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Summary:

Adaptation to sudden and dramatic environmental change can occur if the genetic variation
within a population has the capacity to respond to a selective pressure. One salient example
is the insect-plant arms race, whereby plants counter herbivory through evolving chemical
deterrents and insects respond by developing strategies to disarm them. Brassicaceae plants
produce toxic glucosinolate metabolites to deter insect predation, yet the diamondback moth,
Plutella xylostella L., coevolved a counteradaptation to circumvent this defense and became
a brassica specialist and world-wide pest. In Kenya (c. 1999), a P. xylostella population
underwent a surprising host plant range expansion and was found infesting sugar-snap pea
crops (Pisum sativum; Fabaceae), raising concerns this surprising adaptative phenotype could
undergo selection elsewhere. This thesis primarily focuses on the evolution and diversification

of the Plutella genus and the genetic basis of a host plant range expansion in P. xylostella.

Advances in genome sequencing technologies are improving opportunities to identify the
genetic basis of adaptive traits, but also produce an increased volume of data leading to
difficulties during data handling and processing. Here | developed two bioinformatic R
package, ngsReports (Chapter 2) and geaR (Chapter 3) to overcome analytical bottlenecks
encountered during this research, which facilitate quality assessment and analysis of high
throughput genome sequence datasets. ngsReports interprets high-throughput Next
Generation Sequencing (NGS) metrics, largely generated from lllumina platforms, enabling
aggregation and visualization of quality control logs to rapidly identify sub-standard sequence
data. geaR is a computationally inexpensive approach to perform established population
genetic analyses using the Genomic Data Structure (GDS) format. Both packages were

required for quality control and analysis of insect genomic datasets (Chapters 4-8).

Plutella xylostella recently evolved resistance to diamide insecticides in Australia, although its
cryptic ally, P. australiana, is highly susceptible and causes very little pest pressure on
agriculture. Hybridization occurs between these species in laboratory crosses, raising concern
that insecticide resistance alleles could be transferred interspecifically. To test this hypothesis,
I examine whole genomes of P. xylostella and P. australiana populations collected across two
consecutive years and developed sensitive methods for identifying gene flow between species
(Chapter 4). Subsequent crosses between diamide resistant P. xylostella and susceptible P.
australiana generated hybrid pupa which were used to produce a haploid chromosome-level

(n=31) genome assembly of P. xylostella through trio binning. This process identified a point



mutation within the insecticide’s target, the Ryanodine Receptor, causing field evolved

diamide resistance in Australia for the first time (Chapter 6).

The P. xylostella genome also established a resource for investigating the genetic basis of
larval host plant range expansion (Chapter 7). Sequencing genetic crosses between Kenyan
pea-adapted and wild-type P. xylostella strains revealed host adaptation is polygenic and
polymorphic within the pea-strain despite ~17 years of laboratory captivity and sustained
selection. Differential expression of larval midgut transcriptomes revealed an array of
detoxification associated genes that responded to host plant diet. Similar approaches using
head capsule tissue identified differential expression of olfaction and gustation pathway
genes, and indicated decreased expression of gustatory and olfactory related genes were

associated with pea adaptation.

Computational approaches used to assess geneflow between Plutella species were re-applied
to identify the genetic basis of the white pupa phenotype in Bactrocera dorsalis (oriental fruit
fly) (Chapter 8). The white pupa genetic sexing marker has been used for decades to separate
and discard females in rearing factories that supply males for pest control, yet the genetic
basis remained unknown. The B. dorsalis white pupa phenotype was introgressed into the
genetic background of B. tryoni (Queensland Fruit Fly) and genome-wide analysis with geaR
identified the causal locus. After scanning for mutations across the white pupa locus, a single
frame shift mutation was identified in a Major Facilitatory Superfamily gene. This provided a
strong candidate for the white pupa gene and subsequent CRISPR/Cas9 mediated knock out

in B. tryoni recapitulated the phenotype, confirming its role in puparium pigmentation.

This thesis elucidates the genetic basis of agriculturally important phenotypes in major crop
pest species and provides knowledge to advance integrated pest management strategies and
crop protection. Bioinformatic packages developed provide a useful tool for researchers to
carry out quality control of NGS datasets and evolutionary analysis of variant data when
sample sizes are large. Furthermore, whole genome sequencing, RNA sequencing and a
chromosome-level assembly of P. xylostella provide a powerful resource for future

investigation of adaptive phenotypes in this agricultural pest.
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Chapter I: Introduction

1.1 Genetic basis of adaptation

In its simplest form, evolution proceeds as natural selection and genetic drift alter allele
frequencies within a population culminating in the adaptation to an environment (Gilman and
Kozak 2015, Nonaka et al. 2015). In On the Origin of Species (1859), Darwin proposed that
adaptation to an environment occurred through a successive sequence of small phenotypic
changes which accumulate over evolutionary time. He hypothesised that “she [evolution] can
never take a leap, but must progress by the shortest and slowest steps” paving the way for a
gradualist view of adaptation (Suzuki 2017). Gradualism, or micromutationalism, proposes a
pre-genetic view of adaptation whereby a phenotype comes to fit an environment through a
series of infinitesimally small steps (Maynard Smith 1982). At the start of the neo-Darwinian
synthesis, as the individual gene was being championed as the unit of selection, R.A. Fisher
proposed his infinitesimal model (Fisher 1918) which argues that adaptive phenotypes result
from an infinitely large number of small effect mutations (Figure 1A) and therefore attempting
to directly quantify the effect of a single mutation would be folly. This was then superseded by
Fisher (1930) with the geometric model. Fisher proposed that adaptive change results in
differently sized effects on phenotype, although large effect mutations are far more infrequent
than their counterparts and are often deleterious. His model was elegant in its simplicity with
only three parameters necessary: phenotypic complexity of the organism, phenotypic fithess
to environment and effect size of the mutation. At its core, the geometric model argues that
adaptation effect size and phenotypic complexity are negatively correlated. In other words,
adaptive mutations in phenotypically complex organisms have small phenotypic effect size
and are more favourable than large mutations. Though as Kimura (1983) pointed out half a
century later, the probability of a mutation being favourable and its likelihood of substitution
are vastly different. Kimura proposed larger effect mutations are more likely to be adaptive
than first suggested by Fisher due to their higher probability of fixation. This was further

supported when modern experiments began investigating adaptation via artificial and natural



28  selection experiments, with a growing number studies finding large effect mutations underlying
29  adaptive change (Shrimpton and Robertson 1988, Paterson et al. 1991, Feyereisen 1995,
30 McKenzie and Batterham 1998). Though, this may be due to selection bias, where organisms
31 with large effect mutations are analysed simply because their phenotypes are pronounced and
32 quantifiable. To reconcile these observations, Orr (1998) reframed Fishers geometric model
33 using an adaptive walk approach. He emphasized that to avoid being deleterious, large effect
34  mutations are more likely to occur near the start of the walk, before sufficient adaptation to the
35 environment has occurred (Figure 1C). This demonstrated not only that large effect mutations
36 play a central role in adaptation, but that the distribution of fixed mutations during adaptation

37  is roughly exponential when migration is minimal (Orr 1998).
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39  Figure 1: Genetic theories of adaptation. Graphs in A, B, and C represent simplistic adaptive walks for

40 a simple two-trait species. The species begins the adaptive walk at the perimeter of the outermost circle
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and the optimal phenotype is found at the centre. A) Paths of adaptation under the infinitesimal model,
whereby a large number of small mutations are necessary to reach the optimal phenotype (blue lines),
making rapid adaptation to environment (red line). B) Paths of adaptation under Fisher's Geometric
Model. In contrast to the infinitesimal model (A), large effect mutations occur early in the adaptive walk,
providing rapid adaptive leaps towards the optimal phenotype. C) Two adaptive walks (blue and green)
under Fisher's Geometric Model with the extensions outlined in Orr (1998), where each arrow
represents a mutation of size equal to the length of the arrow. Larger steps at the start of an adaptive
walk (blue arrows) are far more effective and less likely to be deleterious than later during the walk. For
example, green arrows show a mutation exceeding the optimal and orange arrows show that large
mutations can negatively effect fitness through ‘directional’ steps away from the optimum that would not
have occurred if the effect size was small. D) A fithess landscape depicting all possible adaptations of

a two trait species (x and z axis) against fithess (w, y axis). This has been adapted from Orr (2005).

Theoretical models of phenotypic effect size also provide insights into the number of genes
responsible for adaptive change. In accordance with its predictions on mutation effect size,
Fisher's Geometric Model (FGM) predicts an exponential distribution of gene effect sizes
(Figure 1B and C). Over half a century later, Lande (1983) sought to understand the
processes underlying gene effect size distribution, proposing that effect size is proportional to
selection strength and persistence. Yet as Lande himself pointed out, his model assumes that
weak selection is the rule in nature, which may not be as true as once thought (Endler 1986,
Kingsolver et al. 2001). The FGM and Lande’s model are by no means mutually exclusive,
with both predicting an abundance of small effect genes underlying adaptation. Therefore,
Lande’s model can be seen as a pre-Orr (1998) extension of Fisherian theory to explain how
populations conform to the FGM. Experimental evidence supporting gene number in adaption
is mixed and provides no clear insights into effect size frequency (Manolio et al. 2009,
Pritchard and Di Rienzo 2010, Pritchard et al. 2010, Boyle et al. 2017, Marouli et al. 2017,
Csilléry et al. 2018) with the interesting discovery that both small effect and large effect
mutations can cause the same phenotype (Crow 1957, Paterson et al. 1988, Zan et al. 2017).

Among insects, a growing body of research is continuing to uncover both mono- and polygenic

4
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mechanisms underlying adaptation. For example, insecticide resistance is generally conferred
by a single mutation (Baxter et al. 2010, Gahan et al. 2010, Jouraku et al. 2020, Zuo et al.
2020), whereas the genetic mechanism underlying host plant preference is usually controlled

by multiple genes (Sheck and Gould 1996, Henniges-Janssen et al. 2011).

1.2 Fitness landscapes and genetic variation

Adaptive walks move through the ‘hills’ and ‘valleys’ of a fitness (or adaptive) landscape to
select adaptations that best suit an environment. In their simplest form, adaptive landscapes
describe the relationship between mutational change at a single-locus and evolutionary fitness
(Figure 1D). On a theoretical level, natural selection ‘walks’ through the landscape of all
possible mutations to find the optimal fit state for that locus. Though in practice, genes are
pleiotropic in nature with optimal mutations for one gene potentially causing deleterious effects
to another. Kaufman’s NK model (Kauffman and Weinberger 1989) investigated the effect of
pleiotropy by incorporating multiple (N) genotypes in epistasis with K genes, either in the same
genetic neighbourhood or distributed across the genome. The fitness landscape of the NK
model is rugged, with multiple different combinations of loci producing many local maxima.
Consequently, alleles under the same environmental stressors do not always have the same
fitness in different genetic backgrounds. These local maxima have lower fitness than the
optimal combination of alleles, yet are ‘fit-enough’ to survive in the environment leading a

population to easily become trapped in a globally sub-optimal position in the landscape.

When faced with novel stressors, adaptive genotypes will be positively selected for, and are
likely to increase their frequency over generational time. However, there has been a long-
standing debate on whether the majority of mutations are new (de novo mutation) or already
present in the population gene pool (standing variation) (Hermisson and Pennings 2005, Peter
et al. 2012). In the past, many models such as Fisher's Geometric Model and its extension by

Kimura (1983) and Orr (1998), assumed that de novo mutation was the major fuel of
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adaptation. Yet, other theoretical and empirical work showed that standing variation
contributed to many observed adaptations (Orr and Betancourt 2001, Barrett and Schluter
2008, Sheng et al. 2015). Under the same selective pressures, the probability of fixation for
beneficial de novo mutations is far lower, especially if the mutation is recessive (James 1965,
Lande 1983, Orr and Betancourt 2001). This is due to the negative pressures recessive
beneficial alleles face when going through a selective sweep: Haldane’s sieve (Turner 1981,
Charlesworth 1992) - the bias against recessive mutations and genetic drift (Kimura 1968,
1983) — the removal of low frequency variants through random survival. Adaptation from
standing variation can overcome both challenges by having multiple copies present in the
population (Orr and Betancourt 2001) that may have benefited from ‘pre-testing’ under a
similar stressor (Barrett and Schluter 2008). Interestingly, theoretical work supports selection
from standing variation as more prevalent, unless the neutral mutation rate is low (Hermisson
and Pennings 2005). Standing variation as the major fuel of selection in natural populations is
also supported by an increasing body of literature (Jones et al. 2012, Reid et al. 2016, Lai et
al. 2019), though there are still many examples of selection of adaptive genotypes from de

novo mutation (van’t Hof et al. 2011, Acuna-Hidalgo et al. 2016, Hawkins et al. 2018).

1.3 Strategies for identifying adaptive traits

Classical genetic crosses between two pure breeding isolates fixed for alternate phenotypes,
and their subsequent backcrossing or sibling mating, was instrumental in understanding
heritability by Mendel (Wynn 2007). Not only are crosses useful for deciphering whether a trait
is monogenic or polygenic in diploid species, but specific regions of the genome encoding a
trait of interest can be identified when aided by crossing over during meiosis between non-
sister chromosomes to generate recombinants (Mott 2001). Next Generation Sequencing
(NGS) has provided new opportunities for identifying the genes driving adaptive phenotypes

through the ability to sequence whole genomes of populations or pedigrees and quickly
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develop thousands of segregating markers across a genome (Solberg Woods 2014, Jamann

et al. 2015, Gu et al. 2018).

Early quantitative trait locus (QTL) studies, such as those in Drosophila melanogaster
(Zimmerman et al. 2000, Robin et al. 2002), focused on identifying the genetic basis of
monogenic Mendelian traits due to their ease of identification. Yet, next generation sequencing
empowered QTL and genome wide association studies (GWAS) to identify regions of the
genome associated with complex phenotypes. This gave the first genetic insights into highly
complex traits in human disease (Manolio et al. 2009, Stefansson et al. 2009) and
domesticated animal breeding (Cadieu et al. 2009, Goddard and Hayes 2009) with the
interesting discovery that significantly associated loci make up only a small fraction of the
predicted heritability for many traits (Manolio et al. 2009, Eichler et al. 2010). Referred to as
‘missing heritability,” many small effect loci lacked genome wide significance causing them to
evade detection. Research was further confounded when, in contrast to mendelian traits,
complex traits were driven by non-coding variation that is likely to effect gene regulation, rather

than protein function directly (Ward and Kellis 2012).

Multiple sequencing methods can be used to identify QTL across the genome using both DNA
and RNA sequencing. Reduced representation genome sequencing methods, such as
Restriction-site Associated DNA sequencing (RAD-seq) (Baird et al. 2008), are powerful and
cost-effective strategies to carry out genetic analysis on populations or pedigrees (Davey and
Blaxter 2010, Peterson et al. 2012). Nuclear genomes from individuals are digested using a
restriction enzyme (e.g. Sbfl) and ligated to barcoded adapters to facilitate sequencing and
enable analysis of small genomic regions at each cut site (Figure 1A). Ultimately, only a small
fraction of the genome is sequenced (Baird et al. 2008), which enables RAD-seq to generate
genetic markers distributed across the genome for use in genotype/phenotype association

analysis among pedigrees and population genetic analysis.
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Figure 2: Common strategies used to identify trait loci with next generation sequencing (NGS)
technologies. A) Restriction-site Associated DNA sequencing (RAD-seq) involves targeted sequencing
of short DNA regions flanking restriction enzyme cut sites (e.g. Sbfl). Marker density is dependent on
the frequency of cut sites across the genome. Common genomic regions are sequenced among closely
related individuals or pedigrees, which represents a small proportion of the genome and decreases the
cost of sequencing large numbers of individuals. B) RAD-seq markers generated from a pedigree with
segregating phenotype can be used for genome-wide QTL mapping studies. The blue line represents
LOD scores calculated for RAD-seq marker distributed across the chromosome (black dashes). The
genetic region with LOD scores higher than the genome wide significance threshold (usually calculated
by carrying out a permutation test with un-ordered phenotype measurements) are highlighted in grey.
The resulting QTL is large as all markers significantly linked to the causal mutation will have similar
allele frequencies. C) Schematic representation of whole genome shotgun sequence reads for a
chromosomal region of a single individual. Chromosomes are randomly sheared and sequenced to
provide relatively even coverage of all non-repetitive genomic regions. D) A genome wide association
study (GWAS) involves sequencing a population of individuals and calculating the probability of

genotypes associated with specific phenotypes.

RAD-seq markers are generally used to calculate logarithm of the odds (LOD) scores across
the genome to identify regions genetically linked to a specific phenotype (Figure 2B). This has
been utilized to identify both discrete and complex traits such as spinosad resistance in

Plutella xylostella (Baxter et al. 2011), pyrethroid resistance in Cymex lectularius (Fountain et
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al. 2016), assortative mating traits in Heliconius butterflies (Merrill et al. 2019), agronomic traits
in Setaria italica (Wang et al. 2017), and growth traits in Asian seabass (Wang et al. 2015).
However, as only limited genomic regions are sequenced, discovery of QTLs requires
sufficiently high linkage disequilibrium with RAD-seq molecular markers and a robust
reference genome to identify candidate genes surrounding associated markers. QTL resulting
from RAD-seq are generally large, as all markers significantly linked to the causal mutation

will have similar allele frequencies (Figure 2B).

Genome wide association studies (GWAS) are beneficial for associating sites linked with or
causing phenotypes among organisms with near-complete genome assemblies, and those
where genetic crosses are not feasible (eg. large generation time). While RAD-seq relies on
identifying molecular markers in linkage disequilibrium with a measurable phenotype, GWAS
can investigate each variant in the genome for an association. By sequencing the whole
genomes of many individuals (Figure 2C), single variants associated with the phenotype can
be statistically identified by fitting a generalized (Chu et al. 2020) or mixed (Zhang et al. 2010)
linear model. The probability of association is then calculated for each variant enabling direct
association with a given phenotype decreasing the range of QTL significantly (Figure 2D).
However, GWAS is not feasible for many species requiring genotypes from thousands of
individuals to generate clear statistical significance for complex traits (Hong and Park 2012),
making it cost-prohibitive for most organisms without reference panels available, such as UK
BioBank (Sudlow et al. 2015) and the Drosophila Genetic Reference Panel (Mackay et al.
2012). Although more advanced methods now exist to identifycomplex QTL (Wang et al. 2016,
Zhang et al. 2020), linear mixed models have been used to disentangle the genetic basis of
plant height in barley (Algudah et al. 2016), insecticide resistance (Green et al. 2019) and
starvation resistance (Huang et al. 2014) in D. melanogaster along with type 2 diabetes risk

(Sladek et al. 2007) and age-related macular degeneration (Klein et al. 2005) in humans.
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Phenotypic variation is not limited to changes in protein coding genes. Many extreme changes
in phenotype have been accounted for by changes in gene regulatory networks and gene
expression (Rose et al. 2016, Schweizer et al. 2016, Guo et al. 2017). For example, differential
expression of olfaction and gustation related genes have been shown in insect host plant races
reared on their non-native host plant (Kopp et al. 2008, Shiao et al. 2015, Eyres et al. 2016).
Furthermore, feeding assays in both hemi (Eyres et al. 2016, Xiao et al. 2021) and
holometabolous (Shiao et al. 2015, Orsucci et al. 2018) insects revealed differential
expression of chemosensory genes, suggesting they have a pivotal role in host plant
preference. More recent studies have sought to couple differential gene expression and
traditional QTL or GWAS analysis to identify trait loci for complex gene regulation phenotypes
referred to as expression QTLs (eQTLs) (Fagny et al. 2017, Mizuno and Okada 2019, Liu et

al. 2020).

1.4 Hybridization and transference of beneficial alleles between species

Adaptive mutations do not necessarily originate within the species in which they are identified.
Hybridization and flow of genetic variation (introgression) from a donor species into a recipient
can transfer adaptive advantage. The transfer of advantageous pre-adapted alleles from one
taxon into another removes the need of novel variation to arise in a population through de
novo mutation. Hybridisation with gene flow has been found to be at the root of many major
adaptations in extant taxa from rodenticide resistance between mice species (Song et al.
2011) to aposematic wing patterns in Heliconius butterflies (Figure 3A) (Mavérez et al. 2006,
Pardo-Diaz et al. 2012, Wallbank et al. 2016). Jones et al. (2018) examined two morphs of
snowshoe hare, one with a white overwintering coat for camouflage in the snow, and the other
brown (Figure 3B). Using whole genome sequence data, they showed introgression of a
melanism pathway gene Agouti from black-tailed jackrabbits swept to fixation in regions where
snow was scarce during winter. This conferred adaptive advantage in warmer climates where

the white winter coat may impose a fitness cost of reduced camouflage. Examples can also

10



227  be found throughout diverse organisms driving local adaptation to climate change in European
228 white oak (Leroy et al. 2020), response to high altitude in humans (Huerta-Sanchez et al.
229 2014), and insecticide resistance in mosquito vectors (Norris et al. 2015) emphasizing

230 introgression’s pivotal role in adaptive change.
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Figure 3: Interspecies hybridisation facilitates transfer of adaptive alleles from one species to another.
A) Phylogenetic reconstruction of sequence datasets from multiple Heliconius butterfly species
revealed the expected species topology was not observed at the “HmB453k” locus. Species clustered
according to phenotype, suggesting adaptive introgression of wing patterning loci was responsible for
their similarity and not convergent evolution. Species are denoted with numbers above images. 1) H.
melpomene, 2) H. timereta, 3) H. cydno and 4) H. heurippa. Butterfly images are placed at approximate
locations for their corresponding branch. Figure modified from Pardo-Diaz et al. (2012). B) Snowshoe
hares experience a winter malt, replacing brown coats with white. Populations living in regions with
limited snow cover have experienced adaptive introgression of a winter brown coat phenotype from the
black-tailed jackrabbit. Overwintering colour is geographically structured with the proportion of winter-
brown morphs greatly increasing within coastal populations where the temperature is warmer. Absolute
genetic distance (dxy) and the introgression estimator from Were used to show that white and brown
morphs of the snowshoe hare are highly divergent at the agouti locus, whereas brown morphs were

highly similar to the black-tailed jackrabbit. Figure adapted from Jones et al. (2018).

Hybridisation following secondary contact between native and invasive species provides an
opportunity for pre-adapted alleles to be directly transferred from a donor to recipient species.
In some cases, adaptive introgression has facilitated the exchange of insecticide resistance
alleles between pyrethroid resistant Helicoverpa armigera moths and local H. zea populations
in Brazil (Valencia-Montoya et al. 2020). Strong pressure from pyrethroid use in Australian
agriculture has selected for resistance phenotypes in the invasive species Plutella xylostella
(Shelton et al. 1993, Zalucki et al. 2012, Qin et al. 2018, Xia et al. 2018), yet a recently
identified cryptic sister species, P. australiana, is highly susceptible (Perry et al. 2018).
Hybridisation between the two species can occur under laboratory conditions (Perry et al.
2018), raising concerns for the exchange of beneficial alleles in the field. Both P. xylostella
(Endersby et al. 2006, Perry et al. 2020) and P. australiana (Perry et al. 2018) lack population
structure across Australia, highlighting intraspecific extensive geneflow and the potential for

beneficial mutations to rapidly spread across the continent.

Introgression has been identified between many species (Mallet 2005, Mariac et al. 20086,
Pardo-Diaz et al. 2012, Jones et al. 2018). Genome wide summary statistics such as Nei’'s dxy

(Figure 3B) and Fst, which characterize genetic differentiation between two populations,
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along with Nei’s 1 (genetic diversity within a population) have been useful in identifying high
levels of introgression (Neafsey et al. 2010, Nadachowska-Brzyska et al. 2013, Smith and
Kronforst 2013). Yet, identification of low levels of introgression remains challenging. Genomic
regions introgressed following interspercific hybridization between two sympatric species
show lower genetic distance than allopatric populations of the recipient species. However,
these reveal little about the rate of introgression between taxa — termed the effective migration
rate (Martin and Jiggins 2017). The effective migration rate is difficult to estimate using
traditional population metrics due to population dynamics such as incomplete lineage sorting
and interspecific differences in effective population size (Martin et al. 2015, Peter 2016, Martin
and Jiggins 2017). In recent years, formalized f-statistics have been developed to tackle this
challenge (Patterson et al. 2012, Martin et al. 2015), for example f4, which is a strong estimator
for the effective migration rate (Martin et al. 2015). F-statistics utilize the frequency of derived
and ancestral alleles at biallelic sites across the genome to construct ‘drift trees’ which identify
genomic regions with incongruent evolutionary history, where an ingroup species shares more
genetic drift with a sympatric outgroup than members of the same species sampled from an
allopatric population (Patterson et al. 2012, Peter 2016). Due to the changes in local
evolutionary history caused by admixture, phylogenetic reconstruction can also be a powerful
tool to investigate local introgression. Tools such as TWISST (Martin and Van Belleghem
2017) and Saguaro (Zamani et al. 2013) use local topology across the genome to identify
regions with different topologies compared to the consensus species tree. Both topology and
drift-based estimates of introgression have been utilized to dissect highly complex
introgression patterns in Heliconius butterflies (Edelman et al. 2019), chickens (Lawal et al.

2020) and Arabidopsis Iytra (Marburger et al. 2019).

This research integrates aspects of classical genetics, introgression, quantitative trait
mapping, genomics, bioinformatics, and software development to investigate adaptive or
selectable phenotypes among insect pests which are of economic importance to agricultural
industries. Due to its importance for understanding insecticide resistance evolution, complex
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migration patterns and host plant olfaction, | utilized Plutella xylostella as a model species for
most of the aims in this dissertation. Greatly increasing the robustness of genomic resources
for P. xylostella along with our understanding of agriculturally important trait loci in insect pest

species and their evolution.

Thesis outline

Aim 1: Develop computational packages to interpret high-throughput sequence
libraries metrics and perform memory efficient evolutionary analysis among large

genomic datasets.

The R programming language has become a popular platform for biologists to analyse and
interpret large datasets and to produce quality graphical outputs. Chapters 2 and 3 present
R packages designed for quality control assessment of large lllumina sequencing datasets
and for performing evolutionary genomic analyses. For more than a decade, individual lllumina
fastqg sequencing runs have been routinely analysed by sequencing centres and
computational biologists using the fastQC
(https:/lwww.bioinformatics.babraham.ac.uk/projects/fastqc/) application, which generates
graphical displays of quality control logs. It has provided a standard benchmarking strategy
that visualising the quality of one file per display. In Chapter 2, | describe the R package
ngsReports that enables simultaneous visualization of tens to hundreds of log files for quality
control and systematic identification of bias among Illumina sequence data (Ward et al. 2019).

This tool was applied to all lllumina sequence datasets described within this thesis.

Chapter 3 describes the Genomic and Evolutionary Analysis R package, geaR, which utilizes
genome wide genotype data to carry out evolutionary analysis using a modular object-oriented
design in the Genomic Data Structure (GDS) format (Ward et al. 2020). Tests of genetic

diversity (dxv, 1, Fst) and admixture (f4, f4) can be carried out on partitioned genomes using
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a single function, regardless of sample ploidy or number of observed alleles. geaR also
provides tree building functions and the ability to output DNA sequence using genomic
coordinates. Although other population genetics packages exist in the R programming
language, many lack the scalability necessary for whole genome datasets. Furthermore, direct
integration of GRange objects allows the user to limitlessly customize genomic windows or
features included in the analysis. These functions were used for data analysis in Chapters 4

- 8.

Aim 2: Investigate the extent of hybridization, admixture and introgression among i)

sympatric pest species and ii) interspecific crosses.

Hybridization and genomic admixture between closely related species can transfer pre-
adapted traits between lineages and lead to adaptive introgression. In Chapter 4, | use geaR
to estimate the divergence between Australian and Hawaiian Plutella xylostella populations
and its cryptic ally, P. australiana, then assess evidence of gene flow between sympatric
Australian collections. This involved constructing a novel test for phylogenetic incongruence
that was able to detect gene flow, even at low frequencies in simulated data (Ward and Baxter

2018).

Mass releases of sterilized male insects, in the frame of sterile insect technique programs,
have helped suppress insect pest populations since the 1950s. Genetic sexing strains of the
horticultural pest Bactrocera dorsalis have been bred to express dimorphic phenotypes, where
female pupae are white and male pupae are brown. Colour variation enables selective removal
of female pupae prior to sterilization and release, yet until now, the gene responsible for white
pupae remained unknown. In Chapter 8 | utilize an interspecific hybrid line of B. tryoni carrying
the B. dorsalis white pupa locus to identify regions of the genome associated with the wp
phenotype. Whole genome scans of fg, dxy and tree topology reveal a single region of the
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genome associated with wp. Coding sequence within the wp locus were then extracted to

identify a transmembrane transporter gene for functional analysis (Ward et al. 2021).

Aim 3: Improve evolutionary and genomic resources for the major Brassica pest

Plutella xylostella L.

