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The chemical composition of the sexual communication signals of
female moths is thought to be under strong stabilizing selection,
because females that produce atypical pheromone blends suffer
lower success in finding mates. This intraspecific selection pressure
cannot explain the high diversity of moth pheromone blends found
in nature. We conducted experiments to determine whether com-
munication interference from males of closely related species could
exert strong enough directional selection to cause evolution of
these signals. Attraction and mating success of Heliothis subflexa
(Hs) females with a normal quantitative trait locus for production
of acetate pheromone components (norm-OAc) were compared
with Hs females with an introgressed quantitative trait locus from
Heliothis virescens (Hv) that dramatically decreased the amount of
acetate esters in their pheromone glands (low-OAc). In field ex-
periments with natural Hv and Hs populations, 10 times more Hv
males were captured in traps baited with live low-OAc Hs females
than in traps with norm-OAc Hs females. This pattern was con-
firmed in mate-choice assays in cages. Hybrids resulting from
Hv-Hs matings have effectively zero fitness in the field. Combining
our results with the extensive data set gathered in the past 40 years
on the reproductive biology of Hv, we can quantitatively estimate
that the directional selection exerted by Hv males on Hs females to
produce relatively high amounts (>5%) of acetates can range from
0.135 to 0.231. Such intense interspecific selection may counteract
intraspecific stabilizing selection that impedes evolutionary
changes in pheromone blends and could lead to diversification of
sexual signals.
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exual communication signals that vary little within species

have been found to be under strong stabilizing selection in
diverse animal taxa, including frogs (1-4), crickets and grass-
hoppers (5-9), and moths (10-14). Because the signaler and
responder need to be finely tuned to each other for optimal
mutual recognition (6, 14, 15), a population converges to the
most attractive signal-response combination (16). In most noc-
turnal moths, females are the pheromone signalers and males are
the responders. Because males are behaviorally tuned to their
species-specific pheromone blend (10, 11), a mutation that alters
the female’s pheromone blend is likely to lower her reproductive
fitness (12, 13). Such stabilizing selection forces make it difficult
to understand how one sexual communication system evolves to
another (13, 14, 17, 18) and what led to the high diversity of moth
pheromone blends found in nature.

Directional selection through communication interference
between sympatric species that use similar premating signals has
been proposed to counteract stabilizing selection (14, 19-25)
and cause reproductive character displacement. In the past
decade, researchers have described patterns in reproductive
traits that are in accordance with reproductive character dis-
placement, i.e., greater divergence has been found in mate
recognition signals of closely related species in areas of sympatry
than in areas of allopatry: in the songs of tree frogs (21, 26, 27),
in the mate recognition cues in Drosophila (28-31) and in
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pheromone communication in moths (22-24). However, these
studies fall short of addressing whether selection due to inter-
specific interference could have been strong enough to over-
come stabilizing selection by conspecifics.

We developed a new approach to (i) test whether interspecific
communication interference can be a directional selection force
and (i) estimate the intensity of such a selection force. Instead
of starting from existing patterns in nature, we constructed one
specific change in the mate-recognition signal of a moth species
and tested its impact in the field. Through hybridizing and
backcrossing two closely related species, Heliothis virescens (Fab-
ricius 1777) (Hv) and Heliothis subflexa (Guenée 1852) (Hs)
(Lepidoptera: Noctuidae), we genetically altered one specific
part of the Hs pheromone, after which we experimentally
assessed whether, and to what extent, this specific change elicited
attraction of and mating with sympatric Hv males. Hv and Hs
co-occur throughout the Americas, but hybridization is not
known to occur in nature, and cross-attraction has not been
found in traps baited with synthetic pheromone lures (e.g., refs.
32-37). The fitness cost of cross-fertilization would be high,
because laboratory matings between Hs females and Hv males
result in sterile F; males (38). In addition, only 30% of the F;
progeny are females, and a large percentage of these females
have been found to enter a protracted diapause lasting up to 2
years (38, 39). The F; females that manage to reproduce have
very low fecundity, and they oviposit many of their eggs on
unsuitable host plants (40). It is reasonable to surmise that Hs
eggs fertilized by Hv males have close to zero fitness.

