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Long distance sexual communication in moths has fascinated
biologists because of the complex, precise female pheromone signals
and the extreme sensitivity of males to speciﬁc pheromone molecules. Progress has been made in identifying some genes involved in
female pheromone production and in male response. However, we
have lacked information on the genetic changes involved in evolutionary diversiﬁcation of these mate-ﬁnding mechanisms that is
critical to understanding speciation in moths and other taxa. We used
a combined quantitative trait locus (QTL) and candidate gene
approach to determine the genetic architecture of sexual isolation
in males of two congeneric moths, Heliothis subﬂexa and Heliothis
virescens. We report behavioral and neurophysiological evidence
that differential male responses to three female-produced chemicals
(Z9-14:Ald, Z9-16:Ald, Z11-16:OAc) that maintain sexual isolation of
these species are all controlled by a single QTL containing at least
four odorant receptor genes. It is not surprising that pheromone
receptor differences could control H. subﬂexa and H. virescens
responses to Z9-16:Ald and Z9-14:Ald, respectively. However, central
rather than peripheral level control over the positive and negative
responses of H. subﬂexa and H. virescens to Z11-16:OAc had been
expected. Tight linkage of these receptor genes indicates that mutations altering male response to complex blends could be maintained
in linkage disequilibrium and could affect the speciation process.
Other candidate genes such as those coding for pheromone binding
proteins did not map to this QTL, but there was some genetic evidence of a QTL for response to Z11-16:OH associated with a sensory
neuron membrane protein gene.
mating
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volutionary diversiﬁcation of sexual communication traits
remains paradoxical (1, 2) because signal production and signal
reception are under independent genetic control, and a mutation
causing an alteration in one component of the system is predicted
to reduce efﬁciency of communication and to cause a loss of ﬁtness.
The resulting stabilizing selection is expected to promote evolutionary stasis, not diversiﬁcation (3–5). Systems in which changes in
signals and responses are governed by the same genetic alterations
(i.e., pleiotropy) should be less evolutionarily constrained in many
cases (6), and studies of mating communication have revealed a
few systems that appear to have this property (7–9). However, no
pleiotropy has been found between signal production and response
in moths (e.g., 5, 10). Because female and male moths with
divergent signals and responses appear to be selected against
(11, 12), we have no simple explanation for the great diversity of
moths (∼180,000 species) and moth pheromones (5, 13, 14).
Beyond capturing the attention of evolutionary biologists, the
diversity of long distance, pheromone-based sexual communication traits in moths has become a focus of some molecular
biologists, biochemists, neurophysiologists, and communications
specialists because of the surprisingly high speciﬁcity of signals
and responses within a species and the clear differentiation in
signaling systems among species (15, 16). In the past 20 years, a
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great deal has been learned about the biosynthetic pathways that
result in precise ratios of speciﬁc compounds in pheromone blends
(17), and major breakthroughs have recently been made in our
understanding of the mechanisms that enable a male to detect
incredibly low concentrations of pheromone molecules (18, 19).
We now know that peripheral reception of pheromones involves a
number of proteins in male antennae, including pheromone
binding proteins (PBP), general odorant binding proteins (GOBP),
chemosensory proteins (CSP), two classes of odorant receptors
(OR), pheromone degrading enzymes (PDE), and sensory neuron
membrane proteins (SNMP) (19–21). Genetic changes in the
structure/expression of any or all of these proteins could have been
involved in evolutionary diversiﬁcation of moth sexual communication systems, but it is also possible that the crucial changes were
in the male moth central nervous system (5, 22).
One pioneering study tested two races of the pyralid moth
Ostrinia nubilalis (European corn borer) for a relationship between
genetic traits for antennal neuron spike patterns and male pheromone response but found none (23). A related study on Ctenopseustis moths (brownheaded leafrollers) did ﬁnd a correlation
(24) but did not examine the genes that could be involved. More
recently, correlations have been found between neuron targeting
and pheromone responses (25, 26), but their genetic basis is unknown. As pointed out by Smadja and Butlin (5), a critical next
step in understanding how mate communication systems diversiﬁed is the determination of what kinds of changes in which genes
resulted in divergent signals and responses of closely related species and races.
Here we focus on understanding the genetic architecture and
genes involved in the sexual communication differences between
two closely related, nonsister species of heliothine moths with a
divergence time of approximately 2 million years based on CO-I
divergence (27). Heliothis virescens (hereafter referred to as Hv) is
a generalist, feeding on plants in over 14 families, whereas Heliothis subﬂexa (Hs) specializes on plants within the genus Physalis
(28, 29). These two species are not attracted to each other in ﬁeld
locations where they cooccur because of differential response to
pheromone blends (28), but they can be mated and backcrossed in

Author contributions: F.G., M.E., N.K.H., A.T.G., C.S., and N.J.V. designed research; M.E.,
N.K.H., B.P., C.M.W., J.L.E., and N.J.V. performed research; F.G., M.E., N.K.H., B.P., C.M.W.,
J.L.E., and N.J.V. analyzed data; and F.G., and N.J.V. wrote the paper.
The authors declare no conﬂict of interest.
This article is a PNAS Direct Submission.
1

To whom correspondence should be addressed. E-mail: fred_gould@ncsu.edu.

2

Present address: EnviroLogix Inc., Portland, ME 04103-1486.

3

Present address :Department of Biology, Acadia University, Wolfville, NS, Canada B4P 2R6.

4

Present address: Max Plank Institute for Chemical Ecology, Jena 07745, Germany.

