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Ever since Darwin (1871) stated that sexual selection drives variation in mate choice and 

intrasexual competition for mates, it has attracted extensive theoretical and empirical 

studies (Thornhill 1976; Lande 1981; Kirkpatrick 1982; Barraclough et al. 1995; Panhuis et al. 

2001; Andersson and Simmons 2006; Coleman et al. 2009; Beltran-Bech and Richard 2014; 

Servedio and Boughman 2017; Watts et al. 2019). Sexual selection is thought to be a 

powerful evolutionary force, shaping divergence in mating signals and preferences (Panhuis 

et al. 2001; Johansson and Jones 2007; Steiger and Stökl 2014). In many animals, the 

divergence of signals and preferences among populations can result in reproductive 

isolation, and eventually lead to speciation (Panhuis et al. 2001; Gage et al. 2002; Boul et al. 

2007; Seddon et al. 2013; Cooney et al. 2018). 

 

Sexual signals can have a diversity of traits and forms, including conspicuous visual signals, 

such as the antlers of deer, feather tails or colors in birds, or audible acoustic signals, such as 

chirps in crickets and frogs, and chemical signals, such as sex pheromones in insects 

(Guilford and Dawkins 1991; Andersson 1994; Gillam 2011; Brumm 2013). In many animals, 

males with highly conspicuous ornamental traits usually compete among themselves for 

reproductive access to females, while females tend to prefer mating with males exhibiting 

exaggerated ornamentation (Ryan 1980; Andersson 1982, 1994; Blum 2012). The evolution 

of extravagant sexual signals are most likely under directional selection, because male-male 

competition as well as female choice may select for males with extravagant ornamental 

traits when these traits are used for ‘fights’ as well as for ‘attraction’ (Rowe and Houle 1996; 

Rundle et al. 2005, 2009; Ritchie 2007; Shaw et al. 2007; Provost et al. 2018; Lövy et al. 

2019).  

 

However, not all sexual signals are expected to be under directional selection. When sexual 

communication signals are important for species recognition (i.e., to find mates of the same 

species but avoid attracting mates of another species), sexual communication systems are 

generally hypothesized to be under stabilizing selection, because any deviations in the signal 

or the response may reduce the opportunity of finding the right mate (Butlin et al. 1985; 

Löfstedt 1993; Gerhardt 1994; Gerhardt and Brooks 2009; Groot et al. 2014). For example, 

moths emit a species-specific sex pheromone to attract conspecific mating partners (Wyatt 

2003). Their sex pheromones usually consist of long-chain fatty acid derivatives, such as 

aldehydes, acetate esters, and alcohols (Duménil et al. 2014; Groot et al. 2016). As there are 

~ 130.000 moth species and many species have similar sex pheromone blends, closely 

related species often have overlapping pheromone components and species-specificity is 

determined by presence/absence of specific components and their ratio (Löfstedt et al. 1986; 

Mazor and Dunkelblum 2005; Ming et al. 2007; Groot et al. 2009; Juárez et al. 2016).  

 

If sexual signals and responses are under stabilizing selection, then how can they evolve? 
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This is a major and unsolved question in evolutionary biology and important to understand, 

especially in this era with climate change and rapid environmental changes. How does sexual 

selection contribute to the adaptability of species in a rapidly changing world? Evidence is 

accumulating that sexual communication signals and responses, which are generally 

hypothesized to be under stabilizing selection, actually show large intraspecific variation 

(Ptacek 2000; Rundle et al. 2005; Grace and Shaw 2011; Duménil et al. 2014; Groot et al. 

2014; Punzalan and Rowe 2016). The central question in my thesis is: What are the causes 

and consequences of this intraspecific variation? To answer this question, it is important to 

first assess what determines the strength of sexual selection, and then determine which 

factors contribute to the variation in sexual signals and responses. 

 

Strength of sexual selection 

The strength of sexual selection is traditionally determined by the variance in reproductive 

success: sexual selection is strongest on the sex with the greatest variance in reproductive 

success (Bateman 1948; Robert 1972; Kokko et al. 2012; Kvarnemo and Simmons 2013). In 

sexually reproducing species, males produce many small and mobile gametes (sperm), while 

females have a few large immobile gametes (eggs) (Stearns 1987; Dusenbery 2000). Because 

of this anisogamy, and the assumption that sperm is cheap to produce, while eggs are 

energetically more expensive, it was generally assumed that males maximize their fitness by 

maximizing the number of matings, while the reproductive success of females is largely 

independent of the number of matings (Bateman 1948; Parker and Birkhead 2013). These 

assumptions are generally known as the Bateman’s principle or the ‘Darwin-Bateman 

paradigm’, which provide a traditional framework of studies on sexual selection (Arnold 

1994; Parker and Birkhead 2013).  

 

However, Bateman’s principle most likely does not hold in polygamous species, because the 

costs and benefits of multiple matings for males and females can directly or indirectly affect 

the strength of sexual selection: a) the ‘cheap’ sperm is offset by sperm competition, which 

increases ejaculate costs to males, b) multiply mating females can limit the reproductive 

output of males, due to sperm precedence, and c) polyandry reduces the benefits of each 

additional mating for males if there is no first-male sperm precedence (Robert 1972; Kokko 

et al. 2012; Kvarnemo and Simmons 2013). For females, the costs of multiple matings, such 

as physical injury (Helversen and Helversen 1991), parasite or pathogen transmission (Hurst 

et al. 1995), toxic seminal fluids (Chapman et al. 1995), and the cost of repeated mate search, 

can be offset by a) benefits gained from male nuptial gifts, b) indirect genetic benefits and c) 

cryptic female choice (Eberhard 1996; Fedorka and Mousseau 2002; Zeh et al. 2005; Parker 

and Birkhead 2013). Therefore, females as well as males can gain direct benefits from 

additional matings, and the sex that benefits most is suggested to be the choosy sex. 
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Handicap principle 

Zahavi (1975) hypothesized that characters which develop through mate preference confer 

handicaps on the selected individuals in their survival. This hypothesis is generally known as 

the handicap principle and poses that traits, such as the colorful tail of male peacock, must 

be honest signals, as they acts as handicaps that are costly to produce and maintain (Zahavi 

1975; Grafen 1990; Zahavi and Zahavi 1999). An increasing number of studies indicate that 

sex pheromones in insects do not merely provide information about species, sex, age, and 

mating status (Pinzari et al. 2018; Ruther et al. 2019), but can also honestly reveal an 

individual’s quality (Rantala et al. 2003; Ruther et al. 2009; Foster and Johnson 2011; Harari 

et al. 2011; Beltran-Bech and Richard 2014). For example, large female moths of Lobesia 

botrana produce larger amounts of the major component of sex pheromone than small 

females, and males preferred to mate with larger females over small females (Harari et al. 

2011). If these signals are honest signals, then females should benefit by choosing high-

quality mates, either directly, such as increasing survival rate or fecundity (Reynolds and 

Gross 1990; Price et al. 1993; Johnstone 1995), and/or indirectly, e.g., through enhanced 

offspring fitness, such as more attractive or more parasite-resistant offspring (Hamilton and 

Zuk 1982; Moore and Moore 1988; Jennions and Petrie 1997; Schantz et al. 1999; Scordato 

and Safran 2014). 

 

Parasite-mediated sexual selection 

Hamilton and Zuk (1982) proposed that females acquire indirect benefits from choosing 

parasite-free or parasite-resistant males on the basis of their secondary sexual traits (e.g., 

colorful plumage) as indicators of heritable parasite resistance. This is often referred to as 

Hamilton-Zuk hypothesis or the parasite-mediated sexual selection hypothesis, which has 

received much attention in the past few decades (Clayton 1991; Poulin and Vickery 1995; 

Worden et al. 2000; Wittman and Fedorka 2014; Ashby and Boots 2015). Empirical evidence 

supporting this hypothesis has been investigated mostly in birds and fishes, where acoustic 

and visual signals predominate, while chemical signals have long been ignored (Ryan 1988; 

Borgia and Collis 1989; Read and Weary 1990; Penn and Potts 1998; Mazzi 2004; Velando et 

al. 2006; Martin and Johnsen 2007). Analogous to the colorful plumage of birds, a growing 

number of studies suggest that chemical signals might also honestly reflect an the signaler’s 

health status and parasite load (Rantala et al. 2003; Johansson and Jones 2007; Chemnitz et 

al. 2015). For example, female mice could not only distinguish the odor of parasitized males 

from that of unparasitized ones, but also discriminate against the odor of parasitized males 

(Kavaliers and Colwell. 1995; Ehman and Scott 2002). Recently, moth sex pheromones have 

been suggested to be honest signals as well, because in some species they seem to be 

condition-dependent and costly to produce and maintain (Foster and Johnson 2011; Harari 

et al. 2011; Steiger and Stökl 2014), although this is still controversial. Therefore, moths 

could be an ideal model system to study the influence of parasites on sexual selection based 
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on chemical communication.   

 

Variation due to natural selection 

In addition to sexual selection, sexual signals and responses may be also subject to natural 

selection. For example, overlap of sexual signals between closely related species can cause 

communication interference with high fitness costs and consequences, such as interspecific 

sexual harassment and potentially hybridization (Verrell 1994; Gröning and Hochkirch 2008). 

As a result of communication interference, reinforcement or reproductive character 

displacement could promote the divergence of sexual signals among conspecific populations 

or within closely related species in areas of sympatry (Gries et al. 2001; Groot et al. 2006; 

Symonds and Elgar 2008; Lemmon 2009; Crampton et al. 2011; Giglio and Dyer 2013). 

Geographic variation in sexual communication signals and responses exists in many species, 

such as fogs, fishes, birds and insects (Ackerman 1989; Miller et al. 1997; Gleason and 

Ritchie 1998; Derryberry 2011; Unbehend et al. 2014; Cruz-Esteban et al. 2018), and has 

been related to communication interference (Löfstedt et al. 1986; Römer 1993; Groot et al. 

2006, 2009; Wilkins et al. 2013), as well as to the presence of predator and parasitoids that 

may home in on these signals (Zuk and Kolluru 1998; Symonds and Elgar 2004, 2008; Groot 

et al. 2006; Xu et al. 2014). 

 

In moths, to avoid heterospecific sexual interactions, sex pheromones may contain 

compounds with a dual function, i.e. attractive to conspecifics and inhibitory to 

heterospecifics (Löfstedt et al. 1991; Vickers and Baker 1997; Fadamiro et al. 1999; Witzgall 

et al. 2008; Juárez et al. 2016). For example, most heliothine moths use (Z)-11-hexadecenal 

(Z11-16:Ald) as their major sex pheromone component, but additional acetate esters or 

alcohols in their pheromone blends have a dual role as attractant for conspecific males and 

antagonist for heterospecific males (Christensen et al. 1991; Fadamiro et al. 1999; Groot et 

al. 2006, 2007; Zhang et al. 2012; Juárez et al. 2016).  

 

In addition to producing antagonist compounds, insects also exhibit specific daily rhythms in 

their timing of sexual communication activities, which can effectively minimize 

communication interference. Specific daily rhythms in sexual activities are found in flies, 

beetles, moths, crickets and grasshoppers (Blondheim and Shulov 1972; Hammack et al. 

1976; Dreisig 1986; Milinski and Bakker 1990; Sadek et al. 2012; Groot 2014; Broadhead et al. 

2017; Ma et al. 2019). For example, Bactrocera tryoni and B. neohumeralis are two sibling 

species of tephritid fruit flies in Australia (Pike et al. 2003), which are isolated through their 

difference in mating time, as B. tryoni mates at dusk while B. neohumeralis only mates in the 

middle of the day (Morrow et al. 2000; An et al. 2002). In moths, some species are sexually 

active in the early night, while others are active in the late night (Groot 2014). The rhythm of 

sexual behaviors is generally regulated by an endogenous circadian clock mechanism, which 
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is entrained by external cues (so-called zeitgebers), such as light and temperature (Rusak 

and Zucker 1975; Sandrelli et al. 2008; Bloch et al. 2013; Partch et al. 2014). The drivers of 

these timing differences have so far not been investigated, but could be due to sexual as 

well as natural selection forces. 

 

Study system  

The tobacco budworm 

The tobacco budworm, Heliothis virescens (Fabricius) (Figure 1a) (Lepidoptera: Noctuidae), is 

a major pest in North and South America (Fitt 1989). Heliothis virescens is highly polygamous 

(Lamunyon 2000; Blanco et al. 2008), field-caught females have been found to contain 7 

spermatophores (Raulston et al. 1975) and females mate up to 12 times under laboratory 

conditions (Blanco et al. 2009). Both males and females can mate only once a night, as each 

mating lasts on average 3 hours, yet both sexes mate on multiple nights (Flint and Kressin 

1969; Pair et al. 1977; Hosseini et al. 2016). Heliothis virescens females fertilize about 50 % 

of their eggs with sperm obtained in her first mating (Proshold et al. 1982). Spermatophores 

may be up to 5 % of the male’s body weight (Blanco et al. 2009). Sperm precedence and 

paternity allocation studies in H. virescens have shown that sperm precedence and sperm 

mixing is quite variable (Flint and Kressin 1969; Pair et al. 1977; Lamunyon 2001; LaMunyon 

and Huffman 2001; Blanco et al. 2009), but on average the last male gains ~ 66% paternity 

(Lamunyon 2001). We recently found that females do not discriminate between virgin or 

mated males, while males choose virgin partners over mated partners (Hosseini et al. 2016). 

Since the mating habits and sperm precedence in this species has been studied extensively, 

this species is a good model system to determine the strength of sexual selection. 

 
Figure 1. The study system (a) Heliothis virescens, (b) Helicoverpa armigera female, (c) H. armigera 
male, (d) Ophryocystis elektroscirrha-like spores. The blue dots represent the H. armigera attractive 
pheromone blend, the red dots represent part of the pheromone blend that inhibits heterospecific 
attraction. 
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The cotton bollworm 

The cotton bollworm, Helicoverpa armigera (Hübner) (Figure 1b and 1c), is an important 

agricultural pest, occurring throughout Africa, Europe, Asia and Oceania. This species 

recently invaded South and Central America and threatens to spread further (Fitt 1989; 

Czepak and Albernaz 2013; Kriticos et al. 2015; Ferreira Agüero et al. 2018). It causes 

tremendous economic losses, estimated at more than $2 billion annually (Tay et al. 2013). 

The larvae are highly polyphagous, and feed on a variety of host plants from at least 172 

species within 68 families, including economically important crops, such as cotton, corn, 

soybean and tomato (Zalucki et al. 1986; Cunningham and Zalucki 2014). In the past, the 

control of H. armigera has heavily relied on the use of insecticides, which in turn has led to a 

long history of worldwide insecticide resistance to several chemicals (Forrester et al. 1993; 

Torres-Vila et al. 2002; Liu et al. 2013). As a result, biological control, including the 

application of sex pheromones, has become increasingly important throughtout the world 

(Witzgall et al. 2010). 

 

Among H. armigera populations, geographic variation in host plant preference has been 

found (Jallow and Zalucki 1996; Jallow et al. 2004). In addition, H. armigera has the ability to 

undergo facultative diapause and seasonal migration with long-distance dispersal (Zalucki 

and Furlong 2005; Behere et al. 2007; Feng et al. 2009). As H. armigera is so widespread, it is 

a great model system to investigate the level and extent of geographic variation in sexual 

signals and responses. 

 

The parasite Ophryocystis elektroscirrha 

The parasite Ophryocystis elektroscirrha (OE) is a neogregarine protozoan, which was first 

observed in the monarch, Danaus plexippus, and queen butterfly, D. gilippus, in Florida 

(McLaughlin and Myers 1970). This parasite has been thought to be restricted to these hosts  

because the life-cycle of OE is closely linked to its host (Altizer and Oberhauser 1999). After 

early-instar larvae consume OE spores, they undergo asexual, vegetative replication in the 

larvae gut (Altizer et al. 2000). Upon lysis, the spores form micronuclear schizonts which 

penetrate the gut wall, after which the spores migrate to the hypoderm where a 

combination of sexual and asexual replication commences (Vickerman et al. 1999). 

Sporulation occurs during pupation and dormant spores emerge on the abdominal scales of 

adults (McLaughlin and Myers 1970). Transmission of this parasite is predominantly vertical, 

as females scatter spores on their eggs or host plants during oviposition, which are 

subsequently ingested by larvae (Leong et al. 1992). However, paternal or horizontal 

transmission routes are possible, e.g., through mating or spores consumed by unrelated 

larvae (Altizer et al. 2004; De Roode et al. 2009). Previous studies have determined that OE 

infection is detrimental to host fitness in D. plexippus, reducing longevity, fecundity, eclosion, 

mating success and flight ability (Altizer and Oberhauser 1999; Bradley and Altizer 2005; De 
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Roode et al. 2009). Since we found an OE-like parasite (Figure 1d) in H. armigera populations 

in Australia and China, this OE-like parasite is well suited to study parasite-mediated sexual 

selection in moths. 

 

Outline of the thesis 

To determine how sexual selection dynamics change over the course of a lifetime in a 

polygamous moth, in CHAPTER 2 I investigated the direct reproductive costs and benefits of 

multiple matings, as well as the role of sperm competition in reproductive success in H. 

virescens. 

 

To assess the level and extent of geographic variation in sexual communication signals and 

responses, as well as in female calling behaviors, in CHAPTER 3 I investigated variation in the 

sexual communication of the moth H. armigera at three locations, Spain, China and Australia, 

where I combined field experiments under natural conditions and laboratory experiments. 

 

Since we found the OE-like parasite to be present in field populations of H. armigera, I 

became curious about the host range of this parasites. Therefore, In CHAPTER 4 I 

investigated the presence of OE and OE-like parasites in zoo-collected butterfly species, as 

well as in closely related species H. assulta and H. punctigera in China and in Australia. I 

sequenced partial 18S rRNA to determine the genetic similarity of the OE and OE-like 

parasites on different hosts. To determine the host-specificity of the OE and OE-like 

parasites, I also conducted cross-infection experiments in butterfly and moth species, and I 

tested whether the susceptibility of OE-like parasite infection varied between geographic H. 

armigera populations. 

 

To test whether and how the parasitic infection affected sexual communication signals in 

mate assessment and sexual selection, in CHAPTER 5 I investigated to what extend the 

presence of the OE-like parasite affects mating behavior and sexual selection in the moth H. 

armigera. I first assessed the role of infection on longevity, reproduction and mating success 

for both sexes. Because I found that the parasitic infection of both parents has major fitness 

consequences, I subsequently examined the effect of the OE-like parasite infection on 

female calling behavior and sex pheromone composition and I explored the role of OE-like 

parasite infection on male and female mate choice.  

 

In CHAPTER 6, I discuss the main findings in this thesis and place them in a broader context. 
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ABSTRACT 

Background: Ever since Darwin, evolutionary biologists have studied sexual selection driving 

differences in appearance and behavior between males and females. An unchallenged 

paradigm in such studies is that one sex (usually the male) signals its quality as a mate to the 

other sex (usually the female), who is choosy in accepting a partner. Here, we argue that in 

polygamous species these roles may change dynamically with the mating status of males 

and females, depending on direct reproductive costs and benefits of multiple matings, and 

on sperm competition. We test this hypothesis using a polygamous moth species, as in 

moths not males but females are the signalers and males are the responders.  

Results: We found that multiple matings are beneficial as well as costly for both sexes. 

Specifically, the number of matings did not affect the longevity of males or females, but 

when paired with a new virgin mate every night for five nights, only 67 % of the males and 

14 % of the females mated successfully in all five nights. The female’s reproductive output 

increased with multiple matings, although when paired with a new virgin male every night, 

additional matings beyond 3 decreased her reproductive output, so that the Bateman 

gradient for females fit a quadratic model better than a linear model. The male’s 

reproductive success was positively affected by the number of matings and a linear 

regression line best fit the data. Simulations of the effect of sperm competition showed that 

increasing last-male paternity increases the steepness of the male Bateman gradient and 

thus the male’s relative fitness gain from additional mating. Irrespective of last-male 

paternity value, the female Bateman gradient is steeper than the male one for up to three 

matings. 

Conclusion: Our results suggest that choosiness in moths may well change throughout the 

mating season, with males being more choosy early in the season and females being more 

choosy after having mated at least three times. This life-history perspective on the costs and 

benefits of multiple matings for both sexes sheds new light on sexual selection forces acting 

on sexual signals and responses. 

