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Chapter 1
A review of ecological speciation literature
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Recent advances in sequencing technologies and bioinformatics tools make possible
investigation of evolution at genetic, genomic, and populational scales in organisms best known
as ecological models, expanding the set of genetics model organisms. Old questions can be
answered, new questions asked, and understanding of broad patterns in evolutionary drivers and
their consequences advanced. Genetic variation and drift, selection for adaptive alleles, and
regions more or less tolerant of different kinds of mutations can be studied at an increased
resolution in a fraction of the time previously required. Today we can comprehensively
investigate independent species and the evolution of the factors that maintain independence and
explain the awesome diversity of life.

SPECIES DEFINITIONS AND THE SEARCH FOR SPECIATION GENES
What constitutes a distinct species has been a source of debate for more than one-hundred
years, though the definition has great bearing on evolutionary biology research programs. The
importance of this definition becomes apparent by analyzing the set of proposed species
definitions, and considering the currently most applied concept. Every species concept strikes an
imperfect balance between capturing species of all life forms, being methodologically applicable,
and being theoretically satisfying (Hull, 1997). The Biological Species Concept (BSC) is the
most currently applied concept among those researchers interested in the speciation process. It
described species as groups of actually or potentially interbreeding natural populations, which
are reproductively isolated from other such groups (Mayr, 1942). This definition is widely
accepted for sexually reproducing species because it explains why populations form distinct
groups, it identifies criteria that can be established empirically, and evidence of those criteria
demonstrate the existence of the groups it defines (Coyne and Orr, 2004). Thus evolutionary
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biologists have focused on identifying parameters defining ‘natural populations,’ testing both
‘actual’ and ‘potential interbreeding’ groups in the field and lab, and examining many forms of
reproductive isolation.
Forms of reproductively isolating barriers are described by when they operate over an
organism’s lifetime, how they isolate populations, and how their strength is connected to
predicted genetic changes (Coyne and Orr, 2004). Premating barriers impede gene flow before
attempted transfer of gametes by a lack of attraction between individuals (behavioral isolation),
differences in habitat, timing, or pollinators (ecological isolation); or incompatibility of
reproductive structures (mechanical isolation). Postmating, prezygotic barriers impede gene flow
after transfer of gametes but before fertilization by behavior during mating that prevents
fertilization (copulatory behavioral isolation), problems with gamete transfer (noncompetitive
gametic isolation), or if heterospecific gametes fail to fertilize in the presence of conspecific
gametes (competitive gametic isolation).
Postzygotic barriers impede gene flow from hybrid offspring to the population. Extrinsic
causes include failure of hybrids to fit into ecological niches (ecological inviability) or decreased
hybrid fertility because intermediate hybrid phenotype prevents obtaining mates (behavioral
sterility). Intrinsic barriers to gene flow can be caused by developmental deficiencies of hybrids
(hybrid inviability), problems developing reproductive tissues (physiological sterility), or other
disabling aspects that impede hybrid courtship (behavioral sterility). Debate over the importance,
strength, and patterns in the evolution of these barriers has been invigorated by the possibility of
high through-put sequencing (Seehausen et al., 2014).
Following the modern synthesis, evolutionary geneticists have specifically aimed to
explain evolutionary patterns, including those related to reproductively isolating barriers, at the
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genetic level. Such investigation seeks to provide the necessary clarity to tease apart the genetic
causes, from the genetic consequences, of speciation. Frustrated with the focus on contemporary
reproductive isolation in existing definitions, Nosil and Schulter (2011) provided a new
definition for “speciation genes” and a rigorous set of criteria for their identification. They
defined “speciation genes” as those whose divergence made a significant contribution to the
evolution of reproductive isolation between populations. As defined, these genes must have (1) a
demonstrable effect on present reproductive isolation, (2) diverged at the locus before speciation
was complete, and (3) had the effect size of the gene (contribution to reproductive isolation)
quantified. Most speciation genes whose normal function has been identified were studied in a
Drosophila model and are associated with postzygotic reproductive isolation (Wu and Ting,
2004). However, prezygotic reproductively isolating barriers have been posited to evolve earlier
in the speciation process than postzygotic barriers between sympatric populations in the face of
extensive gene flow and may be greater isolating barriers because they act on earlier life stages
(Dopman et al., 2010). The paucity of characterized prezygotic speciation genes, relevant for
early ecological speciation, represents a major gap in our understanding of the genetic context at
the start of the speciation process.

ECOLOGICAL SPECIATION
Examples of ecological speciation can provide valuable insight into the evolution of
reproductive isolation before the evolution of hybrid inviability or sterility. In his 2012 review,
Nosil defined ecological speciation as the process of evolution of barriers to gene flow between
populations due to divergent selection related to an ecological parameter that differs between
environments (p. 6). He emphasizes that divergent selection differentiates ecological speciation
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from other speciation mechanisms that can also be ecologically based (genetic conflict, sexual
selection, etc). Identifying examples of ecological speciation can be difficult because speciation
mechanisms often act in combination. This is particularly true for the emerging set of speciation
case studies documenting the accumulation of many incompletely isolating barriers that in
concert maintain differentiating lineages (for discussion see Seehausen et al., 2014 and
Rockman, 2011). Identifying cases where ecological speciation is the sole mechanism, or has
been measured and shown to be the strongest mechanism, is therefore an important goal.
The three forms of ecological speciation—habitat isolation, pollinator isolation, and
temporal isolation (Coyne and Orr, 2004)— divvy up niche space in such a way that conspecifics
are concentrated and encounter each other more frequently than they encounter heterospecifics,
potentially leading to divergent gene pools. Two classic ecological speciation examples—genera
Rhagoletis (frugivorous flies) and Mimulus (monkeyflowers)—illustrate the history and future,
respectively, of ecological speciation research. Groundbreaking work on Rhagoletis host races
and sibling species in the 1960s constitutes strong empirical evidence in support of sympatric
speciation. Key insights included that host and mate selection were correlative, diapause was
timed with availability of host fruits and ovoposition conditions, and a new host-race (R.
pomonella, the apple maggot fly) had established very quickly on recently introduced apples
(Bush, 1969). Unfortunately, further progress to prove ecological speciation could occur between
sympatric populations was stymied by a dearth of genetic resources (Schluter and Conte, 2009).
More recently Mimulus has emerged as a model system in which to study ecological speciation
in part because of its proliferating genomic and molecular resources (Wu, C. et al., 2008).
Mimulus was one of the first systems in which Quantitative Trait Locus (QTL) mapping was
applied to identify ecological speciation genes associated with flower shape, color, and nectar

10

Kahne
reward (Bradshaw et al., 1995). Though findings in Rhagoletis and Mimulus systems
demonstrate the occurrence of pollinator and habitat isolation, temporal isolation in both cases
occurs as a by-product. Temporal isolation is of particular interest to evolutionary geneticists as
it is one of two kinds of reproductive isolation (the other is polyploidy) that alone can cause
speciation (Coyne and Orr, 2004).
Temporal isolation is a separation in reproductive timing between populations that
occupy the same ecological space. In the example of the Chinook Salmon (Oncorhynchus
tshawytscha), different populations have heritable differences in timing of maturation and return
to the ocean. The differences between populations cause differential spawning times and show
how quickly temporal isolation can evolve (fewer than 30 generations) and how it could in a very
simple way confer reproductive isolation and accelerate divergence of other traits (Quinn et al.,
2000). Such natural examples of temporally isolated populations living in sympatry are
especially interesting to evolutionary geneticists because of the potential for a very simplistic
underlying genetic basis. Populations separated by time can be genetically identical but for the
genetic factors underlying their difference in reproductive timing. Investigation of the genetic
basis of temporal isolation among divergent sister taxa provides valuable insight into the early
stages of the speciation process and can also be used to synthesize a more robust species concept
that maintains the emphasis on process that makes the BSC so useful.

STUDYING SPECIATION: AN ONGOING PROCESS
Understanding the speciation process is critical for conservation efforts, pest control, and
other health and economic concerns. In terms of conservation, understanding the role, and
flexibility, of genetically determined traits that cause the proliferation and maintenance of discrete
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groups is necessary for accurate projections for the effects of ecological perturbations (such as
climate change) on diversity. Understanding ecological speciation in particular aids in our
understanding of invasive species. One explanation for the persistence and damage caused by
invasive species is that they possess traits evolved in their ancestral ecological context under
ancestral fitness constraints. When placed in a new ecological context, decoupled from the
ancestral selective pressures (i.e., a lack of predators in the new environment, or an abundance of
resources that were scarce in the old environment), invasiveness can be investigated as the
expansion to fill niche space. Understanding ecological speciation that may have led to the
evolution of those traits in the ancestral ecological context can indicate how, where, and why
invasives proliferate. This includes agricultural invasive species as well as viral and bacterial
pathogens that can mutate and adapt so quickly in novel environments, with destabilizing
ecological effects for people and other organisms.
Lack of robust information on the speciation process, in a variety of model organisms, in
different ecological contexts, at different stages of the speciation process, creates a strategic
challenge for enacting policy that will aid in the preservation of diversity, defense against pests,
and understanding of dynamic ecological systems. Insights into the speciation process are also
insights into questions of how, why, and when traits under investigation, by all kinds of
biologists, came about. Research on the speciation process remains an open and exciting field
progressing like never before with the aid of the most accurate sequencing technologies ever
available and rapidly increasing computational power.

12

Kahne

Chapter 2
The genetics of speciation:
QTL mapping a candidate ecological speciation gene in the
European corn borer moth (Ostrinia nubilalis)
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ABSTRACT
Though significant progress in genome sequencing has advanced the search for postzygotic reproductively isolating speciation genes, few pre-zygotic reproductive isolating barriers
have been identified at the genetic level. In this study a sex-linked candidate ecological
speciation gene, Pdd, was located by linkage mapping and Quantitative Trait Locus (QTL)
mapping. Linkage maps were constructed for four univoltine Z-strain (UZ) and bivoltine Z-strain
(BZ) backcross families by genotyping polymorphic markers using gel electrophoresis, Sanger
sequencing, or Sequenom genotyping assay. This is the most dense linkage map of the ECB sexchromosome to map within a region previously found to be inverted between ECB pheromone
strains (Wadsworth et al., 2014). Linkage maps reveal substantial rearrangement (more than half
the linkage map) of gene order relative to Bombyx mori (the silk worm) including at least two
inverted regions. A consensus QTL map including genotypes from twelve families was also
analyzed for the location of a single QTL (estimation of a 95% Bayesian credible interval) and
assessed for the likelihood of multiple interacting QTLs. Significant additive QTL interactions
were detected when the existence of two QTLs was assumed (p < 0.05). This is the first evidence
that the genetic basis of PDD, a trait responsible for as much as 85% reproductive isolation
between pheromone strains (Dopman et al., 2010), is polygenic. Investigation of strong, prezygotic reproductive isolating barriers between incipient species can provide important
information about the origins of the speciation process, particularly at the genetic and genomic
levels, for populations living sympatrically.

