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CHAPTER TWELVE

Male Pheromones in Moths

Reproductive Isolation, Sexy Sons, and Good Genes

WILLIAM E. CONNER and VIKRAM K. IYENGAR

INTRODUCTION
GENETIC ARCHITECTURE IN LEPIDOPTERA

MATE CHOICE

Species or mate recognition
Mate assessment

BENEFITS OF MATE ASSESSMENT

Direct (phenotypic) benefits
Indirect genetic benefits
Good genes
Sexy sons
Sexy sperm

SCENT STRUCTURES IN MALE LEPIDOPTERA

COURTSHIP CHARACTERISTICS

Female responses to male pheromones
Increased female acceptance
Female quiescence

Introduction

The amount of information published on the pheromones of
moths is voluminous, and the great majority of it focuses on
the female attractants of pest insects because of their eco-
nomic importance (Cardé and Minks 1997; Blomquist and
Vogt 2003; Cardé and Millar 2004; El-Sayed 2011; Ando 2012).
From the perspectives of an animal behaviorist and an evolu-
tionary biologist, however, male pheromones are of equal if
not greater interest. Male courtship pheromones and the struc-
tures and behaviors associated with their release are the grist
of sexual selection. This chapter is devoted to male moth pher-
omones, their biology, chemistry, and evolution. It will begin
with a discussion of the genetic architecture of sex determina-
tion in Lepidoptera and how it predisposes males to extrava-
gance. We will describe the benefits accrued by females who
exercise mate choice based on male courtship pheromones,
and we will emphasize empirical tests of the models for sexual

Specific acceptance behaviors
Female moves away
Female attracted (short range)
Female attracted (long range)
Female decreases calling
Female sound production
Male responses to male pheromones
Attraction of conspecific males
Repulsion of conspecific male
Lekking (sex role reversal)

SOURCE OF MALE PHEROMONES
QUEST FOR PHEROMONE PRECURSORS
ROLE OF SOUND IN COURTSHIP
FUTURE DIRECTIONS
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selection through mate choice using the case study of Utetheisa
ornatrix (Erebidae). We will also describe the diversity of male
pheromone releasing structures, the propensity for diet depen-
dence in male pheromones, and the unusual behaviors and
physiology associated with pheromone precursor collection.
Our primary objective is to demonstrate that male phero-
mones are worth studying and their stories are some of the
most interesting in chemical ecology. Previous reviews of male
courtship pheromones in moths include those of Birch (1970a,
1970b, 1972, 1974), Weatherston and Percy (1977), Haynes and
Birch (1985), Tamaki (1985), Birch and Hefetz (1987), Baker
(1989), Birch et al. (1990), and Krasnoff (1997).

Genetic Architecture in Lepidoptera

Lepidopterans and birds share a “reversed” genetic architec-
ture that determines sex. In both birds and Lepidoptera, and
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FIGURE 12.1 Inheritance of a Z-linked mating preference. The
white Z represents the sex chromosome bearing the preference
gene(s), shown here to be introduced into the lineage by the
paternal grandmother. The gray Z is that possessed by the
mother but not transmitted to daughters. Therefore, grand-
daughters can only acquire Z-linked gene(s) by way of their
father (after Iyengar et al. 2002 and reprinted with permission
from Nature).

unlike humans, the female is the heterogametic sex. The
implications of this are profound and may have preadapted
males to evolve exaggerated traits in these prominent taxa
(Reeve and Pfennig 2003; Iyengar and Reeve 2010). Female
moths are ZW and males are ZZ (figure 12.1). The protected
invasion theory of Reeve and Shellman-Reeve (1997) predicts
that female mating preference alleles should be inherited
from their fathers and will be transmitted to all of a female’s
sons that have the father’s attractive trait (Iyengar et al. 2002).
Such alleles will be less vulnerable to chance loss when rare
and more likely to fuel the evolution of exaggerated male
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traits through sexual selection. The protected invasion theory
also predicts that the female preference alleles will be corre-
lated with the preferred male trait alleles, a prerequisite for
both Fisherian and good genes models of sexual selection (see
below). Experimental evidence for the paternal inheritance of
a female moth’s mating preference and a correlation of female
mating preference and male target traits have been found in
the mating system of Utetheisa ornatrix (see case study).

Mate Choice

Given the diversity of scents and disseminating structures in
male moths (see figure 12.2 and Table 12.1), there can be little
doubt that male courtship pheromones have arisen through
sexual selection (Birch et al. 1990). The roles played by males
and females in moth courtship are consistent with those pre-
dicted by disparities in parental investment between the two
sexes (Trivers 1972; Thornhill 1979; Cardé and Baker 1984). In
keeping with their large contribution to offspring in the form
of nutrient-rich eggs, females play a less costly role in the
communication system (Hammerstein and Parker 1987).
Females generally remain stationary and emit vanishingly
small amounts of pheromones that draw males upwind to
them. Females are said to be the limiting, choosy sex because
of the time and energy necessary to produce and replenish
eggs (Trivers 1972; Andersson 1994) and they maximize their
fitness through the choice of high-quality mates. Because of
their smaller per capita contribution to offspring and ability
to replenish sperm quickly, males, the non-limiting sex, bear
the cost of searching for and competing for females. Male
courtship pheromones with their associated elaborate dissem-
inating structures frequently mediate female mate choice
(Baker and Cardé 1979; Greenfield 2002) and males maximize
their fitness through multiple matings. Phelan (1992) nicely
summarized and extended the logic behind the disparate
roles of the sexes in moth chemical communication in his
asymmetric tracking hypothesis.

