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Abstract

We used genetic mapping to examine the genetic architecture of differences in host plant use
between two species of noctuid moths, Heliothis subflexa, a specialist on Physalis spp., and its
close relative, the broad generalist H. virescens. We introgressed H. subflexa chromosomes into
the H. virescens background and analyzed 1,462 backcross insects. The effects of H. subflexa-
origin chromosomes were small when measured as the percent variation explained in backcross
populations (0.2 to 5%), but were larger when considered in relation to the interspecific difference
explained (1.5 to 165%). Most significant chromosomes had effects on more than one trait, and
their effects varied between years, sexes, and genetic backgrounds. Different chromosomes could
produce similar phenotypes, suggesting that the same trait might be controlled by different
chromosomes in different backcross populations. It appears that many loci of small effect
contribute to the use of Physalisby H. subflexa. We hypothesize that behavioral changes may
have paved the way for physiological adaptation to Physalis by the generalist ancestor of H.
subflexaand H. virescens.
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Introduction

Understanding the genetic basis of ecological adaptation is a longstanding goal of
evolutionary biology, but genetic studies comparable in depth to the research that informs
our understanding of evolutionary ecology are still rare. VVigorous inquiry over the past fifty-
plus years has resulted in a nuanced understanding of the evolutionary determinants of insect
host plant use (e.g., Dethier 1954; Ehrlich and Raven 1964; Bernays and Graham 1988;
Mitter et al. 1991), yet our knowledge of the genetic basis of variation in host plant use is
largely limited to identification of the genes that allow insects to cope with particular plant
defense compounds (e.g., Wheat et al. 2007; Scriber et al. 2008; Heidel-Fischer et al. 2010;
Loxdale 2010). Happily, ongoing work in a range of systems is beginning to allow progress
toward understanding the genetic architecture of host plant use (e.g., Acyrthosiphon
(Hawthorne and Via 2001; Caillaud and Via 2012), Drosophila (Dekker et al. 2006;
Dworkin and Jones 2009; Etges et al. 2010; Earley and Jones 2011; Wisotsky et al. 2011),
and Plutella (Henniges-Janssen et al. 2011).
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saraoppenheim@gmail.com.
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Host plant use is phenotypically complex, involving variation in neurosensory,
physiological, morphological, and behavioral traits. In this study, we examine traits
associated with host use differences between the narrow host specialist Heliothis subflexa
and its close relative, the broad generalist H. virescens. In previous work, we showed that H.
subflexais behaviorally and physiologically adapted to its host plant, Physalis angulata
(Oppenheim and Gould 20023, b). In the current study, we use genetic mapping to
investigate the genetic basis of interspecific differences in use of P. angulata. Meiotic
recombination does not occur in female Lepidoptera (Marec 2010), so maternal-origin
chromosomes are transmitted intact. This characteristic allowed us to introgress whole H.
subflexa chromosomes into the H. virescens background by backcrossing interspecific
hybrids to H. virescens. This approach resolves quantitative trait loci to the level of
chromosome. Because heliothines have 31 small, similarly-sized (Van't Hof et al. 2008)
chromosomes, each chromosome comprises only 2-5% of the genome (around 500 genes
based on the estimated genome size of H. virescens) (401 Mbp; Taylor et al. 1993).

We measured several traits that contribute to the performance of larvae on P. angulata:
willingness to feed, physiological adaptation, and specialized behavior. Host plant
acceptance is a critical first step in host use, and has been suggested as the basis of host use
differences between the specialist D. sechelliaand its close relative, the generalist D.
simulans (Matsuo et al. 2007). We report here on the genetic basis of interspecific
differences in the willingness of larvae to feed on P. angulata. Physiological adaptation to
host plant defense compounds is a well-known component of host specialization
(Berenbaum and Feeny 2008), and we report on two measures of physiological adaptation:
the percent change in larval weight after feeding on P. angulata, and larval assimilation
efficiency (the change in larval weight per gram of P. angulata ingested). Although the
genus Physalis lacks the best-known Solanaceae defense compounds (e.g., nicotinoids,
capsaicinoids, steroid alkaloids) (Wink 2003), it is characterized by the presence of
withanolides, a group of steroidal lactones of unusual structure (Eich 2008). Withanolides,
and, more particularly physalins (withanolides found only in Physalis), have a wide range of
bioactive properties, including anti-tumor, trypanocidal, and immunoregulatory effects
(Chen et al. 2011). When ingested by insect herbivores, withanolides have anti-feedant
effects, but do not cause acute toxicity (Ascher et al. 1987; Mareggiani et al. 2001; Bado et
al. 2004).

Behavioral adaptations can contribute to host plant adaptation (Bernays and Graham 1988),
and in a previous study we found that specialized behaviors allow H. subffexa, but not H.
virescens, to use the inflated calyx P. angulata as a refuge from natural enemies (Oppenheim
and Gould 2002a). In the field, larvae of both species are subject to attack by specialist
parasitoids, but because H. subflexa larvae enter the calyx quickly and completely, they are
able to use it as a refuge. H. virescens, however, often either enter and leave repeatedly, or
begin feeding before fully entering the calyx. Both behaviors leave H. virescens vulnerable
to parasitoids. We used the number of holes bored in the calyx as a laboratory-based
measure of this behavioral adaptation to examine its genetic basis.