Abbreviations
ECB: European corn borer
PDD: the post-diapause development time phenotype
Pdd: the genetic basis for PDD
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INTRODUCTION
For evolutionary biologists interested in the speciation process, the evolution of
reproductive isolation between sister taxa is of great interest. Studying natural selection in an age
of genome sequencing and bioinformatics allows questions concerning how genes and genetic
architecture can lead to divergence, selection on phenotypes drives that divergence, and which
genes and selective pressures can fractionate populations exchanging alleles. Pursuit of answers
to theses questions has lead to the study of ecological speciation at the genomic level and
prompted the search for so-called “speciation genes.” Speciation genes must have an effect on
present reproductive isolation, have diverged between populations before speciation was
complete, and their effect size at the time of divergence must be quantifiable (Nosil and Schluter,
2011). Though there is a paucity of studies investigating candidate ecological speciation genes,
such investigation provides needed empirical support for speciation theories, particularly
sympatric speciation hypotheses.
Forms of ecological reproductive isolation are interesting to evolutionary geneticists
because they can take effect early in the speciation process and operate before mating (premating, pre-zygotic barriers) (Coyne and Orr, 2004). Because they arise early in the speciation
process, they can help explain how speciation initiates and how barriers can begin to accumulate
even in the face of potentially high levels of gene flow between populations. Studies of the role
of pre-zygotic isolation in the speciation process often cannot be done once organisms have
evolved strong post-zygotic reproductive isolation as well. Thus, there is a portion of the
speciation process that is difficult to elucidate by studying extant species that have already
diverged. Moreover, in those cases where pre-zygotic ecological isolation has been identified,
often multiple, incomplete barriers are acting in concert and the role of any one barrier can be
difficult to isolate and quantify (for discussion see Seehausen et al., 2014, and Rockman, 2011).
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To date most speciation genes have been identified among Drosophila spp. and are
associated with post-zygotic reproductive isolating barriers (Wu and Ting, 2004). However,
when considered over an organism’s lifetime, pre-zygotic isolating barriers can have a greater
effect on reduction of interbreeding, and thus create stronger reproductive isolation (Dopman et
al., 2010; for the difference in calculation of “absolute contribution” and “total reproductive
isolation” of barriers see Ramsey et al., 2003). Stronger barriers that arise earliest in the
speciation process are theorized to have relatively simple underlying genetics compared to those
barriers that evolve later in the speciation process (Coyne and Orr, 2004). Therefore, not only
may they be simpler to characterize on a molecular level, but also they represent the simplest
examples of the genetic basis of speciation from which generalizable patterns might be drawn.
Only rarely, however, has a set of divergent sister taxa been identified which show evidence of
divergent selection (ecological speciation), have quantified strength of reproductive barriers, and
have sufficient genetic resources been available to look for speciation genes. The European corn
borer moth is an emerging model that meets these criteria.
Natural history documentation and empirical evidence suggest that incipient species
(sometimes called “races” or “strains”) of the European corn borer moth (Ostrinia nubilalis) are
in the early stages of divergence. Two pheromone strains, E-strain and Z-strain borers, were
inadvertently introduced to North America by contaminated shipments of broomcorn from
Hungary and Italy between 1909 and 1914 (Caffrey and Worthley, 1927). Pheromone strains are
designated by the isomer of ∆-11-tetradecenyl acetate (E or Z isomer) in greater concentration in
the pheromone blend produced by females or responded to by males. Z-strain borers produce a
97:3 blend of Z:E isomers, E-strain borers, a 1:99 blend (Kochansky et al., 1975). Since their
introduction, borers have expanded their range as far West as the Rockies, as far South as

16

Kahne
Louisiana, and as far North as Ontario (Showers, 1981). This range expansion presents the
possibility of new selective pressures in different adaptive contexts than those in which ancestral
traits evolved. Therefore, by looking at how populations of borers differ in degree of
reproductive isolation as a function of geography across North America, traits that play an
important role in population structure can be inferred by differences in ecological context.
One such trait, post-diapause development time (PDD), leads to variation in voltinism, or
number of generations per season, causing allochronic isolation between populations (Eckenrode
et al., 1983; Roelofs et al., 1985; Dopman et al., 2010). O. nubilalis overwinter as fifth-instar
larvae in a suppressed metabolic state, known as diapause (Caffrey and Worthley, 1927).
Populations differ in the length of time following the onset of spring-like conditions until
pupation (Glover et al., 1992; Wadsworth et al., 2013). In upstate New York the E-strain is
associated with shorter PDD time, ~14 days, allowing two generations per year (bivoltine), while
the Z-strain is associated with longer PDD time, ~44 days, allowing only one generation per
season (univoltine) (Glover et al., 1991). This difference in phenology asynchronizes the
maturation timing of adult populations: borers that mature later are unlikely to encounter, and
therefore mate with, those who mature earlier. Northern, sympatric populations of pheromone
strains are isolated as much as 85% by seasonal timing conferred by this trait alone; however,
geographic variation (i.e. allopatric populations and southern populations) allows significant
gene flow (Dopman et al., 2010). Differences in PDD are one of seven significant, but
incomplete, barriers to gene flow. Considered together they isolate E- and Z-pheromone strains
by more than 99% (Dopman et al., 2010).
Though the association of PDD, voltinism, and pheromone strain has not been
investigated in Europe (the ancestral species range), several, non-exclusive, explanations for
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divergent selection (and ecological speciation) on PDD post-introduction to North America are
possible. Selection on PDD might be due to seasonal fitting. If generation times do not fit well
within a breeding season, and borers are not 5th instar larvae when winter-conditions set in, many
individuals will not survive until spring and their genes will not be passed on. Thus, discrete,
most-adaptive development schemes exist among the possible lengths of time development could
take. If observed voltinism patterns are the product of fitness peaks (on an imagined fitness
landscape) determined by seasonal fitting, differential selection could have advanced populations
up different, perhaps equally high, peaks. Borers with intermediate PDD phenotypes, in fitness
valleys, would be selected against. Divergent selection on voltinism could also be a function of
resource allocation over the breeding season. ECB in North America are phytophagous and have
been shown to feed on >200 species (Ponsard et al. 2004). Interestingly, this is in contrast to
French borer populations of Z- and E-pheromone strains that have been shown to locally
specialize on maize or prefer mugwort, respectively (Bethenod et al., 2005). Divergent selection
of North American ECB could create multi-modal distributions of borers over time, allowing
more abundant, continuous food over a season even if the distribution of food is unimodal (for a
theoretical explanation see Nosil, 2012). Though the offspring of parents with different PDD
phenotypes show heterosis in the lab (Dopman et al., 2010), they show an intermediate PDD
time that could result in a decrease in fitness in their natural environment because of an
inappropriate phenotype decoupled from the parental, adaptive ecological contexts. A
phenological trait under divergent selection is necessarily a “magic trait,” a trait on which
divergent selection acts and which also causes non-random mating, because assortative mating
occurs necessarily by temporal isolation (Nosil, 2012). Thus there is strong empirical and
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theoretical support for the genetic basis of seasonal temporal isolation, Pdd, as an ecological
speciation gene in ECB.
Prior work on the genetics of post-diapause development revealed a single Mendelian
factor on the ECB sex chromosome and was named Pdd (Glover et al., 1992, Dopman et al.,
2005). However, an inversion as large as 20% of the sex chromosome was revealed (Wadsworth
et al., 2014), preventing elucidation of the genetics of this trait. This was consistent with the
earlier finding of exclusivity of a single sex-linked locus, Tpi, between pheromone strain
lineages that is indistinguishable from Pdd (Dopman et al., 2005). Because Tpi has been
identified as in or near the inversion, Quantitative Trail Locus (QTL) mapping Pdd around and
within the inversion is now necessary to continue investigation of the genetic basis of PDD by
narrowing the region thought to contain Pdd.
In this study, variation in PDD among Z-strain borers allowed QTL mapping across the
ECB sex-chromosome, including the region previously found to be inverted between pheromone
strains. Individual linkage maps for four large families were constructed and the likelihood of a
single QTL estimated at intervals along each linkage map. A consensus linkage map was made
by adding genotypes at two newly developed markers for families 1-4, reconstructing individual
family maps, and merging them. This created the most dense linkage map of the ECB sexchromosome to date. This map confirmed previously reported inversions with respect to the
Bombyx mori (silk worm) sex-chromosome and indicated even more rearrangement than has
been previously documented. The position of a single QTL was estimated across the consensus
linkage map using genotypes from individuals with extreme PDD phenotypes from 12 backcross
mapping families. The likelihood of two QTLs was also assessed. By mapping within the region
inverted between pheromone strains, this study showed strong evidence for a QTL (additive)
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genetic basis for determining post-diapause development time. Though it remains unknown how
these two QTL interact to produce the voltinism phenotypes observed in natural and lab reared
populations of ECB, by narrowing down the location of the genetic factors contributing to PDD
we can begin to refine our search for the causal protein coding region or regulatory element.
Though the maps created in this study will aid in the investigation of this candidate ecological
speciation gene, a rare example of strong pre-zygotic reproductive isolation between incipient
species with weak post-zygotic reproductive isolation, they could also be useful for Lepidopteran
comparative genomics projects, research on the high rate of inversions and rearrangements in
Lepidoptera, and unique models of speciation related to sex-linked genetic factors.
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MATERIALS AND METHODS
To determine the position of Pdd (1) genetic linkage maps for four individual backcross
families were made; (2) families 1-4 were genotyped at two additional markers and a consensus
linkage map based on genotypes in all four families was constructed and compared to the
Bombyx mori physical map of the Z-chromosome; (3) assuming the presence of a single QTL,
95% Bayesian confidence intervals and 1.5 LOD intervals were calculated for each family (1-4
separately) and all the families together (families 1-12); (4) the potential presence of two QTLs
was assessed. Family linkage maps were made using primers previously identified as
polymorphic and sex-linked. Additional fine-mapping markers were developed for future
studies; two were genotyped for the consensus map. Markers were genotyped by Sequenom
genotyping assay or gel electrophoresis of polymerase chain reaction (PCR) products. Maps
were constructed and statistical analysis performed in R.