Beyond these general patterns the critical questions are
those concerned with the specific benefits of female mate
choice. In this sense studies of moth courtship and the role of
male pheromones have mirrored the trends of the sexual
selection literature over the last three decades (Bradbury and
Andersson 1987).

Species or Mate Recognition

One of the key ideas of modern biology is the concept of
reproductive isolation. It is the foundation of the biological
species concept and fundamental to the process by which
species form and are maintained (Coyne and Orr 2004). It has
been suggested that one important function of male scent dis-
seminating structures in moths and the pheromones that
they release is that they promote species recognition, main-
tain reproductive isolation, and prevent hybridization and
the loss of fitness associated with it. Evidence for these func-
tions for male pheromones, however, is scant (Birch et al.
1990). An exception is an insightful meta-analysis by Phelan
and Baker (1987) in which they measured whether the pres-
ence of scent disseminating structures in members of five
families of moths (Phycitinae of North America and Europe,
Yponomeutidae of Japan, Tortricidae and Noctuidae of Great

6/24/16 1:53 PM



56137txt.indd 193

Britain, and Ethmiidae from the western United States) was
correlated with sharing the same host plant. They reasoned
that if two species shared a host plant they would be more
likely to make mating mistakes increasing the relative
strength of selection for species recognition. They found a
significant correlation between sharing a host plant and the
presence of male scent disseminating structures across these
groups and concluded that male pheromones promote repro-
ductive isolation. Further, they suggest that the mechanism
for the evolution of reproductive isolation was runaway sex-
ual selection, a mechanism consistent with the pattern of
male pheromones arising repeatedly and independently
across taxa. Although correctly criticized for analyzing spe-
cies as independent units and for not analyzing independent
evolutionary events phylogenetically (Krasnoff 1997; Green-
field 2002), the study stands alone as the most comprehensive
cross-taxa test of the species-recognition hypothesis in moths.
Additional meta-analyses with proper controls are needed
(Krasnoff 1997). For a model phylogenetically controlled
study of the evolution of male moth pheromones see Wagner
and Rosovsky (1991) who studied the evolution of male scent
disseminating structures in the Hepialidae, a primitive family
of Lepidoptera.

Additional evidence for a species-recognition function has
been gathered by focusing on small clades of insects like
Ephestia elutella, Cadra figulilella, and related phycitinae Pyral-
idae (Phelan and Baker 1990a, 1990b, and references therein)
which have complex courtship sequences, the choreography
of which involve the delivery of male pheromones. Similarly
the multicomponent pheromone blend of Grapholita molesta
and a complex courtship ritual point to a species-recognition
function (Baker and Cardé 1979; Baker et al. 1981). The role of
male courtship pheromones in reproductive isolation in
members of the genus Heliothis (Noctuidae) has received
renewed interest (Hillier and Vickers 2004, 2011; Hillier et al.
2007) and the recent studies of Lassance and Lofstedt (2009)
suggest a similar function for the hairpencil pheromones of
Ostrinia species (Crambidae) (for additional examples see
Table 12.1).

Yet in some moth groups like the Arctiinae of the Erebidae
(formerly the Arctiidae) there is a profound lack of species
specificity in male courtship pheromones. This is true despite
efforts to identify minor pheromone components (Schulz
2009) and pheromone components, when they do exist, can
vary with diet (Krasnoff and Roelofs 1989). This is difficult to
reconcile with a species-recognition function and requires a
different focus, that of mate assessment.

Mate Assessment

Biologists have also looked at mating systems from the per-
spective mate assessment, usually exercised through female
preferences for male traits (Andersson 1994; Johannson and
Jones 2007). Traditionally the benefits of mate assessment
have been divided into discrete categories: direct phenotypic
or material benefits and indirect genetic benefits including
good genes and sexy sons (Fisherian runaway sexual selec-
tion). It is important to note that these are not mutually
exclusive and indeed may coexist in the same population. We
briefly summarize the evidence for mate assessment based on
male courtship pheromones in moths and benefits that
females may accrue through mate choice.

Benefits of Mate Assessment
Direct (Phenotypic) Benefits

In some species, females have a propensity to choose mates
based on tangible resources provided to the female during
courtship. Direct (phenotypic) or material benefits are the
result of nongenetic quantities that have a positive impact on
the survivorship and offspring production of the female such
as enhanced paternal care (Davies 1992), the transmission of
antipredator defensive chemicals (Gonzalez et al. 1999), and
the acquisition of nutrient-rich nuptial gifts (Thornhill and
Alcock 1983; Gwynne 1984).

