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1
General introduction

About half of all known species on earth are insects (Roskov et al., 2019).
There are approximately one million described species, and probably many
millions more remain to be discovered (Roskov et al., 2019). This enormous
diversity is likely due to the remarkable ability of life forms to quickly adapt
to the variable environments and niches they encountered as they spread
across the globe. Many of these adaptations involve strategies to find suit-
able mating partners, which is crucial for almost all sexually reproducing
organisms. The first step in finding a suitable mating partner is to release a
sexual signal. Insects mostly employ one or more of three types of sexual
signals: visual, acoustic, and olfactory. Examples include the light flashes of
fireflies, the chirping of crickets, and the release of sex pheromones in
moths. It is generally hypothesized that variation in sexual signaling is a cen-
tral step in the speciation process (Panhuis et al., 2001; Ritchie, 2007).
Changes in signal and response could lead to the emergence of new commu-
nication channels and reproductive isolation, and hence speciation.
Exploring variation in sexual communication will give insight into how mil-
lions of insect species have evolved.

SEXUAL COMMUNICATION
Sexual communication can be defined as the use of signals to promote or mod-
ulate sexual interaction (Bernstein & Bernstein, 1997). Sexual signals are used
by all organisms that reproduce sexually and act to increase the chance that
two individuals of the opposite sex meet and mate (Bernstein & Bernstein,
1997). Many bacteria, archaea, fungi, and protozoa release chemical signals
that induce physiological changes in other cells, eventually leading to the
recombination of genetic material. In animals, well-described examples of sex-
ual signals include antlers of deer, calls of frogs, light flashes of fireflies, songs
of birds, sex pheromones of moths, the nose of Bornean proboscis monkeys,
and the elaborate dance and color display of birds-of-paradise.
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FROM CUE TO SEXUAL SIGNAL
Given the enormous diversity in sexual signals, it seems that almost any
morphological character, excreted molecule, or behavior can evolve into a
sexual signal as long as it gives a selective advantage in attracting mates.
According to the ‘precursor hypothesis’, sexual signaling can arise when
intended or unintended cues, independent of sexual communication, evolve
to become informative in a sexual context and convey this information more
effectively (Laidre & Johnstone, 2013; Pfeiffer et al., 2018; Steiger et al.,
2011; Stökl & Steiger, 2017). For example, sex pheromones in many fish
seem to have evolved from ‘leaky’ hormones that are present in the urine of
females (Stacey, 2003). Also, the light flashes in fireflies originally served as
warning signals in larvae, but later gained a role in sexual communication in
adults (Branham & Wenzel, 2003). In addition, pre-existing sensory prefer-
ences in the receiver, independent of sexual communication (e.g., a particu-
lar feature of the environment) could promote the evolution of signals with
similar features in potential mates (Cummings & Endler, 2018; Endler &
Basolo, 1998). A striking example of this so-called ‘sensory drive’ is the
male sexual ornament in the swordtail characin, a tropical fish, which resem-
bles an ant, the most common natural prey of this species (Kolm et al., 2012).

SEXUAL SIGNALS ARE A DRIVING FORCE IN THE SPECIATION
PROCESS
Once a sexual signal is established, it does not stop evolving. In fact, sexual
signals are thought to be an important force in driving the speciation process
(Panhuis et al., 2001; Ritchie, 2007). Changes in signal and response could
lead to worse, or even a loss of communication. However, changes could
also give rise to a completely new communication channel that is not recog-
nized by conspecifics. This could lead to reproductive isolation of the affect-
ed individuals and as a result to new species. There are several possible evo-
lutionary forces through which sexual signaling could lead to speciation:
sexual selection, natural selection, and genetic drift.

Sexual selection
Sexual communication functions in the first place to find mates. However,
variation in sexual signals may also serve as a basis for mate choice (e.g.,
because signal variation could reflect mate quality, or because of a pre-exist-
ing receiver bias), leading to competition between signalers and/or receivers.
The most well-known type of sexual selection is directional selection,

8
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whereby sexual signals are driven to extreme phenotypes by runaway sexu-
al selection (Fisher, 1930). Many of the most elaborate sexual signals, such
as the peacock’s tail, have evolved under runaway sexual selection pressures.

Natural selection
Natural selection involves the adaptation to environmental factors that affect
signaling efficiency. This includes not only habitat characteristics, but also
interactions between (closely related) species. An example of selection
forces exerted by the habitat are urban great tits (Parus major), which sing
with a higher minimum frequency compared to rural great tits, which pre-
vents their songs from being masked by the mostly low-frequency back-
ground noises in urban environments (Slabbekoorn & Peet, 2003). This same
phenomenon has been described in urban frogs (Parris et al., 2009) and road-
side grasshoppers (Lampe et al., 2012). When environmental ‘noise’ origi-
nates from closely related sympatric species with the same or similar signals,
communication interference can occur. As hybridization comes with a fitness
cost, directional selection occurs for variation in sexual signals which pro-
motes differences between the two species (Pfennig et al., 2016). This leads
to signal divergence through reproductive character displacement. For exam-
ple, females of the damselfly species Calopteryx maculata and Calopteryx
aequabilis have more pronounced differences in wing pigmentation, and
males can distinguish better between conspecific and heterospecific females,
when the two species live in sympatry (Waage, 1975, 1979).

Genetic drift
Random process, such as drift, whereby allelic variants are fixed or eliminat-
ed due to small sample sizes, or isolation by distance, could also lead to
reproductive isolation and speciation. When signal divergence in populations
increases linearly with genetic or geographic distance, then this is a strong
indication that random processes and neutral evolution are at play. This has,
for example, been shown for the divergence of the songs of greenish war-
blers across the Palearctic (Irwin et al., 2008), and electric organ discharges
of electric fish in Panama (Picq et al., 2016). Also, strong bottlenecks in pop-
ulations or hybridizations can cause speciation. A great example of specia-
tion through hybridization and drift has recently been described in the
Darwin’s finches on Daphne minor, where a new species was formed in only
3 generations (Lamichhaney et al., 2018).
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CO-EVOLUTION OF SIGNAL AND RESPONSE
Coordinated response of signal and response to selective forces is imagina-
ble when sexual signals are genetically linked and/or under directional selec-
tion, and both intrasexual competition and mate choice act in the same direc-
tion (Panhuis et al., 2001; Ritchie, 2007). Genetic linkage between signal
and response has indeed been shown in some species, such as Hawaiian
crickets (Shaw & Lesnick, 2009; Wiley et al., 2012), Drosophila flies
(Marcillac et al., 2005), and Gouldian finches (Pryke, 2010). However, sig-
nals and responses are unlinked in other species, such as in moths (Gould et
al., 2010; Klun & Huettel, 1988; Löfstedt et al., 1989; Roelofs et al., 1987),
where selection appears to act independently on signals and responses.

SPECIES-SPECIFIC SEXUAL SIGNALS ARE UNDER STABILIZING
SELECTION
When sexual signals play a prominent role in species recognition among
many closely related species, signalers are selected to produce a signal that
matches the preference of most responders, while responders prefer the most
average signal. Any change in the signal away from the average could reduce
reproductive fitness, thus limiting variation in signal and response (Löfstedt,
1993; Smadja & Butlin, 2009). Examples are acoustic signals, such as in frogs
(Gerhardt, 1994; Murphy & Gerhardt, 2000; Ryan, 1988) and in orthopterans
(Butlin et al., 1985; Stumpner & Von Helversen, 2001), and chemical signals
in moths (Cossé et al., 1995; Linn et al., 1997; Zhu et al., 1997), which are all
typically important for species recognition and avoidance of hybridization. In
these cases, sexual signals and responses are thus assumed to be under stabi-
lizing selection. However, given the enormous diversity of frog calls, cricket
and grasshopper chirps, and moth pheromones, the evolution of new signals
has obviously not been constrained. Therefore, one of the outstanding ques-
tions that also formed the basis of the research described in this thesis is how
sexual signals can evolve under stabilizing selection.

Despite stabilizing selection, intraspecific variation between and within pop-
ulations, and between and within individuals, has been found in many species
(Bertram et al., 2013; Ferreira & Ferguson, 2002; Groot et al., 2009, 2010b,
2014; Halfwerk et al., 2019; Hartbauer et al., 2012; Simons, 2011). Through
reinforcement and reproductive character displacement, differences between
signals that already exist become even bigger. But the question is how does ini-
tial change occur and how is variation maintained? To understand how under
stabilizing selection sexual communication systems can evolve, it is essential to

10
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assess the level and extent of intraspecific variation, as the presence of variation
in sexual signals is a prerequisite for selection to operate. Identifying what fac-
tors contribute to this variation will give insight into how genotype and environ-
ment shape these sexual signals and how they may evolve.

AIM OF THIS THESIS
The main focus of this thesis is to determine the level and extent of between-
and within-individual variation in the sex pheromone signal, the underlying
mechanisms of this variation, and the behavioral consequences in two model
moth species, Chloridea virescens (Fabricius) and Chloridea subflexa
(Guenée) (Lepidoptera, Noctuidae). The ultimate aim is to get insight into
how variation in sexual signals is maintained under stabilizing selection and
the importance of this variation for the evolution of sexual communication
channels in millions of species.

SEXUAL COMMUNICATION IN MOTHS
The Lepidoptera are the second most diverse group of insects (after the
Coleoptera), with approximately 175,000 described species, of which more
than 155,000 are moths (Kawahara et al., 2019; Mallet, 2014). To attract
potential mating partners, many Lepidoptera secrete sexually attractive
species-specific airborne chemicals, called sex pheromones, that could be
picked up by a mate of the same species tens or even hundreds of meters away
(see e.g., Pherobase.com). Moths are ideal to study when and how variation
in sexual communication may evolve, because moth sexual communication is
only mediated through olfactory signals, while other animals often use more
than one type of signal to communicate. In moths, females emit long-range
species-specific sex pheromones from a well-defined pheromone gland at the
tip of the abdomen. Pheromone is emitted during a characteristic behavior,
termed ‘calling’, by which the pheromone gland is completely extruded from
the abdomen (FIGURE 1.1). The airborne sex pheromone is picked up down-
wind by male antennae and elicits a typical zigzagging behavioral response
by which the male follows the pheromone plume upwind (Cardé, 2016). Once
the male reaches the female, the male will court the female by releasing a
close-range pheromone from hair pencils that are located at the tip of his
abdomen. If courtship is successful, mating will take place. All these sexual
activities happen at specific times during the night (Groot, 2014).

Since the identification of the first female sex pheromone bombykol in
the silk moth (Butenandt, 1959), the sex pheromone of almost 700 species

11
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has been identified (Ando & Yamamoto, 2020). Moth sex pheromones usu-
ally consist of long-chain fatty acid derivatives of various compound class-
es such as alcohols, aldehydes, and acetate esters (Ando & Yamamoto,
2020). Most species utilize a blend of two or more compounds (Byers,
2006). Pheromone blends generally consist of a primary or major component
that initiates attraction and is produced in large amounts, and secondary or
minor components produced in much smaller quantities that only increase
attraction to the major component (Roelofs & Cardé, 1977). Species speci-
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FIGURE 1.1 – Calling Chloridea virescens. Photo by Jan van Arkel.
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ficity of the blends is achieved through the presence or absence of specific
components, and/or the ratio of these components. Due to the many differ-
ent combinations of enzymes that can be involved, an enormous variety of
specific-specific sex pheromones can be produced.

VARIATION IN SEXUAL SIGNALS
Assessing variation within and between individuals is important to deter-
mine the potential response of a sexual signal to selection, and the presence
of phenotypic plasticity. If within-individual variation is high relative to
between-individual variation, the signal is considered to be phenotypically
plastic. Phenotypic plasticity is generally defined as phenotypic variation
produced by the same genotype (Moczek, 2010; Whitman & Agrawal,
2009). Phenotypic plasticity complicates the response of variation to selec-
tion forces. It might, for example, function as a buffer against negative selec-
tion, and therefore delay the genetic fixation of a phenotype (Moczek, 2010;
Whitman & Agrawal, 2009). However, phenotypic plasticity might also pro-
mote the evolution of new signals as it could lead to the emergence of new
phenotypes (Crispo, 2008; Levis & Pfennig, 2016), or it could facilitate
species divergence by emphasizing interspecific differences (Groot et al.,
2010b). Phenotypic plasticity may allow individuals to persist when environ-
mental conditions are variable. For example, the level of communication
interference between closely related species in sympatry could fluctuate
highly with yearly or seasonal differences in population densities (Groot et
al., 2009). Hypothetically, these fluctuations in turn could vary between geo-
graphic locations, leading to allopatric divergence in the degree of phenotyp-
ic plasticity of the sexual signal. Phenotypic plasticity in sexual signals has
been described in crickets (Bertram et al., 2013), katydids (Hartbauer et al.,
2012), frogs (Halfwerk et al., 2019), and moths (Groot et al., 2010b).

Genetic variation
Phenotypic variation in sexual signals between and within individuals could
originate from genetic variation, environmental variation, and endogenous
factors, or any interaction between these three. Genetic variation is the most
obvious source of variation and could arise randomly through mutations. In
moths, several studies have shown high heritabilities and strong responses to
artificial selection of variation in the quantity and quality of the female
pheromone blend (e.g., Allison & Cardé, 2006; Groot et al., 2014, 2019),
thereby demonstrating a genetic basis. Crossing experiments, such as
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Quantitative Trait Locus analysis, between moths with divergent phenotypes
have revealed genes with major and additive genetic effects on both the quan-
tity and quality of the female sex pheromone (Groot et al., 2009, 2013, 2014,
2019; Sheck et al., 2006). Mostly these genes encode for components of the
pheromone biosynthetic pathway. Mutations in pheromone biosynthesis-
related genes could potentially lead to major shifts in enzyme combinations,
or to subtler changes in enzyme specificity or efficiency. The genetic basis of
pheromone evolution in moths has received ample attention (e.g., Löfstedt,
1993), and has recently been reviewed (Groot et al., 2016; Haynes, 2016).

Non-genetic variation
In addition to genetic variation, non-genetic variation could substantially affect
phenotypic variation in sexual signals. Non-genetic variation could be induced
due to external environmental or endogenous factors. External environmental
factors that have been described to affect sexual signals in moths and other ani-
mals without changing the underlying genotype include temperature (Breckels
& Neff, 2013; Conrad et al., 2017; review: Groot & Zizzari, 2019; Ono, 1993,
1994; Raina, 2003), nutrition (in moths: Foster, 2009; review: Henneken et al.,
2017), artificial light (in moths: Van Geffen et al., 2015), environmental noise
(Lampe et al., 2012), infection (in moths: Barthel et al., 2015; Burand et al.,
2005), conspecific competition (Thomas & Simmons, 2011), or the chemical
environment (in moths: Groot et al., 2010b; Raina, 2003). For example, C.
subflexa females can increase the relative amount of acetate esters in their
blend in response to early adult life exposure to C. virescens pheromone,
which reduces the chance of costly interspecific matings between the two
species (Groot et al., 2010b). Endogenous factors such as stochastic develop-
mental variation (i.e., developmental ‘noise’) and physiological factors could
also lead to the production of different phenotypes from a single genotype
(Kilfoil et al., 2009; Vogt et al., 2008). Stochastic developmental variation
could, for example, arise through randomness in biochemical processes at the
cellular level (Feinberg & Irizarry, 2010; Vogt, 2015). Physiological factors
affecting sexual signals include mating status (in moths: Foster, 2009), self-
sustained circadian rhythms (review in moths: Groot, 2014), and senescence
(in moths: Allison & Cardé, 2006; Gemeno & Haynes, 2000).

Whether non-genetic variation could play a role in the evolution of sex-
ual signals remains poorly understood and depends on the heritability of the
induced traits. If environmentally or endogenously induced phenotypic vari-
ation in the sexual signal is heritable, then it could create a substrate for
selection to act on, which could facilitate adaptation and speciation (Schaefer
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& Ruxton, 2015). Epigenetic modifications are likely the molecular mecha-
nism underlying the inheritance of environmentally or endogenously
induced variation (Jablonka & Raz, 2009; Jablonka, 2013). Epigenetics is the
study of the processes that regulate transcriptional dynamics without chang-
ing the underlying DNA sequence (Jablonka & Raz, 2009). DNA methyla-
tion is the most well-studied type of epigenetic modification. DNA methyla-
tion is prone to stochastic variation (Feinberg & Irizarry, 2010) and is
responsive to environmental factors (Jablonka, 2013). However, changes in
DNA methylation could persist across generations (Jablonka & Raz, 2009),
and thus be of evolutionary significance.

STUDY ORGANISMS
The Tobacco budworm (C. virescens) and the Subflexus straw moth (C. sub-
flexa) are noctuid moths that occur throughout North and South America.
Chloridea virescens and C. subflexa are closely related species that diverged
about 2.5 million years ago (Cho et al., 2008; Fang et al., 1997; Mitter et al.,
1993). Both species were previously placed in the genus Heliothis, however,
a recent revision of the ‘Heliothis-group’ based on morphological characters
and three genes changed the genus name to Chloridea (Pogue, 2013).
Chloridea virescens feeds on at least 37 plant species in 14 families (Blanco
et al., 2007; Sheck & Gould, 1993; Waldvogel & Gould, 1990), whereas C.
subflexa is restricted to host plants in the genus Physalis (Solanaceae) (Sheck
& Gould, 1995). Both species are significant agricultural pests; C. virescens
attacks crops such as tobacco and cotton in North and South America (Blanco,
2012), and C. subflexa attacks tomatillos (Physalis philadelphica), which is
mostly problematic in Mexico (Bautista-Martínez et al., 2015).

The C. virescens and C. subflexa pheromone blends have been well char-
acterized over the past couple of decades and consist of seven and eleven
compounds, respectively. (Z)‐11‐hexadecenal (Z11-16:Ald) and (Z)‐9‐tetra -
de ce nal (Z9-14:Ald) are critical for attraction of C. virescens males (Heath et
al., 1991; Klun et al., 1980; Pope et al., 1982; Roelofs et al., 1974; Tumlinson
et al., 1975, 1982), whereas Z11-16:Ald, (Z)‐9‐hexadece nal (Z9-16:Ald), and
(Z)‐11‐hexadecen‐1‐ol (Z11-16:OH) are critical for attraction of C. subflexa
males (Groot et al., 2007; Heath et al., 1991; Klun et al., 1982; Teal et al.,
1981; Vickers, 2002). In C. subflexa, the acetate ester (Z)-11-hexadecenyl
acetate (Z11-16:OAc) is only produced in C. subflexa, of which Z11-16:OAc
is known to have a dual function: it increases conspecific attraction but repels
C. virescens males (Groot et al., 2007, 2006; Vickers, 2002; Vickers & Baker,
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1997). The species are not attracted to each other’s pheromone in the field
(Groot et al., 2009; Klun et al., 1982); however, they can still mate in the lab-
oratory and produce fertile F1 female offspring (Karpenko & Proshold,
1977). The ability to make crosses between these species in combination with
their status as major pests has made them popular organisms to study the
genetic basis of pheromone communication in moths.

OUTLINE OF THIS THESIS
To get insight into how moth sexual signals can evolve under stabilizing
selection, we assessed the level and extent of between- and within-individ-
ual variation in the sex pheromone signal, its underlying mechanisms, and
behavioral consequences in C. virescens and C. sublfexa. More specifically,
we asked the following questions: Could male mating mistakes maintain
genetic variation in female sexual signals (CHAPTER 2)? Could disposable
polydimethylsiloxane (PDMS)-coated fused-silica optical fibers be used for
sampling female sex pheromones of moths (CHAPTER 3)? Does inter- and
intra-individual variation in the female sexual signal covary with fitness
(CHAPTER 4)? Could DNA methylation be the underlying mechanism of her-
itable variation in female sexual signals (CHAPTER 5)?

Chapter 2 – Proximity of signalers can maintain sexual signal variation
under stabilizing selection
Previously, within-population variation was found in the female sex pheromone
blend of Chloridea virescens (Groot et al., 2014). Interestingly, in every popu-
lation assessed, individuals were found with substantial variation in the propor-
tions of Z11-16:Ald, the major pheromone component, and of 16:Ald. In some
females, the proportion of 16:Ald was even much higher than that of Z11-
16:Ald. This is surprising, as 16:Ald does not play a role in male attraction
(Groot et al., 2010a; Teal et al., 1986; Vetter & Baker, 1983). Selection for the
extreme phenotypes of this variation yielded a selection line with high amounts
of 16:Ald and almost no Z11-16:Ald. In field and wind tunnel experiments
these females proved to be unattractive to males (Groot et al., 2014, 2019).
Assuming that the female sex pheromone is under stabilizing selection, then
how can such variation be maintained? After all, such unattractive variations
should be rapidly eliminated by selection. In CHAPTER 2, we hypothesized that
when such unattractive females are in close proximity to attractive females, they
may still get mated occasionally due to male mating mistakes, which would
maintain genetic variation even under stabilizing selection. To test this hypoth-
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esis, we paired attractive with unattractive females in the field and in the wind
tunnel to assess male response and female mating success.

Chapter 3 – Disposable polydimethylsiloxane (PDMS)-coated fused-silica
optical fibers for sampling pheromones of moths
Within-individual variation on moth sex pheromones has not been studied
extensively, partly due to methodological limitations. The two most common
methods to sample female sex pheromones are 1) gland extracts, by which
the pheromone is extracted by cutting off the gland and soaking it in organ-
ic solvent, and 2) volatile extractions, by which the airborne sex pheromone
is trapped on a sorbent. Gland extractions are destructive, making it impos-
sible to sample the same individual more than once, while volatile collec-
tions can generally only be conducted on (small) groups of females due to
the minute amounts of released pheromone. Gland extractions and volatile
collections can yield significantly different results, because of differences in
the volatility between individual pheromone compounds, or because of the
presence of pheromone precursors in the gland that are not emitted. We
hypothesized that rubbing the pheromone gland with cheap, disposable poly-
dimethylsiloxane (PDMS)-coated fused-silica optical fibers would be a suit-
able method to sample pheromone more than once for a large number of
individuals, and that these samples would be a more accurate measure of
what is released into the air by the female than gland extracts. We tested this
hypothesis by comparing gland extracts, volatile collections, and PDMS rubs
of four different selection lines of C. virescens and C. subflexa.

Chapter 4 – Sex pheromone signal and stability covary with fitness
Assessing within-individual variation in moth sexual signals is important to
determine the potential response of a signal to selection. For female moths,
within-individual variation across environments and with age is expected to be
low, because it is crucial to maintain signal integrity and avoid costly commu-
nication interference with closely related species. Robust and possibly costly
mechanisms may have evolved to buffer against stochastic or environmental
perturbations. If it is costly to maintain low levels of within-individual varia-
tion, increased levels of within-individual variation can evolve when these
costs outweigh the benefits of having a stable signal, for example when com-
munication interference is absent or variable. Higher levels of within-individ-
ual variation may function as a buffer against negative selection forces and
delay the genetic fixation of a phenotype (Moczek, 2010; Whitman &
Agrawal, 2009). Within-individual variation may also promote the evolution
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of new signals as it could lead to the emergence of new phenotypes, aid sur-
vival in new or variable environments (Crispo, 2008; Levis & Pfennig, 2016),
or facilitate species divergence by accentuating interspecific differences
(Groot et al., 2010b). In CHAPTER 4, we determined the importance of within-
individual variation in the evolution of pheromone mating signals by testing
the hypothesis that the ability of C. subflexa females to maintain a stable
pheromone signal a) covaries with fitness, and b) has a heritable basis. To test
these hypotheses, we used the PDMS-rubbing method developed in CHAPTER
3 to sample individual females two times across two generations.

Chapter 5 – DNA methylation patterns in the tobacco budworm,
Chloridea virescens
DNA methylation is an epigenetic mark that occurs through the addition of
a methyl group to DNA by DNA methyltransferases (DNMTs). Invertebrate
genomes are relatively sparsely methylated, and DNA methylation occurs at
CpG dinucleotides primarily within ubiquitously expressed critical ‘house-
keeping’ genes (Glastad et al., 2014; Provataris et al., 2018; Sarda et al.,
2012). DNA methylation is likely one of the main mechanisms underlying in
phenotypic plasticity (Jablonka, 2013). If changes in DNA methylation are
heritable (Jablonka & Raz, 2009), they could be of evolutionary significance
(Jablonka & Raz, 2009). However, in invertebrates it is not known whether
DNA methylation patterns are heritable, or how common (spontaneous or
induced) de novo DNA methylation is. In CHAPTER 5, I hypothesized that in
C. virescens, DNA methylation is both heritable and subject to spontaneous
de novo DNA methylation, so that DNA methylation is a potential mecha-
nism to underly heritable variation in female sexual signals. We tested this
hypothesis by exploring DNA methylation across tissues, pheromone pheno-
type selection lines, and generations, using methylation-sensitive Amplified
Fragment Length Polymorphism (AFLP) analysis.
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ABSTRACT – How sexual communication systems can evolve under stabiliz-
ing selection is still a paradox in evolutionary biology. In moths, females emit
a species-specific sex phero mone, consisting of a blend of biochemically
related components, to which males are attracted. Although males appear to
exert strong stabilizing selection on female pheromone, these blends seem to
have evolved rapidly, as evidenced by ~120,000 moth species. Here we pro-
pose and test a ‘proximity model’ wherein two females that vary in their rel-
ative attractiveness to males, can both benefit from calling in close proximity
to each other. In a field study, we show that (1) artificially selected unattrac-
tive females can achieve mating rates comparable to attractive females if they
signal in close proximity to attractive females, and (2) attractive females ben-
efit from higher mating rates when signalling in close proximity to unattrac-
tive females. We propose that frequency-dependent behavioural and spatial
interactions can sustain signal variation within populations even when these
signals are under stabilizing selection.
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INTRODUCTION
A wide variety of animals solve the problem of finding sexual partners by
emitting long-range sexual signals. When such signals are involved in mate
choice, they are often under directional sexual selection and considerable
signal variation can be expected1–3. However, mating signals are likely under
stabilizing selection when similar signals are used in communities of close-
ly related species. In these cases, signal variation is constrained by their piv-
otal role in species recognition and avoidance of hybridization4, as shown for
example in acoustic mating signals in frogs, crickets and grasshoppers5–9 and
chemical mating signals in moths10–13. It remains enigmatic, however, how
signals under stabilizing selection can evolve.

Moths provide an excellent system to study this problem, as this is one of
the most diverse groups of insects, comprising ~120,000 species14. The sex
pheromones of many moth species have been identified and most consist of
long-chain fatty acid derivatives including alcohols, acetates, and aldehydes15.
Each moth species produces its own species-specific sex pheromone, consist-
ing of a blend of biosynthetically related components at specific relative
amounts15. For a number of moth species, male preference profiles have been
found to constrain variation in female pheromone10–13. Even under artificial
selection, inclusion of new signal variants in male preference functions can be
a slow process. For example, mutant Trichoplusia ni females found in the lab-
oratory produced a pheromone that contained 20-times more of a minor com-
ponent (Z9-tetradecenyl acetate, Z9-14:OAc) and 30-times less of another
minor component (Z5-dodecenyl acetate, Z5-12:OAc) than wild-type
females16. In a pure colony of only this mutant phenotype, males preferred
wild-type females over mutant females, and it took 49 generations of selection
before males from the mutant colony showed response profiles that no longer
differentiated between mutant and wild-type females17. Thus, even under
strong positive selection for the new signal variant, the time scale of adjust-
ment of male preference functions seems too long for the new signal to arise
and persist in the population. This example illustrates how stabilizing selection
appears to prevent evolutionary innovation in moth sex pheromones.

Several models have been proposed to explain evolutionary change of
female sex pheromone composition in moths. The ‘asymmetric tracking
hypothesis’ assumes that females make a greater reproductive investment
than males, and that male preference functions vary more than female
pheromone variations to maximize the male’s ability to locate potential mat-
ing partners18. However, in moths it is uncertain whether males make a
smaller direct investment in reproduction than females, as males can produce
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only one spermatophore per night, the size of each spermatophore may be 5-
10% of the male’s body mass19–21, and the number of spermatophores in
females affects female fecundity19, which represents an incentive for multi-
ple matings in females. In the ‘wallflower’ model, synchronous hatching and
male polyandry causes an increased mating probability of less preferred sig-
nal variants (‘wallflowers’) as the season progresses, because the preferred
phenotype is depleted22. However, most moths emerge asynchronously and
have short life spans that likely minimize the wallflower effect. Recently, the
‘rare male hypothesis’ has been proposed, based on rare cross attraction
between the Asian and the European corn borers (Ostrinia furnacalis and O.
nubilalis), and suggests that divergent female phenotypes may attract rare
males23,24. However, rare males can only maintain variation for female phe-
notypes as long as a substantial fraction of males responds to the divergent
phenotype. Thus, the mechanisms that have been proposed are insufficient to
explain the existence of intraspecific variation in the female pheromone sig-
nal on which selection can act.

We test a new simple model, a ‘proximity model’, that can explain the
maintenance of variation in sexual signals based on the spatial relationship
of signallers. In our model, we hypothesize that signallers in close proximi-
ty represent a better target for males than individual signallers, even if these
females differ in their attractiveness to males. Two similarly attractive
females calling in close proximity may benefit from increased male visits but
they will also compete for the arriving male, whereas most males arriving at
two differentially attractive signallers should choose the most attractive
female. However, as male preference functions appear to be less restrictive
in later phases of the response sequence10,25, some males may make ‘mis-
takes’ and mate the less attractive female. We thus predict that differentially
attractive females benefit more from calling in close proximity than similar-
ly attractive females.

Several factors can drive the spatial distribution of signalling females.
When local population density is high, proximity among signallers may arise
spontaneously. Other factors, such as host plant fidelity or preference for
exposed or elevated calling sites, may also contribute to local high densities
of calling females. Auto-detection (i.e., the ability to detect same sex
pheromone) is common among insect signallers that emit long-range sex
pheromones, including a number of moth species26, and may have evolved
to adjust calling behaviour, or the calling site, to the presence of conspecific
signallers27. Also, female attraction to female pheromone has been described
in trapping28–30 and laboratory experiments31, and there is one report of a lab
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bioassay where multiple females line up about 20 cm downwind of each
other while calling32. Pheromonal chorusing has been reported in both
Lepidoptera27 and Coleoptera33 and, as was observed in frogs34 and crick-
ets35, the coleopteran pheromonal chorus contained non-signalling ‘satellite
females’36. Since many female moths detect conspecific calling females,
they may thus use this information during calling site choices.

We tested this ‘proximity model’ in the noctuid moth Heliothis virescens.
As in most moths, H. virescens females produce a long range sex pheromone
to attract males37–39 and upon arrival, the male courts her by extending his
hairpencils to release his sex pheromone 40,41. Mating lasts 2-3 h42, during
which the male produces a spermatophore that is ~5% of his body weight19.
Both sexes mate multiple times, but both can only mate once per night43, and
last male sperm precedence is about 60%44–46. Unfortunately, the nocturnal
lifestyle of moths makes it extremely difficult to observe calling females in
the field and probably accounts for the absence of field studies involving
calling site choice. Through artificial selection, a sexually receptive but unat-
tractive female phenotype (i.e., females that call and emit pheromone but do
not elicit upwind flight response in males) was generated47. Using this selec-
tion line, we specifically tested whether (1) signallers that fail to attract
males alone can achieve mating when calling in proximity of attractive sig-
nallers, and (2) attractive signallers benefit from less attractive competitors
in their vicinity. We also tested whether females change their position rela-
tive to other females when calling.

MATERIALS AND METHODS
Insects
All experimental insects were reared in the same climate chamber, all larvae
were reared individually on artificial pinto bean diet, pupae were separated
by sex, and newly eclosed adults were checked daily and fed 10% sucrose
water. For all experiments, virgin 2-7 day old females were used. The field
trapping experiment, described below, was conducted with the 6th genera-
tion of the unattractive selection line, which segregated into 50% attractive
and 50% unattractive individuals, while the field experiments with the mat-
ing table and the wind tunnel experiments were conducted when the unat-
tractive phenotype had come to fixation (17th and 18th generation). Control
females originated from a laboratory colony (YDK) at North Carolina State
University (NCSU), which contain a 16:Ald/Z11-16:Ald ratio that overlaps
with field-collected females (FIGURE 2.1c); we refer to these females as
attractive females.
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Attractiveness of females with different 16:Ald/Z11–16:Ald 
sex-pheromone ratios
In 2012, live females of the unattractive selection lines were used as live
lures in field traps. One 2-3 day old female was enclosed in a plastic cage
with gauze on both sides, which was hung in a metal screen Heliothis trap
(FIGURE 2.1d)39. Traps were at least 15 m apart and a total of 20-30 traps
were placed in a tobacco field at the NCSU Central Crops Research Station
Clayton, North Carolina, USA (35°40’05.2’N 78°30’31.3’W). Females were
deployed in the traps for 1-2 nights, after which male trap catches and the
lure females were brought to the laboratory. Males were identified and
counted, females were injected with Helicoverpa zea Pheromone
Biosynthesis Activating Neuropeptide (PBAN; Phoenix Pharmaceuticals) to
activate pheromone production, after which their pheromone glands were
extracted and analysed, as described in57 to determine the pheromone ratio
(16:Ald/Z11–16:Ald).

Do unattractive females intercept males navigating to attractive females?
To determine whether unattractive females intercept males when paired with
an attractive female under field conditions, newly eclosed females were
briefly anaesthetized with CO2, their wings were clipped, after which they
were placed individually in transparent plastic containers (2 cm diameter, 3
cm high) with a 10% sucrose water feeding tube, so that their calling behav-
iour could be observed. From 23 July to 3 August 2013, in the early evening,
these virgin females were brought to a flowering soybean (Glycine max) plot
at the same NCSU Central Crops Research Station as mentioned above.
Experiments were conducted from 21.00 h – 4.00 h, which included the noc-
turnal calling and flight activity of H. virescens58. Experiments were conduct-
ed on horizontal mating tables (1 m2), onto which a freshly cut terminal
branch of a soybean plant with its primary leaflet removed was placed in a
rubber plug that was enclosed by a biodegradable plate (30 cm). This assem-
bly was centered in a water filled dish (diameter 50 cm) to prevent female(s)
from escaping (see FIGURE 2.2b). A transect of eight mating tables was placed,
each table 20 m apart, and perpendicular to the prevailing wind direction.

Females were transported to the field in transparent plastic containers
and only entered the experiment after calling behaviour was observed (i.e.,
females emitting pheromone with their pheromone gland extended). Calling
females were placed individually on one of the two leaves on a mating table
and allowed to call for up to 1 h. A mating table contained either one attrac-
tive female alone (N = 42), a pair of unattractive females (N = 40), an unat

29

Proximity of signallers can maintain...

RikLievers-ch2_Vera-ch1.qxd  4/19/2021  16:12  Page 29



bioassay where multiple females line up about 20 cm downwind of each
other while calling32. Pheromonal chorusing has been reported in both
Lepidoptera27 and Coleoptera33 and, as was observed in frogs34 and crick-
ets35, the coleopteran pheromonal chorus contained non-signalling ‘satellite
females’36. Since many female moths detect conspecific calling females,
they may thus use this information during calling site choices.

We tested this ‘proximity model’ in the noctuid moth Heliothis virescens.
As in most moths, H. virescens females produce a long range sex pheromone
to attract males37–39 and upon arrival, the male courts her by extending his
hairpencils to release his sex pheromone 40,41. Mating lasts 2-3 h42, during
which the male produces a spermatophore that is ~5% of his body weight19.
Both sexes mate multiple times, but both can only mate once per night43, and
last male sperm precedence is about 60%44–46. Unfortunately, the nocturnal
lifestyle of moths makes it extremely difficult to observe calling females in
the field and probably accounts for the absence of field studies involving
calling site choice. Through artificial selection, a sexually receptive but unat-
tractive female phenotype (i.e., females that call and emit pheromone but do
not elicit upwind flight response in males) was generated47. Using this selec-
tion line, we specifically tested whether (1) signallers that fail to attract
males alone can achieve mating when calling in proximity of attractive sig-
nallers, and (2) attractive signallers benefit from less attractive competitors
in their vicinity. We also tested whether females change their position rela-
tive to other females when calling.

MATERIALS AND METHODS
Insects
All experimental insects were reared in the same climate chamber, all larvae
were reared individually on artificial pinto bean diet, pupae were separated
by sex, and newly eclosed adults were checked daily and fed 10% sucrose
water. For all experiments, virgin 2-7 day old females were used. The field
trapping experiment, described below, was conducted with the 6th genera-
tion of the unattractive selection line, which segregated into 50% attractive
and 50% unattractive individuals, while the field experiments with the mat-
ing table and the wind tunnel experiments were conducted when the unat-
tractive phenotype had come to fixation (17th and 18th generation). Control
females originated from a laboratory colony (YDK) at North Carolina State
University (NCSU), which contain a 16:Ald/Z11-16:Ald ratio that overlaps
with field-collected females (FIGURE 2.1c); we refer to these females as
attractive females.

28

CHAPTER 2

RikLievers-ch2_Vera-ch1.qxd  4/19/2021  16:12  Page 28

Attractiveness of females with different 16:Ald/Z11–16:Ald 
sex-pheromone ratios
In 2012, live females of the unattractive selection lines were used as live
lures in field traps. One 2-3 day old female was enclosed in a plastic cage
with gauze on both sides, which was hung in a metal screen Heliothis trap
(FIGURE 2.1d)39. Traps were at least 15 m apart and a total of 20-30 traps
were placed in a tobacco field at the NCSU Central Crops Research Station
Clayton, North Carolina, USA (35°40’05.2’N 78°30’31.3’W). Females were
deployed in the traps for 1-2 nights, after which male trap catches and the
lure females were brought to the laboratory. Males were identified and
counted, females were injected with Helicoverpa zea Pheromone
Biosynthesis Activating Neuropeptide (PBAN; Phoenix Pharmaceuticals) to
activate pheromone production, after which their pheromone glands were
extracted and analysed, as described in57 to determine the pheromone ratio
(16:Ald/Z11–16:Ald).

Do unattractive females intercept males navigating to attractive females?
To determine whether unattractive females intercept males when paired with
an attractive female under field conditions, newly eclosed females were
briefly anaesthetized with CO2, their wings were clipped, after which they
were placed individually in transparent plastic containers (2 cm diameter, 3
cm high) with a 10% sucrose water feeding tube, so that their calling behav-
iour could be observed. From 23 July to 3 August 2013, in the early evening,
these virgin females were brought to a flowering soybean (Glycine max) plot
at the same NCSU Central Crops Research Station as mentioned above.
Experiments were conducted from 21.00 h – 4.00 h, which included the noc-
turnal calling and flight activity of H. virescens58. Experiments were conduct-
ed on horizontal mating tables (1 m2), onto which a freshly cut terminal
branch of a soybean plant with its primary leaflet removed was placed in a
rubber plug that was enclosed by a biodegradable plate (30 cm). This assem-
bly was centered in a water filled dish (diameter 50 cm) to prevent female(s)
from escaping (see FIGURE 2.2b). A transect of eight mating tables was placed,
each table 20 m apart, and perpendicular to the prevailing wind direction.

Females were transported to the field in transparent plastic containers
and only entered the experiment after calling behaviour was observed (i.e.,
females emitting pheromone with their pheromone gland extended). Calling
females were placed individually on one of the two leaves on a mating table
and allowed to call for up to 1 h. A mating table contained either one attrac-
tive female alone (N = 42), a pair of unattractive females (N = 40), an unat

29

Proximity of signallers can maintain...

RikLievers-ch2_Vera-ch1.qxd  4/19/2021  16:12  Page 29



tractive female paired with an attractive female (N = 47) or two attractive
females (N = 82). When one female on a mating table mated, the mating
female and the time of mating was recorded and the females plus the copu-
lating male on that mating table were removed from the experiment. If avail-
able, a new pair of calling females or an individual calling female was placed
on the mating table. All females were used only once. Two observers moved
between occupied mating tables ensuring that each mating table was visited
every 5–10 minutes, during which male-female interactions were noted.
Each mating table was also observed continuously for 5 minutes to obtain
qualitative observational data. The two observers scored formerly defined
behaviours on score sheets to make sure both observers scored the same
events. After the experiments, the females were brought back to the labora-
tory within 8 h and only females that contained a spermatophore were inject-
ed with PBAN followed by pheromone gland extraction for pheromone com-
position analysis, as described in57.

At what distance from an attractive lure can unattractive females 
intercept attracted males?
To control for potential environmental variation, experiments to determine the
distance at which unattractive females may intercept an attracted male were
carried out in a wind tunnel, using a synthetic pheromone lure as the standard-
ized attractive source. Unattractive virgin females with clipped wings were
placed 0, 10, 30 or 50 cm downwind of a sex pheromone lure loaded with the
typical H. virescens pheromone blend. Red rubber septa (Wheaton) were
loaded with a total of 300 µg of a blend consisting of the following ratio
(major component Z11–16:Ald set to 100%): 14:Ald (5%), Z9–14:Ald (5%),
16:Ald (10%), Z7–16:Ald (2%), Z9–16:Ald (2%), Z11–16:Ald (100%) and
Z11–16:OH (1%), modified from59. Control experiments were performed
using an unattractive female without the pheromone lure. The following sam-
ple sizes were used: 0 cm (N = 42), 10 cm (N = 38), 30 cm (N = 44) and con-
trol (N = 38). The experiments were conducted 3–7 h into the scotophase.