Mapping families
All mapping in this study was done with Z-strain individuals. UZ individuals were
supplied by colonies maintained at the Geneva Agricultural station, originally collected from
upstate New York. BZ individuals were collected from Aurora, New York, in diapause, by
splitting open corn stalks. Twelve backcross mapping families were made in the lab by crossing
UZ and BZ individuals and backcrossing a hybrid F1 male with a BZ (F1) female. F2 eggs
developed into larvae under diapausing conditions (12:12 L:D, 23˚C). After 35 days (~15 days
after pupation occurs under non-diapause inducing conditions), 5th instar larvae were switched to
diapause breaking conditions (16:8 L:D, 26˚C). PDD was measured for each individual as the
number of days from diapause break cue to pupation. Adults were sexed and frozen at -20˚C for
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later DNA extraction. Only F2 females, the hemigametic sex (ZW), were genotyped for mapping
because they are hemizygous for alleles on their only Z-chromosome, inherited from their father.
Recombination events in the F1 male germ line were the basis for linkage mapping.
DNA was extracted from the abdomen, occasionally supplemented with a leg, of
individuals from F2 females, F1 parents, and F0 grandparents using a DNeasy Blood and Tissue
kit (QIAGEN, Valencia, CA). In families 1-4 the number of F2 mapping individuals varied from
67 to 82. In families 5-12 DNA was extracted only from those F2 individuals with the most
extreme PDD phenotypes, fewer than 29 days or greater than 39 days in most families (14-33
individuals per family).

Primer development for linkage mapping
Twenty-four primers for mapping markers were designed in previous studies (Table 1).
Wadsworth et al. (2014) markers were identified by reciprocal BLASTn comparisons of the ECB
transcriptome (pooled individuals, tissues, and life stages; n~17,000) to the Bombyx mori
genome (B. mori nucleotide CDS) to identify homologs (e-value < 10-40) evenly spaced along the
Z-chromosome. tBLASTx analysis of the B. mori homologs identified were used to identify
putative intronic regions for amplification to increase the likelihood of capturing polymorphism.
Du (2010) markers were identified by BLASTn search of the Z-chromosome using ECB
expressed sequence tags (Khajuria et al., 2008). Primers were designed by aligning sequences to
the B. mori genome using BLAST2Seq. Four additional primer pairs used in mapping were
designed from transcriptome sequences or by degenerate PCR from previous projects in the
Dopman lab.
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Ten additional primer pairs for mapping Pdd (see “Candidate Gene Mapping Markers”
section of Table 2) were designed based on a candidate gene list for Pdd (Wadsworth and
Dopman, 2014). Transcripts assembled from RNAseq data were considered candidates if they
were significantly differentially expressed within or between pheromone strains emerging from
diapause (FDR< 0.01) and they had functionally annotated homologs on the B. mori Zchromosome (tBLASTx and BLASTn, e-value < 10-3). To select among candidates, the entire B.
mori genome (KAIKObase) was searched by tBLASTx with transcripts. Primers were designed
with PrimerBLAST (Ye et al., 2012) to amplify transcripts with hits on the Z-chromosome
(lowest e-values:

10-4 -10-96) and putative locations between Kettin, ~6.5 Mb, and Ldh,

~17.5 Mb, (Dopman et al., 2005). Amplicons were designed to be 400-600 nucleotides.

Identifying mapping marker candidates
Mapping marker selection was based on the presence of polymorphism among
individuals in a family at a locus. DNA from four to six individuals representing extreme PDD
phenotypes (half longer, half shorter PDD phenotypes) from each family was amplified for each
primer pair by polymerase chain reaction (PCR: 5 units Taq (Denville Scientific), 1X buffer
(Denville Scientific), 10µM dNTP mix, 10µM forward primer, 10µM reverse primer, 50mM
MgCl2) on a thermocycler (Eppendorf) using a touchdown 62 protocol (Table 3). PCR products
were run on a 0.8% agarose gels (1X TAE) to confirm successful amplification. Primer pairs that
failed to amplify, produced a smear (non-specific amplification), or generated multiple bands
(non-specific amplification or autosomal loci) were excluded from further analysis.
Successful PCR products were cleaned by ExoSAP reaction (0.83 U/µL Exonuclease I
(NEBiolabs), 0.042 U/µL rShrimp Alkaline Phosphatase, for thermocycler program see Table 4)
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and Sanger sequenced at the University of Chicago Cancer Center DNA Sequencing and
Genotyping Facility. Traces were aligned and analyzed by locus in CLC Main Workbench
software, version 6.8.4 (http://www.clcbio.com) to identify single nucleotide polymorphisms,
SNPs, or insertion-deletion polymorphisms, indels, for Sequenom assay design. Loci were
analyzed separately for each family. Loci with traces showing double peaks (non-specific
amplification or autosomal loci) were excluded from further analysis. Markers that were
monomorphic within families could not be used for mapping.

Sequenom assay design and implementation
A Sequenom assay is a next-generation sequencing technology that employs multiplex
PCR reactions and mass spectrometry (iPlex Gold Application Guide, 2009). A polymorphic site
is amplified by PCR primers to create an 80-120 bp amplicon. Unincorporated dNTPs are
neutralized (SAP reaction). Stringent extension primers (15-30 bp, Tm > 60˚C) anneal adjacent
to polymorphic sites on amplified products. These primers are extended by a single dideoxyribonucleotide into the polymorphic site. Thus, extension products for different alleles
have different masses. As many as 40 extension primers can be distinguished by mass
spectrometry of a single sample. Though this genotyping method requires more sequence
knowledge to implement than Sanger sequencing, it can be used to scale up genotyping and
mapping projects more quickly and cheaply than using Sanger sequencing alone.
To design Sequenom genotyping assays for families 1-4, the consensus sequence for each
polymorphic locus was exported from CLC Main Workbench. SNP Group Files were created
using text editing software to annotate polymorphisms manually according to the input
specifications of the Assay Design Suite software (MySequenom.com; specifications described
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by Neelam, 2013). SNP Group Files were uploaded to the Assay Design Suite
(www.mysequenom.com, Sequenom, San Diego, CA, USA): Organism was specified “Other,”
High Multiplexing iPlex Presets were used, and Multiplex Level was set to the number of
polymorphic loci uploaded. The Assay Design Suite designed PCR and extension primers,
checked for false priming and hairpin or dimer formation of primers individually and in the
multiplex, and created multiplexes with mass separation of analytes (Neelam, 2013).
Some SNPs and indels were rejected from Seqeunom assay designs because there was
not enough flanking sequence to design PCR primers, extension primers, or both. Some indels
were too long, more than 40 bases, for Sequenom design (GTF, 2014). For those loci with more
than one polymorphism successfully incorporated into an assay, the polymorphism with the
highest Uniplex confidence score for its extension primer was chosen for the assay.
DNA extractions were diluted to 10-40µg/mL in water. F2 females, parents (F1), and
grandparents (F0) were assayed at the Genomic Technologies Facility at the Plant Sciences
Institute at the University of Iowa.

Quantitative Trait Locus (QTL) mapping
QTL mapping is used to identify the genetic basis of a trait showing a continuous
distribution of phenotypes. First, a dense map of markers in and around the putative region of the
QTL must be made. A linkage map is constructed assuming the rarity, and equal likelihood, of
recombination events across a region: loci closer together will recombine less frequently than
those farther away from each other. Once a map has been established, individuals showing a
spectrum of phenotypes are genotyped at loci across this region. In interval mapping, the most
common method for QTL detection, the presence of a single QTL is assumed and each position
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on the map is considered as the position of the QTL based on the association between the
genotypes of a population and their respective phenotypes (Broman and Sen, 2009).
To test the association of individual genotypes and phenotypes, a LOD score, the log10
ratio of the hypothesis that there is a QTL at a marker to the hypothesis that there is no QTL
anywhere, is calculated at intervals along a map (Broman and Sen, 2009). The LOD score can be
expressed as:
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given that yi is the phenotype for individual I; the phenotype is normally distributed for the

€ population; y is the mean population phenotype; gi is the genotype of individual i at a marker;
and yi| gi follows a normal distribution (Broman and Sen, 2009). This can be summarized as the
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given that RSS0 is the residual sum of squares assuming the null hypothesis and RSS1 is the

€ residual sum of squares assuming the alternative hypothesis. The LOD score can be computed
for every marker genotyped in every individual and plotted across the linkage map to visualize
peaks, regions more likely to contain the QTL, and valleys, regions less likely to contain the
QTL (Broman and Sen, 2009). QTL mapping can help localize a region of interest for the
identification of candidate genes.

R scripts
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Linkage maps were made, and likely locations of the QTL(s) calculated, using R/qtl (R
Core Development Team). The functions used are briefly described and explained here (for a
more comprehensive explanation of functions see Broman and Sen, 2009, and Broman, 2010).
A master file containing the genotypes for all markers in all individuals and their PDD
phenotypes was created using the merge() function to combine .csv files and write.csv to
format the master file for input into R/qtl. All markers were assigned to the chromosome 1 in the
master file. The R/qtl package was loaded and the master file inputted using read.cross. The
kind of cross (specified as a backcross), number of individuals, number of phenotypes, percent
individuals phenotyped, number of chromosomes, total number of markers, percent genotyped,
and the breakdown of genotypes by percent for each family were printed using summary().
Individuals genotyped at very few markers (< 20 markers) and markers genotyped in very few
individuals (<48 individuals) were excluded from mapping. Removing these markers and
individuals eliminated any source of bias in the map derived from patterns among those markers
and individuals that did not genotype well or those markers especially prone to genotyping
errors.
The recombination frequency between markers was calculated with the est.rf()
function. Alleles were phased “A” if they were associated with shorter PDD phenotypes and “B”
if they were associated with longer PDD phenotypes. Inappropriately phased alleles were
identified with the checkAlleles() function and manually edited. Linkage groups were
formed with the formLinkageGroups() function based on recombination frequencies
(maximum distance and minimum LOD scores manipulated to include as many markers as
possible, primary goal, with the shortest overall map length). To search for the most
parsimonious alternative marker order, the ripple() function was used. Subsequently the
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likelihood of those orders was tested using the “likelihood” method and a window of 8. Marker
orders were considered well supported if they were better than the next most likely order by at
least LOD of 2. The most likely, most parsimonious map was constructed for each family using
the plotMap() function.

