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DISSERTATION ABSTRACT 
 
Reproductive barriers drive divergence by restricting gene flow between populations. However, 

barriers are often semipermeable, allowing some gene flow between groups. Further, populations 

may vary in the number and coincidence of reproductive barriers. This dissertation focuses on 

patterns of gene exchange among populations of European corn borer moths (Ostrinia nubilalis) 

that vary in the number of acting barriers. In Chapter One, I performed an empirical test of a 

‘coupling hypothesis’ of reproductive barriers, which examines how their joint effects enhance 

reproductive isolation and genomic divergence. I found divergence mainly restricted to barrier loci 

when populations differ by a single barrier, whereas the coincidence of temporal and behavioral 

barriers is associated with enhanced divergence. Specifically, differentiation at temporal barrier 

loci increases in the presence of behavioral divergence and differentiation at behavioral barrier 

loci increases in the presence of temporal divergence. In Chapter Two, I examine how barrier loci 

can guide life history variation when a species expands its range. To identify whether the genome 

reflects signatures of natural selection at such phenological loci, I studied the genomes of moths 

from populations along a latitudinal gradient in the Midwestern US. I found genome-wide 

signatures that were reflective of a large expansion in both range and population size and 

demonstrated that two key life history loci showed signatures consistent with both selection and 
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demographic processes. Finally, in Chapter Three, I considered how introgression and 

recombination complicate patterns of ancestry of key barrier loci, using genealogical trees for 

individuals and species of the Ostrinia moth group. I developed tree sequence topologies from 

both genome wide markers and a set of four barrier trait loci and calculated genealogical nearest 

neighbor estimates, a statistic summarizing relative ancestry proportions of each individual to 

describe how phenotypic variation has shaped the species and population history of O. nubilalis. I 

showed that much of the genome reflects genealogical sharing across many populations, but 

genealogies at barrier loci distinguish groups. Finally, there was evidence of introgression of these 

barrier traits between multiple species within the Ostrinia group, suggesting a complex model for 

barrier trait evolution in this group. 
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CHAPTER ONE 
 

CONSEQUENCES OF COUPLED BARRIERS TO GENE FLOW FOR THE BUILD-UP OF 
GENOMIC DIFFERENTIATION 
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ABSTRACT 

 

Theory predicts that when different barriers to gene flow become coincident, their joint effects 

enhance reproductive isolation and genomic divergence beyond their individual effects, but 

empirical tests of this ‘coupling’ hypothesis are rare. Here, we analyze patterns of gene exchange 

among populations of European corn borer moths that vary in the number of acting barriers, 

allowing for comparisons of genomic variation when barrier traits or loci are in coincident or 

independent states. We find that divergence is mainly restricted to barrier loci when populations 

differ by a single barrier, whereas the coincidence of temporal and behavioral barriers is associated 

with divergence of two chromosomes harboring barrier loci. Furthermore, differentiation at 

temporal barrier loci increases in the presence of behavioral divergence and differentiation at 

behavioral barrier loci increases in the presence of temporal divergence. Our results demonstrate 

how the joint action of coincident barrier effects leads to levels of genomic differentiation that far 

exceed those of single barriers acting alone, consistent with theory arguing that coupling allows 

indirect selection to combine with direct selection and thereby lead to a stronger overall barrier to 

gene flow. Thus, the state of barriers – independent or coupled – strongly influences the 

accumulation of genomic differentiation.  

 

INTRODUCTION 

 

Understanding the origin of new species is crucial for explaining patterns of biodiversity. New 

species are thought to arise as populations diverge and accumulate trait differences that limit 

interbreeding, genetic exchange, and sharing of evolutionary processes (Mayr 1942, Coyne and 
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Orr 2004, Harrison and Larson 2014). Consequently, there is long-standing interest in 

understanding how barriers to reproduction evolve and promote independent evolution of 

populations in nature, as characterized by the emergence of distinct genetic groups.  

 

Most sister species are separated by multiple barriers to gene flow such as differences in mating 

time, differences in mate choice, and decreased hybrid survival (Coyne and Orr 2004; Dopman et 

al. 2010), arguing that speciation depends on the accumulation of barriers and strong reproductive 

isolation. Different barriers need not, however, initially evolve between the same populations. 

Instead, independent barriers could restrict gene flow between different populations, potentially as 

a gradual build-up of barriers with geographic distance (Barton 2013). Without the coincident 

action of multiple barriers between the same populations, theory indicates that differentiation will 

be centered at loci underlying barrier traits, reflecting weak overall reproductive isolation and 

potentially migration-selection balance (Barton 1983; Barton and Bengtsson 1986; Barton and de 

Cara 2009; Butlin and Smadja 2018; Flaxman et al. 2014; Schilling et al. 2018). At other genomic 

regions, gene flow and recombination can allow for shared evolutionary processes within what is 

essentially a single population (Barton 2013).  

 

When multiple barrier traits become coincident in a process known as ‘coupling,’ their joint effects 

are believed to enhance reproductive isolation and genomic divergence beyond their individual 

effects, potentially leading to strong reproductive isolation sufficient for the origin of new species 

(Barton 1983; Barton and Bengtsson 1986; reviewed in Butlin and Smadja 2018). Recent 

simulations of divergence with gene flow suggests the presence of tipping-point dynamics, 

wherein a certain threshold of coupling, achieved by the accumulation of new barrier loci or 
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increased linkage disequilibrium (LD) among existing loci, initiates a feedback loop of rapid 

differentiation across the genome (Flaxman et al. 2014, Schilling et al. 2018, reviewed in Nosil et 

al. 2017). This coupling threshold may correspond to a critical point at which the strength of 

selection across accumulated barrier loci, arising from both direct fitness effects of each locus and 

indirect fitness effects of their non-random associations, outweighs the homogenizing impact of 

recombination (measured as φ, the ‘coupling coefficient’, Barton 1983). As coupling builds 

towards this tipping point, recombination is predicted to cause a lag in divergence at neutral loci 

resulting in heterogeneous genomic differentiation (Nosil et al. 2017; Schilling et al. 2018). 

Genomic architectures that reduce recombination, including pleiotropy, tight physical linkage, or 

chromosomal rearrangements, are therefore expected to promote coupling (Servedio et al. 2011; 

Dagilis and Kirkpatrick 2016, Ortiz-Barrientos et al. 2016; Kirkpatrick & Barton 2006). Although 

coupling does not require physical linkage, in a widespread pattern known as the ‘large X-effect,’ 

sex chromosomes often harbor more barrier loci than autosomes (Coyne and Orr, 1989; Presgraves 

2008; 2018). Consequently, the X (or Z) chromosome might be prone to coupling dynamics and 

rapid chromosomal differentiation (Lasne et al. 2017; Presgraves 2018). Consistent with this, 95% 

of 129 studies reviewed in Presgraves (2018) find evidence between taxa of elevated 

differentiation on sex chromosomes relative to autosomes, although there is no shortage of 

alternative hypotheses for biased sex chromosome differentiation (e.g. Caballero 1995; Pool & 

Nielsen 2007; Charlesworth 2012; reviewed in Presgraves 2018). 

 

Critical to theoretical predictions of a build-up of genomic divergence that ultimately characterizes 

new species is the coupling of multiple barriers to gene flow. Understanding how coupling 

counteracts gene flow to allow genomic divergence requires us to reconstruct the sequence of 
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events, from barrier independence to barrier coincidence, as speciation progresses. Much empirical 

work has indirectly studied the evolution of coupling during speciation by quantifying genomic 

differentiation across lineages at differing stages of divergence (Gagnaire et al. 2013, Seehausen 

et al. 2014; Shaw & Mullen 2014; Riesch et al. 2017; Xu & Shaw 2019, 2021). Equally valuable 

are systems allowing direct comparisons of genomic variation when barrier traits or loci are found 

in either a coincident or independent state. Such direct studies of coupling dynamics may be 

especially challenging in many systems because barriers to gene flow, trait loci, and recombination 

landscapes are either unknown or barriers are found exclusively in a coincident state. 

Consequently, strong empirical tests of coupling dynamics are rare.  

 

The European corn borer moth (ECB) Ostrinia nubilalis (Hübner) (Lepidoptera: Crambidae) is 

useful for studying coupling dynamics because hybridizing population pairs can differ by 

independent or coincident barriers. In addition to non-coincident barrier effects (Butlin and Smadja 

2017), ECB populations differ in combinations of sex pheromone, host-plant association, and 

phenology (Malausa et al., 2007; Dopman et al. 2010, Coates et al. 2018). Throughout much of its 

introduced range in North America and its ancestral range in Europe and Asia, two pheromone 

strains co-exist (Klun and Cooperators, 1975; Anglade and Stockel 1984). In the E strain, females 

produce and males respond to a sex pheromone comprised mainly of the E isomer of 11-

tetradecenyl acetate (E pheromone), whereas Z moths use a blend of mainly Z isomer (Z 

pheromone) (Klun 1973, Kochansky 1975). The Z strain is more widespread, including areas west 

of the Appalachian Mountains where it occurs alone (Klun and Cooperators, 1975; Sorenson et al. 

1992). Although dietary generalists (Hodgson, 1928; Lewis, 1975), larvae show some host-plant 

specialization on cultivated maize (Calcagno, et al. 2007; Fisher et al 2017), their predominant 
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host (O'Rourke et al. 2010; Coates et al. 2019). However, in France, the E strain shows a near 

complete affiliation with non-maize hosts (Malausa et al., 2007), resulting in its identification as 

the sister species O. scapulalis (Calcagno et al. 2007; Frolov et al. 2007). Finally, three locally 

adaptive ecotypes have been described in North America that differ in seasonal phenology and 

voltinism. A northern ecotype (> 42˚N) produces one mid-season generation per year (univoltine), 

a central ecotype (~36–45˚N) makes one early-season and one late-season generation (bivoltine), 

and a southern ecotype (< 40˚N) makes three or more generations per year (multivoltine) (Showers 

et al. 1976; 1981). The northern ecotype uses the Z pheromone, whereas both Z and E pheromones 

are used by central and southern ecotypes (Sorenson et al. 1992; Showers 1993). Northern and 

central ecotypes become sympatric across an area stretching from Wyoming to Maine (Showers 

et al. 1975; 1981), resulting in population pairs differing by voltinism alone, or both voltinism and 

pheromone.  

 

The three main axes of phenotypic divergence (phenology, pheromone signaling, host-plant use) 

result in various barrier effects. Populations of North American ECB moths can experience a 

temporal barrier from differences in seasonal phenology (bivoltine versus univoltine), a behavioral 

barrier from differences in pheromone communication (Z versus E), or a coincidence of the two 

barrier types (bivoltine E versus univoltine Z) (Figure 1.1). Ten other potential barriers to gene 

flow have been studied that are comparatively weaker (Dopman et al. 2010). North American 

populations are derived from Hungary and Italy (Smith 1920, Caffrey and Worthly 1927) rather 

than France, where barrier effects between the ECB moth O. nubilalis and its sister species O. 

scapulalis consist of a coincidence of pheromone and host, but not voltinism (Thomas et al. 2003).  
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Four other aspects of the system are noteworthy because they have been shown by simulations to 

efficiently reduce gene flow or promote coupling (Flaxman et al. 2014, Nosil et al. 2017, Schilling 

et al. 2018). First, evidence suggests pheromone signal and preference, controlled by pgFAR 

(pheromone production) and bab (preference) genes (Unbehend et al. 2021, Lassance et al. 2010), 

are ‘multiple-effect traits’ (Smadja and Butlin 2011) that contribute to both pre- and post-zygotic 

isolation (mate choice and behavioral sterility) (Glover et al. 1991; Dopman et al. 2010; Unbehend 

et al. 2021). Second, in an example of ‘magic trait’ evolution (Servedio et al. 2011), temporal 

isolation arising from non-random meeting of univoltine and bivoltine adults is an automatic, 

pleiotropic outcome of divergent selection on diapause phenology, controlled by two interacting 

clock genes per and Pdfr (Dopman et al. 2005; Levy et al. 2015; Kozak et al. 2019). Third, three 

of four identified barrier loci (per, Pdfr, bab) map to the Z chromosome, creating a ‘large Z-effect’ 

(Dopman et al. 2004; Kozak et al. 2019; Unbehend et al. 2021). Finally, a chromosomal 

rearrangement (putatively an inversion(s)) suppressing recombination across ~40% of the Z 

chromosome has captured at least one barrier locus (per) and may be abundant within some E 

pheromone populations (Wadsworth et al. 2015; Kozak et al. 2017).  

 

Prior population genetic results suggest identified barriers influence the build-up of genomic 

divergence. Geographic distance is weakly associated with genetic variation throughout the range 

(Bourguet et al. 2000; Kim et al. 2011; Coates et al. 2019), consistent with numerous examples of 

long-distance dispersal (30–60 km) (reviewed in Sappington 2018). Instead, genetic structure 

appears related to barrier effects. In France, differences in pheromone and host use between 

sympatric O. nubilalis and O. scapulalis are associated with significant genetic differentiation 

(Bethenod et al., 2005; Malausa et al., 2007). In an analysis restricted to 65 mostly autosomal SNPs 
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among 12 localities in North America, pheromone signaling but not host or geography 

significantly contribute to genetic differentiation, but the influence of phenology was unmeasured 

(Coates et al. 2019). Kozak et al. (2017) used genome-wide data to study the Z chromosome 

rearrangement in North America and did find elevated differentiation when populations differed 

in both pheromone and phenology compared to pheromone alone, but contrasts were between 

single population pairs. Overall, these prior studies do imply that barrier phenotypes heavily shape 

patterns of gene flow. However, incomplete genomic data or barrier effect combinations have 

made it difficult the evaluate the importance of coupling dynamics in this system.  

 

Here, we help resolve some earlier limitations by analyzing pooled genome data from 14 

population samples and compare genetic divergence between four types of population pairs 

characterized by 1) no barrier effects, 2) only phenology differences (voltinism), 3) only 

pheromone differences, or 4) differences in both phenology and pheromone (joint divergence). In 

addition, we analyze targeted amplicon sequencing of the ‘large-effect’ Z chromosome and the 

autosomal pheromone production locus pgFAR from individuals collected from six locations 

varying in barrier number. Critically, these data allow for comparisons of sympatric populations 

differing by independent or coincident barriers, allowing us to ask whether we can detect empirical 

evidence that coupling promotes speciation as suggested by theory. Accordingly, compared to 

barrier traits when acting alone, upon coincidence we predict evidence of stronger selection or 

more efficient reduction of gene flow. Two expected signatures are increased divergence around 

individual barrier loci as well as enhanced coupling (linkage disequilibrium, LD) among barrier 

loci. If overall selection after coupling outweighs recombination, theory predicts tipping point 

dynamics and a transition towards differentiation of neutral loci. Differentiation can be genome-
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wide or more localized, but the combination of a ‘large Z-effect’ and a Z-linked rearrangement 

might suffice in allowing for the build-up of sex chromosome divergence. An alternative 

possibility is that coincident barriers do not lead to a detectable strengthening of the overall barrier. 

This could mean that individual barriers are so weak that they evolve independently even when 

coincident, or possibly that coupling effects are difficult to detect in nature, and theory could 

explore further quantitative predictions for empirical systems.  

 

MATERIALS AND METHODS 

  

We sampled 13 localities in Eastern United States between 2000 and 2014 (Figure 1.1). Pheromone 

usage was based on male capture in traps baited with either synthetic E (“New York”) or Z 

(“Iowa”) pheromone lures (Heliothis traps, Scentry Biologicals, Billings, MO). Traps were 

separated by ≥ 12 m next to sweetcorn fields. Trap data were verified by gas chromatography of 

female pheromone gland extracts for the presence of E and Z isomers. For 7 sites, we sampled 

diapausing larvae from corn stalks and raised individuals under diapause breaking conditions 

(26˚C, 16h light) until eclosion, allowing classification of voltinism based on post-diapause 

development (PDD) time (bivoltine: PDD time < 18 days; univoltine: PDD time > 38 days). For 

one population (Dover), we collected direct developing larvae in July. These individuals were 

mated as adults, larvae were exposed to diapausing inducing conditions and then phenotyped for 

PDD. For 5 sites, we determined voltinism by the seasonal timing of male capture in pheromone 

traps (bivoltine = early and late flight; univoltine = single mid-summer flight) (Glover 1991, 

Calvin 1994, Zaman 2008, Dopman 2010).  
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Figure 1.1. Map of collection sites and phenotypic information. Graphs indicate the frequency of adult 
moths across the growing season and number of distinct generations (voltinism). Graph and circle color 
indicates whether there were E (blue), Z (red) or both pheromone strains present at each collection site. 

Pooled genome sequencing  

To evaluate how the transition between independent and joint axes of phenotypic divergence might 

affect genomic differentiation, we performed pooled genome sequencing on 14 population samples 

(425 individuals) separated by pheromone and phenology (5 bivoltine E (BE) populations, 3 

bivoltine Z (BZ) populations, and 6 univoltine Z (UZ) populations; see Table 1.1). Pheromone 

strain assignment used pgFAR genotype (E or Z homozygotes) from individuals as determined by 

a diagnostic restriction enzyme digest of pgFAR PCR products (Coates et al. 2013). DNA was 

isolated using Qiagen DNeasy tissue kits (Qiagen, Germantown, MD) without vortexing to 

preserve high molecular weights, and samples were treated with RNase A (Qiagen). DNA from 
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samples from Bellona, NY were extracted using Qiagen genomic tips (20 G). After quantifying 

DNA concentration using a Qubit (Thermo-Fisher), pools combined equal amounts of DNA per 

individual (Table 1.2). Pooled libraries (2 libraries per lane; 2-5 µg/uL per pool) were sequenced 

on an Illumina HiSeq3000 (2x150 bp) (except for Rockspring and Ways, which had 1x100 bp 

data) at Iowa State University DNA Facility, Ames, IA.  

 
Table 1.1. Characteristics and locations for pooled data. 

Site Pheromone Voltinism Number 

of males 

Number 

of females 

Collection 

method 

Coverage 

after alignment 

Bouckville-
Madison, NY 

Z Univoltine 14 6 DI 37.0 

Bellona, NY E Bivoltine 31 0 PT 53.18 
Bellona, NY Z Univoltine 25 0 PT 41.52 
Dover, MA Z Bivoltine 17 5 DD 15.83 
East Aurora, NY Z Bivoltine 16 18 DI 32.35 
Geneva, NY Z Univoltine 13 12 DI 5.94 
Harner, PA E Bivoltine 31 0 PT 7.25 
Harner, PA Z Univoltine 27 0 PT 4.59 
Landisville, PA E Bivoltine 41 0 PT 19.29 
Landisville, PA Z Bivoltine 39 0 PT 5.04 
Penn Yan, NY Z Univoltine 11 15 DI 23.54 
Rockspring, PA E Bivoltine 34 0 PT 10.36 
Rockspring, PA Z Univoltine 33 0 PT 10.26 
Ways, PA E Bivoltine 37 0 PT 13.33 

PT = pheromone trap, DD = direct-developing larvae, DI = Diapausing larvae 
 

Trimmomatic v.35 removed Illumina adapters (TruSeq2 single-end or TruSeq3 paired-end), and 

reads with quality score (q) < 15 over a sliding window of 4 and reads < 36 bp long were removed 

(Bolger et al. 2014). Repetitive regions of the ECB reference genome (GenBank BioProject: 

PRJNA534504; Accession SWFO00000000; Kozak et al. 2019) were masked by RepeatMasker 

(using Drosophila melanogaster TE library in repbase; http://www.repeatmasker.org/; accessed 

March 2017), to which trimmed genomic data were aligned using bowtie2 v.2.2.3 (Langmead and 

Salzberg 2012). Aligned reads were sorted and filtered using Picard (v.2.8.0; 

http://broadinstitute.github.io/picard/) and SAMtools (v.0.1.18) to remove duplicates and reads 

with a mapping quality score (Q) < 20 (Li et al. 2009). We calculated coverage from the aligned, 

filtered, sorted bam files using bedtools v.2.26.0 and the genomeCoverageBed function (Table 1.2) 
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(Quinlan 2014). As described in Kozak et al. (2019), we determined chromosomal positions of 

scaffolds by aligning genotyping-by-sequencing data from pedigree families (with and without the 

recombination suppressor segregating) to the genome scaffolds (Coates and Siegfried  2015, 

Kozak et al. 2017) and constructing linkage groups from identified SNPs in R v.3.5.1 (R Core 

Team, 2018) using the R/qtl package (Broman et al. 2003). We considered SNPs from Z 

chromosome-linked scaffolds that showed no recombination in E x Z strain pedigrees but 

recombined in Z x Z strain pedigrees to be inside the region of suppression (Wadsworth et al. 

2015; Kozak et al. 2017). Twenty-nine scaffolds comprising 8.96 Mb of sequence were determined 

to be inside the region of recombination suppression while 38 scaffolds (11.94 Mb) were outside 

the region. We placed a small number (3%) of the Z chromosome-linked scaffolds using positions 

relative to other markers if they were identified as best hits from BLASTN searches using BLAST 

v.2.8.1 against the genome scaffolds of markers or BACs from previously published Z-linkage 

maps and pedigree families in O. nubilalis (Kroemer et al. 2009; Levy et al. 2015; Koutroumpa et 

al. 2016; Yasukochi et al. 2016) and also in BLASTN searches of Z chromosome-linked genome 

scaffolds in the sister species O. scapulalis against the ECB genome (Brousseau et al. 2018). Order 

and orientation of scaffolds was determined using linkage information from previous maps and 

gene order from Bombyx mori and approximate locations across the Z chromosome was calculated 

in Mb (described in Kozak et al. 2019). Scaffolds with no evidence for Z chromosome linkage in 

any pedigree were designated as autosomal. Chromosome assignment of scaffolds to various 

autosomes (chr. 2–31) used linkage groups in the pedigree families, and synteny of scaffolds to 

Bombyx mori and Melita cinxia chromosomes (described in Kozak et al. 2019). Chromosome 12 

contains the pgFAR gene (Dopman et al. 2004). 
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Table 1.2. Characteristics and locations for amplicon sequencing data. 