Are calling females randomly distributed in the environment?
It is practically impossible to assess the distribution of virgin calling females
in the field because they remain immobile and cryptic under leaves and with-
in the plant canopy, and they rapidly get mated. To determine whether the
position of calling females changes relative to each other in the course of the
night, 20 virgin female moths were released in a cage (200 × 90 × 90 cm)
that contained 17 evenly distributed flowering Nicotiana attenuate plants (90
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cm tall), 1 h before the onset of scotophase. During the first 7 h of the sco-
tophase, the position in cm (x,y,z) and whether the female was calling was
noted for each female not in flight. The experiment was replicated 5 times.
The experimental results were compared to a simulated data set wherein
females were randomly distributed over the cage volume. For each real and
simulated female, the distance to the nearest neighbour was determined.
Experimental and simulated nearest neighbour distances were compared
using nonlinear mixed-effects model, followed by Tukey contrasts.

Statistical analyses
All statistical analyses were conducted in R v.3.0.160. In the first experiment,
females that were used as lures to attract males in field traps had a
log10(16:Ald/Z11-16:Ald) distribution that was bimodal (see FIGURE 2.1c).
The attractiveness of these two phenotypes was compared by fitting negative
binomial generalized linear model to the number of males caught in the dif-
ferent traps for females with a log10(16:Ald/Z11-16:Ald) < 1 (largely over-
lapping with the field-collected females, attractive phenotype) and females
with log10(16:Ald/Z11-16:Ald) > 1 (unattractive phenotype). To assess how
male attraction changes as a function of the naturally occurring
log10(16:Ald/Z11-16:Ald) pheromone ratio, Poisson regression was carried
out on the subset of trap catch results with a log10(16:Ald/Z11-16:Ald) < 1.
The selected unattractive females with a log10(16:Ald/Z11-16:Ald) >1 were
excluded from this analysis, because their phenotype fell outside the natural
variation in the log10(16:Ald/Z11-16:Ald) ratio. As in Groot et al.47, zero-
trap-catch results were excluded from this analysis, because we cannot be
sure that females in these traps actually called.

The influence of proximity to another female on the mating success of
individual females was estimated by comparing the time from her introduc-
tion in the field until mating occurred. Female mating success varied over the
night and therefore a Cox proportional hazards model was fitted to the treat-
ments, with ‘time of night’ as a covariate. Subsequently, treatments were
compared to each other using Tukey contrasts. Since females from the unat-
tractive-unattractive pairs were never mated and thus failed to meet the Cox
proportional hazards model assumptions, this treatment was excluded from
the model. Instead, the Kaplan-Meier curves for this treatment and the other
treatments were compared, using log-rank tests. The resulting figures from
this survival analysis depict traditional survival curves that we refer to as
‘mating time-courses’.
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in the plant canopy, and they rapidly get mated. To determine whether the
position of calling females changes relative to each other in the course of the
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cm tall), 1 h before the onset of scotophase. During the first 7 h of the sco-
tophase, the position in cm (x,y,z) and whether the female was calling was
noted for each female not in flight. The experiment was replicated 5 times.
The experimental results were compared to a simulated data set wherein
females were randomly distributed over the cage volume. For each real and
simulated female, the distance to the nearest neighbour was determined.
Experimental and simulated nearest neighbour distances were compared
using nonlinear mixed-effects model, followed by Tukey contrasts.

Statistical analyses
All statistical analyses were conducted in R v.3.0.160. In the first experiment,
females that were used as lures to attract males in field traps had a
log10(16:Ald/Z11-16:Ald) distribution that was bimodal (see FIGURE 2.1c).
The attractiveness of these two phenotypes was compared by fitting negative
binomial generalized linear model to the number of males caught in the dif-
ferent traps for females with a log10(16:Ald/Z11-16:Ald) < 1 (largely over-
lapping with the field-collected females, attractive phenotype) and females
with log10(16:Ald/Z11-16:Ald) > 1 (unattractive phenotype). To assess how
male attraction changes as a function of the naturally occurring
log10(16:Ald/Z11-16:Ald) pheromone ratio, Poisson regression was carried
out on the subset of trap catch results with a log10(16:Ald/Z11-16:Ald) < 1.
The selected unattractive females with a log10(16:Ald/Z11-16:Ald) >1 were
excluded from this analysis, because their phenotype fell outside the natural
variation in the log10(16:Ald/Z11-16:Ald) ratio. As in Groot et al.47, zero-
trap-catch results were excluded from this analysis, because we cannot be
sure that females in these traps actually called.

The influence of proximity to another female on the mating success of
individual females was estimated by comparing the time from her introduc-
tion in the field until mating occurred. Female mating success varied over the
night and therefore a Cox proportional hazards model was fitted to the treat-
ments, with ‘time of night’ as a covariate. Subsequently, treatments were
compared to each other using Tukey contrasts. Since females from the unat-
tractive-unattractive pairs were never mated and thus failed to meet the Cox
proportional hazards model assumptions, this treatment was excluded from
the model. Instead, the Kaplan-Meier curves for this treatment and the other
treatments were compared, using log-rank tests. The resulting figures from
this survival analysis depict traditional survival curves that we refer to as
‘mating time-courses’.
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To analyse the distance at which males can be intercepted by unattractive
females in the wind tunnel, a logistic regression model (glm) was fitted to the
mating outcome as a function of the distance from the pheromone lure. To
ensure that the results only reflect the probability that attracted males would
mate, only males that ‘locked on’ to the odour plume were used for this
analysis. The elapsed time from male release to mating was compared
among the different distances with the Kruskal-Wallis rank sum test. To
assess if the ‘lock-on’ behaviour of the males was significantly affected by
the presence of the pheromone lure, a logistic model was fitted and the dif-
ferent distance treatments were compared to the unattractive females with-
out lure (control), using Dunnett contrasts (FIGURE S2.1a).

RESULTS
In this study, we used a unique artificial selection line of H. virescens that
produced an unattractive pheromone blend47. These females produce minute
quantities of the two critical sex pheromone components – Z11–16:Ald and
Z9–14:Ald37,38,48 – and instead produce large amounts of the corresponding
saturated aldehydes, namely 16:Ald and 14:Ald47. Although these females
call and emit pheromone in the field, they fail to attract males47, and can thus
be viewed as olfactory counterparts to silent mutant crickets in acoustic com-
munication35. Therefore, we refer to these females as unattractive females.

Attractiveness of females with different 16:Ald/Z11–16:Ald 
sex-pheromone ratios
A total of 145 females were used to attract males to traps in the field and a
total of 719 males were trapped (FIGURE 2.1a). Median trap catch was 1, and
49.6% of the traps did not catch any males. Most males (80%, 572 males)
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FIGURE 2.1 – Field trapping experiments and female pheromone compositions. In panels a-c,
the x-axis represents the pheromone component ratio (log10(16:Ald/Z11-16:Ald)) of H.
virescens females. (a) Male trap catches in experiment 1. Points represent the number of males
trapped at the pheromone component ratios of the females that served as lures. The regression
shows that the attractiveness of wild-type females decreases with an increasing 16:Ald/Z11-
16:Ald ratio. Only 2 of the 57 unattractive females (pheromone ratio > 1) trapped one male
each. (b) Frequency distribution of the pheromone component ratio of the females that served
as lures in the traps. (c) Geometric density plot depicting the distribution of the pheromone
component ratios of females that: (1) served as lure in traps (2) were used in the mating table
experiment and (3) field-collected H. virescens females. (d) Traps in the field. Legend: A:
Attractive females, U: Unattractive selection line females, Trap-bait: females of the unattrac-
tive selection line (6th generation), Field: H. virescens females collected in a soybean field.
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were attracted to females having a log10(16:Ald/Z11-16:Ald) < 0. This
pheromone ratio (FIGURE 2.1b) is within the range that is generally found in
H. virescens, as can be seen by the distribution in the field-collected females
that were collected from four different field sites in four consecutive years
(FIGURE 2.1c, see47). The distribution of the log10(16:Ald/Z11-16:Ald) ratio
in these females was asymmetric and a small fraction of individuals had a
log10(16:Ald/Z11-16:Ald) > 0 (FIGURE 2.1c). This aberrant pheromone phe-
notype has been found in every field population sampled47. Poisson regres-
sion on data points within the naturally occurring variation in the pheromone
ratio of 16:Ald/Z11-16:Ald indicates that female attractiveness decreased
with increasing values of the 16:Ald/Z11-16:Ald ratio (deviance = 448.11, df
= 69, P < 0.04) (FIGURE 2.1a): Females with a log10(16:Ald/Z11-16:Ald) < 1
were significantly more attractive to males than artificially selected females
with a log10(16:Ald/Z11-16:Ald) > 1 (negative binomial model: deviance =
113.62, df = 143, P < 0.0001). Of the 57 traps baited with females that were
later shown to have a log10(16:Ald/Z11-16:Ald) > 1, only two females each
caught one male (FIGURE 2.1a).

Can proximity to attractive females increase the mating success of 
unattractive females?
Attractive and unattractive females were placed in close proximity to one
another on leaves in the field and observed until a female was mated (FIGURE
2.2). Male availability varied with the time of night, and the Cox proportional
hazards modelling confirmed that ‘time of night’ significantly affected mating
success (see TABLE S2.1 in Supporting Information). There was also a signifi-
cant interaction between the treatments and ‘time of night’ (TABLE S2.1).
Similar to our trapping results (FIGURE 2.1), we found that pairs of unattractive
females failed to attract any males and none mated (FIGURE 2.2). However,
when paired with an attractive female, 17% of the unattractive females mated.
Statistically, we could not discriminate between the mating time-course of
unattractive females paired with an attractive female, attractive females calling
alone, and pairs of attractive females (FIGURE 2.2, TABLE S2.1).

Can proximity to unattractive females increase the mating success of
attractive females?
Attractive females in an attractive-unattractive pair mated sooner than attrac-
tive females calling alone (P < 0.05) or in pairs (P < 0.05) (FIGURE 2.2).
There was no significant difference between the mating time-course of
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attractive females alone and pairs of attractive females. So, for an attractive
female, her time to mating was not significantly affected when calling near
another attractive female, whereas calling in close proximity to an unattrac-
tive female significantly decreased her time to mating.

At what distance is the proximity model effective?
In the wind tunnel, the mating success of unattractive females was measured
as a function of their distance downwind from a lure baited with synthetic
sex pheromone (FIGURE 2.3a). The fitted logistic model had a residual
deviance of 114.76 on 110 degrees of freedom. Treating this deviance as a
chi-square value to test the overall fit of the model, the fitted values were not
significantly different from the observed values (P = 0.36) confirming a good
fit. We also recorded whether males first courted the unattractive female or
the lure. This was impossible to determine at 0 cm, but at 10 and 30 cm
downwind from the lure, respectively 13 and 18.7% of the males that flew
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FIGURE 2.2 – The mating table experiment. (a) Kaplan-Meier curves representing the mat-
ing time-course, i.e., the fraction unmated females for each treatment during the experiment.
Shaded area around each curve represents 95% CI. A Cox proportional hazards model,
including the time of night as a covariate, was fitted and differences between treatments
were analysed using Tukey contrasts. Curves with the same letters are not significantly dif-
ferent according to Tukey contrasts (alpha = 0.05, see TABLE S2.1). Abbreviations as in
FIGURE 2.1, ‘+’ indicates a censored data-point (unmated female that was removed, because
the female that she was paired with mated, or because she had not mated within the hour).
(b) Mating table setup consisting of a soybean branch with its terminal leaf removed and an
individual, or a pair, of females with clipped wings. In the picture, the top female success-
fully attracted a male and is mating.
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Similar to our trapping results (FIGURE 2.1), we found that pairs of unattractive
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Statistically, we could not discriminate between the mating time-course of
unattractive females paired with an attractive female, attractive females calling
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attractive females alone and pairs of attractive females. So, for an attractive
female, her time to mating was not significantly affected when calling near
another attractive female, whereas calling in close proximity to an unattrac-
tive female significantly decreased her time to mating.

At what distance is the proximity model effective?
In the wind tunnel, the mating success of unattractive females was measured
as a function of their distance downwind from a lure baited with synthetic
sex pheromone (FIGURE 2.3a). The fitted logistic model had a residual
deviance of 114.76 on 110 degrees of freedom. Treating this deviance as a
chi-square value to test the overall fit of the model, the fitted values were not
significantly different from the observed values (P = 0.36) confirming a good
fit. We also recorded whether males first courted the unattractive female or
the lure. This was impossible to determine at 0 cm, but at 10 and 30 cm
downwind from the lure, respectively 13 and 18.7% of the males that flew
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upwind in the pheromone plume first courted the unattractive female, while
at 50 cm all upwind flying males first courted the lure (FIGURE 2.3b). One of
the 38 tested males that ‘locked on’ to a calling unattractive female made an
unsuccessful mating attempt (no spermatophore was transferred) (FIGURE
S2.1a and S2.1b). There was no significant difference among the distances
in the elapsed time from male release to mating (FIGURE S2.1b, Kruskal-
Wallis chi-squared = 6.09, d.f. = 3, P = 0.11).

Does female calling affect the distance to nearest female neighbours?
In a large cage experiment with flowering Nicotiana attenuate plants, the
position of 20 H. virescens females to their nearest neighbour was compared
to simulated data under the assumption that females would be randomly dis-
tributed in the cage. At the onset of the scotophase and during the following
3 h, females perched on leaves and oviposited, and their positions relative to
their nearest-neighbour were similar to the simulated randomly distributed
females. However, 4-7 h into the scotophase most females were calling and
were significantly closer to their nearest neighbour than randomly distrib-
uted simulated females (Tukey contrasts, P < 0.05) (FIGURE 2.4).
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FIGURE 2.3 – Wind tunnel experiments. (a) Mating success of unattractive females of the
selected line decreases as a function of the distance from the attractive pheromone lure. The
shaded area depicts the 95% CI of the fitted logistic regression model. Random jitter was
added to the binomial response points for clarity (1 = mated, 0 = not mated). (b) Up to 30
cm from the lure, 13-19% of the males first courted the unattractive female.
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DISCUSSION
In this study, we used a unique artificial selection line of female H. virescens.
These females are sexually receptive and emit sex pheromone to attract
males, but are unable to attract males from a distance. Using these females,
we were able to show that male interception, possibly a ‘satellite’ or alterna-
tive strategy, can be a viable strategy in the olfactory domain. We also found
that, as females initiated calling, the distance to their nearest neighbour
decreased significantly. Consistent with our proximity hypothesis, we found
that signalling in close proximity is not beneficial when both females are
attractive, but beneficial to differentially attractive females.

The mating frequency of the unattractive females paired with attractive
females was much lower (17.0%) than of typical attractive females calling
alone (45.2%) or in pairs (54.9%). However, it is important to note that our
experimental design underestimates the mating potential of the unattractive
females, because we always removed the pair of females as soon as one of
the two females mated, which resulted in unattractive females that were
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FIGURE 2.4 – Distance to nearest neighbouring female in a large cage that contained 20 H.
virescens females and 17, evenly distributed, flowering Nicotiana attenuate plants. Females
are initially randomly distributed throughout the cage but as scotophase progresses and the
females start calling the distance to their nearest neighbour decreases. The distribution of
moths differed significantly from the simulated data only during the last four time points
(Tukey contrasts) which coincides with the time that most moths are calling. Legend: H.
virescens represents the distance to nearest neighbour of the female moths; Simulated rep-
resents the distance to the nearest neighbour in a simulated data set where a random distri-
bution throughout the cage was assumed.
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upwind in the pheromone plume first courted the unattractive female, while
at 50 cm all upwind flying males first courted the lure (FIGURE 2.3b). One of
the 38 tested males that ‘locked on’ to a calling unattractive female made an
unsuccessful mating attempt (no spermatophore was transferred) (FIGURE
S2.1a and S2.1b). There was no significant difference among the distances
in the elapsed time from male release to mating (FIGURE S2.1b, Kruskal-
Wallis chi-squared = 6.09, d.f. = 3, P = 0.11).

Does female calling affect the distance to nearest female neighbours?
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position of 20 H. virescens females to their nearest neighbour was compared
to simulated data under the assumption that females would be randomly dis-
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their nearest-neighbour were similar to the simulated randomly distributed
females. However, 4-7 h into the scotophase most females were calling and
were significantly closer to their nearest neighbour than randomly distrib-
uted simulated females (Tukey contrasts, P < 0.05) (FIGURE 2.4).
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FIGURE 2.3 – Wind tunnel experiments. (a) Mating success of unattractive females of the
selected line decreases as a function of the distance from the attractive pheromone lure. The
shaded area depicts the 95% CI of the fitted logistic regression model. Random jitter was
added to the binomial response points for clarity (1 = mated, 0 = not mated). (b) Up to 30
cm from the lure, 13-19% of the males first courted the unattractive female.
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DISCUSSION
In this study, we used a unique artificial selection line of female H. virescens.
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that, as females initiated calling, the distance to their nearest neighbour
decreased significantly. Consistent with our proximity hypothesis, we found
that signalling in close proximity is not beneficial when both females are
attractive, but beneficial to differentially attractive females.

The mating frequency of the unattractive females paired with attractive
females was much lower (17.0%) than of typical attractive females calling
alone (45.2%) or in pairs (54.9%). However, it is important to note that our
experimental design underestimates the mating potential of the unattractive
females, because we always removed the pair of females as soon as one of
the two females mated, which resulted in unattractive females that were

37

Proximity of signallers can maintain...

FIGURE 2.4 – Distance to nearest neighbouring female in a large cage that contained 20 H.
virescens females and 17, evenly distributed, flowering Nicotiana attenuate plants. Females
are initially randomly distributed throughout the cage but as scotophase progresses and the
females start calling the distance to their nearest neighbour decreases. The distribution of
moths differed significantly from the simulated data only during the last four time points
(Tukey contrasts) which coincides with the time that most moths are calling. Legend: H.
virescens represents the distance to nearest neighbour of the female moths; Simulated rep-
resents the distance to the nearest neighbour in a simulated data set where a random distri-
bution throughout the cage was assumed.

RikLievers-ch2_Vera-ch1.qxd  4/19/2021  16:12  Page 37



paired with attractive females being removed disproportionately fast from
the experiment (see FIGURE 2.2).

Our results suggest that H. virescens males make navigational errors
while orienting to an attractive female, which can result in mating an unat-
tractive female calling nearby. This is in line with recent findings in the
European corn borer O. nubilalis25. Ostrinia nubilalis consists of two
pheromone strains and males respond only to the pheromone of their own
strain by starting to fly towards the odour source. However, once males have
locked-on to a pheromone plume, their sensory preference widens and they
continue to fly upwind even when the odour source is switched to the unat-
tractive odour of the other strain25. This is the result of a generalized
response to a changing perception of the pheromone ratio that results from
differential adaptation to the pheromone components25. Adaptation may also
occur in H. virescens males after they locked on to the attractive pheromone.
It is also possible that the pheromone of the unattractive females remains
unattractive, and instead, males that have locked-on to the attractive
pheromone plume visually alight on the unattractive female.

Under the proximity model, it is assumed that some females may position
themselves and call in close proximity to each other. Female moths perceive
their own pheromone26, and they may use this information to position them-
selves relative to their nearest calling neighbour to benefit from the neighbour’s
signalling. Our large cage experiment supported this hypothesis by allowing
females to select resting, oviposition and calling sites on natural host plants.
Similar to the findings of Otter et al.32, we found that the average distance to
the nearest neighbour of calling females declined significantly (by ~50%, to
<20 cm) within 4-7 h of the onset of the scotophase, when most females were
calling. How these laboratory results translate to the field remains to be inves-
tigated, but our results provide empirical support for the hypothesis that
females adjust their calling position to the position of other females.

Whereas male mistakes can explain the mating success of unattractive
females when in close proximity to an attractive female, mistakes cannot
explain our findings that (1) attractive females mated significantly faster
when paired with an unattractive female than when calling alone or when
paired with an attractive female, and (2) unattractive females paired with an
attractive female mated at a similar rate as attractive females alone or in
pairs. Interestingly, our field and wind tunnel experiments provide two inde-
pendent estimates for the magnitude of male mistakes: the mating experi-
ments under field conditions indicate that male mistakes occurred about 17%
of the time (FIGURE 2.2b), while ‘first courting’ in the wind tunnel experi-
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ments provided a similar range of 13–18.7% (FIGURE 2.3b). If male mistakes
were the only mechanism that allowed unattractive females to mate, one
would expect an attractive female alone to mate faster than an attractive
female paired with an unattractive female, because she would not experience
competition from the other female and ‘lose’ 17% of the males that mate
with the nearby unattractive female. Likewise, attractive females that call in
close proximity to each other should experience even more competition and
their time-to-mating should increase even more. These expectations contra-
dict the experimental results and we therefore identify three non-mutually
exclusive mechanisms that, in addition to mating errors, may affect mating
success under the different experimental conditions: (1) Males may maxi-
mize their mating probability and preferentially orient to several females
close to each other; (2) Males may reject females while taking the opportu-
nity cost – that is, the cost of not mating this female and continue the search
for a better female – into account; and (3) Competition among females may
decrease sexual selection on males (see FIGURE S2.2 for simulations of these
scenarios).

Attraction to multiple females. Males may be more attracted to a pair of
females than to a female calling alone, because the odds of being outcompet-
ed by another male are smaller or because two females represent a better
close-range chemical and visual target than one female. Since we cannot dis-
criminate between the mating time-course of attractive females alone and
attractive females in pairs, we can assume that twice as many males arrive at
the paired attractive females (FIGURE S2.2c and d). If an attractive-unattrac-
tive pair also attracts twice as many males (e.g., a better visual close-range
target), attractive females paired with the unattractive females thus encounter
far more males than attractive females alone or attractive females in an
attractive pair, as only 17% of the males make the mistake of mating with the
unattractive female.

Opportunity cost. During the experiment, we often observed several
males courting the same female at the same moment, indicating that compe-
tition among males does occur in the field. Male choice may be affected by
the male’s perceived encounter rate with females, which is higher when he
meets a pair of females than when a male encounters a female alone. Under
no-choice conditions, the perceived opportunity cost of not mating the
encountered female is likely higher, because other females may be far away,
which has been shown to affect sexual selection49,50. However, this perceived
opportunity cost would increase the relative mating success of females alone
compared to females in pairs, which is opposite to what we found.
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Female competition. In several systems where female mate choice has
been found to be plastic, the strength of sexual selection on males positive-
ly correlated with perceived male density51–53. Similarly, perceived female
competition might decrease the strength of sexual selection. As a male H.
virescens arrives near a signalling female, he courts her by displaying his
hairpencil pheromone glands40,41. Based on this behaviour, the female may
accept or reject the male. Females also perceive other females54 and may
respond to female competition by more readily accepting males or by chang-
ing their signalling behaviour55. If female choice contributes to the experi-
mental outcome, an attractive female should reject about twice as many
males when perceiving no competing females compared to when she is
paired with another female (FIGURE S2.2). Interestingly, this means that in
systems characterized by strong female choice, intercepting females that rely
on male navigational errors can increase their mating success even further by
accepting all males.

Importantly, we show that simple experimental manipulation of the spa-
tial organization of females that vary in their attractiveness to males pro-
foundly affects their mating success. Our study is limited by the fact that we
used virgin females with their wings clipped, although this was the same for
all treatments and we used only females that initiated their calling behaviour.
It will be very interesting to determine the generality of our findings under
different conditions and in different species. Lea and Ryan56 recently showed
that the relative preference for two signallers does not remain stable when
additional options are presented: when adding a third inferior signaller to a
choice test using tungara frogs, the presence or absence of this third inferior
signaller reversed the relative preference for two more attractive signallers56.
Thus, being an attractive/superior or unattractive/inferior signaller seems to
be conditional on the number and quality of other signallers and their spatial
organization.

Our results provide the first empirical evidence for a mechanism that can
explain how divergent pheromone blends can be maintained under stabiliz-
ing selection. Male H. virescens likely make navigational errors after being
attracted to a female from a distance, as in O. nubilalis25, and may subse-
quently mate with nearby less attractive or even unattractive females, which
thus relaxes the strength of stabilizing selection on the female pheromone.
This effect is reinforced when male attraction increases with the number of
females calling at one location, or when female sexual selection on males
decreases with increasing female-female competition. In addition, our wind
tunnel experiments indicate that male interception by unattractive females
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can be effective up to a distance of about 30 cm, although this distance may
vary in the field, depending on the density of females and turbulent field con-
ditions. As we hypothesized, both attractive and unattractive females bene-
fitted from calling in close proximity to one another, suggesting that frequen-
cy-dependent selection may facilitate the persistence of rare, less attractive,
phenotypes.

In conclusion, our results indicate that the non-uniformity of male
pheromone preference functions during different phases of his search process
potentially allows for surprisingly large variation in the female pheromone to
persist, even though the overall male preference function appears to exert sta-
bilizing selection on female pheromone. The persistence of female pheromone
variants in the population could give males ample time to widen their response
profile to new pheromone variants, as was observed in T. ni17.
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fitted from calling in close proximity to one another, suggesting that frequen-
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Supplementary material

COMPUTER SIMULATIONS
A simple probabilistic simulation model was constructed in R to explore the
effect of the following variables on the experimental outcome of the mating table
experiments. (1) Male mistakes, i.e., the probability that a male mates a female
that is in close proximity to an attractive female. Our experimental results sug-
gest that this probability is about 17%. (2) Long-range male response, i.e., the
probability that a male locks on to the pheromone plume produced by individual
females or the different pairs of females in the experiments. (3) Short-range male
response, i.e., the probability that a male accepts a female that calls alone or a
female that is part of a pair of females close to each other. Here we assume that
the perceived opportunity cost of rejecting a female that calls alone is higher than
the perceived opportunity cost of rejecting a female that is part of a group of
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FIGURE S2.1 – Wind tunnel experiments showing that (a) Nearly all unattractive females (c
treatment) failed to elicit lock-on behaviour in the males, except for one male, which result-
ed in an unsuccessful mating attempt. All treatments that contained a pheromone lure dif-
fered significantly from the control (Dunnett’s contrast P < 0.001). (b) Time taken by male
from release until mating. Boxes are first and third quartiles, horizontal line in the boxes rep-
resents median, vertical lines represent 95% CI of the median. Kruskal-Wallis test indicat-
ed that there was no significant difference in the time until mating between the different dis-
tances from the lure.
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females. (4) Short-range female response, i.e., the probability that a female
accepts a male, given the competition she perceives of other females in her prox-
imity. After simulations, Kaplan-Meyer curves were generated (FIGURE S2.2).
Overall model parameters and sample size were adjusted so that simulation
results and CI closely resembled the experimental outcome.
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FIGURE S2.2 – Simulation of mating table experiment. To aid in the interpretation of the
experimental results, a simple simulation model was constructed. (a) The experimental
results shown in FIGURE 2.2. (b) Results of null model: males make no mistakes and are only
attracted to attractive females. All females accept all males. Competition among attractive
females reduces the mating time-course of the attractive females that call in close proximi-
ty. (c) Same as null model, but now 17% of the males make mistakes. (d) As null model, but
17% of the males make mistakes and a pair of females attract twice as many males as one
female alone. (e) As null model, but 17% of the males make mistakes and an attractive
female alone rejects twice as many males as females in pairs. (f) Combined effect of (d) and
(e): As null model, but 17% of the males make mistakes and a pair of females attract twice
as many males as one female alone and an attractive female alone rejects twice as many
males as females in pairs. Since the CI is fairly large in the field experiments and the model
was parameterized on the experimental results the scenarios (d), (e) and (f) are qualitative-
ly similar to the results obtained in the field. Abbreviations: A: Attractive YDK females, U
Unattractive females of the selection line.
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females. (4) Short-range female response, i.e., the probability that a female
accepts a male, given the competition she perceives of other females in her prox-
imity. After simulations, Kaplan-Meyer curves were generated (FIGURE S2.2).
Overall model parameters and sample size were adjusted so that simulation
results and CI closely resembled the experimental outcome.
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FIGURE S2.2 – Simulation of mating table experiment. To aid in the interpretation of the
experimental results, a simple simulation model was constructed. (a) The experimental
results shown in FIGURE 2.2. (b) Results of null model: males make no mistakes and are only
attracted to attractive females. All females accept all males. Competition among attractive
females reduces the mating time-course of the attractive females that call in close proximi-
ty. (c) Same as null model, but now 17% of the males make mistakes. (d) As null model, but
17% of the males make mistakes and a pair of females attract twice as many males as one
female alone. (e) As null model, but 17% of the males make mistakes and an attractive
female alone rejects twice as many males as females in pairs. (f) Combined effect of (d) and
(e): As null model, but 17% of the males make mistakes and a pair of females attract twice
as many males as one female alone and an attractive female alone rejects twice as many
males as females in pairs. Since the CI is fairly large in the field experiments and the model
was parameterized on the experimental results the scenarios (d), (e) and (f) are qualitative-
ly similar to the results obtained in the field. Abbreviations: A: Attractive YDK females, U
Unattractive females of the selection line.
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Disposable polydimethylsiloxane (PDMS)

coated fused silica optical fibers for 
sampling pheromones of moths

Rik Lievers & Astrid T. Groot

ABSTRACT – In the past decades, the sex pheromone composition in female
moths has been analyzed by different methods, ranging from volatile collec-
tions to gland extractions, which all have some disadvantage: volatile collec-
tions can generally only be conducted on (small) groups of females to detect
the minor pheromone compounds, whereas gland extractions are destructive.
Direct-contact SPME overcomes some of these disadvantages, but is expen-
sive, the SPME fiber coating can be damaged due to repeated usage, and sam-
ples need to be analyzed relatively quickly after sampling. In this study, we
assessed the suitability of cheap and disposable fused silica optical fibers
coated with 100 µm polydimethylsiloxane (PDMS) by sampling the
pheromone of two noctuid moths, Heliothis virescens and Heliothis subflexa.
By rubbing the disposable PDMS fibers over the pheromone glands of
females that had called for at least 15 minutes and subsequently extracting the
PDMS fibers in hexane, we collected all known pheromone compounds, and
we found a strong positive correlation for most pheromone compounds
between the disposable PDMS fiber rubs and the corresponding gland extracts
of the same females. When comparing this method to volatile collections and
the corresponding gland extracts, we generally found comparable percentages
between the three techniques, with some differences that likely stem from the
chemical properties of the individual pheromone compounds. Hexane extrac-
tion of cheap, disposable, PDMS coated fused silica optical fibers allows for
sampling large quantities of individual females in a short time, eliminates the
need for immediate sample analysis, and enables to use the same sample for
multiple chemical analyses.

PloS one 11.8 (2016): e0161138
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INTRODUCTION
To attract a potential mating partner, female moths emit a species-specific sex
pheromone. Moth sex pheromones usually consist of long-chain fatty acid
derivatives of various compound classes (such as alcohols, aldehydes, and
acetate esters), which are produced in a specified gland at the tip of the female
abdomen and released in specific ratios [1]. To determine the sex pheromone
composition, glands are often destructively extracted by cutting off the gland
and soaking it in organic solvent [2]. The ratios of the compounds found
through this procedure may differ from the blend that is actually released by
the female moth and thus to what the male is actually responding to [3].

Assessment of the emitted and behaviorally active pheromone com-
pounds is often a cumbersome procedure, as moth pheromones are released
in very small quantities [4,5]. Therefore, many studies on emitted volatiles
have been conducted on pools of moths. Common methods to collect
pheromones of pools of calling moths include the use of an airflow to trap
the pheromone on porous polymer sorbents such as TENAX [6], Super-Q
[7], or Porapak-Q [8]. Cardé et al. [9] collected volatiles by rinsing
pheromone adsorbed to the inner walls of the glass flask that had contained
the calling moths. The principle of using a glass surface to collect moth
pheromone has been applied to collect pheromones from individual calling
females as well [4,10,11]. Activated charcoal [5] and Porapak-Q [12] have
also been used to collect pheromone from individual moths. A more recent
innovative method uses a GC column [7].

Since the 1990s, Solid Phase Micro Extraction (SPME) has become
increasingly popular for the sampling of volatile organic compounds. SPME
was originally developed by Arthur and Pawliszyn [13] and uses a silica-
fused fiber coated with a thin film of either a liquid polymer [e.g., polydi-
methylsiloxane (PDMS)] or a porous solid sorbent (e.g., carboxen; see
review by Pawliszyn et al. [14]). Liquid sorbents extract analytes through
absorption, whereas solid sorbents extract analytes through adsorption (see
review by Pawliszyn et al. [14]). SPME has been used for sampling organic
compounds from live organisms, including many insects [15,16]. For exam-
ple, Borg-Karlson and Mozûraitis [17] sampled the pheromone released by
individual female moths from headspace by keeping the SPME fiber a few
millimeters from the gland of a calling female for 2–3 h. For a more recent
example of using SPME to collect moth pheromone from headspace see
[18]. However, these methods are laborious, as the very low amount of
pheromone released by moths requires long extraction times of several
hours. Zhu et al. [19] collected pheromone directly from the gland surface by
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using a filter paper soaked in hexane. Frérot et al. [20] successfully collect-
ed pheromones by rubbing the surface of the gland with SPME fibers, leav-
ing the animal intact. These so-called ‘direct-contact SPME’ samples were
qualitatively and quantitatively similar to solvent extractions. This method
has since been used successfully in a number of studies using various types
of coating: 100 µm PDMS- [21-24], 7 µm PDMS- [20,25], 65 µm CW/DVB-
[26-33], and 50/30 µm DVB/CAR/PDMS-coated fibers [34]. Insect cuticu-
lar hydrocarbons have been sampled successfully this way as well [16].

However, there are some problems with the commercially available
SPME fibers (Supelco, Bellefonte, PA, USA): a) they are expensive, b)
repeated use could cause damage to the coating, and c) they have to be ana-
lyzed relatively quickly compared to other methods [35,36]. In addition, d)
long GC analysis times limit the use of SPME fibers for collecting and ana-
lyzing large numbers of samples in a short amount of time, unless the fibers
are extracted in organic solvent and reused [35]. Therefore, direct-contact
SPME is not widely applied and has only been used for large sample sizes
(N > 50) in a small number of studies [26,28,29,31,33]. To overcome the dis-
advantages, several groups have worked on alternatives to SPME to sample
cuticular hydrocarbons, which include the use of silicone rubber tubing [36]
and self-made uncoated glass fibers [37]. Mayer et al. [38] first exemplified
the use of disposable fused silica optical fibers (for measuring water contam-
inants), which can be bought in bulk rolls that are normally used for data
transmission, and can be cut into custom lengths. Currently, disposable fused
silica optical fibers with two types of coating are commercially available at
various coating thicknesses: Polydimethylsiloxane (PDMS) and
Polyacrylate (PA; Polymicro Technologies Inc., Phoenix, AZ). Disposable
usage of these fused silica optical fibers for sampling pheromone glands
costs a fraction of the original material costs of SPME. Furthermore, ana-
lytes can be desorbed from the fiber using an organic solvent and stored until
GC-analysis [35], without the need to worry about damaging the coating.
This has the additional advantage that the same sample can be used for mul-
tiple analyses such as GC-EAD, GC-MS, or derivatization.

In this study, we assessed the suitability of disposable 100 µm PDMS-
coated fused silica optical fibers (hereafter called disposable PDMS fibers)
by sampling the female pheromone of two noctuid moths, Heliothis
virescens (Hv) and Heliothis subflexa (Hs) (Lepidoptera, Noctuidae). The
pheromone composition of these two species has been well characterized in
the past decades (Hv: [4,5,39-42] and Hs: [5,41,43,44]). The female
pheromone blend of these species contains saturated and unsaturated fatty
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ed pheromones by rubbing the surface of the gland with SPME fibers, leav-
ing the animal intact. These so-called ‘direct-contact SPME’ samples were
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of coating: 100 µm PDMS- [21-24], 7 µm PDMS- [20,25], 65 µm CW/DVB-
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inants), which can be bought in bulk rolls that are normally used for data
transmission, and can be cut into custom lengths. Currently, disposable fused
silica optical fibers with two types of coating are commercially available at
various coating thicknesses: Polydimethylsiloxane (PDMS) and
Polyacrylate (PA; Polymicro Technologies Inc., Phoenix, AZ). Disposable
usage of these fused silica optical fibers for sampling pheromone glands
costs a fraction of the original material costs of SPME. Furthermore, ana-
lytes can be desorbed from the fiber using an organic solvent and stored until
GC-analysis [35], without the need to worry about damaging the coating.
This has the additional advantage that the same sample can be used for mul-
tiple analyses such as GC-EAD, GC-MS, or derivatization.

In this study, we assessed the suitability of disposable 100 µm PDMS-
coated fused silica optical fibers (hereafter called disposable PDMS fibers)
by sampling the female pheromone of two noctuid moths, Heliothis
virescens (Hv) and Heliothis subflexa (Hs) (Lepidoptera, Noctuidae). The
pheromone composition of these two species has been well characterized in
the past decades (Hv: [4,5,39-42] and Hs: [5,41,43,44]). The female
pheromone blend of these species contains saturated and unsaturated fatty
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acid derivatives of various lengths and of various compound classes (aldehy-
des, acetate esters, and alcohols), which represent a wide variety of com-
pounds present in many other moth species as well. We sampled females of
two different lines each of Hv and Hs that share most of the compounds in
their blend, but vary extensively in both the absolute amounts and percent-
ages of the compounds. This large variation allowed us to determine corre-
lations of a large range of percentages of each compound between
pheromone collections through a) disposable PDMS fibers, b) traditional
solvent gland extracts, and c) volatile collections. We found that the dispos-
able PDMS fibers are suitable for collecting secreted pheromone from the
exterior of individual moth pheromone glands, and that the composition of
these pheromone collections is similar to traditional solvent gland extracts
and volatile collections.

MATERIALS AND METHODS
Insects
To test the suitability of disposable PDMS fibers, we sampled female moths
of four different laboratory populations of Hv and Hs (TABLE 3.1): we used
two artificial selection lines of Hv that were constructed to have opposing
ratios between the unsaturated and saturated sex pheromone compounds
[45]. The selection line with high 16:Ald/Z11-16:Ald and 14:Ald/Z9-14:Ald
ratios is referred to as Hv ‘High’ (HvH). Females with low 16:Ald/Z11-
16:Ald and 14:Ald/Z9-14:Ald ratios are referred to as Hv ‘Low’ (HvL). For
Hs, we also used two different lines. One line originated from the Hs rearing
at North Carolina State University [46] to which newly collected larvae from
organic tomatillo plantations in North Carolina were added in July 2014, in
the following indicated as Hs. A second Hs line (HsDD23) was constructed
by introgressing the quantitative trait locus (QTL) for non-acetate production
of Hv, located on chromosome 22, into the genomic background of Hs [47].
The acetates of the resulting HsDD23 line comprised less than 3% of the
total blend [48], compared to up to 42% that can be found in Hs glands
[5,46,49]. In addition, HsDD23 contains significantly more Z11-16:OH than
Hs without this introgressed QTL [47]. In all experiments, we used 2- to 8-
day-old adult virgin female moths from these four different lines. The cul-
tures were kept at 25°C and 60% relative humidity with a reversed 14h:10h
day-night cycle (lights off at 11.00, on at 21.00). Hv larvae were maintained
on a pinto bean based diet, and Hs larvae on a wheat germ/soy flour based
diet (BioServ Inc., Newark, DE, USA). Adult moths were provided with a
cotton roll soaked in 10% sugar water.
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Disposable PDMS fibers
To determine the composition of the pheromone blend collected from the
gland surface, a fused silica optical fiber coated with a 100 µm PDMS layer
(Polymicro Technologies Inc., Phoenix, AZ, USA) was cut into 15 mm
pieces using a scalpel. The fibers were handled with smooth tip forceps (KFI
y. k. tweezers, K-7 No.J 18-8 Stainless Steel; KFI, Japan). Shorter pieces
(e.g., 10 mm) would be sufficient for collecting pheromone, however, 15 mm
pieces allowed a better grip with the forceps. After cutting, the fibers were
placed in a stainless-steel rack in a specifically designed glass conditioning
unit which was originally developed for using disposable PDMS fibers to
sample polycyclic aromatic hydrocarbons from sedimentary pore waters
[50]. The rack holding the fibers was designed such that the fibers did not
come into direct contact with any surface. The glass conditioning unit was
placed into an N2 flow in the oven of an adapted HP5890A gas chromato-
graph (Hewlett-Packard, Palo Alto, CA, USA) (FIGURE S3.1). The condition-
ing protocol was as follows: 35°C (hold for 1 minute), followed by an
increase to 200°C (20°C/minute, hold for 40 minutes). After conditioning,
the fibers were stored in an air-tight glass container (FIGURE S3.2) at room
temperature until use.

