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Abstract
Temporal reproductive isolation is currently a well-documented but
poorly-understood mechanism for divergence between incipient species. The
circadian clock regulates biological rhythms on 24-hour cycles and is potentially
involved in detection of seasonal variation in photoperiod, and genes in this
pathway are prime candidates for genetic control of both seasonal and circadian
shifts in mating time. The European corn borer, Ostrinia nubilalis, is a model for
how temporal isolation contributes to speciation, as the species’ E and Z
pheromone strains are temporally isolated from each other on seasonal and 24hour time scales. In this thesis, I examine how genetic variation within the O.
nubilalis clock is linked to life cycle timing in the Z strain and shifts in generation
number across a latitudinal cline, and how key circadian genes are differentially
expressed between the strains during scotophase, which may be triggering
divergence in the timing of pheromone release and subsequent mating.
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Rhythm & cues: circadian clock genes and temporal reproductive
isolation in the European corn borer moth (Ostrinia nubilalis)

CHAPTER 1
Introduction
ECOLOGICAL SPECIATION
The biological species concept posits that new species arise due to the
accumulated effects of reproductive isolating barriers that limit gene flow
between populations (Mayr, 1942; Coyne & Orr, 2004). There are many different
types of isolating barriers, and the relative contribution of each varies widely from
species to species, depending on the recency and manner of divergence. Prezygotic barriers occur before zygotes form and are widespread among animals
and plants. An important type of pre-mating barrier is temporal isolation, in which
differences in ecology are thought to drive differences in breeding time between
individuals of different species, races, or strains (Coyne & Orr, 2004). Some shifts
in mating time are dramatic, with species or strains mating in different years or at
different times of the year (e.g., apple and hawthorne races of Rhagoletis
pomonella (Dambroski & Feder, 2007) and green lacewing moths (Tauber et al.,
1977)). Other shifts in mating time are subtle but still lead to significant temporal
isolation. In some broad-spawning marine organisms such as corals, closely
related species are temporally isolated by the release of gametes only a few hours
apart (Coyne & Orr, 2004; Levitan et al., 2004).
In many cases, the ecological factors driving variation in mating time are
known, such as correspondence with host plant life cycles or different responses
to similar environmental cues. Despite this, we know little about the genetic
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mechanisms of temporal isolation. In some instances, the origin of temporal
isolation is non-genetic, as in the case of the pink salmon, Oncorhyncus
gorbuscha, which developed even- and odd-year breeding lines in some regions
after environmental disruption, and subsequently diverged genetically (Aspinwall,
1974). These situations are predicted to be rare (Coyne & Orr, 2004), as many
studies have found evidence of a genetic component to temporal isolation (e.g.,
Monti et al., 1997; Dambroski et al., 2005; Maes et al., 2006). Few studies,
however, have identified specific genetic loci causing differences in life cycle and
reproductive timing. For example, Tauber et al. (1977) found two genes
controlling seasonal response to photoperiod and differences in generation
number in green lacewings (Tauber & Tauber, 1977; Tauber et al., 1977). The
fruit flies Drosophila melanogaster and D. pseudoobscura, have different
temporal patterns of activity that are determined by the period gene (Tauber et al.,
2003), and two loci have been linked to spawning time and temporal isolation in
populations of the Chinook salmon, Oncorhynchus tshawytscha (O’Malley et al.,
2007). Identifying the genetic mechanisms of speciation is challenging because
emergence of new species is difficult to observe in real-time and post-divergence
drift is likely to result in the accumulation of additional genetic variation. Despite
these challenges, using present genetic patterns is our best approach for inferring
past events.

THE CIRCADIAN CLOCK
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Mechanistic explanations for circadian and seasonal temporal reproductive
isolation might be tied to genes of the circadian clock. The circadian clock has a
timekeeping component that synchronizes biological rhythms with 24-hour cycles
of light and dark (Zheng & Sehgal, 2008). Because of the photoreceptive
component of the clock, it is key to the ability to distinguish night from day, and
to synchronize biological activity with proper temporal environments. Survival
and reproduction are dependent on timing activity to correspond with availability
of food or mates and avoidance of potential predators and adverse environments.
Many biological processes, such as locomotion (Grima et al., 2004) and olfaction
(Krishnan et al., 1999), function downstream of the clock in D. melanogaster
(Hardin, 2005), and therefore shifts in the clock are likely to have effects on a
range of behavioral and life cycle traits (Kyriacou et al., 1990; Miyatake, 2002).
The circadian clock may also function in organisms’ ability to distinguish
photoperiod, the length of daylight hours in a day. Because photoperiod varies
from season to season, photoperiod detection is critical for appropriate responses
to seasonally changing environments. The theory that the clock is required for
photoperiod measurement was developed as early as the 1930’s (Bünning, 1936,
1960), long before genetic mechanisms of the clock were understood. While the
clock appears to be correlated with, but not required for, photoperiod detection in
the pitcher plant mosquito Wyeomyia smithii (Bradshaw et al., 2003; Meuti &
Denlinger, 2013), there is evidence that the Drosophila clock is able to relay
information about photoperiod via distinct day- and night-active neurons that
alternately control the circadian pathway (Stoleru et al., 2007). Pigment-
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dispersing factor, a neuropeptide produced by insect clock neurons, is required for
initiation of seasonal dormancy in the fly Protophormia terraenovae (Shiga &
Numata, 2009) and regulates light entrainment and nocturnal rhythms in the
cricket Gryllus bimaculatus (Hassaneen et al., 2011). This could point to a shared
neural network for both circadian and seasonal timekeeping and a central role for
the circadian clock in photoperiod detection and seasonal rhythms.

The Drosophila circadian clock pathway
Most of our contemporary knowledge of insect circadian clocks has been
derived from D. melanogaster (Dunlap, 1999; Giebultowicz, 1999, 2000; Hall,
2003; Sandrelli et al., 2008). In Drosophila, the clock pathway is comprised of
two central negative feedback loops that interlock via the clock gene, clk. In the
first loop, the proteins TIMELESS (TIM) and PERIOD (PER) form a heterodimer
during dark hours. In the presence of light, the blue light photoreceptor
CRYPTOCHROME (dCRY) (Emery et al., 1998; Stanewsky et al., 1998;
Cashmore, 1999) interacts with TIM (Figure 1.1). This interaction triggers
phosphorylation by the kinase SHAGGY (SGG) and ubiquitinization by the F-box
protein JETLAG (JET), tagging TIM for degradation (Ceriani et al., 1999). After
breaking of the PER/TIM heterodimer, the resulting PER monomer is
phosphorylated by the kinase DOUBLETIME (DBT) (Price et al., 1998) and
targeted for degradation via the ubiquitin-proteasome pathway by the F-box
protein SUPERNUMERARY LIMBS (SLIMB) (Grima et al., 2002; Ko et al.,
2002). As a heterodimer, PER/TIM inhibit a second heterodimer formed by CLK
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and CYCLE (CYC) (Hardin, 2005; Zheng & Sehgal, 2008); degradation of PER
releases this inhibition, allowing CLK/CYC to bind to the E-box sequences of a
number of circadian genes, activating their transcription (Hall, 2003; Sandrelli et
al., 2008).
In the second negative feedback loop, the proteins VRILLE (VRI) and
PAR-DOMAIN PROTEIN 1 (PDP-1) interact with the V/P binding site in the
promoter of clk (Figure 1.1). Like per and tim, transcription of vri and pdp-1 is
activated by CLK/CYC binding to their promoters (Cyran et al., 2003). Protein
levels of VRI peak first, binding to the V/P site and repressing clk transcription
(Blau & Young, 1999; Sandrelli et al., 2008). PDP-1 eventually displaces VRI,
activating clk transcription again (Blau & Young, 1999; Cyran et al., 2003). The
entire clock mechanism has other components that are not yet fully-elucidated,
including CLOCKWORK ORANGE (CWO) and NEJIRE (NJR), which likely
aid in maintenance of rhythmicity via transcriptional regulation (Sandrelli et al.,
2008).
While the Drosophila clock is certainly the best understood of all insect
circadian clocks, next-generation sequencing has allowed for deeper analysis of
clocks in mammals, plants, and non-model insect species. Mammals have two
light-independent cryptochromes which directly regulate levels of three distinct
PER proteins (Vitaterna et al., 1999; Clayton et al., 2001), and the CYC homolog
BMAL1 is the primary driver of rhythmic transcription of per, instead of clk
(Clayton et al., 2001; Sandrelli et al., 2008). In Lepidoptera, only one PER has
been found, but there are two cryptochromes – CRY1, which resembles dCRY,
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and CRY2, which is light-insensitive and functions as a repressor of CLK/CYC
(Figure 1.1), similar to the mammalian CRYs (Zhu et al., 2005, 2008; Meuti &
Denlinger, 2013).

Clock genes and intra- and interspecific variation in mating time
A number of circadian clock genes and downstream clock-controlled
genes have been demonstrated to contribute to variation in mating time. Several
clock-controlled genes control daily and seasonal flowering timing in Arabidopsis
thaliana (Fowler et al., 1999; Hicks et al., 2001; Suarez-Lopez et al., 2001).
Variation in cry contributes to differences in circadian mating time in strains of
the melon fly Bactrocera cucurbitae (Fuchikawa et al., 2010) and is linked to
adult emergence timing in D. melanogaster (Pegoraro et al., 2014). Genetic
differentiation in the clock homolog OtsClock1b in Chinook salmon contribute to
variance in migratory and spawning time (O’Malley et al., 2007). Variation in per
has been associated with divergence of daily mating cycles in B. cucurbitae
(Miyatake et al., 2002) and D. melanogaster (Sakai & Ishida, 2001; Tauber et al.,
2003), and with determination of generation number (voltinism) and thus seasonal
mating times in Papilio glaucus and P. canadensis (Putnam et al., 2007; Kunte et
al., 2011).
While clock genes are clearly impacting phenological differences in life
cycle timing within some species, it is unclear whether this variation exists
between species, and if these loci contributed to divergence during speciation.
Ultimately, the link between genetic and regulatory variation in the clock and
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speciation has not been established, but studies of clock genes and temporal
isolation in incipient species may help fill this gap.

STUDY SYSTEM
Species that have been diverged from each other for extensive amounts of
time may show differences in mating time due to post-speciation factors, such that
studies of circadian gene variation and activity would not be informative for
explaining the initial speciation event. Because of this, the ideal study system for
understanding how variation in mating timing actively contributes to speciation is
one whose lineages are recently diverged and not fully reproductively isolated
from each other. The European corn borer moth, Ostrinia nubilalis, is appropriate
for this reason, as it still currently exchanges genes and is in the early stages of
speciation.

Demographics of the European corn borer
The European corn borer (ECB) is an invasive plant pest with an extensive
geographic range. Although native to Europe, northern Africa, and parts of Asia,
it was accidentally introduced to the East coast of North America around 1910 in
shipments of broomcorn imported from Italy or Hungary (Caffrey & Worthley,
1927). The species has since spread westward across the United States, reaching
past the Mississippi River within four decades and as far as the Rocky Mountains
within seven (Beck & Apple, 1961; Showers, 1981; Figure 1.2). ECB is an
agricultural pest, burrowing into the leaves and stalks of its host plants as larvae,

8

often causing major structural damage. Varieties of corn (Zea mays) are preferred
hosts for ECB, though the species is polyphagous and can attack a wide range of
agriculturally-important and wild plants (Caffrey & Worthley, 1927).
In the U.S., ECB is comprised of two pheromone strains that are over 99%
reproductively isolated from each other (Dopman et al., 2010). Females of the Z
strain produce a pheromone blend that has a 3:97 ratio of the E and Z isomers of
11-tetradecenyl acetate (E11-14:OAc and Z11-14:OAc). In contrast, the E
pheromone strain produces E and Z11-14:OAc in a ratio of 99:1 (Roelofs et al.,
1972; Kochansky et al., 1975). Because of these differences in pheromone blend,
the two strains are behaviorally isolated, as males respond preferentially to the
pheromone blend produced by females of their own strain. Assortative mating
within the pheromone strains is an effective barrier to hybridization (Glover et al.,
1990; Dopman et al., 2004).

Temporal reproductive isolation in ECB
The two pheromone strains are also found to be temporally isolated.
Sympatric Z and E strains are commonly allochronic across the growing season
due to differences in generation number. Two-generation bivoltine-E (BE) and
one-generation univoltine-Z (UZ) populations in New York show minimal
overlap in their breeding times, leading to incomplete seasonal temporal isolation
(Glover et al., 1991; Dopman et al., 2010).
In addition to seasonal temporal isolation, the two strains of ECB show
circadian temporal isolation. Like many moths, mating in ECB occurs during the
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dark hours (scotophase). Peak mating activity during scotophase occurs at
different times for Z and E strain moths (Liebherr & Roelofs, 1975; Dopman et
al., 2010). Combined, temporal differences in life cycle and mating are predicted
to prevent over 80% of inter-strain matings (Dopman et al., 2010).

