidence that the genetic basiemale preference differed between the
yeast and corn environments, despite the facthleatovel corn-food reduced female
productivity by 35% on average compared to the tyfeasl to which the population is
adapted (Delcourt et al. 2009). A lack of statedtipower is one possible explanation given
that the random-coefficient mixed model relies oougs of individuals (in my case,
offspring of different sires) to estimate preferendowever, at the phenotypic level females
chose mates with respect to CHCs in essentiallgdinge way in yeast and corn, with the
correlation in population-level mate preferences. theg vectors) between these two
environments being extremely high (98.2%). My restherefore suggest that preference
expression iD. serratafemales is independent of their condition, ortimeo words, that the

combination of male CHCs that a female prefers ada¢slepend on her health or resources.
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My results also provide no evidence that genetianae in preference is greater overall in
the more harsh corn-food environment, as has besshgbed for condition-dependent

preferences and shown in male display traits (Bjtak et al. 2000; Cotton et al. 2006).

The absence of condition-dependence contrastsbeithexpectation and the results of a
number of studies showing changes in prefereneagn or choosiness (the effort an
individual is willing to invest in choice; Jennioaad Petrie 1997) when female condition
was manipulated (Cotton et al. 2006). For exanfpleale zebra finch raised in larger
broods develop into lower quality adults and préfermating songs of lower quality males
(Holveck and Riebel 2010), and in tingara frogsydkes of low body condition were more
likely to reverse their initial choice as compatedemales of high body condition when
male call attractiveness parameters were alteraddBand Ryan 2009). The expectation
for condition-dependence arises if preferencesasdy and high condition individuals are
more efficient at converting preference into fitméSotton et al. 2006; Getty 2006). In a
recent evolution experiment in this same populatiemale preferences for male CHCs
weakened overall when their expression was preddmntgandomly creating monogamous
pairs every generation for mating (Rundle et a090The selective removal of preferences
when their benefits were prevented suggests tegtdhe costly. My current results suggest
that this cost does not depend on the conditicdghefemale. Condition-dependence of other
aspects of female preference (e.g., choosinessialenand Petrie 1997; Hunt et al. 2005),

is nevertheless possible and remains to be explored
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In summary, elucidating the quantitative genetisibaf mate preferences is a challenging
endeavour. | have taken advantage of the randorasgign approach to the analysis of
function-valued traits to explore female preferenioe a sexual display trait in males that is
composed of multiple contact pheromones (CHCs)rééults demonstrate genetic variance
in female preference, with strong covariances anpyaterences for different CHCs that are
likely to constrain preference evolution. | finttle evidence to suggest that preferences

expression is condition-dependent at the phenotypgenetic level.
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Table 3.1. Vectors of directional sexual selecgoadients on eight logcontrast CHCs in

males, equivalent to population-level female magfgrences, as estimated from a standard

multiple regression (equation 1) conducted seplgrateeach environmenpj, and from a

single random regressioh)(across environments (equation 2). The figst.f and second

(g2) eigenfunctions of the additive genetic covariafuretion G; Table 3.2) of female

preference estimated from equation 2, accounting46% and 22% respectively of the

total genetic variance in preference.

Logcontrast CHC g (yeast) f (corn) b Omax 02

(Z,2)-5,9-Gos.» 0.021 -0.019 -0.002 0.154 -0.166
(2)-9-Cps:1 -0.059" -0.037  -0.044 -0.337 0.347
(2)-9-Coe:1 -0.037" -0.029  -0.036 -0.023 -0.020
2-Me-G -0.066  -0.1000 -0.086"  -0.212 0.031
(Z,2)-5,9-G7-» -0.048°  -0.053  -0.058 0.137 0.102
2-Me-Gg 0.150° 0.179°  0.163 0.645 -0.037
(Z,2)-5,9-Gog» 0.251 0.243  0.268 -0.122 0.813
2-Me-Gso -0.1317  -0.128° -0.114  -0.607 -0.423

P <0.05; P <0.001
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Table 3.2 Genetic covariance functi@) (of linear female preferences for the eight lodcast CHCs in males, as estimated from
the sire covariance matrix in a four-dimensionatda analytic model. Genetic variances are disglagteng the diagonal (bold)

with covariances below. Genetic correlations avemgjiabove the diagonal in italics.

Logcontrast CHC (Z,Z)-5,9-C25;2 (Z)-Q-C25;1 (Z)-Q-CZG;;L 2-Me-Gyg (Z,Z)-5,9-C27;2 2-Me-Gg (Z,Z)-5,9-C29;2 2-Me-GCyo

(Z,2)-5,9-Gs22 0.00524 -0.160 -0.889 -0.553 -0.460 0.441 -0.314 -0.303
(2)-9-Cos5:1 -0.00098 0.00717 -0.095 0.747 -0.431 -0.788 0.610 0.519
(2)-9-Co6:1 -0.00096 -0.00012 0.00022 0.526 0.539 -0.315 -0.144 0.344
2-Me-G -0.00195 0.00309 0.00038 0.00238 -0.077 -0.853 0.183 0.727

(Z,2)-5,9-G72 -0.00173 -0.0019 0.00042  -0.00020 0.00270 0.500 -0.018 -0.580
2-Me-Cyg 0.00404 -0.00845  -0.00059 -0.00527 0.00329 0.01603 -0.276 -0.911

(Z,2)-5,9-Go22 -0.00223 0.00506 -0.00021  0.00088 -0.00009 -0.2034 0.00961 -0.121
2-Me-Cgo -0.00283 0.00568 0.00066  0.00458 -0.00389 -0.01489-0.00154 0.01667
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Table 3.3: Model fit statistics of the number dieetive dimensions of the genetic
covariance function®) of female preference, as determined from a faat@dytic model of
the sire-level covariance matrix. The percent eftthtal genetic variance in female

preference (% variance) was calculated from thigifel eight-dimensional) factor analytic

model.
no.
% variance no. parameters -2LL RIC P-valué
dimensions
8 0 81 - - -
7 0 80 - - -
6 0 78 - - -
S 0 75 8076.3 8222.3 1
4 2.8 71 8076.3 8212.3 0.989
3 10.7 66 8076.9 8204.9 0.722
2 21.8 60 8080.5 8200.5 0.142
1 64.6 53 8091.4 8197.4 0.0001
0 —_— 45 8122.9 8212.9 —

& Akaike’s information criterion.
P Results of a likelihood ratio test of whether fit®f a model with one fewer genetic

dimensions is significantly worse than the fit log tcurrent model.
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Chapter 4 Condition dependence of a multi-component sexual display trait in

Drosophila serrata

The work in this chapter is a slightly modified sien of the following article, coauthored

by Howard Rundle (Department of Biology, UniversifyOttawa):

Delcourt M. and H.D. Rundle. Condition-dependenica multi-component sexual display

trait in Drosophila serrataAmerican Naturalisi77: 812 — 823.
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Abstract

Theory predicts that costly sexual displays shewilve condition dependence if the
marginal fitness gain from trait exaggeration isager for high than for low condition
individuals, and that the strength of condition élggience should increase with the strength
of directional selection. While there is substdrgigoport for the first prediction, evidence
for the latter is much weaker. | undertook a quattie test of this prediction for a
multivariate sexual display consisting of a suiteantact pheromones, termed cuticular
hydrocarbons (CHCs), iDrosophila serratal performed a dietary manipulation of
condition (i.e. the pool of metabolic resourcesilaée for allocation to fithess-enhancing
traits) within a half-sib breeding design, theraligo providing insight into the genetic basis
of condition dependence. As predicted, the lineantmnation of CHCs under the strongest
sexual selection from female mate preferences wasually condition dependent relative to
other CHC combinations within the populatidgh= 0.049). A significant positive

correlation also existed between the strength®wodlition dependence and sexual selection
among different CHC blends € 0.482,P < 0.001). Finally, sires varied in their respotse
the dietary manipulation, demonstrating significganetic variance in condition
dependence. My results are consistent with theuéiool of heightened condition

dependence of sexual displays in response to parssexual selection.
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Introduction

Condition can be defined as the pool of metab@sources available to an individual for
allocation to the production and maintenance otihies that determine their fithess (Rowe
and Houle 1996; Tomkins et al. 2004). Difference®ag individuals in condition arise
from genetic and environmental variance in thegquasition and/or assimilation of
resources. For traits subject to directional seacfitness is an increasing function of
investment in the trait, favouring individuals tl@ibocate as much as they can afford to the
trait (Andersson 1982; Nur and Hasson 1984). Theoeylicts that the expression of such
traits should evolve to be condition dependerttaf tharginal fithess gain of trait
exaggeration is greater for high than for low ctiodiindividuals (Getty 1998; Proulx et al.

2002; Getty 2006).

With respect to condition-dependent trait expragsadtention has focused in particular on
male traits involved in courtship and mate acqiaisi{e.g., morphological, visual, chemical,
and acoustic displays) because such traits are tH#tgets of persistent and directional
sexual selection. Such selection will drive theiaggeration to the point at which their
benefit to sexual fitness is offset by their cashbn-sexual fitness (i.e. until natural
selection balances sexual selection; Kirkpatriok Rgan 1991; Andersson 1994), making
such traits costly (Rowe and Houle 1996). If thegmeal cost of trait exaggeration is lower
for high condition males (or the marginal fithessngis higher; Getty 1998; Proulx et al.
2002; Getty 2006), then these displays will beatd® indicators of a male’s phenotypic
and/or genetic quality (Zahavi 1975; Andersson 1@@@fen 1990a; Grafen 1990b; lwasa

and Pomiankowski 1994; Rowe and Houle 1996). Aslitimm dependence evolves, genetic
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variance in overall condition is converted intoigon in the male trait in a process called
genic capture (Rowe and Houle 1996). Condition ddpece therefore has implications for
the maintenance of genetic variance in sexual aysjphits in particular and in life history
traits in general (Rowe and Houle 1996; Houle 1998nkins et al. 2004). Under such
conditions, females can benefit by using theselayspvhen choosing mates, making
condition dependence central to the evolution afencoice, and potentially population
mean fitness (Proulx 1999; Whitlock 2000; Proul®20Proulx 2002; Lorch et al. 2003)

and even the evolution of sex (Agrawal 2001; Se01).