5

Present address: Department of Biology, California Institute of Technology, Pasadena,
CA 91106.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.0910945107/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0910945107

Results
BC-Male Response. We conducted four BCs, each starting with a

cross of one Hv female to an Hs male. Hybrid females resulting
from these crosses were individually mated to Hs and Hv males to
establish two Hs BC families (Hs-BC) and two Hv-BC families,
respectively. The genetically segregating Hs-BC and Hv-BC male
offspring were tested for behavioral response to pheromone
blends containing one of the species-speciﬁc compounds, Z9-14:
Ald or Z9-16:Ald.We measured response qualitatively by whether
an individual male ﬂew at least halfway to the source. More
quantitatively, we ranked degree of each male’s response on a scale
of 0–7 described in Materials and Methods. We ﬁrst tested response
of Hs-BC males to a blend containing Z11-16:Ald, Z9-14:Ald, and
Z11-16:OH in a 1.0:0.1:0.1 ratio, which was previously found to
attract F1 males but not Hs males in a wind tunnel (32, 42).
Because Hv was the nonrecurrent parent in these crosses, each BC
offspring could have one or no copies of each complete Hv autosome. Our expectation was that males that inherited one copy of
an Hv chromosome with pheromone-response gene(s) would be
more likely to respond positively to the blend with Z9-14:Ald than
those that did not inherit this chromosome. Of 90 Hs-BC males
presented with this blend in a wind tunnel, 36 ﬂew at least halfway
Gould et al.

toward the pheromone source, suggesting that these males had
inherited an Hv chromosome with gene(s) for response to Z9-14:
Ald. In a smaller experiment, Hv-BC males were tested for ﬂight
toward a blend with Z11-16:Ald, Z9-16:Ald, and Z11-16:OH, in a
1.0:0.5:0.1 ratio, which is attractive to F1 males but not to Hv males
(31, 42). Fifteen of 28 males ﬂew at least halfway to the pheromone
source, suggesting that they had inherited Hs gene(s) for response
to the Z9-16:Ald.
Genetic Maps and QTL Analysis. To determine which Hv chromo-

somes each Hs-BC male inherited and which Hs chromosomes
each Hv-BC inherited, we used previously developed Ampliﬁed
Fragment Length Polymorphism (AFLP) methods (29) to build
genetic maps of the segregating BC families (BC to Hv, 230 AFLP
markers, range 3–18 per chromosome; BC to Hs, 211 AFLP
markers, range 3–19 per chromosome) (see SI Text, Table S1 for
speciﬁc primers used).
Once the genotyping was completed, we used G-tests with
Yates corrections (43) to check for associations between male response and the presence/absence of speciﬁc chromosomes from the
nonrecurrent parent (44). In the Hs-BC, only one of the Hv chromosomes [chromosome 27 (Hv-C27)] showed a statistically signiﬁcant association with male ﬂight toward the blend. Of the males
with one copy of Hv-C27, 34 of 40 had ﬂown at least halfway toward
the Z9-14:Ald-containing blend, but only 2 of 50 males without HvC27 had ﬂown at least halfway toward the blend (χ2 = 58.88, P <
0.0000000001; with Bonferroni correction P < 0.000000003). In the
Hv-BC, 14 of 18 moths with a copy of Hs-C27 had ﬂown at least
halfway to the blend with Z9-16:Ald, although only 1 of 10 without
Hs-C27 had ﬂown at least halfway to this blend (χ2 = 9.98, P =
0.0016; Bonferroni correction = 0.048). No other Hs or Hv chromosomes were associated with male response (P = 0.05 without
Bonferroni correction). To better visualize the differences between
responses of males with and without C27 from the nonrecurrent
parental species Fig. 1 presents the degree of response by males of
each genotype. Clearly, C27 contained one or more critical DNA
sequences that differentiate male responses of the two species with
respect to the preference of either Z9-14:Ald or Z9-16:Ald.
Maps of Candidate Genes. We mapped genes coding for 11 ORs, 2
PBPs, 1 SNMP, 2 CSPs, and 1 GOBP to individual autosomes or
to the sex chromosome (Materials and Methods). We included
some ORs that are expressed in both males and females because
recent evidence indicates that females perceive certain components present in their own pheromonal mixtures (45, 46). We
ﬁrst mapped these genes in an Hv-BC family, testing for nonindependent segregation of the Hs allele of each candidate gene
and the Hs form of one of the autosomes. Genes were mapped to
the sex chromosome based on presence of the Hs allele of the
candidate gene in BC males but not in females (females are the
heterogametic sex). For conﬁrmation, we then mapped the genes
in an Hs-BC family. Table 1 presents the chromosomal locations
of all 17 candidate genes. Five chromosomes had only a single
OR gene, although chromosome 19 and chromosome 27 had two
and four OR genes, respectively. Genes for all of the PBPs,
CSPs, and GOBP1 were found on the same chromosome (C19).
HR13, which is the OR for Z11-16:Ald (36), the most abundant pheromone component of Hv and Hs, was the only receptor
that mapped to the sex chromosome. Genes coding for HR14,
HR15, and HR16, which have been associated with response to
other critical Hv pheromone compounds (35, 47), all mapped to
C27, which was the one chromosome that cosegregated with
male response to the Z9-14:Ald and Z9-16:Ald in our QTL analysis above. HR6 was the only other candidate gene that mapped
to C27. This OR could also be involved in pheromone response
but its lack of tissue-speciﬁc expression makes it a less likely
candidate (35, 47). These results suggest that changes in coding
and/or regulatory regions of one or more of these OR genes are
PNAS | May 11, 2010 | vol. 107 | no. 19 | 8661
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the laboratory (28). Our previous quantitative trait locus (QTL)
studies with backcross (BC) families demonstrated that genes on
at least nine of the 31 Heliothis chromosomes contribute to the
differences between the species in the volatile compounds produced by the pheromone gland and indicate that there can be
epistatic interactions among the QTL (29, 30). In the current experiments, we used a combined QTL/candidate gene approach to
determine what classes of genes code for the differences between
males of the two species in their response to pheromone blends.
Hv males must perceive Z11-16:Ald and Z9-14:Ald to maintain ﬂight toward a pheromone source in a wind tunnel (31). The
presence of Z11-16:Ald is also critical for Hs, but these males do
not respond to Z9-14:Ald at normal concentrations in pheromone blends. Instead, they require Z9-16:Ald and Z11-16:OH
(32). The response of Hs is signiﬁcantly enhanced by Z11-16:
OAc, a compound that inhibits response of male Hv (28). The
chemicals in the female sex pheromones of the two species and
their ratios match to the male responses.
A series of papers by Krieger et al. (33, 34) identiﬁed a set of
ORs in Hv with much higher expression in male antennae
compared to those of females. Subsequent studies elucidated
some of their pheromone ligands and their localization to speciﬁc sensilla (35–37). Other studies of Hv identiﬁed PBPs (38),
GOBPs (39), SNMPs (40), and CSPs (41). Genetic alleles associated with any of these molecules could control differences
between Hv and Hs male response. If coding or cis-regulatory
sequence differences between the two species in one or more of
these genes have an impact on male response speciﬁcity, then in
segregating BCs between the two species, QTL including these
genes would cosegregate with the pheromone response phenotype of BC males.
Heliothis species are especially well suited for QTL analysis
because they have 30 autosomes of similar size with no recombination in females. Therefore, when female hybrids are used in a
BC, there are 30 unambiguous linkage groups that could contain
QTL (29). Mapping of a QTL within a chromosome is subsequently accomplished by BCs using hybrid males that have normal
recombination. Furthermore, repeated BCs to one of the parental
species can be used to introgress a single chromosome from the
second species into the genome of the ﬁrst. QTL analysis relies on
efﬁcient and accurate assessment of the phenotype of interest.
Response of individual Hv and Hs males to synthetic pheromone
blends can fortunately be measured in a wind tunnel based on
whether they take ﬂight and how far they ﬂy along a 1-m path toward the pheromone source.

