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Abstract—As a first step toward understanding how noctuid moths evolve
species-specific pheromone communication systems, we hybridized and back-
crossed two closely related moth species, Heliothis virescens (Hv) and
H. subflexa (Hs), which differ qualitatively and quantitatively in their multi-
component sex pheromone blends. We used amplified fragment length poly-
morphism (AFLP) marker-based mapping of backcross families to determine
which of the 30 autosomes in these moths contained quantitative trait loci (QTL)
controlling the percentages of specific chemical components in the pheromone
blends. In two previous backcrosses to Hs, we found a strong depressive ef-
fect of Hv-chromosome 22 on the percentage of three acetate components
in the pheromone gland. These acetates are present in Hs and absent in Hv.
Here, we describe how we introgressed Hv-chromosome 22 into the genomic
background of Hs. Selection for Hv-chromosome 22 started from backcross 3
(BC3) females. All females that had Hv-chromosome 22 and a low percent-
age of acetates (<3% of the total amount of pheromone components present)
were backcrossed to Hs males. In BC5 to BCg, we determined whether Hv-
chromosome 22 was present by a) running only the primer pairs that would
yield the markers for that chromosome, and/or b) determining the relative per-
centages of acetates in the pheromone glands. Either or both genotype and
phenotype were used as a criterion to continue to backcross these females to
Hs males. In BCg, we confirmed the isolation of Hv-chromosome 22 in the
Hs genomic background, and backcrossed the males to Hs females to elimi-
nate the Hv-sex chromosome as well as mitochondrial DNA. The pheromone
composition was determined in BC3, BCs, and BC; females with and without
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Hv-chromosome 22. All backcross females with Hv-chromosome 22 contained
significantly less acetates than females without this chromosome. In addition,
BCj3 females with Hv-chromosome 22 contained significantly more Z11-16:0OH
than BCj3 females without Hv-chromosome 22. However, in BCs and BCy; fe-
males, the correlation between Z11-16:0H and Hv-chromosome 22 was lost,
suggesting that there are separate QTL for the acetates and for Z11-16:0OH, and
that the relative amount of the alcohol component is only affected in epistasis
with other (minor) QTL. Now that we have succeeded in isolating the chromo-
some that has a major effect on acetate production, we can test in behavioral
experiments whether the presence of acetates may have been a driving force for
a shift in pheromone composition. Such tests are necessary to move towards an
evolutionary understanding of the differentiation in sexual communication in
Heliothis spp. moths.

Key Words—Heliothis virescens, Heliothis subflexa, multi-component sex
pheromone blend, QTL, quantitative trait loci, backcross, AFLP, amplified frag-
ment length polymorphism, phenotype, genotype.

INTRODUCTION

The number of animal species for which we have even a rudimentary under-
standing of the genetic control of sexual communication is small, but the few
detailed studies involve insect species (Lofstedt, 1990, 1993; Butlin, 1995; Linn
and Roelofs, 1995; Phelan, 1997; Coyne and Orr, 1998; Roelofs and Rooney,
2003). Early genetic studies of sexual communication systems focused on deter-
mining if the same genes that controlled signal production also controlled signal
perception in the opposite sex through pleiotropic effects (sometimes referred to as
genetic coupling). Although an early empirical study found evidence supporting
the possibility of genetic coupling of acoustic mate communication (Hoy et al.,
1977), other studies of both acoustic and chemical sexual communication indicate
that such coupling is rare (reviewed in Butlin and Ritchie, 1989). One study that
found a genetic correlation between male and female signal and response traits
in offspring from field-collected insects determined that these correlations broke
down after randomized mating in the laboratory (Gray and Cade, 1999). This
indicated that gametic disequilibrium and not pleiotropy (or strong physical gene
linkage) had caused the correlation.

Given the lack of evidence for genetic coupling, it becomes difficult to explain
the evolution of thousands of moth species, and especially evolutionarily closely
related species that have unique pheromone blends. A rare female with a mutation
leading to an alteration in her pheromone blend is expected to have lower mating
success than normal females, unless males fail to discriminate between the typical
and altered blends (Butlin and Trickett, 1997). But in all cases studied, normal
males do in fact discriminate against females with atypical pheromonal signals
(e.g., Zhu et al., 1997). Similarly, a male with a mutation that results in response
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to an altered female pheromone blend is expected to be less efficient at finding
typical females. Evidence of this lower efficiency comes from studies of moth
genotypes that differ in pheromone responses (e.g., Linn et al., 1997). This selec-
tion against new male and female mating traits, when they are at low frequency,
is expected to constrain the evolutionary diversification of moth sexual communi-
cation systems (Butlin and Ritchie, 1989; Phelan, 1997). Recent efforts to resolve
this puzzling situation have focused on understanding if the genetic architecture of
variation in signal production and response is structured in a way that would allow
coevolution of male and female aspects of sexual signaling in insects (see Phelan,
1997).