In contrast to traits under persistent directicgéction, traits experiencing stabilizing or
otherwise weak selection are not expected to evadwnelition dependence because
allocating more resources to such traits doesnuoease fitness. In general, given that
sexual display traits are common targets of pensisiirectional selection, such traits are
expected to exhibit heightened condition dependesied¢ive to other traits that are less
closely associated with fitness (Pomiankowski 198iafen 1990a; Grafen 1990b; Iwasa
and Pomiankowski 1994). More specifically, the nraaggain in fitness from trait
exaggeration should be greater for a trait undenger as opposed to weaker directional
selection and all else being equal, the formet staould therefore evolve to be more
sensitive to condition than the latter. Among &aiherefore, the strength of condition
dependent expression should increase as the strehggxual selection increases, although
the degree to which such relationships may be abddoy other differences among traits

(e.q., genetic architecture, past selection) isknotvn.
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Numerous studies have experimentally altered cmmgibften through the use of different
quality diets, and examined the effect on one orensexual traits. Unfortunately, many of
these studies suffer from a number of shortcomamgscompelling manipulative evidence
that sexual traits exhibit heightened conditionetetence is limited (Cotton et al. 2004).
Although some of the concerns raised by Cotton. ¢2804) have been addressed in several
recent studies (e.g., Bonduriansky and Rowe 20@mpKand Rutowski 2007; Siitari et al.
2007; Peters et al. 2008; Kemp 2008; Punzalan 208B; McGuigan 2009; Wyman et al.
2010; Tibbetts 2010), conspicuous gaps in our kadgeé remain. For example, the standard
experimental approach compares the extent of dondiependent expression of sexual
traits with that of one or more non-sexual trafts.non-sexual traits, such comparisons
often employ the homologous traits in females beohon-sexual traits in males, under the
presumption that directional selection is weakealmgent on them (but see Punzalan et al.
2008; McGuigan 2009). While useful, such compargsoften rest on an untested
assumption concerning the strength of selectiothese traits and therefore cannot be used

to estimate the relationship between the strengjthendition dependence and selection.

In addition, like many signaling systems male séxlisplays are often composed of
multiple components that are used simultaneoushgttact or court females (Candolin
2003) and female mate preference often act on pheiltiaits (Brooks and Endler 2001,
Chenoweth and Blows 2006). The phenotypic and geoevariances among these traits
necessitate a multivariate approach to their amalyscluding estimates of selection (Lande
and Arnold 1983). Unfortunately, the multi-compohaspect of male sexual displays has

often been overlooked in studies of condition deleeice, with the majority of work
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focusing on single trait comparisons (Cotton e2@D4). When multiple traits have been
considered, analyses are often conducted sepaaatelya limited number of composite
traits (but see McGuigan 2009). The importancedofping a multivariate perspective in
general, and in the study of sexual selection amdiition dependence in particular, is well
attested to by the apparent lack of genetic vaeamt¢he multivariate direction of selection
on combinations of traits for which there is amgémetic variance individually (Walsh and
Blows 2009), a result suggesting that conditionethelence may not be able to maintain
genetic variation in the face of persistent andmgjrdirectional selection. | return to this

topic in the Discussion.

Finally, the genetic basis of condition dependdme®received limited attention. Genetic
variance in condition dependence is required fewolution and the rapid divergence
among species of sexual traits in particular suggeat condition dependence for particular
traits may strengthen and weaken relatively rapialyaddition, condition dependence likely
evolves in response to sex-specific selectionwhidtlso favour the evolution of sexual
dimorphism. The process of genic capture may tbegefo hand-in-hand with the
breakdown of the intersex genetic correlations itngiede sex-specific trait evolution,
resulting in condition dependent sexual dimorphikra to a shared genetic basis of these
phenomena (Bonduriansky 2007a). Genetic variancendition dependence has been
demonstrated for male eye span in stalk-eyed figgtodiopsis dalmanniDavid et al.

2000), and condition dependence and sexual dim&emphave been shown to covary in two

other fly species, suggesting their common geretsss (Bonduriansky & Rowe 2005;
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Bondurianksy 2007b). The genetic basis of conditiependence is a topic in need of

additional investigation.

Here, using the Australian fruit flprosophila serratal investigate condition dependence
and its genetic basis for a multi-component segisglay consisting of a suite of contact
pheromones, termed cuticular hydrocarbons or CIBCserratause CHCs both in mate
choice within populations (Chenoweth and Blows 20@8enoweth and Blows 2005) and in
species recognition (Blows and Allan 1998; Higdiale 2000). Via a series of quantitative
genetic and manipulative evolutionary experimepésticular combinations or blends of
CHCs in males have been shown to be the direatttafdemale mate preferences,
generating consistent and often strong directisaatial selection on these traits (Higgie et
al. 2000; Chenoweth and Blows 2003; Chenoweth doa/$2005; Higgie and Blows 2007,
Higgie and Blows 2008; Rundle et al. 2009; Delcairal. 2010). The relative
concentrations of three CHCs have been found teelete positively with wing size, an
index of body size, in field raised males, suggesthat they are condition dependent in
their expression (Hine et al. 2004). Direct, matapue tests of condition dependence are
lacking in the species, although have been undemtéd both CHCs and wing shape in a
close relativeD. bunnandgVan Homrigh et al. 2007; McGuigan 2009). The tielaship
between the strength of condition dependence andtthngth of sexual selection has not

been explored in either species.

In my experiment | use a dietary manipulation afdiion conducted within the context of

a half-sibling breeding design (e.g. David et 80@), measuring the CHCs of sons from the
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breeding design when raised in a high and low guahvironment. | also quantify sexual
selection on this suite of CHCs directly via a féenzhoice mating assay using daughters
from the same breeding design (see Delcourt @04l0), providing an estimate of the linear
combination of male CHCs that females prefer miost the blend of CHCs that makes
males most attractive). | then compare the streafjtfondition dependence for various
CHCs blends that exist within the population (eggresenting a separate vector through
the multidimensional phenotypic space of male CH&s}ing whether the particular
combination of CHCs that females most prefer isemaamdition dependent than other
possible blends among which they could choose.dJdifflerent combinations of CHCs
provides an internal comparison that is preferéblfe use, as a control, of another class of
traits (e.g., morphology, behaviour) that may beefigomentally more or less sensitive to a
diet manipulation of condition for reasons otherthheir past history of selection. By
combining the results of the selection assay aedligt manipulation, | also directly
qguantify the relationship between the strengthawidition dependence and the strength of
sexual selection among these different CHCs bldfidslly, taking advantage of the
breeding design | employ a standard quantitativeetie method for quantifying genotype x
environment interactions to estimates genetic magan CHC condition dependence

(Tomkins et al. 2004).

Materials and methods
Breeding design
Using a previously described laboratory populatbD. serrata(Rundle et al. 2006), |

conducted a paternal half-sib breeding design adweas different larval food environments:
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a standard yeast-based food on which the populafidrbeen previously maintained for
more than two years and to which it was therefoesygmably well adapted, and a novel
corn flour-based food. The effects of these envirents on male condition were evaluated
in a separate assay (online Appendix A). Ninety-sives were each mated to four virgin
females (dams) and these females were allowedipogiv for 20h in one environment (corn
or yeast food) and then 48h in the alternative remvhent. The order of oviposition
environments was alternated among females anatiget oviposition time in the second
environment ensured similar larval rearing densigjwen a decline in female egg laying
rate with time. The breeding design was condugatetree blocks consisting of 30, 31 and
31 sires that spanned five generations of the &boy population. The genetic basis of male
and female fitness has been previously quantifssdgusons and daughters from this
breeding design (Delcourt et al. 2009), as hagiémetic basis of female mate preferences
for male CHCs (Delcourt et al. 2010). Here | useehalata collected from separate sons to
examine the genetic basis of male CHCs as expresset) sexual encounters. These data
are combined with the previous preference datan(fndnich | derive direct estimates of
sexual selection on these traits; Delcourt et@L02 to investigate the condition dependence
of male CHCs. The number of sires in the curretd dat (91) differs from that in the
previous fitness and preferences data sets (Delebat. 2009; Delcourt et al. 2010) due to

incomplete records for some sires.

Male display assay
Male CHC displays were assayed on 3-day-old visgims from each half-sib family, raised

in each environment, that were collected at emegand separated by sex using light CO2
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anesthesia. These males were held in vials in gobfipe on their respective larval food
media with abundant live yeast sprinkled on topleM2HCs were estimated within the
context of a sexual encounter by presenting eaclsgparately in a vial to two virgin
females of the same age that were randomly ch@eenthe stock population. Vials were
observed until the male successfully mated with @frtbe two females, at which point the
male was removed for CHC extraction using,@@esthesia and the females were
discarded. Mating vials contained food that matdiedenvironment in which the son was
raised (i.e., yeast or corn). An average of 3.18+(6tandard deviation) replicate mating
trials were conducted using separate sons from @atchraised in each environment,

generating more than 2,300 males for CHC extraction

Cuticular hydrocarbons were extracted by immersidgviduals in 100 pL of hexane for
approximately 3 min and then vortexing for 1 mimdividuals were then removed and
samples were analyzed using an Agilent Technol@g88N gas chromatograph as
previously described (Delcourt et al. 2010). Indual CHC profiles were determined by
integration of the area under nine peaks correspgrd those used in the preference
analyses (Delcourt et al. 2010) and identifiedrtheo of their retention times as: (Z,2)-5,9-
Coa:2 (Z2,2)-5,9-Gs:2, (£2)-9-Cos:1; (£2)-9-Copy; 2-Me-Gog, (£,2)-5,9-Gr:2, 2-Me-Gog, (Z,2)-
5,9-Go.2; and 2-Me-Gy (Howard et al. 2003). After integration, CHCs wexpressed as a
proportion of the total CHC abundance for eachvildial to control for variation in both
the extraction process and gas chromatographigsigauch controls are less prone to
experimental error than the use of internal staagl@Blows and Allan 1998; Savarit and

Ferveur 2002). To break the unit-sum constrairgpprtions were transformed to
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logcontrasts, using (Z,Z2)-5,9.% as the divisor, thereby permitting multivariatalses to

be performed (Atchison 1986).