 

 

BACKGROUND 

Sexual selection studies historically hypothesize that one sex (typically male) signals its 

quality to the choosy sex (typically female) [1-4]. In polygamous species, however, females 

as well as males can gain direct benefits from additional matings [5]. In general, the less 

competitive sex is generally hypothesized to be the more choosy sex [6]. Which sex is more 

or less competitive depends among others on variance in reproductive success (the sex with 

the higher variance is more competitive) [7, 8], the amount of investment in reproduction [9] 

and on how much time each sex spends in sexually unreceptive state, as this affects the 

operational sex ratio [10-12]. When variance in reproductive success is similar in males and 

females, mutual mate choice is expected [3, 13].  
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Multiple matings have in previous decades been assumed to be mostly beneficial to males, 

who can maximize their fitness by maximizing the number of matings, while the 

reproductive success of females was assumed to be largely independent of the number of 

matings [1, 8]. These assumptions are generally known as the “Bateman’s principle” [5]. In 

the past decade, Dewsbury [4] combined Bateman’s principle with the “ardent male – coy 

female” hypothesis of Darwin [2] to the “Darwin-Bateman paradigm” that integrates the 

ideas that ‘male variance of reproductive success exceeds that of females’, ‘males have 

more to gain from multiple matings’, and ‘males are generally ardent and females are 

generally coy’. However, it is now commonly found that females as well as males can gain 

direct benefits from additional matings [7, 8], for example through nuptial gifts [14, 15]. To 

determine the differential benefits to reproductive success to be gained by males and 

females when mating multiple times, the “Bateman gradient” should be calculated [7], 

which is the relation between the number of mates and the number of offspring, specifically 

the least-square regression of reproductive success on mating success [16]. 

 

The benefits of multiple matings can be offset by costs. The costs of multiple matings can be 

in the form of expending physiological energy in offspring, for example through large 

gametes (females) or large spermatophores (males), or expending behavioral energy 

through parental care or intrasexual competition, which affect the operational sex ratio 

(OSR). The caring or competing sex has a ‘time out’ of the mating pool, leading to an OSR 

biased towards the uncaring or uncompeting sex [6]. For example, if males show more 

intrasexual competition than females, and females spend less time on parental care than 

males spend on competition, the OSR will be biased towards females, which may result in 

male choice [10, 11]. Thus, the Bateman gradient and the OSR are complementary measures 

of the strength of sexual selection: while the Bateman gradient is a measure of the fitness 

gain per mating, the OSR is a measure of the difficulty of achieving a mating [12].  

 

Variance in reproductive success may change in the course of a mating season, depending 

on direct reproductive costs and benefits of multiple matings, changes in reproductive 

success over the course of a lifetime, and on sperm competition. For example, early in life 

virgin females may be less choosy than later in life, i.e., when she is mated, to ensure 

fertilization of her eggs [17, 18]. In addition, in a number of species, female reproductive 

success has been found to have an optimum - it increases with up to two to three matings, 

but decreases with additional matings [19]. Male reproductive success may be affected by 

the mating status of the female, because males may lose paternity due to sperm precedence 

[20, 21]. In addition, male reproductive success may be affected by the costs of producing 

sperm [22]. As males may be sperm-limited [20, 23], male sperm allocation and refractory 

period for sperm production between matings may be a trade-off between male investment 

in current versus future reproduction [22]. Thus, in the course of a mating season, who is the 
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limiting sex may change, either due to a longer refractory period of one of the sexes, which 

changes the OSR, or because variance in reproductive success changes. 

 

To determine how sexual selection dynamics change over the course of a lifetime in a 

polygamous moth species, we investigated the direct reproductive costs and benefits of 

multiple matings, as well as the role of sperm competition in reproductive success. Moths 

are atypical in the sense that females, not males, are the attractive sex [19], which occurs by 

emitting a species-specific sex pheromone through which males are attracted from a 

distance  [24, 25]. As males are behaviorally tuned to their species-specific pheromone blend 

[26-28], a deviation from the mean blend is likely to lower her reproductive fitness [29, 30], 

which makes it difficult to understand the high diversity of moth pheromone blends found in 

nature [31-34]. Possibly, changing sexual selection forces during the adult mating life allows 

for more variation in sexual signals and/or responses than generally assumed.  

 

Of the polygamous moth species Heliothis virescens (Lepidoptera, Noctuidae), much 

information on its sexual behaviors has been gathered over the past 40 years, because this 

species is a major pest in North and South America. Heliothis virescens males and females 

are highly promiscuous [35-39]. Field-caught females have been found to contain 7 

spermatophores [37] and females mate up to 12 times under laboratory conditions [40]. 

Both males and females can mate only once a night [37, 41], as each mating lasts on average 

3 hours [41] and adults are sexually active only for 3-5 h during the night [42, 43]. However, 

both sexes mate multiple nights ([35-39]; this study). The average adult life time is 20 days in 

the laboratory at 25 °C  [44], during which females oviposit ~ 500 - 1500 eggs ([45]; this 

study).  

 

The female’s direct investment in reproduction starts by attracting males through ‘calling’, 

i.e., extruding her sex pheromone gland and emitting a long-range pheromone. This may 

result in fitness and physiological costs [46, 47] and may make her vulnerable to parasitism 

and predation [48, 49]. Heliothis virescens females have been found to fertilize about 50 % 

of their eggs with sperm obtained in her first mating [45]. Mate choice experiments indicate 

that females do not discriminate between virgin or mated males [41].  

 

The male’s direct investment in each mating starts with his searching behavior, which is 

followed  upon arrival by his pheromone display, and by the production of a large 

spermatophore during mating, which consists not only of eupyrene and apyrene sperm, but 

also of proteins [39, 40, 50]. His investment in searching behavior is hard to quantify, as it 

strongly depends on moth density and the prevailing operational sex ratio. The cost of both 

spermatophore and male pheromone production have not been quantified either, but one 

spermatophore may be up to 5 % of the male’s body weight [40]. Sperm precedence and 
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paternity allocation studies in H. virescens have shown that paternity patterns are quite 

variable, ranging from 100 % first or last male sperm precedence to complete sperm mixing 

[35, 36, 38, 39, 50, 51], although on average the last male gains ~ 66 % paternity [51]. In 

mate choice experiments, we recently found that males choose virgin partners over mated 

partners [41].  

 

To identify the factors that may affect reproductive success, we used two different setups: 

repeated matings and polygamous matings following [52]. In repeated matings, the same 

males and females are confined for 5 consecutive nights, while in polygamous matings, each 

male or female gets a new, virgin mating partner every night. To take different degrees of 

paternity into account, we also explored differences in absolute reproductive success 

between males and females using computer simulations.  

 

RESULTS  

To determine the costs and benefits of multiple matings, we assessed longevity and lifetime 

fecundity and fertility of individual moths by setting up four treatments (see Table 1): a) one 

virgin male or female was placed per beaker and observed for five consecutive nights 

(treatment 1), b) virgin individuals were paired with a virgin mate on the first night, after 

which the sexes were separated into different beakers (treatment 2), c) individual moths 

were paired with a new, virgin mate every night for five consecutive nights (treatment 3: 

polygamous matings), d) individual moths were paired with the same mate every night 

(treatment 4: repeated matings) for five consecutive nights (see Methods for more details 

on the experimental design). In total, we observed 229 copulations, while we found 225 

spermatophores in dissected females, which means that 98.3 % of the observed matings 

were successful copulations. Below we specify the costs and benefits of multiple matings in 

terms of longevity, number of observed matings in repeated and polygamous matings, 

reproductive output, and the effects of sperm precedence.  

 

NUMBER OF MATINGS DO NOT AFFECT LONGEVITY 

Overall, females lived significantly shorter than males (χ2 = 36.86, df = 1, P < 0.0001), but the 

number of matings did not affect the longevity of males (z = -1.696, P = 0.09) or females ( z = 

-1.379, P = 0.17) (Fig. 1).  
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Fig 1. Longevity (in days) of females (A) and males (B) in relation to the number of matings. The 
number of matings did not affect the longevity of males (z = -1.696, P = 0.09) or females ( z = -1.379, P 
= 0.17). 
 

THE NUMBER OF SUCCESSFUL MATINGS DEPENDS ON MATING HISTORY IN BOTH SEXES 

Both sexes mated at least twice in the five experimental nights when offered different mates, 

and the number of successful matings declined with increasing mating nights in both males 

and females (Fig. 2). Analysis of a fitted glm indicated that the interaction term for sex and 

treatment was marginally significant (χ2 = 3.8097, df = 1, P = 0.051). Subsequent Tukey 

posthoc analysis indicated that males mated significantly more than females when offered a 

different mate for five consecutive nights (P = 0.036; Fig. 2A).  

 

Fig 2. Mating frequencies and reproductive output. (A) Mating frequencies in repeated (green lines) 
and polygamous matings (blue lines: males, red lines: females), (B) Consecutive matings of males in 
repeated matings (green line) and polygamous matings (blue line), (C) Fertility (blue dashed line, ± SE) 
and fecundity (blue line, ± SE) of females related to the number of previous matings in their male 
partners in polygamous matings (treatment 3). Fecundity of females that mated with twice-mated 
males beforehand was significantly lower than females that mated with virgin males (P = 0.0199), 
females that mated with once-mated males beforehand (P = 0.0256), and females that mated with 

four times mated males beforehand (P = 0.0326).  
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When classifying males by the number of times each male successfully mated (which was 

possible by checking the presence of a spermatophore in each female that was used; 

explained in detail in the Methods section), we found that 67 % of the males mated in all 

five nights when paired with a new virgin female every night (polygamous matings) (Fig. 2A, 

blue line). In comparison, 81 % of the females mated three times in five nights, but 42% of 

the females mated more than three times and only 14 % of the females mated in all five 

nights (Fig. 2A, red line). In the repeated matings, only 31 % of the pairs mated in all five 

nights (Fig. 2A, green line). When counting the number of successful matings in consecutive 

nights, which is only possible in males as females would have to be dissected, all males 

successfully mated in two consecutive nights, while 88 % of the males successfully mated in 

3 consecutive nights and 77 % of the males successfully mated in 4 consecutive nights in the 

polygamous matings (Fig. 2B). In the repeated matings, 74 % of the males successfully mated 

in two consecutive nights, while 42 % mated in 3 consecutive nights and 37 % mated in 4 

consecutive nights.  

 
Fig 3. (A) Bateman gradients of males and females determined from the experimental data, (B) 
Bateman gradients determined by the simulation results, i.e., corrected for the effects of different 
last-male sperm precedence (LMP) scenarios. Blue line: LMP = 1, green line: LMP = 2/3, purple line: 
LMP = 1/3, brown line: LMP = 0. 

 

FEMALE REPRODUCTIVE OUTPUT IS AFFECTED BY MALE MATING HISTORY  

The mating history of males did not affect the fertility of singly mated females (χ2 = 4.32, df = 

4, P = 0.36), but it did affect their fecundity (χ2 = 13.31, df = 4, P = 0.00987; Fig. 2C). 

Specifically, using Tukey contrasts we found that the fecundity of females that had mated 

with twice-mated males beforehand was significantly lower than females that mated with 

virgin males (P = 0.0199), females that mated with once-mated males beforehand (P = 

0.0256), and females that mated with four times mated males beforehand (P = 0.0326)  (Fig. 

2C). When females were paired with a new virgin male every night, additional matings 

beyond 3 decreased their reproductive output, whereas this decrease was not apparent 
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when females remated with the same male (i.e., in repeated matings). Corrected for the 

number of matings, polygamous females produced significantly less offspring than the 

repeatedly mated females (F1,84 = 7.31, P = 0.008; Fig. S1A), while polygamous and 

repeatedly mated males produced similar numbers of offspring (F1,84 = 1.29,  P= 0.26) (Fig. 

S1B). 

 

BATEMAN GRADIENT IS DIFFERENT FOR MALES AND FEMALES 

Male reproductive success was significantly and positively affected by the number of 

matings (F1,35 = 5.19, P = 0.029; Fig. 3A). A linear regression line best fit the data, each 

additional mating resulted in 119.7 ± 52.6 additional offspring (R2 = 0.10). For the females, a 

quadratic model fitted the data better (F2,32 = 3.49, P = 0.042, Fig. 3A) than a linear model (R2 

= 0.13). This quadratic relationship suggests that the reproductive output of females 

increased with every additional mating until the females had mated 3 times, after which it 

decreased. The coefficients of variation (CV) in reproductive success was 0.82 (n = 37) for 

males and 0.55 for females (n = 36). 

 

SPERM PRECEDENCE AFFECTS MALE BATEMAN GRADIENT  

Combining our data with data available in the literature, we simulated various sperm 

precedence scenarios by modeling the mating dynamics in a population of moths. As stated 

in the introduction, sperm precedence and paternity allocation studies in H. virescens have 

shown that sperm precedence ranges from 100 % first or last male paternity to complete 

paternity mixing, which is similar to patterns found in other Lepidoptera [53-57]. Therefore, 

we simulated various sperm precedence scenarios by modeling the mating dynamics in a 

population of moths, using data from the mating experiments described above and available 

in the literature. Specifically, we assumed that mating probabilities were proportional to the 

available males and females in each night, that mating probability deterministically 

determines mating rate, and that 60 % of the females that mated in one night were available 

for mating the next night, as this was found to be the average percent in the “polygamous 

matings” treatment  (see Fig. 2A). We also assumed a cumulative reproductive output for 

females as fitted by the statistical model on our experimental data (see Fig. 3A). 

Interestingly, in all sperm precedence scenarios, when comparing males and females with 

equal numbers of matings, the average reproductive output of males exceeds the 

reproductive output of females only when both sexes mate more than four times, except 

when last-male precedence is set to zero, i.e., when the first male mate sires all offspring of 

a female (Fig. 3B). 

 

DISCUSSION  

Our results show that multiple matings are beneficial as well as costly for both sexes in the 

polygamous moth species H. virescens, and that the costs and benefits depend on the 
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mating history of the individuals and their mating partners, as we specify below.  

 

REMATING IS BENEFICIAL FOR BOTH SEXES AT THE START OF THE MATING SEASON 

The positive Bateman gradient that we measured for both sexes of H. virescens up to three 

matings shows that multiple matings are in principle beneficial for both sexes. However, the 

fact that for females the measured relative number of offspring as a function of relative 

mating success fitted a quadratic model better than a traditional linear Bateman gradient 

indicates that the benefits for a females depends on her mating history; her reproductive 

output increases in the first three matings, which sets the stage for female-female 

competition whenever male reproductive output is increasing at a lower pace – which in 

part depends on the degree of last-male sperm precedence. However, after three matings 

the benefit for females to remate becomes negligible, while the benefit for males still 

increases. Despite these negligible benefits, females may still seek additional matings for 

other direct benefits that increase her number of offspring, for example to avoid sperm 

depletion [20], and/or to obtain matings with high(er) quality males that increases her 

reproductive output, (e.g., [10, 16, 22, 58]), or for indirect benefits, e.g., to increase the 

genetic variation among her offspring [8]. 

  

MULTIPLE MATINGS ARE COSTLY FOR BOTH SEXES 

Even though we found no significant differences in longevity between males and females 

that had mated once versus males and females that had mated multiple times, our results 

do suggest biologically relevant costs to multiple matings in both males and females. 

Specifically, in males the cost of producing ejaculates can limit the number of successful 

matings, which may explain our result that only 67 % of males remated with a virgin female 

in all five consecutive nights (Fig. 2A). This may be due to the fact that a lepidopteran 

spermatophore can be 5 % of the male’s body weight [40, 59]. In addition, the fact that we 

found female fecundity to be significantly lower when mated with males that had already 

mated twice suggests that these males produce a lower quality spermatophore. Our finding 

that only 31 % of the males mated on five consecutive nights, when confined with the same 

female for five nights, may indicate that males decrease investment in a female that he has 

already mated with, i.e., sperm allocation trade-off between male investment in current 

versus future reproduction [20, 22, 59]. Of course, the reduced mating of males with the 

same female may also be due to a female’s change in behavior or physiology. For example, a 

female may decide not to remate with the same male, which she may recognize by the same 

‘perfume’ that males apply with their hair pencils to the female during mating [41].  

 

In females, our finding that 81 % of the females mated three times in five nights, but only 42 % 

of the females mated more than three times (Fig. 2A), is in accordance with the observation 

that females gain more offspring until three matings, while after three matings the 
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reproductive output levels off (Fig. 3). The fact that only 14 % of the females mate on five 

consecutive nights in polygamous matings implies some intrinsic, energetic cost for females 

to (re)mate. The cost of reproduction for females not only includes the production of eggs, 

but also the costs of female calling to attract a male. Even though the costs of female calling 

have generally been hypothesized to be negligible, recent findings do suggest some costs of 

female calling [46, 47].  

 

NO BENEFITS FROM MATING WITH VIRGIN MATES 

Males may gain higher reproductive output when mating with a virgin female than with a 

mated female, because Proshold et al. [45] found that ~ half of her eggs are oviposited after 

the first mating. However, the fact that we cannot discriminate between the Bateman 

gradients of males that mated with the same female and males that mated with new, virgin 

females on five consecutive nights (Fig. S1A) suggests that this effect is smaller than 

expected. One reason for this may be that females produce more offspring after multiple 

matings, but even more so when remating with the same male compared to mating with 

multiple males (Fig. S1B). For females, there seems to be no differential benefit for mating 

with virgin or mated males either, as we found no difference in fecundity between females 

mated with virgin or previously mated males (Fig. 2C). However, females did have higher 

reproductive output when mating consecutively with the same male (“repeated mating” 

treatment) than those mating with new virgin males in consecutive nights (“polygamous 

matings” treatment) (Fig. S1B), which resulted mainly from the fact that the reproductive 

output of females in the “polygamous matings” treatment decreased after remating with a 

new virgin male 4-5 times. This suggests that the spermatophores of males may contain 

extra nutrients for the females [59], but also (small amounts of) toxic substances, similar to 

the accessory gland proteins in Drosophila melangaster [60, 61]. These substances may only 

be toxic after a certain threshold, which in the case of H. virescens appears to be reached 

with 4 matings.  

 

SPERM PRECEDENCE AFFECTS MALE BATEMAN GRADIENT  

Including male sperm competition in the Bateman analysis substantially affected the relative 

benefits of multiple mating for males. Sperm precedence determines the steepness of the 

Bateman curve for males and thus the relative gain of males to mate again (Fig. 3B). For 

example, in the extreme case of 100 % last male sperm precedence, the average number of 

offspring increases much faster with every successful mating than in the case of 100 % first-

male sperm precedence (where males do not gain any paternity from additional matings 

after the first night). In H. virescens, the most likely paternity scenario is that roughly two 

thirds of the offspring is sired by the last male (green line in Fig. 3B). With such effects of 

sperm competition, males need to mate more often than females to reach similar 

reproductive success, biasing the OSR towards females, because males need to invest time 
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and energy into new spermatophores for mating. Additionally, increased last-male paternity 

results in a steeper Bateman gradient for males (Fig. 3B) and thus increased variance 

between males with different mating histories.  

 

CONCLUSIONS 

In conclusion, our results show that the costs and benefits depend on the mating history of 

the individuals and their mating partners. In light of who is likely to be the choosy sex, the 

sex with a steeper Bateman gradient indicates stronger directional selection for mating 

success and thus that sex predominantly competes for mating partners [7], while the other 

sex is likely the more choosy sex. As the female Bateman gradient is steeper than the male 

Bateman gradient until she has mated three times, males are possibly the more choosy sex 

early in the mating season, while females likely become the more choosy sex later in the 

mating season. As the steepness of the male Bateman gradient depends on the level of 

sperm precedence, sperm competition effects should be considered when comparing 

Bateman gradients for different sexes of a polygamous species to assess which is the more 

choosy sex. Our life-history perspective on the mating dynamics of a polygamous moth 

species sheds new light on sexual selection for male and female sexual attraction.  

 

METHODS  

 
AIM, DESIGN AND SETTING OF THE STUDY 

To assess how sexual selection dynamics change over the course of a lifetime in a 

polygamous moth species, we investigated the direct reproductive costs and benefits of 

multiple matings, as well as the role of sperm competition in reproductive success. To 

identify the factors that may affect reproductive success, we used two different setups: 

repeated matings and polygamous matings, following [52] and described in detail below 

(experimental design). Using computer simulations, we also explored differences in absolute 

reproductive success between males and females. All experiments were conducted between 

November 2014 and February 2016 in the laboratory at the Institute for Biodiversity and 

Ecosystem Dynamics, University of Amsterdam. 

 

DESCRIPTION OF MATERIALS 

Populations of H. virescens moths have been laboratory reared at the Institute for 

Biodiversity and Ecosystem Dynamics, University of Amsterdam, since 2011. The rearings 

originate from North Carolina, where eggs were first collected from the field in 1988 [62], 

supplemented with new field collections over the years, and reared at the Max Planck 

Institute for Chemical Ecology from 2003 until 2011 (see also [63, 64]). 	

 

Larvae were reared individually on artificial pinto bean diet under controlled conditions in a 
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climate chamber (60 % relative humidity (RH); 25 degrees C; 14 h light: 10 h dark with lights 

off at 11.00 am). Pupae were checked daily for eclosion. Newly emerged adults were sexed 

and placed individually into a plastic cup (37 ml; Solo, Lake Forest, Illinois) with sugar water 

(cotton soaked with 10 % sucrose). In all mating experiments, we used two- to three-day old 

virgin moths, and pairs were always from different families to avoid inbreeding effects. All 

experiments were conducted in clear plastic beakers (473 ml; Solo, Lake Forest, Illinois) 

covered with gauze, so that the moths could be observed but could not escape.  