QTL estimation in families 1-4
To plot the QTL in each family, a master file for a family, including the phenotype for
every individual and genotype at every marker with specified locations, was read into R/qtl. The
conditional probability of genotype association with phenotype (LOD score) was calculated
stepwise across the linkage map (map density of 2 cM) assuming a 0.01 error rate (as
recommended by Broman and Sen, 2009). The presence of a single QTL was detected using the
scanone() specifying the extended Haley-Knott method because it is more robust and faster

than standard interval mapping, less susceptible to inflation of LOD scores due to underlying
normal mixtures of phenotypes, and it gives more accurate LOD scores than the Haley-Knott
method when genotyping information is missing or genotyping was done selectively (Broman
and Sen, 2009). QTL estimation on all families combined was performed using the c.cross
function.
The position of the QTL was described both by a 1.5 LOD score interval (the lodint()
function), and a 95% Bayesian credible interval (bayesint() function). Significance of the
LOD scores was determined by repeating the calculation for 1900 permutations using the
n.perm argument of scanone()to generate a null distribution of LOD scores based on the

genotypes in each family. For each permutation the phenotypes were shuffled among genotypes
to assess the likelihood of detecting LOD scores that high when association of genotype and
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phenotype is randomized. LOD scores for the single QTL model were plotted over the length of
the associate linkage map using plot().

Fine mapping marker primer design and testing
Primers for fine mapping in and around the 95% Bayesian credible interval for Pdd were
designed from a subset of the Wadsworth and Dopman (2014) RNAseq transcripts (n~47,565).
Transcripts were pooled by pheromone strain and searched form SNP differences using
Popoolation2 (Kofler et al., 2011). Primers were designed for eleven transcripts that had
potential amino acid changes based on SNP differences, predicted using ESTscan (Iseli et al.,
1999). Six additional primer pairs were designed for transcripts with differentiating SNPs in
regions of low coverage in and around the 95% Bayesian credible interval on the individual
family linkage maps. Primers were designed using PrimerBLAST (Ye et al., 2012) for a target
amplicon length between 400 and 600 bp or as long as possible for transcripts shorter than 400
bp (see “Fine Mapping” section of table 2).
Primers were tested in two individuals with the shortest, and two individuals with the
longest, PDD times in families 5-12. Some markers were additionally tested in families 1-4 to
identify anchor loci (for merging linkage maps). PCR, gel electrophoresis, Sanger sequencing,
and marker evaluation using the same criteria were performed as previously described.

Consensus map construction
Markers 67276 and 34828 were genotyped by gel electrophoresis in families for which
they were polymorphic (Table 8). Additionally, families 5-12 were genotyped by Sequenom
assay (Levy, 2014) for some markers found to be polymorphic in families 1-4 (see the shaded

29

Kahne
region of Table 5). The consensus linkage map was constructed with all genotypes determined
for individuals in families 1-4 using R/qtl to construct individual linkage maps (as described
above).
To create a consensus linkage map, an online version of MergeMap (Wu et al., 2008a)
was used. MergeMap converts individual linkage maps into directed acyclic graphs (DAGs),
merges them by shared vertices, and resolves inconsistencies in marker order between maps (also
called directed cycles) by removing the smallest set of marker occurrences (the appearance of a
marker in an individual map) (Wu et al., 2008b). This method works well for minimizing map
merging conflicts due to both local reshuffling and global displacement (Wu et al., 2008b).
Individual linkage map results from R/qtl were reformatted according to MergeMap
requirements and given equal weight in consensus map construction. All linkage map figures
were made in MapChart version 2.2 (Wageningen, Netherlands) and Adobe Photoshop (Adobe
Systems, San Jose, CA).

Likelihood testing for a single QTL and for two QTLs
QTL scans were performed in R/qtl using phenotypes and genotypes from all twelve
families to re-estimate the 95% Bayesian credible interval for Pdd. Because only individuals
with extreme phenotypes were sampled from families 5-12, phenotypes were designated as
binary (“0” for shorter PDD less than or equal to 29 days, “1” for longer PDD greater than or
equal to 35 days) and a binary model was specified for both scanone(). For determination of
the significance threshold for the LOD scores, 1900 permutations were done with binary model
specified.
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The presence of a second QTL was assessed for the consensus map using the scantwo()
function for the consensus QTL master file (genotypes from individuals with extreme PDD
phenotypes from families 1-12, binary model specified). Scantwo() tests for both additive and
epistatic interactions between two putative QTLs. The output of this function assessed the
likelihood of the full model (two QTLs interacting) and the additive model (two QTLs affecting
the trait in an additive way, no interaction) compared to the likelihood of a single QTL or no
QTL. It also calculated the likelihood of the full model compared to the likelihood of the additive
model (also called the “interaction term”). Because it was computationally complex to calculate
the significance thresholds for the scantwo() LOD scores, the number of permutations
performed was reduced to 500.
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RESULTS
PDD phenotypes of backcross families and DNA extractions
After 35 days under diapause conditions, no larvae had pupated. Following placement
under diapause breaking conditions, the F2 progeny of UZ x BZ backcrosses displayed a wide
range of PDD phenotypes spanning more than 30 days in most families (Figure 1). DNA
extracted from individuals in families 1-4 ranged from 97.7 – 2938.2 ng/µL. DNA extracted
from individuals in families 5-12 ranged from 18.1- 471.4 ng/µL.

Mapping marker assessment and genotyping results in families 1-4
Twenty markers used in this study were previously found (Kahne, 2013) to be sex-linked
and polymorphic in at least one family based on aligned Sanger sequence traces or large indel
polymorphisms from families 1-4 (Table 5). These markers were incorporated into four
Sequenom assays for families 1-4 (one assay per family as described in Table 6).
Though all Sequenom assays designed in this study were based on the presence of
polymorphism between Sanger traces, markers 680 (in family 1), 647 (in family 2), and 12238
(in family 3) were monomorphic in base calls. 1.81% of reactions failed to provide a base call
and 13.6% of negative controls (water) were erroneously assigned a base call.
Of the markers genotyped previously by Sequenom assays (Coates Lab, 2013), five
polymorphic markers were significantly correlative with number of days from diapause break
(Mann Whitney U test, two-tailed, Bonferroni α < 0.003846; see Table 7a). Marker 5915.1466
was monomorphic in all families. Significant linear regressions between genotypes and PDD
phenotypes ranged from 7.3939-15.759 (Table 7b).
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Clock was successfully genotyped in all four families (276 individuals), and 13318 in
families 2, 3, and 4 (209 individuals), by gel electrophoresis of PCR products.

Linkage mapping in families 1-4
The individual linkage maps varied in estimated length (49.8-130.8 cM) and number of
individually resolvable markers (4-8 markers; Figure 2). Gene order was consistent across all
maps. Markers were not evenly dispersed across the linkage group (range of marker distances:
1.5- 48.2 cM, range of median marker distances on individual family maps: 5.4-13.8 cM). Lack
of recombination between 559, 680, 524, 532, Acyl-CoA, Clock, Per, 2076, RasA, and 12295 in
family 2 limited resolution of the family 2 linkage map. Because family 2 added information
about terminal marker distances, and did not change gene order, it was included in the consensus
map and consensus QTL estimation.

QTL mapping in families 1-4
The 95% Bayesian credible intervals ranged from 22-50% of the linkage map, while 1.5
LOD scores ranged from 29-62% of the linkage map (always more conservative than the
Bayesian credible interval, see Figure 3). LOD scores calculated in the 1.5 LOD intervals and
95% Bayesian credible intervals for all families were all significant (p < 0.05).

Fine mapping marker analysis
Nine of twenty-seven PCR primer pairs designed in this study failed to specifically
amplify genomic DNA. Of those that failed, two were successfully redesigned. Eight primer
pairs (24584, 28709, 203941, 88821, 323639, 18082, and 97089) showed double peaks on
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Sanger traces and were therefore excluded from use as linkage mapping or QTL mapping
markers. One of the remaining, potentially sex-linked markers (166238) was monomorphic.
Thus, ten new mapping markers in and around the 95% Bayesian credible interval were
successfully developed for use in future studies (Table 8).

Constructing a consensus linkage map and comparison to Bombyx mori physical map
A consensus linkage map was calculated using all polymorphic markers found in families
1-4 with the exception of markers 88821 and 18447 which were not genotyped in all F2
individuals (Table 5 and Table 8). New mapping markers 34828 and 67276, genotyped by gel
electrophoresis, could not be resolved independently of previously mapped markers, Acyl-CoA
and 524 respectively, on recalculated individual family linkage maps and therefore could not be
independently resolved on the consensus map (Figure 4).
At least one inversion and substantial rearrangement of the ECB Z-chromosome relative
to the Bombyx mori Z-chromosome was seen in the fine-grain consensus linkage map
constructed in this study (Figure 5). The total area of rearranged regions was 58.8 cM, just over
half the length of the linkage map. Two syntenic blocks between ECB and B. mori, the first
between Clock and 12292 (containing Per and marker 13318), and the second from 12360 to
3855 (containing Shaker), were identified.