The pheromone blends of both species contain (Z)-11-
hexadecenal (Z11-16:Ald) as the major component and differ-
ent relative amounts of tetradecanal (14:Ald), (Z)-9-
tetradecenal (Z9-14:Ald), (Z)-7-hexadecenal (Z7-16:Ald), (2)-
9-hexadecenal (Z9-16:Ald), and (Z)-11-hexadecenol (Z11-
16:0H) (34, 41-50). In addition to the major component,
79-16:Ald and Z11-16:OH are essential for the attraction of Hs
males (34, 49, 51), whereas Hv males are attracted to a minimal
blend consisting of Z11-16:Ald and Z9-14:Ald (41-43, 48). Hs
females also produce three acetate esters, (Z)-7-hexadecenyl
acetate (Z7-16:0Ac), (Z)-9-hexadecenyl acetate (Z9-16:0Ac),
and (Z)-11-hexadecenyl acetate (Z11-16:OAc) (collectively de-
noted “acetates”), which are all absent in Hv (43, 45, 48-50, 52).
The addition of Z11-16:0Ac to the minimal Hs pheromone
blend (three components) results in an insignificant increase in
attraction of Hs males (51, 53), so the intraspecific role of this
compound has been unclear. Addition of Z11-16:0Ac to an Hv
pheromone blend strongly antagonizes attraction of Hv males
(54). However, no studies have examined whether the acetates
are essential compounds to antagonize attraction of Hv males to
the Hs blend, which is qualitatively and quantitatively different
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Fig. 1. Frequency distributions of acetate esters in backcross females with

and without the low-OAc QTL. All females genotyped in the field experiments
(n = 212) and cage experiments (n = 256) were combined in this analysis.

from the Hv blend. If so, Hs’s acetates could play an important
role in decreasing communication interference from sympatric
Hv males.

We introgressed one quantitative trait locus (QTL) for low
production of the acetate compounds (which we denote low-
OAc QTL) into an Hs genomic background (55, 56). We then
conducted field and cage experiments with the backcross female
offspring [with the introgressed low-OAc QTL and without
(norm-OAc QTL)] to measure their relative capacity to attract
and mate with Hs and Hv males. We found that Hv males were
much more attracted to Hs females with the low-OAc QTL, even
though the other five pheromone gland components were pro-
duced in typical Hs-like ratios, which differ substantially from
Hv. This experimentally demonstrates that Hv males can exert
directional selection on Hs females to produce a relatively high
amount of acetates as part of their pheromone blend. We use the
field results to quantitatively estimate the potential intensity of
the directional selection force that Hv males exert on Hs females
for the production of acetate pheromone components.

Results

Genotype and Pheromone Phenotype of Experimental Females. Fig. 1
shows the distribution of acetate levels (combined Z7-16:OAc,
79-16:0Ac and Z11-16:0Ac) in the pheromone glands of all
backcross females that were used in both the cage and field
experiments and for which the genotype (presence/absence of
the low-OAc QTL) was determined. In the field experiments, all
237 females were phenotyped and 212 females were genotyped,
whereas in the cage experiments all 256 females were genotyped
and phenotyped. Overall, backcross females with the low-OAc
QTL contained extremely low amounts of acetates, with most
(202 of 227 females) containing acetate levels of <5% of the
total pheromone components. However, production of the three
acetate esters was not completely eliminated in backcross fe-
males in which the low-OAc QTL was isolated in an Hs genomic
background. This is probably because an additional QTL is
involved in lower production of these acetates (56), and the
low-OAc QTL may not be completely dominant. The relative
amounts of the other five pheromone components that differ
between the two species showed the Hs-like pattern and were not
significantly different between the backcross females with the
norm-OAc QTL and those with the low-OAc QTL (see also
ref. 55).
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Fig. 2. Mean number of Hs and Hv males attracted in the field experiments
to the parental species females (fem) (A and B) and to the backcross females
(Cand D). Hs males were captured more in traps baited with Hs females (A) or
with backcross females with the norm-OAc QTL (C), whereas Hv males were
attracted more to traps baited with Hv females (B) or with backcross females
with the low-OAc QTL (D). The upper numbers in the bar graphs represent the
number of males attracted. The lower numbers represent the number of
females tested. Error bars represent SEM.