 

EXPERIMENTAL DESIGN 

We determined the longevity and lifetime fecundity and fertility of individual moths, making 

use of the experimental design that compares repeated matings with polygamous matings 

following [52] to control for the factors partners and matings separately. Specifically, four 

treatments were set up (see Table 1): a) one virgin male or female was placed per beaker 

and observed for five consecutive nights (treatment 1: no matings, females n = 30; males n = 

30), b) virgin individuals were paired with a virgin mate on the first night, after which the 

sexes were separated into different beakers (treatment 2: mated once, females n = 29; 

males n = 31), c) individual moths were paired with a new, virgin mate every night for five 

consecutive nights (treatment 3: polygamous matings, females n= 59; males n = 63), d) 

individual moths were paired with the same mate every night (treatment 4: repeated 

matings, females n = 52; males n = 52) for five consecutive nights. To pair the individuals 

with a virgin mate every night, after each night the couples were separated into different 

beakers and given a new virgin mate. Individuals paired with different and same mates that 

died prior to the fifth night were excluded from the analyses (5 females and 2 males in 

treatment 3, four couples in treatment 4). Female fecundity was defined as the lifetime egg 

production of a female and female fertility was defined as the lifetime production of live 

larvae. Male fecundity and fertility was measured indirectly by counting the number of eggs 

and larvae produced by his female partner.  

 

Table 1. Experimental treatments with number (n) of females and males tested in each treatment.  
Treatment number Name Description n females n males 
1 No mate Individual virgin moths 30 30 
2 One mate One mate on the first night 29 31 
3 Different mates (polygamous matings) Five different mates 59 63 
4 Same mates (repeated matings) Same mate for 5 nights 52 52 

 

Successful copulations were determined as follows. Moths are completely inactive during 

the daytime and become sexually active at specific hours at night [63]. Heliothis virescens is 

sexually active between three and 6-7 hours after sunset [42, 43] and matings last on 

average 3 h [41]. Therefore, for five consecutive nights individual moths of all four 

treatments were observed every half hour with a red light to note copulating pairs, starting 
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at the onset of the dark period (scotophase), in a climate chamber with the same conditions 

as described above. As spermatophores are formed during mating and remain in the bursa 

of the female, the number of successful matings can be determined by dissecting the female 

at the end of her life [35, 40]. To measure their longevity, all moths from the experiments 

were kept separately and fed with sugar water (cotton soaked with 10 % sucrose) every two 

days until death. Therefore, after death adult females were dissected under a microscope to 

count the number of spermatophores inside each female, which was taken as the number of 

successful copulations. 

 

EFFECTS OF MATING HISTORY  

To assess the effects of successful matings with virgin partners or partners with different 

mating histories, we first determined the number of successful copulations, as described 

above, after which we assessed the successful mating incidences of males and females in 

treatments 3 and 4. To evaluate the effect of previous successful male mating history on the 

reproduction of singly mated females, only the males from the “polygamous matings” 

(treatment 3) were used, because in the “repeated matings” treatment we could not be sure 

in which night(s) a male had mated successfully with the paired female (i.e., when a mating 

resulted in a spermatophore) – we could only ascertain her cumulative mating status 

afterwards by dissection (see above). 

 

To determine the fecundity of each moth, during the 5 days of the mating experiments, the 

eggs laid were collected and the moths were transferred into new beakers every day. After 

the experiments, all eggs from each cup were collected every second day and the number of 

eggs was counted using a grid under the microscope. Fecundity was calculated as the total 

number of eggs laid by each female during her life span. Fecundity of males could also be 

determined in this way, at least in treatment 3, by keeping track of each female that one 

male had mated with. In this way, we analyzed the fertility and fecundity of females and 

males that had mated with 0, 1, 2, 3 or 4 previously mated partners.  

 

To determine the number of fertile eggs, the collected eggs were kept in separate cups (250 

ml) until the eggs hatched. The number of hatched eggs (i.e., black eggs, which indicate 

developing larvae, and larvae) were counted 3 days after egg hatch started. Fertility was 

calculated as the percentage of eggs hatching.  

 

REPRODUCTIVE SUCCESS WITH SPERM PRECEDENCE 

Using data from the mating experiments described above and available in the literature, we 

simulated various sperm precedence scenarios by modeling the mating dynamics in a 

population of moths. Specifically, we assumed that mating probabilities were proportional 

to the available males and females in each night, that mating probability deterministically 
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determines mating rate, and that 60 % of the females that mated in one night were available 

for mating the next night, as was found to be the case in the “polygamous matings” 

treatment  (see Fig. 3B). We assumed relative cumulative reproductive output as a function 

of the number of matings as fitted for our data (Fig. 3A), and division of reproductive output 

over days since first mating as measured for singly mated females by Proshold et al. [45]. To 

determine the effect of remating on reproductive success for males, we used four paternity 

scenarios: a) 100 % first-male sperm precedence: all offspring is sired by the first male a 

female mated with, and thus 0 % is sired by any subsequent male, b) 0.33 last-male 

paternity: fertilization probability of sperm from earlier matings decreases by 33 % each 

time a female mates with a new male, c) 0.66 last-male paternity, and d) 100 % last-male 

sperm precedence: 100 % of offspring is sired by the last male a female mated with. For 

females, we assumed that additional matings would result in more offspring as measured in 

the mating experiment, using the fitted relation between relative offspring production and 

relative mating success (see Fig. 3A and explanation below).  

  

STATISTICAL ANALYSIS 

All statistical analyses were performed in R software version 3.4.1 [65]. Survival analysis was 

conducted on the longevity data using Cox proportional hazards model (package: survival). 

The following covariates and their interactions were considered to be incorporated in these 

models: treatment, sex, number of matings. These models were simplified using analysis of 

deviance and AIC criteria. The model that was used to compare the longevity between males 

and females contained treatment, number of matings and sex without interactions as 

covariates. A separate Cox regression model was fitted for males and females to investigate 

the effect of multiple matings and treatment. These models contained treatment and the 

number of matings without interactions as covariates. To compare the effect of treatment 

on longevity, we used a Tukey posthoc test (package: multcomp).  

 

Separate Bateman curves were fitted for males and females. We regressed the number of 

live offspring on the number of matings (mating success) using  linear models (package: 

stats). To generate conventional Bateman curves that are comparable to results reported for 

other species, we only used the data obtained from treatment 3, i.e., individuals receiving a 

different virgin partner every night for five consecutive nights. 

 

The effects of mating history on fecundity were analyzed using a generalized linear model 

(glm) with the number of previous male and female matings as covariates. A Tukey posthoc 

test was conducted (package: multcomp) to assess differences between previous male 

mating histories. To calculate the Coefficient of Variation (CV) in reproductive success, only 

the data of treatment 3 were used, where individuals received 5 virgin partners on five 

consecutive nights. The CV in reproductive success was calculated as the ratio of the 
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standard deviation of the number of offspring and the mean number of offspring. 
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Supplemental information 

 
Fig S1. Showing the Bateman gradients for (A) females and (B) males in the polygamous 
matings treatment (blue line) and the repeated matings treatment (red line). 
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Abstract  

Geographic variation in male response to sex pheromone lures has been studied in the field 

in a number of moth species. However, only a few studies have investigated geographic 

variation in female calling and sex pheromone release under field conditions. For an 

effective field implementation of sex pheromone lures, it is essential to know the local sex 

pheromone blend and local timings of sexual communication. We investigated the level and 

extent of geographic variation in the sexual communication of the important agricultural 

pest Helicoverpa armigera (Lepidoptera, Noctuidae) in three continents. We found 

geographic variation in the timing of female calling, as well as in the female sex pheromone 

signal and male responses. This variation is likely not only due to local environmental 

conditions, such as photoperiod and temperature, but also to the presence of other closely 

related species with which communication interference may occur. Finding geographic 

variation in sexual communication in this pest is important for integrated pest management 

where sex pheromones are used, especially because H. armigera has become an invasive 

pest in South America.  

 

 

Introduction 

To reduce the use of chemical insecticides against pests in agriculture, several 

environmentally friendly approaches have been developed in recent years (Luck et al. 1977; 

Howarth 1991; Gentz et al. 2010). One effective method is the behavioral manipulation of 

pest species (Foster and and Harris 1997). For example, manipulation of sexual 

communication of insects has been widely used in integrated pest management, from 

monitoring to controlling pest populations through mate disruption (Bengtsson et al. 1994; 

Witzgall et al. 2008). However,  the effectiveness of behavioral manipulation methods can 

be greatly increased by taking into account behavioral and ecological variation of the pests, 

especially for pests with wide geographical distributions (Rodríguez-Saona and Stelinski 2009; 

Walsh et al. 2018).  

 

Geographic variation in sexual communication of insects is a common phenomenon 

(Ackerman 1989; Gleason and Ritchie 1998; Groot et al. 2006, 2009; Unbehend et al. 2014). 

For an effective field implementation, it is essential to know the local sex pheromone blend 

and local timings of sexual communication. In many moth species, geographic variation in 

female signal and male response has been found, and these variations can be affected by 

local environmental conditions (Löfstedt et al. 1986; McElfresh and Millar 1999; Samudra et 

al. 2002; Schöfl et al. 2009; Duménil et al. 2014; Cruz-Esteban et al. 2018). 

 

Variation in timing of sexual behaviors in moths, such as female calling and pheromone 

release, has been extensively studied under laboratory conditions, showing that these sexual 



  Chapter 3 

49 

behaviors are affected by abiotic factors, such as photoperiod (Delisle and McNeil 1986; 

Noldus and Potting 1990; Kamimura and Tatsuki 1994), temperature (Webster and Cardé 

1982a; Delisle and McNeil 1987), relative humidity (Webster and Cardé 1982b; Royer and 

McNeil 1991), and wind speed (Conner et al. 1985).  

 

Sexual behaviors in moths may also be affected by biotic/physiological factors, such as age 

(Swier et al. 1977; Xiang et al. 2010; Xavier et al. 2018), host plants (Landolt and Phillips 

1997; Samudra et al. 2002; Schöfl et al. 2009), larval diet (McNeil and Delisle 1989), pupal 

period (Almeida et al. 2008), and insecticides (Shen et al. 2013; Navarro-Roldán and Gemeno 

2017).  Variation in moth sexual communication may also be caused by conspecific and 

heterospecific sex pheromone, i.e., through communication interference between closely 

related species in areas of sympatry (McElfresh and Millar 1999; Silvegren et al. 2005; Groot 

et al. 2006, 2010; Sadek et al. 2012). Although the sex pheromone signal is highly species-

specific in moths, closely related species often share common sex pheromone components 

and some components in the pheromone blend may play roles as antagonists to avoid 

heterospecific attraction (Fadamiro et al. 1999; Groot et al. 2006; Unbehend et al. 2014).  

 

Geographic variation in male response to pheromone lures have been studied in the field in 

a number of species (Miller et al. 1997; Wu et al. 1997; Unbehend et al. 2014; Cruz-Esteban 

et al. 2018). However, only a few studies have investigated geographic variation in female 

calling and sex pheromone release under natural conditions in the field, i.e., under local 

prevailing temperatures, photoperiodic conditions and the presence of other related species 

(Rothschild and Minks 1974; Casimero et al. 1999; Ambrogi et al. 2009). Consequently, our 

understanding of how abiotic and biotic factors under natural conditions affect sexual 

communication in moths is still scarce, particularly under rapid environmental changes 

(Haynes and Birch 1984; Groot and Zizzari 2019).  

 

The cotton bollworm, Helicoverpa armigera (Hübner), is an important multivoltine pest, 

occurring throughout Africa, Europe, Asia and Oceania (Fitt 1989), and has a long history of 

worldwide insecticide resistance to several chemicals (Forrester et al. 1993; Torres-Vila et al. 

2002a,b; Yang et al. 2013). Recently, H. armigera has been found as an invasive species and 

causes tremendously economic losses in South and Central America (Czepak and Albernaz 

2013; Ferreira Agüero et al. 2018) and threatens to spread further (Kriticos et al. 2015). The 

larvae are highly polyphagous, and feed on a variety of host plants from at least 172 species 

within 68 families, including economically important crops, such as cotton, corn, soybean 

and tomato (Zalucki et al. 1986; Cunningham and Zalucki 2014). In addition, H. armigera has 

the ability to undergo facultative diapause and seasonal migration with long-distance 

dispersal (Zalucki and Furlong 2005; Behere et al. 2007). Among H. armigera populations, 

geographic variation in host plant preference have been found (Jallow and Zalucki 1996; 
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Jallow et al. 2004), but as far as we know geographic variation in sexual communication has 

not been documented yet.  

 

Application of sex pheromone has become increasingly important for integrated pest 

management of H. armigera throughout the world (Witzgall et al. 2010; Madhu et al. 2019). 

We investigated the level and extent of geographic variation in the sexual communication of 

the moth H. armigera, combining field experiments under natural conditions and laboratory 

experiments. To determine geographic variation in the timing of female calling and sex 

pheromone production, and male attraction to different synthetic pheromone blends, we 

investigated H. armigera populations in Spain, China and Australia. To determine the 

consistency of circadian rhythms of female sexual activities, we also assessed variation in the 

timing of female calling in the laboratory. 

 

Materials and methods 

 

Field Locations 

Field experiments were conducted between 2016 and 2017 during H. armigera flight 

seasons in three continents: Guadajira, Badajoz, Spain, which is a major processing tomato 

growing area; Dali County, Shaanxi, China, which is a cotton growing area, and Gatton, 

Brisbane, Australia, which is a mixed horticultural cropping area (see Fig 1a and Table 1). 

 

Table 1 Geographic locations of H. armigera populations studied in the field. 
Country Locations Coordinates Main Crop Date Photoperiod 

Spain Guadajira, Badajoz 38°51'08.8"N, 6°40'48.9"W Tomato June-August, 2016 15L:9D 

China Dali county, Shaanxi 34°45'01.9"N, 110°09'56.1"E Cotton July-September, 2017 14L:10D 

Australia Gatton, Brisbane 27°32'11.6"S, 152°20'16.3"E Lucerne January-March, 2017 13L:11D 

 

Effects of larval diet (host plants) on sexual communication 

To compare within-population variation to between-population (i.e., geographic) variation, 

at each field site we compared female calling and sex pheromone amount and composition 

from females that were reared as larvae on three different host plants per site in semi-

outdoor conditions. At each field site, we collected 50-90 gravid H. armigera females with an 

entomological net. These field-collected females were placed singly in plastic beakers (473 

ml; Solo, Lake Forest, Illinois) provided with 10 % sugar water and covered with a gauze 

cloth, on which the females oviposited eggs. After the eggs hatched, the larvae were placed 

individually into transparent plastic cups (37 ml; Solo, Lake Forest, Illinois) and supplied with 

fruits of local host plants, i.e., tomato, corn and pepper in Spain, and tomato, corn and 

cotton in China and Australia. The host fruits were replaced every day until pupation. Pupae 
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were checked daily for emerging adults, and these were sexed and placed separately into 

transparent cups (37 ml) containing wool cotton soaked with 10 % sugar water. Newly 

emerged virgin females were used in the calling observations and pheromone extractions at 

each field site. 

 
Fig 1. Field experiments conducted in different geographic regions. (a) Field locations, (b-d) 
Correlations between timing of female calling and temperature in the three different regions. Shaded 
areas showed the fluctuations of temperature during observation nights.  

 

Female calling behavior 

To evaluate variation in the time of female calling behavior at each field site, the newly 

emerged virgin females were placed singly in clear transparent plastic beakers (473 ml) 

covered with a gauze cloth. We kept track on the host plants on which the females had been 

reared. The night of emergence was defined as age 0. The observations started with 1-day-

old females and were repeated on successive nights. The age at which females initiated 

calling, as well as the duration of calling behavior, were observed every 30 min with a red 

light throughout the night, i.e., from sunset to sunrise. Female calling behavior was noted 

when the ovipositor with pheromone gland was clearly extruded from the abdomen. During 

the observational nights, fluctuations in temperature and relative humidity were recorded 

by a hygrothermograph (TFA Dostmann, Germany) at 1 hour intervals.  

 

To assess whether variation in female calling behavior was due to geographic differences, 

calling behavior was also determined in the laboratory. For these experiments, eggs and 

larvae of H. armigera were collected from the same three field sites in Spain, China and 

Australia, and shipped to the Institute for Biodiversity and Ecosystem and Dynamics, 

University of Amsterdam, where they were reared individually on artificial pinto bean diet in 

climate chambers (60 % relative humidity (RH); 25 °C; 14 h light: 10 h dark with lights off at 
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11 am). Upon hatching, newly emerged adults were sexed and placed separately into 

transparent cups (37 ml) containing cotton wool soaked with 10 % sugar water. In this study, 

three to six-day old virgin females from each population were observed in the climate 

chamber in which the larvae were reared. These observations were conducted every 30 min 

with a red light throughout scotophose (10 hours from 11 am to 9 pm) and repeated for two 

consecutive nights.  

 

Female pheromone analysis 

To compare within-population variation to between-population variation in the sex 

pheromone quantity and composition, female pheromone glands were extracted 

individually after the females were used for calling observations in each region. Glands were 

extracted at two-hour intervals throughout the night after all observation of calling. As the 

night in Spain lasted only 9 hours, glands were extracted at four timepoints (1h, 3h, 5h, and 

7h into the night). In China and Australia, the night lasted 10 hours and 11 hours, 

respectively, so that in these regions glands were extracted at five timepoints (1h, 3h, 5h, 7h 

and 9h into the night). At each time point, glands were dissected with fine scissors and 

forceps and deposited individually in conical vials. The conical vials, containing 200 ng 

pentadecane within 50 μl hexane as internal standard, had been prepared in advance at the 

laboratory at University of Amsterdam in GC vials with Alu Crimp caps (11 mm) and spring 

inserts, which minimizes evaporation and allowed the extracts to be transported. After 30-

40 mins, the glands were removed from the solution with forceps, and the extracts were 

sealed and kept at -20 °C until shipping.  

 

All pheromone samples were analyzed at the University of Amsterdam, in a HP7890 Gas 

Chromatograph (GC) with a 7683 automatic injector, as detailed in Groot et al. (2010) and 

summarized here. The hexane extracts were reduced to 2 μl under a gentle stream of N2, 

after which each sample with 1 μl octane was injected into the GC. The sex pheromone 

peaks were identified and integrated based on their retention times, which were compared 

to a synthetic pheromone blend of H. armigera, that was injected before and after each 

round of 30 injections. The amount of each pheromone component was calculated relative 

to the 200 ng of internal standard.  

 

Male response experiments 

To test geographic variation in male attraction to pheromone lures in different regions, two 

field trapping experiments were conducted at each of the three sites (see Table 2). In 

experiment 1, the attraction of five synthetic pheromone blends were compared, which 

were prepared at Pherobank BV (Wijk bij Duurstede, the Netherlands). Each pheromone lure 

consisted of a red rubber septum that was loaded with 100 μl hexane containing 5 mg of the 

major component Z11-16:Ald (100 %), while the other compounds were loaded in amounts 
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relative to Z11-16:Ald (see Table 2). In experiment 2, the effect of the antagonist pheromone 

compound Z11-16:OAc on H. armigera male attraction was tested, for which we prepared 

two synthetic pheromone lures in the laboratory. Each pheromone lure consisted of a red 

rubber septum that was loaded with 100 μl hexane containing 300 μg of Z11-16:Ald (100 %) 

and plus other compounds relative to 300 μg Z11-16:Ald, so that one treatment consisted of 

100 % Z11-16:Ald and 5 % Z9-16:Ald (which are the two critical sex pheromone components 

of H. armigera and to which we refer as the H.a blend), and another treatment consisted of 

100 % Z11-16:Ald and 5 % Z9-16:Ald + 10 % Z11-16:OAc (H.a + Z11-16:OAc blend) (see Table 

2). 

 

All lures were hung in bucket traps (Pherobank BV, Wijk bij Duurstede, the Netherlands), 

attached to a wooden pole and positioned at a height of approximately 1.5 m above the 

ground, and distributed at least 30 m apart in the field. The males caught in the traps were 

collected and counted every day. All the lure experiments were conducted in the field in 

each region (Table 1). For experiment 1, at all field sites two replicates per treatment were 

used and the treatments were rotated daily over 5 days, to minimize possible position and 

odorant effects. For experiment 2, the four replicates per treatment were used in Spain and 

the treatments were rotated daily over 3 days. In Australia, two replicates per treatment 

were used and rotated daily over 5 days. In China, three replicates per treatment were used 

and rotated daily over 3 days.  

 

Table 2 Compositions of pheromone lures used in the fields. 