In Lepidoptera, sperm, nutrients, and defensive chemicals
are transferred from the male to the female in the form of a
spermatophore during prolonged copulation (Thornhill and
Alcock 1983; Dussourd et al. 1988, LaMunyon and Eisner
1994; Vahed 1998). The nongametic constituents have been
referred to as nuptial gifts (Thornhill and Alcock 1983) and
they can represent a significant fraction of a male’s body
mass (LaMunyon and Eisner 1994). Much of the information
on direct phenotypic benefits comes from tiger moths (Erebi-
dae, Arctiinae) and/or the convergent evolutionary system
in the Ithomiine and Danaine butterflies (not covered here;
for an excellent review see Boppré 1990). The spermatophores
of some arctiines contain nutrients plus pyrrolizidine
alkaloids—PAs (Dussourd et al. 1988), defensive chemicals
sequestered during larval life (Hartmann 2009) and/or col-
lected from plant sources in adulthood—pharmacophagy
(Conner and Jordan 2009). Male pheromones in this group are
dihydropyrrolizines derived from the necine base of the PAs
with the main pheromonal components being danaidal,
hydroxydanaidal, and rarely danaidone (Schulz 2009). The PA-
derived pheromones have the potential to act as indicators of
male quality in the form of alkaloid load, potential to transfer
alkaloids to the female, and additional correlated phenotypic
characters.

In the erebid Cosmosoma myrodora (figure 12.2) the nuptial
gift is bestowed in spectacular fashion (Conner et al. 2000).
The male possesses a ventral abdominal pouch filled with
deciduous flocculent scales laden with the pyrrolizidine alka-
loids intermedine and lycopsamine obtained through adult
pharmacophagy. During courtship the male showers the
female with up to four doses of flocculent. The alkaloidal
cloak bestowed by the male at least temporarily protects the
female from predation (as evidenced by the experiments
showing that Nephila clavipes, the golden orb-weaving spider,
cut females cloaked in flocculent scales from their webs).
Males also transfer additional alkaloids to the female in a
more traditional spermatophore. Males that do not utilize the
flocculent in courtship are discriminated against by virgin
females.

In erebids the pyrrolizine alkaloids transferred during
courtship are quickly transferred to the eggs (Dussourd et al.
1988). In species like Cosmosoma this is particularly critical,
because the female does not normally forage for alkaloids on
her own. As predicted by the parental investment theory
described above, it is the male that takes on the costly task of
collecting alkaloids and females “forages” only by mating
with alkaloid-laden males. The critical question in species
with nuptial gifts is whether direct material benefits are the
prime benefits for females or whether indirect genetic benefits
are more important.

MALE PHEROMONES IN MOTHS 193
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FIGURE 12.2 (A) Courtship of Cosmosoma myrodora (Erebidae). Explosive release of flocculent by the male (right) festooning the female (left)
with pyrrolizidine alkaloid-laden scales. (B) Courtship of Utetheisa ornatrix (Erebidae). Male (bottom) flexing abdomen and airing genitalic
coremata near the antennae of the female (top). (C) Male Creatonotus transiens (Erebidae) with abdominal coremata fully inflated (courtesy
of Michael Boppré). (D) Abdominal hairpencils of Ostrinia nubilalis (Crambidae) (photo provided by Christer Lofsted and reprinted with
permission of BMC Biology). (E) Abdominal scent brushes of Heliothis virescens (Noctuidae) (photo provided by Kirk Hillier and reprinted
with permission of Chemical Senses).

SOURCE: Photos A through C reprinted with permission of Oxford University Press.
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Indirect Genetic Benefits

Indirect (genetic) benefits are those that are experienced in
the next generation in the form of increased offspring survi-
vorship (“good genes”) and mating success of sons (“sexy
sons”) (Andersson 1994). There are numerous models (verbal,
mathematical, and genetic) that explain the evolution of mate
assessment (Bradbury and Andersson 1987), but here we
emphasize empirical methods for testing the predictions of
the models.

GOOD GENES

To demonstrate a good gene’s benefit, four criteria must be
met: (1) males in a given population must vary genetically
with respect to their survivorship; (2) male behavior and
ornamentation (scent disseminating structures, courtship
pheromones, and display behaviors for the purposes of this
chapter) should provide accurate information on the survival
value of their possessors; (3) females must base their choice of
mates on male behavior and ornamentation; and (4) offspring
should benefit from their mother’s choice by increased sur-
vival (Heisler et al. 1987). In only one moth species have these
criteria been met. In the rattlebox moth, Utetheisa ornatrix,
the quantity of male courtship pheromone hydroxydanaidal
is correlated with male body size and is heritable. Females
that choose males with greater quantities of hydroxydanaidal
benefit through increased fecundity (Iyengar and Eisner
1999b) and their offspring have an enhanced ability to com-
pete for PA-rich food sources (Kelly et al. 2012).

