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Pheromones of Heliothine Moths

N. KIRK HILLIER and THOMAS C. BAKER

Introduction

Within noctuid moths, species in the subfamily Heliothinae 
(also known as owlet moths) represent an excellent model sys-
tem for examining divergence of traits associated with phero-
mone production, detection, and processing in closely related 

species. Species of Heliothinae are ubiquitous, with many spe-
cies distributed globally. Estimates of diversity have included 
25–28 genera and approximately 365 species (Cho et al. 
2008). Most species are seed and bud feeders, with many hav-
ing the common names of “budworms” or “bollworms” 
depending on their host association (Hardwick 1965, 1970; 
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Table 21.1

Heliothine spp. with documented pheromones and/or odor-mediated behavior to pheromone components (i.e., attraction to 
synthetic lures in the field trapping)

Species Common name Known distribution Pest status Citation(s)

Heliothis spp.

H. belladonna None Western North 
America

Host unknown Landolt et al. (2006)

H. maritima Fulvous clover Eurasia Minor polyphagous  
pest

Szöcs et al. (1993)

H. maritima 
adaucta

Flax budworm Japan (subspecies) Minor polyphagous  
pest

Kakizaki and Sugie (1993)

H. ononis Flax bollworm Eurasia and  
western North 
America

Minor pest on Linum 
spp.

Steck et al. (1982)

H. peltigera Bordered straw Eurasia, Africa Major polyphagous  
pest

Dunkelblum and Kehat (1989)

H. phloxiphaga Darker spotted 
straw moth

North America Minor polyphagous  
pest

Raina et al. (1986); Kaae et al. (1973)

H. subflexa Physalis bud  
moth

North America,  
South America

Minor pest–host 
specialist

Vickers (2002); Heath et al. (1990); Teal  
et al. (1981a)

H. virescens Tobacco  
budworm

Americas, Caribbean, 
Hawaii

Major polyphagous  
pest

Hendricks et al. (1989); Shaver et al. (1989); 
Teal and Tumlinson (1989); Ramaswamy 
and Roush (1986); Teal et al. (1986); 
Ramaswamy et al. (1985); Vetter and Baker 
(1983); Pope et al. (1982); Klun et al. 
(1980a); Mitchell et al. (1978); Roelofs et al. 
(1974)

Helicoverpa spp.

H. armigera African bollworm Eurasia, Africa, 
Australia,  
Oceania

Major polyphagous  
pest

Zhang et al. (2012); Kvedaras et al.  
(2007); Dong et al. (2005); Kehat and 
Dunkelblum (1990); Nesbitt et al. (1979); 
Dunkelblum et al. (1980); Kehat et al. 
(1980); Gothilf et al. (1979); Rothschild 
(1978); Piccardi et al. (1977)

H. assulta Oriental tobacco 
budworm

Africa, Asia,  
Australia, Oceania

Major polyphagous  
pest

Park et al. (1996);  Park et al. (1994); Cork 
et al. (1992); Sugie et al. (1991)

H. gelotopoeon South American 
bollworm

Southern South 
America

Major polyphagous  
pest

Cork and Lobos (2003)

H. punctigera Australian 
bollworm

Australia Major polyphagous  
pest

Rothschild (1978); Rothschild et al. (1982)

H. zea Corn earworm Americas Major polyphagous  
pest

Descoins et al. (1988); Pope et al. (1984); 
Teal et al. (1984); Vetter and Baker (1984); 
Klun et al. (1980b)

Other genera

Schinia bina Bina flower moth North America Nonpest, feeds on 
selected Asteraceae

Underhill et al. (1977)

Schinia meadi Mead’s flower  
moth

Western North 
America

Host unknown Steck et al. (1982)

Schinia mitis Matutinal flower 
moth

Southeastern  
United States

Nonpest, specialist on 
Pyrrhopappus spp.

Mitchell (1982)

Schinia suetus None Western North 
America

Nonpest, specialist on 
Lupinus spp.

Byers and Struble (1987)
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mitter et al. 1993; matthews 1999) (table 21.1). in addition, 
the degree of host association is variable, ranging from spe-
cies that are highly host specific to those that exhibit wide 
polyphagy, feeding on >100 plant species, or families.

host associations are known for approximately one quarter 
of heliothines, of which 70% are considered largely oligopha-
gous, with the remaining 30% being polyphagous (Cho et al. 
2008) (table 21.1). for example, Heliothis subflexa larvae feed 
exclusively on fruits of Physalis spp. (solanaceae; e.g., ground-
cherries, tomatillos, cape gooseberries), whereas primrose 
moth, Schinia florida, larvae are exclusive feeders on buds of 
evening primrose (onagraceae: Oenothera spp.) (hardwick 
1958). species in other genera, such as Pyrrhia and Asidura, 
maintain strict host-specialist relationships. several helioth-
ine species are important agricultural pests, particularly those 
in the genera Heliothis and Helicoverpa (table 21.1). Based on a 
molecular phylogeny by Cho et al. (2008), early divergent lin-
eages are almost exclusively host specialists, whereas species 
that fall into the “Heliothis group” represent the most extreme 
polyphages. this latter group includes what are more com-
monly referred clades of the “corn earworm complex” and 
“tobacco budworm group” (Cho et al. 2008).

the Heliothis group includes some of the most important 
agricultural pests worldwide, causing massive annual crop 
losses, particularly in the developing world. estimates range 
between Us$3 billion and Us$7 billion in control costs per 
annum for the most prevalent agricultural pest species: Heli-
coverpa armigera, H. zea, H. assulta, H. punctigera, and Heliothis 
virescens (fitt 1989). these species are important pests on a 
range of forage, oilseed, and food crops, including cotton, 
corn, sorghum, soybean, flax, tobacco, and tomato.

Worldwide Diversity of Heliothine Pheromone 
Composition

Divergence in olfactory communication is evident among 
heliothine species, based on shifts in the use of key compo-
nents within species’ pheromone blends that function to 
optimize attraction of conspecific males and reduce attrac-
tion of males to females of closely related species. multicom-
ponent pheromones have been described in all heliothine 
species studied to date, and their function has been supported 
by studies investigating pheromone gland composition, 
behavior, electrophysiology, field trap attraction, and odorant 
receptor (or) gene expression.

Avoidance of mating mistakes with members of a wrong 
species during mate finding and courtship is of paramount 
importance for sympatric moth species, including helioth-
ines. male moths respond with remarkable sensitivity and 
selectivity to very precise multicomponent mixtures of 
female-emitted sex pheromone components. Deviations in 
blend ratios involving key components of pheromone mix-
tures will significantly affect the degree to which males are 
attracted to conspecific females and deterred from attraction 
to heterospecifics. isolation is further augmented by struc-
tural specificity in genitalia, with some reports documenting 
irreversible genitalia “locking” between Heliothis virescens and 
Helicoverpa zea in the field and laboratory (hardwick 1965; 
shorey et al. 1965; teal et al. 1981b; stadelbacher et al. 1983). 
in instances where prezygotic isolation is incomplete, such as 
in mating of H. virescens and H. subflexa, there are distinct fit-
ness costs: hybrid male progeny of these two species are ster-
ile, producing largely apyrene sperm (Proshold and laChance 

1974). Attraction and subsequent successful copulation are 
therefore tightly linked to an individual’s ability to produce 
(usually female), detect, and respond with appropriate behav-
ior (male) to a conspecific versus a heterospecific signal.

With the exception of one species, all heliothines studied to 
date use (Z)-11-hexadecenal (Z11-16Ald) as a component of the 
female-produced sex pheromone (figure 21.1; table 21.2). in 
most cases, Z11-16Ald is the predominant component in 
female effluvia. two aldehydes used as minor components, 
(Z)-9-tetradecenal (Z9-14Ald) and (Z)-9-hexadecenal 
(Z9-16Ald), appear to be key variable components whose inter-
changeability dictates the species specificity of many blends. 
throughout the heliothinae, shifts in male preference for 
blends that include either Z9-14Ald or Z9-16Ald have appar-
ently occurred, contributing to reduction in mating mistakes 
and hence to reproductive isolation and possibly speciation. 
evidence also suggests isolation between H. virescens and H. 
subflexa is modulated by pheromone preference controlled by 
a single locus containing four or genes that modulate phero-
mone behavioral response specificity via or ligand selectivity 
(Gould et al. 2010; Vásquez et al. 2011; Wang et al. 2011).

in addition to the sex pheromone “components” in emis-
sions produced by the pheromone glands of many moth spe-
cies, there are other volatile compounds in effluvia that may 
decrease attraction of heterospecific males due to additional 
olfactory pathway antagonism that unbalances an otherwise 
balanced blend (Domingue et al. 2007; Baker 2008). in many 
cases, the effects of a heliothine species’ pheromone compo-
nents themselves on creating attraction depend on their rela-
tive ratio in the mixture. sometimes an excess proportion of 
a minor component may decrease attraction of conspecific 
males by creating an excessive olfactory pathway antagonism 
that unbalances what should have been a balanced phero-
mone blend. in heliothines, such interactions have been sup-
ported by studies investigating combinatorial coding of pher-
omone components and pheromone-related compounds at 
the sensillar and antennal lobe (Al) levels (Christensen et al. 
1990, 1995; Vickers et al. 1998; Vickers and Christensen 1998, 
2003; Vickers 2006a,b; hillier and Vickers 2011a). this inter-
action has been further proposed as “balanced” olfactory 
antagonism, wherein a continuum of negative and positive 
male behavior is modulated (Baker 2008).

Biosynthesis of Pheromone Blends in Genera 
Heliothis and Helicoverpa

Sequence of Action of ∆11-Desaturase and 
β-Oxidation Determine Composition of 
Many Pheromone Blends

the pheromone communication systems of heliothine 
moths all include various behaviorally active pheromone-
component end products that are produced along pheromone 
biosynthetic pathways outlined by Jurenka (2003) for Helio-
this virescens and H. subflexa (figure 21.2). As shown in table 
21.2, nearly all heliothine species use Z11-16Ald as the major 
(most abundant) sex pheromone component in their blends. 
the only exceptions thus far are Helicoverpa assulta in Asia in 
which Z9-16Ald is the major component, present at 10 times 
the abundance of Z11-16Ald (Cork et al. 1992; Park et al. 
1994), and the south American species H. gelotopoeon in 
which Z11-16Ald is absent and replaced instead by saturated 
hexadecanal (16Ald) as the major component, with a nearly 
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table 21.2 

Heliothine female-emitted sex pheromone blends.

Pheromone components confirmed as both being produced by females and required for male attraction in laboratory and field studies are shown in 
headers in plain black non-italicized text. Compounds found to be produced by females but have no demonstrated behavioral effects on males or else 

have effects only in certain local populations are shown in headers in italicized black text. Black numbers indicate the percentages of compounds 
produced by females relative to Z11-16Ald (or relative to Z9-16Ald, Heliothis assulta; or to 16Ald, H. gelotopoeon). Check marks indicate trace amounts 
found. Green numbers indicate ranges of component percentages that have been shown to optimally evoke male attraction. Red numbers indicate 

heterospecific pheromone components shown to reduce attraction (behaviorally antagonistic) at the indicated percentages

Compounds evidenced in chemical communication

Species 14
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H
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H
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Z1
1-
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H
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1-

16
A

c

North and South America

H. phloxiphaga GLAND ✓ 0.5 100 7.2

H. phloxiphaga RESPONSE 0.6 100 2–3, 4

H. subflexa GLAND ✓ ✓ 2.4 3.6 42.9 9.9 100 5.8 22.7

H. subflexa RESPONSE 10–50 100 1–50> 15–20

H. virescens GLAND ✓ 0.4–6 25.6 ✓ ✓ 100

H. virescens RESPONSE 5–50 100 3–30 0.1>

H. gelotopoeon GLAND ✓ 100 84

H. gelotopoeon RESPONSE 10> 100 1>

H. zea GLAND 0 ✓ ✓ 1.8 100

H. zea RESPONSE 1–3, 3> 1–15 100 0.1–10 0.1–10

*H. armigera GLAND 0.3 ✓ 2.5 100

*H. armigera RESPONSE 0.3–5, 25> 3–3000 100

Europe and Africa

H. armigera GLAND 0.3 ✓ 2.5 100

H. armigera RESPONSE 0.3–5, 25> 3–3000 100

H. assulta GLAND ✓ 100 ✓ 3051 6.5 ✓ ✓

H. assulta RESPONSE 1> ✓ 100 2> 30 5.0 1.5

H. maritima GLAND 5.5 ✓ 100 8.1

H. maritima RESPONSE 3–6 100 6–20

H. peltigera GLAND ✓ 14.6 ✓ ✓ ✓ ✓ ✓ 100 24.3 ✓

H. peltigera RESPONSE 5–50 100

Asia and Australia

H. maritima adaucta GLAND ✓ 100 24.5

H. maritima adaucta RESPONSE 100 1–3

H. armigera GLAND 0.3 ✓ 2.5 100

H. armigera RESPONSE 0.3–5, 25> 3–3000 100

H. assulta GLAND ✓ 100 ✓ 3051 6.5 ✓ ✓

H. assulta RESPONSE 1> ✓ 100 2> 30 5.0 1.5

H. punctigera GLAND <0.5 100 25 41.7

H. punctigera RESPONSE 5 100 100> 1–10

*H. armigera is a recent introduction to Brazil (Tay et al. 2013).

sources: Heliothis maritima (Szöcs et al. 1993); Heliothis maritima adaucta (Kakizaki and Sugie 2003); Heliothis peltigera (Dunkelblum and Kehat 1989); 
Heliothis phloxiphaga (Raina et al. 1986); Heliothis subflexa (Teal et al. 1981a; Klun et al. 1982; Heath et al. 1990 showed that OH is needed; Vickers 2002; 
Groot et al. 2007); Heliothis virescens (Roelofs et al. 1974; Pope et al. 1982; Vetter and Baker 1983; Teal et al. 1986; Vickers et al. 1991); Helicoverpa armigera 
(Piccardi et al. 1977; Nesbitt et al. 1979; Kehat and Dunkleblum 1990; Zhao et al. 2006; Zhang et al. 2012); Helicoverpa assulta (Sugie et al. 1991; Cork et al. 
1992; Park et al. 1994; Zhao et al. 2006); Helicoverpa gelotopoeon (Cork and Lobos 2003); Helicoverpa punctigera (Rothschild et al. 1982); Helicoverpa zea (Klun 
et al. 1980b; Pope et al. 1984; Vetter and Baker 1984; Teal et al. 1984; Vickers et al. 1991; Fadamiro and Baker 1997; Quero and Baker 1999).
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Heliothis
phloxiphaga

No record

A

No record

Heliothis
virescens

Heliothis
subflexa

Heliothis
subflexa

Heliothis
subflexa

Helicoverpa
zea

Helicoverpa
zea

Helicoverpa
armigera

Helicoverpa
gelotopoeon

Genus: Major Component
Species: Minor Component(s)

Z11-16:AId
Z9-16:AId
Z9-14:AId
Z11-16:OH
16:AId

FIGURE 21.1 Worldwide distribution of Helicoverpa and Heliothis spp. and differences in their pheromone blends involving behaviorally 
important two-component mixtures. Genus names are color-coded according to the most abundant (major) component in the 
pheromone blend, as indicated in the key at the bottom of the figure. The colors depicted in each species’ name denote experimentally 
demonstrated behaviorally important secondary components corresponding to the compounds in the color-coded key at the bottom of 
the figure. Some specific names are split into two colors because for those species, two secondary components are both important 
contributors to male behavioral response. (A) The Americas.
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Helicoverpa
armigera

Helicoverpa
armigera

Helicoverpa
armigera

Helicoverpa
assulta

Helicoverpa
armigera

Heliothis
peltigera

Heliothis
maritima

Z11-16:Ald
Z9-16:Ald
Z9-14:Ald
Z11-16:OH
16:Ald

Genus: Major Component
Species: Minor Component(s)

B

FIGURE 21.1 (continued) (B) Europe and Africa.
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Genus: Major Component
Species: Minor Component(s)

C

Z11-16:Ald
Z9-16:Ald
Z9-14:Ald
Z11-16:OH
16:Ald

No record
Helicoverpa

armigera

Helicoverpa
armigera

Helicoverpa
armigera Helicoverpa

punctigera

Helicoverpa
armigera

Helicoverpa
assulta

Helicoverpa
assulta

Helicoverpa
assulta

Heliothis
maritima aduacta

FIGURE 21.1 (continued) (C) Australasia. Gray boxed area denotes the putative distribution of H. armigera throughout the island regions of 
Australasia.

equal amount of Z9-16Ald to comprise an unusual two-com-
ponent blend (Cork and lobos 2003).