Field Experiments: Attraction of Males. 103 Hs males were caught
in traps baited with Hs females, and only four Hs males were
caught in traps baited with Hv females (Fig. 24). Hv males
were likewise attracted to conspecific females: 411 Hv males
were captured in traps baited with Hv females, and only two Hv
males were caught in traps baited with Hs females (Fig. 2B).
Unbaited control traps (n = 19) caught a total of one Hv male
and one Hs male. Hs males were marginally more attracted (P =
0.056) to the backcross females; with the norm-OAc QTL than
to females with the low-OAc QTL (Fig. 2C). Dramatically fewer
Hv males were attracted to both sets of backcross females, but
~10 times more Hv males were caught in traps baited with
backcross females containing the low-OAc QTL than in traps
baited with females with the norm-OAc QTL (Fig. 2D).

A small but highly significant positive relationship (R? = 0.043,
P =0.0026) was found between the number of Hs males trapped
and the relative amount of acetates in the pheromone gland of
females to which they were attracted (Fig. 34). In contrast, a
highly significant negative relationship (R? = 0.196, P < 0.0001)
was found between the number of Hv males caught and the
relative amount of the three acetates in the pheromone gland
(Fig. 3B); no Hv males were caught when females produced >5%
acetates.

Cage Experiments: Female Mating. In all dissected females, either
no spermatophore or one red spermatophore was found, indi-
cating that all matings were with virgin males, and that females
did not mate more than once in the 24-h experiments. When Hs
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Fig.3. Regression and frequencies (insets) of the number of males caughtin
traps baited with Hs-like females with the norm-OAc QTL or the low-OAc QTL
against the acetate content in the pheromone glands of these females. (A) For
Hs males, a significant positive relationship is seen between the relative
amount of the three acetates and the number of males lured to live females.
(B) Asignificant negative relationship is evident between the acetate content
of glands and the number of Hv males caught per female per night. These
regressions show that backcross females that produced intermediate amounts
of the acetate esters attracted Hs and Hv males approximately equally [fe-
males with 1% acetate esters caught 0.7 = 0.02 (SEM) Hs males and 0.4 + 0.01
Hv males per female per night], whereas females producing more acetate
esters selectively attracted Hs males (females with 10% acetates caught 1.8 =
0.1 Hs males per female per night and no Hv males).

males were confined with Hs and Hv females, only the variable
“mating status” (mated/unmated females) showed a significant
effect; significantly more Hs females were mated (55.3%, 47 of
85), whereas only 11.9% (10 of 84) Hv females were mated (Fig.
44). When Hv males were confined with Hs and Hv females,
both the mating status and experiment (each experiment being
one cage) variables were significant, whereas their interaction
effect was not. Overall, 58.3% of the Hv males mated with
conspecific females (63 of 108 available Hv females), and 17.1%
mated with heterospecific females (18 of 105 available Hs
females) (Fig. 4B). Thus, even within the confines of a small cage,
and with laboratory-reared moths, conspecific matings occurred
significantly more often than heterospecific matings (P < 0.0001
in both cases) (Fig. 4).