Our ability to identify the loci associated with variation in the use of P. angulata is subject to
all the constraints that the past two decades of mapping studies have revealed: context-
dependent effects (Mackay et al. 2009), many loci of small effect whose detection depends
on sample size and map resolution (Beavis 1998; Kroymann and Mitchell-Olds 2005), and
pleiotropic effects of the loci involved (Edwards et al. 2006; Ehrenreich et al. 2010). Our
experimental design took these factors into account: to ensure sufficient detection power, we
analyzed 1,462 backcross insects; to address context-specific effects, we used a large sample
size that allowed us to test whether there were interactions between genotype, sex,
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population, environment, and year; and we used closely related insects to reduce the amount
of background genetic variation.

Materials and Methods

Study system

Heliothis subflexaand H. virescens are closely related, sharing 99% sequence similarity in
the genes for which comparisons have been made (Cho et al. 1995; Fang et al. 1997). The
two species are thought to have evolved about 2.5 Myr ago from a generalist ancestor
(Mitter et al. 1993; Poole et al. 1993; Fang et al. 1997; Cho et al. 2008). In the laboratory, H.
virescens and H. subflexa will hybridize, producing fertile /; females and sterile /; males
(male fertility is restored after several backcross generations) (Karpenko and Proshold
1977). The sterility of the male hybrids, which is contrary to Haldane's Rule (Haldane
1922), is apparently due to deficiencies in maternally inherited mitochondria in the hybrid
sperm (Miller et al. 1986).

Despite their genetic similarity and ability to hybridize, these species differ greatly in host
plant use. Heliothis virescens has a very broad host range, feeding on at least 37 species in
14 plant families (Sheck and Gould 1993), while H. subflexais narrowly specialized on
plants in the genus Physalis (Laster et al. 1982); even within this genus, not all species are
acceptable to H. subflexa (Bateman 2006). Heliothis virescens is not known to feed on
Physalis in the field; in laboratory assays, we found 5 percent survival from neonate to 3
instar for H. virescenson P. angulata, as compared to 55 percent survival for H. subflexa.

Insect strains and rearing

Plants

All of the insects used in these experiments originated from colonies maintained at North
Carolina State University (Sheck et al. 2006). The H. virescens colony was established in
1988 using field-collected larvae from Yadkin County, North Carolina. The H. subflexa
colony was established in 1997 using field-collected larvae from Orangeburg County, South
Carolina. The colonies have been maintained in the laboratory at population sizes of about
250 adults. The backcross experiments described here were conducted in 2001 (when the H.
virescens and H. subflexa strains had been in the laboratory for about 160 and 40
generations, respectively) and in 2007 (after about 220 and 100 generations).

Larvae were individually reared on artificial diet (Burton 1970), except during assays on
Physalis. Laboratory colonies and experimental insects were maintained at 23°C and 50—
70% relative humidity on a 16:8 h light-dark cycle. In 2007, some eggs and larvae were held
at 5°C for 2-5 days to slow their development to coincide with experimental resources.

Although many species of Physalis will support H. subflexa development, larvae do
particularly well on P. angulata (Bateman 2006), and we used this species (referred to
hereafter as Physalis) for all experiments. In the 2001 experiments, seeds from multiple
plants were used. In 2007, all plants were from the seeds of a single founder plant. See
Supplementary Materials for plant source and cultivation information.

Backcross matings

Experiments were conducted on seven backcross families (Figure 1). Because F; males are
sterile, all backcrosses involved £, females. Each backcross involved a grandparental mating
of an H. virescens female to an H. subflexamale. An F; female was then backcrossed to an
H. virescens male, and their progeny (referred to as VS) were used in the experiments.
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Backcrosses were done in this direction to isolate the H. subflexa-origin chromosomes
involved in performance on Physalis.

We tested two backcross families in 2001 (VSg1A and VSy1B) and five in 2007 (VSg7A,
VSg7B, VSp7C1, VSp7Cy, and VSy7Cz). Offspring from the five VVSy7 families were paternal
cousins, and two families (VSg7Cq and VSg7A) were half-siblings.

Measurement of larval phenotypes

The performance of H. virescens, H. subfiexa, their F; progeny, and VS backcross
individuals on Physalis was evaluated by allowing each larva to feed on a single Physalis
fruit for 48 hours. Newly-hatched larvae were reared on artificial diet and checked twice
daily to determine developmental stage. Larvae were assayed 4-8 hours after molting to 2nd
instar. We used 2"d instars because testing this stage provides good discrimination between
H. virescens and H. subflexa phenotypes but does not result in unacceptably high mortality
(SJO, personal observation).