Considering all known pheromone blends of Helicoverpa and 
Heliothis spp. (table 21.2), it is clear that nearly all make use of 
Δ11-desaturase acting on the C16 fatty acyl substrate (16CoA) 
rather than on a C18 fatty acyl substrate (18CoA) (figure 21.2), 
to produce Z11-16Ald and the related compounds (Z)-11-hexa-

decen-1-ol acetate (Z11-16Ac) and (Z)-11-hexadecen-1-ol (Z11-
16oh) (figure 21.2). A second route that results in Z9-16Ald as 
either a major or a minor component involves Δ11-desaturase 
acting on the 18CoA substrate, followed by a chain-shortening, 
β-oxidation step to produce the Z9-16Ald and related alcohol 
and acetate. this route in which chain shortening follows 
desaturation of the long fatty acyl group (18CoA) has been 
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favored by species that use large percentages of Z9-16Ald as a 
minor component (e.g., H. subflexa), or predominant percent-
ages of Z9-16Ald as a major component, (e.g., H. assulta, H. gelo-
topoeon) in their blends. Other species produce only small 
amounts of Z9-16Ald as pheromone components, and thus not 
as much 18CoA is used as the substrate for the Δ11-desaturase 
compared to the much larger amounts of 16CoA substrate used 
by these species for their blends that have Z11-16Ald as the 
major component and Z9-16Ald as a minor component (e.g., H. 
phloxiphaga, H. armigera, and H. zea). Another route involved in 
species using Z9-14Ald as a minor component requires that a 
β-oxidation chain-shortening step occur after desaturation. But 
here the β-oxidation step acts on the shorter, Δ11-16CoA sub-
strate, thereby shortening Z11-16CoA down to Z9-14CoA, 
which is then reduced to (Z)-9-tetradecen-1-ol (Z9-14OH) and 
oxidized finally to Z9-14Ald (figure 21.2). The use of this post-
Z11-16Ald chain-shortening step for producing Z9-14Ald is seen 
in H. peltigera, H. virescens, H. punctigera, and H. armigera. Rarely, 
some species use the saturated 16Ald as a major or minor phero-
mone component (e.g., H. gelotopoeon and H. maritima), and in 
these cases the 16CoA is reduced to the saturated hexadecanol 
(16OH) without the intervening step of Δ11-desaturase acting 
on it first, with the 16OH then being oxidized to 16Ald.

Fatty Acyl Reductase and Alcohol Oxidase 
Determine the Amount of Alcohol versus Aldehyde 
Sex Pheromone Composition of Many Blends

The terminal enzymatic steps, especially the reduction of the 
CoAs to the alcohols, oxidation of the alcohols to the alde-
hydes, as well as acetylation of the alcohols to the correspond-
ing acetates, all can contribute significantly to the final pher-
omone blend composition. Fatty acyl reductases (FARs) have 
now been isolated from Helicoverpa armigera, H. assulta, Helio-
this virescens, and H. subflexa and are shown to have the same 
substrate preferences across species (Hagström et al. 2012). 
The FARs of all four species prefer to reduce (Z)-9-tetradeceno-
ate over (Z)-11-hexadecenoate, and the latter is reduced pref-
erentially over (Z)-9-hexadecenoate. Thus, for all four species, 
the final differing species-specific blend ratios of the C14 and 
C16 aldehydes depend not on the differential selective activ-
ity of each species’ FARs, but rather on the differing amounts 
of C16- and C14-acyl substrates that are available for the FARs 
to reduce (Hagström et al. 2012).

For all species, analyses of the amounts of Z11-16OH found 
in pheromone glands or shown to be emitted by female helio-
thines as pheromone “components” have been quite variable 

FIGURE 21.2 Pathways for biosynthesis of heliothine moth sex pheromone components. Two key enzymes explain most of the variation in 
blends: a ∆11-desaturase that places a (Z) double bond in the 11 position on either the C18-fatty acyl chain or the C16-fatty acyl chain, and 
a β-oxidation enzyme that shortens the fatty acyl chain by removing the first two carbons after the acyl group on the chain. When the 
∆11-desaturase acts on the C16-fatty acyl chain, it produces Z11-16CoA that eventually gets reduced to Z11-16OH and then oxidized to 
Z11-16Ald. A β-oxidation step acting on Z11-16CoA (“-2C” at middle-right of figure) produces Z9-14CoA that eventually gets reduced to 
Z9-14OH and oxidized to Z9-14Ald, a key secondary component of Heliothis virescens, H. peltigera, and Helicoverpa punctigera (see figure 21.1). 
When the ∆11-desaturase acts on the C18-fatty acyl chain, it produces Z11-18CoA which gets chain-shortened via a β-oxidation step to 
Z9-16CoA (“-2C” at middle-right of figure), which is then reduced to Z9-16OH and oxidized to Z9-16Ald, the major component of H. assulta 
and H. gelotopoeon. Z9-16Ald is also a key minor component for H. zea and H. armigera (see figure 21.1).

source: Adapted from Jurenka (2003) and Groot et al. (2004).
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and a source of confusion in the literature for heliothine sex 
pheromones. it seems that significant amounts of Z11-16oh 
can always be solvent extracted from heliothine female glands, 
but the volatilization of Z11-16oh from the glands may be neg-
ligible. for instance, two groups found no Z11-16oh in the air-
borne collections from calling female H. virescens (Pope et al. 
1982; teal et al. 1986), but they were able to find significant per-
centages of it in the blends extracted from female glands. these 
findings of Z11-16oh in the solvent extracts were in agreement 
with those of several other groups (e.g., ramaswamy et al. 1985; 
ramaswamy and roush 1986) that did not conduct airborne 
collections. insight into why alcohols were not found in air-
borne emissions came from teal and tumlinson (1986), who 
demonstrated by applying synthetic Z9-14oh to the glands of 
H. virescens females that this compound is enzymatically con-
verted to Z9-14Ald as it travels through the glandular epithe-
lium to the gland’s surface cuticle, suggesting the activity of a 
cuticular-bound oxidase. thus, amounts of alcohols such as 
Z11-16oh found in gland extracts of many species likely repre-
sent only glandular biosynthetic precursors of aldehydes that 
are actually emitted from the gland surface after being oxi-
dized to corresponding aldehydes by the glandular tissues.

studies with H. phloxiphaga (raina et al. 1986) further sup-
port the idea that the pheromone blend emitted can also differ 
quantitatively from the gland contents. When very short 
extraction times (<3 min) of female glands were used that prob-
ably extracted mainly the compounds present on the gland sur-
face, the amounts of Z11-16oh in the blend were low (2.9%) 
and behaviorally optimal for male attraction in a wind tunnel. 
When extraction times of 10–15 min were used, however, that 
were more likely to extract pheromone-component precursors 
from inside the gland, the amounts of Z11-16oh increased to 
>4.5%, and in a wind-tunnel bioassay, this larger proportion 
reduced male attraction significantly (raina et al. 1986).

As much as possible, extraction procedures should be devel-
oped that accurately estimate the actual emitted signal that 
has been selected for inducing male behavior, rather than the 
composition of the pool of precursors residing in the interior 
of the pheromone gland tissues. Cork et al. (1992) showed 
that in H. assulta very late in the scotophase, after the optimal 
calling period, the amount of the Z9-16Ald major component 
in the gland had diminished by more than two-thirds from 
its amount at the peak, whereas the amount of Z9-16oh had 
increased by nearly 50-fold. this finding again indicates that 
alcohols that can be extracted from heliothine female phero-
mone glands are most often biosynthetic precursors waiting 
to be oxidized to the aldehyde pheromone components.

in a few species, corresponding acetates to the aldehydes 
and alcohols, such as Z11-16Ac, have been found to be pro-
duced by females, and to cause slight but significantly ele-
vated amounts of attraction of male conspecifics. in H. assulta, 
Z11-16Ac seems to vary geographically in its production by 
females (amounts found in the glands) (Cork et al. 1992; Park 
et al. 1994), as well as in its effect in blends containing the 
two main components, where it increases male H. assulta
attraction (trap capture) in regions corresponding to its pro-
duction by females (Cork et al. 1992; Park et al. 1994).

Although its effect on increasing attraction of conspecific 
males is small and varies according to geographic regions for 
both H. assulta in Asia and H. subflexa in north America, the 
effect of the addition of Z11-16Ac in reducing or eliminating 
attraction of heterospecific males in north America is pro-
nounced. males of species sympatric to H. subflexa, such as H. 
zea and H. virescens, are not attracted at all to calling H. sub-

flexa females (lelito et al. 2008), an effect that is undoubtedly 
due to Z11-16Ac in the H. subflexa blend. trace amounts of 
0.1% or 1% Z11-16Ac added to the otherwise highly attractive 
blends of H. virescens or H. zea can substantially reduce attrac-
tion of the males of these two species (fadamiro and Baker 
1997; Vickers and Baker 1994, 1997; Baker et al. 1998a, 1998b). 
these three species are sympatric in parts of north America, 
and they are not temporally distinct in generational phenol-
ogy or calling periodicity. it is evident that blends containing 
this acetate function as a means of prezygotic mating isola-
tion, keeping heterospecific males from wasting time in long-
distance orientation to females that will result in no viable 
progeny. At the same time, emitted blends containing this 
compound will for females minimize the chances that they 
will be harassed, with persistent courtship attempts, by het-
erospecific males and thus be subjected to fruitless courtships 
and couplings with such males. Z11-16Ac in blends thereby 
works at long distance to reduce male and female pre-copula-
tory and copulation mistakes of all types that will reduce 
reproductive fitness in both sexes.

heliothine moth sex pheromone systems thus are exem-
plars of moth pheromone evolution via adaptive responses to 
heterospecific blends in which different species-specific blends 
have diverged during a reproductive character displacement 
process in zones of sympatry of two established species (Butlin 
1987), or during a speciation event that includes reinforce-
ment (Butlin 1987). A “species recognition” mechanism (Pater-
son 1985; lambert et al. 1987) orchestrating the evolution of 
these pheromone blend ratios solely through normalizing (sta-
bilizing) selection lacking adaptive responses to heterospecific 
pressures is not well supported. not only is there strong behav-
ioral aversion of heliothine males of some species to blends 
containing trace amounts of heterospecific components such 
as Z11-16Ac in areas of sympatry, but also there are olfactory 
sensory neurons (osns) on their antennae that are specifically 
tuned to such heterospecific components. it is hard to recon-
cile the presence of heterospecific-component-tuned osns 
expressed on male antenna as being anything but an adaptive 
natural selective response to mate finding and mating mis-
takes. these osns represent the neuronal hardwiring of males 
that helps them classify, at a distance, pheromone blends as 
being from heterospecific females and thus avoid wasting time 
advancing upwind in their pheromone plumes. it would be 
difficult to find more definitive proof for pheromones being 
sculpted by adaptive responses to erroneous heterospecific 
cross-communication than in the types of heliothine males’ 
osns that are dedicated only to the detection of heterospecific 
pheromone components. this is not to say that blends have 
not also been shaped over time by the effects of normalizing 
selection orchestrated by females emitting very low rates of a 
population-mean optimal blend. such females should attract 
(select for) only males that are equipped with an optimally 
functioning olfactory system having the greatest sensitivity 
and selectivity for the correct blend ratio. it appears though 
from abundant experimentation that very few heliothine 
moth species have males exhibiting such sensitivity and selec-
tivity for only a very limited range of blends.

Hormonal Control of Pheromone Biosynthesis and 
Emission

most heliothines studied to date share similar activity pat-
terns for oviposition, feeding, and mating. in terms of calling 
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behavior, peak pheromone production and mating receptiv-
ity by females occur approximately 2–6 h after the onset of 
scotophase (Shorey and Gaston 1965; Mbata and Ramaswamy 
1990; Ramaswamy 1990). Furthermore, age influences phero-
mone production in heliothines, with peak production 
approximately 48 h postemergence. Peak pheromone produc-
tion is modulated by several factors, including titer of juve-
nile hormone, octopamine (Christensen et al. 1992; Rafaeli 
2009), and pheromone biosynthesis activating neuropeptide 
(PBAN; Raina and Klun 1984; Raina et al. 1986, 1987; Raina 
and Kempe 1990, 1992; for review, see Raina 1993). Finally, 
examination of pheromone production in Heliothis virescens
has demonstrated that males transfer a pheromonostatic com-
pound that inhibits the release of pheromonotropin and 
PBAN (Ramaswamy et al. 1995).

PBAN Activity

A thorough investigation of pheromone biosynthesis is 
beyond the focus of this chapter. However, a significant body 
of knowledge has been generated from heliothines to eluci-
date control of pheromone production and biosynthetic path-
ways. Indeed, species such as Heliothis virescens and Helicov-
erpa zea have been used as model systems in initial and 
continuing studies on such phenomena. The first evidence for 
neuroendocrine (peptidergic) control of female pheromone 
production in moths was demonstrated in H. zea, ultimately 
leading to the discovery and characterization of PBAN (Raina 
and Klun 1984; Raina et al. 1986, 1987; Raina and Kempe 
1990, 1992; for review, see Raina 1993). Subsequent work 
identified the gene encoding PBAN and related peptides by 
using H. zea as a model (Jurenka et al. 1991; Davis et al. 1992; 
Ma et al. 1996, 1998; Choi et al. 2005). Such peptides are pro-
duced in localized regions of the brain (subesophageal gan-
glion, corpora cardiaca), and ganglia of the ventral nerve cord 
(Kingan et al. 1992, 1993; Jurenka and Rafaeli 2011). Neural 
and endocrine factors have been identified that may regulate 
PBAN production and modulate pheromone biosynthesis 
(Teal et al. 1989; Christensen et al. 1991; Rafaeli and Gileadi 
1995). Groot et al. (2005) also demonstrated that PBAN injec-
tions in female H. virescens and H. subflexa could be used to 
reduce variation in production between virgin and mated 
females and in photophase compared to scotophase.

Several studies (again within Heliothinae) subsequently 
have demonstrated PBAN acts directly on the pheromone 
gland when the gland is stimulated in vivo or in vitro with 
peptide extracts (Rafaeli and Jurenka 2003). Binding occurs 
with epidermal cells of the pheromone gland, and G protein-
coupled receptors for PBAN have been localized from H. zea
female pheromone glands (Choi et al. 2003; Kim et al. 2008). 
Rate-limiting enzymatic studies in H. armigera suggest that 
PBAN specifically influences early incorporation of acetate 
and the activity of CoA carboxylase (Tsfadia et al. 2008; 
Jurenka and Rafaeli 2011). In female H. armigera the product 
malonyl-CoA is modified in series by fatty acid synthetase, 
Δ11-desaturase steps, and differential activity of reductases 
or oxidases to produce aldehydes, alcohols, and acetates 
(Jurenka and Rafaeli 2011). In males, the Δ11-desaturase 
appears to be absent, and similar steps of reduction and oxi-
dation lead to the production of 16–18 chain-length alcohols 
and acetates.

Early work by Teal and Tumlinson (1989) documented 
enzymatic activity within pheromone glands of H. subflexa, 

H. virescens, and Hydraecia micacea. By applying primary ace-
tates and alcohols to the surface of pheromone glands, the 
corresponding alcohols and aldehydes were produced by 
female Heliothis spp. For heliothines, which rely on aldehydes 
as primary components, this step is critical: H. micacea did 
not produce aldehydes in response to alcohol application. 
This study provided the first evidence for oxidative steps in 
pheromone biosynthesis in these species.

In other moth species, PBAN activity appears more com-
plex, affecting the activity of reductases and possibly other 
receptor types (Tillman et al. 1999). In H. virescens, PBAN 
influences two different stages in pheromone production, as 
pheromone synthesis from exogenously applied lipids is also 
increased (Eltahlawy et al. 2007). It remains unclear which 
secondary enzymatic step is influenced later in pheromone 
production, but it has been proposed to influence reduction 
of fatty acids to alcohols and aldehydes, as has been shown in 
other Lepidoptera (Tillman et al. 1999). In addition, helioth-
ine species express a chain-shortening mutation that influ-
ences the production of many minor components. For exam-
ple, in H. subflexa, Z9-16Ald is generated via Δ11 desaturation 
of octadecanoic acid (18OOH) followed by chain shortening, 
and H. virescens similarly uses hexadecanoic acid (16OOH) as 
the substrate for Δ11-desaturase followed by chain shortening 
to generate Z9-14Ald plus the non-chain-shortened Z11-16Ald 
(Choi et al. 2005).

Studies have examined the kinetics of biosynthesis in 
H. virescens to further quantify metabolites and determine 
flux in acetate products in pheromone production, both in 
photophase and scotophase (Foster and Anderson 2012). 
Finally, Vogel et al. (2010) have documented the transcrip-
tome of female H. virescens, identifying a series of candidate 
genes that may influence pheromone biosynthesis. This infor-
mation will provide novel strategies to examine the biosyn-
thetic pathway within H. virescens and serve as a basis for 
interspecific variation noted in the Heliothinae.

PBAN has also been implicated in courtship pheromone 
biosynthesis in males, with evidence of immunoreactivity in 
the central nervous system of H. armigera (Rafaeli et al. 1991; 
Jurenka and Rafaeli 2011). Gene transcripts for PBAN recep-
tors have also been documented in H. armigera, and RNA 
interference (RNAi) studies have demonstrated that produc-
tion of male hairpencil compounds is influenced by PBAN 
(Bober and Rafaeli 2010). Given the similarity in derivative 
compounds used for biosynthesis in both male and female 
heliothines, it is perhaps not surprising to see homology in 
the mode of action of PBAN.

Specificity of Response by Males to 
Female-Emitted Compounds

The differential attraction or deterrence of males to the vari-
ous combinations of pheromone gland volatiles outlined 
above and in Table 21.2 is integral to our understanding of 
how pheromone blend compositions have been shaped over 
evolutionary time. It is therefore best to try to understand 
the published data concerning male behavioral responses 
to different blends in the context of geographical areas of 
sympatry and seasonal synchrony of adults occupying the 
same habitats, such as in agricultural crops or surrounding 
vegetation.