So far, the genetic architecture of variation in signal and response has been
most thoroughly studied in Ostrinia (corn borer) species (Lepidoptera: Pyralidae),
which have two-component sex pheromone blends. The ratios of the acetate
pheromone components (Z)-11-tetradecenyl acetate (Z11-14:0Ac) and E11-
14:0Ac, produced by females of two races of O. nubilalis differ dramatically
(97:3 vs. 3:97), and are mostly controlled by a single autosomal gene (Klun,
1975; Lofstedt et al., 1989) that is not linked to a second gene that controls male
behavioral response to the pheromone (Lofstedt et al., 1989; Cossé et al., 1995;
Linn et al., 1999). Studies of F, and backcross progeny from hybridization of
other lepidopteran species have also uncovered evidence for single gene control
of production of specific pheromone component ratios (Haynes and Hunt, 1990;
Jurenka et al., 1994; Zhu et al., 1997). Recently, intriguing data were published
indicating that a single change in a desaturase gene caused appearance of a novel
pheromone component within the genus Ostrinia (Roelofs and Rooney, 2003).

In many related moth species, blend differences involve multiple components,
rather than a simple change in the ratio of two components. So far, few studies
have focused on the genetic architecture of variation in multi-component blends.
A noteworthy exception is a lab-derived Trichoplusia ni (Hiibner) (Lepidoptera:
Noctuidae) mutant, in which a (single) genetic change in a chain-shortening en-
zyme was correlated with alteration in multiple component ratios (Haynes and
Hunt, 1990; Jurenka et al., 1994; Zhu et al., 1997). Genetic correlations between
ratios of multiple components are critical for understanding the evolution of multi-
component pheromone blends.

Heliothis virescens (Hv) and H. subflexa (Hs) (Lepidoptera: Noctuidae) are
two closely related moth species with multi-component pheromone blends. The
compounds that are emitted from the pheromone gland of Hv females are Z11—
16:Ald, 14:Ald, Z9-14:Ald, 16:Ald, Z7-16:Ald, and Z9-16:Ald (Pope et al.,
1982; Tumlinson et al., 1982; Teal et al., 1986; Heath et al., 1991). The compo-
nents that are emitted from the pheromone gland of Hs females are Z11-16:Ald,
16:Ald, Z7-16:0Ac, Z9-16:0Ac, Z11-16:0Ac, Z9-16:0H, and Z11-16:0H
(Heath et al., 1991). The behavioral role of some of these components is unequiv-
ocal. Z11-16:Ald is the most abundant sex pheromone component in both species
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and it is essential for attraction in both species. Z9-14:Ald is also essential for
attraction of Hv males, although this component occurs at only ~5% of the amount
of Z11-16:Ald in Hv pheromone glands (Roelofs et al., 1974; Tumlinson et al.,
1975, 1982; Vetter and Baker, 1983; Ramaswamy et al., 1985; Teal et al., 1986;
Vickers and Baker, 1997). Hs males are only attracted when both Z9-16:Ald and
Z11-16:0H are present in addition to Z11-16:Ald (Teal et al., 1981; Vickers and
Baker, 1997; Vickers 2002). Although these minimal blends attract males, blends
comprising all emitted components generally increase male attraction in the field.
For example, the Hv minimal two-component blend (Z11-16:Ald and Z9-14:Ald)
caught an average of 7.8 Hv males per night, whereas a seven-component blend
(adding 14:Ald, 16:Ald, Z7-16:Ald, Z9-16:Ald, and Z11-16:0H) caught 38.1
Hv males per night (Klun et al., 1980). Several studies tested different combi-
nations of pheromone gland components and found antagonistic effects of some
pheromone components. For instance, Hs attraction was reduced when Z11—
16:0H was present in high amounts relative to Z11-16:Ald (Teal et al., 1981;
Heath et al., 1990), while Hv male attraction was reduced when the heterospecific
component Z11-16:0Ac was added to the minimal two-component pheromone
blend (Vickers and Baker, 1997). Components that have been found in pheromone
glands but not in volatile blends (i.e., 14:Ald, Z9-14:Ald, and 16:0Ac in Hs
females, and 14:0H, Z9-14:0H, and 16:0OH in Hv females) are unlikely to play
a role in sexual communication, and their presence is probably a consequence
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FIG. 1. Generalized biosynthetic pathways of the pheromone components in Hv and Hs.
Adapted from Jurenka (2003).
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of the biosynthetic pathways of the pheromone components (Figure 1). Because
Z7-16:0Ac and Z9-16:0OAc have not been tested systematically and indepen-
dently, their role in attracting Hs males or inhibiting the attraction of Hv males
remains unclear.