Experiments Lures Z11-16:Ald Z9-16:Ald Z7-16:Ald Z9-14:Ald Z11-16:OAc 

1 

Blend1 100     
Blend2 100 2.5 0.6   
Blend3 100 1.4  0.3  
Blend4 100 4    
Blend5 100 6    

2 
H.a 100 5    
H.a+Z11-16:OAc 100 5   10 

In experiment 1, compound concentrations were as follows: 100 % = 5 mg, 2.5 % = 0.125 mg, 1.4 % = 0.07 mg, 4 % 

= 0.2 mg, 6 % = 0.3 mg, 0.6 % = 0.03 mg, 0.3 % = 0.015 mg.In experiment 2, compound concentrations were as 

follows: 100 % = 300 μg, 5 % = 15 μg, 10 % = 30 μg.  

 

Data analysis 

All statistical analyses were performed in R software, version 3.4.1 (R_Core_Team 2018). 

The female calling data were first arcsine transformed, after which significant differences 

were determined using a generalized linear mixed model with Gaussian distribution 

(glmmADMB package). Difference in the starting age of calling among the three populations 

was compared using a Kruskall-Wallis test, followed by Dunn’s test for multiple comparisons. 
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To compare the pheromone signal between females, we conducted the following analyses. 

Within each region, the effect of larval diet, i.e., the different host plants, on the total 

amount of pheromone was tested using general linear models with a negative binomial 

distribution within each geographic region. To assess geographic variation in the relative 

amounts of the compounds in the pheromone blend among the three populations, female 

pheromone data from the main calling time (i.e., the last two time points in each region) 

were log(x+1)-transformed to stabilize the variance, and then compared using a general 

linear model with negative binomial distribution, after which a MANOVA analysis was 

performed. Each compound among the three populations was compared with ANOVA, 

followed by Tukey-Kramer HSD test at the 5 % probability level for multiple comparisons. 

Since Z11-16:Ald and Z9-16:Ald are two critical pheromone components and used as the 

standard blend for attracting H. armigera, geographic differences in the ratio of Z9-

16:Ald/Z11-16:Ald were additionally tested using ANOVA. To compare male responses 

between the treatments at each field site, the number of males caught in each field site 

were analyzed using a generalized linear model with Poisson distribution, followed by Tukey-

Kramer HSD test at the 5 % probability level for multiple comparisons in experiment 1. The 

difference of males caught in experiment 2 was compared by non-parametric Wilcoxon 

rank-sum test. 

 

Results 

 

Variation in the timing of female calling  

Within each population, approximately 75 % of females observed exhibited calling behavior 

(total number of female observed: in Spain, n=85; in China, n=67; in Australia, n=53). Larval 

diets (host plants) did not affect adult female calling behavior in Spain (χ2 = 4.05, df = 2, P = 

0.132), China (χ2 = 0.72, df = 2, P = 0.697), or Australia (χ2 = 4.54, df = 2, P = 0.103). Among 

the three populations, the starting age of calling (i.e., the first night calling) varied (Fig 2a): In 

Spain, females started calling at significantly younger age (n=38, 1.8 ± 0.1 days) compared to 

females in China (n=28, 2.7 ± 0.2 days) and Australia (n=30, 3.5 ± 0.3 days) (χ2 = 20.346, df = 

2, P < 0.001). Within all three populations, the calling patterns were significantly different 

between the first calling night and later calling nights (Spain: χ2 = 8.41, df = 1, P = 0.004; 

China: χ2 = 5.96, df = 1, P = 0.015; Australia: χ2 = 6.71, df = 1, P = 0.01) (Fig 2a). 
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Fig 2. Female calling patterns (a) at the three field locations, (b) in the laboratory. The black arrows in 
(a) indicate the end of scotophase in Spain, China and Australia. n: number of females exhibiting 
calling behavior. 

 

In all three populations, female calling was very low in the first half of the night and then 

increased sharply, with a peak in the last 2 h of the night. However, due to the differences in 

night lengths and temperatures in the three geographic regions, H. armigera females 

showed different temporal patterns of calling behavior in the three regions (Fig 1b and Fig 

2a). Specifically, temperatures generally decreased throughout the nights when we recorded 

the female calling behavior in all three sites. Changes in temperature during the nights were 

smaller in Spain (22-35 °C) and in Australia (16-27 °C), with female calling during the 

optimum temperature at 24-26 °C in Spain and at 20-23 °C in Australia, respectively. 

However, in China, even when the temperature during the nights fluctuated a bit more, 

namely between 15-34 °C, the females still exhibited calling behavior at lower temperature 

(i.e., lower temperature coincided with rainfall during the nights) (see Fig 1b). Under 

laboratory conditions, the calling patterns of females from the three populations were 

similar (χ2 = 1.66, df = 2, P = 0.437) (Fig 2b).  

 

Variation in female pheromone amount and composition 

Within each population, larval diets did not affect the pattern of female sex pheromone 

titers, as this increased in a similar pattern throughout the night (Fig 3). Larval diets also did 

not affect pheromone amounts in Australia (χ2 = 0.44, df = 1, P = 0.51). However, in Spain 

and China, females that were reared on corn contained significantly more pheromone than 

females reared on tomato (Spain: P = 0.015; China: P = 0.042) (Fig 4c and 4d). The 

pheromone composition (i.e., relative amounts) was unaffected by larval diets in all three 

regions: (Spain: MANOVA Wilk’s Lambda: df = 2, P = 0.091; China: df = 2, P = 0.37; Australia: 

df = 1, P = 0.051) (Fig 4c-e). The ratio of the two main sex pheromone components Z9-

16:Ald/Z11-16:Ald was also not affected by larval diets in Spain (P = 0.35), China (P = 0.82) or 

Australia (P = 0.57).  
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Fig 3. Total pheromone amounts in females (ng), when glands were extracted at different time points 
into the scotophase in the three field locations. The gray areas represent 95 % confidence intervals. n: 
total number of females extracted.  

 

Among the populations, the pheromone compositions were significantly different (MANOVA, 

Wilk’s Lambda: df = 2, P < 0.001) (Fig 4a and 4b). Specifically, females from China contained 

significantly more of the major sex pheromone component Z11-16:Ald, and the minor 

compounds 14:Ald, Z9-14:Ald and Z11-14:Ald, than females from Spain. In contrast, females 

from Spain contained significantly more 16:Ald and Z11-16:OH, while females from Australia 

contained significantly more Z7-16:Ald and the critical secondary sex pheromone 

component Z9-16:Ald. Interestingly, Z11-14:OH was present in Spain, but not in China and 

Australia. The ratio of Z9-16:Ald/Z11-16:Ald was not significantly different among the three 

populations (P = 0.239). 
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Fig 4. Pheromone composition of H. armigera females in Spain, China and Australia. (a) Relative 
amount (%) of female pheromone compounds, (b) Principal component analysis (PCA) of female 
pheromone blends. PCA plot shows the first two principal components and the arrows represent each 
pheromone component, (c-e) Quantity (in ng, inserts) and quality (in %, main panels) of pheromone 
blends from females reared on different host plants in (c) Spain, (d) China and (e) Australia. Significant 
differences are indicated by different letters (P < 0.05). n.s.: not significant. n: total number of 
females extracted. 
 

Variation in male response 

In experiment 1, H. armigera males were caught in all tested traps, although traps with lures 

containing only the major component Z11-16:Ald (blend 1) caught significantly fewer males 

in all fields compared to blends 2-5. In Spain and China, males were equally attracted to 

traps with blend 2-5, to which Z9-16:Ald, Z7-16:Ald, or Z9-14:Ald was added. However, in 

Australia, more males were caught in blend 5 containing 6 % Z9-16:Ald than in blends 2-4 

(Fig 5a).  

 

In experiment 2, the addition of 10 % Z11-16:OAc significantly reduced the number of males 

captured in Australia (Wilcoxon rank-sum test: P < 0.0001) and China (P < 0.0001), but not in 

Spain, where equal numbers of males were caught in traps with or without this acetate ester 
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(P = 0.599) (Fig 5b). 

 

 
Fig 5. Field trapping experiments in the three field locations, showing the percent of H. armigera 
males caught. (a) Attraction of H. armigera males to five blends, as specified in Table 2, (b) Attraction 
of H. armigera (H.a) males to H.a pheromone blends with or without 10 % Z11-16:OAc, as specified in 
Table 2. Significant differences are indicated by different letters (P < 0.05) or asterisks (***: P < 0.001), 
n.s.: not significant. n: total number of males caught.  

 

Discussion 

 

We found more geographic, i.e., between-population variation than within-population 

variation in the timing of female calling and the female sex pheromone in H. armigera. In 

addition, we found significant geographic variation in the male response to different 

pheromone lures.  

 

Since H. armigera is widely distributed across a large latitudinal gradient and thus 

experiences different photoperiodic conditions, their timing of calling may differ in different 

geographic regions. Previous studies have indeed found that photoperiod can modify the 

onset and duration of calling (Delisle and McNeil 1986; McNeil 1991). However, in H. 

armigera we found that females exhibited calling behavior in the second half of the night at 

all three sites (see Fig 2a). When females experienced a longer night condition, i.e., in 

Australia and China compared to Spain, their calling behavior shifted to later in the night.  

 

Different photoperiods may also affect the age that females initiate calling for the first time 

after emergence. For example, Delisle and McNeil (1986) found that Pseudaletia unipuncta 

female initiated calling at a significantly older age under long-scotophase conditions 

compared to short-scotophase conditions. We also found that the age at which H. armigera 

females initiated calling occurred at a significantly older age under longer night conditions, 

i.e., in Australia and China, than when under the shorter night conditions in Spain. Variation 

in the initiation of calling implies physiological differences in sexual maturation, i.e., to mate 
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and reproduce, which could be an adaptation mechanism to changes in different 

photoperiodic conditions especially for migratory species (Haynes and Birch 1984; McNeil 

1991; Xavier et al. 2018). 

 

The calling behavior of H. armigera could also be related to temperature differences among 

the three locations. Absolute ambient temperature conditions, especially during the 

scotophase, have a major effect on calling periodicity; calling is initiated earlier in the night 

at lower temperatures (Delisle and McNeil 1987; McNeil 1991). The flexibility of calling 

behavior could compensate for the negative impact of climatic fluctuations, which could be 

important for multivoltine species suffering seasonal changes in temperature (Baker and 

Cardé 1979; Delisle and McNeil 1987).  

 

Previous studies have suggested that there could be genetic variation in the calling behavior 

of H. armigera (Casimero et al. 1999; Zhao et al. 2007). However, as we did not find 

differences in the timing of calling among the H. armigera populations in Spain, China and 

Australia under laboratory conditions, genetic variation in calling behavior is unlikely, at 

least for these populations. 

 

In all three geographic sites, the total amount of pheromone increased throughout the night, 

which reflects the calling behavior patterns. Such a synchronization between female calling 

and pheromone release has been previously shown in many other moth species from 

several families, i.e., Helicoverpa assulta (Noctuidae), Phthorimaea operculella (Gelechiidae), 

Agrotis ipsilon (Noctuidae), Choristoneura rosaceana (Tortricidae)(Ono et al. 1990; Delisle 

and Royer 1994; Kamimura and Tatsuki 1994; Xiang et al. 2010). 

 

Within each geographic region, we found that larval diet did not affect the composition of 

the pheromone blends, but it did affect the total amount of pheromone. Larval nutrition can 

directly influence pupal weight or adult body size, which has been found to be positively 

correlated with pheromone titer (Landolt and Phillips 1997; Symonds et al. 2012). Since 

females that were reared on corn produced more pheromone than females reared on 

tomato both in Spain and China (see Fig 4), possibly females that were reared on corn 

acquired more nutrition than larvae fed on tomato. Alternatively, geographic variation in 

host plant suitability may induce larval stress, which may indirectly affect adult pheromone 

amounts (Barthel et al. 2015). Although H. armigera can utilize a large range of host plants, 

host preference and suitability varies in different geographic regions. For example, H. 

armigera in Australia prefers tobacco and corn (Firempong and Zalucki 1989), while tomato 

is the main host plant in Spain (Torres-Vila et al. 2003). Interestingly, tomato seems an 

unsuitable host for H. armigera in China (Liu et al. 2004).  
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Among the three geographic regions, we found some differences in the relative amounts of 

the pheromone compounds, especially between the populations from Spain and China. 

Specifically, we found a significantly lower amount of the major pheromone component Z11-

16:Ald, but higher amount of the minor compounds 16:Ald, Z9-16:Ald and Z11-16:OH, in 

Spain than in China. In addition, we detected a very low amount of Z11-14:OH in females 

from Spain, but not in China and Australia. Konyukhov et al. (1983) first reported the 

presence of Z11-14:OH in H. armigera female pheromone blends. However, further study 

will be needed to confirm the biological function and relevance of Z11-14:OH in H. armigera 

female pheromone glands.  

 

One possible explanation for the geographic variation in the relative amounts of some 

pheromone compounds could be due to potentially interference between closely related 

species (Löfstedt et al. 1991; Groot et al. 2006). In China H. armigera co-occurs with H. 

assulta, and in Australia with H. punctigera. Selection may be exerted to reduce cross-

attraction and hybridization in these areas of sympatry, so that females vary the emission of 

relative amounts of pheromone compounds (Unbehend et al. 2014; Groot et al. 2018). For 

example, tuning the major compounds Z11-16:Ald or Z9-16:Ald or adding other components 

could increase the attraction of intraspecific males in different regions.  

 

In addition to female calling behavior and pheromone amounts and composition, we found 

geographic variation in male response to different pheromone lures. The most important 

two pheromone components for H. armigera are Z11-16:Ald and Z9-16:Ald, and the 

combination of the two components are recommended as the standard blend for attracting 

the species (Kehat and Dunkelblum 1990). Zhang et al. (2012) found that the addition of Z9-

14:Ald into the standard blend attracted more males, while the addition of Z7-16:Ald did not 

increase attraction. However, the results of our field tests showed that neither Z9-14:Ald or 

Z7-16:Ald did not increase the attraction of males in any of the three sites. Interestingly, the 

addition of 6 % of Z9-16:Ald in blend 5 caused a significant increase in the number of males 

trapped in Australia, but not in Spain or China (see Fig 5a). This coincides with our finding 

that females in Australia produced higher relative amounts Z9-16:Ald in their pheromone 

blends compared to females in China and Spain, suggesting some selection for Z9-16:Ald 

which may maximize attraction of conspecific males and possibly avoid interspecific matings 

in Australia.  

 

Interestingly, we also found significant geographic differences in male response when 

adding a potential sex pheromone antagonist, Z11-16:OAc. The fact that Z11-16:OAc 

dramatically inhibited attraction of H. armigera males in Australia and China suggests that 

Z11-16:OAc is an antagonist to avoid heterospecific attraction between closely related 

species (Cardé et al. 1977; Löfstedt et al. 1991; Groot et al. 2007). Specifically, H. punctigera 
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co-occurs in Australia (Zalucki et al. 1986), which also use Z11-16:Ald as their major sex 

pheromone component, and has Z11-16:OAc in their sex pheromone as well (Rothschild 

1978). Similarly, H. assulta is sympatric with H. armigera in China (Wang et al. 2005). Even 

though the main sex pheromone component of H. assulta is Z9-16:Ald instead of Z11-16:Ald, 

the female blend also contains Z9-16:OAc and Z11-16:OAc (Wang et al. 2005). In Spain, such 

communication interference does not seem to be present, as H. armigera males were not 

deterred by Z11-16:OAc in this region.  

 

Our findings of geographic differences in H. armigera male response can be helpful for the 

development of region-specific lures (Groot et al. 2007; Cruz-Esteban et al. 2018). For 

example, using 6 % of Z9-16:Ald instead of 1.4-4 % of Z9-16:Ald in synthetic pheromone 

lures can be more effective in monitoring and controlling H. armigera populations in 

Australia. Furthermore, Z11-16:OAc has a potential application as an antagonist in pest 

management strategies, such as mating disruption against other closed related species in 

sympatric regions. 

 

In summary, we found geographic variation in the timing of calling, and the sexual signals 

and responses of H. armigera, which is likely due to local environmental conditions, such 

photoperiod and temperature, but also due to the presence of other closely related species 

with which communication interference could occur. Host plants did not directly affect the 

sexual signal of H. armigera. Most importantly, we found that the male response window 

varies in the three continents, and is wider in Spain than in China and Australia, probably 

because potentially interfering species do not occur in this region. The potentially wider 

response window of H. armigera males may have important consequences for the 

development of this pest in its newly invaded area South America. 
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Abstract 

Many parasites are constrained to only one or a few hosts, showing host specificity. It 

remains unclear why some parasites are specialists and other parasites are generalists. The 

parasite Ophryocystis elektroscirrha (OE) is a neogregarine protozoan thought to be 

restricted to monarch butterflies, Danaus plexippus (Nymphaliae) and D. gilippus. Recently, 

we found OE-like spores in other Lepidoptera, specifically in three noctuid moths: 

Helicoverpa armigera, H. assulta and H. punctigera, as well as another nymphalid, Parthenos 

sylvia. To our knowledge, this is the first report of OE-like parasite infections in species other 

than the genus Danaus. In sequencing 558 bp of 18S rRNA, we found the genetic similarity 

between OE from D. plexippus and OE-like parasite from the moths H. armigera and H. 

punctigera to be 95.2 %. When we conducted cross-species infection experiments, we could 

not infect the moths with OE from D. plexippus, but OE-like parasite from H. armigera did 

infect D. plexippus and a closely related moth species Heliothis virescens. Interestingly, we 

did not find OE-like parasite in the H. armigera population from Spain. Inter-population 

infection experiments with H. armigera demonstrated a higher sensitivity to OE-like 

infection in the population from Spain compared to the populations from Australia and 

China. These results suggest geographic variation in OE-like susceptibility and coevolution 

between parasite and host. Our findings give important new insights into the prevalence and 

host specificity of OE and OE-like parasites, and provide opportunities to study parasite 

transmission over spatial and temporal scales.  

 

 

1. Introduction 

Parasites are present in all kinds of organisms and affect host fitness in variable ways 

(Schmid Hempel, 2011). Parasitic infections can result in the decline of populations, 

especially under changing environmental conditions including global warming (Altizer et al., 

2003; Wood et al., 2007). Most parasites of both plants and animals show host specificity 

(Little et al., 2006; Norton and Carpenter, 1998). With global warming, many parasites and 

their hosts can expand their geographic ranges, which likely affects host-parasite 

interactions (Hellgren et al., 2007; Pickles et al., 2013; Polley and Thompson, 2009). For 

example, parasites may infect closely related host species when introduced into new 

habitats, as they share similar immune defenses and physiological traits as the original host 

(Norton & Carpenter, 1998; Davies & Pedersen, 2008; Poulin et al., 2011). When host shifts 

occur, the virulence of parasites may change (Little et al., 2006). Interestingly, it remains 

unclear why some parasites are highly specialized on only one or few hosts and other 

parasites are shared across a wide range of host species (Cooper et al., 2012; Mácová et al., 

2018). Understanding the specific range of parasite infections is crucial to predicting future 

infectious diseases in plants and animals, including humans (Cooper et al., 2012; Keesing et 
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al., 2010; Li et al., 2016).  

 

The parasite Ophryocystis elektroscirrha (OE) is a neogregarine protozoan and has been 

thought to be an obligate parasite restricted to the monarch butterfly, Danaus plexippus, 

and closely related queen butterfly, D. gilippus. This host specificity is deduced from the fact 

that OE was first observed on these host species in Florida (McLaughlin and Myers, 1970) 

and the life-cycle of OE is closely linked to its host (Altizer and Oberhauser, 1999). After 

early-instar larvae consume OE spores, they undergo asexual, vegetative replication in the 

larval gut (Altizer et al., 2000). Upon lysis, the spores form micronuclear schizonts which 

penetrate the gut wall, after which they migrate to the hypoderm where a combination of 

sexual and asexual replication commences (Vickerman et al., 1999). Sporulation occurs 

during host pupation and dormant spores emerge on the abdominal scales of adult 

butterflies (McLaughlin and Myers, 1970). OE infections have been found to be detrimental 

to host fitness in D. plexippus, reducing longevity, eclosion, mating success, fecundity and 

flight ability (Altizer and Oberhauser, 1999; Bradley and Altizer, 2005; De Roode et al., 2009).   

 

Transmission of this parasite is predominantly vertical, as females scatter spores on their 

eggs or host plants during oviposition and egg shells are ingested by hatching larvae (Leong 

et al., 1992). However, paternal or horizontal transmission routes are possible, e.g., through 

mating or spores consumed by unrelated larvae (Altizer et al., 2004; De Roode et al., 2009). 

Recently, Barriga et al. (2016) firstly reported OE-like infections in the lesser wanderer 

butterfly, D. petilia, suggesting that the OE-like parasites could have a wider host range than 

previously assumed. 