A lower fraction of backcross than parental females were
mated in 24 h when confined with Hs or Hv males. When Hs
males were confined with the backcross females, again only the
mating status (mated/unmated) variable showed a significant
effect. Hs males mated significantly more (P = 0.0168) with
backcross females containing the norm-OAc QTL than with
females with the low-OAc QTL (Fig. 4C), as expected, because
the low-OAc QTL alters the pheromone blend away from the
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Fig.4. Fraction of matingsin the cage experiments with the parental species
females (A and B) and the backcross females without and with the low-OAc
QTL(Cand D). In separate cages, Hs males (A and C) or Hv males (B and D) were
offered a concurrent choice of Hs and Hv females (A and B) or backcross
females without and with the low-OAc QTL (C and D). Mating was confirmed
by presence of a spermatophore in the female’s bursa. Error bars represent
SEM.

species normal blend. When Hv males were confined with the
backcross females, both the mating status and experiment vari-
ables were significant, whereas their interaction effect was not,
similar to the experiments with the parental species. Hv males
mated significantly more (P = 0.0284) with females that had the
low-OAc QTL (21 of 48 females) than with females with the
norm-OAc QTL (17 of 60 females) (Fig. 4D). These results
demonstrate that a single genetic change that reduces one set of
related pheromone components can increase heterospecific at-
traction and matings.

Discussion

The construction of an introgression line has commonly been
used in Drosophila to determine the genetic architecture of
mating signals (57-64). Fitness consequences of differences
between allopatric and sympatric phenotypes have been mea-
sured in birds (65) and butterflies (66). However, to our knowl-
edge, the fitness consequences of a single introgressed QTL have
never been tested in the field. Because mate-finding and repro-
ductive isolation of moth species is typically based solely on
pheromonal communication (67, 68) and can be measured in the
field, moths offer an ideal system for examining selection
pressures on single components of sexual communication
signals.

Our field experiments demonstrate that a relative gland
content of 5% acetates in backcross females is sufficient to
completely prevent cross-attraction of Hv males (Fig. 3B). As the
relative amount of acetates declined in backcross Hs females
with the low-OAc QTL, they surprisingly attracted more Hv

Groot et al.
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males. Although the addition of Z11-16:0Ac, the major acetate
component in Hs females, to a synthetic Hv pheromone blend
has been shown to suppress upwind flight of Hv males (54), we
had expected species-specificity to remain encoded in the other
five Hs pheromone gland components that were equally repre-
sented in norm- and low-OAc Hs females, because the relative
amounts of these components differ substantially from the Hv
pheromone blend (55, 56). (Indeed, Hv females that do not
produce any component that is behaviorally antagonistic to Hs
males attracted 7.9 Hv males per female per night and only 0.08
Hs males per female per night in the field.) By producing >5%
acetates, Hs females prevent the attraction of heterospecific Hv
males, which in general can decrease the female’s fitness through
harassment, interference with conspecific males, and nonfertile
matings. Hence, Hv males exert directional selection on Hs
females for the production of >5% acetate esters in their
pheromone blend.

Our data on responses of conspecific and heterospecific males
to Hs females with known genotypes can be coupled with
previous data on Hv and Hs sexual reproduction traits to provide
the unique opportunity to quantitatively estimate the fitness
consequences of producing <5% acetate esters in Hs females.
Specifically, the fitness consequences of attracting heterospecific
males on the female’s lifetime reproductive success depend on (i)
the chance that attraction is followed by mating, (if) her ability
to resume calling behavior (pheromone emission) after mating,
(iii) her age, (iv) whether she mates multiple times, (v) how many
eggs are oviposited after each mating, (vi) the presence and form
of sperm competition and whether sperm precedence occurs,
and (vii) the reproductive success of her offspring. Such data are
sparse for Hs but abundant for Hv because it is an important
agricultural pest. Research in the past 40 years, which aimed to
assess the feasibility of suppressing Hv populations by releasing
hybrid sterile males (38), has generated an extensive data set on
all of the above traits in Hv. When we guardedly extend the
information on life history and behavioral traits of Hv to the very
closely related Hs females, we can calculate the selection inten-
sity of our measured communication interference (see also the
supporting information, which is published on the PNAS web
site).