Plutella xylostella is considered the only major agricultural pest of the 26 Member Plutella
genus. In Chapter 5, | construct and compare mitochondrial genome assemblies four Plutella
species and one Yponomeutid outgroup species, Acrolepiopsis assectella. Molecular dating
of mitochondrial genomes date the Plutella crown node to 7.05-4.10 MYA and estimate when

P. xylostella diverged from its most recent common ancestor.

The first draft genomes of P. xylostella were sequenced using short read lllumina technology
and released in 2013, however, complex repeats, structural variation and technical limitations
led to fragmented genome assemblies. In order to perform comprehensive genomic analysis,
a chromosome level reference genome was required. Chapter 6 describes single paired
mating between a P. xylostella male and P. australiana female which generated a single
female hybrid pupa that was then sequenced to ~260X coverage using Pacific Biosciences
SMRT cells. Short read Illlumina data (~30X) was used to separate the paternal P. xylostella
from the maternal P. australiana haplotype allowing for assembly of a haploid P. xylostella
genome. After scaffolding the assembly using Hi-C linked reads, | resolved a robust genome
of ~328 Mb distributed across 31 chromosome length scaffolds. Gene prediction and
annotation using a publicly available RNAseq datasets estimated this genome contained
19,003 protein coding genes and the data enabled identification of a mutation causing

resistance to diamide insecticides.

Aim 4. Analysis of a complex host plant range expansion in P. xylostella
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In 1999 Kenyan populations of P. xylostella (DBM-P) underwent a surprising host plant range
expansion to include Pisum sativum (sugar shap pea). The resources generated throughout
this thesis were primarily developed to identify the genetic basis of this phenotype. In Chapter
7, | carry out crosses between the DBM-P strain and a wild type laboratory reference then
perform QTL mapping with reduced representation genome sequencing data and

transcriptome profiling of larval tissues to understand adaptation to P. sativum.

I then carried out no-choice feeding assays using the same two DBM strains on either a
Brassica napus or P. sativum host. After dissecting either head or midgut tissue from individual
larvae, each tissue type was pooled separately and sequenced. Transcriptome profiling of
head tissue revealed clear differential expression in gustatory receptors and odorant binding
proteins along with enrichment of genes ontologies synaptic signalling and response to stimuli.
Midgut tissue showed differential expression of a host of genes involved in secondary

metabolism and genes involved in a response to oxidative stress.

Finally, | incorporate both analyses to compare genomic positions of differentially expressed
genes and QTL. | then discuss this in the context of previously published work and theoretical

models of adaptation.

Appendix A:
Published manuscripts | contributed to to during my PhD, but did not fall under a major aim,
are included in Appendix A. Manuscripts included in Appendix A are:

1) Choo A, Nguyen TN, Ward CM, Chen 1Y, Sved J, Shearman D, Gilchrist AS, Crisp P,
Baxter SW. Identification of Y-chromosome scaffolds of the Queensland fruit fly reveals
a duplicated gyf gene paralogue common to many Bactrocera pest species. Insect
molecular biology. 2019 Dec;28(6):873-86.

2) You M, Ke F, You S, Wu Z, Liu Q, He W, Baxter SW, Yuchi Z, Vasseur L, Gurr GM,
Ward CM, Cerda H, Yang G, Peng L, Jin Y, Xie M, Cai L, Douglas CJ, Isman MB,
Goettel MS, Song Q, Fan Q, Wang-Pruski G, Lees DC, Yue Z, Bai J, Liu T, Lin L,
Zheng Y, Zeng Z, Lin S, Wang Y, Zhao Q, Xia X, Chen W, Chen L, Zou M, Liao J, Gao
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Q, Fang X, Yin Y, Yang H, Wang J, Han L, Lin Y, Lu Y, Zhuang M. Variation among
532 genomes unveils the origin and evolutionary history of a global insect herbivore.
Nature communications. 2020 May 8;11(1):1-8.

3) Nguyen TN, Mendez V, Ward CM, Crisp P, Papanicolaou A, Choo A, Taylor PW,
Baxter SW. Disruption of duplicated yellow genes in Bactrocera tryoni modifies
pigmentation colouration and impacts behaviour. Journal of Pest Science. 2020 Nov
24:1-6.

Appendix B:

Supplementary figures and tables for Chapter 6.

Appendix C:

Supplementary tables for Chapter 7.
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Abstract

Motivation: High throughput next generation sequencing (NGS) has become exceedingly cheap, facilitating studies
to be undertaken containing large sample numbers. Quality control (QC) is an essential stage during analytic pipe-
lines and the outputs of popular bioinformatics tools such as FastQC and Picard can provide information on individ-
ual samples. Although these tools provide considerable power when carrying out QC, large sample numbers can
make inspection of all samples and identification of systemic bias a challenge.

Results: We present ngsReports, an R package designed for the management and visualization of NGS reports from
within an R environment. The available methods allow direct import into R of FastQC reports along with outputs
from other tools. Visualization can be carried out across many samples using default, highly customizable plots with
options to perform hierarchical clustering to quickly identify outlier libraries. Moreover, these can be displayed in an
interactive shiny app or HTML report for ease of analysis.

Availability and implementation: The ngsReports package is available on Bioconductor and the GUI shiny app is

available at https://github.com/UofABioinformaticsHub/shinyNgsreports.

Contact: stephen.pederson@adelaide.edu.au

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

The next generation sequencing (NGS) boom has provided research-
ers unparalleled resources to answer fundamental questions in envir-
onmental, agricultural and biomedical research. As the cost of
sequencing has decreased steadily, there has been a dramatic in-
crease in data being generated, leading to many challenges for data
handling.

Quality control (QC) of raw and processed data is arguably the
most important stage in bioinformatic analysis and pipeline opti-
mization. One of the most heavily used tools to aid in the identifica-
tion of systematic and user-induced bias for NGS data is FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/),
which provides a series of detailed statistics and plots for an individ-
ual fastq or bam file. In addition, many aligners, such as Bowtie2
(Langmead and Salzberg, 2012), HISAT2 (Kim et al., 2015) and
STAR (Dobin et al., 2013), along with other tools such as cutadapt
(Martin, 2011) and AdapterRemoval (Schubert et al., 2016) form
integral parts of processing pipelines and provide useful summaries
to stdout/stderr which can be saved to disk. However, collating and
interpreting such output across multiple files can be tedious and
prone to human error, as most tools output these logs on a per-
sample basis. The decrease in cost and increase in popularity of

NGS-based experimental designs, further contributes to the growing
need for software to collate, manipulate and visualize QC logs and
reports across experiments with large sample numbers.

Few software tools are currently available to tackle this problem,
with the notable exception of MultiQC (Ewels ez al., 2016).
Although highly useful at investigating multiple samples, custom
summaries and reports are often required for researchers working
within an R environment. The R package fastqcr (https:/github.
com/kassambara/fastqcr) provides some of this functionality; how-
ever, import is limited to FastQC logs and visualization is difficult
for many samples at the same time. Therefore, we present
ngsReports, an R package to transparently parse FastQC output and
common NGS log files into the R environment. We seek to provide
a platform to easily and accurately compare outputs at various proc-
essing stages interactively, and allow simple, customizable report
generation during standard data processing pipelines.

2 Materials and methods

2.1 Data analysis
To aid in access, manipulation and storage of data, we created a
novel S4 class for single FastQC reports (FastqcData), while
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Fig. 1. Screenshot from the additional shiny app, which provides interactive and cus-
tomizable plots for each FastQC module. FastQC reports can be input directly into
the shiny app, with the option to output an HTML report. Here, we show a clus-
tered heatmap with dendrogram displaying the difference between the observed GC
content and the estimated theoretical GC content for the Homo sapiens genome.
The sidebar of the plot shows the PASS/WARN/FAIL status attributed to the ‘GC
content’ module by FastQC. The line plot for a single sample can be obtained by
clicking a single sample in the shiny app, to provide more detailed information
about any samples of concern

multiple reports are collated into list-like extensions
(FastqcDataList). S4 objects can be passed directly into plotting
functions for simple generation of static and interactive figures, with
the latter being enabled under the plotly framework (https://plotly-r.
com). Raw data for each FastQC module is easily accessible by pass-
ing a FastqcDatalList into the function getModule() and can then be
freely manipulated using R packages such as those in the tidyverse
(Wickham et al., 2019).

We also provide a simple wrapper function, importNgsLogs(), to
automatically parse and import log files of popular bioinformatics
tools such as: cutadapt (Martin, 2011), Trimmomatic (Bolger et al.,
2014), Bowtie (Langmead et al., 2009) & Bowtie 2 (Langmead and
Salzberg, 2012), Picard: Mark Duplicates (https://broadinstitute.
github.io/picard/), STAR (Dobin et al., 2013), samtools flagstat (Li
et al., 2009) and BUSCO (Waterhouse et al., 2018).

2.2 Visualization

Highly customizable default plotting functions for each module of
FastQC are currently supported. Plots for each module can be gener-
ated for single or multiple files in either line (Fig. 1 and
Supplementary Fig. S1) or heatmap format (Fig. 1 and
Supplementary Fig. S2). Heatmaps provide an intuitive method to
identify differential patterns between libraries which may be
obscured when viewing single files or line plots alone. In order to
aid in identification of clusters, hierarchical clustering can be carried
out allowing for fast identification of outlier libraries and batch
effects (Fig. 1). When the number of samples is too large to produce
an informative heatmap, principle component analysis can be used
for individual FastQC modules (Supplementary Fig. S3).
Furthermore, libraries can be grouped using hierarchical clustering
from the factoMineR package (Lé et al., 2008) or by passing user-
specified groups such as libraries sequenced on the same lane.

Imported log files from commonly used alignment tools can be
visualized as bar plots (Supplementary Fig. S4) using
plotAlignmentSummary(). Likewise assembly statistics generated
using quast (Gurevich et al., 2013) can also be assessed as a parallel
coordinate plot using plotAssemblyStats() to quickly compare mul-
tiple assemblies (Supplementary Fig. S5). A list of supported tools
for each function can be found in the packages github README
(https://github.com/UofABioinformaticsHub/ngsReports).

By default, plots are rendered using ggplot2 (Wickham, 2016)
and remain compatible with the addition of themes, annotations
and geoms using standard ggplot2 nomenclature. All plots can add-
itionally be produced as interactive html plots with the usePlotly ar-
gument providing hover text and zoom functionality.

2.3 Shiny app and HTML report

Modules in FastQC reports can be aggregated into a single HTML
report using the function writeHtmlIReport() and the default tem-
plate (Supplementary File S1), or a user-specified RMarkdown file.
In addition to the HTML report, we also provide a GUI
written using RShiny (https:/github.com/UofABioinformaticsHub/
shinyNgsreports). This provides an interactive user interface to view
and customize plots for each module within the FastQC report
(Fig. 1). Furthermore, the shiny app displays arguments for cluster-
ing, zooming, data type and organism selection and on-click inspec-
tion of individual line plots for libraries (Fig. 1).

3 Conclusion

Costs involved in library preparation and sequencing for NGS
applications are decreasing, allowing for much larger studies to be
undertaken. The functional programming capabilities of the R pro-
gramming language provide an ideal environment for data manipu-
lation and analysis. The methods provided in ngsReports constitute
a powerful tool for generic and bespoke aggregation, analysis and
visualization of NGS QC and log data.
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Genomic evolutionary analysis in R with geaR.
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Abstract:

The analysis and interpretation of datasets generated through sequencing large numbers of
individual genomes is becoming commonplace in population and evolutionary genetic
studies. Here we introduce geaR, a modular R package for evolutionary analysis of genome-
wide genotype data. The package leverages the Genomic Data Structure (GDS) format,
which enables memory and time efficient querying of genotype datasets compared to
standard VCF genotype files. geaR utilizes GRange object classes to partition an analysis
based on features from GFF annotation files, select codons based on position or
degeneracy, and construct both positional and coordinate genomic windows. Tests of
genetic diversity (eg. dxv, 17, Fst) and admixture (fa, f;) along with tree building and
sequence output, can be carried out on partitions using a single function regardless of
sample ploidy or number of observed alleles. The package and associated documentation
are available on GitHub at https://github.com/CMWbio/geaR.

Keywords: Evolution, Population Genomics, R Package, Admixture
Introduction:

Improvements in genome sequencing technologies has led to increased production of data
at lower relative cost per base (Schwarze et al. 2020). Genome-wide sequencing datasets
with hundreds of samples can be produced for population genomic analysis, allowing
researchers to investigate population and evolutionary history at an unprecedented scale.
However, due to file size and data complexity downstream problems during data storage and
analysis can arise. The most common format for handling genome-wide SNP data is the
Variant Call Format (VCF), which has historically had a large memory overhead when being
read into an R environment. To resolve this, the Genomic Data Structure (GDS) format has
allowed all genotype and metadata to be compressed into a queriable, on-disk file that
substantially reduce memory requirements and decrease analysis time (Zheng et al. 2017).
The GDS format provides an efficient format for filtering SNP data in order to perform
Principal Component Analysis, estimate genetic relatedness and tests for genetic

association (Zheng et al. 2012).

GDS files use GRange objects from the GenomicRanges package (Lawrence et al. 2013) to
define loci to query from file and import into R. In their most basic form, GRange class
objects define genomic loci based on reference position. Although widely used throughout
Bioconductor, GRange objects, to our knowledge, have not been utilized in the same

manner to define loci for evolutionary analyses.
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Few R packages attempt to carry out genome-wide investigation of genotype data. Most
packages focus on the analysis of single or multi-locus data, with the notable exception of
PopGenome (Pfeifer et al. 2014). However, one limitation of PopGenome is customizability
of how the target genome is partitioned, and which sites are selected for analysis. Most
tools, including PopGenome, allow datasets to be partitioned into sliding or tiled windows
based on reference or SNP position. PopGenome also provides methods to split data into
GFF attributes, however selection of bespoke partitions not possible. This makes calculating
population metrics on specific codon positions (eg. four-fold or zero-fold degenerate sites) or

analysing many non-contiguous loci difficult and time consuming.

To overcome these issues, here we present the R package geaR, which leverages the GDS
format, to efficiently construct GRanges containing genome-wide or local loci of interest and
to carry out common tasks for evolutionary analysis on genome-wide genotype data using a
single function. Furthermore, we provide methods to partition the genome based on
annotation, codon position or degeneracy through utilizing data in GFF files, or using

reference genome coordinates or genotype position.
Features:

Input data

Genotype input files are required to be in GDS format, enabling high compressibility
compared to gzipped VCFs (>5X smaller on disk), efficient querying and the capability to
work on large datasets with a reduced memory footprint (Zheng et al. 2017). Conversion of
sample genotypes in the VCF format to a Genomic Data Structure (GDS) format can be
performed using the SegArray package (Zheng et al. 2017) before analysis with geaR.
Genotypes called at any level of ploidy can be utilized in geaR, which includes whole

genome sequence data generated from pools of two or more individuals.
Partitioning the genome using GRanges

The geaR package utilizes GRange objects to define partitions for the analysis, for example,
segmenting a genome into 10-kb windows. This allows users to define their own GRanges
for the analysis or build them with provided functions. Currently, users are able to generate
both coordinate (based on reference coordinate) and positional (based on genotype number)
windows using makeWindows() or makeSnpWindows() functions. Sequence features, such

as protein coding regions, can be extracted from a GFF with getFeatures().

Many evolutionary analyses seek to calculate population metrics over different codon

positions. To make this as simple as possible, geaR provides methods to index a reference
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genome according to codon position with buildCodonDB(), which can either be stored in
memory as a GRangesList object or an SQLite database (DB) on disk to limit static memory
usage. Users may then filter codons based on degeneracy (0-fold or 2-fold) and position
using the function filterCodonDB(). A codon DB can also be passed to the function
validate4fold() to select 4-fold degenerate sites across the genome that are empirically
supported in the GDS file. This is done by querying the GDS to i) remove codons with
missing data, ii) select 4-fold degenerate codons, iii) remove all those where codon positions

one or two have variation and iv) select third positions.

GRange objects generated using geaR can then be combined using mergeLoci() to further
customize partitions. For example, genome-wide tiled windows can be combined with four-
fold degenerate sites to output either genomic windows that contain only 4-fold sites or all

sites excluding 4-fold degenerate sites.

ii) Population Metadata

i) Genomic loci iii) Argument Cog

iv) Genetic Diversity cog

v) Admixture cog

Figure 1: Structure of the of the gear S4 object: i) Genomic loci (GRanges) to carry out
analyses across, ii) Population metadata encoding sample names to the population/species
they belong to, iii) A cog containing general arguments for all analysis, iv) a cog specifying
that the Genetic Diversity module should be carried out and v) a cog specifying that the

Admixture cog should be carried out on the dataset.

Setting up an analysis: cogs and gears

geaR operates through two S4 classes, the ‘cog’ and ‘gear’ (Figure 1). Cogs, built using
makeCog(), specify multiple analyses to carry out (see Table 1) setting parameters specific
to each analysis. A single gear object can then be constructed, using makeGear(), which

contains all of the specified cogs for analysis, along with the genomic loci and population
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metadata (Figure 2A). The analyzeGear() function then performs all analyses on the same

set of genomic loci and samples, greatly reducing run time compared to sequential

execution.
I . I
Contig —»  makeWindows() makeCog()
| Metadata l I
I l Population . . I
I Window GRangelist Metadata Cog object(s) (eg. admixture cog) I
L === I
- - —V; — I — -II makeGear{} Summﬂ‘f'fZE‘StafS() I

II l Admixture or 7 |
seqGDS25NPF() Gear object Genetic Diversity

|
| II I
I l Results

l I I Loci trees or I
|
L |

\J

GDS analyzeGear() [,  sequence
II output to file

E I I I S S S . B B B B B B B B B B B B B .

Contig — 4 makeWindows() —— 10kb windows
Metadata

1% and 27
Reference T ~ 10kb windows (1% and 279)

| filterCodonDB() ~ -

) —

Genome T ; ~ 3 mergeLocif) — 10kb windows (3")
o buildCodonDB()

Reference — /

GFF - | validateFourfold() |— Four-fold sites \\‘ 10kb windows (four-fold)

Figure 2: A) Basic analysis workflow in geaR to carry out analysis on windowed genomic
loci. Functions specific to geaR are within the orange boundary and external functions in
purple. After converting the VCF to GDS format using SegArray, contig metadata (contig
length) is used to construct windows across the genome. A dataframe containing population
metadata defining population to sample grouping is then constructed. This is used, along
with windows for the analysis and cogs, to construct the gear class object. The analysis is
then carried out on the gear object and outputs depend on which cogs were specified. B)
Workflow used to generate partition schemes for examples in Figure 3. First 10kb windows
were generated from contig metadata. This was followed by generation of a codon database
that indexes codon position in a reference genome. The codon database was then passed to
the function filterCodonDB to output separate loci-sets for four codon partition schemes:

1s4+2nd: 3rd: 0-fold and 2-fold. validateFourFold() was also used to select 4-fold degenerate

sites that are supported by genotypes in the GDS file. Each of these codon loci-sets can
then be passed to the function mergeLoci(), along with the 10kb windows, to combine loci

into 10kb windows that contain only the selected codon types.
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Analysis types

Four different cogs can be generated to carry out an analysis: i) genetic diversity, ii)
admixture, iii) outputLoci and iv) outputTrees. Genetic diversity allows the calculation of a
range of population metrics (Table 1), most of which rely on genetic distance which is
calculated based on the hamming distance between haplotypes at all sites within the locus.
The admixture cog utilizes outgroup polarized allele frequency at all biallelic sites within the
locus to calculate f, (Patterson et al. 2012) and f; (Martin et al. 2015) statistics. The
package also enables users to output data in fasta format for each individual (or sample
pool) using outputLoci or as distance trees using outputTrees. Haplotypes are used in
diversity calculations and are output to file according to the phase within the supplied GDS

file, not calculated by geaR.

Outputs of both genetic diversity and admixture cogs can be summarized using
summarizeStats() which calculates a mean and median values for each statistic across all

loci using a block jack-knife approach.
Table 1: Analysis types and functionality available to apply at each locus.

Cog type Functionality

Genetic diversity Nucleotide diversity (17), genetic distance
(dxy), maximum distance (dmax), minimum
distance (dmin), ancestral distance (da), ysT,
relative node distance (RND), minimum

relative node distance (RNDmin), and Gmin

Admixture f, and f;
Output loci fasta format output to file
Output trees newick format distance trees and metadata

output to file

Parallelization

All functions allow operations to be run in parallel by leveraging methods in the furrr

(https://github.com/DavisVaughan/furrr) and parallel R packages.

Handling of missing data:

Missing data in windows is handled in two ways: i) sites can be filtered based on the

percentage of samples with a missing genotype (./.) and ii) windows can be filtered based on
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the percentage of missing sites out of the total window size. Finally, missing data within the
distance matrix are handled as non-informative, whereby sites are removed in a pairwise

manner from the distance calculation.

Carrying out an analysis using gear:

geaR has successfully been used to calculate genome wide diversity metrics between
populations containing 532 moth genomes (You et al. 2020) and to identify introgressed
regions between two Bactrocera fly species (Ward et al. 2020). Below we outline two
example analyses using geaR. Code for each of examples and other common workflows can
be found on the wiki (https://github.com/CMWbio/geaR/wiki).

In our first example we use a subset of the data from Ward and Baxter (2018) containing
three populations of diamondback moth collected from Australian Capital Territory, Australia;
South Australia, Australia and Hawaii, USA. Second. Following the general workflow shown
in Figure 2A, we converted the called genotypes to the GDS format using SegArray,
constructed partitions, built cogs, combined those cogs into a gear and then carried out the
analysis. We constructed our partitions for the analysis by generating a GRange object
containing only scaffold_4. The analysis will use this GRange object to construct six different
partition schemes based on 10kb tiled windows (workflow shown in Figure 2B): i) all sites, ii)
only 154+2" codon positions, iii) windows only 3™ codon positions, iv) only 0-fold degenerate
sites, v) only 2-fold degenerate sites and vi) only 4-fold degenerate sites. Partition i) was
then used to calculate pairwise genetic distance (dxy) between each population across the
scaffold (Figure 3A) and partitions ii-vi) were used to calculate within population nucleotide

diversity across the whole genome (Figure 3B).
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166  Figure 3: Example workflows to carry out with geaR: Panels A and B use P. xylostella data
167  from Ward and Baxter (2018), panels C and D use Bactrocera from Ward et al (2020). A)
168  Absolute genetic distance (dxy) was calculated between pairwise comparisons of three

169  populations for 10kb tiled windows across scaffold_4 of the diamondback moth reference
170  genome. C) The five loci-sets constructed using the workflow in Figure 2B were used to

171  calculate nucleotide diversity (11) at 15+2", 3 0-fold, 2-fold and 4-fold codon sites across
172  scaffold_4 of the diamondback moth reference genome C) Admixture metrics f, and f

173  calculated on 100kb windows across scaffold NW_011876398.1 of the B. dorsalis reference
174  genome. D) Distance trees for each 100kb window across NW_011876398.1 output using
175 the outputTrees cog showing a mixture of discordant and concordant topologies. Plots A), B)
176  and C were generated using ggplot2 (Wickham 2009) and D) using densitree (Bouckaert
177 2010).

178  For a second example we will identify one of the introgressed regions from Ward et al.
179  (2020). This will use data from a single scaffold (NW_011876398.1) of the B. dorsalis
180 reference genome (GCF_000789215.1) for two samples of B. tryoni, B. dorsalis, B. oleae

181  and a B. dorsalis/B.tryoni hybrid line. Using the same methodology as the first example, we
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constructed a 100kb tiled window partition scheme. However, for this analysis we used the
admixture cog to calculate f, and f; admixture metrics showing clear evidence for
introgression at the 3’ end of the scaffold (Figure 3C). We also used the outputTrees cog to
output distance trees for each of these windows to illustrate both the congruent and

incongruent topologies resulting from partial admixture on NW_011876398.1 (Figure 3D).

Conclusion

Genome-wide datasets with many individuals are becoming the norm in population genetic
studies, increasing the need for tools to efficiently carry out analyses on genotype data. The
functional programming capabilities of the R programming language provide an intuitive
environment for users to carry out calculation and visualization of population and
evolutionary genomics metrics. The methods provided in geaR allow users easily and
effectively partition the genome for generic and bespoke analysis of genome-wide genotype

data regardless of sample ploidy and number of observed alleles.
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Abstract

Cryptic species are genetically distinct taxa without obvious variation in morphology and are occasionally discovered using molecular
or sequence data sets of populations previously thought to be a single species. The world-wide Brassica pest, Plutella xylostella
(diamondback moth), has been a problematic insect in Australia since 1882, yet a morphologically cryptic species with apparent
endemism (P. australiana) was only recognized in 2013. Plutella xylostella and P. australiana are able to hybridize under laboratory
conditions, and it was unknown whether introgression of adaptive traits could occur in the field to improve fitness and potentially
increase pressure on agriculture. Phylogenetic reconstruction of 29 nuclear genomes confirmed P. xylostella and P. australiana are
divergent, and molecular dating with 13 mitochondrial genes estimated a common Plutella ancestor 1.96 = 0.175 Ma. Sympatric
Australian populations and allopatric Hawaiian P. xylostella populations were used to test whether neutral or adaptive introgression
had occurred between the two Australian species. We used three approaches to test for genomic admixture in empirical and
simulated data sets including 1) the f3 statistic at the level of the population, 2) pairwise comparisons of Nei’s absolute genetic
divergence (dyy) between populations, and 3) changes in phylogenetic branch lengths between individuals across 50-kb genomic
windows. These complementary approaches all supported reproductive isolation of the Plutella species in Australia, despite their
ability to hybridize. Finally, we highlight the most divergent genomic regions between the two cryptic Plutella species and find they
contain genes involved with processes including digestion, detoxification, and DNA binding.

Key words: introgression, hybridization, admixture, cryptic species, Plutella xylostella, Plutella australiana.

Introduction Andersson et al. 2007), host plant preference or mating tim-

Cryptic species lack conspicuous variation in visible traits, yet
can show high levels of ecological, behavioral, and genetic
divergence, particularly when they arise in allopatry (Stuart
et al. 2006; Bickford et al. 2007; Pfenninger and Schwenk
2007). Morphological resemblance of two or more distinct
species can occur when environmental pressures maintain
phenotypes or cause convergence, and through introgression
of traits by interspecies hybridization (Bickford et al. 2007).
Consequently, cryptic species are often overlooked, leading to
both underestimates of species richness and overestimates of
their geographic range (Stuart et al. 2006; Voda et al. 2015).

Reproductive barriers can maintain boundaries between
sympatric congeneric animal species (cryptic or noncryptic)
using a range of isolating mechanisms such as olfaction, pher-
omone cues, and mating calls (Jones and Hamilton 1998;

ing (Hanniger et al. 2017), and endosymbiont infection
(Shoemaker et al. 1999; Bordenstein et al. 2001). Although
these factors can impose reproductive isolation barriers and
restrict hybridization, assortative mating does not always oc-
cur (Mallet et al. 2007). Interspecific hybridization of two spe-
cies within the same genera has been found to occur at similar
rates across the animal kingdom, after taxonomic groups are
adjusted for species richness (Schwenk et al. 2008). While
hybridization between related species has been well docu-
mented, the process of distinguishing between adaptive in-
trogression and regions of historic population structure has
been challenging (Martin et al. 2015).

Closely related allopatric or sympatric species without gene
flow should exhibit genetic divergence across the genome,
whereas species with gene flow should show lower levels of

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,

distribution, and reproduction in any medium, provided the original work is properly cited.
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divergence across broad regions relative to the frequency of
interbreeding and how recently it occurred. Detecting hybrid-
ization is possible through the use of informal statistical tests
on genetic variation, including principle component analysis
(Patterson et al. 2006) and Bayesian STRUCTURE model anal-
ysis (Pritchard et al. 2000). While these tests can provide
results indicative of admixture, they cannot distinguish be-
tween introgression, interlineage sorting, or homoplasic ge-
netic drift. Patterson et al. (2012) formalized statistical
approaches to estimate admixture based on allele frequencies
across multiple populations, namely the f3 and f4 statistics (D-
statistic), which assess the likelihood of hybridization. The f4
statistic has identified introgression between sympatric
Heliconius butterfly species (Martin et al. 2013; Zhang et al.
2016) and hominids (Patterson et al. 2012), as allele frequen-
cies across these genomes did not always agree with the
expected species tree, or neutral drift.

Hybridization and introgression of genetic variation from a
donor species into a recipient can have adaptive advantages.
The transfer of advantageous preadapted alleles from one
species into another removes the reliance of new traits arising
though mutation in the recipient. Examples include the trans-
fer of rodenticide resistance between mice (Song et al. 2011),
coat color alleles among jackrabbits and hares (Jones et al.
2018), aposematic wing patterns in Heliconius butterflies
(Mavérez et al. 2006; Pardo-Diaz et al. 2012; Wallbank
et al. 2016) and insecticide resistance genes in Anopholes
mosquitoes (Lee et al. 2013; Norris et al. 2015).