Genetic analyses

The additive genetic variance-covariance Ggmatrix for the eight logcontrast CHCs in
males was estimated via REML at the sire-level sply for each environment. |
employed the factor-analytic modeling approach anmnted in the ‘mixed’ procedure of
SAS v. 9.2 (Hine and Blows 2006; McGuigan and BI@®87). The model was:

Yijklmn =p+ S5+ Dl(k) + By + Oy + B, Oy, + Eijkimn» (1)

whereYimn IS the observed standardized logcontrast valtleedf" CHC ( = 1 to 8) from
thej™ offspring of thd™ dam D) nested within th&" sire ©). ¢ is unexplained error. Fixed
effects include the intercept)( experimental blockg), the order of oviposition
environments@), and their interaction. Prior to analysis, logeast values of each of the
eight CHCs were standardized\(®,1)) separately by environment. The factor-analyt
approach ensures that the resulting covariancexn{&y is positive-definite (i.e. all
eigenvalues > zero; Kirkpatrick and Meyer 2004al$o provides a means of directly
testing the dimensionality @ by constraining the covariance matrix to be frarmozo
eight dimensions and using a series of nestedhiedl ratio tests (LRT) to determine
whether excluding each dimension significantly vemisthe fit of the model (Hine and
Blows 2006). In these analyses, the dam effectfixad at six dimensions in both corn and

yeast, corresponding to their number of eigenveatoth non-zero eigenvalues.
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As a direct test for genetic variance in CHC canditlependence, | employed a standard
technique for detecting genotype x environmentauons (Lynch and Walsh 1998;
Tomkins et al. 2004). Data were combined acrosg@mwents and standardized globally
(=N[0,1]). Sire x environment and dam x environmentan effect terms were then added
to eqn. 1, along with the fixed effect of enviromheand the factor analytic modeling
approach was used to conduct a series of nested bRifie significance of the eigenvectors
at the sire x environment level. The first eigenweof the sire x environment matrix, for
example, represents the trait (i.e. linear commnadf logcontrast CHCs) for which sires
vary most in their responses to the two environsiemtin other words for which additive
genetic variance in condition dependence is gredtes this analysis, the sire, dam and dam
x environment effects were each fixed at five disiens, corresponding to their respective
number of eigenvectors with non-zero eigenvalués. 8stimate of the first eigenvector
presented in “Results” was obtained from a modéh e dimensions at the sire x
environment levels to avoid biases that can résarth underfitting the number of genetic

dimensions (Meyer and Kirkpatrick 2008).

Phenotypic analyses

| compared the extent of condition dependence @n@lationship with the strength of
directional sexual selection for various traitsrales representing different linear
combinations of the eight logcontrast CHCs, inahgdihe combination under the strongest
directional selection (i.e. the most attractivenblef male CHCs). The latter was estimated
using the previously published preference dataq@et et al. 2010). In brief, from the

current breeding design five virgin daughters freach half-sib family were used
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individually in separate mate choice trials withefirandomly chosen virgin stock males.
CHCs were quantified from the chosen and one ofdbhe(randomly selected) rejected
males. Although male-male competition could, irotlye affect the outcome of such trials,
several lines of evidence suggest that this assasessfully measures female choice in this
species (Delcourt et al. 2010). Here | ignoredf#tot that the females came from the
breeding design and used a standard first-ordetipteutegression (Lande and Arnold 1983)
to estimate sexual selection on males as a funofitimeir eight logcontrast CHCs
(standardized N[0,1]), along with the fixed effects of experimdrtéock, order of
oviposition environments and their interaction.sTyielded a column vector of directional
sexual selection gradien{®) (epresenting the linear combination of CHCs test explains

variance in male mating success (i.e. male attraicgéiss; Blows 2007).

To generate additional traits representing diffeleear combinations of CHCs, | randomly
reassigned mating success scores among malespretieeence data from Delcourt et al.
(2010). The multiple regression of a randomizec$abale mating success scores against
their eight standardized logcontrast CHC valueklg@ a vector of partial regression
coefficients representing an arbitrary combinabd@€HCs. This approach preserves the
phenotypic covariance structure inherent in theen@iCs, identifying linear combinations
of CHCs that exist phenotypically within the pogida and that females could use in mate
choice. | repeated this procedure 999 times, rieguilh 1000 different traits: the one
particular linear combination of CHCs that besed®ines male mating succeg3 énd 999
other combinations. In all cases | used data aoiynfthe yeast environment (involving

3,315 chosen and rejected males), although prefesatiffered little when females were
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raised in the two environments (the vector cori@hadf the sexual selection gradients in
yeast vs. corn was 98.2%; Delcourt et al. 2010)ragdesults are qualitatively unchanged if
| use females raised in corn or | pool those frathtenvironments (unpubl. results). All

trait vectors were standardized to unit lengthractheir use in further analyses, generating
different traits that vary only in the relative ¢obutions of the underlying CHCs (i.e. in

their direction in multivariate trait space).

The strength of condition dependence of a trait @signated by scoring males from the
display data for the trait vector in question. Thean of this trait was then calculated
separately for males raised in corn and yeastladttength of condition dependence was
estimated as the difference in mean trait valuésdsn the two environments (corn minus
yeast; the directionality given by the results wfadsolute fitness assay; online Appendix
A), with greater absolute differences indicatingsger condition dependence. To
determine whether the particular combination of GHii@at females prefer most (i.e. male
attractiveness as determinedf)ywas unusually condition dependent, | calculaked t
proportion of traits for which the strength of carah dependence was equal to or greater

than that observed for male attractiveness.

The strength of directional sexual selection onsidume trait arising from female mate
choice was calculated by scoring males from théepeace data for the same trait vector.
Linear sexual selection on this trait was themestied using a standard first-order multiple
regression (Lande and Arnold 1983) in which masingcess of individual males (0 =

rejected, 1 = chosen) was modeled as a functidinenf trait value. The trait was
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standardized (N[0,1]) prior to this analysis such that the resigtregression coefficient
represents a selection gradiefjtthat quantifies the strength and direction oééinsexual

selection on it.

Finally, to determine the significance of the relaship between the strength of condition
dependence and the strength of sexual selectiadhdse traits, | used a randomization
procedure that accounted for the fact that theQLi24ts are not independent of one another
because they represent different linear combinatafrihe same eight logcontrast CHCSs.
These CHCs define an eight-dimensional phenotygace that can have at most eight
independent (i.e. orthogonal) trait vectors withimNo particular set of eight orthogonal
traits are of interest over another, so | emplayedndomization procedure to generate
unique sets of eight orthogonal traits within tiepotypic space. For each set, the strength
of condition dependence and sexual selection wetexmiined as described above and the
correlation coefficient between them was calculaldok procedure was repeated for 1,000
times and a one samphest (two-tailed) was used to determine whetherawerage

correlation coefficient differed significantly fromero.

Results

Genetic Analysis of cuticular hydrocarbon

The genetic (co)variance matrices of the eight @&k logcontrast are presented in Tables
1 and 2 for the corn and yeast-raised males raspgctWith the exception of (2)-9-%.1,
which was weakly correlated with the other CHCs, idmaining CHCs were strongly

correlated with one another (genetic correlati@mge from 0.88 - 0.99 in yeast and from
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0.83 - 0.97 in corn), suggesting that the samegeartribute to the majority of segregating
variance among these traits. This is reflectethéngrincipal components of the tv&®

matrices (Table 4.3) with the first eigenvectg4), representing the combination of CHC
for which there is the most genetic variance, antiag for the majority of the total genetic
variance in both corn (92.0%) and yeast (93.9%YyeXbeless, despite severe constraints on
the multivariate patterns of genetic variation gaterl by these covariances, evidence does
exist for the presence of a number of independenétic dimensions of CHC variation in
both environments, with five and four genetic piat components d& being significant

in corn and yeast respectively (Table 4.4).

The first eigenvector of the sire x environmentarance matrix describes the combination
of CHCs for which sires vary the most in their r@sge to these two environments (Table
4.3) or in other words, the trait having the masefic variance in condition dependence.
This eigenvector was statistically supported (L= 56.19,d.f. = 8,P < 0.0001),
demonstrating significant genetic variance in CH@dition dependence. No other
eigenvectors were significant at this level (LR Ttlod 21 dimension:)(2 =29,df.=7,P=

0.892).

Phenotypic analyses of condition dependence

The combination of CHCs that best determines nistt@ciiveness (i.gf) was significantly
more condition dependent than expected (0.049), indicating that females discriminate
among mates using an unusually condition depertdentl of male pheromones (Fig. 4.1).

Among these various blends, the strength of camtliiependence for a trait also tended to
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increase with the strength of sexual selectiort ¢Rig. 4.1), generating a significant
positive correlation between these variabtes (0.482,P < 0.001). The sign of this
association is consistent with the quality of thizse environments as inferred from the
absolute fitness assay (Appendix A): for combinagiof CHCs under directional sexual
selection favouring a higher trait value, malesedion the high quality corn diet tended to
have higher (i.e. more attractive) values as coepay males raised on the lower quality
yeast diet. Conversely, for combinations of CHCdaurdirectional sexual selection for a
lower value, males raised in corn tended to havalemvalues than males raised in yeast,

again making the former males more attractive tharatter.