Larvae were presented with Physalis fruits that were still within their calyces; to feed on the
fruits, larvae had first to bore an entry hole through the calyx. At the beginning of each
assay, we recorded: larval weight (mg); fruit weight (g); larval age (days); larval rearing
temperature (23°C or 5°C; if the latter, number of days at 5°C); identity of plant providing
fruit; and time of day. At the conclusion of each assay, we recorded: larval weight, fruit
weight, assay duration (hours), occurrence of larval feeding* (judged by damage to fruit,
recorded as 0 or 1), and the number of holes in the calyx* (determined by visual inspection
of calyces). From these data, we calculated: change in larval weight (larval end weight —
larval start weight); change in fruit weight (fruit start weight — fruit end weight); percent
change in fruit weight and percent change in larval weight* (weight change + start weight);
and assimilation efficiency* (change in larval weight + change in fruit weight). (The four
traits marked with an asterick were used in genetic mapping).

After the assay, larvae were maintained on artificial diet. Sex was determined at the pupal
stage. Insects were inspected daily, and usually held until adult emergence before freezing at
—80°C. When inspection indicated that an insect might not survive to adulthood, that insect
was frozen immediately to maintain the largest possible population for molecular analysis.
Table 1 gives sample sizes for each year and population.

To control for differences among dates, assays of H. subflexaand H. virescens controls were
conducted on multiple dates, simultaneous with backcross and F; assays. The effect of
holding larvae at 5°C for 2-5 days was controlled for by exposing H. subflexa, H. virescens,
and larvae from multiple backcross families to this regime.

While it was not possible to test every insect population on fruits from each of the fifty
plants used in 2007, the effects of fruit source were tested by simultaneously assaying H.
virescens, H. subflexa, and two or more backcross families on fruits from each of eight
different plants. Furthermore, fruits from each of the fifty plants were used in assays of at
least two backcross families, allowing us to detect any gross anomalies due to fruit source.
Variation in fruit size and maturity can affect larval performance (Bateman 2006), so only
fruits of similar size (range: 1.7 to 2.8 g) and stage of ripeness were used.

AFLP Markers

We extracted DNA from frozen adults, larvae, and pupae, using the Qiacen (Chatsworth, CA)
DNeasy 96 extraction kit. After extraction, DNA was prepared for AFLP mapping using a
modified version of the procedure described by Vos et al. (Vos et al. 1995). Selective
amplification was carried out using 19 different primer pairs, and the resulting fragments
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visualized using fluorescently labeled primers. Fragments were separated by capillary
electrophoresis on a CEQ 8000 (Beckman-Coulter, Fullerton, CA), following the
recommended protocol. The resulting electropherograms were first analyzed with the CEQ
AFLP software (version 9). Final scoring of all fragments was done manually to ensure that
all legitimate peaks were included, and spurious peaks excluded. See Supplementary
Materials for detailed methods.

Gene-Based Markers

AFLP fragment homology is generally very high between different populations within a
species (Althoff et al. 2007). However, to confirm that apparently homologous linkage
groups did indeed represent the same chromosomes, we used gene-based markers as anchors
for linkage groups. We used eleven codominant markers developed in the Gould lab (Gould
et al. 2010), and generated 14 new ones (their development is described in Supplementary
Materials). Twenty-five primer pairs were used to produce gene-based markers (see
Supplementary Table 1 for primer and nucleotide sequence information for all gene-based
markers). We amplified DNA with these 25 primer pairs in 176 backcross individuals from
five VS families, and added the resulting marker phenotypes to our AFLP-based linkage
map.

Linkage Mapping

Mapping

For mapping, we used AFLP markers that were absent in H. virescens, present in H.
subflexa, present in /1 mothers, and segregating approximately 1:1 in the VS backcross. All
grandparental crosses were of an H. virescens female to an H. subflexa male, so all F
mothers had a W sex chromosome from H. virescens and a Z sex chromosome from H.
subflexa. Backcrossing to H. virescens resulted in female progeny with both sex
chromosomes from H. virescens and male progeny with one Z chromosome from H.
virescens and one from H. subflexa (Figure 1). Thus, the effects of the H. subflexa sex
chromosomes could not be determined, because they were either confounded with overall
differences between the sexes (the Z chromosome, present in all males and absent in all
females) or universally absent (the W chromosome). We did, however, examine differences
between the sexes in the effects of H. subflexa-origin autosomes.

We used the program JoinMap (version 3.0) to sort our AFLP and gene-based markers into
linkage groups. We made separate maps for each data set, using LOD threshold = 10 and
recombination < 0.5. Because no recombination occurred in /; females, linkage between
markers on the same chromosome should be complete, and the level of recombination
between them should be zero. In practice, however, missing data and errors in determining
marker genotypes combine to reduce the association between markers. Thus, small
departures from the ideal values are treated as experimental error.

i. Statistical analysis—We used permutation to determine empirical significance
thresholds for chromosome-phenotype association in a model that included all chromosomes
as the independent variables and a given phenotypic trait as the dependent variable
(Churchill and Doerge 1994). To determine genome-wide significance thresholds at an
experiment-wise error rate of a = 0.05 or a = 0.1, we randomly permuted the phenotype
values among chromosomal genotypes. We performed 1000 permutations for each
phenotypic variable, and recorded the maximum F statistic generated in each replicate. The
resultant population of Fstatistics was sorted from lowest to highest, and the 900t and 950t
greatest £ statistics (corresponding to a = 0.1 and a. = 0.05 experiment-wise Type | error
rates) were used as the threshold for declaring whether the observed Fstatistic indicated a
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suggestive or significant chromosome-phenotype association. We did separate analyses for
the data from 2001 and 2007 because the variances differed between years.