The diamondback moth, Plutella  xylostella  (L.)
(Lepidoptera: Plutellidae), is the most destructive pest of
Brassicaceous agricultural crops, including broccoli, cabbage,
and canola (Furlong et al. 2013). They are able to cause en
masse defoliation, malformed, and improper plant growth
(Zalucki et al. 2012), and often develop resistance to insecti-
cides making pest control an ongoing challenge. Plutella xylos-
tella were first documented in Australia in the 1880s (Tyron
1889), yet an endemic and phenotypically cryptic species, P.
australiana (Landry and Hebert), was only recently identified
through high divergence of mitochondrial COI barcode
sequences (8.6%) and morphologically distinct genitalia
(Landry and Hebert 2013). The discovery was surprising, as
P. australiana was not detected in previous molecular studies
of P. xylostella yet, is dispersed across eastern Australia
(Endersby et al. 2006; Delgado and Cook 2009).

Insecticide susceptibility appears to limit P. australiana’s pest
potential among cultivated brassica crops, however, introgres-
sion of insecticide resistance loci from P. xylostella could have
serious consequences for agriculture. Plutella xylostella and P.
australiana can hybridize in experimental laboratory crosses,
despite their contrasting infection rates of endosymbiotic
Wolbachia (Ward and Baxter 2017; Perry et al. 2018), which
are known to cause reproductive incompatibility in some cases
(Sasaki and Ishikawa 2000; Duplouy et al. 2013). Wolbachia
infection is fixed among P. australiana yet extremely low in

Australian P. xylostella (1.5%). Although the strength of re-
productive barriers in the field is unknown, limited numbers of
SNP markers widely dispersed across the nuclear genome pre-
viously identified genetic structure between sympatric popu-
lations of P. xylostella and P. australiana (Perry et al. 2018). Due
to P. australiana’s apparent endemism and the relatively recent
invasion of P. xylostella into Australia, we assessed the capacity
for sympatric Australian Plutella species to exchange beneficial
traits through disassortative mating and introgression in the
field through analyzing whole genomes.

Materials and Methods

Specimen Collection and Genome Sequencing

Plutella xylostella and P. australiana were collected from ca-
nola (Brassica napus) fields using light traps at Cook,
Australian Capital Territory (ACT), (—35.262, 149.058) in
October 2014 and from direct larval sampling at
Ginninderra Farm, ACT, (=35.187, 149.053) in December
2015. Larvae from Calca, South Australia, (SA) (—33.049,
134.373) and Bairds Bay, (SA) (—33.023, 134.279) were col-
lected in June 2014 from mixed stands of sand rocket
(Diplotaxis tenuifolia) and wall rocket (D. muralis). Larval col-
lections were reared through to pupation then frozen, to
eliminate samples infected with parasitoids. A single P. aus-
traliana moth was also collected from Richmond, New South
Wales (—33.597, 15.740) using a light trap. Large populations
of P. xylostella larvae were also collected from Brassica vege-
table farms on three Hawaiian Islands in August 2013, includ-
ing Kunia, Oahu (21.465, —158.064), Kula, Maui (20.791,
—156.337) and Waimea on Hawaii Island (20.028,
—155.636), and reared for one generation. Genomic DNA
purification was performed using phenol extractions, treated
with RNaseA, precipitated with ethanol, and resuspended in
TE buffer (10mM Tris, 0.1 mM EDTA). Species identification
was performed using a PCR-RFLP diagnostic assay of the mi-
tochondrial COIl gene (Perry et al. 2018). Genome sequencing
was performed using the lllumina HiSeq2500 or NextSeq plat-
forms at the Australian Genome Research Facility and the
Australian Cancer Research Facility.

Processing Genome Sequence Data

Summary statistics of lllumina sequence reads were generated
with FastQC (Andrews 2010) and visualized using the R pack-
age ngsReports (Ward et al. 2018). Trimmomatic v 0.32
(Bolger et al. 2014) was used with the parameters
(TRAILING: 15 SLIDINGWINDOW: 4: 15) to trim adapter, qual-
ity filter, and retain paired reads. The P. xylostella reference
genome (You et al. 2013) was downloaded from NCBI
(GCA_000330985.1). Stampy v1.0.21 (Lunter and Goodson
2011) was used to align the paired reads to the reference with
the parameters (—gatkcigarworkaround, —substitutionrate =
0.07) which produced Sequence Alignment/Map (SAM) files
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that were converted to binary format (BAM) and indexed then
sorted using SAMtools v1.2 (Li et al. 2009). PCR and optical
duplicates were removed using Picard Tools v1.61 (http:/
broadinstitute.github.io/picard/). BAM summary statistics in-
cluding average read depth per site called, coverage of the
genome, percent missing data, total number of reads and
read quality were generated using SAMtools v1.2.

Genotype Variant Calling

Variant calling was performed using the Genome Analysis
ToolKit (GATK) v3.3 (DePristo et al. 2011). GATK:
HaplotypeCaller was used to generate gVCF records, contain-
ing variant and invariant sites across the genome, on a per
sample basis. The HaplotypeCaller parameter heterozygosity
(likelihood of a site being nonreference) for each species was
estimated by SAMtools v1.2, indicating P. xylostella from
Hawaii was most similar to the reference genome (heterozy-
gosity: P. australiana = 0.0497; P. xylostella Australia =
0.0348; P. xylostella Hawaii = 0.0272). Individual gVCF
records were combined using GATK: Genotype GVCF and
filtered using BCFtools (Li et al. 2009) to a minimum individual
depth greater than five reads per base with no greater than
40% of samples missing genotypes at any one site.

Nei's mean intrapopulation nucleotide diversity, =, (Nei and
Li 1979) was calculated using egglib (De Mita and Siol 2012).
The mean and standard error in 7 and jackknifing was per-
formed using the R package bootstrap (Canty and Ripley
2017). Pairwise Fst and Tajima’s D was calculated across 50-
kb windows using VCFtools (Danecek et al. 2011) and mini-
mum distances between populations (km'’s) determined with
http:/Avww.movable-type.co.uk/scripts/latlong.html, last
accessed October 25, 2018.

Phylogenetic Reconstruction of Plutella Mitochondrial and
Nuclear Genomes

All quality filtered variant and invariant sites called against the
mitochondrial reference genome (GenBank KM023645) were
extracted using BCFtools and converted to a FASTA alignment
using the R programming language. Maximum likelihood
phylogenetic inference using the nuclear genome consensus,
heterozygous sites were replaced with IUPAC ambiguity
codes, alignment was performed with exaML (Kozlov et al.
2015) with GTR+GAMMA bootstrap resampling (n= 100;
GTR+GAMMA) was then carried out using RAXML v8.2.4
to provide node confidence. The phylogeny was then rooted
using the midpoint method in FigTree (v1.4.3, http://tree.bio.
ed.ac.uk/software/figtree).

De Novo Assembly of Mitochondrial Genomes and Plutella
Split Time Estimates

De novo assembly of Plutella mitochondrial genomes was
performed using NOVOPlasty v2.6.3 (Dierckxsens et al.

2017). A sequence read that mapped to the P. xylostella mi-
tochondrial COI gene was used as the seed to initiate assem-
bly. Genomes circularized by NOVOPlasty were then
annotated through homology to the P. xylostella mitochon-
drial reference gene annotation (GenBank KM023645) with
Geneious v10.0.6. Potential misassemblies were investigated
by mapping individual raw reads to the appropriate de novo
assembly on a per sample basis using BWA-MEM (Li 2013).
Mapped reads were then used as fragments in Pilon (Walker
et al. 2014) to correct the assembly. The sample with the
greatest total length (15,962 bp), Paus ACT14.1, was used
to produce a reference for the mitochondrial genome of
Plutella australiana (Genbank accession MG787473.1).

The mitochondrial split time between P. xylostella and P.
australiana was estimated using 13 mitochondrial protein
coding genes extracted from 20 Plutella samples with circu-
larized genomes plus Prays oleae (accession no.
NC_025948.1) and Leucoptera malifoliella (accession no.
JN790955.1). Nucleotide alignments were made for each
gene using MAFFT (Katoh et al. 2002), substitution models
were determined using JModelTest2 (Darriba et al. 2012) and
alignments were then imported into BEAUTi (Drummond
et al. 2012). We set the clock model to strict with 0.0177
substitutions Myr~" according to Papadopoulou et al. (2010).
Substitution models were unlinked to allow each sequence to
coalesce independently with the Yule speciation model.
MCMC sampling was carried out over 1000000 trees sam-
pling every 1000 using BEAST2 v 2.4.7 (Bouckaert et al.
2014). Sampled trees from the chain were checked using
Tracer v 1.6 (Rambaut et al. 2018) to determine burn in.
Densitree was then used to superimpose MCMC trees to de-
termine the internal node height ranges.

Data Simulation

Coalescent local trees with a total chromosomal length of
25 Mb were simulated for 24 individuals, including eight sam-
ples from an outgroup (O) and two ingroups (/; and /) using
the Markovian Coalescent Simulator, MaCS (Chen et al.
2009). A coalescent model for the most recent common an-
cestor of /; and I, was set to 0.4 x 4 N generations ago and
the root to 1.5 x 4 N generations ago, providing the topology
((l1, 1), O). Simulated divergence was determined using mean
dxy values from Plutella samples (see fig. 4). Two approaches
were used to simulate introgression events from /, to O or
from O to k. First, Introgression was simulated as a single en
masse admixture event at 0.01 x 4N generations ago with
admixture frequencies (f) of f=0, 0.05, 0.1, 0.2, and 0.3.
Second, introgression was simulated over five distinct break-
downs in assortative mating (0.01, 0.008, 0.006, 0.004, and
0.002 x 4N generations ago) and f=0, 0.05, 0.1, 0.2, and
0.3. Each simulation was carried out with a constant popula-
tion recombination rate (4Nr) of 0.001. Sequences were gen-
erated from the coalescent trees using SeqGen (Rambaut and
Grassly 1997) with the Hasegawa-Kishino—Yano substitution
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model (Hasegawa et al. 1985) and a branch scaling factor
of 0.01.

Admixture
The F3-Statistic

A formal test for admixture was calculated using the three
population test, the f-statistic (f3) (Reich et al. 2009; Patterson
et al. 2012). Three possible combinations of tip structures
were assessed with the ingroups and outgroup namely f3(/;,
l; O), f3(4, O; ), 13(1, O; I1,). Cases without introgression are
expected to return positive f3 values while negative values
indicate introgression has occurred from a donor to a recipient
population, forming an intermediate ancestor of both source
populations. Block jack-knife F3 estimation was carried out
using PopStats (https:/github.com/pontussk/popstats).

Absolute Divergence (dxy)

Nei’s absolute divergence, dxy, was used to calculate the
mean number of nucleotide differences between two
populations across nonoverlapping 50-kb windows with
eqglib_sliding_windows.py (https://github.com/johnom-
ics). Comparisons of dyy were made first with simulated
data sets, using the five admixture frequencies (f=0,
0.05, 0.1, 0.2, and 0.3) between /, and O, O and /, and
/1 and />. The dxy values were summarized by transform-
ing them into density plots to visualize the distribution and
frequency across the simulated genome. This provided
expected dyy patterns under a range of admixture fre-
guencies. Average dxy was then calculated between 1)
P. australiana (O) and Australian P. xylostella (I,) individu-
als, 2) P. australiana (O) and Hawaiian P. xylostella (/,) and
3) Hawaiian P. xylostella (I;) and Australian P. xylostella
(I,). Histograms were plotted after setting the maximum
value to 1 using the geom_density function in ggplot2
(Wickham 2009).

Tree-Tip Distance Proportions

Maximum likelihood phylogenetic reconstruction was
performed with RAXML (Stamatakis 2014) using non-
overlapping 50-kb genomic windows generated with
the python script genoToSeq.py (https:/github.com/
simonhmartin). Phylogenies of empirical data each used
four individuals, including one P. xylostella and one P.
australiana individual from sympatric Australia popula-
tions (SA14, ACT14, or ACT15), and two P. xylostella indi-
viduals from Hawaii (HO13.1 and HH13.2). Each tree was
then converted to a distance matrix using APE (Paradis
et al. 2004) and pairwise distances between tips were
determined in the R programming language using the
equation,

) d .
equation 1 J:” = Proportiong,

PxA d, PxA d,

PxH Px
where d is the branch distance between the tree-tip of an
Australian P. xylostella individual (PxA) and a P. australiana
individual (Pa) and dy, is the averaged branch distance be-
tween two Hawaiian P. xylostella (Pxyl HO13.1 and Pxyl
HH13.2) and a P. australiana individual. Two individuals
from Hawaii were used to reduce bias from this ingroup
source. The Proportion,, values for each 50-kb window
were expected to be ~0.5 if the phylogeny was concordant
with the species tree. Values much >0.5 indicate genomic
windows more similar between P. australiana and Hawaiian
P. xylostella, while values much <0.5 indicate genomic win-
dows more similar between P. australiana and Australian P.
xylostella and are candidate admixed regions. Only genomic
windows with >20% of sites genotyped were analyzed.

For comparison, simulated data from 24 individuals and
five admixture frequencies (f=0, 0.05, 0.1, 0.2, and 0.3) de-
scribed earlier was divided into 50-kb windows (n = 500).
Each 50-kb window was then subdivided into 64 separate
alignments containing four simulated samples; the same
two /; individuals in each case, (reflecting the use of the
same two P. xylostella samples from Hawaii in the empirical
data) and nonredundant pairs of /, and O individuals. Four tip
unrooted maximum likelihood phylogenies were produced
for each alignment using RAXML, then Proportion,, calcu-
lated and plotted using a bin width of 0.05.

Analysis of Discordant Tree-Tip Distances

After plotting tree-tip distance proportions, the tails of each
distribution was investigated for symmetry by counting the
number of 50-kb windows above or below each mean at
three thresholds (mean = 0.05, 0.10, and 0.15). Windows
below the mean (mean — 0.15) were further investigated by
calculating dyy across 10-kb windows, sliding by 2 kb. These
genomic regions indicate greater similarity between P. austral-
jana and Australian P. xylostella than the average and dyy
plots were visually inspected for signs of introgression.

Identification of Divergent Genomic Windows between
P. australiana and P. xylostella

Both Fst and dyy were calculated across aligned 50-kb geno-
mic windows between all P. xylostella samples (from Australia
plus Hawaii) and P. australiana. Annotated protein coding
genes were extracted from the most divergent 1% of 50-kb
windows for each statistic and BLAST against the DBM gene
list available from DBM-DB (Tang et al. 2014). To identify their
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Table 1

Summary of Sequence Coverage, Percentage of Sites Genotyped, and Mean Nucleotide Diversity of Plutella Populations (170 Mb)

Population Year Collected Species Number of Average Sites Mean Nucleotide (=SD)
Samples Coverage Per Site Genotyped (%) Diversity

Australian Capital 2014 P. xylostella 2 17 91.5 0.0151 (0.0042)
Territory (ACT) P. australiana 4 125 71.8 0.0170 (0.0052)
Australian Capital 2015 P. xylostella 2 18 92.2 0.0150 (0.0045)
Territory (ACT) P. australiana 4 13.5 723 0.0168 (0.0048)
South Australia (SA) 2014 P. xylostella 4 235 91.8 0.0157 (0.0040)
P. australiana 4 17.5 65.9 0.0174 (0.0051)

Hawaii 2013 P. xylostella 8 13.125 91.7 0.0200 (0.0044)

molecular function, InterPro and UniProt annotations were
obtained for each BLAST hit.

Results

Alignment of Plutella Species to the Reference Genome

The genomes of 29 Plutella samples were sequenced using
short read lllumina platforms, including eight P. xylostella from
Hawaii, eight P. xylostella from Australia, and 13 P. australi-
ana. Samples from Australia were classified into three popu-
lations based on collection location and year for analysis
(ACT2014, ACT2015, SA2014). A single P. australiana indi-
vidual from Richmond, NSW, was also sequenced (supple-
mentary table S1, Supplementary Material online).
Resequenced genomes were mapped to the ~393Mb P.
xylostella reference genome (You et al. 2013), but just
170 Mb of non-N bases were retained after stringent quality
filtering. Sequence coverage across the 170Mb alignment
ranged from 9- to 25-fold per individual and ~70% of these
sites were genotyped in P. australiana samples compared with
~92% for Australian and Hawaiian populations of P. xylos-
tella (table 1).

The highest levels of nucleotide diversity were observed
within Hawaiian P. xylostella samples (table 1). However, en-
demic P. australiana populations showed higher levels of nu-
cleotide diversity than Australian P. xylostella, which may have
undergone a population genetic bottleneck when coloniza-
tion occurred. Mutation-drift equilibrium of these populations
was determined using Tajima’s D (Dy). Plutella xylostella col-
lected from Australia were under equilibrium (D 95% Cl =
—0.6046375 to +0.9435148) whereas those collected from
Hawaii showed largely negative values (Dr 95% Cl = —1.88
to —0.039) which may be the result of a recent population
size expansion or higher than expected abundance of rare
alleles. The frequency of rare alleles in P. australiana was
also common, although the Dt 95% confidence interval over-
lapped with zero (Dy 95% Cl = —1.18 to + 0.42).

Pairwise comparisons between populations and species
were then used to assess genetic structure with Fsr. The three
Australian P. xylostella populations showed no genetic struc-
ture between geographic location (SA vs. ACT) or year (2014

vs. 2015) (combined average of Fst =0.003 + 0.003), as has
been previously reported with microsatellite data (Endersby
et al. 2006). However, much higher levels of differentiation
were observed when compared with Hawaiian P. xylostella,
supporting the expectation of genetic isolation (average of Fsy
=0.108 = 0.01). The average pairwise Fst values were slightly
lower between P. australiana and Hawaiian P. xylostella (Fst
=0.501 = 0.002) than P. australiana and Australian P. xylos-
tella (Fst =0.532 + 0.013) (table 2).

Phylogenetic Inference of Plutella Species

A maximum likelihood phylogeny using ~170 Mb of the nu-
clear genome showed two clear Plutella species groups with
deep divergence between species. Plutella xylostella from
Hawaii and Australia formed reciprocally monophyletic sister
clades with 100% bootstrap support while P. australiana
genomes formed a single clade, although generally had lower
levels of internal branch support (fig. 1). Branch distances
were shorter between the internal nodes of P. australiana
and Hawaiian P. xylostella than Australian P. xylostella, sug-
gesting the two P. xylostella clades have diverged substantially
since their most recent common ancestor.

Plutella australiana Mitochondrial Genome and Dating

We carried out de novo assembly and annotation of the P.
australiana mitochondrial genome which has a total length of
15,962 bp (GenBank accession MG787473.1) compared with
16,014 bp of P. xylostella (Dai, Zhu, Qian, et al. 2016). Using
sequence homology to the P. xylostella mitochondrial genome
we annotated two rRNAs, 13 protein coding mitochondrial
genes and 22 t-RNA, which showed a conserved gene order
for Lepidopteran mitochondrial genomes (Dai, Zhu, Zhao,
et al. 2016). The nucleotide sequence of 13 protein coding
mitochondrial genes from 22 Plutella samples were then used
to estimate the mitochondrial split time between P. xylostella
and P. australiana at 1.96 Ma (95% confidence interval =
0.175 Myr, fig. 2 and supplementary table S2,
Supplementary Material online). Prays oleae and Leicoptera
malifoliella were used as the outgroups. The topology of the
13 mitochondrial genes used to date the split (supplementary
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Table 2
Matrix of the Minimum Distance between Collection Sites (km'’s, Above Diagonal) and Pairwise Fst Values of Each Plutella Population (below diagonal)
Species and Population  PxylACT.2014  Pxyl.ACT.2015 Pxyl.SA.2014 PxylHawaii.2013  Paus.ACT.2014  Paus.ACT.2015 Paus.SA.2014
Pxyl. ACT.2014 8.3 1372 8470 0 83 1372
Pxyl.ACT.2015 0.000 1371 8466 8.3 0 1371
Pxyl.SA.2014 0.007 0.006 9480 1372 1371 0
Pxyl.Hawaii.2013 0.102 0.103 0.119 8470 8466 9480
Paus.ACT.2014 0.521 0.520 0.548 0.499 83 0
Paus.ACT.2015 0.523 0.523 0.549 0.500 0.001 8.3
Paus.SA.2014 0.525 0.525 0.551 0.503 0.003 0.008
o o213 bt
=] 7§ BM ~
. & HH 2013 P australiana -

b

=
Australia ﬁ

1

Paus NSW14.1
Paus SA14.2

Paiss ACT14.4
Paus SA14.3
Paus SAa __]
Pxyl HO13.1 ]
eyl HO13.2
Pryl HO1.3
Pyl HO13.4
Pryl HM13.0

Pxyl HM13.2

Pyl HHIZ.Y A
Pryl HH11Z

Pt acriaa— F Xplostella

Pyl ACT14.2

Pyl ACTIS.1

Hawaii

2mm
Pxyl ACT15.2 .

Payl SA14.1 Australia
Pxyl SA142
Pryl SATA
Pxyl SA14.4

Fic. 1.—Maximum likelihood phylogeny of Plutella xylostella and P. australiana generated using a 170-Mb concatenated alignment of the nuclear
genome. Bootstrap support (n = 100) is shown at each node. The inner maps show population locations and year collected for samples from Australia (SA,
South Australia; ACT, Australian Capital Territory) and Hawaii, USA (HO, Hawaii Oahu; HM, Hawaii Maui; HH, Hawaii, Hawaii Island). See table 2 for
distances between collection locations. Insect photographs were provided by Paul Hebert (P. australiana) and Jean-Francois Landry (P. xylostella).

table S3, Supplementary Material online) also supported two
clear Plutella species groups with an average of 4.95% diver-
gence. Plutella xylostella from Hawaii showed higher mito-
chondrial diversity than samples from Australia. Reduced
mitochondrial diversity may have been caused by a founder
effect when Australia was colonized (Perry et al. 2018).

Assessing Admixture between Australian Plutella Species
The F3-Statistic

A formal test for genomic admixture was calculated using the
three-population f-statistic (f3), first with simulated data sets
to assess the level of sensitivity we could reasonably achieve,
and second with empirical data. Simulated introgression fre-
guencies of f=0.0, 0.05, 0.1, 0.2, and 0.3 were applied from
a donor to a recipient. Introgression from ingroup 2 (/) into
the outgroup (O) increased similarity between these groups,
yet also reduced genetic differences between the outgroup
and ingroup 1 (/;). Despite the outgroup becoming more sim-
ilar to 5, O still contained a large proportion of divergent loci
which tends to confound the 3 statistic making negativity

difficult to achieve, even with high levels of introgression
(Peter 2016). Consequently, this approach failed to indicate
shared ancestry through a negative f3-statistic (fig. 3A). Next,
introgression from O into /, was simulated, to assess sensitivity
of introgression from P. australiana into Australian P. xylos-
tella. Negative values were detected for mixing frequencies of
>20% (f=0.2), indicating high rates of recent hybridization
are required to detect introgression using the f3-statistic
(fig. 3B). Interestingly, spreading the total proportion of intro-
gression to five equidistant time-points along the branch did
not increase the detectability of admixture (supplementary fig.
S1, Supplementary Material online). This suggests the 3 is
more dependent on the admixture frequency than the diver-
gence between discordant and concordant regions.
Applying the f3-statistic to empirical data failed to identify
negativity in any tip order between Australian P. xylostella and
P. australiana (fig. 3C). Results for the f3-statistic were lower
when assessing introgression between Hawaiian P. xylostella
and P. australiana than from between the two sympatric
Australian species, consistent with the nuclear phylogeny
showing Hawaiian samples are more similar to P. australiana.
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Fic. 2.—Superimposed MCMC trees of 13 protein coding mitochon-
drial genes used to estimate the split time of Plutella xylostella (n = 13) and
P. australiana (n=9) at 1.96 = 0.175 Ma (*). The internal node of the P.
xylostella clade was estimated at 0.37 +=0.057 Ma (**). The split of
Hawaiian and Australian P. xylostella haplotypes was estimated at
0.078 £ 0.024 Ma (***). Prays oleae (accession no. NC_025948.1) and
Leicoptera malifoliella (accession no. JN790955.1) were used as
outgroups.

A lower f3(Pxyl Hawaii, Pau.; Pxyl Australia) value was esti-
mated for SA 2014 than ACT 2014 and ACT 2015, which
may be due to differences in nucleotide diversity between the
Australian populations (table 1), as f3 is decreased propor-
tional to the frequency of minor alleles in the target popula-
tion. As 3 did not detect recent admixture events with two
closely related ingroup tips, further tests were used to inves-
tigate introgression using smaller genomic windows.

Absolute Divergence (dxy)

Nei's measure of absolute divergence (dyy) (Nei 1987) was
used to compare genetic similarity between populations using
50-kb genomic windows for both simulated and empirical
data sets. In all cases, population wide comparisons of dxy
were performed between; 1) two ingroup populations (/; and
I>), 2) ingroup 1 and the outgroup (/; and O), and 3) ingroup 2
and the outgroup (/, and O). Comparions returing values
approaching zero indicate high levels of similarity and a recent
allelic split time. Low dxy values are expected between
ingroup samples (/; and 1), or in cases where introgression
may be occurring between an ingroup and outgorup.
Absolute divergence in simulated populations was calcu-
lated for each 50-kb window (n =500), again for admixture
occuring at f=0.0, 0.05, 0.1, 0.2, and 0.3. The distribution of
dxy values obtained for each comparison were plotted as
histograms normalized for density by rescaling such that the
maxima of the distribution is 1 (fig. 4 and supplementary figs.
S2 and S3, Supplementary Material online). Introgression ei-
ther from /, into O or from O into /; produced a decrease in

absolute divergence across the genome, providing a bench-
mark for comparisons with empirical data. Admixture in the
direction O to /; provided a much clearer genome wide signal
than the reverse direction, (/, to O) indicating it would be
easier to detect introgression from P. australiana into
Australian P. xylostella than the reverse.

Based on the whole genome phylogeny (fig. 1), we
expected mean dyy between P. australiana and Hawaiian P.
xylostella to be slightly lower than Australian P. xylostella. The
dxy distribution of empirical 50-kb windowed data provided
no support of widespread introgression (fig. 4C), as values
comparing the P. australiana outgroup with either P. xylsotella
from Hawaii (/7) or Australia (/) did not deviate from their
expected values (table 3). This suggests concordance with
the whole genome tree topology.

Phylogenetic Tree-Tip Distance Proportions

The f3-statistic and dyy were both used to test for introgres-
sion within populations. Next, we used the tree-tip distance
proportion to assess whether evidence for introgression could
be detected between individual sample pairs. Simulated
genomes with introgression from £ into O, or O into /;, at
the rates f=0.0, 0.05, 0.1, 0.2, and 0.3 were divided into
50-kb sequence alignments, as described earlier. Further sub-
division was then performed so each 50-kb window con-
tained just four sequences; two ingroup 1, one ingroup 2,
and one outgroup sequence. This was repeated 64 times
for each 50-kb window, then maximum likelihood phylogenic
reconstruction performed for each alignment. Based on the
whole-genome topology, we expected the outgroup to be a
similar distance from both ingroup 1 and ingroup 2, unless
introgression had occurred and shortened the distance be-
tween samples.

A proportion of the branch distance between I, and O (d,)
and /; and O (d,) was then calculated for each phylogeny
using equation 1, normalizing values within the range 0-1.
Tree-tip distance proportions are presented as histograms to
graph the distribution (x axis), and normalized density (y axis).
Although introgression from £, into O (fig. 5A and supplemen-
tary fig. S4, Supplementary Material online) and from O into /,
(fig. 5B) were both detected using distance proportions, pat-
terns did vary based on the direction of admixture. Clearer
signals of admixture were evident in the direction O to f,
(supplementary table S4, Supplementary Material online), as
this made ingroup 2 less similar to ingroup 1. Given /; and /,
recently split, admixture from £ into O is also expected to
make the outgroup more similar to /4, decreasing detectabil-
ity. Simulating introgression over five equaly spaced events
was effective at detecting admixture using tree-tip distance
proportions (supplementary fig. S5, Supplementary Material
online).

This method was then applied to empirical data to identify
genomic windows that were discordant with the species tree.
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Fic. 3.—The three population f-statistic (f3). (4) Admixture from ingroup 2 (/) to the outgroup (O) was simulated as a single event with frequencies of
f=0,0.05, 0.1, 0.2, and 0.3. Evidence for hybridization and admixture could not be clearly detected in this direction, as shown by the gray boxes for f3(/, O;
I), which did not reach negative values. For comparison, the f3-statistic for (I, O; /1) and (/;, l»; O) were plotted with circles and triangles, respectively. (B)
Simulated admixture from O into /, did produced a significant f3 statistic at a mixing frequency >0.2, as indicated by the values <0 f3(/;, O; k). (C) The f3-
statistic was then applied to empirical data, testing for admixture in three possible scenarios between Plutella xylostella from Hawaii (P.x. H, ), P. xylostella
from Australia (P.x. A, I;) and P. australiana (P.a., O). This suggests that, as no f3 values were <0, if admixture was occurring it could not be detected using

this method.