   

Frequency of pgFAR 

genotypes  

Site Population Type 

Number 

of females 

Number 

of males EE EZ ZZ 

Difference in 

average eclosion 

time between 

pgFAR ZZ and EE 

insects (days) † 

Dover, MA 
Bivoltine E / 
Bivoltine Z 22 27 50.0% 29.5% 20.5% ‡ 

East Aurora, NY Bivoltine Z 18 15 0.0% 3.5% 96.5% - 

Farmington, NY 
Bivoltine E / 
Univoltine Z 26 19 27.8% 8.3% 63.9% 20.10 

Laurel & 
Newark, DE 

Bivoltine E / 
Bivoltine Z 51 0 12.8% 34.0% 53.2% 1.74 

Penn Yan, NY 
Bivoltine E / 
Univoltine Z 20 9 24.0% 16.0% 60.0% 34.63 

Union Springs, 
NY Univoltine Z 24 29 0.0% 0.0% 100.0% - 

† Time to adult eclosion for diapausing insects (26˚C, 16h light) acts as a proxy for post-diapause 
development time  
‡ Time to eclosion data was not available for these samples but was calculated for the subsequent F1 
generation in the lab and confirmed to be bivoltine (see Material and Methods for more detail). 
 
 
We used SAMtools to identify single nucleotide polymorphisms (SNPs) in populations (Li et al. 

2009). Scripts from Popoolation2 v.1.201 were used to filter (removing SNPs near small indels, 

minor alleles that did not appear twice in each population), calculate allele frequency, and FST 

(Kofler et al. 2011). Pairwise differences in FST were calculated on 100 kb non-overlapping sliding 

windows (including only windows with a minimum coverage > 14 reads and a maximum coverage 

< 300 and at least 20 polymorphisms within the window, as recommended by Fabian et al. 2012). 

We conducted pairwise FST comparisons among four categories of populations: no divergence in 

pheromone or phenology (BZ vs. BZ, UZ vs. UZ), differing only in voltinism (BZ vs. UZ), 

differing only in pheromone (BE vs. BZ), and differing in both pheromone and voltinism (BE vs. 

UZ). 

 

We separately compared FST for autosomal and Z chromosomal loci, and Z loci located inside the 

region of suppressed recombination (“rearranged”) or Z loci located outside this region 
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(“collinear”). We removed and separately analyzed genomic scaffolds containing loci known to 

contribute to voltinism [per (voltinism; scaffold 532; Z chromosome inside “rearranged” region; 

Kozak et al. 2019), and Pdfr (voltinism; scaffold87, Z chromosome “collinear” region; Kozak et 

al. 2019)] and pheromone trait differences [pgFAR (female pheromone production: scaffold178, 

chr 12; Lassance et al. 2009); bab (male flight response; scaffold662, scaffold50; Z chromosome 

“collinear” region; Unbehend et al. 2021)]. We calculated and plotted FST separately for 100 kb 

windows overlapping seasonal timing genes (per, Pdfr, N = 4 windows total, 2 in each scaffold), 

windows overlapping the bab locus (N = 4 windows), and windows overlapping the pgFAR locus 

(N = 1 window). We calculated the average FST for all population pairs of a given type within each 

100 kb window and then took the mean of all windows for each chromosome or genomic region. 

We performed comparison among population types using a Kruskal-Wallis test and pairwise 

posthoc Dunn’s tests in the PMCMRplus package (v1.4.4) with a false discovery rate correction 

in R (Pohlert 2014).  

 

As some population pairs were collected from the same site (“sympatric”) and some from 

geographically distant sites (“allopatric”), we tested for an effect of geographic distance on the 

matrix of all pairwise FST differences using Mantel tests in the R package vegan v.2.5.6 (Oksanen 

et al. 2019). We used a matrix of geographic distance between sites (circle distance) as the 

explanatory matrix. We also performed a conservative analysis that was restricted to those 

population pairs within ~100 km (1-3 generations of dispersal, Sappington 2018) (6 population 

samples in NY, 7 population samples in PA).  
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Targeted amplicon sequencing  

 

To specifically test how the transition from independent to coincident barrier effects in sympatry 

influences the build-up of genomic differentiation, we performed amplicon sequencing of the 

‘large-effect’ Z chromosome and pgFAR on population samples at six locations (260 individuals, 

6 sites) experiencing either no phenotypic divergence or barrier effects (1 allopatric BZ population, 

1 allopatric UZ population), pheromone divergence and behavioral isolation (2 sympatric BE/BZ 

population pairs), or joint phenotypic divergence and cumulative temporal and behavioral isolation 

(2 sympatric BE/UZ population pairs) (Table 1.2). Females were classified by gas chromatography 

of pheromone gland extracts, and both sexes by diagnostic SNPs at the pgFAR gene. Phenology 

classification is described above, using adult eclosion time as a proxy for PDD (except at Dover 

as described above). At Delaware, only female samples were analyzed, but all other locations had 

both male and female samples in approximately equal proportion.  

 

We used 67 primers for multiplex PCR of 450–470 bp product sizes (Table S1.1). Primers were 

distributed across the Z chromosome, including near one of the two temporal barrier genes (Pdfr), 

and one near pgFAR on chromosome 12 (Figure S1.1). Only loci successfully amplified from both 

pheromone strains were carried forward to the final multiplex. We carried out two multiplexed 

reactions using a Qiagen multiplex PCR kit in two 384-well plates. Following amplification, we 

pooled products and transferred to one 384-well plate for barcoding. We created a single library 

by pooling these products after dual barcoding using Nextera N5/N7 primers and OneTaq 

Polymerase (New England Biolabs). We then cleaned the library using Ampure XP (Beckman 
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Coulter) for 350–600 bp product sizes. We quantified libraries using a Qubit and sequenced them 

on a single Illumina MiSeq (2x250 bp) lane at the Cornell Institute of Biotechnology Genomics 

Facility, Ithaca, NY.  

 

We demultiplexed and trimmed raw reads using a quality threshold of 20 with a custom Perl script. 

For each locus, we aligned reads using ClustalW (Larkin et al. 2007), generated a haplotype table 

for each sample at all loci, and called genotypes from the two most common haplotypes (minimum 

4 reads total). If the ratio of the second most common genotype to the most common genotype was 

below 0.2, a homozygous genotype for the most common allele was called. We removed from 

analysis all individuals with ≥ 50% missing data, then loci with > 35% missing data. Following 

these cutoffs, we re-filtered all individuals and removed those with ≥ 35% missing data. We tested 

lower missingness cutoffs but found that a 35% missingness filter produced STRUCTURE and 

PCA results with no discernable differences to lower filters. Applying quality filters resulted in 

217 moths (85 males, 132 females). 

 

Using Z chromosome data, we inferred the presence of distinct populations, assigned individuals 

to populations, and identified admixed individuals using STRUCTURE (v2.3.4) (Pritchard et al. 

2000). Since hemizygous females only carry one Z chromosome, we treated all samples as haploid 

with males contributing two haploid sets. To assure that this design did not bias results, we 

conducted separate STRUCTURE runs using only male samples (treated as diploid) or only female 

samples (treated as haploid). In all cases, we demonstrated qualitatively similar results and could 

not detect any bias. The presented results include all samples and all markers, unless otherwise 

specified. We tested K = 1–7 with a burn-in phase of 10,000 repetitions and a run phase of 100,000 
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repetitions and used default model assumptions with no weight given to location as a prior. Fisher’s 

exact tests were used to compare differences in estimated admixture across groups. A principal 

components analysis (PCA) complemented the analysis of genetic structure using the ade4 

package v.1.7.13 in R (Dray & Dufour 2007).  

 

Finally, we measured linkage disequilibrium to quantify the strength of coupling at barrier loci 

(pgFAR, Pdfr) and the degree to which selection and assortative mating are counteracting neutral 

gene flow and recombination at each of the six sites. After filtering for a 0.15 minor allele 

frequency cutoff, we calculated r2 values for every pair of biallelic SNPs in the female moth dataset 

using custom scripts in R. Following calculations, we estimated mean r2 value per locus and then 

combined results by barrier effect type (i.e., no barrier, one barrier, two barriers). We thinned this 

dataset to include only pgFAR and a single randomly selected locus per Z chromosome-linked 

scaffold. This resulted in a final dataset including 27 loci: 11 Z chromosome-linked markers 

outside the rearrangement (including Pdfr), 15 Z chromosome-linked markers within the 

rearrangement, and pgFAR. Mann-Whitney U tests were used to compare differences in LD across 

groups.  
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RESULTS 

 

Pooled genome sequencing  

 

There were no significant effects of geography on genetic differentiation, as determined by Mantel 

tests (for any category: “rearranged” Z, p = 0.47; “collinear” Z, p = 0.57; autosomal, p > 0.14; 

1000 permutations), consistent with previous studies (Bourguet et al. 2000; Kim et al. 2011; Coates 

et al. 2019). We demonstrated qualitatively similar results with our conservative (within ~100km) 

analysis and could not detect any bias (Figure S1.2).  Thus, we included all pairwise comparisons 

regardless of site of collection to increase the number of comparisons that could be analyzed.  

 

All predicted chromosomes not genetically linked to trait loci showed little genetic differentiation 

regardless of the number of phenotypic differences between population samples (mean FST ≤ 0.05, 

p > 0.1, Figure 1.2). In contrast, differentiation on the Z chromosome and chromosome 12 

increased as the number of barriers accumulated. Compared to population pairs lacking phenotypic 

divergence (mean FST = 0.04), differences in pheromone led to significant elevation (25%) of 

differentiation on chromosome 12 (mean FST = 0.05, p = 0.03), whereas differences in phenology 

(voltinism) did not (mean FST = 0.04, p = 0.86), as expected since phenology barrier loci do not 

occur on chromosome 12. The largest increase (50%) of chromosome 12 differentiation occurred 

upon joint divergence of pheromone and phenology (mean FST = 0.06, p = 6.7 x 10-5), although 

the increase was not significantly greater than pheromone divergence alone (p = 0.17).  
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Figure 1.2. Genetic differentiation (mean FST) estimated in 100 kb windows plotted by predicted 
chromosome between population pairs lacking differences in barrier traits (Z/Z; red) or differing in 
phenology (BZ/UZ; green), pheromone signaling (BE/BZ; blue), or both phenology and pheromone 
(BE/UZ; purple). Scaffolds linked to barrier trait loci pgFAR, per, Pdfr, and bab were excluded from FST 
calculations on the Z chromosome and chromosome 12. Statistically significant differences assessed via 
Kruskal-Wallis tests with Dunn’s test for false discovery rates are labeled with brackets. 
 
Compared to population pairs lacking phenotypic divergence on the Z chromosome (mean FST = 

0.05, Figure 1.2), phenology divergence led to a weak (20%) non-significant increase of 

differentiation (mean FST = 0.06, p = 0.28), whereas a significant (80%) increase was seen in the 

presence of pheromone divergence (mean FST = 0.09, p = 0.01). Joint divergence led to the greatest 

(140%) increase of Z chromosome differentiation (mean FST = 0.12, p = 5.3 x 10-9) and was 

statistically significant compared to phenology alone (p = 2.7 x 10-6) and pheromone alone (p = 

8.2 x 10-3). This effect was primarily driven by elevated FST inside the region of reduced 

recombination among populations that differed in both pheromone and phenology (Figure 1.3D, 

1.3E). FST of the rearranged region was elevated in joint divergence comparisons relative to the 

remaining three population categories (p < 0.007, Figure 3D). FST of collinear regions was 

significantly elevated between populations with joint divergence compared to populations lacking 

trait differences and populations differing only in phenology (p < 0.007, Figure 3E). However, FST 

was not quite significantly elevated compared to pairs that differed only in pheromone (p = 0.11). 

In populations that differed in just pheromone, FST inside the region of reduced recombination was 
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elevated compared to populations lacking barrier effects (p = 0.007), but not populations differing 

in phenology (p = 0.23, Figure 1.3D). 

 
 

 
Figure 1.3. A. Genetic differentiation (FST) at phenology barrier loci per and Pdfr between population pairs 
lacking differences in barrier traits (Z/Z; red) or differing in phenology (BZ/UZ; green), pheromone 
signaling (BE/BZ; blue), or both phenology and pheromone (BE/UZ; purple). B. Genetic differentiation at 
pheromone response barrier locus bab across population pairs. C. Genetic differentiation at pheromone 
production barrier locus pgFAR across population pairs. D. Genetic differentiation at neutral Z chromosome 
loci inside a ~10 Mb “rearranged” region of suppressed recombination across population pairs. E. Genetic 
differentiation at neutral Z chromosome loci outside a ~10 Mb region of recombination suppression 
(“collinear” region) across population pairs. Asterisks indicate significantly different comparisons 
following Kruskal-Wallis tests and Dunn’s tests accounting for false discovery rates (corrected p < 0.05). 
 
With respect to barrier loci, the phenology loci (per/Pdfr) had significantly elevated FST in jointly 

diverged population pairs compared to population pairs without phenology differences (p < 

0.0016), as well as those differing only in phenology (p = 0.017, Figure 1.3A). FST in the bab 

region significantly increased in all populations that differed in pheromone compared to 

populations that did not (p < 0.0003, Figure 3B), but FST was not quite significantly increased upon 
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joint divergence compared to pheromone alone (p = 0.11). FST in the pgFAR region was broadly 

similar to that seen at bab across population pairs. The 100 kb window with the highest mean FST 

on the Z chromosome in populations differing only in phenology overlapped the voltinism gene 

per (scaffold532: FST = 0.23; Figure S1.4), in populations differing only in pheromone signaling 

it was within the bab region (scaffold50: FST = 0.39), and the highest window in jointly diverged 

populations was inside the region of recombination suppression (scaffold804: FST = 0.61).  

 

Targeted amplicon sequencing  

 

The number of distinct genotypic clusters and degree of admixed ancestry varied across localities 

by the number of acting barriers.  The most likely number of clusters across populations was two 

for all STRUCTURE runs (K = 2, Evanno et al. 2005). The two locations lacking any known 

barrier effect (Table 1.1) showed strong assignment to a single cluster. For all 73 individuals, more 

than 98% of their Z chromosome loci belonged to the same cluster (Qs > 0.98; Figure 1.4A). The 

two locations differing in pheromone but not phenology (BE/BZ) showed evidence of two 

genotypic clusters and greater admixture. At these sites, 22% (19 of 83) of individuals showed 

admixture (defined as 0.1 < Q < 0.9).  The two locations where pheromone and phenology could 

act coincidentally (BE/UZ) also showed two genotypic clusters, but unlike at sites where insects 

differed only in pheromone, most individuals showed limited admixture of the Z chromosome and 

the proportion of admixed individuals was reduced. 96% of individuals at BE/UZ sites had a high 

probability of belonging to either cluster 1 (N = 21, Q1 ≥ 0.9) or cluster 2 (N = 37, Q2 ≥ 0.9). 
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Figure 1.4. STRUCTURE plots partitioned by population category. Plotted on the right are the number of 
individuals that are considered admixed (Q-value greater than 0.1 and less than 0.9) and not-admixed (Q 
value greater than 0.9 or less than 0.1). A. All Z chromosome markers; B. rearranged Z markers; C. collinear 
Z markers. Red indicates assignment to cluster 1 (Z clade), blue indicates assignment to cluster 2 (E clade). 
Comparisons are between populations lacking differences in barrier traits (None; Z/Z), or pheromone 
signaling (Pheromone; BE/BZ), or both phenology and pheromone (Joint; BE/UZ). 
 

Separate analyses of Z chromosome loci inside and outside the rearranged region showed that 

admixture depended on marker location (Figure 1.4), in addition to barriers to gene flow. 

Population types significantly differed in the degree of admixed collinear regions (p = 7.63 x 10-

14), with an excess of admixture at sites with insects differing only in pheromone compared to sites 

without phenotypic divergence or sites with joint differences in phenology and pheromone. 

Admixture of rearranged regions was similarly low across all three population types (p = 0.386). 

At sites where insects differed only in pheromone, nearly half (42%) of 83 individuals were 

estimated to have admixed collinear loci (0.1 < Q < 0.9), whereas only 2 showed appreciable 

admixture at loci in the rearranged region (p = 1.64 x 10-10). In contrast, at sites differing in both 

pheromone signaling and phenology, both collinear and rearranged regions were relatively free of 

admixture and the estimated proportion of admixed Z chromosomes did not significantly differ 
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(3.3% vs. 6.6%, p = 0.68).  Consistent with a lower per generation rate of admixture across the 

rearrangement, a large percentage of individuals of mixed ancestry inferred from the rearranged 

region resembled F1 hybrids (Q = 0.4 – 0.6; 3 of 4 admixed, 75%) compared to regions with normal 

recombination rates (11 of 39 admixed, 28.2%) (p = 0.094). The former may represent F1 

heterokaryotype male offspring.  

 

 
 
Figure 1.5. The accumulation of barrier traits leads to increase concordance between pgFAR and 
STRUCTURE clade assignment. Bead-and-string plots depict association between sample genotypes at 
pgFAR, the autosomal locus controlling pheromone production (border color) and Z chromosome marker-
based STRUCTURE assignment (inner color). Samples were considered E-clade if they were assigned to 
an E-strain associated STRUCTURE background at a 0.9 threshold or above, mixed if between 0.1 and 0.9, 
and Z-clade if below 0.1 (see Figure 1.4). Number of individuals listed inside beads. Comparisons are 
between populations lacking differences in barrier traits (None; Z/Z), or pheromone signaling (Pheromone; 
BE/BZ), or both phenology and pheromone (Joint; BE/UZ). 
 
We evaluated Z chromosome admixture relative to allelic associations at the autosomal gene 

pgFAR and found that sex-linked genotypic clusters 1 and 2 mainly corresponded to E and Z 
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pheromone alleles, respectively. Moths assigned with high probability to either of the two clusters 

(Q1 or Q2 ≥ 0.9, N = 168) were usually homogenous for E or Z alleles at pgFAR (145; 86%), 

whereas 25 percent of moths showing evidence of admixture (0.1 < Q < 0.9) had heterozygote 

pgFAR SNP genotypes.  We used a simple network to visualize the E genotypic cluster (Q1 > 0.9), 

the Z genotypic cluster (Q2 > 0.9), and the admixed cluster (0.1 < Q1 < 0.9) separated by pgFAR 

genotype (Figure 1.5).  Most moths demonstrating a mismatch between their autosomal pgFAR 

genotype and their genotypic cluster assignment (N = 48) were collected at sites differing only in 

pheromone (40 of 77) (Figure 1.5).  In contrast, sites differing in both pheromone and phenology 

had fewer discordant individuals (8 of 43). Results from the PCA of the Z chromosome (Figure 

1.6, Figure S1.3) were consistent with these results. The first coordinate axis was broadly 

consistent with pgFAR assignment (Figure S1.3), and whereas intermediates in coordinate space 

of an analysis of collinear markers were primarily admixed individuals at BE/BZ sites (Figure 

1.6A), few intermediates occurred when analyzing solely rearranged loci (Figure 1.6B).  

 
Figure 1.6. Principal components analyses of (A) collinear and (B) rearranged Z chromosome markers. 
Individual labels are based on geographic location and population type. Percentages indicate the amount of 
variance explained by that axis. Comparisons are between populations lacking differences in barrier traits 
(Z/Z; green), or pheromone signaling (BE/BZ; blue), or both phenology and pheromone (BE/UZ; purple). 
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LD across the entire Z chromosome increased as the number of barrier traits increased. r2 values 

were low at locations without barriers (mean r2 =0.027), but progressively grew with the presence 

of a single barrier (~120%) (BE/BZ,  mean r2 = 0.06, p = 1.00 x 10-20) and coincident barriers 

(~310%) (BE/UZ, mean 0.112, p = 5.64 x 10-54) (Figure 1.7). Finally, LD between pgFAR and 

Pdfr increased primarily upon joint divergence, as did LD between pgFAR and the rest of the Z 

chromosome (Figure 1.8). Splitting loci by collinear and rearranged location showed that the 

influence of barrier effects on LD were more pronounced in rearranged intervals (Figure S5). 

 

 
Figure 1.7. Linkage disequilibrium (r2) between all Z chromosome SNPs separated by population type.  The 
mean value is indicated by a vertical black line. Significantly different distributions measured using Mann-
Whitney U tests are marked with asterisks (*). Comparisons are between populations lacking differences 
in barrier traits (Z/Z), or pheromone signaling (BE/BZ), or both phenology and pheromone (BE/UZ). 
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Figure 1.8. Linkage disequilibrium (r2) calculated between the autosomal pgFAR gene and SNPs on the Z-
chromosome, separated by population type. The mean value is indicated by a vertical black line. The star 
depicts mean LD between SNPs at pgFAR and the Z-linked Pdfr gene. Significance from Mann-Whitney 
U tests comparing population types are shown. Comparisons are between populations lacking differences 
in barrier traits (Z/Z), or pheromone signaling (BE/BZ), or both phenology and pheromone (BE/UZ). 
 
DISCUSSION 

 

The origin of distinct genotypic clusters as speciation progresses is thought to depend on 1) the 

number and genomic architecture of segregating barrier loci, 2) strength of selection or assortative 

mating on each locus, and 3) features that reduce the rate of recombination among barrier loci 

(Butlin et al. 2021, Felsenstein 1981, Nosil et al. 2017, Seehausen et al. 2014). The ECB moth 

system is interesting because many of these factors are at least partially understood. Genomic 

locations of barrier loci and a Z-chromosomal rearrangement are known, the strength of relevant 
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barriers have been estimated, and barrier effects among populations can be independent or 

coincident, allowing insight into how the transition from a weaker barrier(s) to a stronger overall 

barrier relates to the emergence of exclusive genetic groups.  