 

In checking field-collected samples of the cotton bollworm, Helicoverpa armigera (Hübner) 

(Lepidoptera, Noctuidae) in Australia to start laboratory rearing, we noticed that some 

adults did not fully emerge from their pupal case or could not expand their wings, a 

symptom indicative of OE infection (Leong et al., 1992). A check of adults indicated OE-like 

spores present. These observations led us to investigate the identity of the parasite infecting 

H. armigera by sequencing a subset of the 18S rRNA from parasites collected from field-

collected H. armigera populations in China, Australia and Spain, as well as from the closely 

related species H. assulta in China and H. punctigera in Australia, and comparing these 

sequences to the D. plexippus OE. We further explored the OE or OE-like parasite host range 

by investigating its presence in butterfly species in the butterfly garden of Artis Zoo in 

Amsterdam, which are flown in biweekly as pupae from so-called butterfly farms in South-

East Asia, Africa and South America. In addition to sequencing, we determined the host-

specificity of OE and OE-like parasites by conducting cross-infection experiments with D. 

plexippus, H. armigera and Heliothis virescens, and we tested whether the susceptibility of 

OE-like infection varied between geographic origins of H. armigera populations. As H. 
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armigera is highly polyphagous, feeding on a wide variety of host plants from at least 172 

species within 68 families (Cunningham and Zalucki, 2014; Fitt, 1989), and is widely 

distributed throughout Africa, Europe, Asia, Oceania (Fitt, 1989) and recently South America 

(Czepak and Albernaz, 2013), these experiments give a first indication of the potential risk of 

OE-like parasite to spread to other closely related Helicoverpa and Heliothis species. (Pogue 

(2013) has recently resurrected the name Chloridea for a monophyletic genus containing 

virescens and subflexa, but for consistency with the older literature we continue to refer to 

Heliothis virescens here.) 

 

2. Materials and methods 

2.1. Occurrence of OE-like parasite in Lepidoptera other than Danaus 

Three Helicoverpa moth species were collected from the field and checked for OE parasites: 

H. armigera from China, Australia and Spain, and H. assulta and H. punctigera in China and 

in Australia, respectively (see Table 1). The moths were collected by using a hand net or 

caught in pheromone traps, after which the moths were killed, placed individually in 

Eppendorf tubes and brought back to the laboratory at the University of Amsterdam for 

further diagnosis. To diagnose OE-like parasite infection, the abdomens of the moths were 

sampled using 2.5 cm diameter transparent tape and checked for parasite spores, as 

described in detail by Altizer et al. (2000). OE spores are approx. 14 µm long, 9 µm wide, 

dark when seen in scales or on the egg, but amber in transmitted light (McLaughlin and 

Myers, 1970). OE-like spores on H. armigera from Australia are morphologically similar as OE 

spores, with dimension of approx. 12 µm length and 9 µm width. 

 

Table 1. Field collections of Helicovera species sampled for OE-like infection. 
Species Locations Coordinates Years Number of Individuals Infection rate (%) 

H. armigera Guadajira, Badajoz, Spain 38°51'08.8"N, 6°40'48.9"W 2016, 2018 174 0 

H. armigera Gatton, Brisbane, Australia 27°32'11.6"S, 152°20'16.3"E 2017 48 19 

H. armigera Dali county, Shaanxi, China 34°45'01.9"N, 110°09'56.1"E 2017, 2018 66 2 

H. assulta Dali county, Shaanxi, China 34°45'01.9"N, 110°09'56.1"E 2017 20 10 

H. punctigera Gatton, Brisbane, Australia 27°32'11.6"S, 152°20'16.3"E 2017 45 7 

 

To survey OE-like parasite occurrence in other butterfly species, specimens were collected 

from the butterfly garden at Artis Zoo, in Amsterdam, Netherlands in May-June 2018. In 

total 32 butterfly species, originating from Asia, Africa and South America, were sampled 

(see Supplementary Table 1). Butterfly specimens were placed individually in paper bags 

with the species identification and collected location. All specimens were brought back to 

the laboratory and checked OE-like parasite under the microscope, as described above.  
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2.2. Genetic similarity between OE and OE-like parasites  

2.2.1. DNA extraction and PCR 

To identify OE-like parasite that we found in the different species in the field and the 

Amsterdam Zoo, we extracted DNA from the collected spores from five different host 

species (Table 2). Specifically, the abdomen of infected adults was placed in a 1.5 ml 

Eppendorf tube with 100 % ethanol. The tube was agitated for 1 min using a vortex mixer 

followed by a 5 min rest interval, and repeated three times. The abdomen was removed, 

after which the spore suspension was centrifuged for 10 min at 13000 rpm and the 

supernatant discarded and 200 μl of 2 % CTAB buffer with 5 μl proteinase-K were added to 

the tube with parasite spores. The spores were then ground with a clean pestle, and 

incubated for 1.5 h at 55 °C. After incubation, the supernatant was transferred into a sterile 

tube with chloroform: IAA (24:1) after centrifugation at 12000 rpm for 5 min 300 μl of 100 % 

ice-cold ethanol was added to precipitate the parasite DNA. The DNA sample was 

centrifuged at 13000 for 10 min and the supernatant discarded. The DNA pellet was washed 

with 70 % ethanol and dried in a speedvac for 10 min at 30 °C. The pellet was dissolved in 25 

μl distilled H2O and stored at -20 °C.  

 

Table 2. Samples used for phylogenetic analyses. 

Species Voucher Host Collection Location 
Collection 
Date 

GenBank Accession 
No. 

Ophryocystis 
elektroscirrha 

OEDP1 Danaus plexippus Costa Rica, South 
America1 

2018.06 MK720123 

 OEDP2 Danaus plexippus Costa Rica, South 
America1 

2018.06 MK720124 

 OEDP3 Danaus plexippus Netherlands 2018.08 MK720125 
 OEPC4 Parthenos sylvia Asia1 2018.06 MK720126 
 OEPC5 Parthenos sylvia Asia1 2018.06 MK720127 
 OEPC6 Parthenos sylvia Asia1 2018.06 MK720128 
 OEHP7 Helicoverpa 

punctigera 
Australia 2017.02 MK720129 

 OEHA8 Helicoverpa 
armigera 

Australia 2017.03 MK720130 

 OEHA9 Helicoverpa 
armigera 

China 2017.08 MK720131 

 OEHA10 Helicoverpa assulta China 2017.08 MK720132 
  Danaus plexippus   AF129883* 
Ascogregarina culicis     DQ462456* 
Aranciocystis 
muskarensis 

    KU926299* 

Acarus siro     AY490099* 

 * Sequences download from GenBank. 1Collections from Artis Zoo, Amsterdam. 

 

To sequence the 18S rRNA, PCR reactions were prepared in 10 μl that included 3.5 μl 

distilled H2O, 2 μl 5x PCR buffer, 2 μl 5mM dNTPs, 0.2 μl 10 mM primers, 0.1 μl Phire hotstart 

Taq and 2 μl DNA template. The PCR amplification was performed by 35 cycles of 30 s at 

98 °C, 10 s at 56 °C, 2 min at 72 °C. The forward primer 5’-CCCGTGTTGAGTCAAATTAAG-3’ 
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and reverse primer 5’-AGGGCAAGTCTGGTGCCAG-3’ were used to amplify a subset of the 

18S rRNA gene in this study. The PCR products were examined on a 1.5 % Agarose gel.  

 

2.2.2. Phylogenetic analysis 

The subset of the 18S rRNA sequences were checked manually using CodonCode Aligner 

(CodonCode Corp., USA), and were aligned to the sequence of O. elektroscirrha (AF129883) 

from GenBank, using MEGA version 10.0.5. The sequences in this study were deposited in 

GenBank (accession no. MK720123-MK720132). Outgroup species were selected based on 

previous phylogenetic studies by Carreno et al. (1999) and Bekircan et al. (2017), based on 

which the representative species Ascogregarina culicis, Aranciocystis muskarensis and 

Acarus siro were chosen. 

 

To assess interspecific genetic distances of the OE and OE-like parasites, Kimura-2-

parameter distances (K2P distance) were calculated in MEGA. For phylogenetic analysis, a 

maximum likelihood (ML) tree was constructed using MEGA. The substitution model for ML 

tree was based on Tamura 3-parameter method with uniform rates among sites. Reliability 

of ML tree was tested with 1000 bootstrap replicates. 

 

2.3. Host-specificity of OE 

2.3.1. Cross-species infection experiment 

To determine whether the OE or OE-like parasites can infect different host species, cross-

infection experiments were conducted. For these cross-infection experiments, larvae of H. 

armigera were collected from Australia, Spain and China during 2017 and 2018, and reared 

individually on artificial pinto bean diet in the same climate chamber (60 % relative humidity 

(RH); 25 °C; 14 h light: 10 h dark with lights off at 11.00 am) in the laboratory at the Institute 

for Biodiversity and Ecosystem and Dynamics, University of Amsterdam. Larvae of H. 

virescens used were also reared individually on artificial pinto bean diet. Larvae of monarch 

butterfly D. plexippus were originally from five mated females collected at a butterfly garden 

in Harskamp, Netherlands in July 2018. Monarch larvae were reared on the milkweeds 

Asclepias incarnata. These plants were grown and supplied in the greenhouse at the 

University of Amsterdam.   

 

First, we used the OE-like parasite spores collected from H. armigera to infect three species: 

H. armigera from Australia, a closely related species H. virescens and D. plexippus. The OE-

like parasite spores used in the experiments were obtained from the lab-reared H. armigera 

from CSIRO, Black Mountain Laboratory, ACT, Australia. The spore inoculum was obtained 

using a method modified from Leong et al. (1992). Specifically, the abdomen of an infected 

H. armigera adult was placed in a 2 ml Eppendorf tube with a washing solution of 0.5 ml 

0.05 % wetting agent (Tween 20) and 1 ml distilled water. The tube was agitated for 1 min 
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using a vortex mixer, followed by a 5 min rest interval, and repeated three times. The 

abdomen was removed, and the spore suspension was then centrifuged for 5 min at 10000 

rpm. The supernatant was discarded and the remaining pellet was re-suspended in 1 ml 

distilled water to ensure the spores were evenly dispersed. To estimate the spore load, 10 

droplets of 1 μl spore suspension were randomly chosen and the number of spores in each 

droplet counted under the microscope. From these counts we calculated the average 

number of spores with standard error (SE) in 1 μl droplet of spore suspension.  

 

To infect the larvae of H. armigera and H. virescens, 1 μl of spore suspension (spores load: 

122 ± 10 spores/μl) was pipetted onto a piece of 1 cm2 pinto bean-based artificial diet in a 

37 ml cup. To prevent the diet from drying out before consumption, the cups were lined 

with cotton soaked in distilled water. Third instar larvae of H. armigera from six families and 

H. virescens from four families were used in the experiments. All the larvae placed into the 

cups individually and observed to consume the diet completely, after which the larvae were 

transferred to the normal diet until pupation.  

 

To infect the larvae of the monarch butterfly with OE-like spores from H. armigera, second 

instar caterpillars were infected with 1 μl of spore suspension (spores load: 76 ± 2 spores/μl) 

on a piece of 1 cm2 A. incarnate. After consumption of the spores, the caterpillars were 

placed in 0.6 m3 mesh cages supplied with clean A. incarnata plants that were replaced 

every day until the caterpillars pupated. Pupae were individually transferred into clear 

plastic cups until eclosion.  

 

Second, we used the OE parasite spores collected from D. plexippus to infect D. plexippus, H. 

armigera from Australia, and H. virescens. The OE spores were collected from newly hatched 

heavily infected D. plexippus at the butterfly garden in Harskamp, Netherlands. All the larvae 

were infected with 1 μl of spore suspension (spores load: 55 ± 3 spores/μl). As none of the 

moths were infected from D. plexippus OE spores, we repeated the experiment and infected 

H. armigera and H. virescens larvae with 1 μl of spore suspension (spores load: 135 ± 2 

spores/μl) that we collected from D. plexippus. These two spore suspensions were prepared 

as described above, and all the larvae were infected in the same way. Third instar larvae of H. 

armigera from eight families and H. virescens from five families were used in the 

experiments. Upon eclosion, the adults of all species in the study were frozen in individual 

Eppendorf tubes or in paper bags, after which their abdomens were examined for infection 

of parasite spores as described above. 

 

2.3.2. Inter-population infection experiment  

To determine the occurrence and specificity of OE-like parasite among H. armigera 

populations, the OE-like parasite spores collected on H. armigera from Australia were used 
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to infect the three populations of H. armigera sourced from Australia, China and Spain. The 

larvae were infected with a low concentration (16 ± 1 spores/μl) and a high concentration of 

spore suspension (99 ± 3 spores/μl), using the same methods as described above. 

 

2.4. Effect of OE-like parasite on moth emergence success 

To assess the effect of OE-like spore concentration on infection probability, third instar 

larvae of H. armigera from Australia were infected with nine different concentrations of 

spores (from 1 spores/μl to 221± 3 spores/μl). For these infections, the OE-like parasite 

spores collected from H. armigera from Australia were used, and multiple spore suspensions 

were prepared as described above. At least 30 larvae were exposed to each concentration or 

distilled water as control. All the larvae were reared individually on pinto bean diet until 

eclosion. The adults were examined for infection. We also recorded the number of adults 

that were stuck in their pupal case, and the number of adults with crinkled wings that did 

not fully expand. To assess effects of OE parasite on the emergence success of H. armigera, 

we compared that the number of stuck in pupae and adults with crinkled wings between 

infected individuals from the larvae exposed to OE-like spores and uninfected individuals 

from larvae treated with distilled water.  

 

2.5. Statistical analyses 

To determine the difference of infection rate in host species in the cross-species infection 

experiment, we performed a chi-square test. The same test was used to determine the 

difference of OE-like infection rate among H. armigera populations from Australia, China and 

Spain, when treated with a low or high concentration of spores. To test the effect of OE-like 

parasite spore concentration on infection probability, a regression analysis was carried out. 

We used a chi-square test to determine the difference between infected and uninfected 

individuals of the number of pupae stuck and adults with crinkled wings in H. armigera. All 

statistical analyses were performed in R software, version 3.4.1 (R_Core_Team 2018). 

 

3. Results 

3.1. Occurrence of OE or OE-like parasites 

In the field, the OE-like parasite was detected in all three Helicoverpa moths. We found OE-

like infection in H. armigera populations in China and Australia, but not in Spain. We also 

found the OE-like infection in other closely related species, such as in H. assulta in China and 

H. punctigera in Australia (Table 1). The prevalence of OE-like parasite infection varied 

among the locations, with highest infection rate of 19 % (9 out of 48 individuals) on H. 

armigera in Australia. 

 

From the specimens collected in the Amsterdam Zoo, two out of 32 butterfly species were 
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found to carry OE or OE-like parasites. Specifically, 86 % of D. plexippus (12 out of 14 

individuals) that were originally from South America were infected and 58 % of Parthenos 

sylvia (Nymphalidae) (15 out of 26 individuals) originating from Asia were infected (Table S1). 

 

3.2. Genetic similarity between OE and OE-like parasites 

The subset of the 18S rRNA sequences were 558 bp in length. Aligning all sequences, we 

found the interspecific K2P distance between D. plexippus and P. sylvia to be 1.5 %, and the 

K2P distances between D. plexippus and H. armigera (also H. punctigera) was 4.8 %. The 

mean K2P distance between OE-like spores collected within the Helicoverpa genus was < 

0.2 %. 

 

All parasites collected from D. plexippus individuals, as well as all parasites collected from P. 

sylvia individuals, formed a monophyletic group with strong (99 %) bootstrap support (Fig. 1). 

The remaining three Helicoverpa moths formed another monophyletic clade, with 100 % 

bootstrap support. 

 

 
Fig. 1. Phylogenetic relationship of OE and OE-like spores collected from different hosts. Maximum 
likelihood (ML) tree based on 558 bp 18s RNA gene sequences. Values above the branches indicate 
clade bootstrap support.   

 

3.3. Host specificity of OE or OE-like parasites 

3.3.1. Cross-species infection experiment 

When larvae from different species were treated with OE spores collected from D. plexippus, 

97 % (37 out of 38 adults) of D. plexippus were infected, while none of the adult H. armigera 

(n=63) or H. virescens (n=95) were infected (χ2 = 194.8, df = 2, P < 0.0001). In contrast, when 

larvae from the different species were treated with OE-like spores collected from H. 
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armigera in Australia, the infection rate was 71 % in D. plexippus (20 out of 28 adults) and 

85 % in H. armigera (93 out of 110 adults), but significantly lower in H. virescens, i.e., 48 % 

(13 out of 27 adults) (χ2 = 10.0, df = 2, P = 0.0067) (Fig. 2).  

 

 
Fig. 2.  Infection rate with OE spores collected from D. plexippus (black bar) or OE-like spores 
collected from H. armigera (gray bars). Significant differences are indicated by asterisks (***: P < 
0.001) and different letters (P < 0.05). 

 

3.3.2. Inter-population infection experiment  

When we treated H. armigera larvae from different geographic locations with a low 

concentration (16 ± 1 spores/μl) of OE-like spores collected on H. armigera from Australia, 

53 % (9 out of 17 adults) of H. armigera from Spain were infected, 15 % (3 out of 20 adults) 

from China were infected, while no (n=10) adults from Australia were infected. The infection 

rate in individuals from Spain was significantly higher than that from China and Australia (χ2 

= 65.68, df = 2, P < 0.0001).  

 

When treated with a high concentration of spores (99 ± 3 spores/μl), 75 % (18 out of 24 

adults) of H. armigera from Spain were infected, while 73 % (24 out of 33 adults) from China 

and 57 % (13 out of 23 adults) from Australia were infected. There was no significant 

difference in the infection rate among the three H. armigera populations at this high dose 

(χ2 = 2.99, df = 2, P = 0.22) (Fig. 3). 
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Fig. 3.  Infection rate of OE-like spores collected from H. armigera in Australia in different H. armigera 
populations. Small letters indicate significant differences between different H. armigera populations 
with low concentration (16 ± 1 spores/μl) (P < 0.05), and capital letters indicate no significant 
differences with high concentration (99 ± 3 spores/μl) (P > 0.05).  

 

 

Fig. 4. (a) OE-like infection rates in H. armigera adults when third instar larvae were treated with 
different spore concentrations. (b) Percentage of stuck pupae or adults with crinkled wings in infected 
individuals and uninfected individuals. n = total number of individuals checked. Significant differences 
are indicated by asterisks (*: P < 0.05). 

 

3.4. Effect of OE-like parasite on moth emergence success 

When larvae of H. armigera from Australia were infected with different concentrations of 

OE-like spores, the infection rates in adult moths best fitted a logarithmic regression line (R2 
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= 0.71, P = 0.0045) (Fig. 4a). This logarithmic relationship suggests that the proportion of 

infected individuals increased with concentration of OE-like spores, reaching an asymptote. 

The number of pupae stuck (χ2 = 4.63, df = 1, P = 0.031) or adults with wings crinkled (χ2 = 

6.01, df = 1, P = 0.014) from infected individuals were significantly higher than that from 

uninfected individuals (Fig. 4b). 

 

4. Discussion 

To our knowledge, this is the first report of OE-like parasite infections in species of 

Lepidoptera other than Danaus species. In the past, the protozoan OE and OE-like parasites 

were thought to be specialized on monarchs and closely related butterflies (Barriga et al., 

2016; McLaughlin and Myers, 1970). In our survey, OE-like parasites were found in three 

noctuid moth species H. armigera, H. assulta and H. punctigera collected in China and 

Australia, as well as in the butterfly P. sylvia (Nymphalidae) collected in Asia. This indicates 

that OE and OE-like parasites are more widespread and has more potential hosts in nature.  

 

On the basis of partial 18S rRNA sequences in the different OE and OE-likes spore collections, 

we found only 1.5 % genetic distance between the butterflies P. sylvia and D. plexippus, 

indicating a high similarity. The OE-like parasite that we found in noctuid moth species 

(especially H. armigera and H. punctigera) exhibited a 4.8 % genetic distance from D. 

plexippus OE. Our phylogenetic analysis did show an OE and OE-like parasites divergence 

into two groups, representing butterflies and moths. It strongly suggests that OE from D. 

plexippus and OE-like parasite from moths may be different species, which displays host 

specificity or coevolutionary processes of OE and OE-like parasites among different hosts.  

 

As we found that OE from D. plexippus did not infect H. armigera or H. virescens, it suggests 

that OE populations present on monarch butterflies are more specialized than OE-like 

parasite that we found on H. armigera. Barriga et al. (2016) also found that monarch 

butterflies were more susceptible to their own natal OE parasite, while queen butterfly D. 

gilippus was barely infected by monarch OE parasite. In contrast, both D. plexippus and D. 

gilippus could be infected by OE-like parasite collected from lesser wanderer butterfly D. 

petilia. Similarly, OE-like parasite collected from H. armigera could not only infect the closely 

related host H. virescens, but were capable of infecting monarch butterflies. Such an 

asymmetrical distribution of a parasite between two or more hosts has been found in other 

parasites, e.g., helminths and copepods and indicates that local specialization of parasites to 

their hosts (Poulin et al., 2011). 