Genetics of temporal reproductive isolation in ECB
We are just beginning to under the genetic basis of variation in seasonal
and circadian timing in ECB. ECB overwinter by entering a dormant state known
as diapause, and voltinism is determined by the length of time it takes to pupate
and eclose after emergence from diapause, known as post-diapause development
time (PDD). PDD is controlled by a quantitative trait locus (Pdd) on the Z sex
chromosome (Glover et al., 1992; Dopman et al., 2005). Pdd is predicted to be
located within a ~4 Mb inversion on the Z chromosome; this inversion between
the E and Z strains suppresses recombination and contributes to reproductive
isolation between the strains (Kroemer et al., 2011; Wadsworth et al., 2015).
Several Z-linked circadian genes, including period and clock, are predicted to be
either within or near the inversion.
Due to the active contribution of circadian clock genes to variation in
mating time in other species, as well as the proximity of some clock genes to the
major locus determining voltinism in ECB, we predict that clock genes are good
candidates for control of seasonal timing and daily mating patterns. These genes
may also restrict gene flow and factor into the evolutionary divergence between
the E and Z pheromone strains.
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RESEARCH OBJECTIVES
In this work, we examine the extent to which circadian clock genes
contribute to variation in life cycle timing and temporal reproductive isolation
between the E and Z strains of the European corn borer. Chapter 2 investigates
within-strain variation in life cycle timing by measuring Z-strain allele
frequencies in a number of sex-linked and autosomal genes along a geographic
transect. This transect encapsulates a latitudinal cline in voltinism, as portions of
the range overlap with populations that have different generation numbers. From
this study, we identify several circadian genes whose variation is associated with
latitude, including one, period, with a cyclical allele frequency that matches shifts
between voltinism ecotypes. Chapter 3 characterizes circadian temporal isolation
in ECB and assesses how differences in circadian and olfactory gene expression
may be contributing to divergence in mating times within the 24-hour daily cycle.
We find that the same circadian gene, period, is differentially expressed and
highly genetically differentiated between pheromone strains, and may be
contributing to reproductive isolation at both circadian and seasonal time scales.
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FIGURES

Figure 1.1. Simplified pathway of the Lepidopteran circadian clock. During
the day, light activates the blue light photoreceptor cryptochrome1. CRY1
interacts with the timeless (tim) protein TIM, causing TIM to be phosphorylated
by SGG and ubiquitinized by JET, promoting TIM degradation. The PER
monomer is phosphorylated by DBT and tagged for degradation by SLIMB.
Breaking of the PER/TIM heterodimer releases inhibition of activity of the
CLK/CYC heterodimer. CLK/CYC regulates expression of other circadian genes
by binding to E-box sequences in their promoters. The light-independent CRY2
functions as a transcriptional repressor of clock (clk). A second feedback loop is
comprised of VRI and PDP-1, which bind to the V/P box of the clk promoter
cyclically. VRI binding inhibits clk expression, until PDP-1 accumulates and
displaces VRI, activating clk expression.
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Figure 1.2. Map of range and voltinism of the European corn borer in the
United States. Numbers indicate the number of generations per season, and color
indicates range of that voltinism type. 1-2, 2-3, and 3-4 represent ecotypes of
mixed voltinism, i.e. where univoltine and bivoltine populations co-occur. Figure
generously shared by Shoshanna Kahne.
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CHAPTER 2
Explaining the sawtooth: latitudinal periodicity in a circadian
gene correlates with shifts in generation number

Manuscript published:
Levy, R. C., Kozak, G. M., Wadsworth, C. B., Coates, B. S., and Dopman, E. B.
2015. Explaining the sawtooth: latitudinal periodicity in a circadian gene
correlates with shifts in generation number. Journal of Evolutionary Biology
28:40-53.
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ABSTRACT
Many temperate insects take advantage of longer growing seasons at lower
latitudes by increasing their generation number or voltinism. In some insects,
development time abruptly decreases when additional generations are fit into the
season. Consequently, latitudinal “sawtooth” clines associated with shifts in
voltinism are seen for phenotypes correlated with development time, like body
size. However, latitudinal variation in voltinism has not been linked to genetic
variation at specific loci. Here we show a pattern in allele frequency among
voltinism ecotypes of the European corn borer moth (Ostrinia nubilalis) that is
reminiscent of a sawtooth cline. We characterized 145 autosomal and sex-linked
SNPs and found that period, a circadian gene that is genetically linked to a major
QTL determining variation in post-diapause development time, shows cyclical
variation between voltinism ecotypes. Allele frequencies at an unlinked circadian
clock gene cryptochrome1 were correlated with period. These results suggest that
selection on development time to ‘fit’ complete life cycles into a latitudinally
varying growing season produce oscillations in alleles associated with voltinism,
primarily through changes at loci underlying the duration of transitions between
diapause and other life history phases. Correlations among clock loci suggest
possible coupling between the circadian clock and the circannual rhythms for
synchronizing seasonal life history. We anticipate that latitudinal oscillations in
allele frequency will represent signatures of adaptation to seasonal environments
in other insects and may be critical to understanding the ecological and
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evolutionary consequences of variable environments, including response to global
climate change.
Keywords: latitudinal cline, voltinism, circadian rhythms, diapause,
phenology, seasonality, developmental timing
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INTRODUCTION
Due to seasonal fluctuations in temperate climates, organisms face
continuous challenges in synchronizing their life cycles to resource availability
(Tauber & Tauber, 1981; Forrest & Miller-Rushing, 2010). Fitness and survival
will be maximized when growth and reproduction coincide with favorable
climatic conditions and peaks in resources such as food or available mates.
Similarly, survival can be improved by synchronizing dormancy with periods of
diminished resources (Tauber et al., 1986). In this way, environmental
fluctuations over time result in annual rhythms in the major life history phases of
growth, reproduction, and dormancy.
Overlaid on seasonal variation in climate is geographic variation in the
length of time in which growth and reproduction can take place (season length).
Season length has additional consequences for life cycle synchronization. At high
latitudes and altitudes, long winters result in extended periods of dormancy
compared to brief periods of growth and reproduction (Montesinos-Navarro et al.,
2011). As latitude decreases, season length increases and the critical
environmental conditions which induce dormancy occur later in the year, while
the conditions that signal dormancy termination occur earlier (Forrest & MillerRushing, 2010; Hut et al., 2013). These changes to dormancy can subsequently
shift the timing of growth and reproduction and possibly also produce variation in
the number of generations produced per season (Tauber & Tauber, 1981; Tauber
et al., 1986). Establishing the connection between climate, generation number,
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and the evolution of life history phases is critical to understanding adaptation to
current climates and predicting responses to future global climate change.
In insects, research on the number of generations per season (voltinism),
has described how voltinism varies with latitude and the possible connection to
latitudinal variation in dormancy. Insect dormancy (diapause) is characterized by
low metabolic activity and developmental arrest, with the timing of diapause
determining the subsequent timing of metamorphosis and adult emergence
(Tauber & Tauber, 1981; Tauber et al., 1986). Changes in diapause timing have
often been linked to biotic factors such as host plant phenology (Feder et al.,
1993; Dambroski & Feder, 2007). However, changes in diapause timing are also
often correlated with latitudinal variation in abiotic factors such as photoperiod
and temperature (reviewed in Hut et al., 2013). For example, latitudinal variation
exists with respect to the critical photoperiod required to induce diapause among a
wide range of insects, including wasps (Nasonia: Paolucci et al., 2013), moths
(Ostrinia: Showers, 1981; Huang et al., 2013; Chiasmia: Välimäki et al., 2013),
butterflies (Papilio: Valella & Scriber, 2003; Sericinus: Wang et al., 2012),
crickets (Pteronemobius: Masaki, 1978), and mosquitos (Wyeomyia: Bradshaw et
al., 2003). The parallel clines in voltinism and diapause timing support diapause
as a key life-history phase in life-cycle synchronization.
Latitudinal clines in dormancy-related traits are often continuous.
However, in many insects they show stepped “sawtooth” clines which reflect how
voltinism and the duration of dormant life stages change with increasing season
length (Roff, 1980; Tauber & Tauber, 1981). Generally, the length of time to
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complete a given life stage may gradually increase along with season length until
a critical point is reached at which the season length supports an additional
generation. At this tipping point, an additional generation will be selectively
favored to maximize the intrinsic rate of natural increase (r) of the population
(Fisher, 1930), but to ‘fit’ all generations into the season, selection will also favor
decreases in the duration of one or more life stage(s) (Roff, 1980). For example,
successful completion of an additional generation may require reaching a dormant
life stage before the onset of winter or synchronizing growth with host plant
phenology. Under this seasonal fitting model, abrupt shifts from long to short
developmental periods are expected to repeat latitudinally as subsequent critical
points for additional generations are encountered (Masaki, 1978a; Roff, 1980).
Evidence supports the existence of sawtooth clines in developmental duration and
the length of the diapausing life stage (Blanckenhorn & Fairbairn, 1995),
sawtooth patterns in correlated traits such as body size (reviewed in Kivela et al.,
2011; Shelomi, 2012), and the contribution of temperature and host plant
availability to these patterns (Scriber & Lederhouse, 1992; Ayres & Scriber,
1994; Scriber, 2002). When sawtooth clines are present, we expect genes
associated with life stage duration to show cyclical changes in allele frequency
corresponding to transitions from long to short duration, with environmental
variation producing gradual increases in the trait and contributing to the observed
“sawtooth” phenotypic pattern. However, this idea that periodicity in allele
frequency could be related to shifts in voltinism has not been explicitly tested.
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In contrast to the sawtooth clines work, a substantial body of research has
quantified allele frequency variation related to continuous changes in dormancyrelated traits. Most of this research has been on model systems such as
Arabidopsis (Stinchcombe et al., 2004; Grillo et al., 2013) and Drosophila
(Muona & Lumme, 1981; Schmidt & Paaby, 2008; Tyukmaeva et al., 2011). For
example, adult Drosophila enter reproductive diapause during the winter and
resume oogenesis in the spring. The onset of diapause varies continuously with
latitude (Muona & Lumme, 1981; Schmidt & Paaby, 2008; Tyukmaeva et al.,
2011) and has been correlated with linear allele frequency changes in insulin
receptors (Paaby et al., 2010) and circadian genes (including period: Costa et al.,
1992, timeless: Sandrelli et al., 2007; Tauber et al., 2007. and couch potato:
Cogni et al., 2014). Applying a similar approach to species that vary latitudinally
in voltinism could relate specific genetic changes to synchronization with
seasonal environments and the evolution of voltinism.
An ideal system for associating clinal genetic variation directly with
changes in voltinism is the European corn borer moth (Ostrinia nubilalis). The
European corn borer (ECB) was introduced to North America in the early 20th
century with imported crops from Europe (Caffrey & Worthley, 1927). Since its
introduction to the Atlantic Coast, ECB has spread west to the Rocky Mountains
and south to the Gulf Coast and has remained a persistent pest of cultivated corn
crops (Beck & Apple, 1961; Showers, 1981). Two different pheromone strains
were introduced to North America. E-strain females produce and males respond to
a pheromone comprised mainly of the E-isomer of 11-tetradecenyl acetate,
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whereas Z-strain moths use a blend that is primarily the Z- isomer (Kochansky et
al., 1975). Differences in pheromone blend contribute to reproductive isolation
between strains (Kluns, 1975; Dopman et al., 2010), as does voltinism, which
varies within and between strains from one (univoltine) to three or more
generations (multivoltine) (Showers, 1981; Glover et al., 1992; Dopman et al.,
2010). E and Z strains coexist along the Atlantic Coast. All Midwestern
populations are Z-strain and populations are univoltine in the north and increase
in voltinism further south (Figure 2.1A; Showers, 1981).
Voltinism in ECB is determined in part by diapause induction and
termination. The onset of diapause is triggered in larvae by a combination of
photoperiodic and temperature cues (Beck & Apple, 1961; McLeod & Beck,
1963). Diapause termination is also photoperiod- and temperature-dependent and
shows variation in ECB (Supplemental Figure S2.1). A 30-day shift in postdiapause developmental (PDD) timing exists between bivoltine (short PDD) and
univoltine (long PDD) populations in New York. Variation in PDD has been
mapped to a QTL called Pdd on the Z chromosome (Glover et al., 1992; Dopman
et al., 2004, 2005; Wadsworth et al., 2013, 2015). Given this known variation in
the duration of diapause termination, we predicted that this trait may show a
sawtooth-like pattern across latitude associated with shifts in voltinism (Figure
2.1B).
By studying genetic variation along a latitudinal cline, where populations
are known to differ in voltinism, we can begin to understand the genetic basis for
the evolution of seasonal timing. In this study, we sampled variation in Z
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chromosome and autosomal genes in Midwestern populations of ECB along a
cline in voltinism ecotypes (Figure 2.1A). We predicted that loci involved in
seasonal adaptation could show several patterns. First, response to continuous
environmental gradients of temperature or photoperiod could produce a linear
relationship between allele frequency and latitude. Second, given the changes in
voltinism observed in North American populations of ECB, we might see abrupt
shifts in frequencies corresponding to changes in voltinism ecotype (Figure
2.1B,C). Third, due to the possibility that the duration of post-diapause
development could vary along with season length, we predicted that any sawtooth
patterns in developmental duration might produce periodic oscillations in allele
frequencies, such that selection for short and long developmental durations would
produce a cyclical pattern across the latitudinal cline (Figure 2.1B,D). In addition,
we used pedigree mapping families to determine if associations among markers of
interest were the result of physical linkage to each other or with the Pdd locus.

MATERIALS AND METHODS
Sample collection
Adult male moths were collected in 2005 using pheromone traps as
described in Kim et al. (2009) at ten locations spaced at 80.5 km (50 mile)
intervals across a 724.2 km (450 mile) north-south transect centered at Ames,
Iowa, USA, and extending south into Missouri (38.8o N) and north into Minnesota
(45.3o N) (Figure 2.1A; Supplemental Table S2.1). A total of 24 individuals from
each location (n = 240) were subsampled from those described in Kim et al.
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(2009), corresponding to a brief time window of 21 days during the presumed
second generation mating flight of 2005 (19 July through 9 August).

Genotyping assays
Adult moths were stored at -20oC and individual DNA extractions were
conducted using Bio-Rad’s Aqua Pure isolation kit (Bio-Rad, Hercules, CA) (see
Kim et al., 2009). Individuals were genotyped using 194 single nucleotide
polymorphism (SNP) markers in seven PCR multiplex reactions on a Sequenom
MassARRAY® (Sequenom, San Diego, CA). Five of these assays were previously
designed from polymorphic sites in expressed sequence tags (ESTs) as described
in Coates et al. (2011) and included seven Z chromosome and 187 autosomal
markers (labeled by contig number). Individuals were also genotyped for 42 SNP
loci on newly designed Sequenom assays. A total of 42 SNP loci from 32 PCR
products were incorporated into two multiplex assays. Polymorphic SNPs were
identified from aligned Sanger sequencing reads of PCR amplified products from
46 unique primer pairs. Specifically, genomic DNA from eight individuals (two
individuals from each of four locations 45.3o, 43.1o, 40.9o, 38.8o) were used as
PCR template and the resulting products were sequenced at the University of
Chicago Comprehensive Cancer Center DNA Sequencing Facility. Sequence data
were aligned using CLC Main Workbench 6 (CLC Bio, Aarhus, Denmark) to
identify putative polymorphic sites. Sequenom assays were developed for
polymorphic SNPs (Sequenom Assay Design Suite 1.0, Sequenom, San Diego,
CA, USA). Of these markers, 29 were putatively located on the Z chromosome,
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12 were in putatively diapause-associated at autosomal genes, and one was in
mitochondrial DNA (mtDNA) (Supplemental Table S2.2; loci labeled by primer
name). All SNP assays were run at the Iowa State University Center for Plant
Genomics (ISU-CPG). One additional autosomal locus, cryptochrome1, was
genotyped in all individuals for an insertion-deletion polymorphism by agarose
gel electrophoresis of differentially sized PCR products. Two individuals
homozygous for each of the three allele types were Sanger sequenced to verify
that these products were alleles of cryptochrome1.