First, we need to calculate the probability that Hs females with
a low amount of acetates attract Hv males. In the field, live Hs
and Hv females effectively attracted almost exclusively conspe-
cific males: Hs females attracted 103 Hs males and only two Hv
males, and Hv females attracted 411 Hv males and only four
males (Fig. 24). Likewise, Hs-like backcross females with the
norm-OAc QTL attracted 182 Hs males and only seven Hv males
during the same period (Fig. 2B). In contrast, backcross females
with the low-OAc QTL in an Hs genomic background attracted
107 Hs males and 69 Hv males (Fig. 2B), indicating that the
introgressed low-OAc QTL was specifically responsible for the
observed diminished discrimination and communication inter-
ference by Hv males. Even when we take into account that
females with the low-OAc QTL were less attractive to Hs males
(1.6 times more Hs males were attracted to females with the
norm-OAc QTL than to females with the low-OAc QTL), the
probability that Hs females with the low-OAc QTL would attract
Hs males versus Hv males declined from 96.3% [182/(182 + 7)]
to 71.2% {(107-1.6)/[(107-1.6)+ 69]}. The relative trap catches
of Hv and Hs males also depend on their respective population
densities, which can be estimated from the number of Hv and Hs
males caught in traps baited with the parental species females
throughout the season. During the same trapping period, 1.23
times more Hv than Hs males were captured by Hv and Hs
females, respectively (2.52 and 2.05 males per female). If we
consider equal population densities of Hv and Hs and conser-
vatively estimate the possible communication interference of Hv
males on the Hs communication channel, the probability that Hs
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females with the low-OAc QTL would attract Hv males is 23.4%
[(100-71.2%)/1.23].

The chance that a heterospecific attraction is followed by
mating can be deduced from our cage experiments: 58.3% (63 of
108) of Hv females and 43.8% (21 of 48) of Hs-like females with
the low-OAc QTL mated when confined with Hv males (Fig. 4),
indicating that Hv males were likely to mate with low-OAc
females once they were encountered. What happens after at-
traction and the first mating can be estimated from previously
published research. Most Hv females mate on the first or second
night after eclosion; they oviposit eggs throughout the next night
and resume calling the second night after mating (69). Both Hv
and Hs females mate repeatedly (69-71). Based on the number
of spermatophores found in field-collected females, Hv females
mate on average 2.6 times, and up to 7 times (70). They exhibit
a curvilinear asymptotic relationship of cumulative oviposition
as a function of age, ovipositing more as young females than as
older females (39). Cumulatively, an Hv female is likely to
oviposit ~50% of her eggs before her second mating and 83%
of her eggs before her third mating.

Sperm competition and sperm precedence have been mea-
sured in Hv as well (72-76). Sperm precedence typically occurs,
although the eggs are not always fertilized by sperm from the last
male to mate but by sperm from the oldest male (74). We
estimate fitness reduction for the three most extreme scenarios:
(i) there is always conspecific sperm precedence, (if) the first
male always has sperm precedence, and (iii) the last male always
has sperm precedence. The mean fitness reduction for each
scenario can be calculated based on the 23% probability that an
acetate-deficient Hs female will attract an Hv male when pop-
ulation densities of Hv and Hs are equal. Given that an Hs female
mates on average three times during her life and Hs eggs
fertilized by Hv males have close to zero fitness, her average
fitness loss will be 0.135 in the first scenario and 0.23 in the other
two scenarios (see the supporting information). Hv males can
thus exert potent directional selection on Hs females to elevate
acetate production to >5% of the pheromone blend, even if we
assume equal population densities of Hv and Hs.