males with Hs-C27 was 4.40 on our scale from 0 to 7 (Materials
and Methods), whereas for those without Hs-C27 it was only 1.97.
After the ﬁfth BC, males that were heterozygous (one copy of
Hs-C27 and one of Hv-C27) were crossed to Hv females to allow
recombination within C27. No recombination among the four OR
genes was found among the 62 offspring analyzed, but we were
able to use this male BC to map the general location (within
approximately 6 cM) of the OR genes within C27 by use of 14 recombining AFLP markers and the HR14 codominant marker (Fig.
S1). In a ﬁnal attempt to separate the OR genes through recombination, we analyzed a total of 574 BC offspring (six male Hv-BC
families) for Hv and Hs alleles of HR14, HR15, and HR16, but we
did not ﬁnd a single recombinant. This suggests that the HR genes
are a tightly linked cluster of duplicated genes.
Further Backcrossing to Isolate a Smaller QTL Region for Response to
Z9-16:Ald. Backcrossing of males that were positive for the Hs-HR14

Fig. 1. Response of backcross (BC) males to pheromone blends with species-speciﬁc aldehydes. The graphs show the percentage of male moths of
each C27 genotype with successively stronger responses to the test pheromone blends. TF = took ﬂight, Cast = cast back and forth in search of
pheromone plume, LO = locked-on to the plume, UPW = ﬂew upwind less
than halfway to the source of pheromone, HLF+ = ﬂew at least halfway to
the source, CA = close approach to the source (<5 cm), SC = source contact by
male. (A) Males tested were progeny from a ﬁrst BC to Hs and the blend
tested contained the Hv compound, Z9-14:Ald. The two genotypes are
homozygotes for Hs-C27 (no copies of Hv-C27; solid gray triangle) and heterozygotes for C27 (one copy from Hv; solid black circles) (B) Males tested
were progeny from a ﬁrst BC to Hv and the blend tested contained the Hs
compound, Z9-16:Ald. The two genotypes are homozygotes for Hv-C27 (no
copies of Hs-C27; solid gray triangle) and heterozygotes for C27 (one copy
from Hv; solid black circles). See main text for details.

responsible for altered male response to the two aldehydes, Z914:Ald and Z9-16:Ald.
Introgressing and Mapping Chromosome 27. To further examine the
role of genes within C27 in male response, Hs-C27 was introgressed into the Hv genomic background by repeatedly backcrossing females with Hs-C27 to Hv males (for general methods
see refs. 28, 48). This resulted in a BC line that was identical to
Hv except that about 1/2 of the individuals inherited one copy of
Hs-C27 (checked with AFLPs and HR14 sequences). Males from
the ﬁfth BC generation were tested in a wind tunnel for their
response to blends containing Z9-16:Ald. Seven of 15 males with
one copy of Hs-C27 ﬂew at least halfway toward the blend with
Z9-16:Ald, whereas only 5 of 30 males without Hs-C27 ﬂew at
least halfway toward the Z9-16:Ald blend (χ2 with Yates correction = 4.14; P = 0.042). The mean degree of response for the

Table 1. Candidate genes mapped to Heliothis chromosomes
Candidate Gene
HR2
HR5
HR6
HR7
HR11
HR12
HR13
HR14
HR15