 

Interestingly, there seems to be geographic variation in host susceptibility to OE-like parasite 

in H. armigera, as we found that H. armigera larvae from Spain were more susceptible to 
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OE-like infections than H. armigera larvae from China and Australia. As the genetic variation 

of OE-like parasite was less than 0.2 % within the Helicoverpa genus, the geographic 

variation is likely to be due to local environment conditions. Previous studies have found 

that environmental factors, such as temperature and humidity, could have a major impact 

on prevalence, transmission and intensity of parasites (Duncan and Little, 2007; Laine and 

Tellier, 2008; Poulin, 2006; Stromberg, 1997). Furthermore, the resistance to parasites could 

vary among the host populations from different geographic locations (Barriga et al., 2016; 

Kaltz et al., 1999; Sternberg et al., 2013). Since OE-like parasite was not found on any H. 

armigera individual collected from Spain, this population may be more susceptible to 

infection, while H. armigera populations in China and Australia could have developed some 

level of resistance or tolerance to OE-like infections. 

 

Host migration could have a strong influence on the interaction between host and parasite 

(Altizer et al., 2011; Gandon et al., 1996; Kaltz and Shykoff, 1998). For example, long-

distance migration can help to reduce parasite transmission and spread host resistance 

genes (Bartel et al., 2011; Bradley and Altizer, 2005; Loehle, 1995). In D. plexippus, the 

prevalence of OE parasite has been found to be higher in resident than in migratory 

populations (Bartel et al., 2011). Helicoverpa armigera also has the ability to undergo 

seasonal migration covering long distances (Zalucki & Furlong, 2005; Feng et al., 2009), 

which could affect OE-like parasite transmission over spatial and temporal scales. Taking 

these factors into account, we can expect that the prevalence of OE-like parasite and host 

susceptibility or resistance varies among H. armigera populations.  

 

Climate change can alter the dynamics of parasite transmission and increase the potential 

for host switching (Brooks and Hoberg, 2007; Cooper et al., 2012). Correspondingly, the OE 

or OE-like parasites could pose a potential risk to other Lepidoptera and expand their 

distributions into new areas, or even new hosts. As H. armigera has recently invaded in 

South America (Czepak and Albernaz, 2013), and we already found that OE-like parasites can 

infect closely related host species, non-pest moth species and butterflies in all continents 

may be at risk. Once the parasites are introduced into new areas or new hosts, a number of 

questions arise, such as: What are the major factors that drive host shifts in these parasites? 

How does OE or OE-like parasites affect the fitness of different host species and how do 

different host species respond to parasitic infections? As temperature and relative humidity 

affect many life history traits in plants and animals in general (Alcázar, R. and Parker, 2011; 

Peng et al., 2019), therefore climate change likely also has profound consequences in 

coevolutionary process between hosts and parasites. 

 

5. Conclusion 
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In summary, our study gives the first evidence of OE-like infections in Lepidoptera other than 

the genus Danaus. The genetic similarity between OE from D. plexippus and OE-like parasite 

from the moths H. armigera and H. punctigera was 95.2 %. Cross-infection experiments 

showed a higher host specificity of OE collected from monarchs and lower host specificity 

from OE-like parasite collected from H. armigera. Interestingly, the H. armigera population 

in Spain, in which we did not find OE-like infections, showed higher sensitivity to OE-like 

infection than the H. armigera populations in Australia and China, indicating geographic 

variation in the level of susceptibility, resistance or tolerance to OE-like in H. armigera. 

Further studies should give insights into how parasitic OE or OE-like differs among 

lepidopteran hosts and the level and extent of parasite transmission over spatial and 

temporal scales. 
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Supplemental information 

Table S1. Lepidoptera collected from Artis Zoo, Amsterdam, checked for OE or OE-like infections. 
Species Family Species origin Number of individuals 

checked 
Number of individuals 

infected Cethosia penthesilea Nymphalidae Asia 13 0 
Hypolimnas bolina Nymphalidae Asia 10 0 
Parthenos sylvia Nymphalidae Asia 26 15 
Archaeoprepona 
demophon 

Nymphalidae South America 12 0 
Caligo atreus Nymphalidae South America 4 0 
Caligo eurilochus Nymphalidae South America 4 0 
Caligo memnon Nymphalidae South America 9 0 
Consul fabius Nymphalidae South America 12 0 
Danaus plexippus Nymphalidae South America 14 12 
Dione juno Nymphalidae South America 10 0 
Dryadula phaetusa Nymphalidae South America 5 0 
Dryas iulia Nymphalidae South America 20 0 
Eueides isabella Nymphalidae South America 10 0 
Greta oto Nymphalidae South America 45 0 
Heliconius cydno Nymphalidae South America 10 0 
Heliconius doris Nymphalidae South America 10 0 
Heliconius erato Nymphalidae South America 2 0 
Heliconius sara Nymphalidae South America 8 0 
Hypna clytemnestra Nymphalidae South America 20 0 
Memphis eurypyle Nymphalidae South America 7 0 
Morpho peleides Nymphalidae South America 23 0 
Myscelia cyaniris Nymphalidae South America 9 0 
Opsiphanes tamarindi Nymphalidae South America 13 0 
Siproeta epaphus Nymphalidae South America 2 0 
Siproeta stelenes Nymphalidae South America 10 0 
Syproeta epaphus Nymphalidae South America 3 0 
Papilio constantinus Papilionidae Africa 10 0 
Papilio dardanius Papilionidae Africa 11 0 
Battus polydamas Papilionidae South America 8 0 
Papilo thoas Papilionidae South America 10 0 
Parides arcas Papilionidae South America 3 0 
Parides iphidamas Papilionidae South America 7 0 
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Abstract 

Parasites can play an important role in host sexual selection. According to the Hamilton & 

Zuk hypothesis, females acquire indirect benefits from choosing parasite-free or parasite-

resistant males on the basis of their secondary sexual traits (e.g., colorful plumage) as 

indicators of heritable parasite resistance. However, females may also gain direct benefits by 

avoiding sexually transmitted parasites or acquiring more parental care, higher quality 

sperm and nuptial gifts provided by uninfected males. Here we tested how the presence of 

the Ophryocystis elektroscirrha-like parasite (OE-like) affected the fitness, mating behavior 

and sexual selection in a noctuid moth (Helicoverpa armigera; Lepidoptera, Noctuidae). We 

found that OE-like infection affected the sexes differently, specifically in male longevity and 

female reproduction. In mate choice experiments, when females were the choosing sex, 

infected females mated significantly more often with uninfected than with infected males. In 

addition, infected females choosing parasite-free males gained direct benefits, i.e., 

approximately 12 % more offspring. In male choice experiments, male choice was not 

influenced by female infection status. Interestingly, when I compared the onset time of 

female calling of the two females that were caged together, I found that the onset time of 

female calling affected male choice and that infected females called significantly earlier than 

uninfected females, while this was not the case when females were housed alone. Thus, OE-

like infection does affect reproductive strategies in both males and females, but in different 

ways, which suggests sex-specific parasite-mediated selection.  

 

 

Introduction 

Since the parasite-mediated sexual selection hypothesis, also known as Hamilton & Zuk 

hypothesis, was first proposed in 1982, the role of parasites in sexual selection and mating 

strategies has received much attention (Hamilton and Zuk 1982; Poulin and Vickery 1995; 

Wittman and Fedorka 2014; Ashby and Boots 2015). Avoidance of infected mates by females 

has been found in vertebrates and invertebrates, although the mechanisms behind parasite-

mediated mate choice are still under debate (Borgia and Collis 1989; Houde and Torio 1992; 

Kavaliers and Colwell. 1995; Worden et al. 2000; Mazzi 2004; Martin and Johnsen 2007; 

Klemme and Karvonen 2016). According to the Hamilton & Zuk hypothesis, females acquire 

indirect benefits from choosing parasite-free or parasite-resistant males, and females can 

distinguish males on the basis of their secondary sexual traits (e.g., colorful plumage), which 

are thus indicators of heritable parasite resistance (Hamilton and Zuk 1982; Folstad and 

Karter 1992; Ehman and Scott 2002). Alternative hypotheses pose that females choosing 

uninfected males may gain direct benefits, such as reducing the likelihood of parasite 

transmission through mating (e.g., ectoparasites and sexually transmitted parasites) (Borgia 

and Collis 1989; Able 1996; Knell and Webberley 2004), or uninfected males may provide 

better parental care, higher quality sperm and more/better nuptial gifts than infected males 
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(Hamilton 1990; Andersson 1994; Worden et al. 2000; Buzatto et al. 2019). 

 

Empirical evidence supporting parasite-mediated sexual selection has been reported mostly 

for birds and fish (Ryan 1988; Read and Weary 1990; Houde and Torio 1992; Mazzi 2004; 

Martin and Johnsen 2007), where acoustic and visual signals predominate, while chemical 

signals have hardly been explored (Penn and Potts 1998; Johansson and Jones 2007). 

However, chemical signals are extensively used in mate choice in a variety of taxa ranging 

from vertebrates to invertebrates (Johansson and Jones 2007; Chemnitz et al. 2015). 

Chemical signals,  analogous to the colorful plumage of birds, can be costly to produce and 

might honestly reveal an individual’s health status and parasite load (López et al. 2006; 

Johansson and Jones 2007; Harari et al. 2011; Beltran-Bech and Richard 2014). For example, 

female mice can distinguish the odor of parasitized males from that of unparasitized males, 

and discriminate against the odor of parasitized males (Kavaliers and Colwell 1995; Ehman 

and Scott 2002). In insects, several studies have shown that parasitic infection can change 

sexual signals and mating behaviors in species such as in crickets, beetles and moths (Burand 

et al. 2005; Fedorka and Mousseau 2007; Jenkins et al. 2011; Adamo 2014). 

 

In moths, where females are usually the signalers and males the responders, females emit 

species-specific sex pheromones to attract conspecific males from a distance (Wyatt 2003; 

Allison and Cardé 2016). Moth chemical communication systems are species-specific and 

hypothesized to be under strong stabilizing selection, as any deviation in the signal or the 

response may reduce the opportunity of finding the right mate (Löfstedt 1993; Groot et al. 

2006; Gerhardt and Brooks 2009). Recently, there have been several indications that sex 

pheromone production and/or emission is costly and the pheromone may thus honestly 

advertise the quality of females (Burand et al. 2005; Harari et al. 2011; Chemnitz et al. 2015).  

 

When moths are exposed to parasitic infection, males and females may differentially 

allocate resources in a range of traits, including life history, immunity, and mating traits (Zuk 

and Stoehr 2002; Stoehr and Kokko 2006; Schärer et al. 2012). Males are generally 

hypothesized to be more susceptible to infections than females, as males may invest fewer 

resources in immune defense and more resources in maintaining secondary sexual traits to 

maximize their reproductive success (Stoehr 2007; Lindsey and Altizer 2009; Barthel et al. 

2015; Gipson and Hall 2016). In contrast, females may invest more in immunity to increase 

longevity and egg production (Rolff 2002; McKean and Nunney 2005). As a result, parasitic 

infections may affect fitness differently in males and females (McKean and Nunney 2001; 

Lindsey and Altizer 2009; Ashby and Boots 2015).  

 

The parasite Ophryocystis elektroscirrha (OE) is a well-known neogregarine protozoan on the 

monarch butterfly Danaus plexippus and the queen butterfly D. gilippus (McLaughlin and 



Sex-specific fitness effects   

92 

Myers 1970). Transmission of OE parasites is predominantly vertical, as females scatter 

spores on their eggs or host plants during oviposition, which are subsequently ingested by 

larvae (McLaughlin and Myers 1970; Leong et al. 1992; Altizer et al. 2000). However, 

paternal or horizontal transmission routes are possible through mating or by consumption of 

spore-infected food  (Altizer et al. 2004; De Roode et al. 2009). In D. plexippus, OE infections 

negatively affect host fitness, reducing longevity, fecundity, eclosion, mating success and 

flight ability (Altizer and Oberhauser 1999; Bradley and Altizer 2005; De Roode et al. 2009). 

Recently, we found the Ophryocystis elektroscirrha-like parasite (OE-like) on H. armigera in 

China and Australia (see in Chapter 4). The prevalence of OE-like infections varied among H. 

armigera populations, with an infection rate of 19 % in Australia and 2 % in China. Similar to 

OE infected D. plexippus, OE-like infections in H. armigera can result in adults being stuck in 

their pupal cases or in having crinkled wings (see Chapter 4).  

 

In this study, we investigated to what extend the presence of OE-like parasite affects mating 

behavior and sexual selection in the moth Helicoverpa armigera (Hübner) (Lepidoptera, 

Noctuidae), a major pest throughout Africa, Europe, Asia, Oceania (Fitt 1989) that recently 

invaded in South America (Czepak and Albernaz 2013). The larvae are highly polyphagous, 

and feed on a variety of host plants from at least 172 species within 68 families (Zalucki et al. 

1986; Fitt 1989). Both sexes can mate multiple times over their lifetime, but both sexes only 

mate once per night (Yan et al. 2013). We first assessed the effects of OE-like infections on 

longevity, reproduction and mating success in both sexes of H. armigera. Since that OE-like 

infections were found to have negative fitness consequences in both sexes, we subsequently 

examined the effect of OE-like infections on female calling behavior and sex pheromone 

composition, as well as on male and female mate choice. 

 

Material and methods 

Insect and OE-like parasite 

Larvae of H. armigera were reared on artificial pinto bean diet in the climate chambers (60 % 

RH, 25 °C, and L:D 14 h light: 10 h dark with lights off at 11.00 am) in the laboratory at the 

Institute for Biodiversity and Ecosystem and Dynamics (IBED), University of Amsterdam. 

Pupae were checked daily for eclosion. Newly emerged adults were sexed and placed 

individually into a plastic cup (37 ml; Solo, Lake Forest, Illinois) with sugar water (cotton 

soaked with 10 % sucrose). Larvae of H. armigera originated from the School of Biological 

Sciences, The University of Queensland, Brisbane, Australia, and were shipped to the Max 

Planck Institute for Chemical Ecology, Jena, Germany in December 2017, after which they 

were brought to IBED. 

 

To obtain infected moths, third instar larvae of H. armigera were inoculated by OE-like spore 

solutions as described in detail in Chapter 4 and summarized here. OE-like parasite was 
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originally collected on lab-reared H. armigera from The University of Queensland. Third 

instar larvae of H. armigera were placed into the cups individually and infected with a OE-

like spores solution (156 ± 3 SEM spores/μl), after which the larvae were transferred to the 

normal diet until pupation. Pupae were checked daily for eclosion, and newly emerged 

adults were sexed and checked for the presence of OE-like spores in the pupal cases or the 

abdomens of the adults under a microscope. Adults that showed OE-like infections were 

marked as infected and used in the experiments or for breeding infected further moths. 

Uninfected adults used in the experiments originated from the general rearing which was 

never exposed to the OE-like parasite and a checked for the presence of OE-like infection. 

 

Effects of OE-like infection on longevity and reproduction 

To determine the effects of OE-like infection on longevity, fecundity and fertility of 

individual moths, we set up four single pair mating treatments, with each mating pair in a 

plastic beakers (473 ml; Solo, Lake Forest, Illinois) covered with gauze and provided with 10 % 

sugar water: a) an uninfected female with an uninfected male (U x U, n=27); b) an 

uninfected female with an infected male (U x I, n=29); c) an infected female with an 

uninfected male (I x U, n=25); d) an infected female with an infected male (I x I, n=24).  

 

In all four treatments, matings were observed with a red light at 30 min intervals, starting at 

the onset of scotophase. Since matings generally last 1-3 h, this interval ensured all matings 

were seen. In addition, we measured longevity, fecundity and fertility of individual moths as 

follows. After mating, once the couples had separated (on the same night), males and 

females were separated into different beakers (473 ml) and fed with 10 % sugar water every 

two days until death. Eggs were collected daily and placed in separate closed beakers (473 

ml). After three days, the number of hatched eggs and unhatched eggs in each beaker were 

checked and counted under a microscope. Fecundity was measured by counting the total 

number of eggs laid by each female during her lifespan, while fertility was calculated as the 

total percentage of eggs that hatched.  

 

Effects of OE-like infection on mating frequency 

To assess the effect of OE-like infection on mating frequency, one female and one male in 

four mating combianations as described above were paired for five consecutive nights. After 

five nights, the females were dissected and the number of spermatophores in the brusa 

copulatrix counted. 

 

Calling behavior experiment  

To determine the effect of OE-like infection on female calling behavior, virgin H. armigera 

females were observed over four consecutive nights. Specifically, upon hatching, uninfected 

and infected females were held individually in transparent plastic beakers (473 ml) covered 
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with fine nylon gauze. The moths were provided with cotton soaked in 10 % sugar water and 

observed under red light at 30 min intervals throughout the scotophase (i.e., between 11.00 

and 21.00). Female calling behavior was noted when the ovipositor with gland was clearly 

extruded from the abdomen. Observations took place in a separate climate chamber, but at 

the same climatic conditions the moths were reared under. 

 

Effects of OE-like infection on pheromone composition 

To assess the effect of OE-like infection on the female sex pheromone composition, the 

pheromone glands of 5 day-old females from the calling experiment were dissected at the 

peak time of calling, i.e., between 7-8 hours into scotophase (in Chapter 3). Gland 

extractions were conducted as detailed in Groot et al. (2010) and summarized here. Glands 

were placed in conical vials containing a solution of 50 μl hexane and 200 ng pentadecane as 

internal standard and removed after 30 min. All pheromone samples were analyzed in a 

HP7890 Gas Chromatograph (GC) with a 7683 automatic injector. The hexane extracts were 

reduced to 2 μl under a gentle stream of N2, after which each sample with 1 μl octane was 

injected into the GC. The sex pheromone peaks were identified and integrated based on 

their retention times, which were compared to a synthetic pheromone blend of H. armigera. 

This synthetic pheromone blend was injected in the GC before and after 30 samples. The 

amount of each pheromone component in the extract was calculated relative to the amount 

of internal standard. 

 

Effects of OE-like infection on mate choice  

To determine the effect of OE-like infection on mate choice, two-choice experiments were 

conducted in square gauze cages (33 x 33 x 33 cm). Three adult moths were placed in each 

cage, one chooser and two potential mates of the opposite sex. For female choice, either an 

uninfected or infected virgin female was released in one cage before the scotophase, and 

given an uninfected and infected male in each cage. The two males in each cage were of the 

same age and distinguished by randomly clipping a small part of the left or right wing. For 

male choice, either an uninfected or infected virgin male was provided with an uninfected 

and infected female in each cage in the same way as described for female choice. All the 

moths that were used in the experiment were 1-6 days old. In each cage, the moths were 

provided with cotton soaked in 10 % sucrose solution, and matings were observed using a 

red light at 30 min intervals throughout scotophase under the same climate room conditions 

as used for moth rearing. In male choice, in addition to mating observations, we recorded 

the calling behavior of the two females in the cage every 30 min.  

 

Statistical analyses 

All statistical analyses were performed in R software version 3.4.1 (R Core Team 2018). 

Longevity was analyzed using a Cox proportional hazards model (package: survival), where 



  Chapter 5 

95 

the dependent variables were either male or female longevity, and the independent variable 

were the mating treatments. To compare the effect of mating treatments on longevity, we 

used a Tukey posthoc test (package: multcomp in R). To determine whether the OE-like 

parasite affected female fecundity (total number of eggs laid) between females in the four 

mating treatments, a one-way ANOVA was conducted, while fertility (percentage of hatching 

eggs) differences between females were analyzed with a generalized linear model (GLM) 

with Poisson error distribution. 

 

Differences in calling patterns per night between uninfected and infected females were 

compared using a generalized linear mixed effects model with a binomial distribution 

(package: lme4), where calling was the binomial response variable, infection and time were 

the fixed effect predictors, and individuals were modeled as a random effect. Percentage of 

calling per night between uninfected and infected females was compared by a chi-square 

test. The onset time of calling and duration of calling per night was compared between 

uninfected and infected females with a Wilcoxon rank-sum test. To compare the pheromone 

compositions between uninfected and infected females, a multivariate analysis of variance 

(MANOVA) was conducted, for which the female pheromone data were first log (x+1)-

transformed to stabilize the variance. Total amount of pheromone was compared between 

uninfected and infected females by student t-test.  

 

To analyze the male choice experiments, we first calculated the difference in the onset time 

of calling between the two females. For example, if the uninfected female called half an 

hour earlier than the infected female, she obtained a score of -0.5 while the female that 

called later obtained a score of 0.5. Subsequently, we randomly selected one of the two 

females in the same cages to obtain a data set that consisted of unchosen and chosen 

females (as 0/1) that were either infected or uninfected. To analyze which factors 

contributed to male choice, a generalized linear model (GLM) with a binominal error 

distribution was fitted, in which the dependent variable was whether the female was chosen 

(0/1), while the independent variables were male infection status, female infection status 

and the difference in the onset time of female calling between the females. The difference 

in the onset time of female calling between uninfected and infected females was 

determined by a student t-test. Female choice was analyzed in a similar way, i.e., the 

dependent variable in the GLM was whether the male was chosen, and the independent 

variables were female infection status and male infection status.  