QTL estimation on the consensus map: single QTL and two QTL analysis
The 95% Bayesian credible interval and 1.5 LOD interval were recalculated using
genotypes from only the individuals with the most extreme PDD phenotypes in families 1-12
(Figure 4). The maximum LOD score for the consensus QTL estimation was 9.85 times larger
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than the maximum LOD score for family 1 (the family with the lowest maximum LOD score).
All LOD scores calculated at all positions were significant (p< 0.05).
The model assuming the presence of two QTLs interacting additively to produce the
phenotype distribution seen in the aggregated family data (families 1-12) was more likely than an
epistatic model of two interacting QTLs, the presence of a single QTL, or the absence of a QTL
(Table 9). Though the epistatic model was significantly more likely than the model assuming a
single QTL or the model assuming no QTL, it was insignificantly greater than the likelihood of
the additive model (see “Epistatic QTL:Additive QTL” in Table 9).
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DISCUSSION
In addition to constructing the most detailed fine-map of the European corn borer sexchromosome to date, this study provided several estimates that are the most precise positions
estimated for the genetic determinant of PDD phenotypic distribution, Pdd, on the sexchromosome. Because this was the first study to perform QTL analysis on univoltine and
bivoltine individuals within the same strain, both single QTL analysis (calculation of a 1.5 LOD
interval and 95% Bayesian credible interval in family and consensus maps) and likelihood
assessment of two QTLs on the Z-chromosome were performed (on the consensus map). This
procedure revealed the first evidence for a two (additive) QTL basis for PDD phenotype. The
position of these QTLs in the region inverted between the E- and Z-pheromone strains of ECB
(Wadsworth et al., 2014) prevented resolution of a multi-genic pattern of inheritance in previous
research mapping between pheromone strains. The strategy employed in this study allowed
extensive linkage mapping in this region and revealed substantial gene rearrangement relative to
the genetics model Bombyx mori (the silk worm). This work advances our understanding of the
genetic basis of a strong reproductive barrier between incipient species currently diverging, and
also adds to the growing number of available resources for the European corn borer moth as
ecological speciation genetics model.

Family linkage maps
Individual linkage maps may have varied in length (44.4-130.8cM) because of
differences in family size, number of mapping markers, and/or different levels of recombination
across the chromosome. A priori evidence of sex-linkage, for all markers mapped in this study,
justified the relaxation of the stringency of minimum LOD and maximum recombination
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parameters for linkage group formation. This may have inflated inter-marker distances but would
not be expected to alter gene order. The statistical definition of a linkage group limits the total
length of the linkage group to 50 cM, because markers that recombine with respect to each other
more than 50% of the time assort independently (constitute separate linkage groups). However,
on long chromosomes this can be the case for distal markers on opposite ends depending on the
amount of recombination and potential for double crossing over events across the middle of the
chromosome. Thus, number of markers per linkage group was prioritized over the sum of cM for
each linkage map. The implementation of fine mapping markers developed in this study and the
addition of individuals used in linkage map construction will likely decrease inter-marker
distances.
Family 2 in particular showed no recombination across most of the chromosome. This
could be due to a lack of synteny between the F1 mating pair. Though an inversion
polymorphism has been documented between populations of BE and UZ ECB strains
(Wadsworth et al., 2014), the gene order of BZ moths has not been specifically investigated.
Based on the continuous distribution of phenotypes seen among F2 individuals for BZ x UZ
crosses, syntenic gene order for all Z-strain moths was assumed. However, it is possible that a
low level of inversion polymorphisms persists in Z-strain populations. It is possible that some
aspect of gene expression relevant for PDD is caused by gene rearrangement (as suggested by
Kroemer et al., 2011) and that different inversion polymorphisms are what allow for different
voltinism patterns between pheromone strains (univoltine and bivoltine in Z-strain, bivoltine to
multivoltine in E-strain). Whether this hypothesis is true or not, the F1 mother could have had a
partially inverted Z-chromosome that prevented full resolution of this map. Nonetheless,
inclusion of the family 2 linkage-map in construction of the consensus linkage map did not
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change gene order and contributed information resolving terminal markers. Therefore, family 2
was included in the consensus map.

Consensus linkage map
The consensus map constructed in this study improved upon the two maps of the ECB
sex-chromosome (the Z-chromosome) previously constructed with anonymous markers and
putative orthologous sequences. To avoid complications of a previously identified inversion
polymorphism between strains (Wadsworth et al., 2014), mapping was done within one strain
(the Z-strain) for which there was evidence for colinearity across the chromosome necessary for
linkage mapping. The consensus map constructed in this study corroborates both inversions
found by Kroemer et al. (2011), supporting the conclusion that the region of low recombination
near Tpi, identified by Dopman et al. (2005), was due to a large chromosomal inversion between
E-strain and Z-strain individuals used in map construction. The consensus map constructed in
this study includes four more markers than the consensus map constructed by Kroemer et al.
using the F2 generation of univoltine Z-strain and bivoltine Z-strain backcross families (Kroemer
et al., 2011 employed only univoltine individuals). Therefore, the map constructed in this study
is the most detailed map of the ECB sex-chromosome to date. The map constructed in this study
also includes the greatest number of genes of known function as markers that may be later
investigated as candidate genes for Pdd. This map is therefore a potential resource for
comparative genomics among Lepidopteran models, among which there are very few detailed Zchromosome maps.
The larger number of individuals contributing genotypes to the determination of the
consensus map marker positions increases confidence in each marker’s position compared to the
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family linkage maps. When compared to the physical map of the silkworm (Bombyx mori)
genome, Z-strain ECB show extensive rearrangement of gene order across more than half of
their Z-chromosome. This rearrangement occurs in two regions. The first includes markers 622,
2076, 680, 67276, 683, and 34828/Acyl-CoA. This region was previously thought to merely to be
inverted between the E and Z-strains (Wadsworth et al., 2014). This study found a more complex
chromosomal rearrangement with several possible smaller inversions. Consistent with earlier
findings (Dopman et al., 2004, Dopman et al., 2005), Tpi, the only locus shown to segregate
exclusively between the two pheromone strains, is within this rearranged region. The 95%
Bayesian credible intervals for individual family maps and the consensus map are also contained
within the larger rearranged region. The second inverted region was smaller and on the opposite
end of the chromosome (at least 75.6-79.6 cM on the consensus linkage map, or more than 1.2
Mb on the B. mori physical map).

QTL estimation
The 95% Bayesian credible interval and 1.5 LOD interval calculated based on the
consensus map positioned the likely location of Pdd, assuming a single QTL, between marker
6721 (unknown position in B. mori) and 67276 (~1.1 MB in B. mori). Interestingly this is within
the region inverted between pheromone strains (Wadsworth et al., 2014) and also the region
rearranged between the Z-strain and Bombyx mori (as shown in this study). The QTL estimation
accounted for an expected error rate of 0.01, as recommended by the literature (Broman and Sen,
2009), but a biphasic mapping approach (as employed by Van’t Hof et al., 2013, Winter and
Porter, 2010, Beldade et al., 2009, and Dopman et al., 2004) could help identify an error rate
based on the data. Using lab-reared individuals controlled for confounding environmental
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influences on PDD (light hours and temperature) in PDD measurements and by extension in
QTL mapping.
The likelihood of two QTLs interacting additively from positions near the edges of the
QTL interval was significantly indicated by the data aggregated from families 1-12 (p < 0.05).
Based on the significant likelihood of the additive model compared to the likelihood of a single
QTL, the insignificant likelihood of an epistatic pair of QTLs compared to the likelihood of an
additive pair of QTLs, and the shape of LOD plot for the consensus map, here we report for the
first time an additive two QTL model for the determination of Pdd in ECB. One of the QTLs was
within the 1.5 LOD interval calculated assuming a single QTL, and also the region inverted
between ECB pheromone strains and rearranged with respect to the B. mori Z-chromosome. The
second QTL was very close to marker 13318, in a region that may be collinear among ECB
pheromone strains and has been shown to be collinear between ECB and B. mori (this study).
These regions require more extensive mapping to identify the precise position of each QTL. The
fine mapping markers developed in this study may give sufficient coverage to pinpoint the exact
location of the QTLs more precisely. If there are indeed two loci on the Z-chromosome that
influence PDD, it would explain why the 95% Bayesian credible interval (assuming a single
QTL) remained wide after genotyping almost 400 individuals. Based on the previous reporting of
a Mendelian inheritance pattern for Pdd, and the data in this study that support the hypothesis
that recombination in the rearranged region is limited by lack of colinearity between pheromone
strains. Thus the QTL within the inverted region with respect to E- and Z-strain ECB is likely to
be the most genetically differentiated and potentially the greater contributor to PDD phenotype.
Because possible regions containing Pdd were specifically identified in this study, further
work to identify Pdd can be more targeted and utilize more specific molecular and
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bioinformatics techniques such as BAC sequencing or genome scans of homologous regions in
B. mori. New evidence of the additive effects of two cis elements should be considered in further
work to characterize the molecular basis of this trait. Based on work identifying biomarkers for
PDD through comparison transcriptome between O. nubilalis, R. pomonella (apple maggot fly),
and Sarcophaga crassipalpis (pitcher plant mosquito), genes associated with insulin signaling,
juvenile hormone expression, the circadian clock, and stress-related pathways should be
prioritized in genome scans of the regions indicated by the positions of the additive QTLs
(Wadsworth et al., 2014 and Wadsworth, 2014). The location of the second QTL between Period
and 13318 is interesting given that Period is a gene in the circadian clock pathway which shows
allelic variation with voltinism in ECB (Levy, 2014) and several fixed coding changes between
E- and Z- strains (Wadsworth and Dopman 2014). In addition, Period has been linked to
changes in diapause induction in flesh flies (Han and Denlinger 2008).