 
Figure 1.9. A graphical overview of genomic differentiation as barriers to gene flow accumulate. Patterns 
reflect key findings but are not real data. A. Differentiation at locations differing only in phenology 
(temporal barrier), B. only in pheromone signaling (behavioral barrier), or C. joint divergence along both 
phenotypic axes (temporal and behavioral barriers). D. An illustration of how coincidence shapes 
differentiation of barrier loci by allowing both direct and indirect selection.  
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Phenology divergence alone 

 

Our findings indicate that a >20 day shift in phenology between univoltine Z (UZ) and bivoltine 

Z (BZ) populations results largely in regions of differentiation overlapping Z-linked per and Pdfr 

loci controlling the timing of diapause termination (Figure 1.2, 1.3A, 1.3C, 1.3D). Lack of 

widespread genetic differentiation was somewhat unexpected because the estimated strength of 

assortative mating using Coyne and Orr’s (1989) method indicates intermediate reproductive 

isolation (mean RI = 0.66, Dopman et al. 2010). Moreover, as a ‘magic trait,’ reproductive isolation 

would be enhanced if hybrid individuals suffer low fitness because their intermediate phenology 

causes a temporal mismatch with the seasonal environment (Kozak et al. 2017; 2019; Servedio et 

al. 2011). Among interacting populations, the chromosomal rearrangement spanning ~10 Mb of 

the Z-chromosome (from ~6 Mb to ~16 Mb) (Wadsworth et al. 2015; Kozak et al. 2017) might 

conceivably help reduce the number of such intermediate genotypes, as it includes per located at 

~13.5 Mb (but not Pdfr at ~18 Mb) (Kozak et al. 2019; Unbehend et al. 2021). Yet we found 

limited evidence of enhanced differentiation in this part of the Z chromosome (Figure 1.3C), which 

would have been expected if a rearrangement differed in frequency and was helping maintain high 

fitness genotypes by preventing recombination (Kirkpatrick & Barton 2006).  

 

Shallow phenology-associated genetic structure is also seen in other insect systems, for example 

summer and winter forms of the pine processionary moth (Santos et al. 2007, 2011), as well as 

marine midge populations living in different phenological niches (Fuhrmann et al. 2021). One 

possible explanation for weak, localized genetic isolation in these systems is if temporal barriers 

are commonly conditionally dependent, and therefore unstable. Like other insect species, year-to-
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year differences in weather alters breeding cycle phenology in the ECB moth (Beck 1983), which 

can lead to occasional increased overlap of allochronic mating flights or possibly ease fitness 

consequences of intermediate hybrid phenology, thereby allowing genomic regions not tightly 

linked to selected barrier loci to be exchanged. In possible agreement with conditional dependence, 

Dopman et al. (2010) found the barrier effect to vary by as much as two-fold across years. Despite 

the potential for divergent selection on phenology to efficiently reduce gene flow, allochrony does 

not therefore appear to be strong enough to promote divergence by itself, a question recently 

considered across a variety of taxa (Taylor and Friesen 2017). Instead it may more commonly 

function when combined with other barriers, such as habitat or resource partitions (Doellman et 

al. 2018), or when reinforcing pre-existing divergence (Lowry et al. 2008; Møller et al. 2011). 

 

Behavioral divergence alone 

 

There is general agreement that many of the ~160,000 moth species remain separate because of 

changes in pheromone preference and pheromone blend. However, as with ongoing discussions 

on phenology, current debate centers on whether this phenotypic axis suffices to initiate the origin 

of new species (reviewed in Allison and Cardé 2016). The buildup of genome-wide differentiation 

that ultimately characterizes species is thought to be favored by ‘multiple-effect traits’ like 

pheromone signaling in ECB moths, because they are highly efficient at reducing gene flow 

(Smadja and Butlin 2011). Indeed, the two routes of reproductive isolation that evolved from 

pheromone divergence (mate choice and behavioral sterility) are predicted to eliminate almost 

90% of gene flow between Z and E strains, at least under laboratory conditions (mean RI = 0.89; 

Glover et al. 1991; Dopman et al. 2010). In the field, Unbehend et al. (2021) recently showed that 
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male moths carry either E type or Z type alleles at bab (pheromone preference) and at pgFAR 

(pheromone blend) genes ~80% of the time, indicating coupled pre- and post-zygotic isolation is 

strong enough in nature to counteract randomization of these physically unlinked genes.  

 

Our findings corroborate prior inferences of selection and assortative mating on bab and pgFAR 

barrier loci in field populations (Figure 1.3B, 1.3C), but they go on to suggest that divergence of 

pheromone signaling alone may not necessarily lead to the emergence of genome-wide 

differentiation (Figure 1.2). Nevertheless, bivoltine E (BE) and bivoltine Z (BZ) populations do 

exhibit broad differentiation of chromosomes harboring bab and pgFAR genes (Z chromosome 

and autosome 12) (Figure 1.2, 1.3D, 1.3E), as well as long-range LD between sympatric 

populations (Figure 1.7). Differentiation was unexpectedly high within rearranged regions of the 

Z chromosome (Figure 1.3D, 1.3E), despite bab (~18.7 Mb) being collinearly located ~3 Mb away 

from the nearest estimated rearrangement breakpoint (Figure S1.1). This might indicate that 

divergent selection acts on another component of the pheromone system controlled by loci within 

the rearrangement. If true, two prime suspects are the tandemly repeated odorant receptor loci OR4 

and OR6 (~12.14 Mb) required for physiological perception of E and Z pheromone components 

within the male antenna (Koutroumpa et al. 2014). Overall, the apparent stability of chromosome 

but not genome-wide differentiation implies the sex pheromone system of moths might reduce 

gene flow enough to allow a partial build-up of differentiation, but this phenotypic axis alone may 

not lead to substantial progress towards the emergence of well-defined species. 
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Joint phenotypic divergence 

 

Our analyses of bivoltine E (BE) and univoltine Z (UZ) moths indicate that joint divergence along 

multiple phenotypic axes (phenology and pheromone signaling) is associated with intensified 

genetic differentiation. The expected progression towards enhanced coupling as behavioral and 

temporal barriers coincide in sympatry was detected as elevated LD between unlinked behavioral 

barrier and temporal barrier genes (pgFAR and Pdfr) (Figure 1.8). Differentiation at temporal 

barrier loci (per, Pdfr) increased in the presence of behavioral divergence (Figure 1.3A, phenology 

vs. joint divergence). Likewise for the behavioral barrier locus bab in the presence of phenology 

divergence (Figure 1.3B, pheromone vs. joint divergence). Unlike bab, differentiation was not 

elevated at pgFAR (Figure 1.3C, pheromone vs. joint divergence), a result likely explained by 

exclusion of pgFAR heterozygotes when creating phenotypically divergent population pools for 

sequencing. As shown by the amplicon data (Figure 1.5), pgFAR heterozygotes are more than 

twice as frequent at sites differing only in pheromone signaling (BE/BZ), compared to sites that 

also differ in phenology (BE/UZ). Therefore their removal may have artificially inflated estimated 

pgFAR genetic differentiation in BE/BZ comparisons (e.g., Landisville, Dover). In contrast, levels 

of differentiation at this locus in comparisons of jointly diverged sites may be more reflective of 

reality, since heterozygotes are relatively rare (e.g., Rockspring, Harner).  

 

The wider genomic landscape appears to be similarly influenced by joint divergence. On the Z 

chromosome, both long-range LD (Figure 1.7) and inter-chromosomal LD with pgFAR (Figure 

1.5, 1.8, S1.4) increased upon the coincidence of behavioral and temporal barriers in sympatry. 

Furthermore, whereas evidence of reduced admixture (or greater clustering) on the Z was mainly 
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limited to the rearrangement when sympatric populations differed in pheromone signaling, this 

signature expanded into collinear regions when sympatric populations also differed in phenology 

(Figure 1.4, Figure 1.6). Finally, overall differentiation of the two chromosomes containing the 

four barrier loci (Z chromosome and autosome 12) increased by more than two-fold (Figure 1.2), 

although differentiation is disproportionate on the Z chromosome where coupling leads to a ‘large 

Z-effect’ and divergence of three barrier loci (per–Pdfr–bab complex), compared to just one on 

chromosome 12 (pgFAR).  

 

All these features are congruent with prior estimates of cumulative reproductive isolation. When 

differences in sex pheromone communication as well as phenology act as barriers, their cumulative 

effects are estimated to result in almost complete reproductive isolation (mean RI = 0.96, Dopman 

et al. 2010). The process underlying heightened genetic differentiation is unlikely to simply 

involve a sudden increase in fitness effect on each barrier locus (direct selection). Instead, as 

barrier loci increase their non-random associations during coupling, a higher mean fitness 

differential can be achieved between alternative multi-locus genotypes (indirect selection). Since 

each locus can have its own fitness effect and also be indirectly influenced by the fitness effect of 

other loci (Barton 1983), overall selection is more effective at each locus, as is the overall barrier 

to gene flow at each locus, making it more difficult for neutral alleles to cross population 

boundaries (Barton and Bengtsson 1986).  
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Conclusions 

 

We argue that our study provides support for the coupling hypothesis of speciation (Felsenstein 

1981; Smadja and Butlin 2011; Seehausen et al. 2014) and helps close a gap between theoretical 

predictions of this hypothesis and empirical systems. Our population comparisons show that 

whether barriers are independent or coupled make important contributions to a hallmark of the 

speciation process, the build-up of genomic differentiation. Genetic distances fit expectations from 

estimates of reproductive isolation, with locus-specific differentiation associated with the weakest 

barrier (temporal), differentiation across much of a chromosome with the barrier of moderate 

strength (behavioral), and chromosome-wide differentiation when the two barriers operate 

cumulatively. These results demonstrate that the joint action of multiple, coincident barrier effects 

lead to levels of genomic differentiation that far exceed those of single barriers acting alone, 

consistent with theory in which coupling allows indirect selection to combine with direct selection 

and thereby result in a stronger overall barrier.  

 

Finding chromosome-wide but not genome-wide differentiation when populations diverge along 

multiple phenotypic axes suggests that the overall barrier upon coupling may only partly outweigh 

gene flow and recombination. Thus, a critical tipping point or threshold of coupling that could 

allow for sudden differentiation of most of the genome was not reached (Nosil et al. 2017). When 

barriers are coincident, much of the genome appears well mixed and moderate genetic 

differentiation (FST = 0.05 – 0.15) is observed for only two chromosomes containing barrier loci, 

making further divergence challenging without evolution of either more barrier loci or stronger 

selection/assortative mating. Simulations demonstrate that, in certain cases, many divergently 
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selected loci may be required for genome-wide differentiation (Feder et al. 2014, Flaxman et al. 

2014). Some empirical studies seem to support these predictions, including Midas cichlids, where 

a transition from locus-specific to genome-wide divergence coincides with a transition from simple 

to polygenic barriers (Kautt et al. 2020). Strengthening of the overall barrier in the ECB moth 

could in time be facilitated by the evolution of highly polygenic traits, perhaps in the form of 

intrinsic post-zygotic barriers. However, it is also possible that many intermediate stages of 

speciation seen in nature, including the ECB moth, are either stably maintained or even temporary, 

and that barrier traits may not remain coincident should ecological or geographic shifts take place 

(Seehausen 2006). If so, then coupling and current population differentiation will disappear or 

rebound according to external environmental factors.  

 

Understanding how and why barrier traits evolve and become coincident or disappear remains as 

a critical problem for speciation biology, and few empirical systems have been able to directly 

assess coincidence of known barrier traits in different stages of coupling. Future work on this study 

system will reconstruct the evolutionary and demographic history of this group and provide a 

framework for inferring the timing and selective history of genes underlying barrier phenotypes. 

Ultimately, we must reconstruct not only the sequence of evolution of individual barriers, but also 

the timing and causal factors responsible for their coupling. Although byproduct explanations have 

been proposed that do not require coupling itself to be selectively favored (Butlin and Smadja 

2017), adaptive coupling seems likely in the ECB moth and can be experimentally studied by 

measuring fitness of full allelic combinations in nature. Indirect approaches are equally promising 

for identifying factors associated with changes of coupling in nature. Since it is now possible in 

this system to precisely estimate population differentiation and the extent of coupling of all major 
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barrier loci (bab, pgFAR, per, Pdfr) across various spatial, ecological, and historical contexts, the 

causal links that establish barrier coupling and facilitate neutral divergence during speciation 

appear to be within reach.   
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CHAPTER TWO 
 

PHENOLOGY OF EUROPEAN CORN BORER MOTHS: RANGE EXPANSION 
ALONG A LATITUDINAL GRADIENT AND ITS EFFECT ON THE GENOME 
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ABSTRACT 

 

Seasonal variation in climate creates selection pressure for organisms on phenological traits that 

control timing of life history events. In their introduced range in North America, European corn 

borer moths Ostrinia nubilalis are active during summer months and overwinter after entering 

diapause as larvae. They demonstrate variation in post-diapause developmental rate, which leads 

to variation in the number of generations that occur each year. Depending on geographic locality, 

different selective forces are expected to operate on loci that underlie post-diapause 

developmental timing. To identify whether the genome reflects signatures of natural selection at 

such phenological loci, we studied the genomes of moths from populations along a latitudinal 

gradient in the Midwestern US. We analyzed ten field collected populations and one lab colony 

using pooled whole genome sequencing. We found genome-wide signatures that were reflective 

of a large expansion in both range and population size. We demonstrated that key life history loci 

period and Pdfr showed signatures that were consistent with selection and shaped by neutral 

demographic processes. We then identified other candidate loci that were associated with 

environmental variables or showed signatures of balancing selection: either through an excess of 

nearby intermediate frequency alleles or through oscillations in SNP frequency along the 

transect. Our results provide a basis for future investigation of potential candidates for adaptation 

to novel climatic gradients. 
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INTRODUCTION 

 

Theory and empirical studies show that the expansion of a species into a novel range shapes the 

organism’s genome (Crow & Kimura 1970, Barton & Hewitt 1985, Excoffier 2009, Peter & 

Slatkin 2013). As ranges expand, these genomic changes occur as a result of demographic shifts 

such as population bottlenecks and rapid population growth. As the populations expand, they are 

expected to show excesses in rare and low frequency alleles, reflected by genome-wide reductions 

in summary statistics such as Tajima’s D. Meanwhile, selection on traits allowing local adaptation 

to environmental conditions could leave distinct genomic signatures such as local reductions in 

nucleotide diversity and increases in localized genomic differentiation between populations. 

Research has demonstrated genetic responses to range expansion in many taxa, including invasive 

insects (Lindroth et al. 2012), birds (Pruett et al. 2011), and even humans (Tishkoff et al. 2009; 

Sousa et al. 2014). These studies and others have shown that the interplay between neutral and 

selective processes can be complex and merits study in more taxa. 

 

In relation to the responses to environmental conditions revealed in the genome, selection acting 

on the genes that control adaptation to climatic variation will generate allele frequency changes 

over the species range reflecting local conditions. In the case of continuous environmental 

variables, allele frequencies may vary continuously across the range, forming the basis of a genetic 

cline (Slatkin 1970, Barton & Hewitt 1985). Genetic clines have been demonstrated in classic 

studies such as those investigating the alcohol dehydrogenase gene (Berry and Kreitman 1993) 
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and the couch potato gene (Schmidt et al. 2008) in Drosophila.  

 

Organisms that exhibit distinct life history stages through the year and that occur in locations where 

there is seasonal variation in climate are shaped by selection on the precise timing and 

characteristics of these stages. This is dependent on local temperature and other climatic conditions 

(Varpe 2017). In temperate areas, for holometabolous insects, there are distinct life stages that 

overwinter, and a certain number of generations will utilize the active period through the spring, 

summer and fall. Over a latitudinal gradient, with the concomitant smooth climatic change, there 

is likely to be change in the number of generations during the active period (Roff 1980). For a 

species that expands its range into such regions, change in the number of generations is expected 

to introduce selective forces depending on the interaction between generation number and local 

environmental conditions such as climate and season length. Here we investigate genomic and 

local signatures of range expansion and selection in the European Corn Borer (ECB) moth, 

Ostrinia nubilalis Hübner, a holometabolous insect.  

 

ECB moths were introduced into eastern North America from Europe in the early 20th century, and 

have subsequently expanded westward to the Rocky Mountains (Smith 1920; Caffrey and Worthly 

1927; Klun and Cooperators, 1975). Across this North American range, ECB moths display 

distinct numbers of generations during each growing season, occurring as early as April and as 

late as October, with variation across the range (Showers et al. 1975). In the summer, adult moths 

emerge from pupation to mate and lay eggs. If the season length is long enough, these eggs may 

hatch, develop, pupate, and another generation may occur. However, if temperature and 

photoperiod cues are met, the larval ECB will enter diapause, a period of reduced metabolic rate, 
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to overwinter in their final larval instar. Following diapause-breaking cues in the spring, larvae 

will resume development and pupate, then complete their life cycle as adult moths (Dopman et al. 

2005; Levy et al. 2015; Kozak et al. 2019).  

 

Control of developmental rate following a vernal break in diapause is governed by two major sex 

linked factors that contribute variation in the phenotype PDD (post-diapause development) 

(Glover et al. 1991; Calvin et al. 1994; Zaman et al. 2008; Dopman et al. 2010). This variation 

leads to up to a 30-day difference in developmental timing, and thus a corresponding offset in the 

timing of emergence of adult moths (Wadsworth et al. 2013; Kozak et al. 2019). Individuals in 

populations with short post-diapause development phenotypes take ~14 days to pupate after 

exposure to diapause-breaking cues allowing two generations per year (bivoltine) in northern parts 

of the ECB moth range. Individuals in long PDD populations take ~45 days to pupate and only 

have one generation (univoltine) in northern areas. Since traits associated with diapause are 

responsible for patterns of voltinism, the number of generations per year, across the species range, 

variation in these traits corresponds to variation in the number of discrete generations at a given 

locality. 

 

Selection is expected to govern the frequency of the fast and slow developing phenotypes, allowing 

for ECB populations to fit in the optimal number of generations per season at any locality. Theory 

suggests that when there is selection on the basis of optimizing discrete traits in relation to a 

continuously varying environmental factor (here, growing season length), the result can be non-

linear change along the environmental gradient (Roff 1980). Data on ECB moths using a small 

number of markers suggest that some genetic loci may exhibit such non-linear genetic clines (Levy 
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et al. 2015). There is reason to expect PDD phenotypes to vary in this manner. Variation in PDD 

may be driven by selection on moths to match generations to the length of the growing season. As 

the length of the growing season increases with a decrease in latitude, more generations are 

possible, and short developmental time may be favored so that an extra generation may be 

completed before winter (Van Dyck et al. 2015). As latitude decreases slightly more, longer 

growing seasons may not allow for another generation, but rather for a shift to the long 

developmental timing phenotype while maintaining the same number of generations. This may 

indicate that short and long PDD phenotypes and genotypes may alternate across latitudes. Recent 

work has highlighted the action of two interacting clock genes, period and Pdfr, both located on 

the Z (sex) chromosome, in controlling PDD (Dopman et al. 2005, Levy et al. 2015, Kozak et al. 

2019). These genes are among a catalog of circadian clock genes such as clock, period, timeless, 

and pigment dispersing factor that are involved in daily timing and have been hypothesized to be 

involved in seasonal timing of life-history, since they often vary among populations that differ in 

phenology (Meuti et al. 2015; Gotthard & Wheat 2019; Abrieux et al. 2020; Lindestad et al. 2021; 

Pruisscher et al. 2021). 

 

This previous work on period and Pdfr alleles was conducted on samples drawn from northeastern 

populations (New York and Pennsylvania, Kozak et al. 2019), which maintain multiple alleles that 

correspond to different PDD phenotypes, but contemporary ECB populations are widespread 

throughout eastern North America. Because ECB moths rapidly expanded their range following 

their introduction to North America (Smith 1920; Caffrey and Worthley 1927; Klun and 

Cooperators 1975), establishing populations across a broad latitudinal span in the Midwest, 

signatures of this expansion are expected to be left in their genomes (Excoffier et al. 2009). Further, 
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adaptation to environmental conditions at different latitudes may also shift allele frequencies at 

underlying trait loci such as period and Pdfr.  

 

To follow up on these aspects of range expansion and environmental selection in ECB months, the 

present study examines allele frequencies of SNPs across the entire genome to search for 

demographic and selective signatures following range expansion along a climatic gradient. We 

sampled the Midwestern US, where populations have occupied their current localities for fewer 

than 90 years. We focus on the allele frequencies of period and Pdfr, key phenological timing loci, 

along a latitudinal transect of these Midwestern populations (Figure 2.1). The data we use are 

pooled genomic sequences of 10 populations from the transect as well as one lab colony that breeds 

true for a univoltine (long PDD) phenotype. This univoltine colony was leveraged for comparative 

purposes, since we know the causal alleles underlying PDD shifts and we know the phenotype of 

this colony. If PDD is shaped by selection during range expansion, we also expect that PDD-

associated phenotypes should respond as well, showing changes in allele frequencies at underlying 

genotypes. Changes are also expected at loci that respond to latitudinal factors such as degree days 

(a statistic incorporating time-adjusted climatic conditions: see methods). We also wish to test a 

potential role for a “step cline” in which two or more populations differ from the rest. Early work 

on this suggested the presence of a distinct ecotype found only in the northernmost localities 

(Sparks et al. 1966a, Showers et al. 1975). In these populations, photoperiod cues are hypothesized 

to have a stronger effect than temperature cues in inducing the diapause break. In more southern 

populations, moths rely on a more balanced combination of temperature and photoperiod cues to 

break diapause.  