Despite wide geographic distributions of many of these 
heliothine species, there is no evidence of the existence of mul-
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tiple cryptic species across their ranges. for instance, an intense 
sampling (mitochondrial DnA from 249 individuals) of popu-
lations of Helicoverpa armigera around the world supports this 
insect’s status as a single species across Africa, Asia, and Austra-
lia (Behere et al. 2007). A similar examination of H. zea from 
both north America and south America supported its status as 
a single species that had diverged from H. armigera 1.5 million 
years ago (Behere et al. 2007). even though there may appear 
to be differences in pheromone blends and male behavioral 
response profiles over heliothines’ wide geographic areas, these 
must be considered to be pheromone polymorphisms or “dia-
lects” such as have been found in different parts of the world 
for the noctuid moth Agrotis segetum (löfstedt et al. 1986) or 
for the saturniid moths in the genus Hemileuca (mcelfresh and 
millar 1999, 2001; see Allison and Cardé, Chapter 2, this 
volume).

for the above-mentioned Helicoverpa and Heliothis spp., 
there are no instances of sexual activity occurring during any 
hours of the diel except during scotophase. moreover, no 
studies have documented significant partitioning of scoto-
phase into species-specific sexual activity periods that might 
have been selected for to avoid or minimize heterospecific 
mate location, courtship, and copulation mistakes. therefore, 
below we compare the pheromone blends of two or more spe-
cies, pair by pair, for species having overlapping geographical 
ranges (sympatry) and overlapping adult seasonal flight peri-
ods (seasonal synchrony). Discussing such pairings may eluci-
date how adaptive responses to each others’ pheromone 
blends might have helped shape their sex pheromone com-
munication systems via divergence during a speciation event 
followed by reinforcement of two newly discrete communica-
tion channels, or by reproductive character displacement-
related shifts in two already established species in their zones 
of sympatry (Butlin 1987).

Blend Specificity in North and Central America

OPTIMIZATION OF INTRASPECIFIC  
COMPONENT RATIOS

species in the Americas exhibit differences in their sex phero-
mone blends that involve selective elimination or modulation 
of the use of two different enzymes, Δ11-desaturase and an 
enzyme that performs β-oxidation (chain shortening). the 
order of action of these two enzymes can also be reversed. A 
major selective force determining which compounds get bio-
synthesized for the species specificity of these pheromone 
blends is male preference. Although males have been selected 
to have a broad response spectrum to enable them to “track” 
(respond to) the blends of any and all conspecific females in 
their environment, they will be penalized by responding too 
broadly, that is, to heterospecific pheromone blends resulting 
in no offspring or hybrid progeny having reduced inclusive 
fitness. the degree to which such mating “mistakes” can evo-
lutionarily sculpt male discrimination for blends having a 
certain composition of components at particular ratios 
explains why behavioral experiments are so illuminating. 
such tests examine the sensitivity and specificity of male 
response to blends comprised of various potential synthetic 
pheromone components emitted in different blend ratios, 
and thus probe the olfactory blend integration system of a 
given species that has been selected for over time. We can 
thereby begin to understand, by determining the ranges of 

responsiveness that males exhibit to possible pheromone 
blends, the limits on blend composition that mate finding, 
courtship, and mating mistakes have placed on these phero-
mone systems.

Heliothis virescens males require the presence of Z9-14Ald 
and Z11-16Ald to fly upwind to and locate a source of sex pher-
omone. of the known pheromone blends of north American 
heliothines, H. virescens is the only species that uses Z9-14Ald, 
and this component involves the chain shortening of Z11-
16CoA to create the Z9-14CoA needed for Z9-14Ald. H. virescens
males respond very well in wind-tunnel assays to percentages 
of Z9-14Ald in blends loaded on dispensers that ranged from 
5% to 50% Z9-14Ald (Vickers et al. 1991). in field-trapping 
studies, Groot et al. (2010a) found that H. virescens males were 
trapped in equivalently optimal numbers when 1–10% 
Z9-14Ald was loaded onto dispensers with Z11-16Ald, with sig-
nificant numbers of males still captured to lures loaded with 
25% Z9-14Ald. the airborne percentages of Z9-14Ald relative 
to Z11-16Ald will of course be much higher due to the 14-
carbon aldehyde’s higher volatility. Pope et al. (1982) mea-
sured percentages of Z9-14Ald emitted by individual females 
and found that only 3 of 40 females emitted over 10% Z9-14Ald 
in Z11-16Ald (10%, 11%, and 14%). the rest of the females’ 
emitted percentages varied between 7% and 2% with a mean 
of 5.04% Z9-14Ald. thus, it is the females that have a narrow 
variance in emission of Z9-14Ald in their blends, and the 
experimentally demonstrated male acceptance of quite broad 
ratios of Z9-14Ald in Z11-16Ald seems to indicate that neither 
males nor females have imposed any kind of strong stabilizing 
selection on this two-component blend.

in addition to Z11-16Ald, H. subflexa males require the 
emission of large proportions of both Z11-16oh and Z9-16Ald 
in the blend to be attracted (Vickers 2002). Z11-16Ac is a 
fourth component, increasing male attraction when added to 
the Z11-16Ald, Z11-16oh, and Z9-16Ald three-component 
blend (Groot et al. 2009a). emission of three pheromone-
gland-constituent acetates, including Z11-16Ac, along with 
the above-mentioned three requisite components (Vickers 
2002), had been reported to be more important for male 
attraction in the eastern (north Carolina) compared to the 
western (mexico) part of this species’ range (Groot et al. 
2007). however, these field-trapping tests showed that there 
was a significant increase in trap catch in both regions due to 
the addition of just Z11-16Ac to this three-component blend, 
with no further increase when the two remaining acetates 
were also added (Groot et al. 2007). therefore, this suggests 
not only is there no significant geographic variation in 
response to this four-component blend, but also that Z11-
16Ac must now be considered to be a fourth pheromone com-
ponent of this species’ pheromone. its effect on increasing 
trap catch was consistent in all tests in all regions. Groot et al. 
(2007) then compared differences in the ratios of increase in 
trap catch in both regions due to the addition of Z11-16Ac (or 
the acetates together) to the three main components com-
pared to the three main components alone. When this trap 
catch ratio analysis was performed, the increase in trap catch 
in north Carolina compared to the blend lacking Z11-16Ac 
was declared to be significantly greater (approximately four-
fold) than the increase in mexico (approximately twofold). 
however, attaching statistical significance to such a ratio 
difference in magnitude of trap catch between two regions is 
problematic because in moth field-trapping pheromone blend 
experiments, the magnitude of increase in trap catch, even 
from the same locale but from different fields, in response to 
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equally extra-component-fortified blends can vary greatly for 
many different reasons (cf. Baker and Cardé 1979). The shape 
of the trap capture response profile may vary (i.e., ratio of cap-
tures of suboptimal blends relative to optimal blends) accord-
ing to test location and population density. A further consid-
eration is that the lure compositions that were tested were 
based on gland extracts (Groot et al. 2007), which in helioth-
ine moths may vary considerably from the gland volatiles’ 
actual emission ratios (Pope et al. 1982, 1984).

Z11-16Ac is always present in female pheromone gland 
extracts whenever (Z)-7-hexadecen-1-ol acetate (Z7-16Ac) and 
(Z)-9-hexadecen-1-ol acetate (Z9-16Ac) are found there, and 
thus Z11-16Ac should always be present in females’ volatile 
emissions whenever either of these other two acetates are 
emitted. Hence, there is no known natural situation in which 
Z7-16Ac can affect male behavior on its own as a female-
emitted pheromone component, and it does not matter that 
Z7-16Ac was shown in one of the three field tests to increase 
trap catch (as did Z11-16Ac in that same test) when added, as 
the only acetate, to the three-component requisite blend 
(Groot et al. 2007). Furthermore, regarding Z9-16Ac, in no 
case was this acetate shown to have any effect on behavior 
when added by itself to the three-component blend lacking 
the other acetates. Therefore, again, evidence suggests that 
Z11-16Ac must be considered to be the only proven fourth 
component of the H. subflexa blend.

The range of ratios of both Z11-16OH and Z9-16Ald relative 
to the Z11-16Ald major component that results in optimal H. 
subflexa male behavioral responses is quite broad. Ratios of 
Z11-16OH that result in optimal male attraction in wind-tun-
nel assays ranged from 1% to 50% of the Z11-16Ald amount, 
with no diminution of attractiveness (Vickers 2002). In field-
trapping studies using just these three components, the ratio 
requirements for Z11-16OH seemed much narrower but that is 
because greater than 10% Z11-16OH was not tried (Groot et al. 
2007). Similar to the wind-tunnel results of Vickers (2002), 
either 1% or 10% Z11-16OH significantly increased trap catch 
compared to treatments lacking Z11-16OH (Groot et al. 2007). 
Interestingly, when the fourth component, Z11-16Ac, was 
present in the blend in these field trials, a slightly broader 
range of percentages of Z11-16OH, from 1% to 25%, resulted 
in equivalently high increased levels of trap catch compared 
to blends lacking Z11-16OH (Groot et al. 2007). In wind-tun-
nel assays, the percentage of Z9-16Ald in the blend that 
resulted in optimal attraction ranged from 10% to 50% (Vick-
ers 2002).

Helicoverpa zea males require only a small amount of Z9-16Ald 
in the blend with Z11-16Ald to evoke optimal attraction, 
although a small amount of Z9-14Ald can substitute for the 
Z9-16Ald (Table 21.2; Vickers et al. 1991), despite the fact that 
H. zea females do not synthesize or emit detectable amounts 
of Z9-14Ald (Pope et al. 1984). The range of percentages of 
Z9-16Ald that evoke optimal attraction when blended with Z11-
16Ald is from 1% to 15% (Klun et al. 1980b; Vetter and Baker 
1984; Vickers et al. 1991), even though Z9-16Ald makes up only 
approximately 1–2% of H. zea female effluvia (Pope et al. 1984). 
Males do not require emission of any other compounds, includ-
ing Z7-16Ald or 16Ald (Vetter and Baker 1984), even though 
both of these compounds are emitted by H. zea females (Pope 
et al. 1984) and are found in gland extracts (Klun et al. 1980b).

H. phloxiphaga males have a critical requirement for optimal 
male attraction: a very small amount of Z9-16Ald (no more 
than 0.6%) for optimal male attraction as well as only a small 
amount of Z11-16OH (2–3%), both admixed with Z11-16Ald 

(Table 21.2). When Z11-16OH is deleted from the blend, or 
when it exceeds 4%, male attraction is severely reduced (Raina 
et al. 1986). The requirement for a precise percentage of Z11-
16OH (2–3%) to be blended with Z11-16Ald seen in H. phloxi-
phaga is unique among the heliothines (Raina et al. 1986).

BEHAVIORAL ANTAGONISM TO HETEROSPECIFIC 
BLENDS AND BLEND COMPONENTS

Infield-trapping experiments using large-diameter Hartstack 
wire-screen traps (Hartstack et al. 1979), female Heliothis sub-
flexa and H. virescens were both able to attract significant num-
bers of Helicoverpa zea males (Groot et al. 2009a), and also to 
attract small numbers of each other’s males (Groot et al. 2006, 
2009a). In these experiments, males did not have to orient all 
the way to the calling female pheromone source; they only 
needed to approach within approximately 25 cm of the female 
to be captured. Wind-tunnel experiments testing cross-attrac-
tion of male H. virescens, H. subflexa, and H. zea all the way to 
the calling females themselves showed that males of none 
of the three species were able to lock onto the plumes and fly 
all the way upwind to arrive at heterospecific females (Lelito 
et al. 2008). The reasons for this inability in males of all three 
species originates with blends emitted by heterospecific 
females that contain behaviorally antagonistic components or 
else are comprised of unbalanced, behaviorally antagonistic 
blend ratios deficient in one or more essential components. H. 
virescens males are not attracted to H. subflexa females because 
although these females do emit a small amount of Z9-14Ald, 
the large percentages of Z11-16Ac and Z11-16OH emitted by H. 
subflexa females are antagonistic to H. virescens male attrac-
tion. The addition of just 0.1% Z11-16Ac or ≥3% Z11-16OH to 
the optimal H. virescens blend is sufficient to reduce male H. 
virescens attraction significantly (Vetter and Baker 1983; Vick-
ers and Baker 1997). H. virescens males are not attracted to H. 
zea females because they do not emit any Z9-14Ald, and for H. 
virescens Z9-16Ald cannot substitute behaviorally for the 
absence of Z9-14Ald (Vickers et al. 1991). Similarly, H. virescens
males would not be attracted to H. phloxiphaga females for the 
same reason as for H. zea above. In addition, the 3% Z11-16OH 
emitted by the H. phloxiphaga females would be behaviorally 
antagonistic to H. virescens males (Vetter and Baker 1983).

Female H. virescens probably do not attract H. subflexa males 
because they do not emit the large percentage of Z9-16Ald or 
any Z11-16OH, both of which are required for response by H. 
subflexa males (Vickers 2002). Male H. subflexa likewise will not 
be attracted to H. zea females due to the lack of emission of Z11-
16OH (Pope et al. 1984), as well as the tiny amount of Z9-16Ald 
(1–2%) emitted by H. zea females. These low levels of Z9-16Ald 
would be inadequate to attract H. subflexa males (Vickers 
2002). Similarly, H. subflexa males would likely not be attracted 
to H. phloxiphaga females because the percentages of Z9-16Ald 
and Z11-16OH (0.4% and 6.7%, respectively) they produce in 
their glands (Raina et al. 1986) are too small to evoke upwind 
flight to the source in H. subflexa males (Vickers 2002).

H. zea males are not attracted to H. virescens females because 
even though a small percentage of Z9-14Ald can substitute for 
the Z9-16Ald of H. zea females, the amount emitted by H. vire-
scens females will exceed that amount and be behaviorally 
antagonistic (Table 21.2; Vickers et al. 1991). Also, the addition 
of small percentages of Z9-16Ald to the Z9-14Ald that H. vire-
scens females typically emit has been shown to antagonize 
flight to nearly complete suppression of male attraction (Shaver 

56137txt.indd   312 6/24/16   1:56 PM



Pheromones of heliothine moths  313

et al. 1982). H. zea males are not attracted to H. subflexa females 
because the percentage of Z11-16oh produced by H. subflexa
females is antagonistic to their upwind flight (Quero and Baker 
1999; Quero et al. 2001). finally, H. zea males should not be 
attracted to H. phloxiphaga females because the percentage of 
Z11-16oh they produce (2–3%) will be antagonistic to H. zea
male upwind flight (Quero and Baker 1999; Quero et al. 2001). 
however, a small amount (5%) of cross-attraction of H. zea
males in the field (cross-trapping in large cone traps) was found 
using both H. phloxiphaga calling females (Kaae et al. 1973; 
raina et al. 1986) and the H. phloxiphaga synthetic blend (raina 
et al. 1986). the percentage of Z11-16oh in the blend emitted 
by H. phloxiphaga females does not appear to be enough to 
completely prevent cross-attraction of H. zea males, although 
the amount of cross-attraction cannot be assessed without 
knowing how many H. zea males would have been trapped in 
response to H. zea females if these females had been used as the 
proper control treatments in these same experiments. note 
that it is unlikely that H. zea males would occupy the same 
habitat at the same time of the year as H. phloxiphaga females.

for H. phloxiphaga, the requirement for a precise percentage 
of Z11-16oh (2–3%) in the blend may explain why cross-
attraction of male H. phloxiphaga to females of other sympat-
ric heliothine moths does not occur (raina et al. 1986). thus, 
H. phloxiphaga males will not be attracted to H. virescens (Pope 
et al. 1982; teal et al. 1986) or to H. zea (Pope et al. 1984) 
females due to their lack of emission of Z11-16oh, or to H. 
subflexa females because the large percentages of Z11-16oh 
emitted by H. subflexa females will be behaviorally antagonis-
tic to H. phloxiphaga male attraction (raina et al. 1986).

HETEROSPECIFIC FEMALE PHEROMONE PLUME 
INTERFERENCE VIA OVERLAPPING PLUMES?

the effect of communication interference on mate attraction 
by calling females has been measured by placing two calling 
heterospecific females on either side of a calling conspecific 
female (lelito et al. 2008). male orientation behavior was 
measured to quantify the impact of potentially antagonistic 
pheromone plume strands of heterospecific females inter-
leaved with conspecific plume strands. in five out of six  
possible combinations, the close positioning of two hetero-
specific interfering females next to one conspecific female 
generating overlapping plumes caused a significant, 50–80%, 
reduction of attraction of males to within 10 cm of their 
female. the one exception was of Helicoverpa zea males. 
Attraction of H. zea males to a calling H. zea female, although 
significantly reduced by the presence of two calling Heliothis 
subflexa females, was not at all reduced by the presence of 
two calling H. virescens females (lelito et al. 2008). the degree 
of coincident, completely mixed heterospecific and conspe-
cific plume strands in this experimental setup was measured 
via a four-channel eAG as being approximately 50% mixed.

GEOGRAPHIC VARIATION IN THE PHEROMONE BLENDS 
OF HELIOTHIS SUBFLEXA AND H. VIRESCENS

the female-produced pheromone blends in the Heliothis vire-
scens and H. subflexa pheromone communication systems 
have been reported to vary significantly across a geographical 
range in north America (Groot et al. 2009a). Unfortunately, 
Groot et al. (2009a) did not actually measure any variation in 

the pheromone of this species, because measurements were not 
reported for variation in the major component, Z11-16Ald, to 
determine how it may have covaried with any of the minor 
sex pheromone components (nor were the compositions of 
the emitted mixtures reported). in all the gland extractions 
for both species, only the large number of behaviorally inert 
minor gland extract constituents, plus the few actual minor 
sex pheromone components known to be emitted by females 
of each species, were analyzed. the actual quantities of these 
compounds were not reported, but rather, only their ratios of 
relative abundance were calculated. Again, to quantify geo-
graphic variation in the behaviorally active pheromone blends 
of these two species, the amount of covariance of Z11-16Ald 
abundance with the abundances of minor pheromone compo-
nents needed to be reported, but it was not. We thus do not 
know how, or whether, these pheromone blends varied geo-
graphically. moreover, the degree of ratio variation of even the 
behaviorally active actual minor pheromone components will 
have been influenced by the amounts of some of the more 
abundant, behaviorally inert constituents in the gland 
extracts. Because all results were reported as percentages of all 
minor/inert components, fluctuations in the amounts of these 
compounds, such as 16Ald for H. virescens and Z9-16Ac, 16Ald, 
and Z9-16oh for H. subflexa, will have confounded even these 
gland-constituent ratio results in unknown ways, and the 
actual emitted blend ratios in still other indiscernible ways.