We acknowledge the limitations of our extrapolations from Hv
to Hs. We also recognize that our results do not enable us to
determine whether acetate production in Hs females initially
evolved in response to selection for more efficient attraction of
Hs males or selection to repel heterospecific males. Despite
these caveats our results are important because they represent a
quantitative estimate of the directional selection force exerted by
heterospecific males on one single introgressed QTL controlling
one subset of biochemically related pheromone components of
a pheromone blend. The interspecific directional selection pres-
sure on this single QTL is substantial. Our approach could be
used with other moth species to determine the generality of this
evolutionary pathway. If directional selection forces from het-
erospecific males are frequently found to be strong, they may
explain how moth sex pheromone communication systems di-
versified even in the face of stabilizing selection from conspecific
males.

Materials and Methods

Genotype and Pheromone Phenotype of Experimental Females. Col-
onies of Hv (strain YDK) and Hs have been reared in the
laboratory since 1988 and 1997, respectively (40). In 2001,
single-pair matings were set up between Hv females and Hs
males. Females of the hybrid cross that produced the most
offspring (family DD23) were backcrossed to Hs males in
single-pair matings. The backcross-1 females were phenotyped
by extracting their pheromone glands and analyzing their content
on an HP6890 gas chromatograph equipped with a splitless inlet,
capillary column, and a flame ionization detector, and geneti-
cally mapped using amplified fragment length polymorphism
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markers (see the supporting information for further details).
Because there is no recombination in female Lepidoptera (77)
and Heliothis spp. contain 31 chromosomes (78), a linkage group
can be considered a chromosome, corresponding to ~3% of the
genome, which is equivalent to, or more fine-scaled than, that
found in most other QTL analyses (e.g., refs. 59, 62, 63, and 79).

After identifying Hv chromosome 22 as a major QTL (ex-
plaining 23% of the phenotypic variance) and Hv chromosome
4 as a minor QTL (explaining 10% of the variance) for decreased
production of acetates, backcross females were selected based on
the presence of the major QTL and a corresponding pheromone
blend (55). The selected females were further backcrossed to Hs
males (see the supporting information). The female offspring of
backcross generations 4 (in 2002, n = 60), 10, and 11 (in 2003,
n = 196) were used in the cage experiments, and the female
offspring of backcrosses 17 and 18 (in 2004, n = 237) were used
in the field experiments. Mating backcross females with the
low-OAc QTL to Hs males was predicted to generate female
offspring with and without the low-OAc QTL in a 1:1 ratio
through Mendelian segregation.

Field Experiments. Attraction assays were conducted at the North
Carolina State University field station in Clayton, NC, from July
20 to September 26, 2004. The field site (60 X 80 m) alternated
rows of cotton with rows of Physalis, including P. angulata, P.
pubescens, P. cordata, and P. heterophylla. Attraction of naturally
occurring Hv and Hs males to backcross females with and
without the low-OAc QTL was measured by using Hartstack
wire-mesh cone traps (32). Thirteen traps were distributed at
least 15 m apart throughout the field. Virgin females were used
as lures: one live 1- to 2-d-old backcross female was placed in a
small open cylinder sealed with gauze on both sides. Controls for
attractiveness of females of the parental species, Hs and Hy, to
conspecific and heterospecific males were tested by deploying
traps baited with one live virgin 1- to 2-d-old Hv or Hs female.
Empty containers served as negative controls. One container
was deployed at the opening of each trap. Containers with
backcross and parental species females as lures and empty
containers were distributed randomly over the 13 traps. Males
caught in the traps during 1-2 nights were sorted by species
under a microscope. A total of 141 backcross females were
deployed in the field for 1 night each, and 96 females were left
in the field for 2 nights each. When containers were left in the
field for 2 nights, all containers were rotated among all trap
locations after 1 night to minimize possible position effects and
odorant contamination. The pheromone glands of all backcross
females that were used as lures were extracted and analyzed by
gas chromatography, and the presence/absence of the low-OAc
QTL was determined by using a codominant marker developed
from the sequence of one of the four amplified fragment length
polymorphism markers that identified this QTL (see the sup-
porting information).

The numbers of Hv or Hs males that were attracted by the
different females were compared by using ANOVA (PROC GLM
in SAS 9.1). Because backcross females with the norm-OAc QTL
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