 



 

51 

Our study aims to inform us of the genetics underlying range expansions and the selective control 

of life history phenotypes in ECB moths. In particular, we expect to observe genome wide patterns 

consistent with population growth as the species spread as well as shifts in allele frequencies at 

loci controlling PDD timing along the latitudinal cline. These shifts are expected from the action 

of selection optimizing the number of generations of each population to a local optimum dictated 

by the growing season length. We pose the following questions: (a) How have demographic 

processes such as range and population size expansion shaped the genomes of ECB moths in the 

Midwest populations? (b) Can we demonstrate the selective maintenance of alleles at period and 

Pdfr along the latitudinal gradient? (c) What other loci may be targets of selection, due to a direct 

response to environmental factors varying along the latitudinal gradient, or due to covariation with 

known changes in life history traits such as voltinism? 
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Figure 2.1. A. Map of collection localities of European corn borer moths along a latitudinal gradient in 
the Midwestern US. Each dot represents a sampled population, from which a pool of ~60 individual 
moths was sequenced to ~30x coverage. Populations from locations marked with an X did not clear post 
sequencing quality filters and were removed from subsequent analysis. B. Locations of key life history 
loci period and Pdfr on the Z chromosome. Each contribute to post diapause development (PDD) timing. 
C. Variation in PDD governs the number of accessible generations each growing season. Shorter PDD 
lengths allow more generations (Dopman et al. 2005, Levy et al. 2015, Kozak et al. 2019). D. Growing 
season lengths increase as latitude decreases, allowing for more generations and potential maintenance of 
multiple life history phenotypes. E, F. Expectations for potential signatures of selection on life history 
loci. If one allele is favored at a locality, FST between that population and the univoltine colony may be 
decreased or elevated (shown by a solid and dashed line, respectively), depending on the direction of 
selection. If both alleles are maintained via balancing selection, FST may be intermediate relative to the 
univoltine colony, and other statistics such as Tajima’s D may be more indicative of selection.  
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METHODS  

 

Sample collection 

 

Adult ECB moths were collected in 2005 along a latitudinal gradient in the Midwestern US, from 

central Minnesota (45.3° N) to northern Missouri (38.8° N) (Figure 2.1). Collections were made 

using pheromone traps placed at 50-mile (80.5-km) intervals over this range, resulting in 10 

population samples across roughly 500 miles (804.7 km) and 4.5 degrees latitude. Specimens 

were stored at -20° C prior to sequencing. We also utilized DNA from lab colony specimens that 

had been bred for long PDD phenotypes (see Kozak et al. 2019 for details), treating this as an 

eleventh population.  

 

Pooled sequencing 

 

At Cornell University we sequenced complete genomes from 11 pooled samples each representing 

~60 ECB moths from one population. For the transect population samples, DNA from each moth 

specimen was sent from the Dopman lab at Tufts University, having previously been extracted by 

Kim et al. (2009). The DNA concentration of each moth sample was measured using a Qubit 

fluorometric quantification and these samples were diluted prior to pooling to assure DNA from 

each sample was equally concentrated within each pool. For the univoltine colony, tissues of ~50 

adult male moths were pooled and ground to a powder in liquid nitrogen. DNA was then isolated 

from this pooled sample. For all pooled DNA samples, approximately one microgram of genomic 
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DNA was sheared to 700 bp with a Covaris S2 sonicator. Sheared DNA was treated with 1x 

Ampure XP and eluted in 30 μl Qiagen 0.5 x AE buffer. Samples were end polished with T4 

polynucleotide kinase and T4 DNA polymerase, adenylated with Taq polymerase, and ligated to 

an Illumina Truseq +A adapter. Individual samples were indexed by PCR, pooled, and sequenced 

on an Illumina NextSeq 500 (2 x 150 bp reads) across two lanes at the Cornell Institute of 

Biotechnology Genomics Facility. To avoid a bias induced by either lane, we split the 11 pooled 

samples so each was sequenced to lower coverage across both lanes. Sequence data were analyzed 

for quality by FastQC (Andrews 2010) and multiQC softwares. 

 

We processed reads using the GATK pipeline (Van der Auwera et al. 2013) using default and 

recommended parameters, with a slight modification to recombine the pooled sample split between 

the two lanes once adapters were removed and reads were trimmed. Sequence data obtained for 

each pool were trimmed, removing adapters, low quality regions, and unpaired reads. The data 

were aligned to the O. nubilalis draft reference genome (GenBank: PRJNA534504; BioSample 

SAMN11491597; accession SWFO00000000). The pooled samples from two localities (P5 and 

P7) did not meet the sequencing thresholds and read quality scores of the other pooled samples 

and were dropped from subsequent analysis. A total of 13,031,157 SNP markers were included in 

the primary dataset following quality filters. We used Popoolation 2.0 software (Kofler et al. 2011) 

to generate allele frequencies and calculate π, Tajima’s D, and pairwise FST between each of the 9 

populations studied. Tajima’s D is a metric used to infer and distinguish the action of balancing 

selection, indicated by an overrepresentation of intermediate frequency polymorphisms, and 

directional selection, indicated by an overrepresentation of low frequency polymorphisms. We 

utilized comparisons between each transect population and the univoltine Z (UZ) colony to identify 
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genomic regions with similar allele frequencies and nucleotide diversity. We focused on scaffolds 

containing a known life history locus, period or Pdfr, and attempted to distinguish localized 

genomic changes in FST, Tajima’s D, or π from genome-wide estimates of these summary statistics. 

We utilized 1000bp sliding window averages across each scaffold throughout the entire genome, 

following best practices protocols established in Kofler et al. (2011). Following these estimates, 

we filtered windows to those that contained at least 20 SNPs and a minimum fraction of the 

window covered by reads that met quality filters greater than 0.2. Scaffolds on the Z chromosome 

were identified and ordered as described in Kozak et al. (2019) and Kunerth et al. (2022) (Table 

S2.1). To compare summary statistics between genomic regions, we applied Mann Whitney U 

tests. 

 

To test for geographic effects on genetic distance, we first calculated genetic distance using the 

method of FST(1 - FST) established in Rousset 1997. We then used the R package vegan v2.6-2 

(Oksanen et al. 2013) to conduct separate partial Mantel tests for Z-linked and autosomal datasets.    

 

To search for signals of balancing selection, we used the program Betascan (Siewert & Voight 

2017, 2020) on each transect population and the UZ colony. Betascan utilizes counts of 

intermediate frequency SNPs within a genomic region surrounding a focal SNP to detect 

departures from neutrality consistent with the maintenance of balanced polymorphisms. We used 

the folded site frequency spectrum and default parameters. Since Betascan must be run 

independently on each chromosome or, in our case, genomic scaffold, we ran separate runs for 

each scaffold and concatenated the results afterwards. We separated Z-linked and autosomal 

markers and searched each dataset for outliers using a strict cutoff of the top 0.01% of Beta scores. 
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We then used an annotated ECB genome (see Kozak et al. 2019) to identify matches between these 

candidates and genes of known or inferred function. 

 

We used the program pool-HMM v. 1.4.4 (Boitard et al. 2013), which utilizes each nucleotide site 

in a pooled sequencing dataset to infer the locations of putative selective sweeps in the scaffolds 

containing period and Pdfr. Pool-HMM uses a hidden Markov model with each nucleotide site 

modeled as a hidden state of “neutral”, “intermediate”, or “selection”. As suggested by the authors, 

we utilized a range of k-values, the transition probabilities between hidden states between 0.001 

and 0.1 in independent runs for both the period and Pdfr scaffolds. We applied the model to each 

transect population and the UZ colony. 

 

Using the software BayPass 2.2 (Gautier 2015), we scanned the pooled genome-wide allele 

frequencies for alleles that a) show signatures consistent with departures from the background 

population covariance structure, suggestive of selection, and b) for alleles that covary with two 

environmental variables and two phenotypic variables. We tested for significant associations 

with four population-specific covariables after accounting for the background population 

structure (N = 317,856 tests for Z-linked markers and N = 9,484,284 tests for autosomal 

markers). These covariables were tested independently from one another, as they may 

themselves covary. The population covariables were: 

 

• Step cline, a break between the northernmost two locations and the others, corresponding 

to a previously documented change in ecotype (Showers et al. 1975). 
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• Number of generations, an estimate of the average number of generations at each 

locality in the range, based on trapping data on the host plant (sweet corn). 

• Degree days, a proxy statistic estimating the range of suitable days for ECB moths at a 

location over a growing season. A degree day for European corn borer is stated as 

degrees above 50°F over a 24-hour period. For example, if the average temperature for 

a 24-hour period was 70°F, then 20 degree days would have accumulated (70 - 50 = 20) 

on that day. 

• Latitude, which serves as a proxy for many environmental conditions such as 

temperature, photoperiod, host plant variation, insecticide use, and more. 

 

The degree days and latitude factors were coded as continuous variables for the eight transect 

populations, while the step cline and number of generations were coded as categorical. Both types 

of covariables were scaled and adjusted to a mean of zero before running.   

 

The final dataset for BayPass included eight transect populations across 450 miles (720 km) and 

4.5 degrees of latitude with four covariates. We ran scaffolds linked to the Z-chromosome 

separately from autosomal-linked scaffolds. To identify SNPs with significant departures from the 

background covariance matrix, we searched for markers with significant XtX values. To assess 

statistical significance, we generated 120 sets of 100,000 SNPs based on omega values from the 

empirical dataset and ran BayPass again on these simulated datasets. We considered SNPs in the 

empirical datasets with XtX values higher the 95th percentile in the simulated set (recommended 

in Gautier 2015).  
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We searched for data that showed significant associations with covariables by filtering SNPs with 

high BayesFactors (as measured by BF.dB) relative to the four covariables. We used a cutoff of 

BF.db > 15 for both the Z-linked and autosomal datasets in keeping with recent similar studies 

(Chaturvedi et al. 2018; Miller et al. 2019; Sokolkova et al. 2021).  BayPass was applied separately 

on datasets containing 79,464 Z-linked SNPs and 2,371,071 autosomal SNPs. Each population 

along the transect corresponded to a particular covariable value which impacted the BayesFactor 

score if alleles at that locality were found to covary with the environmental/phenotypic covariable. 

We then mapped statistically significant hits to the annotated ECB genome to identify genes 

underlying putatively selected phenotypes.  

 

A previous study (Levy et al. 2015) had demonstrated SNPs that varied in allele frequency in a 

sinusoidal pattern across the range, consistent with varying selective strength on alternative 

voltinism phenotypes. We followed this approach but for genome wide markers, using R package 

JTKcycle 3.0 (Hughes et al. 2010) to scan our dataset for sinusoidal patterns of allele frequencies. 

We allowed a search space of period length corresponding to a complete cycle between every third 

population to a maximum of a complete cycle over six transect populations. We filtered the 

resulting dataset by removing any oscillation with an amplitude of less than 0.1, as these are likely 

the result of sampling error and noise, rather than a biological signal. We also applied a p-value 

cutoff of 0.5 after applying a Bonferroni correction for multiple tests.  

 

For all final datasets (Betascan, JTKcycle, BayPass), we utilized BEDTOOLS (version 2.30.0) to 

compare to an annotation of the ECB genome using the ‘intersect’ command in order to find genes 

that overlapped with significant hits. We also considered values at genes of known phenological 
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importance to ECB moths such as period and Pdfr.  

 

 

RESULTS 

 

Genomic level statistics 

We used pooled whole genome sequencing to analyze 8 populations of ECB moths along a 

latitudinal cline in the midwestern United States (Figure 2.1) as well as one lab colony. The 8 

populations along the latitudinal transect did not display substantial substructure. We used the 

perl script fst-sliding.pl from the Popoolation2 package (Kofler et al. 2011) to calculate FST in 

1000 bp sliding windows across all scaffolds. The mean pairwise FST between populations along 

the latitudinal cline was 0.039 for autosomal markers and 0.032 for Z-linked markers, lower than 

recent pairwise estimates of ECB populations in Pennsylvania and New York (Kozak et al. 2019, 

FST > 0.05; Kunerth et al. 2022, FST > 0.04). We did not find evidence of highly differentiated 

outlier loci between any pairwise comparison of transect populations (Figure S1). Mean pairwise 

FST between the inbred UZ colony and populations along the cline was 0.199 for autosomal 

markers and 0.162 for Z-linked markers (Tables S2.2 and S2.3). We should note that Pool-seq 

has been estimated to show three to five times higher FST estimates than other next-generation 

sequencing methods (Dorant et al. 2019), so we encourage caution in comparing the absolute 

estimates to other studies.  

 

To test for the effects of geographic distance on genetic structure, we used a partial Mantel test 

using the R package vegan (Oksanen et al. 2013). We compared pairwise genetic distance 
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estimates for each transect population. These tests were applied separately to autosomal and Z-

linked markers. In each case, no significant differences were found (p = 0.453 for autosomal 

markers and p = 0.414 for Z-linked markers).  

 

We calculated π for each transect population and the UZ colony across the entire genome using 

the Variance-sliding.pl script in the Popoolation package (Kofler et al. 2011). The mean π value 

for populations along the cline was 0.018 for autosomal markers and 0.008 for Z-linked markers, 

suggestive of low overall levels of nucleotide diversity. Consistent with expectations, the UZ 

colony, which had been selectively maintained for the univoltine phenotype, had even lower 

levels of diversity: 0.006 for autosomes and 0.001 for Z-linked SNPs.  

 

In Figure 2.2 we show Tajima’s D for 1000 bp windows across the entire genome for each 

transect population and the lab colony. Distributions of the D statistic were separated by 

autosomal markers and Z-linked markers. Mean Tajima’s D was slightly negative for both 

autosomal markers (-0.169) and Z-linked markers (-0.239) for populations along the cline. It was 

marginally negative in the UZ lab colony for autosomal markers (-0.022) and strongly negative 

for Z-linked markers (-0.414), the location of the genes that were the targets of selection during 

maintenance of this colony. This Z-linked mean value was driven by highly negative values of 

Tajima’s D, since the median value was 0.0 (Figure 2.2).  
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Figure 2.2. Box-plots of Tajima’s D based on all autosomal and Z-linked loci. Solid line shows median, 
box shows interquartile range and error bars show absolute range of values. 
 
Locus specific tests 

 

The key barrier loci period and Pdfr showed similarities in direction but differences in 

magnitude when assessing estimates of allele frequency and diversity patterns in the populations 

along the latitudinal gradient. The comparison with the UZ lab colony was important particularly 

to estimate pairwise FST as a proxy for the frequency of the PDD haplotypes of these genes 

relating to developmental rate. The expectation is that transect populations that are low in FST 

compared to the UZ colony are high in frequency of long PDD alleles.  

 

We found that the Z-linked Pdfr locus was extremely similar in FST for all transect populations 

relative to the UZ colony (Figure 2.3, column 1). The mean FST within the genic region was 

0.065, while the mean FST on the scaffold outside the genic region was significantly different at 

0.17 (p = 2.2 x 10-16). FST on the scaffold but outside the genic region was similar to mean 

pairwise FST between the UZ colony and transect populations for all Z-linked markers (0.156). 

At Pdfr, reductions in FST were accompanied by a dramatic reduction in nucleotide diversity (π) 
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within the genic region (Figure 2.3, column 3). This pattern held for all populations along the 

transect. The UZ colony also shows a lower nucleotide diversity in the genic region (combined 

mean π within genic region = 0.0016, mean π on scaffold outside genic = 0.0087, p = 8.29 x 10-

11).   

 

Similarly, at period, pairwise FST between transect populations and the UZ colony was lower 

within the genic region relative to the scaffold regions outside of the gene (within = 0.11, outside 

= 0.20, p = 4.0 x 10-09) (Figure 2.4, column 1). Relative to those observed at Pdfr, less dramatic 

reductions in nucleotide diversity were observed at period (Figure 2.4, column 3; mean π within 

= 0.0029, mean π outside = 0.0046, p = 0.00014).  Despite these within-gene estimates at period 

not showing as low values of π as those at Pdfr, they were substantially lower than overall Z-

linked estimates of nucleotide diversity among transect populations (mean Z-linked π = 0.0083).  

 

Estimates of Tajima’s D showed contrasting patterns for period and Pdfr. At Pdfr, Tajima’s D 

was significantly negative within the genic region relative to the genomic scaffold (mean D 

within = -1.14, mean D outside = -0.29, p = 2.3 x 10-05) (Figure 2.3). In contrast, at period, there 

was no significant difference between the genic region and the linked scaffold (mean D within = 

-0.504, mean D outside = -0.359, p = 0.13) (Figure 2.4). For Pdfr, the pairwise comparisons 

between the genic region and the surrounding scaffold for every population along the transect 

was significantly different. At period, no comparison between the genic and surrounding region 

was significantly different, assessed via Mann Whitney U tests. For the UZ colony, no 

significant differences between genic and surrounding differences were found for either period 

or Pdfr. 
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The signature of Tajima’s D at the Pdfr locus was distinct compared with the rest of its scaffold 

(Figure 2.3, column 2). To visualize this chromosome-wide, we plotted every 1000bp windowed 

estimate for all Z-chromosomal markers on scaffolds, ordered based on linkage (Table S2.1), for 

every population (see Figure 2.5 for an example at population P1). A moving average for 100 

point estimate windows (fifty 1000 bp estimates on either side of a focal marker: Figure 2.5, red 

line). The region containing Pdfr was clearly distinctive in the context of the broader 

chromosome patterns of Tajima’s D, reaching its lowest moving average along the entire 

chromosome in the genic region plus the 120 kb region downstream. 
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Figure 2.3. Genomic summary statistics across scaffold 87, containing Pdfr (Table S2.1). The first 
column depicts pairwise FST (each point is one 1000 bp sliding window average) between each population 
along the latitudinal gradient (Figure 2.1) and the univoltine Z (UZ) colony. The second column shows 
Tajima’s D (each point shows an average of a 1000 bp sliding window), and the third column shows 
nucleotide diversity (π) (also averaged across 1000 bp sliding windows). Red lines indicate 10-window 
moving averages for all columns. The vertical bar and black tick marks (top) indicate the location of the 
exons for each gene. Horizontal grey bars indicate populations that were sequenced but removed after 
failing to pass data quality filters.  
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Figure 2.4. Genomic summary statistics across scaffold 532, containing period (Table S2.1). The first 
column depicts pairwise FST (averaged over 1000 bp sliding windows) between each population along the 
latitudinal gradient (Figure 2.1) and the univoltine Z (UZ) colony. The second column shows Tajima’s D 
averaged over 1000 bp sliding windows, and the third column shows nucleotide diversity (π) averaged 
across 1000 bp sliding windows. Red lines indicate 10-window moving averages for all columns. The 
vertical bar and black tick marks (top) indicate the location of the exons for each gene. Horizontal grey 
bars indicate population that were sequenced but removed after failing to pass data quality filters.  
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Figure 2.5. Estimates of Tajima’s D across the entire Z-chromosome (top) for population P1. Each point 
shows Tajima’s D calculated from a 1000 bp window within genomic scaffolds. Scaffolds are arranged in 
physical order along the entire chromosome (see Table S2.1). The red line shows a moving average from 
100 estimate windows. The middle and lower plots are the same data, but zoomed in on the ‘valley’ 
underneath the Pdfr gene.  
 
 

Tests of selective sweeps at period and Pdfr using the hidden Markov model implemented in 

pool-HMM (Boitard et al. 2013) did not reveal evidence of these for either period or Pdfr for any 

transect population, whether considering the scaffold within the genic region or outside. We 

attempted multiple model runs using different k-values (transition probability between hidden 

states) ranging from 0.001 to 0.1 but did not detect evidence of a sweep in any run.  
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Genome wide scans for selection 

 

Following our assessment of broad, genome-wide summary statistics and more targeted analysis 

of known life history loci period and Pdfr, we applied methods to search for putative targets of 

selection across the entire genome: BayPass, Betascan, and JTKcycle. We used BayPass (Gautier 

et al. 2015) in an attempt to find outlier SNPs that, after controlling for background population 

covariance, have significant associations with population specific covariables. We used Betascan 

to look for regions that show signatures consistent with balancing selection: genomic windows 

with an excess of intermediate frequency alleles found in surrounding SNP sites. Finally, we 

used JTKcycle to identify SNPs that showed sinusoidal patterns in allele frequency along the 

transect. 

 

BayPass 

 

We ran BayPass models for the eight populations collected along the geographic cline, excluding 

the lab colony. For the smaller Z-linked dataset, we identified 39 SNPs with BayesFactor scores 

(BF.dB) greater than 15, a commonly used cutoff in the literature to assess significance 

(Chaturvedi et al. 2018; Miller et al. 2019; Sokolkova et al. 2021). Nineteen of the 39 SNPs were 

found to coincide with annotated genes (Table S2.4). Among these, four were associated with the 

“step cline” covariate, nine with degree days, four with latitude, and two with the number of 

generations.  
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Among Z-linked markers, we found two genes of known function among our outlier loci that 

covaried with a “step cline” shape (Table S2.4). The first is bric-a-brac, a gene of known 

function in controlling male pheromone response behavior (Dopman et al. 2004, Koutroumpa et 

al. 2016, Unbehend et al. 2021). While ECB moths in the Midwest have not been shown to 

display the variation in pheromone classes as seen in populations in the Northeastern United 

States or Europe, it may be possible that earlier selection on this locus has shaped patterns that 

were then carried into Midwestern populations. However, it is also possible that the Pdfr locus, 

known to have functional significance in ECB phenology and located less than 0.5 Mb from 

bric-a-brac is shaping patterns at surrounding loci. We also found an association between a zinc-

finger domain and the step cline. While zinc-finger regions can be involved in many functions 

given their role in binding DNA, RNA, proteins, and other cellular molecules, the specific type 

of protein identified by our scan has been demonstrated as a target of selection in Bombyx mori, 

the silk moth, and controls sex-determination and alternative splicing (Gopinath et al. 2016).  

 

The degree days covariable is a broad proxy for the summary environmental conditions 

experienced by ECB populations, as it combines both cumulative days and average temperature 

in its calculation. We identified seven Z-linked loci of known function that showed association 

with this covariable. While functions varied, a shared theme among these loci was a role in either 

cellular structure, transport, or motor function (Gee et al. 1997, Hu et al. 2021). One associated 

locus encodes a proton-coupled amino acid transport protein that has been demonstrated to vary 

in gene expression level in response to insecticide application (Gao et al. 2020). Outliers with the 

latitude covariable were a subset of the same loci that covaried with the degree days covariable. 