SEASONAL “TEMPORAL VARIATION” IN FEMALE 
PHEROMONE BLENDS

in addition to varying geographically, the sex pheromone 
blends of Heliothis subflexa and H. virescens have been reported 
to vary temporally (i.e., among years) (Groot et al. 2009a). 
Again, unfortunately, variation in “chemical communica-
tion” that was mentioned in the title of Groot et al. (2009a) 
was not measured, because chemical communication in these 
species involves the complete sex pheromone blend, with Z11-
16Ald being the essential component in both species. the 
abundance of Z11-16Ald was not reported, and thus it is diffi-
cult to determine how it may have covaried with the abun-
dances of behaviorally active minor components. minor 
gland constituents, including minor pheromone compo-
nents, are all behaviorally inert in any blends without the 
inclusion of Z11-16Ald; thus, the seasonal variation in behav-
iorally inert compounds was all that was analyzed (Groot 
et al. 2009a). finally, because ratios and not amounts were 
reported, fluctuations in the amounts of non-pheromonal 
component in gland extracts will have confounded the ratios 
of even the known, behaviorally active minor pheromone 
components in the glands in unknown ways.

the “positive assortative” attraction of north Carolina 
H. subflexa and H. virescens males in the field to females col-
lected from north Carolina rather than from texas was impli-
cated as being due to differences in the pheromone blends of 
the females that had been collected from these two regions 
(Groot et al. 2009a). however, the lower trap captures of north 
Carolina male H. subflexa and H. virescens in response to texas 
females than to north Carolina females could be due to many 
other factors than the quality of these females’ sex phero-
mone blends. for example, texas females may inherently call 
less frequently than north Carolina females and thus have a 
smaller total attraction period during the night compared to 
north Carolina females. Unfortunately, the reciprocal field 
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tests were not conducted in Texas to see whether this is true, 
and that perhaps North Carolina females would attract more 
males in Texas as well as in North Carolina.

“PHENOTYPIC PLASTICITY” IN FEMALE BLEND 
COMPOSITION FOLLOWING EXPOSURE TO 
HETEROSPECIFIC PHEROMONE PLUMES?

Groot et al. (2010b) exposed female Heliothis subflexa to the 
synthetic pheromone blends of H. virescens and H. subflexa
over three continuous days and reported that the gland com-
positions of female H. subflexa seemed to change after they 
had been exposed to the H. virescens heterospecific pheromone 
blend, but not after they were exposed to the conspecific 
H. subflexa blend. Females that exhibited a blend shift showed 
a slight, but significantly, elevated percentage of Z11-16Ac and 
the two other acetates in their gland extracts. Groot et al. 
(2010b) proposed this phenotypic plasticity as a mechanism 
for females to increase their mating success in the presence of 
higher density populations of H. virescens that might other-
wise have increased the chances of H. subflexa females cross-
attracting H. virescens males and incurring reduced fitness.

There are several difficulties in trying to assess the validity 
of these results, not the least of which is that all gland-
extracted compounds were reported as “normalized” values 
to Z9-16OH (Groot et al. 2010b). First, the titers of Z9-16OH 
extracted, and their variation from gland to gland, were never 
shown, nor was the calculation method for normalizing the 
abundances. If Z9-16OH was present in very small amounts 
and used as a denominator in calculations, then very slight 
variations in the titers of Z9-16OH could create large varia-
tions in the normalized amounts of other compounds. 
Regardless, it is not possible from the information given to 
calculate back to find the actual titers of pheromone compo-
nents that were extracted or to determine whether the phero-
mone, i.e., the blend ratios of behaviorally active components, did 
actually vary significantly between the differently exposed 
groups of females. Some of the increases in gland constituents 
deemed “significant,” such as those of Z7-16Ac and Z9-16Ac 
after heterospecific pheromone exposure, appear to be van-
ishingly small and no larger than those from the females 
exposed to the conspecific blend (Groot et al. 2010b).

Second, the exposure of a group of females to the hetero-
specific H. virescens blend versus their blank control was done 
as a single lengthy cohort over several weeks during an earlier 
time period than was the exposure of the second several-
weeks-long cohort of females to the H. subflexa blend versus 
their blank control. The difference in the apparent increase of 
“acetates” in the former group to that of the latter group 
might have been due to some unknown differences in the 
quality of the H. subflexa females being tested during these 
earlier weeks versus those tested during the later sets of weeks.

Third, it should be noted that following H. subflexa females’ 
preexposure to the heterospecific H. virescens blend, the nor-
malized amount of Z11-16Ald major component extracted 
from these females also was seen to increase to seemingly as 
large a degree as that of Z11-16Ac. This calls into question 
whether the pheromone blend (e.g., the ratios of behaviorally 
active components including Z11-16Ald) in these females 
actually changed significantly, even though the amount of 
increase in the acetates was the authors’ focus. Unfortunately, 
we are not given enough information to be able to calculate 
whether the actual abundances of the pheromone blend com-

ponents changed (or not) because we were not shown how 
these normalized data were obtained.

Fourth, the Groot et al. (2010b) experiments were per-
formed in the laboratory by using prolonged, 3-day exposures 
of females located in close proximity (in the upwind portion 
of the aeration cylinder) to sources of synthetic pheromone 
blends. These were extremely long-duration, chronic expo-
sure levels that would never occur in nature (3-day exposure 
as adults and 1–7 days as pupae). Calling female moths’ pher-
omone plumes do not persist for more than a few tens of sec-
onds in the field. Pheromone researchers over decades have 
found it virtually impossible to locate a calling female of any 
species under natural conditions in the field because they 
usually become mated so quickly that only moths already in 
copula are found. In addition, such brief natural occurrences 
of heterospecific female plume emission in nature will be 
made even more fleeting due to the plumes’ meanderings 
caused by shifts in wind direction.

Finally, the percentages of minor components in heliothine 
moth gland extracts have been known to vary considerably 
due to extracts being prepared over periods differing by only 
a few hours during scotophase (Pope et al. 1984; Park et al. 
1996), or due to the glands being extracted for different dura-
tions, even if only by a few minutes (Raina et al. 1986). Also, 
the compounds present in a solvent extract from a phero-
mone gland, which may include biosynthetic precursors, are 
not necessarily reflective of the blend volatilizing into the air 
from the gland surface.

Blend Specificity in South America

BEHAVIORAL ANTAGONISM TO HETEROSPECIFIC 
BLENDS AND BLEND COMPONENTS

In South America, the same three types of non-cross-attractive 
heterospecific interactions between Helicoverpa zea, Heliothis 
virescens, and H. subflexa as in North America (see previous sec-
tions above) should be occurring. In Uruguay, Argentina, and 
Chile, however, there is another species, H. gelotopoeon, a pest of 
local field crops, that is sympatric and synchronic with these 
first three species (Cork and Lobos 2003). Females of H. geloto-
poeon emit an approximately 1:1 ratio of 16Ald and Z9-16Ald, 
and they do not emit any Z11-16Ald (Table 21.2). In fact, addi-
tion of ≥1% Z11-16Ald to the 16Ald-plus-Z9-16Ald blend signifi-
cantly antagonizes conspecific male attraction (Cork and Lobos 
2003). The optimal conspecific blend involves only Z9-16Ald, 
with 10–100% 16Ald admixed with it. Females will be com-
pletely unattractive to males of the other three species, all of 
which require Z11-16Ald in their blends. Also, male H. geloto-
poeon will be deterred from being attracted to females of the 
other species due to the predominance of Z11-16Ald as the 
major component in their blends. Thus, both females and males 
of H. gelotopoeon should be prevented from making mating mis-
takes with these other three species in their environment.

Blend Specificity in Europe and Asia

OPTIMIZATION OF INTRASPECIFIC 
COMPONENT RATIOS

Male Helicoverpa armigera require the presence of Z9-16Ald as a 
secondary component in their female sex pheromone blends 
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(Kehat et al. 1980; Kehat and Dunkelblum 1990). At least 
3% Z9-16Ald relative to Z11-16Ald must be present in a two-
component blend to be optimally attractive to H. armigera
males, with ≥24% causing a reduction in male attraction (table 
21.2; Kehat et al. 1980). in addition, whereas it had previously 
been thought that H. armigera was a species that did not use 
Z9-14Ald as part of its blend, Zhang et al. (2012) found that 
very small percentages (0.3–5.0%) of Z9-14Ald can contribute 
to doubling the trap capture of males when it is added to the 
Z11-16Ald-plus-Z9-16Ald blend. the component Z9-14Ald is 
found at a level of approximately 0.3% in female pheromone 
gland volatiles (Zhang et al. 2012), so it must be considered to 
be a pheromone component that contributes to increased male 
attraction in this species (Zhang et al. 2012). indeed, further 
support for this compound as a sex pheromone component for 
H. armigera comes from the studies of rothschild (1978) who 
showed that the addition of 2–5% Z9-14Ald to Z11-16Ald in 
Australia increased male trap catch significantly.

H. assulta is only one of two known Helicoverpa or Heliothis
species in which Z11-16Ald is not the major pheromone com-
ponent. here, Z9-16Ald is the major component, with Z11-
16Ald contributing to optimal male attraction when present 
at only 5–10% of the Z9-16Ald (table 21.2). it has been sug-
gested that H. assulta is a polymorphic pheromone species 
with geographical variation in the most effective blends in 
different regions. males in thailand were trapped optimally 
when the percentage of Z11-16Ald in a blend of Z11-16Ald plus 
Z9-16Ald was 13% of the amount of Z9-16Ald, whereas males 
in China and Korea were trapped optimally when Z11-16Ald 
was 2–5% (Cork et al. 1992). too much Z11-16Ald in the blend 
reduces H. assulta male response significantly; no males were 
found to fly upwind to and locate sources emitting the H. 
armigera blend ratio of 3% Z9-16Ald/97% Z11-16Ald. With the 
optimal H. assulta blend ratio of Z9-16Ald to Z11-16Ald, addi-
tion of the Z11-16Ac and Z9-16Ac female gland constituents in 
Korea significantly increased male response (trap catch), indi-
cating activity as two minor sex pheromone components in 
the H. assulta pheromone communication system in Korea 
(Cork et al. 1992). however, in China the addition of acetates 
to the blend reduced male trap catch and the addition of the 
acetates to the thailand aldehyde blend had no effect on trap 
catch of males there (Cork et al. 1992).

males of Heliothis peltigera are attracted optimally in field 
tests to a two-component blend of Z11-16Ald plus Z9-14Ald, 
with anywhere from 20% to 50% Z9-14Ald added as the 
minor component. the percentage of Z9-14Ald relative to Z11-
16Ald extracted from female pheromone glands was observed 
to be 13–17%  (table 21.2; Dunkelblum and Kehat 1989). in 
the wind tunnel, Z9-14Ald blended with Z11-16Ald at both 
5% and 50% of the amount of Z11-16Ald elicited equivalently 
high levels of upwind flight, source contact, and copulatory 
attempts. Addition of 30% Z11-16oh to the binary blend, 
mirroring the 24% found in female glands, evoked no signifi-
cant changes in these categories of behavior (Dunkelblum 
and Kehat 1989).

H. maritima has been designated as having many subspe-
cies, and among the seven such subspecies are H. m. hungarica
in hungary and H. m. aduacta in Japan. males of H. m. hun-
garica in hungary have been shown to respond optimally to 
the only two ratios that were tested that approximate the 
100:8.1:5.5 ratio of Z11-16Ald/Z11-16oh/16Ald gland constit-
uents shown to be produced by hungarian females (szõcs 
et al. 1993). two blend ratios, 100:20:6 and 100:6:3, of these 
three compounds were shown to have an equivalently high 

level of male attraction in a wind tunnel (table 21.2). A ratio 
similar to these was also used successfully in field-trapping 
tests. Binary blends were not tested against either in the field 
or in the wind tunnel against the ternary blends, so it is not 
clear whether both Z11-16oh and 16Ald are pheromone com-
ponents or only one of them is. Addition of a fourth com-
pound, Z9-16Ald, that had been isolated in trace amounts 
from H. m. hungarica female glands, helped increase attrac-
tion in the wind tunnel when added at 0.1% Z11-16Ald, but in 
field-trapping experiments this compound had no effect 
(szõcs et al. 1993). it may be tentatively labeled also as being 
a pheromone component, based on the wind-tunnel results.

females of H. m. aduacta in Japan produce ratios of Z11-
16Ald/Z11-16oh/16Ald (100:24.5:2.4) that are quite similar to 
those produced by the hungarian (subspecies) females (Kak-
izaki and sugie 2003). field-trapping tests showed that binary 
blends of 1% Z11-16oh relative to Z11-16Ald attracted and 
captured males, whereas each compound alone did not. in 
several experiments, trap capture was highest when the per-
centage of Z11-16oh was in the range of 1–5%. the addition 
of either 16Ald or Z9-16Ald to the binary blend had no effect 
on male trap capture (Kakizaki and sugie 2003).

it may be concluded from work on Japanese H. maritima
that H. maritima in Japan definitely, and in hungary most 
likely, use Z11-16Ald and Z11-16oh as sex pheromone compo-
nents. there is no strong evidence for 16Ald or Z9-16Ald being 
behaviorally active in hungary and no evidence at all that 
they are active in Japan. no ranges of Z11-16oh were tried in 
binary blends in hungary, and so we do not know whether 
the 1–5% Z11-16oh used in Japan is a different optimal ratio 
than the 6–20% tested in hungary. therefore, there may be 
no strong differences in Japan and hungry in the binary 
blends used by these two “subspecies.”

BEHAVIORAL ANTAGONISM TO HETEROSPECIFIC 
BLENDS AND BLEND COMPONENTS

the most geographically widespread species, Helicoverpa armi-
gera, might be expected to exert the biggest influence on het-
erospecific pheromone blend specificity across europe and 
Asia. in both hungary and Japan, Heliothis maritima does not 
use Z9-16Ald as a minor component, using Z11-16oh instead; 
therefore, its blend does not attract H. armigera males, which 
require Z9-16Ald. H. maritima, conversely, would not be 
attracted to H. armigera females because they do not emit sig-
nificant percentages of Z11-16oh that H. maritima males need 
to be attracted.

in the mediterranean region, H. peltigera females produce a 
large percentage (15%) of Z9-14Ald as their secondary phero-
mone component, a percentage that is antagonistic to 
H. armigera male attraction (Dunkelblum and Kehat 1989). 
Percentages of Z9-14Ald that are this high, coupled with the 
large percentage of Z11-16oh produced by H. peltigera females, 
which is not a pheromone component of this species, were 
shown to effectively eliminate attraction of H. armigera males 
(Dunkelblum and Kehat 1989). Conversely, H. peltigera males 
will not be attracted to H. armigera females because they emit 
too little Z9-14Ald (0.3%; Zhang et al. 2012) to be effective for 
H. peltigera attraction, as shown by the wind-tunnel studies of 
Dunkelblum and Kehat (1989) in which 1% Z9-14Ald was 
ineffective in causing upwind flight of H. peltigera males.

male H. peltigera should not be attracted to female H. maritima
because they do not produce detectable amounts of Z9-14Ald. it 
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is not clear whether H. maritima males would be attracted to H. 
peltigera females because the latter produce significant amounts 
of Z11-16OH, a secondary pheromone component used by H. 
maritima; however, H. peltigera females also produce Z9-14Ald 
that might be antagonistic to H. maritima male attraction. This 
hypothesis would need to be confirmed experimentally, as 
would the amounts actually emitted by both H. peltigera and H. 
maritima females, not just the amounts extracted from glands.

The species H. assulta and H. armigera are sympatric over 
large areas of Asia and may present an interesting study in the 
evolution of blend specificity as a consequence of selection to 
reduce mating mistakes. In wind-tunnel cross-attraction 
studies, Ming et al. (2007) showed that calling H. assulta and 
H. armigera females were completely unattractive to H. armig-
era and H. assulta males, respectively. It had previously been 
shown that H. armigera males could be cross-attracted to the 
synthetic two-component H. assulta blend of 97% Z9-16Ald 
plus 3% Z11-16Ald but that H. assulta males were not attracted 
to the H. armigera blend of 97% Z11-16Ald plus 3% Z9-16Ald 
(Zhao et al. 2006). Therefore, Ming et al. (2007) conjectured 
that because H. armigera males were not attracted to calling H. 
assulta females, other compounds emitted by H. assulta
females might be responsible for antagonizing H. armigera
attraction. It is possible that these additional antagonistic 
compounds might be the corresponding acetates, such as Z11-
16Ac that were found to be produced by H. assulta females 
from populations in China (Cork et al. 1992).

However, Wu et al. (2013) later demonstrated in wind-tunnel 
experiments with two-component synthetic blends of Z9-16Ald 
plus Z11-16Ald that ratio differences alone could explain the 
lack of cross-attraction of H. armigera males to H. assulta
females. It may still be possible that the emission of other com-
pounds such as Z9-16Ac and Z11-16Ac in the H. assulta gland 
volatiles (Cork et al. 1992) might explain the lack of H. armigera
attraction to calling H. assulta females. This possibility needs to 
be investigated in experiments using synthetic mixtures and 
moths of carefully chosen geographic origin.

No additional compounds need to be involved to explain the 
absence of cross-attraction of H. assulta males to H. armigera
females. Differences in the ratio of Z9-16Ald to Z11-16Ald 
between the species are enough to prevent cross-attraction 
(Zhao et al. 2006; Ming et al. 2007). However, H. armigera
females also have been shown to produce small amounts (0.3%) 
of Z9-14Ald as part of their sex pheromone blend (Zhang et al. 
2012), and between 0.1% and 1% Z9-14Ald added to the 
H. assulta two-component blend was shown to be behaviorally 
antagonistic to male H. assulta attraction in the field (Boo et al. 
1995). Thus, Z9-14Ald might contribute to further reducing the 
chance of male H. assulta attraction to H. armigera females.