Genetic linkage of markers
Physical linkage of markers was determined by genotyping four ECB Zstrain pedigree families. Univoltine Z-strain moths were derived from a stock line
at the Geneva Agricultural Station and maintained at Tufts University, and
bivoltine Z-strain moths were collected from a field site in East Aurora, NY in
2011. Univoltine males were crossed to bivoltine females, and F1 hybrid male
progeny were then backcrossed to bivoltine females. DNA was isolated using
DNeasy kits (Qiagen, Venlo, The Netherlands). For each family, the initial
parents, backcross parents, and all female offspring were genotyped on the seven
Sequenom assays at the ISU-CPG. Only female offspring were genotyped due to
expected hemizygosity at all Z-linked SNP markers, which allowed differentiation
from heterozygous autosomal markers. We genotyped four families: Family 1 (67
female offspring), Family 2 (78 offspring), Family 3 (66 offspring), and Family 4
(75 offspring). Data from Families 1-3 were used to construct autosomal linkage
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groups; data from Families 1-4 were used to determine Z-linkage (Family 4 was
genotyped only for putatively Z-linked loci). Cryptochrome1 was genotyped via
Sanger sequencing in ten individuals per family for Family 2 and 4. Genetic
linkage maps were constructed separately in each family using R (R Core Team,
2013) and the R/QTL package (Arends et al., 2010; Broman & Sen, 2010).
Linkage groups were formed using the estimate map function, a minimum LOD
of 3 and a maximum recombination frequency of 0.35. Linkage groups with more
than two markers were exported for each family. Linkage groups were merged
between families based on shared markers, and additional markers were added to
the consensus linkage map from the SNP-based genetic map previously generated
for O. nubilalis (Supplemental Table 3 in Coates et al., 2013).
Female backcross offspring from were also phenotyped for post-diapause
development time (PDD). Diapause was induced by rearing larvae from eggs
under short day conditions (12:12 light:dark, 23oC). After 35 days, diapausing 5th
instar larvae were transferred to long day conditions (16:8, 26oC). Larvae were
checked every other day and PDD was measured as the number of days from
being placed in long day conditions until pupation.

Marker annotation
Marker annotations were obtained using the whole genome assembly of
the related silkworm, Bombyx mori (Integrated sequences, September 2008
version, accessed at KAIKObase:
http://sgp.dna.affrc.go.jp/pubdata/genomicsequences.html). The blastn algorithm
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was used to determine synteny between ECB linkage groups and the B. mori
chromosomes. In addition, marker sequences were queried against the NCBI nonredundant protein database using the blastx algorithm. Sequences for markers of
interest were aligned using Clustal Omega (Sievers et al., 2011).

Data analysis
Allele frequency variation with latitude
The relationship between allele frequency and latitude was tested for each
marker using linear regression in R. To graphically compare the magnitude of the
relationship between latitude and allele frequency across markers, the estimated
slope from the linear regression for each marker was used to calculate a
“standardized” allele frequency at three points (-1, 0, 1). All slopes were plotted
so they were increasing. Pearson Product-Moment Correlation tests were used to
compare patterns of variation between markers with significant relationships with
latitude. Plots were made using the R packages ggplot2 (Wickham, 2009) and
corrplot (Wei & Wei, 2015). False discovery rate correction for multiple testing
(q-value) was calculated in the fdrtool package (Strimmer, 2008).

Allele frequency variation with voltinism
At least three distinct voltinism ecotypes have been identified in
Midwestern ECB that produce one, two or three generations per season (Showers
et al., 1975). Populations from the one to two generation region may contain a
mixture of the one and two generation ecotypes or may be a distinct ecotype
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(producing a second generation in some years but not others: Showers, 1981) but
for simplicity, we refer to this as the 1-2 generation ecotype. Therefore, grouping
populations by voltinism resulted in three ecotypes: 1) one to two generations (the
two northernmost sites: 44.6o and 45.3oN), 2) two generations only (the central six
sites: 40.2o-43.9o), and 3) two to three generations (the two southernmost sites:
38.8o and 39.5o). Genetic differentiation between ecotypes was measured by
calculating FST’ among voltinism groups using the Weir and Cockerham
correction (Weir & Cockerham, 1984) in the R package HierFstat (Goudet, 2004).
Loci with greater than expected differentiation were detected in two ways. First,
the significance of differentiation between voltinism ecotypes was assessed for
each locus by Fisher’s allelic goodness-of-fit test in HierFstat (Goudet, 2004;
Goudet & Goudet, 2013). P-values associated with these G statistics were
determined using 200 permutations of random assignment of the data into
alternate groups. Second, an explicit FST outlier test was performed using Fdist as
implemented in the Java program Lositan (Beaumont & Nichols, 1996; Antao et
al., 2008). Data were converted from Fstat format using the program PGDspider
(Lischer & Excoffier, 2012). In Lositan, neutral FST was estimated from the data
set in an initial run and then 50,000 simulations were performed to identify
outliers. Outliers for directional selection were loci in which the locus-specific FST
was greater than the population-level FST in 97.5% or more of the simulations.

Allele frequency variation with population
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Total and pairwise FST’ were estimated for all ten populations for all
markers in HierFstat. Isolation by distance (IBD) models assume that genetic
differentiation is positively related to the geographic distance between
populations (Wright, 1943). Evidence for a linear relationship between
geographic distance and pairwise population FST’ estimates was tested using a
Mantel test in the program IBDWS version 3.23 (Jensen et al., 2005). Mantel tests
were calculated using 1) pairwise FST’ for all markers and 2) pairwise FST’
calculated using only the 131 markers without a significant linear relationship
between latitude and allele frequency. In addition, outlier analyses were
performed among all 10 populations in HierFstat and Fdist (similar to those
performed among voltinism ecotypes).

Cyclical patterns in allele frequency
It was hypothesized that some loci might show cyclical or periodic
patterns associated with differences in developmental duration that would not be
easily detected in a linear regression of allele frequencies on latitude (Figure 1D).
Periodicity in allele frequency was tested using the Jonckheere-Terpstra-Kendall
algorithm, a non-parametric test of periodicity as implemented in the R package
JTK cycle (Hughes et al., 2010; Deckard et al., 2013). Our data set contained 10
data points (populations) and JTK cycle tested for cyclic patterns that completed
one full cycle between 5 to 9 data points, estimating the cycle and amplitude, then
calculating a Bonferroni corrected p-value for periodicity.
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RESULTS
Single nucleotide polymorphism (SNP) genotyping
Samples were genotyped for one mtDNA, 38 Z-linked, and 155 autosomal
SNPs using Sequenom assays. All 194 markers produced base calls for at least
one sample. The mean number of individuals successfully genotyped was 210.8 ±
42.9 per SNP, with a median of 225 individuals. After quality filtering of SNPs
with low polymorphism (see Supplemental Table S2.3), 145 SNP markers (Zlinked: 35 markers from 21 loci, autosomal: 109 markers from 101 loci, mtDNA:
1 locus), and one autosomal polymorphic indel locus were retained for statistical
analyses.

Genetic linkage of molecular markers
We generated 30 linkage groups with more than three markers using the
combined data from our pedigree families (mean markers per linkage group = 9.6,
median = 5, range = 3-35). Correspondence of our groups to B. mori
chromosomes is listed in Supplemental Table S2.4. All putative Z-linked markers,
with one exception (537), showed evidence for sex linkage in our pedigrees based
on lack of heterozygous genotypes for hemizygous females. Sanger sequence data
of cryptochrome1 in Families 2 and 4 suggested that the marker was autosomal
due to observed female heterozygotes, but this marker could not be placed in a
linkage group.

Allele frequency variation with latitude

29

Eleven of the 110 polymorphic autosomal markers (10.0%) and four of the
35 Z-linked markers (11.4%) showed significant correlations between allele
frequency and latitude (Supplemental Table S2.5; p < 0.05; FDR corrected 0.133
< q < 0.497). The magnitude of the standardized slopes between allele frequency
and latitude are compared in Supplemental Figure S2.2A; marker-specific slopes
are shown in Supplemental Figure S2.3. Cryptochrome1 (cry1) showed three
indel alleles and the major allele showed a significant correlation between allele
frequency and latitude (r = -0.75, p = 0.012, q = 0.249). Other annotated markers
with significant correlations with latitude included four Z-linked markers:
Lactate-dehydrogenase (Ldh), Shaker (Shk), and Glutamine synthetase (680 and
contig00968).
These 15 latitude-associated markers were responsible for the overall
genome-wide pattern of isolation-by-distance among our populations
(Supplemental Figure S2.2B); when they were removed from the data set, no
significant relationship was detected between pairwise FST’ and geographic
distance (Supplemental Figure S2.2C). Allele frequency was significantly
correlated among some markers (Supplemental Figure S2.4). The four Z-linked
markers that showed an association with latitude (Ldh, Shk, 680, contig00968)
were correlated with one another, with contig07183, and with contig01517. Cry1
major allele frequency was correlated with period (per), contig01517, and
contig00845. The first minor allele of cry1 was also correlated with per. Many of
these correlations also had an FDR corrected q < 0.05 (Supplemental Figure S4).

30

Allele frequency variation with voltinism
HierFstat analysis of genetic differentiation between the three voltinism
ecotypes estimated a relatively low global FST’ = 0.0015 (95% CI: -0.001 to
0.0033). Eight markers, including cry1, contig05909 (CG32521), and per, had
significant genetic differentiation based on Fisher’s G statistic (Figure 2.2; Table
2.1; p < 0.05, FDR corrected 0.238 < q < 0.677). Using Fdist, cry1 (FST = 0.0547)
and contig05909 (FST = 0.116) were identified as FST outliers that may be
influenced by directional selection.

Allele frequency variation with population
The genetic differentiation among all 10 populations was also low with an
estimated global FST’ = 0.0022 (95% CI: -0.0002 to 0.0046). HierFstat results
identified eleven markers that showed significant differentiation among
populations (Table 2.1), of which only two (cry1 and contig06459) were also
among the HierFstat voltinism outliers. Five markers were identified as FST
outliers among populations in Fdist: 2076, contig05909, contig06459,
contig00382, and alpha-amylase (amy). Only contig05909 was also present
among the voltinism outliers.

Cyclical patterns in allele frequency
In addition to showing genetic differentiation among voltinism types, per
also showed a significant cyclical pattern (Figure 2.2C; Table 2.1; Bonferroni
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corrected p = 0.033, cycle = 5, amplitude = 0.12). Per showed an oscillating
pattern with peaks in allele frequency at 39o and 42o latitude and troughs at 41o
and 45o. The pattern of variation in per was correlated with cry1 and the first
minor allele of cry1 also showed a cyclical pattern (Table 2.1; Figure 2.2A;
Bonferroni corrected p = 0.023, cycle = 6, amplitude = 0.05). Three other markers
also had significant cyclical patterns: contig05725 (Eukaryotic translation
initiation factor 3 subunit H), contig00280 (Heat shock protein hsp21.4), and
contig05979 (probable cysteine desulfurase).

Period and post-diapause development time
Our primers amplified at 519bp portion of period containing both coding
and non-coding sequence. A polymorphic G/T SNP at position 80 in the sequence
was genotyped in all individuals via our Sequenom assay. This SNP corresponds
to an amino acid change from the hydrophobic alanine to the negatively charged
aspartic acid (Figure 2.3A). In our latitudinal cline, the T allele was at high
frequency in the far south (38.8-39.5o, Figure 2.2C) and at low frequency in the
north (44.6-45.3o) where the G allele was at higher frequency. Pedigree families
1, 2, and 4 were polymorphic for this SNP. In these three families, females who
inherited the G allele from the univoltine grandparent had long post-diapause
development time, while females who inherited the T allele from the bivoltine
grandparent had short development time (Figure 2.3B; Family 1: G allele PDD
time = 40.10 + 1.85 days, T allele PDD time = 27 + 1.01, two-tailed unequal
variance t44 = 6.23, p < 0.0001; Family 2: G PDD time = 45.87 + 1.55, T PDD
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time = 35.47 + 1.19, t70 = 5.29, p < 0.0001; Family 4: G PDD time = 38.42 + 1.45,
T PDD time = 29.95 + 1.15, t56 = 4.59, p < 0.0001).

