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ABSTRACT

De Pasqual, Chiara

On the maintenance of intrapopulation genetic variation: the interplay between
sexual selection, chemical communication, and fitness in the wood tiger moth
(Arctia plantaginis)

Jyvaskyla: University of Jyvaskyld, 2022, 54 p.

(JYU Dissertations

ISSN 2489-9003; 579)

ISBN 978-951-39-9244-6 (PDF)

Diss.

The maintenance of intrapopulation phenotypic trait variation often is the result
of the interplay between multiple selective forces. Genetic associations between
color traits and life-history traits can create context-dependent advantages and
affect intrapopulation dynamics. In the polymorphic wood tiger moth (Arctia
plantaginis), the two male hindwing phenotypes (genotypes: WW /Wy = white, yy
= yellow) show morph-linked advantages that are context-dependent across
ecological contexts. Although female hindwing coloration spans continuously
from yellow to red they genetically bear the same male color alleles. In this thesis,
I investigated the potential contribution of sexual selection, chemical
communication, and fitness of the different genetic color morphs (i.e., WW, Wy,
yy) in maintaining the two male color morphs. Mate choice and mate recruitment
were affected by context-dependent advantages. yy females were more attractive
to males in high-density scenarios because of their early calling strategy that likely
allowed them to outcompete WW and Wy females. WW females were, instead,
more attractive when females were simultaneously calling, perhaps due to their
longer calling duration. yy males were faster to reach females than white (WW,
Wy) males in low-density scenarios, while white males and males with denser
antennae (i.e., higher lamellae count) located females faster in high-density
scenarios. At the reproductive level, males and females showed genotype-specific
(dis)advantages. Wy females benefit from higher likelihood of reproductive
output among female genotypes leading to strong heterozygote advantage. yy
males had the lowest reproductive output among male genotypes while pairs with
yellow females suffered the lowest mating success. The presence of one or two
copies of the yellow allele affected several life-history traits, from pre- to post-
copulatory stages. Thus, the color locus has pleiotropic effects on several life-
history traits, offering a mechanism of balancing selection that enables the
persistence of genetic and phenotypic variation in natural populations.

Keywords: Balancing selection; heterozygote advantage; pleiotropy; receiver
antenna variation; signaling strategy variation; wood tiger moth.

Chiara De Pasqual, University of Jyviskyli, Department of Biological and
Environmental Science, P.O. Box 35, FI-40014 University of Jyvdskyld, Finland
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Populaation geneettistd muuntelua ylldpitdvéat useiden valintapaineiden yhteis-
vaikutukset. Ominaisuuksien geneettinen kytkeytyminen elinkierto-piirteiden vé-
lill4 ja niiden kelpoisuusvaikutukset voivat olla tilanteesta riippuen joko positii-
visia tai negatiivisia. Nama kytkeytymiset vaikuttavat siten geneetisen muuntelun
dynamiikkaan. Polymorfisella taplasiilikds perhosella (Arctia plantaginis) koirai-
den takasiipien kaksi vdrimuotoa (genotyypit: WW/Wy = valkoinen, yy = kel-
tainen) ovat kytkeytyneet useisiin elinkierto-piirteisiin. Naaraat kantavat samoja
alleeleja, mutta naaraiden takasiipien varitys vaihtelee tasaisesti keltaisesta punai-
seen. Tdssd tutkielmassa perehdyin ndiden varimuotojen (WW, Wy, yy) vilisiin
eroihin seksuaalivalinnassa, kemiallisessa viestinndssé ja kelpoisuudessa sekd tut-
kin geenikytkenttjen roolia populaation polymorfisen muuntelun sdilymisessa.
Varimuotojen vililld oli eroja kumppaneiden houkuttelussa ja valinnassa: yy-naa-
raat houkuttelivat koiraita tehokkaammin korkeammissa koirastiheyksissad. Tama
johtui todenndkdoisesti erilaisista naaraiden strategioista: yy-naaraat aloittavat hou-
kuttelun aiemmin kuin WW ja Wy genotyyppien naaraat ja saivat ndin kilpailu-
edun. Toisaalta WW-naaraat pystyivit jatkamaan houkuttelua pidempéan kuin
yy-naaraat. Keltaiset (yy) koiraat 16ysivét naaraat valkoisia (WW, Wy) koiraita
nopeammin matalammissa tiheyksissd, kun taas valkoiset koiraat seka koiraat, joi-
den tuntosarvien aistinsolujen tiheys oli korkea, 16ysivit naaraat nopeammin kor-
keammissa tiheyksissd. Vadrigenotyyppien valilld oli myos lisddntymiseen liittyvid
eroja, mikd viittaa voimakkaaseen heterotsygootin etuun: Wy-naaraiden lisdéanty-
mismenestys oli korkeampi kuin WW ja yy naaraiden. yy-naaraiden pariutumis-
todenndkoisyys oli heikoin. My0s keltaisilla koirailla oli heikoin lisddantymisme-
nestys. Keltaisen y-alleelin ldsndolo vaikutti siis negatiivisesti useisiin elinkierto-
ominaisuuksiin. Virityksen maarddvien alleelien pleiotrooppiset vaikutukset joh-
tavat stabiloivaan valintaan, joka voi mahdollistaa genotyyppisen ja fenotyyppi-
sen muuntelun sdilymisen populaatiossa.

Avainsanat: Heterotsygootin etu; pleiotropia; polymorfia; stabiloiva valinta.

Chiara De Pasqual, Jyvdskylin yliopisto, Bio- ja ympiristotieteiden laitos PL 35, 40014
Jyviskylin yliopisto
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1 INTRODUCTION

1.1 How is trait variation maintained within natural populations?

A fundamental question in evolutionary biology is how phenotypic and genetic
variation is maintained within populations. Specifically, the persistence of
multiple forms of a trait has represented a long-standing conundrum in
evolutionary biology, and it is destined to persist. According to theory, a trait
should converge on an optimum due to selection (Cardé and Baker 1984, Endler
1988). However, a wealth of traits shows variation within populations, (e.g., body
size, color pattern, or behavior), suggesting that the complexity of nature has
possibly led to many optima for a trait (i.e. polymorphism). Polymorphism is
defined as the occurrence of two or more distinct morphs within a single
interbreeding population in such proportions that the rarest morph cannot be
maintained just by simple mutation (Ford 1945, Huxley 1955). This thesis focuses
on genetic polymorphism, in which the diverse morphs are determined only by
genetic factors, to be distinguished from polyphenism, when the interplay
between environmental cues and the genetics of the trait determines the morphs
to be expressed. Studying how phenotypic variability is maintained within
populations allows us to expand our understanding of the selective forces that
can generate and /or maintain genetic diversity, for example through correlations
between traits that favor individuals in different ecological contexts. In addition,
if a specific trait variant increases the fitness of the individual, and it is heritable,
there is potential for evolution to occur and speciation.

The maintenance of polymorphisms depends both on the regimes of
selection that affect the trait and on the underlying genetic architecture of the
trait. Genetic correlations between traits can be maintained in different ways. For
example, through pleiotropy, when a single locus affects two or more seemingly
unrelated phenotypic traits. Alternatively, genetic correlations can be maintained
through physical linkage between sets of loci (McKinnon and Pierotti 2010,
Wellenreuther et al. 2014). Such “simple” genetic arrangements are needed for
the polymorphism to be maintained across generations and avoid the risk of
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recombination during reproduction (Llaurens et al. 2017, Jamie and Meier 2020).
However, a trait that is determined by a “simple” genetic basis can still have
profound impacts on the fitness of individuals. This is because genes are always
part of complex metabolic and genetic networks and their expression, or lack
thereof, can impact multiple traits (Wright 1982, McKinnon and Pierotti 2010,
Wellenreuther et al. 2014). One of the most iconic examples of color trait affecting
an array of unrelated life history traits, is the side-blotched lizard Uta
stansburiana. The genetically expressed yellow, orange, and blue color throat in
males and females carry pleiotropic effects on the behavior, physiology, and life-
history traits of the three color morphs in such a way that it has created a stable
polymorphism (Sinervo and Lively 1996, Sinervo et al. 2000, Svensson et al. 2001).

As the side-blotched lizard, and many other, examples suggest, some form
of balancing selection is required to maintain standing genetic variation, i.e., the
presence of more than one allele at a given locus, in the population (Ford 1945,
Huxley 1955, Hedrick et al. 2014, Wellenreuther et al. 2014, Mérot et al. 2020).
Mechanisms as heterozygote advantage (Krtiger et al. 2001, Johnston et al. 2013,
Hedrick et al. 2014), disassortative mating (Hedrick et al. 2016), or negative
frequency-dependent selection (Sinervo et al. 1996, Hughes et al. 2013) allow
genetic variation to persist within populations, and ultimately lead to balanced
polymorphisms. An endless number of traits can be polymorphic within
populations. This thesis focuses on the color trait. Color morphs have long been
of interest to evolutionary biologists for different reasons. First, coloration as a
trait plays fundamental roles in a variety of ecological and physiological
processes, such as sexual selection and thermoregulation (Graham et al. 1980,
Kemp and Macedonia 2007, Cuthill et al. 2017, Endler and Mappes 2017).
Therefore, color morphs are the target of multiple selective pressures and allow
for investigations on many ecological levels, from interspecific (e.g., predator-
prey interactions), intraspecific interactions (e.g., sexual selection), to how the
environment contributes to maintain multiple color morphs. Second, color
morphs are easy-to-follow, and to detect, phenotypic traits. This means that the
effect of selection on phenotypic traits of a population can be investigated even
if the genetic basis of the color trait is not known, or molecular tools are not
available (Ford 1945). Lastly, color morphs are usually characterized by simple
genetic basis, thus highly heritable and can have potential role in speciation
events (Gray and McKinnon 2006, McKinnon and Pierotti 2010; Wellenreuther et
al. 2014).

This thesis investigates how the interplay of sexual selection, chemical
communication, and fitness of the different wood tiger moth color morphs can
affect intrapopulation dynamics and, ultimately, contribute to maintaining its
phenotypic variation. I will explore this across the whole reproductive sequence,
from mate attraction to reproductive output (Fig. 1). In other words, I will explore
whether females and males of three genetic color morphs (referred to as WW,
Wy, yy) have specific advantages in reproduction through female attractiveness,
male perception, mating probability, and fitness of the three color morphs. Is the
color morph bearing diverse alleles (i.e., Wy) at advantage over the others, hence
both color alleles are passed to the next generation? Or are the different color
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morphs favored at different stages of the reproductive sequence? At the end of
this story, we may be able to add a piece to the jigsaw puzzle of polymorphism
maintenance.

/

PRECOPULATORY (= COPULATORY "\ ’ POSTCOPULATORY\
STAGE ) STAGE | STAGE

Female sexual Mutual mate
signaling choice? e el
ryptic female

Long-range sex choice?
Short-range sex :
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FIGURE1 Schematic illustration of the different stages of the reproductive sequence
considered in this thesis (in orange). For each reproductive stage the traits
studied are listed. Potential mechanisms that can take place between two
reproductive stages which can potentially affect the “next” reproductive stage
but were not studied in this thesis, are reported in green.

1.2 Sexual selection across the reproductive sequence

In his seminal work, Darwin proposed a selective force that he named “sexual
selection” because he was puzzled by the existence of exaggerated sexual traits
that could not be explained by natural selection alone (Darwin 1859). Since its
inception, the field of sexual selection has broadened to consider a wealth of taxa,
sexual traits, and mechanisms of sexual competition that go beyond the initial
‘female choice and male-male competition” dichotomy (Andersson 1994). Sexual
selection has been recently defined by Shuker and Kvarnemo (2021) as ‘any
selection that arises from fitness differences associated with non-random success in the
competition for access to gametes for fertilization’. This definition suggests that sexual
selection can still continue once an individual has acquired a mate, and has mated
(Eberhard and Cordero 1995, Shuker and Kvarnemo 2021).

Mate choice is typically based on the variation in sexual traits and
individual quality (Darwin 1859, Andersson 1994, Johansson and Jones 2007).
Sexual selection and mate choice are dynamic processes; the individuals involved
in the selection process can alternate in their role of signalers and receivers under
the strength of mutual mate choice (Svensson 1996). In moths, females emit very
minute quantities (ng or less) of sex pheromone that spread in the environment
(Greenfield 1981). Males are equipped with sensitive receiving structures (i.e.,
antennae) and use them to locate the signaling female. Thus, in the first step of
reproduction, female moths are typically the signalers and males are the
receivers. The small quantities of pheromone released by females may result in
sexual selection on male’s antennae (Greenfield 1981). Typical of systems
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characterized by scramble competition, males with traits that allow them to be
more competitive and reach a female faster than others will have a selective
advantage (Herbestein et al. 2017). Once a female has successfully attracted a
male, the role of signaler and receivers may swap between sexes. Males can
become signalers and females receivers. Male moths typically release short-range
sex pheromones from specific scent structures (androconia or hairpencils) (Birch
1990), and females may use this trait to perform female choice (Greenfield 1981,
LaMunyon and Eisner 1993). Sexual selection and mate choice are thus not static,
one-way processes. As a result of female choice, a successful attraction event may
not result in a copulation event. Males can be rejected by the female, for example
based on a suboptimal amount of male sex pheromone (Iyengar and Eisner 1999),
or females may not be able to perform female choice, if, for example, too many
males are attracted, and male-male competition hampers female choice (Wong
and Candolin 2005).

In some cases, the outcome of female choice and sexual selection is not yet
defined at the copulation stage, as additional mechanisms can continue to affect
female choice after mating. By means of cryptic choice, females can manipulate
offspring paternity through postcopulatory mate selection (Eberhard and
Cordero 1995), for example when females mate multiple times, but fertilize their
eggs with the bigger spermatophore (LaMunyon and Eisner 1993). Finally, a
mating event may not lead to any offspring, if a female suffers from an inability
to produce viable eggs. For these reasons, focusing our attention on the multiple
steps of the reproductive sequence can give us a more meaningful insight on the
ecology and dynamics of a species.

1.3 Traits that can affect reproductive fitness

1.3.1 Chemical communication channels are not expected to vary within
populations

Sex pheromones are most often mixtures of chemical compounds involved in
intraspecific communication. They are released by an individual and stimulate a
behavioral response in the receiver (Karlson and Liischer 1959). Interactions
between species have been traditionally considered the predominant selective
force molding sex pheromone variation and its evolution (Cardé et al. 1977, Cardé
and Baker 1984, Ando et al. 2004). To increase species recognition and avoid cross-
species attraction, sex pheromone are species-specific blends to maintain
reproductive isolation (Roelofs and Comeault 1969, Cardé et al. 1977, Cardé and
Baker 1984). While pheromone blends are typically species-specific, there are
costs and biosynthetic limitations to producing different and unique sex
pheromone compounds (Tillman et al. 1999). Closely related, or sympatric species
often use different ratios of shared compounds which have gone through simple
chemical modifications rather than becoming completely different compounds
(Roelofs and Comeault 1969, Cardé et al. 1977, Symonds and Elgar 2007).
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Consequently, males and females are expected to be finely tuned to locate each
other, with female pheromone signals experiencing stabilizing selection (Linn
and Roelofs 1983, Cardé and Baker 1984). However, if variation in signals and
responses are not expected, it is difficult to explain why some signalers are more
preferred than others when it comes of sexual signaling. For instance, some
Chloridea (Heliothis) virescens females are found to constantly fail in recruiting
males, and yet remain in the population (van Wijk et al. 2017). In addition, Agrotis
ypsilon males” perception of constituent ratios of the female pheromone blend can
be shifted in the presence of host plant volatiles (Hoffmann et al. 2020). These two
cases introduce us to the complex dynamism that can affect chemical
communication systems. Physiological changes, genetic, and environmental
factors can contribute to within- and between-individual variation at the
population level.

1.3.2 Variation in sex pheromones and sexual signaling

Sex pheromone release initiates mate attraction in moths. Thus, sex pheromones
not only function as species recognition signals, but are also signals involved in
mate recognition and assessment (Johansson and Jones 2007). To make mate
choice possible, pheromone signaling must vary between individuals and should
honestly reflect the quality of an individual (Johansson and Jones 2007).
Pheromones can be costly signals to produce and maintain, and females that
experience prolonged and increased pheromone signaling can suffer from
reduced fitness (Harari et al. 2011, Blankers et al. 2021). To understand how
widespread pheromone signaling variation is, we may need to think that
individuals in nature, are virtually always exposed to multiple selective
pressures, for example predators, pathogens, or abiotic factors which can interact
with the physiology of the individual. Thus, individuals in a population can be
affected differently from conspecifics by their surroundings, starting already
during development (Groot et al. 2010, Balmer et al. 2018). Therefore, populations
will always experience some degree of variation in sexual signaling.

Understanding the causes and consequences of pheromone signaling
variation go beyond the simple awareness that it exists. It can also shed some
light on how intrapopulation dynamics are affected by the signal variation,
through differences in female attractiveness. Likely to outcompete younger and
more fecund females, the strategy of pheromone signaling can change within the
life span of an individual. Older females can release pheromone earlier in the
night compared to younger females (Pham et al. 2021) or they can increase the
time spent calling (Umbers et al. 2015) in an attempt to outcompete younger
females. Utetheisa ornatrix moth females, instead, aggregate in response to
conspecifics pheromone signaling, likely to optimize their calling effort (Lim and
Greenfield, 2008). These signaling strategies can affect male perception and mate
location, and ultimately, the fitness of the individual.
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1.3.3 Variation in the receiver perception

Once male moths perceive sex pheromones, they typically perform a zig-zag
upwind flight to reach the pheromone source (Linn and Roelofs 1983, Baker et al.
1985, Cardé 2016). Male antennae are impressive biological receptor organs.
Males of the emperor moth (Saturnia pavonia) can smell the female pheromone
from about 11 km away (Regnier and Law 1968). The antenna directly protrudes
from the male’s head through the basal segment. To this segment follows the
pedicel, which contains a collection of sensory cells, and the flagellum, the rest of
the antenna pseudosegments. The functional unit on the antennae responsible for
detecting and activating the male response is the sensillum trichodeum. Once the
male’s antenna encounters pheromone compounds, the chemical molecules enter
the sensillum through pores on the surface and the signal is transferred to the
central nervous system (Leal 2005). This triggers the male’s upwind flight (Baker
and Hansson 2016).

Males have typically more elaborate antennae than females, as they need to
be more sensitive to chemical signals (Symonds et al. 2012, Elgar et al. 2019). Since
tirst theorized by Darwin (1871), traits that increase a male’s ability to mate and
gain reproductive success are likely under sexual selection. This reasoning is well
suited for structures like male antennae that need great sensitivity to pick up the
minute quantities of sex pheromone released by a female (Greenfield 1981,
Svensson 1996, Elgar et al. 2019). Phylogenetic analyses indicate that more
elaborate, or longer, antennae have evolved in species with lower males
abundance or with females releasing pheromone compounds with lower
molecular weights, but they also suggest that other factors have contributed to
shape their complex structures (Symonds et al. 2012). Male antennae have also
evolved in response to the mating system that characterizes their species, with
elaborate antennae more frequently found in monandrous species, where it is
particularly important for males to quickly detect and locate a virgin female
(Johnson et al. 2022).

In a phylogenetic analysis, Symonds et al.,, (2012) found that elaborate
antennae are typically found in species with larger males. The authors suggested
there are costs associated with the development of more elaborate antennae.
Species with smaller body size may bear higher costs of elaborate antennae than
bigger species (Symonds et al. 2012). If costs associated with antennal
development have been proposed between species, similar costs should also be
expected to affect antennal variation between males of the same species. This
could be due to the high costs of generating neuron tissue during individual
development (Elgar et al. 2019). Antennal development is therefore expected to
be costly for males (Symonds et al. 2012, Johnson et al. 2017, Pham et al. 2022)
suggesting that natural variation in these structures probably exists within
populations. Morphological variation likely affects males” ability to locate
females, and subsequently their reproductive success. Nevertheless, the effect of
antennal variation on males” ability to perceive and locate a female, and their
effect on scramble competition, has been seldom investigated (Jayaweera et al.
2017, Elgar et al. 2019). In addition to variation in morphological structures in
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antennae, the olfactory system is, in general, characterized by a high level of
plasticity that can also affect male’s perception during adult life (Anton and
Rossler 2020).