A subcategory of the good genes argument is the healthy
mate hypothesis (Hamilton and Zuk 1982). This idea suggests
that females may choose males with strong resistance to dis-
eases and parasites and that courtship cues will sometimes be
honest indicators of good health. This idea has never been vet-
ted in the male courtship pheromone arena. Given the recent
finding that generalist tiger moth caterpillars preferentially
feed on PA-containing host plants when infested with parasit-
oids (Bernays and Singer 2005; Singer et al. 2009), this hypoth-
esis should be investigated. In this context the benefit of
choosing a male with the genetic competence to find and uti-
lize PAs could be the reduced incidence of disease/parasitism
in progeny.

SEXY SONS

The idea that the only benefit to a choosy female might be
that her male offspring will be chosen in the next generation
(Lande 1981) dominated the literature on sexual selection for
several decades (Andersson 1994). It is an idea that finds its
roots in Darwin’s (1871) The Descent of Man and Selection in
Relation to Sex and was formalized first by Fisher (1930) when
he realized that female preference for male traits could theo-
retically give rise to an evolutionary positive feedback loop.
The result would be the exaggeration of male sexually selected
traits in a runaway process that continues until the traits
become sufficiently deleterious to survival that natural selec-
tion brings the process to a halt. Theoretical models are
numerous and demonstrate that runaway sexual selection
can occur (O’Donald 1967, 1980; Lande 1981; Kirkpatrick
1982), but the underlying assumptions of the models are
numerous and critical to outcomes (Andersson 1987). The

diversity of male courtship pheromones and the behaviors
associated with their release are consistent with Fisherian
runaway sexual selection (Baker and Cardé 1979; Baker 1989;
Birch et al. 1990). Empirical tests of the Fisherian process are,
however, rare, as four criteria must be met. The first is that the
signals, courtship pheromones, should arise frequently and
randomly across taxa. As a result of their multiple indepen-
dent origins, courtship pheromones should thus vary in their
chemistry and in their mode of release. Studies should have
adequate phylogenetic controls as emphasized by Krasnoff
(1997). The second requirement is that the male trait be
shown to be heritable or correlated with a heritable trait
(Iyengar and Eisner 1991a). The third requirement is that the
female preference be shown to be heritable (Iyengar et al.
2002). And last it must be shown that the female preference
and the male trait are genetically linked (Iyengar et al. 2002).
This linkage completes the positive feedback loop that results
in runaway sexual selection. This sets the bar for support of
Fisherian runaway sexual selection very high.

SEXY SPERM

As described above it has been argued that females will always
be the choosy sex and maximize their fitness through the
quality of their choices and not their quantity (Williams
1966; Trivers 1972; Parker 1979). Many recent studies have
challenged these assumptions and have found that females
may be more promiscuous than was predicted (Birkhead and
Moller 1998; Arnqvist and Nilsson 2000). Multiple mating
could benefit females in many contexts. They could provide
the female with serial nuptial gifts and be an unusual form
of nutrient and chemical defense “foraging.” They could
increase the odds of finding a mate of superior genetic quality
and they could increase female fecundity (LaMunyon 1997).
Keller and Reeve (1995) hypothesized that female promiscuity
and male sperm competitiveness could coevolve in a runaway
sexual selection process that would ultimately promote sperm
competition within the body of the female. This has been
dubbed the “sexy sperm” hypothesis. Iyengar and Reeve
(2010) have gathered evidence in support of this hypothesis
by showing that female promiscuity genes in Utetheisa orna-
trix, which mates up to 22 times, are Z-linked, a pattern con-
sistent with the sexy sperm hypothesis (see case study on U.
ornatrix).

It is not possible for all of the potential benefits of mate
assessment to be measured in all species; however, they
should be addressed for a number of “model” species. Only
then will we begin to fully understand the intricacies of moth
courtship and the mechanisms that underlie their evolution.

Scent Structures in Male Lepidoptera

The scent disseminating structures of male Lepidoptera are
impressive in several respects. They are exceedingly common
across taxa, and their varied location, shape, and chemistry
suggest repeated evolutionary origins. This pattern is consis-
tent with the genetic bias toward elaboration that stems from
the genetic architecture of Lepidoptera described above and
can be construed as circumstantial evidence for runaway sex-
ual selection. Depending on their morphology, the dissemi-
nating structures are referred to as androconial scales, scent
brushes, scent fans, hairpencils, and coremata (Birch et al.
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1990). They are also frequently large relative to body size
and reminiscent of the feathered displays of male birds
(Andersson 1994). The most notable examples are the magnif-
icent abdominal coremata of Creatonotos species (figure 12.2).
The diversity of male scent disseminating structures is high-
est in the Gelechiidae, Tortricidae, Pyralidae, Notodontidae,
Erebidae, and Noctuidae (Brown et al. 2011).