DISCUSSION
Our results suggest that photoperiod could be an important abiotic factor
shaping latitudinal variation in voltinism in the European corn borer moth. Many
of the outlier loci between voltinism ecotypes were involved in the circadian
clock pathway (HierFstat: 4 of 8 outliers; Fdist analyses: 2 of 2 outliers). The
circadian pathway senses changes from short- to long-day photoperiods through
light-dependent patterns of gene expression (Stoleru et al., 2007; Meuti &
Denlinger, 2013). Allelic variation in the circadian genes cryptochrome1 and
period were associated with clinal differences in voltinism. Cryptochrome1 allele
frequency showed a significant correlation with latitude, was an FST outlier locus
between our three voltinism ecotypes, and showed evidence of a cyclical pattern.
Period showed variation between the voltinism ecotypes as well as variation
within the bivoltine ecotype, producing a significant cyclical pattern (Figure
2.2C). Contig05909 was another FST outlier locus and was predicted to be
homologous to Drosophila protein CG32521, a downstream target of the retinal
development transcription factor eyeless (Ostrin et al., 2006). Contig01517
showed a strong association with latitude and cry1, and encodes a gamma subunit
of guanine nucleotide-binding protein (G-protein). As with the beta subunit
(RACK1), the gamma subunit may function in photoreception and the regulation
of circadian genes like cry1 (Hamasaka et al., 2005; Wang & Montell, 2007;
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Robles et al., 2010). Therefore, the circadian pathway appears to be important for
evolutionary changes in seasonal timing.
Cryptochrome is a blue light photoreceptor that contributes to the
regulation of circadian rhythms in plants and animals (Cashmore, 1999; Stoleru et
al., 2007). In Drosophila, light stimulates CRYPTOCHROME to degrade the
protein TIMELESS (TIM), preventing dimers from forming between TIM and
PERIOD (PER), and thus activating the expression of other circadian genes
(Stanewsky et al., 1998; Cashmore, 1999). Drosophila have a single
cryptochrome, but Lepidoptera have two gene copies (cry1 and cry2) through
gene duplication (Zhu et al., 2005). The ECB cryptochrome gene sequence in this
study showed greater homology to the Lepidopteran CRY1 protein sequence
(blastX for CRY1: score = 81, e-value < 1x10-15; CRY2: score = 51.52, e-value <
3x10-10). Cry1 is orthologous to Drosophila cryptochrome. In contrast, cry2 is
similar to the mammalian protein (cry-m), which binds directly to PER to function
as a transcriptional repressor of the circadian clock (Zhu et al., 2008; Meuti &
Denlinger, 2013). In D. melanogaster, variation in cryptochrome has no known
association with latitude; rather polymorphism appears to be maintained by
balancing selection in Europe (Pegoraro et al., 2014). Cry1 has been linked to
eclosion time in D. melanogaster (Pegoraro et al., 2014) and reproductive
diapause in D. triauraria (Yamada & Yamamoto, 2011). In bean bugs (Riptortus
pedestris), cry2 is related to pupal diapause incidence (Ikeno et al., 2011). Our
results are the first to specifically link polymorphism in cryptochrome1 to insect
voltinism.
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We found oscillations in period allele frequency across latitude consistent
with spatially varying selection, which is notably different from the linear allele
frequency clines in period that have been described in Drosophila (Sawyer et al.,
2006; Kyriacou et al., 2008). In other insects, phenotypic sawtooth clines have
been extensively documented (reviewed in Kivela et al., 2011; Shelomi, 2012),
but our current study is the first to find a cyclical pattern in allele frequency
corresponding to changes in voltinism. Variation in period has previously been
associated with temperature sensitivity of reproductive diapause in Drosophila
(Huang et al., 1995) and pupal diapause incidence in flesh flies (Han &
Denlinger, 2009) and linden bugs (Dolezel et al., 2007). This oscillating pattern in
period is consistent with our expectation for an allele underlying a sawtooth
phenotypic cline. Although further sampling is needed to verify that the
oscillating pattern in genotype corresponds directly to a sawtooth cline in
diapause phenotype, our results are concordant with earlier work that found a
periodic pattern in diapause induction across these same latitudes (Beck & Apple,
1961; Supplemental Figure S2.5). Under controlled laboratory conditions
(photoperiod = 14.5 hours light, temperature = 26oC), ECB from Wisconsin
populations (latitude = 43o) had higher diapause incidence (diapause incidence
(DI) = 90%) than populations from Iowa (latitude = 42o, DI = 80%). Diapause
incidence increased further south in Kansas populations (latitude = 39o, DI =
96%) before decreasing again in Missouri (latitude = 37o, DI = 45%). Based on
this previous work, we propose that the mechanism generating this cyclical
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pattern may be an association between period and some genetic factor associated
with diapause and/or the duration of the dormant life stage.
In ECB, period, the QTL controlling variation in diapause termination
time, and the QTL for diapause induction all map to the Z chromosome (Glover et
al., 1992; Dopman et al., 2004, 2005; Ikten et al., 2011; Wadsworth et al., 2015).
Therefore, period may be physically linked to one or more of these QTL. The
QTL for PDD differences between bivoltine E-strain and univoltine Z-strain ECB
(Pdd) is linked to the Tpi locus, with one allele corresponding to a short pupation
time of 15.3 days, and the other allele leading to a long pupation time of 43.7 days
(Glover et al., 1992; Dopman et al., 2005). Recent work found that period cosegregates with Pdd and Tpi in these populations (Wadsworth et al., 2015). In the
univoltine and bivoltine Z-strain pedigree families in our study, there was also a
strong association between period and PDD time. One SNP allele was associated
with long PDD time and the other with short PDD (Figure 2.3B). Interestingly,
the short PDD allele we identified is predicted to cause an amino acid change
(from alanine to the negatively-charged aspartic acid) two residues away from the
estimated start of the Per-Arnt-Sim B (PAS-B) domain and downstream of the
first TIMELESS interacting site (TIS-1) in the PERIOD sequence of the
silkworm, B. mori (Iwai et al., 2006). Ostrinia furnacalis, the Asian corn borer,
also has alanine in this position of the protein (Regier et al., 2012). The PAS-B
domain contributes to the stability of PER-TIM heterodimers in Drosophila
(Hennig et al., 2009) and PER-PER homodimers in mammals (Kucera et al.,
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2012), suggesting that a change in this region may affect these protein-protein
interactions.
If period is associated with Pdd, the oscillating pattern we observed could
be explained by spatially varying selection on the timing of diapause emergence.
In the northernmost sites (44.6o and 45.3o), we found the long Pdd allele at higher
frequency. This may because at these latitudes, the long allele is prevalent in
univoltine populations whereas the short Pdd allele could be prevalent in bivoltine
populations to accommodate the development of two complete generations in a
single short growing season (indicated by a in Figure 2.1B). If our sample
contained a majority of univoltine individuals, it would explain the high
frequency of the long allele at these northern sites. Consistent with this idea,
samples from northernly bivoltine populations between 42-44o latitude also had
the short Pdd allele at high frequency. At southerly bivoltine locations in Iowa
(40-42o), we again found the long Pdd allele at higher frequency. This could be
due to the fact that growing seasons are longer but insufficient to accommodate a
third generation, which may lead to increases in the frequency of the long Pdd
allele (Figure 2.1B-b). At latitudes further south, a third generation can be
produced and short Pdd alleles might allow for fitting of all three generations into
a season (Figure 2.1B-c). These data, together with the oscillating pattern Beck
and Apple (1961) found in diapause incidence suggest that seasonal fitting
produces oscillations in alleles associated with diapause in ECB, primarily
through changes in the duration of transitions between diapause and other life
history phases. Work in tiger swallowtail butterflies (Papilio canadensis and P.
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glaucus), has also found differences in voltinism are associated with a Z-linked
factor and that period shows genetic differentiation between these Papilio species
(Putnam et al., 2007; Kunte et al., 2011), suggesting period could be associated
with voltinism in distantly related Lepidoptera.
Colonization of North America by ECB likely included bouts of rapid
adaptation to seasonal environments. Moths from this study were collected ~ 60
years after their introduction to the Midwest in the 1940’s (Beck & Apple, 1961;
Palmer et al., 1985). It is possible that certain neutral processes could cause clinal
patterns at some loci by chance. One such process might be rapid population
expansion, which can cause differentiation via gene surfing along the expansion
front (Excoffier & Ray, 2008). Another possibility is that admixture of
populations from different locations in Europe during colonization of North
America led to non-random assortment of alleles (Barton & Hewitt, 1985).
Different allelic variants in North America likely arose through admixture
between colonizing populations from Italy and Hungary (Caffrey & Worthley,
1927), but admixture is unlikely to provide an explanation for the specific clinal
patterns we observed. Under neutral processes, we would not expect loci that
show clinal and oscillating patterns to be involved in any specific pathways. Loci
associated with circadian rhythms and diapause loci represented 7.5% of our
molecular markers, with the other 92.5% being anonymous Z-linked or autosomal
loci. However, circadian and diapause-associated markers represented 14% of
markers showing linear associations with latitude, 37.5-50% of FST outliers
between voltinism groups and 40% of the cyclic outliers. More importantly,
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period allele frequency showed a strong oscillating pattern with latitude and we
found that this locus co-segregated with post-diapause termination time
phenotype in crosses between univoltine and bivoltine ECB populations. Such an
association between the genotype of a cyclic allele and a diapause-associated
phenotype is unlikely to be due to chance. The magnitude of allele frequency
variation in cryptochrome1 (0.29) and period (0.25) over our 6.5o latitudinal cline
is comparable to the variation observed in period (Thr-Gly)20 alleles in Australian
Drosophila (allele frequency variation of 0.4 over an 25o cline) that has evolved
via natural selection in the past 200 years (Sawyer et al., 2006; Kyriacou et al.,
2008). Thus, it seems likely that latitudinal patterns in circadian gene allele
frequency in ECB are driven by adaptation to seasonal environments. This
association could be confirmed by sampling replicate latitudinal transects across
North America and Europe in future studies.
Our results suggest that differences in voltinism in ECB are associated
with changes in the circadian clock pathway. Allele frequency changes for
cryptochrome1 and period were strongly correlated with each other, more
strongly than period allele frequencies were correlated with other markers known
to be physically linked to period on the Z chromosome (such as Ldh;
Supplemental Figure S2.4). Rather than being physically linked in ECB, cry1 and
period could show correlations as a consequence of epistatic selection, possibly
because of their interactions with timeless, a gene showing clinal variation in
Drosophila (Tauber et al., 2007). It is unclear why multiple circadian genes show
correlated changes associated with voltinism in ECB and which gene(s) in the
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pathway might be the primary target(s) of natural selection. Thus, the precise
contribution of cry1, period, timeless, and other circadian genes to circannual
rhythms, patterns of voltinism, and seasonal timing warrant further study. We
must also confirm tentative associations between period and diapause emergence
timing and/or induction phenotypes. Changes in phenology in many plants and
animals involve changes in both dormancy induction and termination (Forrest &
Miller-Rushing, 2010). Therefore, understanding how these two seasonal timing
phenotypes evolve in concert to enable adaptation to variable and rapidly
changing environments represents a major question in biological research.

Conclusions
The extremely rapid evolution of allelic variation observed in North
American ECB strongly suggests that natural selection is driving changes between
and within voltinism ecotypes in order to fit additional generations into a season.
We propose that selective pressures on seasonal fitting generate sawtooth
phenotypic clines in the duration of life stages and associated oscillations in allele
frequency in developmental timing genes. Sawtooth clines have been the subject
of over 30 years of research (Masaki, 1978a; b; Roff, 1980) and we anticipate that
latitudinal patterns of cyclic genetic variation may be key signatures of seasonal
timing traits and represent sawtooth clines at the genetic level. Contemporary
increases in temperature are driving local increases in season length and
generation number in Lepidoptera (Breed et al., 2012; Scriber, 2013; Scriber et
al., 2014), suggesting that these same genes may show cyclical patterns across
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decades. Thus, scouting for such patterns in other taxa will allow us to identify the
genes associated with seasonal environments, understand how populations adapt
to climatic variation throughout their geographic ranges, and predict how
populations will respond to changes in climate.
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TABLES
Table 2.1. Summary of loci that show significant differentiation between
voltinism ecotypes or between populations.

Results from HierFstat (FST’ and p-value of G statistic) and Fdist (percentile of
simulations in which the simulated FST < locus-specific FST) shown. Significant
outliers highlighted in bold (p < 0.05 for HierFstat, Percentile > 0.9725 for Fdist).
The last column shows the p-value for loci with significant cyclic patterns
(determined by JTK cycle).
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FIGURES

Figure 2.1. Voltinism in European corn borer.
(a) Sampling locations along a north-south transect in Minnesota, Iowa, and
Missouri overlaid on a map of voltinism patterns (number of generations per year
indicated in white; adapted from Showers 1981). (b) Schematic of how season
length increases with latitude, causing increases in voltinism (indicated by dashed
lines). As latitude increases, changes in dormancy timing occur due to shifts in the
critical conditions for entering (induction) and exiting (termination) dormancy.
Variation in the duration of post-diapause development (PDD) may also occur
within a voltinism type with short PDD (blue) in the north and long PDD further
south (red). a indicates populations sampled in areas of univoltine-bivoltine
overlap, b indicates populations samples in bivoltine only sites, and c indicates
populations sampled in areas of bivoltine-multivoltine overlap. (c) Alleles
associated with generation number are predicted to show a disjunct pattern
corresponding to voltinism types (dashed lines). (d) Alleles associated with PDD
are predicted to show a cyclical pattern corresponding to short and long PDD
depicted in (b).
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Figure 2.2. Outlier loci among voltinism ecotypes
Allele frequency, latitude, and voltinism ecotype (indicated by dashed lines)
plotted for (a) cryptochrome 1 (cry1) voltinism outlier (HierFstat and Fdist) and
cyclical outlier which had three alleles: major allele (solid line; significant linear
pattern), minor allele 1 (dashed line; significant cyclical pattern) and minor allele
2 (dotted line); (b) contig05909 (c59095.680/CG32521) voltinism outlier
(HierFstat and Fdist), (c) period (per) voltinism outlier (HierFstat) and cyclical
outlier.
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Figure 2.3. Period alleles and PDD in ECB. (a) Alignment of amino acid
sequence of PERIOD using Bombyx mori, European corn borer transcriptome
(ECB Transcript; Wadsworth and Dopman in preparation), Asian corn borer
(ACB, Ostrinia furnacalis; Regier et al., 2012), European corn borer G allele
coding sequence, and ECB T allele. The amino acid change between ECB alleles
caused by the nucleotide change from G to T is noted by an arrow. TIMELESS
interacting site 1 (TIS-1) and PAS-B domain denoted by rectangles (Iwai et al.,
2006). (b) Distribution of PDD time (in days) in female backcross offspring in
mapping Family 1 based on their genotype at the period SNP; open bars represent
the G allele, and filled bars, the T allele.
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SUPPLEMENTAL TABLES
Supplemental Table S2.1. Sampling locations, listed from north to south, with
corresponding latitude (as noted in Figure 2.1), number of European corn borer
generations per season, and mean degree days for the 2005 and 2006 seasons.
Location names indicate direction (N = north, S = south) and distance (in miles)
from Ames, Iowa. For each site, degree days (over 10 degrees Celsius) were
calculated from temperature data from January 1 – July 25 in 2005 and 2006
using the US degree day mapping calculator (accessed at http://uspest.org/cgibin/usmapmaker.pl). Mean values over the two-year period are presented in the
table.
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Supplemental Table S2.2. Sequenom assay markers. Marker ID, Bombyx mori
gene ID, Sequenom primers, and annotations listed for the Sequenom assays
designed for this study (42 SNPs). If markers were putatively diapause-associated,
references for that association are listed.
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Supplemental Table S2.3. Summary of Sequenom assay results. Total number of
markers included in the assay for each chromosomal category (sex-linked,
autosomal, or mitochondrial DNA). The number that were found the
polymorphic, the percentages of that were polymorphic or showed significant
correlations with latitude are shown. Sequenom Assays Quality Filtering: 18
markers (~9.3%) were monomorphic and 176 (~90.7%) were polymorphic.
Monomorphic markers (one Z-linked and 17 autosomal) were removed from
further analyses. SNP markers that had low minor allele frequencies (those with a
frequency ≤ 0.03 in each population) were also removed from the data set. In
addition, SNP markers that failed to generate SNP data for more than 30% of the
240 total individuals (> 75 individuals missing) and those that were genotyped in
less than 14 individuals of the 24 sampled in each population were removed.