It should be expected that H. assulta males will, across their 
geographic range, not be attracted to any of the other helioth-
ine species whose pheromone blends are thus far known, 
because of their preference alone for the skewed ratio of pre-
dominantly Z9-16Ald compared to Z11-16Ald. The same 
should be true in the other direction: males of no other spe-
cies should be attracted to female H. assulta due to this unique 
Z9-16Ald-to-Z11-16Ald ratio. In addition, the requirement by 
H. peltigera for Z9-14Ald as a secondary component would pre-
vent these males from being attracted to H. assulta females. 
H. maritima does not use Z9-16Ald as a secondary component; 
it uses Z11-16OH instead. Because H. assulta females do not 
emit Z11-16OH, this is yet a further reason (in addition to the 
atypical Z9-16Ald-to-Z11-16Ald ratio) why H. maritima males 
should not be cross-attracted to H. assulta females.

Blend Specificity in Australia

It was reported that the “native” budworm of Australia, Heli-
coverpa punctigera, uses a sex pheromone blend ratio of 
100:100:5 of Z11-16Ald/Z11-16Ac/Z9-14Ald, respectively 
(Table 21.2; Rothschild et al. 1982). In exhaustive field trials, 
this ratio resulted in optimal trap capture of males. In addi-
tion to the above-mentioned three components, Z11-16OH 
was found to be a constituent of female pheromone glands at 
levels of ≥15% relative to Z11-16Ald, but its inclusion in syn-
thetic blends did not affect trap capture levels.

It is highly unlikely that H. punctigera males would be 
attracted to H. assulta females due to the predominance of 
Z9-16Ald in that species’ blend, plus the lack of emission of 
Z9-14Ald and low level of emission of Z11-16Ac (Cork et al. 
1992). Attraction of H. assulta males to H. punctigera females 
would be low due to the need for Z9-16Ald to predominate in 
a blend (Zhao et al. 2006; Wu et al. 2013). It should be 
expected that H. punctigera males will not be attracted to 
H. armigera females due to the latter females’ lack of emission 
of Z11-16Ac. H. armigera males likewise will not be attracted to 
H. punctigera females due to the negligible amounts of 
Z9-16Ald in H. punctigera female glands, and their excessive 
amounts of Z11-16Ac and Z11-16OH, the latter of which has 
been shown to reduce upwind flight and source location by 
H. armigera males when present at ≥5% relative to Z11-16Ald 
in the H. armigera two-component blend of Z11-16Ald plus 
Z9-16Ald (Kehat and Dunkelblum 1990).

Hybridization Studies Reveal Heritable Features 
of Pheromone Production and Attraction

Heliothine Hybrids in Nature and in the Laboratory

Despite evidence of optimized sex pheromone blends for indi-
vidual species, there is some evidence that heterospecific mat-
ings might occasionally occur among heliothines in the field. 
Cross-attraction among sympatric populations of several 
heliothine species have been documented in field-trapping 
studies (Hardwick 1965; Klun et al. 1980a; Cork et al. 1992; 
Cork and Lobos 2003; Wang et al. 2005; Groot et al. 2006, 
2009a). Any cross-attraction among heliothines resulting in 
heterospecific copulations has high negative fitness conse-
quences. For instance, Helicoverpa zea males have been shown 
to be attracted to female Heliothis virescens and H. subflexa in 
the field (Groot et al. 2006, 2009a), but without the prospect 
for viable progeny. In the laboratory, H. zea males paired with 
H. virescens females experience irreversible locking of genitalia 
(Shorey et al. 1965). Likewise, H. virescens and H. subflexa are 
able to hybridize, but there is a fitness cost due to the sterility 
of male hybrids, and also possibly from the emission of less 
attractive pheromone blends by hybrid female offspring 
(Laster 1972; Proshold and LaChance 1974; Laster et al. 1976; 
Teal and Oostendorp 1995). In these two species and in H. zea, 
the presence of either Z9-14Ald or Z9-16Ald in the blend is 
critical to modulating attraction in possible zones of sympatry 
where such heterospecific mating mistakes might occur (fig-
ure 21.1). Male attraction to blends containing either of these 
components appears to be dictated by how broadly or nar-
rowly tuned OSNs are in “B-type” H. subflexa and H. virescens
trichoid sensilla (Cossé et al. 1998) on their antennae (Baker et 
al. 2004, 2006; Gould et al. 2010; see sections below on olfac-
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tory architectures of hybrids and parental species). With 
regard to other components that can vary, the addition of Z11-
16oh to a mixture is critical for H. subflexa male attraction; 
conversely, the presence of Z11-16Ac will typically suppress 
approach by heterospecific males such as H. virescens or H. zea
(Vickers and Baker 1997; fadamiro et al. 1999; Vickers 2002).

the existence of these mechanisms for pre-mating isolation 
suggests that hybridization of species such as H. virescens and 
H. subflexa in nature is rare. however, hybridization in the 
field cannot be dismissed because these two species can be 
readily hybridized in the laboratory (laster 1972; teal and 
oostendorp 1995; Groot et al. 2004). the presence of hairpen-
cil organs in male heliothines, their active display during 
courtship, and the behavioral activity of courtship phero-
mones in these species provide evidence that there have likely 
been significant levels of heterospecific cross-attraction in the 
past to long-distance female-emitted sex pheromone. the 
cross-attraction will have resulted in selection for choosy 
females that require males to identify themselves as conspe-
cific via olfactory cues emitted during the males’ courtship 
displays (Birch et al. 1990; hillier and Vickers 2011b). such 
displays, if heritable, may additionally have contributed to 
the process of runaway sexual selection, in which increas-
ingly discriminating females select for the best, most repro-
ductively “fit” males that can produce the optimal quality 
and quantities of olfactory signals (Birch et al. 1990; hillier 
and Vickers 2004; hillier and Vickers 2011b).

Heritable Features Affecting Pheromone  
Blend Biosynthesis

Phenotypic variation in female sex pheromone mixture pro-
duction and male attraction is modulated in the heliothinae 
through autosomal inheritance (i.e., not on sex chromosomes). 
Wang and colleagues (Wang et al. 2005, 2008; Zhao et al. 
2005, 2006; ming et al. 2007; Wang 2007; Zhang et al. 2010) 
have investigated species isolation, fitness costs, and heritable 
features of hybridization in Helicoverpa armigera and H. assulta. 
these species produce different ratios of Z11-16Ald and 
Z9-16Ald as primary and secondary sex pheromone compo-
nents (100:2.1 for H. armigera and 1739:100 for H. assulta; 
Wang and Dong 2001; Wang et al. 2005). hybrid females pro-
duce these components in a ratio similar to, but slightly higher 
than, H. armigera (100:4). this difference is likely due to 
increased use of both palmitic (C16) and stearic (C18) acids as 
substrates for Δ9-desaturase and Δ11-desaturase, respectively, 
for producing Z9-16Ald, instead of only stearic acid for Δ11-
desaturase in H. armigera to get to Z9-16Ald. of course, Δ11-
desaturase would use palmitic acid as the substrate in both H. 
armigera and the hybrids for them to create the Z11-16Ald end 
product. Biosynthesis of these components suggests polygenic 
determinism in these hybrids (Wang et al. 2005), similar to 
what has been found in studies of hybrid and backcross prog-
eny of Heliothis virescens and H. subflexa (see next paragraph).

H. virescens and H. subflexa hybrids were studied initially to 
test the feasibility of the sterile insect technique in controlling 
H. virescens populations (Proshold and laChance 1974). Varia-
tion in sex pheromone biosynthesis has been well researched 
in hybrid and backcross studies of H. virescens and H. subflexa
(Groot et al. 2006, 2009b). studies using amplified fragment 
length polymorphism marker mapping and backcross families 
of these species isolated a series of quantitative trait loci 
(Qtls) that are closely linked with either H. virescens or H. sub-

flexa pheromone blend phenotypes. six Qtls that influence 
pheromone biosynthesis have been identified in these species 
(sheck et al. 2006; Groot et al. 2009b, 2013).

in comparison to H. subflexa females, H. virescens pheromone 
glands contain more 16Ald, which is not a pheromone compo-
nent of either species; concentrations of this compound are 
higher in backcross progeny possessing at least one copy of 
chromosome 24 from H. virescens (Groot et al. 2009b). Presence 
of H. virescens chromosome 13 likewise increases the produc-
tion of the Z9-14Ald pheromone component of H. virescens.

finally, relative acetate production in backcross progeny is 
also dependent on the presence, absence, and interaction of 
chromosomes 4 and 22 from H. virescens. Presence of either 
chromosome from H. virescens significantly decreases acetate 
production and is also linked with increased production of 
the H. subflexa pheromone component Z11-16oh (Groot et al. 
2006). this finding suggested the presence of a gene encoding 
acetyl transferase on this Qtl. however, candidate genes for 
acetyl- and acyl-transferases have not been located on this 
Qtl, suggesting rather that activity is modulated by a tran-
scription factor on this chromosome that underlies this varia-
tion (Groot et al. 2009b). subsequent work by Groot et al. 
(2009b) experimentally confirmed that there was intense 
interspecific selection against the H. subflexa females exhibit-
ing phenotypes that they had created that had shown 
enhanced acetate production. in cage trials using female H. 
subflexa with introgressed Qtls from H. virescens to produce 
low amounts of acetates, male H. virescens mated significantly 
more frequently with these females than those with normal 
acetate production (Groot et al. 2006).

these studies confirm that production of multicomponent 
pheromone blends in these species are autosomally inherited, 
that they can be proportionally influenced by the chromo-
somal copies present, that Qtls from single chromosomes 
may influence multiple components, and that epistatic inter-
actions may occur between Qtls on different chromosomes. 
such traits directly influence the degree to which conspecific 
males are attracted, the mating success of individuals, and the 
fitness of progeny.

Heritable Features Affecting Male Response 
Specificity to Sex Pheromone Blends

hybrids of Heliothis virescens and H. subflexa have been used to 
explore how the specificity of sex pheromone behavioral 
response might be orchestrated by their peripheral and central 
olfactory pathways (Baker et al. 2006; Vickers 2006a,b). A key 
determinant for response specificity of male heliothines and 
hybrids is the type of or that is expressed on osns that are 
housed in trichoid sensilla on male heliothine moth antennae 
and are sensitive to pheromone components (figure 21.3).

COUPLED QTL AND MALE PHEROMONE 
RECEPTION STUDIES

As with biosynthetic variation in the females, ors of helioth-
ine moths represent heritable features that are known to mod-
ulate attraction of male progeny to selected pheromone 
blends. heritability of pheromone blend preference has been 
investigated in Heliothis subflexa and H. virescens by perform-
ing behavioral preference tests on hybrids combined with 
single-cell recordings from hybrid and parental type males 
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FIGURE 21.3 Relationship between OSNs co-compartmentalized within A-, B-, and C-type sensilla of Heliothis virescens and the ligand 
sensitivities of the ORs (Wang et al. 2011) that have been shown via in situ hybridization studies to be expressed on them (Große-Wilde  
et al. 2007; Baker 2009; Krieger et al. 2009). Adapted from Wang et al. (2011). (Top) Optimal sensitivities of OSNs that reside in different 
sensilla to the pheromone-related compounds Z11-16Ald, Z9-14Ald, Z11-16OAc, and Z11-16OH, as shown in single-cell recording studies 
(Berg et al. 1995; Baker et al. 2004). On each of these OSNs, the expression of the ORs Hv13, Hv11, Hv6, Hv14, and Hv16, along with Orco 
(Hv2) co-expressed with all the ORs, is shown, as was demonstrated using in situ hybridization (Große-Wilde et al. 2007; Baker 2009; Krieger 
et al. 2009). The expression of Hv15 in B-type sensilla on the companion OSN that expresses Hv6 has not been resolved, hence the question 
mark. (Bottom) Response spectra of the ORs to possible pheromone component ligands, summarized from the work of Krieger et al. (2004, 
2009) and Große-Wilde et al. (2007). The size of the circles represents the magnitude of the response of the ORs to compounds presented at 
a concentration of 10−4 M. Filled circles represent 150–200 nA, horizontally striped circles represent 100–150 nA, and vertically striped 
circles represent 50–100 nA (adapted from Wang et al. 2011).
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(Baker et al. 2006; Vickers 2006a,b). other studies have com-
bined extensive Qtl and candidate gene analyses of phero-
mone ors, their functionalization (ascribing their response 
specificity to a range of candidate pheromone-component 
ligands), and neuroanatomical studies definitively locating 
certain ors populating osns within stereotypical trichoid 
sensilla (Große-Wilde et al. 2007; Gould et al. 2010; Wang et 
al. 2011; Vásquez et al. 2013). in the latter studies, several H. 
virescens ors (hvor6, hvor14, hvor15, and hvor16) were 
mapped to a single chromosome, hv/hs-C27 (Gould et al. 
2010). By introgressing hs-C27 into an H. virescens back-
crossed background, it was discovered that minor DnA 
sequence differences between orthologs of H. subflexa and H. 
virescens for this chromosome (and presumably hv/hsor6) 
determine attraction and orn receptivity to either Z9-14Ald 
or Z9-16Ald (Gould et al. 2010). these studies corroborated the 
collaborative neuroethological studies of hybrids by Baker et 
al. (2006) and Vickers (2006a,b), all of which provided evi-
dence that male response can be strongly influenced by shifts 
in the expression levels of one or a few or genes and affect the 
tuning curves of osns to create novel behavioral responses to 
new pheromone components and blends. furthermore, 
through such hybrid and backcross studies, the framework for 
potential speciation was established via novel trait emergence 
by introgression of pheromone ors and osns in the back-
ground of closely related species (Gould et al. 2010).

BASIC ARCHITECTURE OF THE HELIOTHINE MALE 
MOTH PHEROMONE OLFACTORY SYSTEM

the osns of heliothine moths respond quite narrowly and 
specifically with action potentials to one pheromone compo-
nent of their conspecific pheromone blend. their response 
specificity is determined by the or that is expressed on them, 
such as is shown for the osns of Heliothis virescens (figure 21.3). 
the axons of pheromone-sensitive osns such as these for 
H. virescens, as in other moth species, project to pheromone-
component-specific knots of neuropil called glomeruli in the 
Al of the brain (figure 21.4). second-order neurons, called pro-
jection interneurons (Pns), exit each glomerulus after synaps-
ing within them and send pheromone-component stimulation 
along their axons to higher centers of the brain (figures 21.5 
and 21.6). in the heliothine moths, the specificities of response 
of Pns to particular pheromone components have been well 
worked out, as have their pathways to, and arborization loca-
tions in, higher neuropils such as the mushroom body and lat-
eral protocerebrum (see more concerning architectures of 
higher-order neuronal pathways in the next sections). some of 
these Pn pathways synapse with integrative circuits in these 
higher centers and create the odor sensation “pheromone,” 
whereas other Pn integrations result in an odor that is behav-
iorally antagonistic (figures 21.5 and 21.6).

COORDINATED BEHAVIORAL AND SINGLE-CELL 
STUDIES OF HYBRID HELIOTHIS VIRESCENS AND 
H. SUBFLEXA

some major findings from the collaborative wind-tunnel 
behavioral and single-cell studies of parental- and hybrid-
type males of Heliothis virescens and H. subflexa (Baker et al. 
2006; Vickers 2006a) revealed how the olfactory pathways of 
hybrids can shift their tuning profiles to allow broadened 

behavioral responsiveness to new combinations of compo-
nents. the key changes in behavioral attraction responses 
and the concomitant changes in tuning profiles of the osns 
in hybrid males of H. subflexa and H. virescens are as follows 
and complement the extensive Qtls and or-gene expression 
neuroanatomical studies cited above.

1. Z11-16OH Is Required for Attraction of Hybrid heliothis 
virescens × h. subflexa Males

the response of Heliothis virescens × H. subflexa hybrid males 
to different blends of the two species’ pheromone components 
was found to be more similar to the parental H. subflexa response 
type than to the H. virescens type (Vickers 2006a). Unlike the H. 
virescens parental type, but similar to H. subflexa males, hybrid 
males all required the presence of Z11-16oh in whatever blend 
mixture was tested for upwind flight to any of the blends (Vick-
ers 2006a). this is consistent with peripheral neurophysiological 
recordings that found that nearly all of the osns responding to 
Z11-16oh in the “C-type” sensilla of hybrid males retained 
fidelity to only Z11-16oh, similar to H. subflexa males but unlike 
C-type osns in H. virescens males (Baker et al. 2006). this would 
mean that the Z11-16oh-dedicated osn line of H. subflexa to 
the anteromedial (Am) glomerulus that is related to positive 
upwind flight to pheromone was retained in hybrid males, iden-
tical to that in H. subflexa parental-type males (figure 21.5B). 
had osns in hybrid males been constructed more like those of 
H. virescens (figure 21.5A), the line to this glomerulus would 
have switched to now be tuned to Z11-16Ac with a minor 
responsiveness to Z9-14Ald, and the Z11-16oh-tuned osns 
would now be arborizing in the ventromedial (Vm) glomerulus 
(figure 21.5A). recordings from Pns (Vickers 2006b) confirmed 
that the Am glomerulus in hybrids retained its responsiveness to 
Z11-16oh (figure 21.5C), just as in parental-type H. subflexa Pns 
arborizing in the Am glomerulus (Vickers 2006b) (figure 21.5B). 
this result with the Pns shows that the Am is the target glom-
erulus of the Z11-16oh-tuned osns found in hybrids (Baker et 
al. 2006) (figure 21.5C), just as it is in parental-type H. subflexa 
males (lee et al. 2006b).