The newest addition to the list of potential scent dissemi-
nating structures involved in courtship are the deciduous
flocculent scales associated with pouches located on the ven-
ter of the second and third segments of the abdomen (Weller
et al. 2000). Although originally described in the context of
defense (Blest 1964), deciduous scales that pack these pockets
are shed in clouds in the vicinity of the female during court-
ship as described for Cosmosoma above (figure 12.2). They are
found in Euchromina arctiines (Erebidae) and have evolved
multiple times as evidenced by their association with differ-
ent segments and fine structure (Weller et al. 2000). Thus far
they are restricted to clades associated with PA-containing
plants, again strengthening the relationship between defen-
sive chemicals and sex in the Erebidae (Conner and Jordan
2009).

Scent dissemination is usually linked to behaviors associ-
ated with normal sexual excitement in males such as wing
fanning for wing glands, genital extrusion for scent brushes
and coremata associated with male genitalia, and copulatory
flexion of the abdomen for the coremata on the intersegmen-
tal membranes of the abdomen (figure 12.2). The latter mech-
anisms take advantage of biomechanical changes during the
flexion of the abdomen of the male during copulatory
attempts. Abdominal flexion associated with copulatory
attempts pressurizes the air-filled tracheal system and hemo-
lymph spaces within the insect. The intersegmental mem-
branes respond to the increased pressure and bulge outward.
Pressurization is likely the first evolutionary step in scent dis-
semination in these species. Elaboration of the intersegmen-
tal and genital membranes into coremata and related struc-
tures follows. Baker and Cardé (1979) referred to the courtship
behavior of Grapholita molesta as ritualized copulation refer-
ring to the link between copulatory attempts, the scent dis-
semination mechanism, and sexual selection.

The scent disseminating structures themselves appear to be
optimized for the release of small volatile molecules at high
flux rates. They are composed of highly modified scales
with large surface areas and associated secretory cells (Birch
1970a, 1970b). They are deployed rapidly in time frames fre-
quently measured in milliseconds. Our understanding of the
evolution of male courtship pheromone disseminating
structures is hampered by a dearth of genetic and develop-
mental studies. The so-called evo-devo studies have illumi-
nated the origins of insect epidermal outgrowths such a
sexually selected beetle horns (Moczek et al. 2007). Such
studies frequently discover fundamental bauplan genes that
can be redeployed to produce new structures and functions.
For moth coremata, particularly because they are sexually
dimorphic and can be diet dependent, these are tractable
questions that would clarify how scent structures arise and
diversify. Also as pointed out by Krasnoff (1997), Krasnoff
and Roelofs (1990), and Phelan (1992), further gaps in our
understanding of the evolution of male courtship phero-
mones are the result of a lack of comparative phylogenetic
studies (but see Phelan and Baker 1990a; Weller et al. 1999).
This is being rectified but at a frustratingly slow rate for
behaviorists.
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Courtship Characteristics

The courtship of moths varies in complexity from the
unadorned and simple to the more complicated choreographic
exchange of both female and male signals. The primitive con-
dition is exemplified by a female releasing her sex attractant
blend (Lofstedt and Kozlov 1997; Greenfield 2002). The male
flies upwind and mates with the female without foreplay. We
have attempted to arrange the following vignettes in three sec-
tions: female responses to male pheromones, male responses
to male pheromones, and lekking. The first two sections are
generally arranged in order of increasing complexity.

Female Responses to Male Pheromones
INCREASED FEMALE ACCEPTANCE

Removal of scent disseminating structures in male moths fre-
quently diminishes their probability of mating (Birch, 1970a,
1974; Clearwater 1972; Grant 1974, 1976; Hendrikse 1986;
Phelan and Baker 1986; Fitzpatrick and McNeil 1988; Cibrian-
Tovar and Mitchell 1991; Royer and McNeil 1992; Kimura and
Honda 1999). In some cases the proximate cause is not imme-
diately obvious. This prompted the labeling of the male court-
ship pheromones “aphrodisiac” pheromones—pheromones
that increase the likelihood of copulation (Birch 1974).

FEMALE QUIESCENCE

In some cases the only observable behavior is a decrease in the
probability of female taking flight or in other ways moving
away from the male (Conner 1981; Hillier and Vickers 2004).

SPECIFIC ACCEPTANCE BEHAVIORS

Fine-grained behavioral analysis, often through video record-
ing, has allowed the description of discrete acceptance behav-
iors. In Heliothis virescens abdominal extension, which may be
associated with increased female pheromone release, is elicited
by natural hairpencil eversion, hairpencil extracts, and blends
of synthetic chemicals combined in the proportions of the
natural courtship pheromones (Hillier and Vickers 2004).
Female acceptance behavior sometimes includes curling of the
abdomen toward the substrate, a behavior that has been inter-
preted as scent marking (Teal et al. 1981; Thibout et al. 1994;
Hillier and Vickers 2004). In phycitinae pyralid species female
acceptance behavior often involves curling the abdomen
upwards between the wings, an adjustment that is necessary
for coupling in these species (Krasnoff and Vick 1984; Phelan
and Baker 1990a, 1990b; and references therein). Abdominal
curling can also be directed toward the male, bringing the
genitalia of the female into apposition with the male genitalia
and thereby facilitating copulation. An alternative method
for exposing the genitalia is to raise the wings allowing a
male to approach from the side (Conner 1981; Krasnoff and
Roelofs 1990).