PDMS is known to absorb pheromone compounds with different degrees
of efficiency [51], i.e., some compounds can be absorbed by the fiber coating
faster than others. Therefore, we first tested the reproducibility of the method
by absorbing known amounts of a mixture of synthetic pheromone com-
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TABLE 3.1 – Female pheromone composition of HvL, HvH, Hs and HsDD23. Percentage
(mean ± SEM) of each pheromone compound in gland extracts of HvL (data from [45]),
HvH (data from [45]), Hs (data from [46]) and HsDD23 (data from [48]). – indicates that
the pheromone compound was absent or not (reliably) detected.
Compound Abbreviation HvL HvH Hs HsDD23

(n = 28) (n = 30) (n = 49) (n = 86)
tetradecanal 14:Ald 3.6 ± 0.4 18 ± 1 0.2 ± 0 0.4 ± 0
(Z)-9-tetradecenal Z9-14:Ald 6.3 ± 0.4 0.1 ± 0 0.3 ± 0 0.7 ± 0
hexadecanal 16:Ald 6.7 ± 0.5 80 ± 1 2.4 ± 0.1 6.1 ± 0.3
(Z)-7-hexadecenal Z7-16:Ald 2.1 ± 0.3 0.7 ± 0.1 0.5 ± 0 0.6 ± 0
(Z)-9-hexadecenal Z9-16:Ald 0.6 ± 0.1 0.5 ± 0 21 ± 0 14 ± 0
(Z)-11-hexadecenal Z11-16:Ald 69 ± 1 0.5 ± 0.1 49 ± 1 54 ± 1
(Z)-7-hexadecenyl acetate Z7-16:OAc - - 0.5 ± 0.1 0.1 ± 0
(Z)-9-hexadecenyl acetate Z9-16:OAc - - 4.0 ± 0.2 0.2 ± 0
(Z)-11-hexadecenyl acetate Z11-16:OAc - - 11 ± 1 1 ± 0.1
(Z)-9-hexadecen-1-ol Z9-16:OH - - 1.5 ± 0.1 -
(Z)-11-hexadecen-1-ol Z11-16:OH 12 ± 1 0.2 ± 0 9.4 ± 0.3 23 ± 1
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acid derivatives of various lengths and of various compound classes (aldehy-
des, acetate esters, and alcohols), which represent a wide variety of com-
pounds present in many other moth species as well. We sampled females of
two different lines each of Hv and Hs that share most of the compounds in
their blend, but vary extensively in both the absolute amounts and percent-
ages of the compounds. This large variation allowed us to determine corre-
lations of a large range of percentages of each compound between
pheromone collections through a) disposable PDMS fibers, b) traditional
solvent gland extracts, and c) volatile collections. We found that the dispos-
able PDMS fibers are suitable for collecting secreted pheromone from the
exterior of individual moth pheromone glands, and that the composition of
these pheromone collections is similar to traditional solvent gland extracts
and volatile collections.

MATERIALS AND METHODS
Insects
To test the suitability of disposable PDMS fibers, we sampled female moths
of four different laboratory populations of Hv and Hs (TABLE 3.1): we used
two artificial selection lines of Hv that were constructed to have opposing
ratios between the unsaturated and saturated sex pheromone compounds
[45]. The selection line with high 16:Ald/Z11-16:Ald and 14:Ald/Z9-14:Ald
ratios is referred to as Hv ‘High’ (HvH). Females with low 16:Ald/Z11-
16:Ald and 14:Ald/Z9-14:Ald ratios are referred to as Hv ‘Low’ (HvL). For
Hs, we also used two different lines. One line originated from the Hs rearing
at North Carolina State University [46] to which newly collected larvae from
organic tomatillo plantations in North Carolina were added in July 2014, in
the following indicated as Hs. A second Hs line (HsDD23) was constructed
by introgressing the quantitative trait locus (QTL) for non-acetate production
of Hv, located on chromosome 22, into the genomic background of Hs [47].
The acetates of the resulting HsDD23 line comprised less than 3% of the
total blend [48], compared to up to 42% that can be found in Hs glands
[5,46,49]. In addition, HsDD23 contains significantly more Z11-16:OH than
Hs without this introgressed QTL [47]. In all experiments, we used 2- to 8-
day-old adult virgin female moths from these four different lines. The cul-
tures were kept at 25°C and 60% relative humidity with a reversed 14h:10h
day-night cycle (lights off at 11.00, on at 21.00). Hv larvae were maintained
on a pinto bean based diet, and Hs larvae on a wheat germ/soy flour based
diet (BioServ Inc., Newark, DE, USA). Adult moths were provided with a
cotton roll soaked in 10% sugar water.
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Disposable PDMS fibers
To determine the composition of the pheromone blend collected from the
gland surface, a fused silica optical fiber coated with a 100 µm PDMS layer
(Polymicro Technologies Inc., Phoenix, AZ, USA) was cut into 15 mm
pieces using a scalpel. The fibers were handled with smooth tip forceps (KFI
y. k. tweezers, K-7 No.J 18-8 Stainless Steel; KFI, Japan). Shorter pieces
(e.g., 10 mm) would be sufficient for collecting pheromone, however, 15 mm
pieces allowed a better grip with the forceps. After cutting, the fibers were
placed in a stainless-steel rack in a specifically designed glass conditioning
unit which was originally developed for using disposable PDMS fibers to
sample polycyclic aromatic hydrocarbons from sedimentary pore waters
[50]. The rack holding the fibers was designed such that the fibers did not
come into direct contact with any surface. The glass conditioning unit was
placed into an N2 flow in the oven of an adapted HP5890A gas chromato-
graph (Hewlett-Packard, Palo Alto, CA, USA) (FIGURE S3.1). The condition-
ing protocol was as follows: 35°C (hold for 1 minute), followed by an
increase to 200°C (20°C/minute, hold for 40 minutes). After conditioning,
the fibers were stored in an air-tight glass container (FIGURE S3.2) at room
temperature until use.

PDMS is known to absorb pheromone compounds with different degrees
of efficiency [51], i.e., some compounds can be absorbed by the fiber coating
faster than others. Therefore, we first tested the reproducibility of the method
by absorbing known amounts of a mixture of synthetic pheromone com-
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TABLE 3.1 – Female pheromone composition of HvL, HvH, Hs and HsDD23. Percentage
(mean ± SEM) of each pheromone compound in gland extracts of HvL (data from [45]),
HvH (data from [45]), Hs (data from [46]) and HsDD23 (data from [48]). – indicates that
the pheromone compound was absent or not (reliably) detected.
Compound Abbreviation HvL HvH Hs HsDD23

(n = 28) (n = 30) (n = 49) (n = 86)
tetradecanal 14:Ald 3.6 ± 0.4 18 ± 1 0.2 ± 0 0.4 ± 0
(Z)-9-tetradecenal Z9-14:Ald 6.3 ± 0.4 0.1 ± 0 0.3 ± 0 0.7 ± 0
hexadecanal 16:Ald 6.7 ± 0.5 80 ± 1 2.4 ± 0.1 6.1 ± 0.3
(Z)-7-hexadecenal Z7-16:Ald 2.1 ± 0.3 0.7 ± 0.1 0.5 ± 0 0.6 ± 0
(Z)-9-hexadecenal Z9-16:Ald 0.6 ± 0.1 0.5 ± 0 21 ± 0 14 ± 0
(Z)-11-hexadecenal Z11-16:Ald 69 ± 1 0.5 ± 0.1 49 ± 1 54 ± 1
(Z)-7-hexadecenyl acetate Z7-16:OAc - - 0.5 ± 0.1 0.1 ± 0
(Z)-9-hexadecenyl acetate Z9-16:OAc - - 4.0 ± 0.2 0.2 ± 0
(Z)-11-hexadecenyl acetate Z11-16:OAc - - 11 ± 1 1 ± 0.1
(Z)-9-hexadecen-1-ol Z9-16:OH - - 1.5 ± 0.1 -
(Z)-11-hexadecen-1-ol Z11-16:OH 12 ± 1 0.2 ± 0 9.4 ± 0.3 23 ± 1
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pounds (obtained from Pherobank, Wijk bij Duurstede, The Netherlands)
from aluminum foil. We pipetted 2 µL of hexane (Rotisolv HPLC; Carl Roth,
Karlsruhe, Germany) containing a total of about 330 ng of the synthetic
pheromone blend onto the foil. The blend consisted of approximately equal
ratios of pheromone compounds. After the hexane was evaporated, the foil
was rubbed with the fiber for 1, 2, or 4 minutes. Each fiber was subsequent-
ly placed in a glass micro-volume vial insert (self-made from 150 mm
VOLAC glass pasteur pipettes) containing 50 μL hexane and 200 ng pentade-
cane as internal standard. As a control, 2 µL of the synthetic pheromone blend
was added directly to 50 μL hexane with internal standard. The inserts were
placed in a 4 mL screw neck vial (Grace Discovery Sciences, Columbia, MD,
USA) and capped with a solid top polypropylene cap with a TFE (tetrafluo-
roethylene)/silicone-bonded interseal (Grace Discovery Sciences). The fibers
were then rinsed by gently tilting the insert a couple of times. After 30-60
minutes, fibers were rinsed again and removed from the insert and extracts
were stored at -20°C until analysis (not longer than 2 weeks).

Secreted pheromone present on the gland surface was collected 4–8 h
into scotophase. After observing females calling for at least 15 minutes,
glands were extruded by gently squeezing the abdomen with forceps
(Dumont #55 forceps INOX; Fine Science Tools, Heidelberg, Germany)
equipped with two cotton rolls (FIGURE S3.3). Glands were rubbed with the
fiber for at least 2 minutes, using all sides of the fiber. The pheromone was
then desorbed from the fiber in hexane, as described above. We refer to these
collections of secreted pheromone as ‘PDMS rubs’. To confirm that the
fibers were clean, we extracted blank fibers as control.

Gland extracts
To determine the relationship between PDMS rubs and the gland extracts,
the rubbed glands were excised directly after the PDMS rubs. Female glands
were extruded by gently squeezing the abdomen with three fingers. The
extruded glands were fixed by firmly holding the abdomen with forceps
(Dumont #55 forceps INOX; Fine Science Tools) just anterior of the gland
and excised with microdissection scissors (Vannas-Tübingen spring scissors,
5 mm Blades; Fine Science Tools). Excess abdominal tissue and eggs that
remained in the ovipositor were removed, after which the glands were
submerged in 50 μL hexane and 200 ng pentadecane as internal standard, as
described for the PDMS fibers above. After 30-60 minutes, the glands were
removed and the extracts stored at -20°C until analysis.
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Volatile collections
To determine the relationship between gland content and volatile emission of
the female pheromone, headspace collections were conducted by pushing air
from a compressed air tap through 100 mL glass bottles containing 2-5 vir-
gin females. The airflow was controlled at 0.4 L/minute in each bottle. The
Teflon tubings were connected by using stainless steel adapters (IQSG-M54;
Jenpneumatik, Jena, Germany). The incoming air was purified by an activat-
ed charcoal filter before entering the bottles. Pheromones were trapped using
Porapak-Q packed volatile collection traps obtained from Volatile Collection
Trap LLC (FL, USA). The traps consisted of a borosilicate glass tube (1/4’
OD × 3’) with a 325 mesh Stainless Steel 316 screen and were packed with
20 mg Porapak-Q (Grace Discovery Sciences). The Porapak-Q was held in
place with a borosilicate glass wool plug and a PTFE -Teflon compression
seal. Pheromones emitted from 2-5 calling females were collected for 2–3 h
between the 3rd and 7th hour of scotophase for Hs, and between the 4th and
8th hour of scotophase for Hv, as we observed that females called most
actively in the bottles during these hours. The Porapak-Q traps were eluted
using 200 µL hexane, containing 200 ng pentadecane as internal standard.
The last drops remaining in the trap were pushed out with a gentle flow of
N2. Between volatile collections, the traps were cleaned with 2 mL
dichloromethane (Rotisolv HPLC; Carl Roth) and 1 mL hexane. Traps were
dried using a gentle flow of N2. Before the start of each sampling, a 200 µL
hexane eluate was taken from every Porapak-Q trap and analysed to confirm
that the traps were clean. We refer to the pheromone samples collected by
this method as ‘volatile collections’. The 200 µL eluates were subsequently
processed the same way as the PDMS rubs and gland extracts. Directly after
sampling, the glands of all females used in the volatile experiments were
excised and extracted as described above. Hs glands were thus extracted
between the 5th and the 7th hour of scotophase, and Hv glands between the
6th and the 8th hour of scotophase. After each volatile collection, the bottles
were cleaned with detergent (Labosol S; NeoLab, Heidelberg, Germany) and
rinsed thoroughly with demineralized water, dried in a 60°C oven, after
which clean air was pushed through the setup for at least 1 h before using the
bottles for new volatile collections. Blank samples from bottles without
moths were taken to confirm that the bottles were clean.

GC analysis
For pheromone analysis, the volume of all extracts was reduced to 1-2 μL
under a gentle stream of nitrogen. To prevent evaporation, the 1-2 μL sam-
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pounds (obtained from Pherobank, Wijk bij Duurstede, The Netherlands)
from aluminum foil. We pipetted 2 µL of hexane (Rotisolv HPLC; Carl Roth,
Karlsruhe, Germany) containing a total of about 330 ng of the synthetic
pheromone blend onto the foil. The blend consisted of approximately equal
ratios of pheromone compounds. After the hexane was evaporated, the foil
was rubbed with the fiber for 1, 2, or 4 minutes. Each fiber was subsequent-
ly placed in a glass micro-volume vial insert (self-made from 150 mm
VOLAC glass pasteur pipettes) containing 50 μL hexane and 200 ng pentade-
cane as internal standard. As a control, 2 µL of the synthetic pheromone blend
was added directly to 50 μL hexane with internal standard. The inserts were
placed in a 4 mL screw neck vial (Grace Discovery Sciences, Columbia, MD,
USA) and capped with a solid top polypropylene cap with a TFE (tetrafluo-
roethylene)/silicone-bonded interseal (Grace Discovery Sciences). The fibers
were then rinsed by gently tilting the insert a couple of times. After 30-60
minutes, fibers were rinsed again and removed from the insert and extracts
were stored at -20°C until analysis (not longer than 2 weeks).

Secreted pheromone present on the gland surface was collected 4–8 h
into scotophase. After observing females calling for at least 15 minutes,
glands were extruded by gently squeezing the abdomen with forceps
(Dumont #55 forceps INOX; Fine Science Tools, Heidelberg, Germany)
equipped with two cotton rolls (FIGURE S3.3). Glands were rubbed with the
fiber for at least 2 minutes, using all sides of the fiber. The pheromone was
then desorbed from the fiber in hexane, as described above. We refer to these
collections of secreted pheromone as ‘PDMS rubs’. To confirm that the
fibers were clean, we extracted blank fibers as control.

Gland extracts
To determine the relationship between PDMS rubs and the gland extracts,
the rubbed glands were excised directly after the PDMS rubs. Female glands
were extruded by gently squeezing the abdomen with three fingers. The
extruded glands were fixed by firmly holding the abdomen with forceps
(Dumont #55 forceps INOX; Fine Science Tools) just anterior of the gland
and excised with microdissection scissors (Vannas-Tübingen spring scissors,
5 mm Blades; Fine Science Tools). Excess abdominal tissue and eggs that
remained in the ovipositor were removed, after which the glands were
submerged in 50 μL hexane and 200 ng pentadecane as internal standard, as
described for the PDMS fibers above. After 30-60 minutes, the glands were
removed and the extracts stored at -20°C until analysis.
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Volatile collections
To determine the relationship between gland content and volatile emission of
the female pheromone, headspace collections were conducted by pushing air
from a compressed air tap through 100 mL glass bottles containing 2-5 vir-
gin females. The airflow was controlled at 0.4 L/minute in each bottle. The
Teflon tubings were connected by using stainless steel adapters (IQSG-M54;
Jenpneumatik, Jena, Germany). The incoming air was purified by an activat-
ed charcoal filter before entering the bottles. Pheromones were trapped using
Porapak-Q packed volatile collection traps obtained from Volatile Collection
Trap LLC (FL, USA). The traps consisted of a borosilicate glass tube (1/4’
OD × 3’) with a 325 mesh Stainless Steel 316 screen and were packed with
20 mg Porapak-Q (Grace Discovery Sciences). The Porapak-Q was held in
place with a borosilicate glass wool plug and a PTFE -Teflon compression
seal. Pheromones emitted from 2-5 calling females were collected for 2–3 h
between the 3rd and 7th hour of scotophase for Hs, and between the 4th and
8th hour of scotophase for Hv, as we observed that females called most
actively in the bottles during these hours. The Porapak-Q traps were eluted
using 200 µL hexane, containing 200 ng pentadecane as internal standard.
The last drops remaining in the trap were pushed out with a gentle flow of
N2. Between volatile collections, the traps were cleaned with 2 mL
dichloromethane (Rotisolv HPLC; Carl Roth) and 1 mL hexane. Traps were
dried using a gentle flow of N2. Before the start of each sampling, a 200 µL
hexane eluate was taken from every Porapak-Q trap and analysed to confirm
that the traps were clean. We refer to the pheromone samples collected by
this method as ‘volatile collections’. The 200 µL eluates were subsequently
processed the same way as the PDMS rubs and gland extracts. Directly after
sampling, the glands of all females used in the volatile experiments were
excised and extracted as described above. Hs glands were thus extracted
between the 5th and the 7th hour of scotophase, and Hv glands between the
6th and the 8th hour of scotophase. After each volatile collection, the bottles
were cleaned with detergent (Labosol S; NeoLab, Heidelberg, Germany) and
rinsed thoroughly with demineralized water, dried in a 60°C oven, after
which clean air was pushed through the setup for at least 1 h before using the
bottles for new volatile collections. Blank samples from bottles without
moths were taken to confirm that the bottles were clean.

GC analysis
For pheromone analysis, the volume of all extracts was reduced to 1-2 μL
under a gentle stream of nitrogen. To prevent evaporation, the 1-2 μL sam-
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ples were taken up together with 1-2 μL octane (Anhydrous 99+%; Sigma-
Aldrich, Saint Louis, MO, USA) with a 10 μL syringe (701SN 26S GA 2’
needle; Hamilton, Bonaduz, Switzerland). The total volume of 2-4 μL was
placed in a 50 μL glass insert (27 × 4 mm; Chromatographie Zubehör Trott,
Kriftel, Germany), which was placed in a metal spring (35 × 5 mm; Grace
Discovery Sciences) within a 2 mL glass crimp vial (Screening Devices BV,
Amersfoort, The Netherlands), capped with an 11 mm aluminum crimp cap
and a PTFE (tetrafluoroethylene) septum (Screening Devices BV). The
extracts where then injected with an Agilent 7693A Automatic Liquid
Sampler into a splitless inlet of a 7890A gas chromatograph (GC; Agilent
Technologies, Santa Clara, CA, USA). Between samples, the syringe was
cleaned by flushing 10x with acetone (Rotisolv HPLC; Carl Roth) and 10x
with hexane.

The GC was equipped with an Agilent DB-WAXetr (extended tempera-
ture range) column of 30 m × 0.25 mm × 0.25 µm coupled with a flame ion-
ization detector (FID) at 250°C. The program was as follows: 60°C (hold for
2 minutes) to 180°C (30°C/minute), followed by an increase of temperature
to 230°C (5°C/minute). Between samples, the column was heated to 245°C
for 15 minutes (20°C/minute). Before and after every series of injections, we
injected a blend of authentic standards (Pherobank) of all Hv and Hs
pheromone compounds to check the retention times and identify the com-
pounds in the extracts. Areas under the pheromone peaks were determined
using Agilent ChemStation (v.B.04.03).

Data analysis
The recovery yield of synthetic pheromone compounds from aluminum foil
after 1, 2, and 4 minutes was expressed as a percentage of the total amount
present in the control synthetic pheromone blend. The net amount of each
compound was calculated relative to 200 ng pentadecane internal standard.
To determine the repeatability of the pheromone composition at a rubbing
time, the ratio of each compound relative to Z11-16:Ald was calculated.
Differences between rubbing times were analyzed using a one-way ANOVA,
with separation of means using Tukey’s adjustment for multiple compar-
isons.

As the total amount of pheromone varies greatly among female moths in
general, even within treatments [5,52], and the ratio of the pheromone com-
ponents is crucial for the attraction of males [1], the effect of the sampling
methods on the percentage of each compound in the female pheromone
blend was tested by setting the total amount of pheromone at 100%, after
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which the values were log10 transformed to stabilize the variance. The net
amount of pheromone was calculated relative to the 200 ng pentadecane
internal standard. A multivariate ANOVA (MANOVA) was used to deter-
mine overall differences in pheromone composition between the three differ-
ent sampling techniques. All pheromone compounds were then compared
separately by a univariate ANOVA with separation of means using Tukey’s
adjustment for multiple comparisons. All statistical analyses were conducted
in IBM SPSS Statistics v.21.

For every pheromone sample, we calculated the ratio of each pheromone
compound relative to Z11-16:Ald. We subsequently determined the correla-
tions between the ratios of the PDMS rubs and the corresponding gland
extracts. To determine the correlation between the ratios of the volatile col-
lections and the corresponding gland extracts, we used the average of the
gland extracts of 2-5 females in each bottle. Spearman’s rank correlation
coefficients were calculated and plotted in SigmaPlot v.13 (Systat Software
Inc., San Jose, CA, USA).

RESULTS & DISCUSSION
The usefulness of direct-contact SPME in moth chemical ecology has
already been demonstrated in a number of studies [16,20]. However, we
introduce the use of cheap, disposable, PDMS-coated fused silica optical
fibers to overcome the disadvantages of SPME fibers. By using disposable
PDMS fibers, analytes can be extracted in hexane in the same way as gland
extracts, which eliminates the need for immediate sample analysis, and
allows for sampling large numbers of individuals simultaneously. This could
be particularly useful for collecting large numbers of samples in the field, as
the fibers can be wrapped in aluminum foil (e.g., [26]) and brought to the lab
where they can be extracted in hexane. In addition, the hexane extracts of the
disposable PDMS fibers can be used for multiple analyses. Also, the dispos-
able PDMS fibers can be cut into custom lengths for specific purposes. To
further simplify our method, the fibers could probably also be cleaned by
rinsing for 10 minutes in analytical grade methanol and twice in Millipore
grade water, following Mayer et al [38], although we did not try this.

By rubbing with disposable PDMS fibers, we collected all pheromone
compounds of Hs and Hv from aluminum foil (FIGURE 3.1). The recovery
yields of synthetic compounds from aluminum foil ranged from 62-81%
after 1 minute of rubbing, to 73-93% after 4 minutes (FIGURE 3.1). The net
amount of each pheromone compound is given in TABLE S3.1. We found sig-
nificant differences between the ratios in samples collected after 1 and 2
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ples were taken up together with 1-2 μL octane (Anhydrous 99+%; Sigma-
Aldrich, Saint Louis, MO, USA) with a 10 μL syringe (701SN 26S GA 2’
needle; Hamilton, Bonaduz, Switzerland). The total volume of 2-4 μL was
placed in a 50 μL glass insert (27 × 4 mm; Chromatographie Zubehör Trott,
Kriftel, Germany), which was placed in a metal spring (35 × 5 mm; Grace
Discovery Sciences) within a 2 mL glass crimp vial (Screening Devices BV,
Amersfoort, The Netherlands), capped with an 11 mm aluminum crimp cap
and a PTFE (tetrafluoroethylene) septum (Screening Devices BV). The
extracts where then injected with an Agilent 7693A Automatic Liquid
Sampler into a splitless inlet of a 7890A gas chromatograph (GC; Agilent
Technologies, Santa Clara, CA, USA). Between samples, the syringe was
cleaned by flushing 10x with acetone (Rotisolv HPLC; Carl Roth) and 10x
with hexane.

The GC was equipped with an Agilent DB-WAXetr (extended tempera-
ture range) column of 30 m × 0.25 mm × 0.25 µm coupled with a flame ion-
ization detector (FID) at 250°C. The program was as follows: 60°C (hold for
2 minutes) to 180°C (30°C/minute), followed by an increase of temperature
to 230°C (5°C/minute). Between samples, the column was heated to 245°C
for 15 minutes (20°C/minute). Before and after every series of injections, we
injected a blend of authentic standards (Pherobank) of all Hv and Hs
pheromone compounds to check the retention times and identify the com-
pounds in the extracts. Areas under the pheromone peaks were determined
using Agilent ChemStation (v.B.04.03).

Data analysis
The recovery yield of synthetic pheromone compounds from aluminum foil
after 1, 2, and 4 minutes was expressed as a percentage of the total amount
present in the control synthetic pheromone blend. The net amount of each
compound was calculated relative to 200 ng pentadecane internal standard.
To determine the repeatability of the pheromone composition at a rubbing
time, the ratio of each compound relative to Z11-16:Ald was calculated.
Differences between rubbing times were analyzed using a one-way ANOVA,
with separation of means using Tukey’s adjustment for multiple compar-
isons.

As the total amount of pheromone varies greatly among female moths in
general, even within treatments [5,52], and the ratio of the pheromone com-
ponents is crucial for the attraction of males [1], the effect of the sampling
methods on the percentage of each compound in the female pheromone
blend was tested by setting the total amount of pheromone at 100%, after
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which the values were log10 transformed to stabilize the variance. The net
amount of pheromone was calculated relative to the 200 ng pentadecane
internal standard. A multivariate ANOVA (MANOVA) was used to deter-
mine overall differences in pheromone composition between the three differ-
ent sampling techniques. All pheromone compounds were then compared
separately by a univariate ANOVA with separation of means using Tukey’s
adjustment for multiple comparisons. All statistical analyses were conducted
in IBM SPSS Statistics v.21.

For every pheromone sample, we calculated the ratio of each pheromone
compound relative to Z11-16:Ald. We subsequently determined the correla-
tions between the ratios of the PDMS rubs and the corresponding gland
extracts. To determine the correlation between the ratios of the volatile col-
lections and the corresponding gland extracts, we used the average of the
gland extracts of 2-5 females in each bottle. Spearman’s rank correlation
coefficients were calculated and plotted in SigmaPlot v.13 (Systat Software
Inc., San Jose, CA, USA).

RESULTS & DISCUSSION
The usefulness of direct-contact SPME in moth chemical ecology has
already been demonstrated in a number of studies [16,20]. However, we
introduce the use of cheap, disposable, PDMS-coated fused silica optical
fibers to overcome the disadvantages of SPME fibers. By using disposable
PDMS fibers, analytes can be extracted in hexane in the same way as gland
extracts, which eliminates the need for immediate sample analysis, and
allows for sampling large numbers of individuals simultaneously. This could
be particularly useful for collecting large numbers of samples in the field, as
the fibers can be wrapped in aluminum foil (e.g., [26]) and brought to the lab
where they can be extracted in hexane. In addition, the hexane extracts of the
disposable PDMS fibers can be used for multiple analyses. Also, the dispos-
able PDMS fibers can be cut into custom lengths for specific purposes. To
further simplify our method, the fibers could probably also be cleaned by
rinsing for 10 minutes in analytical grade methanol and twice in Millipore
grade water, following Mayer et al [38], although we did not try this.

By rubbing with disposable PDMS fibers, we collected all pheromone
compounds of Hs and Hv from aluminum foil (FIGURE 3.1). The recovery
yields of synthetic compounds from aluminum foil ranged from 62-81%
after 1 minute of rubbing, to 73-93% after 4 minutes (FIGURE 3.1). The net
amount of each pheromone compound is given in TABLE S3.1. We found sig-
nificant differences between the ratios in samples collected after 1 and 2
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minutes of rubbing for Z9-16:Ald, Z7-16:OAc, Z9-16:OAc, and Z11-
16:OAc (P = 0.007, 0.008, 0.014, and 0.016, respectively), but not between
2 and 4 minutes of rubbing. Therefore, we rubbed the moth glands for at least
2 minutes. However, compared to the control blend (synthetic pheromone
blend directly added to hexane), the ratios of C14 aldehydes and the alcohols
differed significantly from the 4 minute rubs (14:Ald P = 0.002, Z9-14:Ald
P = 0.004, Z9-16:OH P = 0.006, and Z11-16:OH P = 0.004), indicating that
these compounds were taken up the least effective by the disposable PDMS
fiber (FIGURE 3.1).
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FIGURE 3.1 – Percentage (mean ± SEM) of synthetic pheromone recovered from aluminum
foil after 1 minute (n = 10), 2 minutes (n = 9), and 4 minutes (n = 10) of rubbing with a dis-
posable PDMS fiber. Percentages were calculated relative to the average amount of each
compound (set at 100%) present in 2 µL of a synthetic pheromone blend (n = 9).

FIGURE 3.2 – Correlations of ratios of pheromone compounds (relative to the major sex
pheromone component Z11-16:Ald) between PDMS rubs and gland extracts (○) and
between volatile collections and gland extracts (●). Spearman’s rank correlation coefficients
(rs) and corresponding significances (P) are given for PDMS rubs and volatile collections
separately. Gland extracts corresponding to the volatiles represent the mean ratio (± SEM)
of 2-5 females from which the volatiles were collected simultaneously. n = 95 for PDMS
rubs and n = 50 for volatile collections.
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minutes of rubbing for Z9-16:Ald, Z7-16:OAc, Z9-16:OAc, and Z11-
16:OAc (P = 0.007, 0.008, 0.014, and 0.016, respectively), but not between
2 and 4 minutes of rubbing. Therefore, we rubbed the moth glands for at least
2 minutes. However, compared to the control blend (synthetic pheromone
blend directly added to hexane), the ratios of C14 aldehydes and the alcohols
differed significantly from the 4 minute rubs (14:Ald P = 0.002, Z9-14:Ald
P = 0.004, Z9-16:OH P = 0.006, and Z11-16:OH P = 0.004), indicating that
these compounds were taken up the least effective by the disposable PDMS
fiber (FIGURE 3.1).
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FIGURE 3.1 – Percentage (mean ± SEM) of synthetic pheromone recovered from aluminum
foil after 1 minute (n = 10), 2 minutes (n = 9), and 4 minutes (n = 10) of rubbing with a dis-
posable PDMS fiber. Percentages were calculated relative to the average amount of each
compound (set at 100%) present in 2 µL of a synthetic pheromone blend (n = 9).

FIGURE 3.2 – Correlations of ratios of pheromone compounds (relative to the major sex
pheromone component Z11-16:Ald) between PDMS rubs and gland extracts (○) and
between volatile collections and gland extracts (●). Spearman’s rank correlation coefficients
(rs) and corresponding significances (P) are given for PDMS rubs and volatile collections
separately. Gland extracts corresponding to the volatiles represent the mean ratio (± SEM)
of 2-5 females from which the volatiles were collected simultaneously. n = 95 for PDMS
rubs and n = 50 for volatile collections.
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For most compounds in the pheromone blend of female moths, there was
a high positive correlation of the ratios relative to Z11-16:Ald between the
PDMS rubs and the corresponding gland extracts, as well as between the
volatile collections and the corresponding gland extracts (FIGURE 3.2).
Spearman’s rank correlation coefficients for the aldehydes and acetate esters
ranged from 0.71 to 0.96 for PDMS rubs, and from 0.81 to 0.96 for volatile
collections. Furthermore, we found that the percentages of the compounds in
the blends were comparable between the three techniques (FIGURE 3.3).
Representative chromatograms of the pheromone blend of Hs for each sam-
pling technique are given in FIGURE S3.4. However, a significant difference
was found in the overall pheromone composition of all lines between sam-
pling techniques (P < 0.001).
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FIGURE 3.3 – Percentage (mean ± SEM) of each pheromone compound of the total amount
of pheromone in PDMS rubs, volatiles collections and the corresponding gland extracts. For
PDMS rubs, HvH: n = 20, HvL: n = 21, Hs: n = 21, and HsDD23: n = 32. For volatile col-
lections, HvH: n = 14, HvL: n = 13, Hs: n = 13, and HsDD23: n = 11. Different letters indi-
cate significant differences between sampling techniques (P < 0.05). An asterisk (*) indi-
cates that the percentage of the compound could not be reliably determined.
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Although the calculated net amount of pheromone is highly variable
between individuals, we found consistent differences between the sampling
techniques and between Hv and Hs (TABLE S3.2 and FIGURE S3.5). In HvH,
significantly less pheromone was sampled by PDMS rubs compared to the
corresponding gland extracts, whereas in Hs there was no difference between
PDMS rubs and gland extracts. Probably, the secretion rate of Hs is higher
compared to Hv, as was earlier shown by Heath et al. [5]. The total amount
of volatiles collected was significantly lower compared to the corresponding
gland extracts and the PDMS rubs.

Some of the differences that we found between the three techniques may
have resulted from the experimental procedure. Volatiles were compared
with the average pheromone composition of a pool of 2–5 moths, which
could be a potential source of error, as it is unlikely that all moths contributed
equally to the volatile collections. Sampling time could be an additional
source of error, as volatiles were always collected during the 2–3 h prior to
gland extracts. Some of the differences between gland extracts after PDMS
rubs and after volatile collections could be explained by the fact that the
secreted pheromone on the outside of the gland was mostly removed by
PDMS rubbing, whereas the secreted pheromone was still present after
volatile collections. Differences that we found between the three methods
may also be explained by the chemical properties of the different com-
pounds. Below we describe these differences per class of pheromone com-
pound, viz. aldehydes, acetate esters, and alcohols.

Aldehydes
In both species, the highest percentages of C14 aldehydes were detected in
volatile collections (FIGURE 3.3), which were lower in PDMS rubs and low-
est in the gland extracts, at least in Hv (FIGURE 3.3). The C16 aldehydes
showed fewer consistent differences between the sampling techniques.
Unsaturated C16 aldehydes were generally detected in higher percentages in
volatile collections and PDMS rubs than in the corresponding gland extracts
in all four lines, with the exception of HvL (FIGURE 3.3). Saturated 16:Ald is
the most abundant pheromone compound in HvH, and was found in a lower
percentage in volatile collections and PDMS rubs compared to the gland
extracts in these females, whereas it was higher in PDMS rubs than in
volatile collections in both HvL and HvH (FIGURE 3.3).

As we calculated the percentages by setting the total amount of
pheromone at 100%, the percentage of C16 aldehydes depended on the dif-
ferences in the percentages of the other compounds, particularly the C14
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For most compounds in the pheromone blend of female moths, there was
a high positive correlation of the ratios relative to Z11-16:Ald between the
PDMS rubs and the corresponding gland extracts, as well as between the
volatile collections and the corresponding gland extracts (FIGURE 3.2).
Spearman’s rank correlation coefficients for the aldehydes and acetate esters
ranged from 0.71 to 0.96 for PDMS rubs, and from 0.81 to 0.96 for volatile
collections. Furthermore, we found that the percentages of the compounds in
the blends were comparable between the three techniques (FIGURE 3.3).
Representative chromatograms of the pheromone blend of Hs for each sam-
pling technique are given in FIGURE S3.4. However, a significant difference
was found in the overall pheromone composition of all lines between sam-
pling techniques (P < 0.001).
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FIGURE 3.3 – Percentage (mean ± SEM) of each pheromone compound of the total amount
of pheromone in PDMS rubs, volatiles collections and the corresponding gland extracts. For
PDMS rubs, HvH: n = 20, HvL: n = 21, Hs: n = 21, and HsDD23: n = 32. For volatile col-
lections, HvH: n = 14, HvL: n = 13, Hs: n = 13, and HsDD23: n = 11. Different letters indi-
cate significant differences between sampling techniques (P < 0.05). An asterisk (*) indi-
cates that the percentage of the compound could not be reliably determined.
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Although the calculated net amount of pheromone is highly variable
between individuals, we found consistent differences between the sampling
techniques and between Hv and Hs (TABLE S3.2 and FIGURE S3.5). In HvH,
significantly less pheromone was sampled by PDMS rubs compared to the
corresponding gland extracts, whereas in Hs there was no difference between
PDMS rubs and gland extracts. Probably, the secretion rate of Hs is higher
compared to Hv, as was earlier shown by Heath et al. [5]. The total amount
of volatiles collected was significantly lower compared to the corresponding
gland extracts and the PDMS rubs.

Some of the differences that we found between the three techniques may
have resulted from the experimental procedure. Volatiles were compared
with the average pheromone composition of a pool of 2–5 moths, which
could be a potential source of error, as it is unlikely that all moths contributed
equally to the volatile collections. Sampling time could be an additional
source of error, as volatiles were always collected during the 2–3 h prior to
gland extracts. Some of the differences between gland extracts after PDMS
rubs and after volatile collections could be explained by the fact that the
secreted pheromone on the outside of the gland was mostly removed by
PDMS rubbing, whereas the secreted pheromone was still present after
volatile collections. Differences that we found between the three methods
may also be explained by the chemical properties of the different com-
pounds. Below we describe these differences per class of pheromone com-
pound, viz. aldehydes, acetate esters, and alcohols.
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In both species, the highest percentages of C14 aldehydes were detected in
volatile collections (FIGURE 3.3), which were lower in PDMS rubs and low-
est in the gland extracts, at least in Hv (FIGURE 3.3). The C16 aldehydes
showed fewer consistent differences between the sampling techniques.
Unsaturated C16 aldehydes were generally detected in higher percentages in
volatile collections and PDMS rubs than in the corresponding gland extracts
in all four lines, with the exception of HvL (FIGURE 3.3). Saturated 16:Ald is
the most abundant pheromone compound in HvH, and was found in a lower
percentage in volatile collections and PDMS rubs compared to the gland
extracts in these females, whereas it was higher in PDMS rubs than in
volatile collections in both HvL and HvH (FIGURE 3.3).

As we calculated the percentages by setting the total amount of
pheromone at 100%, the percentage of C16 aldehydes depended on the dif-
ferences in the percentages of the other compounds, particularly the C14

61

PDMS-coated fused silica optical fibers for...

RikLievers-ch3_Vera-ch1.qxd  4/22/2021  13:42  Page 61



aldehydes and alcohols. For example, the percentages of C16 aldehydes in
the Hs and HsDD23 pheromone blends were higher in PDMS rubs and
volatile collections compared to the gland extracts, which is likely a conse-
quence of the lower percentage of alcohols in PDMS rubs and volatile col-
lections (FIGURE 3.3). In Hv, this effect was partly compensated by a higher
percentage of C14 aldehydes in volatiles and PDMS rubs.

C14 aldehydes were relatively higher in the volatile collections and
PDMS rubs than in gland extracts. This could be explained by the fact that
volatility decreases with increased carbon chain length [53]. This was espe-
cially apparent in the volatiles of HvH, where a higher percentage of 14:Ald
coincided with a lower percentage of 16:Ald. A shorter chain length could
potentially also have an effect on the cuticular permeability and secretion
rate of pheromone compounds. This may explain why the percentage of
14:Ald was also higher in PDMS rubs than in gland extracts (FIGURE 3.3),
despite lower retrieval yields of C14 aldehydes by the PDMS fibers (FIGURE
3.1). Interestingly, the C14 aldehydes were not detected in volatile collec-
tions in Hs in previous studies [5].

Acetate esters
The retrieval yields of acetates by PDMS rubbing on aluminum foil were
high, showing that the PDMS fibers collected the acetates well (FIGURE 3.1).
Due to the minute amounts, the percentage of Z7-16:OAc could not be reli-
ably determined in the volatile collections, and was therefore excluded from
the analyses. The other two acetates (Z9-16:OAc and Z11-16:OAc) in the
gland extracts of Hs (4-42% of the total pheromone blend) and HsDD23
(<3% of the total pheromone blend) were detected in PDMS rubs and volatile
collections. The percentage of these acetates was similar in the PDMS rubs
and the corresponding gland extracts, although in HsDD23 the percentage of
Z11-16:OAc was lower in PDMS rubs than in gland extracts. In fact, in
HsDD23, the acetates could barely be detected in PDMS rubs, i.e., on the out-
side of the gland. In both Hs and HsDD23, the percentage of the acetates was
much lower in the volatile collections than in the gland extracts (FIGURE 3.3).
Possibly, acetates are converted to the corresponding aldehydes or alcohols on
the gland surface, as suggested by Teal and Tumlinson [54].

Alcohols
The Z9-16:OH/Z11-16:Ald and Z11-16:OH/Z11-16:Ald ratios had a negligi-
ble or low positive correlation between PDMS rubs and the corresponding
gland extracts and no significant correlation between the volatiles and corre-

62

CHAPTER 3

RikLievers-ch3_Vera-ch1.qxd  4/22/2021  13:42  Page 62

sponding gland extracts (FIGURE 3.2). This was mostly due to the fact that Z11-
16:OH could not be reliably detected in PDMS rubs and volatile collections of
neither HvH nor HvL. Z11-16:OH was detected in PDMS rubs and volatile
collections of Hs and HsDD23, albeit in much lower percentages compared to
the gland extracts (FIGURE 3.3). In Hs and HsDD23, the percentage of Z11-
16:OH was higher in PDMS rubs than in volatile collections, (FIGURE 3.3).

The fact that we found Z11-16:OH to be present in large amounts in gland
extracts of Hv, whereas it was not reliably detected in the volatiles samples, is
consistent with the results of Pope et al. [4] and Heath et al. [5]. The alcohols
in gland extracts are likely precursors to the aldehydes and acetates [55],
which explains the fact that the percentages of Z11-16:OH and Z11-16:Ald are
reversed between the gland extracts and the PDMS rubs and volatile collec-
tions. In Hv, the alcohols are possibly converted immediately into aldehydes
by alcohol oxidases on or within the cuticle of the pheromone gland [56,57].
In Hs, we did find Z11-16:OH in PDMS rubs and volatile collections, albeit
in much lower amounts than in gland extracts, which is again consistent with
the findings by Heath et al. [5]. The minor compound Z9-16:OH was detect-
ed in gland extracts in small amounts in Hs, similar to the findings by Klun et
al. [44], whereas it could not be reliably detected in PDMS rubs and volatile
collections, probably due to the low amount. As the corresponding aldehyde,
Z9-16:Ald, was released as the second largest peak in PDMS rubs and volatile
collections, which suggests a precursor role of the alcohol also in Hs.