Pdd as an ecological speciation gene
If PDD is determined by the additive interaction of two genes a more flexible definition
of a “speciation gene” may be required. Perhaps among pre-zygotic isolating barriers that arise
early in the speciation process there is a pattern to the kinds of proteins or regulatory elements
that can evolve most quickly and have the greatest effect. Once the genes contributing to PDD
are identified, we can determine whether the difference in PDD is due to structural differences of
proteins, differences in expression (due to the evolution of regulatory elements) or both. It
would also be interesting to test the relative contribution of each genetic factor to variation in
Pdd. The role of divergent selection on the genetic factors contributing to PDD could also be
investigated by looking for molecular signatures of selection, for example the non-synonymous
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to synonymous substitution rate. We could compare sympatric UZ/BZ populations to allopatric
UZ and BZ populations at any of these loci to understand the variation in strength of this
reproductive barrier by geography in North America. We could also compare North American
populations of ECB to European stocks to support the theory that ecological speciation occurred
subsequent to introduction in North America.
The maps constructed in this study offer rare insight into Lepidopteran sex-chromosome
structure and the architecture of an ecological “speciation gene.” With these findings we can
begin to ask both more specific questions about speciation in ECB, and broader questions
considering ECB, an emerging speciation genetics model, as an example of a larger mechanism
explaining the huge diversity of life.
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FIGURES
Table 1. Primers for previously studied for Z-linked markers. Positions based on start position of homologous sequence in
Bombyx mori. Positions unknown for Coates et al. (2013) markers.
Previous
Stud
(Wadsworth
et al., 2014)

Dopman
Lab Primers

(Coates et
al., 2013)

(Du, 2010)

Locus

Location

Forward Primer

Reverse Primer

2076
622
647
559
680
683
532
524
13318
12295
12292
12249
12238
12360

333714
6505696
8516054
9023681
9831255
9962828
10456156
10894104
14260904
15288194
15401719
17564212
18537821
19506502

GAAGCCCCAGTGTGGTGCCC
CGCCGGTCGCGCTTATAGCA
TGCAAGAAGTGGTCCAGGCACT
GCGGGCAAGAGTGCCTTGGT
GCGACTCCTGCACTGAAGTCAT
TGGCAAGCCCCACATCTTGCA
TGGATGTCCTCCTCTGTTTGGCT
ATGTTGTCCATGCCGCCGCA
GGCCATAGCCGGAGGGACCA
CTGCTGATGATGAGTGATTTCCGGT
GATGAGCATGCGCAGACGCG
GGGTTCACAGTTGCGCCCGA
TGGCACTGTGATGGCGCAGG
CGTGGTTGCTCTGGACATCAGGA

AGGGTCGCATCGAGTCCAGCT
ACCCGTTGGCGATCCAACGA
GCAAGATGCCGAAGTCGCTCCA
TGGAAAGTGCCGAAGGGTGCT
GGCGCCCACACAAACTTCTCGA
TTGGCGCGTCACTTCCGAGC
TCACCATCATCGGATTCATCGGACA
TCATCCCTTTGCGCTCCGCG
AGCATACCAGACATGGCGCAGA
TGGTGGAGAACCATACACACTGGG
AGACGTGGTCCGACCGATCA
CCCTGTTCCTTGACTAATTCGCGCC
ACATCGTTTCGCACCCGGCA
TCAAAATGCCAGAGCGCCCTAAA

3855
Per
Ldh
Clock
Shaker
5845.534
5915.451
5915.1466
710.630
3911.193
968.1244
968.1303
6721.162

21183549
12956618
17338624
12215106
20879248
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

TTATTGCGTCGGGGCACTCG
AAGAACGTCAGCGATGAAGACGGA
GGCTCCGGCACCAACCTGGACTC
CACTTCGACGACTTGGAGAA
CGGAACGARTACTTCTTCGA
ACGTTGGATGATCTAACGGTTAGCAACTTG
ACGTTGGATGCATGAAAAACAGGCCAACAG
ACGTTGGATGACCTAACGCTATGTTAAGTG
ACGTTGGATGCGCAGTTATAATCACATTCC
ACGTTGGATGATAAATCGCGGGTCGCATTG
ACGTTGGATGTGTGCTTACATGTACTCTGG
ACGTTGGATGCATTCGGACGCATGCTAAAC
ACGTTGGATGAGAAGCACAGCTACTCTACG

ACACGCAAGCAGAAACTCTCGT
GACATCTTTTGAGCCTTCTCCAGCTC
CGTAGGCGCTCTTCACCACCATCTCA
TAGCACGATGTCAGCTCTCC
CTTCAGCGAAGTACACCGC
ACGTTGGATGATACTAACGGCGGGCAAATC
ACGTTGGATGTCGAACATTGCATTTTTCGG
ACGTTGGATGCACGTGGTTTGTTACCCTAC
ACGTTGGATGAGGATACAGTGAAAAGCCGC
ACGTTGGATGGTGCTATAGAAACAGTAAACC
ACGTTGGATGGCTGCGAACTAAATAATGGC
ACGTTGGATGACCAGAGTACATGTAAGCAC
ACGTTGGATGTTGAGCATGGTGTAGCGTAG

RasA
Acyl-CoA

15292526
1163961

ATTGTAATTTCCAACTGTATTTACAACG
AAACTCCCGTCATCATCGCCG

ATTTGTTTGTCGTGTAACTGATGAG
TCTGGCCGTTCAGGATCCATTCG
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Table 2. Primers for new mapping markers fine-mapping the position of Pdd on the ECB sex-chromosome. The position of Candidate Genes
based on start position of Bombyx mori homolog. The position of Fine Mapping Markers position based on the position of the variable SNP (FST=1,
between E- and Z-pheromone strains) in B. mori identified by Wadsworth and Dopman (2014)
ECB Transcript

B. mori Homolog

Position

Forward Primer

Tm (°C)

Reverse Primer

Tm
(°C)

24584

comp24584_c0_seq1

Cytochrome p450 306a1 (Phm)

7901364

AATCGCTGCTGGAGTCTACG

57.0

TAAAGCGTGCACTGTCGTCT

56.8

563

1500

28709

comp28709_c0_seq1

Unc93 (Unc93)

8508011

TACGGATGCTACGAAGACGC

56.9

GTTTTGCGCTGCAATCATGC

56.3

541

500

250753

comp250753_c0_seq1

Fatty acyl-CoA reductase (hFar)

9013895

TTCAACGGTCCCATAGCCAC

57.4

GGTCATGTTGGCAGTCCTGA

57.4

486

F

ACAGCAACGCAGAGCAAAAG

56.7

ATACGCGGACTGTTGGAAGG

57.3

447

F

GTCTCGCGAGTGGACATCAA

57.1

435

700

203941

comp203941_c0_seq1

Dynein beta chain (Dynbc)

10368327

CCCAAGACTGGCAGTAAGCA

57.4

11796

comp11796_c0_seq1

Trehalose transporter (Tret1)

10806133

AGTGCGGTGGGCTACATATT

56.4

ATTGTCCCCTTCAAACGATGG

55.4

300

700

CCTTTCACCGACTGCCTACA

57.0

AGCTGGAATGTTTAAAGGTGGT

54.7

545

F

88821

323639

Fine Mapping Markers

Predicted
Amplicon size
amplicon size
(bp)
(bp)

Marker

comp88821_c0_seq1

comp323639_c0_seq1

DNA transpoase (Thap9)

11073420

Lipase (Lip)

12717460

ATGCCTTCCGCACCCTAAAA

57.2

GCCATGCACCAGAAAATAGCC

57.0

319

400

AGCGAGGACGTAACCCAAAG

57.2

CGCATGCGGATTTCATAGACC

56.4

308

F

GACGGGAGTAGAAGTTGCCG

57.7

CCCTCTGCCAGGTACTCCAA

58.8

325

1200

18082

comp18082_c0_seq1

Forkhead box P (FoxP)

14317689

CTCCCTTCACGTTCTCCACC

57.5

GCTAGTGAGGGTGCATCTCC

57.5

316

1500

166238

comp166238_c0_seq1

Lydia retrotransposon

14506311

GTTCAGATTGATTCGCCGCC

56.8

GCCCGAAGATAGACACCTGG

57.4

596

600

26437

comp26437_c0_seq1

Amp-activated protein kinase (Ampk)