FEMALE MOVES AWAY

When exposed to extracts of male courtship pheromones
of heterospecific males (Helicoverpa zea or Heliothis subflexa),
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H. virescens females move away suggesting a role of male
courtship pheromones in reproductive isolation (Hillier and
Vickers 2004).

FEMALE ATTRACTED (SHORT RANGE)

In Grapholita molesta males wing fan and extrude their
abdominal hairpencils in a pulsatile fashion in the vicinity
(<2 cm) of a calling female. Females orient to the wing-
generated air currents and move toward the male (Baker and
Cardé 1979). Through orientation toward the male, females
express a clear “preference” for males with courtship phero-
mones. Males of the lesser wax moth, Achroia grisella, attract
females from close range with a combination of courtship
pheromones and ultrasound (Dahm et al. 1971; but see Green-
field 2002). In Galleria mellonella wing-gland pheromones also
attract females from close range (Roller et al. 1968; Leyrer and
Monroe 1973; Finn and Payne 1977).

FEMALE ATTRACTED (LONG RANGE)

In Trichoplusia ni exposure of genitalic hairpencils attracts
females from long (distances greater that those typically asso-
ciated with moth courtship, i.e., greater than 25 cm) range
(Landolt and Heath 1990). Combinations of male phero-
mones with plant odors or female sex attractants are synergis-
tic in triggering female attraction (Landolt et al. 1994). Female
attraction has also been described for Heliothis virescens
(Heath et al. 1992).

FEMALE DECREASES CALLING

Male hairpencil odors have been reported to trigger a decrease
in female calling in tobacco budworm moths, Heliothis vire-
scens, and cotton bollworm moths, Helicoverpa zea (Hendricks
and Shaver 1975; Huang et al. 1996). It is possible that males
have exploited a mechanism for the control of female phero-
mone release that allows them to decrease their competitive
interactions with other males. Such a mechanism would oper-
ate just prior to copulation, an event that will also decrease
female pheromone release.

FEMALE SOUND PRODUCTION

Females of Phragmatobia fuliginosa and Pyrrharctia isabella
(Erebidae) produce tymbalar clicks in response to the eversion
of the coremata of males and their dihydropyrrolizine
pheromone hydroxydanaidal (Krasnoff and Yager 1988).
This behavior can be used as a remarkably sensitive bioassay
for hydroxydanaidal. While intriguing, Krasnoff and Roelofs
(1989) were unable to demonstrate a function for either
eversion of the coremata or the “pheromone” hydroxydan-
aidal and tentatively suggested that the acoustic response is
a vestige of a no longer functional communication system
(Krasnoff and Roelofs 1990). Perhaps there is an erebid
species for which the pheromone/acoustic exchange remains
salient. Cryptic (at least to us) ultrasonic signals are being
found to play important roles in the courtship in many
moth species previously thought to be silent (Nakano et al.
2008).

Male Responses to Male Pheromones
ATTRACTION OF CONSPECIFIC MALES

Male Grapholita molesta are attracted to the hairpencil secre-
tions of conspecifics (Baker 1983). This attraction appears to
represent an alternative mating strategy in which males may
“sneak” matings in the presence of conspecifics. A similar
phenomenon was demonstrated for the male courtship pher-
omone of Anticarsia gemmetalis (Heath et al. 1988), suggesting
that exploitation of conspecific male courtship signals by
male moths foraging for mates may be common (Birch et al.
1990).

REPULSION OF CONSPECIFIC MALE

The inhibition of upwind orientation of male moths by con-
specific male courtship pheromone (Hirai et al. 1978; Huang
et al. 1996; LeComte et al. 1998; Hillier and Vickers 2004) is a
controversial putative male response to courtship phero-
mone. While early studies (Hirai et al. 1978) were criticized
for technical flaws (Fitzpatrick and McNeil 1988), group selec-
tion arguments for why a male would break off an approach,
and for the necessity to use excessive amounts of the phero-
mone to show an effect (Phelan 1992), more recent studies
(Huang et al. 1996; Hillier and Vickers 2004) support early
reports. A male that detects male courtship pheromone com-
ponents in the pheromone plume of a conspecific female may
conserve energy and search time by breaking off an approach
to an already taken female (Greenfield 2002; but see Baker
and Cardé 1979). It is also possible that a male may gain a
competitive advantage by inserting a “false pheromone com-
ponent” into the pheromone plume of a conspecific female
(Hillier et al. 2007). Downwind males would interpret the
pheromone blend as one of a heterospecific female and break
off pursuit toward what appears to be an inappropriate target.
Also see Davie et al. (2010) for additional competitive interac-
tions among males.