To determine whether the effect of individual H. subflexa-origin chromosomes varied
among environments or genetic backgrounds, we conducted a mixed-model analysis of
variance for each chromosome and trait. We used PROC GLIMMIX (SAS 9.2) to evaluate
the effect of chromosome (fixed), sex (fixed), family (random), and possible interactions on
the observed phenotype. Appropriate distributions were specified where the data were non-
normally distributed (e.g. Poisson distribution for count data). Effects that were not
significant were dropped from the model, and a reduced model used to estimate the effect of
chromosome on phenotype. Our sample sizes were unequal, so we used least squares means
to examine differences between means. We corrected for multiple comparisons within each
dependent variable by using the SIMULATE option in the LSMEANS statement.
SIMULATE is a simulation-based method for controlling the family-wise error rate by
estimating the precise value of the adjusted p-values given the number of tests performed,
and is both more precise and more liberal than Bonferroni correction (Edwards and Berry
1987).

Phenotypic differences associated with chromosome state within each level of sex, lineage,
and family were examined using the LSMEANS SLICE option in GLIMMIX. SLICE
performs a partitioned analysis of a given factor at different levels of the other factors (i.e.,
simple main effects Winer 1971), allowing us to evaluate the statistical significance of a
chromosome’s effect at each level. We used the SIMULATE option to obtain p-values
corrected for the number of tests performed.

We evaluated chromosome x chromosome interactions among chromosomes that were
significant in either permutation or mixed model analysis. We used ANOVA to test for
pairwise interactions between significant chromosome. For each trait, all significant
chromosomes were included in a single model.

Because stringent significance tests can eliminate causal loci when the amount of variance
they explain is small (Yang et al. 2010), we evaluated the effects of both significant (p <
0.05) and suggestive (0.05 < p< 0.1) chromosomes (Kruglyak and Lander 1995). Although
suggestive chromosomes are at an increased risk of being false positives, we feel their
inclusion is important if we wish to understand the overall genetic architecture of host use.

ii. Chromosome effects—The effect of each H. subflexa-origin chromosome on the
associated trait(s) was measured in two ways. First, we estimated the percent of variation
explained (PVE) in a backcross population by comparing the phenotypes of H. subflexa
chromosome-present (Hs+) individuals to those of H. subflexa chromosome-absent (Hs-)
individuals, using regression analysis to estimate PVE (expressed as /2) for each
chromosome. A chromosome’s effect was calculated as the average difference between Hs+
and Hs- individuals.

Second, because the aim of these experiments was to understand the genetic basis of
differences between species (rather than variation within the backcross population), we
calculated the percent of the phenotypic gap between H. subflexaand H. virescens
accounted for by a given chromosome (Fishman et al. 2002; Lexer et al. 2005). The equation
used was: percentage species difference = (average effect of chromosome + average
difference between H. subflexaand H. virescens) x 100.
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Results

Linkage Mapping and Determination of Homology

Independent linkage maps were generated for each of the seven backcross families. This was
necessary because not all AFLP markers were informative in all families, and some gene-
based markers were only used in one or two families. The distribution of autosomes among
the backcross progeny did not differ from expected Mendelian ratios. See Supplementary
Tables 2 and 3 for details.

After the seven independent maps with all 30 autosomes were complete, a single
homologous map was derived by comparison of linkage groups among families. The
resulting map includes 29 autosomes that can be identified in all seven families
(Supplementary Table 3). For the one autosome where homology could not be determined
across families, a conservative analysis within each family showed no association between
this autosome and any of the traits examined. Thus, we are confident that conclusions about
the relationship between chromosomes and phenotypes can safely be drawn from our
homologous map.

We were unable to map the female sex chromosome because all backcross females had both
W and Z chromosomes from H. virescens, but we could map the male sex chromosome
because all backcross males had one copy of Z from each species (Figure 1). Because of this
inheritance pattern, any phenotypic effects of sex chromosomes on host use traits could not
be mapped, but differences between the sexes could result from the presence of the H.
subflexa Z chromosome in backcross males.

Phenotypic Analysis of Quantitative Traits

Because we are interested in discovering the genetic basis of variation in the traits that
distinguish H. subflexafrom H. virescens, we first examined interspecific differences in the
measured traits. We evaluated these differences for each year, family, and sex. The
backcross progeny were also evaluated for each year, sex, and family. For traits that did not
differ significantly between H. subflexaand H. virescens, we made no attempt to discover
the genetic basis of backcross variation.