Similar to the simulated data sets, genomic alignments were
divided into nonoverlapping 50-kb contiguous windows, then
further subdivided into alignments of one P. xylostella and one
P. australiana individual from sympatric Australian popula-
tions, plus two consistant P. xylostella from Hawaii. This pro-
duced 32 different sample combinations for each 50-kb
window, including eight combinations from ACT 2014, eight
from ACT 2015 and 16 from SA 2014. An average of 7276
(%293) maximum likelihood phylogenies were then produced
for each of the 32 sample combinations to identify potential
admixture that was not fixed in the population. A near-
symetric and unimodal distribution of tree-tip distance pro-
portions was observed in all cases, with the ranges of each
density curve showing a large degree of overlap (fig. 5C and
supplementary table S5, Supplementary Material online).
Mean tree-tip distance proportions for each comparison

were consistant within and between populations ACT 2014
(0.5088-0.5104), ACT 2015 (0.5102-0.5117), and SA 2014
(0.5086-0.5099). All proportion means were >0.5 showing
the Hawaiian P. xylostella had on average shorter branch
lengths to P. australiana, consistant with the nuclear genome
phylogeny (fig. 1). Under a widespread admixture hypothesis
windows with distance proportions below the mean (P.
australiana closer to P. xylostella from Australia) should be
much more frequent than above. The number of windows
above and below three distances from the mean (0.05, 0.1,
0.15) was similar (supplementary table S6, Supplementary
Material online) suggesting no clear evidence to support
widespread admixture within P. xylostella and P. australiana
individuals from three sympatric populations.

Despite lack of support for widespread hybridization and
genome-wide introgression, we further investigated the tails
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Fic. 4—Absolute genetic divergence (dxy) between populations. Each plot is a histogram summarizing pairwise comparisons of 50-kb windows across
the genome, rescaled such that the maxima is 1. Simulated data uses mixing frequencies of f=0.0, 0.1, and 0.3 (see supplementary figs. S2 and S3,
Supplementary Material online, for additional admixture frequencies) (4) Simulated dyy, comparisons assessing of admixture from /, into O or (B) O into /. In
the abseence of hybridization (f= 0) the simulated ingroups show the lowest levels of divergence (dashed line), while the distance between each ingroup and
the outgroup are relatively similar (dotted and solid lines). Increasing levels of admixture (f= 0.1, 0.3) alters histogram shape as /, and O dxy values become
smaller. (O) dxy summaries between Plutella australiana (P.a. in the phylogeny schematic) and P. xylostella from Australia (P.x. A) or Hawaii (P.x. H) do not

deviate. This indicates diy was not able to detect hybridization at the population level.

Table 3
Confidence Intervals (95%) for dxy Comparisons of Populations

Pxyl. Hawaii vs. Pxyl. Australia

Pxyl. Hawaii vs. Paus. Australia

Pxyl. Australia vs. Paus. Australia

ACT 2014 0.02101-0.02122
ACT 2015 0.02102-0.02123
SA 2014 0.02087-0.02111

0.03788-0.03812 0.03828-0.03852
0.03721-0.03744 0.03771-0.03795
0.03898-0.03926 0.03926-0.03955

of the tree-tip distance proportions at a distance 0.15 below
the mean for each Australian population. These scaffolds
(n=21) have the shortest branch lengths between P. austral-
iana and sympatric Australian P. xylostella, relative to the
branch length proprtions between P. australiana and
Hawaiian P xylostella  (supplementary  table S7,
Supplementary Material online). Sliding window dy was per-
formed on each of these scaffolds with 10-kb windows (slid-
ing by 2 kb), revealing just one region on scaffold KB207303.1
where Australian P. xylostella and P. australiana are more sim-
ilar than between Hawaiian and Australian P. xylostella.
Historical admixture between Australian Plutella species is
one possible explanation for this result, although the region
does not contain any protein coding genes (supplementary
fig. S6A, Supplementary Material online). A region on scaf-
fold, KB207380.1, was identfied in the tree-tip distribition tail
in 12/32 comparisons however dyy indicated admixture
across this region was unlikely (supplementary fig. S6B,
Supplementary Material online).

Genomic Regions with High Interspecies Divergence

The two Plutella species investigated in this study have been
shown to have contrasting biologies and pest potential (Perry
et al. 2018), and although they can hybridize in laboratory
crosses, we found no evidence for widespread admixutre
among wild samples. This prompted us to ask which 50-kb
genomic regions are most divergent between these species,
and what kinds of genes do they encode? First, absolute di-
vergence (dxy) between all P. xylostella and all P. australiana
individuals was used to identify the top 1% most divergent
genomic windows (supplementary table S8, Supplementary
Material online). These included fifty-one 50-kb windows dis-
persed across 41 unique scaffolds and showed 33-61%
greater absolute divergence than the genome-wide average
(dxy=0.0369). Second, the top 1% of genomic windows
showing highest divergence in nucleotide diversity (Fst)
were also identified, showing values 70-110% higher than
the mean (Fs7=0.356). These two estimates of divergence
only detected one 50-kb region common to both dyy and
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calculations. The branch leading to ingoup 1 was standardized using the same two Hawaiian P. xylostella individuals for each of these comparisons.

Fst (KB207411.1; 400,001...450,000bp). Most windows
with the highest dyxy had relatively low Fst values, suggesting
the two species share similar levels of polymorphism
across these regions. Nonredundant protein coding genes
(n=176) within these divergent genomic windows con-
tained genes required for feeding including digestion (eg.
chymotrypsin, trypsin, aminopeptidase-N), detoxification
(eg. cytochrome P450s, carboxylesterases) and also gene
regulation (zinc finger proteins) (supplementary table S9,
Supplementary Material online). However, Tajima's D
showed most of these windows were within the genome
wide 95% confidence intervals, indicating these regions
are not likely to be under directional or balancing selection
(supplementary figs. S7 and S8, Supplementary Material
online).

Discussion

The discovery of cryptic species can often be inadvertent and
arise from sequencing mitochondrial or nuclear amplicons
(Stuart et al. 2006; Landry and Hebert 2013), as well as whole
genomes (Janzen et al. 2017). The fortuitous identification of
Plutella australiana was unexpected and raised initial concern
over its pest status and whether specific management practi-
ces were required. Plutella australiana populations collected
from across southern Australia (Perry et al. 2018) and
Australian P. xylostella (Endersby et al. 2006) lack genetic

structure, showing these species are highly mobile. Adaptive
introgression of advantageous traits from one of these species
into the other could potentially spread across the Australian
continent. Despite high levels of movement, we sampled
from sites where Plutella populations co-occur to attempt to
detect either historical admixture or very recent hybridization.
The physical genome size of P. xylostella is estimated at
339 Mb (Baxter 2011) while the reference genome assembly
is 393Mb (You et al. 2013) and includes sequencing gaps
totaling ~50 Mb. After aligning all resequenced genomes to
the P. xylostella reference, only 170 Mb was retained in this
analysis, which is likely to be caused in part by the sequence
gaps and also high levels of genetic diversity (You et al. 2013).
Mapping P. australiana sequence reads to the P. xylostella
genome is affected by mapping bias, as the most divergent
loci will not map to this reference. This causes all branches to
be shortend toward the reference, underestimating the diver-
egence between P. australiana and P. xylostella in the whole
genome phylogeny. However, the introduction of this bias is
unavoidable as the only reference geneome within the super-
family Yponomeutoidea is currenlty Plutella xylostella.
Plutella australiana were more similar to P. xylostella sam-
ples from Hawaii than Australia, based on shorter phyloge-
netic branch lengths for nuclear genomes and subsequent
tree-tip distance proportions, lower Fst values and lower f3-
statistics. A better understanding of migration or transport
routes enabling P. xylostella to colonize the world would
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help explain why this is the case. Several studies have found
Australian P. xylostella mtDNA genomes have very low levels
of diversity (Saw et al. 2006; Juric et al. 2017; Perry et al.
2018), which is indicative of a population bottleneck (and
other factors), while we found Hawaiian mtDNA genomes
to be quite diverse. This suggests the Hawaiian Islands may
have been colonized by a larger founding population, or mul-
tiple, independent invasions while Australia may have simply
been colonized by a derived population of P. xylostella (Juric
et al. 2017).

Mitochondrial diversity between the two Plutella species
was originally found to be ~8.2%, based on sequencing
COI amplicons (Landry and Hebert 2013), although the level
of diversity across all thirteen protein coding genes is less
(4.95%). This level of diversity was not sufficient to result in
complete reproductive isolation between the two sister spe-
cies when reared in the laboratory (Perry et al. 2018). Using
the 13 mitochondrial genes, we estimated the split time of
P. xylostella and P. australiana to be ~1.96 Myr. To date,
P. australiana has only been detected in Australia, yet this
relatively recent split questions whether P. australiana did
evolve within Australia. This would require a considerable mi-
gratory event some 2 Mya from the ancestral Plutella source
population to Australia, and no further migration. Future
molecular screening of P. xylostella may identify cryptic
P. australiana in other countries.

Phylogenies of genes or genomic windows can deviatie
from an expected consensus topology or species tree and
can be used to identify genomic regions that may be of bio-
logical interst. For example, genomic regions subject to in-
complete lineage sorting (Scally et al. 2012), horizontal
gene transfer (Moran and Jarvik 2010) and adaptive introgres-
sion (Wallbank et al. 2016) all produce discordant phyloge-
nies. Despite simulated data detecteting minor levels of
introgression using phylogenetic tree-tip distances across
the genome, we found few discordant distances between
individual Plutella samples across 50-kb genomic windows.
The methods used here were not sufficient to reject small
regions of decreased dyxy between Australian Plutella, which
may be signals of past admixture. Future work into the evo-
lutionary history of Plutella moths and sequencing outgroup
genomes of Plutella species, will enable further analysis of
these regions using the D statistic and fy (Martin et al. 2015).

The most divergent genomic windows between the two
Plutella species identified using dyy or Fst showed little evi-
dence for current selection and may potentially contain genes
that underwent selection after speciation. These genes may
reflect different abilities to evade host plant defenses or host
plant preference, as many are involved with digestion and
detoxification. Using absolute genetic divergence (dxy) to
identify the most divergent genomic windows between
P. australiana and P. xylostella may also be highlighting loci
that are highly polymorphic or rapidly evolving. Further un-
derstanding of Plutella biology including mating timing,

evolutionary history, host plant preference and behavious
may provide further insight into these divergent loci.

Plutella australiana and P. xylostella are likely to have been
in secondary contact in Australia for over 125years (>1000
generations). Despite this, we found no support for wide-
spread admixture, and although we cannot predict the
amount of time these species have spent in geographic isola-
tion, strong reproductive barriers are apparent in the field.
Furthermore, P. xylostella and P. australiana will be a useful
system to investigate the genetic basis of biological differen-
ces between cryptic species from an agricultural perspective.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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ABSTRACT

Plutella xylostella L., the diamondback moth, has
successfully colonized agricultural regions across
the world, and is now recognized as the foremost
pest of cruciferous crops. In contrast, other
members of the Plutella genus have limited
observed pest potential and dispersal. Here we
sequence and assemble genomes of three
neglected species, P. armoraciae and P. porrectella
and the leek moth, Acrolepiopsis assectella, then in
conjunction with existing data from P. xylostella and
P. australiana, apply a molecular clock to estimate
their divergence. All Plutella and Acrolepiopsis
mitochondrial genomes show similar sizes (~15-16
kb) and a conserved gene order, that includes two
rRNA, 13 protein coding and 22 tRNA genes.
Plutella armoraciae and P. porrectella show an
average 91.95 and 91.08% homology to P.
xylostella across mitochondrial protein coding
genes. We then construct a chronogram using
complete COX1 and 16S sequences, dating the
crown node of Plutella to 5.46 (95% HPD 7.05 —
4.10) MYA, and find the topology is concordant with
a species tree constructed from 104 nuclear single
copy orthologs. This work provides complete
mitochondrial genomes and nuclear genome
resources for future comparison within the genus
Plutella to understand why P. xylostella has become
such widespread and serious pest, relative to its
sister taxa.

Keywords
Plutella, mitochondrial genome, molecular clock,
genome

INTRODUCTION

The genus Plutella are microlepidopterans within
the superfamily Yponomeutoidea (Sohn et al. 2013)
containing a total of 26 recognized species
worldwide (Baraniak 2007; Sgli et al. 2018). Plutella
moths are specialist herbivores of crucifers, which
include many plants of economic importance such
as canola and cabbage (Bonnemaison 1965; Smith
and Sears 1984; Zalucki et al. 2012). Mitochondrial
gene trees of cytochrome oxidase | (COX1) have
previously provided species topologies of 11
Plutella species (Landry and Hebert 2013; Sgli et al.
2018). However, extensive molecular research has
only been carried out on a single species of
economic importance, P. xylostella (Talekar and
Shelton 1993; Furlong et al. 2013).

Plutella xylostella, diamondback moth, is an
invasive agricultural pest species throughout the
world with an annual estimated cost of $4-5 billion
(Zalucki et al. 2012; Furlong et al. 2013).
Recognized as the major insect pest of cruciferous
crops, P. xylostella routinely develops resistance to
insecticides (Zalucki et al. 2012; Furlong et al.
2013), and is highly dispersive (Chapman et al.
2002; Wei et al. 2013a; Fu et al. 2014; Perry et al.
2018). Lack of population structure at the continent
level occurs in Australia (Endersby et al. 2006;
Perry et al. 2018) and China (Wei et al. 2013a; Fu
et al. 2014), enabling resistance alleles to spread
between populations. Generational time is highly
dependent on temperature, with generations per
year ranging from greater than 10 in tropical
climates to 2-4 in regions with harsh winters
(Bonnemaison 1965; Harcourt 2012). Due to its
economic importance, extensive research has been
carried out on the life history traits (Bigger and Fox
1997; Philips et al. 2014; Garrad et al. 2015),
ecology (Talekar and Shelton 1993; Furlong et al.
2013; Philips et al. 2014) and genetics (Heckel et al.
2007; You et al. 2013; Ward and Baxter 2018) of P.
xylostella. In contrast, its neglected allies generally
show low pest potential and consequently aspects
of their biology and evolutionary history are
underrepresented in the scientific literature.

Recent research has focused on a cryptic ally of P.
xylostella (Landry and Hebert 2013), P. australiana,
revealing key biological and genetic differences
(Perry et al. 2018; Ward and Baxter 2018). Plutella
australiana lacks population structure across its
native range of Australia, has low pest potential and
shows low tolerance to many insecticides (Perry et
al. 2018). Plutella xylostella and P. australiana do
have the ability to hybridize in laboratory crosses
(Perry et al. 2018) raising concerns that insecticide
resistance alleles may be exchanged. However,
genome-wide scans have failed to identify
widespread gene flow, supporting reproductive
isolation in the field (Ward and Baxter 2018).



Literature surrounding other species of Plutella is
generally limited to their taxonomic descriptions and
brief details regarding their host plant ranges
(Baraniak 2007). A single species, P. porrectella,
has detailed life history described (Smith and Sears
1984) with descriptions of another, P. armoraciae,
currently being carried out (Paul Abram, pers.
comm.). In contrast to P. xylostella, P. porrectella
appears to have limited dispersal and no more than
two generations per year with developmental
diapause at the larval stage during winter (Smith
and Sears 1984). Larvae produce large quantities of
silk, linking together leaves and feeding inside these
concealed structures, unlike P. xylostella which
feeds openly. Likewise, P. armoraciae adults have
lower activity and longer generational times than P.
xylostella (Paul Abram, pers. comm.) suggesting
these traits may be the norm for ancestral Plutella
species.

Genomic resources for Plutella species are mostly
limited to P. xylostella with both nuclear (You et al.
2013) and mitochondrial (Wei et al. 2013b; Dai et al.
2016a) genomes available. The notable exception
is in its closest known relative, P. australiana,
whose complete mitochondrial genome has been
assembled (Ward and Baxter 2018). Here we
sequence the genomes of two Plutella species, P.
porrectella and P. armoraciae, along with the
outgroup Acrolepiopsis assectella, for comparison
with P. xylostella (Wei et al. 2013b; You et al. 2013;
Dai et al. 2016a) and P. australiana (Ward and
Baxter 2018) datasets. We then assemble the
complete mitochondrial genomes of these three
species in order to date molecular divergence
among these representatives of the Plutella genus.

MATERIALS AND METHODS

Sample collection and sequencing
Plutella armoraciae, P. porrectella and A. assectella
samples were provided by J.-F.L. from laboratory
colonies. Acrolepiopsis assectella was considered
an outgroup species due to their presence within

the same superfamily (Yponomeutoidea) as
Plutella. DNA was extracted from single individuals
of P. armoraciae, P. porrectella and A. assectella
using the Qiagen DNeasy kit according to
manufacturer’s protocol. DNA was then sequenced
using an lllumina NextSeq High Output kit
(2x150bp) to an estimated 20-30X coverage, based
on the assumption of a similar genome size to P.
xylostella ~339 Mb (Baxter et al. 2011). Quality
assessment of short read sequence data was
performed using fastqc (Version 0.11.6)

(https://www.bioinformatics.babraham.ac.uk/project
s/fastqc/) and ngsReports (Ward et al. 2020). Short
read WGS data for each species can be found on
the Sequence Read Archive with accessions:
SAMN17577696 (P. porrectella), SAMN17577695
(P. armoraciae) and SAMN18035365 (A.
assectella).

Mitochondrial and nuclear

assembly

Mitochondrial genomes for A. assectella, P.
porrectella and P. armoraciae were assembled
using NOVOplasty (Dierckxsens et al. 2016) and
error corrected using Pilon (Walker et al. 2014).
Annotation of the circularized mitochondrial
genomes was then carried out by homology to P.
xylostella mitochondrion annotations (KM023645)
for protein coding genes (Dai et al. 2016a) and
using MITOS web server (Bernt et al. 2013) for
rRNA and tRNA. Mitochondrial genome assembles
can be found under GenBank accessions:
MW662613 (Plutella armoraciae), MW662614
(Plutella porrectella) and MW662615 (Acrolepiopsis
assectella).

genome

Nuclear genome assembly was carried out for P.
australiana (SRR6505270), P. armoraciae, P.
porrectella and A. assectella using MaSuRCA
(Zimin et al. 2013) under default settings. Draft
genomes were then polished with Pion (Walker et
al. 2014) by mapping the short-read data to their
respective genome using BWA mem (Li 2013).
Heterozygous contigs with >97% identity were
removed using the Redundans pipeline
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Figure 1: Mitochondrial genome assemblies and annotations of Plutella armoraciae, P. porrectella and Acrolepiopsis assectella.
Annotated protein coding (n = 13, green), ribosomal RNA (n = 2, red), and transfer RNA (n = 22, blue) are highlighted along the
circular mitochondrial genomes.
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(Pryszcz and Gabaldon 2016). Insectav9
Benchmarking Universal Single Copy Orthologs
were then annotated on the assembled genomes
and the P. xylostella reference genome DBM FJ
vli.l (You et al. 2013) using BUSCOv3
(Waterhouse et al. 2017).

Nuclear divergence and phylogenetic

inference

Single copy orthologs with complete open reading
frames were aligned with Geneious v11.0 (Kearse
et al. 2012) using amino-acid sequence to inform
the alignment. Maximum likelihood gene trees were
constructed for each of the single copy orthologs
using RAXML (Stamatakis 2014) with a GTR

substitution model and gamma rate heterogeneity.
The species tree was then inferred from gene trees
using ASTRAL?2 (Zhang et al. 2018).

Genetic distance between P. xylostella and the four
other species assembled was calculated for each of
the single copy ortholog alignments using Geneious
v11.0 (Kearse et al. 2012). Codons within the
alignment were partitioned based on their position:
1st plus 2" codon positions, 3 position of all
codons and 3 position of codons that show four-
fold degeneracy.

14.51 (22.76 - 8.83) 3.85(5.43-257)

5.46(7.05-4.1)

2.68 (3.65 - 1.83)

20 15 10 5 OMYA

Acroliepiopsis assectella

S

Plutella armoraciae
-}t{—

Plutella porrectella

\:&1_.-; 4

Plutella australiana
‘{* =

Plutella xylostella

2016a) mitochondrial genomes with Geneious v11.0
using the MAFFT algorithm. BEAST2 v2.5.1
(Bouckaert et al. 2018) was used to estimate the
mitochondrial divergence date. Substitution models
for each gene were estimated using the bModelTest
package (Bouckaert and Drummond 2017).
Unlinked lognormal relaxed clocks were applied to
both COXI and 16S with priors set to 0.0177
(£0.0019) and 0.0064 (+0.0009) substitutions Myr™"
according to Papadopoulou et al. (2010). Two
independent MCMC chains of 2.5x108 were carried
out, sampling every 10,000. Tracer v1.6 (Rambaut
et al. 2018) as then used to visually inspect log files
for model mixture and to determine burn-in (16%).

RESULTS AND DISCUSSION

Mitochondrial genome description

The complete circular mitochondrial genomes of P.
armoraciae, P. porrectella and A. assectella were
15,569, 16,196 and 15,369 bp long, respectively
(Figure 1), which is similar to the length of P.
xylostella (16,014 bp) (Dai et al. 2016a) and P.
australiana (15,962 bp) (Ward and Baxter 2018).
The genomes of each of the species contained two
rRNA, 13 protein coding and 22 tRNA genes in the
conserved gene order for lepidopterans (Sun et al.
2017) (Figure 1).

0.4 coalescent units

Figure 2: Mitochondrial (left) chronogram and nuclear species tree (right) for four Plutella species and the outgroup
Acrolepiopsis assectella. LEFT: COX1 and 16S were used to estimate the mitochondrial divergence date of four
Plutella species. Divergence is shown in millions of years and the 95% highest posterior density (HPD) intervals are
indicated with brackets. RIGHT: 104 nuclear single copy orthologs were used to construct a maximum likelihood
phylogeny using Astral Ill. All nodes had complete (1.0) posterior probability support.

Estimation of species divergence dates

Cytochrome oxidase | and 16S rRNA genes were
extracted from each of the assembled mitochondrial
genomes and aligned to their corresponding genes
in P. australiana (MG787473) (Ward and Baxter
2018) and P. xylostella (KM023645) (Dai et al.

Each of the genomes contained an A-T rich D-loop
of variable length. D-loop size correlated with total
mitochondrial genome size, the longest being P.
porrectella (1,179 bp). Plutella armoraciae and A.
assectella had similar D-loop sizes of 579 and 490
bp. The A-T skew of the D-loop was similar
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between all species with an average of 93.3% A-T
(x0.0086), consistent with reports from other
lepidopterans (Dai et al. 2016b; Meng et al. 2016;
Sun et al. 2017).

Protein coding genes made up 71.9% (11,198 bp),
69.1% (11,198 bp) and 72.6% (11,159 bp) of the
total genome size in P. armoraciae, P. porrectella
and A. assectella, respectively.  Twelve
mitochondrial protein coding genes contained a
conventional start codon (ATN), whereas COX1 is
initiated with CGA. Genetic distance between the
mitochondrial genome of P. xylostella and genomes
the other species analysed here was 9.43% (P.
porrectella) and 8.06% (P. armoraciae). As
expected, the outgroup A. assectella, showed the
highest overall genetic distance to P. xylostella
(16.8%).

Mitochondrial divergence of Plutella
Genetic distances between DNA sequences of
individual mitochondrial protein coding gene were
compared. The genetic distance between P.
xylostella and P. armoraciae ranged from 6.19-
11.9%, with an average of 8.05%. The genetic
distance between P. xylostella and P. porrectella
was 5.93-17.26% and had an average distance of
8.92% (Table 1). In both sequenced Plutella
species, ATP8 showed the highest genetic distance
to P. xylostella. The average genetic distance to P.
xylostella among protein coding gene regions was
lower than the complete mitochondrial genome,
reported above (Table 1).

A relaxed molecular clock was applied to
cytochrome oxidase | (0.0177+0.0019 MYA) and
16S (0.0064+0.0009 MYA) nucleotide alignments in
order to date the mitochondrial divergence time.
The topology agreed with mitochondrial gene trees
produced by Landry and Hebert (2013) and Sgli et
al. (2018).

Plutella xylostella and P. australiana are were
shown to be in reciprocal monophyly with P.
armoraciae and P. porrectella. An estimated crown
node age of 5.46 (95% HPD 7.05 — 4.10) MYA was
generated using COX1 and 16S clock rates (Figure
2). Median divergence times of 2.68 (3.65 — 1.83)
and 3.85 (5.43 — 2.57) MYA (95% HPD) were
estimated for the P. australiana/P. xylostella and P.
armoraciae/P. porrectella splits (Figure 2). The P.
australiana/P. xylostella divergence date overlaps
with the previously reported 1.96 (x0.175) MYA
(ward and Baxter 2018). The discrepancy in
divergence dates is likely due to the application of a
relaxed log normal clock informed by both the 16S
and COXI substitution rates in this study.

Nuclear divergence of Plutella
Mitochondrial and nuclear genomes commonly
show discordant topologies and divergence times

(Shaw 2002, Fisher-Reid and Wiens 2011, Zheng et
al. 2011, Wallis et al. 2017). Therefore, we carried
out nuclear genome assembly on the data and
constructed a Maximum-Likelihood phylogeny from
single copy orthologs.

Table 1: Genetic distance (%) and alignment length of
the DNA sequences for the 13 mitochondrial protein
coding genes to P. xylostella.

Genetic distance to P. xylostella

Gene Alignment Plutella Plutella Acrolepiopsis

name Length armoraciae | porrectella assectella

ATPB 678 6.64 7.96 15.63
ATPS 168 19 17.26 16.07
Ccox1 1531 7.7 9.86 12.34
COX2 679 6.63 7.51 10.75
COX3 789 8.88 9.38 14.83
CYTB 1152 9.03 7.64 14.94
ND1 942 8.07 8.07 13.06
ND2 1019 806 728 1992
ND3 354 6.21 593 14.97
ND4 1339 7.02 7.99 14.94
ND4L 291 6.19 7.56 134
ND5 1724 7.83 7.19 15.16
ND6 540 10.49 12.36 23.52
Average 862 8.05 8.92 15.49

Nuclear genome assemblies of P. armoraciae, P.
armoraciae and A. assectella were all highly
fragmented with Nso values, (the shortest contig
length needed to cover 50% of the genome) ranging
from 4,017-6,157 bp. Of 1,658 complete
benchmarking single copy orthologs (BUSCO)
genes present in the insecta orthoDB v9 dataset,
931 were recovered in P. armoraciae, 1,163 in P.
porrectella, 1,225 in A. assectella, and 1,300 in P.
australiana. Only 383 BUSCO genes were both
single copy and present across all five genome
assemblies. These were then filtered such that all
contained complete open reading frames, leaving
104 BUSCOs spanning 76.5 kb for analysis. Gene
trees were then constructed using each of the 104
single copy orthologs and used to reconstruct a
species tree. The species tree showed an identical
topology to the mitochondrial chronogram (Figure
2). Genetic distance across codon partitions were
then calculated between each of the species and P.
xylostella (Table 2). This revealed P. xylostella
nuclear genes share greater homology with P.
porrectella than P. armoraciae across all codon
partitions (Table 2), in contrast to the mitochondrial
genome (Table 1). Genetic distance was greatest in
the third position of four-fold degenerate codons
(Table 2) as these are essentially neutral (Obbard
et al. 2012).

Table 2: Genetic distance (%) of each codon partition
(1s+2d, 3rd) to P. xylostella for nuclear single copy
ortholog nucleotide alignments. Genetic distance at the



3 position of four-fold degenerate codons are shown
separately.

Genetic distance to

Plutella xylostella
Species 1st+2nd 3rd 3rd
4-fold
P. australiana 1.22 9.47 14.42
P. armoraciae 3.98 2145 | 31.39
P. porroctella 3.97 21.15 | 30.86
A. assectella 13.3 47.24 61.9

CONCLUSION

Complete circularized mitochondrial genomes of
two Plutella species and an  outgroup
Yponomeutoidean were successfully assembled
and annotated. All genomes were similar in size to
P. xylostella and contained two rRNA, 13 protein
coding genes and 22 tRNA conserved throughout
Insecta. The topology of the Plutella species
sequenced were congruent between the
mitochondrial and nuclear genomes. Furthermore,
the topology was consistent with published
literature. We also place the crown node age of
Plutella at 5.46 (95% HPD 7.05 — 4.10) MYA.
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ABSTRACT

The diamondback moth, Plutella xylostella (L.), is a highly mobile brassica crop pest with worldwide distribution
and can rapidly evolve resistance to insecticides, including group 28 diamides. Reference genomes assembled
using Illumina sequencing technology have provided valuable resources to advance our knowledge regarding the
biology, origin and movement of diamondback moth, and more recently with its sister species, Plutella austral-
iana. Here we apply a trio binning approach to sequence and annotate a chromosome level reference genome of
P. xylostella using PacBio Sequel and Dovetail Hi-C sequencing technology and identify a point mutation that
causes resistance to commercial diamides. A P. xylostella population collected from brassica crops in the Lockyer
Valley, Australia (LV-R), was reselected for chlorantraniliprole resistance then a single male was crossed to a
P. australiana female and a hybrid pupa sequenced. A chromosome level 328 Mb P. xylostella genome was
assembled with 98.1% assigned to 30 autosomes and the Z chromosome. The genome was highly complete with
98.4% of BUSCO Insecta genes identified and RNAseq informed protein prediction annotated 19,002 coding
genes. The LV-R strain survived recommended field application doses of chlorantraniliprole, flubendiamide and
cyclaniliprole. Some hybrids also survived these doses, indicating significant departure from recessivity, which
has not been previously documented for diamides. Diamide chemicals modulate insect Ryanodine Receptors
(RyR), disrupting calcium homeostasis, and we identified an amino acid substitution (I4790K) recently reported
to cause diamide resistance in a strain from Japan. This chromosome level assembly provides a new resource for
insect comparative genomics and highlights the emergence of diamide resistance in Australia. Resistance man-
agement plans need to account for the fact that resistance is not completely recessive.