15645316

AGTGAGTGACGTGTCGAACC

57.0

CTGCTGTCGTGGTAGTGTGT

57.1

555

F

CGATACCAGATCGGCGTCAA

57.0

TTGAGCTGTGCTCCTTCTCG

57.2

557

F

25296

comp25296_c0_seq1

peptidoglycan recognition protein

6846498

GTATCGGAGTTAGTCGCGCA

56.9

TAACGCCTTGGTCTTGGTCC

57.3

448

F

31324

comp31324_c0_seq1

7302291

AACGGAACATTGCTTGCACC

56.8

GGCATCAGCTCTCTGGTGTT

57.4

481

500

9721

comp9721_c0_seq1

7901379

TCTTGGCTGTAGCGGAGTTG

57.2

GATCGCCCGCAACGTATTTC

56.8

461

F

7041

comp7041_c0_seq1

8703873

CGCGACCACTCCAGTTGTTT

58.1

TGGTTTGGTCTGGAAATCTCG

55.0

401

500

34828

comp34828_c0_seq1

fatty acyl- reductase cg5065-like

9013895

TGGTGATGTCGCCATTTGGA

57.1

TGGCTCGATGACAAGCAACT

57.0

490

1500-3000

18447

comp18447_c0_seq1

sodium potassium calcium exchanger 4-like

9464984

CACCCTCACCTCTTCGTGAC

57.5

GCGGCAAATTATGCTCCAGG

57.0

495

1000

25898

comp25898_c0_seq1

atpase family aaa domain-containing protein 3

9944028

AAGCGATGGAGGCTTATCGG

57.2

CGTGATGTCGCGGTTTTCTC

56.6

494

2000

117726

comp117726_c0_seq1

10206600

CCCCCAATACCAGAGGAGGA

58.2

CTGATGCCCTCCAAGGTCTG

57.8

493

F

67276

comp67276_c0_seq1

10592999

TGGCTGGAGTATCAGGCTCT

57.7

TCCTTCAGCCACGTTTACCC

57.3

462

0-2000

18031

comp18031_c0_seq1

membrane metallo-endopeptidase-like 1-like

10603403

CGCCGGCATCGAATTACATC

56.6

GGCCGCTTCCGCGTC

60.8

400

F

26697

comp26697_c0_seq1

growth factor receptor-bound protein

10737123

CCATCTCTCCAAGGTGCGTT

57.4

CGCGTATACGAAGACCACGA

56.8

564

900

26862

comp26862_c0_seq1

proton-coupled amino acid transporter 4-like

11598291

GTAGGTGCTTGGTGAAGGCT

57.4

GCTTGCAATGCGATGACGAT

56.6

530

600

122129

comp122129_c0_seq1

acetyl-coenzyme a synthetase-like

11925499

ACACCTGGTCCATCAGCTTC

57.1

CTCCTCGGCTACCGTGC

58.3

407

F

29232

comp29232_c0_seq2

multidrug resistance

12186058

TACGCGGGTAAGTACAGGGA

57.5

TAGAGAAAGCGGCCAAAGGG

57.4

411

700

18621

comp18621_c0_seq1

atp-binding cassette sub-family b member 3

12204929

TGAGGCACGCAGAATGTGAT

57.0

CAGTGGTCGCAAACTTGGTG

56.9

505

F

97089

comp97089_c0_seq1

12984131

TCTCCAGACGGAGCTCATCA

57.5

GCTATCTGCGCCAGGTGTAT

57.2

423

1500

81055

comp81055_c0_seq1

16231962

ACCAACCACCAGCAAGAGTC

57.6

GCTGTGTCCAGGGTCTTCTC

57.6

417

F

cytochrome p450

tyrosine-protein kinase pr2
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Table 3. Touchdown 62 protocol for Polymerase Chain Reaction (PCR) amplifications.
Time (min)
Stage
Temperature (°C)
Cycles
5
Strand Separation
94
1
0.5
Strand Separation
94
24
0.5
Primer Annealing
62
24
1
Elongation
72
24
0.5
Strand Separation
94
12
0.5
Primer Annealing
55
12
1
Elongation
72
12
10
Elongation
72
1
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Table 4. ExoSAP reaction for cleanup of PCR products for Sanger sequencing.
Time
Temperature
Stage
Cycles
(min)
(°C)
Exonuclease I digests remaining primers, SAP
30
37
1
dephosphorylates (inactivates) remaining dNTPs
15
Enzyme inactivation
80
24
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Figure 1. Post-diapause development (PDD) phenotypes for the F2 generation of European corn borer
(ECB) moth backcross families. A univoltine Z-strain (UZ) borer and bivoltine Z-strain (BZ) borer were
crossed, and an intermediate F1 male backcrossed with a BZ female, to generate 12 backcross families used
for linkage map construction of the ECB sex-chromosome and QTL estimation of locations most likely to
contain Pdd, the main genetic determinant of PDD. PDD was measured as number of days between
diapause breaking cue (switch from 12:12 to 16:8 light : dark hours, 23˚C to 26˚C) to the start of pupation.
Overall, families show a spectrum of PDD phenotypes similar to those found in natural populations (PDD
ranging ~14 -44 days). Two hundred sixty females from four families (1-4) were genotyped at markers
along the Z-chromosome to construct linkage maps for each family and a consensus linkage map. One
hundred sixty-three females from eight additional families (5-12) were genotyped at markers along their Zchromosome and the genotypes aggregated with those from families 1-4 to estimate the positions of the
QTL. Single and two QTL analysis was performed. Here, females are represented by black bars, males by
gray bars, and the number of F2 females (n) genotyped in this study is indicated for each family.
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Table 5. Z-linked candidate markers for Sequenom genotyping assay identified previously for locating Pdd, a candidate ecological
speciation gene in ECB. Markers were assessed by Kahne (2013) and Levy et al. (2014). Loci in identified as polymorphic in families 1-4
described by Kahne (2013). Loci in identified as polymorphic in families 5-12 described by Levy (2014). Polymorphic loci are marked with
a ‘P.’ Blank cells represent monomorphic loci. Black cells represent loci in families that were not analyzed
Families
Locus
5"
6" 7" 8" 9" 10" 11" 12"
1 2
3
4
""
P"
2076
P P P
P P" P" P" "" "" P"
P"
P"
622
P P P
P P" P" P" P" P" ""
""
P"
680
P P
P P" P" "" "" "" P"
"" "" P" P" ""
""
""
""
683
""
""
""
""
""
""
""
532
P P
P
""
"" "" ""
""
""
""
524
P
P
""
"" "" ""
""
""
""
12295
P P
""
""
P"
12292
P
P P" P" "" "" ""
""
"" "" ""
""
""
""
12238
P P P
P
P"
P"
12360
P P P
P P" P" P" P" P" P"
""
"" "" ""
""
""
""
3855
P
P
"" "" P" "" ""
""
""
""
Ldh
P
P
P
P"
P"
Acyl-CoA P P P
P P" P" P" "" P" P"
""
"" "" ""
""
""
""
647
P
""
"" "" ""
""
""
""
559
P
P
P"
P"
Per
P P
P P" P" P" P" P" P"
""
""
""
""
""
""
""
RasA
P
""
"" "" ""
""
""
""
12249
P
""
"" "" ""
""
""
""
Clock
P P P
P
"" "" "" ""
""
""
Shaker
P ""
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Table 6. Sequenom Assays designed for genotyping ECB at Z-linked loci (families 1-4).
Lower case letters in the extension primers indicate basses added for greater mass separation of products.
Family
1

2

3

Locus

Alleles

PCR Primer (F)

PCR Primer (R)

Extension Primer

Acyl-CoA

C/T

ACGTTGGATGAAAAAGACGGCACGTTCTGG

ACGTTGGATGACTTTGAAACGCTTAATGG

TTCTGGACATGCAGAGC

622

A/C

ACGTTGGATGTGACGTGAACCTTGAACCTG

ACGTTGGATGCTTGAAATGAATTTAGCTC

ACCTGAAACAAGTATCCGTAGTT

680

T/C

ACGTTGGATGAACCAGTGAAGTTTGACCCG

ACGTTGGATGGTTCCTCCTATGTTCTTCTG

TGTCATTGGACCCGCAA

3855

T/A

ACGTTGGATGGTTCGTACCTACCTATTACC

ACGTTGGATGCCTGAAACCAAAAATGACTG

CCTATTACCTATCTAACAAAATAATAC

524

T/-

ACGTTGGATGTTTCTACTTTTAGTGCAGG

ACGTTGGATGTCTCATTGAACATTAGGAC

TCTACTTTTAGTGCAGGTTTTTTTT

532

TTAC/-

ACGTTGGATGTATAAGTAGCTGATGTATG

ACGTTGGATGCAGCAGCACACGGAAAAAAC

GCTGATGTATGAAACACAC

12295

T/A

ACGTTGGATGTGGTAAGCCCTAGTTCCTTC

ACGTTGGATGGATTTATTTCAACAATATAAATG

ATGTCAAGGAAAAGGTAATTG

12360

A/G

ACGTTGGATGGAAGCGAAAACTTTCCCAAG

ACGTTGGATGGTGGAGTGTCATCTCTGTTC

GTAGGTGATGATGAGGTTTT

2076

C/-

ACGTTGGATGACTGTAACTGTGACTTCACG

ACGTTGGATGAGTGTATTATTCATAGGAAA

CGTGTCACATTAAACCAAAC

12238

AT/A

ACGTTGGATGGTTCAATGTTCTTGTAGTCC

ACGTTGGATGCGTGTTTAAATGCACGAAGG

CTTGTAGTCCAGTCAATAAAG

12292

T/A

ACGTTGGATGATCACCTCCTCCAGCTGCC

ACGTTGGATGGGGAGATCCACTTCAATCTG

GTCGGACAGGAAGATGAT

GGTA/-

ACGTTGGATGTTTAACGTGGAAATGCAGTC

ACGTTGGATGCTCAAAAACAAAAGCGCGTC

AATGCAGTCTGCAGTA

12238

AT/-

ACGTTGGATGACTAAACATTATGTGACCG

ACGTTGGATGTTTAAAGTTAATATTCTTACG

ggtaAATTGCATCATGGGTACATA

RasA

G/A

ACGTTGGATGTCGCAAGGTAAGTGTTATTC

ACGTTGGATGGAGTCGGAACACAACTTTAG

AAGGTAAGTGTTATTCTAATTCTATAAT

Acyl-CoA

T/G

ACGTTGGATGTTTTACAGGCCTATGGCGTC

ACGTTGGATGTTGGTCTTAATTCCCGCGAC

CACAGAACCCGGTGC

647

TT/-

ACGTTGGATGCAAGCTCCGCGAATCTAGAC

ACGTTGGATGTAACCGATTGAGTCCCAGAC

AGACGGCATTAATTAATATCAT

680

TC/GT

ACGTTGGATGATCTCAAGTGAGCATCTTTG

ACGTTGGATGATGCCGTCATCCGTACATTC

ataacATAGCGTTACAATCAGAAC

532

TTAC/-

ACGTTGGATGTATAAGTAGCTGATGTATG

ACGTTGGATGCAGCAGCACACGGAAAAAAC

AGCTGATGTATGAAACACAC

559

T/-

ACGTTGGATGGCATCTATGTTCGTAAAATG

ACGTTGGATGTGATCTTGTCGCCGAAAAGG

TGTTCGTAAAATGTAAGGTTTT

622

A/G

ACGTTGGATGTTTATCAAATATACAAGAGC

ACGTTGGATGCGTCATTTACAACACCTAAT

ggATCAAATATACAAGAGCTAAATTC

12360

A/G

ACGTTGGATGGAAGCGAAAACTTTCCCAAG

ACGTTGGATGGTGGAGTGTCATCTCTGTTC

AAAGAAAGCCGAAATTCA

12295

C/T

ACGTTGGATGGCTACGTGAGTTTTGCAATG

ACGTTGGATGATGAGTGATTTCCGGTACCC

cccGTTTTGCAATGCTCAATG

2076

Per

A/G

ACGTTGGATGTCAGTCAGTTAATTAAGTTA

ACGTTGGATGGTAACACCCTTAAATAATAAC

CACCCTTAAATAATAACTAATTAAGAA

Ldh

G/T

ACGTTGGATGGGCTCGAAGGACCATTAATC

ACGTTGGATGAGTGGCGTATTGAATATCAG

TTTGAAGCTGTCTCGC

12249

A/C

ACGTTGGATGGTTGTAGTATTGACCGTCAG

ACGTTGGATGAAGGTCGGCTCGAGATTTTG

CCATAACAAACCTAACACC

2076

C/-

ACGTTGGATGACTGTAACTGTGACTTCACG

ACGTTGGATGAGTGTATTATTCATAGGAAA

CGTGTCACATTAAACCAAAC

12360

A/G

ACGTTGGATGGAAGCGAAAACTTTCCCAAG

ACGTTGGATGGTGGAGTGTCATCTCTGTTC

TAGGTGATGATGAGGTTTT

622

A/C

ACGTTGGATGTGACGTGAACCTTGAACCTG

ACGTTGGATGCTTGAAATGAATTTAGCTC

TGAAACAAGTATCCGTAGTT

12238

G/A

ACGTTGGATGTGCGAAAAAACGCTCAACGG

ACGTTGGATGTTTTGCCACACTAACAGCCG

aaGCTCAACGGTTGGAAT

Acyl-CoA

T/C

ACGTTGGATGAAAAAGACGGCACGTTCTGG

ACGTTGGATGACTTTGAAACGCTTAATGG

GTTCTGGACATGCAGAGC

524

T/-

ACGTTGGATGTTTCTACTTTTAGTGCAGG

ACGTTGGATGTCTCATTGAACATTAGGAC

ACTTTTAGTGCAGGTTTTTTTT

Per

A/C

ACGTTGGATGTCCAATTCCAGTCCCAAACG

ACGTTGGATGTGTACTCCAGATTGCCGTTG

GGCACGGGTTTACAA
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Table 6. Sequenom Assays designed for genotyping ECB at Z-linked loci (families 1-4) (cont).
Lower case letters in the extension primers indicate basses added for greater mass separation of products.
Family
4