In a recent study using amplified fragment length polymorphism (AFLP)
markers, we found a total of 11 quantitative trait loci (QTL) affecting the amounts
of four pheromone components that differ in ratio, or presence/absence, between
Hv and Hs (Sheck et al., unpublished). Narrowly defined, a QTL is a single locus
that causes a phenotypic effect. However, in practice a QTL is typically defined
as a region on a chromosome with little recombination, which contains both a
phenotype-altering locus and one or more segments of DNA that can be visual-
ized as markers to indicate the presence of the phenotype-altering locus. In our
case, the markers are AFLP fragments, and the region marked is 1 of 31 whole
chromosomes because there is no recombination in female Lepidoptera (Robin-
son, 1971; Turner and Sheppard, 1975; Heckel, 1993; Heckel et al., 1997). In
general, Lepidoptera contain 30 autosomes and one sex chromosome, so that each
chromosome should, on average, include ~3% of the insect’s DNA (Chen and
Graves, 1970). The 3% level of QTL resolution is similar to or finer than that in
many QTL analyses where recombination is present (e.g., Hawthorne and Via,
2001).

Sheck et al. (unpublished) found the 11 QTL by hybridizing Hv females with
Hs males, and subsequently backcrossing F; females to Hs males, all in single-
pair matings. The pheromone gland contents of BC; (first backcross) females
were analyzed by GC, and the presence of Hv chromosomes was determined by
AFLP markers, after which the amount of phenotypic variation in the relative
amount of pheromone components in BC; females, that could be explained by
presence/absence of one copy of a particular Hv chromosome, was determined.
The strongest effects were found for Hv-chromosome 13, explaining 34% of the
variance in percentage of 14:Ald, and Hv-chromosome 22, explaining 23% of the
variance in percentage of the three acetate esters in the pheromone gland (Sheck
et al., unpublished).

Because our long-term goal has been to understand how a single QTL for an
alteration in sexual communication can increase in a natural moth population, we
wanted to be able to examine the effects of single QTL for sexual communication
from one species, when placed in the genomic background of a second, related
species. In this paper, we describe how we used a repeated backcrossing procedure
to produce hybrid strains that were genetically identical to Hs except for having
Hv-chromosome 22. This backcrossing procedure involved a protocol that enabled
us to analyze both the pheromone composition and chromosomal make-up of
successfully backcrossed, individual moths. We also report data on the pheromone
composition of females from these repeated backcrosses that do and do not have
a copy of Hv-chromosome 22.
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METHODS AND MATERIALS

Moth Strains and Backcross Procedures. In October 2001, 36 single-pair
matings were set up, hybridizing H. virescens females (YDK strain) with
H. subflexa males, where each female was identified by using 1-2 letters of the
alphabet. The parental strains of Hv and Hs were the same as those described by
Sheck et al. (unpublished), and had been in the lab for ~160 and ~40 generations,
respectively. Of these 36 single-pair matings, 14 produced at least 30 offspring.
Female DD (i.e., the 30th single-pair cross) produced the most offspring, and the
female offspring of this cross were backcrossed to Hs males in another set of
single-pair matings, to produce BC;. The 23rd daughter of DD produced the most
offspring, henceforth called family DD23, which is the backcross line used for
the experiments described in this paper (Figure 2). In all subsequent backcrosses,
females from previous backcross families were backcrossed to Hs males in single-
pair matings, with the aim of isolating Hv-chromosome 22 in the Hs genomic
background.