Another possible explanation of the low percentage of alcohols in
volatile collections is the fact that alcohols are less volatile compared to the
corresponding aldehydes and acetates due to strong hydrogen bonding.
Hydrogen bonding with silanol (Si-OH) groups on the glass surface could
also result in adsorption to the inner walls of the glass bottles that contained
the moths [58]. In addition, the polar OH-groups of alcohols likely have a
lower affinity to the non-polar PDMS fiber [20].

In conclusion, all compounds known to be present in the pheromone
blend of two noctuid moths, H. virescens and H. subflexa, were detectable by
direct-contact sampling with disposable PDMS fibers, showing high recov-
ery yields and strong repeatability after only 2 minutes of rubbing. The
pheromone composition in volatile collections, PDMS rubs, and gland
extracts was very similar, although the PDMS rubs resembled the composi-
tion of the volatile collections more closely than the gland extracts. Thus, we
have developed an easy, cheap, reliable, and non-destructive method to
determine the pheromone composition of female moths by rubbing dispos-
able, PDMS-coated fused silica optical fibers over the gland surface and sub-
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aldehydes and alcohols. For example, the percentages of C16 aldehydes in
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potentially also have an effect on the cuticular permeability and secretion
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14:Ald was also higher in PDMS rubs than in gland extracts (FIGURE 3.3),
despite lower retrieval yields of C14 aldehydes by the PDMS fibers (FIGURE
3.1). Interestingly, the C14 aldehydes were not detected in volatile collec-
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The retrieval yields of acetates by PDMS rubbing on aluminum foil were
high, showing that the PDMS fibers collected the acetates well (FIGURE 3.1).
Due to the minute amounts, the percentage of Z7-16:OAc could not be reli-
ably determined in the volatile collections, and was therefore excluded from
the analyses. The other two acetates (Z9-16:OAc and Z11-16:OAc) in the
gland extracts of Hs (4-42% of the total pheromone blend) and HsDD23
(<3% of the total pheromone blend) were detected in PDMS rubs and volatile
collections. The percentage of these acetates was similar in the PDMS rubs
and the corresponding gland extracts, although in HsDD23 the percentage of
Z11-16:OAc was lower in PDMS rubs than in gland extracts. In fact, in
HsDD23, the acetates could barely be detected in PDMS rubs, i.e., on the out-
side of the gland. In both Hs and HsDD23, the percentage of the acetates was
much lower in the volatile collections than in the gland extracts (FIGURE 3.3).
Possibly, acetates are converted to the corresponding aldehydes or alcohols on
the gland surface, as suggested by Teal and Tumlinson [54].

Alcohols
The Z9-16:OH/Z11-16:Ald and Z11-16:OH/Z11-16:Ald ratios had a negligi-
ble or low positive correlation between PDMS rubs and the corresponding
gland extracts and no significant correlation between the volatiles and corre-
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sponding gland extracts (FIGURE 3.2). This was mostly due to the fact that Z11-
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collections of Hs and HsDD23, albeit in much lower percentages compared to
the gland extracts (FIGURE 3.3). In Hs and HsDD23, the percentage of Z11-
16:OH was higher in PDMS rubs than in volatile collections, (FIGURE 3.3).

The fact that we found Z11-16:OH to be present in large amounts in gland
extracts of Hv, whereas it was not reliably detected in the volatiles samples, is
consistent with the results of Pope et al. [4] and Heath et al. [5]. The alcohols
in gland extracts are likely precursors to the aldehydes and acetates [55],
which explains the fact that the percentages of Z11-16:OH and Z11-16:Ald are
reversed between the gland extracts and the PDMS rubs and volatile collec-
tions. In Hv, the alcohols are possibly converted immediately into aldehydes
by alcohol oxidases on or within the cuticle of the pheromone gland [56,57].
In Hs, we did find Z11-16:OH in PDMS rubs and volatile collections, albeit
in much lower amounts than in gland extracts, which is again consistent with
the findings by Heath et al. [5]. The minor compound Z9-16:OH was detect-
ed in gland extracts in small amounts in Hs, similar to the findings by Klun et
al. [44], whereas it could not be reliably detected in PDMS rubs and volatile
collections, probably due to the low amount. As the corresponding aldehyde,
Z9-16:Ald, was released as the second largest peak in PDMS rubs and volatile
collections, which suggests a precursor role of the alcohol also in Hs.

Another possible explanation of the low percentage of alcohols in
volatile collections is the fact that alcohols are less volatile compared to the
corresponding aldehydes and acetates due to strong hydrogen bonding.
Hydrogen bonding with silanol (Si-OH) groups on the glass surface could
also result in adsorption to the inner walls of the glass bottles that contained
the moths [58]. In addition, the polar OH-groups of alcohols likely have a
lower affinity to the non-polar PDMS fiber [20].

In conclusion, all compounds known to be present in the pheromone
blend of two noctuid moths, H. virescens and H. subflexa, were detectable by
direct-contact sampling with disposable PDMS fibers, showing high recov-
ery yields and strong repeatability after only 2 minutes of rubbing. The
pheromone composition in volatile collections, PDMS rubs, and gland
extracts was very similar, although the PDMS rubs resembled the composi-
tion of the volatile collections more closely than the gland extracts. Thus, we
have developed an easy, cheap, reliable, and non-destructive method to
determine the pheromone composition of female moths by rubbing dispos-
able, PDMS-coated fused silica optical fibers over the gland surface and sub-
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sequently extracting these fibers in hexane. This method can replace the
established destructive method of gland extractions and the labor-intensive
volatile collection method, in which it is difficult to sample individual
females. To our knowledge, this is the first study comparing direct-contact
sampling with gland extractions and volatile collections in insects. The
direct-contact method with PDMS coated fused silica fibers is likely also
very useful in other systems in which volatiles are emitted from a defined
glandular structure.
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sequently extracting these fibers in hexane. This method can replace the
established destructive method of gland extractions and the labor-intensive
volatile collection method, in which it is difficult to sample individual
females. To our knowledge, this is the first study comparing direct-contact
sampling with gland extractions and volatile collections in insects. The
direct-contact method with PDMS coated fused silica fibers is likely also
very useful in other systems in which volatiles are emitted from a defined
glandular structure.
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Supplementary material
TABLE S3.1 – Amount of pheromone (ng ± SEM) collected from aluminum foil by rubbing
with disposable PDMS fibers for 1, 2 or 4 minutes.
Compound 1 min 2 min 4 min Control
14:Ald 20 ± 1 21 ± 1 24 ± 1 31 ± 1
Z9-14:Ald 15 ± 1 16 ± 1 18 ± 0 23 ± 0
16:Ald 26 ± 1 27 ± 1 31 ± 1 36 ± 1
Z7-16:Ald 17 ± 1 17 ± 1 20 ± 1 25 ± 1
Z9-16:Ald 22 ± 1 23 ± 1 25 ± 1 29 ± 1
Z11-16:Ald 22 ± 1 24 ± 1 27 ± 1 32 ± 0
Z7-16:OAc 25 ± 1 25 ± 1 29 ± 1 32 ± 0
Z9-16:OAc 25 ± 1 26 ± 1 29 ± 1 31 ± 1
Z11-16:OAc 25 ± 1 26 ± 1 29 ± 1 32 ± 1
Z9-16:OH 16 ± 1 16 ± 1 19 ± 0 25 ± 1
Z11-16:OH 22 ± 1 23 ± 1 26 ± 1 36 ± 1
Total* 236 ± 9 244 ± 9 277 ± 7 331 ± 5

*The total amount increased significantly between 1-4 minutes (P = 0.014) but not between
1-2 minutes (P = 0.841) and between 2-4 minutes of rubbing (P = 0.058), using a univari-
ate ANOVA with separation of means using Tukey’s adjustment for multiple comparisons.

TABLE S3.2 – Amount of pheromone (ng ± SEM) collected from live moths by each sam-
pling method.
Sampling method HvL HvH Hs HsDD23
PDMS rubs 112 ± 31 83 ± 17 212 ± 27 69 ± 9
Gland extracts after PDMS rubs 306 ± 112 260 ± 57 197 ± 26 80 ± 6
Volatile collections* 13 ± 2 14 ± 2 34 ± 7 42 ± 7
Gland extracts after volatile collections* 199 ± 23 260 ± 26 245 ± 28 145 ± 25
*Average amount of pheromone per female in each bottle.
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FIGURE S3.1 – Adapted HP5890A gas chromatograph with specifically designed glass con-
ditioning unit inserted into N2 flow.

FIGURE S3.2 – Air-tight glass container for storing disposable PDMS fibers.

FIGURE S3.3 – Handing of moth and disposable PDMS fiber during pheromone sampling.
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FIGURE S3.5 – Amount of pheromone (ng ± SEM) collected from live moths by each sampling
method. Different letters within each treatment indicate significant differences (P < 0.05)
between sampling methods, using a univariate ANOVA on log10 transformed values with sepa-
ration of means using Tukey’s adjustment for multiple comparisons. The amounts for volatile
collections and gland extracts after volatile collections represent the average amount of
pheromone per female in each bottle.

FIGURE S3.4 – Representative chromatograms of the Hs pheromone composition in A) gland
extracts after PDMS rubs B) PDMS rubs C) gland extracts after volatile collections and D)
volatile collections.
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ABSTRACT – If sexual signals are costly to produce or maintain, covariance
between signal expression and fitness is expected. This signal-fitness covari-
ance is important evolutionarily, because it can contribute to the maintenance
of genetic variation in signal traits, despite selection from mate preferences.
Chemical signals, such as moth sex pheromones, have traditionally been
assumed to be stereotypical species-recognition signals, but their relationship
with fitness is unclear. Here we test the hypothesis that for chemical signals
that are primarily used for conspecific mate finding, there is covariation
between signal properties and fitness in the noctuid moth Heliothis subflexa.
Additionally, as moth signals are synthesized de novo every night throughout
the female’s reproductive life, the maintenance of the signal can be costly.
Therefore, we also hypothesized that fitness covaries with signal stability
(i.e., the lack of intra-individual variation over time). We measured among-
and within-individual variation in pheromone amount and composition as
well as fecundity, fertility, and fitness in two independent groups of females
that differed in the time in between two consecutive pheromone samples. In
both groups, we found reproductive success and longevity to be correlated
with pheromone amount, composition, and stability, supporting both our
hypotheses. This study is the first to report a correlation between fitness and
sex pheromone composition in moths, solidifying previous indications of con-
dition-dependent moth pheromones and highlighting how signal-fitness
covariance may contribute to heritable variation in chemical signals both
among and within individuals.

Submitted

71

RikLievers-ch4_Vera-ch1.qxd  4/22/2021  13:49  Page 71



70

CHAPTER 3

14:Ald Z9-14:Ald

16:Ald

Z7-16:Ald

Z9-16:Ald

Z11-16:Ald

Z7-16:OAc

Z9-16:OAc

Z11-16:OAc

Z9-16:OH

Z11-16:OH

14:Ald Z9-14:Ald

16:Ald

Z7-16:Ald

Z9-16:Ald

Z11-16:Ald

Z7-16:OAc

Z9-16:OAc

Z11-16:OAc

Z11-16:OH

Z9-16:OH

14:Ald Z9-14:Ald

16:Ald

Z7-16:Ald

Z9-16:Ald

Z11-16:Ald

Z7-16:OAc

Z9-16:OAc

Z11-16:OAc

Z9-16:OH

Z11-16:OH

14:Ald Z9-14:Ald

16:Ald

Z7-16:Ald

Z9-16:Ald

Z11-16:Ald

Z7-16:OAc

Z9-16:OAc

Z11-16:OAc

Z11-16:OH

A B

C D

 

               HvL                HvH                Hs                HsDD23

am
ou

nt
 o

f p
he

ro
m

on
e 

(n
g)

0

100

200

300

400
PDMS rubs
Gland extracts after PDMS rubs
Volatile collections
Gland extracts after vollatile collections

a

ab

b

c

a

a

b

c

a
a

a

b

a

b b

b

FIGURE S3.5 – Amount of pheromone (ng ± SEM) collected from live moths by each sampling
method. Different letters within each treatment indicate significant differences (P < 0.05)
between sampling methods, using a univariate ANOVA on log10 transformed values with sepa-
ration of means using Tukey’s adjustment for multiple comparisons. The amounts for volatile
collections and gland extracts after volatile collections represent the average amount of
pheromone per female in each bottle.

FIGURE S3.4 – Representative chromatograms of the Hs pheromone composition in A) gland
extracts after PDMS rubs B) PDMS rubs C) gland extracts after volatile collections and D)
volatile collections.
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ABSTRACT – If sexual signals are costly to produce or maintain, covariance
between signal expression and fitness is expected. This signal-fitness covari-
ance is important evolutionarily, because it can contribute to the maintenance
of genetic variation in signal traits, despite selection from mate preferences.
Chemical signals, such as moth sex pheromones, have traditionally been
assumed to be stereotypical species-recognition signals, but their relationship
with fitness is unclear. Here we test the hypothesis that for chemical signals
that are primarily used for conspecific mate finding, there is covariation
between signal properties and fitness in the noctuid moth Heliothis subflexa.
Additionally, as moth signals are synthesized de novo every night throughout
the female’s reproductive life, the maintenance of the signal can be costly.
Therefore, we also hypothesized that fitness covaries with signal stability
(i.e., the lack of intra-individual variation over time). We measured among-
and within-individual variation in pheromone amount and composition as
well as fecundity, fertility, and fitness in two independent groups of females
that differed in the time in between two consecutive pheromone samples. In
both groups, we found reproductive success and longevity to be correlated
with pheromone amount, composition, and stability, supporting both our
hypotheses. This study is the first to report a correlation between fitness and
sex pheromone composition in moths, solidifying previous indications of con-
dition-dependent moth pheromones and highlighting how signal-fitness
covariance may contribute to heritable variation in chemical signals both
among and within individuals.
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INTRODUCTION
Many sexually reproducing organisms discriminate among potential mates.
By selecting a mate, choosing individuals may receive direct benefits, e.g.,
protection or nutrients, and indirect benefits, e.g., by receiving ‘good’ genes
which result in more viable or sexy offspring (Fisher, 1930; Zahavi, 1975;
Kirkpatrick, 1982; Grafen, 1990; Kokko et al., 2003). Mate choice common-
ly occurs through sexual signals, and variation in reproductive success across
individuals producing different sexual signals is the basis of sexual selection
(Darwin, 1871; Fisher, 1930; Andersson, 1994).

In general, signals under sexual selection are subject to directional selec-
tion, as those individuals are chosen that confer the highest direct or indirect
benefits. Additionally, in many organisms, sexual signals are used to localize
potentially suitable, conspecific mates. These so-called species recognition
signals are often under stabilizing selection, because variation in these signals
renders them less reliable. Both directional and stabilizing selection are
expected to erode genetic variation (Barton & Turelli, 1989; Estes & Arnold,
2007). However, sexual signals are shown to have high levels of genetic vari-
ance (Bakker & Pomiankowski,95; Lynch & Walsh, 1998) and many observa-
tions indicate that sexual signals evolve rapidly, diverge early on during spe-
ciation, and are important barriers to gene flow among closely related species
(Andersson, 1994; Panhuis et al., 2001; Coyne & Orr, 2004; Ritchie, 2007;
Smadja & Butlin, 2009). To understand how sexual signals evolve, it is impor-
tant to understand how (genetic) variation in these signals is maintained.

If signals are costly to produce or maintain, their expression and their
composition are expected to be correlated with fitness (Zahavi, 1975;
Hamilton & Zuk, 1982). Negative correlations between signal and fitness
indicate that signal investment trades off with fitness (one-trait trade-offs
sensu Agrawal et al., 2010). Positive correlations between signal expression
and fitness are expected when only high-quality senders are able to bear the
cost of the signal (two-trait trade-offs sensu Agrawal et al., 2010) and indicate
that the signal is condition-dependent (Jennions et al., 2001). Covariation
between sexual signal variation and fitness can maintain genetic variation in
sexual signals, even in the face of selection (Rowe & Houle, 1996; Tomkins
et al., 2004; Kokko et al., 2006; Dmitriew & Blanckenhorn, 2014). This is
because fitness is the result of the combined effect of many different traits and
thus controlled by many different loci (Houle et al., 1996).

Signal-fitness covariance has been studied mostly in species with
acoustic and visual signals, while chemical signals have received much less
attention (Johansson & Jones, 2007; Steiger & Stökl, 2014). This may be
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because chemical signals, such a sex pheromones, are generally assumed to
be biosynthetically cheap (Greenfield, 1981; Johansson & Jones, 2007;
Foster & Anderson, 2015) and have traditionally been assumed to be inde-
pendent of quality (Cardé & Baker, 1984; Johansson & Jones, 2007).
Specifically, moth sex pheromones have typically been considered as
species-recognition signals (Lofstedt, 1993; Harari & Steinitz, 2013) and
empirical evidence suggests moth pheromone signal composition is under
stabilizing selection (Linn et al., 1997; Zhu et al., 1997; Allison & Cardé,
2008; Groot et al., 2010; Kárpáti et al., 2013). However, sexual signals prob-
ably do not function solely as species recognition or mate choice signals, but
rather range along a continuum (Ryan & Rand, 1993; Kokko et al., 2006;
Mendelson & Shaw, 2012). This idea is supported by empirical studies that
showed a relationship between nutrition and pheromone amount (Foster &
Johnson, 2011), body size and sex pheromone amount (Harari et al., 2011),
and body size and sex pheromone composition (Jaffe et al., 2007) in moths,
and between nutritional state, age, and parasite load and pheromone compo-
sition in beetles (Chemnitz et al., 2015). However, even though moth sex
pheromones have been studied extensively in the past forty to fifty years and
the sex pheromone of > 2000 moth species has been identified, very little is
known about the relationship between signal variation and fitness or about
variation within individuals. Moreover, we lack empirical insight into the
relationship between sexual signal variation and fitness for chemical mate
attraction in general.

Here, we tested the hypothesis that even for stereotypical species-recog-
nition signals, there is covariation between sexual signal composition and fit-
ness. Since many sexual signals need to be maintained throughout an indi-
vidual’s reproductive lifetime, and maintenance likely requires continuous
investment, we also hypothesized that the ability of an individual to maintain
its signal covaries with fitness as well. We tested these hypotheses for the
female sex pheromone in the noctuid moth Heliothis subflexa. Specifically,
we examined how sex pheromone signaling activity (calling activity from
hereon), and pheromone amount and composition changed over time.

In moths, older (virgin) females tend to have reduced mating activity and
reduced mating success (Delisle, 1995; Klepetka & Gould, 1996; Makee &
Saour, 2001; Xu & Wang, 2009; Kawazu et al., 2014; Wu et al., 2018; Zheng
et al., 2020), and virgin female moths generally keep investing in signaling
(Umbers et al., 2015). Thus, prolonged virginity is expected to trigger physi-
ological responses that modulate resource allocation between somatic main-
tenance and reproduction. We assessed these trade-offs by comparing a bio-
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Here, we tested the hypothesis that even for stereotypical species-recog-
nition signals, there is covariation between sexual signal composition and fit-
ness. Since many sexual signals need to be maintained throughout an indi-
vidual’s reproductive lifetime, and maintenance likely requires continuous
investment, we also hypothesized that the ability of an individual to maintain
its signal covaries with fitness as well. We tested these hypotheses for the
female sex pheromone in the noctuid moth Heliothis subflexa. Specifically,
we examined how sex pheromone signaling activity (calling activity from
hereon), and pheromone amount and composition changed over time.

In moths, older (virgin) females tend to have reduced mating activity and
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logically realistic delay to first mating (3 days) with an extreme case of pro-
longing female virginity (8 days), here referred to as ‘early’ and ‘late’ maters,
respectively. We then asked whether a) the composition and amount of the
pheromone signal in early and later maters covaried with fitness, and b) the
stability (within-individual variation) of the pheromone during prolonged vir-
ginity was correlated with fitness. We addressed these questions separately in
the early and in the late maters to explore the robustness of our findings to a)
variation in age and b) the time span over which intra-individual variation was
measured. We expected that high-fitness females produced more pheromone
compared to low-fitness females, and that maintaining high pheromone
amounts and stable pheromone composition trades off with fitness.

METHODS
Insects
The laboratory population of H. subflexa originated from North Carolina
State University and has been reared at the University of Amsterdam since
2011, with occasional exchange between NCSU, Amsterdam, and the Max
Planck Institute for Chemical Ecology in Jena to maintain genetic diversity.
The rearing was kept at 25°C and 60% relative humidity with 14h:10h light-
dark cycle. Larvae were reared on a wheat germ/soy flour-based diet
(BioServ Inc., Newark, DE, USA) in 37-mL individual cups. Pupae were
separated by sex and checked for emergence every 60 minutes from 2 h
before until 7 h after the onset of scotophase. Only females that emerged
within this timeframe were included in the experiments. After emergence,
females were transferred to clear 475-mL observation cups covered with fine
mesh gauze. Males were kept in the 37-mL individual cups. Adults were pro-
vided with regularly replaced cotton soaked in 10% sugar water.

Phenotyping
The pheromone of each female was sampled at two time points. The first
sample was taken in the first night after emergence. The second sample was
taken in the third or eight night after emergence for the ‘early’ and ‘late’
treatment, respectively. Early maters were females that were kept virgin for
three days and mated on the fourth day, while late maters were females that
were kept virgin for eight days and mated on the ninth day. To avoid possi-
ble variation due to differences between sampling time during the night
(Mistrot Pope et al., 1984; Heath et al., 1991; Park et al., 1996), care was
taken to take the first and second pheromone sample at the same time during
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the night (no more than 10 minutes difference) and the sex pheromone was
always sampled within a narrow time interval during peak calling times
(3rd–6th hour of scotophase (Heath et al., 1991).

Pheromone was collected from the gland surface from females using
optical fibers coated with a 100-μm PDMS (Polymicro Technologies Inc.,
Phoenix, AZ, USA), as described in detail in (Lievers & Groot, 2016), where
the authors showed strong correspondence between pheromone measure-
ments following the non-invasive method used here and following tradition-
al (lethal) gland extractions. Pheromone glands were extruded and fixed by
gently squeezing the abdomen and gently rubbed over a period of 2 minutes.
Fibers were then submerged for 1–2 h and rinsed in 50 µL hexane with 200
ng pentadecane as internal standard and discarded. Pheromone extracts were
analyzed by injecting the concentrated samples into a splitless inlet of a
7890A GC (Agilent Technologies, Santa Clara, CA, USA) and integrating
the areas under the pheromone peaks, using Agilent ChemStation
(v.B.04.03).

Throughout this study, we focused on the sex pheromone components
that have been shown to be important for male attraction (Z11-16:Ald, Z11-
16:OAc, Z11-16:OH, and [Z7-16:Ald + Z9-16:Ald]), as well as the total
amount of pheromone. Z7-16:Ald and Z9-16:Ald were difficult to separate
by GC and were therefore integrated as one peak (referred to a Z7/Z9-
16:Ald), as has been done in previous studies (Groot et al., 2005). Absolute
amounts (in ng) and percentages (of the total amount) of each compound
were calculated relative to a 200 ng pentadecane internal standard. Samples
containing < 10 ng could not be reliably integrated and were excluded from
subsequent analyses. We globally standardized the absolute amount of each
of the four pheromone components by subtracting the global average amount
across all females and then dividing the mean-centered value by the vari-
ance. We then performed principal component analysis on the standardized
pheromone measurements, retaining four principal components (PCs).
Differences in PC scores between the first and second pheromone samples
were tested using a paired student’s t-test, using the statistical package R (R
Core Team, 2019).

Relationship between fitness and female calling activity
To determine whether calling activity of virgin females increased or
decreased over their lifetime or whether it peaked at some point in their
reproductive live, we randomly assigned 40 and 51 females to the ‘early mat-
ing’ and ‘late mating’ treatments, respectively, and observed the calling
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sample was taken in the first night after emergence. The second sample was
taken in the third or eight night after emergence for the ‘early’ and ‘late’
treatment, respectively. Early maters were females that were kept virgin for
three days and mated on the fourth day, while late maters were females that
were kept virgin for eight days and mated on the ninth day. To avoid possi-
ble variation due to differences between sampling time during the night
(Mistrot Pope et al., 1984; Heath et al., 1991; Park et al., 1996), care was
taken to take the first and second pheromone sample at the same time during
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the night (no more than 10 minutes difference) and the sex pheromone was
always sampled within a narrow time interval during peak calling times
(3rd–6th hour of scotophase (Heath et al., 1991).

Pheromone was collected from the gland surface from females using
optical fibers coated with a 100-μm PDMS (Polymicro Technologies Inc.,
Phoenix, AZ, USA), as described in detail in (Lievers & Groot, 2016), where
the authors showed strong correspondence between pheromone measure-
ments following the non-invasive method used here and following tradition-
al (lethal) gland extractions. Pheromone glands were extruded and fixed by
gently squeezing the abdomen and gently rubbed over a period of 2 minutes.
Fibers were then submerged for 1–2 h and rinsed in 50 µL hexane with 200
ng pentadecane as internal standard and discarded. Pheromone extracts were
analyzed by injecting the concentrated samples into a splitless inlet of a
7890A GC (Agilent Technologies, Santa Clara, CA, USA) and integrating
the areas under the pheromone peaks, using Agilent ChemStation
(v.B.04.03).

Throughout this study, we focused on the sex pheromone components
that have been shown to be important for male attraction (Z11-16:Ald, Z11-
16:OAc, Z11-16:OH, and [Z7-16:Ald + Z9-16:Ald]), as well as the total
amount of pheromone. Z7-16:Ald and Z9-16:Ald were difficult to separate
by GC and were therefore integrated as one peak (referred to a Z7/Z9-
16:Ald), as has been done in previous studies (Groot et al., 2005). Absolute
amounts (in ng) and percentages (of the total amount) of each compound
were calculated relative to a 200 ng pentadecane internal standard. Samples
containing < 10 ng could not be reliably integrated and were excluded from
subsequent analyses. We globally standardized the absolute amount of each
of the four pheromone components by subtracting the global average amount
across all females and then dividing the mean-centered value by the vari-
ance. We then performed principal component analysis on the standardized
pheromone measurements, retaining four principal components (PCs).
Differences in PC scores between the first and second pheromone samples
were tested using a paired student’s t-test, using the statistical package R (R
Core Team, 2019).

Relationship between fitness and female calling activity
To determine whether calling activity of virgin females increased or
decreased over their lifetime or whether it peaked at some point in their
reproductive live, we randomly assigned 40 and 51 females to the ‘early mat-
ing’ and ‘late mating’ treatments, respectively, and observed the calling
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activity of each female every night from eclosion until her death. For each
female, we measured pupal mass, calling behavior, fecundity, fertility, and
lifespan. Pupae with a visible wing pattern were weighed before the start of
scotophase (the 10-h dark phase during the day-night cycle). Extremely
small pupae (< 0.1 g) were discarded. The time spent calling before and after
mating was recorded daily every 30 minutes between 1–8 h after the onset
of scotophase. To measure fecundity and fertility, females were mated in
475-mL observation cups with virgin 2–3-day-old males one day after the
second pheromone sample was taken. For all mated females, we scored the
number of eggs, the number of hatching larvae, and the life span. To stimu-
late oviposition, freshly cut Physalis peruviana berries were supplied daily
onto the gauze. Before the onset of a scotophase, eggs laid in the previous
scotophase were collected by transferring the female to a new observation
cup. Eggs were counted before emergence, and artificial diet was provided
for emerging larvae. Emerged larvae were counted daily. After female death,
lifespan was recorded, and mating success was confirmed by checking for
the presence of a spermatophore. The percentage of calling females, the per-
individual onset of calling and the per-individual duration of calling were
visually examined before and after mating. We tested whether early maters
differed from late maters in fecundity (overall and per day), fertility (overall
and per day), and life span using two-sample t-tests.

Relationship between fitness and inter-individual variation
To test whether fecundity, fertility, and life span variation could be predict-
ed by variation in the pheromone, we fitted generalized linear models with
quasi-Poisson error and used a stepwise model selection approach to identi-
fy significant predictors and interactions. In the base model, the response
was either fecundity, fertility, or life span and the predictors were each of the
four PCs as well as the pupal mass of the female, the pupal mass of her mate,
and the time spent calling by the female before mating. Only the PCs from
pheromone measurements taken on timepoint 2 were used, as these were the
samples taken immediately before the matings were set up that were used to
measure the individual’s fitness. Model selection was done by first adding
interactions among the independent variables and then purging independent
variables that did not significantly explain variation in the response. Adding
and removing variables and interactions was done using Analysis of
Deviance, where significance of an increase/decrease in residual Deviance
after removing/adding a variable or interaction was assessed using a Chi-
square test. Improvement of model fit was considered significant for P <
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0.05. For the final model, the pseudo-R2 was calculated as the ratio between
the null deviance and 1 minus the residual deviance, similar to calculating
the coefficient of determination in linear regression. The pseudo-R2 gives the
proportion of deviance explained, which is informative about model fit and
about the explanatory value of the independent variables (Dunn & Smyth,
2018).

Relationship between fitness and intra-individual variation
To test whether fecundity, fertility, and life span variation could be predict-
ed by the degree to which females kept their pheromone stable, we calculat-
ed intra-individual variation in pheromone by taking the absolute difference
between PC scores for pheromone measurements taken after 24 h and PC
scores for pheromone measurements taken three or eight days post-eclosion,
for early and late maters respectively. We fitted the same generalized linear
models (with the same covariates) and employed the same model selection
procedure as described above, except that the predictor variables were now
the absolute change in PC scores between timepoint 1 and timepoint 2.

Heritability of stability
To determine the heritability of pheromone composition (PC scores) and sta-
bility (difference between PC scores at timepoint one and two), we selected
20 females that covered the range of intra-individual variation observed
across all females. Subsequently, we sampled 5-20 daughters per female (N
= 240) at both timepoints, i.e., three or eight days post-eclosion for early and
late maters, respectively. We used Bayesian Monte Carlo Markov Chain
models combined with pedigree information of the two generations of
females and their mates. We ran independent models for each principal com-
ponent (inter-individual variation) or for the change in PC scores between
timepoint 1 or 2 (intra-individual variation). The models were implemented
with the R package ‘MCMCglmm’ (Hadfield, 2009) using inverse gamma
priors. All MCMC models were run for 1,000,000 iterations, the initial
100,000 samples were discarded (burn-in period) and chains were sampled
every 100 iterations (thinning) to reduce autocorrelation. The narrow-sense
heritability (h2) was estimated as the ratio of additive genetic variance (‘ani-
mal’ effect) over the sum of all variance compounds (‘animal’ plus ‘unit’
effects).
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RESULTS
Relationship between fitness and female calling activity
When observing female calling activity, we found that calling effort of all
females and duration of individual calling activity initially increased and
then decreased after the second or third night (FIGURE 4.1A,B). Upon mat-
ing, calling activity was almost entirely suspended, after which it slowly
recovered. There was no apparent relationship between the time at which
females started calling and female age or mating status (FIGURE S4.1).

Late maters invested in pheromone calling for an additional five days rela-
tive to early maters (FIGURE 4.1). Both fecundity and fertility were significant-
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FIGURE 4.1 – Calling activity and fitness. For both groups, early (blue) and late (yellow)
maters, the collective calling effort per night and the distribution of calling duration across
females is shown for each night. A) Percent of females calling on any given night, B)
Calling duration. Boxes and whiskers show the interquartile ranges and the median, and
lines connect mean values for each night. Individual dots show observations > 1.5 times the
interquartile range. The dashed, vertical grey and black lines show the days at which
pheromone samples were collected and females were mated, respectively. C) Fitness varia-
tion within and between early and late maters. **: P < 0.01.
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ly lower in late maters relative to early maters (FIGURE 4.1C). Reduced fecun-
dity was likely due to the ‘lost’ 5 days rather than due to allocation of time and
energy, because fecundity per day was not significantly different between early
and late maters (46.50 versus 40.96 eggs per day; t = 1.39, P = 0.1669). Fertility
per day was lower in late versus early maters (19.00 versus 32.84 larvae per
day; t = 3.102, P = 0.0026), indicating that females that mated later in life laid
eggs with lower hatching success compared to early maters. We further
observed that late-mated females lived on average two days longer than early-
mated females (FIGURE 4.1C).

Variation in sex pheromone signal strength and composition
In quantifying the sex pheromone variation using principal component scores
for the standardized absolute amounts of four components that are important
for male response in H. subflexa, we found that the first PC accounted for
60.5% of the total variation among individuals. Since this axis was almost
perfectly correlated with the total amount of pheromone (Pearson’s r = -0.99,
P < 0.0001), PC1 thus described variation in the total amount of pheromone.
The remaining three PCs described different dimensions of pheromone com-
position space: higher scores on PC2 (19.8% var. expl.) indicated decreasing
amounts of Z11-16:OAc relative to all other compounds, higher scores on
PC3 (13.2% var. expl.) indicated increasing amounts of Z11-16:OH relative
to Z7/Z9-16:Ald, and higher scores on PC4 (6.54% var. expl.) indicated
increasing amounts of the major component, Z11-16:Ald, relative to all other
compounds (TABLE S4.1; FIGURE S4.2). Neither of these three ‘composition’
PCs were correlated with the total amount of pheromone (Pearson’s r ranged
from -0.05 to 0.08; P ranged from 0.3337 to 0.4987) and a significant propor-
tion of the variation in all PC scores was additive genetic variance, except
PC1 in the late maters (posterior mode of h2 ranged from 0.17 to 0.58; for PC1
in late maters h2 < 0.01; FIGURE S4.3). There was thus no need to calculate
log-contrasts for the components to break the unit-sum constraints that trou-
ble the use of relative amounts (Aitchison, 1986), thereby avoiding inadver-
tent effects resulting from the choice of the divisor.

With the exception of PC4, all PCs were significantly different between
timepoint 1 and timepoint 2, both for early and late maters (FIGURE 4.2). This
shows that there is intra-individual variation in both amount and composition
of the pheromone signal. Over time, pheromone amount decreased, while rel-
ative amounts of Z11:16:OAc and Z11-16:OH increased (FIGURE 4.2).
However, there was substantial variation around the mean direction and mag-
nitude of change, with some individuals showing much more or much less
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ly lower in late maters relative to early maters (FIGURE 4.1C). Reduced fecun-
dity was likely due to the ‘lost’ 5 days rather than due to allocation of time and
energy, because fecundity per day was not significantly different between early
and late maters (46.50 versus 40.96 eggs per day; t = 1.39, P = 0.1669). Fertility
per day was lower in late versus early maters (19.00 versus 32.84 larvae per
day; t = 3.102, P = 0.0026), indicating that females that mated later in life laid
eggs with lower hatching success compared to early maters. We further
observed that late-mated females lived on average two days longer than early-
mated females (FIGURE 4.1C).

Variation in sex pheromone signal strength and composition
In quantifying the sex pheromone variation using principal component scores
for the standardized absolute amounts of four components that are important
for male response in H. subflexa, we found that the first PC accounted for
60.5% of the total variation among individuals. Since this axis was almost
perfectly correlated with the total amount of pheromone (Pearson’s r = -0.99,
P < 0.0001), PC1 thus described variation in the total amount of pheromone.
The remaining three PCs described different dimensions of pheromone com-
position space: higher scores on PC2 (19.8% var. expl.) indicated decreasing
amounts of Z11-16:OAc relative to all other compounds, higher scores on
PC3 (13.2% var. expl.) indicated increasing amounts of Z11-16:OH relative
to Z7/Z9-16:Ald, and higher scores on PC4 (6.54% var. expl.) indicated
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compounds (TABLE S4.1; FIGURE S4.2). Neither of these three ‘composition’
PCs were correlated with the total amount of pheromone (Pearson’s r ranged
from -0.05 to 0.08; P ranged from 0.3337 to 0.4987) and a significant propor-
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in late maters h2 < 0.01; FIGURE S4.3). There was thus no need to calculate
log-contrasts for the components to break the unit-sum constraints that trou-
ble the use of relative amounts (Aitchison, 1986), thereby avoiding inadver-
tent effects resulting from the choice of the divisor.

With the exception of PC4, all PCs were significantly different between
timepoint 1 and timepoint 2, both for early and late maters (FIGURE 4.2). This
shows that there is intra-individual variation in both amount and composition
of the pheromone signal. Over time, pheromone amount decreased, while rel-
ative amounts of Z11:16:OAc and Z11-16:OH increased (FIGURE 4.2).
However, there was substantial variation around the mean direction and mag-
nitude of change, with some individuals showing much more or much less
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change in the amount and composition of the pheromone over time (FIGURE
4.2). This shows that there is variation in the magnitude of intra-individual
variation. Estimates of the narrow-sense heritability of intra-individual varia-
tion in the PCs were between 0.1 and 0.2, indicating that a significant propor-
tion of the variation is additive genetic variation (FIGURE S4.3).

Relationship between fitness and inter-individual pheromone variation
When we determined correlations between the female pheromone signal and
her fecundity, fertility and life span, we found that all fitness measurements
depended on variation in the pheromone signal. In all models, both in early
and late maters, we found at least one PC describing variation in the compo-
sition of the pheromone blend to explain variation in fitness (FIGURE 4.3A).
For fecundity (in both early and late maters) we also observed a correlation
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with PC1. Partial pseudo-R2 values ranged from three to thirty percent for
the pheromone components. Time spent calling before mating and the pupal
mass of the female also explained fitness variation in most models and the
combined effect from the PCs, covariates, and their interactions explained
between 15 and 59% of the variation in fitness measurements (TABLE S4.2).

Producing more pheromone (lower scores on PC1) or higher relative
amounts of Z11-16:OAc (lower scores on PC2), Z11-16:OH (higher scores
on PC3), and Z11-16:Ald (higher scores on PC4) was universally associated
with higher fitness (higher fecundity and fertility, longer lifespan) with one
exception: higher scores for PC4 were associated with lower fecundity in the
early maters (FIGURE 4.4; FIGURE S4.4; TABLE S4.2). In the case of interac-
tions between a pheromone PC and female pupal mass, we examined the
modulating effect of pupal mass on the correlation between fitness and
pheromone by drawing separate regression lines for the females with the
lowest 33% pupal mass, those with pupal mass in the middle tercile, and
those in the top 33% of pupal mass, using the r-package ‘interactions’ (Long,
2019). This showed that higher relative amount of Z11-16:OH (higher PC3
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change in the amount and composition of the pheromone over time (FIGURE
4.2). This shows that there is variation in the magnitude of intra-individual
variation. Estimates of the narrow-sense heritability of intra-individual varia-
tion in the PCs were between 0.1 and 0.2, indicating that a significant propor-
tion of the variation is additive genetic variation (FIGURE S4.3).
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her fecundity, fertility and life span, we found that all fitness measurements
depended on variation in the pheromone signal. In all models, both in early
and late maters, we found at least one PC describing variation in the compo-
sition of the pheromone blend to explain variation in fitness (FIGURE 4.3A).
For fecundity (in both early and late maters) we also observed a correlation
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with PC1. Partial pseudo-R2 values ranged from three to thirty percent for
the pheromone components. Time spent calling before mating and the pupal
mass of the female also explained fitness variation in most models and the
combined effect from the PCs, covariates, and their interactions explained
between 15 and 59% of the variation in fitness measurements (TABLE S4.2).

Producing more pheromone (lower scores on PC1) or higher relative
amounts of Z11-16:OAc (lower scores on PC2), Z11-16:OH (higher scores
on PC3), and Z11-16:Ald (higher scores on PC4) was universally associated
with higher fitness (higher fecundity and fertility, longer lifespan) with one
exception: higher scores for PC4 were associated with lower fecundity in the
early maters (FIGURE 4.4; FIGURE S4.4; TABLE S4.2). In the case of interac-
tions between a pheromone PC and female pupal mass, we examined the
modulating effect of pupal mass on the correlation between fitness and
pheromone by drawing separate regression lines for the females with the
lowest 33% pupal mass, those with pupal mass in the middle tercile, and
those in the top 33% of pupal mass, using the r-package ‘interactions’ (Long,
2019). This showed that higher relative amount of Z11-16:OH (higher PC3
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score) was associated with higher fertility in the heaviest 33% females, but
not in the bottom 67% (FIGURE 4.4). Also, higher relative amount of Z11-
16:OAc (lower PC2 score) was associated with longer life span in heavy
females, but with lower life span in lighter females (FIGURE 4.4).

Relationship between fitness and intra-individual variation
To test the hypothesis that females with stable pheromone signals during
their life time have higher fitness, we calculated intra-individual variation as
the absolute difference between PC scores for pheromone measurements
taken 24 h post-eclosion and for pheromone measurements taken three or
eight days post-eclosion, for early and late maters respectively. We found
that between 6 and 45% of the variation in fitness measures was predicted by
intra-individual variation in either the total amount (PC1), the relative
amount of Z11-16:OAc (PC2) or both (FIGURE 4.5).
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In early maters, more stability in the total amount (PC1) was associated
with higher fecundity, fertility, and longevity, while in late maters stability in
total amount was uncoupled from fitness (FIGURE 4.6; FIGURE S4.5). For PC2,
we similarly found a predominantly positive correlation between stability and
fitness (i.e., lower values on the plasticity axis are associated with higher val-
ues on the fitness axis). We also observed examples of effects in the opposite
direction for both fertility and life span (FIGURE 4.6; FIGURE S4.5).