2. Z9-14Ald Can Substitute for Z9-16Ald in Attracting Hybrid 
heliothis virescens × h. subflexa Males

A second major finding was that in hybrid males, Z9-14Ald 
could substitute behaviorally for Z9-16Ald in any of the blends 
(Vickers 2006a); this flexibility does not exist in Heliothis sub-
flexa males (Vickers 2002, 2006a). similarly, Z9-16Ald could not 
substitute for Z9-14Ald in H. virescens males (Vickers et al. 1991; 
Vickers 2006a). therefore, this ability to substitute Z9-16Ald for 
Z9-14Ald and still get good attraction in hybrid males was sur-
prising, and correlated with single-cell recordings from hybrid 
B-type sensilla in hybrids (Baker et al. 2006). hybrid B-type 
osns exhibited equal sensitivity to both Z9-14Ald and Z9-16Ald 
(figure 21.5C), which was quite unusual compared to the com-
plete inactivity of B-type osns to Z9-16Ald in H. virescens 
(Baker et al. 2004, 2006) (figure 21.5A) and only slight co-
responsiveness of B-type osns of H. subflexa to Z9-14Ald in 
combination with high responsiveness to Z9-16Ald (Baker et al. 
2004, 2006) (figure 21.5B). recordings from Pns exiting the 
dorsomedial (Dm) glomerulus of hybrid males corroborated 
the osn tuning shift; the Pns of hybrid males exiting the Dm 
glomerulus were now equally responsive to Z9-14Ald and 
Z9-16Ald (Vickers 2006b) (figure 21.5C), whereas in parental H. 
subflexa they were only responsive to Z9-16Ald (Vickers and 
Christensen 2003) (figure 21.5B) and in H. virescens only 
responsive to Z9-14Ald (Vickers et al. 1998) (figure 21.5A).

Baker et al. (2006) had speculated that the tuning shift  
in B-type sensillar osns may have been caused by the  
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FIGURE 21.4 Horizontal (top-down) view of sections of the right antennal lobe of the brain of a 
Helicoverpa zea male. The pinkish-stained areas are the knots of neuropil called glomeruli, and the 
small blue-stained ovoids are the cell bodies of olfactory sensory neurons, local interneurons, and 
projection neurons.

A Section taken from approximately 70 µm from the most dorsal surface showing the macroglomer-
ular complex (MGC) (dashed circled area) with its three glomeruli: cumulus (Cu) and dorsomedial 
posterior (DMP) and dorsomedial anterior (DMA) glomeruli of the pheromone-component-related 
MGC. This section also shows the location of PCx1, PCx2, and PCx3 glomeruli immediately pos-
teriomedial to the three MGC glomeruli. PCx1 is the arborization destination of the second OSN 
co-compartmentalized with the Z11-16Ald–responding OSN in A-type trichoid sensilla. The sec-
ond OSN that targets PCx1 is unresponsive to all odorants that have been tested on it, and as such 
no ligand can be assigned to it. Ord designates ordinary glomeruli that receive general odorant-
related OSN inputs in the antennal lobe.

B A more ventral section taken at a depth of approximately 130 µm from the dorsal surface of the 
same animal, still showing the Cu of the MGC, but now other PCx glomeruli—PCx4, PCx5, PCx6, 
and PCx7—are apparent. A confluent bundle of fibers from interneurons of the MGC and PCx is 
indicated by the arrowhead.

abbreviations: A, anterior; M, medial; MGC, macroglomerular complex; Cu, cumulus; DMA, dorsome-
dial anterior; DMP, dorsomedial posterior; Ord, ordinary glomeruli; PCx1, posterior complex glomerulus 1; 
PCx2, posterior complex glomerulus 2; PCx3, posterior complex glomerulus 3; PCx4, posterior complex 
glomerulus 4; PCx5, posterior complex glomerulus 5; PCx6, posterior complex glomerulus 6; PCx7, posterior 
complex glomerulus 7.

Scale bars = 100 µm.

source: Adapted from Lee et al. (2006a).
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FIGURE 21.5 Neuroanatomical depictions of the known olfactory pathways of male Heliothis virescens, H. subflexa, and H. virescens × H. subflexa hybrids. 
Sensilla are represented by black-outlined conical figures, and OSNs are represented by the black, gray, or blue lines with cell bodies (tiny circles) 
within the sensilla having axons that project (arrows) to arborize in glomeruli in the MGC (brown or pink ovoid figures) or to the posterior complex 
(PCx; gray or blue ovoid figures). The targeting of particular glomeruli by pheromone-component-specific OSNs has been shown definitively by cobalt 
backfilling in H. virescens (A) (Berg et al. 1998) and H. subflexa (B) (Lee et al. 2006b). For the hybrids (C), the targeting of glomeruli by OSNs has not 
been demonstrated by cobalt backfilling, but it is assumed to be as depicted due to the demonstrated response profiles and arborization locations of 
PNs leaving the MGC glomeruli (Vickers 2006b). The known tuning profiles of OSNs are shown in gray rectangles. The ORs of H. virescens having 
tuning profiles matching particular OSNs and that have also been characterized via in situ hybridization studies as being expressed on particular OSNs 
(Große-Wilde et al. 2007; Krieger et al. 2009) are shown in yellow rectangles (A). Orthologous ORs of H. subflexa (Vásquez et al. 2011) (yellow rectangles 
in B) are placed on respective OSNs according to the known tuning profiles of OSNs (Baker et al. 2004) shown to reside in particular sensilla (Lee et al. 
2006b). Placement of ORs of hybrids (yellow rectangles in C) on particular OSNs has been deduced from the OSN tuning profiles of hybrids found by 
Baker et al. (2006). OSNs having no known ligand are designated as such with the abbreviation, “Lig. Unkn.” and have no rectangle. PCx1 and PCx4 
arborization destinations of the axons of particular “no-ligand” OSNs of H. subflexa from A- and B-type sensilla are shown as blue axons due to their 
proven anatomies from cobalt staining. Because of the proven inputs after cobalt staining, PCx1 and PCx4 are likewise designated with blue ovoid 
figures. Conversely, PCx OSN arborization destinations of “no-ligand” OSNs of H. virescens are shown as gray ovoids, and their OSN inputs as gray 
axons following the careful reassessment of the stained OSNs shown in Berg et al. (1998) by Lee et al. (2006b). In particular, Lee et al. (2006b) strongly 
suggested that the co-localized unknown-ligand OSNs from H. virescens A- and B-type sensilla that had previously been designated by Berg et al. as 
arborizing in “ordinary” glomeruli actually are targeting PCx1 and PCx4 of this species. PNs are shown leaving their known arborization locations 
within component-specific glomeruli and projecting to protocerebral centers such as the mushroom body or the inferior lateral protocerebrum (see 
Chapter 10) to be integrated as “pheromone” (green ellipses) or as a “behaviorally antagonistic” odor feature (lavender ellipse). PN tuning profiles and 
PN arborization locations within particular MGC glomeruli have been determined through neuroanatomical studies of PNs in H. virescens (Berg et al. 
1998; Vickers et al. 1998; Vickers and Christensen 2003), H. subflexa (Vickers and Christensen 2003), and hybrid H. virescens × H. subflexa (Vickers 
2006b). These studies show a predominantly linear relationship of pheromone-component-specific OSN-to-glomerulus-to-PN pathways in these two 
parental species and their hybrids (Berg et al. 1998; Vickers and Christensen 2003; Vickers 2006b). Graphic scheme adapted from Lee et al. (2006b) 
which was also adapted and employed by Berg et al. (2014).

abbreviations: Cu, cumulus; AM, anteromedial; VM, ventromedial; DM, dorsomedial;  PCx1, posterior complex glomerulus 1; PCx4, posterior complex 
glomerulus 4; PN, projection neuron.

source: Adapted from Lee et al. (2006b).
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322  CHAPTER TWENTY-ONE

co-expression of two different ORs on the same sensillum, with 
one OR being tuned to Z9-14Ald and the other OR tuned to 
Z9-16Ald. Although such co-expression of multiple pheromone 
OR types on a single OSN has been demonstrated in moths 
(Koutroumpa et al. 2014), another possibility is that a com-
pletely different and new OR might now be being expressed in 
the membranes of OSN dendrites of the hybrids. These different 
alleles would code for ORs having significantly different affini-
ties for different ranges of pheromone-component ligands.

A striking example of this broadened acceptance of ligands 
comes from the work of Leary et al. (2012). They showed in 
the Ostrinia nubilalis and O. furnicalis sex pheromone receptor 
systems that a change in a single amino acid in the third 
transmembrane domain (of seven) of an OR that usually is 
optimally responsive to (E)-11-tetradecenyl acetate (E11-14Ac) 
plus several other pheromone-related ligands now severely 
restricts its tuning profile to respond only to (Z)-12-tetradece-
nyl acetate (Z12-14Ac) and (E)-12-tetradecenyl acetate (E12-
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FIGURE 21.6 Neuroanatomical depictions of the known olfactory pathways of male Helicoverpa zea, H. assulta, and H. armigera. Sensilla are represented 
by black-outlined conical figures, and OSNs are represented by the black, gray, or blue lines with cell bodies (tiny circles) within the sensilla having 
axons that project (arrows) to arborize in glomeruli in the MGC (brown or pink ovoid figures) or to the posterior complex (PCx; gray or blue ovoid 
figures). The optimal pheromone-component-related odorant molecules for the OSNs (gray rectangles) and OSN co-localization relationships within 
A- or C-type sensilla have all been proven using single sensillum recordings for H. zea (Cossé et al. 1998; Lee et al. 2006a), H. assulta (Berg and 
Mustaparta 1995; Berg et al. 2005; Wu et al. 2013), and H. armigera (Wu et al. 2013; except for the non-Z9-16Ald-responding OSN in the C-type 
sensillum whose profile is merely conjectured here). OSNs having no known ligand are designated as such with the abbreviation “Lig. Unkn.” or with 
the word “silent,” and have no rectangle. For H. armigera and H. assulta, the names of ORs that have been shown to have the particular indicated 
tuning profile (Liu et al. 2013; Jiang et al. 2014) and to be expressed on particular OSNs based on OSNs’ particular tuning profiles (Berg and Mustaparta 
1995; Berg et al. 2005; Wu et al. 2013) are shown in yellow rectangles. No ORs are labeled as residing on any OSNs for H. zea because none have been 
characterized. The targeting of particular glomeruli by component-specific OSNs has been shown by cobalt backfilling in H. zea (Lee et al. 2006a) and 
H. assulta (Berg et al. 1998). For H. armigera, the targeting of glomeruli by OSNs has not been demonstrated by cobalt backfilling, but it is assumed to be 
as depicted due to the tuning profiles of OSNs (Wu et al. 2013) and H. armigera’s pheromonal similarity to H. zea. The PCx1 arborization destination of 
the “no-ligand” OSN of H. zea from A-type sensilla was proven via cobalt backfilling (blue axon from the OSN from the A-type sensillum) and is 
designated as a blue ovoid figure, as are the other H. zea PCx glomeruli. The OSN arborization destination of the no-ligand OSN (gray axon) from the 
A-type sensilla of H. assulta into a PCx is shown in gray and was done (Lee et al. 2006b) by reassessing older figures and data from Berg et al. (2005). 
The gray axon from the co-localized OSN in the A-type sensillum of H. armigera arborizing in PCx1 of this species is just suggested here due to 
H. armigera’s pheromonal similarity to H. zea. PNs are shown leaving their known arborization locations within component-specific glomeruli and 
projecting to protocerebral centers such as the mushroom body or the inferior lateral protocerebrum (see figure 21.3C) to be integrated as “pherom-
one” (green ellipses) or as a “behaviorally antagonistic” odor feature (lavender ellipse). PN tuning profiles and PN arborization locations within 
particular MGC glomeruli have been determined through neuroanatomical studies of PNs in H. zea (Vickers et al. 1998) and H. assulta (Berg et al. 
2005). No PN analyses have yet been performed in H. armigera, as indicated by the question marks for this species. These studies of the PNs of H. zea 
and H. assulta (Vickers et al. 1998; Berg et al. 2005) again demonstrate the predominantly linear relationship of pheromone-component-specific 
OSN-to-glomerulus-to-PN pathways in heliothine moths (graphic scheme adapted from Lee et al. 2006b, also employed by Berg et al. 2014).

abbreviations: Cu, cumulus; DMA, dorsomedial anterior; DMP, dorsomedial posterior; DM, dorsomedial; V, ventral; PCx1, posterior complex glomerulus 1; PN, 
projection neuron.

source: Adapted from Lee et al. (2006a).
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14Ac) (leary et al. 2012). the fact that an or, “harmor6,” has 
now been found in H. armigera that is equally stimulated by 
either Z9-14Ald or Z9-16Ald (liu et al. 2013) supports the idea 
that there may be a type of or in heliothine moths amenable 
to a tuning shift similar to that occurring in O. nubilalis and 
O. furnicalis. this or would be exhibiting a shifted, broadened 
acceptance of ligands due to a minor amino acid substitution, 
and an or similar to harmor6 might be being expressed in 
hybrid H. virescens × H. subflexa B-type osns and explain their 
tuning to both Z9-14Ald and Z9-16Ald.

3. Addition of Z11-16Ac Does Not Adversely Affect Attraction of 
Hybrid heliothis virescens × h. subflexa Males

A third major finding in Heliothis virescens × H. subflexa
hybrid males was that the addition of Z11-16Ac to the optimal 
hybrid blend did not affect attraction of the hybrid males sig-
nificantly (Vickers 2006a), a finding that is quite different 
than the antagonistic effect on upwind flight that even 0.1% 
or 1.0% Z11-16Ac has on H. virescens males when added to its 
two-component blend (Vickers and Baker 1997). it was clear 
from osn recordings that in hybrids, the osn that previously 
would have responded only to Z11-16Ac in parental type H. 
virescens now responded to Z9-14Ald as well (figure 21.5C). 
this arrangement is more like the parental-type H. subflexa
osn in C-type sensilla (figure 21.5B), except in hybrids the 
sensitivity to Z9-14Ald relative to Z11-16Ac in this osn had 
been elevated (figure 21.5C). this pattern is yet a third way 
that the hybrids exhibit a more H. subflexa-like behavior and 
olfactory pathway phenotype than a parental H. virescens 
phenotype (Baker et al. 2006).

the behavior and osn tuning profiles for hybrid C-type 
sensilla are borne out in the responsiveness of Pns of hybrid 
males that were recorded from and responded to Z11-16Ac, Z11-
16oh, and Z9-14Ald (Vickers 2006b) (figure 21.4C). the Pns 
responsive to Z11-16oh did not respond to Z9-14Ald, a lack of 
Z9-14Ald-responsiveness that is similar to that of the Pns usu-
ally found in H. subflexa (Vickers and Christensen 2003). these 
Z11-16oh-responding Pns of hybrid males arborized in the 
Am glomerulus of the macroglomerular complex (mGC), again 
just like those of parental H. subflexa (Vickers and Christensen 
2003) (figure 21.5C). this type of Pn in H. virescens would have 
arborized in the Vm glomerulus and would have responded to 
high doses of Z9-14Ald as well as Z11-16oh (Christensen et al. 
1995; Vickers et al. 1998), mirroring the response profiles of H. 
virescens osns in C-type sensilla that were tuned to Z11-16oh 
(Baker et al. 2004, 2006) (figure 21.5A).

furthermore, the Z11-16Ac-responding Pns in the hybrid 
males arborized in the Vm glomerulus, exactly like Z11-16Ac-
responding Pns of H. subflexa males (Vickers and Christensen 
2003) (figures 21.5B,C) and unlike those of H. virescens males, 
which arborize in the Am glomerulus (Christensen et al. 
1995) (figure 21.5A). these hybrid Pns exhibited an elevated 
responsiveness to Z9-14Ald compared to the parental-type 
Pns of H. subflexa, which are tuned to Z11-16Ac (Vickers and 
Christensen 2003), and again mirrors the osn response pro-
files found in these same hybrid males (Baker et al. 2006) (fig-
ure 21.5C).

DIFFERENTIAL EXPRESSION OF ORs ON OSNs 
DETERMINES OSN RESPONSE PROFILES AND 
BEHAVIORAL RESPONSE SPECIFICITY

studies with hybrids between Heliothis virescens and H. sub-
flexa showed behavioral response shifts in hybrids to different 

blends of components that corresponded to shifts in osn 
tuning curves as well as to shifts in Pn tuning profiles and 
associated mGC arborization locations. All of these changes 
in the response spectra of hybrids illustrate how important 
osn tuning profiles are in determining the subsequent neu-
ronal activities, ending with behavior. furthermore, the 
determinants of osn tuning profiles are the ligand-specific 
response profiles of the ors that are expressed on osn den-
dritic membranes. for each osn type, the selectors of which 
or out of all the many possible ors will populate its dendritic 
membrane are the presumed transcription factors that choose 
one OR gene to be expressed on an osn over all the others 
(ray et al. 2007; fujii et al. 2011).