Discussion

Condition dependence may have important implication fundamental evolutionary
processes including the evolution of mate prefezsrand the resolution of the lek paradox
(Pomiankowski and Moller 1995; Rowe and Houle 199@patrick and Barton 1997,
Houle 1998; Kotiaho et al. 2001; Houle and KondoasB002; Tomkins et al. 2004),
adaptation to novel environments (Lorch et al. 3G0RI niche expansion (Proulx 1999;
Proulx 2001; Proulx 2002; Lorch et al. 2003; Whikand Agrawal 2009), the purging of
genetic load and the evolution of sex (Whitlock @0Agrawal 2001; Siller 2001; Whitlock
and Agrawal 2009), and the evolution of sexual dphésm and the resolution of intralocus
sexual conflict (Bonduriansky 2007a; BonduriansR@2b). Although the condition
dependence of sexual traits has received subdtantrical attention, many past studies
suffer from a number of issues including few orcoeatrols against which to compare

changes in sexual traits and a failure to constdegenetic basis (Cotton et al. 2004). In
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addition, few of these studies have taken a mulat@approach, despite the fact that mate
preferences often target multiple traits simultarsdp (Brooks and Endler 2001; Candolin
2003; Chenoweth and Blows 2006). Quantitative esttasiof selection are also often

lacking, restricting the insight that can be gaimgd condition dependence.

Here, working with a multivariate sexual displaymmosed of contact pheromones (CHCs)
for which | had direct estimates of sexual selextidested for condition dependence using
an experimental design that provides insight al blo¢ phenotypic and genetic levels. My
results revealed that females mate preferencesttargpmbination of CHCs in males that is
unusually condition dependent relative to othersgus blends females could use. By
comparing among CHCs, | avoided possible issueseraimg the differential sensitivity to
condition of different classes of traits (e.g., ptavlogical, behavioural, chemical) arising
for reasons other than the process of genic cagtaleo show a positive association
between the strengths of condition dependence@ndakselection, as predicted by theory,
with variance in the strength of selection explagnapproximately 23%2() of the variance

in condition dependence. Finally, | demonstrataificant genetic variance for CHC

condition dependence.

Cotton et al. (2004) recommend that condition malaifions should be realistic relative to
those experienced under natural conditions. Inrdgard, my experiment appears
appropriate in that individuals from my stock pagiidn survive and reproduce on both diets
and the difference in emergence time between ibe fdised in the two environments (1-2

days on average; M. Delcourt, unpubl. results)ed within the range of variation within a
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single environment due to density-effects duringmad culture maintenance. Nevertheless,
the effect of these diets was unexpected in anethgr although corn increased male

fitness (online Appendix A) it is also known to dease female fitness (Rundle et al. 2006;
Delcourt et al. 2010). Such sexually-antagonistieess effects are not surprising given that
the majority of genetic variance for fithess segtet in this population appears to be
sexually-antagonistic in both environments (Delt@tial. 2009). Such a negative inter-sex
genetic correlation for fitness implies that atsteane and likely both sexes are off their
fitness peak in yeast, the environment to whicly e adapted. Whether a sexually-
antagonistic effect of an environmental manipulatd condition is unusual remains to be
determined, although a similar result has beendanmmbush bugs (Punzalan et al. 2008)
and in another population Bf. serrata(Gosden and Chenoweth 2011) and may be a general
feature arising from intralocus sexual conflict ogex-specific diet optima in insects
(Maklakov et al. 2008). In addition, the persisené sexually antagonistic selection within
populations (Cox and Calsbeek 2010) and the prewalef negative intersex genetic
correlations for fitness (Kruuk et al. 2008; Pordgsat al. 2010) suggest that such effects may

be common.

As also noted by Cotton el al. (2004), genetic etspef condition dependence have received
limited attention. Demonstrating genetic varianteondition dependence, for example, is
consistent with sexual display traits evolving Itémed condition dependence in response
to persistent sexual selection, although it is glessible that female preferences may evolve
to target male traits that are already good indisabf condition for other reasons

(Johnstone et al. 2009). The relative role of theseprocesses is an important topic for
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future research. In addition, experimental studfesondition dependence generally use
environmental manipulations, whereas it is gerdifferences in condition that are of
primary interest. Inbreeding has been used inrdspect (e.g., Sheridan and Pomiankowski
1997; van Oosterhout et al. 2003) although theceffef novel mutations have received little
attention. Finally, the degree to which the genetechanisms underlying sexual
dimorphism and condition dependence are sharddddagely unexplored (but see
Bonduriansky and Rowe 2005; Bonduriansky 2007 &pitie the expectation that sexual
dimorphism will often be condition dependent. Undmiately | did not quantify CHCs from
daughters in my breeding design, preventing me fstimating intersexual genetic
correlations for these traits in this populatiohisTwill also be an important avenue for

future research.

Condition dependence and the maintenance of gene#idation

The paradox of the lek describes the apparentadiction that strong selection on a male
sexual display that signals genetic quality sheafudly deplete genetic variance in it, thus
preventing females from receiving any indirect bgrieom preferring the trait (Kirkpatrick
and Ryan 1991). In some sense this paradox wadgrsglgnmesolved by the empirical
observation of unexpectedly high genetic variamcgexually selected traits (Pomiankowski
and Moller 1995). Condition dependence was put &mdnas a mechanistic resolution to this
(Andersson 1994; Pomiankowski and Moller 1995; Rawe Houle 1996). The idea is that
genetic variance in condition is captured by digptaits and, because condition is a large
mutational target, genetic variance in displayt¢renay be maintained despite persistent

directional selection (Rowe and Houle 1996; Hod68). Despite increasing evidence for
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the condition dependent expression of sexual fthiesabundance of genetic variance in
them has been questioned of late, with the restiggveral quantitative genetic studies and
manipulative experiments suggesting that littléhes variance lies in the multivariate

direction of selection (Walsh and Blows 2009).

In my population oD. serratg females seem to prefer a combination of CHCsafemthat

is particularly condition dependent. Is this coimtitdependence sufficient to maintain
relatively high standing genetic variance in thét® Insight can be gained by projecting the
vector of sexual selection due to female mate peafees (i.ef) through the space defined
by the genetic covariance matfi as given in egn. 9 of Blows & Walsh (2009). Faoogs

on the population’s standard yeast laboratory envirent, of the total genetic variance in
male CHCs only 4.5% of it lines alopgsuggesting that despite condition dependence
relatively little genetic variance is maintainedlis sexual display. Consequently.x (the
first eigenvector of5), which accounts for 93.9% of the total genetidarace in CHCs, is
oriented 78.3° away froifi (see eqn. 6 of Blows and Walsh 2009). This mirpsesious
results from two different populations Bf serratg one lab-adapted and one from the field
(Blows et al. 2004; Hine et al. 2004) and therefgppears to be a general result in this
species. Similar results have also been foundandlated specid3. bunndandavia both a
guantitative genetic study (Van Homrigh et al. 2087d a selection experiment (McGuigan
et al. 2008), and observational and manipulativdence exists from at least two other
species (Hall et al. 2004; Hunt et al. 2007). Leanding genetic variance in multivariate
traits under persistent directional selection nieyeéfore be more common than previously

appreciated (Walsh and Blows 2009).
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The condition dependence of sexual traits is ingdrto theories for the evolution and
maintenance of costly female mate preferencesdiadct benefits (i.e. good genes). Its
apparent inability to maintain high standing gemgtriance in male sexual displaydin
serratasuggests that selection may be sufficiently sttongpidly remove deleterious
mutations as they arise. If CHCs are a sensitideator of genetic quality that permit
females to avoid mating with males carrying nevweti#ious mutations, then females may
benefit from their choice despite the presencétté standing genetic variance in the male
display (Whitlock 2000; Tomkins et al. 2004; McGaigand Blows 2009). Such a scenario
suggests that the genetic relationship betweeniton@nd display traits may be more
complex than originally suggested (e.g., McGuigaa Blows 2009). It also suggests that
further insight into the good genes hypothesis megyire tests of the ability of females to
avoid mating with males carrying deleterious muatagi (Tomkins et al. 2004; Radwan 2004;
McGuigan and Blows 2009). Such tests are an impbgaal of future work. Also key will
be determining the extent to which environmentahimaations of condition (as used
herein) mirror the effects of genetic variance treteby provide insight into the process of

genic capture.

Appendix A: Diet manipulation and male condition

The standard approach in experimental studiesmditon dependence involves
manipulating environmental quality to generate widtiials of differing condition, often via
low vs. high quality diets (Cotton et al. 2004). Myperiment took advantage of a breeding

design that was conducted across two differentldood environments consisting of a
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yeast vs. corn flour-based media (recipe for theehmedia is given in Rundle et al. 2005).
Although these environments were chosen for ureélegasons concerning the alignment of
natural and sexual selection during adaptation (Ruet al. 2006), they constitute a larval
diet manipulation. The effects of this manipulatmnmale condition are difficult to judge
priori because the foods are qualitatively differentof@sosed to one being a dilution of the
other). Therefore, to determine the effect of tied chanipulation on male condition, |
conducted an assay to compare the absolute fitiesales raised in yeast vs. corn.
Comparing mean absolute fithess between dietspioppate in this regard because
condition is defined as the pool of metabolic reses an individual possesses and it is the
size of this pool, and the efficiency with whicldividuals allocate it to competing life
history traits, that determine their fitness. lhatwords, high condition confers higher
absolute fitness and an individual's condition barthought of as their potential fithess

(Bonduriansky and Rowe 2005; Cotton et al. 2004).