1. Introduction

often require pooling multiple specimens prior to sequencing which can
increase diversity and heterozygosity (Richards and Murali, 2015). So-

The extensive level of genome size variation reported among insects
(Gregory and Johnston, 2008; He et al., 2016; Westerman et al., 1987)
has been attributed to duplication events (Li et al., 2018) and the pro-
liferation of transposable or repetitive elements (Dufresne and Jeffery,
2011; Petersen et al., 2019). These features have traditionally con-
strained the ability to sequence and annotate high quality reference
genomes, particularly large genomes (Li et al., 2019). Practical aspects
including the ability to collect, culture and inbreed insect strains to
remove heterozygosity (Zhan et al., 2011) have also caused problems
with genome assembly, and low DNA yields from small insect species

* Corresponding author.
E-mail address: simon.baxter@unimelb.edu.au (S.W. Baxter).

lutions are emerging for these complex technical and biological obsta-
cles, including advances in quality of long read technology that enable
reads to span repetitive elements (Chaisson et al., 2015; Mahmoud et al.,
2019), construction of sequencing libraries from low concentrations of
DNA (Choo et al., 2020; Kingan et al., 2019), computational advances in
assembly software (Kolmogorov et al., 2019; Nurk et al., 2020) and
reduced dependence on obtaining DNA from inbred diploids. The
requirement of generating inbred insect strains for reference genomes
has recently been challenged by a trio binning strategy, which involves
crossing two genetically diverse parents to produce hybrid offspring

1 Present address: The Australian Wine Research Institute, Glen Osmond, South Australia, 5046, Australia.

https://doi.org/10.1016/j.ibmb.2021.103622

Received 25 February 2021; Received in revised form 4 July 2021; Accepted 4 July 2021

Available online 10 July 2021
0965-1748/© 2021 Elsevier Ltd. All rights reserved.


mailto:simon.baxter@unimelb.edu.au
www.sciencedirect.com/science/journal/09651748
https://www.elsevier.com/locate/ibmb
https://doi.org/10.1016/j.ibmb.2021.103622
https://doi.org/10.1016/j.ibmb.2021.103622
https://doi.org/10.1016/j.ibmb.2021.103622
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ibmb.2021.103622&domain=pdf

C.M. Ward et al.

with two distinct haploid genomes. Long sequence reads are generated
for the hybrid (Koren et al., 2018), and parents are sequenced with short
read Illumina technology to enable partitioning of the progeny reads
into two haploid bins for independent assembly. This approach has been
highly successful in cattle (Low et al., 2020) and insects (Yen et al.,
2020).

Here we focus on the most destructive insect pest of brassica crops,
the diamondback moth, Plutella xylostella (L.) which costs billions of
dollars annually in terms of control and lost agricultural yield (Zalucki
et al.,, 2012). Plutella xylostella has often evolved field resistance to
synthetic and biological insecticides through mutations in insecticidal
receptors, including diamides (Guo et al., 2014; Jouraku et al., 2020),
pyrethroids (Schuler et al. 1998) and Bt toxins (Tabashnik et al. 1990),
making the pest difficult to control. South America has recently been
proposed as the species origin (You et al., 2020), from which it has
invasively colonized all continents except Antarctica (Juric et al., 2017;
Zalucki et al., 2012) through migration and human assisted dispersal.
Molecular analysis of mitochondrial (Juric et al., 2017) and nuclear
(You et al., 2020) markers have revealed very little or no population
genetic structure at the continental level (Endersby et al., 2006; Perry
et al., 2020; You et al., 2020), highlighting the ability for extensive
regional movement.

Two parallel projects assembled Plutella xylostella reference genomes
in 2013 (Jouraku et al., 2013; You et al., 2013) and produced useful
databases for analysis (Tang et al., 2014). Jouraku et al. (2013) used the
Roche 454 system to sequence DNA isolated from fourth instar larvae of
a Bt-toxin susceptible strain, PXS, and generated an assembly with 88,
530 contigs, an N50 of 2273 bp and total size of ~186 Mb which was
considerably smaller than the 338.7-339.4 Mb ( £1.1) genome estimate
(Baxter et al., 2011). You et al. (2013) used a hybrid assembly approach
combining both short read Illumina data and fosmid clones to generate a
394 Mb assembly with 1819 scaffolds and a larger N50 of 737 kb. Of
these scaffolds, 171 (~111.9 Mb) were assigned to a chromosome using
linkage mapping (Baxter et al., 2011), which represented around one
third of the total genome. Polymorphic variation and repetitive se-
quences confounded the assembly process, despite efforts to sequence a
single inbred individual (You et al., 2013). The discrepancy between
observed (394 Mb) and expected (~339 Mb) genome size may have
been caused by assembly gaps within scaffolds and the retention of
divergent haplotype sequences. A third 385.6 Mb P. xylostella genome
referenced “pacbiovl”, has been made available by the University of
Liverpool through the database Lepbase (http://ensembl.lepbase.org/
Plutella_xylostella_pacbiovl/Info/Index), and contains 3307 contigs
with an N50 of 447 kb, and although details about this reference have
not been published, it has been a useful resource for several studies
(Harvey-Samuel et al., 2020; Jouraku et al., 2020).

Collectively these assemblies have facilitated numerous genome
wide studies that have, for example, characterized gene families (Xia
et al., 2015; You et al., 2015; Yu et al., 2015), helped understand the
evolution of this pest (You et al., 2020) and enabled identification of
insecticide resistance mutations (Liu et al., 2020), including diamide
chemicals. Diamide insecticides are classed as Group 28 ryanodine re-
ceptor (RyR) modulators (https://irac-online.org/modes-of-action/)
and have become increasingly important for managing lepidopteran
pests, including P. xylostella. The ryanodine receptor (RyR) is a tetra-
meric calcium channel located in the endoplasmic and sarco-reticulum
of neuromuscular tissues and enables the release of calcium, which is
required for muscle contraction (Cordova et al., 2006). Insects contain a
single RyR gene and the protein has six helical transmembrane domains
at the C-terminal that form the calcium ion-conducting pore (Douris
et al.,, 2017). Diamide insecticides interact with and activate RyR’s,
causing feeding cessation, muscle contraction, paralysis and death
(Tohnishi et al., 2005). Ligand binding studies indicate a common or
closely coupled binding sites exist for anthranilic (e.g. chloran-
traniliprole) and phthalic acid (flubendiamide) diamides in Lepidoptera
(Isaacs et al., 2012; Qi and Casida, 2013).
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Field resistance to diamide insecticides has been reported in at least
six Lepidoptera (Richardson et al., 2020), including Plutella xylostella
(Cho et al., 2018; Guo et al., 2014; Troczka et al., 2012, 2017). Several
point mutations that cause amino acid substitutions within the RyR
C-terminal are known to result in diamide resistance in P. xylostella,
including G4946E, 14790M and [14790K (Guo et al., 2014; Jouraku et al.,
2020; Troczka et al., 2012). Based on the rabbit RyR1 structure (Yan
et al., 2015), the G4946E mutation (helix S4) is in close proximity to the
14790M mutation (helix S2). Radioligand binding studies (Steinbach
et al., 2015), calcium release assays with Sf9 cells (Troczka et al., 2015)
and the development of Drosophila models expressing these mutations
(Douris et al., 2017) support the link between the G4946E substitution
and reduced of binding of chlorantraniliprole and flubendiamide. Bio-
assays have shown strains fixed for G4946E are resistant to chloran-
traniliprole and flubendiamide, with LCs( values ranging from 23 mg/L
to >1000 mg/L (Guo et al., 2014; Steinbach et al., 2015; Troczka et al.,
2012, 2015), and cyantraniliprole has reduced efficacy (Jouraku et al.,
2020). The 14790K mutation confers high-level resistance to a broader
range of anthranilic (chlorantraniliprole and cyantraniliprole) and
phthalic (flubendiamide) diamides (Jouraku et al., 2020), and 14790M
provides moderate resistance to flubendiamide (Wang et al., 2020).

High-level resistance of P. xylostella to diamides was detected in
Australia for the first time in 2018, following control failure with
chlorantraniliprole in brassica vegetable crops in the Lockyer Valley,
Queensland. In contrast to the widespread occurrence of insecticide
resistance among Australian populations of P. xylostella, the Australian
sister species, Plutella australiana, is highly susceptible to insecticides
including Group 3A (alpha-cypermethrin), 6 (emamectin benzoate) and
28 (chlorantraniliprole) (Perry et al., 2018). Plutella australiana is found
across Australia but was only identified in 2013 through mitochondrial
amplicon sequencing, as it is morphologically indistinguishable from
P. xylostella (Landry and Hebert, 2013). Genomic analysis suggests they
do not hybridize in the wild, yet can be crossed in the laboratory using
no-choice single pair mating experiments when supplied with canola
seedlings as a stimulus. They diverged around 1.96 (+0.175) MYA
(Ward and Baxter, 2018) and can be distinguished at the molecular level
as their mitochondrial and nuclear genomes show approximately 4%
and 5% sequence divergence, respectively (Perry et al., 2018).

Here we apply a trio binning strategy to sequence and assemble a
chromosome level haploid genome of P. xylostella. A single hybrid pupa
generated from a cross between a diamide resistant P. xylostella male
and a P. australiana female was sequenced using PacBio long-read
technology and scaffolded using Hi-C. The genome contains 30 auto-
somes and the Z chromosome, and enabled identification of a RyR
mutation associated with resistance to diamides chlorantraniliprole,
cyclaniliprole and flubendiamide.

2. Materials and methods
2.1. Insect strains

An insecticide susceptible P. xylostella reference strain, Waite Sus-
ceptible (WS), has been reared on cabbage without insecticide exposure
for 29 years (=335 generations). Field collections of P. xylostella were
obtained from Tent Hill and Mt. Sylvia in the vegetable growing Lockyer
Valley (LV) region of Queensland, Australia, during 2018 and combined
to form a single laboratory population. The LV population was selected
for three generations on cabbage plants sprayed directly with 0.1% v/v
Coragen® insecticide, then 1% v/v Coragen® for 12 generations. We
refer to this chlorantraniliprole resistant population as LV-R (Lockyer
Valley, Resistant). Plutella australiana were collected using light traps at
Angle Vale and Urrbrae, South Australia, in 2015 (Perry et al., 2018) and
maintained on Brassica napus. Plutella australiana cultures were reared in
laboratory cages at 26 + 2.0 °C and P. xylostella cultures at 22 + 2.0 °C,
with a 14:10 (L:D) hour photoperiod. Both species were reared at the
South Australian Research and Development Institute in separate
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buildings to reduce the risk of culture cross-contamination.
2.2. Insect crosses and bioassays

Ten single pair crosses between Plutella xylostella LV-R males and
Plutella australiana females were established in 100 mL plastic cups
containing a canola (var. Stingray) seedling. After ~14 days, neonates
were observed in one cage causing feeding damage to the canola seed-
ling. Larvae were transferred to larger containers with fresh canola
leaves and reared to pupation.

Reciprocal crosses were performed between the P. xylostella WS and
LV-R strains ($x3 n = 100, 3x9 n = 100) in 45 cm® cages which con-
tained young cabbage plants. Dose response bioassays were performed
using 3rd instar larvae of the two parental strains and F; progeny from
their two reciprocal crosses. Cabbage leaf discs were embedded in a 90
mm x 14 mm plastic Petri dishes (Techno Plas) containing 25 mL of 1%
agar and ten 3rd instar larvae were placed onto each leaf. Applications of
chlorantraniliprole (Coragen®, 200 g/L chlorantraniliprole, DuPont™),
flubendiamide (Belt®, 480 g/L, Bayer™) or cyclaniliprole (NUL-3445,
50 g/L, Nufarm™), were applied using a Potter Spray Tower (Burkard
Manufacturing Co. Ltd.) at an application rate of 3.499 + 0.165 mg
cm 2. Four replicate plates were tested at eight concentrations of each
insecticide, plus controls without insecticide. Two parameter log-logistic
regression models were fitted using the R package drc v3.0-1 (Ritz et al.,
2016) and plotted with ggplot2 (Wickham, 2016). Backcross progeny,
generated from crossing F; heterozygous males with homozygous LV-R
females, were assayed on cabbage leaf discs sprayed with Coragen® (14
mg/L) or control plates without insecticide.

2.3. Genomic DNA isolation and sequencing

Genomic DNA was isolated from a P. xylostella male and P. austral-
iana female using the DNeasy Blood and Tissue Kit (Qiagen), after they
had produced neonate hybrid progeny. High molecular weight DNA was
isolated from a single female hybrid pupa two days after pupation by
homogenization with a micropestle in a 1.7 mL microfuge tube con-
taining DNA isolation buffer (0.1N NacCl, 50 mM Tris pH 8.0, 1 mM DTT,
10 mM EDTA, 0.2% SDS). Homogenate was incubated with 20 pL Pro-
teinase K (20 mg/mL) and 2 pL RNase A (10 mg/mL) then DNA isolated
using phenol:chloroform:isoamyl alcohol (25:24:1, Sigma-Aldrich) and
ethanol precipitation. A low DNA input Sequel library was produced
without size selection and whole genome sequencing was performed on
a single hybrid pupa using six PacBio SMRT cells (P. xylostella reads
SAMN17576273), and the two parents (SAMN17576274,
SAMN17576275) using Illumina short read sequencing (Australian
Genome Research Facility, AGRF). Hi-C libraries were prepared using
the Dovetail™ Hi-C Kit using approximately 30 P. xylostella LV-R male
pupae and sequenced on an [llumina NovoSeq (AGRF, SAMN17576276).

DNA was extracted from single individuals of P. armoraciae
(SAMN17577696) and P. porrectella (SAMN17577695) using the Qiagen
DNeasy kit according to manufacturer’s protocol and sequenced using
an Illumina NextSeq High Output kit (2 x 150bp) to an estimated
20-30X coverage, based on the assumption of a similar genome size to
P. xylostella. Quality control of all raw data was carried out using FastQC
v0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fast
qc/) and ngsReports v1.8 (Ward et al., 2020).

2.4. Genome assembly and scaffolding using Hi-C

PacBio circular consensus sequencing (CCS) reads were separated
into P. australiana and P. xylostella haplotype genomes using parental
[lumina reads with Canu v1.5 (Koren et al., 2017). The P. xylostella
sequence data was then passed to Flye v2.8.3 (Kolmogorov et al., 2019)
as corrected PacBio reads and assembled. Draft contigs were polished
with pilon v1.23 (Walker et al., 2014) using P. xylostella paternal short
read data mapped to the contigs with BWA MEM v0.7.17 (Li, 2013).
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BUSCO v3 (Simao et al., 2015) was run using the Insecta and Endop-
terygota gene sets on the draft contigs.

Hi-C short reads were trimmed and properly paired using trimmo-
matic (Bolger et al., 2014), mapped to the polished contigs using the
Juicer pipeline v1.6 (Durand et al., 2016) and P. xylostella genome
scaffolded with the 3D-DNA pipeline v180419 (Dudchenko et al., 2017).
Juice Box Tools identified misjoins belonging to other chromosome
blocks and these were manually excised and retained as unplaced con-
tigs. Contigs ~ within  each  chromosome  block  were
reverse-complemented where necessary to match Hi-C orientation
across each chromosome. Quality control of the complete assembly and
Hi-C interactions was further carried out by remapping the paired Hi-C
reads to the scaffolded reference using BWA MEM v0.7.17 (Li, 2013)
with the arguments -LO in single end mode. BAMs were then passed to
Hi-C explorer v3.6 (Ramirez et al., 2018) to generate quality reports and
to visualize contact matrices. Gap closing was then carried out using
[lumina polished PacBio reads with TGS-GapCloser v1.0.3 (Xu et al.,
2020). We refer to this genome assembly as PxLV.1 (Plutella xylostella
Lockyer Valley, version 1) and the nucleotide sequence is available
through NCBI (JAHIBW000000000, BioProject PRINA704777).

Co-linearity between PxLV.1 and an existing P. xylostella linkage map
generated using Restriction site Associated DNA (RAD) Illumina
sequencing (Baxter et al., 2011) was assessed using BLASTn (Altschul
etal., 1997). BLAST hits were determined to be unambiguously assigned
if there was only one hit with greater than 80% identity and query
coverage. BLAST markers with identity and query coverage below 80%
or those with multiple high-quality hits were marked as low confidence
and not used to determine chromosome orientation or colinearity.
Symap v5.0.6 (Soderlund et al., 2011) was used to determine synteny
and identify chromosome fusions between Bombyx mori (Kawamoto
et al., 2019), Cydia pomonella (Cpom.V2, accession GCA_003425675.2)
and P. xylostella PxLV.1. Chromosome numbers were assigned based a
published linkage map (Baxter et al., 2011).

2.5. Genome annotation

Genome wide repeat content was masked using Repeat Masker
v4.1.1 (Cho et al., 2018; Kim et al., 2019; Smit, 2010) with a de novo
library modeled using Repeat Modeler v2.0.1 (Smit and Hubley, 2008)
and the Repbase library (20181026) (Bao et al., 2015). Simple repeats
were also modeled and masked using TanTan v26 (Frith, 2011). The
masked genome was then input into the Funannotate pipeline (http://d
oi.org/10.5281/zenodo.2604804, version 1.5.3) for gene prediction and
annotation. Training was performed using publicly available P. xylostella
RNAseq data (SRR179062, SRR179508, SRR179509, SRR179510,
SRR179511) which was trimmed using Trimmomatic v0.39 (Bolger
et al.,, 2014), mapped to the genome using Hisat2 v2.2.1 (Kim et al.,
2019) and genome guided transcriptome assembly carried out using
Trinity v2.11.0 (Haas et al., 2013). Transcripts were then mapped to the
genome using BLAT v36 (Kent, 2002) and input into PASA v2.4.1 (Haas
et al., 2003) to inform initial gene models.

Drosophila melanogaster proteins were obtained from Flybase (Dmel
Release 6.18) and Bombyx mori proteins from SilkBase-Nov.2016
(Kawamoto et al., 2019) then aligned to the genome using DIAMOND
v2.0.7 (Buchfink et al., 2015) and exonerate v2.4.0 (Slater and Birney,
2005) to enable gene prediction. Protein alignments were then
compared to PASA gene predictions to select the best supported models.
These models were then used as training hints for Augustus v3.2.2
(Stanke et al., 2006), GlimmerHMM v3.0.4 (Majoros et al., 2004),
GeneMark-ES v4.62 (Lukashin and Borodovsky, 1998), and SNAP
v2013_11_29 (Korf, 2004). High quality Augustus predictions (HiQ)
were then used to perform CodingQuarry v2.0 (Testa et al., 2015) pre-
diction. Gene models from each program were passed to EVidence
Modeler v1.1.1 (Haas et al., 2008) with weighting 6 (PASA), 2 (Augustus
HiQ), 1 (Augustus), 1 (GlimmerHMM), 1 (GeneMark-ES), 1 (SNAP) and
1 (CodingQuarry) to construct consensus models. Consensus models
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were filtered to remove repetitive element gene models (eg. LINEs) and
models less than 100b in length. tRNAs were predicted using
tRNA-scan-SE v2.0.7 (Lowe and Eddy, 1997).

PASA was used to add UTRs and establish exon/intron boundaries
using assembled transcriptome data. RNAseq was quasi-mapped to
PxLV.1 using Salmon v1.4.0 (Patro et al., 2017) to identify isoforms and
to further refine intron-exon boundaries. Gene models were translated
into protein coding sequence and pfam domains were identified with
HMMer v3.1b2 (Finn et al., 2011) and BUSCO groups with BUSCO v3.
InterProScan5 5.48-83 (Jones et al., 2014) was used to identify IPR
domains, PANTHER groups, and GO annotations. EggnogMapper v2.0.1
(Huerta-Cepas et al., 2019) was used to assign COGs to genes and
Swiss/UniProt database gene symbols.

2.6. Determining completeness and accuracy of the genome annotation

In order to determine the completeness and accuracy of the anno-
tation three analyses were carried out. First, protein coding gene (PCG)
datasets from B. mori (version SILKBASE Nov.2016) (Kawamoto et al.,
2019), C. pomonella (version GCA_003425675.2) (<i>Wan et al.,
2019)</i> and P. xylostella (version DBM_FJ_V1.1) (You et al., 2013)
were compared with PxLV.1 annotated PCGs to determine completeness
of the annotation using the BUSCO v3 Insecta and Endopterygota odbv9
(Zdobnov et al., 2017) gene sets. Second, open reading frames identified
among the Trinity transcriptome assembly were translated and BLAST
against PxLV.1 annotated PCGs with an 80% identity cut off. Query
coverage was then used to determine the percentage of the query present
in the annotated protein and plotted. Third, complete single copy
BUSCOs shared between the B. mori and PxLV.1 annotations plus all 1:1
orthologs identified using reciprocal best BLAST hits were compared to
investigate protein length and homology.

2.7. Sanger sequencing of PCR amplicons

DNA was isolated from moths, pupae or larvae using the DNeasy
Blood and Tissue isolation kit (Qiagen). The cytochrome oxidase I gene
(COI was PCR amplified using MyTaq (Bioline) with primers PxCOIF
(5'-TCAACAAATCATAAAGATATTGG- 3') and PxCOIR (5-TAAACTT-
CAGGGTGACCAAAAAATCA- 3') according to Perry et al. (2018).
Primers for the Ryanodine Receptor were designed using Primer3 Plus
(UNTERGASSER et al, 2012), RyR.ex113F1 (5-GTGAAGAA-
GACGAGGACCCG- 3') and RyR ex114 R1 (5'-ATGACGAGCTTGTCC-
CAGTG- 3') and amplified using 2 pL of MyTaq 5x buffer, 0.2 pL per
primer (10 mM stock), ~10 ng DNA and 0.1 pL of MyTaq polymerase
(Bioline). Samples were amplified at 95 °C for 2 min, then 35 cycles at
95°Cfor10s,60°Cfor15s, 72 °C for 30 s and a final extension at 72 °C
for 5 min. PCR amplicons were Sanger sequenced (AGRF).

2.8. Population and evolutionary genetic analysis

Genomes for Plutella australiana, P. porrectella, P. armoraciae and 116
P. xylostella individuals from You et al. (2020) (Table S1) were mapped
to the P. xylostella mitochondrial genome (KM023645) using BWA-MEM
v0.7.17 (Li, 2013). Genotypes were called using BCFtools v1.11 (Li,
2011) with ploidy set to n = 1 and filtered for a minimum depth of 10.
Filtered genotypes were converted to the Genomic Data Structure (GDS)
format using SeqArray v1.3 (Zheng et al., 2017) and imported into geaR
v0.1 (https://github.com/CMWbio/geaR). RNAseq data (DRR191278)
from the KA17 strain (Jouraku et al., 2020) was assembled using Trinity
v2.11.0 (Haas et al., 2013) to obtain mitochondrial protein coding genes
(12 were present in the transcriptome assembly ND1, ND2, ND3, ND4,
ND4L, ND5, ND6, CYTB, COX1, COX2, COX3, ATP6) and RyR coding
sequence. Alignments of mitochondrial and RyR sequences were per-
formed using Geneious v10.3 and a phylogeny was constructed with
RAXML-NG v1.0.1 based on concatenated mitochondrial genes using a
GTR + G model. The “~all” argument was specified to generate bootstrap
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replicates for the topology.
3. Results
3.1. Chromosome level assembly of a single P. xylostella haplotype

Interspecific crosses between a female P. australiana (ZW sex chro-
mosomes) and male P. xylostella (ZZ) generated F; hybrids and a single
female pupa was sequenced on six Pacific Biosciences SMRT cells, pro-
ducing 90.3 Gbp of data with a median read length of 11 kb. The data
was separated into either P. xylostella or P. australiana origin with k-mer
based trio binning (Koren et al., 2018) using Illumina sequence data
generated from each parent (~65X, Fig. 1). Plutella xylostella and
P. australiana diverged ~2 million years ago and their nuclear genomes
show around 5% divergence (Ward and Baxter, 2018) enabling almost
all PacBio reads of Plutella origin (99.952%) to be unambiguously
assigned to a parental haplotype. The remaining ~0.05% of unassigned
sequence reads (n = 1157) had a short 1320 bp median read length and
were discarded. Reads assigned to P. xylostella (n = 1,163,016; 9.12 Gb)
were used to generate a haploid assembly containing 443 contigs, an N5,
of 2.03 Mb, longest contig of 9.35 Mb and total genome length of 328
Mb. Although assembly size is approximately 10 Mb less than the ex-
pected size based on flow cytometry (~338 Mb), it contained 98.4%
Insecta and 96.3% Endopterygota complete BUSCO gene sets, suggest-
ing the coding proportion of the genome is highly complete.

Hi-C linking reads scaffolded 98.1% of the assembled genome size
into 30 autosomes and a single Z chromosome (Fig. S1). The remaining
unassigned 352 sequences, referred to as ‘debris’ scaffolds (Durand
et al., 2016), ranged from 595 bp to 570 kbp (median = 12446 bp). The
N5 for the chromosome level genome (including ‘debris’) was 11.06 Mb
and the 16.12 Mb Z chromosome was the longest scaffold. Chromosome
level scaffolds were mostly comprised of a few (4-7) mega-base length
contigs, for example ~94% of the Z chromosome’s (Chrl) total length
was contained within just 4 contigs (Fig. S1, Fig. S2). Manual correction
was used to remove misassembled regions of the genome that showed
high levels of contact with a different chromosome. After manual

P. xylostella & P. australiana ¢

‘::ﬂrg X

Hybrid pupa ¢ 21.9 Gb
ybrigpupa ¥ [64.8X]

0.05% 51.73%

CCS = 18.8 Gb [55.2X]
Sub = 90.3 Gb [258.1X]

Fig. 1. A P. xylostella male was crossed to a P. australiana female and a single F;
female hybrid pupae sequenced using a trio binning strategy. Genomic DNA
from both parents was sequenced using Illumina short reads (150 bp, paired
end) to a depth of more than 60-fold based on a P. xylostella genome size of 339
Mb (Baxter et al., 2011). The parental genomes were used to separate PacBio
Sequel reads into two haplotypes, except 0.048% that could not be distin-
guished between species and were excluded from the assembly. The P. xylostella
haplotype contained 1,163,016 reads and the P. australiana haplotype con-
tained 1,247,498 reads. CCS, circular consensus sequencing. Sub,
full-pass subreads.
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curation, the Hi-C contact matrix showed no incongruent regions be-
tween chromosome assignment and contact peaks with 100 kb resolu-
tion (Fig. 2A). Structural variation within chromosomes is common in
P. xylostella strains (You et al., 2013), therefore small regions of incon-
gruence within contigs were not modified as this may represent poly-
morphic variation within the LV-R strain. Cumulative summation of
PxLV.1, Bombyx mori (Kawamoto et al., 2019) and Cydia pomonella (Wan
et al.,, 2019) scaffold length shows that they all share similar slope
profiles (Fig. 2B). Despite variation in overall genome size, this indicates
that a small number of scaffolds accounts for most of the genome in all
three of these assemblies.

Next, the PxLV.1 genome was compared with an existing P. xylostella
linkage map containing 2878 sequence markers 46 bp in length that
were generated from unrelated strains (Baxter et al., 2011). Almost all
markers had at least one BLAST hit in the genome (n = 2476), although
many were low confidence matches or had multiple high quality BLAST
hits (n = 1440). A total of 1036 markers were unambiguously assigned
to a single locus (Figs. 2C), 98.9% for which were on the expected
chromosome and 95.6% in co-linear orders. This linkage map was then
used to orient and name each of the 31 chromosomes. Synteny analysis

,_.
%
dzSo|-

13.25%
34.72%
Assigned co-linear
Assigned different chromosome
Assigned different order
Low confidence
Unassigned
50.5%
0.34% — /
1.2%
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with B. mori (n = 28) confirmed a homologous relationship between
their respective chromosomes (Fig. 2D). The C. pomonella genome was
used along with PxLV.1 to confirm previously reported fusions in B. mori
chromosomes 11, 23 and 24 (Fig. 3A). Chromosome fusions observed in
C. pomonella chromosomes 1, 2 and 3 (Wan et al., 2019) are not present
in P. xylostella or B. mori, supporting their occurrence after the most
recent common ancestor of Tortricidae and Obtectomera lepidopterans
(Fig. 3B).

BUSCO analysis of complete single copy genes in the scaffolded
genome was consistent with the contig assembly (96.3% Endopterygota
and 98.4% Insecta), and similar to values obtained from the 453 Mb
Bombyx mori genome (96.5% Endopterygota, 98.4% Insecta) and the
~630 Mb C. pomonella genome (92.3% Endopterygota, 95.8% Insecta).
This statistic is an improvement on the DBM_FJ_V1.1 genome which had
86.2% Endopterygota and 89.0% Insecta complete BUSCOs, with high
levels of duplication (Fig. S3).