This is expected, given latitude and degree days covary with each other. 
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Finally, the number of generations covariable was associated with two Z-linked genes. The first, 

clock, is a circadian rhythm controlling gene. While circadian rhythm itself could have functional 

visibility to selection, it should also be noted that there is increasing evidence in the cooption of 

circadian genes in controlling diapause behaviors (Kozak et al. 2019; Gotthard and Wheat 2019). 

Because developmental rate following the diapause break controls phenology in ECB moths 

(Dopman et al. 2005; Levy et al. 2015; Kozak et al. 2019), selection on circadian genes that have 

expanded their function into diapause pathways is plausible. We also found a correlation with the 

LIM homeobox gene. It is possible that LIM plays a role in a developmental process under 

selection, but, similarly to bric-a-brac, lim is estimated to fall within 0.5 Mb of Pdfr, so it is also 

possible that selection at Pdfr has shaped this genomic region.  

 

Among autosomal markers, we found 629 SNPs with BayesFactor scores (BF.dB) greater than 

15. Among these, 246 mapped to locations of annotated genes. Table S2.5 shows the top 25 

sorted by BF.dB. Among these hits, eight were associated with the step cline variable, five with 

the degree days covariable, six with latitude, and six with the number of generations.  

 

Outlier loci that were associated with the step cline variable were often related to motor control 

and developmental gene pathways. Patched is associated with development, cell growth, and 

differentiation (Ingham et al. 1991) and the homeobox protein extradenticle is a transcription 

factor associated with Hox gene pathways (Mann et al. 1998). The Caskin 2 protein is involved 

in wnt singaling and, in Drosophila, plays a role in guiding motor axons. While other hits had 

less deducible roles, these may indicate potential for selection to have acted on development and 
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motor pathways, especially if they have a role during diapause or after it is broken and larval 

development resumes. 

 

Latitude and degree day associations had functions such as stress response (Zhao et al. 2020), 

oxygen binding (Kawaoka et al. 2009), innate immunity in moths (Lin et al. 2017), and 

metabolic regulation of ECB moths (Uzelac et al. 2020). While validating these loci is not 

feasible with our dataset, putative roles in adaptation to thermal and seasonal stress may be 

suggested. 

 

Several autosomal outliers associated with the number of generations could potentially indicate 

roles in immune function and developmental pathways. The protein lap4 plays a role in cell 

development as has been shown to be differentially expressed in viral-resistant silkmoths (Guo et 

al. 2015), Chordin controls developmental patterning (Holley et al. 1995), and an E3 ubiquitin 

protein ligase MYLIP-A degrades lipoprotein receptors (Calkin et al. 2011).  

 

Finally, the largest outlier in our BayPass dataset was found under the malate dehydrogenase gene. 

This locus varied across the transect and covaried with latitude and degree days. Both Ostrinia 

nubilalis and the copepod Calanus glacialis have demonstrated downregulation of this gene during 

diapause, suggestive of a role in metabolic regulation (Koštál et al. 2006; Uzelac et al. 2020).  

 

 

Identifying potential loci under balancing selection using Betascan 
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We utilized Betascan software (Siewert and Voight 2017, 2020) to scan the genome for evidence 

of balancing selection at each locality along the transect. Table S2.6 shows the top 0.01% of the 

dataset after application of Betascan. Particularly notable are 10 outliers, several of which were 

replicated across multiple localities, that show patterns consistent with the action of balancing 

selection. We are also aware of the potential for mapping failures associated with gene duplications 

and paralogous sequences generating false positives in the data. This appears to be the case with 

some outliers identified: notably the large number of transposable elements and retrotransposons 

in the top 0.01% of the dataset (Table S2.6).  

 

The functional significance of the non-TE/RTE Betascan outliers ranged from transcription 

regulation (Dickson et al. 1999; Laity et al. 2001; Boube et al. 2002) to transmembrane transport 

(François et al. 2012; Hu et al. 2021), cellular architecture, and signaling (Sharabi et al. 2013).  

 

One candidate locus was an isoform of tropomodulin and was amongst the top 0.01% of 

Betascores in six localities (P2, P3, P4, P6, P8, and P10).  Tropomodulin is involved in actin 

filament architecture in invertebrate muscles (Hooper et al. 2008; Yamashiro et al. 2012). 

Tropomodulin has been found to be a target of plant retroviruses, which exploit it to regulate cell 

tubule motility in insect vectors (Chen et al. 2017). If ECB is a potential vector for host-plant-

associated viruses, this gene may have functional significance in deterring viral attack.  

 

Tests for latitudinally oscillating allele frequencies 

 

We analyzed allele frequencies for every SNP in the post-filter dataset (N = 8,489,446 SNPs) to 
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determine whether they showed significant sinusoidal patterns along the latitudinal gradient 

using the R package JTKcycle (v3.0). Following filters for amplitude (> 0.1), we narrowed our 

results to just 2,166 SNPs. Of these, 118 were found to have a significant (p < 0.05) association 

with a sinusoidal curve: we show the top 25 in Table S2.7 along with annotation information. 

The joint third most significant hit in our list fell within the period locus (multiple test adjusted p 

= 0.0017) and showed a pattern of variation with an amplitude of 0.113 across allele frequencies 

between 0.57 and 0.88 (Figure 2.6).  

 

Other significant hits largely fell among developmental regulatory genes such as wnt, 

neuropeptide receptor A3, dual specificity protein kinase pom1, and interferon regulatory factor 

2-binding proteins 1 & 2 (Nusse & Varmus 1992; Martin et al. 2009; Stirnimann et al. 2010; 

Soppa et al. 2015; Ding et al. 2019; Li et al. 2020). Other hits included a protein controlling 

salinity and osmotic stress response through sodium/potassium ATPase channels (Sebastian et al. 

2018) and a sulfotransferase gene putatively involved in pesticide response mechanisms 

(Coughtrie 2002; Jia et al. 2020).  
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Figure 2.6. Latitudinal sequence of European corn borer populations from north to south in the 
Midwestern US (see Figure 2.1) showing frequencies of an allele within the period gene identified using 
JTKcycle. The sinusoidal curve is the inferred fit for the sequence generated by JTKcycle. 
 
 
DISCUSSION 

 

Identifying signatures of range expansion and selection along a latitudinal gradient 

 

Phenotypes that control timing, rhythm and seasonality form the basis of an organism’s phenology. 

Here we attempted to understand whether a recent, rapid, and widespread range expansion by the 

European corn borer (ECB) moth into the Midwestern United States could leave signatures of 

natural selection throughout the genome, and if these signatures could help us to understand the 
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forces driving the phenological variation in this species. To do this we studied populations along 

a latitudinal gradient of about 720 km and 4.5 degrees latitude (Figure 2.1). 

 

The demographic factors associated with the recent and rapid range expansion of ECB moths, 

occurring in the last 100 years since their introduction to North America left a clear mark on the 

genome. ECB populations have been documented in the Midwestern transect for at least 90 years 

(Sparks et al. 1966), so their range rapidly expanded following arrival into North America in the 

early 1920s (Smith 1920, Caffrey and Worthley 1927). This process would have been shaped by 

potential bottlenecking, leading to strong drift and the loss of variation, followed by rapid 

demographic growth. This expansion will lead to an excess of rare alleles, as initial variation will 

be low and the majority of new mutations that arise will not have spread throughout the expanding 

population. Traditional estimates of selection that rely on nucleotide site frequencies to infer 

departures from neutrality, such as Tajima’s D reflected this pattern. Tajima’s D is expected to be 

negative for expanding populations (Tajima 1989, Excoffier et al. 2009), and our data showed this 

pattern throughout the autosomal and sex-linked averages (Figure 2.2C). However, despite our 

sampling drawing from a large geographic range and with at least 80 km separating each locality 

(greater than the typical ECB dispersal range of 30-60km: Sappington 2018), little population 

structure was apparent, and populations showed no evidence of genomic regions containing fixed 

differences (Figure S2.1) or isolation-by-distance effects. 

 

We investigated these genome-wide patterns and quantified their effects. In addition to 

consistently negative Tajima’s D estimates for both autosomal and Z-linked markers, we found 

that allelic diversity was relatively low, especially on the sex chromosome. We also noted that FST 
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between transect populations was low and we failed to identify outlier windows. An exception was 

FST between the transect populations and the UZ lab colony, which showed higher values in every 

pairwise comparison. This is likely due to the lack of diversity from the selected lab colony, since 

depletions in local diversity can elevate pairwise FST (Cruickshank and Hahn 2014) and the UZ 

colony showed extremely low levels of nucleotide diversity. 

 

While these demographic effects can lead to a greater challenge in inferring the effects of selection, 

we developed predictions about the two known loci that form the basis of distinct seasonal timing 

classes in ECB. Prior studies (Dopman et al. 2004, Levy et al. 2015, Kozak et al. 2019) have 

demonstrated that post-diapause development rate leads to variation in the number of generations 

occurring at a particular locality. This phenotype is regulated by two interacting genes in the 

circadian clock pathway, period and Pdfr. Variation in these alleles leads to variation in generation 

number in the Northeastern United States, and our expectation is that some of this variation (1) 

would have been carried with the species during the range expansion into the Midwest and (2) 

would allow ECB moths to adapt to novel environments by selecting for phenology phenotypes 

that were advantageous at a particular locality. This might take the form of balancing selection, 

should both phenotypes be maintained through factors such as seasonal variation, tradeoffs 

associated with developmental rates, or a combination thereof. Alternatively, individual localities 

might have a local optimum that would drive directional selection for different phenotypes, or a 

single phenotype could be favored throughout the new range.  

 

Because we established that FST was low between transect populations and no outlier loci were 

found, we focused instead on how period and Pdfr varied across the range. Pairwise comparisons 
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between transect populations did not show evidence of differentiation, but comparisons between 

the UZ colony and transect populations showed a dramatic reduction in FST at Pdfr and a modest 

reduction at period (Figures 2.3 & 2.4). The similarity of the lab colony to the field populations is 

accompanied by a dramatic reduction in nucleotide diversity in the Pdfr locus relative to the 

surrounding genomic region. This is consistent with the action of strong and recent selection on 

Pdfr across the entire transect, potentially a selective sweep (Smith and Haigh 1974). An explicit 

test for signatures of a selective sweep (Pool-hmm) did not return any hits, but methods to identify 

signatures of selective sweeps in pooled sequencing datasets are limited because long haplotypes 

cannot be called. 

 

The observed changes in allele frequencies were also reflected in patterns at Tajima’s D, with Pdfr 

showing significant differences from the rest of the genome in a negative direction, which is 

consistent with strong directional selection (Tajima 1989). The region containing Pdfr shows a 

broad, localized reduction in Tajima’s D larger in magnitude than any other on the Z-chromosome 

(Figure 2.5). At period, while there are overall similarities in the allele frequencies at locations 

along the cline to allele frequencies in the UZ colony, we did not observe a reduction in nucleotide 

diversity within and surrounding the genomic region, suggesting that variation has not been lost. 

While the modest reduction in FST suggested that there may be some degree of similarity between 

period alleles in transect populations and in the UZ colony, this effect appears weaker than the 

effect observed at Pdfr. This weaker effect is the result of variation in allele frequencies at period 

within transect populations that was not observed in the UZ colony.  

 

Some alleles of period showed significant sinusoidal oscillations in frequency along the transect 
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(Figure 2.6). This is consistent with the idea that each population may have a local optimal 

frequency of an allele or alleles associated with the number of generations per year. Favored alleles 

may not reach fixation in a particular locality due to factors such as annual variation, plasticity, 

dispersal and strength of selection.  

 

Given the significant drop in diversity and low FST between the UZ colony and all transect 

populations, is possible that the same Pdfr allele that was selected in the colony is also favored 

across the transect populations. This does not preclude phenotypic variation in PDD timing along 

the transect. We know from prior studies that diversity at the period locus alone can give rise to 

multiple phenotypes even if Pdfr is invariant (see Kozak et al. 2019, Figure S2.1, panel E). It is 

therefore possible that as the ECB range expanded, Pdfr experienced strong, directional selection 

while period retained variation, potentially through balancing selection or spatially/temporally 

varying directional selection. This finding would be consistent with the observation of intermediate 

to low frequency allele classes at period and the oscillation of allele frequency in these classes 

along the transect.  

 

Identification of other loci under selection 

 

We also leveraged the entire dataset to identify outlier loci beyond period and Pdfr, using BayPass 

to search for associations with population specific environmental covariables, Betascan to look for 

signatures of balancing selection, and JTKcycle to identify loci that show oscillating patterns in 

allele frequency. Outlier loci were found in circadian clock pathways, or among genes associated 

with thermal tolerance, or in positions that could potentially indicate divergence hitchhiking. 
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Circadian clock genes 

 

Circadian clock genes have long been hypothesized to also control annual rhythms (Bünning 

1936), and support appears to be growing for this idea. Our study identified two genes in addition 

to period that are known to have a role in circadian rhythms: clock and slowpoke. Our BayPass 

analysis identified clock as significantly associated with the average number of generations at a 

locality as a covariate. Clock is a gene with known functions as a transcriptional operator of the 

circadian clock (Sandrelli et al. 2008; Kozak et al. 2019). Prior work has indicated that the gene 

may also be involved in changing voltinism patterns, having been identified as an outlier locus 

corresponding to voltinism changes in two different butterfly species, Pieris napi and Pararge 

aegeria (Pruisscher et al. 2018, 2021, Lindestat et al. 2021). Our Betascan analysis identified 

slowpoke, a gene that has been demonstrated to have a significant role in regulating rest cycles in 

Drosophila melanogaster (Jaramillo et al. 2004, Ruiz et al. 2021). In this species, expression was 

demonstrated to be reduced in the neurons that lack pigment dispersing factor (PDF), a protein that 

binds to Pdfr (pigment dispersing factor receptor). While to our knowledge, it has not been 

demonstrated to have an explicit role in timing annual rhythms, the connection with one known 

trait locus merits note.  

 

Thermal tolerance 

 

Among the highest scores in our Betascan analysis for balancing selection was the gene 

Tropomodulin. This regulates actin filament architecture in invertebrate muscles (Hooper et al. 
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2008; Yamashiro et al. 2012, Chen et al. 2017). Tropomodulin may also have a role in adaptation 

to thermal stress, as previously suggested for another invertebrate, the invasive green crab (Tepolt 

and Palumbi 2020). Thermal stress is likely to vary along the Midwestern latitudinal transect and 

is particularly likely to vary with differing life history and voltinism phenotypes, since the climate 

experienced by adults during early June or late August flights could be quite different from that 

experienced following mid-July emergence. Given ECB in a new distribution area may experience 

a broad range of temperatures, according to the timing and number of generations within a locality, 

variation for thermal tolerance via muscle architecture could potentially be regulated by balancing 

selection. Two other outlier candidates are involved in actin filament binding and recruitment: 

unconventional myosin and FERM (Bird et al. 2014, Gaspar et al. 2015). These loci were both 

identified as significant associates with the degree days covariable. Degree days are our closest 

proxy for the strength of temperatures experienced by insects at a given locality, and thermal stress 

could have acted as a selective force driving a change in muscle architecture.  

 

Genetic hitchhiking 

 

In our BayPass dataset, we found bric-a-brac to be an outlier associated with the step cline and 

potentially discriminating between the two northernmost populations and the six southern 

populations. Bric-a-brac is a gene with a known function in male pheromone response (Glover et 

al. 1991; Dopman et al. 2010; Unbehend et al. 2021). While it is to our knowledge unlikely that 

multiple pheromone strains are present in the Midwestern United States, bric-a-brac could 

potentially have effects beyond control of pheromone response. Bric-a-brac is located in close 

genomic proximity to Pdfr (< 0.5 Mb), and our BayPass result could reflect hitchhiking relative 
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to that locus (Smadja et al. 2008). Likewise, the LIM homeobox gene could play a role in a 

developmental process under selection, but, similarly to bric-a-brac, lim is estimated to fall 

within 0.5 Mb of Pdfr. It seems plausible that selection at Pdfr has shaped this entire genomic 

region.  

 

Conclusions 

 

Over the course of the past 110 years, ECB moths were introduced and spread across North 

America, westwards to the Rocky Mountains (Smith 1920; Klun and Cooperators 1975; Sorenson 

et al. 1992). During this expansion, they encountered novel and widely variable climatic 

conditions. Despite the challenges these conditions might present, they quickly established new 

populations. To do so, they utilized existing variation in voltinism, a critical trait for timing their 

life cycles with the annual growing season length (Showers et al. 1975). Our findings here are 

reflective of the historical demography of this species as it expanded its range. The range expansion 

left indelible marks on the genome that are reflected in genome wide summary statistics such as 

reduced π, and negative Tajima’s D. While these same genome wide forces may present challenges 

in distinguishing selective forces from neutrality, we were able to find signatures that are consistent 

with selection on known loci corresponding to adaptive phenotypes: phenology loci period and 

Pdfr. We also found novel candidate genes that may be under selection along the climatic gradient. 

We maintain that alleles underlying phenotypes involved in species phenology are expected to be 

subject to strong selective forces as ranges expand (Śniegula et al. 2014). The recency and speed 

of the ECB moth spread through North America has resulted in signatures in our data that are 

subtle, yet consistent with departures from neutrality. We encourage further study to further 
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disentangle the effects of range expansions on neutral and selective processes. These processes 

have implications for our understanding how organisms utilize shifts in phenology to expand their 

range (Macgregor et al. 2019) and how this may enable the persistence of species in changing 

climates (Bradshaw and Holzapfel 2001, 2010). 
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CHAPTER THREE 

 
INTROGRESSION OF SPECIATION TRAIT LOCI DRIVES DIFFERENTIATION IN THE 

EUROPEAN CORN BORER, OSTRINIA NUBILALIS 
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ABSTRACT 

 

Reproductive barriers drive divergence by restricting gene flow between populations. However, 

barriers are often semipermeable, allowing some gene flow between groups. In cases such as 

these, introgression and recombination will complicate emerging genealogical patterns 

throughout the genome. By inferring genealogical trees for individuals and species of the 

Ostrinia moth group, we explore how four trait loci involved in reproductive isolation drive 

patterns of ancestry. We utilize whole genome sequences to infer changes in population size over 

time. We then develop tree sequence topologies from both genome wide markers and the set of 

four trait loci. We calculate genealogical nearest neighbor estimates, a statistic that summarizes 

the relative ancestry proportions of each individual in order to describe how phenotypic variation 

has shaped the species and population history of European Corn Borer (O. nubilalis) moths. We 

show that much of the genome reflects genealogical sharing across many populations, but 

genealogies at barrier loci distinguish groups. Finally, we calculate D statistics and demonstrate 

evidence of introgression of these barrier traits between multiple species within the Ostrinia 

group, suggesting a complex model for barrier trait evolution in this group. We argue that the 

outsized impact of few trait loci and their movement between lineages promotes speciation in 

this clade.   
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INTRODUCTION  

 

The natural world consists of organisms that are genetically connected with other organisms, 

forming populations. Speciation, the formation of groups of organisms that are novel and distinct 

from others, occurs when genetic ties between populations become severed (Shaw and Mullen 

2011). An understanding of how and why such species boundaries are formed is a long-standing 

question (Mayr 1963; Wu 2001; Harrison & Larson 2014). In particular, genes that cause, allow 

for, or maintain the severance of genetic connections and promote reproductive isolation can be 

seen to be critical for the generation of diversity (Butlin & Ritchie 2001; Orr et al. 2004). Despite 

significant progress in the past several decades, we still do not have a complete picture of the 

origin of variation in the traits that underlie phenotypes that contribute to speciation and the 

genes that control this variation.  

 

Part of the challenge comes from identification of the original reproductive barriers and the 

genetic loci involved. While demonstrating genetic divergence at loci between related taxa is 

useful and can begin to narrow down candidate loci that may contribute to speciation, divergence 

alone is not evidence of a functional role for these loci in the speciation process (Harrison 1998; 

Shaw and Mullen 2011). Loci that are genetically distinct may not have become so until after 

species barriers emerged through the action at other loci or may have diverged even before the 

rest of the genome became distinct, but played no functional role in separating species.  
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Key allies in identifying how barriers arise and generate new species are identifiable forms in the 

early stages of speciation that have not yet become completely distinct and, therefore, have not 

yet formed “good” species (Barton & Hewitt 1989; Harrison 1990; Jiggins & Mallet 2000; 

Coyne & Orr 2004). These forms may still exchange genes throughout all or portions of their 

genome yet have evolved differences that act directly or indirectly in generating and/or 

maintaining distinct genetic groups. A major benefit of careful study of these forms is that the 

action of individual “speciation phenotypes” (Shaw & Mullen 2011, 2014) can often be tested 

directly by quantifying the levels of gene flow between groups with and without the phenotypes 

(Barton 1983; Dopman et al. 2010; Butlin & Smadja 2018).  

 

Barriers that act prior to copulation (“pre-mating barriers”) may be especially important at the 

very beginnings of the speciation process, as has been demonstrated in a number of taxa, such as 

Rhagoletis flies (Feder et al. 1994), Mimulus monkeyflowers (Sobel & Streisfeld 2015), 

Sporophila seedeaters (Turbek et al. 2021) and many others. These barriers may begin as 

intraspecific variation within a species, but if multiple barriers arise independently (or arise at 

once, for example in a “magic trait” model: (Gavrilets 2004; Maan & Seehausen 2011; Servedio 

et al. 2011; Smadja & Butlin 2011), their effect may amplify and lead to the acceleration of 

speciation (Flaxman et al. 2014; Nosil et al. 2017). Pre-mating barriers often act on an 

organism’s ability to locate suitable mates, for example by shifts in the timing of mate 

availability, or on the signals that organisms use to locate a mate in geographic space (Mayr 

1947; Coyne & Orr 2004).  

 

Seasonal timing (phenology) and reproductive signaling (behavior) constitute a combination of 
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traits that are tractable in the study of species formation. The European Corn Borer moth, 

Ostrinia nubilais Hübner, exemplifies variation in both of these traits and the combinations of 

the two in its introduced range of North America. The complexity and variation of these mating 

traits leads to our ability to explicitly test their effect. Behavioral barriers are controlled by 

variation in pheromone signal and response (Klun and Cooperators 1975, Anglade et al. 1984). 