The assay involved virgin males from the same staiked in either yeast or corn, that
were placed singly in vials along with two virgiarapetitor males of similar age randomly
chosen from a stock population into which a resessrange-eye mutation had been
introgressed. A single, virgin orange-eye femals a@ded to each of these vials for 72h,
after which all flies were discarded and the vialwetained for offspring development. All
vials contained yeast food and all competitor males the females were raised in the yeast
environment such that differences among treatnmamikl be attributed solely to the
environment (i.e. diet) in which the target maleswaised. 120 (124) replicate vials were set

up using males raised in the yeast (corn) envirorisneespectively. Male absolute fitness
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was calculated as the number of offspring (i.e-amnge-eye flies) produced by the
female. This measure of male fitness includesdpsaductive success (pre- and post-
copulatory), the subsequent productivity of the dévhe mated, and the survival to
emergence of his offspring when in competition Wigif-sibling offspring sired by the

orange-eye competitors.

Males raised in corn produced 14.4 + 1.65 (meataadard error) adult offspring compared
to 10.0 £1.7 for males raised in yeast. This défee is significant (non-parametric Mann-
WhitneyU test, normal approximatioa:= -2.87,n; = 120,n, = 124,P = 0.004), indicating
higher absolute fitness, and hence condition, désiaised in corn as compared to yeast.
The proportion of males that sired at least ongpofiig was significantly higher in corn as
compared to yeast-raised males (62% vs. 45% raegplctFisher’'s exact tesE = 0.010),
suggesting that the higher fitness of the corn mafese at least in part from a higher
mating success of these males. Of the males tteat at least one offspring (i.e. that
successfully mated), corn-raised males also tetmlpdoduce more offspring on average as
compared to yeast-raised males (23.3 + 1.9 vs.23.P, mean * standard error), although
this difference was not significartttest onln-transformed counts:= -1.44,d.f. = 129,P =

0.154).
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Table 4.1. Genetic covariance matiiX) (for the eight logcontrast CHCs in males raisedam. Genetic variances are displayed

along the diagonal (bold) with covariances below ganetic correlations above (italics).

Logcontrast CHC (Z,Z)-5,9-C25;2 (Z)-Q-C25;1 (Z)-Q-CZG;;L 2-Me-Gyg (Z,Z)-5,9-C27;2 2-Me-Gg (Z,Z)-5,9-C29;2 2-Me-GC3o

(Z,2)-5,9-Gos:2 2.447 0.031 0.927 0.941 0.922 0.982
(2)-9-Cas1 0.020 0.166 -0.190  -0.160 -0.189 -0.068
(2)-9-Cag1 2.360 -0.126  2.646 0.849 0.933 0.936
2-Me-Cyg 2.057 -0.091 1.929 1952 0.833 0.938

(Z,2)-5,9-Go7-2 3.283 -0.175 3.456 2.651 5184 0.941
2-Me-Cog 2.663 -0.048 2.641 2.273 3.714  3.006

(Z,2)-5,9-Goo:2 3.422 -0.353 3.605 3.065 5.388 4.151
2-Me-Cyg 3.258 -0.187 3.493 2.724 4.937 3.805

0.848

-0.336

0.859

0.850

0.917

0.928

6.657

5.633

0.923

-0.204

0.952

0.864

0.961

0.973

0.967

5.093

Note: G was estimated from the sire covariance matrixfisexdimensional factor analytic model.
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Table 4.2. Genetic covariance matriX) (for the eight logcontrast CHCs in males raisegaast. Genetic variances are displayed

along the diagonal (bold) with covariances below ganetic correlations above (italics).

Logcontrast CHC (Z,Z)-5,9-C25;2 (Z)-Q-C25;1 (Z)-Q-CZG;;L 2-Me-Gyg (Z,Z)-5,9-C27;2 2-Me-Gg (Z,Z)-5,9-C29;2 2-Me-GCyo

(Z,2)-5,9-Gs2

(2)-9-Co51

(2)-9-Co61

2-Me-Gys

(Z,2)-5,9-G722

2-Me-Cyg

(Z,2)-5,9-Gg>

2-Me-Cgo

2.685

0.357

3.016

2.487

3.451

2.928

3.964

3.608

0.569

0.146

0.255

0.252

0.258

0.342

0.307

0.368

0.970

0.351

3.603

2.909

4171

3.358

4777

4217

0.947

0.412

0.956

2.571

3.232

2.856

4.137

3.485

0.921

0.295

0.961

0.882

5.228

4.036

5.612

5.248

0.961

0.481

0.952

0.958

0.949

3.456

4.768

4.337

0.918

0.305

0.955

0.979

0.931

0.973

6.947

5.980

0.935

0.409

0.943

0.923

0.975

0.991

0.963

5.545

Note: G was estimated from the sire covariance matrixfioua-dimensional factor analytic model.
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Table 4.3 First principal components (i.e. eigetwex) of the covariance matrices at the
sire-level (i.eG) in corn and yeast and at the sire x environnergll Also shown is the

vector of directional sexual selection gradientgreneight logcontrast CHCs in malg3. (

Omax Omax sire x
Logcontrast CHC I'n
(corn) (yeast) environment

(Z,2)-5,9-Gs> 0.296 0.294 0 0.061
(2)-9-Co51 -0.016  0.028 -0.108 -0.175
(2)-9-Co61 0.308 0.347 0.269 -0.109
2-Me-Gys 0.252 0.288 0.550 -0.196

(Z,2)-5,9-G7> 0.441 0.414 -0.354 -0.141
2-Me-Cyg 0.340 0.343 0.296 0.442

(Z,2)-5,9-Gg»  0.495 0.483 -0.633 0.742
2-Me-Cgo 0.446 0.433 -0.024 -0.386

Note: In all three cases the eigenvectors wereutzkd from a model with four or more
dimensions at all levels to avoid potential biabes can result from the underfitting of the
number of genetic principal components (Meyer airétgétrick 2008).

®this vector represents the linear combination alen€HCs that females prefer most

(equivalent to male attractiveness) and is stamzieddo unit length.
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Table 4.4. Model fit statistics of the number deefive dimensions of the additive genetic
covariance matrix@) for male CHCs in each environment as determinech fa factor-

analytic model of the sire-level covariance matrix.

Corn Yeast
dimension % varianc@ -2LL°® d.f. PP % variancé -2LL° d.f. P

8 0.0 17083.17 1  1.000 0.0 1804496 1 1.000
7 0.1 17083.17 2  0.529 0.0 1804496 2 1.000
6 0.5 17084.44 3  0.245 0.3 1804496 3 0.119
5 0.7 17088.60 4 0.001 0.6 18050.82 4 0.105
4 0.9 17107.38 5 <0.001 1.3 18058.49 5 0.000
3 2.2 17139.42 6 <0.001 1.8 18090.88 6 0.000
2 3.5 17182.34 7 <0.001 2.2 18138.29 7 0.000
1 92.0 17262.93 8 <0.001 93.9 18219.33 8 0.000
0 - 17679.63 - - - 18651.42 -

@Percent of the total genetic variance in male CHEsalculated from the full (i.e. eight-
dimensional) factor analytic model.

b_2 log-likelihood value from a likelihood ratiodieas to whether eliminating the particular
dimension in question significantly worsened thefithe model, with degrees-of-freedom

(d.f) and significanceR) as indicated.
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Fig. 4.1. Relationship between the strength of c@mmdependence, as measured by the

difference in mean trait value between corn andtyssised males, and the strength of

sexual selection, as given by the selection gragi®rior 1,000 different traits representing

different linear combinations of the eight logcastr CHCs. The correlation € 0.482) is

significant, as tested via a randomization proce@@k 0.001; see Methods). The large

circle indicates the particular combination of CH@gst preferred by females (i.e. male

attractiveness); this blend is significantly mooadition dependent that would be expected

by chance, as shown on the histogram on the rigjht@.049).
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Chapter 5:Evidence for mutation-selection balance attained for sexually selected traits

The work in this chapter is a slightly modified sien of a manuscript, coauthored by Mark
Blows (School of Biological Sciences, University@fieensland, Australia) and Howard

Rundle (Department of Biology, University of Ottawthat is currently in preparation for

submission to a peer-reviewed journal.
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Directional selection on quantitative traits islbbobmmon in nature and frequently strong
(Endler 1986; Hoekstra et al. 2001; KingsolverleR@01; Hereford et al. 2004), yet does
not appear to generate sustained evolutionary ns&goSvensson and Gosden 2007;
Kingsolver and Diamond 2011). Instead, phenotypesatural populations tend to remain
relatively stationary in value over various timedes (Estes and Arnold 2007), suggesting a
limit to trait evolution. A simple lack of geneti@riance in target traits is unlikely to
provide a general explanation: genetic variandeusd for almost all traits (Lynch and
Walsh 1998; Barton and Partridge 2000) and, alth@emetic covariances among traits
may constrain their response to multivariate selad_ande 1979; Walsh and Blows 2009),
this is often insufficient to prevent it entirelgéldade et al. 2002; Conner et al. 2003; Hine
et al. 2011). The potential importance of opposiatural selection in limiting trait

evolution has long been recognized during artifisedection experiments (Lerner and
Dempster 1951; Falconer 1955; Roberts 1966; Enfie&D; Hine et al. 2011). However, the
genetic basis of evolutionary limits in unmanipathpopulations has been more difficult to

ascertain (Merila et al. 2001; Merila 2009).