50

Supplemental Table S2.4. ECB linkage groups from pedigree families.
Sequenom markers are listed by linkage group. ECB linkage group number listed
in shaded columns. Syntetic Bombyx mori chromosome number listed to the right
of the markers. Linkage group 1 is the Z (sex) chromosome.
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Supplemental Table S2.5. Summary of correlation and linear model statistics for
all markers with statistically significant correlations between allele frequency and
latitude.
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SUPPLEMENTAL FIGURES
Standardized Allele Frequency
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Significant
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131 “neutral” loci, p = 0.94
160.9
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Supplemental Figure 2.1. Linear associations with latitude
A) Standardized slopes for the relationship between allele frequency and latitude
for all loci. Significant slopes (p < 0.05) shown in red. B) Relationship between
pairwise FST’ and distance for all 10 populations for all 146 loci. Mantel test
indicated a significant relationship (p = 0.009); line from RMA regression shown.
C) Relationship between pairwise FST’ and distance for all 10 populations for 131
putatively neutral loci (15 significant slopes removed). Mantel test indicated no
relationship (p = 0.94).
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Supplemental Figure 2.2. Locus specific associations. Allele frequency plotted
against latitude for all 15 markers with a significant linear relationship (p < 0.05).
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Supplemental Figure 2.3. Correlation matrix among markers showing a
relationship with latitude. The color of each box indicates the strength of the
correlation (0 < r < 1), the number inside the box indicates the p-value of the
association. Z-linked markers (c00968, 680, Per, Ldh, Shk) are grouped by solid
brackets and listed in their relative orders on the Z chromosome. Other putatively
linked autosomal markers (located on the same chromosome in Bombyx mori) are
grouped together by dashed brackets. FDR corrected q < 0.05 corresponds to a p
< 0.02.
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Diapause Incidence

Latitude

Supplemental Figure 2.4. Diapause incidence in ECB. Beck and Apple (1961)
documented an oscillating pattern in diapause induction. Under controlled
laboratory conditions (photoperiod = 14.5 hours light, temperature = 26oC),
percentage of individuals induced to diapause (diapause incidence) was measured
in populations at the following latitudes: 45o (Wausau, Wisconsin), 44.3o
(Minnesota), 43o (Madison, Wisconsin), 42.45o (St. Thomas,Ontario), 42o (Iowa),
40.45 o (Nebraska), 39o (Kansas), 37o (Missouri). Shifts in diapause induction
phenotypes occur around 40oN, similar to the latitude at which our study found
shifts in period allele frequency.
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CHAPTER 3

Circadian gene expression correlated with variation in daily
mating time in the European corn borer

Manuscript in preparation.
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ABSTRACT
Temporal reproductive isolation has been documented in a number of
organisms, but the genetics of mating time has not been well-established. The
European corn borer moth, Ostrinia nubilalis, has been shown to exhibit both
seasonal and circadian temporal isolation, with the E and Z pheromone strains
differing in annual cycles of breeding and in the timing of mating during 24-hour
periods. Here, we characterize circadian patterns of mating in contemporary
populations of Z and E moths and evaluate transcriptome-wide patterns of gene
expression during times of peak mating activity. In contrast to prior studies, mean
mating time is earlier in both strains, although temporal isolation continues to be
strong. RNA-sequencing identified four circadian clock genes that were
differentially expressed between the strains through the mating time course,
including period, which was upregulated in the E strain during late photophase
and through mid-scotophase. Analysis of genetic differentiation between strains
(FST) found that circadian genes (including period) are overrepresented by eightfold amongst highly differentiated transcripts. As a key gene in the circadian
clock pathway period interacts with the central timekeeping genes cycle and
clock. Thus, increased expression of period in the E strain during late
photophase/early scotophase may be triggering earlier activation of pheromone
biosynthesis and release, leading to earlier mating, temporal isolation, and
restricted gene flow.
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INTRODUCTION
Determining how reproductive isolation accumulates between recentlydiverged lineages is critical for understanding the origin of new species (Mayr,
1942; Coyne & Orr, 2004). Barriers to gene flow can occur either before mating,
such as behavioral obstacles that prevent response to mating signals from other
species (i.e. courtship songs), or after mating, such that any offspring formed are
less likely to survive and reproduce. Ecological barriers are a broad class of
isolating barriers that occur as a result of organisms’ divergent adaptation to their
unique environments. One type of ecological barrier is temporal reproductive
isolation, in which reproductive stages of closely related organisms’ life cycles do
not overlap, leading to reduced gene flow between populations.
Temporal reproductive isolation has been observed at the seasonal scale in
green lacewings, which reproduce at different times during the season (Tauber et
al., 1977) and in the apple maggot fly, Rhagoletis pomonella, whose life cycles
and reproductive timing is driven by different host plants (Feder et al., 1993;
Dambroski & Feder, 2007). Speciation can also arise from circadian temporal
isolation, which occurs at smaller temporal scales, such as divergence between
diurnally- and nocturnally-flowering plant species (Matsumoto et al., 2015) or
between marine coral species that release gametes into the water column just a
few hours apart (Levitan et al., 2004; Tomaiuolo et al., 2007).
While temporal isolation has been observed in a wide range of species,
identification of the genes causing variation in reproductive timing has been much
rarer (Tauber & Tauber, 1977; Tauber et al., 1977, 2003; Feder et al., 1990;
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Coyne & Orr, 2004). The European corn borer moth, Ostrinia nubilalis, exhibits
both seasonal and circadian temporal isolation across much of its range and is an
ideal model for examining the genetic basis of temporal isolation as it contributes
to speciation. The European corn borer (ECB) is differentiated into two
pheromone strains. The Z strain produces a pheromone blend that is comprised of
the E and Z isomers of 11-tetradecenyl acetate (E11-14:OAc and Z11-14:OAc) in
a ratio of 3:97, respectively, while the E strain produces the E and Z pheromone
isomers in a ratio of 99:1 (Roelofs et al., 1972; Kochansky et al., 1975).
The E and Z pheromone strains are in the early stages of speciation.
Reproductive isolation can be nearly complete at some field localities (Dopman et
al., 2010), but hybridization and gene flow between the strains does occur
(Liebherr & Roelofs, 1975; Dopman et al., 2010; Coates et al., 2013a). The
largest reproductive isolating barrier in terms of absolute strength is behavioral
isolation, as males respond preferentially to females of their own strain, leading to
assortative mating (Glover et al., 1990; Dopman et al., 2004). Seasonal and
circadian temporal isolation are the next most significant barriers (Dopman et al.,
2010).
In New York State, the E strain produces two generations per season,
while the Z strain commonly produces only one (Showers, 1981; Roelofs et al.,
1985). Differences in voltinism (generations per season) produce asynchronies in
breeding time and are determined by differences in the timing of post-diapause
development (PDD) or the time needed for overwintering larvae to escape
diapause in the spring and summer months (Glover et al., 1992; Dopman et al.,
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2005). Diapause emergence is cued by a combination of photoperiodic and
temperature cues (Beck & Apple, 1961; McLeod & Beck, 1963). Developmental
periods can be short (~14 days after diapause break) or long (~44 days); these
time windows ultimately determine voltinism (Glover et al., 1991, 1992; Dopman
et al., 2005; Wadsworth et al., 2013), as additional generations per season require
shorter development periods to fit into the growing season (Roff, 1980; Levy et
al., 2015).
In addition to seasonal temporal isolation, the two ECB strains exhibit
circadian temporal isolation during the 24-hour daily cycle. Liebherr & Roelofs
(1975) observed a two-hour difference between strains in mean mating time
during scotophase (dark hours). Z moths mated on average 5.1 hours into
scotophase, while E moths mated, on average, at 6.8 hours (Figure 3.2).
Subsequent work identified circadian mating time as a moderate contributor to
reproductive isolation, with an estimated absolute barrier strength of 0.525
(Dopman et al., 2010). While the quantitative trait locus determining postdiapause development time has been mapped to the Z sex chromosome (Glover et
al., 1992; Dopman et al., 2005) and is known to heavily influence variation in
seasonal mating time (Glover et al., 1991), the genetic and regulatory factors
contributing to divergence in circadian mating time have yet to be identified.
Genes of the circadian clock pathway are prime candidates for those
driving differences in reproductive timing, particularly any variation that happens
within the 24-hour cycle. Circadian genes link behavioral responses to daily
cyclical changes in light and temperature (Sandrelli et al., 2008), and functional
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photoreceptive capabilities are crucial to maintenance of circadian rhythms
(Stanewsky et al., 1998; Emery et al., 2000). Female pheromone release and
mating in ECB happens almost exclusively during dark hours (Karpati et al.,
2007), suggesting a link between photoreception, the circadian clock, and
downstream activation/suppression of the Pheromone Biosynthesis Activating
Neuropeptide (PBAN) pathway (Raina et al., 1989; Groot, 2014).
The favored model of the circadian clock mechanism involves two
negative feedback loops that regulate transcription of the central clock genes
clock (clk) and cycle (cyc) (see Figure 1.1 in Chapter 1 - Introduction). In the first
loop, the genes period and timeless produce respective proteins PER and TIM,
which heterodimerize and repress a second heterodimer formed by CLK/CYC
(Hardin, 2005; Zheng & Sehgal, 2008). This repression prevents CLK/CYC from
binding to the E-box sequences of period and timeless (among other circadian
genes) and activating their transcription (Hall, 2003). In the presence of light, the
blue-light photoreceptor CRYPTOCHROME1 (CRY1) (Emery et al., 1998) and
associated proteins SHAGGY (SGG) and JETLAG (JET) promote the
degradation of TIM (Ceriani et al., 1999), leading to degradation of the PER
monomer by DOUBLETIME (DBT) and SUPERNUMERARY LIMBS (SLIMB)
(Ko et al., 2002) and release of repression of CLK/CYC.
In the second feedback loop, CLK/CYC binds to the E-boxes of the vrille
(vri) and PAR domain protein 1ε (pdp-1) promoters, activating transcription
(Cyran et al., 2003). As levels of VRI accumulate more quickly than PDP-1 (Blau
& Young, 1999; Sandrelli et al., 2008) during the night, VRI fills spaces on V/P
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binding sites of the clk promoter, preventing PDP-1 binding and inhibiting clk
transcription. As PDP-1 levels rise, the VRI proteins are displaced, and clk
transcription is activated again (Blau & Young, 1999; Cyran et al., 2003).
Most research on insect circadian clocks has been done on Drosophila (Ceriani et
al., 1999; Dunlap, 1999; Giebultowicz, 1999, 2000; Claridge-Chang et al., 2001;
Sandrelli et al., 2008; Meuti & Denlinger, 2013), although there is a growing
body of literature focused on Lepidopteran clocks (e.g. Miyatake, 2002b; Chang
et al., 2003; Sehadová et al., 2004; Zhu et al., 2005, 2008; Groot, 2014). One
major difference between Drosophila and Lepidopteran clocks is the presence of
a second cryptochrome, CRY2, which is non-photoreceptive and resembles a
mammalian cryptochrome (Zhu et al., 2005, 2008).
Because so many biological pathways are likely to be downstream of the
circadian clock, shifts in any part of the clock mechanism (i.e. reduced sensitivity
of CRY1 to light, or altered ability of CLK/CYC to bind to E-box sequences) may
have pleiotropic effects (Miyatake, 2002; Miyatake et al., 2002). Changing
biological rhythms may impact timing of all cycling behaviors linked to the
circadian clock, including hormone levels, pheromone release, and mating.
Some clock genes are already known to contribute to within-species
variation in circadian mating timing. In Arabidopsis thaliana, the clock-controlled
genes GIGANTAE, CONSTANS, and EARLY FLOWERING3 control flowering
timing (Fowler et al., 1999; Hicks et al., 2001; Suarez-Lopez et al., 2001).
Additionally, in two artificially-selected short- and long-developing strains of the
melon fly Bactrocera cucurbitae, the photoreceptor cryptochrome (similar to the
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Lepidopteran cry1) contains two amino acid changes that also correspond to early
and late daily mating times (Fuchikawa et al., 2010). The two strains also differ in
expression levels of cry throughout the 24-hour cycle, suggesting that cry and
mating time may be contributing to temporal reproductive isolation.
Recently, variation in period has been linked to geographic regions
representing shifts in generation number in the European corn borer, which
contributes to seasonal temporal isolation (Levy et al., 2015). Per has also been
implicated in divergence of mating time in B. cucurbitae (Miyatake et al., 2002),
although no association was found with mating timing in two other Bactrocera
species (An et al., 2002). Cycling per expression is also associated with sperm
accumulation and release in male codling moths, Cydia pomonella (Gvakharia et
al., 2000). Drosophila have species-specific circadian rhythms that govern mating
time and minimize overlap with closely-related species (Sakai & Ishida, 2001).
These patterns, as well as mating-related patterns of locomotion, are tied to
variation in per and could drive temporal reproductive isolation (Tauber et al.,
2003; Pegoraro et al., 2015).
While we predict that differences in daily patterns of mating may
generally to be under circadian clock control, the exact mechanism by which the
clock produces different behavioral rhythms remains speculative. It is likely that
the clock regulates production and release of pheromones by female moths.
Circadian variation in pheromone production has been established in the fungus
Neurospora crassa (Bobrowicz et al., 2002) and in some moths (Rosén, 2002;
Zavodska et al., 2012), although the exact mechanism by which the clock
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regulates pheromone biosynthesis in Lepidoptera is unknown (Groot, 2014). The
endocrine system may be the link between the circadian clock and the PBAN
pathways, as cells of the circadian clock control downstream synthesis of juvenile
hormone (Bloch et al., 2013), which has been shown to regulate production or
release of pheromones in bark beetles (Seybold & Tittiger, 2003) and in females
of the true armyworm moth (Cusson & McNeil, 1989) and the black cutworm
moth (Picimbon et al., 1995). Male moths of some species do show innate
circadian patterns of olfactory response to pheromone release (Sakai & Ishida,
2001; Silvegren et al., 2005; Merlin et al., 2007; Cheng et al., 2015); however,
male response generally coincides with female calling in moths (Castrovillo &
Cardé, 1979; Groot, 2014). Consistent with this notion, the timing of female
pheromone production or release differs between ECB strains, with 1-day old Estrain females beginning to call earlier than Z-strain females (Karpati et al. 2007).
Hence, we predict that mating time in ECB is ultimately determined primarily by
nocturnal release of pheromones by female moths.
Here, we evaluate how circadian temporal isolation might have evolved
over the last 40 years (Liebherr & Roelofs, 1975) in the European corn borer. We
then examine patterns of gene expression differences associated with changes in
times of peak mating activity, with a focus on regulation of circadian genes.
Lastly, we use patterns of genetic differentiation between the strains to determine
whether characterized transcripts show restricted gene flow and are candidate
"speciation" genes.
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METHODS
Mating trials
The stocks of bivoltine E (BE) and univoltine Z (UZ) strain ECB used
were donated by Charles Linn at the New York State Agricultural Experiment
Station in Geneva, NY and reared at Tufts University. ECB larvae were reared on
corn borer diet (Southland Products, Lake Village, Arkansas, USA) under 16:8
L:D, 26°C conditions until pupation. 300 pupae per strain were removed from
rearing containers and placed in individual 1.5 oz. plastic cups with lids, each
with a 1.5 inch dental wick soaked in water, and returned to the incubator. One
day after eclosion, two males and one female of the same strain were randomly
chosen and transferred from individual 1.5 oz. cups to one 12 oz. transparent
plastic container for mating observations. Transfers were completed within the
last hour of photophase. During scotophase (10:00-18:00), all mating groups were
checked for mating activity every 20 minutes. Each mating group was used only
once, with initiation of mating recorded over a 7-hour period, for a total of 76 Estrain mating trials and 79 Z-strain trials.
We follow Dopman et al. (2010) to calculate the absolute strength of the
reproductive isolation stemming from mating time as:

Relative frequencies of E or Z matings were calculated for each one-hour
window, and between-strain hybridization frequencies (relative to within-strain

67

matings) were estimated. Summing the expected numbers of intra- and inter-strain
matings across hours provided an estimate of the total number of hybrid and
parental offspring produced during scotophase. The strength of reproductive
isolation ranges from 0 (random mating) to 1 (complete reproductive isolation).

Strain confirmation
To verify the strain identity of lab stocks used for this experiment, five
males and five females from each of the presumed strains were genotyped via
agarose gel at the pgFAR locus. Pheromone gland fatty-acyl reductase (pgFAR) is
an autosomal locus that converts fatty-acyl precursors into alcohols (Moto et al.,
2003), which are major components of the pheromones produced by female ECB.
E and Z strain corn borers, in addition to using different isomeric blends of E- and
Z- 11-14:OAc, also differ at the pgFAR locus, with 7.5% amino acid divergence
(Lassance et al., 2010). PgFAR contains nine introns, of which one (intron 7) is
longer (70 bp) in the Z strain allele (Lassance et al., 2010). This difference is
detectable after PCR amplification of this region (Supplemental Table S3.1) and
agarose gel electrophoresis of PCR products. Males used for strain confirmation
had previously been used during the mating trials and frozen at -20C after
sacrifice. Females were unused individuals reared concurrently with the mating
trial females. DNA was extracted from all individuals using a DNeasy kit
(Qiagen, Hilden, Germany). DNA of four known Z strain males from a field
population in southern Minnesota (latitude 43.85°) were used as controls.
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Time point sacrifices
A second experiment was conducted to examine RNA expression levels
for the two strains. Additional individuals were reared as described above, but
because mating time is predicted to be female-controlled, individuals were sexed
as pupae and only female pupae were kept in 1.5 oz. cups until eclosion. Females
were isolated from males during the experiment to control for changes in
expression, independent of any response to male presence or mating activity, in
order to better identify changes in expression related strictly to circadian control
of female mating readiness.
One-day-old virgin females were randomly selected for sacrifice at one of
three time points. The first time point was one hour before the end of photophase
and provided a daylight baseline for expression change during scotophase. The
two other time points corresponded to the median observed mating time for each
strain, as determined during the mating trial experiment. The mean and median
mating times were the same in the Z strain, but the median mating time was used
in the E strain as it was a more representative of the early mating peak. At
designated sacrifice time points, containers were placed in triple-layered black
plastic bags, and kept at -20°C for 10 minutes to sedate the moths. Under dark
conditions, female moths were transferred to 1.5ml microcentrifuge tubes
containing 1.0ml of RNAlater (Qiagen, Hilden, Germany). Moths in RNAlater
were stored at -20°C for the duration of the experiment, before long-term storage
at -80°C. A total of 72 females of each strain were preserved, and 60 of these
were ultimately used for sequencing.
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Library sequencing
Adult moths were decapitated and heads were pooled according to time
point and strain. Heads were used due to known circadian gene expression in
antennal (Merlin et al., 2007) and neural tissue (Giebultowicz, 1999, 2000;
Kobelková et al., 2015). A maximum weight of 30mg of tissue from five
combined heads was used, with four replicate pools for each strain/time point and
a total of 24 pools used for RNA extraction. RNA was extracted from pooled
samples using RNeasy kits (Qiagen, Hilden, Germany). RNA samples were
quantified with a Nanodrop (Thermo Scientific, Wilmington, Delware, USA) and
Qubit Broad Range RNA assays (Life Technologies, Carlsbad, California, USA).
cDNA libraries were prepared from mRNA using the TruSeq Sample Prep
Kit v2 Set A (Illumina Inc., San Diego, California, USA) using 1ug total RNA,
and prepared libraries were quantified using the Qubit High Sensitivity DNA
assay. Libraries were quantified a second time on an Agilent Bioanalyzer; one
sample (UZ, 1.3 hour time point) was lost during preparation. Two replicate
libraries for each strain and time point were run on each of two lanes of an
Illumina HiSeq 2500, located at the Tufts University Core Facility for Genomics
(Boston, Massachusetts, USA) to generate 100 base pair single-end reads from 23
libraries.

Transcriptome assembly
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Single-end Illumina sequencing reads were assessed for quality using the
FastQC program (http://www.bioinformatics.babraham.ac.uk/projects/fastqc).
Sequences were then trimmed using Trimmomatic version 0.32 (Bolger et al.,
2014) to remove adapter sequences, bases with low sequence quality, and any
reads shorter than 36 base pairs. FastQC reports were generated for each file again
to confirm post-trimming quality. Mitochondrial DNA and ribosomal RNA
sequences were removed using Bowtie2 version 2.1.0 (Langmead & Salzberg,
2012) by aligning against known mtDNA sequences and identical reads were
collapsed (but counts retained) using the FastX Toolkit version 0.013
(http://hannonlab.cshl.edu/fastx_toolkit). The transcriptome was assembled de
novo using Trinity (Grabherr et al., 2011) and a k-mer length of 25. The longest
transcripts were retained using the R package SeqinR (Charif & Lobry, 2007).

Differential expression analysis
The set of longest transcripts was indexed as a reference transcriptome,
and individual reads were mapped back to this trancriptome using Bowtie2
version 2.1.0 (Langmead & Salzberg, 2012). The resulting SAM file was parsed
by individual library to generate count data, which were merged and filtered for
weakly expressed genes, defined as genes that did not have at least one count per
million reads in at least seven libraries, the minimum number of libraries
representing the two strains at a given time point. Libraries were normalized for
GC content and between-library sequencing depth using the R package EDASeq
(Risso et al., 2011).
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Differential expression analysis was done by fitting negative binomial
generalized log-linear models in the package edgeR (Robinson et al., 2010).
Specific contrasts were done between strains at the photophase, 1.3 hour, and 4
hour time points, as well as within-strain between each pair of time points (Figure
3.1). P-values were corrected for multiple testing using a false-discovery rate
(FDR) cutoff of 0.05.

FST analysis
Genomic data were derived from single-end Illumina sequencing of E- and
Z-strain pooled individuals (Pool-seq) from sympatric field populations of ECB
located at Rock Springs Farm, near State College, Pennsylvania. The E-strain
pool was comprised of DNA from 34 individuals, while the Z-strain pool
contained DNA of 33 individuals. Samples were genotyped at the pgFAR locus to
confirm strain identity (Coates et al., 2013a). Genomic reads were mapped back
to the reference transcriptome using Bowtie2 version 2.1.0 (Langmead &
Salzberg, 2012). Single nucleotide polymorphisms (SNPs) (excluding those
located near insertions or deletions) were identified and allele frequencies
calculated using Popoolation2 v1.201 (Kofler et al., 2011). Pool sizes of 68 (E
strain) and 66 (Z strain), with a minimum coverage of 12 reads per population,
were used to calculate FST for 200 base-pair windows within each of the longest
transcripts.

Annotation
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Transcripts were annotated by BLASTing (Altschul et al., 1990; Boratyn
et al., 2013) sequences against known Ostrinia nubilalis - Drosophila
melanogaster gene pairs (Al-Wathiqui et al., 2014). Supplemental annotations
were derived from blasts against the Bombyx mori and Danaus plexippus
proteomes. Transcripts were also blasted against known B. mori gene pairs to
estimate chromosomal locations. Enriched gene ontology (GO) terms were
identified for differentially expressed transcripts and those in the top 2% of FST
values. This was done using the FlyBase D. melanogaster gene IDs (dos Santos et
al., 2014) derived from the annotated gene pairs and GOrilla (Eden et al., 2009).
Enrichment of GO terms was visualized in ReViGo (Supek et al., 2011), and all
terms in the high FST group were visualized in PANTHER (Mi et al., 2013a; b).

RESULTS
Strain confirmation
The banding patterns of the pgFAR locus among putative E and putative Z
moths confirmed that the individuals derived from the respective colonies were
the anticipated strain. Within the Z strain, all ten samples (five male, five female)
showed amplification at the pgFAR locus with an agarose gel band consistent with
that of known Z-strain individuals. Of the E strain individuals, only 3 males and 3
females showed pgFAR amplification, and none exhibited a band matching the
field-caught Z individuals (Supplemental Figure 3.1).

Mating trials
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For E strain, a total of 21 of the 76 females (27.6%) mated at any point
during the scotophase period. For the Z strain, 25 of the 79 females (31.6%) were
observed to mate at any time during the night. The proportions of females mating
from each strain were not significantly different (Fisher’s exact test, p = 0.602).
The median mating times for each strain were 1.33 hours into scotophase for the
E (mean = 2.41 hours) and 4 hours for the Z (mean = 3.96 hours). The mean
mating times were significantly different between strains (t = -3.0744, p = 0.0038,
Figure 3.2), and an independent 2-group Mann-Whitney-Wilcoxon test indicated
that the distributions of the two strains were also significantly different (W = 130,
p = 0.0034, Figure 3.2). When mating times were compared with Liebherr &
Roelofs (1975), mean mating times for both strains showed significant differences
from historical means (E: t = 10.7615, p < 0.0001; Z: t = 2.7465, p = 0.0086).
Mann-Whitney-Wilcoxon tests showed that the current distribution for the E
strain differed from the historical distribution (W = 17, p > 0.0001) while the Z
strain distribution does not differ significantly (W = 231, p = 0.169). The relative
strength of circadian mating time as a reproductive isolating barrier was
calculated to be 0.393.

Transcriptome assembly
After trimming of raw Illumina reads and removal of mtDNA and rRNA
sequences, 61.5 million unique reads remained, representing a total of 78,236
transcripts and 40,811 components. The mean read length was 1136 base pairs,
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with a minimum of 201, a maximum of 17,430, a median of 691, and an N50
length of 1918 (Table 3.1 – summary statistics).