3.2. PxLV.1 genome annotation

Gene models predicted for the P. xylostella PXLV.1 reference genome

6e+08 |
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B.morl
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Fig. 2. Trio binning assembly of a single P. xylostella haplotype. A) Hi-C contact matrix of PXLV.1 showing -log2p (natural logarithm of the given value plus one)
counts plotted in 100 kb bins across the genome and delineation of 31 chromosomes (Chromosome 1 is the sex chromosome). B) Cumulative sum of scaffold lengths
for B. mori, C. pomonella, P. xylostella PXLV.1 and P. xylostella DBM_FJ_V1.1 genomes. The PxLV.1 genome shows similar initial slopes to the chromosome level
assemblies of C. pomonella and B. mori and fewer scaffolds than the DBM_FJ_V1.1 genome. C) Linkage map markers from Baxter et al. (2011) were BLAST against the
PxLV.1 reference genome. Unassigned markers (n = 378) did not have a BLAST hit with at least 80% query coverage. Low confidence markers (n = 1440) had multiple
hits each with >80% identity and >80% query coverage, or single hits with <80% identity. Assigned markers (n = 991) had unambiguous assignment to a single locus
with >80% identity, >80% sequence coverage and were co-linear with the genome. Assigned different order (n = 34) were on the expected chromosome but not
co-linear. Assigned different chromosome markers (n = 11) were not assigned to the expected chromosome. D) High levels of chromosomal synteny were observed
between Bombyx mori (n = 28) and the PxLV.1 genome (n = 31), except for three B. mori chromosomes (11, 22, and 24) known to have undergone fusions.
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Fig. 3. Synteny plots comparing chromosomal fusions among Bombyx mori and Cydia pomonella with P. xylostella. A) Chromosome fusions present in B. mori (purple)
chromosome 11, 23 and 24 are not present in either C. pomonella (pink) or P. xylostella PXLV.1 (green). B) Chromosome fusions present in C. pomonella chromosomes
1, 2 and 3 correspond to P. xylostella PXLV.1 and B. mori chromosomes 1|15, 6|28 and 7|12. Plutella xylostella has maintained the ancestral state of 31 chromosomes.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

were developed using RNAseq transcriptome datasets (egg, larvae,
pupae and moth) obtained from the NCBI Sequence Read Archive.
RNAseq informed and ab initio based predictions with the funannotate
pipeline annotated 19,002 protein coding genes and 4373 tRNAs.
InterProScan, phmmer, EggNogg and Uni/SwissProt databases pre-
dicted functional annotations for 15,277 of the protein coding genes,
which is similar to other lepidopterans (Kawamoto et al., 2019; Lu et al.,
2019; Wan et al., 2019). Gene models predicted on the 31 chromosomes
had an average length of 9210 bp (Table S2) and accounted for just over
half of chromosome derived length (165.1 Mb, 51.1%). Interestingly,
average exon (310 bp) and intron (1, 617 bp) length (Table S2) were
greater than estimates in B. mori (exon = 290 bp, intron = 1, 330 bp)
despite B. mori’s larger total genome size. Genes contained an average of
six exons which is almost identical to the 6.1 exons per genes in the
B. mori genome. BUSCO analysis of the annotation showed 94.7% of
Insecta and 93.3% of Endopterygota genes were complete and single
copy in which were similar to completeness estimates of the B. mori
annotation (Fig. 4A, Fig. S4).

The quality and accuracy of gene annotations were then assessed
against a separate de novo transcriptome assembly of all P. xylostella
RNAseq datasets used for annotation. Translations of de novo transcript
reading frames were compared against PxLV.1 predicted proteins using
BLASTp to determine the query coverage of transcripts in the annota-
tion, with an 80% identity cut off. Complete gene predictions are ex-
pected to have high query coverage as the whole transcript is contained
within a single prediction, whereas fragmented genes show low query
coverage as they only contain part of the transcript. The majority of
transcripts showed >95% query coverage within the annotation, indi-
cating most gene models contained full transcripts (Fig. 4B). Annotated
P. xylostella complete single copy BUSCO genes (Endopterygota) were
then compared to B. mori orthologues to broadly assess similarity in

length of these conserved proteins by dividing the length of PxLV.1 gene
by the length of their B. mori ortholog. Of the 2442 genes in the
Endopterygota dataset, 1436 were single copy in both the B. mori and
PxLV.1 genome, 80.68% of which differed in length by less than 10%
(Fig. 4C). Next, single copy orthologs shared between P. xylostella and
B. mori were identified using the reciprocal best BLAST hit method, with
sequence identity greater than 80% (n = 8561). Log2 transformation of
the ratio revealed 63.17% of all orthologs differed in length by less than
10% (Fig. 4C).

3.3. The PxLV.1 genome contains RyR substitution I4790K

The automated gene prediction for the P. xylostella Ryanodine Re-
ceptor was annotated as four neighboring genes. Manual correction,
guided by a full length mRNA sequence from P. xylostella reference
strain “Roth” (GenBank accession JN801028), generated a 145,152 bp
gene model on chromosome 31 that included 5-prime and 3-prime un-
translated regions, 121 exons and 15,492 bp of coding sequence that was
predicted to produce a 5164 amino acid protein (GenBank accession
KAG7295227.1). Comparing PxLV.1 and Roth RyR sequences identified
10/5164 amino acid substitutions (Table S3), including one isoleucine
to lysine (I4790K) substitution known to cause diamide resistance
among a Plutella strain KA17 that was recently isolated in Japan
(Jouraku et al., 2020). No other mutations known to cause diamide
resistance were identified (Richardson et al., 2020).

Diamide resistance causing 14790K mutations in Australian pop-
ulations may have arisen independently through de novo mutation or be
derived from a common ancestor with East Asian [4790K alleles. These
two alternate hypotheses are interesting in their own right, with the
latter suggesting a recent migration of DBM may have occurred from
East Asia. To investigate this, phylogenetic approaches were used to
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Fig. 4. RNAseq informed prediction of protein coding genes in the PxLV.1 genome. A) Parallel coordinate plot of single copy, duplicated, fragmented and missing
BUSCO (Endopterygota) genes for B. mori, C. pomonella and P. xylostella strains LV-R (PxLV.1) and Fuzhou (DBM_FJ_V1.1). B). Query coverage (with an 80% identity
cutoff) of translated proteins from a de novo P. xylostella RNAseq assembly were used to as a measure of gene completeness. High query coverage for BLASTp hits
indicated that the complete open reading frame of a PxLV.1 annotated protein is contained within assembled transcripts. C) Log2 ratios comparing the length of
protein orthologs between B. mori (SILKBASE-Nov.2016) and annotated P. xylostella protein predictions from the PxLV.1 genome. Upper. Comparison of 1436
complete and single copy BUSCO genes (Endopterygota) genes. Lower. Orthologs identified using reciprocal best BLAST hits (n = 8561). Values of zero indicate
B. mori and P. xylostella orthologs were the same length. Values greater than (or less than) zero indicate P. xylostella orthologs were longer (or shorter) than B. mori.

compare RyR sequences from the Australian LV-R strain and Japanese
KA17 strain to determine similarity between these populations.
Assembling RNAseq data from KA17 produced a RyR contig that span-
ned exons 111 to 116 (803 bp) and contained the 14790K codon. The
PxLV.1 genome and KA17 strain shared the same residue substitution in
codon 4790 of exon 113, ATA to AAA, however there were 28 synony-
mous SNPs between the two strains among these six exonic regions
(Fig. S5A). Phylogenetic reconstruction using this 803 bp RyR sequence
from PxLV.1, KA17, the P. xylostella strain Roth (JX467684.1,
JN801028.1) and two accessions of unknown origin (NM_001309073.1,
JF927788.1) were then performed to assess whether the 14790K variant
may have arisen from the same ancestral mutation (Fig. S5B). The
partial gene tree indicates PxLV.1 and KA17 are sister taxa and suggests
these alleles share a more recent common ancestor than the other se-
quences analyzed.

Genomes from 116 P. xylostella individuals collected from six con-
tinents by You et al. (2020) (Table S1), plus three Plutella outgroup
species, were aligned to the PxLV.1 reference and genotyped for RyR
codon 4790. As sequence coverage was very low for most individuals,
only one allele with the best supported genotype based on called
sequence depth was recorded for each individual. Of the 116 P. xylostella
samples, six had insufficient read depth across RyR codon 4790 to
generate confident genotype calls. The wild type susceptible Isoleucine
codon (ATA) was present in P. xylostella (n = 100) across all continents
whereas a synonymous ATT isoleucine codon was present in eight
P. xylostella individuals from North America, South America, Europe,
Asia and Africa. A single individual from Russia (EU) contained a

non-synonymous substitution (Fig. S6, 14790M), which has also been
shown to confer moderate resistance to group 28 insecticides (Wang
et al.,, 2020). Finally, an individual from Indonesia (AS) carried an
14790T substitution (Table S1) which has not been previously reported
in P. xylostella but is present in at least two Tuta absoluta strains collected
in Brazil (equivalent amino acid position 4746) (Roditakis et al., 2017).
Genotypes for the outgroup species showed that Plutella australiana had
the Isoleucine ATA codon, while P. armoraciae and P. porrectella con-
tained a synonymous ATC codon. Based on our conservative genotyping
strategy, we failed to identify any individual Plutella moths from this
broad sampling dataset that carried the 14790K mutation. To assess the
frequency of the 14790K mutation across Australia, 47 P. xylostella in-
dividuals from six distinct populations collected in 2014 (Perry et al.,
2018) were PCR amplified and sequenced. All individuals were homo-
zygous for the wild type isoleucine (ATA) at codon position 4790
(Table S4).

More than 60 mitochondrial cytochrome oxidase I (COI) haplotypes
have been reported for P. xylostella (Juric et al., 2017) and Australian
populations predominantly carry one of two common variants, PxCOIO1
with a frequency of ~0.75 and PxCOI04 a frequency of ~0.22) (Perry
et al., 2018). Four randomly selected LV-R individuals were sequenced
and both PxCOIO1 (n = 2) and PxCOI04 (n = 2) haplotypes were iden-
tified. To further investigate the relatedness of LV-R and KA17 strains,
phylogenetic reconstruction using DNA sequence from mitochondrial
protein coding genes was carried out on a concatenated partitioned
alignment from 113/116 P. xylostella individuals from You et al. (2020)
(three had insufficient sequence coverage), the LV-R paternal genome,
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three outgroup Plutella species and KA17 (only 12 of the 13 protein
coding genes were recovered). The mitochondrial phylogeny showed
clear separation of clades by geography with high bootstrap support and
placed South American samples in monophyly at the base of the
P. xylostella clade. The KA17 sample was monophyletic with haplotypes
present in Africa, Europe and Asia (AF, EU, AS) and LV-R was nested
within the Oceanic clade with other Australian collections (Fig. 5,
Fig. S7).

3.4. The I4790K mutation causes incompletely recessive resistance to
diamides

Genetic crosses have associated RyR amino acid substitution 14790M
with resistance to flubendiamide (Wang et al., 2020) and 14790K with
resistance to cyantraniliprole (Jouraku et al., 2020). To test for genetic
linkage between the 4790 K mutation and chlorantraniliprole resistance,
single pair crosses between an LV-R male (4790 K) and WS female
(I4790) were performed and F; males heterozygous for 14790K were
backcrossed with individual LV-R females. Backcross progeny from two
families were reared on either cabbage leaf discs embedded in agar
(63/64 larvae survived) or cabbage discs treated with 14 mg/L of
chlorantraniliprole (80/216 survived). The insecticide concentration
applied was approximately >130-times higher than the LCs( previously
established for the WS strain and ~7-times higher than the LCqg dose
(Perry et al., 2018). Genotyping assays were performed on 22 control
and 62 bioassay survivors and a significant association between the
4790 K genotype and survivorship was observed (X2 = 21.733, p-val-
ue<3e-06). Out of 62 backcross progeny treated with chloran-
traniliprole, 57 were homozygous for the lysine substitution (K/K) and
only five were heterozygous (I/K), representing a strong yet imperfect
association between genotype and insecticide resistance phenotype
(Table S5).

To assess whether the resistance phenotype was subject to a level of
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incomplete dominance, dose-response bioassays were performed with
chlorantraniliprole, flubendiamide and cyclaniliprole using the resistant
LV-R strain, susceptible WS strain and F; progeny produced from
reciprocal crosses between the two parental strains (LV-Rf x WSm and
WSS x LV-Rm). The LCsq levels observed in LV-R exceeded the recom-
mended field application rates of all three insecticides assessed, pre-
dicting that control failure would likely occur using any of these
chemicals among a P. xylostella population with these genotypes
(Table 1, Fig. 6). The degree of dominance was calculated according to
Stone (1964) using LCs( data, producing incompletely recessive values
between —0.638 and —0.456 (Table 1) (values of —1 are recessive and
+1 are completely dominant). However, we observed that a small pro-
portion of F; heterozygotes were able to survive field application rates of
each chemical in these laboratory bioassays. The LCyg values for F;
heterozygotes presented in Fig. 6 are all higher than recommended
application rates. The dose mortality curves for chlorantraniliprole
predicted the concentration applied to backcross progeny (14 mg/L) was
only sufficient to kill only 75.06% (66.81-83.30) of heterozygotes, and
this is the likely reason genetic crosses failed to produce a more signif-
icant association between the resistance phenotype and RyR genotype
(Table S6).

4. Discussion
4.1. A haploid assembly of the P. xylostella genome

Structural variation and nucleotide diversity between haplotypes are
problematic for genome assembly processes (Patel et al., 2018), as they
have the potential to assemble alleles of the same gene into paralogous
gene models (Roach et al., 2018) and result in assemblies with inflated
genome sizes. Many of the founding insect genome projects sequenced
inbred (Mita et al., 2004) or isogenic (Adams et al., 2000) reference
strains with reduced polymorphic variation relative to wild populations

Fig. 5. The mitochondrial genomes of diamide
resistant strains LV-R and KA17 are not closely
related. A bootstrapped maximum likelihood phy-
logeny was constructed from a concatenated align-
ment of 12 mitochondrial protein coding genes (ND1,
ND2, ND3, ND4, ND4L, ND5, ND6, CYTB, COXI,
COX2, COX3, ATP6) for 113 P. xylostella samples
(You et al., 2020), strains LV-R and KA17, and three
outgroup Plutella species P. australiana (P. aus),
P. porrectella (P. por) and P. armoraciae (P. arm).
Diamide resistant strains with the 14790K mutation
KA17 and LV-R are highlighted in red and show
strong bootstrap support separating the two samples.
Bootstrap support (n = 10,000) for informative in-
Py ternodes are indicated. Plutella xylostella samples are
colored based on population of collection; South
P America (SA, blue), North America (NA), Asia (AS,
99'— .aus

86
85
g 89, 67,

NA

P.por maroon), Oceana (OC, grey), Africa (AF, green) and

100kp.arm  Europe (EU, orange). Phylogenies with scaled branch
lengths are reported in Fig. S7. (For interpretation of
P the references to color in this figure legend, the
reader is referred to the Web version of this article.)
SA
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Table 1
Bioassays of three diamide insecticides for P. xylostella strains Waite Susceptible (WS), Lockyer Valley (LV-R) and F; progeny of reciprocal crosses between WS and LV-
R.
Chemical “Strain "Number Slope + SE ‘LCsp 95% CL RR ‘D
Chlorantraniliprole (Coragen) WS 360 —1.534 £ 0.163 0.105 (0.084-0.131) 1
LV-R 361 —0.903 + 0.169 36044 (17436-74510) 342750
LV-Rf x WSm 360 —0.643 £+ 0.069 3.374 (2.037-5.588) 32.081 —0.4555446
WSf x LV-Rm 361 —0.727 £ 0.08 2.319 (1.464-3.674) 22.051 —0.5143794
Flubendiamide (Belt) ws 362 —1.483 £ 0.154 0.331 (0.264-0.414) 1
LV-R 361 —0.497 £ 0.155 1226728 (60874-24720757) 3710761
LV-Rf x WSm 360 —0.736 + 0.081 5.742 (3.632-9.079) 17.371 —0.6226975
WSf x LV-Rm 363 —0.628 + 0.068 5.105 (3.106-8.39) 15.443 —0.6382457
Cyclaniliprole (NUL-3445) ws 361 —1.488 £ 0.155 0.034 (0.028-0.043) 1
LV-R 360 —1.285 + 0.134 640 (501-819) 18559
LV-Rf x WSm 362 —0.879 £+ 0.102 0.274 (0.186-0.405) 7.944 —0.5760009
WSf x LV-Rm 360 —0.87 £ 0.102 0.202 (0.137-0.297) 5.846 —0.6379439

a «f female. “m”, male.

b Number of larvae tested in bioassays.

¢ Chemical concentration predicted to kill 50% of individuals.

d Level of dominance in heterozygotes, ranging between —1 (completely recessive) and +1 (completely dominant). D = (2X2 — X1 — X3)/(X1 — X3), where X1, X2
and X3 are logarithms of LCs, values for strains LV-R, F; hybrids and WS.
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in attempts to improve the quality of assemblies and length of contigs.
While inbreeding insects such as Drosophila melanogaster has been suc-
cessful at reducing variation and producing isogenic lines that can be
propagated (Lack et al., 2016), accumulation of deleterious alleles

Dose (mg L’ a..)

Fig. 6. Dose response bioassays curves comparing the
laboratory susceptible reference strain (WS), the
chlorantraniliprole selected strain (LV-R) and two
reciprocal F; crosses (LV-Rf x WSm and WSf x LV-
Rm). The dashed horizontal yellow lines intersect
with 50% mortality responses (LCso values) and
dashed orange lines intersect with 99% mortality
response (LCgg) values. The recommended field
application rate for chlorantraniliprole (Coragen®) is
20 g of active ingredient (a.i.) per hectare (20 mg/L)
and flubendiamide (Belt®) is 48 g a.i. per hectare (48
mg/L), and are represented with vertical pink bars.
Upper and lower confidence limits are shaded grey.
Cyclaniliprole (NUL-3445) is not currently registered
for control of P. xylostella and therefore field appli-
cation rates are not indicated. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)

during the inbreeding process have often prevented establishing stable
strains of other insects for sequencing and analysis. Several P. xylostella
laboratory reference strains have been successfully propagated as large
colonies for decades (Perry et al., 2018; Troczka et al., 2015; Zhao et al.,
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2000), yet attempts to inbreed the Fuzhou-S strain to reduce heterozy-
gosity presented a difficult problem when generating material for one of
the first the P. xylostella reference genomes, as it could not be cultured
indefinitely (You et al., 2013). High levels of polymorphic variation
(Perry et al., 2018; Song et al., 2015; You et al., 2013, 2020; Zucchi
et al,, 2019) occur in P. xylostella genomes and heterozygosity in
Australian field populations has been estimated around 0.009-0.010
using reduced representation sequencing (Perry et al., 2018) and 0.0348
with whole genome shotgun sequencing (Ward and Baxter, 2018). In-
sects with large populations and polymorphic genomes may maintain
deleterious mutations through genetic drift, and the consequence of
inbreeding could therefore impose high fitness costs.

Sequencing reference genomes using trio binning approaches relies
on crossing two outbred parental strains, or two distinct species, to
produce a hybrid with high genetic diversity from which true haploid
genomes can be assembled (Koren et al., 2018; Yen et al., 2020). In this
study, a trio binning strategy assembled a robust and highly contiguous
contig assembly of a single P. xylostella haplotype that was scaffolded
into 31 unambiguous chromosomes using Hi-C linked reads. The PxLV.1
reference genome represents a true haploid, chromosome level assembly
of a basal Lepidopteran with the ancestral karyotype (n = 31). Synteny
between Bombyx mori, Cydia pomonella and PxLV.1 chromosomes was
high, as previously reported for Lepidoptera (Ahola et al., 2014;
d’Alencon et al., 2010).

Chromosomes within the PxLV.1 assembly were able to identify
breakpoints for previously reported chromosome fusions in B. mori
(Baxter et al., 2011) and C. pomonella (Wan et al., 2019). Previous
genome projects for P. xylostella identified putative expansions among
some gene families (You et al., 2013) and facilitated characterization of
genes with relevance to pest biology (You et al., 2015; Yu et al., 2015).
The P. xylostella PXLV.1 reference genome provides a resource for future
investigation of gene families, and as it was assembled from a single
haplotype, gene content of this reference provides a useful benchmark to
compare additional assembled genomes from diploid populations or
strains in the future.

The assembled PxLV.1 reference was ~10 Mb less than the expected
P. xylostella genome size estimated with flow cytometry performed on
nuclei stained with propidium iodide (Baxter et al., 2011), which may
have been caused by genome size variation between different insect
strains, limitations of the PacBio library construction process and/or the
inability to assign all sequence reads to a single parental species. The
flow cytometry was performed using strain Geneva 88, a laboratory
reference collected from Geneva New York in 1988 then maintained on
artificial diet, and variation in transposable elements and repeat content
may result in some variability of genome size relative to the Australian
LV-R population (Biémont, 2008). The library construction process for
trio binning with PacBio long read sequencing required high molecular
weight DNA from an individual hybrid pupae, yet due to the small size of
Plutella, only a limited concentration of ~1500 ng could be obtained.
Despite successful library construction, size selection was not performed
prior to sequencing due to concerns that the library yield recovered
would be insufficient for six SMRT cells. Consequently, the median
PacBio read length was relatively short and this may have restricted the
capacity to separate, resolve and integrate long repetitive elements and
telomeres, reducing the assembled genome size. A small proportion
(0.048%) of reads could not be differentiated between P. xylostella and
P. australiana and were excluded from the PxLV.1 assembly, which is
also likely to account for a minor proportion of the ~10 Mb size dif-
ference. Despite this, Benchmarking Universal Single Copy Ortholog
(BUSCO) content of the genome showed high levels of completeness
relative to chromosomal assemblies of other lepidopterans. The genome
annotation showed similar quality to the model Lepidopteran B. mori,
although manual curation of annotations may be necessary for complete
characterization of specific gene families.
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4.2. Point mutations in RyR codon 4790

Ligand binding studies indicate common or closely coupled binding
sites for anthranilic and phthalic diamides (Tohnishi et al., 2005). Two
mutations at the RyR amino acid position 4790 have previously been
reported in P. xylostella, including substitution of the conserved isoleu-
cine to methionine (14790M) reported from China (Guo et al., 2014) or
isoleucine to lysine (I4790K) in a strain from Japan (Jouraku et al.,
2020). Wang et al. (2020) used CRISPR/Cas9 homology directed repair
to create a methionine codon in P. xylostella and this mutation (14790M)
causes increased levels of resistance to flubendiamide, yet only minor
increases in tolerance to chlorantraniliprole and cyantraniliprole. The
wild type Drosophila melanogaster RyR encodes a methionine at this
codon, and engineering an isoleucine substitution confirmed an increase
in susceptibility to flubendiamide of ~15-fold (Douris et al., 2017).
Substituting the hydrophobic isoleucine for a positively charged and
structurally unfavorable lysine at amino acid position 4790 disrupts
diamide interaction and causes high levels of resistance in P. xylostella
(Jouraku et al., 2020).

European or African populations have previously been proposed as
sources of P. xylostella (Juric et al., 2017; Kfir, 1998; Talekar and Shel-
ton, 1993), until You et al. (2020) indicated a South American origin for
the species based on data generated from 532 whole genomes. Plutella
xylostella only dispersed into Oceanic regions (including Australia) in
the 1800’s (You et al., 2020) and Australian populations contain just two
predominant mitochondrial haplogroups (Juric et al., 2017; Perry et al.,
2018) that are also present throughout Oceania, and at low frequencies
in Asia (Juric et al., 2017). Phylogenetic reconstruction of mitochondrial
genes extracted from whole genomes sequenced by You et al. (2020)
revealed the LV-R mitochondrial haplotype is monophyletic with other
derived Oceanic lineages and distinct from the KA17 haplotype. High
bootstrap support was found for a basal South American clade and a
mixed Afro-Eurasian clade, to which KA17 belongs. Low mitochondrial
diversity present in Australian diamondback moth populations suggest
migration events from are rare (Juric et al., 2017; Perry et al., 2018).
However, insect migrants carrying insecticide resistance alleles at nu-
clear loci have the potential to interbreed and inherit local mitochon-
drial genomes, making them indistinguishable from native populations
when compared using molecular assays.

The RyR coding sequence of LV-R and KA17 strains differed at
multiple synonymous sites surrounding codon 4790, yet they repre-
sented most closely related alleles from limited publicly available
sequence data. The LV-R and KA17 alleles may therefore be derived
from a single ancestral 14790K mutation, present in the standing genetic
variation before commercialization of diamides. Sequencing the genome
of KA17 will enable comparative analysis to be performed with the
PxLV.1 genome and provide opportunities for addressing the mutational
origin using a molecular clock.

4.3. Degree of dominance of I14790K

Clear associations between genotype and diamide resistance phe-
notypes were previously established for Plutella strains homozygous for
4790 M (Wang et al., 2020) or 4790 K (Jouraku et al., 2020) mutations
using larval bioassays of backcross progeny. Progeny homozygous for
4790 M survived on artificial diet treated with 0.15 pg/cm? flubendia-
mide (~6-fold higher than the susceptible LCs) and no heterozygous
genotypes were recovered (Wang et al., 2020). Jouraku et al. (2020)
linked 4790 K with resistance using Fo crosses selected with the field
application rate of cyantraniliprole (51.5 mg/L). Associations with
chlorantraniliprole resistance and the 4790 K mutation in this study
were strong, yet imperfect when backcross progeny were selected with
14 mg/L (>130-fold higher than WS susceptible LCsp). Randomized or
preferential combinations of the ryanodine tetramer among I4790K
heterozygotes may influence diamide tolerance, as six basic combina-
tions are possible from proteins produced by two different alleles
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(excluding isoforms of the same allele). Each RyR channel could contain
between zero and four proteins with the diamide resistant lysine sub-
stitution in a heterozygous individual. Variation in expression of each
allele (Jouraku et al., 2020) could bias the ratio of the tetrameric as-
semblies further.

The degree of dominance (D) of a phenotype is often calculated using
the LCsq values of the wild type, homozygous mutant and heterozygote.
For example, Steinbach et al. (2015) determined that D for RyR G4946E
heterozygotes (Sudlon strain) was almost completely recessive, with
values of —0.85 and —0.78 for flubendiamide and chlorantraniliprole,
respectively (—1.0 is completely recessive). Values of D in CRISPR/Cas9
knock-in mutants 14790M were similar, although the level of resistance
was low (Wang et al., 2020). Values of D obtained in this study are
incompletely recessive, and ranged between —0.7 and —0.5, depending
on insecticide, when calculated with LCso. However, low levels of larval
survivorship were still achieved among heterozygotes at high insecti-
cidal concentrations. Visualization of complete dose-response bioassays
for heterozygotes (e.g. Fig. 6) may provide valuable insights into sur-
vivorship among other strains, beyond what can be achieved using
calculations to estimate dominance.

These findings have important implications for P. xylostella man-
agement. Resistance ratios of homozygous resistant insects at the LCsg of
the three tested diamide chemistries ranged from 18,559 to 3,710,761
mg/L, indicating control failure will occur on Brassica farms using these
chemistries. Due to the incomplete recessive nature of inheritance of the
14790K mutation, the two heterozygote strains showed approximately
2-3 orders of magnitude reduced susceptibility to the three diamide
chemistries at the LCqg level. Furthermore, the registered field applica-
tion rates for the chlorantraniliprole and flubendiamide products are
below the LCqg estimates generated under ideal laboratory conditions.
Therefore, a loss of efficacy against heterozygote insects is expected to
occur with these chemistries used under field conditions. Because even a
single resistance allele copy confers a significant selective advantage,
frequencies of these alleles are likely to increase in local areas under
continued selection pressure with diamide insecticides. To design suit-
able resistance management strategies, more understanding is required
of frequencies in field populations, geographic spread and any fitness
costs associated with the 14790K mutation.

4.4. Diamide resistance among Australian field populations

Resistance to insecticides is widespread throughout Australian
P. xylostella populations, with high levels of resistance reported to older
Group 1 and Group 3 chemistries (Baker and Kovaliski, 1999; Endersby
et al., 2003). Field resistance is also present to Group 5 (Furlong et al.,
2008), Group 6 (Rahman et al., 2010), and Group 22 (Eziah et al., 2008;
Furlong et al., 2008) chemistries, along with evidence of Group 6/Group
28 cross resistance (Baker, 2013) and moderate Group 28 resistance
(Perry et al., 2018). Although diamide insecticides have been widely
used to control diamondback moth (Baker, 2013), the high levels of
diamide resistance observed in the LV-R strain are yet to be described in
field collections from other regions of Australia.