Thus, investigating potential associations between genetic color morphs,
and variation in male antennal morphology and female pheromone signaling
may help to advance our understanding of how genetic architecture and
behavior could affect species’ dynamics and potentially maintain genetic
variation within populations.

1.3.4 Heterozygote advantage and pleiotropic effect

Genetic color morphs are expressed through different allele combinations at the
same locus. Genes are always part of complex metabolic and genetic networks,
and their expression, or lack thereof, will impact many traits (Wright 1982,
McKinnon and Pierotti 2010). This may create patterns of genetic correlation, for
example between color and other traits, and lead to morph-specific fitness
advantages. These correlations between traits can be expressed through genetic
linkage, for example chromosomal inversions, or be physically unlinked and
expressed through pleiotropic effects (i.e, when a single gene influences two or
more characters) (Sinervo and Svensson 2002, McKinnon and Pierotti 2010,
Llaurens, et al. 2017). A stable polymorphism is most often determined by a
simple genetic basis or genes in tight linkage, which has a reduced risk of
recombination when passed to the next generation than multi-locus traits (Ford
1945, Lewontin and Kojima 1960, Llaurens et al. 2017, Jamie and Meier 2020).
Together with a simple genetic basis for limited recombination, examples of
balanced polymorphisms are often characterized by high heterozygosity
(Llaurens et al. 2017). When individuals that are heterozygous (i.e., characterized
by two different alleles) at a locus have a higher fitness compared to homozygous
individuals, both alleles can be maintained in the population (Fisher 1922, 1930,
Hedrick 2012). If the recessive allele carries deleterious mutations, the deleterious
effect determines a fitness disadvantage when two copies are present in
homozygote recessive individuals, but it is masked in heterozygote individuals.
This reinforces heterozygosity in the population (Llaurens et al. 2017).

First theorized by Fisher (1922), heterozygote advantage is a mechanism
that has interested researchers for nearly a century (e.g., Fisher 1930, Ford 1945,
Hedrick 2012). Cases of heterozygote advantage are often coupled with other
selective mechanisms, suggesting that the focal trait is likely to affect other genes
and life-history traits. The polymorphic color coat of wolves (Canis lupus) in
Yellowstone National Park is maintained by heterozygote advantage coupled
with weak selection and a strong contribution of disassortative mating (Coulson
et al. 2011, Hedrick et al. 2014, Hedrick et al. 2016). As expected, the locus
correlated to the color trait has pleiotropic effects on seemingly unrelated traits
(Wright 1982, McKinnon and Pierotti 2010). In some of the most emblematic
examples, single genes affect multiple life-history traits. In Drosophila
melanogaster, the lack of the yellow gene expression alters the morphological and
structural portion on the leg section that males use to grab the female, and
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disrupts body pigmentation, male courtship behavior, and mating success
(Bastock 1956; Wilson et al. 1976, Massey et al. 2019).

When the color trait affects sex related traits, such as reproductive output
or mating success, it can affect intrapopulation dynamics, for example through
potential sexual conflict if males and females have different advantages.

1.4 Relevance of the topic outside evolutionary biology

One may wonder what is the benefit of researching the mate preference and
reproductive output of a colorful moth species that is neither a threat to
agriculture nor considered as a threatened species?

First and foremost, understanding the mechanisms that maintain trait
variation helps us to expand our understanding of how nature works. Traits are
molded by many mechanisms and selective pressures caused by the huge variety
of habitats, environmental conditions, and biotic factors. Trait variation can, in
turn, affect populations and species dynamics. Furthermore, understanding how
selection and maintenance of trait variation works can be helpful both to
understand the full impact of environmental changes on biodiversity and how
genetic diversity can instead originate.

Moreover, the role of an evolutionary biologist is to study how a signal can
be disrupted, and how this affects the ecology of the species. Humans have
profound impacts on natural systems and continuously challenge other species.
For example, urbanization alters many environmental features (e.g., light, noise)
and affects traits involved in sexual communication (van Geffen et al. 2015,
Heinen-Kay et al. 2021). Anthropogenic selective pressures can also promote sex
pheromone evolution. To reduce our impact on ecosystems, alternative methods
to chemical pesticides are being used to control for pest damage in agriculture.
Techniques such as pheromone trapping, and mating disruption, are commonly
used as an environmentally friendly alternative to pesticides but the continuous
use of artificial pheromone lures exert selective pressure on pest species which
acts to change their sexual signal and can lead to the evolution of resistance to
artificial lures (Evenden 2016; Evenden and Haynes 2001). Understanding
selection pressures acting on pheromone signals and receivers can help us fight
evolution with evolution.

1.5 The wood tiger moth as model species

The wood tiger moth (Arctia plantaginis) is a compelling study species to
investigate how genetic variation can be maintained through different
mechanisms and selective pressures in different ecological contexts. The male
hindwing coloration is determined by a simple genetic basis (Suomalainen 1938,
Nokelainen et al. 2022, Brien et al. 2022): a one locus-two allele polymorphism
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(dominant W allele and recessive y allele), which phenotypically translates into
white (genotype: WW, Wy) and yellow (genotype: yy) hindwings in males (Fig.
2). Besides being polymorphic (and sexually dimorphic), the wood tiger moth is
also an aposematic species, thus the color locus can be affected both by
interactions between conspecifics (i.e., sexual selection) and between species (i.e.,
natural selection). The effect of these selective pressures can, at times, be
conflicting and favor different color morphs differently. In almost 20 years of
experiments, studies have indeed shown that the interplay between
environmental factors and the genetic architecture of the color locus leads to
morph-associated advantages. The white and yellow morphs are differently
protected against avian and terrestrial predators (Nokelainen et al. 2012, 2014,
Rojas et al. 2017, 2019, Winters et al. 2021). Yellow males are generally better
protected against predators (Nokelainen et al. 2012, 2014, Rojas et al. 2017),
although the predation pressure on the two color morphs can change in relation
to the predator community (Nokelainen et al. 2014) and with the light
environment (Nokelainen et al. 2021), leading to context-dependent morph
advantage. Under sexual selection, white males have usually higher mating
success (Nokelainen et al. 2012, Gordon et al. 2018, De Pasqual, et al. in prep.)
although it is context-dependent. While females generally prefer to mate with
white males (Nokelainen et al. 2012, Gordon et al. 2018), their choice and
preference is thought to be flexible and affected by the male morph frequency as
males of either morph have a reproductive advantage when represent the most
common morph (Gordon et al. 2015). Male morphs also differ in their
reproductive output, with yellow males being generally less successful than
white males (Gordon et al. 2018, IV). While previous studies have shown that
different male color morphs have different fitness advantages, much less is
known on the female side. This is because female hindwing coloration varies
from yellow to red (Hegna et al. 2015), and although it was suspected for long
time, only recently it has been confirmed that they carry the same color alleles as
the males, and pass them to their sons (Suomalainen 1938, Brien et al. 2022,
Nokelainen et al. 2022) (Fig. 2). If the color alleles affect the fitness of males, then
they may have an effect on females too, and females can therefore contribute to
the maintenance of the male hindwing coloration.

The wood tiger moth is also a suitable species because it can be easily
reared in a laboratory setting. This allows us to work at different experimental
scales, from small scale, e.g., plastic containers where behavior can be scrutinized
in detail and confounding factors from the environment can be minimized, to
larger scales. In this thesis, I have also performed experiments at a semi-field
scale, i.e., a 30 x 20 x 3 m enclosure, where moths could behave more naturally as
they could easily spread out in the larger environment but at the same time I was
sure of their occurrence and genotypic frequency. Finally, I also tested sexual
selection in a completely natural field setup, where I tested laboratory reared
females with wild males. In this large scale setup, I accepted that I could not
control for some variables, for example experimental females competing with
naturally occurring females, and the number and genotype of males in the
surrounding area. However, having both the semi-field and field setup allowed
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me to gain insights into the potential effect of (higher- and lower-) population
density, and into the repeatability of the moths behavior. By testing potential
associations between fitness related traits of the three color morphs in different
environment I could test for context-dependent fitness advantages.

FIGURE2 Wood tiger moth hindwing coloration. Males have either white (genotype:
WW, Wy) or yellow (genotype: yy) hindwings, whereas females have red
hindwing and body coloration. Although females do not phenotypically
express the male white and yellow coloration, they genetically bear the color
alleles resulting in WW, Wy, and yy color genotypes. (Photos: Chiara De
Pasqual).

1.6 Aim of the thesis

The maintenance of phenotypic variability within natural populations is often
the result of the interplay between multiple mechanisms and selective forces that
are acting on the same trait. In this thesis, I investigated the potential contribution
of sexual selection, chemical communication, and reproductive fitness of
different genetic color morphs in maintaining intrapopulation phenotypic
variation. The studies included in this thesis are based on two main hypotheses.
The first hypothesis tested for heterozygote advantage across the reproductive
sequence. As already introduced, heterozygote advantage is a powerful
mechanism to maintain genetic variability within populations (Ford 1945,
Hedrick 2012). In addition, Gordon et al. (2018) showed that wood tiger moth
males originated from “mixed-morph lines” (i.e., more heterozygous) had higher
mating success. Thus, I hypothesized that Wy females were more attractive than
the other two genotypes, that Wy males located females faster than the other two
genotypes (II), and both Wy males and females had higher reproductive output
(IV). Given that previous studies have shown that morph-specific advantage can
be affected by the interaction with the environment, the second hypothesis tested
for context-dependent fitness advantages across the reproductive sequence.

In study I, I reviewed relevant and recent literature investigating sources of
variation in chemical communication channels in insects, both in signalers (i.e.,
sex pheromone) and receivers. While pheromone diversity varies greatly
between species in response to heterospecific interactions, sex pheromones can
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have a role in mate choice and assessment and thus potentially evolve also under
sexual selection (Johansson and Jones 2007, Symonds and Elgar 2007, Steiger and
Stokl 2014). The aim was to build an overview of the types of selective pressures
that can affect both signaler and receiver’s chemical communication. This
allowed me to understand how the variation in the ability to signal and to
perceive sex pheromones can affect intrapopulation dynamics (e.g., signaler’s
attractiveness and mating success) and have potential evolutionary
consequences for species.

In study II, I investigated potential associations between color morph
related variation in sex pheromone signaling and male antenna morphology in
the wood tiger moth. Increasing evidence shows that variation in the quality or
quantity of pheromone blends and/or variation in pheromone calling strategies
can affect mate recruitment. However, very little is known about the role of male
antennal variation in affecting males” ability to locate and reach females. I
investigated how variation in these two traits can affect mate recruitment and
mate choice. I tested for associations between genetic color morph and
pheromone attractiveness of females of different color genotype, and for
potential “strategies” of differently attractive females. In addition, I investigated
whether variation in male antenna morphology could affect males” ability and
“speed” to reach the female.

In study III, I investigated the potential mechanisms behind different female
attractiveness. Even though there was an indication that the advantage of the
more attractive females was due to a strategy of early calling, as females can
adjust their calling behavior to outcompete conspecifics or lower the risk of dying
unmated (Umbers et al. 2014, Pham et al. 2021), female calling behavior in study
IT was not directly observed and controlled. In addition, differences in female
attractiveness can be linked to qualitative or quantitative differences in the
pheromone blend. Thus, I tested for the potential role of blend composition
(quality), titer (quantity), or female calling behavior in explaining the higher
attractiveness of yy genotype female of study II. In addition, I tested for potential
costs associated to their higher attractiveness.

In study IV, I investigated the effect of genotype variation (i.e, genotype
color morphs) on mating delay, copulation probability, and reproductive output
of the different color genotypes. In addition to investigating potential Wy
advantage at the reproductive output, I investigated whether carrying one or two
copies of the yellow allele would affect traits differently across the reproductive
sequence. This is because the gene expressing the wood tiger moth hindwing
coloration belongs to the yellow family, which has been shown to have pleiotropic
effects on many life-history traits within a species (Massey et al. 2019, Connahs et
al. 2022).
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2 METHODS

In this thesis, I used a variety of methods to investigate the potential role of sexual
selection and chemical communication to maintain phenotypic trait variation.
Below, I included relevant aspects of the study species” biology and laboratory
rearing, and main features of the methods used for collecting behavioral,
chemical, and life-history trait data. Further details of the methods are included
in the respective thesis chapters.

2.1 Study species

The wood tiger moth is a capital breeder; adults do not feed thus cannot acquire
further resources for reproduction. Thus, at the larval stage, they may incur
resource allocation trade-offs between development and adulthood. As the
species overwinters as larvae, they spend most of their life cycle in this stage and
live as adults for only a few days (Ojala ef al. 2007). In Finland, adults eclose
between mid-June and mid-July, depending on the latitude, and typically have
one generation per year (i.e.,, univoltine). This species is both diurnal and
crepuscular. It flies during daytime hours (Rojas et al. 2015), but individuals show
active sexual behavior (i.e, pheromone calling and male searching activity)
between 5.00 p.m. and 12.00 a.m., with mating activity that can extend into the
night (Nokelainen et al. 2012, Gordon et al. 2015) and a mating peak in laboratory
around sunset (~ 10.00 - 11.00 p.m.) (Pers. Obs). Females of the Erebidae
(formerly Arctiidae) family typically release long chains of unsaturated
hydrocarbons derived from linoleic or linolenic acid precursors acquired through
their larval diet (Millar 2000). Females attract males by releasing a sex
pheromone, and if a suitable male is attracted, they engage in a copulation event.
Females lay, on average, 250 eggs within a few days from the copulation event.
Polyphagous larvae hatch after about seven days and they feed on a variety of
plants (e.g., Plantago sp., Taraxacum sp., and Rumex sp.), grow until about the
third instar, overwinter as larvae, then pupate the following spring, hatch into
adults, and the cycle starts again.
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2.2 Moth rearing and stock maintenance

Except for the wild males caught in the field experiment, all the moths used in
this thesis were reared in the laboratory. The laboratory stock was established in
2013 and maintained at the Department of Biological and Environmental Science,
University of Jyvaskyld (Finland). The greenhouse was kept at a constant 20 - 25
°C temperature and used natural light. During stock maintenance, one male and
one female were paired in transparent plastic boxes (13 Hx 7 W x 9 L cm) with
mesh on the lid for aeration. Three color genotype lines have been established in
the stock for experimental purposes, with moths paired to produce offspring
with known genotype (i.e., WW, Wy, yy). To avoid high levels of inbreeding,
wild individuals were annually introduced in the laboratory population, and
matings were also planned between individuals of the three genotypes lines.
Under laboratory conditions the wood tiger moth can produce up to three
generations per year. For each mating pair, eggs were counted four days after the
female had started oviposition, and larvae were counted 14 days after hatching
and divided into containers of 30 larvae each. The hatching success was
calculated as the number of larvae hatched over the number of eggs laid. The
pupal stage lasts seven to ten days, depending on the time of the year, before
eclosing as adults. Adults were kept in a cooler cabinet (7 °C) until used for the
experiments, and generally were taken out in room temperature around 12.00
p-m. on the day of the experiment to acclimatize.

2.3 Literature review (I)

To understand the potential selective pressures that can introduce variation in
sex pheromone signals and receiver perception, the ecological relevance of trait
variation within populations, and its potential evolutionary implications, I
reviewed the most relevant scientific literature on insects and compiled the
findings in a review. I searched for studies that described different sources of
pheromone variation and receiver variation, such as developmental trade-offs,
physiological, and environmental causes. I then looked at how signaler and
receiver variation could influence intraspecific and intrapopulation dynamics.
For example, I focused on studies showing how such variation affected
individual mating success, helped signalers avoid sexual conflicts or mating with
inbred individuals. Finally, I explored how pheromone differentiation driven by
ecological changes (e.g., host plant shift) or by intrinsic factors (e.g., shift in
mating preferences) may start the speciation process.
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2.4 Precopulatory stage: Behavioral studies (II, III)

2.4.1 Female attractiveness in the field and in semi-field setup (I, III)

Potential associations between female color genotype, sex pheromone variation,
and potential female calling strategies (e.g., speed and duration of attraction)
were tested with two experimental setups. Females of different genotypes were
housed singly in bucket traps from where they could signal for males, but not be
seen or made physical contact with, as the housing cage was covered with fine
mesh.

In the field, two traps with females of different genotypes were placed
approximately 10 m apart in each of the six locations chosen within Tornio
municipality, northern Finland (65.8473 °N, 24.1520 °E) (Fig. 3a, b, ¢). Two female
genotypes were randomly assigned to a location on the first day of the
experiment and carefully rotated between locations in the following nights (II).
In the semi-field setup, nine females (three per genotype) were simultaneously
tested over one night, by placing them in a three-by-three grid of a 30 x 20 x 3 m
enclosure, at the Konnevesi Research Station (62.6278 °N, 26.2939 °E), Jyvaskyld
municipality, Central Finland (Fig. 3a, d, e). In both setups, females were tested
over one night and replaced with new ones for the following night. The enclosure
setup was used both to test the attractiveness of females that followed their
natural onset of calling behavior (II), and of females that were simultaneously
calling (IIT). While the field traps were checked only in the following morning,
the enclosure traps were checked with 1.5 - 2 hour interval, starting at 6 p.m.
until moth activity ceased for the day (i.e., 11.00 p.m. - 12.00 a.m.). Males released
in the enclosure setup were individually marked with a four-dots, two-color
system on the underside of their wings to allow individual identification once
trapped. In both experimental setups we tested the likelihood of attracting at least
one male and the proportion of males attracted by each female color genotype.
Furthermore, we tested for the speed (i.e., daily attractiveness in both setups) and
duration (in the enclosure setup) of female attractiveness. Finally, we considered
the partial (i.e, color) and full (i.e., genotype) allele combination of the males
attracted by each female genotype, to test for any sign of disassortative attraction.
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FIGURE 3 Field and semi-field experimental setups. a) map showing the two locations of
the experiment, Tornio and Konnevesi. b) zoomed in map with the six field
locations in Tornio municipality and c) an example of a location from
Karsilonmaa site. d) schematic drawing of the three-by-three grid trap position
of the e) enclosure. (Photos: Chiara De Pasqual).

2.4.2 Onset and duration of pheromone releasing behavior (III)

Female calling behavior was observed with a 15 min interval during 24 hours for
a period of seven days per female. A one-day old female was individually housed
in a transparent jar with a small, moistened sponge at the bottom. Before starting
the behavioral observations, female’s antennae were cut off to prevent females
from perceiving their own pheromone and their behavior to be affected. At every
interval it was marked whether the female was actively extruding the gland (i.e,
calling) or not. The onset of the calling behavior per female per day was marked
as the time when calling commenced. The duration of calling was instead
calculated as the total time (in min) of calling per female per day.

2.4.3 Male order of arrival to traps (II)

Males’ ability to locate the females was tested through potential associations with
male color genotype and antennae features. After one night of capture in the
field, or at two-hour interval in the enclosure, traps were emptied, and males
recorded for their color genotype or morph. In addition, one antenna was excised
and stored in ethanol until photographed (Fig. 4a). For each antenna, the area,
the length, and the number of lamellae were measured.
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Electrophysiology and sex pheromone. a) excised male antennae were used to
test for the role of antennae variation in males” ability to perceive females (see
section 2.4.3) and for electrophysiological testing (c, d). b) overlaid
chromatograms of female gland extract (blue trace) and mixture of reference
compounds (red trace). Arrows indicate, in order, the peak of n-pentadecane
(internal standard), 3Z,6Z,9Z-21:H the major compound, and 1,3Z,6Z,9Z-21:H
the second major compound. c) setup used for GC-EAD analyses in a Faraday
cage, with gas chromatography (GC) and computer for reading the antennal
responses on the right. d) EAD of male antennal response to, in order, the gland
extract, the positive control (3Z,6Z,9Z-21:H), and the negative control (hexane).
(Photos: Chiara De Pasqual).