Chromosome

Candidate Gene

Chromosome

1
4
27
8
3
8
Z
27
27

HR16
HR18
CSP1
CSP2
GOBP1
PBP1
PBP2
SNMP1

27
7
19
19
19
19
19
24
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allele, as determined by PCR, was continued for 15 more generations to allow for recombination and eventual loss of segments
of Hs-C27 that were not tightly linked to the OR gene cluster. One
half of the male offspring from the 15th BC generation of backcrossing were expected to be identical to Hv for all autosomes, sex
chromosomes, and mitochondria, with the exception of being
heterozygous for Hs genes that are physically linked to Hs-HR14.
The other half of the offspring were expected to be genetically
identical to Hv. Male offspring (n = 80) were ﬂown in a wind tunnel
to blends containing Z9-16:Ald. If a male did not respond to this
blend (by more than simply taking ﬂight), it was ﬂown to a blend
with Z9-14:Ald. Of 58 males with one copy of the Hs-HR14 allele,
45 responded to the blend with Z9-16:Ald with a mean degree of
response equal to 3.89. The 13 males with Hs-HR14 that did not
respond to this blend also did not respond to the blend with Z9-14:
Ald. Of 22 males without the Hs-HR14 allele, none responded to
the blend containing Z9-16:Ald blend and 19 responded to the
blend with Z9-14:Ald blend with a mean degree of response of 5.58.
AFLP analysis of nine markers on C27 revealed that four of the
males with the Hs-HR14 allele only had one or two of the AFLP
markers from Hs. All of these males responded to the Z9-16:Ald
blend. Furthermore, no relationship was found between the number of Hs-C27 AFLP markers (range 1–9) and the degree of response (0-7 scale) to the Z9-16:Ald-containing blend (Spearman
rank order correlation = −0.18; P = 0.203). This indicates that only
the four HR genes and genes tightly linked to them could be controlling male response to the Z9-16:Ald.
Response to the Acetate, Z11-16:OAc. The Z11-16:OAc component
of the Hs blend enhances Hs male response but decreases that of
Hv (28, 49). Grosse-Wilde et al. (35) found, evidence that Z11-16:
OAc is a ligand for HR14 based on expression of HR14 in receptor
neurons neighboring those expressing HR16 (also see ref. 47) as
well as binding afﬁnity in a heterologous system. These results
suggest that the Hv and Hs alleles of HR14 on C27 could impact
male response to Z11-16:OAc. Therefore, we ﬂew BC males to
pheromone blends with and without this odorant. Previous work
had established that F1 males were partially deterred by Z11-16:
OAc (42), so we considered its deterrent effect to be codominant.
In one test, single pair crosses were conducted between males and
females that were each genetically identical to Hv except for being
heterozygous for the full Hs-C27 chromosome (as determined by
the codominant HR14 genetic marker). The offspring of this cross
were expected to segregate into three genotypes: homozygotes for
Hs-C27, heterozygotes, and homozygotes for Hv-C27. Male offspring from these crosses (n = 62) were ﬁrst ﬂown to a blend of
Z11-16:Ald/Z9-16:Ald/Z11-16:OH/Z11-16:OAc in a 1:0.5:0.1:0.1
ratio. They were then ﬂown to a similar blend that lacked the
acetate, which was expected to be more attractive to males that
were heterozygous for Hs-C27. Males that did not respond to
either of these blends were ﬂown to the Hv blend of Z11-16:Ald/
Gould et al.

Recordings from Single Antennal Neurons. Previous single cell recordings from male antennal sensilla have shown differences in response
of male Hv and Hs neurons to speciﬁc pheromone components (50).
We hypothesized that if alleles of the HR genes in Hv and Hs were
responsible for the behavioral differences among male genotypes,
then we should ﬁnd distinct electrophysiological responses in moths
with Hs versus Hv receptor alleles. We compared the electrophysiological responses of the following types of males: (i) pure Hv,
(ii) pure Hs, (iii) Hv except for being homozygous for Hs-C27. We
recorded independently from B-type and C-type sensilla that are
described in Baker et al. (50). As expected from Baker et al. (50), the
neurons in B-type sensilla of pure Hv were activated by low concentrations of Z9-14:Ald but not Z9-16:Ald (Fig. 2 A and B). B-type
sensilla of Hs males were somewhat more sensitive to Z9-16:Ald than
to Z9-14:Ald. The males that were identical to Hv except for having
Hs-C27 responded much like the pure Hs males. The neurons of Ctype sensilla of Hv responded strongly to both Z11-16:OH and Z1116:OAc (Fig. 2 C and D). Hs C-type sensilla also responded strongly
to Z11-16:OH but only weakly to Z11-16:OAc. The response to Z1116:OAc by Hv males with Hs-C27 was generally similar to the pure
Hs males. Curiously, the Hs-C27 males had a stronger response to
Z11-16:OH than the pure Hv and Hs males, which were quite similar
to each other (Fig. 2D). These electrophysiological results reinforce
the behavioral genetic studies in that the C27 genotype affected
response to the two aldehydes and the acetate, but did not affect
response to the alcohol.

Response to the Alcohol, Z11-16:OH. Results from Grosse-Wilde
et al. (35) demonstrate that Z11-16:OH is a ligand for HR16, the
gene for which is found on C27. Therefore, we also tested the
potential involvement of C27 in the differential response of Hv
and Hs to Z11-16:OH. Hs males require this compound to be
attracted, although Hv males respond to blends without it (32).
Because F1 hybrid males are more responsive to blends without
Z11-16:OH than Hs males, we treated response to this compound as a codominant trait and tested response of male offspring from a ﬁrst female BC to Hs. About 50% of these males
were expected to be heterozygous for C27, and the other 50%
were expected to be homozygous for Hs-C27. Males were ﬁrst
ﬂown to a blend of Z11-16:Ald/Z9-16:Ald in a 1.0/0.5 ratio, after
which they were ﬂown to a similar blend with the addition of
Z11-16:OH at a 0.1 ratio. We tested whether males that were
heterozygous for Hs-C27 were more likely to respond to the
blend without the alcohol than males homozygous for the Hs
form. Of 55 heterozygotes, 67% responded to the blend without
the alcohol, and of 48 homozygotes, 77% responded (χ2 1.228
P = 0.2678). This indicates that Hs homozygote and heterozygote males do not differ. The data from this experiment were
also analyzed based on degree of response. Of 54 heterozygotes
that could be scored, 72% had a higher score when the alcohol
was present, although 57% of 47 homozygous males had a higher
score with the alcohol present (χ2 = 2.394 P = 0.1218). This
indicated clearly that C27 did not affect the requirement for
Z11-16:OH by males.
To follow up on these results, we used AFLPs to map all 30
autosomes from this BC to Hs. We tested each autosome for
effects on the ratio of males that responded more to the blend
that included the alcohol. Only chromosome 24, which includes
an SNMP gene, showed a signiﬁcant P value (χ2 = 6.88 P =
0.0087) but when adjusted using a Bonferonni correction the
P value became 0.261. Therefore, no single autosome appears to
strongly affect male response to Z11-16:OH. We could not test
for a relationship between the species origin of two male Z sex
chromosomes and response to the alcohol because all males in
this BC are homozygous for the Z chromosome of Hs.