Genetic analysis of P. xylostella populations from across Australia
show a lack of population structure using both genome sequencing
(Perry et al., 2018, 2020) and microsatellite (Endersby et al., 2006)
approaches. Using a subsample of the populations collected in 2014 by
Perry et al. (2020), we were unable to detect resistant 14790K alleles
from around Australia. Despite this, general usage of diamide in-
secticides could allow the RyR 4790 K allele to spread, creating an op-
portunity to use the 4790 K allele as a marker to investigate whether
patterns of migration and movement of P. xylostella occur out of the
Lockyer Valley, across the Australian continent. Therefore, repeating
field genotyping will determine if allele frequencies of 4790 K have
increased since 2014 and help assess whether additional populations
carry this allele.

Recommended field concentrations of insecticide sprayed onto crops
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generally exceed LCgg values identified from laboratory bioassays.
However, the field application rates for flubendiamide, chloran-
traniliprole and cyclaniliprole were considerably less than the LCqg for
14790K heterozygous individuals. It is important to note that bioassays
conducted in the laboratory are generally under idealized conditions,
and repeating these experiments using enclosed field cages warrants
consideration. Due to the high level of resistance observed in 4790 K
individuals, it may become increasingly important to monitor survival
using the field rates in bioassays, rather than LC99 or discriminating
dose values to construct a more accurate model of field survivability.
Molecular based assays designed to detect resistant alleles in the field
will provide an important monitoring system to track the frequency of
diamide resistance in Australia.
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Abstract:

Host plant range expansion of specialist insect herbivores represents a key event in adaptive
speciation and pest management. In 1999, Kenyan populations of the Brassicaceae
specialist insect pest diamondback moth were found to be infesting sugar-snap pea crops
(Pisum sativum), presenting a troubling problem for agriculture. Here we investigated the
genetic and transcriptomic mechanisms underlying this surprising adaptation. Through
utilizing reduced representation genome sequencing of both back and intercross pedigrees
we constructed a robust linkage map across the diamondback moth’s 31 chromosomes. We
then investigated allele frequency across the linkage map to identify five putative QTLs that
segregate with survival on P. sativum. However, QTLs were not fixed between crosses
suggesting the mechanism is highly complex. Transcriptomic response was then
investigated in a tissue specific manner for larval midgut and head capsules revealing a
complex metabolic response to oxidative stress when diamondback moth fed on the new
host plant. In head tissue, we identified host plant specific expression patterns in odorant
binding proteins and enrichment of response to chemical stimuli GO terms between Pisum
feeding and Brassica feeding diamondback moth strains. Collectively, these complementary
genomic approaches increase our understanding of how insects select their hostplant and
the complexity of adaptations required to increase host plant range.

Introduction:

Insect herbivores and their host plants engage in an on-going evolutionary competition for
dominance. Host plants develop complex chemical and physical defences to deter or
prevent insect herbivory, while insect larvae must counter these defence strategies (Ehrlich
and Raven 1964). Plants have evolved a diverse range of insecticidal metabolites that
disrupt vital processes within the insect (Kortbeek et al. 2019), including synaptic-signalling
(Yang and Guthrie 1969), digestion (Houseman et al. 1992), and protein function (Wink and
Schimmer 2018). The importance of this ‘co-evolutionary’ arms race was outlined by Ehrlich
and Raven (1964) through assessment of lepidopteran host plant usage, noting that the
diversity of secondary metabolites present across plants is likely to be the main driver for
insect biodiversity (Mello and Silva-Filho 2002, Becerra 2007, 2015). Since then, a large
body of literature investigating genetic mechanisms underlying host plant secondary
metabolite production and their detoxification by insect herbivores has developed (Ratzka et
al. 2002, Wittstock et al. 2004, Heidel-Fischer and Vogel 2015, Schweizer et al. 2017). Yet,

little is understood about how insect herbivores adapt to new host plants.

Holometabolous insects undergo metamorphosis and as a by-product face a unique set of

challenges when adapting to a new host plant (Anholt 2020). Adult females must first be
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willing to oviposit, then neonate larvae must initiate feeding and overcome host chemical or
physical defence mechanisms to ultimately complete development. Over evolutionary time,
change in host plant can result in either host plant range expansion or host plant switches,
with the latter leading to inability to utilize the original host. Despite the difficulty of the
adaptation, host plant preference is not static with many insects undergoing host plant range
expansions and switches (Pashley and Martin 1987, Komazaki 1990, Emelianov et al. 1995,
Henniges-Janssen et al. 2011, Atijegbe et al. 2020). Yet, little is known about the genetic
mechanisms underlying these adaptations in insects, though genetic research has
implicated olfactory (sense of smell) and gustatory (sense of taste) genes in host plant

acceptance (Haile and Hofsvang 2002) and rejection (Yang et al. 2020c).

Exposure to novel chemical plant defence compounds can cause insect herbivores to
undergo allelochemical and oxidative stress (Weinhold et al. 1990), resulting plasticity of
detoxification enzymes (Miiller et al. 2017, Schweizer et al. 2017, Orsucci et al. 2018a,
Breeschoten et al. 2019). Detoxification can be categorised as phase | metabolic reactions,
consisting of reduction or oxidation and hydrolysis reactions, or phase Il metabolism which
affects the solubility of secondary metabolites via conjugation of hydrophilic endogenous
compounds (Heidel-Fischer and Vogel 2015, Kant et al. 2015). Adaptations in phase | or
phase Il metabolism have been associated with range expansion of insect host plant usage
(Mdiller et al. 2017, Orsucci et al. 2018a). For example, expansion of Cytochrome P450 gene
families has been suggested to underly multiple host plant range expansions in insects
(Calla et al. 2017). Phase Il conjugation of glucuronate and glutathione via UDP-
glucorotransferases and glutathione-S-transferases have also been implicated in the
response to allelochemical and oxidative stresses imposed by novel secondary metabolites
(Matzkin 2008, Hu et al. 2019, Huang et al. 2019, Cui et al. 2020).

Plutella xylostella (L.), diamondback moth, is the major pest of Brassicales crop plants that
has rapidly evolved resistance to all commonly used insecticide chemistries. Thought to
have originated in South America (You et al. 2020), diamondback moth spread through
human transport of Brassicales crops and now infests every continent in the world bar
Antarctica (Furlong et al. 2013). Diamondback moth’s success as a pest is driven by its large
population size and short generational time. This allows for an average of five to seven
generations per year in temperate climates (Philips et al. 2014), yet in warmer equatorial
areas with continuous cropping cycles, as many as 15 generations have been observed
(Capinera 2001). The severity of diamondback moth infestations in Brassica crops costs

billions of dollars in crop yield reduction and control measures annually (Zalucki et al. 2012).
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Although anecdotal evidence existed (Gupta and Thorsteinson 1960), diamondback moth
infesting non-Brassicales plants was not reported until 2002. L6hr and Gathu (2002)
described P. xylostella populations in Kenya that underwent a host plant range expansion to
infest Pisum sativum crops while maintaining the ability to survive on native Brassica hosts.
No-choice feeding assays of P. xylostella collected from neighbouring Brassica plants had
low survivorship on species of the family Fabaceae (Pulses), but the diamondback moth
Pisum strain (DBM-P) was fit and fecund with strikingly high survival rates. Selection
experiments on field populations of Brassica feeding DBM revealed that survivorship on P.

sativum could be increased after only six generations (Lohr and Gathu 2002).

DBM-P larvae preferentially feed on the P. sativum host plants, while retaining acceptance of
the original (Henniges-Janssen et al. 2014), yet oviposition experiments revealed DBM-P
females lay few eggs on P. sativum leaves and preference for Brassicales remains.
Henniges-Janssen et al. (2010) concluded that DBM-P is in the early stages of a host plant
range expansion, providing a unique opportunity to investigate genetic factors underlying
larval host plant acceptance. After crossing the DBM-P strain into a wild-type strain (Waite),
cross progeny descended from a female DBM-P individual were able to survive at a higher
frequency than those with a male DBM-P parent suggesting the phenotype may be a
maternally derived (Henniges-Janssen et al. 2011). Rearing DBM-P individuals for two
further generations on a Brassica removed the observed maternal effect. Screening
backcross progeny using molecular markers led Henniges-Janssen et al. (2011) to identify
five out of 31 chromosomes that statistically associated with the ability for progeny to survive
on P. sativum. However, unrelated pedigrees contained different combinations of
chromosomes, ranging from two to five, suggesting the genetic basis of host plant range

expansions was not fixed in this population (Henniges-Janssen et al. 2011).

Here we reassess the genetic basis underlying this complex host plant range expansion
using next generation sequencing methods. We utilize a reduced representation sequencing
approach to identify regions of the genome that segregate with the adaptation to Pisum
phenotype in both backcross and intercross pedigrees. Next, we wanted to investigate
expressional change in detoxification and chemosensation genes in response to host plant.
Therefore, we carried out tissue specific RNAseq on larval midguts and head capsules to
determine the transcriptomic effect of Pisum feeding. Taken together, these two approaches
provide complementary insights into host plant detoxification and selection in a major

Brassica crop pest.
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Methods:
Insect strains:

The diamondback moth reference strain Waite, DBM-W, was originally collected from the
Waite campus, University of Adelaide, Australia, reared on Brassica species for more than
200 generations then transferred to the Max Planck Institute for Chemical Ecology, Germany
and reared on B. napus for 132 generations. The diamondback moth Pisum (DMB-P)
feeding strain, DBM-P was founded from a collection of the original Kenyan strain described
by Léhr and Gathu (2002) and rearing at the Max Plank Institute for Chemical Ecology,
Germany on Pisum sativum for more than 120 generations. Both strains were kept under the
same conditions in a temperature controlled room set to 21°C with a 16:8 light:dark
photoperiod. Detailed rearing methods have been described by Henniges-Janssen et al.
(2011).

Insect crosses and tissue collection:

The DBM-P strain was reared on Brassica napus for two generations before experimental
crosses to minimise potential maternal effects that increase survival of F1 hybrids derived

from female DBM-P individuals (Henniges-Janssen et al. 2011).

Single pair reciprocal crosses between virgin DBM-P and DBM-W individuals were
performed in cylindrical containers approx. 11 cm in diameter and sealed with perforated
lids. Brassica napus leaves harvested form ~ 12-week-old plants were placed over the
containers to stimulate copulation and oviposition. The F1 progeny were reared to pupation

then placed in 1.7 mL tubes with ventilated lids until eclosion.

Male informative backcrosses were performed between individual F1 males and individual
DBM-P females.

Inter-crosses were carried out between reciprocal sibling pairs. Eggs collected from each
intercross were split into two groups for no-choice feeding assays using either P. sativum or
B. napus. Survivorship to adult was recorded to determine heritability (ie. dominance).
Individuals reared on B. napus were then crossed and their progeny (F) also split into two

groups and reared on P. sativum or B. napus.

All crosses were carried out 21°C with a 16:8 light:dark photoperiod. The number of embryos
that hatched, pupated and survival to adulthood were recorded for each cross at each

generation.
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DNA extraction from cross progeny was performed using the Zymo 96 well DNA extraction
plate (company) and DNA from Fo and F1 cross parents extracted using the DNeasy Blood
and Tissue Kit (Qiagen). DNA quality and yield were determined using the Qubit 2.0

fluorimeter (Invitrogen).

Genotyping and linkage map construction:

Reduced representation short read libraries were prepared by Diversity Arrays Technology

Pty Ltd (http://www.diversityarrays.com/) and lllumina sequence data assessed for quality

using fastgc (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and ngsReports
(Ward et al. 2020). Quality trimming was carried out using trimmomatic (Bolger et al. 2014)
under default settings and reads mapped to the PxLV.1 genome (Chapter 6) using BWA
mem (David et al. 2013) and sorted using SAMtools (Li et al. 2009). Variants were called
using BCFtools (Li 2011). A filtered variant set was then generated by removing sites with
GQ<20, DP<5, and 80% of sites genotyped.

The filtered variant set was passed to LepMap3 (Rastas 2017) to construct linkage maps for
each cross type. Initial linkage maps used the informativeMask=13 argument to build the
map from both sites that are informative in only male and intercross informative markers. A
LOD limit of 10 was used along with a distortion LOD value of 1. After the initial map was
built, male only markers that were not in the linkage map (singles) were added using
JoinSingles. SeparateChromosomes?2 was then run for each of the linkage groups using the
informativeMask=1 argument to output only male informative sites to the final map. The ends
of the map were then manually investigated for large cM anomalies according to discussion

by the author on the LepMap3 manual page (https://sourceforge.net/p/lep-

map3/discussion/). These anomalies were then removed from the ends of linkage maps

where possible.
Identification of candidate DBM-P loci:

Genotypes from the linkage map were converted to rQTL format using the R programming
language and passed to rQTL (Broman et al. 2003) to calculate LOD scores for each
marker. A binary score (1 = reared on P. sativum, O = reared on B. napus) was used to test

for genotype/phenotype associations with the multiple QTL model function (mgmscan).

DBM-P derived allele frequencies were calculated for each marker in the FixF: and
backcross maps by polarizing the allele frequency using the DBM-P F, genotype. DBM-P

derived allele frequency was plotted for each chromosome using ggplot2.
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Transcriptome sequencing

No-choice feeding assays of i) DBM-W on B. napus and ii) DBM-P on either P. sativum or B.
napus were carried out by transferring eggs to leaf cuttings in ventilated plastic containers at
21°C with a 16:8 light:dark photoperiod. Additional leaves were added as required until
development to the 4" larval instar. Three subsamples of approx. 50 individuals of each
condition (e.g. DBM-P on P. sativum) were removed from the same container and all

replicates were sourced from the same container.
Before tissue dissections all individuals were first placed at 4°C for 5 mins.

Head capsule tissue was dissected under a light microscope by placing a single larva onto a
petri-dish with a small amount of RNAlater solution (Sigma-Aldrich) and removing tissue
using a clean scalpel bade placed at the base of the head capsule. The scalpel blade and
petri-dish were cleaned and then treated with RNAseZap (Sigma) between individuals to
remove potential contamination from other tissues and RNAases introduced during cleaning.
After each head capsule was dissected, they were immediately added to a 1.7 mL
Eppendorf tube containing 1 mL of RNAlater solution up to a total of 20 head capsules per

tube.

Midgut tissues were obtained by creating incisions to remove the head and anal proleg/plate.
Separation of midguts from the larval body was then carried out using forceps. Individual
midguts were transferred to a 1.7mL Eppendorf tube containing 1 mL of RNAlater solution,
with 5 midguts per tube.

Total RNA was extracted using the Analytic Jena RNA 2-column kit (Analytic Jena) and
lllumina Poly-A selected libraries for three biological replicates of each tissue pool were sent

for Next Generation Sequencing at the Max Planck-Genome-centre, Cologne, Germany.
Differential gene expression analysis:

STAR (Dobin et al. 2013) was used to map trimmed reads to the PxLV.1 reference genome
using the v1.0 annotation (Chapter 6). A counts matrix was then constructed for each gene
using SubRead featureCounts (Liao et al. 2013). edgeR (Robinson et al. 2010) was used to
carry out differential expression analysis with counts per million (CPM) correction and
Fishers exact significance. Gene Ontology (GO) terms were retrieved from the PxLV.1

annotation (Chapter 6) and used to carry out enrichment analysis on molecular function GO
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terms was carried out using the topGO R package (Alexa and Rahnenfuhrer 2010) using a

classic Fisher model.

Members of gene families involved with detoxification or metabolism and chemosensation
were compiled to determine host plant dependent differential expression between the DBM-
P and DBM-W strains. Candidate detoxification and chemosensory genes were identified by
searching gene functional annotation for GO terms along with PFAM and IPR domains
involved in either chemosensation or detoxification. A full list of GO terms, PFAM domains
and IPR domains along with their respective designation (eg gustatory receptors) can be

found in Supplementary Table 1 and 2.

Results:
Baseline survivorship of DBM strains reared on P. sativum or B. napus

Virgin diamondback moths from the DBM-Pisum strain (P) or the DBM-Waite strain (W) were
paired in the following combinations: P x P (n=5), P& x W? (n=5), WJ x P9 (n=6), and W x
W (n=5). Eggs from these crosses were then evenly divided and reared on either P. sativum
or B. napus (Figure 1A). Progeny from the four cross categories showed no significant
difference in survivorship to adulthood when reared on B. napus, suggesting similar fithess
between the DBM-P and DBM-W (Figure 1B). When reared on P. sativum leaves, high
mortality was observed in all cross types except for DBM-P reciprocal crosses (Figure 1B).
Progeny from the WxW cross showed low levels of survivorship (0.083+0.058 survival,
Figure 1A) which was inconsistent with previous reports using this strain (Henniges-Janssen

et al. 2011), suggesting some phenotypic variation may be present in the DBM-W strain.

F1 hybrids of the reciprocal cross between DBM-P and DBM-W showed significantly
(Students t-test p<<0.01) decreased survivorship when reared on P. sativum relative to B.
napus, confirming adaptation to P. sativum is recessive (Figure 1B). Greater survivorship
than reciprocal WxW crosses when reared on P. sativum was also observed (Figure 1B)

indicating some loci may have dominant effects, however this result was not significant.
Inter- and back-crosses confirm oligogenic inheritance of the phenotype

Next, single paired sibling crosses were performed using the progeny of Fo reciprocal
crosses (Figure 1A). F» eggs were split between P. sativum and B. napus hosts (Figure 1A)
and feeding assays showed the F; individuals had low survivorship to adulthood on pea,
(0.31+0.079 survival, Figure 1B), compared with B. napus (0.84+0.12 survival, Figure 1B).

Interestingly this is greater than the survivorship reported by Henniges-Janssen et al. (2011)
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Figure 1: Survivorship of diamondback moth Pisum strain (DBM-P) and Waite strain (DBM-W) larvae
when reared on Brassica napus or Pisum sativum. A) Crossing schematic for F1XF1 and backcrosses
carried out to generate pedigrees for survivorship and linkage analysis. F1 progeny were then reared
on B. napus or P. sativum. Progeny reared on B. napus were used to set up F1XF1 and back crosses.
B) Survivorship from egg to adulthood (only adult survivorship shown) for cross strategies outlined in
(A). Fo reciprocal crosses between DBM-P (P) and DBM-W (W) individuals along with the F1XF1 and
back crosses.

Construction of two high-density linkage maps resolves 31 robust linkage groups

As Henniges-Janssen et al. (2011) identified multiple allele combinations associated with
survival P. sativum in the DBM-P, we used pedigrees derived from the same Fo
(grandparental) cross. In brief, reduced representation genome sequencing was carried out
for: 1) two intercross pedigrees from a single P4 x WQ grandparental cross, 2) two
intercross pedigrees from a single WJ x PQ grandparental cross, and 3) three male

informative backcross pedigrees from a single P& x WQ grandparental cross.

A total of 325 individuals from the seven pedigrees were sequenced (including parents and
grandparents), generating >23,000 markers distributed across the genome at an average of
12-fold depth per site against the PxLV.1 genome. Markers were used to construct two
linkage maps, one for the four F1XF; families and one for the three backcross families. Both
linkage maps were resolved into linkage groups that correspond to the 30 autosomes and Z
chromosome in the diamondback moth genome (Figure 2). Although the Z chromosome was
unresolved in the backcross map due to marker selection during linkage construction (Figure
2A), linkage groups in the backcross map averaged 64.8 (sd = 16.3) cM with a total length of
1943.9 cM. Furthermore, backcross linkage maps showed high levels of linearity between

genetic (cM) and physical (Mbp) against the PxLV.1 reference genome (Figure 3).

In contrast to the backcross map, the F1XF linkage map was generated with molecular
marks of both maternal and paternal origin allowing resolution of the Z chromosome (Figure
2B). Linkage groups averaged 80.5 (sd =25.6) cM with a total length of 2495.9 cM. Yet, as
lepidopteran females do not undergo crossing over, multiple arbitrarily placed markers were
observed at the ends of each chromosome. Trimming non-co-linear markers (female
informative intercross markers) from the start and end of F1XF1 linkage groups, greatly
increased R? values across trimmed chromosomes (Figure 4). Although differences were
observed between the F1XF1 and backcross maps (Figure 2, Figure 3, Figure 4), linkage

groups from both maps were largely co-linear with PxLV.1 chromosomes.
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298  Figure 2: Pedigree linkage maps generated with DArTseq reduced-representation genotyping. A) A
299 linkage map constructed using three related backcross families. A DBM-W male was crossed with a
300 DBM-P female, then individual F1 brothers backcrossed to a DBM-P female. The backcross progeny
301 were reared on P. sativum plants, survivors genotyped, then SNP markers were mapped to PxLV.1
302 reference genome for chromosomal assignment. A consensus linkage map of all three crosses was
303 produced with a total centimorgan map length of xyz. B) Four single pair crosses were produced
304  between DBM-W and DBM-P strains, then individual F1 males and F1 females were paired. F2

305 progeny were reared on both B. napus and P. sativum host plants and survivors retained. A

306 consensus linkage map was constructed using one F2 cross from each of the four grandparental
307 lines.
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Figure 3: Collinearity plots comparing physical (x-axis) and recombinational (y-axis) marker positions

of linkage maps produced from backcross progeny for 30 autosomes. Blue lines show a linear

regression with r2 values indicated in the top left corner. Average r? values was 0.84 with most having

r? values greater than 0.7 suggesting clear co-linearity with PxLV.1 chromosomes.
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greater than 0.7 suggesting clear co-linearity with PxLV.1 chromosomes..
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Genetic linkage and overrepresentation of DBM-P derived alleles in FixF; crosses

Genotype data was extracted from the four-family consensus F1XF; linkage map to test for
genetic association with the Pisum survival phenotype. To increase power of the test, FiXF;
crosses derived from the same grandparental Fo pedigree were analyzed together resulting
in two genome wide scans: 1) ¢ DBM-P Fq (Figure 5A) and 2) & DBM-P Fo (Figure 5B). Little
overlap in QTL was observed between the two pedigree types with weak genetic linkage
(LOD >=1.5) across chromosomes 4, 10, and 17 in crosses with a @ DBM-P Fo (Figure 5A)
and chromosomes 12, 16, 22 and 24 in crosses with a & DBM-P Fq (Figure 5B).
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Figure 5: Genome wide QTL analysis for P. xylostella survival on pea, generated from FixF1 reduced
representation genome sequencing markers. Two crosses in each direction of the Fo reciprocal cross
were pooled for the analysis to increase sample number. PxLV.1 chromosomes alternate blue (odd
numbers) and black (even numbers). A) LOD scores calculated across the genome using the rQTL
additive multiple QTL model for FixF1 cross progeny with the same female DBM-P individual in the Fo
(grandparental) generation of both crosses. B) LOD scores calculated across the genome using the
rQTL additive multiple QTL model for FixF1 cross progeny with the same male DBM-P individual in

the Fo (grandparental) generation of both crosses.
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Allele frequencies among F1XF: crosses were proportionately expected to be DBM-P f~0.5
and DBM-W f~0.5 at neutral loci. Abrupt or irregular departures from these expected
frequencies may occur in regions of the genome under strong selection from P. sativum
plants. Allele frequency was then plotted across chromosomes genetically linked to the
Pisum feeding phenotype. Peaks identified in ¢ DBM-P Fo pedigrees (Figure 5A) showed
clear differences in DBM-P derived allele frequency between individuals reared on B. napus
or P. sativum (Figure 6). The QTL on chromosome 4 was well supported in each of the two
crosses in the @ DBM-P Fq pedigree (Figure 6A). However, LOD peaks on chromosome 10
and 17 appear to be due to a reduction of DBM-P derived alleles among P. sativum

survivors (Figure 6A).

In the pedigree with a & DBM-P Fo, both crosses showed high levels of DBM-P derived allele
frequency on chromosome 12 and 22 along with support for loci on chromosome 16 and 24
in only one cross (Figure 6B). Interestingly, DBM-P derived alleles in P. sativum reared
individuals were not fixed at any loci, suggesting a high proportion of alleles from the DBM-
W strain are able to survive. Furthermore, QTL identified on chromosome 4, 22 and 24
appeared to also show decreases in DBM-P allele frequency when reared on B. napus

which may be indicative of a trade-off for survivorship on P. sativum at these loci (Figure 6).
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Figure 6: The frequency of DBM-P derived alleles among Fz progeny across seven chromosomes

with QTL recording LOD scores >1.5. The F2 progeny from four separate crosses (Al, A2, B1, B2)
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were reared either on the Pisum or Brassica host plant. The expected DBM-P derived allele frequency
under Hardy-Weinberg equilibrium is f=0.5. A) Allele frequency of two FixF1 crosses with a female
DBM-P in the Fo (grandparental) generation. Larvae reared on Pisum showed elevated DBM-P
derived alleles in both crosses for Chromosome 4 (pink and orange), however chromosome 10 only
showed increased allele frequency in cross Al B) Allele frequency of the two FixF1 crosses with a
male DBM-P individual in the Fo (grandparental) generation. Chromosome 12 and chromosome 22
showed an increased abundance in moth crosses whereas chromosome 16 and 24 only showed an

increase in one cross.
Overrepresentation of DBM-P derived alleles in backcrosses

Progeny from backcrosses into the DBM-P strain are expected to proportionately have 0.75
allele frequency derived from the DBM-P strain. Therefore, backcross progeny reared on P.
sativum were investigated for regions of the genome with DBM-P derived allele frequency
deviating from the f=0.75 expected under HWE. Although there were many regions of the
genome that deviated from 0.75, most loci showed ~0.7-0.8 DBM-P derived allele frequency
making it difficult to identify clear segregation patterns. Only one locus differed significantly
(Goodness of fit p<0.05) from the expected 0.75 at the start of chromosome 16 (Figure 7).
The region with allelic bias spanned 0-280 kb in two out of the three sequenced backcrosses

providing further support for the start of chromosome 16 as a putative QTL.
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Figure 7: The frequency of DBM-P derived alleles among backcross progeny for all autosomes. The

backcross progeny from three separate crosses (B1P1, B1P3, B1P4) were reared on Pisum sativum.

The expected DBM-P derived allele frequency under Hardy-Weinberg equilibrium is f=0.75 and is

marked by a dashed line. Chromosome 16 shows a 280 Kb region with strong bias towards a DBM-P

origin.
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Transcriptomic response in host plant adaptation

Larval midgut and head capsule tissue was collected from the DBM-P strain after being
reared on Pisum sativum (Pp) or on Brassica napus (Pb), and from the DBM-W strain after
being reared on B. napus (Wb) (Figure 8). Larval midgut and head capsule tissue were
selected due to the importance of chemosensory and behavioural genes in host plant
selection (Poudel and Lee 2016, Yang et al. 2020c¢) and metabolism gene importance in
insect detoxification (David et al. 2006, Nardini et al. 2012, Calla et al. 2017, Hu et al. 2019,
Huang et al. 2019). Transcriptome sequencing was performed on three biological replicates
of each condition, generating 20M (x 4.3) reads per library. Differentially expressed genes
were sorted into three classes based on their pattern of differential expression 1) strain
differences, 2) primed response to host plant and 3) dynamic response to host plant (Table
1). Strain differences define genes that are differentially expressed between DBM-P and
DBM-W strains, regardless of host plant. A primed response describes genes that are
differentially expressed between DBM-W_bra and DBM-P_bra along with differential
expression, in the same direction, between DBM-P_bra and DBM-P_pis (e.g. DBM-W_bra
logCPM =5, DBM-P_bra logCPM = 10, DBM-P_pis logCPM = 15). Finally, dynamic
expression encompasses genes that show equivalent expression between DBM-W_bra and
DBM-P_bra, and differential expression between DBM-P_bra and DBM-P_pis.

Table 1: Examples of differentially expressed gene patterns of interest in diamondback moth

midgut and head tissue.

Class Expression Expressionin Expression
in DBM-P DBM-P on in DBM-W
on Pisum Brassica on Brassica

Strain - - 0

Primed ™ ) -

Dynamic 1 - -
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Figure 8: No choice feeding assays were performed using DBM-P larvae (blue) reared on either
Brassica napus (DBM-Pb) or Pisum sativum (DBM-Pp) and wild type DBM-W larvae (orange, Waite
strain) reared on B. napus (DBM-W_bra). Midgut and heads were dissected from 4th instar larvae,

RNA isolated and transcriptomes sequenced to assess differential gene expression.

Of the ~19,000 protein coding genes in the PxLV.1 genome, differential midgut expression
(FDR<0.05) occurred in 2968 genes were strain specific, 1869 had primed effect, and 1812
had dynamic patterns. Gene Ontology (GO) terms significantly enriched for primed midgut
responses revealed macromolecule compound biosynthetic and metabolic processes, along
with gene expression and transcription (Table 2). Dynamic differentially expressed genes
showed GO term enrichment for cell redox homeostasis, glutathione metabolic process as
well as protein deubiquitylation and sulfur metabolism related genes, suggesting P. sativum
secondary metabolites illicit high levels of oxidative stress (Table 2). The most significant
differentially expressed genes with a dynamic response (top 1%) were further investigated
for function in the response to oxidative stress, revealing differential expression of a

Rhodanese-domain containing gene (FUN_006990) which respond to cyanide stress.