Sexual selection provides a particularly strikimgmple of how strong directional selection
fails to change trait means in contemporary popaiat(Svensson and Gosden 2007). An
evolutionary response in male sexual displays iggenerally observed despite the presence
of strong selection (Kingsolver et al. 2001) actimgheritable variation in male traits
(Pomiankowski and Moller 1995). Opposing natur&a®on, arising from pleiotropic

effects on non-sexual fitness, has long been rezedras a potential limit to male trait

exaggeration (Fisher 1930), although direct evidaacare (Jennions et al. 2001; Kotiaho et
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al. 2001). A recent evolutionary manipulatiorDrosophila serrataconfirmed the potential
of this mechanism to halt the evolution of malerph®one displays consisting of cuticular
hydrocarbons (CHCs). Atrtificial selection on CH@ghe direction of female preferences
conferred higher male mating success over contplilations. However, the response to
selection was stopped after seven generations pysopy natural selection, despite a
substantial increase in genetic variance in CHGhiashew evolutionary limit was
approached (Hine et al. 2011). This suggests tigaalleles responding to artificial selection
were initially at low frequency in the base popigatdue to their antagonistic effects on
male sexual and non-sexual fitness, or in othedwtinat unconditionally beneficial genetic

variance was lacking.

If male sexually-selected traits are held at arligianary limit by opposing selection, their
genetic basis in an unmanipulated population shbeldt a mutation-selection balance.
Here, | show that a genetic prediction unique toHll-Keightley model of mutation-
selection balance (Keightley and Hill 1988; Barfi®®0; Kondrashov and Turelli 1992) is
upheld for CHCs iD. serratamales. The central feature of this model is thaahy allele

that affects the phenotype of a measured quanBtéait, its pleiotropic effects on all other
aspects of fitness can be summarised into a netalliglus effect on total fitness. At
mutation-selection balance, while a given mutatiay increase or decrease the value of the
measured trait with equal probability, it will alysadecrease fitness. Consequently, because
individuals with more extreme values of the traill tend to carry more deleterious alleles,
this generates the appearance of stabilizing setech the trait even if it is not under direct

phenotypic selection. Using a new analytical apgihdar the identification of such fitness
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optima (McGuigan et al. 2011), | demonstrate than unmanipulated populationDf
serratg the major axis of genetic variance in male CHgnder stabilizing selection,
explaining why strong directional sexual selectonthese traits fails to produce an

evolutionary response.

Within a large breeding design, | measured the&sof 2,118 sons and daughters (Delcourt
et al. 2009) and subjected these traits to a nawlite genetic analysis together with the
suite of CHCs measured on 1,114 other sons (Delemgr Rundle 2011). As has been
shown in previous studies (Blows et al. 2004; Chesth and Blows 2005; Hine et al.

2011), male CHCs were under strong directional geselection in a phenotypic analysis
(r?=21.2%, P < 0.0001; Table 5.1). Despite signifiggenetic variance in all traits,

however, fithess of neither sex covaried geneticaith the phenotypic trait representing

the major axis of genetic variance in male CHCs Q@Qkkx accounting for 93.9% of the

total genetic variance in male CHCs; Delcourt ancid®e 2011) (Table 5.2), indicating the

absence of directional selection on CHCs at thegetevel.

In contrast to the lack of genetic covariance betwmale CHCs and fitness, there was a
strong covariance between male fitness and theedukeviations of the CHGgx
phenotype (CHGg?), indicating the presence of stabilizing selectiorthe major axis of
genetic variance in CHCs (Table 5.3). This selectio CHCg,.x genotypes was apparent
since the CHCg.x phenotype was not itself under stabilizing sexsadéction { = 0.002;r?
= 2.3%, P = 0.487), although weak directional sesakection was observef € 0.077,r2adj

=2.3%, P <0.0001).
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Stabilizing selection on CHGgx genotypes appears to arise from the pleiotropectedf
the underlying alleles primarily on male as oppasefdmale fitness (i.e. a significant
covariance between CH@Gg? and male but not female fitness; Table 5.3). Haugthe
CHCgnay?’ — fitness covariance matrix has two significamege principal components (i.e.
eigenvectors: gand g) which account for all of the genetic varianceéhase traitsiy =
57.8%, P < 0.00L, = 42.2%, P = 0.006). These eigenvectors diffengrily in the genetic
association of male and female fitness, represgstnually antagonistic and sexually
concordant fitness variation respectively (TabR) 5The existence of these two dominant
axes of fitness variation is confirmed in a sepagEnetic analysis of male and female
fitness on their own (Fig. 5.1). Re-expressingef#s variation along these two axes provides
additional insight into the genetic covariance &f@C,.x deviations and fitness, revealing
stabilizing selection through sexually-concorddmit, not sexually-antagonistic, fitness
variation (Fig. 5.2). This suggests that individudéviating in either direction from the
CHCgnax optimum tend to carry unconditionally deleteri@ligles as opposed to those

harmful to males alone.

My results demonstrate apparent stabilizing selaatn the major axis of genetic variance
in male CHCs in an unmanipulated laboratory popatatproviding strong evidence that
these traits are at mutation-selection balanceafgy stabilizing selection indicates that
this genetic limit arises ultimately as a consegeent pleiotropy, or in other words, that
changes in allele frequency in response to direatiselection on CHCs has altered other

traits, thereby generating opposing selection. $bah an evolutionary limit may be
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common is suggested by two lines of evidence imglyridespread pleiotropy. First,
although data are limited, estimates indicate tth@fper-trait mutation rate is about one-
tenth of the genome-wide mutation rate, suggestitg a small number of genetically
independent traits within an organism (JohnsonBaxtbn 2005; Walsh and Blows 2009).
Second, genetic covariances among suites of &retsften found to restrict genetic
variance to a small number of independent or ‘éffetdimensions (Kirkpatrick 2009),
again suggesting few genetically independent trgit¢ensive pleiotropy has also been
observed with respect to specific alleles (Browalei999; Hekerman et al. 2005;
Ostrowski et al. 2005), although gene knockoutisgiave implied greater modularity
(Wang et al. 2010). Consistent with an importate for pleiotropy in limiting trait
evolution, results of long term artificial selectiexperiments reveal that genetic variance in
the target traits is often present at an appaedatsve limit (e.g., Reeve and Robertson
1953; Enfield 1980; Hine et al. 2011). Opposingstbn in particular has also been
inferred when the trait gain decays when artifisillection is halted (e.g., Lerner and

Dempster 1951; Falconer 1955; Roberts 1966; Enfie&D; Hine et al. 2011).

Sexual display traits in particular are subjegbéosistent directional selection yet appear to
be at an evolutionary limit in natural populati@vénsson and Gosden 2007). The classic
expectation for the evolution of these traits imes a runaway phase that is eventually
halted by opposing selection. Although this proadssxaggeration is likely rapid in

relation to any subsequent equilibrium (Fisher 3938@iention has focussed on the
expectation of a positive covariance between setigsplays and fitness (e.g., Kirkpatrick

and Barton 1997; Moller and Alatalo 1999; Houle &whdrashov 2002). Such an approach
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may not be particular insightful, however, if asamsequence of widespread pleiotropy
sexual displays in contemporary populations arenoétt a selective limit. Under such
conditions, characterizing the genetic associdiietween sexual displays and fithess

requires an alternative approach such as thatexpperein (McGuigan et al. 2011).

Mating success is likely the major component ofarfdhess in species like. serratain
which fathers contribute only genes to their offisgr At mutation-selection balance, a good
genes process for the maintenance of costly femate preferences may depend on the
indirect benefits females gain from discriminatagpinst males carrying a greater number
of deleterious mutations (Tomkins et al. 2004; Migfan and Blows 2009). Consistent with
this, results from a few studies suggest that rgagirccess is sensitive to the presence of
deleterious mutations in manipulated populatiored{iRan et al. 2004; Sharp and Agrawal
2008; Hollis et al. 2009; MacLellan et al. in preddy results provide further support for
this hypothesis because stabilizing selection appeahave arisen from alleles with

sexually concordant effects, decreasing both madef@male fitness (Fig. 5.2).

More generally, the genetic covariance of squar@tideviations and fitness may provide a
powerful approach to inferring fitness optima withoesorting to artificial selection. This
may be particularly useful in characterizing evanary limits in natural populations for
which pedigrees are available. It may also funddatlgralter our view of how costly

female mate preferences are maintained at equilbtinder a good genes process.
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Supplementary Material

Breeding design

Using a previously described outbred laboratoryueion ofD. serrata(Rundle et al.

2006), | conducted a breeding design involving iBdssmated to each of four dams. Fitness
of 1,111 female and 1,007 male offspring were assay the standard laboratory
environment (i.e. yeast medium) to which the popatewas long adapted, as previously
described (Delcourt et al. 2009). In brief, femiieess was measured as the total number of
adults offspring produced over 48 h by a singledkmvhen held together with a random
stock male. This measure therefore includes hemfgity and the subsequent survival to
emergence of her offspring. Male fithess was mesisas the ratio of adult offspring sired
by a single genetic male relative to two randonglstmales when in competition for 72 h to
fertilize a single random stock female. This measafrmale fitness includes his competitive
mating success, the subsequent productivity ofd@ihmale he mated, and the survival to
emergence of his male and female offspring. CHO® wesayed on 1,114 separate sons
within the context of a sexual encounter by praagrthe male with two random stock
females (Delcourt and Rundle 2011). Once matingiwmed, CHCs were extracted using
standard protocols (Blows 2002), analyzed via gmsmatography, and the relative
concentrations of each of nine previously identifi@HCs (Howard et al. 2003) was
determined. Data were transformed as previouslgriesi (Delcourt et al. 2009; Delcourt

and Rundle 2011) and standardiz&t~(0,1)} prior to analysis.
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Genetic analyses

To determine the major axis of genetic variancEHCSs (i.e.gmay, the sire-level additive-
genetic covariance matrixg] for these eight traits was estimated via regdichaximum
likelihood (REML) using a standard mixed model ihigh dam was nested within sire
(Delcourt et al. 2011). Diagonalization Gfyielded its eigenvectors (i.e. genetic principal
components) and associated eigenvalues, the fivghioh represents the linear combination
of the original traits with the greatest genetida@ace @max Schluter 1996; Blows 2007). As
with any eigenvectogmax Of set of metric traits is itself a metric trartdaphenotypic scores
of individual sons from the breeding design (CH&Dwere calculated using: CHGg =
Omax Z, WhereZ is a row vector of the eight observed CHC valwesah individual
(McGuigan et al. 2011). These phenotypic score€HCgn.x Were then used in a genetic
analysis, along with male and female fitness, toutate the sire-level additive genetic
covariance matrix@) for these three traits via REML. Significancetlod individual
(co)variances was determined using a Bayesian appmwith a non-informative flat prior
and a Markov Chain Monte Carlo algorithm to gereedf1,000 posterior samples, as
implemented in the MIXED procedure of SAS 9.2. $3amresults were obtained using a
non-informative version of the Jefferey’s prior (SA.2 User Manual). Directional selection
on the major axis of genetic variance in CHCs (@K would be indicated by a
significant additive genetic covariance between @Qkfand male and/or female fitness

(Lande and Arnold 1983).