Among control insects, most variation was explained by species. Heliothis subflexa were
more willing than H. virescensto feed on Physalis, but the two species did not differ in the
amount of fruit they consumed. The percent change in larval weight during feeding assays
was greater for H. subflexathan H. virescens. Interestingly, percent change in larval weight
increased linearly with amount of fruit eaten for H. subflexa, but not for H. virescens (Figure
2). For H. subflexa, the amount of fruit eaten explained 13 percent of the variance in larval
weight change; for H. virescens, the effect of amount of fruit eaten on larval weight change
was not significant. H. subflexahad higher assimilation efficiency and bored fewer holes in
the calyx surrounding Physalis fruit than H. virescens. See Figure 3 for the phenotypic
differences between species.

Among backcross progeny, most traits varied with year, family, larval start weight, and sex.
The willingness of larvae to feed, the amount of fruit consumed, and the proportion change
in larval weight differed between years, families, and larval start weights, but not between
cold treatments or fruit sources. The number of holes in the calyx varied with family and
with larval start weight (heavier larvae bored more holes), and larvae that did not feed bored
more holes than did feeders (non-feeders = 3.0 holes, feeders = 1.6 holes, p< 0.0001). The
number of holes varied weakly with fruit source (p= 0.01), but none of the pairwise
comparisons between individual plants were significant. For all VVSp7 (but not for VSy7)
backcross progeny, assimilation efficiency varied with family and with larval start weight
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(larger insects had higher assimilation efficiency, p < 0.0001). Additional phenotypic results
are described in Supplementary Materials. See Supplementary Table 4 for phenotypic means
in the VS families.

We examined the correlations among traits in the H. subflexa, H. virescens, and backcross
insects. A number of correlations were found in each group (Table 2); of particular interest,
the number of holes bored in the calyx of Physalis by backcross larvae was negatively
correlated with willingness to feed, percent change in larval weight, and assimilation
efficiency (p< 0.0001). Within H. virescens, there was no correlation between these traits;
within H. subflexa, the correlations, where significant, were in the opposite direction:
increase in the number of holes was correlated with an increased willingness to feed and
higher assimilation efficiency.

Chromosome Analysis

For each trait, 8-11 H. subflexa-origin chromosomes were associated with phenotypic
variation, and several had different effects or significance levels in different years, sexes, or
families. Supplementary Tables 5-8 give statistical results for all chromosomes affecting the
traits below.

i. Willingness to feed on Physalis—In the VSy; insects, eight chromosomes were
associated with variation in willingness to feed on Physalis (no significant or suggestive
chromosomes were found in the VS, population) (Supplementary Figure 1). Individual
chromosomes accounted for 38 to 165 percent of the difference between H. subflexaand H.
virescens, PVE ranged from 0.2 to 5 percent. Most chromosomes had effects in the H.
subflexadirection (i.e. their presence increased willingness to feed on Physalis), but for one
chromosome (H26), all significant effects were H. virescens-like; another chromosome
(HO1) had H. subflexa-like effects in one family and H. virescens-like effects in another.

ii. Percent change in larval weight—Ten chromosomes were associated with variation
in the percent change in larval weight after 48h on Physalis (Supplementary Figures 2a & b).
Each chromosome accounted for 1 to 5 percent of the interspecific difference; PVE ranged
from 0.3 to 3.6 percent. Two chromosomes (H19 and H29) had significant effects in both
the VSp; and VSp7 populations, and one (HO5) had significant effects in VVSg; but not in
VSg7. The remaining seven chromosomes had effects only in the VVSp7 population. Two
chromosomes (HO06 and H13) had exclusively H. virescens-like effects (their presence was
associated with a decrease in percent change in larval weight).

iii. Number of holes in the calyx of Physalis—Eleven chromosomes were associated
with variation in the number of holes bored (Supplementary Figures 3a & b). Individual
chromosomes accounted for 4 to 14 percent of the interspecific difference; PVE ranged from
0.3 to 3.7 percent. Three chromosomes (H05, H17 and H19) had effects in both VS, and
VSg7, and two (HO1 and H18) had effects only in VSpy; the remaining six chromosomes had
effects in VSy7 only. Six chromosomes had effects only in the H. virescens direction (their
presence was associated with an increase in the number of holes), and most of the remaining
chromosomes had mixed effects (H. subflexa-like in some populations, H. virescens-like in
others).

iv. Assimilation efficiency—Eleven chromosomes were associated with variation in
assimilation efficiency (Supplementary Figures 4a & b). Each chromosomes accounted for 6
to 20 percent of the interspecific difference; PVE ranged from 0.4 to 4.6 percent. Only one
chromosome (HO3) had effects in both the VSp; and VSg7 populations, and two (H19 and
H20) had effects in VSg; but not in VSy7. The eight remaining chromosomes had effects in

Evolution. Author manuscript; available in PMC 2013 November 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Oppenheim et al.

Page 9

VSp7 only. One chromosome (H13) had exclusively H. virescens-like effects (its presence
was associated with a decrease in assimilation efficiency), and two others had different
effects in different populations: H03 had H. subflexa-like effects in VVSy7 but H. virescens-
like effects in VSp1, and H16 had H. subflexa-like effects in females but H. virescens-like
effects in males. The remaing chromosomes all had H. subflexa-like effects.