Lekking (Sex Role Reversal)

There are now several examples of sex role reversal in moths
(i.e., males attract females from long distance) (Willis and
Birch 1982; Wunderer et al. 1986, Wagner and Rosovsky 1991).
Parental investment theory predicts that sex role reversal
should occur when the male becomes the limiting sex (Phelan
1992, 1997). The way in which this could happen is most clear
in the erebid Creatonotos gangis with its enormous, four-
branched, inflatable coremata deployed for a few hours each
night in “lek-like” behavior (Schneider et al. 1982; Wunderer et
al. 1986). Their corematal scents attract additional males to the
lek and also females. After use the coremata are deflated and
fold neatly (without the aid of retractor muscles) into the abdo-
men leaving no trace of their existence. Bifid versions of the
coremata can be seen in the common salt marsh moth Estig-
mene acrea where they play a similar behavioral role (Willis and
Birch 1982; Jordan et al. 2005). In C. gangis, C. transiens, and E.
acrea male pheromone precursors are potent morphogens—
specific chemicals that stimulate growth and development.
Males deprived of pheromone precursors (PAs) in their larval
food do not produce male pheromone and do not produce
fully formed coremata for their release (Boppré and Schneider
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1985; Schmitz et al. 1989; Jordan et al. 2005, 2007; Jordan and
Conner 2007). This prevents the energy wasting process of
construction of a large scent disseminating structure with no
signal to convey.

In both C. gangis and E. acrea, the primitive condition of
the mating system is still evident. The females of both species
release pheromone and attract males late in the evening. The
derived strategy, lekking, occurs earlier in the evening when
the males inflate their coremata. One possible explanation is
that the males’ contribution to the female—a nuptial gift in
the form of spermatophore—has become large relative to the
contribution of the female to her offspring. At this tipping
point a sex role reversal would take place and females would
be attracted to males (Gwynne 1984). It is also possible that
Creatonotos and Estigmene are practicing alternative mating
strategies depending on larval access to PAs (Jordan and Con-
ner 2007). Males that find PA-containing plants as caterpillars
and have an ample supply of PAs develop robust coremata (see
morphogenetic effect above), join aggregations, and display.
Mating with such males would be highly advantageous to
females, especially those that did not find PAs as caterpillars.
Males without PAs could revert to the normal mating system
in which they detect the female sex attractant and fly upwind.
The occurrence of lekking would thus depend on the local
availability of PAs in the habitat. From the female’s perspec-
tive alternative mating strategies are also available. If she is
PA-deprived because of an inferior larval diet she can attend
the lek to obtain PAs from males. Alternatively, if she acquired
sufficient PAs during larval feeding she can avoid the costs of
searching for a lek by remaining stationary and attracting
males. Additional examples of sex role reversal, such as the
pheromonal/acoustic leks of the lesser wax moth (Greenfield
and Coffelt 1983), are resource related (Emlen and Oring
1977; Phelan 1992).

Source of Male Pheromones

Past reviews have drawn attention to the fact that many male
moth pheromones are minimally altered host plant volatiles
(figure 12.3). These include floral and fruit odors and pyrroli-
zidine alkaloid derivatives. The most likely reason is that
males have exploited existing chemoreceptors that were pres-
ent in females for locating their host plants (Baker 1989;
Phelan 1992). Preexisting receptors remove one step in the
evolutionary pathway to a courtship pheromone and all that
remains is changing (sometimes minimally) the behavioral
response to the pheromone.

More recent studies indicate that there are some notable
exceptions to the plant-derived pheromone trend (Heath
et al. 1988; Hillier and Vickers 2004; Lassance and Lofstedt
2009). In these cases the male courtship pheromones are
long-chained hydrocarbons with various degrees of unsatura-
tion and/or functional groups and they are chemically related
to female pheromone components. They are processed with
receptors (Baker et al. 2004) and neural centers (olfactory lobe
glomeruli) analogous to those used by males to receive and
recognize female sex attractants (Hillier et al. 2006, 2007).
Indeed, the production of the male pheromone components
is regulated by neuropeptides that they share with females
(Bober and Rafaeli 2010). Again this may be an illustration of
the expedient use of preexisting features. In this case the evo-
lution of the male signal may be facilitated by preexisting bio-
chemical pathways and the female response by preexisting
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chemoreceptors in the female (e.g., Lim and Greenfield 2006,
2008; Lim et al. 2007).

It seems clear the sources of male courtship pheromones
are more diverse than originally thought (Birch 1970a, 1970b;
Birch et al. 1990) and reflect the different selective advantages
of their use. Given that the number of species investigated
remains less than 0.01% of species with male scent dissemi-
nating structures, it seems likely that additional classes of
male pheromones will be discovered in the future.