 

Results 

Effects of OE-like infection on longevity and reproduction 

The different mating treatments did not affect longevity in females (χ2 = 2.6, df = 3, P = 0.5) 

(Fig. 1a), but did affect longevity in males (χ2 = 9.2, df = 3, P = 0.03). Specifically, uninfected 
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males that had mated with infected females lived significantly shorter than uninfected males 

that had mated with uninfected females (P < 0.001) (Fig. 1b).  

 
Fig 1. Longevity of (a) females and (b) males in relation to four mating treatments. I x I, infected 
females mated with infected males; I x U, infected females mated with uninfected males; U x I, 
uninfected females mated with infected males; U x U, uninfected females mated with uninfected 
males. 

 

The mating treatments did affect fecundity (F = 5.1, df = 3, P = 0.0025) and fertility (F = 33.1, 

df = 3, P < 0.0001) of females. Specifically, the fecundity of uninfected females was similar 

when mated with either uninfected or infected males (P = 0.99). However, infected females 

that had mated with infected males produced a significantly lower number of eggs than 

infected females that had mated with uninfected males (P = 0.013) (Table 1). The fertility of 

uninfected females was similar when mated with either uninfected or infected males (P = 

0.794). However, the fertility of infected females that had mated with uninfected males was 

significantly higher than the fertility of infected females that had mated with infected males 

(P < 0.001) (Table 1).  

 
Table 1. Effects of OE-like parasite on the longevity and reproductive performance of H. armigera in 
four mating treatments. 

Treatments N 
Longevity (days) 

Fecundity (eggs) Fertility (%) 
Females Males 

I x I 24 14.6±1.1a 19.5±1.2ab 672.2±132.6b 58.8±7.0c 

I x U 25 16.9±1.1a 17.6±1.0b 1296.5±143.7a 71.0±4.8b 

U x I 29 15.9±0.6a 20.4±1.1ab 1324.4±132.7a 83.5±2.9a 

U x U 27 16.4±0.8a 22.4±0.9a 1307.5±126.9a 80.8±2.6a 

Mean (± SE) followed by different letters in the same column are significantly different (Tukey-Kramer HSD test, P 

< 0.05). I x I, infected females mated with infected males; I x U, infected females mated with uninfected males; U 

x I, uninfected females mated with infected males; U x U, uninfected females mated with uninfected males. 
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Effects of OE-like infection on mating success 

When uninfected couples were paired for five nights, 94 % of them mated at least once, 

while 41 % mated more than three times. In comparison, 84 % of the uninfected females 

paired with infected males mated at least once, while 44 % mated more than three times; 

89 % of infected females paired with uninfected males mated at least once, while 29 % 

mated more than three times; and 73 % of infected couples mated at least once, while only 

9 % mated more than three times (Fig. 2).  

 

 
Fig 2. Mating frequencies when paired with same partner for five nights in four mating treatments. I x 
I, infected females mated with infected males; I x U, infected females mated with uninfected males; U 
x I, uninfected females mated with infected males; U x U, uninfected females mated with uninfected 
males. 

 

Effects of OE-like infection on female calling and pheromone 

The calling patterns of uninfected and infected females did not differ over four consecutive 

nights (Fig. 3). Specifically, the percentage calling per night was similar between uninfected 

and infected females during the first (χ2 = 3.35, df = 1, P = 0.067), the second night (χ2 = 0.06, 

df = 1, P = 0.801), the third night (χ2 = 0.13, df = 1, P = 0.718) and the fourth night (χ2 = 0.7, df 

= 1, P = 0.403) (Fig. S1a). In addition, the onset and duration of calling times were similar 

between uninfected and infected females over the four consecutive nights (Fig. S1b and S1c). 

Uninfected and infected females also produced similar amount of pheromone (P = 0.867) as 

well as similar ratios of pheromone components (P = 0.114) (Fig. 4).   
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Fig 3. Female calling patterns in four consecutive nights. n.s.: not significant. 

 

 

 

Fig 4. Pheromone composition of H. armigera females in relative amount of pheromone compounds. 
Insert: total amount of pheromone. n.s.: not significant.    

 

 

 

n.s.

n.s.
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Effects of OE-like infection on mate choice  

In the female choice experiments, uninfected females did not mate significantly more with 

uninfected males than with infected males (χ2 = 0.21, df = 1, P = 0.65). However, infected 

females mated significantly more with uninfected males than with infected males (χ2 = 8.29, 

df = 1, P = 0.004) (Fig. 5a). In the male choice experiments, male choice was not affected by 

either male infection status (χ2 = 0.24, df = 1, P = 0.63) or female infection status (χ2 = 0.02, 

df = 1, P = 0.90). However, when we compared the onset time of female calling of the two 

females that were caged together, we found that the onset time of female calling affected 

male choice (χ2 = 6.94, df = 1, P = 0.008) and that infected females called significantly earlier 

than uninfected female (P = 0.007) (Fig. 4b and Fig. 5).  

 

 
Fig 5. Effect of OE-like infection on mate choice in H. armigera, (a) female choice, (b) male choice. n: 
number of matings. Significant differences are indicated by asterisks (*: P < 0.05, **: P < 0.01). n.s.: 
not significant.    

 

 
Fig 6. Onset time of female calling in male mate choice experiment. Significant differences are 
indicated by asterisks (**: P < 0.01). 
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Discussion 

Effects of OE-like infection on H. armigera differed between the sexes, specifically in male 

longevity and female reproduction. In mate choice experiments, infected females choosing 

parasite-free males gained direct fitness benefits, with approximately 12 % more offspring. 

Interestingly, while male choice was not influenced by female infection status, it was 

significantly affected by the onset time of female calling; infected females called significantly 

earlier when housed together with uninfected females. OE-like infections did not affect 

female calling behavior or her sex pheromone signal when uninfected and infected females 

were held individually. 

 

Effects of OE-like infection on longevity and reproduction, mating success 

Due to the divergent life history strategies in both sexes, parasites could impact the fitness 

of males and females differently (Stoehr and Kokko 2006; Sharp and Vincent 2015; Gipson 

and Hall 2016). In our experiments, infections affected longevity differently between the 

sexes. Uninfected males that had mated with infected females lived significantly shorter, 

compared to uninfected or infected males that had mated with uninfected females, while 

female longevity was unaffected by OE-like infection. Interestingly, infected females that 

mated with uninfected males had higher reproductive output, compared to infected females 

mated with infected males. This difference may be due to a higher reproductive investment 

of uninfected males towards infected females as a possible form of terminal investment 

strategy (Staudacher et al. 2015). In Lepidoptera, the spermatophore that male moths 

produce may be up to ~ 5 % of their body weight (Blanco et al. 2009). Possibly, uninfected 

males produce larger spermatophores when mating with infected females than with 

uninfected females and thus vary their reproductive investment, depending on the partner’s 

physical status. This may be an adaptive strategy to maximize lifetime reproductive output 

in response to infection pressure, which has been found in other lepidopteran species, flies 

and crickets (Adamo 1999; Javoiš and Tammaru 2004; Khan and Prasad 2013; Staudacher et 

al. 2015). In contrast, the reproductive output of uninfected females was not affected by the 

infection status of their mating partners, suggesting that a male’s infection status could be 

trivial for females in good condition.  

 

It is possible that parasitic infections may reduce the mating opportunities and competitive 

abilities of males, but not of females (Jaenike 1988; Thomas et al. 1995; De Roode et al. 

2007). However, we found fitness effects for both sexes when both parents were infected, 

as the mating frequency and reproductive output was lowest in couples where both 

partners were infected. In polygamous species such as noctuid moths, females could gain 

directly benefits from multiple matings (Chapter 2), a reduction in mating rates by the OE-

like parasite may thus decrease her lifetime reproductive output.  
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Effect of OE-like parasite on sexual attractiveness 

Previous studies indicate that infections may reduce sexual attractiveness, which may due to 

a trade-off between sexual signaling and immunocompetence (Folstad and Karter 1992; 

Verhulst et al. 1999; McKean and Nunney 2001; Peters et al. 2004). In fact the production of 

pheromones has been confirmed to be a condition dependent sexual signal in several 

species, such as in lizards, beetles, flies and moths (Worden et al. 2000; Rantala et al. 2003; 

Shelly et al. 2007; Martín and Lópezs 2010; Barthel et al. 2015). For example, immune 

challenge by a tapeworm significantly reduced the attractiveness of the male sex 

pheromone in grain beetles, Tenebrio molitor (Worden et al. 2000). However, we found that 

OE-like infection did not affect female calling behavior and sex pheromone production in H. 

armigera, when uninfected and infected females were held separately. One possible 

explanation for our results might be that these infected virgin females increased terminal 

investment in their attractiveness for mating opportunity prior to reproduction (Sadd et al. 

2006; Kivleniece et al. 2010). Animals can adjust their reproductive effort to maximize 

lifetime reproductive success, as life-history theory predicts that organisms should trade off 

current and future reproduction by changing resource allocation (Clutton-Brock 1984; Kokko 

1998; Siefferman and Hill 2005). To produce and maintain the costly sex pheromone signal 

both qualitatively and quantitatively, infected females reallocate resources that are 

presumably partitioned into other life history traits, such as life expectancy or reproduction. 

As OE-like infection did not reduce infected female longevity, but reproduction, we presume 

that sexual attractiveness trades off with future reproduction in the females of H. armigera.  

 

Effect of OE-like parasite on mate choice 

Infections may affect mate choice, because the chooser’s and/or the potentially chosen 

mate’s behavior may be affected. The fact that we found infected females mating 

significantly more with uninfected than with infected males when given a choice may either 

be due to female choice, or uninfected males may be more competitive than infected males. 

In general, in mating systems female choice is difficult to disentangle from the effects of 

male-male competition (Paul 2002; Edward and Chapman 2011). However, since we found 

that uninfected females did not show a preference for uninfected or infected males, it 

seems more likely that our results are due to female choice than that males differed in their 

competitiveness. Furthermore, our finding that infected females choosing parasite-free 

males gained direct benefits, i.e., approximately 12 % more offspring, compared to infected 

females that had mated with infected males, is in line with this explanation.  

 

As infected females did choose not to mate with infected males, we expected that infected 

males would choose uninfected females in the male choice experiment. However, we found 

that male choice was not influenced by female infection status, but instead by the onset 

time of female calling. Probably, males cannot discriminate between uninfected and 
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infected females, as the sex pheromone signal did not differ between infected and 

uninfected females. The fact that infected females called significantly earlier than uninfected 

females when paired together in the cages, which was not the case when uninfected and 

infected females were held individually, indicates that females interact with each other and 

affect each other’s behaviors. Previous studies have shown that females alter their calling 

behavior based on the presence/absence of conspecifics, most likely to increase her chance 

of accessing males (Burand et al. 2005; Yang et al. 2009; Rehermann et al. 2016). Our results 

suggest that infected females are able to adjust their mating strategy by calling earlier to 

increase their mating probability when in competition.  

 

Conclusion 

We found that OE-like parasites negatively affects the fitness and mating success of it host H. 

armigera in both males and females, but differently. To enhance reproductive success, 

males and females could adjust their investment in mating and reproduction strategies in 

response to infection (Staudacher et al. 2015). We hypothesize that uninfected males seem 

to take advantage of terminal investment strategy to enhance their reproductive investment. 

In contrast, infected females seem to put more effort into mate assessment to avoid mating 

with infected partners, or advance their onset time of calling to increase their mating 

opportunities and gain more offspring. These adaptive changes could be especially 

important for polygamous species with intense sexual conflict and competition (Alonzo and 

Warner 2000; Kokko and Jennions 2014; Lorenzi et al. 2019), such as noctuid moths. Mating 

strategies may differ between males and females due to sex-specific effects of parasites, 

potentially leading to sex-specific selection (Sharp and Vincent 2015). 
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Supporting information 

 
 
Fig S1. Female calling behaviors in four consecutive nights when uninfected (grey bars) or infected 
(black bars). (a) percentage of female calling, (b) time spent on calling, (c) Onset time of female calling. 
n: total number of female observed. n.s.: not significant. 
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Changes in female pheromone signals and male responses promote the evolution of moth 

sexual communication systems (Evenden et al. 2002; Johansson and Jones 2007). Divergence 

of sexual communication signals could lead to reproductive isolation, which is regarded as 

the key step towards speciation (Löfstedt et al. 1991; Wicker-Thomas 2011). Therefore, it is 

important to understand the causes and consequences of variation in female pheromone 

signals and male responses, and how this is involved in speciation. Especially in this era of 

rapidly changing environments, it is crucially important to know whether, and how, species 

can adapt to these changing environments. As sexual selection is a strong selection force 

that may cause rapid changes in populations (Panhuis et al. 2001; Tinghitella 2008; Rudh et 

al. 2011; Seddon et al. 2013), in this thesis I investigated which factors affect moth sexual 

communication.  

 

Which sex benefits most from mate choice? 

In many moth species, both males and females mate multiple times during their lifetime 

(Cook 1999; McNamara et al. 2007; Safonkin 2011; Chapter 2). However, matings can be 

costly for both males and females: matings generally last from half an hour to several hours 

(Hosseini et al. 2016), during which time males produce a spermatophore that comprises up 

to 5 % of their body weight (Blanco et al. 2009). Since the importance of mate choice largely 

depends on the costs and benefits of this choice, in Chapter 2 I assessed the possible costs 

and benefits of multiple matings for both sexes in the polygamous moth species H. virescens. 

I found that multiple matings could be costly as well as beneficial for both males and 

females. It suggests that mutual mate choice may occur, as variance in reproductive success 

can be similar in females and males, and both sexes gain direct benefits from additional 

matings.     

 

Evidence for mutual mate choice in many species is accumulating, both empirically and 

theoretically (Johnstone et al. 1996; Bonduriansky 2001; Pryke and Griffith 2007; Gomez et 

al. 2012; Aubier et al. 2018). Mutual mate choice does not necessarily mean that males and 

females are choosy at the same time (Courtiol et al. 2016). Mate choice may be a dynamic 

process over the mating season, depending on the mating history of the individuals and 

their mating partners, and the operational sex ratio may change in the course of a mating 

season, which affects the variance in reproductive success (Edward and Chapman 2011; 

Kokko et al. 2012). It is possible that benefits of additional matings may increase during the 

mating season, which would decrease choosiness. It is also possible that benefits of 

additional matings decrease, in which case choosiness would increase. In addition, in 

polygamous species sperm competition can influence the variance of reproductive success in 

both sexes, which could promote the evolution of mutual mate choice (Scharf et al. 2013; 

Courtiol et al. 2016). In modelling the costs and benefits of multiple matings, including 

different sperm competition scenarios, we found that the female Bateman gradient is 
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steeper than the male Bateman gradient until she has mated three times. Therefore, we 

concluded that males are likely the more choosy sex early in the mating season, while 

females possibly become the more choosy sex later in the mating season (Chapter 2). The 

life-history perspective on the costs and benefits of multiple matings for both sexes shows 

that sexual selection forces acting on sexual signals and responses are more dynamic than 

generally assumed in moths. 

 

Which factors cause geographic variation in sexual signals and responses? 

Even though moth sex pheromone signals are species-specific and important to distinguish 

conspecific mates from heterospecific mates, geographic variation has been found in many 

moth species (Cardé and Baker 1984; Löfstedt et al. 1991; McElfresh and Millar 1999, 2001; 

Cruz-Esteban et al. 2018). For example, geographic variation in female pheromone blends 

and male responses has been demonstrated in the turnip moth Agrotis segetum (Löfstedt et 

al. 1986, 1991; Gemeno et al. 2000). To determine the extent and possible causes of 

geographic variation in moth sexual communication, in Chapter 3 I investigated the level and 

extent of geographic variation in the sexual communication in the cotton bollworm H. 

armigera. I found geographic variation in the timing of female calling, as well as in the 

female sex pheromone signals and male responses.  

 

Different abiotic and biotic factors in the local environment conditions may affect moth 

sexual signals and responses (McNeil 1991; Symonds and Elgar 2004, 2008; Groot et al. 2006; 

Cruz-Esteban et al. 2018; Chapter 3). For example, photoperiod and temperature can 

influence the timing of female moths calling behavior and male receptivity (Delisle and 

McNeil 1986; Noldus and Potting 1990; Kamimura and Tatsuki 1994; Chapter 3). The effect 

of host plants on sex pheromone communication has been recorded in many insect species 

(McNeil and Delisle 1989; Landolt and Phillips 1997; Schöfl et al. 2009; Unbehend et al. 

2014). However, I found that host plants do not affect the sexual signal quality of H. 

armigera, but host plants do affect the pheromone quantity: females that were reared on 

corn produced significantly more pheromone than females reared on tomato both in Spain 

and China. Possibly, females that were reared on corn acquired more nutrition than larvae 

fed on tomato, so that they could produce more pheromone, and females producing higher 

quantities may be more attractive (Conner et al. 1990; Chapter 3). If geographic variation 

exists in host plant availability and/or preference and suitability, then this factor may 

potentially affect geographic variation in sexual communication. In addition, geographic 

variation in moth sexual communication can be caused by heterospecific sex pheromone, 

i.e., through communication interference between closely related species in sympatric areas 

(McElfresh and Millar 1999, 2001; Gries et al. 2001; Groot et al. 2007, 2009; Juárez et al. 

2016; Chapter 3). Indeed I found that when closely related species of H. armigera are 

present (i.e., H. punctigera in Australia and H. assulta in China), the addition of Z11-16:OAc 
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in the pheromone lures dramatically reduced the number of H. armigera males captured in 

Australia and China. However, when such species are absent in Spain, equal numbers of 

males were caught in traps with or without Z11-16:OAc. These interspecific interactions can 

be an evolutionary force to drive the divergence in female sex pheromone signals as well as 

behavioral responses in males (Löfstedt et al. 1991; McElfresh and Millar 2001; Groot et al. 

2006). From the aspect of practical application, Z11-16:OAc could be used as an antagonist 

in pest management strategies to control H. armigera.  

 

Geographic variation in sexual communication signals and responses may also be due to 

local natural enemies, which may exert natural selection on mating signals and responses 

(Zuk and Kolluru 1998; Symonds and Elgar 2008; Rundle et al. 2009; Laidre and Johnstone 

2013). For example, the sex pheromone produced by bark beetle Dendroctonus frontalis is 

also detected by a number of predators and parasitoids (Dixon and Payne 1980), and the 

adult female bolas spider Mastophora hutchinsoni can prey on males of four different moth 

species by mimicking their female moth sex pheromones (Yeargan 1988, 1994; Haynes et al. 

2002). Unfortunately, I did not have the time to investigate which (potential) natural 

enemies were present at the different locations, but I propose that future research should 

take the effect of predators and parasitoids into account for a better understanding of the 

evolution of sex pheromone signals. 

 

Effects of parasites on sexual selection in moths 

During my field studies, I did find the Ophryocystis elektroscirrha-like (OE-like) parasite in H. 

armigera adults in China and Australia (Chapter 4). As sexual signals are also used as an 

indicator of mate assessment, which reveals an individual’s quality, such as reproductive or 

infection status (Moore et al. 1997; Johansson and Jones 2007), parasites can play important 

roles in its host mate choice and sexual selection. For example, in the house mouse Mus 

musculus, females have the ability to discriminate against the odor of parasitized males 

(Kavaliers and Colwell. 1995; Ehman and Scott 2002). Therefore, in Chapter 5 I investigated 

the effects of the OE-like parasite on sexual attractiveness and mate choice in the moth H. 

armigera.  

 

a) Effects of parasites on chemical mating signals 

When insects suffer parasite infection, chemical mating signals can be negatively influenced 

(Worden et al. 2000; Rantala et al. 2003). For example, Worden et al (2000) found that 

parasitic infection reduces the attractiveness of male pheromones in the grain beetle 

Tenebrio molitor. However, in H. armigera I found that the OE-like parasite did not affect the 

quantity and quality of female sex pheromone (Chapter 5). In addition, when I observed 

infected or uninfected females separately in a single beaker, the timing of calling of infected 

females was not different from that of uninfected females. However, in male choice 
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experiment, when infected females and uninfected females were housed in the same cages, 

infected females started to call significantly earlier than uninfected females (Chapter 5). 

These results suggest that although parasites did not change the sexual pheromone signals, 

parasite infections do affect the timing of female sexual behaviors. As the timing of sexual 

behaviors at night determines to a large degree which species interact and with which 

species communication interference may occur (Groot 2014), such a shift in timing can have 

important consequences on the selection pressures exerted on the sexual signal. Whether 

parasite infections could affect the rhythm of sexual behaviors of their hosts or female-

female interactions could be the subject of future research. 

 

b) Effects of parasites on mate choice 

Parasites can also affect host mate choice and mating strategies, as has been formalized by 

the parasite-mediated sexual selection hypothesis, which states that females should choose 

parasite-free males, so that females may gain heritable resistance (Hamilton and Zuk 1982). 