2.5 Analyses of pheromone extracts and antennal responses (III)

2.5.1 Pheromone extractions (III)

Female sex pheromone was extracted by excising the gland located at the tip of
the female abdomen with surgical scissors. The gland was then soaked for ~ 45
min in 50 pl of hexane containing 200 ng of the n-pentadecane internal standard
used as a known quantity to later quantify the pheromone compounds. The
female was killed immediately after gland excision to avoid unnecessary
suffering. Once the gland tissue was discarded, the pheromone extraction was
stored in the -20 °C freezer until analysis. The pheromone extract was
concentrated to 5 pl, of which 2 pl of extract topped with 1 pl of octane were
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injected in the gas chromatography (GC). The putative sex pheromone
compounds were identified by comparison to a mixture of reference compounds
and quantified by integrating the area under the peak using Agilent ChemStation
software (v. B.04.03) (Fig. 4b).

2.5.2 Tentative identification of behaviorally active pheromone compounds
(IIT)

Electrophysiological studies were performed to detect physiologically active
compounds that were likely to be behaviorally active. Male antennal responses
to female sex pheromone compounds were investigated by using gas
chromatography coupled with electroantennographic detection (GC-EAD) (Fig.
4c). One antenna was excised from the male’s head and mounted between two
micro glass capillaries containing 0.1 M KCI 1% PVP Ringer solution completed
with two silver electrodes, the recording and the reference electrode. Aliquots (1-
2 pl) of gland extracts were injected in a cold on-column injector. The GC effluent
turther split in 1:1 between the FID and the EAD. The GC effluent moved through
the transfer line into a glass tube where it was continuously mixed with a
humidified airstream. The antenna was positioned at the exit of the glass tube.
The electrodes were connected to an amplifier and both the antenna responses,
and the FID data were connected to a software for data visualization. Once a
biologically active compound elicited antennal response, a depolarization event
was recorded on the screen with corresponding peak on the FID. Tentative
identifications of the behaviorally active compounds were carried out by
collaborators at Pherobank B.V. (Wijk bij Duurstede, the Netherlands). The
compounds were subsequently tested both separately and in blends of different
compounds and ratios to confirm they elicited male attraction. They were loaded
in red rubber septa and housed in bucket traps tested both in the field in Tornio
municipality and in the Konnevesi Research Station enclosure. The active
pheromone compounds were also used for later quantification of the female
pheromone extracts to link pheromone blend variation with female
attractiveness.

2.5.3 Electrophysiology detection (EAD) (III)

Male antennal responses to the whole pheromone bouquet were tested through
electroantennography detection (EAD), a technique to measure antennae
responses to given odors. The antenna preparation followed the same protocol
described in 2.5.2. The test stimulus was deposited on small paper filter and
placed in a glass Pasteur pipette after hexane evaporation. The test stimulus was
injected into the continuous airstream and the antenna depolarization was
recorded through the GcEad/2014 software (Fig. 4d). The same software was
then used to integrate the amplitude (mV) of the antennal response. Each male
antenna was tested with pheromone extracts of all three female genotypes,
preceded and followed by puffs of positive (i.e., pheromone major compound)
and negative (i.e., hexane) controls.
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2.6 Copulatory and postcopulatory stage (IV)

Potential differences in mating probability and reproductive output of the three
color genotypes were tested by means of a mating experiment and the life-history
traits collected during stock maintenance, respectively. The mating experiment
was carried out by following a subset of the individuals, paired during stock
maintenance, over eight hours of observation trials. For each pair, copulation
probability (i.e., whether they mated or not), mating delay, and longevity after
one copulation event, were observed.

Life-history traits, such as fecundity, fertility, hatching success, oviposition,
and hatching day (i.e., the number of days it took to lay the first egg or for the
tirst larvae to hatch, respectively) were collected by using the 19 generations (or
seven years) of data collected through stock maintenance.
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3 RESULTS AND DISCUSSION

3.1 Pleiotropic effect of the color locus

3.1.1 Precopulatory stage (II, III)

Mate choice and sexual selection starts by attracting, or finding, individuals of
the opposite sex. Associations between the color genotype and both variation in
female pheromone signaling and males’ ability to reach females were found to
affect both sexes. Females were characterized by skewed attractiveness, with a
few females exhibiting greater attractiveness to males than others. Across all
experiments, only 18 females out of the 179 tested caught more than 10% of the
total number of males attracted in one night. When the onset of calling behavior
followed females” natural rhythms, the most attractive females typically
belonged to the yy genotype (II). Conversely, when the onset of calling was
standardized, and females were synchronously calling, the most attractive
females typically belonged to the WW genotype (III). The higher attractiveness
of yy females was likely due to a combination of early calling behavior (which
could outcompete other females) and a higher population density (II, III) (Fig. 5).
Since yy females typically suffer from lower mating success compared to white
females (IV), they may start calling earlier than WW and Wy females in an
attempt to increase their reproductive output. However, higher yy attractiveness
was typically limited to few females which suggests that it is a costly strategy,
otherwise it would be more common in the population. There may be two
reasons behind this. First, higher female attractiveness may trade-off with the
resources available for investment in offspring, thus attractive females suffer a
particularly low fitness. Males attracted to these females would then incur in the
risk of reproductive failure, thereby generating potential sexual conflict between
the two sexes. Second, the more attractive females end up having a reduced
probability of mating due to male harassment. In these experiments, moths could
not engage in copulation, thus it was not possible to observe whether more
attractive females had higher chances of copulating when attracting one or many
males.
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FIGURES5 Percentage of males attracted by female genotype by night of experiment.
Significant differences, by night, between genotypes are denoted with asterisks
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While yy females seemed to be favored at higher population density, male
morphs’ ability to locate and reach females was affected in a density-dependent
way. White (WW and Wy) males reached females faster in the higher density
scenario (i.e., the enclosure), while the opposite was found for yellow males,
which located females faster than white males in the field (II) (Fig. 6). This
suggests that males may be affected by different population densities (or some
other environmental factor) and characterized by morph-specific behavioral
strategies. The differences between morphs in the two experimental scenarios
may hint at a role for intrasexual competition that affects male morphs
differently, with white males outcompeting yellow males. Alternatively, the two
male color morphs may be characterized by different behavioral strategies.
Yellow males typically have a narrower daily flight activity period and tend to
stay closer to females than white males. White males have a broader daily flight
activity period and a tendency to disperse more during the day (Rojas et al. 2015,
Gordon et al. unpublished). The less explorative and “energy-saving” behavior
of yellow males in denser populations, has also been shown in a mating
experiment. When the probability of mating for each of the three color genotypes
was tested in a high density scenario, yy males only mated during the second
night of observations, while white males typically mated already during the first
night (De Pasqual et al. in prep).
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FIGURE6 Male morphs’ ability to locate and reach females was affected by the
experimental setup. a) yellow males reached females faster in the lower density
scenario (i.e., the field) while white (WW and Wy) males reached females faster
in the higher density population (i.e., the enclosure) (II).

Altogether, the combined effect of genotype-related pheromone signaling
strategies and the different abilities of male morphs to locate females affected
mate recruitment (II). These genotype-specific differences at the precopulatory
level (II) add to previously investigated morph-specific traits contributing to
sexual and natural selection (e.g., Nokelainen et al. 2012, Gordon et al. 2015, 2018,
Rojas et al. 2015, Winters et al. 2021). Finally, in higher density populations, we
found that yy females generally attracted males faster than white females and
that white (WW or Wy) males located females faster than yellow males. This may
indicate disassortative attractiveness, when individuals with dissimilar genotype
color alleles locate each other faster than other allele combinations. If this is
followed by a successful mating event, then both color alleles have increased
chances of being maintained within the population.

3.1.2 Copulatory and postcopulatory stage (IV)

Complex polymorphisms within populations are often the result of balancing
selection. When a polymorphic trait is expressed through one locus with two
alleles, with one dominant over the other, balancing selection can be expressed
through heterozygote advantage. At the postcopulatory stage, egg clutches laid
by Wy wood tiger moth females were more likely to hatch into larvae, leading to
higher larval survival and hatching success than in homozygote females (IV) (Fig.
7). This was likely due to a genetic advantage of the successful combination of W
and y alleles, rather than to maternal or paternal effects in inheritance (IV). This
finding adds to a few other known cases of heterozygote advantage associated
with the color locus in wild populations that are characterized by stable color
polymorphisms (Krtiger et al. 2001, Hedrick et al. 2014, Jay et al. 2021). In the wood
tiger moth, heterozygote advantage may be context-dependent: heterozygote
females benefit from higher reproductive output (IV), while heterozygous males
have a mating advantage due to either female choice or male-male competition
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(IV, Gordon et al. 2018) and are better defended against avian predators (Winter
et al. 2021).

Because genes are part of complex metabolic and genetic networks, their
expression is likely to affect multiple traits (Wright 1982, McKinnon and Pierotti
2010). When one gene affects seemingly unrelated traits it is said to have a
pleiotropic effect. Genes of the yellow-family are well known for having
pleiotropic effects on life-history traits and behavior (Bastock 1956, Massey et al.
2019, Connabhs et al. 2022) and these genes are conserved across insects (Ferguson
et al. 2011). Male coloration in the wood tiger moth is likely to be regulated by a
yellow-family gene (Brien et al. 2022), and although the exact genetic mechanism
behind its expression is not yet known, it seems to carry pleiotropic effects in the
wood tiger moth as well, especially because the effects are expressed in females
that do not express the yellow phenotype. Especially when expressed in recessive
homozygote individuals (i.e, yy) the yellow allele seemed to have a deleterious
effect on reproductive fitness. yy males had the lowest reproductive output,
while yy females suffered reduced mating success and their offspring were less
likely to reach adulthood (IV). The yellow allele may be maintained in the
population through higher yy male survival against predators (Nokelainen et al.
2012, 2014, Rojas et al. 2017), and via heterozygote (Wy) individuals (IV, Gordon
et al. 2018, Winters et al. 2021). In addition, the expression, or lack thereof, of the
yellow gene has general effects on behavior. Loss of its expression in D.
melanogaster reduces mating success due to changes in courtship behavior and
structural changes in the portion of the leg used to grasp the female (Bastock
1956, Massey et al. 2019). In contrast, in Bicyclus anynana, the yellow gene needs to
be suppressed in males to properly perform courtship behavior (Connahs et al.
2022). In the wood tiger moth, individuals that do not express the yellow allele,
that is, yy individuals, also seem to have their behavior affected: yy females seem
to start pheromone release earlier than white females, and yy males have
narrower daily flight activity (Rojas et al. 2015), tend to stay closer to females in
the field (Gordon et al. unpublished), seem to have density-dependent behavioral
patterns (II), and tend to mate later than white males (De Pasqual et al. in prep.).
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3.2 Signaler and receiver variation

3.2.1 Intrapopulation pheromone communication channels variation (I)

Although chemical communication is considered the oldest form of
communication (Wyatt 2014), the lack of human’s ability to perceive sex
pheromones and the challenges posed in analyzing pheromone extracts in
minute quantities (ng or less) have likely held back our appreciation for
differences between individuals (I).

We found that the increasing volume of studies showing a high degree of
variation in both signalers and receivers suggest that pheromone communication
channels are not only molded by interspecific interactions but by multiple
selection forces (I). In addition, we suggested that the sources of variation, both
in signalers and receivers, arise from a combination of context-dependent,
condition-dependent, or genetic mechanisms (I). Such variation may challenge
the traditional view that pheromone blends should be under strong stabilizing
selection and males tuned to specific blend ratios (Baker et al. 1981, Linn et al.
1983, Cardé and Baker 1984, Linn and Roelofs 1985).

To understand the implications of pheromone signals and receivers’
variation, we looked at how sources of variation could directly affect, or interact
to affect, intrapopulation dynamics. For example, vicinity to conspecifics, host
plant volatiles, physiological, and genetic mechanisms can affect signaler
attractiveness, receiver perception, and, in general the fitness of the individual
(van Wijk et al. 2017, Xu et al. 2019, Zakir et al. 2017). If variation in signals and
responses increases the fitness of the individual, and variation is heritable, then
chemical communication systems can evolve and may be drivers of species
evolution. However, understanding whether trait variation has preceded or
followed an evolutionary event is by default very challenging. This may be
particularly true in chemical communication channels since, at least in the moth
species studied so far, the genomic regions involved in signaling and variation
are typically unlinked, thus the lack of genetic correlation favors the evolution of
complex traits (Groot et al. 2016). Therefore, it is very difficult to point at clear
examples in which chemical communication channel variation may have led to
species evolution, but it has been proposed in some cases. For example, changes
in mating signals following host plant shifts have been proposed in two parental
species of flea beetles (Altica fragaria and A. viridicyanea) (Xue et al. 2016).
Alternatively, changes in the chemical communication channels have been
proposed as drivers of population divergence, in the Eriocrania semipurpurella-
sangii species complex (Lassance et al. 2019). Variation and novelty in sex
pheromone blends can be introduced, for example, through genomic duplication
or amino acid substitutions (Bucek et al. 2015), while the switch to new
preferences can take place in odorant receptors in the peripheral or central
nervous system (Koutroumpa et al. 2016, van Schooten et al. 2020).

While cases of evolution of signals and response may be difficult to pin-point in
natural scenarios, tangible examples can be observed when applying techniques
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such as synthetic pheromone lures for mating disruption. The constant selective
pressure exerted by the continuous emission of the pheromone blend from the
dispensers can result in changes of the female pheromone blend or male
responses (Evenden and Haynes 2001, Mochizuki et al. 2002, Tabata et al. 2007).
The combination of examples from natural and more “artificial” scenarios (i.e.,
synthetic lures) show the importance of considering variation in signals and
responses and their implications for intrapopulation dynamics and species
evolution. After all, in nature, populations always experience some level of
variation because individuals are simultaneously affected by several external
factors which interact with the physiological state of the individual.

3.2.2 Female signaling strategies (I, II, III)

As introduced in 3.2.1, calling behavior and chemical blends are two key drivers
of sex pheromone signaling variation and can be non-mutually exclusive sources
of skewed female attractiveness. While pheromone blend quantity or quality can
affect female attractiveness and be involved in mate choice (Ruther et al. 2009,
Harari et al. 2011, van Wijk et al. 2017), we did not find any correlation between
the pheromone quantity or quality of the three color genotypes and female
attractiveness (III).

The skewed genotype attractiveness was instead associated with female
calling behavior (II, III). Traps baited with yy females were more likely to host
males earlier in the night compared to the other two female genotypes (II). The
earlier onset of calling behavior of a subset of yy females could explain males
arriving earlier in traps which potentially allow them to outcompete conspecifics
(III, Pham et al. 2020, 2021) (Fig. 8). However, calling earlier may come with costs.
yy females decreased the time they spent calling as they aged (III). Producing and
maintaining sex pheromone signaling can indeed be costly (Harari et al. 2011,
Umbers et al. 2015, Blankers et al. 2021). Temporal differences in calling behavior
have been shown to affect species dynamics, such as outcompeting younger and
more fecund females or maintaining reproductive isolation between strains
(Pashley et al. 1992, Schofl et al. 2009, Pham et al. 2021). For the wood tiger moth,
we can hypothesize that WW and yy females may have an attraction advantage
at different population densities. With their earlier onset of calling, yy females
may benefit in denser populations while the longer duration of calling among
WW females may be beneficial to them in sparser populations. Finally, since
calling duration decreased with age in yy females, and increased with age in WW
and Wy females (III), and while females of different ages are likely to co-occur in
the field, females may benefit from being close by. This leads to the question:
should females “compete” or “collaborate” with each other during mate
attraction? It may sound reasonable for females to move closer to others, to
optimize the calling effort, and increase the chances of attracting males (Lim and
Greenfield 2008). In the field, it is not uncommon to find small aggregations of
wood tiger moth females which indeed suggests that they may move close to
each other. On one hand, it may be advantageous for high quality females to
move away from potential competitors, on the other hand it may be
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advantageous for high and low quality females to stay in close proximity as high
quality females may start copulating faster than when alone (van Wijk et al. 2017).
These differences in female calling behavior and potential strategies may thus
play an important role in intraspecific dynamics and mate choice within
populations. In the specific case of the wood tiger moth, homozygote females
(i.e., WW, yy) can potentially outcompete the more fertile Wy females (IV) by
trying to secure a male faster than Wy females.
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FIGURE8  Cumulative proportion of calling females per genotype on day three and five.
A subset of yy females is calling earlier than WW and Wy females (I1I).

3.2.3 Variation in male antennae (I, II)

As well as signalers showing variation in their sexual signaling, the receiver’s
ability to perceive sexual signals is also likely to vary between individuals (I,
Anton and Rossler 2021). Through plasticity or modulation, the olfactory system
can adjust in response to the environment and affect the receiver’s perception
(Anton and Rossler 2021). During development, individuals can adjust their
investment in receptor organs according to the environment in which they are
developing (Johnson et al. 2017). Furthermore, sublethal doses of pesticide can
increase peripheral sensitivity of males to favor mating in Spodoptera littoralis, a
crop pests species (Lalouette et al. 2016). Alternatively, changes at the
physiological level, for example after mating, can make males of some species
less sensitive to sexual signals and to cues for mating sites (Kromann et al. 2015,
Sollai et al. 2018). Variation in the olfactory system due to context-dependent or
condition-dependent factors is likely to lead to differences in the receiver’s
sensitivity and responses (I, Anton and Rossler 2021).

Despite the self-evident important role of male antennae to detect and direct
males towards receptive females, the effect of antennal natural variation on how
quickly and efficiently males can locate females is seldom investigated
(Jayaweera and Barry 2017, Elgar et al. 2019). Antennal variation is expected
among males since these are likely costly structures to develop (Symonds et al.
2012, Johnson et al. 2017, Pham et al. 2022). Typically, males with bigger antennae,
thus with more odorant receptors, should be favored in locating females faster
(Symonds et al. 2012, Elgar et al. 2019). This can have remarkable repercussions at
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the intrapopulation level in terms of male-male competition and males that will
eventually mate. Wood tiger moth males with denser antennae (i.e., higher
number of lamellae) reached females faster in the enclosure setup (II) (Fig. 9).
Since the enclosure represented a high-density population environment, having
a higher number of lamellae (i.e., higher number of receptors) could make males
more competitive in scramble competition. Denser antennae may be a trait under
sexual selection, as it improves pheromone perception in a higher density
scenario. In addition, it is a trait that may indicate higher quality males due to the
costs of producing bigger sensory organs (Johnson et al. 2017). Because males and
females were not allowed to engage in copulation, this experimental setup
allowed us to test the male’s ability to locate and reach females (II). Future
investigations are required to understand whether there are costs for wood tiger
moth males associated with developing more sensitive antennae, for example in
male reproductive ability.