AFLP Mapping. DNA from individual grandparents, parents, and offspring
was extracted, purified, ligated, and amplified, after which AFLP fragments were
separated on the basis of size with a LI-COR sequencer (Lincoln, NE). Our AFLP
protocol was adapted from Remington et al. (1999) and Vos et al. (1995), and
summarized here. We used the Qiagen Qiamp DNA Mini Kit, mousetail protocol
with some modifications. DNA was extracted from half of an adult thorax, which
was ~20 mg of tissue. Tissue was incubated overnight at 55°C with 180 ul lysis
buffer and 20 ul proteinase K per sample, then centrifuged to precipitate the chitin.
RNase A (3 1l @ 4 mg/ml) was added to the supernatant and incubated at 37°C for
15 min. The supernatant was adsorbed onto a column, washed with ethanol, and
eluted from the column with 70% elution buffer. The final volume was 200 p1 per
sample. Samples typically had between 2.4-5 ug DNA per 20 mg of tissue. For
the restriction step, we started with <300 ng of genomic DNA. For a total reaction
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FIG. 2. General mating design for crosses between Hv and Hs, followed by backcrosses to
Hs males.
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volume of 30.0 ul, we added 6 U of EcoR1, 8U of Msel, and 6 ul of 5 x R/L
buffer. The restriction digest incubated for 2 hr at 37°C, after which we stopped
the reaction by incubating at 70°C for 15 min. The ligation step started with 20 ul
of restricted DNA. For a total reaction volume of 25 ul, we added 0.5 ul of EcoR1
adapter (5 pmol/ul), 0.5 ul of Msel adapter (50 pmol/ul), 0.5 ul ATP (10 mM),
1ul 5 x R/L buffer, 1/2U of T4 Ligase. This reaction incubated overnight at
37°C or room temperature. The restricted, ligated DNA (R/L DNA) was diluted
1:10. The pre-amplification step was started with 5 ul of the diluted R/ DNA,
to which 20.0 ul of preamp mix I (Gibco/BRL), 2.5 ul of 10 x PCR buffer+Mg
(Boerhringer Mannheim), and 2.5 U of Tag polymerase were added. We used the
following PCR amplification profile: 28 cycles, 30 sec @ 94°C, 30sec @ 60°C,
60sec @ 72°C. The pre-amplified DNA was diluted 1:40 by transferring 24 ul
of the reaction product to a deep-well plate and adding 936 ul sdH,O. Selective
amplification used 3 ul of pre-amplified R/L DNA. For a total reaction volume of
12 ul, we added 3 pl of M primer (6 ng/ul), 1.2 ul of 10 x PCR buffer, 0.48 ul of
dNTP, SmM, 0.14 ul of Taqg polymerase (5 U/ul), 0.5 ul of IRD labeled E primer
(LiCor), and sdH,O to bring up the volume. The core sequence of the E primer
was 5'-GAC TGC GTA CCA ATT C, and the core sequence of the M primer was
5'-GAT GAG TCC TGA GTA A. We added three selective bases to the end of each
primer (Sheck et al., unpublished). The PCR amplification profile was as follows:
cycles 1-13: 10sec @ 94°C, 30sec @ 65°C; —0.7°C/cycle; 60sec @ 72°C;
cycles 14-36: 10 sec @ 94°C; 30 sec @ 56°C; 60 sec @ 72°C+1 sec/cycle. AFLP
fragments were separated based on size with a LI-COR 4200 sequencer that, with
a scanning laser, simultaneously detects infared labeled DNA fragments of 700
and 800 nm. The samples were prepared for 8% polyacrylamide gels by adding
6 ul of formamide loading dye [95% formamide, 20 mM EDTA, bromophenol
blue (USB)] per 12 ul reaction. Samples were denatured at 90°C for 3 min and
immediately placed on ice. Samples were loaded into 96 wells (0.7-1.0 ul per
well) with a Hamilton syringe. A labeled standard (LI-COR STR marker, 50—
700 bp) was loaded at each end of the gel. The original parents and F; cross were
always loaded into wells two to five. The gels were run for about 3.5 hr, and the
images were recorded in a computer file. We scored the gels with a semiautomatic
image analysis program designed specifically for AFLP analysis (Quantar 1.08,
KeyGene Products).

The markers of interest were those that were present as bands in gels
from the Hv parent and the F; female, but absent in the original Hs parent
or the recurrent Hs backcross parent. For the construction of the DD23 link-
age map, we used 88 BC; individuals (both males and females), and a to-
tal of 14 primer pairs. In order to maximize our chance of finding similar
AFLP markers that identify the 31 chromosomes in the different backcross fam-
ilies, we used primer pairs that had previously been used to map the back-
cross families in which the major effect of chromosome 22 on the production
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of acetates was found (i.e., families C5 and C6). In backcrosses subsequent
to BC;, we analyzed females for the presence of Hv-chromosome 22 on the
basis of a subset of four AFLP markers that identified Hv-chromosome 22 in
DD23.

Pheromone Analysis. Female moths typically cease pheromone production
after they have mated. This posed a problem for us, because we needed to determine
the pheromone gland content of BC females after they had mated and oviposited
in order to continue the lines. Therefore, we developed a procedure based on
pheromone biosynthesis activating neuropeptide (PBAN) injections that caused
mated BC females to produce their normal, genetically determined pheromone
blend after ovipositing fertile eggs (Groot et al., 2004). This method was de-
veloped subsequent to our finding that the majority of the pheromone glands of
BC, and BC, females had only trace amounts of pheromone compounds after
mating and oviposition. The glands of subsequent backcross females were ex-
tracted and analyzed as follows (see Groot et al., 2004, for additional details).
Females were injected during the photophase with 1 pmol Hez-PBAN (Peninsula
Laboratories, San Carlos, CA) in 1 ul saline, using a 10 ul syringe with a 31
gage needle (Hamilton, Reno, NV) that was inserted ventrally between the 8th
and the 9th abdominal segments. One hour after injection, the pheromone glands
were dissected and extracted in conical vials containing 50 ul hexane and 20 ng of
1-pentadecyl acetate (gift from P. Teal) as an internal standard. After 20—60 min,
the glands were removed, and the extract was stored at —20°C until analysis.
The hexane extracts were reduced to 0.5—1.5 ul under a gentle stream of N, and
each sample was then injected into a pulsed splitless injector held at 240°C in an
HP6890 GC, and separated using a 30m x 0.25mm ID x 0.5 um film thickness
Stabilwax column (Restek, Bellefonte, PA) temperature programed from 60°C
(2min) to 180°C at 30°C/min, then to 230°C at 2°C/min, during which all the
pheromone components eluted. The carrier gas was helium at 30 cm/sec, and the
FID was held at 240°C. The amount of each pheromone component was calcu-
lated relative to the 20 ng of internal standard. The pheromone components that we
distinguished were: 14:Ald, Z9-14:Ald, 16:Ald, Z7-16:Ald, Z9-16:Ald, Z11-
16:Ald, Z7-16:0Ac, Z9-16:0Ac, Z11-16:0Ac, and Z11-16:0OH. Most chro-
matographic analyses did not separate Z7—-16:Ald from Z9-16:Ald. Even though
Z77-16:Ald is present only in low amounts in both species, and Z9-16:Ald is
present in relatively large amounts in Hs, we combined the peak areas of these two
compounds and denoted the combination as Z7/9-16:Ald. The proportions of all
pheromone components were calculated as relative percentages of the total amount
of pheromone, so that the pheromone composition could be compared among
females.