DISCUSSION
If sex pheromone signals are costly, calling activity, pheromone amount and/or
pheromone composition should covary with fitness. We showed that in H. sub-
flexa an extreme delay in mating of 8 days and a continued investment in sig-
naling was associated with lower reproductive output. We also found that while
virgin females maintained high signaling activity, their signal changed over
time: the total amount decreased and the ratios of components changed. Signal
variation was proportional to the delay in mating, but varied considerably
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score) was associated with higher fertility in the heaviest 33% females, but
not in the bottom 67% (FIGURE 4.4). Also, higher relative amount of Z11-
16:OAc (lower PC2 score) was associated with longer life span in heavy
females, but with lower life span in lighter females (FIGURE 4.4).

Relationship between fitness and intra-individual variation
To test the hypothesis that females with stable pheromone signals during
their life time have higher fitness, we calculated intra-individual variation as
the absolute difference between PC scores for pheromone measurements
taken 24 h post-eclosion and for pheromone measurements taken three or
eight days post-eclosion, for early and late maters respectively. We found
that between 6 and 45% of the variation in fitness measures was predicted by
intra-individual variation in either the total amount (PC1), the relative
amount of Z11-16:OAc (PC2) or both (FIGURE 4.5).
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effects are shown as regression paths split by terciles. For the PCs where we found interac-
tion effects between pupal mass and fitness measures, relationships were determined sepa-
rately for pupal masses in the lower tercile (median of the lower tercile = 0.224 g), middle
tercile (median = 0.238 g), and upper tercile (median = 0.275 g).
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In early maters, more stability in the total amount (PC1) was associated
with higher fecundity, fertility, and longevity, while in late maters stability in
total amount was uncoupled from fitness (FIGURE 4.6; FIGURE S4.5). For PC2,
we similarly found a predominantly positive correlation between stability and
fitness (i.e., lower values on the plasticity axis are associated with higher val-
ues on the fitness axis). We also observed examples of effects in the opposite
direction for both fertility and life span (FIGURE 4.6; FIGURE S4.5).

DISCUSSION
If sex pheromone signals are costly, calling activity, pheromone amount and/or
pheromone composition should covary with fitness. We showed that in H. sub-
flexa an extreme delay in mating of 8 days and a continued investment in sig-
naling was associated with lower reproductive output. We also found that while
virgin females maintained high signaling activity, their signal changed over
time: the total amount decreased and the ratios of components changed. Signal
variation was proportional to the delay in mating, but varied considerably
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across females. Some females showed high intra-individual variation, while
others had stable signals over time. The heritability estimates of the intra-indi-
vidual variation in pheromone composition (roughly between 0.1 and 0.2) indi-
cated that this variation can evolve in response to selection. Lastly, we found
that longevity, fecundity, and fertility were correlated with pheromone amount,
with pheromone composition, and with the stability in both pheromone amount
and composition within females. We thus conclude that our results meet expec-
tations for costly pheromone signaling and that the amount, composition, and
maintenance of the long-distance mate attraction pheromone produced by H.
subflexa females likely depend on the genetic quality of the female.

Calling activity and fitness
In a synthesis of empirical results on calling activity in female moths, the
majority of moth species were found to increase their calling effort over time
(Umbers et al., 2015). This finding is in line with theoretical predictions for a
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costly signal, for which the production depends on the number of male
arrivals: a virgin female should not invest much in signaling if this draws in
too many males, but she should increase signaling efforts if no males visit at
all (Umbers et al., 2015). Our results show that for H. subflexa, calling activ-
ity initially indeed increased, but then decreased (FIGURE 4.1). Females that
spent more nights calling had reduced reproductive success, but slightly
longer life span relative to females that called fewer days, which is in line
with general patterns across moths and suggest both time constraints (fewer
days remaining to lay eggs in late mated females) and energy constraints (e.g.,
resorption of eggs to support somatic maintenance) to sex pheromone calling
(Mori & Evenden, 2013). Together, these findings support our hypothesis that
there are costs associated with sex pheromone calling in female moths.

Pheromone variation and fitness
We hypothesized that these costs would manifest in signal-fitness correla-
tions in virgin moths. We found evidence for covariation between fitness and
sex pheromone amount, composition, and stability, regardless of the fitness
measure (reproductive output or life span). In addition, we found similar pat-
terns in two independent groups of females that differed in their age at the
time of sampling and in their remaining life span to lay eggs. Our findings
thus strongly support a scenario for costly sex pheromone signals in moths
and provide context to earlier findings that suggested condition-dependence
of moth sex pheromone amount (Foster & Johnson, 2011; Harari et al., 2011)
and composition (Jaffe et al., 2007), by revealing positive covariance
between signal and fitness components.

On the one hand, the consistent positive correlations between fitness and
pheromone amount as well as between fitness and the relative abundance of
pheromone components important to male mate attraction are surprising
from a physiological perspective. It is unlikely that pheromone production
presents significant metabolic costs to signaling females, because the nutri-
ents used for pheromone production are negligible compared to available
resources (Foster & Anderson, 2015). However, there may be indirect costs,
for example if enzymes that convert sex pheromone component precursors
into their final products (in the appropriate ratios of species-specific blends)
are also used for other critical physiological processes.

On the other hand, the fitness costs to sex pheromone composition
inferred here can explain field observations of sex pheromone variation
among wild populations of H. subflexa. The acetate ester Z11-16:OAc slight-
ly improves the attractiveness of the H. subflexa blend, while strongly deter-
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costly signal, for which the production depends on the number of male
arrivals: a virgin female should not invest much in signaling if this draws in
too many males, but she should increase signaling efforts if no males visit at
all (Umbers et al., 2015). Our results show that for H. subflexa, calling activ-
ity initially indeed increased, but then decreased (FIGURE 4.1). Females that
spent more nights calling had reduced reproductive success, but slightly
longer life span relative to females that called fewer days, which is in line
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(Mori & Evenden, 2013). Together, these findings support our hypothesis that
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measure (reproductive output or life span). In addition, we found similar pat-
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thus strongly support a scenario for costly sex pheromone signals in moths
and provide context to earlier findings that suggested condition-dependence
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pheromone components important to male mate attraction are surprising
from a physiological perspective. It is unlikely that pheromone production
presents significant metabolic costs to signaling females, because the nutri-
ents used for pheromone production are negligible compared to available
resources (Foster & Anderson, 2015). However, there may be indirect costs,
for example if enzymes that convert sex pheromone component precursors
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ring the closely-related tobacco budworm, H. virescens (Vickers, 2002;
Groot et al., 2006). In regions where H. virescens co-occurs with H. subflexa,
the relative amount of Z11-16:OAc of field-caught females is significantly
higher compared to regions where H. virescens is absent (Groot et al., 2009).
Apparently, Z11-16:OAc is only produced when communication interfer-
ence is likely to happen. As we found that the PC2 axis, associated with vari-
ation in Z11-16:OAc, explained 10-20% of the variation in fecundity, fertil-
ity, and life span (FIGURE 4.3), such that females with higher fitness had
higher relative amounts of Z11-16:OAc, selection likely favors females that
produce lower relative amounts of acetate esters when there is no risk of het-
erospecific mate attraction.

We also hypothesized that for costly signals, maintenance is costly too
and we thus expected stability of the signal to covary with fitness. We found
that individuals with more stable sex pheromone signals over time had high-
er fitness, although negative correlations were found as well. The evidence
thus supports our hypothesis for fitness costs to sex pheromone stability.
Since in moths older females are typically less attractive, as measured by mat-
ing success (Delisle, 1995; Klepetka & Gould, 1996; Makee & Saour, 2001;
Xu & Wang, 2009; Kawazu et al., 2014; Wu et al., 2018; Zheng et al., 2020),
it is possible that a female benefits from maintaining a young-female-like
blend. This would be similar to cricket song and mouse urinary protein
pheromones, for which signal composition reliably reflects age and in both
cases the scent of senescence is associated with reduced mate attraction
(Garratt et al., 2011; Verburgt et al., 2011). Additionally, female moths pro-
duce more pheromone earlier in life. Possible physiological explanations for
decreasing pheromone amounts in aging females are that changes in Juvenile
Hormone may result in hormonal suppression of pheromone production later
in life (Teal et al., 1990; Delisle & Simard, 2003) or that older females may
have a reduced capability to synthesize pheromone components (Delisle &
Simard, 2003). Lower pheromone amounts can reduce the attractiveness of
the blend, however there is mixed evidence for this hypothesis (Umbers et al.,
2015). Therefore, an evolutionary mechanism that would explain a benefit to
costly stability is that stability counters signal decay due to senescence.

In summary, we find evidence for signal-fitness covariation, which thus
indicate costs to sex pheromone signaling. Our results are in line with earli-
er findings for condition-dependence of pheromone amount in moths and
beetles, but go beyond these findings by revealing (i) a relationship between
a moth sex pheromone signal and fitness and (ii) finding this relationship not
only for the amount of pheromone produced, but also for the composition
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and for the extent to which females keep their signal amount and composi-
tion stable. These results add multiple new dimensions in which genetic
quality differences between female moths can contribute to pheromone vari-
ation within species. As genetic variation underlying sexual signals ultimate-
ly provides the raw material from which species barriers may originate, the
relationship between signal variation and fitness components presented here
thus provides a mechanism for the evolution of sex pheromone signals and
the diversity of moth species.
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ring the closely-related tobacco budworm, H. virescens (Vickers, 2002;
Groot et al., 2006). In regions where H. virescens co-occurs with H. subflexa,
the relative amount of Z11-16:OAc of field-caught females is significantly
higher compared to regions where H. virescens is absent (Groot et al., 2009).
Apparently, Z11-16:OAc is only produced when communication interfer-
ence is likely to happen. As we found that the PC2 axis, associated with vari-
ation in Z11-16:OAc, explained 10-20% of the variation in fecundity, fertil-
ity, and life span (FIGURE 4.3), such that females with higher fitness had
higher relative amounts of Z11-16:OAc, selection likely favors females that
produce lower relative amounts of acetate esters when there is no risk of het-
erospecific mate attraction.

We also hypothesized that for costly signals, maintenance is costly too
and we thus expected stability of the signal to covary with fitness. We found
that individuals with more stable sex pheromone signals over time had high-
er fitness, although negative correlations were found as well. The evidence
thus supports our hypothesis for fitness costs to sex pheromone stability.
Since in moths older females are typically less attractive, as measured by mat-
ing success (Delisle, 1995; Klepetka & Gould, 1996; Makee & Saour, 2001;
Xu & Wang, 2009; Kawazu et al., 2014; Wu et al., 2018; Zheng et al., 2020),
it is possible that a female benefits from maintaining a young-female-like
blend. This would be similar to cricket song and mouse urinary protein
pheromones, for which signal composition reliably reflects age and in both
cases the scent of senescence is associated with reduced mate attraction
(Garratt et al., 2011; Verburgt et al., 2011). Additionally, female moths pro-
duce more pheromone earlier in life. Possible physiological explanations for
decreasing pheromone amounts in aging females are that changes in Juvenile
Hormone may result in hormonal suppression of pheromone production later
in life (Teal et al., 1990; Delisle & Simard, 2003) or that older females may
have a reduced capability to synthesize pheromone components (Delisle &
Simard, 2003). Lower pheromone amounts can reduce the attractiveness of
the blend, however there is mixed evidence for this hypothesis (Umbers et al.,
2015). Therefore, an evolutionary mechanism that would explain a benefit to
costly stability is that stability counters signal decay due to senescence.

In summary, we find evidence for signal-fitness covariation, which thus
indicate costs to sex pheromone signaling. Our results are in line with earli-
er findings for condition-dependence of pheromone amount in moths and
beetles, but go beyond these findings by revealing (i) a relationship between
a moth sex pheromone signal and fitness and (ii) finding this relationship not
only for the amount of pheromone produced, but also for the composition
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and for the extent to which females keep their signal amount and composi-
tion stable. These results add multiple new dimensions in which genetic
quality differences between female moths can contribute to pheromone vari-
ation within species. As genetic variation underlying sexual signals ultimate-
ly provides the raw material from which species barriers may originate, the
relationship between signal variation and fitness components presented here
thus provides a mechanism for the evolution of sex pheromone signals and
the diversity of moth species.
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FIGURE S4.1 – Time of onset of calling, for early (blue) and late (yellow) maters
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FIGURE S4.1 – Time of onset of calling, for early (blue) and late (yellow) maters
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FIGURE S4.2 – PCA loadings
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FIGURE S4.3 – Heritability
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FIGURE S4.2 – PCA loadings
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FIGURE S4.3 – Heritability
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FIGURE S4.5B – Correlation between intra-individual change in pheromone amount (PC1)

or composition (PC2-4) and fitness in late mated females
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DNA methylation patterns in the tobacco

budworm, Chloridea virescens
Rik Lievers, Peter Kuperus & Astrid T. Groot

ABSTRACT – DNA methylation is an important epigenetic modification that is
prone to stochastic variation and is responsive to environmental factors. Yet
changes in DNA methylation could persist across generations and thus play
an important role in evolution. In this study, we used methylation-sensitive
amplified fragment length polymorphisms (MS-AFLP) to evaluate whether
DNA methylation could contribute to the evolution of the sexual communica-
tion signal in the noctuid moth Chloridea virescens. We found that most DNA
methylation was consistent across tissues, although some methylation sites
were specifically found in pheromone glands. We also found significant DNA
methylation differences among families and two pheromone phenotype selec-
tion lines, and these differences correlated with genetic variation. Most DNA
methylation patterns were inherited, although some sites were subject to spon-
taneous de novo DNA methylation across generations. Thus, DNA methyla-
tion likely plays a role in a wide range of processes in moths. Together, our
results present an important initial step towards understanding the potential
role of DNA methylation in the evolution of sexual communication signals in
moths.

Insect Biochemistry and Molecular Biology (2020): 103370
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INTRODUCTION
Epigenetics is the study of the processes that regulate heritable differences in
gene expression without changing the underlying DNA sequence (Bird,
2007; Richards, 2006). These processes include DNA methylation, histone
modifications, as well as non-coding RNA-associated gene silencing.
Cytosine methylation is the most studied type of epigenetic modification and
involves the covalent addition of a methyl group to the fifth carbon atom of
the cytosine ring, resulting in 5-methylcytosine. This modification occurs
through a family of enzymes called DNA methyltransferases (DNMTs).
DNA methylation is prone to stochastic variation (Feinberg and Irizarry,
2010) and is responsive to environmental factors (Jablonka, 2013).
Moreover, changes in DNA methylation could persist across generations
(Jablonka & Raz, 2009), and thus be of evolutionary significance.

DNA methylation has been well studied in plants and mammals, and in
recent years more studies have focused on insects as well. In contrast to
plants and mammals, many insect genomes are sparsely methylated (Bewick
et al., 2017; Xiang et al., 2010), particularly in holometabolous insects
(Provataris et al., 2018). For example, in the silk moth (Bombyx mori)
genome, only 0.11% of the cytosines at CG-dinucleotides was found to be
methylated (Xiang et al., 2010), compared to 70-80% in humans (Ziller et
al., 2013) and 24% in the plant Arabidopsis thaliana (Cokus et al., 2008).
Bewick et al. (2017) found DNA methylation to be present across the insect
phylogeny, with the exception of Diptera, suggesting an important function
for DNA methylation in insects. However, DNA methylation levels are high-
ly variable across insect species (Bewick et al., 2017; Provataris et al., 2018),
and the role of DNA methylation in insects remains unclear (Glastad et al.,
2019). In insects, DNA methylation occurs almost exclusively at CG-dinu-
cleotides within genes (Hunt et al., 2013; Suzuki & Bird, 2008; Xiang et al.,
2010). In mammals, DNA methylation within genes is associated with active
gene expression, while DNA methylation in promoters could have various
effects (Miranda & Jones, 2007; Angeloni & Bogdanovic, 2019). Methylated
genes in insects and other invertebrates are usually phylogenetically con-
served ‘house-keeping’ genes that are constitutively expressed, while
inducible and tissue-specific genes have lower DNA methylation levels
(Provataris et al., 2018; Sarda et al., 2012). However, it is not yet clear how
intragenic DNA methylation levels translate to gene expression (Glastad et
al., 2014; Hunt et al., 2013).

In Lepidoptera, the presence of DNA methylation has been demonstrat-
ed in a few studies (Bewick et al., 2017; Jones et al., 2018; Mandrioli &
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Volpi, 2003; Xiang et al., 2010; Xiang et al., 2013). For example, Bewick et
al. (2017) found evidence for DNA methylation in 12 out of 14 species,
including the tobacco budworm, Chloridea virescens (Lepidoptera,
Noctuidae). Furthermore, DNA methyltransferases (DNMT1 and DNMT2)
and a methyl-CpG-binding domain (MBD) have been characterized in
Lepidoptera (Li et al., 2013; Mitsudome et al., 2015; Uno et al., 2005). The
first indication that DNA methylation is a regulatory signal in Lepidopteran
cells came from Knebel et al. (1985), who showed that in a Spodoptera
frugiperda cell culture, the introduction of methylation at a 5’-CCGG-3’ site
in a promotor sequence is capable of silencing genes. Xiang et al. (2013) pro-
vided the first direct experimental evidence of functional significance of
insect DNMT1 by knocking down this transferase in B. mori, which led to
decreased hatchability. Recently, Xu et al. (2018) demonstrated the involve-
ment of DNA methylation in mediating tissue- and stage-specific expression
of genes involved in wing development of B. mori. Some studies in
Lepidoptera have detected DNA methylation changes in the context of host-
parasite interactions (Borsatti et al., 2004; Kumar & Kim, 2017; Mukherjee
et al., 2019; Uckan et al., 2007; Vilcinskas, 2016) and Bt-resistance
(Mukherjee et al., 2017). To the best of our knowledge, inheritance of DNA
methylation has not been investigated in Lepidoptera.

In a first attempt to determine whether DNA methylation could con-
tribute to the evolution of the sexual communication signal in Chloridea
virescens, we assessed DNA methylation patterns in sex pheromone glands
of mothers and daughters. To attract potential mating partners, female moths
emit a species-specific sex pheromone. Moth sex pheromones usually con-
sist of long-chain fatty acid derivatives of various compound classes (such
as alcohols, aldehydes, and acetate esters), which are produced in a gland at
the tip of the female abdomen and released in specific ratios into the envi-
ronment (Allison & Cardé, 2016a). It is generally assumed that moth
pheromone composition is under stabilizing selection as the signaling female
and the responding male need to be fine-tuned to each other (Allison &
Cardé, 2016b; Löfstedt, 1993). However, considerable phenotypic variation
in the female sexual signal exists (Allison & Cardé, 2016c; Tóth et al., 1992),
even within populations (Groot et al., 2014). The most obvious source of
phenotypic variation is genetic variation (Groot et al., 2016). In addition to
genetic variation, environmental effects could affect phenotypic variation
(Groot et al., 2010; Van Geffen et al., 2015). If this plastic variation is inher-
ited, coevolution of signal and response can be envisioned, as both signaler
and responder are exposed to the same environmental conditions.
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gene expression, while DNA methylation in promoters could have various
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served ‘house-keeping’ genes that are constitutively expressed, while
inducible and tissue-specific genes have lower DNA methylation levels
(Provataris et al., 2018; Sarda et al., 2012). However, it is not yet clear how
intragenic DNA methylation levels translate to gene expression (Glastad et
al., 2014; Hunt et al., 2013).

In Lepidoptera, the presence of DNA methylation has been demonstrat-
ed in a few studies (Bewick et al., 2017; Jones et al., 2018; Mandrioli &
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Volpi, 2003; Xiang et al., 2010; Xiang et al., 2013). For example, Bewick et
al. (2017) found evidence for DNA methylation in 12 out of 14 species,
including the tobacco budworm, Chloridea virescens (Lepidoptera,
Noctuidae). Furthermore, DNA methyltransferases (DNMT1 and DNMT2)
and a methyl-CpG-binding domain (MBD) have been characterized in
Lepidoptera (Li et al., 2013; Mitsudome et al., 2015; Uno et al., 2005). The
first indication that DNA methylation is a regulatory signal in Lepidopteran
cells came from Knebel et al. (1985), who showed that in a Spodoptera
frugiperda cell culture, the introduction of methylation at a 5’-CCGG-3’ site
in a promotor sequence is capable of silencing genes. Xiang et al. (2013) pro-
vided the first direct experimental evidence of functional significance of
insect DNMT1 by knocking down this transferase in B. mori, which led to
decreased hatchability. Recently, Xu et al. (2018) demonstrated the involve-
ment of DNA methylation in mediating tissue- and stage-specific expression
of genes involved in wing development of B. mori. Some studies in
Lepidoptera have detected DNA methylation changes in the context of host-
parasite interactions (Borsatti et al., 2004; Kumar & Kim, 2017; Mukherjee
et al., 2019; Uckan et al., 2007; Vilcinskas, 2016) and Bt-resistance
(Mukherjee et al., 2017). To the best of our knowledge, inheritance of DNA
methylation has not been investigated in Lepidoptera.

In a first attempt to determine whether DNA methylation could con-
tribute to the evolution of the sexual communication signal in Chloridea
virescens, we assessed DNA methylation patterns in sex pheromone glands
of mothers and daughters. To attract potential mating partners, female moths
emit a species-specific sex pheromone. Moth sex pheromones usually con-
sist of long-chain fatty acid derivatives of various compound classes (such
as alcohols, aldehydes, and acetate esters), which are produced in a gland at
the tip of the female abdomen and released in specific ratios into the envi-
ronment (Allison & Cardé, 2016a). It is generally assumed that moth
pheromone composition is under stabilizing selection as the signaling female
and the responding male need to be fine-tuned to each other (Allison &
Cardé, 2016b; Löfstedt, 1993). However, considerable phenotypic variation
in the female sexual signal exists (Allison & Cardé, 2016c; Tóth et al., 1992),
even within populations (Groot et al., 2014). The most obvious source of
phenotypic variation is genetic variation (Groot et al., 2016). In addition to
genetic variation, environmental effects could affect phenotypic variation
(Groot et al., 2010; Van Geffen et al., 2015). If this plastic variation is inher-
ited, coevolution of signal and response can be envisioned, as both signaler
and responder are exposed to the same environmental conditions.
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Previously, the within-population phenotypic variation that was encoun-
tered in the female sex pheromone composition of C. virescens was found to
be mostly genetic (Groot et al., 2009, 2014). However, in selecting for the
extreme phenotypes, a spontaneous appearance of the so-called High pheno-
type repeatedly occurred in the Low selection line, which led us to hypothe-
size that the sex pheromone phenotype could also be influenced by epigenet-
ic marks. To understand the evolutionary potential of DNA methylation vari-
ation in the evolution of sex pheromone divergence, we used the two selec-
tion lines that were constructed to have either high or low ratios of saturated
versus unsaturated pheromone compounds (Groot et al., 2014). The ‘Low’
phenotype is attractive to males, whereas the ‘High’ phenotype is not (Groot
et al., 2014, 2019). Specifically, we formulated the following questions: To
what extent are DNA methylation patterns 1) tissue-specific, 2) differentiat-
ed between High and Low selection lines, and 3) inherited? To address these
questions, we used methylation-sensitive AFLP analysis to assess DNA
methylation patterns within and across individuals, families, pheromone
phenotypes, and generations of C. virescens.

MATERIALS AND METHODS
Moths
For this study we used the noctuid moth Chloridea virescens (see Suppl.
Material a. for rearing conditions). We used two artificial selection lines that
were constructed to have opposing ratios between the unsaturated and satu-
rated sex pheromone compounds [see Groot et al. (2014) for further details].
In the ‘High’ selection line, females have high ratios of hexadecanal/(Z)-11-
hexadecanal (16:Ald/Z11-16:Ald) and tetradecanal/(Z)-9-tetradecanal
(14:Ald/Z9-14:Ald), while the ‘Low’ line consists of females with low ratios
of 16:Ald/Z11-16:Ald and 14:Ald/Z9-14:Ald. Pheromone compound ratios
were determined by gas chromatography of hexane extracts of whole
pheromone glands (see Suppl. Material b. for a detailed protocol).

Experimental set-up
We investigated DNA methylation patterns in a set of independent experi-
ments, as shown in Figure 1 and specified below. In short, we analysed
gland- and phenotype-specific DNA methylation patterns in pheromone
gland and leg tissue of eight Low and ten High unrelated females (Figure
1A). We also analysed differentiation between Low and High siblings in a
backcross-family. The backcross-family was obtained by hybridizing (High
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[H] ♀ × Low [L] ♂) and backcrossing (HL ♀ × H ♂) males and females,
resulting in 50% HL (= Low phenotype, as Low is dominant) and 50% HH
(= High phenotype) offspring. From this backcross family, we analysed the
pheromone gland and thorax of the maternal grandparents, parents, and 18
daughters (8 HL and 10 HH; FIGURE 5.1C). Furthermore, we assessed the
family specificity and inheritance of DNA methylation in pheromone gland
tissue in 8 families, consisting of 8 mothers with 6-9 daughters each (two
independent sets of 4 families: Family 1-4 and Family 5-8; FIGURE 5.1B). To
further determine whether DNA methylation patterns are heritable, and/or de
novo DNA methylation occurs from parents to offspring, we analysed
Mendelian segregation patterns of DNA methylation among 18 siblings of
the backcross family (FIGURE 5.1C), as specified below, and following
Verhoeven et al. (2010).
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FIGURE 5.1 – Experimental setup and crossing scheme for MS-AFLP analysis of Chloridea
viresecens. We evaluated DNA methylation patterns in A) pheromone gland and leg tissue
within 10 High (H) and 8 Low (L) females; B) pheromone gland tissue across 2 generations
(P and F1) in 8 families (8 mothers with 6-9 daughters each); and C) pheromone gland and
thorax tissue in a backcross-family (P, F1, and F2). The 10 HH daughters had an H pheno-
type. The 8 HL daughters had an L phenotype.
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Methylation-sensitive AFLP protocol
Methylation Sensitive Amplified Fragment Length Polymorphisms (MS-
AFLP) were analyzed following an adjusted AFLP procedure as described in
Sheck et al. (2006) and Ruiz-Garcia et al. (2010) (for detailed protocol, see
Suppl. Material c.). In short, genomic DNA was extracted from moth tissues
and digested with EcoR1/MspI and EcoRI/HpaII (New England Biolabs,
Ipswich, MA, USA). Subsequently, the restricted DNA was subjected to two
rounds of selective PCR (core primer and adapter sequences are given in
TABLE S5.1, and primer extensions and combinations used in each experiment
are given in TABLE S5.2), after which the banding patterns were visualized on
a polyacrylamide gel. EcoRI/HpaII and EcoRI/MspI fragments in the size
range of 50-700 bp were scored for presence (1) and absence (0), using a
semiautomatic image analysis program designed specifically for AFLP analy-
sis (Quantar PRO 1.0; KeyGene Products, Wageningen, The Netherlands).

Presence-absence scores were processed in Microsoft Excel 2010 and
analyzed using the R package ‘msap’ [v.1.1.9 (Pérez‐Figueroa, 2013) in R
studio (v.3.1.2); R Core Development Team)]. Presence of both EcoRI/HpaII
and EcoRI/MspI fragments (pattern 1/1) denotes an unmethylated state, pres-
ence of either the EcoRI/HpaII fragment or the EcoRI/MspI fragment (pat-
tern 0/1 or 1/0) denotes a methylated state, and absence of both EcoRI/HpaII
and EcoRI/MspI fragments (pattern 0/0) is considered either as uninforma-
tive or as a DNA sequence difference at the 5’-CCGG-3’ restriction site
(TABLE S5.3). After comparing the data from both enzyme combinations,
msap determines if each locus is susceptible to DNA methylation (defined as
loci that show evidence of DNA methylation above a genotyping error rate
of 5%), or if there is no evidence for DNA methylation. Methylation-
Susceptible Loci (MSL) represent DNA methylation variation, and Non-
Methylated Loci (non-ML) represent sequence variation (TABLE S5.3).

Classifying MS-AFLP loci as MSL or non-ML to compare genetic to epi-
genetic variation has been done in many population epigenetic studies
(Baldanzi et al., 2017; Cervera et al., 2002; Herrera and Bazaga, 2010; Liu et
al., 2012; Watson et al., 2018). While MSL provide a good estimation of epi-
genetic variation, non-ML may miss some genetic variation, as HpaII and
MspI may not cut due to absence of a CCGG-site, but due to full methylation
of the external cytosine or both cytosines or by hemimethylation of both
cytosines (Schulz et al., 2013). Even though there is no evidence that these
types of DNA methylation exist in moths (Xiang et al., 2010), we additionally
scored conventional AFLP markers on the same individuals in the backcross
family to confirm that non-ML provide a good estimate of genetic variation.
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Conventional AFLP analysis protocol
For conventional AFLP analysis, we used the DNA methylation insensitive
restriction enzyme combination EcoRI/MseI (see TABLE S5.1 and S5.2 for
primer and adapter sequences). Conventional AFLP analysis was performed
on thorax DNA extracts of the backcross family, following the same proto-
col as in the MS-AFLP analysis (Sheck et al., 2006).

Data analysis
Reproducibility of DNA methylation detection by MS-AFLP

The reproducibility of methylation detection by MS-AFLP was tested by
repeating the complete procedure on the same set of 7 DNA extracts (6
pheromone glands and 1 leg). Scores of the two sets of MS-AFLP analyses
were compared in Microsoft Excel 2010.

Tissue-specific DNA methylation patterns
We compared DNA methylation patterns at MSL in sex pheromone glands
with leg tissue within 18 unrelated females (FIGURE 5.1A), and with thorax
tissue within 18 sisters of a backcross family (FIGURE 5.1C). For each
female, we calculated the percentage DNA methylation in sex pheromone
glands that is systemic (i.e., reproducible across tissues), and the percentage
that is gland specific. Calculations were done in Microsoft Excel 2010.

Differentiation between High and Low selection lines
To assess genetic and epigenetic differentiation between the High and Low
selection lines, we analysed non-ML, gland MSL, and systemic MSL of unre-
lated females (10 High and 8 Low; FIGURE 5.1A), and of sisters within the back-
cross family (10 High and 8 Low; FIGURE 5.1C). For the same individuals of the
backcross family, we also analysed an independent set of conventional AFLP
loci. We tested for the significance of differentiation between High and Low by
analysis of molecular variance (AMOVA). We visualized the differentiation by
Principal Coordinate Analysis (PCoA). To determine the correlation between
genetic and epigenetic loci, a Mantel test (1000 permutations) was performed.
All analyses were done using the R package msap (Pérez‐Figueroa, 2013).

Inheritance of DNA methylation
To assess the relationship between genetic and epigenetic variation, we
analysed MSL and non-ML in gland tissue among 8 families (two independ-
ent datasets of 4 families: Fam. 1-4, and Fam. 5-8) with 6-9 daughters each
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(FIGURE 5.1B). We used the R package msap (Pérez‐Figueroa, 2013) to per-
form PCoA, AMOVA, and a Mantel test, as described above. Furthermore,
msap determined the percentage non-polymorphic MSL, i.e., those MSL for
which a detectable CCGG-site was always methylated, and polymorphic
MSL, i.e., those MSL for which the methylation state at detectable CCGG-
sites was variable. Furthermore, for each family we determined the inheri-
tance of DNA methylation. We defined inheritance as the percentage DNA
methylation states at detected CCGG-sites that remained unchanged from
mother to daughter glands. Percentages of all possible fates of DNA methy-
lation states were plotted in stacked bar graphs, using SigmaPlot v.13.
Differences in total DNA methylation inheritance among families were test-
ed among all families (Fam. 1-8) using One-Way ANOVA. In addition, for
polymorphic MSL, we used a Welch’s t-test to determine if the similarity
between daughters and their own mothers was significantly higher than the
similarity between daughters and the mothers from different families.

We analysed Mendelian segregation patterns of conventional AFLP loci,
non-ML, and systemic and gland-specific MSL in 18 daughters of the back-
cross family (FIGURE 5.1C). All loci were divided over 4 classes, based on
fragment presence or absence in the parents. For each class, the expected
Mendelian segregation ratio was determined as follows. Fragments that were
present in the mother, but absent in the father (class M1P0), either did not
segregate (when the mother was homozygous), or segregated at a 1:1 ratio
(when the mother was heterozygous). Fragments that were absent in the
mother, but present in the father (class M0P1), either did not segregate (when
the father was homozygous) or segregated at a 1:1 ratio (when the mother
was heterozygous). Fragments that were present in both parents (class
M1P1) either did not segregate (when one or both parents were homozy-
gous) or segregated at a 3:1 ratio (when both parents were heterozygous).
Fragments that were not present in either parent (class M0P0, both parents
were homozygous) did not segregate (ratio 1). For each class, we determined
whether loci deviated from the expected Mendelian segregation ratio by
using exact chi-square tests for goodness-of-fit (Verhoeven et al., 2010). We
subsequently tested if MSL deviated significantly more than conventional
AFLP loci and non-ML, using Fisher’s Exact test for independence
(Verhoeven et al., 2010). For M0P0 (both parents homozygous), significant
deviation from 1 could not be calculated. Therefore, all loci in this class
showing a deviation were considered significant. We also tested for differ-
ences in Mendelian segregation ratios between gland-specific and systemic
MSL. All analyses were conducted in Microsoft Excel 2010.
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RESULTS
Reproducibility of DNA methylation detection by MS-AFLP
To verify that MS-AFLP scoring is reliable and reproducible in C. virescens,
we first conducted the analysis on the same set of 7 DNA extracts. We min-
imized any potential scoring errors by using a well-developed protocol
[adapted from Sheck et al. (2006) and Ruiz-Garcia et al. (2010)], negative
controls, a semiautomatic gel scoring program (Quantar PRO 1.0; KeyGene
Products, Wageningen, The Netherlands), and an automated scoring script
(msap) with a 5% genotyping error-rate threshold (Pérez‐Figueroa, 2013).
As the two sets of DNA methylation scores were nearly identical, i.e., 179
loci out of 180 (99.4%) were reproducible (FILE S5.1, FIGURE S5.1), we con-
clude that our protocol was reliable.