Fig. 2. Single cell recordings from males of (1) pure line Hs, (2) Hv with HsC27, (3) pure line Hv. A cut-tip recording method was used to measure activity
from olfactory receptor neurons housed within B-Type sensilla during stimulation with either Z9-14:Ald or Z9-16:Ald (A and B) and C-Type sensilla (C and
D) sensilla during stimulation with Z11-16:OAc or Z11-16:OH. For each
recording, a dose series (0.1–500 μg) was used to determine relative responses
to each odorant. Responses by introgressed male Hv with Hs-C27 to Z9-14:Ald,
Z9-16:Ald and Z11-16:OAc were more similar to pure line Hs than pure line
Hv. Hv with Hs-C27 responded more strongly to Z11-16:OH than either pure
line. ** Number of olfactory receptor neurons recorded Type Bs: H. subﬂexa,
n = 7; H. virescens with Hs-C27, n = 27; H. virescens, n = 11 Type Cs: H. subﬂexa,
n = 4; H. virescens with Hs-C27, n = 11; H. virescens, n = 3.

Gould et al.
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Z9-14:Ald in a 1.0:0.05 ratio. We speciﬁcally chose this order of
exposure because males generally respond more strongly to their
ﬁrst exposure and preliminary tests indicated that this order
resulted in more response to blends with the acetate. Nine males
did not respond at all, and of the 16 responsive males that were
homozygous for Hv-C27 chromosome, 15 only responded to the
Hv blend. Of the males that were heterozygous for Hs-C27 (n =
25), 80% responded less to the blend with the acetate than to the
blend lacking the acetate. In contrast, only 25% of males homozygous for the Hs-C27 (n = 12) responded less to the acetatecontaining blend (χ2 with Yates correction = 7.80; P = 0.0052—no
need for Bonferonni correction).
To conﬁrm this ﬁnding, we tested males from a typical BC of a
hybrid female to an Hv male where there were only two C27
genotypes, those that were homozygous for the Hv-C27 chromosome and those that were heterozygous (one copy of C27
from Hs and one copy from Hv). We tested these males to a
blend of Z11-16:Ald/Z9-14:Ald/Z11-16:OH/Z11-16:OAc in a
1:0.1:0.1:0.1 ratio and then to this blend without the acetate. We
expected the blend with acetate to be more deterrent to homozygotes for Hv-C27. Of males homozygous for Hv-C27 (n = 34),
44.1% responded less to the blend with the acetate. In contrast
only 6.9% of heterozygous males (n = 29) responded less to the
blend with the acetate (χ2 with Yates correction = 11.37, P =
0.0007). For both heterozygotes and homozygotes, more males
responded positively to the blend with acetate than we had
expected. The higher relative responsiveness to the acetate blend
could be due to the fact that their ﬁrst exposure was to this blend.
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Discussion
DNA sequence differences in a tightly linked portion of C27 cause
major differences between Hs and Hv males in their responses to
Z9-16:Ald and Z9-14:Ald, and are also responsible for at least a
substantial portion of the difference between the two species in
their responses to Z11-16:OAc. It is surprising to ﬁnd that a
change in receptors for Z11-16:OAc could be responsible for the
switch between the positive behavioral response of Hs and the
negative response of Hv to this compound. In Drosophila where
cis-vaccenyl acetate is attractive to females but repulsive to males,
it is a central nervous system difference that controls the switch
between positive and negative response (22). Furthermore, previous work showed that acetate responsive receptor neurons of Hv
converge on a different glomerulus of the male macroglomerular
complex compared to those of Hs (51). In mammals, a change in
the receptor gene expressed in a neuron can affect glomerular
targeting, but it is thought that such targeting does not occur in
any insects based on work with Drosophila melanogaster (19). If
this assumption is incorrect, it could be that changes in the acetate
receptor amino acid sequence could alter the targeting of the
neurons. We have not yet determined if the differential glomerular targeting in Hv and Hs maps to C27.
From work with Drosophila and other insect genomes it is
apparent that OR genes are often clustered within small chromosomal regions and appear to have arisen from gene duplication (52). Our ﬁnding of four OR genes in a segment of C27 that
rarely if ever recombines is in line with this previous information.
However, our recombination data cannot differentiate between
linkage due to close tandem genes versus species-speciﬁc inversions (53). A phylogenetic analysis of Hv OR proteins indicates
that HR6, HR14, HR15, and HR16 are more closely related to
each other than any other known Hv OR proteins, arguing for
gene duplication (34). HR11 and HR13 are also closely related
to this group of four, but their genes map to chromosome 3 and
the Z sex chromosome, respectively. HR13 is the receptor for the
major component of the Hv and Hs pheromones and HR11 has
recently been shown to have time and cell-speciﬁc expression
patterns linked with HR13 (37). The receptor for bombykol, the
major component of the silkworm (Bombyx mori) pheromone,
clusters phylogenetically with HR13 (54) and is also located on
the sex chromosome (55). Functional and comparative genomic
studies of Hv, Hs, and related moth species will help to determine the evolutionary processes that have shaped the location
and sequence divergence of these pheromone-related OR genes.
Our study revealed that the genes for three other classes of proteins associated with peripheral reception of odors (CSP1, CSP2,
GOBP1, PBP1, and PBP2) are all found on the same chromosome.
We have yet to perform ﬁne-scale mapping of chromosome 19 to
determine their locations relative to each other. Although these
genes could all be involved in differential perception and response
to species-speciﬁc pheromones, our QTL analysis found no evidence of their involvement in differences between Hv and Hs male
response. Although an SNMP gene on chromosome 24 may inﬂuence response to Z11-16:OH, the data are not strong because the
multiple tests involved increase the chance of type I errors. An
independent test of this association would be useful.
The tight genetic linkage of receptors that are critical to species isolation could have important evolutionary consequences
both in terms of the build-up of linkage disequilibrium between
novel alleles of multiple receptor genes early in the process of
speciation (56) and for evolution of strong isolation after speciation occurs (57). A number of theoretical analyses suggest that
the number of independently assorting sexual isolation genes can
affect the likelihood of speciation (e.g., 6, 58, 59). Our current
data cannot test whether the tight linkage of OR genes involved
in pheromone reception is simply an outcome of genome evolution that has a side-effect on speciation, or if selection acted to
8664 | www.pnas.org/cgi/doi/10.1073/pnas.0910945107