Discussion

Twenty chromosomes were associated with variation in the traits we measured, and forty
chromosome-phenotype associations of at least suggestive significance were detected.
Several major patterns were apparent in our results. First, our ability to detect the
chromosomes affecting each trait depended on sample size; second, most chromosomes had
small effects; third, most chromosomes affected more than one trait; fourth, some
chromosomes had effects in the “wrong” direction; finally, many chromosomes had context-
dependent effects. We discuss these patterns below.

The effect of sample size on chromosome detection

In 2007, we analyzed 1,147 insects, an almost four-fold increase compared to our 2001
study. The increase in sample size was nearly matched in scale by the increase in the number
of chromosomes detected (11 in VVSpq, 35 in VSp7), a striking result that has been observed
in at least one other study (Turri et al. 2001a; Turri et al. 2001b).

Chromosome effect sizes

The effects of suggestive (0.05 < p< 0.1) and significant (p < 0.05) chromosomes were
quite similar, although the chromosomes of largest effect tended to be significant rather than
suggestive. Suggestive chromosomes explained an average of 21 percent of the interspecific
difference, with values ranging from 1.5 to 86 percent, while significant chromosomes
explained an average of 32 percent and ranged from 1.7 to 165 percent.

Chromosome effects were small when measured as PVE, but larger in relation to the
interspecific difference explained. The two measures of effect size, though of different
magnitudes, were correlated (Supplementary Table 9). This tendency for loci to explain
more of the phenotypic difference between species than within the mapping population is
common in studies of non-domesticated animals (Morjan and Rieseberg 2004).

Chromosome effect sizes were larger in VSg; than in VSp7, consistent with the “Beavis
effect,” in which QTL effects are overestimated, and the number of QTL underestimated,
when sample sizes are small (Beavis 1998; Xu 2003). This pattern held true for all of traits
for which chromosomes were found in both years, and across the suggestive and significant
chromosome groups: in VS, the average chromosome explained 37 percent of the
interspecific difference, while in VVSp7, the average was 29 percent. We compared the effect
sizes of the six chromosomes which affected the same trait in both years, and found the
same pattern.

Most chromosomes affect multiple traits

Of the twenty chromosomes of at least suggestive significance, twelve were associated with
variation in two or more traits (Figure 4). Given that each chromosome is likely to contain
on the order of 500 transcribed genes, it is not surprising that individual chromosomes affect
multiple traits, and finding that a single chromosome affects multiple traits does not mean
that a single gene affects multiple traits. Indeed, even small genetic regions often harbor
more than one causal locus (Kroymann and Mitchell-Olds 2005; Studer and Doebley 2011),
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so it is quite possible that the “pleiotropy” we observed results from multiple coding or
regulatory sequences on a chromosome.

Nonetheless, the strong phenotypic correlation between traits in the VS insects (Table 2)
suggests that some loci affecting different aspects of host plant use are, if not pleiotropic, at
least genetically correllated, such that single chromosomes contain genes for several
different traits. Work in other systems has demonstrated that loci affecting related traits do
sometimes cluster together (Shaw and Lesnick 2009; Ferguson et al. 2010; Gould et al.
2010).

Antagonistic chromosomes

Twenty percent of the effects of the introgressed H. subflexa chromosomes were in the H,
virescens direction. Effect sizes were similar between chromosomes associated with H.
subflexa-like and H. virescens-like phenotypes. The surprising finding that chromosomes
from H. subflexa can have H. virescens-like effects suggests that there may be standing
variation within H. subffexathat encompasses H. virescens phenotypes. Such “antagonistic”
loci (those in the opposite direction of the difference between parental species) have been
found in other organisms (Gardner and Latta 2007; Albert et al. 2008), and are expected
when variation in adaptive traits is controlled by genes with pleiotropic effects, because
selection on a given trait may lead to the incidental fixation of antagonistic effects (Griswold
and Whitlock 2003). Alternatively, some H. subflexa chromosomes may have allelic or
epistatic interactions with the H. virescens background into which they were introgressed.

Context-dependent chromosome effects

The effects of H. subflexa-origin chromosomes varied between sexes, years, and genetic
backgrounds (Figure 5), suggesting that similar phenotypes were not necessarily produced
by the same chromosomes.

i. Different chromosomes in males and females—More than three-quarters of the
chromosomes had different effects in males versus females. Research on model organisms
has shown that the same alleles can have opposite effects in males and females (Nuzhdin et
al. 1997; Ober et al. 2008). While we found three chromosomes that fit this pattern, the other
fourteen that differed between the sexes had effects in the same direction in both sexes but
were significant in only one sex. In these cases, it is unclear whether our results are an effect
of sample size (such that a larger experiment would find statistical significance in both
sexes) or reflect a true difference between the sexes.

ii. Different chromosomes in different years—Thirty-five chromosome-phenotype
associations were detected in 2007, eleven in 2001. Six of these involved chromosomes that
were significant in both years and for the same traits, though only three had effects in the
same direction in both years. One chromosome (H20) was significant only in 2001. The five
remaining chromosomes detected in VSg; also had effects in VSy7, but affected different
traits in each year.