Enclosure
a)’“7.5 ‘ /‘\b) :
E v - S <
£ 11 B ELl ] B :
- & s ° — 25 z . ° *
5701 . ) - 3 e ﬁ ) .
5 g 1y = I ° . -
o s ; . © % o [
] : & ° e (] (Y &
c ° € 201 $ S .
% 6.5 .; : : § i ? )
< | ¥ < |- °
6.01° d ,
1 2 3 E 5 6 7 1 2 3 4 5 6 7
Night Night
c) I
2 85 g -
c80f £ &p .
K i ¢ .
S5l 2| 4
5 | %7 &
o $ . $ -
E oo ® °
5701 8| - . -
=z
77T 2 5 1 5 & 7
Night
FIGURE 9 In the enclosure experiment, a) the length and b) area of the male antennae

did not affect their order of arrival to females whereas c) males with a higher
number of lamellae reached the females faster than males with fewer (II).
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4 CONCLUSIONS AND FUTURE DIRECTIONS

The question of how phenotypic variability is maintained within populations has
puzzled evolutionary biologists for a long time. Alternative color morphs are
expected to be maintained within populations through some form of balancing
selection, either heterozygote advantage, negative frequency-dependent
selection, or disassortative mating (Wellenreuther et al. 2014, Llaurens et al. 2017).
Despite polymorphisms typically having a simple genetic architecture (i.e., one
or few tightly linked loci), the expression of these loci can have profound
pleiotropic effects on traits that do not seem necessarily related (Wright 1982,
McKinnon and Pierotti 2010). These can lead to many, and sometimes
contrasting, selective forces affecting an individual’s fitness and, ultimately, lead
to complex polymorphisms. In this thesis, I found several genotype-specific
behavioral and reproductive traits associated with the color morph. Carrying one
or two copies of the yellow allele affected a variety of traits. At the precopulatory
stage, yy females were more attractive to males than WW and Wy females (II).
White (WW or Wy) males located females faster than yellow in a higher density
scenario, while yellow males located females faster than white (WW or Wy)
males in a lower density scenario. At the postcopulatory stage, yy individuals
suffered a lower reproductive output and yy females also a lower mating success.
Heterozygote (Wy) females were more fertile and showed a higher hatching
success than WW and yy females. (IV). Through heterozygote advantage, both
colour alleles could be maintained in the population under balancing selection.
This would result in an expected frequency of the color phenotypes of 3:1
white:yellow color morphs, led by the W allele dominance. However, the
expected ratio of the two color morphs is rarely found in natural populations
(Hegna et al., 2015). Across the wood tiger moth’s geographic distribution,
populations have varying frequencies of white and yellow males. While in
Central Finland, the populations are somewhat close to the 3:1 ratio, many other
populations deviate from the expected ratio. Some of these populations have
high frequency of yy individuals despite the reproductive disadvantages (Hegna
et al., 2015; IV). This suggests that other selective forces are at play, for example
context-dependent fitness advantages. Context-dependent advantages of the two
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male color morphs have been shown under multiple selective forces (Nokelainen
et al. 2012, 2013, 2014, 2022, Galarza et al. 2014, Gordon et al. 2015, 2018, Rojas et
al. 2015, 2017, 2019, Winters et al. 2021). Here, I found that morph-specific
advantages also extend to the pre- and post-copulatory level both in males and
females, and is context-dependent. yy females were most attractive in higher
population densities due to their early calling behavior (II, III). Male traits
affected their ability to locate females in a context-dependent way, led by
antennal variation and perhaps by different behavioral strategies (II). Finally, Wy
and yy females had opposing reproductive advantages (IV).

The findings in this thesis have also created several questions and avenues
for future investigations.

(1) The finding that the higher attractiveness was typically limited to few
yy females (II), opens up the question of whether the higher female attractiveness
comes with a fitness cost, which could explain why the yy female strategy of early
calling, seen in a proportion of the yy females, is not more common in the
population. Future investigations should follow closely what happens when a
female attract males. Male harassment or different resource allocation during
development have been shown to impact the fitness of the individual (Graham et
al. 1980, Gilchrist and Rutowski 1986). There is the risk that a female attracting
many males may fail to mate due to high male competition that results in a lack
of copulation attempts. Alternatively, allocating more resources into pheromone
signaling during development may trade-off with the resources available for
investment in offspring. Either scenario would negatively affect female fitness
and offer potential explanations for why only a few females within the
population are very attractive.

(2) We found that females of the three color genotypes were characterized
by different patterns of calling behavior. Some yy females called earlier than
others and, in general, decreased their calling duration as they aged, while WW
and Wy females increased their calling duration with age (III). Since female
calling strategy changed with age, and in the field females of different ages
coexist, this led me to hypothesize that females may employ strategies to increase
their chances of attracting a male, particularly regarding whether they should
“move away” from other calling females or “aggregate”. By moving closer or far
away from other signalers, females can increase their chances of attracting a
conspecific and mating (Lim and Greenfield 2008, van Wijk et al. 2017,
Borshagovski et al. 2019). In the case of the wood tiger moth, it could be
particularly advantageous for WW and yy females to be close to each other (III).

(3) While we know quite a lot about morph-specific advantages under
different selective pressures (e.g., Nokelainen et al. 2012, 2013, 2014, 2021, Gordon
et al. 2015, 2018, Rojas et al. 2015, 2017, 2019, Ronka et al. 2018, 2020) there is still
a lot to explore on the male side, especially under sexual selection. Interesting
avenues to explore are, for example, the potential roles of visual signals vs male
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sex pheromone in female choice, and if and how mutual mate choice affects the
mating outcome. For example, if wing luminance or male sex pheromone could
represent traits involved in female choice (Iyengar et al. 2001, Constanzo and
Monteiro 2007, Papke et al. 2007).

Besides these potential new avenues of research, this thesis has also shown
that the experimental design and the traits we decide to measure can affect how
we advance our understanding of the species. For example, by using different
experimental scales (i.e., field and enclosure setups), I found that males benefit
from context-dependent advantages, and this can have further implications for
population fitness. In addition, by studying how genetic variation affects
reproductively relevant traits from the precopulatory to the postcopulatory stage
we have revealed stage-specific (dis)advantages of the genotypes. While this
thesis is by no means complete in its exploration of the pre- to post-copulatory
stage, if I had only focused on the precopulatory stages I would have missed out
on finding that Wy females actually have a postcopulatory advantage. Finally, in
a world where molecular biology and bioinformatics have become the
predominant tools in science, we should not forget that behavioral investigations
can also reveal important aspects of the ecology of a species. The wood tiger moth
is becoming an emerging study system to study complex polymorphisms in
nature. In that respect it resembles some other famous polymorphisms such as
ruffs (Philomachus pugnax) and side-blotched lizards (Uta stansburiana) (Sinervo
and Lively 1996, Kiipper et al. 2015). Complex interactions between the genetic
architecture of the polymorphism, behavior, and fitness related traits make
polymorphic species attractive systems to investigate how genetic variation is
generated and maintained within populations. Furthermore, we should not
forget that individuals are also affected by the environment they live in. Thus,
the polymorphism becomes even more complex if morphs have advantages at
different densities or thrive under different environmental conditions. Thus, we
need to understand how both the genetic architecture and the ecology of the
species are interrelated to understand how complex polymorphisms are
maintained. While this thesis has left us with many more questions and avenues
to explore, we can still conclude that nature is complex and will never cease to
amaze us.
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RIASSUNTO (RESUME IN ITALIAN)

Mantenimento della variazione genetica nelle popolazioni: Interazione tra
selezione sessuale, comunicazione chimica, e fitness nella wood tiger moth
(Arctia plantaginis)

In natura esistono numerose specie le cui popolazioni sono caratterizzate da
individui che presentano variazione fenotipica, ad esempio la colorazione delle ali
di farfalla o il piumaggio degli uccelli puo differire tra individui. Di conseguenza,
il tratto viene definito polimorfico e la popolazione definita polimorfica per quel
tratto. Studiare come la variazione fenotipica sia mantenuta nelle popolazioni
naturali scaturisce da un’incongruenza con le predizioni teoriche. Se per effetto
della selezione naturale il tratto dovrebbe convergere verso un optimum, e quindi
essere presente in una sola variante, perché ci sono popolazioni che presentano
varieta a livello di fenotipo? Sta diventando sempre piu chiaro che & possibile
mantenere diverse varianti di un tratto attraverso I'effetto sinergico della base
genetica che correla i due tratti e delle pressioni selettive che agiscono sui tratti.
Difatti, se due tratti sono associati a livello genetico, I'effetto dell’agente selettivo
(ad esempio, un predatore, o un patogeno) su un tratto avra conseguenze anche
sul tratto associato. Percio, correlazioni genetiche tra diversi tratti fanno in modo
che la variazione fenotipica possa persistere generazione dopo generazione.
Affinché sia possibile, i due tratti devono essere o “fisicamente” collegati’ a livello
cromosomico ed essere ereditati assieme, oppure l'espressione di un tratto ne
influenza altri tramite una forma di collegamento “incompleto”. In questo caso, il
prodotto espresso da un gene (per esempio un enzima) influenza 1'espressione di
un gene che non sembra direttamente collegato al primo, e causano un effetto sulla
titness dell'individuo. Per esempio, nel moscerino della frutta (Drosophila
melanogaster) & stato dimostrato che la mancanza di espressione del gene che
conferisce la colorazione marrone/nera della cuticola che riveste il corpo influisce
negativamente anche sul comportamento dei maschi. I maschi non sono pitt in
grado di eseguire correttamente la danza corteggiatrice e la loro capacita di
accoppiarsi viene ridotta a seguito di modifiche a livello della cuticola della
porzione di zampa di solito usata per afferrare le femmine, che cosi riescono a
sottrarsi piu facilmente all’accoppiamento.

In molte specie di falene, le femmine rilasciano feromoni? nell’aria allo
scopo di attirare maschi. Siccome questi animali sono molto piccoli, e devono
essere in grado di attirare un individuo con successo, per molto tempo si &
ipotizzato che tutte le femmine di una popolazione fossero caratterizzate da una
miscela identica di feromoni e che non esistessero strategie diverse di emissione.

1 Due geni si definiscono “fisicamente” collegati (physical linkage) quando sono localizzati sullo
stesso cromosoma e vengono percio ereditati assieme senza che avvenga ricombinazione genetica
durante I'evento riproduttivo.

2 ] feromoni sono composti chimici, di solito presenti in miscele di due o pitt composti, che
vengono emessi da un individuo con lo scopo di attrarre uno o pitt individui del sesso opposto.
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Questo perché i maschi devono essere in grado di localizzare le femmine
facilmente, ed & a vantaggio di entrambi i sessi essere in grado di trovarsi in
maniera rapida e senza margine di errore. Cio nonostante, produrre e rilasciare
feromoni puo alle volte richiedere un sostanziale impiego di risorse, per cui e
probabile che alcune femmine rilascino meno feromone, oppure
anticipino/ritardino il rilascio durante la notte. C'@ un numero sempre crescente
di studi che infatti dimostra come usando diverse strategie di rilascio, le femmine
possano influenzare la scelta dei maschi. Allo stesso modo, anche i maschi possono
differire nella loro capacita di percepire e localizzare le femmine, per esempio in
relazione alla dimensione delle loro antenne. Se esistono differenze nei feromoni
rilasciati dalle femmine, per esempio femmine che producono piti feromone sono
gialle, o nella capacita dei maschi di localizzare femmine, e queste differenze sono
associate alle diverse colorazioni delle ali, ci possono essere ripercussioni sugli
individui che si accoppieranno, e quindi sulle colorazioni che vengono trasmessi
alla generazione successiva.

Quando un tratto viene espresso attraverso molte varianti suggerisce che la
base genetica che li caratterizza & composta da diversi alleli3. Gli individui che
portano alleli diversi nello stesso tratto vengono definiti eterozigoti, da
distinguersi dagli individui che portano alleli dello stesso tipo, definiti omozigoti.
Popolazioni polimorfiche sono tipicamente caratterizzate da alti livelli di individui
eterozigoti. Questo permette a diversi alleli, e quindi a diverse forme del tratto, di
essere mantenuti nella popolazione. Inoltre, la presenza di individui eterozigoti da
anche la possibilita ad alleli che sono deleteri, quando presenti in multiple copie in
individui omozigoti, di essere mantenuti nella popolazione perché mascherati
quando sono portati nel corredo genetico di individui eterozigoti. Questo puo
portare ad individui eterozigoti ad avere particolare vantaggio di fitness,
attraverso un meccanismo chiamato vantaggio dell’eterozigote. Allo stesso tempo,
lo svantaggio creato da gruppi di alleli deleteri, e di conseguenza ridotta capacita
riproduttiva, puo indurre competizione tra individui, per esempio per evitare di
accoppiarsi con individui incapaci di produrre prole in grado di raggiungere lo
stadio adulto.

Questa tesi ha l'obiettivo di investigare eventuali associazioni tra la
variazione del tratto del colore e tratti che sono coinvolti nella fitness riproduttiva
dell'individuo. Lo scopo é di capire piu a fondo come la variazione di questi tratti
possa influenzare le dinamiche riproduttive tra individui e potenzialmente
mantenere la variabilita genetica e fenotipica nelle popolazioni. Ho scelto di
studiare potenziali associazioni attraverso l'intera sequenza riproduttiva, ovvero
dal reclutare il sesso opposto (stadio pre-copulativo), allo stadio di accoppiamento,
fino alla produzione di prole quindi allo stadio post-copulativo. Questo perché non
e detto che una volta che due individui entrino in contatto, e si accoppino, poi
riescano a riprodursi con successo. A questo scopo, ho utilizzato la wood tiger

3 Un allele & una forma alternativa, o versione, di un gene. Individui diploidi, ovvero che hanno
due copie dello stesso cromosoma, ereditano una copia del cromosoma dalla madre e una copia
dal padre. Se queste due copie sono uguali, I'individuo si dice omozigote per il gene, mentre se
presenta copie diverse, viene definito eterozigote.
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moth (Arctia plantaginis), una specie di falena che presenta una colorazione
polimorfica, che nei maschi si traduce in ali bianche e gialle. La colorazione e
determinata geneticamente da due alleli. La colorazione bianca ¢ determinata
dall’allele dominante3 W e puo essere espressa sia da individui che portano due
copie dell’allele (omozigoti WW) o individui eterozigoti (Wy), mentre i maschi
gialli sono omozigoti per gli alleli recessivi* (yy). Nonostante le femmine
presentino una colorazione che va dal giallo al rosso, portano gli stessi alleli dei
maschi (W e y) che perd non vengono espressi. Studi precedenti sulla specie
hanno dimostrato che la colorazione delle ali & associata a diversi vantaggi, per
esempio i maschi gialli hanno un minor rischio di essere predati mentre i maschi
bianchi hanno generalmente un vantaggio a livello riproduttivo. Nonostante cio,
se le condizioni cambiano, questi vantaggi possono venire meno. Ad esempio, in
ambienti meno luminosi (come nella foresta) i maschi gialli vengono predati piu
spesso dei maschi bianchi. Quindi considerare da prima a dopo della copulazione
potrebbe svelare vantaggi che dipendono dallo stadio della sequenza
riproduttiva. Per studiare cio, ho utilizzato approcci multipli. Innanzitutto, ho
condotto una revisione degli studi recentemente pubblicati che riguardano
I'effetto della variazione sia nei feromoni rilasciati dalle femmine sia delle
strutture ricettive dei maschi ed il loro effetto sulla probabilita di accoppiarsi. Per
studiare eventuali associazioni tra i tratti femminili (feromoni) e maschili
(antenne) ed il colore delle ali, ho testato 'attrazione delle femmine di diverso
genotipo sia in condizioni naturali che semi-naturali (ovvero in una grande
tenda), mettendo femmine in trappole in cui rilasciando feromone avrebbero
intrappolato eventuali maschi attratti. Successivamente, ho testato se la
differenza in attrazione fosse dovuta alla quantita o alla composizione dei
feromoni, oppure legata a diverse strategie di rilascio. Per quanto riguarda i tratti
dei maschi, ho tagliato una antenna dei maschi trovati nelle trappole per
determinare se la morfologia delle antenne correlasse con la loro capacita di
localizzare le femmine. Infine, per testare se le diverse colorazioni sono associate
a differenze nella probabilita di accoppiarsi, ho accoppiato un maschio ed una
femmina e testato la frequenza con cui si sono accoppiati. Infine, ho contato il
numero di uova prodotte da ciascuna coppia e la percentuale di uova che si e
schiusa in larve come indice di fitness riproduttiva. Nei paragrafi successivi
riporto i risultati principali di questi esperimenti.

Dalla revisione di studi € emerso che molte sono le forze selettive che
agiscono sia sui feromoni che sulla capacita dei maschi di percepire i feromoni;
quindi, sia maschi che femmine sono soggetti a cambiamenti nei loro tratti.
Queste forze selettive possono essere racchiuse in tre categorie. Possono essere
dovute dal contesto, ovvero dalla vicinanza di conspecifici* o dei composti
volatili che vengono rilasciati dalle piante su cui si sviluppano, dalla condizione
dell’individuo, che puo essere legata all’eta, oppure da meccanismi genetici. Di
conseguenza, gli individui possono essere pitt 0 meno attrattivi e cio puo avere
conseguenze a livello delle dinamiche di popolazione. Ad esempio, gli individui
possono usare questi segnali per evitare di accoppiarsi con consanguinei o con

4 In biologia, detto di organismi che appartengono alla stessa specie.
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individui che hanno una fitness ridotta, come per esempio quelli che si sono
recentemente accoppiati. Infine, l'effetto della variazione in questi segnali puo
estendersi ad influenzare la storia evolutiva della specie. Una volta capito quanto
importante potesse essere I'effetto della variazione in questi segnali, ho studiato
i potenziali effetti quando associati alla colorazione delle ali, usando la wood
tiger moth.

Ho trovato che la capacita di attrazione delle femmine della wood tiger
moth differisce molto tra individui, anche se solitamente le femmine piu
attrattive appartengono al genotipo giallo (yy). Queste femmine solitamente sono
piu attrattive quando ci sono molti maschi nelle vicinanze e cid & dovuto
all’abilita delle femmine del genotipo giallo (yy) di anticipare le femmine degli
altri due genotipi (WW e Wy) emettendo feromone prima nella notte. La
differenza sembra risiedere solo a livello di strategia di rilascio delle femmine dal
momento che né la quantita né la composizione dei feromoni & associata con
quanto attrattive sono le femmine. Per quanto riguarda i maschi, maschi bianchi
e gialli godono di vantaggi che dipendono dal contesto sperimentale. In
particolare, i maschi gialli sono in grado di localizzare le femmine piu
rapidamente quando la popolazione dei maschi € meno densa, mentre i maschi
bianchi sono pitt veloci quando la popolazione e pitt densa. Inoltre, quando la
popolazione e piu densa, i maschi con antenne che ospitano un numero maggiore
di lamelle (che accoglie i recettori per percepire i feromoni), raggiungono le
femmine pit velocemente.

Infine, mentre gli individui dei tre genotipi hanno tutti la stessa probabilita
di accoppiarsi, le coppie formate da femmine del genotipo giallo (yy) e maschi
bianchi (WW o Wy) tendono ad accoppiarsi piu velocemente delle altre coppie.
Cio nonostante, le femmine del genotipo giallo (yy) non godono di una piut
elevata probabilita di avere prole. Queste femmine, infatti, hanno una fitness
riproduttiva particolarmente bassa e falliscono di pitt delle femmine bianche
(WW e Wy) in avere prole. Anche i maschi gialli soffrono particolarmente nel
produrre prole. Contrariamente al ridotto successo degli individui del genotipo
giallo (yy), femmine eterozigoti (Wy) hanno un vantaggio riproduttivo rispetto
alle femmine del genotipo WW e yy. Cio significa che entrambi gli alleli (W e y)
hanno elevata probabilita di essere passati alla generazione successiva e
mantenuti a livello della popolazione. Questo suggerisce anche che le femmine,
che non esprimono la colorazione dei maschi perché tendenzialmente sono rosse,
possono ricoprire un ruolo particolarmente importante nel mantenere la
colorazione polimorfica dei maschi.