build this linkage through species-speciﬁc inversions (60). Our
data also bring up the question of whether selection or a general
property of the genome led to HR13 and HR11 being on different chromosomes. Only more detailed comparative studies will
shed light on these questions.
Even though our study suggests that a few genes can strongly
impact differential male response to important pheromone components, we do not know how many independent changes in base
pairs, or indels within these genes affect male behavior. Sequence
comparisons among moth species and heterologous expression
of mutated receptor genes would help in assessing which differences in the C27 receptor gene region have signiﬁcant impacts on
male behavior.
Materials and Methods
Mapping Candidate Genes. The DNA processing and assignment of speciﬁc
AFLP markers to speciﬁc chromosomes followed procedures described in Sheck
et al. (29). The primers used and the number of markers per chromosome are
presented in Table S2. We designed PCR primers for 11 ORs, 2 PBPs, 1 SNMP,
2 CSPs, and 1 GOBP based on Hv sequences in GenBank (Table S2). Only primers
that reliably ampliﬁed both Hv and Hs genomic DNA and produced bands with
species-speciﬁc migration patterns on agarose gels were used as codominant
markers (see Table S2 and S3 for speciﬁc genes, restriction enzymes, primers,
PCR conditions, and migration values). PCR products were sequenced to check
for identity with the candidate gene sequence in GenBank. DNA of Hv-BC offspring and the Hs-BC offspring was ampliﬁed using each of the 17 primer pairs
separately, and the products were run on agarose gels [number of BC offspring
tested for each candidate gene: mean (SD) = 19.3 (1.5)]. For each of the candidate genes, the correspondence was assessed between the presence of bands
representing Hv and Hs alleles of the candidate gene in the BC and the presence/
absence of bands from the Hv or Hs AFLP markers for the 30 autosome linkage
groups in the same insects (see ref. 61). In all cases, an obvious match between
the codominant marker for a candidate gene and a single AFLP-identiﬁed
chromosome was found (three mismatches in 328 comparisons). Fine scale
mapping of C27 was done with JoinMap (62) using default parameter settings.
Chemicals. Test compounds for both ﬂight tunnel assays and neurophysiology
were obtained from Bedoukian Research, Inc. (>95% purity by gas chromatography), and stock solutions were diluted in steps from 100 ng to 1 mg
in hexane and stored at −20 °C until use. Five compounds were used in the
wind tunnel assays: Z11-16:Ald, Z9-14:Ald, Z9-16:Ald, Z11-16:OAc, and Z1116:OH. The blends were created by admixing the required components
directly onto a circular piece of ﬁlter paper (1-cm diameter). Stimulus cartridges for single sensillum recording had single compounds loaded on ﬁlter
paper at dosages between 100 ng and 500 ug.
Wind Tunnel Assays. Wind tunnel assays followed procedures in Vickers (32) in
which the ﬁlter paper with the pheromone blend being tested is placed 1 m
upwind from a platform upon which the test male is initially placed. As in
Vickers (32, 42) males were typically 3–5 days old when tested. On the day of
testing, males were placed in the wind tunnel for at least 1 h to acclimate to
the conditions therein. Responses of individual male moths ranges from
simply remaining on the take-off platform without taking ﬂight to taking
ﬂight, casting back and forth, locking-on to the pheromone plume, upwind
ﬂight in a zigzag pattern and eventual contact with the pheromone source. To
quantify the degree to which an individual male responded to a pheromone
blend we established a ranking of the successive behavioral responses as follows: 0 = no ﬂight, 1 = took ﬂight without orientation, 2 = casting ﬂight above
take-off platform, 3 = lock-on to the pheromone plume, 4 = upwind ﬂight less
than halfway to source, 5 = upwind ﬂight at least halfway to the source, 6 =
close approach to source (<5 cm), 7 = contact with source. The mean degree of
response of a genotype was calculated by multiplying each rank number by the
number of males with that response, taking the sum of all of these products
and dividing by the total number of males.
Electrophysiological Recordings from Single Sensilla. The general methods
used are described in Hillier et al. (63). Brieﬂy, male moths were restrained on
a depression slide and a reference electrode introduced to the contralateral
eye. Long trichoidsensilla were selected randomly from the proximal ventral
surface of the antenna and cut using a glass capillary peizoelectric cutter
(64). Once cut, a saline-ﬁlled silver-chloride glass electrode was placed over
the sensillum tip and activity of sensory neurons within recorded during
odor presentation.

Gould et al.

supported by National Science Foundation Grants DEB-0235400 (to F.G. and
C.S.) and IOB-0416861 (to N.J.V.) and Department of Agriculture Grant
2007-35607-17824 (to F.G.).