Ostrinia females produce a blend of E and Z isomers of tetradecenyl acetate. Within a species, 

variation in the amount of E and Z isomer in the blend gives rise to different pheromone classes 

(Klun et al. 1973, Kochansky et al. 1975). Different species also demonstrate variation in the 

placement of the double bond that distinguishes the cis and trans isomers (Lassance et al. 2013). 

This blend is controlled by variation in the pheromone gland fatty acid reductase gene (pgFAR), 

an autosomal locus of major effect (Lassance et al 2010). Male moths show correspondent 

preferences to the E and Z pheromone blends, a flight response trait controlled by the Z-linked 

bric-a-brac (=bab) locus (Unbehend et al. 2021). Together these loci can act to greatly reduce 

gene flow between sympatric Ostrinia pheromone strains (Dopman et al. 2010). Temporal 

barriers are produced through two epistatically interacting circadian clock genes that control 

post-diapause developmental (PDD) timing (Dopman et al. 2005; Levy et al. 2015; Kozak et al. 

2019). These genes, period and pigment dispersal factor receptor (Pdfr), map to the Z 

chromosome and, within Ostrinia nubilalis, regulate the number of annual generations 

(voltinism) of a population at a particular locality. These two traits differ across the North 

America range of Ostrinia and the particular combinations of E and Z pheromone types and 

univoltine and bivoltine temporal classes can result in variable levels of genetic differentiation 

across ECB chromosomes (Kunerth et al. 2022).  
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The recent characterization of alleles regulating these four genes (Lassance et al. 2010, Kozak et 

al. 2019, Unbehend et al. 2021), has invited their study through evolutionary inference and 

population genetic modeling in the Ostrinia group. In doing so we can address how variation 

arises in reproductive barriers. Our specific aim in this study is to describe the sequence 

evolution of four genes that encode two traits critical to reproductive isolation in the O. nubilalis 

species group as it diversified. To further our understanding of these genes we analyzed them 

within the complete genomes of 128 individual moths, thereby allowing study of neutral 

variation across the genome to infer demographic history. We then attempted to reconstruct the 

genealogical histories of individuals at the four trait loci. In this the context, we explored how the 

broader Ostrinia moth groups and the intraspecific variation within O. nubilalis have been 

shaped by gene flow and introgression at trait loci.  All these approaches contribute to the 

reconstruction of the evolutionary pathways that have promoted incipient speciation in the O. 

nubilalis group.  

 

 

RESULTS & DISCUSSION 

 

After filters, we generated complete whole genome sequences for 124 individuals, totaling 

26,491,541 SNPs within 454.7 Mb of scaffolds. These individuals represented a variety of 

species (abbreviated to ALB, ACB, ABB and ECB) and populations (Table 3.1). In total, the O. 

nubilalis draft genome contains 8,843 scaffolds (N50 = 392.5 kb).  
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Table 3.1. Details of populations and species used for genome sequencing 

Population / Species Population tag Number of 

individuals 

Country / 

State 

Number 

E-strain 

Number 

Z-strain 

American Lotus Borer ALB 3 USA NA NA 

Asian Corn Borer ACB 4 China NA NA 

Adzuki Bean Borer ABB 1 Japan NA NA 
      

European Corn Borer 
     

Rockspring ECB 30 USA - PA 15 15 

Landisville ECB 32 USA - NY 16 16 

East Aurora ECB 14 USA - NY 0 14 

Farmington ECB 4 USA - NY 4 0 

Geneva ECB 22 USA - NY 10 12 

Perry City ECB 3 USA - NY 0 3 

Madison ECB 4 USA - NY 0 4 

Penn Yan ECB 4 USA - NY 0 4 

Dover ECB 2 USA - MA 2 0 

E colony ECB 1 NA 1 0 

Total 
 

124 
 

48 68 

 
 
We visualized population structure using principal coordinates analysis (PCA) divided between 

six genomic regions targeted for analysis: autosomes, the sex chromosome, and, at a finer scale, 

the scaffolds for four barrier traits (Figure 3.1). In every PCA, the outgroup ALB separates from 

the majority of the other taxa. A PCA of the autosomal scaffolds distinguished two of the 

outgroup species. ALB clustered in the bottom right of coordinate space, ECB samples all in the 

bottom right, and ACB in the top right. The ABB individual clustered near the ECB samples, but 

was distinguishable from their cluster. PCAs of trait scaffolds showed some differentiation 

between ECB samples driven primarily by E and Z pheromone types (Figure 3.2). O. nubilalis 

showed little differentiation between samples when using autosomal markers to generate the 

PCA. Pheromonal trait loci pgFAR and bab were able to distinguish groups of E and Z ECB. 
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Intermediates between these groups appeared to be heterozygotes or backcross individuals. At 

phenological trait loci period and Pdfr, separation between groups was weaker. Samples with 

known phenotypic information for both phenological timing (long vs short PDD) and pheromone 

class (E vs Z) did appear to be distinguishable within PCAs based on period and Pdfr genic 

locations (Figure S3.1). Geographic structure did not appear to drive differences between groups 

(Figure S3.2). 
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Figure 3.1. PCAs of all Ostrinia sequenced for the six genomic regions colored by sample taxa: ALB, 
ACB, ABB, ECB-E pheromone type, and ECB-Z. All samples are depicted on the plots, but in some 
cases the ECB individuals cluster so tightly that they are hard to distinguish. See Figure 3.2 for PCAs 
with outgroups removed for a more detailed examination of intraspecific variation in ECB.  
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Figure 3.2. Principal components analysis (PCA) of six genomic regions with outgroup species removed. 
Individual samples colored by estimated pheromone category. 
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We inferred genealogical tree sequences using tsinfer for each genomic region. We then estimated 

genealogical nearest neighbors (GNN) for each individual in the dataset. GNNs are a statistical 

summary of the topology of a tree sequence centered around a focal individual or node in the tree. 

For this focal individual or node, GNNs are computed with respect to a user-defined list of 

reference sets along the tree sequence, beginning with the focal sample, until another node that has 

one or more descendants in the reference set or set is located. This process is repeated in order to 

find the proportion of each reference set among the descendants from that node.  

 

Here we consider GNNs to be an approximation of the ancestry proportions of a given individual 

in our dataset that is shared with other individuals in the dataset, subdivided by the reference 

partitions of our choosing. Since recombination and gene flow should change the genealogical 

patterns and thus the inference of the tree topology in different portions of the genome, we can 

estimate the tree sequence topology for genomic regions of interest, calculate GNNs with respect 

to sets of known or estimated phenotypic classes, and in doing so demonstrate which portions of 

the genome are associated with those phenotypic groups.   

 

We tested multiple reference sets to infer whether the ancestry proportion of a given individual at 

a chosen genomic location was defined on the basis of known phenotypes of the other individuals. 

For example, we first estimated whether the geographic population to which an individual 

belonged influenced the ancestry patterns by calculating GNNs using the geographic population 

as a reference set. With the exceptions of the outgroup taxa, geography was not a strong driver of 

ancestry patterns (Figure 3.3).  Each ECB individual drew GNN proportions from a broadly 

consistent mix of geographic groups. While the relative proportions of the groups changed from 
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population to population, genealogical tree sequences were clearly not a strong reflection of 

geography as a whole.  

 
 

 
 
Figure 3.3. GNN proportions of each individual using autosomal markers. Each individual bar shows a 
haplotype, so every two adjacent bars is an individual. Individuals are ordered by geographic population 
(top bar). Colors correspond to population reference set, and the proportion of color in a vertical bar 
shows the proportion of GNNs drawn from each population reference set.  
 
We then considered whether pheromone type drove ancestry patterns, by generating GNNs 

utilizing four reference sets: ACB, ALB, ECB-E and ECB-Z. For autosomal markers, GNNs 

based on pheromone category did not affect local ancestry, as every ECB sample showed GNN 

proportions drawn from both E and Z sample sets in roughly similar proportions (Figure 3.4, 

Panel A).  

 

However, for trait loci, especially pheromone trait loci pgFAR and bab, GNN proportions of 

ECB individual samples were drawn heavily from either ECB-E or ECB-Z, indicative of the role 

these loci play in contributing to the genealogical tree topology that distinguishes groups. Since 

E and Z pheromone phenotypes depend on variation at these markers, it is unsurprising that tree 

sequences based on these genome regions reflect these patterns. Phenological trait loci period 

and Pdfr also showed concordance with pheromone category, suggesting that the tree topologies 

formed from markers near these phenological loci were shaped by the effects of the pheromonal 

loci. This is consistent with prior work that has demonstrated the effects of the coupling of these 
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trait loci with the promotion of genomic ‘congealing’ (Kunerth et al. 2022, process reviewed in 

Butlin & Smadja 2018).  
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Figure 3.4. GNN proportions for each haplotype in the dataset, divided by tree topologies based on 
markers located on autosomes (Panel A) and markers located within genic regions of the four trait loci 
(Panels B-E). The horizontal colored bars at the top correspond to the sets tested and their colors within 
each GNN plot: ACB, ALB, ECB-E and ECB-Z. Colored bars at the bottom correspond to geographic 
populations (see Figure 3.3).  
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D statistics and detection of introgression 
 
To test for introgression between groups, we used Dsuite (Malinsky et al. 2021) to calculate D for 

both autosomal and genic regions using entire scaffolds broken up into 20 jacknife blocks. We 

tested autosomal scaffolds of comparable sizes to the scaffolds containing genic regions. We also 

calculated the df statistic in sliding windows for autosomal and trait scaffolds and plotted the 

results from one representative scaffold here (Figure 3.5A). We estimated D using a tree with ALB 

as an outgroup, ACB branching next, and ABB and ECB as sister taxa, following the relationship 

inferred from past studies of Ostrinia phylogenies (Kim et al. 1999; Lassance et al. 2013; Yang et 

al. 2021). Using this topology, we were able to test for evidence of introgression between ACB 

and ABB. Positive values of D indicate an excess in ABBA tree topologies relative to BABA 

topologies. Under a model of incomplete lineage sorting and no introgression, we would expect 

these topologies in equal proportion, so an excess in ABBA topologies suggests introgression 

between taxa P2 and P3. Using this test, we demonstrated evidence of introgression between ACB 

and ABB at both autosomal markers and trait loci (Table 2). While all values were significant, the 

relative strength of the introgression was substantially higher at some barrier trait loci, suggesting 

that alleles at these loci may have adaptive significance in the recipient species.  

 
Table 3.2. D statistics to detect introgression between ABB and ACB. 

Region P1 P2 P3 Dstatistic Z-score p-value 

Autosomes ECB ABB ACB 0.0371256 4.60807 4.06e-06 

pgFAR ECB ABB ACB 0.422881 6.64779 < 10e-10 

bab ECB ABB ACB 0.610141 13.1012 < 10e-10 

period ECB ABB ACB 0.219795 2.73911 0.00616055 

Pdfr ECB ABB ACB 0.451177 5.16666 2.38e-07 

 
 
We then subdivided the ECB samples into groups associated with each pheromone category, 
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having previously demonstrated the importance of this trait in distinguishing ECB population 

structure at these genomic regions. We tested both ABB and ACB as potential sources of 

introgression in separate tests. We were not able to detect evidence of introgression between ACB 

or ABB into either E or Z types using markers from autosomal scaffolds (Table 3.3). However, 

applying the test to scaffolds containing a trait locus demonstrated excess sharing of alleles, 

consistent with positive D statistics and a signature of introgression between E clade ECB and both 

ACB and ABB (Table 3.3). The only exception was found at the Pdfr trait locus, where D statistics 

showed elevation in tests of introgression between ABB and the E type ECB, but not between 

ACB and either pheromone type.  

 
Table 3.3. D statistic for trios of ECB-E, ECB-Z, ACB, and ABB 

 P1 P2 P3 D statistic Z-score p-value 

Autosome 
Z E ABB -0.0109257 1.81226 0.0699462 

Z E ACB -0.0075653 1.25101 0.210931 

pgFAR 
Z E ABB 0.577758 6.52563 < 10e-10 

Z E ACB 0.327589 5.03494 4.78E-07 

bab 
Z E ABB 0.816847 25.2699 < 10e-10 

Z E ACB 0.718913 19.0884 < 10e-10 

period 
Z E ABB 0.40921 5.03583 4.76E-07 

Z E ACB 0.39644 6.64815 < 10e-10 

Pdfr 
Z E ABB 0.29647 4.60414 4.14E-06 

Z E ACB 0.0330259 0.779027 0.435964 
 
 

To determine whether these scaffold wide signals were driven by alleles at the trait loci themselves, 

we applied a windowed test across each scaffold and a similarly sized autosomal scaffold for 

comparative purposes. We plotted the df statistic (Pfeifer and Kapan 2019) since the null 

expectation of no introgression should be symmetric around 0 and the statistic is bounded by -1 

and 1 in all scenarios, with values near 1 suggestive of introgression between taxa P2 and P3 and 
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values near -1 suggestive of excess shared alleles between taxa P1 and P3. We considered whether 

the similarity between E and ACB/ABB was centered on genic windows by plotting statistics with 

Z, E, and ACB or ABB as taxa P1, P2, and P3 (Figure 3.5). At our comparative autosomal scaffold, 

we did not recover any signature consistent with introgression between groups (Figure 3.5A). At 

pgFAR, a clear peak was centered over the trait locus, suggesting that pheromone production 

alleles were shared between ECB-E and both ACB and ABB (Figure 3.5B). The bab scaffold was 

characterized by a broad elevation in df (Figure 3.5C) across the length of the scaffold. bab exons 

are dispersed across this scaffold, separated by long (>100kb) introns.  These regions contain SNPs 

demonstrated in previous studies to be significantly differentiated between pheromone response 

phenotypes. They also show elevated cross-chromosomal LD with pgFAR, suggesting of strong 

selective pressure to maintain this association (Unbehend et al. 2021). The highest density of these 

SNPs occurs around the 300kb mark on the scaffold, which appears to be the df “peak” in our data. 

This could indicate a mechanism for adaptive introgression of bab alleles between Ostrinia taxa.  

 

While mean values of df were positive across the period and Pdfr scaffolds (Table 3.3), indicative 

of excess sharing of alleles between ECB-E and ACB or ABB, there were no clear signals of a 

particular portion of the scaffold that contained a “peak” (Figure 3.5D,E). However, it is notable 

that all three Z-linked trait loci linked showed broad, scaffold wide elevations in df, while the 

autosomal pgFAR showed a peak localized on the genic region. The sex chromosome in ECB has 

been shown to play an outsized role in driving differentiation ECB subpopulations (Dopman et al. 

2010, Kozak et al. 2019, Kunerth et al. 2022), as it harbors multiple barrier trait loci and, in many 

populations, appears to contain a large chromosomal rearrangement. These features lead to 

elevated LD across long stretches of the chromosome. This suggests that sharing of alleles between 
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Ostrinia taxa may be subject to ‘divergence hitchhiking’ (Via & West 2008, Via 2012), wherein 

introgression of one trait locus carries with it long stretches of shared variation in a broad genomic 

region surrounding it. In contrast, the freely recombining autosomes are quicker to break up this 

linkage, limiting the signal of shared excess variation to the source itself, in this case the pgFAR 

gene.  
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Figure 3.5. df statistics for an example autosomal scaffold and the four trait scaffolds in comparisons 
between ECB-Z, ECB-E, and either ABB or ACB, with ALB as the outgroup. Positive df scores indicate 
excess allele sharing between taxa P2 and P3.  
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Conclusions 

 

In the absence of gene flow, isolated populations will accrue genetic differences. As these 

differences are passed on to subsequent generations, they will eventually result in unique shared 

ancestry patterns throughout the genome. The rate at which a population’s ancestry separates it 

from other isolated populations is dependent on the demography, mutation rate, mating systems, 

and selection within the populations.  This process can be further complicated by introducing 

gene flow between populations, even those separated for thousands or even millions of 

generations. Should introgression occur, ancestry patterns will reflect this in shared genealogical 

sequences across populations or even species as the genomic regions move between these 

groups. 

 

Here we attempt to infer this process in a system in which some barrier loci are well 

characterized. We explore genome wide tracts of shared ancestry and compare them to the 

ancestry patterns underlying the known barrier traits. We demonstrate how the signatures 

underlying these reproductive isolation phenotype loci explain the population structure within O. 

nubilalis. We then demonstrate that, within the Ostrinia group, there is evidence of introgression 

between species. This result is consistent with prior studies that have also demonstrated 

introgression between sympatric species of Ostrinia moths (Malausa et al. 2007; Wang et al. 

2017). Here we show strong patterns of introgression between Asian Corn Borer (ACB) and 

Adzuki Bean Borer (ABB) across all genomic regions (Table 3.2). These species are both a part 

of a shallowly diverged clade, and a recent phylogenetic analysis by Yang et al. (2021) found 

discordance between ACB and ABB in their relationship to ECB using different tree building 
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methods (Maximum likelihood vs. ASTRAL). They argue that similarities between ACB and 

ECB may be the result of convergence. Here we show that the difficulty in resolving species tree 

relationships may be driven by introgression as well. 

 

We also demonstrated evidence of the introgression of key trait loci between both ECB-E 

pheromone moths and both ACB and ABB, based on excess sharing of derived alleles relative to 

sharing between Z types and ACB or ABB. ECB and ABB both utilize the same E and Z isomers 

in blends of 11-14 monounsaturated tetradecyl acetates in their pheromone blends, while ACB 

utilizes a 12-14 molecule (the numbers indicate the placement of the double bond) (Lassance et 

al. 2013). This is consistent with a history in which alleles that control pheromone phenotypes 

arose in one species before introgressing into one or more sister taxa. It is notable that this 

pattern holds for both the autosomal pgFAR locus and the bab locus. If variation for both 

pheromone production (pgFAR) and response (bab) evolved in one taxon, it would appear 

reasonable for selection to favor the introgression of both associated variants into the recipient 

species, since the evolution or introgression of just one novel sex-communication phenotype 

should generally be disfavored, as there would be a lack of either signal senders or receivers 

within the population (Groot et al. 2016; De Pasqual et al. 2021). In a scenario in which 

reproductive barriers are incomplete and either signal or response is adaptive in the recipient, 

introgression from a source species allows this challenge to be overcome, since both genes can 

be transmitted together.  

 

In such a scenario we can also explain the finding of introgression of the period locus between E 

strain ECB and both ACB and ABB as well as introgression of the Pdfr locus between E strain 
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ECB and ABB. These loci are both Z-linked, and found within (in the case of period) and nearby 

(in the case of Pdfr), a major recombination suppressor (Kozak et al. 2017). Further, the bab 

locus is also located within 1 Mbp of the inferred breakpoints of this putative inversion. In a 

scenario in which any one of these alleles was adaptive in a recipient species, it may have led to 

a cascade of introgression of the other loci, even as the rest of the genome remained distinct. 

Such models of “speciation supergenes” have found recent support in other taxa (Thompson & 

Jiggins 2014; Cohen & Privman 2020, reviewed in Taylor & Campagna 2016).  

 

While our findings are limited by the number of samples in non-ECB Ostrinia species, especially 

those in known Z-type pheromone categories, we argue that our results are consistent with 

sharing of alleles between taxa within this group at key barrier loci. We suggest that future 

studies could explore a broader dataset of Ostrinia moths and potentially estimate the relative 

ages of the variation in barrier alleles. Determining the order of evolution and selective strength 

of the barrier phenotypes may contribute toward our understanding of a largely unexplored path 

for the process of speciation. 

 

 

METHODS 

 

Sample collection 

 

We re-sequenced complete genomes of 128 Ostrinia:  119 O. nubilalis (ECB) were collected from 

populations in the Northeastern United States, either from pheromone traps as adults or from corn 
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stubble as larva. Eight samples came from three outgroup taxa within the Ostrinia group: one 

Adzuki bean borer (ABB), O. scapulalis, four Asian Corn Borer (ACB), O. furnacalis, and three 

American lotus borer (ALB), O. penitalis. We also sequenced one E-strain O. nubilalis female 

pupa from an inbred lab culture maintained at Tufts University in Boston, Massachusetts. 

 

Library preparation and sequencing 

 

Approximately one microgram of genomic DNA was sheared to 700 bp with a Covaris S2 

sonicator. Sheared DNA was treated with 1x Ampure XP and eluted in 30 μl Qiagen 0.5 x AE 

buffer. Samples were end polished with T4 polynucleotide kinase and T4 DNA polymerase, 

adenylated with Taq polymerase, and ligated to an Illumina Truseq +A adapter. Individual samples 

were indexed by PCR, pooled, and sequenced on an Illumina NextSeq 500 (2 x 150 bp reads). 

Sequence data were analyzed for quality by FastQC (Andrews 2010) and multiQC software. 

 

Reads were processed following standard protocols using the GATK pipeline  

(Van der Auwera et al. 2013) using recommendations for best practice 

 (https://www.broadinstitute.org/gatk/guide/best-practices). Briefly, demultiplexed reads that 

passed Illumina sequencing quality filters were trimmed of any remaining adapter sequences using 

Trimmomatic v.35. Reads with a phred quality score (q) less than 15 and reads less than 36 base 

pairs long were removed. Remaining reads were mapped to the ECB draft genome assembly 

(GenBank: PRJNA534504; BioSample SAMN11491597; accession SWFO00000000) using bwa 

(Li 2014). Duplicated sequences were removed (Li et al. 2009) and SNPs and indels were called. 

We filtered the resulting genotypes for quality (>30) and coverage depth (>10) based on the best 
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practices recommendations of the Broad Institute. 