The difference in sample size probably accounts for much of the difference in the number of
associations detected, but an alternative explanation is that the effect of H. subflexa-origin
chromosomes depends upon the genetic background into which they are introgressed.
Because we did not map H. virescens-origin chromosomes, we cannot test the effects of
variation within H. virescens on the phenotypes observed. We do, however, know from
other experiments (Oppenheim, in prep.) that H. virescens harbors significant intraspecific
variation for use of Physalrs.
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A third possibility is that there is intraspecific variation in H. subflexa for use of Physalis. If
multiple alleles are associated with the loci on a chromosome, the effect of the chromosome
will differ depending on which allele is present. Such allelic series have been described in
maize, where the presence of multiple variants at a shared QTL results in very different
effects of the same QTL in different populations (Buckler et al. 2009).

iii. Different chromosomes in different families—Twenty-nine chromosome-
phenotype associations had effects that differed among the five VSy7 families
(Supplementary Figures 1-4). In many cases, the effects were in the same direction in all
families, even where their effects were not significant. In other cases, however, a
chromosome had strong effects in one family and no effect in others, possibly reflecting
truly different effects of the same chromosome in different populations.

Even within the VVSy7C lineage, we found 20 associations whose effects or significance
levels varied among families. The three VVSyp7C families represent a limited set of
haplotypes, because they are descendants of a single grandparental cross and because all /;
dams were sisters and all sires were brothers. Thus, we were interested to find variation not
just in the significance of the chromosomes associated with phenotypic variation, but also in
which chromosomes were associated with a trait and in the direction of phenotypic effects.
In several cases, a chromosome’s effects were in opposite directions in different families.

We are unsure how to interpret such diversity of chromosome effects among closely related
families. In other systems, intraspecific variation in complementary QTL (different regions
within a chromosome that contain QTL acting in opposite directions) results in QTL with
individual effects that are far larger than the effect of the chromosome as a whole (Lexer et
al. 2005). In our system, the individual effects of complementary QTL would be hidden by
the lack of recombination, and only their cumulative phenotypic effect would be seen. For
different sets of complementary QTL to explain why the effects of a single chromosome
vary within a lineage, these sets would have to be segregating in the /; population so that a
female might inherit either +/+ or +/- QTL on a chromosome.

Whatever the explanation, the same H. subflexa-like phenotype could be produced by
introgressing different H. subflexa chromosomes into the H. virescens background. It is
possible that there are many undetected loci contributing to these phenotypes, such that the
loci underlying the phenotype are actually the same in all populations, but different subsets
happen to be identified in each population. On the other hand, while identical phenotypes
may sometimes be controlled by the same genes in different populations (Piertney and
Webster 2010), there is accumulating evidence that “genotypic equivalence” (Weiss 2008)
—in which a variety of genotypes can confer the same phenotype—is widespread
(Arbuthnott 2009; DeFaveri et al. 2011; EImer and Meyer 2011). Thus it may well be that
host use traits in the different families we studied are indeed controlled by different
chromosomes.

The evolution and genetic architecture of host use

Host use differences between the specialist H. subflexa and the generalist H. virescens
involve variation in neurosensory, physiological, and behavioral traits. Given that we
investigated traits in each of these categories, we were curious as to whether different
categories would show evidence of differing genetic architectures.

The number of chromosomes affecting each trait was similar, as was the fraction of
chromosomes with H. subflexa-like versus H. virescens-like effects. We also found similar
levels of context dependence. Effect sizes were strikingly larger within particular
populations (e.g. in one sex or one family) than in the population as a whole, and average
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effect sizes were higher for context-dependent chromosomes than for main effect
chromosomes (Figure 6).

Chromosome effect sizes did differ between traits, but not in a manner that suggested an
overall distinction between neurosensory/behavioral and physiological traits. For one
behavioral trait, larval willingness to feed on Physalis, each chromosome accounted for an
average of 91 percent of the interspecific difference, but effect sizes for the second
behavioral trait, the number of holes bored in the calyx of Physalis, were more modest (8
percent, on average). Similarly, chromosome effect sizes for one physiological trait, the
percent change in larval weight, were noticeably lower than for the other traits examined
(accounting for an average of 3 percent of the interspecific difference), but effect sizes were
somewhat higher for larval assimilation efficiency, the second physiological trait (13
percent, on average).

Such relatively small effects are hard to reconcile with a simple explanation for
physiological adaptation to Physalis, such as tolerance of a host plant defense compound.
Instead, it seems that physiological performance on Physalis improves by incremental steps,
allowing natural selection to tinker with the component traits. While this pattern reduces the
likelihood that a candidate gene approach will succeed in identifying the genetic basis of
interspecific variation in performance on Physalis, it is consistent with previous findings that
Physalis-specific compounds have anti-feedant rather than acutely toxic effects on insect
herbivores (Ascher et al. 1987; Mareggiani et al. 2000; Mareggiani et al. 2001; Bado et al.
2004).

While differences between H. subflexaand H. virescens in willingness to feed on Physalis
were much less extreme than those witnessed in the D. sechellia / D. simulans system (in
which the generalist is actively repelled by the specialist’s host plant), the cumulative effects
of the main effect chromosomes we found completely account for the interspecific
difference in this trait.