If selection on CHCgax is stabilizing, this would not be detected as\eac@ance with

fithess because individuals deviating from the CH&gptimum in either direction would
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have similarly low fithess (McGuigan et al. 201Hpwever, in an approach analogous to
phenotypic tests for nonlinear selection, stalitizselection can be detected through a
genetic analysis of the squared deviations of CkQghenotypes from the population mean
(Wright 1935; McGuigan et al. 2011). These deviaiavere therefore calculated as the
square of the individual CHGg, scores when standardized to a mean of zero (GKEg
These deviations were then used in place of tlgenadi CHCghax SCOres in a genetic
analysis along with male and female fitness. Beedlus CHCg,,’ values are non-normally
distributed, significance of the genetic covarianbetween CHGg,’ and fitness were

again evaluated using a Bayesian approach. Thdigg@mcipal components of the sire-
level covariance matrix were determined via diagjaation and their significance was

evaluated via factor analytic modeling (Hine andviat 2006).

To characterize the covariance structure of matefamale fitness, a genetic analysis was
conducted on these traits alone and breeding valaes estimated as best linear unbiased
predictors (BLUPS) from this model. The two gengtimcipal components were extracted
via diagonalization of the sire-level covariancetnmarepresenting sexually antagonistic
and sexually concordant fithness variation respettivFitness variation was re-expressed
along these two axes by scoring the breeding valtiesale and female fithess separately
for the two eigenvectors. Directional and stahiligselection on CH@rnax arising from its
association with these two new fitness axes was ésémated using first and second-order
polynomial regression on the ClgGax breeding values (calculated as BLUPS from a

univariate model).
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Phenotypic selection analyses

As part of a separate analysis of the genetic lzdgemale mate preferences for male
CHCs, other daughters from this breeding desigrewsed in mate choice trials in which a
single female was presented with five randomly ehastock males (Delcourt et al. 2010).
CHCs were extracted and quantified for the chosale i@nd one of the four rejected males
(randomly chosen) from each trial, yielding 3,31&l@s in total. Directional sexual selection
gradients on the eight logcontrast CHCs were catedlin a phenotypic analysis of these
males using a standard first-order polynomial regjen model (Lande and Arnold 1983).
Significance was determined via logistic multipdgression because mating success is
binomially distributed (Fairbairn and Preziosi 1998henotypic sexual selection on
CHCgnax Was estimated by scoring these males for thedigenvector of the sire-level
covariance matrix for the eight logcontrast CHGs.£ Table 5.1) and then employing a
first and second-order standard polynomial regoes&lirectional and quadratic selection
respectively; Lande and Arnold 1983) of mating ®sscon these scored phenotypes, with

significance determined via logistic regression.
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Table 5.1. Phenotypic sexual selection gradientthereight logcontrast CHCB)( along
with the first genetic principal componeugt.§y) of these traits, accounting for 93.9% of the

total genetic variance, calculated as the firstugctor of the sire-level covariance matrix.

B Omax (CHCs)
(Z,2)59-Gs2 _ 0.021* 0.294
(2)-9-Cos1 -0.059** 0.028
(2)-9-Cop1 -0.037** 0.347
2-Me-Cyg -0.066** 0.288
(2,2)-5,9-Grp  -0.048* 0.414
2-Me-Cog 0.150%* 0.343
(Z,2)-5,9-Go»  0.251* 0.483
2-Me-Cyg -0.131* 0.433

*P <0.05; *P < 0.001.
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Table 5.2. Genetic (co)variance matrX) (of CHCgmax phenotypes and male and female
fitness. Genetic variances are displayed alonglidagonal (bold) with covariances below

and genetic correlations above (italics).

CHCgmax female fitness male fithess
CHCgmax 1.041** -0.138 -0.095
female fithess -0.054 0.145* -0.480
male fitness -0.034 -0.065 0.126*

*P <0.05** P < 0.0001.
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Table 5.3. Genetic (co)variance matrix from an gsialof the squared deviations of
CHCgmax (CHCgmay?) phenotypes and male and female fitness. Variaaeedisplayed
along the diagonal (bold) with covariances below ganetic correlations above (italicg).
andg, are the first and second genetic principal comptmg.e. eigenvectors) of the
covariance matrix, accounting for of the total geneariance respectively{ did not

account for any detectable genetic variance andwasignificant; P = 0.738).

CHCgmax female fitness male fitness Or** oo
CHCOmax 0.096 -0.162 -0.854* -0.429 -0.563
female fitness -0.021 0.172** -0.376 -0.542 0.786
male fitness -0.096* -0.056 0.131* 0.722 0.256

*P <0.01* P < 0.001.
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Figure 5.1. Breeding values for male and femafeefis, estimated as best linear unbiased
predictors from a genetic analysis of these trdite first and second genetic principal
components, depicted within a 95% confidence allipspresent genetic variance in fitness

with sexually antagonistic (PC1) vs. sexually cadent (PC2) effects respectively.
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Figure 5.2. Scatterplot depicting the associatietwiben genetic variance in fithess and the
major axis of genetic variance in CHCs (CH&d Genetic variance in fitness is expressed
along its two dominant axes, representing sexwaibagonistic (SA) and sexually
concordant (SC) variation (PC1 and PC2 from Fifj.réspectively). There is no evidence of
directional selection in either case (linear regi@s, SA fitness variatiorfi = -0.023t79 = -
0.576, P = 0.577; SC fitness variatig= -0.011 t;o= -0.645, P = 0.521). Stabilizing
selection is present with respect to sexually costenat but not sexually antagonistic fithess
variation (non-linear regression, SA fitness vaoiaty = -0.049t;5 = -0.583, P = 0.562; SC

fitness variationy = -0.081t7g = -2.34, P = 0.022).
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In this chapter | summarize the results of my redgalescribing what we have learned
from the quantitative genetics analyses of malefantle fitness, female mate preferences,
and male sexual display traits. In doing so, | hgdtt what | see as important and
unresolved issues with respect to these topicggspecial attention to the implications of
my results for the study of good-genes indirectahés) the original goal of my research. |
also take a broader perspective on the importahpktropy and the implications of

mutation-selection balance to the study of sexelgcsion.

In chapter two, | investigated the nature of stagdjenetic variance in male and female
fitness in a laboratory population Bfosophila serrataln line with recent studies in both
laboratory and natural populations (e.g., Chippi@@d al. 2001; Bonduriansky and

Chenoweth 2009; Poissant et al. 2009), a large oaemt of standing genetic variance in

this population was sexually antagonistic, as ritehy a negative intersex genetic
correlation for fitness1(" ). A negative intersex genetic correlation provigteng

evidence of ongoing intralocus sexual conflicthirstpopulation (Bonduriansky and
Chenoweth 2009) which can have important conseasefor example constraining
adaptation (Lande 1982) and maintaining geneti@mae in fithess (Turelli and Barton

2004).

While the existence of a negative intersex geragicelation for fithess establishes that
intralocus sexual conflict is occurring, it provédeo information concerning the shared
phenotypes underlying the conflict. Such confliah @rise with respect to a diverse set of

shared traits including, for example, mating r&mgvist and Rowe 2005), locomotory
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activity (Long and Rice 2007), and diet (Maklakdwak 2008). The latter is a strong
candidate in my case given the sex-specific effecbserved from my diet manipulation
and because larval development was likely a majorponent of fitness in my assays. An
important goal of future research is to determitnécty traits underlie persistent sexual
conflict and understand what constrains their gecHic divergence and thereby prevents

the resolution of the conflict (Bedhomme and Chaglaile 2007; Cox and Calsbeek 2009).

A negative intersex genetic correlation for fitnegh also impact a good-genes process by
reducing the benefits of mate choice (Brommer .€2@07). This is because fithess benefits
associated with the expression of advantageoussile one sex may be counter-balanced
by fitness costs associated with the expressidhesie same alleles in the opposite sex. This

can be seen in equationlft(oduction in which the sign of the intersex correlation for
fitness, 1", can either enhance (if positive) or diminishn@gative) the indirect benefits

gained by females from their choice of mates. Myeerally, evidence is accumulating that
sexually antagonistic selection and intralocus akganflict are common (Bonduriansky
and Chenoweth 2009; Cox and Calsbeek 2009) andtrémory suggests that this may
impose substantial fithess costs when unresolvedr{@llon et al. 2010). My results suggest
that alleles with antagonistic effects on male tamdale fithess may be prevalent in a
population that is well adapted to its environmdhtre the yeast environment). This is
probably because alleles that are unconditionahgefficial to both sexes are rapidly fixed,
and alleles that are left segregating in the pdjmulare the ones that are under
conflicting/antagonistic selection across sexesil&\this may be characteristic of

laboratory populations in which the constant envinent may allow selection to be
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particularly effective at purging unconditionallgldterious mutations (Chapman et al.
2003), negative intersex correlations for fitneasehalso been found in natural populations
including red deer (Foerster et al. 2007) and oedldlycatchers (Brommer et al. 2007).
That the intersex genetic correlation for fithegpeared to become more negative in the
novel corn environment was surprising, although @sadense in light of evidence for sexual
conflict over diet choice (Chapter 4). How interg@netic correlations for fithness change
across environments remains largely unexploregarticular as populations are displaced
further from a fitness peak. Such genotype-by-@mnrent interactions may have important

consequences for adaptation to novel environments.