 

Using VCFtoolsv0.1.16 (Danecek et al. 2011), we separated the genome into different regions for 

subsequent analysis: (1) fully diploid autosomal scaffolds, (2) the Z-chromosome, which is diploid 

in males and haploid in females, (3) autosomal scaffold 178 (627,257 bp), containing the 

pheromone production locus pgFAR, (4) Z-linked scaffold bab (x bp), containing the pheromone 

response locus bric-a-brac, (5) Z-linked scaffold 87 (517,236 bp), containing the voltinism locus 

pdfr, and (6) the Z-linked scaffold 532 (371,787 bp), containing the voltinism locus period. We 

compared each of these regions separately for heterozygosity, site missingness and individual 

missingness for quality control assurance.  

 

Phasing and ancestral allele estimation 

 

Scaffolds were indexed using BCFtoolsv1.15.1 (Danecek et al. 2021) and phased using 

SHAPEITv4.2.2 (Delaneau et al. 2019). To generate recombination maps for each scaffold, we 

assumed a uniform recombination rate of 3.3 cM/Mb for autosomes and 1.6 cM/Mb for the sex 

chromosomes, based on prior estimates in O. nubilalis (Dopman et al. 2004). We estimated 

ancestral allele frequencies using est-sfs v 2.01, which uses the approach developed in Keightley 

et al. (2016) and Keightley & Jackson (2018). We utilized the ALB and ABB samples as 

outgroups. Since est-sfs can only utilize one allele from each outgroup, we selected the most 

common allele within each outgroup sample and split ties randomly. 
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Identification of population structure 

 

To visualize baseline genetic structure, we performed principal components analysis (PCA) using 

the smartpca package of eigenstrat (Price et al. 2006). We tested each genomic region separately, 

utilizing all SNPs across the scaffold that contained the trait locus. Separate plots were created so 

individuals could be colored by geographic location or pheromone/phenology category (Figure 

3.2, Figure S3.1, S3.2). Individuals were assigned to pheromone, geographic, and PDD categories 

based on prior phenotype estimation whenever possible. 

 

Inference of tree sequences and haplotype ages 

 

We utilized tsinfer v 0.2.3 (Kelleher et al. 2019) to generate a unified genealogical tree sequence 

for each scaffold. We utilized each tree sequence to find each individual’s genealogical nearest 

neighbors (GNN), a method utilized in the reconstruction of human evolutionary history (Kelleher 

et al. 2019). For our purposes, we examined, for every target region of the genome, the GNNs of 

every individual moth in the dataset, defining the reference sets by taxon, pheromone category, 

and/or phenology category. We then plotted the resulting GNN proportions, which will total 1 

(similar to a STRUCTURE plot, coloring each proportion by the reference taxa/phenotype 

examined).  

 

D-statistics and introgression 

 

We calculated D-statistics utilizing the software package Dsuite v 0.4 (Malisky et al. 2021). D-
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statistics are used in the inference of historical introgression between trios of focal taxa or 

populations and an outgroup. Most commonly implemented as an ABBA-BABA test (Green et al. 

2010, Durand et al. 2011), D-statistics are implemented on SNPs throughout the genome and 

utilize construction of tree topologies between the four taxa at every site. If no introgression has 

occurred, the only differences from the species tree should be the result of incomplete lineage 

sorting. However, introgression between taxa since the split from the outgroup is theorized to result 

in an excess of tree topologies uniting the taxa between which the introgression occurred. Here we 

estimated D-statistics using ALB as the outgroup taxon and performed two sets of tests between 

the remaining trios. First, we tested for introgression between trios of ALB, ABB, and ECB, using 

all ECB individuals together. Next, we tested trios after separating ECB into an E and a Z category. 

We calculated both the D statistic and the df statistic (Pfeifer and Kaplan 2019), which is better 

suited for exploring sliding windows along a scaffold. df utilizes correlated allele frequencies and 

is bounded by -1 and 1, which allows for more accurate comparisons of the amount of introgression 

than related measures. 
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SUPPLEMENTARY FIGURES AND TABLES 

  
Figure S1.1. Map of marker locations on the Z-chromosome. Indicated are the large region of reduced 
recombination, per and Pdfr, loci responsible for seasonal timing and the male pheromone response locus 
bab.   

 
Figure S1.2. Pairwise FST comparisons of barrier loci restricted to populations within ~100km, or roughly 
1-3 generations of dispersal.  
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Figure S1.3. Principal components analyses based on Z-linked marker datasets. On the left, individual 
labels are based on pgFAR genotype. On the right, individual labels are based on geographic location and 
population type. Percentages indicate the amount of variance explained by that axis.  

 
Figure S1.4. Fst 100kb windows across the Z-chromosome using pooled sequencing data for four 
population type comparisons. Colors distinguish the rearrangement (purple) and key barrier traits (teal 
and orange).  
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Figure S1.5. Linkage disequilibrium calculated within geographic populations between pgFAR and SNPs 
on the Z-chromosome, pooled by population type and separated by collinear vs rearranged markers. The 
mean is indicated by the vertical black line.   
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Table S1.1. Genome localization and other details of sequences generated by PCR primers tested and used 
in analysis  

Locus Z-chromosome 

position Mb 

Z-chromosome 

position cM 

Features Forward 

sequence 

Reverse 

sequence 

S740_96K 1.165 4.45 - GATGCCT
ACGTCAT
AACATCT
ACCT 
 

TAAGCCT
CAGTTTT
AAGTCC
ATTTG 
 

S196_410K 2.061 10.85 - TTTGTGGT
TTTGGTGT
TTTTATTT
T 
 

CTGTCCT
GATAAA
CAATGT
GAAATG 
 

S779_43K 2.929 10.85 - TCCAGCT
ACGTGTC
AAATATC
AA 
 

AGCGTC
AGTTTAC
AAGCTG
AAAT 
 

sc216_350kb 3.036 10.85 - CGGTAAC
TAAAGGC
GGAAGA 
 

TGTCAAC
TTTTTGG
CCACTG 
 

sc216_250kb 3.137 10.85 - CACAAAC
AAGCTGC
ATTTCG 
 

AGCAGA
AAATCA
AACGCA
CA 
 

sc216_150kb 3.237 10.85 - TGTTCGG
AGCACCA
TTATGA 
 

CGCCCTA
CTCGAA
CAAAAA
T 
 

sc216_100kb 3.287 10.85 - CATAGGG
CTGTCATC
CATCC 
 

AACCAG
TCATTTT
CAGGGA
CA 
 

S390_140K 3.917 10.85 - CAGTCTA
CCCTGAA
AATGGTT
AGTG 
 

TTGTATG
GTGTTTG
ACAGAT
TTTTG 
 

S390_159K 4.155 10.85 - ACTCTAC
CTACTTCC
ATTGTTG
ACG 
 

CATTACG
ACATGT
GATTAA
CTTGGA 
 

S364_285K 4.214 17.59 - ACGCGAA
CTTTAAA
GATTTTCT
TCT 
 

ACGTAA
TCAACTA
CACTCG
ACATCA 
 

sc444_225kb 5.269 25.06 Rearrangement CAAGACA
TGGTCTCC
ATTCG 

TTTTCAA
TCGGGCT
AAATGG 
 

sc444_250kb 5.294 25.06 Rearrangement ATTTGGC
CCATCAA
AAATTG 
 

AGACAG
TGGACG
GTGTGAT
G 
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sc444_275kb 5.319 25.06 Rearrangement TTAAGCA
CTCGCAA
TGATCG 
 

GAACAG
TAGCGA
GCCACC
AC 
 

sc444_300kb 5.344 25.06 Rearrangement GGACCTT
GTTAGCT
GGGAAA 
 

CTGATG
AATTCGC
CGCTATT 
 

Desert 6.988 25.06 Rearrangement TTCAGTG
CCCTCATC
GTTTCTT 
 

CCCGAA
GGTGCT
GTAACA
AA 
 

Z11 6.988 25.06 Rearrangement ATCTTCCT
TATTGCGT
ACCA 
 

GCATTCA
GGAGCA
GGAGGA 
 

CP450 7.231 25.06 Rearrangement AGGCCTA
AAGGGAT
CTTCTACC
AGA 
 

ACCCAC
CATATCA
ATAGCA
GAGAAT 
 

REP2 7.231 25.06 Rearrangement AAATGGA
CGATGCT
GGCTGA 
 

TTGACCG
GCCAAA
GTTAGG 
 

2076 8.076 25.06 Rearrangement GAAGCCC
CAGTGTG
GTGCCC 
 

AGGGTC
GCATCG
AGTCCA
GCT 
 

532 8.298 25.06 Rearrangement TGGATGT
CCTCCTCT
GTTTGGCT  
 

TCACCAT
CATCGG
ATTCATC
GGACA  
 

563 8.547 25.06 Rearrangement TGTTGGT
AAGCGCA
TCACTCA 
 

ACATAA
TTAGGG
CCGTTCC
ACATA 
 

P15 8.547 25.06 Rearrangement CGCGACC
ACTCCAG
TTGTTT 
 

TGGTTTG
GTCTGG
AAATCTC
G 
 

S645_63K 9.146 26.51 Rearrangement ACGAGTC
TGGGTGA
ATTTTATT
GTA 
 

CCAACT
GAGGCT
AGTTATG
TAAGGA 
 

OnGH 9.285 26.51 Rearrangement ACGAGGG
TGGCAAC
GTGT 
 

TTTCTAA
GTACAG
CATGTCC
GTATCC 
 

P22 9.315 26.51 Rearrangement GATCGCG
AAGCAGA
AGTCAGT

CCAAAG
CGGCGG
AACCAC 
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C 
 

 

S155_175K 10.75 32.5 Rearrangement TGATTGA
TGACTGA
TTTGGTG
AT 
 

TTGTGAA
TACCGG
CGTAAA
TATC 
 

710 11.880 39.27 Rearrangement GCGTGCG
ACCCAAC
TCTGGA  
 

CCATGA
GCTGATC
AAGGCT
GATCTC  
 

AcylB 12.130 39.27 Rearrangement AAACTCC
CGTCATC
GCCG 
 

TCTGGCC
GTTCAG
GATCCAT
TCG 
 

S1040_OR6a 12.240 40.72 Rearrangement TTACCATT
CCATACC
ACCATCA
T 
 

TGTATTC
CACAAG
GACAAA
CCTC 
 

S275_OR3a 12.240 40.72 Rearrangement ATTATGTC
CGCCGTG
TAAGTAA
A 
 

GCCAAG
AACGTT
GATAGA
ATCAT 
 

S275_OR3b 12.240 40.72 Rearrangement AATGCAT
TTTGCAC
ATAAAGG
TC 
 

TAGAAC
CAAATCT
AATCCG
CACA 
 

P25 12.240 40.72 Rearrangement TACGCGG
GTAAGTA
CAGGGA 
 

GTCGAG
CGCGGC
ACTCATA
C 
 

period 13.250 40.72 Rearrangement AAGAACG
TCAGCGA
TGAAGAC
GGA 
 

CAGGTA
GGGCAC
CGACTC
AGGG 
 

12295 14.580 40.72 Rearrangement CTGCTGA
TGATGAG
TGATTTCC
GGT 
 

TGGTGG
AGAACC
ATACAC
ACTGGG 
 

12292 14.580 40.72 Rearrangement GATGAGC
ATGCGCA
GACGCG 
 

AGACGT
GGTCCG
ACCGAT
CA  
 

S1038_108K 15.570 58.22 Rearrangement AGACGTG
GTCCGAC
CGATCA  
 

ATTATGC
GCCGAT
ATTTAAT
AACAA 
 

S48_500kb 16.010 59.87 Rearrangement GGTTTCC
ACCAAGA
CACCAT 
 

CATCTTC
GACACA
GAACAG
CA 
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S48_550kb 16.010 59.87 Rearrangement CGGGTGT
CAAACAT
TGGTTA 
 

TCTTGGC
CCAAATT
TGTATGT 
 

S48_600kb 16.010 59.87 Rearrangement TGGGCAG
AAAATGA
TGATGA 
 

CATATCG
TCGTGGT
GGTTTG 
 

S48_850kb 16.010 59.87 Rearrangement CCGCCGG
AAGTACT
TAATAGC 
 

TCCCAA
ACACGT
GAGAGT
TG 
 

LDH2 17.06 70.87 - CGATACC
TTCTGTCC
GAGAAAC 
 

CATGGG
TCTCCTT
CCAGTTC 
 

S137_112K 17.500 62.22 - TTTTGTTT
AATCCGT
TTTTCACC 
 

ACCTCA
AGGTCA
TGGGGT
ATCT 
 

S137_112K 17.500 62.22 - GGCTTTCC
CAACACA
GTAATTC 
 

TGTCGCT
AAGAGA
AAAAGC
ACA 
 

S137_112K 17.500 62.22 - TTGGGTG
AATGCTTT
TGATGTA 
 

GGCAGA
CAAAAT
CACAAA
CAAG 
 

S87_90K 17.760 62.22 - TTGAGTTT
TGGTTAA
GGCCAAT 
 

TGGGTTA
CCAGGG
TACCATA
AA 
 

S87_98K 17.760 62.22 - TTACGTG
GTTCATA
CTGGAAC
G 
 

ACGCAA
ATTAAA
AGCGAA
TTGT 
 

S87_100K 17.760 62.22 - TTCAACC
GAAACCA
TTATCAG
A 
 

AACGTTC
TTGCTGT
GTTGAA
AA 
 

S87_102K 17.760 62.22 - TGTTTTCG
TCTTTGTT
TGTCGT 
 

TTCCGTC
TTACGTA
TTCCACA
A 
 

S87_163K 17.760 62.22 - AACAGGG
CACTATT
AATAACG
AAA 
 

GGGATTT
CAGAAA
GGAAGC
ATA 
 

S50_200kb 18.270 70.87 bab 
(Pheromone 

ATCATTG
GTTCCCA
AAGTCG 

AGGGGG
CGTATCT
CATTGTT 
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response locus)   

S50_450kb 18.270 70.87 bab TTCCGTG
ATTGCAA
AAACAA 
 

CCGGAG
TCACTTT
GGCTAG
T 
 

S50_550kb 18.270 70.87 bab GACGGAA
CCCGTTGT
CTTAG 
 

TCGTTAC
GATGCC
AGTACG
A 
 

S662_45K 18.880 70.87 bab GCATTTG
AAATCTC
ACCTTGCT
A 
 

CTGCTCC
CTCCTGG
AAATCT
A 
 

S662_149K 18.880 70.87 bab TTAGACA
TCCAAAC
TTTCGCAT
T 
 

TCCGCTA
AATACT
ATTGG 
 

S229_191K 19.260 74.6 - AAATACC
GAAAGGT
CCTAACA
TACC 
 

AGGCTC
GCGTAA
GTATCAT
TT 
 

S229_199K 19.260 74.6 - GCTTTGGT
ATCATTAT
GTCCTTTG
T 
 

CCTCTCG
AGTTCTT
TTTCAC 
 

EIPB 20.190 82.7 - GTACAGC
AGGTCGT
GGAGTT 
 

CCATCAT
CGAAGA
CGAGGC 
 

c00710 20.470 82.7 - CTAGCTC
GGTTTCA
CATTTCA
AGT 
 

TACCCAC
CGTCCA
ACACAT
AAG 
 

647 Likely autosomal - - TGCAAGA
AGTGGTC
CAGGCAC
T  
 

GCAAGA
TGCCGA
AGTCGCT
C 
 

pgFAR Autosomal - Pheromone 
production 
gene 

GGTGGCA
TGGGGAC
GGTACAG 
 

TTTGGAT
TAAATTA
ATTTTAA
AC 
 

sc178_200kb Autosomal - Pheromone 
production 
scaffold 

ATGAGAT
GTGGTTG
CACGAA 
 

TCATTGT
TTCAGCC
ACTGGA 
 

sc178_300kb Autosomal - Pheromone 
production 
scaffold 

ACAAGTT
ATGCCGG
ACAAGG 
 

CTTACAG
ATGCTG
GCAATC
G 
 

sc178_400kb Autosomal - Pheromone 
production 

CGTCTGC
GAGTGTC

CCCAATC
CCAACG
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scaffold CATTTA 
 

AAAATA
A 
 

sc178_500kb Autosomal - Pheromone 
production 
scaffold 

TGATGAT
GAATCGC
TTTTGC 
 

CCGTTTC
GAACCA
CTACACC 
 

sc178_550kb Autosomal - Pheromone 
production 
scaffold 

TAGCTGC
TGGAGGA
TTTTGG 
 

TGGATG
AGAAAG
CGGAAG
AT 
 

cry2 Autosomal - - CGGTGCG
GCCGTCG
ATCCATC 
 

AACCAG
TCATTTT
CAGG 
 

G26A Autosomal - - AGATCTC
GCACGAA
TTTTGAAT
G 
 

ACGCCT
ATTATTT
ACGTCA
GG 
 

 
Table S1.2. STRUCTURE output statistics based on the Evanno method (Evanno et al. 2005). 

K Replicates Mean LnP(K) Standard 
deviation 
LnP(K) 

Ln'(K) |Ln''(K)| Delta K 

1 50 -57459.252 6.8696 NA NA NA 

2 50 -49713.204 4.7239 7746.048 6152.868 1302.50176 

3 50 -48120.024 9.548 1593.18 2566.848 268.836187 

4 50 -49093.692 1586.3296 -973.668 339.462 0.213992 

5 50 -49727.898 2741.6036 -634.206 53.446 0.019494 

6 50 -50308.658 1384.6757 -580.76 259.016 0.187059 

7 50 -50630.402 1451.1248 -321.744 NA NA 

The grey bar indicates the most likely number of inferred clusters. 
 
 
 
Table S2.1. Z-linked scaffolds and physical start positions along the length of the Z-chromosome. 
Asterisks (*) indicate a scaffold containing period (532) or Pdfr (87). 

Scaffold Size Mb 

scaffold4435 4078 0 

scaffold751 275148 0.004 

scaffold35 722381 0.279 

scaffold572 163719 1.002 

scaffold740 235087 1.165 

scaffold1546 33109 1.4 

scaffold247 627634 1.434 

scaffold196 868841 2.061 

scaffold779 92251 2.93 
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scaffold2358 14287 3.022 

scaffold600 417131 3.037 

scaffold216 461870 3.454 

scaffold390 298204 3.916 

scaffold364 585662 4.214 

scaffold1895 21730 4.799 

scaffold409 222884 4.821 

scaffold444 384115 5.044 

scaffold325 886211 5.428 

scaffold15 673834 6.314 

scaffold169 242750 6.988 

scaffold348 845032 7.231 

scaffold865 221853 8.076 

scaffold518 233254 8.298 

scaffold2225 15954 8.531 

scaffold546 598492 8.547 

scaffold645 139123 9.146 

scaffold1618 30317 9.285 

scaffold789 91266 9.315 

scaffold218 453784 9.406 

scaffold1660 63095 9.86 

scaffold1044 193178 9.923 

scaffold581 122005 10.12 

scaffold1237 50895 10.24 

scaffold1246 194460 10.29 

scaffold1756 66030 10.48 

scaffold1161 202793 10.55 

scaffold155 350779 10.75 

scaffold282 321509 11.1 

scaffold804 458571 11.42 

scaffold502 248588 11.88 

scaffold3599 6641 12.13 

scaffold1040 105542 12.14 

scaffold275 1004024 12.24 

scaffold4243 4645 13.25 

scaffold532* 371787 13.25 

scaffold459 265770 13.62 

scaffold1889 21771 13.89 

scaffold221 590889 13.91 
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scaffold931 77297 14.5 

scaffold140 987430 14.58 

scaffold1038 208510 15.57 

scaffold598 233855 15.78 

scaffold48 965936 16.01 

scaffold1486 80768 16.98 

scaffold193 439059 17.06 

scaffold137 260670 17.5 

scaffold87* 517236 17.76 

scaffold50 611115 18.27 

scaffold662 196882 18.88 

scaffold728 179971 19.08 

scaffold229 374464 19.26 

scaffold330 554422 19.64 

scaffold673 283851 20.19 

scaffold812 88987 20.47 

scaffold1046 116232 20.56 
 
Table S2.2. Mean pairwise FST between populations. Values below the diagonal are from autosomal 
markers and values above the diagonal are from Z-linked markers.  

 
Table S2.3. Mean pairwise genetic distances (FST(1 - FST); see methods) between populations. Values 
below the diagonal are from autosomal markers and values above the diagonal are from Z-linked markers.  