	
  

Differential expression analysis
Of transcripts for which differential expression was calculated, a total of
4,449 (24.25%) showed patterns of significant differential expression. The
number of differentially expressed (DE) transcripts varied greatly between the
different contrasts tested. Generally, far more DE transcripts were found in
between-strain comparisons than any within-strain comparisons. See
Supplemental Tables S3.2 A-I for the top 15 DE transcripts in each contrast
ranked by FDR-corrected p-value.
Analysis of relative expression levels of 30 transcripts annotated as
circadian or photoreceptive genes primarily identified transcripts that were
differentially expressed between strains. A period (per) transcript was
significantly upregulated in the E strain during photophase, at E-strain peak
mating, and at Z-strain peak mating (Figure 3.3, Figure 3.5). Two transcripts
homologous to the circadian gene cycle (cyc) were upregulated in the E strain
during the photophase and 4-hour time points, and the photoreceptor rhodopsin 5
was also upregulated in the E strain during photophase and at 1.3 hours into
scotophase. One circadian transcript, supernumerary limbs (slimb), showed
significant differential expression within either the E or Z strains between any of
the time point comparisons. Two slimb transcripts were upregulated in the E
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strain during photophase. One of these transcripts was also upregulated within the
E strain during photophase relative to the two scotophase time points (Figure 3.3).
Additionally, we identified 53 transcripts with annotations related to
pheromone production or olfactory reception. Of interest among these are two
transcripts BLASTing to O. nubilalis odorant receptor 6 (OnOr6) and one
transcript annotated as odorant receptor 4 (OnOr4). OnOr4 (comp32265) was
upregulated in the Z strain relative to the E strain at 1.3 hours, and within the Z
strain, had peak expression at 1.3 hours. For OnOr6, one transcript (comp37254)
showed upregulation in the Z strain at all three time points, as well as
significantly increased expression at 1.3 hours relative to both photophase and 4
hours. The second OnOr6 transcript (comp28562) was significantly upregulated
in the E strain at both scotophase time points (Figure 3.4).
In the between-strain contrasts, enriched GO terms found amongst all of
the assembled transcripts that were significantly differentially expressed included
catalytic and hydrolytic activity during photophase, structural constituents at 1.3
hours, and thiolester hydrolytic activity and regulation of triglyceride metabolism
at 4 hours. Fewer enriched GO terms were identified in within-strain contrasts.
Within the E strain, enrichment of voltage-gated ion activity was found in
transcripts significantly DE between 1.3 and 4 hours and in transcripts
significantly DE between photophase and 4 hours, along with regulation of
membrane potential in the photophase-4 hour contrast. Within the Z strain, the
only GO terms enriched between any of the contrasts was microvillus in the
photophase vs. 4 hours contrast.
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FST analysis
Approximately 20% of Rock Springs genomic sequences mapped back to
the reference transcriptome. FST values were calculated for 193,631 200 base-pair
windows, with a median FST of 0.0 and a mean of 0.02. Because each transcript
was represented by multiple windows, only the highest FST window within each
transcript was retained for further analyses. After annotation and removal of
duplicate transcripts for each gene ID, 9,378 transcripts remained, with a mean
and median FST of 0.093 and 0.066 respectively. The majority of transcripts had
low FST; the top 2% (188 transcripts) corresponded to FST values of 0.525 and
above (Supplemental Figure 3.2). Transcripts with circadian gene annotations
were significantly overabundant in the high FST group (3 out of 188, 1.596%)
compared to the low FST group (17 out of 9,190, 0.185%) (Fisher’s exact test, p =
0.0070, Figure 3.7). Among the three circadian genes, period had an FST value of
0.89, cycle had an FST of 0.73, and slimb had an FST of 0.75.
Within the high FST group, represented biological process GO terms
included (but were not limited to) localization, metabolic processes, immune
system processes, and biological regulation (Figure 3.6A). Represented pathways
included the circadian clock, pyruvate metabolism, and integrin signaling
pathways (Figure 3.6B). Enriched GO terms in the high FST group were limited to
response to alcohol, peptide transporter activity, and vesicle component.

DISCUSSION

77

Our results indicate that circadian genes may be involved in differences in
mating time and accumulation of temporal isolation between the E and Z strains.
Differential expression analysis revealed that the majority of transcripts were not
differentially expressed in either strain at any of the three time points
(Supplemental Figure 3.2), though several circadian genes (per, cyc, vri, and
slimb) and olfactory genes (O. nubilalis odorant receptors 4 and 6) were
significantly differentially expressed between strains. FST analysis identified an
overrepresentation of circadian genes, including per, amongst transcripts with
high FST, suggesting that circadian genes expressed in females prior to mating
show genetic differentiation in wild populations.

Strength of circadian temporal isolation as a barrier to reproduction
While the E and Z strains have remained diverged from each other,
observed contemporary mating times are not consistent with historical ones. The
contemporary E strain mates on average 1.6 hours earlier than the Z strain, rather
than at the end of scotophase (Figure 3.2). Mating timing is closely linked to
female pheromone release, and female calling behavior has been documented to
peak 4 hours earlier in the E strain than the Z strain (Webster & Carde, 1982), a
result supported by data from Karpati et al. (2007). This supports our observation
that the E strain has a median mating time 2.6 hours earlier than the Z strain. It
has been suggested that the discrepancy between calling behavior and observed
mating time may be a result of small sample sizes in the Liebherr and Roelofs
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study (Webster & Carde, 1982), though our study has nearly identical sample
sizes, but mating times more consistent with timing of female pheromone release.
Historically, the strength of circadian temporal isolation as a barrier was estimated
to be 0.525 (Liebherr & Roelofs, 1975; Dopman et al., 2010), while the
contemporary barrier strength is reduced to 0.393. This reduction relative to
historical populations could be a result of geographic variation in mating time, as
the two historical populations were derived from different sampling locations. A
potential explanation for the shift in mating time from historical populations is
lability in mating time in one or both strains. Our observations indicate that the E
strain has shifted while the Z strain has remained relatively stable, suggesting that
the E strain is more labile in mating time. Webster and Carde (1982) and Karpati
et al. (2007) observed that E-strain females from European and North American
populations mate earlier than Z-strain female; these findings are consistent with
ours and suggest that mating patterns within our colonies are representative of
patterns found in nature.

Differential expression
Differential expression analysis identified several key circadian genes that
are significantly upregulated in one strain relative to the other: period, cycle,
slimb, and vrille (Figure 3.3). DE genes are primarily limited to those showing
between-strain variation, rather than within-strain variation between time points.
It is already well-documented that many genes of the circadian clock pathway
(including period, timeless, clock, and cryptochrome1) are expressed in 24-hour
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cycles (McDonald & Rosbash, 2001). The largest differences in expression,
however, are predicted to be in contrasts of early photophase and early
scotophase. This suggests that the 5-hour window in our study (late-photophase to
mid-scotophase) may not have been large enough to detect significant fluctuations
in expression within each strain.
Of the three transcripts representing period (per), one was upregulated in
the E strain relative to the Z strain at all three time points. The remaining two
transcripts, representing either isoforms or non-overlapping portions of the gene,
show different patterns without significant differential expression (Figure 3.3).
While per showed similar patterns of expression in both strains (such as a
reduction in expression level at 1.3 hours), expression levels are significantly
higher in the E strain (Figure 3.5). Transcriptional activity of per may be affected
by the ability of CLK/CYC to bind to the E-box sequence of the gene. One
potential explanation of earlier mating time is that higher levels of PER in the E
strain during late photophase may be triggering earlier PBAN activation, leading
to earlier release of pheromone and male orientation towards females. Per mRNA
levels are expected to increase during the day, peak in early scotophase, and
decrease afterwards (Meuti & Denlinger, 2013), as occurs in Drosophila
melanogaster (Claridge-Chang et al., 2001; McDonald & Rosbash, 2001). This
predicted pattern is partially consistent with our results, although our sampling
time points would not capture a full cycle of transcriptional activity.
Slimb was the only circadian gene in our transcriptome to show withinstrain differential expression, but it does not have well-studied patterns of

80

expression. Of the four transcripts of slimb, two are upregulated in the E strain
during photophase and one shows within-strain increased expression during
photophase relative to 1.3 hours (Figure 3.3). The remaining two transcripts show
no differential expression. E-strain upregulation of slimb during photophase may
be a reflection of increased levels of PER. Slimb is a negative regulator of PER
(Grima et al., 2002; Ko et al., 2002), so slimb expression may be higher in
response to an increased need for SLIMB degradation of PER as PER
accumulates throughout scotophase. Our time points, however, do not capture the
predicted slimb expression peak in early photophase, so it is difficult to identify
overall trends.
Two cycle (cyc) transcripts were also differentially expressed in our study.
Both were upregulated in the E strain during photophase, and one was also
upregulated in the E at 4 hours. Although there is an interaction between cyc and
per (CLK/CYC binds to the promoter of per), differential expression of cyc is
likely not due to increased per expression in the E strain, as we might expect that
high levels of PER would inhibit cyc to a greater extent in the E strain. Increased
expression of cyc may be indicative of increased binding of CLK/CYC to various
circadian genes, triggering increased per expression in the E strain. This could
potentially link both per and cyc to earlier PBAN activation and pheromone
release. Cyc is expected to have lowest mRNA levels at the beginning of
scotophase and highest levels in early photophase (Claridge-Chang et al., 2001;
McDonald & Rosbash, 2001), which seems to fit with our observations (Figure
3.5).
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The gene vrille (vri) is part of a second feedback loop in the circadian
clock pathway that controls expression of clk. Of three vri transcripts in our
transcriptome, two showed no patterns of differential expression, and the third
was significantly upregulated in the Z strain during photophase (Figure 3.3) and
showed higher expression in the Z strain at all three time points (Figure 3.5).
Higher levels of VRI in the Z strain may be involved in mating time by causing
additional repression of clk transcription, leading to delayed activation of the
PBAN pathway. Binding of CLK/CYC to the E-box in the promoter of vri
activates transcription, and the resulting VRI protein binds to and inhibits clk. In
Drosophila, vri expression peaks in late photophase/early scotophase, similar to
per and tim (Blau & Young, 1999; McDonald & Rosbash, 2001), although our
time points do not capture a statistically significant peak.
While all transcripts annotated as PBAN were lowly expressed and not
significantly differentiated between strains, we did identify three transcripts
corresponding to O. nubilalis’ odorant receptors 4 and 6. OR4 is specific to the E
isomer of 11-14:OAc (Wanner et al., 2010; Leary et al., 2012; Koutroumpa et al.,
2014) produced by E-strain females, while OR6 has demonstrated specificity to
the Z isomer produced by Z-strain females (Glover et al., 1990; Dopman et al.,
2004; Wanner et al., 2010). Although males are the primary pheromone detectors
in ECB, males do extend a specialized organ, the hairpencil, during courtship to
release a male-specific pheromone blend (Royer & McNeil, 1982) comprised of
16:OAc, Z9-16:OAc, Z11-16:OAc, and Z14-16:OAc (Lassance & Löfstedt,
2009). The chemical pathways determining female and male pheromone
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components are closely related (Lassance & Löfstedt, 2009), and several ECB
odorant receptors (OR3, OR5 and OR8) have demonstrated responsiveness to
these components in both strains (Koutroumpa et al., 2014). Although OR3, OR5,
and OR8 were not identified in our data set, expression of OR4 and OR6 may be
indicative of overall expression of pheromone receptors in females in response to
short-range pheromone signaling from males. Interestingly, Z-strain females
upregulated OR4 at the time when E females had peak mating, and one OR6
transcript was upregulated by E females at both 1.3 and 4 hours into scotophase.
Discrimination between male pheromones may require expression of both OR4
and OR6 in females, and high expression of pheromone receptors of the opposite
strain may have some inhibitory effect on mating activity in females.

Genetic differentiation between strains
Amongst the genes with high FST, circadian genes (per, cyc, and slimb) are
overrepresented, comprising 1.596% of transcripts, relative to only 0.185% of the
low FST group (Figure 3.7). This over-representation of circadian genes may
indicate that these genes are restricting gene flow between the strains, which
would be expected if genetic variation in circadian genes underlay the differences
in mating timing. These three circadian genes also showed significant patterns of
differential expression between strains (Figure 3.3).
Genetic variation within per is already known to correlate with changes in
generation number in ECB, contributing to seasonal temporal isolation (Levy et
al., 2015). Per and slimb are both on the Z sex chromosome (Glover et al., 1992;
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Dopman et al., 2004, 2005; Levy et al., 2015), and per is physically linked to the
QTL controlling post-diapause development time (Pdd) (Glover et al., 1992).
Genes near Pdd are predicted to show high FST due to a predicted inversion
between the E and Z strains, which suppresses recombination and contributes to
genetic differentiation (Wadsworth et al., 2015). In addition to Pdd, the Z
chromosome contains other loci that contribute to reproductive isolation,
including three ECB olfactory receptors (OR1, OR3, and OR6; Lassance et al.,
2011), as well as the QTL controlling male response to female pheromone
(Dopman et al., 2004), all of which could impact levels of genetic divergence.
High genetic differentiation of Z-linked circadian genes may be an effect of
restricted gene flow, not the cause of it.
In our data set, transcripts within the top 2% of FST values were grouped
by gene ontology (GO) term. GO terms related to biological processes included
adhesion, regulation, and immune function (Figure 3.6A). Genes in the top 2%
included scabrous, a gene in the integrin signaling pathway that regulates the
Notch signaling pathway (Giagtzoglou et al., 2013) and is involved in
photoreceptor development in the eye (Adams & Watt, 1993). Also in the high
FST group is the nuclear hormone receptor FTZ-F1, an important developmental
patterning gene (Lavorgna et al., 1991) that has peak expression during transitions
between life stages (Sun et al., 1994) and is located on the Z chromosome near
Pdd. Represented pathways included the circadian clock, pyruvate metabolism,
and integrin signaling pathways (Figure 3.6B).
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Conclusions
The circadian genes period, cycle, and slimb are candidates for
involvement in mating timing. All three are differentially expressed and are
highly genetically differentiated between the E and Z strains. Per is indirectly
regulated by the photoreceptor CRY1 and has been implicated in rhythmicity of
mating time in D. melanogaster (Sakai & Ishida, 2001) and flies of the
Bactrocera genus (Miyatake et al., 2002), making it a strong candidate for
variation in nocturnal mating time. Interactions with per may also be driving
differential expression of cyc and slimb. Although it is difficult to infer outcomes
without a clear understanding of the interactions between the circadian clock and
the PBAN pathway, it is plausible that increased per transcription and resulting
higher levels of PER protein in the E strain lead to increased endocrine signaling
and earlier activation of the PBAN pathway, leading to a cascade that results in
earlier female calling behavior and male orientation toward females.
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TABLES
Table 3.1. Summary statistics of transcriptome assembly in Trinity.
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FIGURES