Locus
524

Alleles

PCR Primer (F)

PCR Primer (R)

Extension Primer

T/-

ACGTTGGATGTTTCTACTTTTAGTGCAGG

ACGTTGGATGTCTCATTGAACATTAGGAC

CTTTTAGTGCAGGTTTTTTTT

12360

A/G

ACGTTGGATGGAAGCGAAAACTTTCCCAAG

ACGTTGGATGGTGGAGTGTCATCTCTGTTC

AGGTGATGATGAGGTTTT

3855

T/A

ACGTTGGATGGTTCGTACCTACCTATTACC

ACGTTGGATGCCTGAAACCAAAAATGACTG

CCTATTACCTATCTAACAAAATAATAC

559

T/-

ACGTTGGATGCTGCATATGAGTTTTTAGC

ACGTTGGATGCGAAGGGTGCTTTTACAGG

ATATTTTATACTTGTTATGTCTTAGTT

532

TTAC/-

ACGTTGGATGTATAAGTAGCTGATGTATG

ACGTTGGATGCAGCAGCACACGGAAAAAAC

GCTGATGTATGAAACACAC

Per

A/C

ACGTTGGATGTCCAATTCCAGTCCCAAACG

ACGTTGGATGTGTACTCCAGATTGCCGTTG

GGCACGGGTTTACAA

680

T/C

ACGTTGGATGCGGTCAGACGCCTTTCGTT

ACGTTGGATGAGAAGGCGATAGACAAGCTG

GCCTTTCGTTGTCCTT

622

A/C

ACGTTGGATGTGACGTGAACCTTGAACCTG

ACGTTGGATGCTTGAAATGAATTTAGCTC

ggggTGAAACAAGTATCCGTAGTT

Acyl-CoA

C/T

ACGTTGGATGAAAAAGACGGCACGTTCTGG

ACGTTGGATGACTTTGAAACGCTTAATGG

gcCTGGACATGCAGAGC

Shaker

A/AT

ACGTTGGATGTCACGCTTTCATCAAGGTAG

ACGTTGGATGCCTCACTGCAAAAGAGGTTG

TATCATGTCGCAAATAAGATTTA

12292

TT/AA

ACGTTGGATGCTCCGTTTTAAGAGTTTGGC

ACGTTGGATGTGGTCCGACCGATCATATTG

TCCGTTTTAAGAGTTTGGCTATTAT

12238

A/-

ACGTTGGATGTCCCGAACCTAATGGTCTTG

ACGTTGGATGAACCGTTGAGCGTTTTTTCG

TTTTTCGCATTGACTACC
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Table 7a. Linear regression analysis of anonymous markers from previous Sequenom assays. These assays were performed previously
by Coates et al. (2013). Blank cells indicate monomorphic loci. Marker 6721.162 was not genotyped in family 1. Bold p-values were
significant (α < 0.003846) using a two-tailed Mann-Whitney U test.
Family
1

Marker

%
genotyped

n1

2

n2

U

pvalue

%
genotyped

n1

3

n2

U

pvalue

5845.534
5915.451

32%

11

10

91.5

4

%
genotyped

n1

n2

U

pvalue

92%

33

33

845.0

0.000

%
genotyped

n1

n2

U

pvalue

0.008

5915.1466
710.630

80%

11

9

60.0

0.456

89%

38

26

603.0

0.139

91%

39

29

779.0

0.008

3911.193

100%

16

9

94.5

0.207

89%

38

29

695.5

0.067

99%

41

28

868.0

0.000

80%

32

26

689.5

0.000

92%

36

32

786.0

0.009

968.1244

32%

11

10

91.5

0.008

968.1303

98%

33

31

939.0

0.000

6721.162

99%

37

28

929.5

0.000

Table 7b. Descriptive statistics of annonymous markers significantly correlated with PDD.
Family
Marker
p-value slope of linear regression
R2
968.1303
0.00
15.707
0.45516
2
6721.162
0.00
15.759
0.39369
3
5845.534
0.00
7.3939
0.23320
6721.162
0.00
9.0913
0.31813
4
3911.193
0.00
8.3693
0.15066
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Figure 2. Linkage maps of ECB Z-chromosome for backcross mapping families 1-4. Based on
genotypes from Sequenom assays (see Table 6, and Levy, 2014) linkage maps were calculated using R/qtl.
Map sizes range from 49.8 to 130.8 cM due to variation in number of mapping individuals, number of
markers resolved, stringency of criteria for forming linkage groups with as many markers as possible, and
variable degrees of recombination. Gene order was consistent across maps. Family 2 showed very low
recombination across most of the chromosome, only the positions of terminal markers could be resolved.
Because family 2 genotypes added information about the positions of markers 622, 12238, and 12360 it was
included in the consensus map (families 1-12). On all maps, markers that could not be separately
distinguished are separated by slashes. All markers orders were 2 LOD more likely than the next most likely
marker order.
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Figure 3. Single QTL analysis for the location of Pdd, a candidate ecological speciation gene, in
backcross famlies 1-4. LOD scores were calculated based on genotypes in families 1-4, determined by gel
electrophoresis or Sequenom assay, plotted along each family’s linkage map. The region likely to contain
Pdd, a candidate ecological speciation gene, was generally estimated between 6721 and the next more
central marker. In the absence of 6721 (in family 1) the QTL was localized around the region most densely
mapped. 1.5 LOD intervals are given by the light blue boundaries; 95% Bayesian credible interval, by the
darker blue section. Five percent of LOD scores are expected to be greater than 1.45, 1.30, 1.56, and 1.56
form families 1-4, respectively, by chance alone (1900 permutations calculated in R/qtl). This threshold is
represented in red.
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Table 8. Markers developed to fine map in and around the 95% Bayesian credible interval. Black
cells represet loci not assessed. Blank cells represent monomorphic loci. Markers asessed in families 1-4
intended to be anchor loci for merging linkage maps.
Families
Marker 1 2 3 4 5 6 7 8 9 10 11 12
88821
P P
34828
P
P P P
P P
P
67276
P P P P P P P P P P
P
P
31324
P P
P
7041
P P
P
18447
P
P P
P P
P
P
25898
P P
P P
P
P
26862
P P P P P P
P
P
29232
P P P P P P
P
P
26697
P P P P P P
P
P
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Figure 4. Comparison of consensus linkage map of the ECB Z-chromosome (right) to the physical
map of the Bombyx mori Z-chromosome (left). At least one inversion and substantial rearrangement of the
Z-chromosome has occurred between Bombyx mori and the European corn borer moth. The length of the
rearranged regions combined covers more than half the length of the linkage map (58.8 cM). Two syntenic
blocks, the first between Clock and 12292 (containing Per and marker 13318) the second from 12360 to
3855 (containing Shaker), were identified. Markers 6721.162 and 710.630 have unknown orthologous
positions in B. mori. The ECB consensus linkage map was constructed based on genotypes from 263
individuals at 17 loci and is the most detailed map of the ECB Z-chromosome to date. The identification of
two regions of rearrangement is consistent with earlier findings of regions of reduced recombination
(Dopman et al., 2004; Kroemer et al., 2011; Wadsworth et al., 2014). As one of few Lepidopteran Zchromosomes to be densely mapped, this study contributes to the ongoing research concerning the relatively
high occurrence of inversions and rearrangements in Lepidopteran lineages and the current understanding of
the Z-chromosome as relatively less susceptible to major changes in chromosomal architecture.
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Figure 5. QTL estimations of the location of Pdd on the ECB sex-chromosome based on consensus
map gene order. Genotypes from families 1-12 were used to test for the presence of a single QTL or the
presence of 2 QTLs interacting epistatically or additively. Assuming equal recombination across the
approximately 22Mb chromosome (length of Bombyx mori Z-chromosome), the 95% Bayesian credible
interval (assuming the presence of a single QLT) represents a region spanning approximately 3.3Mb. The
1.5 LOD interval is described by the lighter blue boundaries, the 95% Bayesian credible interval by the
darker blue boundaries, and the 0.05 significance threshold for LOD scores by the pink area (1.39).
Assuming the full model for the presence of two QTLs (interacting epistatically), two QTLs were found, the
first at 40 and the second at 68cM (indicated E1 and E2 respectively along the x-axis). Assuming the additive
model for the presence of two QTLs (interacting additively), two QTLs were found, the first at at 38 and the
second at 66cM (indicated A1 and A2 respectively alog the x-axis). A1 was within the 1.5 LOD interval
calculated based on the assumption of a single QTL. E1 was exactly at the position defining the boundary of
the 95% Bayesian credible interval. A2 and E2 were positioned around marker 13318. This was the first
direct evidence of the contribution of two QTLs to PDD phenotype determination.
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Table 9a. Positions of multiple QTLs detected under the full model (epistatic interactions) and the
additive model (additive interactions) in families 1-12. All positions described in cM.
Full Model QTLs
Additive Model QTLs
Position of Position of Position of Position of
QTL 1 (E1) QTL 2 (E2) QTL 1 (A1) QTL 2 (A2)
Families1-12
40
68
38
66

Table 9b. Likelihood and significance of two QTL models for explaining PDD phenotypic distribution
based on ECB Z-linked loci. Significance thresholds determined by 500 permutations.

Families 1-12
p-value

Epistatic
QTLs: 1
QTL
2.820
0.018

Epistatic
QTLs:
Additive
QTLs
0.25
0.64

Additive
QTLs: 1
QTL
2.570
0.000
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