Isolation of Hv-Chromosome 22. After pheromone gland extraction, the
backcross females were frozen at —80°C. BCj;, BC4, and BCy females were
genotyped with the primer pairs that identified all Hv-chromosomes in DD23 to
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determine the presence of any Hv-chromosomes. Selection for Hv-chromosome
22 started with BC; females. All females that had Hv-chromosome 22 and a low
percentage of acetate esters (i.e., <3% of the total amount of pheromone compo-
nents present) were backcrossed to Hs males. In BCs, BCg, BC7, and BCg, we
determined whether Hv-chromosome 22 was present a) by running only the primer
pairs that would yield the markers for that chromosome and/or b) by determining
the relative amount of acetate esters in the pheromone glands. Either genotype or
phenotype, or both were used as a criterion to continue to backcross these females
to Hs males. In order to completely isolate Hv-chromosome 22, in BCg we crossed
males to Hs females to eliminate the sex chromosome, as well as mitochondrial
DNA, which was inherited from the original Hv female. In the female progeny
of this cross, we found that all AFLP markers that identify Hv-chromosome 22
were present, indicating that no recombination had occurred in this chromosome.
Backcrosses were only continued with females in which all Hv-chromosome 22
markers were present.

Effect of Hv-Chromosome 22 on Pheromone Composition. In BCs to BCs,
and in BCy; and BCy;, we genetically verified the presence of Hv-chromosome 22,
and we analyzed the pheromone composition of all females. ANOVA [PROC
GLM in SAS, version 8.02 (SAS Institute, 2002)] was used to assess the effect
of presence or absence of Hv-chromosome 22 (i.e., genotype) on the relative
amount of the different pheromone components (i.e., phenotype). After BCo,
the only genomic Hv chromosome in any BC female was Hv-chromosome 22.
We determined whether the variation in pheromone composition in BC;; due
to presence or absence of Hv-chromosome 22 was similar to the variation in
pheromone composition in BC3 and BCs, by comparing the variation of each
pheromone component in females with Hv-chromosome 22 between these three
backcrosses. The R? value from the ANOVA provided an estimate of how much
of the phenotypic variation in the production of all pheromone components was
explained by the presence or absence of one copy of Hv-chromosome 22.

RESULTS

AFLP Mapping. The primer pairs that we used produced a total of 215
AFLP markers, 193 of which were grouped into 31 linkage groups in the map-
ping program Mapmaker (version 3, 1993, Whitehead Institute for Biomedical
Research). Because there was no recombination, each linkage group represented
a whole chromosome. Since we used both males and females, we could easily
distinguish the sex chromosome by determining which of the grouped markers
were present in females and absent in males. This analysis indicated that link-
age group 23 was the sex chromosome. The average number of markers per
chromosome was 6.23, with one chromosome (31) containing two markers from
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TABLE 1. MEAN AMOUNT OF PHEROMONE IN GLANDS OF MATED, >4-DAY-OLD,
BACKCROSS FEMALES INJECTED WITH 1 PMOL Hez-PBAN

BC; BCy BC; BCg BCyo BCy; BCp»
Amount (ng + SEM) 293 £22 293 +19 360+ 18 270 +9 187 £22 280+8 250 £ 15
N females analyzed 41 98 147 133 31 205 79
N with <50 ng? 1 3 0 3 2 2 3

“Females with <50 ng total pheromone.

different primer pairs, one containing three markers, two containing four mark-
ers, and the rest containing at least five markers. For chromosome 22, we found
one informative marker (223 bp in length, with E-primer AGC and M-primer
CTT) that was also present in families C5 and C6 (Sheck et al., unpublished).
To confirm the chromosomal homology between families DD23, C5, and C6, we
alternated slots on one polyacrylamide gel with C5 individuals having chromo-
some 22, and C5 individuals lacking chromosome 22, which was repeated for
C6 and DD23 individuals. All individuals were chosen based on similarity in
presence of other chromosomes, a requirement for finding markers specifically
for chromosome 22. Using this procedure we found one other marker that was
present in all three groups that had Hv-chromosome 22 (120 bp in length, with E-
primer AAC and M-primer CTC). These markers grouped together with eight other
DD23-specific markers when using Mapmaker, thus identifying chromosome 22 in
DD23.