In chapter three, | focused on the genetic basisrofle mate preferences, taking advantage
of recently developed methods for the multivarggeetic analysis of function-valued traits
(Meyer and Kirkpatrick 2005; Chenoweth and Blow§@0McGuigan et al. 2008). |
detected significant genetic variance in prefersrioe CHCs, indicating that they are
heritable and could therefore evolve through eithiezct or indirect selection. One of the
major finding of this chapter is that individuakferences for each male CHC were
genetically correlated, meaning that segregatiledesl affecting female preference for one
pheromone also tended to affect their preferencetfeer pheromones. This is in line with
another study that found genetic constraint in femzate preference when modeled as a
function-valued trait (McGuigan et al. 2008; bu¢ #rooks and Couldridge 1999). Such
genetic correlations among preferences for differeits may arise from either linkage
disequilibrium or pleiotropic effects of the undenlg alleles, and their presence may

influence the evolution of both female preferenseavall as the male traits they target by
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restricting genetic variance in these traits wittie genotypic space. In particular, the
genetic covariance of female preferences for diffetraits may help explain the
observation that females often pay attention tatiplel male display traits at the same time
(Candolin 2003). Whether the existence of thesdiptellgenetically correlated preferences
favour or hamper a good-genes process will depengdh@ther mate preferences evolve to
target specific combinations of male traits (beedh&se combinations are more condition
dependent; see chapter 4) and if so, on the efféttese correlations on preference
evolution. In my results, the second genetic dinmn@.e. eigenfunction) of female
preference approached significance, suggestingrésence of genetic variance for changes
in preference direction. While this second dimengiould reflect an alternative mating rule
that females may use to choose among their maidgp@rick et al. 2006), it could
alternatively reflect among population variatiorpimeference (Higgie et al. 2000; Higgie
and Blows 2008) given the origin of the stock papioh | used in my study. Dissecting the
genetic basis of female mate preferences will yeté@ur understanding of evolution of

mating choice and preference divergence.

Finally, the fact that female mate preferencesndiichange upon colonization of the novel
corn-food environment suggests that they mightogodverly sensitive to female condition.
This apparent absence of condition-dependencentsary to expectation if preferences are
costly and the marginal fitness gain from prefeee@xpression is greater for high than for
low-condition females (Cotton et al. 2006; Gett¥&p It also contrasts with previous
findings from other systems (reviewed in CottomaleR006). Although a direct test is

lacking, preferences appear to be costlpirserrata(Rundle et al. 2009) and the absence of
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condition-dependence therefore suggests thatelkpnession is independent of female
guality. How the costs of mate preferences arig@asly understood in general and
understanding such costs is an important topi¢uimre research. It will also be important
to determine the generality of the current resuliduding whether it holds when changing

other aspects of the environment and when manipglabndition genetically.

In chapter four, | investigated the condition-degeamce of CHCs in males using a classic
diet manipulation. CHCs were found to be condititapendent with respect to a change in
larval diet, and females tended to prefer a contlwnaf CHCs that was unusually
condition-dependent relative to other CHC comboradithey could have targeted. The
positive relationship observed between the streafjfelection and the degree of condition-
dependence is, as far as | am aware, the firsttdigst of this prediction of condition-
dependent theory. Via an environmental manipulatiocondition, | was also able to show
that CHC condition-dependence itself had a geitetsis. This suggests that the degree of
condition-dependence of male displays can itsehavover time and potentially strengthen
under the action of female preference. Genetianag in condition-dependence has
received limited attention to date (David et al0@0Cotton et al. 2004) and more work is

needed to determine the generality of this result.

The findings of chapter four have important implicas for a good-genes process,
suggesting that females are targeting a combinafi@HCs through which they are best
able to assess male genetic quality. The multiteapproach, taken within the context of a

breeding design, also sheds some light onto tleetsfbf persistent mate preferences on
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genetic variance in male display traits. In patacul found that there was little genetic
variation in CHCs in the multivariate directionfeale mate preference, confirming a
previous result from an independent study of sed#ft laboratory population of the same
species (Blows et al. 2004). This suggests thaditon-dependence is insufficient to
maintain much standing genetic variation in the bworation of CHCs that females prefer,
and therefore raises the fundamental question wffemales benefit from choosing among
males using this trait. One possibility is that &d@s may benefit from discriminating
against males carrying novel deleterious mutatewesy generation, and that the resulting
selection may be sufficiently strong to prevent matanding genetic variance from
accumulating (Whitlock 2000; Tomkins et al. 2004c®&uigan and Blows 2009). This
suggests that demonstrating good genes indireeffiemay require investigation of the
ability of females to detect and avoid mating withles carrying novel mutations (e.g.
Radwan et al. 2004), as opposed to studying thar@nce between sexual displays and

fitness, as is commonly done (Moller & Alatalo 1988e chapter 5).

My results demonstrate that female mate preferetacgst an unusually condition
dependent combination of male CHCs. The evolutppagin of this association is a key
guestion. On one hand, CHCs may have evolved doneiependence because of persistent
directional selection arising from female mate ckowith female preferences originally
targeting these CHCs for some other reason (@ecies recognition, see Higgie et al. 2000;
Higgie and Blows 2007). On the other hand, femadégpences may have evolved to target
this particular combination of male CHCs becausgasg among those most sensitive to

condition, thereby providing an honest indicatomale quality. The presence of genetic
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variance in female mate preferences in chaptee timdicates that the latter is at least
possible. A direct test of these alternative saesas an important topic for future research.
Previous studies have shown the presence of axstng bias in female preference (Endler
and Basolo 1998; Ryan 1998; Boughman 2002) in ssysk&ems, suggesting the former.
However, that the latter is also feasible is sutggkeby a recent theoretical model (Johnstone
2009), and empirically iD. serrataby an evolution experiment in which preferencethia
population appeared to have evolved to bring themaloser alignment with the vector of

directional natural selection (Rundle et al. 2009).

Chapter five integrates data from chapters twedland four to investigate the genetic
relationship between CHCs and fitness. Despitefgsgnt directional sexual selection on
these traits at the phenotypic level, | found mmsicant genetic covariance between the
major axis of genetic variance in CHCs (CH&y and male or female fitness, indicating the
absence of directional selection at the genetiellddowever, | did detect significant
stabilizing selection on the major axis of gengadance in CHCs (CHGgy) Via its genetic
association with total male fitness. Much attenirosexual selection research has focused
on the expectation of a positive genetic covaridretereen male sexual display traits and
fitness (e.g., v from equation (1) in thintroduction see Kirkpatrick and Barton 1997;
Houle and Kondrashov 2002; Moller & Alatalo 199=pwever, while such correlation may
be expected during the early exaggeration (or rayawhase in which the display and the
preference coevolve (Fisher 1930), once exaggerafithe display is halted due to
opposing selection, the trait is at its fitnesgrapm and its genetic architecture should be

characteristic of mutation-selection balance. botly, opposing selection could arise from
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the effects of the display trait itself on othénéiss components (e.g., a long tail is costly
because it reduces survival), or it could ariseabse the alleles underlying the trait have
pleiotropic effects on other traits which are thetwss under selection. While the former
would be detectable in a phenotypic selection amalyf the trait itself, the latter would only
be seen in a genetic analysis (i.e. apparent s@i¢cT hat pleiotropy is extensive and may
therefore be key to generating opposing seleci@uggested by comparisons of the per-
trait and genome-wide mutation rates (the formaéndenly approximately one-tenth of the
latter; Walsh & Blows 2009; Johnson & Barton 20856¥ the observation that genetic
variance in suites of traits is often restricted t®mall number of genetic dimensions

(Kirkpatrick 2009).

In sexual selection research, comparatively ldttention has been given to understanding
the maintenance of costly female mate preferentenwexual display traits are at an
equilibrium between opposing selection, despitectassic expectation that the runway
phase will be rapid (Fisher 1930). The populatieadiin my experiment was well adapted
to its laboratory environment and male CHCs appeae at a fitness optimum. Consistent
with such conditions in nature, continued exaggenaand divergence of sexual displays is
not generally observed (Svensson and Gosden 28@7)ugh direct tests for the presence
and nature of selective limits in the field are giatly lacking. In one study on forehead
patch size in male collared flycatchers, Qvarnstebral (2006) found only a weak and non-
significant genetic correlation with male fitheasal wild population. Quantifying the

strength of indirect selection on female mate pegfee under such condition may therefore
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require an alternative approach to that taken uaggn (1) and this remains a key topic in

good genes research.

Concluding remarks

The original goal of my thesis was to quantify théirect genetic benefits that females gain
through their choice of mates. Estimating paransedéequation (1) is a challenging task
when mate choice targets a multivariate suite wfigkedisplays such as . serrata For
example, the phenotypic covariance between thepmete and CHCs, as well as the
heritability of female preferenceqr andh? respectively in equation Introduction),

cannot be directly estimated when preferencessammated only at the sire-level and not for
individuals daughters. While it may be possibleggarameterize equation (1) to address
this, the non-linear association between CHCs andds is a more substantial issue,
guestioning the assumptions underlying this thebhg evolution and maintenance of
costly female preferences via a good-genes praosessarly a topic that will continue to
occupy both theoreticians and empiricists for stime to come, and the extent to which
“sexual selection will have given its aid to ordyaelection” (Darwin1859) remains one of
the most challenging topic in evolutionary biology.
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Figure 6.1: Mating pair of the Australian fruit frosophila serrata
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