I risultati di questa tesi dimostrano come la base genetica e le forze di
selezione che agiscono su questi tratti associati siano importanti per mantenere
sia la variazione fenotipica che genotipica dei tratti e di conseguenza mantenere
le popolazioni polimorfiche. Complesse interazioni tra la base genetica dei tratti,
il comportamento degli individui, I'effetto della variazione dei tratti, e 'ambiente
circostante possono bilanciare il vantaggio tra alleli diversi, e quindi mantenere
complessi polimorfismi. E quindi fondamentale capire sia come 'architettura
genetica che l'ecologia della specie interagiscano tra di loro per capire come
complessi polimorfismi siano mantenuti in natura.
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Sex pheromones in many insect species are important species-recognition
signals that attract conspecifics and inhibit attraction between heterospecifics;
therefore, sex pheromones have predominantly been considered to evolve due
to interactions between species. Recent research, however, is uncovering roles
for these signals in mate choice, and that variation within and between populations
can be drivers of species evolution. Variation in pheromone communication
channels arises from a combination of context-dependent, condition-dependent,
or genetic mechanisms in both signalers and receivers. Variation can affect mate
choice and thus gene flow between individuals and populations, affecting species’
evolution. The complex interactions between intraspecific and interspecific
selection forces calls for more integrative studies to understand the evolution
of sex pheromone communication.

Sex pheromones and their functions

Pheromones are semiochemicals involved in intraspecific communication, where species-
specific signals are released by a sender that modify the behavior of a receiver [1]. Sex
pheromones signal attraction and selection of potential mates. Sex pheromones are used by a
variety of animal species, but the focus of this Review is on insect sex pheromones, as most
pheromone research has been conducted on this class of animals. The traditional view is that
sex pheromones are important species recognition signals to distinguish between species and
thus under stabilizing selection (see Glossary) [2]. As closely related species can have similar
sex pheromone signals that may only differ in the ratio of the different chemical constituents,
the signaler and the receiver need to be finely tuned to recognize each other [3]. Small changes
in pheromone release rate or ratio of the chemical constituents can affect attraction of the
receiver [4].

Since sex pheromones are also mate-recognition signals acting within species, their roles in
reproductive isolation and speciation processes are important. Reproductive isolation can be
shaped by reproductive character displacement [5]. In sex pheromone communication
channels, reproductive character displacement has been found in closely related, sympatrically
occurring taxa [6,7], which lessens communication interference between closely related and
sympatric species, but can generate variation between populations that lead to divergence
[5]. Intraspecific variation between geographically distant populations has been described in
many species [8—10], suggesting that such communication interference and other environmental
factors affect variation in pheromnone communication.

Even though intraspecific variation between geographically isolated populations is generally
accepted, variation within populations is still thought to be less common. Johansson and
Jones [11], however, reviewed the role of sex pheromones in mate choice, showing the possibility
of variation in these signals even within populations. We now know that sex pheromones can
even be plastic, and this plasticity can be translated into quantitative [12,13] or qualitative [14]
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intrapopulational differences. This can take place over an individual’s lifespan [12,15], as a
consequence of seasonal development [13], or due to the vicinity of heterospecifics during
development [14]. Since sex pheromones can provide information on the general condition of
the signaler, and the receiver can select based on this variation, intraspecific variation in sex
pheromones must be more common than previously assumed.

Why has intraspecific variation been overlooked?

Although chemical communication is considered to be the oldest form of communication [16],
humans are mostly visually oriented and thus much of the research focused on sexual signaling
has been on variation in visual signaling. Also, it has proven challenging to analyze individual-
level variation in chemical extracts. For example, identification of the first moth sex pheromone
required thousands of individuals pooled together [17], naturally obscuring any intrapopulation
variation. In addition, research on sexual selection and sexual conflict theory is affected by biases
of sex roles and assignment to different taxa in sexual selection research [18]. In moths, females
are typically thought to be the signalers and release the sex pheromone, while males are the
responding sex, which could explain the higher volume of literature on female sex pheromone
variation in moths [19-22]. Males, however, also produce and release sex pheromone [23] to
which females may respond, but this aspect has been little explored (Box 1). Finally, female-
signaling insect systems are well-represented amongst pest species, making them economically
important. Sex pheromones are commonly used to monitor the presence and abundance of
these pests and to disrupt mating. These applied aspects of insect chemical ecology likely
increased the focus on sex pheromones at the species level. Thus, it is possible that, to date,
our understanding of sex pheromone evolution, and in particular how intraspecific variation can
affect a single species, has been held back by our research focus.

Mechanisms underlying intraspecific sex pheromone variation

Both sender and receiver are involved in the process of mate attraction, and intraspecific variation
in pheromone communication can either arise as a consequence of physiological variation in the
signaler (sender-specific driver of variation) or the receiver (receiver-specific driver of variation). To

Box 1. Visual versus chemical signals

In butterflies, mate attraction is typically determined by visual cues, while sex pheromones are usually involved in short-
range attraction. Current research is uncovering many aspects of sex pheromone roles in butterflies, suggesting that
chemical signals are much more involved than previously expected in diurnal species that commonly rely on visual cues.
Heliconius butterflies (see Figure 1C,D in main text) are well known for exhibiting Mdllerian mimicry, in which unrelated and
chemically defended species mimic each other warning signal to more efficiently advertise their unpalatability to predators.
When two species share identical wing pattern, such as Heliconius timareta and Heliconius melpomene in Peru, chemical
signals are important to discriminate against heterospecifics [103]. Sex pheromones have a great importance in
conspecific recognition, act as premating barriers and affect mate choice [104]. As male pheromones and female
preference have been found to be heritable at least in some Heliconius butterfly species [105], pheromone communication
may play a role in their speciation process. Thus, even in the visually-orientated butterflies, pheromones and other chem-
ical signals, are used as premating barriers in addition to wing patterns, making these species multimodal signalers [106].

In Bicyclus anynana, the male sex pheromone can provide a wealth of information on the signaler, from the male’s age to
individual identity [100]. This pheromone is also a plastic trait as a consequence of a more or less climatic favorable season
for their reproductive success [38], which has implications in their mating success [13]. Their sex pheromone can be
more variable within populations than between populations and possibly acts as precursors of an ongoing speciation
process [8].

In both Heliconius and Bicyclus study systems, short-range chemical signals are thus involved in species recognition and
therefore under natural selection, but have also been shown to act in intraspecific mate assessment and thus under sexual
selection. These examples show that in a male-signaling, female responding system, the progress of our understanding of
the roles of pheromone signals seems to run counter to that in the more commonly studied females-signaling systems.
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Glossary

Assortative attraction or assortative
mating: individuals with similar
phenotypes are attracted and mate with
one another more frequently than
expected under random mating.
Cuticular hydrocarbons (CHCs):
molecules on the surface of adult
insects, generally serving as
antidesiccation compounds. In a
number of species, CHCs have also be
found to play important roles in insect
communication. One of these roles is
attraction and selection of potential
mates.

Ecological speciation: a form of
speciation that arises as a consequence
of reproductive isolation due to a change
in ecological factors (e.g., change in the
host plant, presence of predators or
parasites and, in general, any
environmental factor).

Genetic correlation: two or more sets
of genetic loci expected to covary as a
consequence of, for example, linkage
disequillibrium or pleiotropy.

Mating disruption: a pest
management technique which prevent
individuals to successfully locate
potential mates through the release of a
synthetic sex pheromone that mimics
the species sex pheromone.

Plasticity: the phenomenon for which
organisms with the same genotype
manifest alternative phenotypes in
response to environmental conditions,
experienced usually during
developmental time.

Preference function: along a
continuous range of a signaling trait
values, most receivers express a
preference for intermediate values, while
few show preference towards extreme
values.

Reproductive character
displacement: selection to avoid
hybridization between species. When
two species have overlapping habitats
and (signaling) traits, divergence in one
or more traits evolves in response to
unfavorable interactions, such as cross-
species attraction. When the divergence
is due to selection to avoid hybridization
between races/strains within species,
the term reinforcement is used.
Runaway selection: due to genetic
correlation between the sender and
receiver’s trait, changes in the sender’s
signal are inherited together with
changes for the preference for that
signal. This leads to a positive feedback
loop, whereby both signal and
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add another layer of complexity, both the sender and the receiver experience physiological
changes within their lifetime, adding within-individual variation to the between-individual variation
at the population level. In addition, senders may become receivers and vice versa.

Sender’s perspective

Diet, age, mating status, and vicinity to conspecifics are among the mechanisms that can
produce physiological changes and contribute to the maintenance of intraspecific variation in
pheromone production. These changes can lead to both within- and between-individual varia-
tion. When considering intraspecific sex pheromone variation, it is important to first consider
how they are produced. In some species, pheromone components and precursors are seques-
tered from the diet, while in others they are produced de novo within the animal [24]. Although
both forms of pheromone production rely on the resources available, pheromones derived from
the diet will be more vulnerable to environmental and host-related effects, and thus to external
conditions. In contrast, species that produce their pheromones de novo are probably less
susceptible to externally induced variation, but may exhibit variation due to internal processes.
This is especially likely if there are costs to pheromone production, as this could result in trade-
offs with other processes. Sex pheromones can indeed be costly: nutritional state influences the
amount of pheromone produced in cockroaches [12], smaller female moths have lower fitness
when they are stimulated into pheromone signaling [25] and pheromone composition predicts
the fitness of female moths [26]. The signaling sex may communicate its nutritional state to the
receiver [27]. There is also ample evidence that sex pheromones are affected by suboptimal diet
at the larval stage [15,28], in adults [12], or at both life stages [15]. Pheromone production can
be recouped if a higher nutritional diet is obtained [12], resulting in a dynamic environment—individ-
ual interaction. Regardless of how sex pheromones are produced, their variation can also be a con-
sequence of the internal physiological state and its changes, such as mating status [29,30] or aging
[31,32]. Generally, a greater investment in pheromone signaling is expected in older unmated fe-
males [33]. Older females may also call earlier in the night to avoid competition with more attractive
young females [34].

Other mechanisms that can affect pheromone production and release are pathogens [19],
volatiles from host plants [31], conspecifics [35,36], or prey [37]. Verheggen et al. [37] recently
found that pheromone production in the Asian lady beetles (Harmonia axyridis) (Figure 1A) is
conditioned by the presence of prey, as exposure to volatiles of the prey initiated pheromone
production. Also, the female calling behavior of the gregarious beet webworm moth (Loxostege
sticticalis) is affected by the vicinity to male conspecifics [38]. Pheromone release can also be
increased by crowding and sexual competition; for example, in the American grasshopper
(Schistocerca americana) [35]. It remains unclear if any of these changes represent adaptive
strategies, that is, changes in resource allocation depending on individual status, or are simply
nonadaptive responses to environmental triggers. Examples that do suggest a level of adaptive
response to the environment are developmental plasticity due to the chemical environment,
when individuals have been exposed to the chemical signals of heterospecifics [14], as a conse-
quence of environmental temperature [39], seasonal variation [13], or nocturnal light pollution [40].

Finally, genetic and behavioral mechanisms may contribute to within-population pheromone
variation. For example, a point mutation identified in the tobacco budworm (Heliothis virescens)
(Figure 1B) translates to a sex pheromone signal with a higher or lower ratio of two pheromone
components [41]. The different ratios of the two components affect the signal’s attractiveness
to males, and females releasing a signal with a higher ratio of the two components are less
attractive than females releasing pheromone signal with a lower ratio [36]. Unattractive females
can obtain matings while in close proximity to attractive females and, therefore, unattractive
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preference for the signal become
exaggerated over time.

Saltational event: evolutionary event
which generates greatly or completely
different phenotypes in a few
generations, due to a mutation with
major phenotypic effect. For example, a
mutation in an enzyme that changes the
stereochemistry of a pheromone
component.

Signaling sex: the sex releasing a
sexual communication signal to attract a
potential mate.

Stabilizing selection: a form of
selection in which the population mean
trait converges to intermediate values,
for example, when the mean pheromone
signal is preferred over signals deviating
from the mean.

Sympatric species: species with
overlapping geographic ranges that are
close enough to regularly interact.
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Figure 1. Examples of some species for which intraspecific variation in sex pheromone has been described in
the literature. (A) Asian lady beetle (Harmonia axyridis) (Photo: Chiara De Pasqual). (B) Tobacco budworm (Heliothis virescens)
(Photo: Jan van Arkel/IBED/UVA). (C) Heliconius erato and (D) Heliconius melpomene (Photo: Melanie Brien).

females are maintained in the population [36]. Similarly, in the European corn borer (Ostrinia nubilalis),
two genetically identified sex pheromone strains [42] are maintained because males assortatively
mate with females of their own pheromone strain [43].

Receiver’s perspective

The traditional view holds that signalers and receivers are finely tuned, where the predicted shape of
the receiver’s preference function corresponds to the distribution of the female pheromone signal
in the population. Experimental evidence from the 1970s and 1980s suggested that female phero-
mone signals experience stabilizing selection [3] and there is a lack of variation in male responses,
because of optimal tuning to specific component ratios [2,4]. Variation in either the signaler or re-
ceiver, however, can introduce novelty in the communication channel even in established sender—
receiver systems. For example, the rare receivers in the population that track changes in the
pheromone signal [44], which might be possible through a saltational event [45]. New com-
pounds in the signal may remain unperceived initially and only later do receivers evolve the prefer-
ence for the new signal [46]. This scenario is known as the asymmetric tracking hypothesis [47].
An alternative and new conceptual model proposes that the preference trait evolves first in the re-
ceiver as a veiled preference, before the preferred trait is evolved in the signaler, and the receiver
starts to select individuals with the newly preferred trait as soon as the trait arises [48].

Variation in receivers can take place at different levels, such as between and within individuals,
and at different life stages, as a consequence of plasticity in the olfactory system [49]. In some
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species, population density can contribute to variation in the morphological structures of the
receiver as a consequence of developmental plasticity. For example, gum-leaf skeletonizer male
moths (Uraba lugens) develop longer and more elaborate antennae to locate females in sparse
populations [50]. This plasticity depends on the population density during the developmental
stage and suggests that individuals can be more or less sensitive to pheromone signals.

Within the lifespan of an individual, plasticity in behavioral responses is well demonstrated in rela-
tion to circadian rhythms, as males of many moth species actively respond to pheromone
sources at restricted times in the photoperiod [51]. A difference in gene expression in odor recep-
tors seems to be at the base of this behavioral plasticity, linked to both the physiological state [52]
and circadian rhythms [53] with, for example, effects on antennal sensitivity [54]. Responses to
sex pheromones can also be modulated by experience, where pre-exposure to sex pheromones
increases long-term sensibility and responsiveness [55,56]. The olfactory system dynamically
adjusts to optimally perceive the surroundings [57] and differential receptor expression character-
izes, for example, mated and unmated individuals [58]. After matings, some insects become less
sensitive to sexual signals and cues for mating sites [59], either through a reduction in antenna
sensitivity [54] or differences in pheromone processing in the central nervous system in the
brain [60]. In other instances, environmental stress can have an effect on the receiver olfactory
system. Sublethal pesticide doses was shown to increase the peripheral sensitivity of cotton
leafworm (Spodoptera littoralis) males and increase their mating success [61]. A recent review
[49] reports that the plasticity of the olfactory system occurs at all levels of the olfactory pathway.
When studying the insect sensory system, it is challenging to integrate information from the
periphery to the brain, therefore, we have just begun to understand these interactions. As the
olfactory system can plasticly respond to, for example, changes in the environment, physiological
state, social interactions and experience, variation in the olfactory system among individuals is
likely to lead to differences in sensitivity and responses.

Ecological consequences of intraspecific variation: effect on attractiveness and
mating success

Intraspecific variation in sex pheromones can have important consequences in attractiveness, mating
success, and mating behavior, even when the source of the variation is entirely environmental.
Furthermore, these consequences can be sex specific.

Volatiles produced by host plants can affect the production and response to sex pheromones. This
can in turn affect mate location by increasing the calling behavior of signalers, for example by
augmenting the frequency and calling duration [62], or increasing pheromone release/production
[63]. Alternatively, host plant volatiles can enhance receivers’ attraction to pheromone signals
[62,64], by attracting a higher number of individuals [62,64] or by reducing the time to locate the
pheromone source [64]. Finally, host plant volatiles can alter the response to ratios of pheromone
components [65]. Thus, in general, host plants can influence species reproductive success during
different stages of the insect lifespan, through both resource acquisition at the larval stage, and the
interaction of plant volatiles with adult signals and behavior. Oxidative stress and pathogen infec-
tions can also affect sex-pheromone based mate location [66,67]. Curiously, challenged immune
systems and pathogen infections have been found to increase rather than decrease attraction in
some insects, suggesting either terminal investment [67] or a strategy of pathogens to spread
through populations via host manipulation [19]. Immune system challenges can also lead to
sex-specific differences; for example, only female mating success might be affected [68]. As
populations vary in parasite load [69], variation in immune challenge could thus impact the
dynamics of both pheromone signaling and sexual selection. In addition to host plants and
pathogens, sex pheromone production and mating success can be affected by seasonal
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fluctuations. A good example is the squinting bush brown butterflies (Bicyclus anynana), in
which males that emerge in the wet season produce more pheromone and have higher mating
success than those that emerge in the dry season [13].

Mate assessment is based on intraspecific variation in sexually selected traits. Sex pheromones
can be under sexual selection when used as indicators of mate quality. Variation in sex phero-
mone composition can be used to avoid mating with siblings [70], which increases genetic
variability and decreases the impact of deleterious alleles. For example, in B. anynana, females
avoid mating with inbred males, which is assessed solely on the male-produced sex pheromone
[71]. Sex pheromones are also used as signals to avoid matings that would lead to a lowered
fitness and thus reduce the cost of matings. For example, sexually immature females of the cotton
bollworm (Helicoverpa armigera) inhibit male attraction by temporarily releasing a repellent
component in their pheromone signal [72]. Another example is the haplodiploid parasitic wasp,
Nasonia vitripennis, in which females are more attracted to males with more pheromone, which
correlates to a full sperm load [73]. As unfertilized eggs develop into males, this selection thus
affects the population sex-ratio.

Sexual conflicts often arise over mating frequency. For example, in the parasitoid wasp families
Pteromalidae and Braconidae, females tend to mate only once [30,74], while males mate multiple
times. After mating, Spalangia endius (Pteromalidae) females actively resist males by increasing
the release of a specific pheromone component, which prevents or terminates male courtship
behavior [74]. Mated Cotesia glomerata (Braconidae) females stop releasing their attractive
pheromone component in favor of the repellent only. These changes likely help mated females
to avoid male harassment by reducing the attraction of males, and are also thought to help
males locate virgin females, as their pheromone is distinct from mated females [30].

To conclude, intraspecific sex pheromone variation can have important consequences for the
attractiveness and mating success of individuals, regardless of the source of this variation. If
variation in signals and responses is heritable, there is the potential for different investment or
responsive strategies to evolve.

Evolutionary consequences of intraspecific sex pheromone variation

Evolution in sexual communication systems can occur when heritable differences in signals and/or
responses increase the survival and reproductive output of the individual (Figure 2 and Table 1).
Below, we explore whether and how such evolution can occur in response to ecological
speciation or as a driver of population divergence.

Ecological speciation

Many herbivore species use chemicals from their host plants as precursors for compounds that
make up the pheromone signal. Thus, host plant shifts can directly affect pheromone composition.
If this is followed by changes in responses, leading to assortative mating and reproductive
isolation, ecological speciation can occur [75]. Changes in mating signals following a host plant
shift has been experimentally shown in the mustard beetle (Phaedon cochleariae) [76], where
cuticular hydrocarbons used as mate recognition cues differ depending on the host plant on
which they feed. Similar changes are hypothesized to have contributed to the speciation process
between two parental species of flea beetles (Altica fragaria and Altica viridicyanea) [77].
Pheromone divergence between populations linked to differences in host plants has also been
hypothesized in the pine and larch strain of larch budmoth (Zeiraphera diniana) [78] and the chest-
nut tortrix (Cydia splendana) [79], and may represent the initial step towards reproductive isolation
in these species. Changes in host plants, however, do not automatically lead to differences in sex
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Figure 2. Some possible routes to speciation through variation in pheromone production and perception in
herbivorous insects. Arrows indicate two of the possible alternative routes in the evolution of sex pheromone signals
and responses. Pictures indicate examples discussed in this paper, clockwise from top left: Heliothis spp. [24]; mustard
leaf beetle (Phaedon cochleariae) [76]; and Eriocrania semipurpurella—sangii [84].

pheromones [80] or to host shift [31], suggesting that other processes are also involved in specia-
tion events.