Pheromone Analysis. Since a number of pheromone components in Hv and
Hs are <1% of the total pheromone blend, we found it impossible to accurately
determine the relative amount of each component when the gland contained <50 ng
of pheromone, as was common in mated females. However, injection of mated,
>4-day-old, backcross females with 1 pmol PBAN yielded 187-360ng of total
pheromone in each gland (Table 1). Of the total of 734 BC females from which
glands were extracted after PBAN injection, only 14 contained <50 ng pheromone
(Table 1). These females were excluded from further analysis.

Isolation of Hv-Chromosome 22. In general, each backcross will result in the
loss of (on average) half the chromosomes of the non-recurrent parent, in this case
Hv (Figure 3). BC; females with Hv-chromosome 22 contained some of the other
Hv chromosomes as well (Table 2). However, none of the other Hv chromosomes
that were found in these BC females showed a significant effect on the variation
in acetate pheromone production (results not shown). Selecting BC; females with
Hv-chromosome 22 for subsequent backcrossing resulted in 16 out of 29 (55%) of
offspring having Hv-chromosome 22 in BC,4 (Table 3). When BC,4 females with
Hv-chromosome 22 were backcrossed to Hs males, 39 out of 74 (53%) offspring
had Hv-chromosome 22 (Table 3).
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FIG. 3. General schematic example of how recurrent backcrossing with selection (and no
recombination in hybrid females) can result in isolation of one Hv chromosome in an Hs
genomic background. For simplicity only three pairs of chromosomes, two backcrosses
(BC), and one class of the segregating genotypes are shown. Chromosomes from Hv are
black, those from Hs are gray. Short black rectangle represents allele coding for pheromone
component. Each number represents an AFLP marker mapped to a chromosome.

Backcross females with Hv-chromosome 22 consistently contained a total
of <3% of the three acetate pheromone components in their gland, whereas
backcross females without Hv-chromosome 22 typically had >3% (Figure 4B-D).
Hs females and Hv females contained 16.56% = 1.51% (mean & SEM) and 0%
total acetates, respectively (Figure 4). Therefore, the 3% level was used as a
phenotypic threshold for determining the presence or absence of Hv-chromosome
22 up to BC,(Table 4). From BCj; on, the total percentage of acetates slightly
increased when Hv-chromosome 22 was present, but was never >5% of the total
pheromone content of the gland. In subsequent backcrosses, the percentage of
acetates was always contrastingly higher in BC females without Hv-chromosome
22, typically between 10% and 15%, than in BC females with Hv-chromosome
22 (results not shown).

In BC,4 females with Hv-chromosome 22, the total number of Hv-autosomes
represented in at least one of the 12 females was reduced to 8 (compared to 19 in
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TABLE 2. PRESENCE OF OTHER HV-CHROMOSOMES IN FEMALES FROM THE
THIRD, FOURTH, AND NINTH BACKCROSSES

Number of BC females with Hv-chromosomes

Hv- In BC3; withHv- InBC3; InBC4 with Hv-  In BCy
chromosome chromosome 22 all females chromosome 22 all females In BCq
present (N =14) (N =35) (N =12) (N=42) (N=17)
Co1 0 0 0 0 0
C02 3 5 5 2 0
Co03 1 4 0 0 0
Cco4 3 7 2 8 0
Co05 2 7 0 2 0
C06 0 0 0 0 0
co7 5 7 2 4 0
Co08 0 2 0 0 0
C09 0 0 0 0 0
C10 2 4 0 0 0
Cl1 0 0 0 0 0
Cl12 1 2 0 2 0
C13 0 0 0 0 0
Cl4 1 1 0 5 0
C15 0 0 0 0 0
Cl6 0 0 0 0 0
C17 0 1 0 1 0
C18 5 9 0 0 0
C19 2 4 4 11 0
C20 5 9 2 9 0
C21 3 13 0 0 0
C22 14 14 12 12 7
C23 (sex chr.) 14 35 12 42 34
C24 0 0 0 0 0
C25 6 12 1 7 0
C26 2 4 1 3 0
C27 1 1 0 1 0
C28 2 2 0 5 0
C29 3 7 0 0 0
C30 4 6 0 5 0
C31 6 10 3 8 0

“In BCy, we backcrossed four males to Hs-females to delete the Hv-sex chromosome.
The family that retained all Hv-chromosome 22 markers (i.e., family 50-210-46-46-60-
712-1716-2625-300) was continued into BCyy.

14 BC; females) (Table 2). In BCy females, the Hv-sex chromosome was the only
Hv-chromosome present in addition to chromosome 22. Backcrossing BCy males
deleted the Hv-sex chromosome, and in one female offspring, all Hv-chromosome
22 markers were retained, indicating that no recombination had occurred in that
family. Subsequent backcrosses were conducted with that female.
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TABLE 3. INHERITANCE OF HV-CHROMOSOME 22 WITH SELECTION

BCj3-mother BC;4 offspring BC4 mother* BCs offspring
with Hv- with Hv- with Hv- with Hv-
chromosome 22 chromosome 22 chromosome 22 chromosome 22

4-114-24 3of4 4-114-24-63 20f3

4-114-34 20f3 4-114-34-1 20 of 37

4-114-44 20f3

50-197-9 50f9 50-197-9-207 lof2
50-197-7-208 7of 12

50-210-46 1of6 50-210-46-46 lofl

50-210-503 3of4 50-210-503-203 8 of 19

“Name of the mother, designated by a specific number in each generation to
keep track of each specific family line.