Quest for Pheromone Precursors

The diet dependence of some male pheromones is no better
illustrated than by the extraordinary behavior termed phar-
macophagy. As redefined by Boppré (1984) pharmacophagous
(literally “drug eating”) insects seek out non-host plant spe-
cies and collect specific chemicals for sexual or defensive
(non-nutritional) purposes. Our knowledge of this behavior
can be traced to the early collectors of Lepidoptera in central
and South America, including William Beebe in Trinidad
(Beebe 1955; Beebe and Kenedy 1957). They found that the
dead shoots of Heliotropium indicum attracted swarms of ere-
bids by night and ithomiine and danaine butterflies by day.
Researchers later found that virtually any plant with high
concentrations of pyrrolizine alkaloids served as excellent
bait (Pliske 1975; Goss 1979; Boppré 1986; DeVries and Stiles
1990; Hauser and Boppré 1997; Brehm et al. 2007; Conner
and Jordan 2009). The visitors are most often (but not always)
male-biased, in keeping with parental investment theory.
Upon arrival at the bait they unfurl their proboscis regurgi-
tate on the surface of the plant and reimbibe an extract of sur-
face alkaloids. These serve as chemical defenses, male court-
ship pheromones, or their precursors (Krasnoff and Dussourd
1989; Conner et al. 2000; figure 12.4). The tip of the proboscis
of pharmacophagous moths possesses clusters of sensilla styl-
conica that appear to be gustatory chemoreceptors for PAs
and their derivatives (Zaspel et al. 2013; figure 12.4D) similar
to those found on the maxillary palps of pharmacophagous
larvae (Bernays and Singer 2005).

The attraction of male moths to rotting fruit, mud puddles,
feces, blood, and tears provides opportunities to collect exog-
enous chemicals that may be incorporated into courtship and
all merit further study (Baker et al. 1989; Smedley and Eisner
1995; Zaspel et al. 2011). It is notable that plants containing
cardenolides, a major class of defensive chemicals found in
some Erebidae, are not known to be attractive to males of
these groups (Baker 1989; Birch et al. 1990). Why plants con-
taining PAs attract erebids and plants containing cardeno-
lides do not remains a mystery.

Role of Sound in Courtship

Although this review has focused exclusively on the chemical
modality, it is becoming increasingly apparent that moth
courtship involves multimodal cues. Many of the species that
use male courtship pheromones combine them with acoustic
and usually ultrasonic signals (Nakano et al. 2008; Table
12.1). The acoustic signals can potentially play roles in both
reproductive isolation and mate choice. Their frequent use in
courtship is likely a result of exploitation of preexisting struc-
tures that evolved for bat detection (Conner 1999). The use of
multimodal courtship signals raises the bar for studying moth
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FIGURE 12.3 Examples of male courtship pheromones. Herbal and floral scents: (1) methyl
2-epijasmonate; (2) ethyl trans-cinnamate; (3) y-decalactone. PA derivatives: (4) danaidal;
(5) R-hydroxydanaidal; (6) danaidone. Long-chained hydrocarbons: (7) hexadecanyl acetate;
(8) (2)-9 hexadecenyl acetate; (9) (Z)-11 hexadecenyl acetate; (10) (Z)-14 hexadecenyl acetate.

courtship. Researchers will need to use sophisticated technol-
ogies in both the fields of chemical ecology and bioacoustics.
Experimental protocols will need to incorporate controls for
both sound and chemistry and early studies will need to be
reexamined in light of the possibility of redundant chemical
and acoustic signals.

Future Directions

Detailed studies of male courtship pheromones have been
largely restricted to the Erebidae and select noctuids and pyral-

ids. Understudied groups include the Gelechiidae, Tortricidae,
and the Notodontidae, all of which have a high diversity of
androconial scales. The latter groups deserve special attention.

With the advent of new technologies it is becoming clear
that moths are combining chemical and acoustic modalities
in their courtship repertoires. Acoustic signals provide
another opportunity to study the evolutionary forces influ-
encing moth courtship. Evolutionary studies that map both
chemical and acoustic cues on phylogenies will be particu-
larly instructive.

Studies of the evolution and development of male court-
ship pheromone disseminating structures are needed. They
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FIGURE 12.4 Pharmacophagy in Erebidae.

A Male Cisseps fulvicollis imbibing pyrrolizidine alkaloids from the roots of Eupatorium capillifolium.

B Adult Halysidota tessellaris collecting alkaloids.

C Male Cosmosoma myrodora visiting roots.

D Scanning electron micrograph of presumed alkaloid receptors on the tip of the proboscis of a male Cosmosoma auge (photograph provided

by Jennifer Zaspel).

SOURCE: Photos A through C reprinted with permission of Cambridge University Press.

will provide clues about how scent structure arise and diver-
sify and would also ultimately explain how specific dietary
requirements can control scent structure development. In
addition understanding the neural processing of male court-
ship pheromones would help clarify the early steps in the evo-
lution of male courtship pheromones.

Before conclusions can be made about the selective pres-
sures that gave rise to male courtship pheromones, the
assumptions and predictions of the various models of sexual
selection must be tested empirically in a variety of species. It
is likely that there will be no single answer, because females
and males have a number of options for increasing their fit-
ness through mate choice and in some cases they may be
using them all. Detailed genetic analyses, physiological stud-
ies, quantitative measurements of behavior, and, especially,
phylogenetic treatments will play important roles in our
understanding of what must be considered one of the pinna-
cles of chemical communication.
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