Tissue-specific DNA methylation patterns
We compared Methylation-Susceptible Loci (MSL) between pheromone
glands and legs (N = 18 females, 125 MSL), and between pheromone glands
and thoraces (N = 18 females, 180 MSL). We found that 94.5 ± 0.8% (mean
± SEM) of the DNA methylation sites in the glands was also present in legs,
and 92.7 ± 0.9% was also present in thoraces (FIGURE 5.2). We further found
5.5 ± 0.8% – 7.3 ± 0.9% of the DNA methylation sites to be gland-specific
DNA methylation (FIGURE 5.2). Leg- and thorax-specific DNA methylation
was also present, but not further analyzed.
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FIGURE 5.2 – Gland-specific DNA methylation of Chloridea virescens. Percentage (± SEM)
of DNA methylation in glands that is gland-specific and systemic, i.e., also methylated in tho-
rax tissue (left, backcross-family: n = 18) and in leg tissue (right, unrelated females: n = 18).
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Tissue-specific DNA methylation patterns
We compared Methylation-Susceptible Loci (MSL) between pheromone
glands and legs (N = 18 females, 125 MSL), and between pheromone glands
and thoraces (N = 18 females, 180 MSL). We found that 94.5 ± 0.8% (mean
± SEM) of the DNA methylation sites in the glands was also present in legs,
and 92.7 ± 0.9% was also present in thoraces (FIGURE 5.2). We further found
5.5 ± 0.8% – 7.3 ± 0.9% of the DNA methylation sites to be gland-specific
DNA methylation (FIGURE 5.2). Leg- and thorax-specific DNA methylation
was also present, but not further analyzed.
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FIGURE 5.2 – Gland-specific DNA methylation of Chloridea virescens. Percentage (± SEM)
of DNA methylation in glands that is gland-specific and systemic, i.e., also methylated in tho-
rax tissue (left, backcross-family: n = 18) and in leg tissue (right, unrelated females: n = 18).
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Differentiation between High and Low selection lines
When we compared genetic variation (non-ML) with epigenetic variation
(MSL) between ‘High’ and ‘Low’ pheromone phenotype selection lines, we
found that non-ML were significantly differentiated between unrelated females
with High and Low phenotypes (AMOVA; TABLE 5.1, FIGURE 5.3), as well as
between siblings from a backcross family with High and Low phenotypes
(AMOVA; TABLE 5.1, FIGURE 5.3). Furthermore, we found that the results of
non-ML were consistently similar to AFLP loci (TABLE 5.1, FIGURE S5.2).
Gland MSL and systemic MSL were also significantly differentiated between
High and Low pheromone types (AMOVA; TABLE 5.1, FIGURE 5.3). Even
though there were clear general differences in DNA methylation between High
and Low phenotypes, we found no specific MSL that were always linked to
High or Low pheromone types. Furthermore, we found that the MSL and non-
ML profiles were significantly correlated (Mantel Test; TABLE 5.1).
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Gland Methylation-Sysceptible Loci (MSL) Systemic Methylation-Sysceptible Loci (MSL) Non-Methylated Loci (Non-ML)
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FIGURE 5.3 – Principle Coordinate Analysis of epigenetic (using Methylation-Susceptible
Loci) and genetic (using Non-Methylated Loci) differences between High pheromone phe-
notype (red) and Low pheromone phenotype (blue) Chloridea virescens females in unrelat-
ed females and the backcross family (n = 10 High and 8 Low). The first two coordinates (C1
and C2) are displayed with the indication of the percentage of variance explained in brack-
ets. Dots represent individual females. Labels indicate the centroids of each pheromone phe-
notype. Ellipses represent the dispersion associated to each value. Systemic MSL are only
those gland MSL that are reproducible in leg tissue (for the unrelated females) and thorax
tissue (for the backcross-family).
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Differentiation between High and Low selection lines
When we compared genetic variation (non-ML) with epigenetic variation
(MSL) between ‘High’ and ‘Low’ pheromone phenotype selection lines, we
found that non-ML were significantly differentiated between unrelated females
with High and Low phenotypes (AMOVA; TABLE 5.1, FIGURE 5.3), as well as
between siblings from a backcross family with High and Low phenotypes
(AMOVA; TABLE 5.1, FIGURE 5.3). Furthermore, we found that the results of
non-ML were consistently similar to AFLP loci (TABLE 5.1, FIGURE S5.2).
Gland MSL and systemic MSL were also significantly differentiated between
High and Low pheromone types (AMOVA; TABLE 5.1, FIGURE 5.3). Even
though there were clear general differences in DNA methylation between High
and Low phenotypes, we found no specific MSL that were always linked to
High or Low pheromone types. Furthermore, we found that the MSL and non-
ML profiles were significantly correlated (Mantel Test; TABLE 5.1).
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FIGURE 5.3 – Principle Coordinate Analysis of epigenetic (using Methylation-Susceptible
Loci) and genetic (using Non-Methylated Loci) differences between High pheromone phe-
notype (red) and Low pheromone phenotype (blue) Chloridea virescens females in unrelat-
ed females and the backcross family (n = 10 High and 8 Low). The first two coordinates (C1
and C2) are displayed with the indication of the percentage of variance explained in brack-
ets. Dots represent individual females. Labels indicate the centroids of each pheromone phe-
notype. Ellipses represent the dispersion associated to each value. Systemic MSL are only
those gland MSL that are reproducible in leg tissue (for the unrelated females) and thorax
tissue (for the backcross-family).
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Inheritance of DNA methylation
To explore if DNA methylation patterns were family specific, we analyzed
MSL and non-ML of eight families (two sets of four families, 6-9 daughters
each). Between families, we found significant genetic differences (AMOVA;
Fam. 1-4: Φ(3,26) = 0.491, P < 0.001, Fam. 5-8: Φ(3,26) = 0.463, P < 0.001;
TABLE S5.4, FIGURE 5.4), as well as epigenetic differences (AMOVA; Fam. 1-
4: Φ(3,26) = 0.511, P < 0.001, Fam. 5-8: Φ(3,26) = 0.513, P < 0.001; TABLE
S5.4, FIGURE 5.4). Between families, MSL were significantly correlated with
non-ML (Mantel test; Fam. 1-4: r = 0.631, P = 0.001, Fam. 5-8: r = 0.587, P
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FIGURE 5.4 – Principle Coordinate Analysis of epigenetic (using Methylation-Susceptible
Loci) and genetic (using Non-Methylated Loci) differences between Chloridea virescens
families for 2 independent sets of data each containing 4 families with 6-9 daughters per
family (total n = 30 in Fam. 1-4, and 30 in Fam. 5-8). The first two coordinates (C1 and C2)
are displayed with the indication of the percentage of variance explained in brackets. Dots
represent individual females. Labels indicate the centroids of each family. Ellipses represent
the dispersion associated with each value.
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= 0.001; TABLE S5.4). Examining all families revealed that 73% of MSL was
non-polymorphic, i.e., detected CCGG-sites were always methylated across
all families. For the remaining 27%, DNA methylation occurred in both states
(methylated and unmethylated) at least once. In calculating the inheritance of
DNA methylation states, i.e., the percentage DNA methylation states at
CCGG-sites that remained unchanged from mother to daughter glands, we
found that 87.9 ± 0.6% (in Fam. 4) to 96.3 ± 0.4% (in Fam. 6) of DNA methy-
lation states were inherited from mother to daughter, while 12.1 ± 0.6 (in Fam.
4) to 3.7 ± 0.4% (in Fam. 6) of DNA methylation states changed from moth-
er to daughter (FIGURE 5.5). Thus, inheritance of DNA methylation states was
not the same for all families (ANOVA; Fam. 1-8: F(7,52) = 13.75, P < 0.001;
TABLE S5.5). Furthermore, for the 27% polymorphic MSL, methylation states
at CCGG-sites were significantly more similar between daughters and their
own mother (79 ± 1.7%) than between daughters and mothers from different
families (60 ± 1.2%, t(122.7) = 9.6, P < 0.001). In summary, DNA methylation
at CCGG-sites was correlated with genetic variation and mostly consistent
across individuals, families, and generations.
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FIGURE 5.5 – Inheritance of DNA methylation states at available CCGG-sites from mother
to daughter pheromone glands in 8 families (Fam. 1-8, with 6-9 daughters each) of
Chloridea virescens. Blocks represent families, bars represent daughters, and colors repre-
sent DNA methylation events from mother to daughters. Blue colors represent inherited
DNA methylation states, yellow represents a gain of DNA methylation, and green represents
a loss of DNA methylation.
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Inheritance of DNA methylation
To explore if DNA methylation patterns were family specific, we analyzed
MSL and non-ML of eight families (two sets of four families, 6-9 daughters
each). Between families, we found significant genetic differences (AMOVA;
Fam. 1-4: Φ(3,26) = 0.491, P < 0.001, Fam. 5-8: Φ(3,26) = 0.463, P < 0.001;
TABLE S5.4, FIGURE 5.4), as well as epigenetic differences (AMOVA; Fam. 1-
4: Φ(3,26) = 0.511, P < 0.001, Fam. 5-8: Φ(3,26) = 0.513, P < 0.001; TABLE
S5.4, FIGURE 5.4). Between families, MSL were significantly correlated with
non-ML (Mantel test; Fam. 1-4: r = 0.631, P = 0.001, Fam. 5-8: r = 0.587, P
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FIGURE 5.4 – Principle Coordinate Analysis of epigenetic (using Methylation-Susceptible
Loci) and genetic (using Non-Methylated Loci) differences between Chloridea virescens
families for 2 independent sets of data each containing 4 families with 6-9 daughters per
family (total n = 30 in Fam. 1-4, and 30 in Fam. 5-8). The first two coordinates (C1 and C2)
are displayed with the indication of the percentage of variance explained in brackets. Dots
represent individual females. Labels indicate the centroids of each family. Ellipses represent
the dispersion associated with each value.
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= 0.001; TABLE S5.4). Examining all families revealed that 73% of MSL was
non-polymorphic, i.e., detected CCGG-sites were always methylated across
all families. For the remaining 27%, DNA methylation occurred in both states
(methylated and unmethylated) at least once. In calculating the inheritance of
DNA methylation states, i.e., the percentage DNA methylation states at
CCGG-sites that remained unchanged from mother to daughter glands, we
found that 87.9 ± 0.6% (in Fam. 4) to 96.3 ± 0.4% (in Fam. 6) of DNA methy-
lation states were inherited from mother to daughter, while 12.1 ± 0.6 (in Fam.
4) to 3.7 ± 0.4% (in Fam. 6) of DNA methylation states changed from moth-
er to daughter (FIGURE 5.5). Thus, inheritance of DNA methylation states was
not the same for all families (ANOVA; Fam. 1-8: F(7,52) = 13.75, P < 0.001;
TABLE S5.5). Furthermore, for the 27% polymorphic MSL, methylation states
at CCGG-sites were significantly more similar between daughters and their
own mother (79 ± 1.7%) than between daughters and mothers from different
families (60 ± 1.2%, t(122.7) = 9.6, P < 0.001). In summary, DNA methylation
at CCGG-sites was correlated with genetic variation and mostly consistent
across individuals, families, and generations.
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FIGURE 5.5 – Inheritance of DNA methylation states at available CCGG-sites from mother
to daughter pheromone glands in 8 families (Fam. 1-8, with 6-9 daughters each) of
Chloridea virescens. Blocks represent families, bars represent daughters, and colors repre-
sent DNA methylation events from mother to daughters. Blue colors represent inherited
DNA methylation states, yellow represents a gain of DNA methylation, and green represents
a loss of DNA methylation.
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To assess the inheritance patterns of DNA methylation, we compared seg-
regation patterns of MSL with AFLP loci and non-ML in 18 daughters of a
backcross family [following Verhoeven et al (2010)]. In comparing
Mendelian segregation patterns of MSL with AFLP loci, we found that 93.6%
of in total 330 segregating AFLP loci showed Mendelian segregation patterns
(FIGURE 5.6, TABLE 5.2). Of the 52 systemic MSL and 102 gland MSL, 77.5
and 75.0% showed Mendelian segregation patterns, respectively. Thus,
although most MSL were heritable and followed Mendelian segregation pat-
terns, there was a significant difference compared to the AFLP segregation
patterns (FIGURE 5.6, TABLE 5.2). Of the 162 systemic non-ML and 163 gland
non-ML, 92.0 and 92.6% of showed Mendelian segregation, respectively,
which was similar to the AFLP segregation patterns (TABLE 5.2), showing that
non-ML are a good estimate of genetic variation. The comparison of MSL
with non-ML segregation patterns yielded the same results as the comparison
between MSL and AFLP segregating patterns (TABLE 5.2).
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FIGURE 5.6 – Mendelian segregation ratios of epigenetic (using Methylation-Susceptible
Loci) and genetic (using AFLP loci) loci in marker class M0P1/M1P0 (restriction fragment
present in either parent) and marker class M1P1 (restriction fragment present in both par-
ents) in Chloridea virescens. Light grey bars are markers that follow Mendelian segregation
expectation (indicated by arrows). Black bars deviate from Mendelian segregation. From
left to right: AFLP loci, systemic MSL (only those gland MSL that are reproducible in tho-
rax), and gland MSL.
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To assess the inheritance patterns of DNA methylation, we compared seg-
regation patterns of MSL with AFLP loci and non-ML in 18 daughters of a
backcross family [following Verhoeven et al (2010)]. In comparing
Mendelian segregation patterns of MSL with AFLP loci, we found that 93.6%
of in total 330 segregating AFLP loci showed Mendelian segregation patterns
(FIGURE 5.6, TABLE 5.2). Of the 52 systemic MSL and 102 gland MSL, 77.5
and 75.0% showed Mendelian segregation patterns, respectively. Thus,
although most MSL were heritable and followed Mendelian segregation pat-
terns, there was a significant difference compared to the AFLP segregation
patterns (FIGURE 5.6, TABLE 5.2). Of the 162 systemic non-ML and 163 gland
non-ML, 92.0 and 92.6% of showed Mendelian segregation, respectively,
which was similar to the AFLP segregation patterns (TABLE 5.2), showing that
non-ML are a good estimate of genetic variation. The comparison of MSL
with non-ML segregation patterns yielded the same results as the comparison
between MSL and AFLP segregating patterns (TABLE 5.2).
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Deviations from Mendelian segregation patterns indicate de novo DNA
methylation. When dividing all loci over 4 classes, based on fragment pres-
ence or absence in the parents, MSL in the M1P0/M0P1 class (M1: present
in mother, P0: absent in father) showed significantly more deviations from
Mendelian segregation than AFLP loci, while MSL in the M1P1 class (pre-
sent in both parents) showed similar segregation patterns as AFLP loci
(FIGURE 5.6, TABLE 5.2). Loci of the M0P0 class (homozygous absent in both
parents) should not segregate, however some gland MSL showed significant
deviations from Mendelian segregation (TABLE 5.2). Thus, de novo gland and
systemic DNA methylation in the M1P0/M0P1 class, and gland-specific de
novo DNA methylation in the M0P0 class appear to occur in C. virescens.

We further observed that some AFLP loci deviated significantly from
Mendelian expectations, a phenomenon that was also found by Verhoeven et
al. (2010) and Jiang et al. (Jiang et al., 2016). Such deviations could perhaps
be explained by duplicated loci in the genome or by systematic biases in
scoring faint bands as either present or absent (Verhoeven et al., 2010). Some
deviations could also be due to DNA methylation changes, as EcoRI, which
is used for AFLP analysis, is not completely insensitive to DNA methylation.
However, this should not have affected the comparison between segregation
patterns of AFLP loci and MSL, as possible DNA methylation in EcoRI sites
are most likely evenly distributed across loci.

DISCUSSION
To assess the role of epigenetics in moth pheromone evolution, we used MS-
AFLP analysis to examine DNA methylation patterns in the noctuid moth C.
virescens. We found that DNA methylation patterns are reproducible, and
mostly consistent across tissues. However, some gland-specific DNA methy-
lation also occurred. Furthermore, we found differences in DNA methylation
patterns between High and Low pheromone phenotype selection lines. DNA
methylation patterns were also family-specific, associated with genetic vari-
ation and heritable, although some de novo DNA methylation also occurred.

Reproducibility of DNA methylation detection by MS-AFLP
The MS-AFLP technique has been applied in thousands of other studies
since its introduction in 1997 (Reyna-López et al., 1997), and its reliability
and reproducibility have been demonstrated many times (Richards et al.,
2017; Schrey et al., 2013). The major shortcoming of MS-AFLP is that it
only screens anonymous loci at CCGG-sites which may have no direct con-
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nection to the phenotype (Richards et al., 2017; Schrey et al., 2013). Thus,
we cannot link DNA methylation patterns directly to the High or the Low
pheromone phenotype. Despite this shortcoming, MS-AFLP is a powerful
method to detect epigenetic differentiation between populations (Herrera and
Bazaga, 2010; Liu et al., 2015), tissues (Sun et al., 2014), and to detect her-
itable and de novo DNA methylation patterns (Verhoeven et al., 2010).
Furthermore, non-ML are consistently similar to conventional AFLP loci as
shown by us (TABLES 5.1, 5.2, FIGURES 5.6, S5.2), and in another study
(Ardura et al., 2017). Therefore, non-ML provide a good estimate of genet-
ic variation allowing within-dataset comparisons between genetic and
epigenetic variation (Pérez‐Figueroa, 2013).

Tissue-specific DNA methylation patterns
Most DNA methylation in insects likely represents germline methylation
within gene bodies of ubiquitously expressed housekeeping genes, whereas
genes with tissue-specific functions are sparsely methylated (Glastad et al.,
2014; Provataris et al., 2018; Sarda et al., 2012). We therefore expected an
overall similarity in methylation patterns between the sex pheromone gland
and other tissues, a situation that was also found by Jones et al. (2018), who
showed that DNA methylation in the noctuid moth Helicoverpa armigera
was nearly identical across life stages. Even though we did find an overall
similarity between tissues, we also found some gland-specific DNA methy-
lation. Gland-specific methylation may have accumulated due to environ-
mental exposure or stochastic variation in DNA methylation maintenance
over the adult moths’ lifetime. Such age-associated tissue-specific changes in
DNA methylation patterns have been frequently observed in mammals
(Christensen et al., 2009; Day et al., 2013; Maegawa et al., 2010). Tissue-
specificity suggests that DNA methylation is involved in tissue-specific gene
expression, as shown in the moth B. mori (Xiang et al., 2013; Xu, et al.,
2018) and Galleria mellonella (Mukherjee et al., 2017). Thus, despite over-
all similarity between tissues, tissue-specific differences in DNA methyla-
tion patterns could explain at least part of the epigenetic variation in C.
virescens.

Differentiation between High and Low selection lines
We found significant genetic and epigenetic differences between High and
Low selection lines of C. virescens, and genetic and epigenetic profiles were
correlated. In other words, when DNA methylation sites were present, they
were likely to be associated with genetic polymorphisms. In general, greater
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Deviations from Mendelian segregation patterns indicate de novo DNA
methylation. When dividing all loci over 4 classes, based on fragment pres-
ence or absence in the parents, MSL in the M1P0/M0P1 class (M1: present
in mother, P0: absent in father) showed significantly more deviations from
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systemic DNA methylation in the M1P0/M0P1 class, and gland-specific de
novo DNA methylation in the M0P0 class appear to occur in C. virescens.

We further observed that some AFLP loci deviated significantly from
Mendelian expectations, a phenomenon that was also found by Verhoeven et
al. (2010) and Jiang et al. (Jiang et al., 2016). Such deviations could perhaps
be explained by duplicated loci in the genome or by systematic biases in
scoring faint bands as either present or absent (Verhoeven et al., 2010). Some
deviations could also be due to DNA methylation changes, as EcoRI, which
is used for AFLP analysis, is not completely insensitive to DNA methylation.
However, this should not have affected the comparison between segregation
patterns of AFLP loci and MSL, as possible DNA methylation in EcoRI sites
are most likely evenly distributed across loci.

DISCUSSION
To assess the role of epigenetics in moth pheromone evolution, we used MS-
AFLP analysis to examine DNA methylation patterns in the noctuid moth C.
virescens. We found that DNA methylation patterns are reproducible, and
mostly consistent across tissues. However, some gland-specific DNA methy-
lation also occurred. Furthermore, we found differences in DNA methylation
patterns between High and Low pheromone phenotype selection lines. DNA
methylation patterns were also family-specific, associated with genetic vari-
ation and heritable, although some de novo DNA methylation also occurred.

Reproducibility of DNA methylation detection by MS-AFLP
The MS-AFLP technique has been applied in thousands of other studies
since its introduction in 1997 (Reyna-López et al., 1997), and its reliability
and reproducibility have been demonstrated many times (Richards et al.,
2017; Schrey et al., 2013). The major shortcoming of MS-AFLP is that it
only screens anonymous loci at CCGG-sites which may have no direct con-
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nection to the phenotype (Richards et al., 2017; Schrey et al., 2013). Thus,
we cannot link DNA methylation patterns directly to the High or the Low
pheromone phenotype. Despite this shortcoming, MS-AFLP is a powerful
method to detect epigenetic differentiation between populations (Herrera and
Bazaga, 2010; Liu et al., 2015), tissues (Sun et al., 2014), and to detect her-
itable and de novo DNA methylation patterns (Verhoeven et al., 2010).
Furthermore, non-ML are consistently similar to conventional AFLP loci as
shown by us (TABLES 5.1, 5.2, FIGURES 5.6, S5.2), and in another study
(Ardura et al., 2017). Therefore, non-ML provide a good estimate of genet-
ic variation allowing within-dataset comparisons between genetic and
epigenetic variation (Pérez‐Figueroa, 2013).

Tissue-specific DNA methylation patterns
Most DNA methylation in insects likely represents germline methylation
within gene bodies of ubiquitously expressed housekeeping genes, whereas
genes with tissue-specific functions are sparsely methylated (Glastad et al.,
2014; Provataris et al., 2018; Sarda et al., 2012). We therefore expected an
overall similarity in methylation patterns between the sex pheromone gland
and other tissues, a situation that was also found by Jones et al. (2018), who
showed that DNA methylation in the noctuid moth Helicoverpa armigera
was nearly identical across life stages. Even though we did find an overall
similarity between tissues, we also found some gland-specific DNA methy-
lation. Gland-specific methylation may have accumulated due to environ-
mental exposure or stochastic variation in DNA methylation maintenance
over the adult moths’ lifetime. Such age-associated tissue-specific changes in
DNA methylation patterns have been frequently observed in mammals
(Christensen et al., 2009; Day et al., 2013; Maegawa et al., 2010). Tissue-
specificity suggests that DNA methylation is involved in tissue-specific gene
expression, as shown in the moth B. mori (Xiang et al., 2013; Xu, et al.,
2018) and Galleria mellonella (Mukherjee et al., 2017). Thus, despite over-
all similarity between tissues, tissue-specific differences in DNA methyla-
tion patterns could explain at least part of the epigenetic variation in C.
virescens.

Differentiation between High and Low selection lines
We found significant genetic and epigenetic differences between High and
Low selection lines of C. virescens, and genetic and epigenetic profiles were
correlated. In other words, when DNA methylation sites were present, they
were likely to be associated with genetic polymorphisms. In general, greater
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genetic variation also meant greater DNA methylation variation. Previously,
the genetic basis of the pheromone variation between the High and Low was
identified (Groot et al., 2014, 2019), showing that pheromone divergence is
at least partly genetically determined. Possibly, DNA methylation differenti-
ation is directly controlled by genetic factors. However, the correlation
between genetic and epigenetic variation may be non-causal. For example,
DNA methylation variation might affect survival or other fitness parameters
and lead to consistent DNA methylation profiles within the High and Low
lines over time (Flores et al., 2013). Furthermore, the High and Low selec-
tion lines appear to be epigenetically and genetically similarly differentiated.
This is in contrast to several studies in wild populations of plants and ani-
mals which found greater epigenetic than genetic differences between popu-
lations (Lira-Medeiros et al., 2010; Liu et al., 2015; Richards et al., 2012). It
has been speculated that epigenetic divergence between populations may
precede genetic divergence, as DNA methylation is more dynamic than
genetic variation and could respond quicker to selection (Lira-Medeiros et
al., 2010; Liu et al., 2015; Richards et al., 2012). Our experiment was con-
ducted after more than 20 generations of artificial selection, and we do not
know whether differences between genetic and epigenetic differentiation
occurred in earlier phase of the selection process. Thus, it can be concluded
that genetic as well as epigenetic variation may have contributed to the diver-
gence of the High and Low selection lines of C. virescens.

Inheritance of DNA methylation
Our analyses of 8 families and a backcross family showed that DNA methy-
lation patterns were 1) family-specific, 2) correlated with genetic variation,
and 3) inherited. The finding that most MSL inherited from mother to daugh-
ters and segregated in a Mendelian manner was also found in another inver-
tebrate species, the Pacific oyster Crassostrea gigas, where most MSL
(90.6%) were stably inherited to offspring in a Mendelian fashion (Jiang et
al., 2016). Such inheritance patterns can be due to different processes. For
example, methylation could be erased and re-established during develop-
ment under control of a genetic locus in cis or trans that segregates in a
Mendelian manner. In insects, this has been suggested to occur in honey bees
(Remnant et al., 2016; Wedd et al., 2015; Yagound et al., 2019), bumble bees
(Lonsdale et al., 2017), and Nasonia wasps (Wang et al., 2016). It is also pos-
sible that inheritance of DNA methylation occurs through escape from
germline erasure. However, Lepidoptera lack de novo DNA methyltrans-
ferase (DNMT3) to re-establish methylation patterns (Bewick et al., 2017).
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Glastad et al. (2019) suggested that maintenance DNA methyltransferase
(DNMT1) may be sufficient to maintain DNA methylation over generations,
and that removal and re-establishment of DNA methylation does not occur
in Lepidoptera. This hypothesis is supported by the fact that in F1 hybrids of
two species of Nasonia wasps (that also lack DNMT3), DNA methylation
was faithfully inherited (Wang et al., 2016). Also, DNA methylation has been
found in the main embryonic stages of some insects (Drewell et al., 2014;
Feliciello et al., 2013). Furthermore, recent studies showed that early embryo
reprogramming and genome-wide demethylation may not occur in honey
bees (Harris et al., 2019) and other invertebrates (Xu, et al., 2019). The per-
sistence of DNA methylation in early embryonic stages could also be medi-
ated by other epigenetic mechanisms (Pavelka et al., 2017). Even though in
our study we cannot differentiate between the various scenarios, our results
consistently show that most DNA methylation is inherited from mothers to
daughters.

In this study, most (73%) MSL were non-polymorphic, i.e., available
CCGG-sites were always methylated across all families and generations.
Although MS-AFLP does not provide any information on the DNA methy-
lation state of a site outside the CCGG-context, i.e., at HCGH-sites, absence
of a CCGG-site could mean that the site is no longer available for methyla-
tion due to the loss of a CG-dinucleotide. Such sites represent genetic and
epigenetic polymorphisms simultaneously, and their phenotypic impact may
be substantial (Wedd et al., 2015). Alternatively, if the DNA methylation sta-
tus remains unaffected by DNA polymorphisms at CCGG-sites, then consis-
tent DNA methylation across families and generations may also reflect its
potential role in maintaining expression patterns of housekeeping genes
(Provataris et al., 2018; Sarda et al., 2012).

The DNA methylation status at some CCGG-sites did change from moth-
er to daughter gland, but these changes did not affect all families equally.
Subtle maternal transgenerational effects, e.g., through unintended environ-
mental variation between mothers, could account for some of these differ-
ences, although rearing and handling conditions between individuals were
carefully kept constant across the experiments. Mothers might also differ in
their ability to transmit DNA methylation to offspring (Herrera et al., 2014).
In addition, DNA methylation changes in pheromone glands could also be
paternally – instead of maternally – inherited loci, which were not taken into
account in the family experiment. The fact that in some cases, some sites
were subject to spontaneous de novo DNA methylation can be deduced from
our observation that MSL deviated more often than AFLP loci from
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genetic variation also meant greater DNA methylation variation. Previously,
the genetic basis of the pheromone variation between the High and Low was
identified (Groot et al., 2014, 2019), showing that pheromone divergence is
at least partly genetically determined. Possibly, DNA methylation differenti-
ation is directly controlled by genetic factors. However, the correlation
between genetic and epigenetic variation may be non-causal. For example,
DNA methylation variation might affect survival or other fitness parameters
and lead to consistent DNA methylation profiles within the High and Low
lines over time (Flores et al., 2013). Furthermore, the High and Low selec-
tion lines appear to be epigenetically and genetically similarly differentiated.
This is in contrast to several studies in wild populations of plants and ani-
mals which found greater epigenetic than genetic differences between popu-
lations (Lira-Medeiros et al., 2010; Liu et al., 2015; Richards et al., 2012). It
has been speculated that epigenetic divergence between populations may
precede genetic divergence, as DNA methylation is more dynamic than
genetic variation and could respond quicker to selection (Lira-Medeiros et
al., 2010; Liu et al., 2015; Richards et al., 2012). Our experiment was con-
ducted after more than 20 generations of artificial selection, and we do not
know whether differences between genetic and epigenetic differentiation
occurred in earlier phase of the selection process. Thus, it can be concluded
that genetic as well as epigenetic variation may have contributed to the diver-
gence of the High and Low selection lines of C. virescens.

Inheritance of DNA methylation
Our analyses of 8 families and a backcross family showed that DNA methy-
lation patterns were 1) family-specific, 2) correlated with genetic variation,
and 3) inherited. The finding that most MSL inherited from mother to daugh-
ters and segregated in a Mendelian manner was also found in another inver-
tebrate species, the Pacific oyster Crassostrea gigas, where most MSL
(90.6%) were stably inherited to offspring in a Mendelian fashion (Jiang et
al., 2016). Such inheritance patterns can be due to different processes. For
example, methylation could be erased and re-established during develop-
ment under control of a genetic locus in cis or trans that segregates in a
Mendelian manner. In insects, this has been suggested to occur in honey bees
(Remnant et al., 2016; Wedd et al., 2015; Yagound et al., 2019), bumble bees
(Lonsdale et al., 2017), and Nasonia wasps (Wang et al., 2016). It is also pos-
sible that inheritance of DNA methylation occurs through escape from
germline erasure. However, Lepidoptera lack de novo DNA methyltrans-
ferase (DNMT3) to re-establish methylation patterns (Bewick et al., 2017).
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and that removal and re-establishment of DNA methylation does not occur
in Lepidoptera. This hypothesis is supported by the fact that in F1 hybrids of
two species of Nasonia wasps (that also lack DNMT3), DNA methylation
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lation state of a site outside the CCGG-context, i.e., at HCGH-sites, absence
of a CCGG-site could mean that the site is no longer available for methyla-
tion due to the loss of a CG-dinucleotide. Such sites represent genetic and
epigenetic polymorphisms simultaneously, and their phenotypic impact may
be substantial (Wedd et al., 2015). Alternatively, if the DNA methylation sta-
tus remains unaffected by DNA polymorphisms at CCGG-sites, then consis-
tent DNA methylation across families and generations may also reflect its
potential role in maintaining expression patterns of housekeeping genes
(Provataris et al., 2018; Sarda et al., 2012).

The DNA methylation status at some CCGG-sites did change from moth-
er to daughter gland, but these changes did not affect all families equally.
Subtle maternal transgenerational effects, e.g., through unintended environ-
mental variation between mothers, could account for some of these differ-
ences, although rearing and handling conditions between individuals were
carefully kept constant across the experiments. Mothers might also differ in
their ability to transmit DNA methylation to offspring (Herrera et al., 2014).
In addition, DNA methylation changes in pheromone glands could also be
paternally – instead of maternally – inherited loci, which were not taken into
account in the family experiment. The fact that in some cases, some sites
were subject to spontaneous de novo DNA methylation can be deduced from
our observation that MSL deviated more often than AFLP loci from
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Mendelian inheritance patterns. This suggests that DNMT1 may have (part-
ly) taken over the role of de novo DNA methylation from DMNT3.
Stochastic changes might also be caused by imperfect re-establishment of
DNA methylation by DNMT1, or other random processes at the cellular
level (Vogt, 2015). This could be an important source of epigenetic variation
and a key mechanism for the appearance of phenotypic diversity in the
absence of genetic mutations (Feinberg and Irizarry, 2010; Schmitz et al.,
2011; Vogt, 2015).

Since some systemic MSL, i.e., those that were consistently methylated
across tissues, also deviated more often from Mendelian inheritance patterns
than AFLP loci, we speculate that spontaneous de novo DNA methylation
may affect the germline as well. De novo DNA methylation could accumu-
late over multiple generations when it affects the germline (Jablonka, 2013)
and escapes germline reprogramming. In C. virescens, we cannot say to what
extent the inherited DNA methylation patterns that we observed originated
from past de novo DNA methylation. However, the level of methylation
changes from parents to daughters that we observed (22.5–25.0% of segre-
gating MSL deviated from Mendelian ratios) suggests that methylation vari-
ation may have built up over generations, and this could have contributed to
the observed epigenetic divergence between High and Low phenotypes. Our
finding that 75–78.5% of the MSL were inherited indicates that inheritance
of DNA methylation should be taken into account in evolutionary scenarios
of moth sex pheromone divergence.

In summary, we explored the evolutionary potential of DNA methylation
variation in the noctuid moth C. virescens. We assessed whether DNA
methylation is 1) tissue-specific, 2) differentiated between pheromone phe-
notype selection lines, and 3) heritable, and we provide evidence for all these
phenomena. Our study suggests that DNA methylation has a diverse role in
C. virescens. Some genes are systemically methylated, while other genes are
methylated only in the sex pheromone gland. In addition, some methylated
genes are associated with the pheromone phenotype selection lines. The fact
that some sites were subject to de novo DNA methylation, but most DNA
methylation was heritable, suggests that DNA methylation could potentially
generate heritable phenotypic variation that may become subject to selection
and may have a direct impact on evolution of moth sex pheromones. Taken
together, our results present an important initial step towards understanding
the role of DNA methylation in the evolution of sexual communication sig-
nals in moths.
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DNA methylation by DNMT1, or other random processes at the cellular
level (Vogt, 2015). This could be an important source of epigenetic variation
and a key mechanism for the appearance of phenotypic diversity in the
absence of genetic mutations (Feinberg and Irizarry, 2010; Schmitz et al.,
2011; Vogt, 2015).

Since some systemic MSL, i.e., those that were consistently methylated
across tissues, also deviated more often from Mendelian inheritance patterns
than AFLP loci, we speculate that spontaneous de novo DNA methylation
may affect the germline as well. De novo DNA methylation could accumu-
late over multiple generations when it affects the germline (Jablonka, 2013)
and escapes germline reprogramming. In C. virescens, we cannot say to what
extent the inherited DNA methylation patterns that we observed originated
from past de novo DNA methylation. However, the level of methylation
changes from parents to daughters that we observed (22.5–25.0% of segre-
gating MSL deviated from Mendelian ratios) suggests that methylation vari-
ation may have built up over generations, and this could have contributed to
the observed epigenetic divergence between High and Low phenotypes. Our
finding that 75–78.5% of the MSL were inherited indicates that inheritance
of DNA methylation should be taken into account in evolutionary scenarios
of moth sex pheromone divergence.

In summary, we explored the evolutionary potential of DNA methylation
variation in the noctuid moth C. virescens. We assessed whether DNA
methylation is 1) tissue-specific, 2) differentiated between pheromone phe-
notype selection lines, and 3) heritable, and we provide evidence for all these
phenomena. Our study suggests that DNA methylation has a diverse role in
C. virescens. Some genes are systemically methylated, while other genes are
methylated only in the sex pheromone gland. In addition, some methylated
genes are associated with the pheromone phenotype selection lines. The fact
that some sites were subject to de novo DNA methylation, but most DNA
methylation was heritable, suggests that DNA methylation could potentially
generate heritable phenotypic variation that may become subject to selection
and may have a direct impact on evolution of moth sex pheromones. Taken
together, our results present an important initial step towards understanding
the role of DNA methylation in the evolution of sexual communication sig-
nals in moths.
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Supplementary Material

A. MOTH REARING CONDITIONS
The laboratory population of Chloridea virescens originated from larvae col-
lected in Clayton, North Carolina in 1988 and has been reared at the
University of Amsterdam since 2011. New material has been added to the
culture over the years. The culture was kept at 25°C and 60% relative humid-
ity with a reversed 14h:10h day-night cycle (lights off at 11.00 hours, on at
21.00 hours). Larvae were maintained on a pinto bean-based diet (BioServ
Inc., Newark, DE). Adult moths were provided with a cotton roll soaked in
10% w/v sugar water.

B. PHEROMONE GLAND EXTRACTION PROTOCOL
Pheromone glands were extracted after the females were in a mating cup for
1 week to mate and oviposit eggs. To ensure pheromone production, females
were injected with Pheromone Biosynthesis Activating Neuropeptide
(PBAN) 1.5 h prior to gland extraction as described in Groot et al. (2005).
Pheromone glands were extruded by gently squeezing the abdomen and
excised with microdissection scissors. Excess abdominal tissue and eggs that
remained in the ovipositor were removed, after which the glands were
submerged in 50 μl hexane and 200 ng pentadecane as internal standard.
After 20-30 minutes the glands were removed and snap frozen in liquid
nitrogen. The pheromone extracts were stored at -20°C until gas chromato-
graph (GC) analysis. Glands and whole bodies of moths were stored at -20°C
until DNA extraction. For pheromone analysis, the volume of all extracts
was reduced to 1-2 μl under a gentle stream of nitrogen. The extracts were
then injected into a splitless inlet of a 7890A GC (Agilent Technologies,
Santa Clara, CA, USA). Before and after every series of injections, we
injected a blend of authentic standards (Pherobank, the Netherlands) of all C.
virescens pheromone compounds to check the retention times and identify
the compounds in the extracts. Areas under the pheromone peaks were deter-
mined using Agilent ChemStation (v.B.04.03).

C. METHYLATION-SENSITIVE AFLP PROTOCOL
c1. DNA extraction
We extracted DNA from pheromone glands, legs and thoraxes. Whole
pheromone glands, legs, or 1/4th of a cross section of the thorax were placed
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in a 1.5-mL Eppendorf tube and frozen in liquid nitrogen and pulverized with
a pestle. Total DNA was extracted using the hexadecyl-trimethyl-ammoni-
um-bromide (CTAB) procedure (Sheck et al., 2006). To degrade residual
RNA, RNAse was added to a final concentration of 0.5 µg/mL and the
extracts were incubated at 37°C for 40 minutes. Genomic DNA extracts were
diluted to equal concentrations of 10 ng/µl.

c2. Restriction/ligation
For each individual, 60 ng genomic DNA of gland, leg or thorax tissue was
digested separately with enzyme combinations EcoR1/MspI and
EcoRI/HpaII in a total volume of 20 µL. Fragments were ligated with
adapters (for subsequent selective PCR) within the same reaction. The reac-
tion mix contained: EcoRI adapter mix (0.4 µL, 5 µM), HpaII/MspI adapter
mix (0.4 µL 25 µM), EcoRI (0.08 µL, 20 U/µL, NEB), HpaII/MspI
(0.16/0.08 µL, 10/20 U/µL, NEB), T4 DNA ligase (0.2 µL, 6 Weiss U/µL,
NEB), 60 ng DNA (6 µL, 10 ng/µL), ATP (2 µL, 10 mM, NEB), 10x
CutSmart Buffer (2 µL NEB), and dH2O (added to 20 µL). The reaction mix
was incubated at 37°C for 1 h and the reaction was terminated at 70°C for 15
minutes. Adaptor sequences can be found in TABLE S5.1.

c3. Pre-selective PCR
Pre-selective PCR amplification was performed on 2 µL of 5x diluted restric-
tion/ligation product, with one selective nucleotide added to the primer
sequences. The total reaction volume was 10 µL and contained 10x SuperTaq
buffer (1 µL), dNTP (2 µL, 1 mM), EcoRI+N primer (0.5 µL, 10 mM),
HpaI+N/MspII+N primers (0.5 µL, 10 mM), SuperTaq DNA polymerase
(0.1 µL), and dH2O (added to 10 µL). Primer sequences and combinations
can be found in TABLE S5.1 and S5.2. The pre-selective PCR was pro-
grammed at 20 cycles of 94°C 30 s, 56°C 60 s, and 72°C 60 s. Two and a
half µL of pre-selective PCR product was checked on a 1.5% agarose gel.
Depending on the intensity of the smear, pre-selective PCR products were
diluted with dH2O up to 6-fold to approximately even concentrations.

c4. Selective PCR
Pre-selective PCR products were diluted another 50x and subsequently 2 µL
was used as template for selective PCR. For selective PCR, we added 2
selective nucleotides to the EcoRI primers, and 3 selective nucleotides to the
HpaII/MspI primers. The total reaction volume was 10 µL and contained 10x
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10% w/v sugar water.
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Pheromone glands were extracted after the females were in a mating cup for
1 week to mate and oviposit eggs. To ensure pheromone production, females
were injected with Pheromone Biosynthesis Activating Neuropeptide
(PBAN) 1.5 h prior to gland extraction as described in Groot et al. (2005).
Pheromone glands were extruded by gently squeezing the abdomen and
excised with microdissection scissors. Excess abdominal tissue and eggs that
remained in the ovipositor were removed, after which the glands were
submerged in 50 μl hexane and 200 ng pentadecane as internal standard.
After 20-30 minutes the glands were removed and snap frozen in liquid
nitrogen. The pheromone extracts were stored at -20°C until gas chromato-
graph (GC) analysis. Glands and whole bodies of moths were stored at -20°C
until DNA extraction. For pheromone analysis, the volume of all extracts
was reduced to 1-2 μl under a gentle stream of nitrogen. The extracts were
then injected into a splitless inlet of a 7890A GC (Agilent Technologies,
Santa Clara, CA, USA). Before and after every series of injections, we
injected a blend of authentic standards (Pherobank, the Netherlands) of all C.
virescens pheromone compounds to check the retention times and identify
the compounds in the extracts. Areas under the pheromone peaks were deter-
mined using Agilent ChemStation (v.B.04.03).

C. METHYLATION-SENSITIVE AFLP PROTOCOL
c1. DNA extraction
We extracted DNA from pheromone glands, legs and thoraxes. Whole
pheromone glands, legs, or 1/4th of a cross section of the thorax were placed
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in a 1.5-mL Eppendorf tube and frozen in liquid nitrogen and pulverized with
a pestle. Total DNA was extracted using the hexadecyl-trimethyl-ammoni-
um-bromide (CTAB) procedure (Sheck et al., 2006). To degrade residual
RNA, RNAse was added to a final concentration of 0.5 µg/mL and the
extracts were incubated at 37°C for 40 minutes. Genomic DNA extracts were
diluted to equal concentrations of 10 ng/µl.

c2. Restriction/ligation
For each individual, 60 ng genomic DNA of gland, leg or thorax tissue was
digested separately with enzyme combinations EcoR1/MspI and
EcoRI/HpaII in a total volume of 20 µL. Fragments were ligated with
adapters (for subsequent selective PCR) within the same reaction. The reac-
tion mix contained: EcoRI adapter mix (0.4 µL, 5 µM), HpaII/MspI adapter
mix (0.4 µL 25 µM), EcoRI (0.08 µL, 20 U/µL, NEB), HpaII/MspI
(0.16/0.08 µL, 10/20 U/µL, NEB), T4 DNA ligase (0.2 µL, 6 Weiss U/µL,
NEB), 60 ng DNA (6 µL, 10 ng/µL), ATP (2 µL, 10 mM, NEB), 10x
CutSmart Buffer (2 µL NEB), and dH2O (added to 20 µL). The reaction mix
was incubated at 37°C for 1 h and the reaction was terminated at 70°C for 15
minutes. Adaptor sequences can be found in TABLE S5.1.

c3. Pre-selective PCR
Pre-selective PCR amplification was performed on 2 µL of 5x diluted restric-
tion/ligation product, with one selective nucleotide added to the primer
sequences. The total reaction volume was 10 µL and contained 10x SuperTaq
buffer (1 µL), dNTP (2 µL, 1 mM), EcoRI+N primer (0.5 µL, 10 mM),
HpaI+N/MspII+N primers (0.5 µL, 10 mM), SuperTaq DNA polymerase
(0.1 µL), and dH2O (added to 10 µL). Primer sequences and combinations
can be found in TABLE S5.1 and S5.2. The pre-selective PCR was pro-
grammed at 20 cycles of 94°C 30 s, 56°C 60 s, and 72°C 60 s. Two and a
half µL of pre-selective PCR product was checked on a 1.5% agarose gel.
Depending on the intensity of the smear, pre-selective PCR products were
diluted with dH2O up to 6-fold to approximately even concentrations.

c4. Selective PCR
Pre-selective PCR products were diluted another 50x and subsequently 2 µL
was used as template for selective PCR. For selective PCR, we added 2
selective nucleotides to the EcoRI primers, and 3 selective nucleotides to the
HpaII/MspI primers. The total reaction volume was 10 µL and contained 10x
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SuperTaqTM buffer (1 µL), dNTP (2 µL, 1 mM), EcoRI+NN primers (0.1 µL,
10 µM) HpaII/MspI+NNN primers (0.5 µL, 10 µM), SuperTaqTM DNA poly-
merase (0.1 µL), and dH2O (added to 10 µL). Selective PCR amplification
was programmed as: 11 cycles of 94°C for 30 s, 65°C for 30 s (reduced by
0.7°C each cycle), and 72°C for 60 s; followed by 23 cycles of 94°C for 30
s, 56°C for 30 s and 72°C for 60 s. Up to 13 possible EcoRI/MspI and
EcoRI/HpaII primer combinations were used. Primers were labelled with
infrared dye (LI-COR IRDye®700). All primer/adapter sequences and com-
binations can be found in TABLE S5.1 and S5.2.

c5. Polyacrylamide gel and scoring
MS-AFLP fragments were separated based on size with a LI-COR 4300
DNA analyzer. Two µL of the PCR product was mixed with 8 µL loading dye
(4% bromophenol blue in formamide; Sigma Aldrich) and denatured at 94°C
for 5 minutes; ~1 µL was loaded into 96 wells of a 6.5% polyacrylamide gel
and run at 1500V, 40W, 40mA, and 50°C for 3 h and 15 minutes. Gel frag-
ments in the size range of 50-700 bp were scored for presence (1) and
absence (0) using a semiautomatic image analysis program designed specif-
ically for AFLP analysis (Quantar PRO 1.0, KeyGene Products,
Wageningen, The Netherlands). All scoring was done by the same person.
Unclear fragments (i.e., extremely faint) were scored as ‘?’ and excluded
from subsequent analysis.
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Primer/Adapter Sequence (5'→ 3')
Msp I/Hpa II core primer sequence GATGAGTCTCGATCGG
EcoRI core primer sequence GACTGCGTACCAATTC
Mse I core primer sequence GATGAGTCCTGAGTAAC
EcoRI adapter (A) CTCGTAGACTGCGTACC
EcoRI adapter (B) AATTGGTACGCAGTCTAC
Hpa II/Msp I adapter (A) GACGATGAGTCTCGAT
Hpa II/Msp I adapter (B) CGATCGAGACTCAT
Mse I adapter (A) GACGATGAGTCCTGAG
Mse I adapter (B) TACTCAGGACTCAT

TABLE S5.1 – Pre-selective and selective PCR primer and adapter sequences used for MS-
AFLP and AFLP in this study on Chloridea virescens.
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TABLE S5.2 – Primer extensions and combinations for each experiment in this study on
Chloridea virescens.
Analysis
Primer EcoRI EcoRI Mse I

Experiment
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Pre-selec�ve primer extension A A A A A C

Selec�ve primer extension AC AGG AGG AGG AAC CCT
AC AAT AAT AAT AAC CGT
AC ACC ACC ACC AAC CAA
AC ACT ACT ACT AC CAG
AC AGT AGT ACA CCA
AC ATG ATG ACA CAG
AC ATA ACA CAT
AC ATT ACA CGT
AG ACC ACA CTA
AG AGG ACT CTA
AG ATG AGA CAT
AG AGT AGA CTA
AG ACT AGA CGA

AGA CTG
AGA CCT
AGA CAC
AGT CAC
AGT CCA
AGT CGA
ATC CCA
ATC CTC
ATG CAC
ATG CTG
ATG CAA

AFLPMS-AFLP
Msp I/Hpa II

TABLE S5.3 – Scoring approach of MS-AFLP fragments using msap.
Hpa II Msp I CCGG-site Classifica�on* 

1 1 Unmethylated < 5% genotyping error rate Methylated 1
0 1 Non-Methylated Loci (NML) Unmethylated 0
1 0 > 5% genotyping error rate Band 1
0 0 Absent/Unknown Methyla�on-Suscep�ble Loci (MSL) No band 0

* Following Pérez-Figueroa 2013

Scoring*

Methylated
MSL

NML
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TABLE S5.4 – Epigenetic (using Methylation-Susceptible Loci) and genetic (using Non-
Methylated Loci) differentiation between 8 Chloridea virescens families.