Effect of Hv-Chromosome 22 in Isolation. In BC; females, the percent-
age of Z7-16:0Ac was marginally significantly different between females with
and females without Hv-chromosome 22 (means = SEM are 0.43 + 0.12 and
0.16 £ 0.09, respectively, P = 0.06) (Figure 4B). However, the percentages of
Z9-16:0Ac (2.46 £ 0.66 in females without Hv-chromosome 22, and 0.26 =+
0.1 in females with Hv-chromosome 22, P = 0.006) and Z11-16:0Ac (6.94
4+ 1.58 in females without Hv-chromosome 22 and 1.28 4+ 0.41 in females
with Hv-chromosome 22, P = 0.004) were significantly different. Also, the cu-
mulative percentage of all acetates was different between BC; females with-
out Hv-chromosome 22 and females with Hv-chromosome 22 (9.83 £ 2.31 and
1.69 + 0.55, respectively, P = 0.004). The R? value of the latter comparison was
0.20, indicating that 20% of the phenotypic variation in the production of the
acetates was explained by the presence/absence of one copy of Hv-chromosome
22.

In BCs and BC,, the percentages of all three acetates were different (P <
0.001 in both BC’s) between females with and without Hv-chromosome 22 (Figure
4C and D). For all three acetates combined, the R?> value in BC5 was 0.31,
while in BC;; it was 0.51. In BCs females, Z9-14:Ald was also significantly
different between females with and without Hv-chromosome 22; females with Hv-
chromosome 22 had 0.51% = 0.06% of Z9-14:Ald, whereas in females without the
Hv-chromosome Z9-14:Ald represented 0.37% = 0.04% of the total amount of
pheromone (P = 0.044, R? = 0.068). In BC; females, 14:Ald and Z11-16:Ald
showed differences between the two groups, in addition to the highly significant
differences in acetates (P < 0.001 for all three acetates). The mean percentage
of 14:Ald was 0.35 & 0.01 in females with, and 0.31 £ 0.01 in females without
Hv-chromosome 22 (P = 0.023, R?> = 0.035). The mean percentage of Z11—
16:Ald was 51.1 £ 0.84 in females with, and 47.94+0.84 in females without
Hv-chromosome 22 (P = 0.009, R? = 0.045).
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FIG. 4. Pheromone profiles of virgin Hv and Hs females (A), and of BC;, BCs, and BCy;
females (B—D) with and without Hv-chromosome 22 as determined by AFLP analysis.
The backcross females were injected with 1 pmol Hez-PBAN before glands were extracted.
Percentages of pheromone components are graphed on a logarithmic scale to highlight dif-
ferences between secondary components. *P < 0.05, **P < 0.01, ***P < 0.001. When
no asterisk is shown, differences are not significant.
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TABLE 4. ABILITY TO PREDICT GENOTYPE FROM PHENOTYPE

% Females with >3% acetates (Hv-chromosome 22 absent) or
<3% acetates (Hv-chromosome 22 present)?(N)

Hv-chromosome 22 BC; BCy BCs BCy; BCp»
Absent and >3% 85 (20) 95 (39) 80 (34) 90 (74) 95 (19)
Present and <3% 77 (13) 92 (13) 71 (34) 93 (69) 67 (21)

“Percentages of females with Hv-chromosome 22 absent that had a total percentage of acetates
>3% of the total pheromone blend, and females with Hv-chromosome 22 present in which the
total percentage of acetates was <3% of the total pheromone blend.

DISCUSSION

By using phenotypic as well as genotypic (marker-specific) traits, we have
successfully isolated Hv-chromosome 22 in an Hs nuclear and mitochondrial ge-
nomic background. Although Hv females do not contain any acetate esters in their
pheromone gland, BC females with a single copy of Hv-chromosome 22 generally
contained a small amount of acetate components, which usually summed to <3%
of the total pheromone blend. The fact that acetate production is not completely
shut down in females with Hv-chromosome 22 suggests that the heterozygous
presence of this chromosome is not enough to completely inhibit acetate accumu-
lation in the glands. The absence of acetates in Hv female glands could be due
to more than one specific step in the biosynthetic pathway (Bjostad and Roelofs,
1983; Morse and Meighen, 1986; Teal and Tumlinson, 1987). In general, the
acetates are thought to be synthesized from the corresponding alcohols through
acetyl transferase (Figure 1), and a difference between Hv and Hs in presence or
activity of this enzyme could explain the different amounts of acetate esters in their
respective pheromone blends. However, acetate esters can be converted back to the
corresponding alcohols through acetate esterase (Figure 1). Teal et al. (1989) found
significantly higher acetate esterase activity in Hv pheromone glands, suggesting
that any acetate esters produced by Hv would be immediately converted back to
the corresponding alcohols. Thus, an alternative explanation for the differences
between Hv and Hs might involve the presence or activity of acetate esterase.