Years of work have gone into de-orphanizing putative 
pheromone-component-tuned ors that are expressed on the 
dendrites of heliothine osns. these or response profiles have 
been characterized using heterologous expression systems, the 
first and most widespread of which is the Xenopus oocyte sys-
tem (see Baker and hansson, this volume), in which the ors 
are expressed in the oocyte membrane and pheromone-related 
compounds are solubilized to flow over the oocyte in the aque-
ous bath to contact the oocyte membrane. With the Xenopus
system, the magnitude of the change in membrane conduc-
tance as the potential ligands contact the ors bound to the 
membrane is measured electrophysiologically (Wang et al. 
2011). A second heterologous expression system used in study-
ing heliothine moth or tuning profiles is the Drosophila
“empty neuron” system in which the or is expressed in the 
Drosophila osn and its activity is monitored electrophysiologi-
cally (Dobritsa et al. 2003; hallem et al. 2004; hallem and 
Carlson 2004, 2006). A third heterologous expression system 
that has been used successfully with helothine moths (Große-
Wilde et al. 2007) is a flp-in-system coupled with a human 
embryonic kidney 293 (heK293) cell line stably carrying a 
mouse Gα15 gene; this system is named flp-in t-rex293/Gα15. 
With this heK293 cell line expression system, the magnitude 
of the change in membrane conductance is measured via cal-
cium imaging; this imaging involves monitoring increases in 
fluorescence due to a calcium-sensitive dye responding to cal-
cium release by the cells when they are contacted by the pro-
spective ligands (Große-Wilde et al. 2007; Krieger et al. 2009).

several of these heterologous expression studies showed 
clear tuning profiles of putative H. virescens pheromone-com-
ponent-responsive ors that corresponded with previously 
performed single-cell neurophysiological assays and to neuro-
anatomical tracings of osn axons to specific mGC glomeruli 
(Große-Wilde et al. 2007; Krieger et al. 2009; Wang et al. 2011; 
liu et al. 2013; Vásquez et al. 2013; Jiang et al. 2014). impor-
tantly, in situ hybridization studies, electrophysiological 
recordings, and cobalt backfilling of osns from single sensilla 
showed definitively that certain pairs of ors could be charac-
terized as being expressed on co-localized osns within the 
same sensilla. thus, specific ors could be mapped to their 
sensillar locations on stereotypical pairs of osns, and the 
axonal projections to Al glomeruli could be surmised (Baker 
et al. 2004, 2006; lee et al. 2006a,b; Große-Wilde et al. 2007; 
Baker 2009; Krieger et al. 2009; Vásquez et al. 2011; Wang 
et al. 2011; Jiang et al. 2014) (figure 21.3).

these studies culminated in a definitive map of or expres-
sion on certain osns for the H. virescens sex pheromone olfac-
tion system (figure 21.3). the or that is expressed on the osn 
in H. virescens “A-type” sensilla that respond optimally to Z11-
16Ald is hvor13 (previously known as hr13; Große-Wilde et 
al. 2007; Krieger et al. 2009). the response spectrum of the 
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HvOR13 expressed in the Drosophila empty neuron system was 
shown to be very specific for Z11-16Ald (Vásquez et al. 2013), 
and as such mirrors the OSN responsive to Z11-16Ald in A-type 
sensilla (Berg et al. 1995; Baker et al. 2004). The OSN in A-type 
sensilla that is co-localized with the Z11-16Ald-responsive OSN 
was shown in in situ hybridization studies (Krieger et al. 2009) 
to have HvOR11 (previously known as HR11) expressed on its 
dendritic membranes, but as yet there is no known ligand for 
this OR that excites the corresponding OSN (Große-Wilde 
et al. 2007; Wang et al. 2011) (figures 21.3 and 21.5A).

The C-type sensilla of H. virescens have two known co-
localized OSNs whose electrophysiological response profiles 
mirror those of two ORs, HvOR14 and HvOR16 (Große-Wilde 
et al. 2007; Krieger et al. 2009). HvOR14 (previously known as 
HR14) was shown to be optimally responsive to Z11-16Ac, 
whereas HvOR16 (previously known as HR16) was responsive 
to both Z11-16OH and Z9-14Ald, just like the response profiles 
of the two OSNs in C-type sensilla recorded in vivo (Baker 
et al. 2004, 2006; Große-Wilde et al. 2007; Baker 2009; Krieger 
et al. 2009) (figures 21.3 and 21.5A). In situ hybridization stud-
ies had shown these two ORs to be expressed in co-localized 
OSNs (Große-Wilde et al. 2007). The OSNs expressing these 
Z11-16Ac-tuned ORs had been shown to project to the AM 
glomerulus of the MGC (Berg et al. 1998) with PNs exiting the 
AM, confirming this pathway for reporting the presence of 
Z11-16Ac to protocerebral centers (Vickers et al. 1998; Vickers 
and Christensen 2003) (figure 21.5A). OSNs expressing the 
Z11-16OH-plus-Z9-14Ald-tuned ORs have been shown to proj-
ect to the VM glomerulus (Berg et al. 1998), projections that 
presumably would be substantiated with further neuroana-
tomical studies of PNs, because VM is the only MGC glomeru-
lus that has had no PNs neuroanatomically characterized and 
Z11-16OH- and Z9-14Ald-responding PNs are the only remain-
ing unrepresented types of PNs for H. virescens (Vickers et al. 
1998; Vickers and Christensen 2003; Vickers 2006b).

After years of uncertainty, it was finally shown definitively 
that in B-type sensilla, the OSN responsive to Z9-14Ald 
expresses HvOR6 (Wang et al. 2011) (previously known as HR6). 
It is still unknown what the co-localized OSN expresses, but it 
is suggested that it might be HvOR15 (Wang et al. 2011) (previ-
ously known as HR15). As with HvOR11, there is currently no 
known ligand for HvOR15. It will take double-staining in situ 
hybridization studies to determine whether in fact HvOR15 and 
HvOR6 are expressed on co-localized OSNs in B-type sensilla of 
H. virescens. We now know at least that the HvOR6 must be 
expressed on the Z9-14Ald-responsive OSN in B-type sensilla, 
but we do not know about the companion OSN (figures 21.4A 
and 21.6). Studies of PNs substantiate the conclusion that the 
DM glomerulus receives input from Z9-14Ald-responding OSNs 
in H. virescens, because this is the arborization location of PNs 
responding to Z9-14Ald, but to no other ligands in H. virescens
(Vickers et al. 1998; Vickers and Christensen 2003).

The OSN in B-type sensilla that responds to Z9-14Ald in 
H. virescens and Z9-16Ald in H. subflexa (figures 21.5A and 
21.5B) seems to be the OSN that determines behavioral 
response specificity in the two species, yet allows a broadened 
response in hybrids to both Z9-16Ald and Z9-14Ald (figure 
21.5C). Orthologous ORs in H. subflexa have been isolated 
using QTL techniques (Gould et al. 2010), with the expression 
of HsOR6, along with HsOR14, HsOR16, HsOR13, HsOR11, 
and HsOR15, being implicated as orthologs to the H. virescens
ORs of corresponding sequence similarity. However, the func-
tionalization of H. subflexa ORs measuring their actual 
responses to ligands has not been performed.

In reviewing the data on the intermediate type of respon-
siveness of the B-type OSN of hybrids that responded equally 
well to both Z9-14Ald and Z9-16Ald, Baker et al. (2006) con-
jectured that perhaps this new, dual responsiveness to both 
components was due to a co-expression of two different types 
of ORs on the dendrites of a single type of OSN, with one OR 
being tuned to Z9-14Ald and the other OR to Z9-16Ald. 
Vásquez et al. (2011) examined the relative expression levels 
of HvOR6 and HsOR6 in H. subflexa and H. virescens and con-
cluded that HvOR6 and HsOR6 are not differentially expressed 
in male antennae; therefore, interspecific sequence differ-
ences between these two genes must explain the species-
specificity of their tuning on their B-type OSNs and the resul-
tant differential responsiveness to their pheromone blends. 
Therefore, the possibility exists that a co-expression of HvOR6 
and HsOR6 on hybrid B-type OSNs as conjectured by Baker et 
al. (2006) might explain the co-responsiveness of these OSNs 
to both Z9-14Ald and Z9-16Ald and the mutual interchange-
ability of Z9-14Ald and Z9-16Ald with regard to successful 
upwind flight behavior to the hybrid sex pheromone blend.

Heliothine Moth Pheromone Olfactory Pathways 
Common across Species

The underlying circuitry of the pheromone olfactory systems 
of moths is quite similar across all species (see Baker and Hans-
son, this volume), and this similarity holds true especially for 
Heliothis and Helicoverpa spp. that have been thoroughly 
examined neuroanatomically. Because the pheromone olfac-
tory pathways ascending from the AL to higher neuropils are 
so similar across heliothines, the major changes that can be 
expected to be at work in changing the specificity of behav-
ioral response by male heliothines will be at the periphery. 
OSNs can be selected to express different ORs and change the 
types of pheromone compounds that can be registered by the 
existing circuitry platform of the olfactory system. Because 
the target glomeruli of OSNs of insects are not known to 
change when new ORs are expressed on them (Dobritsa et al. 
2003; Hallem et al. 2004; Goldman et al. 2005), the malleabil-
ity of pheromone-component reporting by OSNs to glomeruli 
causing changes in behavioral response profiles will rest pre-
dominantly with any shifts in expression of ORs on OSNs. 
Males can be expected to “track” shifting female-emitted 
blends (Phelan 1992) by being selected to have new and differ-
ent ORs expressed on their antennal OSNs. The action poten-
tials of these OSNs in response to now-different pheromone-
component ligands will be received and integrated as 
representing the same pheromone blend as before due to the 
unvarying, underlying synaptic circuitry. Such shifts in OSN 
tuning will be what optimizes conspecific mate finding and 
minimizes heterospecific attraction and mating mistakes.

The general theme across all of the heliothine species that 
have been intensely looked at is one of balanced olfactory 
antagonism (Baker 2008) that is orchestrated first by OSNs 
that are optimally responsive to each of the species’ own con-
specific pheromone components. These OSN inputs are carried 
by OSN axons to their sex pheromone-component-specific glo-
merular targets in the MGC of the AL (see Baker and Hansson, 
this volume) (figure 21.4A). The balance of excitations across 
the MGC glomeruli will determine the pheromone blend sen-
sation that is registered by protocerebral neurons after they 
receive inputs from PNs carrying information out of the AL to 
the protocerebrum (see Baker and Hansson, this volume).
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in heliothines, there are either three or four glomeruli that 
comprise the mGC. in the genus Helicoverpa, there are three 
mGC glomeruli that receive pheromone-component-related 
inputs from pheromone-component-tuned osns: the “cumu-
lus” or largest glomerulus in all three species, a second “dorso-
medial anterior” (DmA) glomerulus in H. zea and H. armigera, 
which is called “ventral” in H. assulta, and a third glomerulus 
called “dorsomedial posterior” (DmP) in H. zea and H. armigera, 
and just “dorsomedial” in H. assulta) (Vickers et al. 1998; Berg 
et al. 2002, 2005, 2014) (figure 21.4B). in the genus Heliothis, 
there are four mGC glomeruli, including the cumulus, the Dm, 
Am, and Vm (Vickers et al. 1998; Berg et al. 2002; Vickers and 
Christensen 2003) (figure 21.5). in both Heliothis and Helicov-
erpa spp., there is an unusual “posterior complex” of glomeruli, 
immediately behind the mGC (figure 21.3), some of whose 
glomeruli receive inputs from thus far unexcitable osns whose 
ligands have yet to be discovered. the osns arborizing in pos-
terior complex glomeruli are co-compartmentalized in A-type 
trichoid sensilla with osns responsive to Z11-16Ald and in 
B-type sensilla with osns responsive to Z9-14Ald or Z9-16Ald 
(lee et al. 2006a,b; Baker 2009) (figures 21.4–21.6).

the correct ratio of conspecific sex pheromone compo-
nents results in an optimal ratio of excitatory action potential 
inputs to the target glomeruli, and these excitations, usually 
still component specific even after the mGC Al level, are then 
conducted by Pns to integrative neuropils in the protocere-
brum, including the calyces of the mushroom body (mBC) 
and the inferior lateral protocerebrum (ilPC) (see Baker and 
hansson, this volume). incorrect sex pheromone-component 
ratio inputs to the glomeruli of the mGC (i.e., too little or too 
much of any of the components), or else the presence of het-
erospecific female pheromone components in the plume 
strands reported to other mGC glomeruli, can result in a sub-
optimal balance of mGC glomerular activity that now results 
in poor behavioral response and little or no attraction.

A-, B-, and C-Type Sensilla House 
Stereotypically Paired, Differentially Tuned, 
Olfactory Sensory Neurons

the differentially tuned pheromone-component-responsive 
osns of heliothine pheromone olfactory systems reside in tri-
choid sensilla on the male antennae (Almaas and mustaparta 
1990, 1991; Almaas et al. 1991; Vickers et al. 1991; Wu 1993; 
Cossé et al. 1998). sensilla are named according to the respon-
siveness of the osns that are housed in them. for instance, 
osns tuned to Z11-16Ald have been deemed to reside in A-type 
sensilla (Cossé et al. 1998; Baker et al. 2004), along with a second 
osn for which no ligand has yet been found (figures 21.5 and 
21.6). Across all the species examined thus far, except for Helicov-
erpa assulta, the A-type sensilla are the most abundant and are 
correlated with Z11-16Ald being the most abundant sex phero-
mone component in the blend (Baker et al. 2004). A-type sen-
silla for these species include >70% of the trichoid sensilla and 
thus 70% of the pheromone-component-tuned osns in these 
species are Z11-16Ald-responding osns (Berg et al. 1995; Cossé 
et al. 1998; Baker et al. 2004; lee et al. 2006a,b; Wu et al. 2013). 
H. assulta differs from these species that use Z11-16Ald as their 
major component, yet it follows the rule of greater abundance of 
osns tuned to the major component because >80% of the osns 
of H. assulta are tuned to its major pheromone component 
Z9-16Ald (Berg et al. 2005; Wu et al. 2013) and reside in C-type 
sensilla (Cossé et al. 1998; lee et al. 2006a,b) (figure 21.6).

in the C-type sensilla of four of the five closely examined 
species (e.g., all but Heliothis subflexa), one of the two osns is 
always tuned to behaviorally antagonistic compounds emit-
ted by other species. for instance, a single C-type osn is 
tuned to both Z9-14Ald and Z9-16oh in H. assulta (Berg et al. 
1995, 2005, 2014) and to Z11-16Ac, Z11-16oh, and Z9-14Ald in 
H. zea (Cossé et al. 1998). the two osns in C-type sensilla of 
H. virescens are tuned to Z11-16Ac and Z11-16oh, respectively 
(Baker et al. 2004, 2006; Baker 2009; Krieger et al. 2009). 
Although no direct electrophysiological recordings have been 
made from the second osn in C-type sensilla of H. armigera
(the first osn of the pair has been shown electrophysiologi-
cally to be tuned to Z9-16Ald; Wu et al. 2013), the second osn 
has been labeled as being tuned to behavioral antagonists Z11-
16oh and Z9-14Ald, based on or de-orphanization results 
(liu et al. 2013; Jiang et al. 2014) (figure 21.6).

in three of these four species, the second osn in C-type 
sensilla is tuned to one of the minor conspecific pheromone 
components, e.g., to Z9-16Ald in H. zea and H. armigera (Cossé 
et al. 1998; Wu et al. 2013), or to the major conspecific com-
ponent Z9-16Ald in H. assulta (Berg et al. 1995, 2005, 2014).

the exception for C-type sensilla having at least one osn 
that is tuned to a heterospecific antagonist is H. subflexa. in 
this species, no heterospecific behavioral antagonists have 
been found to date. one of the H. subflexa C-type osns is 
tuned to its third sex pheromone component Z11-16oh 
(Baker et al. 2004, 2006), with the second co-localized osn
tuned to Z11-16oAc (figure 21.5). this compound has been 
shown in field tests to function as a fourth sex pheromone 
component across the entirety of its geographical range 
(Groot et al. 2007).

for H. virescens and H. subflexa, B-type sensilla house an 
osn tuned either to strictly Z9-14Ald (H. virescens) or to 
Z9-16Ald with slight responsiveness to Z9-14Ald (H. subflexa) 
(Baker et al. 2004, 2006). this type of osn in B-type sensilla 
is critical for reporting the presence of these two species’ 
minor sex pheromone components, either Z9-14Ald (H. vire-
scens) or Z9-16Ald (H. subflexa). in both species, there is a sec-
ond osn co-localized in B-type sensilla that has not yet been 
found to respond to any ligands (Berg et al. 1998; lee et al. 
2006b) (figure 21.5).

lee et al. (2006a) concluded that for a third species, H. zea, 
their initial designation of the presence of a B-type sensillum 
needed to be reconsidered. the two osns in the purportedly 
B-type sensilla that were recorded from and stained were 
observed to be anatomically C-type sensilla in their glomeru-
lar targets (lee et al. 2006a). they found that osns in these 
sensilla projected their axons to the DmP and DmA glomeruli 
(see next section) just like the osns of C-type sensilla, with 
one osn responding only to Z9-14Ald (figure 21.6). for some 
reason in these few sensilla, the large-spiking osn that usu-
ally would have responded to Z9-16Ald, Z9-14Ald, or both 
seemed to have become silent. in addition, the small spiking 
osn in this sensillum had become unresponsive to Z11-16oh
and Z11-16Ac, remaining responsive only to Z9-14Ald (lee 
et al. 2006a). the conclusion that the “B-type” sensilla of 
H. zea are actually C-type, with some of the C-type osns 
having become totally or partially silenced in response to 
some ligands, makes sense when comparing H. zea sensilla 
to those of other Helicoverpa species. for instance, to date no 
B-type sensilla have been recorded from and characterized for 
either H. armigera or H. assulta; there are only A- and C-type 
sensilla in these two species (Berg et al. 1995, 2005, 2014; Wu 
et al. 2013; Jiang et al. 2014) (figure 21.6).
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A-, B-, and C-Type Olfactory Receptor 
Neurons Project to Stereotypical Antennal 
Lobe Glomeruli

For all of the heliothine spp. whose olfactory systems have 
been thoroughly examined, each species’ major pheromone-
component inputs from antennal OSNs tuned to the major 
component arborize in the largest glomerulus, the cumulus 
(Hansson et al. 1991), of the MGC (Berg et al. 1998, 2005, 
2014; Lee et al. 2006a,b) (Cu in figures 21.4–21.6). The cumu-
lus sits immediately at the base of the antenna, at the conflu-
ence of all the axons from the antenna entering the AL 
through the antennal nerve. For most species, the cumulus-
arborizing OSNs are tuned to Z11-16Ald, but for Helicoverpa 
assulta they are tuned to Z9-16Ald (Berg et al. 2005) (figure 
21.6). Minor component-tuned OSNs arborize in smaller com-
panion glomeruli that usually are either dorsomedial (DM or 
DMP in figures 21.5 and 21.6), anteriomedial (AM or DMA in 
figures 21.5 and 21.6), or ventral (VM or V in figures 21.5 and 
21.6) to the cumulus (Berg et al. 1998, 2005; Lee et al. 2006a,b).