No. AMOVA* Mantel test
loci Source of variation d.f. SSD MSD Var. % Var. ΦST P r R2 P

Fam. 1-4
MSL 118 Among families 3 108.9 36.31 4.311 51.13 0.5113 <0.0001 0.631 0.398 0.001

Within families 26 107.1 4.12 4.12 48.87
Total 29 216 7.45 8.431 100

non-ML 286 Among families 3 481.9 160.6 18.89 49.08 0.4908 <0.0001
Within families 26 509.5 19.6 19.6 50.92
Total 29 991.4 34.19 38.49 100

Fam. 5-8
MSL 108 Among families 3 80.16 26.72 3.183 51.31 0.5131 <0.0001 0.587 0.345 0.001

Within families 26 78.55 3.021 3.021 48.69
Total 29 158.7 5.472 6.204 100

non-ML 298 Among families 3 468.4 156.1 18.14 46.28 0.4628 <0.0001
Within families 26 547.5 21.06 21.06 53.72
Total 29 1016 35.03 39.2 100

*Analysis of two independent sets of 4 families with 6-9 daughters per family (total n =
30 in Fam. 1-4, and 30 in Fam. 5-8).
MSL = Methylation-Susceptible Loci 
non-ML = Non-Methylated Loci

TABLE S5.5 – Differences in inheritance of DNA methylation states from mother to daugh-
ter between 8 Chloridea virescens families.
ANOVA df SS MS F P
Fam. 1-4 Among families 3 125.3629 41.7876 5.8361 0.003

Within families 26 186.1647 7.1602
Total 29 311.5277

Fam. 5-8 Among families 3 237.8726 79.2909 27.2849 <0.001
Within families 26 75.5569 2.906
Total 29 313.4295
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FIGURE S5.1 – Representative gel picture of repeated MS-AFLP analysis on the same set of
1 male leg and 6 female pheromone gland DNA extracts of Chloridea virescens.
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FIGURE S5.1 – Representative gel picture of repeated MS-AFLP analysis on the same set of
1 male leg and 6 female pheromone gland DNA extracts of Chloridea virescens.
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FIGURE S5.2 – Principal Coordinate Analysis of genetic (using AFLP loci) differences
between High pheromone phenotype (red) and Low pheromone phenotype (blue) Chloridea
virescens females in a backcross-family (n = 10 High and 8 Low). The first two coordinates
(C1 and C2) are displayed with the indication of the percentage of variance explained in
brackets. Dots represent individual females. Labels indicate the centroids of each
pheromone phenotype. Ellipses represent the dispersion associated with each value.
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AC_AGG-1b 2 0 0 2 0 2 0 

 
AC_AGG-1b 2 0 0 2 0 2 0 
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AC_AGG-4 2 2 2 2 2 2 2 
 

AC_AGG-4 2 2 2 2 2 2 2 
AC_AGG-5 0 2 2 2 0 2 2 

 
AC_AGG-5 0 2 2 2 0 2 2 

AC_AGG-6 1 1 1 0 0 1 0 
 

AC_AGG-6 1 1 1 0 0 1 0 
AC_AGG-7 2 2 2 2 2 2 2 

 
AC_AGG-7 2 2 2 2 2 2 2 

AC_AGG-8 2 2 2 2 2 2 2 
 

AC_AGG-8 2 2 2 2 2 2 2 
AC_AGG-9 2 2 2 2 2 2 2 

 
AC_AGG-9 2 2 2 2 2 2 2 

AC_AGG-9b 2 0 0 0 0 0 0 
 

AC_AGG-9b 2 0 0 0 0 0 0 
AC_AGG-10 2 2 2 2 2 2 2 

 
AC_AGG-10 2 2 2 2 2 2 2 

AC_AGG-11 2 2 2 2 2 2 2 
 

AC_AGG-11 2 2 2 2 2 2 2 
AC_AGG-12 2 2 2 2 2 0 2 

 
AC_AGG-12 2 2 2 2 2 0 2 

AC_AGG-18 2 2 2 2 2 2 2 
 

AC_AGG-18 2 2 2 2 2 2 2 
AC_AGG-19 2 0 0 2 2 2 2 

 
AC_AGG-19 2 0 0 2 2 2 2 

AC_AGG-20 2 2 2 2 2 0 2 
 

AC_AGG-20 2 2 2 2 2 0 2 
AC_AGG-21 2 2 2 2 2 2 2 

 
AC_AGG-21 2 2 2 2 2 2 2 

AC_AGG-23 2 2 2 2 2 2 2 
 

AC_AGG-23 2 2 2 2 2 2 2 
AC_AGG-24 1 1 1 1 1 1 1 

 
AC_AGG-24 1 1 1 1 1 1 1 

AC_AGG-25 2 2 2 2 2 2 2 
 

AC_AGG-25 2 2 2 2 2 2 2 
AC_AGG-25b 2 0 0 0 2 0 2 

 
AC_AGG-25b 2 0 0 0 2 0 2 

AC_AGG-26 2 2 2 2 2 2 2 
 

AC_AGG-26 2 2 2 2 2 2 2 
AC_AGG-28 1 1 1 1 1 1 1 

 
AC_AGG-28 1 1 1 1 1 1 1 

AC_AGG-29 2 0 0 2 2 0 0 
 

AC_AGG-29 2 0 0 2 2 0 0 
AC_AGG-30 2 2 2 2 2 2 2 

 
AC_AGG-30 2 2 2 2 2 2 2 

AC_AGG-31 2 2 2 2 2 2 2 
 

AC_AGG-31 2 2 2 2 2 2 2 
AC_AGG-32 2 0 0 2 0 0 0 

 
AC_AGG-32 2 0 0 2 0 0 0 

AC_AGG-32b 2 0 0 2 2 0 2 
 

AC_AGG-32b 2 0 0 2 2 0 2 
AC_AGG-33 2 2 2 2 0 0 0 

 
AC_AGG-33 2 2 2 2 0 0 0 

AC_AGG-35 0 1 1 1 0 1 1 
 

AC_AGG-35 0 1 1 1 0 1 1 
AC_AGG-36 0 2 2 2 2 2 2 

 
AC_AGG-36 0 2 2 2 2 2 2 

AC_AGG-37 1 1 1 1 1 1 1 
 

AC_AGG-37 1 1 1 1 1 1 1 
AC_AGG-39 2 0 0 2 2 2 2 

 
AC_AGG-39 2 0 0 2 2 2 2 

AC_AGG-40 1 1 1 0 1 0 1 
 

AC_AGG-40 1 1 1 0 1 0 1 
AC_AGG-41 1 2 1 1 1 1 1 

 
AC_AGG-41 1 2 1 1 1 1 1 

AC_AAT-1 2 2 2 2 2 2 2 
 

AC_AAT-1 2 2 2 2 2 2 2 
AC_AAT-2 0 2 2 2 2 2 2 

 
AC_AAT-2 0 2 2 2 2 2 2 

AC_AAT-2b 2 0 0 0 2 2 0 
 

AC_AAT-2b 2 0 0 0 2 2 0 
AC_AAT-4 2 2 2 2 2 2 2 

 
AC_AAT-4 2 2 2 2 2 2 2 

AC_AAT-5 1 0 0 1 0 0 1 
 

AC_AAT-5 1 0 0 1 0 0 1 
AC_AAT-6 2 2 2 2 2 2 2 

 
AC_AAT-6 2 2 2 2 2 2 2 

AC_AAT-8 0 2 2 2 0 0 0 
 

AC_AAT-8 0 2 2 2 0 0 0 
AC_AAT-10 2 2 2 2 2 2 2 

 
AC_AAT-10 2 2 2 2 2 2 2 

AC_AAT-13 2 2 2 2 2 2 2 
 

AC_AAT-13 2 2 2 2 2 2 2 
AC_AAT-14 2 2 2 2 2 2 2 

 
AC_AAT-14 2 2 2 2 2 2 2 

AC_AAT-15 2 2 2 2 2 0 2 
 

AC_AAT-15 2 2 2 2 2 0 2 
AC_AAT-16 2 2 2 2 2 2 2 

 
AC_AAT-16 2 2 2 2 2 2 2 

AC_AAT-17a 1 1 0 0 1 1 1 
 

AC_AAT-17a 1 1 0 0 1 1 1 
AC_AAT-17 2 2 2 2 2 2 2 

 
AC_AAT-17 2 2 2 2 2 2 2 

AC_AAT-18 2 2 2 2 2 2 2 
 

AC_AAT-18 2 2 2 2 2 2 2 
AC_AAT-19 2 2 2 2 2 2 2 

 
AC_AAT-19 2 2 2 2 2 2 2 

AC_AAT-20 0 2 2 0 0 0 0 
 

AC_AAT-20 0 2 2 0 0 0 0 
AC_AAT-21 2 2 2 2 2 2 2 

 
AC_AAT-21 2 2 2 2 2 2 2 

AC_AAT-22 2 2 2 2 2 2 2 
 

AC_AAT-22 2 2 2 2 2 2 2 
AC_AAT-23 2 2 2 2 2 2 2 

 
AC_AAT-23 2 2 2 2 2 2 2 

AC_AAT-24 1 1 1 1 1 1 1 
 

AC_AAT-24 1 1 1 1 1 1 1 
AC_AAT-25 1 1 1 1 1 1 1 

 
AC_AAT-25 1 1 1 1 1 1 1 

AC_AAT-26 2 2 2 2 2 2 2 
 

AC_AAT-26 2 2 2 2 2 2 2 
AC_AAT-28 2 2 2 2 2 2 2 

 
AC_AAT-28 2 2 2 2 2 2 2 

AC_AAT-29 1 1 1 0 1 0 1 
 

AC_AAT-29 1 1 1 0 1 0 1 
AC_AAT-30 2 2 2 2 2 2 2 

 
AC_AAT-30 2 2 2 2 2 2 2 

AC_AAT-31 2 2 2 2 2 2 2 
 

AC_AAT-31 2 2 2 2 2 2 2 
AC_AAT-32 2 2 2 2 2 2 2 

 
AC_AAT-32 2 2 2 2 2 2 2 

AC_AAT-34 0 2 2 2 0 0 0 
 

AC_AAT-34 0 2 2 2 0 0 0 
AC_AAT-35 2 2 2 2 2 2 2 

 
AC_AAT-35 2 2 2 2 2 2 2 

AC_AAT-36 2 2 2 2 2 2 2 
 

AC_AAT-36 2 2 2 2 2 2 2 
AC_AAT-37 2 2 2 2 2 2 2 

 
AC_AAT-37 2 2 2 2 2 2 2 

AC_AAT-38 2 2 2 2 2 2 2 
 

AC_AAT-38 2 2 2 2 2 2 2 
AC_AAT-39 2 2 2 2 2 2 2 

 
AC_AAT-39 2 2 2 2 2 2 2 

AC_AAT-40 1 1 1 0 1 1 1 
 

AC_AAT-40 1 1 1 0 1 1 1 
AC_AAT-42 1 1 1 1 1 1 1 

 
AC_AAT-42 1 1 1 1 1 1 1 

AC_AAT-44 2 2 2 2 2 2 2 
 

AC_AAT-44 2 2 2 2 2 2 2 
AC_AAT-45 2 2 2 0 2 2 2 

 
AC_AAT-45 2 2 2 0 2 2 2 

AC_AAT-46 2 2 2 0 2 2 2 
 

AC_AAT-46 2 2 2 0 2 2 2 
AC_AAT-48 2 2 2 0 2 2 2 

 
AC_AAT-48 2 2 2 0 2 2 2 

AC_AAT-48b 1 0 0 1 0 0 0 
 

AC_AAT-48b 1 0 0 1 0 0 0 
AC_AAT-49 0 1 1 1 1 1 0 

 
AC_AAT-49 0 1 1 1 1 1 0 

AC_AAT-51 1 1 1 1 1 1 1 
 

AC_AAT-51 1 1 1 1 1 1 1 
AC_AAT-52a 2 0 0 2 0 2 0 

 
AC_AAT-52a 2 0 0 2 0 2 0 

AC_AAT-52 2 2 2 2 2 2 2 
 

AC_AAT-52 2 2 2 2 2 2 2 
AC_AAT-54 0 2 2 2 2 2 2 

 
AC_AAT-54 0 2 2 2 2 2 2 

AC_AAT-55 1 0 0 1 1 0 1 
 

AC_AAT-55 1 0 0 1 1 0 1 
AC_AAT-55d 1 1 1 0 0 1 0 

 
AC_AAT-55d 1 1 1 0 0 1 0 

AC_AAT-58 2 1 1 2 1 1 2 
 

AC_AAT-58 2 1 1 2 1 1 2 
AC_ACC-2 2 2 2 2 2 2 2 

 
AC_ACC-2 2 2 2 2 2 2 2 

AC_ACC-5 2 2 2 2 2 2 2 
 

AC_ACC-5 2 2 2 2 2 2 2 
AC_ACC-6 1 1 1 1 1 1 1 

 
AC_ACC-6 1 1 1 1 1 1 1 

AC_ACC-7 2 2 2 2 2 2 2 
 

AC_ACC-7 2 2 2 2 2 2 2 
AC_ACC-8 2 2 2 2 2 2 2 

 
AC_ACC-8 2 2 2 2 2 2 2 

AC_ACC-9 2 2 2 2 2 2 2 
 

AC_ACC-9 2 2 2 2 2 2 2 
AC_ACC-10 2 2 2 2 2 2 2 

 
AC_ACC-10 2 2 2 2 2 2 2 

AC_ACC-11 2 2 2 0 2 2 2 
 

AC_ACC-11 2 2 2 0 2 2 2 

FILE S5.1 – Scoring results of repeated MS-AFLP analysis on the same set of 1 male leg
and 6 female pheromone gland DNA extracts of Chloridea virescens.
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FIGURE S5.2 – Principal Coordinate Analysis of genetic (using AFLP loci) differences
between High pheromone phenotype (red) and Low pheromone phenotype (blue) Chloridea
virescens females in a backcross-family (n = 10 High and 8 Low). The first two coordinates
(C1 and C2) are displayed with the indication of the percentage of variance explained in
brackets. Dots represent individual females. Labels indicate the centroids of each
pheromone phenotype. Ellipses represent the dispersion associated with each value.
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AC_AGG-1 2 2 2 2 2 2 2 
 

AC_AGG-1 2 2 2 2 2 2 2 
AC_AGG-1b 2 0 0 2 0 2 0 

 
AC_AGG-1b 2 0 0 2 0 2 0 

AC_AGG-3 2 2 2 2 2 2 2 
 

AC_AGG-3 2 2 2 2 2 2 2 
AC_AGG-3b 0 2 2 0 0 0 2 

 
AC_AGG-3b 0 2 2 0 0 0 2 

AC_AGG-4 2 2 2 2 2 2 2 
 

AC_AGG-4 2 2 2 2 2 2 2 
AC_AGG-5 0 2 2 2 0 2 2 

 
AC_AGG-5 0 2 2 2 0 2 2 

AC_AGG-6 1 1 1 0 0 1 0 
 

AC_AGG-6 1 1 1 0 0 1 0 
AC_AGG-7 2 2 2 2 2 2 2 

 
AC_AGG-7 2 2 2 2 2 2 2 

AC_AGG-8 2 2 2 2 2 2 2 
 

AC_AGG-8 2 2 2 2 2 2 2 
AC_AGG-9 2 2 2 2 2 2 2 

 
AC_AGG-9 2 2 2 2 2 2 2 

AC_AGG-9b 2 0 0 0 0 0 0 
 

AC_AGG-9b 2 0 0 0 0 0 0 
AC_AGG-10 2 2 2 2 2 2 2 

 
AC_AGG-10 2 2 2 2 2 2 2 

AC_AGG-11 2 2 2 2 2 2 2 
 

AC_AGG-11 2 2 2 2 2 2 2 
AC_AGG-12 2 2 2 2 2 0 2 

 
AC_AGG-12 2 2 2 2 2 0 2 

AC_AGG-18 2 2 2 2 2 2 2 
 

AC_AGG-18 2 2 2 2 2 2 2 
AC_AGG-19 2 0 0 2 2 2 2 

 
AC_AGG-19 2 0 0 2 2 2 2 

AC_AGG-20 2 2 2 2 2 0 2 
 

AC_AGG-20 2 2 2 2 2 0 2 
AC_AGG-21 2 2 2 2 2 2 2 

 
AC_AGG-21 2 2 2 2 2 2 2 

AC_AGG-23 2 2 2 2 2 2 2 
 

AC_AGG-23 2 2 2 2 2 2 2 
AC_AGG-24 1 1 1 1 1 1 1 

 
AC_AGG-24 1 1 1 1 1 1 1 

AC_AGG-25 2 2 2 2 2 2 2 
 

AC_AGG-25 2 2 2 2 2 2 2 
AC_AGG-25b 2 0 0 0 2 0 2 

 
AC_AGG-25b 2 0 0 0 2 0 2 

AC_AGG-26 2 2 2 2 2 2 2 
 

AC_AGG-26 2 2 2 2 2 2 2 
AC_AGG-28 1 1 1 1 1 1 1 

 
AC_AGG-28 1 1 1 1 1 1 1 

AC_AGG-29 2 0 0 2 2 0 0 
 

AC_AGG-29 2 0 0 2 2 0 0 
AC_AGG-30 2 2 2 2 2 2 2 

 
AC_AGG-30 2 2 2 2 2 2 2 

AC_AGG-31 2 2 2 2 2 2 2 
 

AC_AGG-31 2 2 2 2 2 2 2 
AC_AGG-32 2 0 0 2 0 0 0 

 
AC_AGG-32 2 0 0 2 0 0 0 

AC_AGG-32b 2 0 0 2 2 0 2 
 

AC_AGG-32b 2 0 0 2 2 0 2 
AC_AGG-33 2 2 2 2 0 0 0 

 
AC_AGG-33 2 2 2 2 0 0 0 

AC_AGG-35 0 1 1 1 0 1 1 
 

AC_AGG-35 0 1 1 1 0 1 1 
AC_AGG-36 0 2 2 2 2 2 2 

 
AC_AGG-36 0 2 2 2 2 2 2 

AC_AGG-37 1 1 1 1 1 1 1 
 

AC_AGG-37 1 1 1 1 1 1 1 
AC_AGG-39 2 0 0 2 2 2 2 

 
AC_AGG-39 2 0 0 2 2 2 2 

AC_AGG-40 1 1 1 0 1 0 1 
 

AC_AGG-40 1 1 1 0 1 0 1 
AC_AGG-41 1 2 1 1 1 1 1 

 
AC_AGG-41 1 2 1 1 1 1 1 

AC_AAT-1 2 2 2 2 2 2 2 
 

AC_AAT-1 2 2 2 2 2 2 2 
AC_AAT-2 0 2 2 2 2 2 2 

 
AC_AAT-2 0 2 2 2 2 2 2 

AC_AAT-2b 2 0 0 0 2 2 0 
 

AC_AAT-2b 2 0 0 0 2 2 0 
AC_AAT-4 2 2 2 2 2 2 2 

 
AC_AAT-4 2 2 2 2 2 2 2 

AC_AAT-5 1 0 0 1 0 0 1 
 

AC_AAT-5 1 0 0 1 0 0 1 
AC_AAT-6 2 2 2 2 2 2 2 

 
AC_AAT-6 2 2 2 2 2 2 2 

AC_AAT-8 0 2 2 2 0 0 0 
 

AC_AAT-8 0 2 2 2 0 0 0 
AC_AAT-10 2 2 2 2 2 2 2 

 
AC_AAT-10 2 2 2 2 2 2 2 

AC_AAT-13 2 2 2 2 2 2 2 
 

AC_AAT-13 2 2 2 2 2 2 2 
AC_AAT-14 2 2 2 2 2 2 2 

 
AC_AAT-14 2 2 2 2 2 2 2 

AC_AAT-15 2 2 2 2 2 0 2 
 

AC_AAT-15 2 2 2 2 2 0 2 
AC_AAT-16 2 2 2 2 2 2 2 

 
AC_AAT-16 2 2 2 2 2 2 2 

AC_AAT-17a 1 1 0 0 1 1 1 
 

AC_AAT-17a 1 1 0 0 1 1 1 
AC_AAT-17 2 2 2 2 2 2 2 

 
AC_AAT-17 2 2 2 2 2 2 2 

AC_AAT-18 2 2 2 2 2 2 2 
 

AC_AAT-18 2 2 2 2 2 2 2 
AC_AAT-19 2 2 2 2 2 2 2 

 
AC_AAT-19 2 2 2 2 2 2 2 

AC_AAT-20 0 2 2 0 0 0 0 
 

AC_AAT-20 0 2 2 0 0 0 0 
AC_AAT-21 2 2 2 2 2 2 2 

 
AC_AAT-21 2 2 2 2 2 2 2 

AC_AAT-22 2 2 2 2 2 2 2 
 

AC_AAT-22 2 2 2 2 2 2 2 
AC_AAT-23 2 2 2 2 2 2 2 

 
AC_AAT-23 2 2 2 2 2 2 2 

AC_AAT-24 1 1 1 1 1 1 1 
 

AC_AAT-24 1 1 1 1 1 1 1 
AC_AAT-25 1 1 1 1 1 1 1 

 
AC_AAT-25 1 1 1 1 1 1 1 

AC_AAT-26 2 2 2 2 2 2 2 
 

AC_AAT-26 2 2 2 2 2 2 2 
AC_AAT-28 2 2 2 2 2 2 2 

 
AC_AAT-28 2 2 2 2 2 2 2 

AC_AAT-29 1 1 1 0 1 0 1 
 

AC_AAT-29 1 1 1 0 1 0 1 
AC_AAT-30 2 2 2 2 2 2 2 

 
AC_AAT-30 2 2 2 2 2 2 2 

AC_AAT-31 2 2 2 2 2 2 2 
 

AC_AAT-31 2 2 2 2 2 2 2 
AC_AAT-32 2 2 2 2 2 2 2 

 
AC_AAT-32 2 2 2 2 2 2 2 

AC_AAT-34 0 2 2 2 0 0 0 
 

AC_AAT-34 0 2 2 2 0 0 0 
AC_AAT-35 2 2 2 2 2 2 2 

 
AC_AAT-35 2 2 2 2 2 2 2 

AC_AAT-36 2 2 2 2 2 2 2 
 

AC_AAT-36 2 2 2 2 2 2 2 
AC_AAT-37 2 2 2 2 2 2 2 

 
AC_AAT-37 2 2 2 2 2 2 2 

AC_AAT-38 2 2 2 2 2 2 2 
 

AC_AAT-38 2 2 2 2 2 2 2 
AC_AAT-39 2 2 2 2 2 2 2 

 
AC_AAT-39 2 2 2 2 2 2 2 

AC_AAT-40 1 1 1 0 1 1 1 
 

AC_AAT-40 1 1 1 0 1 1 1 
AC_AAT-42 1 1 1 1 1 1 1 

 
AC_AAT-42 1 1 1 1 1 1 1 

AC_AAT-44 2 2 2 2 2 2 2 
 

AC_AAT-44 2 2 2 2 2 2 2 
AC_AAT-45 2 2 2 0 2 2 2 

 
AC_AAT-45 2 2 2 0 2 2 2 

AC_AAT-46 2 2 2 0 2 2 2 
 

AC_AAT-46 2 2 2 0 2 2 2 
AC_AAT-48 2 2 2 0 2 2 2 

 
AC_AAT-48 2 2 2 0 2 2 2 

AC_AAT-48b 1 0 0 1 0 0 0 
 

AC_AAT-48b 1 0 0 1 0 0 0 
AC_AAT-49 0 1 1 1 1 1 0 

 
AC_AAT-49 0 1 1 1 1 1 0 

AC_AAT-51 1 1 1 1 1 1 1 
 

AC_AAT-51 1 1 1 1 1 1 1 
AC_AAT-52a 2 0 0 2 0 2 0 

 
AC_AAT-52a 2 0 0 2 0 2 0 

AC_AAT-52 2 2 2 2 2 2 2 
 

AC_AAT-52 2 2 2 2 2 2 2 
AC_AAT-54 0 2 2 2 2 2 2 

 
AC_AAT-54 0 2 2 2 2 2 2 

AC_AAT-55 1 0 0 1 1 0 1 
 

AC_AAT-55 1 0 0 1 1 0 1 
AC_AAT-55d 1 1 1 0 0 1 0 

 
AC_AAT-55d 1 1 1 0 0 1 0 

AC_AAT-58 2 1 1 2 1 1 2 
 

AC_AAT-58 2 1 1 2 1 1 2 
AC_ACC-2 2 2 2 2 2 2 2 

 
AC_ACC-2 2 2 2 2 2 2 2 

AC_ACC-5 2 2 2 2 2 2 2 
 

AC_ACC-5 2 2 2 2 2 2 2 
AC_ACC-6 1 1 1 1 1 1 1 

 
AC_ACC-6 1 1 1 1 1 1 1 

AC_ACC-7 2 2 2 2 2 2 2 
 

AC_ACC-7 2 2 2 2 2 2 2 
AC_ACC-8 2 2 2 2 2 2 2 

 
AC_ACC-8 2 2 2 2 2 2 2 

AC_ACC-9 2 2 2 2 2 2 2 
 

AC_ACC-9 2 2 2 2 2 2 2 
AC_ACC-10 2 2 2 2 2 2 2 

 
AC_ACC-10 2 2 2 2 2 2 2 

AC_ACC-11 2 2 2 0 2 2 2 
 

AC_ACC-11 2 2 2 0 2 2 2 

FILE S5.1 – Scoring results of repeated MS-AFLP analysis on the same set of 1 male leg
and 6 female pheromone gland DNA extracts of Chloridea virescens.
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AC_ACC-12 2 2 2 2 2 2 2   AC_ACC-12 0 0 0 0 0 0 0 
AC_ACC-13 1 1 1 1 1 1 1 

 
AC_ACC-13 1 1 1 1 1 1 1 

AC_ACC-14 2 0 0 2 0 2 0 
 

AC_ACC-14 2 0 0 2 0 2 0 
AC_ACC-15a 2 0 0 0 0 0 0 

 
AC_ACC-15a 2 0 0 0 0 0 0 

AC_ACC-15 2 2 2 2 2 2 2 
 

AC_ACC-15 2 2 2 2 2 2 2 
AC_ACC-16 2 2 2 0 2 2 0 

 
AC_ACC-16 2 2 2 0 2 2 0 

AC_ACC-17 2 0 0 2 0 0 2 
 

AC_ACC-17 2 0 0 2 0 0 2 
AC_ACC-17a 0 1 1 1 1 0 0 

 
AC_ACC-17a 0 1 1 1 1 0 0 

AC_ACC-18 2 2 2 2 2 2 2 
 

AC_ACC-18 2 2 2 2 2 2 2 
AC_ACC-20 2 2 2 2 2 2 2 

 
AC_ACC-20 2 2 2 2 2 2 2 

AC_ACC-21 2 2 2 2 2 2 2 
 

AC_ACC-21 2 2 2 2 2 2 2 
AC_ACC-22 2 2 2 2 2 2 2 

 
AC_ACC-22 2 2 2 2 2 2 2 

AC_ACC-25 2 0 0 2 2 2 2 
 

AC_ACC-25 2 0 0 2 2 2 2 
AC_ACC-25 2 2 2 2 2 2 2 

 
AC_ACC-25 2 2 2 2 2 2 2 

AC_ACC-26 0 2 2 2 2 2 2 
 

AC_ACC-26 0 2 2 2 2 2 2 
AC_ACC-29 0 2 2 2 2 0 0 

 
AC_ACC-29 0 2 2 2 2 0 0 

AC_ACC-30b 1 1 1 1 1 1 1 
 

AC_ACC-30b 1 1 1 1 1 1 1 
AC_ACC-31 2 0 0 0 2 0 2 

 
AC_ACC-31 2 0 0 0 2 0 2 

AC_ACC-32 2 2 2 2 2 2 0 
 

AC_ACC-32 2 2 2 2 2 2 0 
AC_ACC-33 2 2 2 2 2 2 2 

 
AC_ACC-33 2 2 2 2 2 2 2 

AC_ACC-34 2 2 2 2 2 2 2 
 

AC_ACC-34 2 2 2 2 2 2 2 
AC_ACC-35 2 0 0 0 0 0 0 

 
AC_ACC-35 2 0 0 0 0 0 0 

AC_ACC-36 0 2 2 2 2 2 2 
 

AC_ACC-36 0 2 2 2 2 2 2 
AC_ACC-39 0 1 1 1 1 1 1 

 
AC_ACC-39 0 1 1 1 1 1 1 

AC_ACC-41 2 2 2 2 2 2 2 
 

AC_ACC-41 2 2 2 2 2 2 2 
AC_ACC-42 1 1 1 1 1 1 1 

 
AC_ACC-42 1 1 1 1 1 1 1 

AC_ACC-43 1 1 1 1 1 1 1 
 

AC_ACC-43 1 1 1 1 1 1 1 
AC_ACC-44 0 1 1 0 0 1 0 

 
AC_ACC-44 0 1 1 0 0 1 0 

AC_ACC-45 0 1 1 0 1 0 0 
 

AC_ACC-45 0 1 1 0 1 0 0 
AC_ACC-46 2 2 2 2 2 2 2 

 
AC_ACC-46 2 2 2 2 2 2 2 

AC_ACC-47 0 2 2 0 2 2 2 
 

AC_ACC-47 0 2 2 0 2 2 2 
AC_ACT-1 2 2 2 2 2 2 0 

 
AC_ACT-1 2 2 2 2 2 2 0 

AC_ACT-2 2 2 2 2 2 2 2 
 

AC_ACT-2 2 2 2 2 2 2 2 
AC_ACT-3 1 0 0 1 0 1 0 

 
AC_ACT-3 1 0 0 1 0 1 0 

AC_ACT-4 0 1 1 1 1 1 1 
 

AC_ACT-4 0 1 1 1 1 1 1 
AC_ACT-6 2 2 2 2 2 2 2 

 
AC_ACT-6 2 2 2 2 2 2 2 

AC_ACT-7 2 2 2 2 2 2 2 
 

AC_ACT-7 2 2 2 2 2 2 2 
AC_ACT-8 2 0 0 0 0 0 0 

 
AC_ACT-8 2 0 0 0 0 0 0 

AC_ACT-9 2 0 0 2 0 0 2 
 

AC_ACT-9 2 0 0 2 0 0 2 
AC_ACT-10 2 0 0 0 2 2 0 

 
AC_ACT-10 2 0 0 0 2 2 0 

AC_ACT-11 0 2 2 2 2 2 0 
 

AC_ACT-11 0 2 2 2 2 2 0 
AC_ACT-15 2 2 2 0 0 2 0 

 
AC_ACT-15 2 2 2 0 0 2 0 

AC_ACT-16 0 1 1 0 1 1 1 
 

AC_ACT-16 0 1 1 0 1 1 1 
AC_ACT-17 2 0 0 2 2 2 2 

 
AC_ACT-17 2 0 0 2 2 2 2 

AC_ACT-20 2 2 2 2 2 2 2 
 

AC_ACT-20 2 2 2 2 2 2 2 
AC_ACT-21 2 2 2 2 2 2 2 

 
AC_ACT-21 2 2 2 2 2 2 2 

AC_ACT-22 2 2 2 2 2 2 2 
 

AC_ACT-22 2 2 2 2 2 2 2 
AC_ACT-26 2 2 2 2 2 2 2 

 
AC_ACT-26 2 2 2 2 2 2 2 

AC_ACT-27 2 0 0 0 0 0 0 
 

AC_ACT-27 2 0 0 0 0 0 0 
AC_ACT-28 2 2 2 2 2 2 2 

 
AC_ACT-28 2 2 2 2 2 2 2 

AC_ACT-29 2 0 0 2 2 2 2 
 

AC_ACT-29 2 0 0 2 2 2 2 
AC_ACT-30 2 2 2 2 2 2 2 

 
AC_ACT-30 2 2 2 2 2 2 2 

AC_ACT-31 1 2 2 2 2 2 2 
 

AC_ACT-31 1 2 2 2 2 2 2 
AC_ACT-32 2 2 2 2 2 2 2 

 
AC_ACT-32 2 2 2 2 2 2 2 

AC_ACT-33 2 2 2 2 2 2 2 
 

AC_ACT-33 2 2 2 2 2 2 2 
AC_ACT-35 1 0 0 0 1 0 0 

 
AC_ACT-35 1 0 0 0 1 0 0 

AC_ACT-36 1 1 1 2 0 1 1 
 

AC_ACT-36 1 1 1 2 0 1 1 
AC_ACT-37 2 2 2 0 2 2 2 

 
AC_ACT-37 2 2 2 0 2 2 2 

AC_ACT-39 1 1 1 1 0 1 1 
 

AC_ACT-39 1 1 1 1 0 1 1 
AC_ACT-40 1 1 1 1 1 1 1 

 
AC_ACT-40 1 1 1 1 1 1 1 

AC_ACT-41 1 1 1 1 1 1 1 
 

AC_ACT-41 1 1 1 1 1 1 1 
AC_ACT-42 2 2 2 2 2 2 2 

 
AC_ACT-42 2 2 2 2 2 2 2 

AC_ACT-43 0 2 2 2 2 2 2 
 

AC_ACT-43 0 2 2 2 2 2 2 
AC_ACT-45 0 2 2 2 2 2 2 

 
AC_ACT-45 0 2 2 2 2 2 2 

AC_ACT-46 2 2 2 2 2 2 2 
 

AC_ACT-46 2 2 2 2 2 2 2 
AC_ACT-47 2 0 0 0 0 2 0 

 
AC_ACT-47 2 0 0 0 0 2 0 

AC_ACT-48 2 2 2 2 2 2 2 
 

AC_ACT-48 2 2 2 2 2 2 2 
AC_ACT-49 2 2 2 0 2 0 2 

 
AC_ACT-49 2 2 2 0 2 0 2 

AC_ACT-51 1 2 2 2 1 1 2 
 

AC_ACT-51 1 2 2 2 1 1 2 
AC_ACT-52 0 2 2 0 0 0 0 

 
AC_ACT-52 0 2 2 0 0 0 0 

AC_ACT-53 2 2 2 2 2 2 2 
 

AC_ACT-53 2 2 2 2 2 2 2 
AC_ACT-54 2 2 2 2 2 2 2 

 
AC_ACT-54 2 2 2 2 2 2 2 

AC_ACT-55 2 2 2 2 2 2 2 
 

AC_ACT-55 2 2 2 2 2 2 2 
AC_ACT-56 2 2 2 2 2 2 2 

 
AC_ACT-56 2 2 2 2 2 2 2 

AC_ACT-57 2 2 2 2 2 2 2 
 

AC_ACT-57 2 2 2 2 2 2 2 
AC_ACT-58 2 0 0 2 2 0 2 

 
AC_ACT-58 2 0 0 2 2 0 2 

AC_ACT-59 0 2 2 0 2 0 0 
 

AC_ACT-59 0 2 2 0 2 0 0 
AC_ACT-61 1 1 1 1 1 1 1 

 
AC_ACT-61 1 1 1 1 1 1 1 

AC_ACT-62 2 0 0 0 0 0 0 
 

AC_ACT-62 2 0 0 0 0 0 0 
AC_ACT-64 2 2 2 2 2 2 2 

 
AC_ACT-64 2 2 2 2 2 2 2 

AC_ACT-67 2 2 2 0 0 2 0 
 

AC_ACT-67 2 2 2 0 0 2 0 
AC_ACT-68 2 2 2 2 2 0 2 

 
AC_ACT-68 2 2 2 2 2 0 2 

AC_ACT-69 2 2 2 0 2 0 0 
 

AC_ACT-69 2 2 2 0 2 0 0 
AC_ACT-70 2 0 0 2 2 1 2 

 
AC_ACT-70 2 0 0 2 2 1 2 

AC_ACT-71 0 1 1 0 1 1 0 
 

AC_ACT-71 0 1 1 0 1 1 0 
AC_ACT-74 1 1 1 1 1 1 1 

 
AC_ACT-74 1 1 1 1 1 1 1 

AC_ACT-76 0 1 1 0 1 0 0 
 

AC_ACT-76 0 1 1 0 1 0 0 
code 180 180 180 180 180 180 180 

  
180 180 180 180 180 180 180 

0 27 31 32 38 31 37 39 
  

28 32 33 39 32 38 40 
2 121 114 113 115 116 109 112 

  
120 113 112 114 115 108 111 

1 32 35 35 27 33 34 29 
  

32 35 35 27 33 34 29 
Legend 

                

tot. markers   
Hpa- / Msp-  Unknown 
Hpa+ / Msp+ Not methylated 
Hpa+ / Msp- or Hpa- / Msp+ Methylated 
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6
General discussion

Sexual signals are an important driving force in the origin of new species
(Panhuis et al., 2001; Ritchie, 2007). However, many species-specific sexu-
al signals are under stabilizing selection (Löfstedt, 1993; Smadja & Butlin,
2009), which limits variation, the raw material for evolutionary change. How
then does change occur under stabilizing selection and how is variation
maintained? Answers to these questions will help understand the importance
of sexual signal variation in the evolution of new communication channels
in moths and other species.