The problem of this hypothesis is that it is based on the assumption of female choice 

(Deaton 2009; Wittman and Fedorka 2014). However, males can become choosy when 

males invest equally or even more to their offspring than females (Robert 1972; 

Bonduriansky 2001). The role of parasites in male choice has mostly been ignored, and only 

few studies have examined the impact of infection on male and female mate choice in the 

same system (Mazzi 2004; Byrne and Rice 2006; Harari et al. 2011; Beltran-Bech and Richard 

2014).  

 

In examining both male and female choice, I found that the OE-like parasite affected female 

choice but not male choice. Specifically, infected females mated significantly more with 

uninfected males, and these females had approximately 12 % more offspring than infected 

females mating with infected males (Chapter 5). These results indicate that infected females 

gain direct benefits by choosing parasite-free males, while males do not gain benefits from 

choosing infected or uninfected females. However, I also found that uninfected males had 

significantly shorter lifespans when they mated with infected females, while infected 

females had lower reproduction outputs (Chapter 5). Together, these results indicate that 

the parasite affects the fitness of H. armigera males and females differentially, which 

suggests that males and females of H. armigera have different investments in immunity, life 

history traits and reproduction (McKean and Nunney 2001; Rolff 2002; Zuk et al. 2004; 

Barthel et al. 2015; Kelly et al. 2018).  

 

When parasites affect the fitness of males and females differently, mating strategies may 

differ between males and females, potentially leads to sex-specific effects on their immunity 

and other life history traits (McKean and Nunney 2005; Restif and Amos 2010). First, if the 

sexes differ in their mating strategies, this could promote sex dimorphism in immunity, with 
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males usually having lower immunocompetence than females (Vincent and Gwynne 2014). 

For example, in the monarch butterfly, sex differences in immune function and response to 

infection of O. elektroscirrha have been found: males exhibited higher susceptibility than 

females to infection (Lindsey and Altizer (2009). Second, when suffering parasitic infection, 

immune defense is often costly to maintain, and trade-offs between immunity and other life 

history traits differ between males and females in many insect species (Rolff 2002; Tschirren 

et al. 2003; Restif and Amos 2010; Vincent and Gwynne 2014). For example, in H. virescens 

immune response is negatively linked with reproduction in females but not in males, as 

females may invest more resources in immune response than males (Barthel et al. 2015). 

From an evolutionary point of view, such sex-specific effects linked with parasite infection 

could eventually accelerate the asymmetry of evolution between males and females.  

 

c) Who gets the benefits, the parasites or the hosts? 

As discussed above, parasites can impact their host sexual behaviors. Changes in host 

behavior could be beneficial to the parasites, for example by increasing the rate of 

transmission and survival (Lafferty 1999). One prominent example are baculoviruses that 

manipulate the climbing behavior of lepidopteran caterpillars, known as tree top disease or 

Wipfelkrankheit (Smirnoff 1965; van Houte et al. 2014): Infected caterpillars often die and 

liquefy at elevated positions, which increases the chance to release and disseminate the 

virus on plant foliage (van Houte et al. 2013). However, changes in host behavior are not 

always adaptive to the parasites (Thomas et al. 2005; Han et al. 2015). In many cases it can 

also be adaptive to the hosts by altering their behaviors in ways that work against parasite 

infection (Poulin 2010). Examples of host adaptive behaviors include reducing the risk of 

parasite exposure (e.g., avoiding infectious habitats), and increasing tolerance or resistance 

to infections (e.g., self-medication) (De Roode and Lefèvre 2012; van Houte et al. 2013; 

Horký et al. 2014). Thus, even though parasite-induced behavioral changes can reduce host 

fitness, hosts can safeguard themselves against parasitic infection under natural selection 

and/or sexual selection (De Roode and Lefèvre 2012; Chapter 5). From an co-evolutionary 

perspective, the consequence of behavioral changes may be beneficial for both the parasites 

and hosts (Lefèvre et al. 2009). In our parasite-host system, the observed behavioral 

changes in females appear to benefit both the parasite and host, however it is not clear 

what is driving these changes. Future studies should pay more attention to the relationship 

between the evolution of OE-like parasite virulence and the evolution of host resistance in 

moths. 

 

4. Sexual selection in a rapidly changing world 

In conclusion, I have identified several factors that affect variation in the sexual 

communication of moths. In this era of climate change and a rapidly changing world, my 

results have the following implications:  
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Climate change may have an increasing impact on the strength of sexual selection on 

animals in many different ways, directly or indirectly (Musolin 2007; Post and Forchhammer 

2008; Spottiswoode and Saino 2010). First, climate change can directly affect the forces of 

sexual selection via its effects on sexual signals and responses between the sexes (Hegyi et al. 

2007; Møller 2011; Groot and Zizzari 2019). A growing number of studies found evidence 

that heat stress can interfere with sexual communication through disrupting sex pheromone 

biosynthesis, accelerating the decay of pheromone as well as impairing the perception of 

pheromone in many insect species (Linn et al. 1988; Zizzari and Ellers 2011; Martín and 

López 2013; Conrad et al. 2017; Henneken and Jones 2017). In this context, it is important to 

note that the sexes are differentially affected by both asexual and sexual environmental 

factors, and that in moths not only males but also females benefit from multiple matings 

and mate choice (Chapter 2). Secondly, climate change could increase variation in regional 

climate conditions and shift species geographical distributions, changing interspecific 

interactions (Porter et al. 1991; Engler et al. 2013; Singer et al. 2013; Kronfeld-Schor et al. 

2017). The modification of abiotic (e.g., temperature, humidity and wind speed) and biotic 

conditions (e.g., host plants, the presence of other species, natural enemies) under climate 

change may profoundly affect mate choice, and shift preferences (Chapter 3).  

 

Furthermore, climate change may indirectly affect sexual selection via its effects on the 

interaction between parasites and hosts. Due to changing temperatures, parasites may 

expand to new habitats or new hosts (Chapter 4). Once parasites are introduced into new 

populations or new hosts, parasites can have major impacts on host sexual selection 

processes (Chapter 5). However, whether the strength of sexual selection has negative or 

positive effects on the viability of populations of moths in novel environmental conditions is 

still unclear. As sexual selection is a powerful force that may drive speciation (Mendelson 

and Shaw 2005; Mullen et al. 2007; Chakrabarty et al. 2011), future research should give 

more attention to understand the effects of climate change on sexual selection processes in 

living organisms, to understand how sexual selection contributes to the adaptation of 

animals in a rapidly changing world.     
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Summary 

Sexual selection is a powerful evolutionary force that can lead to divergence in mating 

signals and preferences. In many moth species, females emit a sex pheromone to attract 

males. Changes in female pheromone signals and male responses promote the evolution of 

sexual communication systems. Therefore, it is important to understand the causes and 

consequences of variation in signals and responses, especially in this era of a rapidly 

changing world. In this thesis, I assessed what determines the strength of sexual selection in 

the polygamous moth Heliothis virescens (CHAPTER 2). Furthermore, I assessed the level and 

extent of geographic variation in the sexual communication of the moth Helicoverpa 

armigera (CHAPTER 3). Since parasites can have major effects on sexual attraction in their 

hosts, I further investigated the presence of a Ophryocystis elektroscirrha-like (OE-like) 

parasite in field populations and determined its host-specificity (CHAPTER 4), as well as its 

effects on the fitness, mating behavior and sexual selection in H. armigera (CHAPTER 5).  

 

In CHAPTER 2, I demonstrated how sexual selection dynamics change over the course of a 

lifetime in H. virescens, based on the framework of the Bateman’s principle. Bateman’s 

principle states that the sex with the greatest variability in reproductive success benefits the 

most from multiple matings. In H. virescens, I showed that multiple matings are beneficial as 

well as costly for both sexes, depending on the mating history of the individuals and their 

mating partners. In the mating experiments, when paired with a new virgin mate every night 

for five nights, only 67 % of the males and 14 % of the females mated successfully in all five 

nights. The female’s reproductive output increased with multiple matings, when paired with 

a new virgin male every night, although additional matings beyond 3 decreased her 

reproductive output, so that the Bateman gradient for females best fits a quadratic model. 

Male reproductive success was positively affected by the number of matings and best fits a 

linear model. Interestingly, sperm precedence affects the steepness of the Bateman curve 

for males, i.e., increased last-male paternity resulted in a steeper Bateman gradient for 

males.  

 

Bateman’s principle also indicates that the sex with a steeper Bateman gradient is the sex 

competing for mating partners, while the other sex is likely the more choosy sex. As the 

female Bateman gradient is steeper than the male Bateman gradient until she has mated 

three times, males are possibly the more choosy sex early in the mating season, while 

females likely become the more choosy sex later in the mating season. This life-history 

perspective on the costs and benefits of multiple matings for both sexes shows that sexual 

selection forces acting on sexual signals and responses are more dynamic than generally 

assumed. 
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In CHAPTER 3, I showed that there is geographic variation in the timing of calling, and the 

sexual signals and responses of H. armigera. Specifically, H. armigera females exhibited 

different temporal patterns of calling behavior under local conditions in Spain, China and 

Australia. The female sex pheromone compositions were significantly different among the 

three populations, i.e., females from China contained significantly more of the major sex 

pheromone component Z11-16:Ald than females from Spain. In the male response 

experiments, the addition of Z11-16:OAc in the pheromone lures dramatically reduced the 

number of males captured in Australia and China, but not in Spain, where equal numbers of 

males were caught in traps with or without Z11-16:OAc. The found geographic variation in 

the sexual communication of H. armigera is likely due to local environmental conditions, 

such photoperiod and temperature, but also due to the presence of other closely related 

species with which communication interference could occur. This can explain the difference 

in male response, as in Australia and China closely related species of H. armigera are present, 

while such species are absent in Spain. These findings could provide useful information for 

pest management strategies, especially because H. armigera is a seriously agricultural pest 

throughout the world. 

 

As parasites can have a large effect on sexual attraction, I investigated the presence of 

parasites in field populations. The parasite O. elektroscirrha (OE) is a neogregarine 

protozoan and has been thought to be an obligate parasite restricted to the monarch 

butterfly, Danaus plexippus and queen butterfly D. gilippus. In CHAPTER 4, I first report the 

presence of OE-like parasites in other Lepidoptera, specifically in three noctuid moths: H. 

armigera, H. assulta and H. punctigera, as well as in another nymphalid butterfly, Parthenos 

sylvia. In sequencing 558 bp of 18S rRNA, I found a 95.2 % genetic similarity between OE 

from D. plexippus and the OE-like parasite from the moths H. armigera and H. punctigera. In 

cross-species infection experiments, I further showed a higher host specificity of OE 

collected from the monarch butterfly than the OE-like parasites collected from H. armigera. 

Interestingly, I did not detect OE-like parasites in the H. armigera population in Spain. Inter-

population infection experiments in the laboratory with the different H. armigera 

populations collected from Spain, China and Australia demonstrated a higher sensitivity to 

OE-like infection in the population from Spain, compared to the populations from Australia 

and China. These results suggest geographic variation in OE-like susceptibility and/or 

coevolution between parasite and host. Further studies should give insights into how OE and 

OE-like parasites evolve in relation to lepidopteran hosts and how much parasite 

transmission occurs over spatial and temporal scales. 

 

In CHAPTER 5, I tested how OE-like parasites affect the fitness, mating behavior and sexual 

selection in H. armigera. I found sex-specific differences in the effects of OE-like infection, 

specifically in male longevity and female reproduction, which is likely due to sex-specific life 
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history strategies. In mate choice experiments, when females were the choosing sex, 

infected females mated significantly more often with uninfected than infected males. 

Females gained direct fitness benefits from this choice, because this resulted in 

approximately 12 % more offspring. Male choice was not influenced by female infection 

status. Interestingly, when I compared the onset time of female calling of the two females 

that were caged together, I found that the onset time of female calling affected male choice 

and that infected females called significantly earlier than uninfected females, while this was 

not the case when females were housed alone. Together, these results suggest that sex-

specific effects of OE-like infections result in sex-specific mating strategies, which potentially 

leads to sex-specific selection.   
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Samenvatting 

Seksuele selectie is een sterke evolutionaire kracht die kan leiden tot divergentie in 

paringssignalen en voorkeuren voor deze signalen. In veel soorten nachtvlinders (motten) 

scheiden vrouwtjes een seksferomoon af om mannetjes te lokken. Veranderingen in de 

vrouwelijke seksferomoonsignalen en in de mannelijke responsen op deze signalen kunnen 

leiden tot de evolutie van seksuele communicatiesystemen. Het is daarom belangrijk om 

oorzaken en gevolgen van variatie in deze signalen en responsen te begrijpen, vooral in een 

tijd waarin de wereld snel verandert. In dit proefschrift heb ik de factoren onderzocht die de 

kracht van seksuele selectie bepalen in de polygame mottensoort Heliothis virescens 

(Hoofdstuk 2). Daarnaast heb ik onderzocht hoeveel geografische variatie er is in de 

seksuele communicatie van de mot Helicoverpa armigera (Hoofdstuk 3). Omdat parasieten 

een groot effect kunnen hebben op seksuele aantrekking in hun gastheer, heb ik verder de 

aanwezigheid van een Ophryocystis elektroscirrha-achtige parasiet onderzocht in 

veldpopulaties (Hoofdstuk 4), bepaald wat de gastheerspecificiteit van deze parasiet is, en 

wat de effecten van deze parasiet zijn op fitness, paringsgedrag en seksuele selectie in H. 

armigera (Hoofdstuk 5). 

 

In hoofdstuk 2 heb ik aangetoond hoe de dynamiek van seksuele selectie verandert 

gedurende het volwassen leven van H. virescens, in het kader van het Bateman principe. Dit 

principe stelt dat de sekse met de grootste variatie in reproductief succes de sekse is die het 

meeste baat heeft bij meerdere paringen. In H. virescens toon ik aan dat meerdere paringen 

voordelen en nadelen hebben voor beide seksen, afhankelijk van de paringsgeschiedenis van 

de paringspartners. Uit paringsexperimenten, waarin vijf nachten achter elkaar iedere mot 

iedere nacht een nieuwe maagdelijke partner kreeg, bleek dat maar 67 % van de mannetjes 

en 14 % van de vrouwtjes succesvol paarden in alle vijf de nachten. Het aantal nakomelingen 

dat het vrouwtje produceerde nam toe als zij iedere nacht met een nieuw, maagdelijk 

mannetje paarde, hoewel na meer dan drie paringen het aantal nakomelingen afnam, zodat 

de Bateman gradiënt voor vrouwtjes het best beschreven kan worden met een kwadratisch 

model. Het reproductieve succes van de mannetjes nam toe bij iedere volgende paring en 

kan dus het best beschreven worden met een lineair model. Overigens beïnvloedt de mate 

van spermagebruik de helling van de Bateman lijn: hoe meer sperma gebruikt wordt van het 

laatst gepaarde mannetje voor de bevruchting van de eieren, hoe steiler de lijn is. 

 

Batemans principe geeft verder aan dat de sekse met de steilere Bateman gradiënt de sekse 

is die de competitie aangaat om paringspartners te krijgen, terwijl de andere sekse 

waarschijnlijk de meer kieskeurige sekse is. Omdat de Bateman gradiënt van vrouwtjes 

steiler is dan die van de mannetjes totdat zij drie keer gepaard heeft, zijn mannetjes 

waarschijnlijk de meer kieskeurige sekse vroeg in het paringsseizoen, terwijl later in het 
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paringsseizoen de vrouwtjes waarschijnlijk kieskeuriger worden. Dit perspectief van de 

paringsgeschiedenis van beide seksen op de kosten en baten van meerdere paringen  laat 

zien dat seksuele selectiekrachten op seksuele signalen en responsen dynamischer zijn dan 

in het algemeen wordt aangenomen.  

 

In Hoofdstuk 3 laat ik zien dat er geografische variatie is zowel in het tijdstip van aantrekking 

als in de seksuele signalen en responsen van H. armigera. Zo lieten H. armigera vrouwtjes 

verschillende temporele patronen zien van hun lokgedrag onder de lokale omstandigheden 

van Spanje, China en Australië. Het seksferomoon van de vrouwtjes was ook significant 

verschillend in de drie populaties: vrouwtjes in China bevatten significant meer van de 

belangrijkste seksferomooncomponent Z11-16:Ald dan vrouwtjes in Spanje. In de 

experimenten gericht op de respons van mannetjes vond ik dat de toevoeging van Z11-

16:OAc in feromonoondispensers in lokvallen het aantal gevangen mannetjes in Australië en 

China dramatisch verminderde, maar niet in Spanje, alwaar vergelijkbare hoeveelheden 

mannetjes werden gevangen in vallen met en zonder Z11-16:OAc. De gevonden 

geografische variatie in seksuele communicatie van H. armigera wordt waarschijnlijk 

veroorzaakt door omgevingsfactoren als  daglengte en temperatuur, maar ook door de 

aanwezigheid van andere, nauw-verwante soorten waarmee communicatie(ver)storingen 

kunnen optreden. Zulke (ver)storingen kunnen de verschillen in mannelijke respons 

verklaren, omdat in Australië en China nauwverwante soorten aanwezig zijn, terwijl zulke 

soorten afwezig zijn in Spanje. Deze bevindingen zijn belangrijk in het kader van pest 

management strategieën waarin seksferomonen worden gebruikt, immers, H. armigera is 

wereldwijd een belangrijke plaag in vele gewassen.  

 

Aangezien parasieten een groot effect kunnen hebben op seksuele aantrekking in hun 

gastheren, heb ik de aanwezigheid van parasieten in veldpopulaties onderzocht. De parasiet 

O. elektroscirrha (OE) is een neogregarine protozoa, waarvan tot nog toe aangenomen werd 

dat het een obligate parasiet is die alleen voorkomt in de monarchvlinder Danaus plexippus 

en de koninginnevlinder D. gilippus. In Hoofdstuk 4 beschrijf ik de aanwezigheid van OE-

achtige parasieten in andere Lepidoptera, namelijk in drie nachtuiltjes soorten, H. armigera, 

H. assulta en H. punctigera, en in de vlinder Parthenos sylvia. Door 558 bp van het 18S rRNA 

te sequencen vond ik een genetische overeenkomst van 95.2 % tussen de OE van D. 

plexippus en die van H. armigera en H. punctigera. In kruisinfectie-experimenten laat ik 

verder zien dat de OE van de monarchvlinder een grotere gastheerspecificiteit vertoont dan 

die afkomstig van H.armigera. Echter vond ik geen OE-achtige parasieten in de Spaanse H. 

armigera populatie. Kruisinfectie-experimenten in het laboratorium tussen de verschillende 

H. armigera populaties uit Spanje, China en Australië lieten zien dat de populatie uit Spanje 

gevoeliger is voor OE-achtige infecties dan de populaties uit China en Australië. Deze 

resultaten suggereren dat er geografische variatie is in de vatbaarheid voor OE-achtige 
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infecties en/of dat er co-evolutie heeft plaatsgevonden tussen de parasiet en de gastheer. 

Vervolgstudies zullen inzicht moeten geven in hoe OE en OE-achtige parasieten evolueren in 

relatie tot hun lepidoptere gastheren en hoeveel parasietoverdracht plaatsvindt op 

verschillende plaats- en tijdschalen. 

 

In Hoofdstuk 5 heb ik onderzocht hoe OE-achtige parasieten de fitness, het paringsgedrag 

en de seksuele selectie in H. armigera beïnvloeden. Ik vond seksespecifieke verschillen in de 

effecten van OE-achtige infecties op met name de levensduur van mannetjes en de 

reproductie van vrouwtjes, wat waarschijnlijk komt doordat beide seksen verschillende 

overlevings- en voortplantingsstrategieën hebben. In paringskeuze-experimenten vond ik 

dat wanneer vrouwtjes de kieskeurige sekse waren, geïnfecteerde vrouwtjes significant 

vaker paarden met ongeïnfecteerde mannetjes dan met geïnfecteerde mannetjes; de 

vrouwtjes haalden hier direkt voordeel uit want dergelijke paringen leverden ongeveer 12 % 

meer nakomelingen op. Mannetjeskeuze werd niet beïnvloed door de infectiestatus van 

vrouwtjes. Interessant genoeg vond ik dat het aanvangstijdstip van het lokgedrag in 

vrouwtjes, vergeleken tussen de vrouwtjes die samen in een kooi zaten, de mannetjeskeuze 

beïnvloedde en dat geïnfecteerde vrouwtjes significant eerder begonnen met hun lokgedrag 

dan ongeïnfecteerde vrouwtjes, terwijl dat niet het geval was als vrouwtjes alleen ie een 

kooi zaten. Tezamen suggereren deze resultaten dat seksespecifieke effecten van OE-achtige 

infecties seksespecifieke paringsstrategieën tot gevolg hebben, en dit kan potentieel leiden 

tot seksespecifieke selectie. 
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