1. Paterson HEH (1985) The recognition concept of species. Species and Speciation, ed
Vrba ES (Transvaal Museum, Pretoria, South Africa), pp 21–29.
2. Symonds MRE, Elgar MA (2008) The evolution of pheromone diversity. Trends Ecol
Evol 23:220–228.
3. Coyne JA, Orr HA (2004) Speciation (Sinauer Associates, Sunderland, MA).
4. Gould F, Groot AT, Vasquez GM, Schal C (2009) Sexual communication in Lepidoptera:
A need for wedding genetics, biochemistry, and molecular biology. Molecular Biology
and Genetics of the Lepidoptera, chapter 10, eds Frantisek M, Goldsmith MR (CRC
Press, Boca Raton, FL).
5. Smadja C, Butlin RK (2009) On the scent of speciation: The chemosensory system and
its role in premating isolation. Heredity 102:77–97.
6. Ritchie MG (2007) Sexual selection and speciation. Annu Rev Ecol Syst 38:79–102.
7. Marcillac F, Grosjean Y, Ferveur JF (2005) A single mutation alters production and
discrimination of Drosophila sex pheromones. Proc R Soc Lond B Biol Sci 272:
303–309.
8. Kronforst MR, et al. (2006) Linkage of butterﬂy mate preference and wing color
preference cue at the genomic location of wingless. Proc Natl Acad Sci USA 103:6575–6580.
9. Shaw KL, Lesnick SC (2009) Genomic linkage of male song and female acoustic
preference QTL underlying a rapid species radiation. Proc Natl Acad Sci USA 106:
9737–9742.
10. Löfstedt C, Hansson BS, Roelofs WL, Bengtsson BO (1989) No linkage between genes
controlling female pheromone production and male pheromone response in the European
corn borer, Ostrinia nubilalis Hübner (Lepidoptera; Pyralidae). Genetics 123:553–556.
11. Linn CE, et al. (1997) Sex pheromone blend discrimination in two races and hybrids of
the European corn borer moth, Ostrinia nubilalis. Physiol Entomol 22:212–223.
12. Zhu JW, Chastain BB, Spohn BG, Haynes KF (1997) Assortative mating in two pheromone
strains of the cabbage looper moth, Trichoplusia ni. J Insect Behav 10:805–817.
13. Holloway JD, Bradley JD, Carter DJ (1987) Lepidoptera. CIE Guides to Insects of
Importance to Man, ed Betts CR (CAB International, Oxford), pp 1–22.
14. El-Sayed AM (2009) The Pherobase: Database of Insect Pheromones and Semiochemicals.
Available at http://www.pherobase.com. Accessed March 31, 2010.
15. Roelofs WL (1995) Chemistry of sex attraction. Proc Natl Acad Sci USA 92:44–49.
16. Ma ZS, Krings AW (2009) Insect sensory systems inspired computing and communications. Ad Hoc Networks 7:742–755.
17. Jurenka RA (2004) Insect pheromone biosynthesis. Top Curr Chem 239:97–132.
18. Hallem EA, Dahanukar A, Carlson JR (2006) Insect odor and taste receptors. Annu Rev
Entomol 51:113–135.
19. Touhara K, Vosshall LB (2009) Sensing odorants and pheromones with chemosensory
receptors. Annu Rev Physiol 71:307–332.
20. Leal WS (2005) (2005) Pheromone reception. Chemistry of Pheromones and Other
Semiochemicals. Topics Curr Chem, 240:1–36.
21. Rutzler M, Zwiebel LJ (2005) Molecular biology of insect olfaction: Recent progress
and conceptual models. J Comp Physiol A-Neuroethol Sens Neural Behav Physiol 191:
777–790.
22. Datta SR, et al. (2008) The Drosophila pheromone cVA activates a sexually dimorphic
neural circuit. Nature 452:473–477.
23. Cossé AA, et al. (1995) Pheromone behavioral responses in unusual male European
corn borer hybrid progeny not correlated to electrophysiological phenotypes of their
pheromone-speciﬁc antennal neurons. Experentia 51:809–816.
24. Foster P, Muggleston SJ, Lofstedt C, Hansson B (1997) A genetic study on pheromonal
communication in two Ctenopseustis moths. Insect Pheromone Research: New
Directions, eds Cardé RT, Minks AK (Chapman & Hall, New York), pp 514–524.
25. Lee SG, Vickers NJ, Baker TC (2006) Glomerular targets of Heliothis subﬂexa male
olfactory receptor neurons housed within long trichoid sensilla. Chem Senses 31:
821–834.
26. Kárpáti Z, Dekker T, Hansson BS (2008) Reversed functional topology in the antennal
lobe of the male European corn borer. J Exp Biol 211:2841–2848.
27. Cho S, et al. (2008) Molecular phylogenetics of heliothine moths (Lepidoptera:
Noctuidae: Heliothinae), with comments on the evolution of host range and pest
status. Syst. Entomol. 33:581–594.
28. Groot AT, et al. (2006) Experimental evidence for interspeciﬁc directional selection on
moth pheromone communication. Proc Natl Acad Sci USA 103:5858–5863.
29. Sheck AL, et al. (2006) Genetics of sex pheromone blend differences between
Heliothis virescens and Heliothis subﬂexa: A chromosome mapping approach. J Evol
Biol 19:600–617.
30. Groot AT, et al. (2009) QTL analysis of sex pheromone blend differences between two
closely related moths: Insights into divergence in biosynthetic pathways. Insect Biochem Mol Biol 39:568–577.
31. Vetter RS, Baker TC (1983) Behavioral responses of male Heliothis virescens in a
sustained-ﬂight tunnel to combinations of seven compounds identiﬁed from female
sex pheromone glands. J Chem Ecol 9:747–759.
32. Vickers NJ (2002) Deﬁning a synthetic pheromone blend attractive to male Heliothis
subﬂexa under wind tunnel conditions. J Chem Ecol 28:1255–1267.
33. Krieger J, et al. (2002) A divergent gene family encoding candidate olfactory receptors of the moth Heliothis virescens. Eur J Neurosci 16:619–628.
34. Krieger J, et al. (2004) Genes encoding candidate pheromone receptors in a moth
(Heliothis virescens). Proc Natl Acad Sci USA 101:11845–11850.