Locality 

 

P1 P2 P3 P4 P6 P8 P9 P10 UZ 

P1 NA 0.0293 0.0302 0.0290 0.0311 0.0335 0.0358 0.0290 0.1586 

P2 0.0372 NA 0.0299 0.0278 0.0306 0.0332 0.0354 0.0282 0.1605 

P3 0.0379 0.0376 NA 0.0291 0.0314 0.0338 0.0359 0.0294 0.1614 

P4 0.0360 0.0353 0.0362 NA 0.0298 0.0326 0.0351 0.0264 0.1644 

P6 0.0387 0.0384 0.0391 0.0373 NA 0.0335 0.0356 0.0298 0.1627 

P8 0.0398 0.0397 0.0403 0.0389 0.0407 NA 0.0367 0.0325 0.1610 

P9 0.0442 0.0441 0.0446 0.0439 0.0446 0.0452 NA 0.0349 0.1652 

P10 0.0362 0.0356 0.0367 0.0336 0.0375 0.0388 0.0438 NA 0.1634 

UZ 0.1978 0.1991 0.1992 0.2008 0.1997 0.1976 0.2021 0.1997 NA 

Locality P1 P2 P3 P4 P6 P8 P9 P10 UZ 

P1 NA 0.0302 0.0311 0.0299 0.0322 0.0347 0.0371 0.0298 0.1885 

P2 0.0386 NA 0.0308 0.0286 0.0316 0.0344 0.0367 0.0291 0.1912 

P3 0.0394 0.0391 NA 0.0299 0.0324 0.0349 0.0373 0.0303 0.1924 

P4 0.0374 0.0366 0.0375 NA 0.0308 0.0337 0.0364 0.0271 0.1967 
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P6 0.0403 0.0399 0.0407 0.0387 NA 0.0346 0.0369 0.0307 0.1943 

P8 0.0415 0.0413 0.0420 0.0404 0.0425 NA 0.0381 0.0336 0.1919 

P9 0.0463 0.0462 0.0467 0.0459 0.0466 0.0473 NA 0.0361 0.1979 

P10 0.0376 0.0369 0.0380 0.0348 0.0389 0.0404 0.0458 NA 0.1953 

UZ 0.2466 0.2486 0.2487 0.2512 0.2495 0.2462 0.2532 0.2496 NA 
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Table S2.4. Top Z-linked SNPs (by BF.dB) with regards association with one of four specified covariables (see text).  
Gene Annotation Scaffold Location 

on 

scaffold 

Location of 

scaffold on Z-

chromosome 

(Mbp) 

Covariable BF.dB Function Literature 

cited 

bab bric-a-brac1 bab_gene_region_CCv02 318417 18.27 Step cline 20.74 

Involved in male pheromone 
response behavior. Located 
within 0.5 Mb of pdfr 

Dopman et 
al. 2004; 
Koutroumpa 
et al. 2016; 
Unbehend 
et al. 2021 

bab bric-a-brac1 bab_gene_region_CCv02 388040 18.27 Step cline 17.19     

ostnu00g0112725.0.7 Function unknown  scaffold137 20421 17.5 Latitude 26.28 unknown   

ostnu00g0112725.0.7 Function unknown  scaffold137 198112 17.5 Latitude 19.28 unknown   

ostnu00g0112725.0.4 

Coiled-coil 
domain containing 
protein  scaffold137 20421 17.5 

Degree 
Days 20.97 

Widespread in process, from 
transcription regulation to 
structural functions 

Szczepaniak 
et al. 2020 

ostnu00g0103382.0.2 
Triple functional 
domain protein  scaffold193 191518 17.06 

Degree 
Days 18.49 Structural function 

Brodsky et 
al. 1995 

ostnu00g0120008.0.1 

High affinity 
cAMP-specific 3' / 
dunce scaffold229 292169 19.26 

Degree 
Days 17.73 

Physiological and motory 
signal transduction. dunce 
was shown to be in high 
linkage disequilibrium with 
AMPK/SNF4 gamma in 
Kozak et al. 2019. This LD 
value was comparatively 
similar in strength to the 
period-Pdfr association. 

Müller 
1997; 
Kozak et al. 
2019 

ostnu00g0118594.0.1 Function unknown  scaffold247 134601 1.43 
Degree 
Days 17.87 unknown   

ostnu00g0118594.0.1 Function unknown  scaffold247 171322 1.43 Step cline 15.35 unknown   

ostnu00g0115831.0.1 Clock  scaffold275 786038 12.24 
Number of 
Generations 17.79 

Circadian rhythms, diapause 
timing 

Sandrelli et 
al. 2008; 
Kozak et al. 
2019 
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ostnu00g0123284.0.2 

Vacuolar protein 
sorting-associated 
protein 13B-like 
protein  scaffold330 466384 19.64 

Degree 
Days 15.38 

Host-virus interaction, 
Protein transport, transport 

Zhao et al. 
2021 

ostnu00g0123284.0.2 

Vacuolar protein 
sorting-associated 
protein 13B-like 
protein  scaffold330 469220 19.64 Latitude 18.62     

ostnu00g0123284.0.1 

Vacuolar protein 
sorting-associated 
protein 13B-like 
protein  scaffold330 469220 19.64 

Degree 
Days 18     

ostnu00g0116926.0.1 

RING finger and 
CCCH-type zinc 
finger domain-
containing protein 
2-like isoform 1  scaffold390 230817 3.92 Step cline 16.09 

Sex determination, 
differential splicing in 
Bombyx 

Gopinath et 
al. 2016 

ostnu00g0120772.0.1 

Proton-coupled 
amino acid 
transporter 4-like 
protein  scaffold48 572753 16.01 

Degree 
Days 16.73 

Amino-acid 
transport, Symport, Transport 

Gao et al. 
2020; Hu et 
al. 2021 

ostnu00g0125649.0.1 

LIM homeobox 
transcription factor 
1 scaffold50 97765 18.27 

Number of 
Generations 24.18 

Transcription factor, 
responsible for development 
of limbs, membranes, eyes, 
and neurons in Drosophila 

Guo et al. 
2018 

ostnu00g0111445.0.1 
Dynein heavy 
chain 6 scaffold518 123609 8.3 Latitude 22.05 

Motor protein, responsible 
for intracellular movements 

Gee et al. 
1997 

ostnu00g0111445.0.2 
Dynein heavy 
chain 6 scaffold518 123609 8.3 

Degree 
Days 20.74     

ostnu00g0126236.0.1 

Acyl-coa 
desaturase 
(stearoyl) scaffold598 188552 15.78 

Degree 
Days 15.41 

Biosynthesis of omega 3- and 
omega 6-polyunsaturated 
fatty acids 

Saini & 
Keum 2018 

 
Table S2.5. Top autosomal SNPs (by BF.dB) with regards association with one of four specified covariables (see text).  

Gene Annotation Scaffold Location on 

scaffold 

Covariable BF.dB Function Literature cited 
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ostnu00g01191
81.0.2 Malate dehydrogenase 

scaffold
184 481756 Degree Days 39.64 

Lipid biosynthesis, 
hormonally regulated 
during development in 
fruit flies. In Ostrinia, 
malate dehydrogenase is 
downregulated in the 
winter. Found exclusively 
in resistant strains of O. 

furnicalis.  
Farkaš & Knopp 1997; Koštál et al. 2006; 
Shabbir et al. 2020; Uzelac et al. 2020 

ostnu00g01073
29.0.1 

Unconventional myosin-XV-like 
protein  

scaffold
104 1330706 Degree Days 30.52 

Actin filament binding, 
ATP binding, 
microfilament motor 
activity Bird et al. 2014 

ostnu00g01135
99.0.1 Neuropeptide receptor A10  

scaffold
554 99375 Degree Days 27.54 

G-protein coupled 
receptor, involved in 
feeding and stress response 
in Drosophila. Putatively 
involved in pheromone 
regulation in Lepidoptera. Li et al. 2020; Jurenka et al. 2021 

ostnu00g01286
06.0.1 Function unknown  

scaffold
595 355081 Degree Days 26.4 unknown   

ostnu00g01086
00.0.4 FERM 

scaffold
478 76829 Degree Days 24.21 

Tissue growth, eye 
development, actin 
recruitment Gaspar et al. 2015 

ostnu00g01191
81.0.2 Malate dehydrogenase 

scaffold
184 481756 Latitude 33.53 

Lipid biosynthesis, 
hormonally regulated 
during development in 
fruit flies. In Ostrinia, 
malate dehydrogenase is 
downregulated in the 
winter. Found exclusively 
in resistant strains of O. 

furnicalis.  
Farkaš & Knopp 1997; Koštál et al. 2006; 
Shabbir et al. 2020; Uzelac et al. 2020 

ostnu00g01188
22.0.1 N-alpha-acetyltransferase 15 

scaffold
185 26876 Latitude 29.48 

RNA and ribosome 
binding   

ostnu00g01286
06.0.1 Function unknown  

scaffold
595 355081 Latitude 28.95 unknown   

ostnu00g01275
36.0.1 Globin 

scaffold
557 64083 Latitude 25.99 

Oxygen binding and 
transport Kawaoka et al. 2009 

ostnu00g01135
99.0.1 Neuropeptide receptor A10  

scaffold
554 99375 Latitude 25.49 

G-protein coupled 
receptor, involved in 
feeding and stress response 
in Drosophila. Putatively Li et al. 2020; Jurenka et al. 2021 
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involved in pheromone 
regulation in Lepidoptera. 

ostnu00g01126
72.0.2 Serpin (serine protease inhibitor)  

scaffold
34 925582 Latitude 25.26 

Potentially involved in 
innate immunity Lin et al. 2017 

ostnu00g01089
53.0.2 Function unknown  

scaffold
47 1656579 

Number of 
Generations 33.01 unknown   

ostnu00g01263
06.0.3 Chordin  

scaffold
326 905338 

Number of 
Generations 31.83 

Patterning early in 
embryonic development Holley et al. 1995 

ostnu00g01226
03.0.1 Function unknown  

scaffold
310 457929 

Number of 
Generations 30.26 -   

ostnu00g01033
98.0.1 Splicing factor 3B subunit 2 

scaffold
2463 8185 

Number of 
Generations 28.16 

Gene regulation, immune 
suppression Matsumoto et al. 2021 

ostnu00g01055
28.0.1 

E3 ubiquitin-protein ligase MYLIP-
A 

scaffold
519 91986 

Number of 
Generations 26.27 

Lipoprotein receptor 
degradation Calkin et al. 2011 

ostnu00g01022
86.0.11 Protein lap4-like isoform 4  

scaffold
455 859278 

Number of 
Generations 25.57 

Many functions in cell 
development, regulation, 
and proliferation Guo et al. 2015 

ostnu00g01253
93.0.1 

Serine/arginine repetitive matrix 
protein 1 

scaffold
1446 12309 Step cline 30.92 

Pre-mRNA processing, 
gene regulation, cell 
signaling Giannakouros et al. 2011 

ostnu00g01128
22.0.1 

Alpha-galactosidase/alpha-n-
acetylgalactosaminidase 

scaffold
669 269681 Step cline 29.91 N-glycan processing Ikegaya et al. 2021 

ostnu00g01088
19.0.4 Homeobox protein extradenticle  

scaffold
432 247003 Step cline 29.59 

Transcription factor with 
downstream targets such as 
wingless, teashirt, and 
decapentaplegic. Involved 
in eye development Mann & Affolter 1998 

ostnu00g01300
52.0.3 Transmembrane protein 165 

scaffold
134 137276 Step cline 28.56 

Transmembrane 
transporter Wang et al. 2020 

ostnu00g01092
72.0.2 Proteinase inhibitor I1 

scaffold
45 21429 Step cline 27.91 

Found in plants and 
involved in defense 
strategies Jongsma & Bolter 1997 

ostnu00g01104
68.0.4 Zinc finger 

scaffold
479 79167 Step cline 24.44 DNA expression regulation Laity et al. 2001 
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ostnu00g01074
03.0.3 Caskin-2-like isoform X3  

scaffold
104 404436 Step cline 24.44 

Protein kinase regulator 
activity, participates in wnt 
signaling Weng et al. 2011 

ostnu00g01264
28.0.2 Patched 1  

scaffold
1415 53528 Step cline 24.1 

Development, cell growth 
and differentiation Ingham et al. 1991 
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Table S2.6. Betascan outliers (top 0.01%) for each locality and putative functional significance. Organized with inferred transposable elements and 
retrotransposons at the bottom.  

Scaffold 

Position 

on 

scaffold 

Localities with 

hit Beta score Annotation 

Likely 

TE / 

RTE Function References 

scaffold182 64859 
P1, P2, P3, P4, 
P6, P8, P10 60.405279 

near to Putative cleavage and 
polyadenylation specificity factor 
100 kDa subunit  n 

Regulation of polyadenalation in 
the cytoplasm Dickson et al. 1999 

scaffold43 118132 
P1, P2, P3, P4, 
P6, P8, P9, P10 41.871068 

near to Cytochrome P450 49a1-like 
protein n 

Heme-binding, catalytic 
properties. Cytochromes have 
been demonstrated to have a role 
in lepidopteran strategies to 
overcome host-plant defenses. 

Wang et al. 2015; Werck-Reichhart & 
Feyereisen 2000 

scaffold444 75283 
P1, P2, P3, P4, 
P6, P8, P9, P10 39.497657 

Putative epidermal growth factor 
receptor n 

Developmental signaling network 
receptor. Involved in growth rate, 
limb, eye, and gonad 
development, as well as body size.  Sharabi et al. 2013 

scaffold572 98878 
P1, P2, P3, P4, 
P6, P8, P9, P10 39.205223 Bestrophin 2 n 

Formation of Cl- channels. These 
anion channels have been shown 
to regulate lepidopteran olfactory 
receptor neuron function. François et al. 2012 

scaffold332 135040 
P2, P3, P4, P6, 
P8, P10 37.331009 Tropomodulin isoform 1  n 

Regulation of actin filament 
architecture, a key gene in 
invertebrate muscle structure. 
Found to be under selection for 
thermal tolerance in green crabs. 
Evidence for selection in plant-
retrovirus-insect vector 
interactions.  

Hooper et al. 2008; Yamashiro et al. 
2012; Chen et al. 2017; Tepolt & 
Palumbi 2020 

scaffold504 96453 P2, P8 36.975003 
Proton-coupled amino acid 
transporter 4-like protein n 

Transmembrane protein involved 
in amino acid transport. Found 
differentially expressed in O. 
furnicalis cell lines and may play 
a role in cellular immune function.  Hu et al. 2021 

scaffold17 1108594 P4, P10 41.615798 
Slowpoke-binding protein-like 
protein n 

Protein kinase activity. Involved 
in negative regulation of ATPase 
and ion transport, neuromuscular 
synaptic transmission, and 
starvation response. Involved in 
circadian pathways in Drosophila. 
Expression is reduced in neurons 
of flies that lack pigment 
dispersing factor (PDF). Jaramillo et al. 2004 

scaffold185 58920 P4 35.650366 N-alpha-acetyltransferase n 

Cell growth, development, and 
differentiation. An N-
acetyltransferase has been shown 
to have functional significance in 
circadian rhythms in algae. Matsuo et al. 2012; Lee et al. 2018 
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scaffold38 327014 P10 35.840015 
Mediator of RNA polymerase II 
transcription subunit 13-like protein n 

"Universal" eukaryotic mediator. 
Provides a large physical interface 
for regulation of novel, gene 
specific transcription factors. Boube et al. 2002 

scaffold242 959176 P1, P2 40.36236 Zinc finger n DNA binding and regulation Laity et al. 2001 

scaffold556 478120 
P1, P2, P3, P4, 
P6, P8, P9, P10 46.158632 

Endonuclease/exonuclease/ 
phosphatase y Intracellular signaling Tay et al. 2010 

scaffold17 248883 
P1, P2, P3, P6, 
P8, P9 44.236502 Gag-pol polyprotein y Retrovirus protein subunits Hajek & Friesen 1998 

scaffold261 917 P1, P6, P8, P9 44.085783 Pol polyprotein  y Retrovirus protein subunits Friesen & Nissen 1990 

scaffold40 186803 
P1, P2, P3, P4, 
P6, P8, P9, P10 43.641313 Similar to gag-pol polyprotein  y Retrovirus protein subunits   

scaffold390 297081 
P1, P2, P3,  P6, 
P8, P9, P10 40.375472 

near to Pao retrotransposon 
peptidase y 

Pao is a common retrotransposible 
element. Xiong et al. 1993 

scaffold110 514179 
P1, P2, P3, P4, 
P9 40.280123 Similar to putative gag-pol protein  y Retrovirus protein subunits   

scaffold274 451500 P1, P2, P3, P10 39.104401 Similar to putative gag-pol protein y Retrovirus protein subunits   

scaffold109 101161 P1, P8, P10 38.38246 BEL12|AG transposon polyprotein y 

Retrotransposon with single ORF. 
May have functional importance 
in DNA regulation. Nefedova &  Kim 2009 

scaffold18 305664 
P2, P3, P4, P6, 
P8, P9, P10 38.06523 

Similar to RNA-directed DNA 
polymerase y Retroviral domain Tay et al. 2010 

scaffold564 284732 
P2, P4, P6, P8, 
P9 37.579089 Retroelement polyprotein  y Retrovirus protein subunits   

scaffold305 20617 
P2, P3, P6, P8, 
P9, P10 37.411221 BEL12|AG transposon polyprotein y Retrovirus protein subunits   

scaffold363 380187 P2 37.402839 Reverse transcriptase y Retroviral domain   

scaffold46 171522 P8, P9 38.742735 Reverse transcriptase  y Retroviral domain   

scaffold538 453704 P8 38.525999 Retroelement polyprotein  y Retrovirus protein subunits   

scaffold194 346124 P9 37.867899 Endonuclease-reverse transcriptase y Retroviral domain   
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Table S2.7. Top 25 candidate loci identified by JTKcycle 3.0 and putative functional significance.  

Scaffold Location Gene Annotation 

Adjusted  

p-value 

Period 

length 

(km) Amplitude Function Literature cited 

scaffold204 1001207 ostnu00g0128318 Wnt inhibitory factor 1 0.0000827 402.5 0.102 

Signal transduction pathway 
gene, involved in embryonic 

development and cell 
differentiation 

Nusse & Varmus 1992; Ding et al. 
2019 

scaffold498 63488 ostnu00g0113040 
Neuropeptide receptor 

A31 0.0004464 483 0.112 

Regulator of physiological 
functions, involved in 

development, reproduction, 
behavior, and feeding Li et al. 2020 

scaffold186 251199 
6kb from 

ostnu00g0126144 

Activating signal 
cointegrator 1 complex 
subunit 1-like protein  0.0017278 402.5 0.157 

DNA damage repair 
pathway protein Soll  et al. 2018 

scaffold20 330474 
30 kb from 

ostnu00g0102080 function unknown 0.0017278 402.5 0.145 -  

scaffold14 466226 
9kb from 

ostnu00g0107007 

Dual specificity protein 
kinase pom1-like 

isoform X3 0.0017278 402.5 0.137 

Cell length and mitotic entry 
control via stabilization of 

microtubules Martin et al. 2009; Soppa et al. 2015 

scaffold718 225614 ostnu00g0115867 
Helicase senataxin-like 

protein 0.0017278 322 0.114 
DNA damage repair 

pathway protein Becherel et al. 2013 

scaffold532 79303 PERIOD period 0.0017278 322 0.113 
Control of post-diapause 

development timing (PDD) 
Dopman et al. 2005; Levy et al. 
2015; Kozak et al. 2019 

scaffold669 340260 
1kb from 

ostnu00g0112822 

Alpha galactosidase / 
alpha n 

acetylgalactosaminidase  0.0017278 483 0.109 N-glycan processing Ikegaya et al. 2021 

scaffold202 1078152 ostnu00g0128318 Wnt inhibitory factor 1 0.0017278 483 0.106 

Signal transduction pathway 
gene, involved in embryonic 

development and cell 
differentiation 

Nusse & Varmus 1992; Ding et al. 
2019 

scaffold884 42374 ostnu00g0115594 
Sulfotransferase 1C4-

like protein 0.0017278 483 0.102 

Formation of sulfate 
conjugates: downregulated 
in response to insecticides Coughtrie 2002; Jia et al. 2020 

scaffold24 75928 ostnu00g0106776 WD domain 0.0017278 402.5 0.102 

Structural motif of WD 
proteins, which are involved 

in signal transduction, 
transcription regulation, and 

cell cycle control  Stirnimann et al. 2010 

scaffold1372 21918 ostnu00g0111315 Function unknown 0.0035466 322 0.126   
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scaffold2794 2385 ostnu00g0120086 

Sodium/potassium-
transporting ATPase 

subunit alpha-like 
protein 0.0035466 483 0.112 

Salinity control and osmotic 
stress response Sebastian et al. 2018 

scaffold335 93869 
0.2 kb from 

ostnu00g0114276 

Interferon regulatory 
factor 2-binding protein 

1 & 2 0.0053654 483 0.150 

Catalytic activity, organ size 
regulation, tissue 
homeostasis, and 

tumorigenesis Feng et al. 2020 

scaffold871 264677 
3kb from 

ostnu00g0130547 Function unknown 0.0053654 483 0.134   

scaffold429 12542 ostnu00g0104091 Function unknown 0.0053654 483 0.128   

scaffold444 248362 
46kb from 

ostnu00g0104313 Function unknown 0.0053654 483 0.119   

scaffold363 379163 
10kb from 

ostnu00g0103615 Function unknown 0.0053654 483 0.116   

scaffold815 155707 
1 kb from 

ostnu00g0126399 Function unknown  0.0053654 402.5 0.116   

scaffold2794 2338 ostnu00g0120086 

Sodium/potassium-
transporting ATPase 

subunit alpha-like 
protein  0.0053654 483 0.111 

Salinity control and osmotic 
stress response Sebastian et al. 2018 

scaffold1102 64801 
51kb from 

ostnu00g0113372 Function unknown 0.0053654 483 0.111   

scaffold82 992028 ostnu00g0119712 
Cell division control 
protein 45 homolog 0.0053654 483 0.109 Cell cycle control Gautier et al. 1988 

scaffold1009 41881 ostnu00g0120478 Function unknown 0.0053654 483 0.109   

scaffold226 536526 ostnu00g0105567 P94-like protein  0.0053654 483 0.106 

Muscle specific protein, 
modulator protease in 

cellular processes Ono et al. 2004 

scaffold212 98353 
0.1 kb from 

ostnu00g0109904 
Protein hairy-like 

protein 0.0053654 483 0.102 

Transcription regulation and 
control of cell fate: 
neurogenesis and 

myogenesis Fisher et al. 1996 
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Figure S2.1. Distribution of FST values for all pairwise comparisons between transect populations. Mean 
FST calculated from 1000 bp windows with > 20 SNPs and > 0.2 coverage within the window using the 
Weir and Cockerham method. Panel A shows data from autosomal markers and Panel B shows data from 
Z-linked markers. Inset figures show the tail ends of the distribution (FST > 0.3) for each set of 
comparisons. Note the change in axes between outer and inlaid figures. 
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Figure S3.1. PCAs of a subset of samples with outgroups ALB, ABB, and ACB removed. Each sample 
represents an individual, with the color corresponding to the combined pheromone and phenology 
phenotype of the individual, if known. Short E corresponds to E pheromone types that have been 
measured to have short developmental timing. Short Z corresponds to Z pheromone types that have been 
measured to have short developmental timing. Long Z corresponds to Z pheromone types that have been 
measured to have long developmental timing. Some samples were not measured for PDD timing, and are 
indicated in grey. 
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Figure S3.2. PCAs of a subset of samples with outgroups ALB, ABB, and ACB removed. Each sample 
represents an individual, with the color corresponding to their original collection location. 
 