Plants damaged by conspecific herbivores can negatively affect the premating and mating
behavior in the moth species S. littoralis [82]. Host plant volatiles released as a result of herbivory
can decrease the calling behavior of the signaler and negatively impact the mating success. This
interaction may result in an avoidance of egg laying on a suboptimal plant that has high compe-
tition for resources or is attractive to the enemies of the herbivore [82]. Thus, interactions between
host plants and pheromone signals and/or responses are complex and not straightforward, and
how these interactions are involved in ecological speciation likely depends on the plants and
insects involved.

Pheromone differentiation as driver of speciation

Reproductive isolation can also take place without ecological differentiation, through divergence
in mate preference [83]. For example, in the primitive moth Eriocrania semipurpurella—sangii
species complex, the ratios of components in the female pheromone do not only reflect
geographic differences between populations, but also identify different species [84]. Since all
the species share the same host plant, this is a case in which reproductive isolation likely has
evolved as a result of divergence in sexual communication [84]. Such divergence could happen
if some individuals of the choosing sex have a preference for a specific pheromone signal and
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Table 1. Examples of intraspecific sex pheromone variation for which causes and/or consequences of the variation has been described and genetic
basis or heritability is known

Level of variation”

Species name Quantitative”  Qualitative®  Cause of variation Consequences of the Genetic basis known Refs
variation or heritability calculated
Tobacco budworm — Yes Single point mutation Female attractiveness Genetic basis known [21,36,41]
(Heliothis virescens) and mating success
affected
Yes Yes Pathogen infection boosted Sex specific: females [68]
immune system mating success affected
Subflexus straw = Yes Phenotypic plasticity Increase in assortative Genetic basis known [14,100]
(Heliothis subflexa) attraction
Squinting bush brown Yes — Seasonal polyphenism or age Mating success Heritability known [13,101]
(Bicyclus anynana) affected
Parasitic wasp Yes — Sperm limitation (highly Attractiveness and Genetic basis known [73]
(Nasonia vitripennis) correlated with pheromone titer) mating success affected
Burying beetle Yes Yes Diet or age, or parasite load Male attractiveness Unknown [102,103]
(Nicrophorus vespilloides) affected

@Variation in sex pheromones can take two forms: quantitative and qualitative.

Quantitative when the variation is referred to the total amount of the components.

°Qualitative when the variation is referred to the relative amounts and/or ratio of the components.
9Refers to not tested or not reported.

choose those signalers. A good example comes from B. anynana, in which females developed a
mating bias towards the pheromone signal they were exposed to, even when this was a new
signal. As this mating bias can be transmitted to the next generation without the offspring
being exposed to the new pheromone signal [85], such heritable learning can drive the evolution
of assortative mating and speciation. The potential of sex pheromones as drivers of speciation
has been hypothesized for some B. anynana populations in which sex pheromone differentiation
was found to be higher than genetic differentiation, suggesting that pheromone divergence
precedes genetic divergence [8] (Box 2).

Potential mechanisms that can introduce variation and novelty in sex pheromones lie in the
sequence variability of the genes involved in determining component ratios in pheromone signals
[86], such as gene duplication and amino acid substitution in genes coding for specific enzymes
in the pheromone pathways [87]. Variation in response and preference for pheromone signals
may be due to divergence and evolution in olfactory receptors [88]. For example, chemosensory
divergence in odorant receptors in the peripheral nervous system associated with reproductive
isolation, have been found in two rarely hybridizing Heliconius species [58]. In O. nubilalis,
however, genetic differences in the central nervous system (i.e., neurogenesis), instead of the

Box 2. Ecological and evolutionary consequences in the burying beetle (Nicrophorus vespilloides)

A comprehensive example of intraspecific sex pheromone variation that merges ecological and evolutionary conse-
quences of its variation comes from burying beetles (Nicrophorus vespilloides). Intraspecific differences in sex pheromone
have been shown to reflect males’ condition, with males being more attractive when they are in better nutritional condition,
of older age, have a larger body size and bear less parasites [101]. Burying beetles start to attract females once they have
found a carcass suitable for reproduction, by releasing a sex pheromone. Both parents are known to feed on the carcass,
so it is beneficial to both the parents and the offspring to mate only after a carcass has been found. Interestingly, males that
have already performed brood care produce and release a higher amount of sex pheromone, and attract more females.
Because of this positive loop, in which individuals that perform parental care produce more sex pheromone and become
more attractive to females, the interplay between food source and heightened expression of secondary sexual trait
(sex pheromone) has been suggested to have contributed to the evolution of parental care [102].
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odorant receptors, were recently found to be primarily responsible for the differential male
response [89]. The discovery of the genetic architecture underlying variation in sexual signals
and responses has just recently begun, and so far mostly focused on Lepidoptera [90]. Recent
studies suggest that phenotypic variation in sex pheromones can be the result of single gene
[42] or locus [91] variation or due to a number of loci [92]. In the moths species studied so far,
the genomic regions involved in signaling and response are unlinked. This makes runaway
selection unlikely and the lack of genetic correlation favors the evolution of complex traits
[90]. Thus, how phenotypic variation in pheromone communication may lead to reproductive
isolation and, ultimately, to speciation is still an evolutionary mystery.

How easily can pheromone communication channels evolve?

As insect pheromones are used for pest management tactics, we have some knowledge on the
evolution of sex pheromones in response to anthropogenically induced selection, which shows
that pheromone communication channels can evolve relatively rapidly. Techniques such as
pheromone trapping and mating disruption are attractive alternatives to pesticides, but the
continuous use of artificial sex pheromones as disruptants may exert selective pressure on
pest species to change their sexual signals and evolve resistance to it [93], meaning that males
are no longer disrupted by the artificial pheromone composition. Cases of such emerging resis-
tance can be viewed as natural field experiments showing that sexual communication systems
can sometimes evolve quickly. The first field case of male resistance to pheromone-based
traps was reported in Japan, where males of the smaller tea tortrix (Adoxophyes honmai) stopped
responding to synthetic lures after about 10 years of treatment, causing the efficacy of mating
disruption to drop from >96% to <50% [94]. The strong selective pressure exerted on this
species resulted in the evolution of a resistant population, in which females changed their phero-
mone composition and males broadened their pheromone response [95,96]. This is unlikely to be
an isolated case, as intraspecific variation observed in the cosmopolitan pest, codling moth,
Cydlia pomonella, shows the same potential for a shift in female sexual signal in response to
mating disruption [20].

The continuous use of artificial pheromones can have an effect on both signalers and receivers.
The signaling sex may evolve a different pheromone signal [95,97] and/or modify their behavior,
by releasing pheromone for a longer time [98]. Pre-exposure to sex pheromones can affect
gene expression of chemosensory genes and olfactory sensitivity [53] and result either in
enhanced [55,56] or reduced [99] receiver sensitivity. All these factors can contribute to the
evolution of resistance to artificial pheromones, and suggest that signaler and receiver can evolve
and change in short time periods. Such quick evolutionary responses to selection indicate that
there is a high level of standing genetic variation in populations on which selection can act.

Concluding remarks and future perspective

There is an increasing awareness that intraspecific variation in sex pheromone communication
channels, both in the signaler and the receiver, is more common than previously assumed.
There is also an increasing number of studies that point to the existence of within-population
variation, as these signals are used for mate assessment and choice. Thus, sex pheromone
signals and responses can be under multiple selection forces (see Outstanding questions) and
seem able to evolve relatively quickly. This is particularly well represented by the fact that wild
populations have been found to evolve resistance to synthetic sex pheromone composition,
which suggests a high level of standing genetic variation within species on which selection can
act. Finally, it is important to realize that individuals in nature can be affected simultaneously by
several external factors (e.g., pathogens, vicinity to conspecifics, and predators), which can
trade off with the physiology of the individual, so that populations always show some degree of
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Outstanding questions

How do interspecific and intraspecific
selection forces interact and cause
population divergence? Individuals
often are under multiple selective
pressures resulting from abiotic and
biotic sources, which may act in
opposite, similar or complex ways.

Is only one sex the signaler and the
other sex the receiver, or is there
mutual mate choice? As signalers
may become receivers in different
phases of mate assessment, it is
important to determine which signals
are being used by which sex at the
different phases, and how these signals
may interact or evolve separately.

How much of the intraspecific variation
is determined by genetic factors and
how much plasticity occurs in
pheromone signals and responses?
Since both sex pheromone signals
and responses have been found to be
plastic, and plasticity can accelerate
as well as impede evolution, we need
to gain more knowledge on the
fitness consequences and heritability
of this plasticity.

When using artificial pheromone blends
for mating disruption, could resistance
development be delayed by using
variable pheromone lures? Knowledge
on the level of intraspecific variation in
the pheromone signal may be used to
develop lures with different pheromone
blends to reduce evolution of resistance
to pheromone artificial traps.
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variation. We therefore need to deepen our understanding on how variation in pheromone
communication channels affects and is affected by the interaction between the internal state of
signalers and receivers, their mutual mate choice and their environment. We also need a better
understanding of the mechanisms behind this variation, whether these are genetic or plastic,
and which molecular pathways are involved. With all this information it will be possible to move
the field forward and better understand how the evolution of chemical communication between
the sexes affects speciation.
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The persistence of intrapopulation phenotypic variation typically requires some form of balancing selection because drift and
directional selection eventually erode genetic variation. Heterozygote advantage remains a classic explanation for the maintenance
of genetic variation in the face of selection. However, examples of heterozygote advantage, other than those associated with
disease resistance, are rather uncommon. Across most of its distribution, males of the aposematic moth Arctia plantaginis have
two hindwing phenotypes determined by a heritable one locus-two allele polymorphism (genotypes: WW/Wy = white morph,
yy = yellow morph). Using genotyped moths, we show that the presence of one or two copies of the yellow allele affects several
life-history traits. Reproductive output of both males and females and female mating success are negatively affected by two copies
of the yellow allele. Females carrying one yellow allele (i.e., Wy) have higher fertility, hatching success, and offspring survival than
either homozygote, thus leading to strong heterozygote advantage. Our results indicate strong female contribution especially at
the postcopulatory stage in maintaining the color polymorphism. The interplay between heterozygote advantage, yellow allele
pleiotropic effect, and morph-specific predation pressure may exert balancing selection on the color locus, suggesting that color

polymorphism may be maintained through complex interactions between natural and sexual selection.

KEY WORDS: Color locus, heterozygote advantage, intraspecific trait variation, life-history traits, pleiotropy, wood tiger moth.
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The origin and maintenance of polymorphism—the co-
occurrence of more than two distinct morphs—within natural
populations constitute a long-standing conundrum in evolution-
ary biology (Ford 1945; Huxley 1955; White 2017). Drift alone
can erode phenotypic variation from populations in a few hun-
dred generations (Nevo et al. 1997). If traits are under selection,
polymorphism is even more puzzling. Theory predicts that traits
contributing to the fitness of individuals should be under strong
natural and stabilizing selection and drive the more fit morph
to fixation (Endler, 1988; Cardé and Baker, 1984). Still, color
polymorphic populations are widespread in nature (e.g., Sinervo
and Lively 1996; Pryke and Griffith, 2007; Maan and Cummings,
2008; Hegna et al., 2015). Traits (i.e., coloration) may be shaped

by complex evolutionary processes through multiple and nonmu-
tually exclusive selective pressures (Gray and McKinnon, 2007),
which drive and maintain phenotypic variation and genetic diver-
sity in nature (Fisher 1930; Ford 1945).

Coloration, for example, plays an important role in a variety
of ecological and physiological processes (Endler and Mappes,
2017; Cuthill et al., 2017), from camouflage (Duarte et al., 2017),
to warning coloration (Mappes et al., 2005) and sexual selection
(Maan and Cummings, 2008). Thus, color polymorphism may be
the result of natural selection (Gray and McKinnon 2007), sexual
selection (Wellenreuther et al., 2014), their combination (Maan
and Cummings, 2008), and/or pleiotropic effects (i.e., when a
single locus affects two or more phenotypic traits) because color
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morphs are often genetically correlated with other traits (McK-
innon and Pierotti 2010). Alternative color morphs often dif-
fer in features other than color (McKinnon and Pierotti 2010).
For example, variable morph-specific behavioral strategies, such
as territoriality (Sinervo and Lively 1996), aggressiveness and
dominance (Pryke and Griffith 2007), or alternative reproductive
strategies, may exist (Sinervo and Lively 1996; Tuttle 2003).

Complex phenotypes can be controlled by simple ge-
netic mechanisms (i.e., one or few genes). In Drosophila
melanogaster, a gene responsible for cuticle pigmentation, yel-
low, has pleiotropic effects on other traits in males. The lack of
function of the yellow gene disrupts body pigmentation expres-
sion, male courtship behavior, and mating success (Bastock 1956;
Wilson et al., 1976; Massey et al., 2019) caused by a morpholog-
ical and structural change on the leg section used by the male
to grasp the female (i.e., sex comb) (Massey et al., 2019). In the
case of the common wall lizard (Podarcis muralis), the simple ge-
netic basis of the color polymorphism leads to pleiotropic effects
in numerous traits (Andrade et al., 2019), including morphology
(Sacchi et al., 2007), behavior (Abalos et al., 2016), physiology
(Galeotti et al., 2010), immunology (Calsbeek et al., 2010), and
reproduction (Galeotti et al., 2013).

Intraspecific color polymorphism maintenance typically re-
quires some form of balancing selection, achieved through color
morph fluctuations resulting from negative frequency-dependent
selection (FDS) (Wellenreuther et al., 2014) or independent of
the relative abundance of a morph (Pryke and Griffith, 2007;
Hedrick et al., 2016). Negative FDS mediated by sexual selec-
tion can maintain multiple color morphs in natural populations,
for example, through alternative male reproductive strategies in
the side-blotched lizards (Uta stansburiana) (Sinervo and Lively
1996), through rare morph advantage in guppies (Poecilia retic-
ulata) (Hughes et al., 2013), or through FD sexually antagonistic
selection in blue-tailed damselflies (Ischnura elegans) (Svensson
and Abbott, 2005; Svensson et al., 2005). In populations with sta-
ble morph frequencies, nonrandom mating, in concert with other
selective forces, can prevent the loss of color morphs through
within-morph mating (i.e., assortative mating) (Pryke and Griffith
2007) or can promote morph maintenance through disassortative
mating that maintains high heterozygosity and genetic variation
within a population (Hedrick et al., 2016; Maisonneuve et al.,
2021).

The presence of two different alleles at a locus (i.e., het-
erozygosity) provides a basis for phenotypic variation within
populations, for example, by expressing alternative color morphs.
If heterozygote individuals have a fitness advantage over the
homozygote ones, the persistence of phenotypic polymorphism
and genetic variability can be aided through heterozygote ad-
vantage (Fisher 1922, 1930; Hedrick 2012). Despite decades of
research, the majority of studies have focused on heterozygote
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advantage as a phenomenon of disease resistance, especially
in humans (e.g., the sickle cell anemia, Allison 1954; AIDS,
Carrington et al. 1999), in the environment (e.g., pesticide
resistance, Greaves et al. 1977; infection resistance, Frelinger,
1972), or to maximize fecundity in livestock (Gemmell and Slate
2006). Recently, due to the advantages of the modern molecular
biological methods, there is an increasing number of studies
focusing on the role of heterozygote advantage in color poly-
morphic wild populations (Kriiger et al., 2001; Coulson et al.,
2011; Hedrick et al., 2014; Llaurens et al., 2017; Strickland
etal., 2021). Heterozygote advantage is not an easy task to study
in wild populations. The challenges lie in gathering life-history
traits of the different genotypes and, sometimes, the lack of
knowledge of the genetic basis of the polymorphic trait.

Compelling examples of the fitness advantage of heterozy-
gote individuals are phenotypic variability of sexually selected
traits (Coulson et al., 2011; Kriiger et al., 2001; Johnston et al.,
2013; Hedrick et al., 2014; Maisonneuve et al., 2021), concur-
rently with other selective forces. In the common buzzard (Buteo
buteo), the plumage color polymorphism is maintained through
heterozygote advantage, which counterbalances maladaptive as-
sortative mate choice due to maternal sexual imprinting (Kriiger
et al., 2001). The color coat of wolves in Yellowstone National
Park represents another well-known example, whose stable color
polymorphism maintenance is due to heterozygote advantage
(Coulson et al., 2011; Hedrick et al., 2014) coupled with weak
selection (Hedrick et al., 2014) and a strong contribution of disas-
sortative mating (Hedrick et al., 2016). Complex polymorphisms
can thus be maintained by the interplay of multiple selective pres-
sures, of which heterozygote advantage is one vastly understud-
ied mechanism, and which altogether may determine phenotype-
specific advantages culminating in the coexistence of multiple
phenotypes.

The wood tiger moth (Arctia plantaginis) represents a
compelling study species to investigate how different selec-
tive pressures can act on a single color locus and maintain
within-population trait variation. In this system, male hindwing
coloration is determined by a simple genetic basis (Suomalainen
1938; Nokelainen et al., 2022b; Brien et al., 2022): a one locus-
two allele polymorphism (dominant W allele and recessive y
allele), which translates into white (genotype: WW, Wy) and
yellow (genotype: yy) males. Because this is an aposematic
moth species, the color trait is not only used for intraspecific
communication (i.e., sexual selection) but also to advertise their
unpalatability to predators (i.e., interspecific communication).
Previous studies have indeed shown that multiple selective
pressures act on the male coloration. The two male morphs are
differently protected against predators (Nokelainen et al., 2014;
Rojas et al., 2017; Winters et al., 2021), with yellow males gener-
ally having higher survival (Nokelainen et al., 2012; Rojas et al.,
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Figure 1. Examples of wood tiger moth hindwing coloration in Finland. Female’s (top row) hindwing coloration varies from light to dark
red, whereas male’s (bottom row) coloration is either white (left and middle photo) or yellow (right photo). White males can either be
WW or Wy for the dominant W color allele, whereas yellow males are homozygote for the y recessive allele. Photos: Chiara De Pasqual.

2017). In addition, male morph mating advantage is dependent
on the morph frequency (Gordon et al., 2015) and males that
origin from “mixed-morph lines” have higher mating success
compared to the moths that originated from more monomorphic
lines (Gordon et al., 2018), which suggests that heterozygote
advantage may also contribute to the color polymorphism in this
species. Here, we test the hypothesis that heterozygote advantage
is contributing to male hindwing color polymorphism in the
wood tiger moth. By using genotyped lines of moths reared in a
greenhouse and life-history traits collected across 19 generations
(i.e., 7 years), we subjected the three color genotypes (WW,
Wy, and yy) to multiple tests. We test whether heterozygote
individuals have (1) higher mating success, either through higher
probability of copulating (copulation observations) or lower
probability of unsuccessful matings; (2) higher reproductive
output by testing fecundity, fertility, and hatching success; and
(3) higher longevity by testing the adults’ life span.