Figure 3.1. Schematic of specific contrasts tested in differential expression
analysis. Within-strain, comparisons were made between each pair of time points
(photophase vs. 1.3 hours of scotophase, photophase vs. 4 hours of scotophase,
and 1.3 vs. 4 hours of scotophase). Between-strain, comparisons were made at
each time point. Numbers shown are total numbers of differentially expressed
transcripts in each contrast.
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Figure 3.2. Mating frequencies of the European corn borer E and Z
pheromone strains during scotophase. Shown are the number of females mating
for the first time during each hour of scotophase, for a) historical field populations
from different geographic locations (Liebherr & Roeloffs 1975) and b)
contemporary colony populations. Dashed vertical lines represent median mating
times in contemporary populations (E = 1.3, Z = 4.0), and mean mating times for
historical populations (E = 6.8, Z = 5.1). Contemporary populations show a
significant difference in mean mating time between strains (p = 0.0038). When
mating times are grouped into 1-hour buckets, both strains showed significant
differences between historical and contemporary mean mating times (E: historical
= 7.33, contemporary = 2.81, p < 0.0001 ; Z: historical = 5.58, contemporary =
4.28, p = 0.0086). The relative strength of circadian temporal isolation as a
reproductive isolating barrier is 0.393.
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Figure 3.3. Heatmap of relative expression of genes in the circadian pathway
and related photoreceptors in each contrast. Photophase, 1.3 hour, and 4 hour
contrasts are E vs. Z. Values are z-scored logFC, with red color indicating
upregulation in the first term of each contrast, and blue color indicating
upregulation in the second term of each contrast. Z-scores were clipped to a
minimum of -2 and a maximum of 2. Asterisks indicate genes that are
significantly differentially expressed (FDR-corrected p-value < 0.05) for a given
contrast.
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Figure 3.4. Heatmap of relative expression of all transcripts with annotations
related to olfaction in each contrast. Photophase, 1.3 hour, and 4 hour contrasts
are E vs. Z. Values are z-scored logFC, with red color indicating upregulation in
the first term of each contrast, and blue color indicating upregulation in the
second term of each contrast. Z-scores were clipped to a minimum of -2 and a
maximum of 2. Asterisks indicate genes that are significantly differentially
expressed (FDR-corrected p-value < 0.05) for a given contrast.
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Figure 3.5. Trajectory of select circadian gene expression levels through time.
Each line represents a single component, with normalized counts at each time
point averaged across libraries. Data collection time points were 1 hour before
scotophase, 1.3 hours into scotophase, and 4 hours into scotophase.
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Figure 3.6. Breakdown of top 2% of transcripts by FST value, categorized by A)
biological process-related GO terms and B) biological pathways.
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***"

Figure 3.7. Proportion of genes in high (FST ≥ 0.525) and low (FST < 0.525) FST
groups with circadian-pathway annotations. High FST = 1.596%, low FST =
0.185%. Fisher’s test p = 0.007.
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SUPPLEMENTAL TABLES
Supplemental Table S3.1. Forward and reverse primer sequences used to
amplify the pgFAR gene. From Lassance et al. 2010.
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Supplemental Table S3.2. A-C) Top 15 differentially expressed transcripts
during the E vs. Z-strain photophase, 1.3 hour, and 4 hour contrasts, respectively.
D-F) Top 15 differentially expressed transcripts within the E strain in specific
contrasts between D) the 1.3 and 4 hour scotophase time points, E) the
photophase and the 1.3 hour scotophase time points, and F) the photophase and
the 4 hour scotophase time points. G-I) Top 15 differentially expressed transcripts
within the Z strain in specific contrasts between G) the 1.3 and 4 hour scotophase
time points, H) the photophase and the 1.3 hour scotophase time points, and I) the
photophase and the 4 hour scotophase time points. Information shown is the log
fold change and direction of bias, p-value and false-discovery rate-corrected pvalue, and putative annotation.

A

PHOTOPHASE

logFC

comp26176_c0_seq1 7.0347978
comp14595_c0_seq1 7.9811813
comp20556_c0_seq1 6.8434241
comp34218_c0_seq1 6.7922315
comp21228_c0_seq1 3.7231383
comp38895_c0_seq1 8.3040153
comp32533_c0_seq1 54.8055847
comp40185_c0_seq1 4.1218215
comp38226_c0_seq1 6.4800731
comp34411_c0_seq9 2.7940398
comp19338_c0_seq1 7.6012576
comp27055_c0_seq1 5.6587756
comp33758_c0_seq1 3.0154743
comp35073_c0_seq2 4.5930349
comp54109_c0_seq1 7.0659359

B

1.3$HOURS

logFC

comp14595_c0_seq1
7.678345
comp40185_c0_seq1
4.589684
comp26176_c0_seq1
6.009098
comp21228_c0_seq1
3.702246
comp34218_c0_seq1
6.575386
comp20556_c0_seq1
6.636974
comp38226_c0_seq1
6.454001
comp28832_c0_seq1
6.224013
comp32495_c0_seq1
4.234923
comp36634_c0_seq5
3.325886
comp14244_c0_seq1 59.7450654
comp25663_c0_seq1 55.4551859
comp23193_c0_seq1 4.3839759
comp34788_c0_seq1 3.7936032
comp14315_c0_seq1 11.957314

PValue

FDR

8.08E546
6.50E540
6.54E537
1.11E533
5.57E530
4.48E528
4.83E527
4.97E527
2.06E526
9.10E526
6.25E525
1.21E524
2.04E524
4.03E524
8.20E524

PValue
3.63E528
6.82E524
8.08E524
1.38E523
2.58E523
5.15E521
8.22E520
1.38E519
1.62E518
3.74E518
5.42E518
4.21E516
6.64E516
7.49E516
1.04E515

Bias
1.48E541
5.96E536
4.00E533
5.08E530
2.04E526
1.37E524
1.14E523
1.14E523
4.19E523
1.67E522
1.04E521
1.85E521
2.88E521
5.28E521
1.00E520

FDR
6.65E524
4.94E520
4.94E520
6.34E520
9.47E520
1.58E517
2.15E516
3.16E516
3.30E515
6.86E515
9.04E515
6.44E513
9.37E513
9.81E513
1.27E512
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BE
BE
BE
BE
BE
BE
UZ
BE
BE
BE
BE
BE
BE
BE
BE

Annotation
Gag5like_protein
Integrase
ReverseDtranscriptaseD(transposonDPao)
Endonuclease5reverse_transcriptase
Putative_pol5like_protein
Putative_pol5like_protein
Serine/arginineDrepetitiveDmatrixDproteinD15like
RNaseDHDandDintegrase5likeDprotein
Putative_endonuclease5reverse_transcriptase
Endonuclease5reverse_transcriptase
Endonuclease5reverse_transcriptase

Bias

Annotation

BE
BE
BE
BE
BE
BE
BE
BE
BE
BE
UZ
UZ
BE
BE
BE

Gag5like=protein
Endonuclease5reverse_transcriptase
Putative_pol5like_protein
Reverse=transcriptase=(transposon=Pao)
Integrase
Putative_pol5like_protein
Glutathione_S5transferase_1
Polyprotein
Gag5pol=protein=precursor
Cuticular_protein_glycine5rich_9
Cytochrome=p450
Non5LTR_retrotransposon_CATS
Zinc=finger=DNA=binding=protein

C

4"HOURS

logFC

PValue

comp34218_c0_seq1
7.241983
comp14595_c0_seq1
7.118035
comp26176_c0_seq1
5.564922
comp40185_c0_seq1
4.458139
comp20556_c0_seq1
5.449614
comp28832_c0_seq1
6.337516
comp16366_c0_seq1
5.635464
comp36634_c0_seq5
3.66502
comp14999_c0_seq1
8.858877
comp39648_c0_seq1 510.598204
comp37254_c0_seq1 56.9212027
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FDR
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6.29E530
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2.71E526
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3.50E522
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4.02E013
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FDR
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logFC
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2.44E510
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1.56E508
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6.53E508
2.20E507
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logFC
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logFC
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4.11E509
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2.04E505
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1.66E.06
2.52E.06
3.87E.06
3.46E.06
3.71E.06
4.18E.06
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FDR
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FDR
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1.75E.04
1.97E.04
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3.38E.03
3.38E.03
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0.005461164
0.005461164
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0.00781272
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SUPPLEMENTAL FIGURES

Supplemental Figure S3.1. Agarose gel banding to confirm strain identity of
E and Z strain DNA samples amplified via PCR at the pgFAR locus. A)
Putative Z-strain colony males (M1-M5) and females (F1-F5) with field Z-strain
males for reference. B) Putative E-strain colony males and females with field Zstrain males for reference. Dashed line rests below expected size of Z-strain
pgFAR products.
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CHAPTER 4
Conclusion
The goal of the studies described herein was to elucidate the role the
circadian clock plays in driving speciation through temporal reproductive
isolation. We have shown that genes of the circadian clock pathway may be
implicated in life cycle, seasonal timing, and circadian mating behaviors in the
European corn borer. We demonstrated that allelic variation in the genes
cryptochrome1 and period is linked to voltinism ecotype in Midwestern Z-strain
populations (Chapter 2), and identified a novel cyclical pattern of period allele
variation across latitude that is reminiscent of a sawtooth phenotypic cline
(Masaki, 1978a; b; Roff, 1980; Tauber & Tauber, 1981). These patterns may be
indicative of natural selection acting on period and/or the genetically-linked QTL
determining post-diapause development time (Pdd) (Glover et al., 1992; Dopman
et al., 2005) to alternately shorten and lengthen development time. This would
correspond with a seasonal fitting model (Roff, 1980) that balances selection
pressure to fit in an additional generation with the need for emergence at the
appropriate time during the season. We also showed that the circadian genes
period, cycle, vrille, and slimb are differentially expressed between the E and Z
strains at various time points, including late photophase and two scotophase time
points that represent peak mating activity for the E and Z strains (Chapter 3).
While expression levels do not seem to vary within-strain between peak mating
time and other time points, increased expression of period in the E strain may be
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causing earlier mating time via earlier activation of the pheromone biosynthesis
pathway.
Together, these findings have important implications for the role of the
circadian clock in speciation. In ECB, the genetic identity of Pdd is currently
unknown, and it is possible that period is part of the Pdd QTL. Even if period and
Pdd are distinct genes, the proximity of the two is likely to impact the association
between genetic variation of period and developmental timing. Selection may be
causing divergence at the Pdd locus, and genetic hitchhiking may cause reduced
gene flow in genes near Pdd, including period. Alternatively, selection acting on
seasonal development timing may have pleiotropic effects on circadian variation
in mating timing, as both are associated with period. High FST of period found in
studies of latitudinal variation of circadian genes and studies of circadian mating
behavior in ECB suggest that voltinism ecotypes of one strain are genetically
differentiated. This may point to selection acting on the voltinism trait withinstrain, in which case between-strain divergence at Pdd and period may just be a
byproduct.
Period, the circadian genes clock and slimb, and Pdd are likely located
within or near a predicted ~4 Mb inversion on the Z chromosome (Kroemer et al.,
2011; Wadsworth et al., 2015), along with at least three predicted ECB odorant
receptors (OR1, OR3, and OR6; Wanner et al., 2010; Lassance et al., 2011) that
contribute to pheromone-driven behavioral isolation. This inversion is predicted
to suppress recombination between the strains, preventing exchange of Z-linked
alleles and contributing to their divergence (Wadsworth et al., 2015). While not
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common, speciation genes have been mapped to chromosomal regions that have
undergone rearrangements. In the monkeyflowers Mimulus lewisii and M.
cardinalis, a number of pre-mating and post-mating barriers (including flowering
time and hybrid sterility) have been linked to genes within chromosomal
inversions (Fishman et al., 2013). The impact of inversions on formation of
reproductive isolating barriers is a particularly interesting explanation for
speciation in Lepidoptera, as butterfly and moth genomes have high rates of
chromosomal rearrangement relative to other taxa (d’Alençon et al., 2010;
Wadsworth et al., 2015). In ECB, inversion within the Z chromosome may be
promoting co-segregation of multiple genes that contribute to behavioral and
temporal isolation, both seasonally and in 24-hour cycles. This may explain in
part the correlation between period polymorphisms and short- or long-developing
PDD phenotype (Levy et al., 2015), as both are predicted to be within the
inversion.
A number of gaps still remain in the narrative of the circadian clock and
temporal isolation in ECB. Male orientation towards females and initiation of
mating are cued by female pheromone production and release, and while this is
predicted to be under clock control and potentially mediated by the endocrine
system, the exact relationship between the clock and pheromone production is
unknown (Groot, 2014). Additionally, while we’ve established a relationship
between voltinism, life cycle, and variation in some clock genes within the Z
strain, it is unclear whether similar patterns are present in the E strain and how
within-strain variation in generation number might be tied to selection for
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different voltinism patterns in the two strains. This is particularly true for
sympatric E and Z populations, where the two strains are experiencing the same
seasonally fluctuating environments.
Our knowledge of the European corn borer can potentially be extended to
understand the relative importance of circadian clocks in other species and as part
of the speciation process. Evolutionarily speaking, circadian systems are ancient.
Clocks have been identified in some bacteria (Golden et al., 1997; Dvornyk et al.,
2003) and are widespread in eukaryotes, including fungi, plants, and animals
(reviewed in Dunlap, 1999). Clock genes are highly conserved within animals
(Meuti & Denlinger, 2013), but are also some of the most rapidly evolving genes
found to date (Dunlap, 1999), which would explain why such a diverse array of
life is able to utilize circadian clocks for their own adaptive needs. Knowledge of
this central timekeeping mechanism in other species can have wide-ranging
impacts on our understanding of how organisms locate mates, avoid predation,
utilize resources, and cope with environmental variation like climate change.
More broadly, these studies add to the growing body of literature
examining the relative contribution of temporal isolation to the speciation process.
Early speciation research implicated temporal isolation as a reinforcement
mechanism for already-diverged lineages (Coyne & Orr, 2004). While this may
be the case in many species, in ECB, reproductive isolation between the
pheromone strains is not yet complete, and our findings support the conclusion
that variation in seasonal and circadian mating times are contributing to
speciation, and that even minor differences in timing can cause significant
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temporal isolation. Due to a variety of potential causes of variation in mating
time, the role that temporal isolation plays is likely to be unique to each case of
speciation, but circadian genes can provide an initial focal point for the study of
the genetic basis of reproductive and life cycle timing.
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