The second behavioral trait, the number of holes in the calyx of Physalis, was designed as a
laboratory-based measure of a behavioral adaptation we identified in a previous study. The
significant chromosomes we found explain an average of eight percent of the interspecific
difference in the number of holes, and the main effect chromosomes cumulatively explain
thirty-four percent. Interestingly, the value of this behavior may be largely independent of
physiological performance on Physalis. While larval feeding and the number of holes were
phenotypically correlated (increases in hole number were associated with decreases in the
likelihood of feeding), we did not find evidence that the two traits are under shared genetic
control. In the proper ecological circumstances (i.e., when selection pressure from natural
enemies is high) these two traits might evolve independently: larvae that have poor
physiological performance on Physalis but are effective at using it as an escape from natural
enemies would be favored over those who feed more efficiently but leave themselves
vulnerable to parasitoids.

What implications do our results have for the evolution of host use? When one considers the
overall architecture of Physalis use it appears that adaptation to this host may be a mosaic of
many minor adaptive loci. Recent work in other insect herbivores (Forister et al. 2007)
suggests that host plant use consists of a large number of genetically uncorrelated traits, and
Nosil has hypothesized that even relatively weak ecological selection can promote
divergence and speciation when many genetically independent traits are subject to selection
(Nosil et al. 2009). In the H. subflexa / H. virescens system, it does not appear that genetic
changes of large effect (as might be involved in cases where the novel host has novel toxins)
are required for the use of Physalis by a non-adapted species like H. virescens. Instead, we
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suggest that behavioral changes probably paved the way for the generalist ancestor of H.
subflexaand H. virescensto adapt to Physalis. Willingness to feed on Physalis is an obvious
prerequisite to larval adaptation to Physalis, because any variation in other host use traits
will be functionally silent in the absence of feeding. An environment rich in natural enemies,
or one in which Physalis species were more abundant (or reliable) than other potential hosts,
would exert pressure for even physiologically unadapted larvae to use Physalis. Since
Physalis’s defense compounds do not appear to be toxic to unadapted larvae, a genetic
change that increased behavioral preference for Physalis could open up a niche with fewer
natural enemies (or competitors) and result in selection for improved physiological
performance. Whether such selection on a generalist like H. virescens could lead to H.
subflexa-like phenotypes, and whether the genetic architecture of these phenotypes would
resemble that seen in the present study, is the subject of ongoing research in our lab.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Single pair matings in 2001 and 2007. Sex chromosome states are shown only once, but are
the same in all seven families. Wg and Zg are the female and male sex chromosomes from

Heliothis subflexa, W\, and Zy, are the female and male sex chromosomes from H.

virescens.
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Figure 2.

Relationship between the amount of fruit eaten and the amount of weight gained in H.
subflexaand H. virescens. Regression line and 95% confidence interval are shown for each
species. For H. subflexa (grey dots) larval weight change = 0.8 + 5.5 x (amount of fruit
eaten); p< 0.0001. For H. virescens (black dots) larval weight change = 0.15 + 0.5 x
(amount of fruit eaten); p=0.1.
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Figure 3.

Phenotypic means for H. subflexaand H.virescens for the traits measured in this study. Error
bars represent the 95% confidence interval. Significance levels are indicated by the symbol
below each comparison: black dot = interspecific difference significant (p < 0.05); ns =
interspecific difference not significant.
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Twelve chromosomes with effects on two or more of the phenotypic traits measured.
Symbol shapes indicate the direction of the effect; symbol fill colors indicate the year(s) in
which the effect was significant.
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The effects and significance of some chromosomes differed between years, sexes, and
families. Shown here are examples of chromosomes with similar and opposite effects in
different populations. Bars are the additive effect of chromosome presence on larval
phenotype (i.e. the mean phenotypic difference between chromosome-present and
chromosome-absent larvae). Significance levels are indicated by the symbol above each bar:
Green dot = Significant (p < 0.05); Red dot = Suggestive (0.05 < p< 0.1); ns = not

significant.

Evolution. Author manuscript; available in PMC 2013 November 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Oppenheim et al.

Phenotypic effect

Phenotypic effect

Larval feeding

Page 23

Percent weight change

175 6
L]
150 7 B Main effects 541 [ Main effects
I Context-dependent effects [_] Context-dependent effects
251 4 T
L]
100
- I
75 H ] g
2 - L]
50
L] 1 |
25 .
L4 .
0 ——e— === 0 ® outliers
1"
PVE % species PVE % species 750
difference difference median
25th
L
Number of holes in calyx Assimilation efficiency ® outliers
16 25 [ ]
14 I Main effects ; Bl Main effects
] Context-dependent effects 20 1 [] Context-dependent effects *
T =
10 15 -
8 -
T
] +
4 . 5+ .
| ga = ES
0 -
0| ==
-2

PVE % species
difference

Figure®6.

PVE

% species
difference

Chromosome effects compared across four phenotypic traits. Results are shown separately

for main effect and context-dependent chromosome effects.
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Only measured when larval feeding occurred
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