It seems that the contributions of the activities within these 
small glomeruli vary between species with regard to the overall 
antagonistic balance of the signal that is integrated in proto-
cerebral neuropils. Rather than considering that different 
glomeruli represent neuronal activities having a positive or 
negative odor “valence” (Knaden et al. 2012), we prefer to con-
sider the activity, for instance of Z11-16Ac stimulation within 
the AM glomerulus of Heliothis virescens, as having extra gain 
(strength) compared to the same activity in the AM glomerulus 
of H. subflexa. Thus, although the activity in this glomerulus in 
H. virescens appears to have a negative valence due to its nega-
tive effect on behavior, and the activity in the corresponding 
glomerulus in H. subflexa seems to have a positive valence due 
to its positive behavioral effect, the antagonistic influence of 
Z11-16Ac in H. virescens might be viewed as being extra strong 
and creating an extra-heavy weight on the overall blend-bal-
ance between all the glomeruli and thus results in behavioral 
antagonism. Similarly, in H. subflexa the Z11-16OH-related 
activity within the AM glomerulus can be considered as exert-
ing a moderate antagonism that serves as a perfect counter-
weight to balance the antagonistic strengths of the synaptic 
activities within the Cu and the DM glomeruli, thus contribut-
ing to balanced olfactory antagonism and male attraction to 
the blend. In both H. virescens and H. subflexa, inputs to the 
DM glomerulus by either Z9-14Ald from OSNs in the B-type 
sensilla of H. virescens or Z9-16Ald from the OSNs of the B-type 
sensilla of H. subflexa could be contributing an appropriate 
amount of antagonistic counterweight to the antagonistic 
inputs of other glomeruli in these species, resulting in bal-
anced olfactory antagonism and male attraction (Baker 2008).

The PNs whose pheromone-related response profiles and 
neuroanatomies have been characterized for H. virescens, H. 
subflexa (figures 21.5A and 21.5B), H. zea, and H. assulta (fig-
ures 21.6A and 21.6C) have been found to project along lin-
ear, component-specific pathways, emerging from the same 
MGC glomeruli that are visited by OSNs tuned to the same 
major and minor pheromone components of these species 
that the PNs are tuned to (Vickers et al. 1998; Vickers and 
Christensen 2003; Zhao and Berg 2010). This theme of one-
component-to-one-glomerulus-and-PN linear design is typi-
cal of heliothine pheromone olfactory systems (Vickers et al. 
1998; Vickers and Christensen 2003; Zhao and Berg 2010), 
but it is not typical of moth sex pheromone olfactory systems 
in general (see Baker and Hansson, this volume).

ORs of other heliothine moth species have now begun to be 
functionalized, and data concerning their tuning profiles 
mirror OR homology with regard to their sequence similarity 
versus their ligand responsiveness. The orthologs HarmOR6 
and HassOR6 have recently been expressed in Xenopus heter-
ologous expression systems and provided a first glimpse of 
their tuning profiles in response to possible ligands (Liu et al. 
2013; Jiang et al. 2014). HarmOR13 was found to be tuned as 
strongly to Z11-16Ald as its ortholog HvOR13 is, and it shares 
a 91% sequence identity with HvOR13 (Liu et al. 2013; Jiang 
et al. 2014). However, the H. armigera ortholog to HvOR6 (Har-
mOR6) in H. virescens has a distinctly different tuning profile, 
despite having an 88% sequence identity to HvOR6 (Liu et al. 
2013). HarmOR6 responded equally well to Z9-16Ald and 
Z9-14Ald, whereas HvOR6 was specifically tuned to Z9-14Ald. 
This HarmOR6 profile fits well with the behavioral and female 
pheromone emission data showing that Z9-14Ald is a third 
pheromone component in this species (Zhang et al. 2012). 
This is consistent with the congruence between OR response 
profiles and their respective OSNs’ tuning profiles in H. vire-
scens and H. subflexa. There was increased male H. armigera 
behavioral responsiveness (trap catch) when both Z9-14Ald 
and Z9-16Ald were added into blends containing Z11-16Ald 
(Zhang et al. 2012).

Jiang et al. (2014) found that the H. assulta ortholog Has-
sOR6 was optimally responsive to Z9-16OH, with lower, and 
equivalent, levels of reactivity to both Z9-16Ald and Z9-14Ald. 
For H. assulta, it is not clear why there should be equal respon-
siveness to Z9-16Ald and Z9-14Ald on this type of pheromone-
component-tuned OSN (Wu et al. 2013), because Z9-14Ald is 
highly behaviorally antagonistic (Boo et al. 1995), as is 
Z9-16OH (Cork et al. 1992). However, Z9-16Ald is the most 
abundant of the two pheromone components and should pre-
dominate in the stimulation of HassOR6 on this OSN, Fur-
thermore, because the behavioral antagonists Z9-14Ald and 
Z9-16OH are detected by HassOR16 on the other co-localized 
C-type OSN (Berg et al. 2005), it should not matter if either of 
these compounds also coincidentally stimulate HassOR6 on 
the large-spiking C-type OSN (Jiang et al. 2014). It is clear that 
work on the complete functionalization coupled with studies 
of in situ hybridization of these HassORs and HarmORs has 
only just begun. More research is needed to characterize fully 
their response profiles and to map them to their resident OSNs 
to determine patterns of co-localization in sensilla. Further 
work on these H. armigera and H. assulta ORs (along with 
OR11 and OR15 in all heliothines) also needs to be performed 
to reconcile some of these seemingly conflicting and confus-
ing early results. It would be particularly helpful to have  
different research groups use the same panel of prospective 
pheromone-component odorants in their experiments.

Courtship Pheromones

Given their relevance for agricultural applications, such as 
monitoring programs, much research has focused on female 
sex pheromones of the Heliothinae. However, male-produced 
courtship pheromones are also quite prevalent within this 
group and influence mating encounters between males and 
females. The majority of studies have focused on document-
ing the behavioral relevance and impact of such compounds 
on females (and in some instances males) during a courtship 
bout (Agee 1969; Teal and Tumlinson 1989; Cibrian-Tovar and 
Mitchell 1991; Hillier and Vickers 2004).

56137txt.indd   326 6/24/16   1:57 PM



Pheromones of heliothine moths  327

the pre-copulatory behavior of heliothines has been docu-
mented in several species, along with the impact of various 
factors on such behavior, including geographic region (Col-
vin et al. 1994), host plant distribution and moth age (Kveda-
ras et al. 2000), disruption of courtship with pheromone com-
ponents or ultrasound (Callahan 1958; Agee 1969; huang et 
al. 1997), and general ethology (hendricks and tumlinson 
1974; mitchell et al. 1974; mitchell 1976; teal et al. 1981b). 
similar to many other lepidoptera, male heliothinae release 
volatile courtship pheromones from eversible structures 
(hairpencils) associated with the distal eighth abdominal seg-
ment (Birch et al. 1990). hairpencil structures, closely associ-
ated with male claspers, disperse pheromones when everted 
during courtship. in different species, the effects of these 
pheromones have been proposed to either increase female 
receptivity to courting males, attract females to males, induce 
or arrest female calling, arrest female movement to facilitate 
copulation, or inhibit approach of competing males (Birch 
1974; Baker 1981; Dong et al. 2005; hillier and Vickers 2004, 
2007; Jurenka and rafaeli 2011). overall, these compounds 
seem to modulate mating and courtship, offering a secondary 
pre-copulatory (prezygotic) barrier to mating mistakes beyond 
species-specific female pheromone production and male 
attraction.

A similar general pattern of courtship behavior has been 
documented in multiple heliothine species (Heliothis virescens, 
H. subflexa, Helicoverpa zea, and, to a lesser degree, H. armigera
and H. assulta) (Agee 1969; teal et al. 1981b, 1986; Cibrian-
tovar and mitchell 1991; hillier and Vickers 2004, 2011b; 
ming et al. 2007). Behaviors may be separated in to pre-court-
ship behaviors (calling by females and activation or orienta-
tion by males) and courtship behaviors (hairpencil display, 
abdominal extension, clasping attempts) (teal et al. 1989; hill-
ier and Vickers 2004, 2011b). Generally, a male will approach a 
stationary calling female from downwind. on arrival, the male 
will typically tap his antennae on her abdomen, near her ovi-
positor. the male then moves adjacent to the female and 
exposes his hairpencils, followed shortly thereafter by curling 
his abdomen toward the female and attempting clasping and 
copulation. the female typically either moves or flies away 
from the male, or she curls her own abdomen to accept the 
copulation attempt. there is considerable variation among and 
within species regarding the length of time spent conducting 
a given behavior within the sequence, and there are likely vari-
ous modalities of feedback (visual, chemical, tactile, acoustic) 
that are likely used during courtship.

teal et al. (1981b) documented the composition of such 
male-produced compounds from H. virescens as primarily 
being a combination of 16–18 chain-length acetates, alcohols, 
and carboxylic acids. interestingly, these compounds share 
similarity to pheromone components of female heliothinae, 
suggesting some common biosynthetic pathways, and per-
haps functional homology in reception between sexes. how-
ever, to date, there has been no evidence of desaturase activ-
ity (commonly found in biosynthetic pathways for 
female-produced sex pheromones), from either the examina-
tion of male hairpencil gland extracts or hairpencil airborne 
emissions. furthermore, gene transcripts and immunoassays 
have indicated the presence of PBAn in male H. armigera
(hirsch 1991; rafaeli 2009; ma et al. 1998). rnAi receptor 
studies in H. armigera also demonstrated that PBAn influences 
the production of male pheromone components, stimulating 
similar fatty acid biosynthetic pathways (Bober and rafaeli 
2010; for review, see Jurenka and rafaeli 2011).

the composition, ratio, and concentration of male phero-
mone components can differ dramatically among species. for 
example, H. subflexa and H. virescens have opposite ratios of 
hexadecan-1-ol (16oh) to hexadecyl acetate (16Ac), and the 
concentration found in H. subflexa males is often substantially 
(20–100 times) lower than that for H. virescens males (teal and 
oostendorp 1995). teal and oostendorp (1995) also found that 
in hybrids and backcross progeny between H. virescens and H. 
subflexa, the ratio of 16oh/16Ac production was determined 
by dominant autosomal inheritance of H. subflexa alleles. irre-
spective of cross direction, hairpencil pheromone titers of 
hybrid males were quantitatively and qualitatively similar to 
those of H. subflexa adults. in backcrosses between f1 hybrids 
and either H. virescens or H. subflexa, the composition and ratio 
of hairpencil components 16oh and 16Ac varied with cross 
direction, producing phenotypes similar to each species or 
intermediate phenotypes between species (teal and oosten-
dorp 1993, 1995). results suggest that the production of hair-
pencil pheromone by hybrids and backcrosses is under domi-
nant, sex-linked control of alleles on the H. subflexa Z 
chromosome (teal and oostendorp 1993, 1995; teal and tum-
linson 1997). Despite this, the morphology of hairpencils 
seems to be dictated by sex-linked inheritance from the male 
(Z) H. virescens sex chromosome (teal and oostendorp 1993).

Jacobson et al. (1984) reported quantities of 1 mg/male of 
Z9-14Ald in hairpencil extracts from H. virescens. further-
more, this compound was proposed by Jacobson et al. (1984) 
to repel males during a courtship bout. however, subsequent 
studies on H. virescens and H. subflexa have not isolated 
Z9-14Ald from male glands, and further have not shown the 
presence of large quantities of any unsaturated hydrocarbons, 
suggesting that desaturases may not be present in the male 
pheromone glands of these species (teal and tumlinson 1989; 
teal and oostendorp 1993, 1995; hillier and Vickers 2004). 
finally, huang et al. (1997) documented a similar comple-
ment of compounds (saturated 14–18 chain-length acetates, 
alcohols, and corresponding carboxylic acids) in the hairpen-
cil gland extracts and headspace of H. armigera. huang et al. 
(1997) also documented that the titers of hairpencil com-
pounds peak 2–5 days after emergence and that titers are typ-
ically highest during scotophase.

the detection and behavioral effects of courtship phero-
mones have been investigated in multiple species, but per-
haps most extensively in H. virescens. male and female H. vire-
scens share two short sensillar types that house olfactory 
receptor neurons that have been shown to selectively respond 
to both 16Ac and octadecyl acetate (18Ac), or to both 16oh 
and octadecan-1-ol (18oh) from among a selection of behav-
iorally relevant compounds (hillier et al. 2006; hillier and 
Vickers 2007). in H. virescens, osns from these sensilla selec-
tively stain glomeruli near the entrance of the Al; the osns 
responding to acetate project to glomerulus 24 (adjacent and 
medial to the mGC for males), and to the possibly homolo-
gous glomerulus 59 in females (adjacent and medial to the 
large female glomeruli [lfG]) (hillier and Vickers 2007; hill-
ier et al. 2007). osns responding to 16oh and 18oh project 
to glomerulus 41, adjacent and ventral to the lfG (hillier and 
Vickers 2007). the proximity of these glomeruli to the mGC, 
along with similarity in position in males and females, 
suggests that there may be a “map” in the organization of 
the Al based upon molecular structure. Another option is 
that there is further behavioral segregation of pheromone 
and non-pheromone odor processing with processing of 
male hairpencil components and female sex pheromone 
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components in a similar region, thus representing a co-local-
ization of conspecific odorant processing, irrespective of the 
producing sex.

In female H. virescens, hairpencil compounds induce quies-
cence during a courtship bout, thereby increasing male suc-
cess in mating by preventing females from moving away (and 
increasing female receptivity) (Teal et al. 1981b; Hillier and 
Vickers 2004). Furthermore, the efficacy of hairpencil extracts 
to induce quiescence in females is species specific, potentially 
linked to differential ratios of acetates and alcohols in the 
hairpencil composition of related species. Consequently, 
females can distinguish conspecific and heterospecific males 
by hairpencil composition, an important feature, as there are 
costs associated with mating mistakes (e.g., irreversible lock-
ing of genitalia or inviable male progeny) (Hardwick 1965; 
Goodpasture et al. 1980; Stadelbacher et al. 1983). It is possi-
ble that the initial choosiness by females for signals indicative 
of conspecific males may be the initial step in subsequent 
runaway female choice sexual selection. Females will then 
become even more discriminating and proceed to evaluate 
the quality and reproductive fitness of conspecific males 
according to the quality and quantity of their hairpencil vola-
tiles, which will lead to increasingly amplified and specific 
courtship pheromone signals (Birch et al. 1990; Hillier and 
Vickers 2004, 2011b).

Moreover, a series of experiments comparing the mating 
behavior and success of interspecific mating trials between H. 
subflexa and H. virescens confirmed that hairpencil composi-
tion differentially influences courtship success between these 
species (Hillier and Vickers 2011b). Hairpencil-ablated males 
were more successful mating with the opposing species, pro-
vided females were stimulated with an artificial odor source 
with male conspecific pheromone. This effect was much more 
pronounced in trials involving male H. virescens. H. subflexa
males were significantly more successful clasping and mating 
with both H. virescens and H. subflexa females in the absence 
of hairpencils, suggesting that there are fundamental differ-
ences in each species’ requirements for these compounds to 
increase female receptivity or quiescence.

Field-cage studies with H. virescens suggest that female call-
ing (and associated pheromone release) are inhibited by expo-
sure to 50-male-equivalents of hairpencil extracts or expo-
sure to 2-day-old virgin males (Hendricks and Shaver 1975). 
In H. armigera, an opposing effect has been found, as onset of 
female calling behavior may also be slightly influenced by 
saturated acids found within male hairpencil glands (percent-
age of calling females and duration of calling do not appear to 
be influenced) (Dong et al. 2005).

Wind-tunnel studies with male H. virescens also suggest 
16Ac and 18Ac inhibit upwind male flight toward a synthetic 
female sex pheromone blend (Hillier and Vickers 2007). In H. 
armigera, saturated alcohols have also been tested as potential 
inhibitors of male approach, but they did not significantly 
influence male behavior (whereas addition of 5% Z11-16OH to 
an attractive blend inhibited approach) (Huang et al. 1997). 
Induction of quiescence in females and inhibition of approach 
by conspecific males may facilitate copulation and reduce 
competition from other suitors, ultimately increasing mating 
success. However, it remains unclear what the costs are for 
males to continue to orient upwind and attempt mating, 
despite the presence of conspecific males releasing courtship 
pheromone. Further research is required to reveal the poten-
tial behavioral roles of these compounds in courtship 
behavior.

Conclusions

The role of pheromones in male and female moth reproduc-
tive behaviors has doubtlessly been most comprehensively 
documented in the heliothine moths. Well-studied species of 
the genera Heliothis and Helicoverpa share biosynthetic path-
ways that produce similar compounds, but they exhibit con-
siderable variation in pheromone composition between allo-
patric and sympatric populations around the world. In 
particular, a discrete balance is maintained between female 
pheromone production of key conspecific attractant blends 
(often including heterospecific antagonists) and male attrac-
tion to blends containing key compounds within a critical 
range of ratios. Field studies, laboratory behavioral tests, 
chemical analyses, and hybridization and crossing studies 
have provided a wealth of information on the probable evolu-
tion of pheromone communication in this group. Recent 
advances in neurophysiology, genetic analyses, and molecu-
lar biology offer great promise to continue to expand on and 
unlock key mechanisms that drive selection and diversifica-
tion of these pheromone chemical signals and receptors.
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