35. Grosse-Wilde E, Gohl T, Bouché E, Breer H, Krieger J (2007) Candidate pheromone
receptors provide the basis for the response of distinct antennal neurons to pheromonal
compounds. Eur J Neurosci 25:2364–2373.
36. Gohl T, Krieger J (2006) Immunolocalization of a candidate pheromone receptor in
the antenna of the male moth, Heliothis virescens. Invert Neurosci 6:13–21.
37. Krieger J, et al. (2009) HR11 and HR13 receptor-expressing neurons are housed
together in pheromone-responsive sensilla trichodea of male Heliothis virescens.
Chem Senses 34:469–477.
38. Raming K, Krieger J, Breer H (1989) Molecular cloning of an insect pheromonebinding protein. FEBS Lett 256:215–218.
39. Krieger J, Gänssle H, Raming K, Breer H (1993) Odorant binding proteins of Heliothis
virescens. Insect Biochem Mol Biol 23:449–456.
40. Rogers ME, Krieger J, Vogt RG (2001) Antennal SNMPs (sensory neuron membrane
proteins) of Lepidoptera deﬁne a unique family of invertebrate CD36-like proteins.
J Neurobiol 49:47–61.
41. Picimbon JF, Dietrich K, Krieger J, Breer H (2001) Identity and expression pattern of
chemosensory proteins in Heliothis virescens (Lepidoptera, Noctuidae). Insect Biochem
Mol Biol 31:1173–1181.
42. Vickers NJ (2006) Inheritance of olfactory preferences I. Pheromone-mediated behavioral responses of Heliothis subﬂexa x Heliothis virescens hybrid male moths.
Brain Behav Evol 68:63–74.
43. Sokal RR, Rohlf FJ (1995) Biometry: The Principles and Practice of Statistics in
Biological Research (W. H. Freeman and Co., New York), 3rd Ed.
44. Gahan LJ, et al. (2005) Genetic basis of resistance to Cry1Ac and Cry2Aa in Heliothis
virescens (Lepidoptera: Noctuidae). J Econ Entomol 98:1357–1368.
45. Groot AT, Gemeno C, Brownie C, Gould F, Schal C (2005) Male and female antennal
responses in Heliothis virescens and H. subﬂexa to conspeciﬁc and heterospeciﬁc sex
pheromones. Environ Entomol 34:256–263.
46. Hillier NK, Kleineidam CK, Vickers NJ (2006) Physiology and glomerular projections of
olfactory receptor neurons on the antenna of female Heliothis virescens (Lepidoptera:
Noctuidae) responsive to behaviorally relevant odors. J Comp Physiol [A] 192:199–219.
47. Baker TC (2009) Nearest neural neighbors: Moth sex pheromone receptors HR11 and
HR13. Chem Senses 34:465–468.
48. Groot AT, et al. (2004) Introgressing pheromone QTL between species: Towards an
evolutionary understanding of differentiation in sexual communication. J Chem Ecol
30:2495–2514.
49. Vickers NJ, Baker TC (1997) Chemical communication in heliothine moths. VII. Correlation between diminished responses to point-source plumes and single ﬁlaments
similarly tainted with a behavioral antagonist. J Comp Physiol [A] 180:523–536.
50. Baker TC, et al. (2004) A comparison of responses from olfactory receptor neurons of
Heliothis subﬂexa and Heliothis virescens to components of their sex pheromone. J
Comp Physiol [A] 190:155–165.
51. Vickers NJ (2006) Inheritance of olfactory preferences III. Processing of pheromonal
signals in the antennal lobe of Heliothis subﬂexa x Heliothis virescens hybrid male
moths. Brain Behav Evol 68:90–108.
52. Robertson HM (2009) The insect chemoreceptor superfamily in Drosophila pseudoobscura: Molecular evolution of ecologically-relevant genes over 25 million years. J Insect
Sci 9:18.
53. Feder JL, Roethele JB, Filchak K, Niedbalski J, Romero-Severson J (2003) Evidence for
inversion polymorphism related to sympatric host race formation in the apple
maggot ﬂy, Rhagoletis pomonella. Genetics 163:939–953.
54. Wanner KW, et al. (2007) Female-biased expression of odourant receptor genes in the
adult antennae of the silkworm, Bombyx mori. Insect Mol Biol 16:107–119.
55. Sakurai T, et al. (2004) Identiﬁcation and functional characterization of a sex pheromone receptor in the silkmoth Bombyx mori. Proc Natl Acad Sci USA 101:16653–16658.
56. Butlin R, Trickett AJ (1997) Can population genetic simulations help to interpret
pheromone evolution? Insect Pheromone Research: New Directions, eds Cardé RT,
Minks AK (Chapman & Hall, New York), pp 548–562.
57. Barton NH, de Cara MAR (2009) The evolution of strong reproductive isolation.
Evolution 63:1171–1190.
58. Bürger R, Schneider KA, Willensdorfer M (2006) The conditions for speciation through
intraspeciﬁc competition. Evolution 60:2185–2206.
59. Gavrilets SA, Vose A, Barluenga M, Salzburger W, Meyer A (2007) Case studies and
mathematical models of ecological speciation. 1. Cichlids in a crater lake. Mol Ecol 16:
2893–2909.
60. Hoffman AA, Rieseberg LH (2008) Revisiting the impact of inversions in evolution:
From population genetic markers to drivers of adaptive shifts and speciation? Annu
Rev Ecol Evol Syst 39:21–42.
61. Gahan LJ, Gould F, Heckel DG (2001) Identiﬁcation of a gene associated with Bt
resistance in Heliothis virescens. Science 293:857–860.
62. Van Ooijen JW (2006) JoinMap 4. Software for the calculation of genetic linkage
maps in experimental populations (Kyazma B. V., Wageningen, Netherlands).
63. Hillier NK, Kelly D, Vickers NJ (2007) A speciﬁc male olfactory sensillum detects behaviorally antagonistic hairpencil odorants. J Insect Sci 7:1–12.
64. Gödde J (1989) Vibrating glass stylets: Tools for precise microsurgery on cuticular
structures. J Neurosci Methods 29:77–83.

Gould et al.

PNAS | May 11, 2010 | vol. 107 | no. 19 | 8665

EVOLUTION

ACKNOWLEDGMENTS. We thank K. Lane, K. McDowell, S. Pope, and R. Walsh
for help with crosses, rearing of strains, and the running and scoring of gels.
M. Servedio offered useful comments on the manuscript. This work was

Supporting Information

80

100

120

140

160

180

200

220

aac
59
2
agc 54
59
25
3

aag
50
16
9

agc
61
51
7
aag
5
a g a 513
47 7
22
6

agg
59
64
0

agg
53
86

99

60

40

54

20

aga

agg
49
73

0

aag
agg506
48 9
86
aga
54
76

aga

47

22

1

Gould et al. 10.1073/pnas.0910945107

240

HR14
Fig. S1. Location of HR14 within chromosome 27 based on mapping of a backcross in which the male parent was heterozygous for chromosome 27 and the
female parent was from the pure Hv colony. Based on JoinMap (1) analysis of 46 individuals using default parameters.

1. Van Ooijen JW (2006) JoinMap 4. Software for the Calculation of Genetic Linkage Maps in Experimental Populations (Kyazma B. V., Wageningen, Netherlands).

Other Supporting Information Files
Table S1 (DOC)
Table S2 (DOCX)
Table S3 (DOCX)

Gould et al. www.pnas.org/cgi/content/short/0910945107

1 of 1