Material and Methods

STUDY SPECIES

The wood tiger moth (Arctia plantaginis) (formerly Parasemia
plantaginis; Ronki et al., 2016) is a polymorphic and aposematic
moth species. The male hindwing coloration is determined by a
simple genetic mechanism where a one locus-two allele (W and
y allele) polymorphism translates into white (WW or Wy geno-
type) or yellow (yy genotype) male morphs (Suomalainen 1938;
Nokelainen et al., 2022b) (Fig. 1). Females do not phenotypi-
cally express the male color alleles as their hindwing coloration

varies continuously from yellow to red but pass the color alleles
to their offspring (Nokelainen et al., 2022b) (Fig. 1). The wood
tiger moth is a capital breeder; it does not feed at the adult stage,
making the larval diet very important for both their development
and the adult stage (e.g., sperm quality, egg numbers) (Tammaru
and Haukioja 1996). Adults only live for 1 or 2 weeks after their
emergence and spend their adulthood looking for suitable mates.
Females lay on average 250 eggs within a few days from the
copulation event. Larvae hatch after about 7 days (Chargé et al.,
2016), and start feeding on a variety of weedy plants (e.g., Plan-
tago sp., Taraxacum sp., and Rumex sp.).

In Finland, the wood tiger moth has one generation per year
and the flight season happens between mid-June and mid-July,
depending on the latitude. It is both a diurnal and crepuscular
species as it flies during daytime hours (Rojas et al., 2015), but
shows mate searching flying activity between ~5:00 p.m. and
10:00 p.m. with mating activity that can extend into the night
(Nokelainen et al., 2012; Gordon et al. 2015) and a mating peak
in laboratory around sunset (~10:00 p.m. to 11:00 p.m.) (pers.
obs.). Under laboratory conditions, it can produce up to three gen-
erations per year.

MOTHS REARING AND STOCK MAINTENANCE

The laboratory stock was established in 2013 at the Depart-
ment of Biological and Environmental Science, University of
Jyviskyld (Finland) and new individuals were introduced yearly
to the stock to maintain the genetic variability. During the
stock maintenance, individual females were offered one ran-
domly selected male to ensure offspring’s paternity. Greenhouse
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temperature roughly followed the outdoor temperature (20—
25°C) and natural light. Individuals were paired in 13 x 7 x 9 cm
(h x w x ) transparent plastic boxes with mesh on the lid. Each
box was provided with a small piece of moistened paper, where
the moths could drink, and to offer a substrate for later oviposi-
tion. Three genotype lines have been established in the stock for
experimental purposes, each one composed by numerous fam-
ilies. To avoid high inbreeding coefficient that could affect the
moths’ survival and the experimental results, controlled matings
are performed in each generation to ensure the most variable
genotype-family combination. The life-history traits (fecundity,
fertility, hatching success, offspring survival, and mating success)
analyzed in this article come from 19 generations (i.e., 7 years) of
data collection. Because mating pairs for the stock maintenance
are not individually observed for successful copulation events,
we followed a subset of these matings to determine whether
heterozygote individuals have higher probability of copulating.
These same individuals were then used to test for the individual’s
longevity. We introduce here the terminology used in the follow-
ing sections; at the precopulatory stage, we use “copulation prob-
ability” to define the likelihood of the paired individuals to cop-
ulate; at the postcopulatory stage, we use “reproductive output”
when referring to fecundity, fertility, and hatching success, and
“mating success” to refer to the likelihood of reproductive fail-
ure. Finally, throughout this work, when referring to “genotype,”
we refer to the sire or dam’s genotype.

PRECOPULATORY STAGE: COPULATION PROBABILITY
AND MATING DELAY

We followed a total of 292 pairs, of which 180 were white (87
WW and 61 Wy genotypes) and 112 were yellow (yy) males.
Among females, 73 were WW, 53 Wy, and 89 yy (see the Sup-
porting Information for the complete crossing scheme). Each
male was paired with a single female. Pairs were set at 4:00 p.m.
and observed until midnight, approximately 1 hour after sunset
when moths were not active anymore. All moths were 1-7 days
old. We considered a mating to be successful if the mating pair
was successfully formed within the 8 hours of observation. Oth-
erwise, we considered it as not successful. We recorded the cop-
ulation success of each pair and the time it took to start mating
(henceforth “mating delay”).

POSTCOPULATORY STAGE: REPRODUCTIVE OUTPUT

To test the reproductive output of the different genotypes, we
compared the fecundity (number of eggs), fertility (number of
hatched larvae), and hatching success over 19 generations (i.e.,
7 years) of life-history trait data collected during routine mainte-
nance of the common garden stock population. Because individ-
uals had been reared in the greenhouse for several generations,
we controlled for the effect of inbreeding coefficient by adding it
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as fixed effect and tested its potential interactive effect with the
genotype in the analyses of reproductive traits (see the Supporting
Information for inbreeding coefficient calculation and Table S1).
For each mating pair, the number of laid eggs was counted 4 days
after the female had laid her first egg, and larvae were counted
14 days after the first one had hatched. The hatching success was
calculated as the total number of larvae that hatched divided by
the total number of eggs the female had laid. Larvae were divided
to groups of 30, 14 days after hatching. This counting gives us an
indication of the genotype’s survival. We also tested for genotype
differences in oviposition day and hatching day (i.e., the number
of days it took for each individual to, respectively, lay the first
egg or for the first larvae to hatch). A total of 2714 genotyped in-
dividuals were used for these analyses, of which 1566 were sires
(111 WW, 522 Wy, and 933 yy) and 1148 were dams (150 WW,
351 Wy, and 647 yy).

POSTCOPULATORY STAGE: MATING SUCCESS

Because the life-history trait data collected during stock mainte-
nance mainly take into account successful matings and thus rep-
resent fitness after selection, it is important to separately analyze
those who failed either to mate or produce viable offspring. Be-
cause the lack of offspring also translates in the lack of full known
genotype, we classified individuals either as having a W (either
WW or Wy genotype) or ay (i.e., yy genotype) allele. We identi-
fied three stages of failure: no eggs laid (i.e., no eggs), eggs were
laid but no larvae hatched (i.e., egg hatching), and larvae hatched
but none reached adulthood (i.e., adult eclosion). A total of 1059
matings (out of 2357 set) were considered unsuccessful (44.9%)
with 1568 individuals and 561 pairs included in the analyses.

LONGEVITY OF GENOTYPES

To follow individual longevity but avoid multiple matings, we
removed the male from the mating box at about 1:00 p.m. the day
after the mating and kept them in separated jars to follow their
longevity.

STATISTICAL ANALYSES

All analyses were performed in Rstudio (version 1.4.1717) (R
Core Team 2013). The effect of individual full-allele combina-
tions (i.e., genotype) was tested both at the pre- and postcopula-
tory stage. Because several traits showed a general disadvantage
of the yy genotype at the postcopulatory stage, we tested the ef-
fect of the y allele at the pair level. We classified the pairs either
based on the number of y alleles in the pair (henceforth “number
of y allele,” from 0 when both individuals are WW, to 4 when
both are yy) or based on individuals that either had one W allele
or both yy alleles (henceforth “pair type”). This allowed to test,
respectively, for the effect of the y allele regardless of, or consid-
ering, the sex of the moth (see Table S2 for the sample size and
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Figure 2. Summary of the effect of the genotype and alleles on the traits included in the analyzes. “No difference” refers to no effect of
the genotype/alleles on the denoted trait. Full-colored moths/dots indicate that the corresponding genotype/alleles plays a role on the
denoted trait, and the size of the moth indicates the higher or lower trait output in genotype comparison. Grayscale moths/dots indicate
no significant effect of such genotype/allele; however, the size hints at the higher or lower trend on such trait.

spelled-out pair classification, and Fig. 2 for a summary of the
results).

Moth weight and age

Because mate choice and mating success can be affected by
size and age, we tested whether genotype differences existed
among the moths used at the precopulatory (weight and age) and
postcopulatory stage (weight only) by fitting linear models with
either “weight” or “age” as response variables and male or female
genotype as fixed effects using the “Im” function (“stats” package
version 4.1.1). We compared the mean weight and age between
genotypes with F-tests implemented with the “aov” function
(“stats” package) and performed pairwise post hoc comparisons
by estimated least-square means using the “lsmeans” function
(Tukey HSD adjustment; “Ismeans” package version 2.30-0).

Precopulatory stage: Copulation probability and
mating delay

Copulation event was recorded as a binary variable: 1 if the pair
formed, O otherwise. At the individual level, we first tested for
differences in the copulation probability by setting two General-
ized Linear Models (GLMs) (one for males and one for females)
with “copulation probability” as response variable, modeled with
binomial distribution, and genotype, weight, their interaction, and
age as fixed factors. We included the interaction between geno-
type and weight because of significant differences in weight be-

tween genotypes (reported later). We tested the overall effects of
the variables with Chi-square test implemented with the “anova”
function.

We then analyzed the mating delay. Across years, the trials
were performed by using moths reared in the three different
generations, thus carried out in slightly different seasonal time.
Because they mate preferentially 1-2 hours before the sunset
(pers. obs.) and the sunset time is ~9:30 p.m. in the first and
third generations, and ~11:00 p.m. during the second generation,
we first tested whether the mating delay (response variable)
was significantly affected by the generation time (fixed factor)
and controlled for the effect of the year (random effect) with
a Cox Proportional Hazard Model (henceforth “Cox model”)
(function “coxph,” “survival” package, version 3.2-11). Be-
cause the mating delay was significantly affected by generation
(X2 = 143.14,df =2, P < 2.2 x 107'%) with the second genera-
tion (mean & SE = 334 4 20 min) leading to higher mating delay
compared to the first (mean £+ SE = 262 + 11 min; estimated
marginal means = -0.726 £ 0.111, z = —-6.552, P < 0.0001)
and the third (mean + SE = 246 4+ 11 min) generations (es-
timated marginal means = -0.905 £+ 0.216, z-ratio = -3.67,
P-value = 0.0001), we standardized the mating delay to make it
comparable for later analyses by centering the mean (mean = 0
and SD = 1). We tested the effect of genotype, weight, age, and
generation (fixed effects) on mating delay (response variable)
with two Cox models: one for males and one for females. The
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male model included the interactions “genotype x generation,”
“genotype x weight,” and age as fixed effects, whereas the
female model included the interaction genotype by weight, gen-
eration, weight, and age. We did not fit “genotype x generation”
interactions because we did not test WW females in the second
generation. We then tested for the effect of “number of y allele”
and “pair type” on copulation probability (response variable 1)
and mating delay (response variable 2) by fitting two GLMs
with binomial responses (for response variable 1) and two Cox
models (for response variable 2).

Postcopulatory stage: Reproductive output

To test for differences in the number of eggs, larvae, and hatch-
ing success (response variables), we fit four Generalized Linear
Mixed Models (GLMMs) per response variable: two with Pois-
son distribution and two with negative binomial distribution, of
which two accounted for zero inflated distribution (“glmmTMB”
function from “glmmTMB” package version 1.1.3). We included
genotype, weight, inbreeding coefficient, and two interactions
(“genotype x weight” and “genotype X inbreeding coefficient’)
as fixed effects and family as random effect to control for
the effect of relatedness. We standardized both the weight and
the inbreeding coefficient variables (by centering the mean and
SD = 1) to include them in the interaction with a discrete vari-
able (the genotype). The model with the lowest AIC value was se-
lected as the best (Table S8, Panel a). For all three response vari-
ables, we used type III analyses of variance to test for the effect of
the interactions on the response variable, and if the effects were
not significant (P > 0.05), we removed the interactions from the
final model. Finally, we performed genotype pairwise compar-
isons based on estimated marginal means (“emmeans” function
of the “emmeans” package, version 1.7.2).

In addition, by considering pairs with only one WW and one
yy individual (which ensures Wy offspring), we tested whether
the heterozygote advantage could come from the dam or sire’s
side. We thus tested whether fecundity, fertility, and hatching suc-
cess (three response variables) differed between pairs (fixed fac-
tor) by fitting two GLMs per response variable, one with a Pois-
son and the other with a negative binomial distribution. We chose
the models with negative binomial distribution due to their lower
AIC (Table S3).

Finally, we tested for the effect of genotype, “number of y

s

allele,” and “pair type” (fixed factors) on the number of days
both to lay eggs (response variable “oviposition day”’) and for
the eggs to hatch (response variable “hatching day”) by setting
two GLMMs per response variable, one with Poisson and one
with negative binomial distribution, genotype as fixed factor and
generation as random factor, and four GLMs with the same re-

sponse variables and distribution, but either “number y allele” or
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“pair type” as fixed effects. GLMs with Poisson distribution were
chosen because of their lower AICs (Table S4).

Postcopulatory stage: Mating success

To test for differences in mating success between the W and y
allele (fixed factor) and “pair type” (fixed factor), we fit four
GLMMs, one to test for the allele effect regardless of sex, two
models considering moth sex (one for males and one for females),
and the final one for the pair effect. In all the four models, we
determined the probability of successfully mating (response vari-
able) by the count of successful over the unsuccessful matings
through the “cbind” function and modeled with binomial distri-
bution. We set generation as a random effect and used the func-
tion “weights” to specify the total number of matings that were
set per generation. We tested the effect of the “pair type” using
pairwise comparisons based on estimated marginal means (Tukey
HSD adjustment).

Longevity of genotypes

To test whether longevity differed between genotypes, we fit two
Cox models, one for males and one for females, with individuals’
life span (days) as response variable, and genotype as fixed factor.

Results

MOTHS WEIGHT AND AGE

Genotype did not affect male (F(2,1199) = 2.567, P = 0.077)
or female (F2.935y = 0.246, P = 0.782) weight of the indi-
viduals used in the postcopulatory analyses, but did for those
used at the precopulatory stage. In both sexes, WW individ-
uals were significantly heavier than yy individuals (estimated
marginal means; males = 14.10 £ 3.39, r = 4.162, P = 0.0001;
females = 16.40 £ 6.18, t+ = 2.652, P = 0.0233), and WW
females were also heavier compared to Wy females (estimated
marginal means = 23.69 £ 7.03, t = 3.371, P = 0.0026). Age
did not differ between male (F(257) = 0.898, P = 0.409) or fe-
male genotypes (F2212) = 1.357, P = 0.26).

PRECOPULATORY STAGE: COPULATION PROBABILITY
AND MATING DELAY

Although we found genotype-specific differences in weight, the
copulation probability in either sex was not affected by their
interaction (males: genotype x weight = x* (250 = 5.5438,
P = 0.0625; females: genotype x weight = x>205) = 2.4382,
P = 0.2955). Copulation probability was not affected by male
or female genotype, male weight, or male and female age (Ta-
ble S5, Panel a). Interestingly, the heavier the female, the lower
the copulation probability (GLM; Estimate = —0.4776 £ 0.1538,
z = -3.106, P = 0.0019). The mating delay was significantly
affected by the generation, suggesting that environmental cues
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(e.g., the sunset/light) may influence the mating behavior (Ta-
ble S5, Panel b). Males took significantly longer in the second
generation compared to the first and third (coxph; second vs.
first; exp(coef) = 2.1212 + 0.2739, z = 2.745, P = 0.0060;
second vs. third; exp(coef) = 2.7969 £ 0.2884, z = 3.567,
P = 0.0004), whereas females took significantly longer only
compared to the third generation (coxph; second vs. third;
exp(coef) = 3.0448 £ 0.3285, z = 3.389, P = 0.0007). Be-
sides the effect of the environmental cues, no other traits played
a significant effect on the mating delay. These include the lack
of interaction between male genotype and generation (LR test;
x> = 0.8738, df = 2, P = 0.6460), the lack of genotype-specific
effect of weight (LR test; male genotype x weight: x*> = 3.1702,
df = 2, P = 0.2049; female genotype x weight: x> = 1.5839,
df = 2, P = 0.4530), and lack of significant effect of genotype,
weight or age, both in males and females (Table S5, Panel b).

Although there was no precopulatory selection at the indi-
vidual level, a closer look at the copulation probability and mat-
ing delay suggests that the allele combination may play an indi-
rect role in these traits, at least for some genotypes. The number
of y alleles in the mating pair significantly affected the copula-
tion probability (x> = 12.996, df = 4, P = 0.0113), where pairs
with zero y alleles had a higher copulation probability in general,
and significantly higher than pairs with one, two, and three y al-
leles (Table S6). We found, however, no significant effect of the
pair type (x> = 3.6337, df = 3, P = 0.3038) on the copulation
probability, suggesting a general effect of the allele combinations
on the mating success rather than sex-specific contribution. For
the mating delay, we found somewhat the opposite pattern, as
it did not differ according to the number of y alleles (LR test;
x% =2.26, df =4, P = 0.6872) but the “femyy + maleW-allele”
pair type mated significantly faster than all the other pair types
(Table S7). Genotype-specific advantages might be relative to the
mating partner and thus can arise at the pair level.

POSTCOPULATORY STAGE: REPRODUCTIVE OUTPUT

For the six final models selected, the lowest AICs were given
by the zero inflated with negative binomial models (Table S8,
Panel a). Neither interactions (“genotype x weight” and “geno-
type x inbreeding coefficient”) were significant and were ex-
cluded from the final models (Table S8, Panels b—d). This sug-
gests that weight and inbreeding coefficient did not affect the
reproductive output in a genotype-specific manner, despite, for
example, genotype-specific differences in the inbreeding coef-
ficient. Although the genotype did not explain the mean differ-
ences in fecundity, fertility, and hatching success (Table S9 [Pan-
els b and d], Table S10 [Panel b], Table S11 [Panel b], and Table
1 [Panels a and c]), it had a strong effect on the probability of
reproductive failure. This suggests that genotypes differ in their

likelihood of reproductive failure rather than the number of eggs,
larvae, or proportion of eggs hatched.

Genotype, female weight, and inbreeding coefficient had a
significant effect on the fecundity trait (Table S9, Panel a). yy
males had significantly fewer eggs (mean + SE = 149.2 £+ 3.7)
compared to WW (mean = SE = 1679 + 8.3) and Wy
(mean = SE = 171.6 £ 4.9) males (Table S9, Panel c;
Fig. 3a). yy females laid a significantly lower number of
eggs (mean = SE = 161 £+ 4.2) compared to Wy females
(mean + SE = 202.3 +£ 5) but not compared to WW females
(mean £ SE = 166.2 £ 7.8) (Table S9, Panels d and e; Fig. 2d).
The yy genotype disadvantage was due to both a lower egg count
and a higher probability of failing to have eggs at all, both in
males and females (Table S9, Panels ¢ and e). Weight had a sig-
nificant effect in females (Table S9, Panel a) with the heavier
the female, the higher the number of eggs laid (Table S9, Panel
e), whereas no significant effect of the weight was detected for
males (Table S9, Panel a). Weight had a significant effect on the
count (number) of eggs laid but did not affect the probability of
zero count (Table S9, Panel ). No interaction between inbreeding
coefficient and genotype was detected but the inbreeding coeffi-
cient had a significant effect on the number of eggs laid (Table
S9, Panel a), with the higher its value, the lower the egg count
(Table S9, Panels ¢ and e). Interestingly, this did not affect the
probability of having zero eggs (Table S9, Panels c and e).

Wy females had a significantly lower probability of egg
hatching (i.e., having larvae) failure (Table 1, Panel b; Fig. 3e).
This was not repeated in males, as yy males had lower prob-
ability of having larvae than WW and Wy males (Table S10,
Panel b; Fig. 3b). The significant differences were in the proba-
bilities of failure (zeroes) and not in the number (count) of lar-
vae. Therefore, the female Wy advantage is due to the signif-
icantly lower probability in failing to have larvae at all com-
pared to the other two genotypes (Table 1, Panel b). The ef-
fect of female weight on fertility was significant (Table S10,
Panel a) with the heavier the female, the higher the number
of larvae that hatched (Table 1, Panel b). This was not seen
in males (Table S10, Panel c). The inbreeding coefficient had
a significant effect on the fertility trait (Table S10 [Panel c]
and Table 1 [Panel b]), where the higher the inbreeding coef-
ficient, the lower the number (count) of larvae in males only
(Table S10, Panel c) but not in females (Table 1, Panel b).
In addition, the higher the inbreeding coefficient, the higher the
probability of zero larva both in males and in females (Table S10
[Panel c] and Table 1 [Panel b]).