The main existing evolutionary models that aim to explain the evolution
of species-specific sexual signals are the ‘asymmetric tracking hypothesis’,
the ‘rare male hypothesis’, and the ‘wallflower hypothesis’. In the case of the
asymmetric tracking hypothesis (Phelan, 1992, 1997), males are assumed to
invest less in reproductive effort than females and are therefore expected to
be less choosy and have wide response windows. The rare male hypothesis
assumes that every population harbors a small number of non-choosy ‘rare
males’ that can recognize new pheromone signals (Roelofs et al., 2002). The
wallflower hypothesis predicts that less attractive females can still get mated
later in the mating season when the availability of the most attractive females
decreases (De Jong & Sabelis, 1991). All three mechanisms maximize the
males’ ability to locate potential mating partners and drive the male prefer-
ence function to ‘track’ variation in the female signal, allowing for the simul-
taneous evolution of signal and response (Phelan, 1992, 1997). However, the
three hypotheses fail to take into account that males are generally attracted to
the average female signal and have a similarly strong interest in making the
right partner choice as females, because male moths only mate once a night
(Raulston et al., 1975). Since females in many moth species also mate once a
night and males transfer a spermatophore which can be up to 5% of his body
weight, males have a lot to gain or lose by choosing the right mating partner
(Gao et al., 2020). Males can probably find virgin females fastest by being
attracted to the population average pheromone blend, as closely related
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AC_ACC-12 2 2 2 2 2 2 2   AC_ACC-12 0 0 0 0 0 0 0 
AC_ACC-13 1 1 1 1 1 1 1 

 
AC_ACC-13 1 1 1 1 1 1 1 

AC_ACC-14 2 0 0 2 0 2 0 
 

AC_ACC-14 2 0 0 2 0 2 0 
AC_ACC-15a 2 0 0 0 0 0 0 

 
AC_ACC-15a 2 0 0 0 0 0 0 

AC_ACC-15 2 2 2 2 2 2 2 
 

AC_ACC-15 2 2 2 2 2 2 2 
AC_ACC-16 2 2 2 0 2 2 0 

 
AC_ACC-16 2 2 2 0 2 2 0 

AC_ACC-17 2 0 0 2 0 0 2 
 

AC_ACC-17 2 0 0 2 0 0 2 
AC_ACC-17a 0 1 1 1 1 0 0 

 
AC_ACC-17a 0 1 1 1 1 0 0 

AC_ACC-18 2 2 2 2 2 2 2 
 

AC_ACC-18 2 2 2 2 2 2 2 
AC_ACC-20 2 2 2 2 2 2 2 

 
AC_ACC-20 2 2 2 2 2 2 2 

AC_ACC-21 2 2 2 2 2 2 2 
 

AC_ACC-21 2 2 2 2 2 2 2 
AC_ACC-22 2 2 2 2 2 2 2 

 
AC_ACC-22 2 2 2 2 2 2 2 

AC_ACC-25 2 0 0 2 2 2 2 
 

AC_ACC-25 2 0 0 2 2 2 2 
AC_ACC-25 2 2 2 2 2 2 2 

 
AC_ACC-25 2 2 2 2 2 2 2 

AC_ACC-26 0 2 2 2 2 2 2 
 

AC_ACC-26 0 2 2 2 2 2 2 
AC_ACC-29 0 2 2 2 2 0 0 

 
AC_ACC-29 0 2 2 2 2 0 0 

AC_ACC-30b 1 1 1 1 1 1 1 
 

AC_ACC-30b 1 1 1 1 1 1 1 
AC_ACC-31 2 0 0 0 2 0 2 

 
AC_ACC-31 2 0 0 0 2 0 2 

AC_ACC-32 2 2 2 2 2 2 0 
 

AC_ACC-32 2 2 2 2 2 2 0 
AC_ACC-33 2 2 2 2 2 2 2 

 
AC_ACC-33 2 2 2 2 2 2 2 

AC_ACC-34 2 2 2 2 2 2 2 
 

AC_ACC-34 2 2 2 2 2 2 2 
AC_ACC-35 2 0 0 0 0 0 0 

 
AC_ACC-35 2 0 0 0 0 0 0 

AC_ACC-36 0 2 2 2 2 2 2 
 

AC_ACC-36 0 2 2 2 2 2 2 
AC_ACC-39 0 1 1 1 1 1 1 

 
AC_ACC-39 0 1 1 1 1 1 1 

AC_ACC-41 2 2 2 2 2 2 2 
 

AC_ACC-41 2 2 2 2 2 2 2 
AC_ACC-42 1 1 1 1 1 1 1 

 
AC_ACC-42 1 1 1 1 1 1 1 

AC_ACC-43 1 1 1 1 1 1 1 
 

AC_ACC-43 1 1 1 1 1 1 1 
AC_ACC-44 0 1 1 0 0 1 0 

 
AC_ACC-44 0 1 1 0 0 1 0 

AC_ACC-45 0 1 1 0 1 0 0 
 

AC_ACC-45 0 1 1 0 1 0 0 
AC_ACC-46 2 2 2 2 2 2 2 

 
AC_ACC-46 2 2 2 2 2 2 2 

AC_ACC-47 0 2 2 0 2 2 2 
 

AC_ACC-47 0 2 2 0 2 2 2 
AC_ACT-1 2 2 2 2 2 2 0 

 
AC_ACT-1 2 2 2 2 2 2 0 

AC_ACT-2 2 2 2 2 2 2 2 
 

AC_ACT-2 2 2 2 2 2 2 2 
AC_ACT-3 1 0 0 1 0 1 0 

 
AC_ACT-3 1 0 0 1 0 1 0 

AC_ACT-4 0 1 1 1 1 1 1 
 

AC_ACT-4 0 1 1 1 1 1 1 
AC_ACT-6 2 2 2 2 2 2 2 

 
AC_ACT-6 2 2 2 2 2 2 2 

AC_ACT-7 2 2 2 2 2 2 2 
 

AC_ACT-7 2 2 2 2 2 2 2 
AC_ACT-8 2 0 0 0 0 0 0 

 
AC_ACT-8 2 0 0 0 0 0 0 

AC_ACT-9 2 0 0 2 0 0 2 
 

AC_ACT-9 2 0 0 2 0 0 2 
AC_ACT-10 2 0 0 0 2 2 0 

 
AC_ACT-10 2 0 0 0 2 2 0 

AC_ACT-11 0 2 2 2 2 2 0 
 

AC_ACT-11 0 2 2 2 2 2 0 
AC_ACT-15 2 2 2 0 0 2 0 

 
AC_ACT-15 2 2 2 0 0 2 0 

AC_ACT-16 0 1 1 0 1 1 1 
 

AC_ACT-16 0 1 1 0 1 1 1 
AC_ACT-17 2 0 0 2 2 2 2 

 
AC_ACT-17 2 0 0 2 2 2 2 

AC_ACT-20 2 2 2 2 2 2 2 
 

AC_ACT-20 2 2 2 2 2 2 2 
AC_ACT-21 2 2 2 2 2 2 2 

 
AC_ACT-21 2 2 2 2 2 2 2 

AC_ACT-22 2 2 2 2 2 2 2 
 

AC_ACT-22 2 2 2 2 2 2 2 
AC_ACT-26 2 2 2 2 2 2 2 

 
AC_ACT-26 2 2 2 2 2 2 2 

AC_ACT-27 2 0 0 0 0 0 0 
 

AC_ACT-27 2 0 0 0 0 0 0 
AC_ACT-28 2 2 2 2 2 2 2 

 
AC_ACT-28 2 2 2 2 2 2 2 

AC_ACT-29 2 0 0 2 2 2 2 
 

AC_ACT-29 2 0 0 2 2 2 2 
AC_ACT-30 2 2 2 2 2 2 2 

 
AC_ACT-30 2 2 2 2 2 2 2 

AC_ACT-31 1 2 2 2 2 2 2 
 

AC_ACT-31 1 2 2 2 2 2 2 
AC_ACT-32 2 2 2 2 2 2 2 

 
AC_ACT-32 2 2 2 2 2 2 2 

AC_ACT-33 2 2 2 2 2 2 2 
 

AC_ACT-33 2 2 2 2 2 2 2 
AC_ACT-35 1 0 0 0 1 0 0 

 
AC_ACT-35 1 0 0 0 1 0 0 

AC_ACT-36 1 1 1 2 0 1 1 
 

AC_ACT-36 1 1 1 2 0 1 1 
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6
General discussion

Sexual signals are an important driving force in the origin of new species
(Panhuis et al., 2001; Ritchie, 2007). However, many species-specific sexu-
al signals are under stabilizing selection (Löfstedt, 1993; Smadja & Butlin,
2009), which limits variation, the raw material for evolutionary change. How
then does change occur under stabilizing selection and how is variation
maintained? Answers to these questions will help understand the importance
of sexual signal variation in the evolution of new communication channels
in moths and other species.

The main existing evolutionary models that aim to explain the evolution
of species-specific sexual signals are the ‘asymmetric tracking hypothesis’,
the ‘rare male hypothesis’, and the ‘wallflower hypothesis’. In the case of the
asymmetric tracking hypothesis (Phelan, 1992, 1997), males are assumed to
invest less in reproductive effort than females and are therefore expected to
be less choosy and have wide response windows. The rare male hypothesis
assumes that every population harbors a small number of non-choosy ‘rare
males’ that can recognize new pheromone signals (Roelofs et al., 2002). The
wallflower hypothesis predicts that less attractive females can still get mated
later in the mating season when the availability of the most attractive females
decreases (De Jong & Sabelis, 1991). All three mechanisms maximize the
males’ ability to locate potential mating partners and drive the male prefer-
ence function to ‘track’ variation in the female signal, allowing for the simul-
taneous evolution of signal and response (Phelan, 1992, 1997). However, the
three hypotheses fail to take into account that males are generally attracted to
the average female signal and have a similarly strong interest in making the
right partner choice as females, because male moths only mate once a night
(Raulston et al., 1975). Since females in many moth species also mate once a
night and males transfer a spermatophore which can be up to 5% of his body
weight, males have a lot to gain or lose by choosing the right mating partner
(Gao et al., 2020). Males can probably find virgin females fastest by being
attracted to the population average pheromone blend, as closely related
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species may have similar pheromone blends, which should be avoided
because mating with closely related species can have detrimental fitness
effects. Therefore, moth sex pheromone blends seem to be under strong sta-
bilizing selection, making it difficult to understand how the chemically simi-
lar, yet well-defined, species-specific female sex pheromone blends of
approximately 155.000 extant moth species have evolved.

To understand how sexual signals can evolve despite stabilizing selection,
we assessed between- and within-individual variation in the sex pheromone
signal in the tobacco budworm, Chloridea virescens, and the subflexus straw
moth, Chloridea subflexa. More specifically we asked: Could male mating
mistakes maintain genetic variation in female sexual signals (CHAPTER 2)?
Could disposable polydimethylsiloxane (PDMS)-coated fused-silica optical
fibers be used for sampling female sex pheromones of moths (CHAPTER 3)?
Does female sexual signal stability covary with fitness, and could stability in
these signals have a genetic basis and thus evolve in response to selection
(CHAPTER 4)? And finally, could DNA methylation be the underlying mecha-
nisms of heritable variation in female sexual signals (CHAPTER 5)?

In CHAPTER 2 we showed that females that differ in their relative attrac-
tiveness to males, benefit from calling in close proximity to each other; unat-
tractive females were mated more often when next to attractive females,
whereas attractive females were mated faster when next to an unattractive
female. In CHAPTER 3 we demonstrated that female sex pheromone ratios
determined by gland extracts, PDMS rubbing, and volatile collections are
strongly correlated. In addition, PDMS rubbing with disposable glass fibers
proved to be a suitable non-invasive alternative to destructive gland extrac-
tions. Thanks to this novel method, we were able to sample females at more
than one time point, and assess the stability of the pheromone signal within
females. In this analysis, we found substantial differences between females in
sexual signal stability that reflect both heritable variation and variation in fit-
ness (CHAPTER 4). Even though the molecular mechanism underlying sexual
signal stability remains unclear, in CHAPTER 5 we showed that DNA methyla-
tion variation is a potential mechanism, because DNA methylation patterns in
C. virescens are both heritable and subject to de novo variation. Below I dis-
cuss in detail the main findings and place them in a larger context.

MAINTAINING SIGNAL VARIATION UNDER STABILIZING SELECTION
Male mating mistakes
Unattractive females that do not produce the major sex pheromone compo-
nent Z11-16:Ald can still be mated when being in proximity to attractive
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females, and males make mating mistakes (CHAPTER 2). This may be a mech-
anism of having unattractive females in the population long enough for
males to evolve a widened response profile to these signal variants. The
unattractive females could then be a source for a new communication chan-
nel, assuming that other selective forces act to produce assortative mating
and isolation of the new signaling system. Perhaps such a mechanism has
been responsible for the pheromone blend of Helicoverpa gelotopoeon and
Helicoverpa assulta, the only heliothine moths that do not use Z11-16:Ald
as the major pheromone component, but instead use 16:Ald and Z9-16:Ald
(Cork et al., 1992; Cork & Lobos, 2003).

The occurrence of male mating mistakes highlights that social environ-
ment is important to determine the relation between signal variation and mat-
ing success. Whether or not a signaler will be mated depends not only on the
signaler itself but also on the proximity of other signalers and their spatial
organization. This phenomenon has parallels in other animals, including
frogs (Lea & Ryan, 2015) and humans. In humans, it has been well estab-
lished that individuals look more attractive when they are in a group com-
pared to when they are alone (Van Osch et al., 2015; Walker & Vul, 2013).
This effect could be explained by the fact that responders assess the group as
a whole. A group’s attractiveness is determined by the average signal of the
group as a whole (i.e., the most attractive signal) (Walker & Vul, 2013), or
by the most attractive signals within the group (Van Osch et al., 2015).
Therefore, the group’s signal may be more attractive to responders than the
signals of each individual signaler separately. This effect may average out
unattractive outlier signals, providing a chance for unattractive signalers to
get a mate when responders make a mating mistake upon approaching the
group. Further elucidating how male moths choose their mates in complex
social environments would provide valuable insights into the coevolution of
signalers and responders in general, and its contribution to speciation in par-
ticular.

Under the proximity model, it is assumed that some females may posi-
tion themselves and call in close proximity to each other. We have been able
to show in a wind tunnel setting that after the onset time of calling, the dis-
tance of each female to her nearest neighbor decreased significantly
(CHAPTER 1). In another study, females of various species have also been
observed to call in choruses in a laboratory setting (Lim & Greenfield, 2007).
In addition, female moths are known to perceive their own pheromone
(Groot et al., 2005), and they may use this information to position them-
selves relative to their nearest calling neighbor to benefit from the neighbor’s
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strongly correlated. In addition, PDMS rubbing with disposable glass fibers
proved to be a suitable non-invasive alternative to destructive gland extrac-
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females. In this analysis, we found substantial differences between females in
sexual signal stability that reflect both heritable variation and variation in fit-
ness (CHAPTER 4). Even though the molecular mechanism underlying sexual
signal stability remains unclear, in CHAPTER 5 we showed that DNA methyla-
tion variation is a potential mechanism, because DNA methylation patterns in
C. virescens are both heritable and subject to de novo variation. Below I dis-
cuss in detail the main findings and place them in a larger context.
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Unattractive females that do not produce the major sex pheromone compo-
nent Z11-16:Ald can still be mated when being in proximity to attractive
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females, and males make mating mistakes (CHAPTER 2). This may be a mech-
anism of having unattractive females in the population long enough for
males to evolve a widened response profile to these signal variants. The
unattractive females could then be a source for a new communication chan-
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and isolation of the new signaling system. Perhaps such a mechanism has
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as the major pheromone component, but instead use 16:Ald and Z9-16:Ald
(Cork et al., 1992; Cork & Lobos, 2003).

The occurrence of male mating mistakes highlights that social environ-
ment is important to determine the relation between signal variation and mat-
ing success. Whether or not a signaler will be mated depends not only on the
signaler itself but also on the proximity of other signalers and their spatial
organization. This phenomenon has parallels in other animals, including
frogs (Lea & Ryan, 2015) and humans. In humans, it has been well estab-
lished that individuals look more attractive when they are in a group com-
pared to when they are alone (Van Osch et al., 2015; Walker & Vul, 2013).
This effect could be explained by the fact that responders assess the group as
a whole. A group’s attractiveness is determined by the average signal of the
group as a whole (i.e., the most attractive signal) (Walker & Vul, 2013), or
by the most attractive signals within the group (Van Osch et al., 2015).
Therefore, the group’s signal may be more attractive to responders than the
signals of each individual signaler separately. This effect may average out
unattractive outlier signals, providing a chance for unattractive signalers to
get a mate when responders make a mating mistake upon approaching the
group. Further elucidating how male moths choose their mates in complex
social environments would provide valuable insights into the coevolution of
signalers and responders in general, and its contribution to speciation in par-
ticular.

Under the proximity model, it is assumed that some females may posi-
tion themselves and call in close proximity to each other. We have been able
to show in a wind tunnel setting that after the onset time of calling, the dis-
tance of each female to her nearest neighbor decreased significantly
(CHAPTER 1). In another study, females of various species have also been
observed to call in choruses in a laboratory setting (Lim & Greenfield, 2007).
In addition, female moths are known to perceive their own pheromone
(Groot et al., 2005), and they may use this information to position them-
selves relative to their nearest calling neighbor to benefit from the neighbor’s
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signaling. Nevertheless, our study’s obvious shortcoming is that we have not
been able to observe spatial interaction of females in the field. The nocturnal
nature of the moths in combination with their ability to fly fast and cover
large distances makes calling site choice experiments in the field practically
impossible. But as technology advances it might be possible to use a radar
system to track females over many meters to assess their spatial interactions.
A promising development is that the latest generation of harmonic radars can
track large numbers of pollinators (Cant et al., 2005; Makinson et al., 2019).

We did not anticipate that attractive females would benefit from their
spatial proximity to unattractive females. Recently, Gao et al. (unpublished
results) found that unattractive females seem to be more resistant to an
Ophryocystis elektroscirrha (OE)-like parasite. Perhaps, unattractive signals
are the result of a trade-off with investment in OE immunity. Low amounts
of Z11-16:Ald in signals could thus provide information on the OE-immuni-
ty status of a female. Therefore, unattractive females may increase the over-
all attractiveness of the group to the benefit of attractive females.
Alternatively, attractive females may increase pheromone production in
response to the presence of unattractive females to increase their chance to
attract a mate. This is not unthinkable, as we observed significant within-
individual quantitative and qualitative changes in the pheromone signal of
the closely related C. subflexa when experiencing different chemical envi-
ronments (Groot et al., 2010b). In addition, calling behavior can also change
in response to the presence of other females (Palaniswamy & Seabrook,
1985). For example, attractive females could advance the onset of calling in
the presence of unattractive females. If attractive females paired with unat-
tractive females increase their signaling effort (by increasing pheromone
production, or by calling earlier), they attract mates quicker compared to
females alone that do not increase signaling effort. When paired with anoth-
er attractive female, increased signaling effort may have a negative effect
due to higher competition levels. Measuring changes in calling behavior or
within-individual changes in pheromone quality and quantity in response to
exposure to attractive and unattractive conspecific pheromone could reveal
what really happens in nature.

Sexual signal stability
Covariation between fitness and signal composition, amount, and stability
provides an additional mechanism that may maintain sexual signal variation
(CHAPTER 4). Signal-fitness covariation can be due to physiological trade-
offs between investment in a stable signal and the allocation of resources
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towards growth, survival, and reproduction. External or internal environ-
mental or stochastic factors could affect the expression of the sex pheromone
phenotype and result in increased or decreased stability, depending on the
female’s condition. Below, I discuss how signal-fitness covariation could
facilitate the evolution of sexual communication signals under stabilizing
selection. I also evaluate the methodology to measure pheromone stability of
moth sex pheromones and discuss the role of DNA methylation as the under-
lying mechanism of signal stability.

Measuring sexual signal stability
For measuring signal stability, developing a non-invasive pheromone sam-
pling by PDMS rubbing (CHAPTER 3) was essential for two reasons. First, it
allowed us to sample the same individual twice. And second, it allowed us to
correlate variation of different sampling methods, thereby confirming the
behavioral relevance of the variation that we were measuring. Sex pheromone
ratios determined by gland extracts, PDMS rubs, and volatile collections were
strongly correlated (CHAPTER 3). High correlations between gland extractions
and volatile collections were already found in previous studies (Bäckman et
al., 1997; Du et al., 1987; Heath et al., 1991; Hunt & Haynes, 1990; Pope et
al., 1982; Svensson et al., 1997). For example, in Chloridea virescens, Pope
et al. (1982) and Heath et al. (1991) have shown an overall one-to-one corre-
lation with gland content and gland emission ratios. However, our study is the
first to show that these strong correlations also apply for pheromone ratios
collected directly from the gland surface.

Most studies on variation in moth pheromones are based on gland
extracts. Collecting PDMS rubs is now an easy way to verify whether or not
compounds present in the gland are actually emitted. This may not always be
the case. For example, some studies (including our own) found large amounts
of Z11-16:OH inside the gland, but not in volatile collections (CHAPTER 3;
Heath et al., 1991; Pope et al., 1982; Teal et al., 1986). However, with the
PDMS rubs we confirmed that Z11-16:OH is emitted and present on the out-
side of the gland (CHAPTER 3). Its presence in volatiles (Nojima et al., 2018)
and importance for male attraction (Groot et al., 2018) was confirmed in other
studies. In another example, Foster and Anderson (2018), used PDMS rubs
and hexane washes from the C. virescens pheromone gland to compare
pheromone present on the surface/outer cuticular layer with pheromone pres-
ent deeper into the cuticle and/or intracellularly. These authors found differ-
ences in both pheromone quality (ratio of Z9–14:Ald/Z11–16:Ald) and quan-
tity in different parts of the gland and time of photoperiod. In addition, Foster
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facilitate the evolution of sexual communication signals under stabilizing
selection. I also evaluate the methodology to measure pheromone stability of
moth sex pheromones and discuss the role of DNA methylation as the under-
lying mechanism of signal stability.
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pheromone present on the surface/outer cuticular layer with pheromone pres-
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& Anderson (2018) found that pheromone can be biosynthesized and trans-
ported to the gland surface very rapidly. Thus, non-destructive pheromone
sampling with disposable PDMS fibers can help resolve outstanding ques-
tions in sex pheromone communication, such as whether a particular compo-
nent is present on the outside of the gland. PDMS rubbing also provides a new
way to study the precise location of pheromone biosynthesis and transport
speed to the gland surface. In general, PDMS rubbing helps to understand
how different pheromone ratios are produced and emitted.

The most impactful application of PDMS rubbing is the possibility to
assess within-individual variation in moth sex pheromones. In CHAPTER 4, we
extensively explored within-individual variation in C. subflexa by sampling
females two times in their adult lifetime. However, to sample very large sam-
ple sizes more than twice may require some improvements in efficiency and
moth handling, which I will describe hereafter. First of all, thermal condition-
ing of PDMS fibers under a gentle stream of nitrogen is a good, but relative-
ly cumbersome procedure. In CHAPTER 3, we proposed to clean the fibers by
rinsing them for 10 minutes in analytical grade methanol and twice in
Milipore grade water, following Mayer et al. (2000). Alternatively, Ferreira-
Caliman (2014) cleaned PDMS fibers by washing them in 10 mL hexane for
1 minute before use. We have tried both alternatives, and the latter has proven
to work well (personal observations). This is a great efficiency improvement
for large sample sizes. Secondly, although the technique is non-invasive, rub-
bing the pheromone gland may not be without stress for the moth. However,
as demonstrated in CHAPTER 3, PDMS rubbing the gland two times during the
lifetime of a moth had no obvious effects on moth sexual behavior and repro-
ductive output. In addition, practice greatly improves moth handling and
keeps stress to a minimum. Nonetheless, to reduce moth stress and improve
sampling constancy, also when sampling more than two times, I propose to
design a device similar to that used by Baker (1981) and Du et al. (1987), in
which the moth is fixed in a plastic Pasteur pipette and the gland is extruded
by gently pushing a paper plug through a small hole against the female’s
abdomen. This left the female in such a good condition that the scientists
could collect volatiles at least four times from an individual moth.

Maintenance of sexual signal variation
Covariation between fitness and sexual signal variation (between individu-
als) and stability (within-individuals) could help maintain signal variation
under stabilizing selection (CHAPTER 4). As we found sexual signals to
covary with female fitness, genetic variation underlying female condition
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(e.g., immunity genes) may be subject to different selection pressures that
may counteract stabilizing selection on the sexual signal (Dmitriew &
Blanckenhorn, 2014; Kokko & Heubel, 2008; Rowe & Houle, 1996;
Tomkins et al., 2004). Thus, condition-dependence could make the pool of
genetic variation on which selection can act larger than the genetic variation
underlying the sexual signal alone (Dmitriew & Blanckenhorn, 2014; Kokko
& Heubel, 2008; Rowe & Houle, 1996; Tomkins et al., 2004).

In C. subflexa, we found that there is a fitness cost to how many resources
females can allocate towards increasing the production of the dual-function
component Z11-16:OAc (CHAPTER 4). Higher levels of Z11-16:OAc increase
conspecific attraction, while at the same time inhibiting attraction of het-
erospecific males and thus accentuate interspecific differences in the case of
communication interference with C. virescens (Groot et al., 2007; Groot et al.,
2006; Vetter & Baker, 1983; Vickers, 2002; Vickers & Baker, 1997). As we
found that females in better condition had a more stable level of Z11-16:OAc
concentrations in relation to the population mean, and that this stability was
heritable, we found a novel mechanism through which variation in the
pheromone composition can be maintained despite stabilizing selection.
Overall, the above-mentioned mechanisms contribute to additive genetic vari-
ance on which natural and sexual selection can act.

Evolution through plasticity
Previously, it was hypothesized that varying levels of communication interfer-
ence with C. virescens could drive the evolution of acetate ester plasticity, and
that such plasticity could precede the genetic fixation of overall high or low
acetate levels (Groot et al., 2010b). For example, variable communication
interference by C. virescens could act in favor of females that show a faster
increase in Z11-16:OAc ratios compared to the population average. If selection
for higher Z11-16:OAc ratios persists, expression of such initially environ-
mentally induced phenotypes could become genetically fixed (i.e., genetic
assimilation). This can, for instance, happen when the unattractive phenotypes
are rarely expressed (e.g., low Z11-16:OAc ratios when C. virescens interfer-
ence is high, and high Z11-16:OAc ratios when C. virescens interference is
low). Such genetic assimilation could explain previous results that females
produce very little Z11-16:OAc in regions where C. virescens is absent (Groot
et al., 2009). The underlying molecular mechanisms of how environmentally
induced phenotypes become genetically fixed remain unclear (Levis &
Pfennig, 2016). However, in the next section ‘Underlying mechanism of signal
stability’, I will speculate how epigenetics may play a role.
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Sexual communication is a two-way process, and assessment of the con-
sequences of signal plasticity for male preference and the plasticity of male
response itself is crucial to determine whether assortative mating and co-
evolution of signal and response can occur. Evolution through phenotypic
plasticity can only occur if there is persistent selection for a plastically
induced phenotype, such as overall high or low Z11-16:OAc ratios).
Therefore, it is crucial to follow up on our work with behavioral studies on
male preference in different environmental contexts. Choice or no-choice
wind tunnel bioassays where C. subflexa males fly upwind in a C. virescens
odor background towards plastic or non-plastic conspecific females would
help answer this question. Such an experiment could even be conducted in
the field if information is available on C. virescens population densities.

Underlying mechanism of signal stability
Little is known about the underlying mechanisms that mediate gain or loss
of phenotypic plasticity (Levis & Pfennig, 2016). As DNA methylation in C.
virescens in heritable, this could be the molecular mechanism underlying
evolutionary change in phenotypic plasticity in the female sex pheromone. I
hypothesize that DNA methylation facilitates evolution of sexual signals
through phenotypic plasticity in two ways: 1) by providing a mechanism to
allow novel signals to emerge by mediating changes in gene expression in
response to stochastic or environmental factors, and 2) by enabling the fixa-
tion of induced phenotypes through genetic assimilation.

Roberts and Gavery (2012) proposed that there may be a link between the
– compared to mammals – sparse methylation levels that are generally
observed in invertebrates (Suzuki & Bird, 2008; Zemach et al., 2010), includ-
ing C. virescens (Bewick et al., 2017), and phenotypic plasticity. As DNA
methylation in invertebrates occurs primarily within genes (Feng et al., 2010;
Zemach et al., 2010), and intragenic DNA methylation prevents ‘plastic’ tran-
scription by shielding the DNA from DNA-binding proteins (Huh et al., 2013;
Neri et al., 2017), sparsely methylated genes might have greater epigenetic
flexibility. In invertebrates, genes that are not or sparsely methylated have been
associated with tissue specificity and inducible expression, including those
involved in general immune function, cell adhesion, cell-cell signaling, and sig-
nal transduction (Gavery & Roberts, 2010). Thus, sparse methylation in inver-
tebrates may allow for higher regulatory control through transient methylation
in response to stochastic or environmental changes. Such increased epigenetic
flexibility may be necessary, as invertebrates are generally small and therefore
likely more exposed to fluctuating (fine-grained) environmental conditions.
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If selection for specific environmentally or stochastically induced herita-
ble DNA methylation patterns persists, initially transiently methylated genes
may become permanently methylated, leading to stable expression of the
genes underlying the desired phenotype and the loss of plasticity. As DNA
methylation is more dynamic than genetic variation, it could respond quick-
er to selection. Therefore, ‘epigenetic assimilation’ may precede genetic
assimilation, i.e., through natural selection epigenetically induced phenotyp-
ic changes may be replaced over time by genetic mutations with the same
phenotypic effect (Nishikawa & Kinjo, 2018). This is particularly the case
when methylation leads to gene silencing.

In C. subflexa, acetate ester ratios may be determined by genes that
encode for enzymes that convert acetates to alcohols or aldehydes. If high
acetate levels are caused by DNA methylation-mediated silencing of such
genes, then mutations in these genes are shielded from selection, because
these genes are not expressed. The accumulation of mutations could eventu-
ally lead to non-functionality and thus the inability to produce low acetate lev-
els. In such a scenario, fixation of novel phenotypes occurs much faster than
the spread of a rare genetic mutation in the population. In this way, DNA
methylation could explain how environmentally or stochastically induced
phenotypic changes in sexual signals become genetically fixed, thereby
directly affecting the evolution of these signals, and hence speciation.

Although we demonstrated that DNA methylation in C. virescens is her-
itable and subject to de novo methylation, we do not know if DNA methyla-
tion changes directly underlie phenotypic changes in the sexual signal. Were
DNA methylation to play a role in evolution of sexual signals, then this ques-
tion needs to be addressed. Ideally, an investigation would combine epige-
netic, transcriptomic, and phenotypic analyses of candidate genes involved
in pheromone biosynthesis or response. To determine whether environmen-
tally or stochastically induced changes in DNA methylation, transcription
level, and phenotype are inherited, such an experiment could be conducted
over multiple successive generations. Furthermore, considering the potential
role of intragenic DNA methylation in stabilizing gene expression
(Zilberman, 2017), it would also be interesting to knock out or inhibit DNA
methyltransferases that regulate de novo and/or maintenance of DNA methy-
lation patterns, and see whether the stability of pheromone expression is
affected. This would provide a clear indication for the role of DNA methyla-
tion in phenotypic variation and evolution in moths.
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EVOLUTION OF SEXUAL COMMUNICATION AND SPECIATION
Male mating mistakes, signal-fitness covariation, and heritable DNA methy-
lation can supplement existing evolutionary scenarios, such as the asymmet-
ric tracking hypothesis, to explain the evolution of species-specific sexual
communication signals. A possible way in which male mating mistakes, sig-
nal-fitness covariation, and heritable epigenetic variation could facilitate spe-
ciation is by promoting the establishment of founder populations with novel
sex pheromones. The chance of successful establishment of founder popula-
tions by females with outlier signals increases when such females are already
present at relatively high frequency in the source population. However, this
initial frequency of a mutant before it can spread through the population was
modelled to be as high as 11% (Butlin & Ritchie, 1989). Such high frequen-
cies of outlier females might be accomplished through a combination of male
mating mistakes, condition-dependence of signal stability, and heritable epi-
genetic variation. The male mating mistake hypothesis is different from the
asymmetric tracking hypothesis, because it does not assume a wider response
window in males, just a sloppier one. Covariation between signal properties
and fitness introduces the necessary variation in sexual signals on which
selection can act, and heritable epigenetic variation may be the mechanisms
underlying plasticity and thus also stability of sexual signals.

In conclusion, male mating mistakes, signal-fitness covariation, and heri-
table DNA methylation add extra dimensions to evolutionary scenarios that
aim to understand the evolution of species-specific sexual communication sig-
nals. All three phenomena help explain how signal variation can be maintained
under stabilizing selection and even promote the emergence of novel sexual
communication channels. This could directly lead to reproductive isolation and
hence speciation. Our findings in moths may apply to species-specific sexual
communication systems in general, as within-individual variation in the sexu-
al signal has also been described in crickets (Bertram et al., 2013), grasshop-
pers (Hartbauer et al., 2012), and frogs (Halfwerk et al., 2019). Together, these
newly identified mechanisms can help explain the evolution of novel chemical
communication signals and the evolution of millions of species.
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Summary
Sexual signals are an important driving force in the origin of new species.
However, many species-specific sexual signals are under stabilizing selec-
tion, which limits variation, the raw material for evolutionary change. How
sexual communication systems can evolve under stabilizing selection is still
an unsolved mystery in evolutionary biology. In moths, females emit a
species-specific sex pheromone, consisting of a blend of biochemically relat-
ed components, to which males are attracted. Although males appear to exert
strong stabilizing selection on the female pheromone, these blends seem to
have evolved rapidly, as evidenced by ~155,000 moth species. How then is
variation maintained under stabilizing selection? This is the main question
addressed in this thesis, by using the model moth species Chloridea
virescens and Chloridea subflexa. The answers that I found help to under-
stand the importance of sexual signal variation in the evolution of new com-
munication channels in moths and other species.

CHAPTER 2 builds on the discovery that there is surprisingly broad with-
in-population genetic variation in the female sexual signal of C. virescens.
How could such variation persist in natural populations under stabilizing
selection? We showed that pairs of females, comprising of one attractive and
one unattractive signaller, can significantly increase the mating rate of both
females, whereas mono-phenotypic pairings appear to compete and have a
lower mating rate. These results provide a novel, yet simple behavioural
mechanism of how unattractive pheromone variants could be mated due to
male mistakes, thereby maintaining variation under stabilizing selection.

Within-individual variation has been a neglected component of moth
sexual signals, mainly because of methodological challenges to sample the
same individual more than once. In CHAPTER 3 we solved this challenge by
using disposable polydimethylsiloxane (PDMS)-coated fused silica optical
fibers. We showed that rubbing the sex pheromone gland of C. virescens and
C. subflexa with these fibers was a reliable and non-destructive method to
determine the sex-pheromone composition for a large number of individuals.
In addition, the composition of gland rubs resembled that of volatile collec-
tions (i.e., what is emitted by the female and thus picked up by the male)
more closely than gland extracts, and is thus behaviourally more relevant.

As we observed high variability in the pheromone composition of C. sub-
flexa, in CHAPTER 4 we hypothesised that some of this variation covaries with
fitness, which may facilitate the evolution of moth sex pheromone blends. By
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sampling female pheromone and subsequently recording fertility, fecundity,
and lifespan, we indeed found covariation between fitness and pheromone
amount and composition. As older moths may benefit from maintaining a
young-female-like pheromone blend, and individual condition constrains how
much can be invested in signal maintenance, we next tested whether female
fecundity, fertility, and lifespan can be predicted by the stability of the
pheromone composition and amount. To quantify the ‘stability’ of an individ-
ual’s pheromone composition and amount over time relative to the mean
change of the population, we used the PDMS rubbing method to sample the
pheromone of individual females twice within their lifetime. We found that this
measure of intra-individual variation was heritable. In general, females with
high fitness showed a more stable signal compared to females with a lower fit-
ness. This trade-off in fitness thus provides an additional mechanism for gen-
erating variation in sexual communication on which selection can act.

Because DNA methylation has been shown to be heritable in plants, and
could potentially be the underlying mechanism of phenotypic plasticity in
insects, we hypothesized that DNA methylation is also the mechanism
underlying variation in pheromone signals in moths. The results of MS-
AFLP analyses, presented in CHAPTER 5, show that most DNA methylation
patterns in C. virescens were consistent across tissues, although some methy-
lation sites were specifically found in pheromone glands. We also found sig-
nificant DNA methylation differences among families and two pheromone
phenotype selection lines, and these differences correlated with genetic vari-
ation. Most DNA methylation patterns were inherited, although some sites
were subject to spontaneous de novo DNA methylation across generations.
Thus, DNA methylation does occur in moths, and is can play a role in gen-
erating heritable pheromone variation. Together, our results present an
important initial step towards understanding the potential role of DNA
methylation in the evolution of sexual communication signals in moths.

Altogether, this thesis shows three novel mechanisms that may explain
the maintenance of variation in species-specific sexual communication sig-
nals that are under stabilizing selection: 1) male mating mistakes, 2) condi-
tion-dependence of signal stability, and 3) heritable DNA methylation varia-
tion. Together, these newly identified mechanisms can help explain the exis-
tence of the immense variation in chemical communication signals on which
selection can act, which may be the starting point of the emergence of novel
sexual communication channels.
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Samenvatting
Seksuele signalen zijn een belangrijke drijvende kracht achter het soortvorm-
ingsproces. Veel soortspecifieke seksuele signalen zijn echter onderhevig aan
stabiliserende selectie, wat de aanwezigheid van variatie, een vereiste voor
evolutionaire verandering, beperkt. Hoe seksuele communicatiesystemen
onder stabiliserende selectie kunnen evolueren blijft een onopgelost mysterie
in de evolutiebiologie. Bij nachtvlinders geven vrouwtjes een soortspecifiek
seksferomoon af, bestaande uit een mengsel van biochemisch verwante com-
ponenten, waartoe mannetjes worden aangetrokken. Hoewel mannetjes een
sterke stabiliserende invloed op het vrouwelijke feromoon lijken uit te oefe-
nen, lijken deze seksferomonen snel te zijn geëvolueerd, zoals blijkt uit de
~155.000 soorten nachtvlinders. Hoe wordt variatie in het seksferomoon
behouden onder stabiliserende selectie? Dit is de belangrijkste vraag die ik in
dit proefschrift heb proberen te beantwoorden. Hierbij heb ik gebruik
gemaakt van de nachtvlindersoorten Chloridea virescens en Chloridea sub-
flexa. De antwoorden die ik heb gevonden helpen bij het begrijpen van het
belang van variatie in seksuele signalen voor de evolutie van nieuwe commu-
nicatiekanalen bij nachtvlinders en andere diersoorten.

HOOFDSTUK 2 bouwt voort op de ontdekking dat er binnen populaties van
C. virescens verrassend veel genetische variatie bestaat in het vrouwelijke
seksuele signaal. Hoe kan dergelijke variatie blijven bestaan in natuurlijke
populaties onder stabiliserende selectie? We hebben aangetoond dat wanneer
een aantrekkelijk en een onaantrekkelijk geurend vrouwtje naast elkaar hun
feromoonsignaal uitscheiden, ze allebei sneller paren, terwijl twee vrouwtjes
die even (on)aantrekkelijk zijn lijken te concurreren met elkaar en minder
snel paren. Deze resultaten bieden een nieuw, maar eenvoudig gedragsme-
chanisme waarbij onaantrekkelijke feromoonvarianten toch kunnen paren als
gevolg van paringsfouten door mannetjes, waardoor variatie behouden blijft
ondanks stabiliserende selectie.

Intra-individuele variatie is een verwaarloosd gebied binnen het onder-
zoek naar seksuele signalen van nachtvlinders, vooral vanwege methodolo-
gische uitdagingen om hetzelfde individu meer dan één keer te bemonsteren.
In HOOFDSTUK 3 hebben we dit probleem opgelost door gebruik te maken
van wegwerp-glasvezels met een polydimethylsiloxaan (PDMS) coating. We
laten zien dat je door deze glasvezels over de feromoonklier van C. virescens
en C. subflexa te wrijven snel en eenvoudig feromoon van een vrouwtje kunt
verzamelen. De glasvezel pikt van een enkele klier genoeg feromoon op om
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de samenstelling van het feromoonmengsel herhaaldelijk en betrouwbaar te
kunnen bepalen. Bovendien leek de samenstelling van feromonenmengsels
met deze glasvezelmethode meer op die van vervluchtigde feromonen (het
vervluchtigde feromoon is het mengsel zoals dat in de lucht terecht komt en
dus opgepikt kan worden door het mannetje) dan op destructieve klierex-
tracten, en is daarmee relevanter voor gedragsstudies.

Omdat we een hoge variabiliteit in de feromoonsamenstelling van C. sub-
flexa hadden waargenomen, stelden we in HOOFDSTUK 4 de hypothese op dat
een deel van deze variatie samenhangt met de fitness van vrouwtjes, wat de
evolutie van seksferomonen van nachtvlinders kan bevorderen. Door
vrouwelijke feromonen te bemonsteren en vervolgens het aantal gepro-
ducedere eiren, larven en de levensduur vast te leggen, vonden we inderdaad
covariatie tussen fitness en de hoeveelheid en samenstelling van het fero-
moon. Omdat oudere vrouwtjes motten baat kunnen hebben bij het instand
houden van een ‘jong’ feromoon signal, en individuele conditie bepaalt
hoeveel een vrouwtje kan investeren in het behoud van een aantrekkelijk sig-
naal, hebben we getest of de conditie van vrouwtjes van invloed is op hoeveel
geinvesteerd kan worden in het behoud van een aantrekkelijk signal, hebben
we getest of fitness (hoeveelheid eitjes, larven, en levensduur), kan worden
voorspeld door de stabiliteit van het feromoon. Om de ‘stabiliteit’ van de
samenstelling en hoeveelheid feromoon van een individu in de tijd te meten,
hebben we de glasvezelmethode gebruikt om het feromoon van individuele
vrouwtjes tweemaal in hun leven te verzamelen. Zo ontdekten we dat de mate
van intra-individuele variatie erfelijk was. Vrouwtjes met een hoge vrucht-
baarheid hadden over het algemeen een stabieler signaal vergeleken met min-
der vruchtbare vrouwtjes. Deze relatie tussen de conditie van een vrouwtje en
de mate van feromoonstabiliteit biedt dus een extra mechanisme voor het
genereren van variatie in seksuele signalen waarop selectie kan plaatsvinden.

Omdat is aangetoond dat DNA-methylatie erfelijk is in planten en
mogelijk het onderliggende mechanisme is van fenotypische plasticiteit bij
insecten, stelden we de hypothese op dat DNA-methylatie ook het mecha-
nisme is dat ten grondslag ligt aan variatie in feromoonsignalen in nachtvlin-
ders. De resultaten van MS-AFLP-analyses, gepresenteerd in HOOFDSTUK 5,
laten zien dat de meeste DNA-methylatiepatronen in C. virescens hetzelfde
waren in alle onderzochte weefsels, hoewel sommige methyleringen speci-
fiek in feromoonklieren werden gevonden. We vonden ook significante
DNA-methyleringsverschillen tussen families en twee feromoonfenotype-
selectielijnen, en deze verschillen correleerden met genetische variatie. De
meeste DNA-methylatiepatronen werden overgeërfd, hoewel sommige
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methylaties onderhevig waren aan spontane veranderingen. DNA-methyle-
ring komt dus voor in nachtvlinders en kan een rol spelen in het genereren
van erfelijke feromoonvariatie. Samen vormen onze resultaten een belang-
rijke eerste stap naar het begrijpen van het mogelijke belang van DNA-
methylatie in de evolutie van seksuele communicatiesignalen in nachtvlin-
ders.

Alles bij elkaar toont dit proefschrift drie nieuwe mechanismen die het
behoud van variatie in soortspecifieke seksuele communicatiesignalen onder
stabiliserende selectie kunnen verklaren: 1) mannelijke paringsfouten, 2)
conditieafhankelijkheid van signaalstabiliteit en 3) erfelijke DNA-methyle-
ringsvariatie. Samen kunnen deze nieuw geïdentificeerde mechanismen
helpen bij het verklaren van de immense variatie in chemische communi-
catiesignalen waarop selectie kan plaatsvinden, en dit kan het begin zijn van
het ontstaan van nieuwe seksuele communicatiekanalen.
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