In BC; females, the percentage of Z11-16:0H significantly correlated with
presence of Hv-chromosome 22, in addition to the percentages of the acetate es-
ters. A similar result has been found in the previous C5 and C6 BC, females, and
matches with the negative phenotypic correlation between Z11-16:0H and each
of the three acetates (Sheck et al., unpublished). It could be that the factor associ-
ated with chromosome 22 contributes to conversion of acetates to alcohols (acetate
esterase). Alternatively, there may be separate QTL on chromosome 22 that control
acetate and alcohol production. In BCs and BC;; females, the correlation between
Z11-16:0H and Hv-chromosome 22 was lost. This suggests that presence of
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Hv-chromosome 22 alone in an Hs genetic background is not sufficient to affect
Z11-16:0H levels. It may be that QTL on Hv-chromosome 22 interacts epistati-
cally with QTL on other Hv chromosomes to affect the level of this alcohol.

In BCs females, Z9-14:Ald was significantly correlated with the presence
of Hv-chromosome 22, while in BCy; females, 14:Ald and Z11-16:Ald showed
significant differences between females with and females without Hv-chromosome
22. However, the statistically significant differences in the relative amounts of
14:Ald and Z9-14:Ald may not be biologically significant, because the differences
in the quantities produced were very small. Previously, we confirmed the presence
of small amounts of these components in Hs females (Groot et al., 2004). The
percentage of 14:Ald relative to the main component was similar in virgin Hs and
virgin Hv females (Figure 4A), suggesting that the significant differences in BCy;
may indeed be an artifact due to the low amount of 14:Ald. The observation that
the major component, Z11-16:Ald, was significantly higher in BC;; females with
than in females without Hv-chromosome 22, is likely due to the interdependence
of the different components. Since all other components are similar between the
two groups, and females without Hv-chromosome 22 contain significantly higher
amounts of acetates, the percentage of the major component is likely to be lower in
those females based on carbon flow in the biosynthetic pathway (Figure 1). The R?
value was very low, only 4.5% of the phenotypic variation in the production of Z11-
16:Ald was explained by the presence/absence of one copy of Hv-chromosome
22, while 51% of the phenotypic variation in the production of the acetates was
explained by the presence/absence of this chromosome.

The effect of Hv-chromosome 22 on the variation in pheromone composition
is only the first step toward our long-term goal of understanding the evolutionary
processes that have resulted in diversification of moth sexual communication
signals and responses. Currently, we are conducting cage and field experiments
with the introgressed lines described here to determine how the difference in this
chromosome, and the corresponding reduction of acetate production, affect the
likelihood of a female being mated by an Hv or Hs male. So far, acetates have
not been rigorously demonstrated to function as attractants for Hs males (Teal
et al., 1981; Tumlinson et al., 1982; Vickers, 2002), but Vickers and Baker (1997)
have shown that Z11-16:0Ac deter Hv males. The simplest evolutionary scenario
for evolution of presence of acetates would be that deterring heterospecific males
would have been a driving force for a shift in the pheromone blend to which
acetates were added. Now that we have succeeded in isolating the chromosome
that has a major effect on acetate production, we can test this hypothesis through
behavioral experiments. Such tests are necessary to move towards an evolutionary
understanding of the differentiation in sexual communication in Heliothis spp.
moths with multi-component sex pheromone blends.

Fine-scale mapping and cloning of the QTL can help explain which gene(s)
are involved in control of acetate production, and how they interact biochemically.
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Currently, we are saturating the chromosome with as many AFLP markers as we
can (we now have 18 markers; J. L. Bennett, unpublished results), and we are
conducting backcrosses in which the Hs parent is the female and the male parent
is from the introgression line carrying the Hv-chromosome 22. Because there
is crossing-over in male chromosomes, this type of cross allows recombination
between segments of Hv- and Hs-chromosome 22. The offspring of these crosses
will be used for developing lines that are homozygous for only a small segment
of Hv-chromosome 22 that contains the QTL for acetate levels. Also, specific
differences in the biochemical pathways of the pheromone components between
Hv and Hs are currently being unraveled (Choi et al., 2004), which can lead to the
identification of candidate genes. Earlier we have demonstrated that it was possible
to use a combination of mapping and candidate genes to identify and sequence
one important gene in Hv (Gahan et al., 2001). With the identification of genes
underlying pheromonal differences between the species, the sequences of these
genes in different geographic populations can be examined to determine patterns
of synonymous and non-synonymous substitutions within and between species,
indicating the action of selection (e.g., Taylor et al., 1996; Tsaur et al., 1998). The
patterns of allelic substitution and diversity in these species will provide insights
about which substitutions were critical in the diversification of the signal/response
system (e.g., Saez et al., 2003).
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