The hatching success was significantly affected by the in-
dividual genotype (Table S11 [Panel c] and Table 1 [Panel
d]), with Wy females having a higher likelihood of hatch-
ing success compared to the other two genotypes (WW
mean £+ SE = 0.46 + 0.03, Wy mean £ SE = 0.67 £+ 0.02, yy
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Figure 3. The graph illustrates differences in the fecundity, fertility, and hatching success between genotypes, in males (top row) and
females (bottom row). Statistically significant differences are marked with asterisks.

mean £ SE = 0.47 £ 0.02; Table 1, Panel d; Fig. 3f). In males,
the yy genotype had a lower likelihood of hatching success than
the other two genotypes (WW mean + SE = 0.46 £ 0.04, Wy
mean = SE = 0.53 £ 0.02, yy mean + SE = 0.40 £ 0.01;
Table S11, Panel c, Fig. 3c). We found, therefore, strong fe-
male heterozygote advantage in fertility and hatching success ex-
pressed in their higher likelihood of having larvae and higher
likelihood of hatching success. Weight had a significant effect
in males but not in females (Table S11, Panel a). Interestingly,
the heavier the male, the lower the probability of hatching suc-
cess (Table S11, Panel c). The inbreeding coefficient significantly
affected males and females (Table S11 [Panel c] and Table 1
[Panel d]) with lower probability of hatching success as its value
increases.

Finally, the Wy advantage does not seem to be due to ei-
ther maternal or paternal effect. The number of eggs (glm.nb; es-
timate = 0.031 £ 0.127, z = 0.24, P = 0.81), larvae (glm.nb;
estimate = -0.066 & 0.175, z = -0.377, P = 0.706), or the
hatching success (glm.nb; estimate = 0.164 4 0.288, z = 0.589,
P = 0.556) did not differ between pairs where either the dam or
the sire was WW and the other yy. This suggests that the higher
Wy fitness is due to the allele combination (W and y) per se,
rather than being determined by the dam or sire’s side. We found
no differences based on the individual genotype or due to the ef-
fect of the pair for the oviposition day and hatching day (Table
S4) suggesting no particular effect of the color locus on these
traits.
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POSTCOPULATORY STAGE: MATING SUCCESS

With 78% of the unsuccessful matings having eggs and larvae,
the mating failure is more likely to take place at the postcopu-
latory rather than precopulatory stage. The most sensitive stage
seems to be the egg-hatching stage (62%), which was signifi-
cantly higher than matings that had no eggs (23%; x*> = 17.89,
df = 1, P = 2.335 x 107) and than matings that had no adult
eclosing (15%; x> = 28.69, df = 1, P = 8.502 x 107®). No dif-
ferences were found between the no-egg and adult-eclosing stage
(x> = 1.68, df = 1, P = 0.19). There was no effect of either
the sire or the dam at the different stage levels (no-eggs stage,
x> = 0.56, df = 1, P = 0.46; egg-hatching stage, x> = 0.072,
df = 1, P = 0.79; adult-eclosing stage, x? = 0.13, df = 1,
P = 0.72), suggesting no sex-specific cause of failure. Y-allele
individuals (i.e., yy genotype) had a significantly higher proba-
bility of failing to have offspring than W allele individuals (W
vs. y; estimate = —0.075 = 0.007, z = -10.475, P <2 x 10719).
These results were likely influenced by females, as y allele fe-
males failed significantly more than W allele females (W vs. y
females; estimate = —0.272 + 0.020, z = —13.38, P < 2 x 10719),
whereas y allele males had significantly higher probability of suc-
ceeding in having offspring compared to W allele males (W vs.
y males; 0.044 £+ 0.011, z =4.014, P = 5.97 x 10’5). The gen-
eration effect accounted in average for 15% of the variation in
the probability of failing (16% in females and 13% in males).
At the pair level, “female yy 4+ male yy” and “female yy +
male W-allele” pair types had the lowest probability of having
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Table 1. Panels (a) and (c) report female genotype pairwise comparisons for the fertility and hatching success traits. Panels (b) and (d)
report the GLMM output for, respectively, the fertility and hatching success trait in females.

Fertility:
(a) Pairwise comparisons based on estimated marginal means; Tukey HSD adjustment
Contrast Estimate SE
Wy-WW 0.074 0.082
Wy-yy 0.035 0.052
WW-yy —-0.039 0.078
(b) Zero inflated; Intercept = Wy genotype

Estimate SE
Count model
Intercept 5.054 0.040
WW genotype -0.073 0.082
yy genotype -0.035 0.052
Weight 0.217 0.026
Inbreeding coefficient -0.010 0.027
Zero inflated model
Intercept -2.456 0.229
WW genotype 1.225 0.310
yy genotype 1.566 0.249
Weight -0.026 0.087
Inbreeding coefficient 0.432 0.092

Hatching success:

df t 2
925 0.894 0.644
925 0.674 0.779
925 -0.495 0.874
b4 P
125.31 <2 x 10716
—0.89 0.371
-0.67 0.500
8.47 <2 x 10716
-0.39 0.699
-10.721 <2 x 10716
3.946 7.95 x 1075
6.293 3.12 x 10710
-0.300 0.764
4.682 2.84 x 10°¢

(c) Pairwise comparisons based on estimated marginal means; Tukey HSD adjustment

Contrast Estimate SE
Wy-WW 0.089 0.068
Wy-yy 0.041 0.044
WW-yy —-0.048 0.064
(d) Zero inflated; Intercept = Wy genotype

Estimate Std. Error
Count model
Intercept 4.284 0.034
WW genotype —0.089 0.068
yy genotype -0.041 0.044
Weight 0.0004 0.021
Inbreeding coefficient 0.005 0.023
Zero inflated model
Intercept -2.350 0.230
WW genotype 1.210 0.312
yy genotype 1.559 0.251
Weight —0.005 0.089
Inbreeding coefficient 0.382 0.095

df t P
834 1.324 0.382
834 0.933 0.619
834 -0.756 0.730
z P
126.06 <2 x 10716
—-1.32 0.185
-0.93 0.351
0.02 0.986
0.23 0.817
-10.215 <2 x 10716
3.876 0.0001
6.216 512 x 10710
—0.060 0.952
4.003 6.25 x 1075

offspring (estimated marginal means = 0.0527 =+ 0.0426,
z = 1.239, P = 0.6023), whereas the probability of failing sig-
nificantly differed between all the other pair comparisons (P-
values < 0.05) (Table S12; Fig. 4).

LONGEVITY OF GENOTYPES

All males’ genotypes had similar life spans after mating once (LR
test; males; x> =0.297, df =2, P = 0.862), whereas WW females
lived significantly longer than the other two female genotypes

(coxph; WW vs. Wy; exp(coeff) = 2.2614 + 0.3653, z = 2.234,
P =0.0255; WW vs. yy; exp(coeff) = 1.99 + 0.3192, z = 2.156,
P =0.0311). For a summary of these results, see Figure 2.

Discussion

We investigated the effect of color alleles and genotypes from
pre- to postcopulatory stage in maintaining warning color poly-
morphism within wood tiger moth populations. Carrying one or
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Figure 4. Coefficient estimates of the probability of pair type’s mating success. Except for the nonsignificant difference between “female
yy + male yy” and “female yy + male W-allele,” all the other pairwise comparisons were significantly different (see Table S12 for a

reference).

two copies of the yellow allele affected the reproductive fitness
in a stage-specific way, from higher likelihood of reproductive
output when females carry one copy of the allele (i.e., heterozy-
gote advantage), to lower likelihood of reproductive output suc-
cess and lower mating success when individuals carry two copies.
Thus, the yellow allele might have a pleiotropic effect on sev-
eral life-history traits that can contribute to the maintenance of
polymorphism in male coloration. Although we found little con-
tribution of male genotype across the reproductive sequence, fe-
male genotype had a significant effect, especially for reproduc-
tive success, and likely therefore contributes to the persistence of
polymorphism in male coloration. Although all the genotypes, re-
gardless of the sex, had an equal copulation probability and mat-
ing delay, Wy females had higher reproductive output (fertility
and hatching success) and thus higher offspring survival. Pairs
with yy females had shorter mating delay and were more likely
to fail in having any offspring. The presence of the yellow allele
affected the fitness both at the individual and pair level, such as a
lower reproductive output in males, and across different steps of
the reproductive process for females. Our results thus show the
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role of genotype-dependent female reproductive success in main-
taining male hindwing coloration. Overall, these results suggest
that the color locus is pleiotropic with a number of life-history
traits, allowing for the maintenance of within-species phenotypic
diversity.

WEAK EFFECT OF PRECOPULATORY SELECTION

At the precopulatory stage, 43% of paired individuals did not
copulate suggesting some form of female or male rejection. The
lack of copulation probability and mating delay differences be-
tween genotypes suggests that precopulatory selection may be a
weak selective force on the genotypes and, at this stage, neither
males nor females can avoid mating with partners with lower
fitness prospects. These results are in accordance with a previ-
ous study with a similar mating experiment setup that showed
equal mating probability between white and yellow phenotypes
(Chargé et al., 2016). The hypothesis that sexual selection is more
likely to take place after the copulation event, rather than result-
ing from precopulatory selection, may be further supported by
the low (23%) percentage of failed matings that did not have
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eggs, a proxy for the lack of copulation event. However, we can-
not exclude that the lack of differences in the copulation prob-
ability may have been masked by a trade-off between securing
at least one mating (and therefore some offspring) and exerting
mate choice (see Kokko and Mappes 2005).

Females of different species have been shown to ex-
ert stronger sexual selection when presented with a choice
(Dougherty and Shuker, 2015). Virgin females, due to the un-
certainty of finding a second mate and the risk of dying un-
mated, are expected to be less choosy and may accept to mat-
ing randomly if they fear no further male will be encountered
(Kokko and Mappes, 2005; Dougherty and Shuker, 2015). In
addition, individuals may get choosier in later matings (Kokko
and Mappes 2005; Gao et al., 2020), which might explain the
lack of differences in copulation probability. This explanation
may also be supported by the lack of differences in the mat-
ing delay; if any choice were to be made based on some trait, it
might have been translated into a different mating delay. Instead,
the mating delay was higher in the second generation because
this species is mostly sexually active around sunset (pers. obs.),
which is about 2 hours later than the first and third generations
(~11:30 p.m. vs. ~9:30 p.m.). Other studies on the species have
shown that differences in male copulation probability, and par-
ticularly the white male advantage, may be condition dependent
(stress-induced condition; Nokelainen et al., 2012), due to the ef-
fect of white mixed-lineage advantage (more heterozygous indi-
viduals; Gordon et al., 2018), or context dependent, in which the
most common morph has higher mating success (Gordon et al.,
2015). Mating differences, or lack thereof, in the wood tiger moth
may be, therefore, determined by the ecological context or be
based on a different trait (e.g., the sex pheromone).

HETEROZYGOTE ADVANTAGE FOR THE
MAINTENANCE OF COLOR POLYMORPHISM

At the postcopulatory stage, we found a significant effect of the
genotype on fecundity, fertility, and hatching success. In particu-
lar, heterozygote (Wy) females had higher likelihood of fertility,
offspring survival, and hatching success than the other two geno-
types, suggesting that male hindwing coloration is maintained
by a rather strong heterozygote advantage effect. The Wy advan-
tage does not seem to be due to either dam or sire’s effect (i.e.,
Ww x yy pairs do not show differences in their reproductive out-
put) or due to differences in oviposition or hatching strategies,
suggesting that the heterozygote advantage is a consequence of
the W and y allele combination. Wy females had, indeed, a sig-
nificantly lower probability of zero fertility, which translated into
higher hatching success than both the homozygotes. Our results
add to a few other known cases of heterozygote advantage (Buteo
buteo, Kriiger et al., 2001; wolves, Hedrick et al., 2014; Helico-
nius numata, Jay et al., 2021). The advantage of the dominant (W)

allele in our species does not appear to change for fitness-related
measures supported by the general advantage of Wy (and WW
genotype) and over the general disadvantage of the yy genotype
throughout the reproductive output, a pattern somewhat oppo-
site to the wolf of the Yellowstone National Park (Coulson et al.,
2011; Hedrick et al., 2014). In contrast, the heterozygosity advan-
tage in the wood tiger moth may be context dependent: in mating
probability either due to female choice or intrasexual competition
(Gordon et al., 2018), in the reproductive output (this study), or as
defense against predators (Winters et al., 2021), which suggests
the importance of considering both natural and sexual selective
processes.

PLEIOTROPIC EFFECT OF THE YELLOW ALLELE

The presence of one or two copies of the yellow allele affected
several steps of the reproductive sequence, from copulatory prob-
ability, to mating delay, reproductive output, and mating success,
especially in females. Females carrying one yellow allele (i.e.,
Wy) had higher reproductive output than the other two genotypes
(i.e., heterozygote advantage). The W and y allele combination
might therefore lead to a genetic compatibility advantage that
give rise to increased offspring survival, and higher likelihood of
hatched eggs (i.e., hatching success). Bearing two copies of the
yellow allele affected other traits of the reproductive sequence,
such as copulation probability, mating delay, and mating success
of pairs with yy females. About 55% of the pairs with yy females
copulated (against, e.g., 80% of WW x WW pairs), whereas pairs
with yy females and white (i.e., WW or Wy) males copulated
faster than the other pair types. WW and Wy males have higher
reproductive output than yy males, which might be a reason why
yy females are more willing to accept white males compared to
the yy males. Females carrying two copies of the yellow allele
had a higher likelihood of reproductive failure regardless of the
male they mated with. Mating with a yy female may thus be par-
ticularly costly to males.

We thus suggest that genotypic differences in life-history
traits are likely due to pleiotropic effects of the yellow allele,
especially because these effects are expressed in females with-
out the yellow phenotype. The pleiotropic effect of the yellow
allele extends to males as well. The male yellow coloration con-
fers better protection against predators (Nokelainen et al., 2012,
2014; Rojas et al., 2017), but there are trade-offs with the mat-
ing probability (Nokelainen et al., 2012), the reproductive output
(Gordon et al., 2018; this study), and their ability to disperse
(Gordon et al., unpublished). Recent examples of the pleiotropic
effect of color loci on life-history traits have been found in the
warningly colored seed bug (Lygaeus simulans) (Balfour et al.,
2018) and Heliconius numata (Jay et al., 2021).

The male coloration in the wood tiger moth is likely reg-
ulated by a yellow-family gene (Brien et al., 2022), which is
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conserved across insects (Ferguson et al., 2011) and has well-
known functions in the melanin production pathway (Wittkopp
et al.,, 2002). Yellow genes have also been shown to have
pleiotropic effects on life-history and behavioral traits (Bastock,
1956; Massey et al., 2019; Connahs et al., 2021). Loss of the
yellow gene function in D. melanogaster results in reduced mat-
ing success due to changes in the courtship behavior (Bastock,
1956) and to structural changes in the sex combs used to grasp
the female (Massey et al., 2019). The yellow gene has the oppo-
site effect in Bicyclus anynana where its expression needs to be
suppressed for the males to properly express courtship behavior
(Connahs et al., 2021). Thus, we suspect that the yellow locus
is influencing life-history traits as well as wing coloration also in
the wood tiger moth, although the exact genetic mechanism is yet
unknown.

GENERAL IMPLICATIONS FOR THE MAINTENANCE
OF THE COLOR POLYMORPHISM

Across its distribution, the wood tiger moth shows a striking
level of phenotypic diversity, both across and within populations
(Hegna et al., 2015). From our results, the overall advantage
of individuals bearing at least one dominant W allele, and the
pleiotropic effect of the yellow allele, could theoretically explain
populations that are naturally W male biased, such as the Finnish
population. However, the 2:1 (white:yellow) ratio expected by the
dominant W allele advantage is hardly found in natural popula-
tions, even in the light of the higher likelihood of y-bearing in-
dividuals to show disadvantage along the reproductive sequence.
This suggests that other mechanisms and selective forces are at
play. The extensive literature on this study system shows indeed
that male morphs experience a multitude of morph-specific se-
lective pressures, from predation (Nokelainen et al., 2012, 2014;
Rojas et al., 2017, Winters et al., 2021) linked also to light envi-
ronment (Nokelainen et al., 2022a), to immune response (Noke-
lainen et al., 2013), and density-dependent effects (Gordon et al.,
2015). This likely affects the expected ratio of white and yel-
low morphs in natural populations. Future quantifications of the
genotype frequencies of natural populations will shed more light
on the mechanisms maintaining both alleles.

PRE- AND POSTCOPULATORY EFFECT OF TRAITS
BEYOND COLOR GENOTYPE

Mate choice and mating probability may also be based on size
or age. However, no effect of age in either sex or male weight
was found to affect the copulation probability and mating de-
lay despite white males being heavier than yellow males (and in
general, WW individuals being heavier than the other two geno-
types). The lack of age and weight effect could be due to the lack
of mate choice or adaptation to lab conditions. Although female
weight did not play a role in mating delay, it was interesting to
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notice that the heavier the female, the lower her copulation proba-
bility. A similar result was found in azure damselflies males (Co-
enagrion puella) in which lighter males have higher mating suc-
cess (Banks and Thompson, 1985). Banks and Thompson (1985)
put forward the hypothesis that heavier males may be less ac-
tive due to their bigger size, thus less likely to find a female. As
in our experiment, mating trials were carried out in a confined
space and females were more easily spotted by males than in a
natural scenario, the lower copulation probability of heavier fe-
males may be due to between-females behavioral differences. For
instance, heavier wood tiger moth females may be more prone to
actively reject males than lighter females. Although this hypoth-
esis should be properly tested, it has been already shown that in
Lepidoptera male harassment can be costly to females (Merrill
et al., 2018) and females actively reject males to the point they
can override male preference (Chouteau et al., 2017). This be-
havioral hypothesis is also in line with the lowest yy female mate
acceptance toward males carrying the W allele that lacks the dele-
terious elements associated with the y allele when expressed in
homozygote yy males (at least for the reproductive success).

At the reproductive output stage, female, and not male,
weight played a significant role in fecundity and fertility, de-
spite larger males produce bigger spermatophores (Chargé et al.,
2016). Not surprisingly, heavier females laid more eggs. This is
in accordance with Santostefano et al. (2018) and it is expected
because this species is a capital breeder and females are born
with all the eggs that can be potentially fertilized (Tammaru and
Haukioja, 1996). Heavier females also had higher fertility. There-
fore, female weight may be a trait that males could select for.
It is interesting to notice that heavy males had lower hatching
success. A previous study on the wood tiger moth (Santostefano
et al., 2018) showed that mating with heavier males led to a lower
number of eggs laid. Because heavier males produce bigger sper-
matophores (Chargé et al., 2016), a negative correlation between
male weight and hatching success may be the result of trade-
offs; being heavy and therefore having invested more resources
into mass development may trade-off with the quality of the sper-
matophore, or heavier males may spend more energy than lighter
males in finding and/or courting a female, therefore lowering the
resources available for spermatophore production.

Conclusion

Altogether these results suggest that wood tiger moth male col-
oration is maintained through stage-specific color allele and
genotype advantages across the reproductive sequence, from cop-
ulation probability to offspring survival. Although individuals
do not seem to avoid mating with partners with lower fitness
prospects, the strong female heterozygote advantage in fertility,
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hatching success, and offspring survival offers a powerful mech-
anism for both alleles to be maintained within the population.
Male hindwing coloration seems also to be maintained through
the pleiotropic effect of the yellow allele, which affects specific
traits of the reproductive sequence, from shortening the mating
delay, to being correlated with higher reproductive failure and
in general, with the reproductive output. In nature, populations
are typically exposed to complex ecological interactions, multi-
ple mechanisms, and selective forces. Such multiple mechanisms
concurrently interact and allow for life-history trait variability
maintenance through pleiotropy (this study, Mérot et al., 2020)
and thus maintain complex color polymorphisms even in the sit-
uation when selection is positively frequency dependent (Gordon
et al., 2015; Chouteau et al., 2016).
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