Table 2: Gene Ontology (GO) terms for the top five significantly enriched terms among midgut tissue,
highlighting Primed, Strain, and Dynamic responses. The number of genes annotated with the GO
term (Annotated), those significantly differentially expressed (Significant), and the number that would
be differentially expressed by chance alone (Expected) are shown for reference, along with their p-

value from a classic fisher test.

GO.ID Term Annotated Significant Expected p- Class

value




G0:0006412 translation 171 65 23.01 1.50E-16 Primed

G0:0043043 peptide 173 65 23.28 3.00E-16 Primed
biosynthetic

process

G0:0043604 amide 180 66 24.22 7.40E-16 Primed
biosynthetic

process

GO0:0006518 peptide metabolic 179 65 24.09 2.20E-15 Primed

process

G0:0043603 cellular amide 190 66 25.57 1.60E-14 Primed

metabolic process

GO:0005975 carbohydrate 171 52 33.43 0.00036 Strain
metabolic process

G0:0009057 macromolecule 73 26 14.27 0.00088 Strain
catabolic process

G0:1901575 organic substance 135 41 26.39 0.00151 Strain
catabolic process

G0:0019318 hexose metabolic 17 9 3.32 0.00214 Strain
process

GO:0009056 catabolic process 143 42 27.95 0.0027 Strain

G0:0006790 sulfur compound 22 11 2.79 2.30E-05 Dynamic
metabolic process

G0:0006749 glutathione 5 4 0.63 0.0012 Dynamic
metabolic process

G0:0016579 protein 23 9 2.92 0.0012 Dynamic
deubiquitination

GO0:0070646 protein 23 9 2.92 0.0012 Dynamic

modification by

small protein re...

GO0:0034470 ncRNA 47 14 5.96 0.0015 Dynamic

processing

440

441  Head tissue showed 3499 differentially expressed genes according to strain, highlighting the
442  impressive diversity between DBM-P and DBM-W, regardless of host plant. Enrichment of
443  genes related to GO terms cellular response to stimulus and chemical synaptic transmission
444  was observed in strain differentially expressed genes (Table 3) suggesting a difference in

445  brain function and response to external stimuli in DBM-P individuals. Significant expression
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was relatively modest in head tissue, relative to midgut responses, with 1063 primed, and
896 dynamic genes identified. Primed genes were enriched in GO terms ATP metabolic
process and oxidation-reduction process, whereas the dynamic response to host plant was
enriched in oxidation-reduction process, IMP biosynthetic process and protein catabolic
process (Table 3).

Table 3: The top five most significantly enriched Gene Ontology (GO) terms for head capsule Primed,
Strain, and Dynamic differentially expressed genes. The number of genes annotated with the GO
term (Annotated), those significantly differentially expressed (Significant), and the number that would
be differentially expressed by chance alone (Expected) are shown for reference, along with their p-

value from a classic Fisher test.

GO.ID Term Annotated  Significant Expected p-value Class

GO:0006091 generation of 41 30 3.33 8.40E-25 Primed
precursor
metabolites

G0O:0015980 energy 22 19 1.79 1.50E-18 Primed
derivation by
oxidation

G0:0046034 ATP metabolic 36 24 2.92 1.60E-18 Primed
process

G0:0045333 cellular 21 18 1.71 1.70E-17 Primed
respiration

GO0:0055114 oxidation- 419 84 34.02 1.70E-16 Primed
reduction
process

G0:0023052 signaling 397 112 84.58 0.00038 Strain

GO0:0051716 cellular 447 124 95.23 0.00039 Strain
response to
stimulus

G0:0007268 chemical 5 5 1.07 0.00044 Strain
synaptic

transmission

GO0:0098916 anterograde 5 5 1.07 0.00044  Strain
trans-synaptic

signaling

GO0:0099536 synaptic 5 5 1.07 0.00044 Strain

signaling
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GO0:0055114 oxidation- 419 51 28.29 1.40E-05 Dynamic
reduction

process

G0:1901565 organonitrogen 81 17 5.47 2.00E-05 Dynamic
compound
catabolic

process

G0:0006188 IMP 4 4 0.27 2.00E-05 Dynamic
biosynthetic

process

G0:0046040 IMP metabolic 4 4 0.27 2.00E-05 Dynamic

process

G0:0030163 protein 51 13 3.44 2.10E-05 Dynamic
catabolic

process

Differential expression of detoxification genes in the midgut

Cytochrome P450s, carboxylesterases, UDP-glucosyltransferases, glutathione-s-
transferases and Sulfurotransferases all play important roles in detoxification mechanisms of
plant defense compounds in the insect midgut (Li et al. 2007, Chahine and Donnell 2011,
Ketterman et al. 2011, Nardini et al. 2012, Halon et al. 2015). Conditional or constitutive
changes in expression of some members of these gene families may therefore provide a
strategy for adaptation to P. sativum. Identification of candidate genes was carried out by
searching the functional annotation of the PxLV.1 genome annotation for GO terms,
interproscan or pfam domains belonging to any of these five gene families (Supplementary
Table 1). This identified 245 annotations with putative detoxification function, 88 p450s, 78
Carboxylesterases, 27 UDP-glucosyltransferases, 32 glutatione-S-transferases, and 20

sulfurotransferases.
Phase | metabolism in midgut tissue

The majority of differentially expressed genes were categorized according to strain,
indicating transcript abundance in DBM-P and DBM-W larval midguts was, for the most part,
irrespective of diet. Strain specific expression was observed in the Phase | metabolism with

10 cytochrome P450s and 10 carboxylesterases differentially expressed (Figure 9A, B).
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Cytochrome P540s with highest expression in DBM-P were identified among CYP4, CYP6,
and CYP9 families, which have been shown to be differentially expressed in response to
plant secondary metabolites (David et al. 2006, Huang et al. 2019, Li et al. 2019).
Interestingly, differential expression was observed at the gene cluster level, with three
CYP9s and two CYP4s within cytochrome P450 gene clusters on chromosome 17 and 26

respectively.

Three Carboxylesterases and one Cytochrome P450 showed primed differential expression.
Carboxylesterases FUN_003725 and FUN_020741 along with Cytochrome P450 (family
CYP6) FUN_005580 showed highest expression in the DBM-P strain, suggesting these
genes may be directly responding to novel secondary metabolites encountered by the DBM-
P strain when reared on P. sativum. In contrast, carboxylesterase FUN_021236 showed
lowest expression in the DBM-P strain suggesting this may detoxify secondary metabolites
specific to B. napus. No cytochrome p450 genes exhibited dynamic response to host plant
and only one carboxylesterase (FUN_005322) was dynamically differentially expressed.
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Figure 9: Differential gene expression analysis of gene families involved with metabolism of

compounds in the insect midgut. Significantly different expression patters are categorized according
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to strain, primed and dynamic responses for DBM-P_pis (DBM-Pp), DBM-P_bra (DBM-Pb), DBM-
W_bra (DBM-Pb). Colour legends are labeled according to their panel in the lower left corner. Data is
presented as normalized expression count data (log Counts Per Million reads, logCPM) ranging from
low values in black to high in yellow. A) Carboxylesterases, B) Cytochrome P450 genes, C) UDP-
glucosyltransferases, and D) Glutathione-S-Transferases. Sulfurotransferases did not exhibit strain,
primed or dynamic differential expression. The full list of gene names can be found in Supplementary
Table 3.

Phase Il metabolism in midgut tissue

In the phase Il metabolism, differential expression was observed in UDP-
glucosyltransferases and glutathione-S-transferases, yet no difference was observed for
sulfurotransferases, despite an increase in sulfur metabolism when the DBM-P strain is
reared on P. sativum (Table 1). This may suggest that sulfur conjugation is increased without
an increase in abundance of sulfurotransferases. Strain level differential expression was
observed in two UDP- glucosyltransferases belonging to family 302-E (FUN_020551) and
49-B (FUN_019637). Primed response was also observed in a single UDP-
glucosyltransferases 49-B gene (FUN_020553) suggesting the 49-B subfamily may play a
role in detoxification of P. sativum secondary metabolites in the diamondback moth. A single
family D1 glutathione-S-transferases gene (FUN_019678) showed dynamic expression, with
highest abundance in the DBM-P strain when reared on P. sativum. D1 glutathione-S-
transferases have been implicated in the adaptation of Drosophila mojavensis to feed on a

novel host plant group (Matzkin 2008).

Dynamic response to secondary metabolites in DBM-P individuals is further supported by
differential expression of key genes in the glutathione and glucuronate synthesis pathway.
Increased expression was observed in both glutamate-cysteine ligase catalytic subunits
(FUN_005253 and FUN_009353) along with the rate limiting step of glutathione synthesis
(glutathione synthase, FUN_009573) (Figure 10). The enzyme catalyzing UDP-Glucose to
UDP-Glucoronate conversion (UDP-glucose dehydrogenase, FUN_020886), the substrate
used in UDP- glucosyltransferase detoxification, was also differentially expressed (Figure
10). Collectively, this suggests a putative role for glutathione-S-transferases and UDP-
glucuronosyltransferases in a dynamic response to P. sativum secondary metabolites in the

diamondback moth.
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Figure 10: Differential expression in the Glutathione (upper) and UDP-glucuronate (lower)
synthesis pathway is observed in DBM-P when reared on a Pisum sativum host plant. The y
axis of the barplots is measured in counts per million. Structures of compounds along with
their KEGG IDs are displayed. KEGG numbers and names of enzymes that catalyze the
reaction are shown within boxes for glutamate-cysteine ligase catalytic subunit (GCLC),
glutathione synthase (GSS), UDP-glucose dehydrogenase (UGDH).

Differential gene expression of chemosensory genes in head tissue

Chemosensation plays an important role in host plant identification and to stimulate larval
feeding. Head capsule tissue was investigated for differential expression in predicted
gustatory receptors, odorant binding proteins and olfactory receptors. Predicted
chemosensory genes were identified in a similar way to detoxification genes, however
gustation and olfaction related GO terms, IPR or PFAM domains (Supplementary Table 2)
were used, which identified 170 candidate annotations. Strain specific gene expression was
common in both gustatory and olfactory receptors (Figure 11). Putative gustatory receptor
FUN_016259, FUN_ 021571 and FUN_022484 all showed lower expression in DBM-P
individuals regardless of host plant (Figure 11A). Gustatory receptor FUN_009701 showed
almost no expression in DBM-W strain compared to the DBM-P strain (Figure 11A).
Differentially expressed gustatory receptors were then BLAST against the D. melanogaster
proteins revealing FUN_016259 had highest homology to the bitter taste receptor GR93a,
FUN_021571 to GR21a which mediates acceptance or avoidance behavior, and
FUN_022484 a sweet taste receptor GR64a. Primed response was identified in odorant
binding proteins FUN_004282 and FUN_007433 with lower expression in the DBM-W strain
(Figure 11B). This suggests FUN_004282 and FUN_007433 may be reacting preferentially

to compounds present in P. sativum that are absent, or present at lower concentrations in B.
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napus. Primed odorant binding proteins were most similar to D. melanogaster Odorant-
binding protein 19d (FUN_004282) and D. melanogaster Odorant-binding protein 28a
(FUN_007433). Furthermore, expression was higher in the DBM-W strain for odorant binding
protein FUN_007430 (D. melanogaster Odorant-binding protein 19a) and olfactory receptor
FUN_019310 (D. melanogaster Olfactory receptor 65b) (Figure 11B). Transcriptional
differences in gustation and olfaction at both strain and primed levels suggests a complex
breakdown in antifeedant behavior coupled with pro-feeding stimulus may have driven the

acceptance of Pisum sativum as a new host plant.

A Strain Dynamic

DBM-Pp -
DBM-Pb -

DEM-Wb -

FUN_003358

FUN_009701 FUN_016259 FUN_021571 FUN_022484

Strain Primed

DBM-Pp -

DBM-Pb -

o

1 2 3 4

DEM-Wb -

i

FUN_007430 FUN_018310 FUN_004282 FUN_007433

Figure 11: Primed, Strain and Dynamic differential expressed chemosensory genes in head
capsule tissue for DBM-P_pis (DBM-Pp), DBM-P_bra (DBM-Pb), DBM-W_bra (DBM-Pb). Data is
presented as normalized expression count data (log Counts Per Million reads, logCPM)
ranging from low values in black to high values in yellow. A) Gustatory receptors. B)

Olfactory receptors and Odorant binding proteins.

Do QTL contain differentially expressed genes?

Linkage group markers (n = 4) previously associated with DBM-P survival on Pisum sativum
(Henniges-Janssen et al. (2011) were BLAST against the PxLV.1 genome. Three DNA
markers returned single BLAST hits on Chromosome 3 (GU594729), 4 (GU594731), and 14
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(GU594730), and a fourth (GU594732) marker produced >10 high identity BLAST hits
across the genome and could not be definitively assigned. Despite this, only chromosome 4
had a QTL from both this study and Henniges-Janssen et al. (2011) (Figure 12), suggesting
the genetics of Pisum survivorship is highly complex. Furthermore, this provides added

support for chromosome 4 as a major effect locus.

We then sought to determine if any differentially expressed genes were on the same
chromosome as markers reported from Henniges-Janssen et al. (2011) (chromosomes 3, 4,
14) or within QTLs identified in this study. Surprisingly, no differentially expressed gustatory
receptors, olfactory receptors or odorant binding proteins were identified within QTLs (Figure
12) suggesting the genetic mechanism underlying this P. sativum feeding trait may have a
regulatory component. Two chromosomes (3 and 14) with markers from Henniges-Jansen et
al (2011) contained differentially expressed chemosensory genes (Figure 12), gustatory
receptor FUN_016259 and odorant binding protein FUN_004282 respectively. Detoxification
genes were identified within two QTLs on different chromosomes (Figure 12), a single
carboxylesterase (FUN_018127) on chromosome 4 and a cytochrome P450 on chromosome
16 (FUN_006043).

Chr.1 2
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Figure 12: Schematic representation of each chromosome withing the PxLV.1 genome
assembly. Allele frequency confirmed QTLs associated with the ability to survive on Pisum
sativum from the multiple QTL model analysis are highlighted in yellow on the left-hand side
of chromosomes 4, 12 16, 22, and 24. The position of the best BLAST hit for the each of the
markers along chromosomes that were significantly associated with the ability to survive on
Pisum sativum from Henniges-Jansen et al (2011) are heighted in orange on the right-hand
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side of chromosomes, along with the chromosome itself. Positional information for
differentially expressed chemosensory genes: Gustatory receptors (GUS, pink) and
Olfactory receptors/Odorant binding proteins (OLF, blue) along with differentially expressed
detoxification genes: Carboxylesterases (COE, green), Cytochrome P450s (CYP, red),
Glutathione-S-Transferases (GST, purple), and UDP- glucosyltransferases (UDPGT, brown)
are highlighted on the right side of chromosomes.

Discussion:

Holometabolous insects face a unique set of challenges when expanding their host plant
range (Bernays and Graham 1988, Jaenike 1990, Fry 1996). Larvae must first recognize a
plant as a suitable host, initiate and maintain feeding to support development and overcome
any novel secondary metabolites. Mated adult females must also accept the new host for
oviposition in order for the trait to propagate. In this study, we used reduced representation
genome sequencing and differential gene expression to uncover insights into host plant
adaptation in the diamondback moth. This revealed the genetic basis of adaptation to P.
sativum is highly complex, with multiple quantitative trait loci segregating among the P.
sativum adapted strain and diverse transcriptional responses contributed to the phenotype.
Differential expression was observed in multiple gustatory receptors and odorant binding
proteins, which may play a role in a breakdown in antifeedant behavior and host plant
acceptance. Furthermore, we showed that gene expression in midgut tissue, specifically
glutathione-s-transferases, UDP- glucosyltransferases and their respective substrates, in the
phase Il metabolism play an important role in mediation of oxidative stress likely induced by

novel P. sativum secondary metabolites.
Phenotypic plasticity in the DBM-W strain

Diamondback moth strains have been reported with low frequencies of survival on P.
sativum (Gupta and Thorsteinson 1960, Lohr and Gathu 2002, Yang et al. 2020b), however,
complete mortality is generally observed. Despite this, populations collected from Brassica
crops in Kenya, that were in close proximity to P. sativum feeding populations also show low
levels of survivorship (Lohr and Gathu 2002). In contrast to previous observations
(Henniges-Janssen et al. 2011), we observed low levels of survivorship among the Brassica
reared laboratory strain DBM-W when provided with P. sativum. This indicates diamondback
moth strain DBM-W may i) show some level of phenotypic plasticity for survivorship on P.

sativum host plants, ii) undergone a level of host acceptance through cultured exposure to P.
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sativum volatiles (but not leaves) or iii) unexpected gene flow of DBM-P alleles into DBM-W
population has occurred in cultures. Future effort should determine whether independent
cultures of DBM-W, and indeed unrelated strains, can survive on P. sativum that have not

been reared in the same location as the DBM-P strain.

Patterns of recombination in linkage maps

Heterogametic lepidopteran females do not undergo crossing over between non-sister
chromatids during meiosis, leading to progeny inheriting one complete chromosome from
each pair. Males however, do undergo crossing over during gamete formation which
provides opportunities for fine scale linkage mapping of traits (Turner and Sheppard 1975,
Rastas et al. 2013, Merrill et al. 2019). Therefore, traditional intercrossing experiments result
in both male and female linkage patterns in the F, generation. To remove one type of
segregation pattern, researchers sometimes employ either male or female informative
backcrosses rather than intercrosses to identify QTL (Henniges-Janssen et al. 2011, Groot
et al. 2013, Merrill et al. 2019).

Previous work identifying QTL associated with the DBM-P adaptation utilized female
informative backcrosses (Henniges-Janssen et al. 2011), whereby female F; progeny were
backcrossed into male DBM-P individuals. As females lack recombination, Henniges-
Janssen et al. (2011) was able to identify chromosome level association with the phenotype.
To investigate genomic loci associated with the phenotype we used both intercrosses, which
contain a mix of female and male informative markers, alongside male informative
backcrosses. Furthermore, we utilized male informative markers wherever possible to
construct linkage maps, maximizing the ability to detect changes in allele frequency within
crosses. This allowed us to resolve high density linkage groups for 30 autosomes and the Z
sex chromosome that were largely co-linear with the reference genome (PxLV.1, Chapter 6).
However, some inconsistencies remained between genetic and physical position which may
be due to the presence of female informative intercross markers or due to previously

reported structural variation between P. xylostella populations (You et al. 2013).
Adaptation to P. sativum is controlled by multiple combinations of unfixed loci

Loci associated with host plant adaptation and specialization in insects are generally
complex and polygenic (Sheck and Gould 1996, Henniges-Janssen et al. 2011, Oppenheim
et al. 2012, Karpinski et al. 2014, Nouhaud et al. 2018) with multiple genes from both
chemosensation and detoxification pathways often contributing to the phenotype
(Breeschoten et al. 2019, Singh et al. 2020, Allio et al. 2021). Despite host plant adaptation
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being polygenic in nature, large effect mutations have arisen in natural populations that play
a necessary role in their ability to survive on specialist host plants (Ratzka et al. 2002, Singh
et al. 2020). In this study, we identified multiple genomic regions associated with the ability
to survive on P. sativum. However, little consistency between crosses was observed, despite

F2 progeny being derived from the same grandparents.

This was counter to our expectations that although the phenotype would remain polygenic,
the most fit major effect alleles would rise to fixation in the population over the 100
generations since Henniges-Janssen et al. (2011). Trait loci overlap was also poor between
Henniges-Janssen et al. (2011) and this study, with only one overlapping QTL. Although
many other loci were identified to segregate with the adaptation, we are unable to determine
if these are new mutations have arisen in the population or simply due to sampling in the
original study. Presence of multiple different loci combinations contributing to complex
phenotypes, such as host plant specialization, are supported by theoretical models while the
fitness landscape has many local maxima (Kauffman and Weinberger 1989, Macken et al.
1991, Cooper and Podlich 2002). Especially when both large and small effect mutations
contribute to the phenotype, as has been observed in multiple other host plant adaptations
(Karpinski et al. 2014, Nouhaud et al. 2018). Furthermore, empirical examples of adaptive
novelty after a host plant range expansion are present in the literature (Dres and Mallet
2002, Bernal and Medina 2018, Singh et al. 2020). With continuous selection pressures
imposed by the novel host leading to an increase in novel adaptive loci contributing to their
survival (Bernal and Medina 2018, Singh et al. 2020). To explain the observed complexity of
the genetic mechanism, we propose the presence of minor and major effect loci has led to
multiple ‘fit-enough’ loci combinations arising in the population. However, further studies
utilizing large pedigrees of single paired crosses, preferably using multiple wild type strains,

will be necessary to definitively investigate this.
Trade-offs after prolonged rearing on the P. sativum host plant

There has been a long-standing debate on the effect genetic antagonism and trade-offs
have during host plant specialization (Jaenike 1990, Joshi and Thompson 1995, Fry 1996,
Roff and Fairbairn 2007, Ali and Agrawal 2017), with few studies identifying genetic
mechanisms (Hawthorne and Via 2001, Via and Hawthorne 2002, Nouhaud et al. 2018). In
this study trait loci associated with survival on P. sativum were identified through an increase
in abundance of DBM-P derived alleles in progeny reared on P. sativum compared to B.
napus. However, loci with significantly lower DBM-P derived allele frequency on B. napus
represent regions of adaptive trade-off. Using this approach, we observed multiple loci

associated with survival on P. sativum that may also be deleterious on the native B. napus
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host. Presence of genetic antagonistic loci is consistent with lowered survivorship in the
DBM-P strain, compared to wild type strains, when reared on B. napus reported elsewhere
(Lohr and Gathu 2002, Henniges-Janssen et al. 2011). However, we were unable to
statistically disentangle trade-off loci from positive effect loci. Scoring survivors allele
frequency on the novel host is not sufficient to identify regions negatively associated with the
phenotype if the organism is viable on both hosts (Joshi and Thompson 1995), as is the
case in the DBM-P strain (Lohr and Gathu 2002). Future studies should consider collecting
F2 individuals that failed to develop on B. napus to confirm the antagonistic effect of the QTL
we identified. Though this is likely not feasible due to the size of neonate larvae and their

behavior to feed within leaves (Talekar and Shelton 1993).

Host plant specific differential expression of chemosensory proteins in head capsules

Gene expression can provide the missing link between genotype and phenotype (Huestis
and Marshall 2009), especially in complex traits (Pavey et al. 2010) such as host plant
preference (Miller and Strickler 1984, Matsubayashi et al. 2011). Transcriptomic profiling of
head capsule tissue revealed differential expression of genes related to synaptic signaling
and response to stimulus between the DBM-P and DBM-W regardless of host plants
suggesting differences in brain function between the two strains. Differential expression of
genes involved in olfaction and gustation have been observed in insect host plant races
reared on their non-native host plant (Kopp et al. 2008, Shiao et al. 2015, Eyres et al. 2016).
Furthermore, feeding assays in both hemi (Eyres et al. 2016, Xiao et al. 2021) and
holometabolous (Shiao et al. 2015, Orsucci et al. 2018b) insects revealed differential

expression of chemosensory genes which may impact host plant acceptance.

In this study we identified both bitter and sweet taste receptors with lowered expression in
the DBM-P strain regardless of host plant. One such gene, an ortholog of GR93a, has been
shown to be involved in avoidance behavior of phenylpropanoids, a plant secondary
metabolite, in Drosophila melanogaster (Poudel and Lee 2016). This may indicate a
breakdown in antifeedant behavior drives the DBM-P strains acceptance of P. sativum as a
viable host plant. Interestingly, primed expression with highest expression in the DBM-P
strain was observed in multiple odorant binding proteins. Although odorant binding proteins
have been shown to be involved in host plant preference (Matsuo et al. 2007, Poudel and
Lee 2016, Chang et al. 2017) and the DBM-P strain shows a primed response, we were

unable to determine if this is involved in host plant preference.
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Transcriptomic response to host plant in the phase | metabolism

Gene differential expression has been used to identify detoxification plasticity associated
with host plant specialization in both hemi (Eyres et al. 2016, Singh et al. 2020) and
holometabolous insects (Pearce et al. 2017, Breeschoten et al. 2019). We investigated
expression levels of cytochrome p450 and carboxyleserase genes in the PxLV.1 genome to
provide insights into how the phase | metabolism responds to a novel host plant. This
revealed a large number of strain specific differences that were irrespective of host plant.
Three families of cytochrome P450s (CYP4, CYP6, CYP9) were differentially expressed
between the DBM-P and Waite strains. Differential expression of insect CYP4 genes have
been shown to occur due to xenobiotics (such as insecticides) (David et al. 2006, David et
al. 2013, Hu et al. 2019) and host plant usage (Huang et al. 2019). Furthermore, family
CYP6 and CYP9 genes have roles implicated in host plant utilization across Lepidoptera
(Calla et al. 2017); response to phytochemicals in insects (Li et al. 2019, Vandenhole et al.
2021) along with insecticide resistance (David et al. 2013, Liang et al. 2015). Strain specific
detoxification was also observed in type B carboxylesterases, which have been shown to be
differentially expressed during host plant transfers in Sitobion avenae (Wang et al. 2020) and
Chilo suppressalis when feeding on different host plants (Zhong et al. 2017). This provides
an attractive hypothesis: that differential expression of these carboxylesterases along with
CYP4, CYP6 and CYP9 genes is due to adaptive evolution of the DBM-P strain to detoxify
novel secondary metabolites present in P. sativum. However, we are unable to confidently
determine if these are adaptive changes or just due to divergence between the two strains.
Future experiments should investigate if other DBM strains show similar expression of these

genes compared to the Waite strain.

Mediation of oxidative stress by the phase Il metabolism plays a dynamic rolein

adaptation to host plant

The insect phase Il metabolism facilitates detoxification of plant secondary metabolites
through conjugation of functional groups making them more easily excreted. We observed a
combination of strain and dynamic differential expression in glutathione-S-transferases along
with strain and primed expression of UDP- glucosyltransferases. This provides strong
evidence that plasticity in glutathione-S-transferases and UDP- glucosyltransferases
expression enables DBM-P larvae to survive novel secondary metabolic pressures exerted
by P. sativum. Furthermore, both of these genes have been shown to take part in plant
secondary metabolite detoxification (Li et al. 2007, Ketterman et al. 2011) and response to
oxidative stress (Yu et al. 2008, Yamamoto et al. 2009, Cui et al. 2020) in insects. With

members of the UDP- glucosyltransferases family have increased expression in both
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Spodoptera (Breeschoten et al. 2019) and Helicoverpa (Pearce et al. 2017) moths while

feeding on different host plants.

Dynamic differential expression of midgut genes was significantly associated with synthesis
of substrates for Phase Il enzymes, glutathione-s-transferases and sulfotransferases, along
with key genes that respond to oxidative stress such as a heat shock proteins (Kang et al.
2017, Farahani et al. 2020) and deubiquitinatases (Cotto-Rios et al. 2012). Glutathione has
been shown to accumulate in insect tissue undergoing oxidative stress (Barbehenn et al.
2001, Barbehenn 2003). Metabolite profiling of a different strain selected for survivorship on
Pisum sativum for 17 generations showed indications of oxidative stress (Yang et al. 2020a)
supporting our observations and suggesting the DBM-P strain has not adapted to sufficiently

protect against oxidative stress induced by P. sativum in over 130 generations.
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ephritid species, including the Mediterranean fruit fly

(medfly) Ceratitis capitata, the oriental fruit fly Bactrocera

dorsalis, the melon fly Zeugodacus cucurbitae, and the
Queensland fruit fly Bactrocera tryoni, are major agricultural
pests worldwide!. The sterile insect technique (SIT) is a species-
specific and environment-friendly approach to control their
populations, which has been successfully applied as a component
of area-wide integrated pest management programs2~4. The effi-
cacy and cost-effectiveness of these large-scale operational SIT
applications has been significantly enhanced by the development
and use of genetic sexing strains (GSS) for medfly, B. dorsalis and
Z. cucurbitae>®.

A GSS requires two principal components: a selectable marker,
which could be phenotypic or conditionally lethal, and the link-
age of the wild-type allele of this marker to the male sex, ideally as
close as possible to the male determining region. In a GSS, males
are heterozygous and phenotypically wild type, whilst females are
homozygous for the mutant allele thus facilitating sex separa-
tion®8, Puparium color was one of the first phenotypic traits
exploited as a selectable marker for the construction of GSS. In all
three species, brown is the typical puparium color. However,
naturally occurring color mutants such as white pupae (wp)® and
dark pupae (dp)!9 have occurred in the field or laboratory stocks.
The wp locus was successfully used as a selectable marker to
develop GSS for C. capitata, B. dorsalis, and Z. cucurbitae®!1:12;
however, its genetic basis has never been resolved.

Biochemical studies provided evidence that the white pupae
phenotype in medfly is due to a defect in the mechanism
responsible for the transfer of catecholamines from the hemo-
lymph to the pupal cuticle!3. In addition, classical genetic studies
showed that the wp phenotype is due to a recessive mutation in
an autosomal gene located on chromosome 5 of the medfly
genome>!4. The development of translocation lines combined
with deletion and transposition mapping and advanced cytoge-
netic studies allowed the localization of the gene responsible for
the wp phenotype on the right arm of chromosome 5, at position
59B of the trichogen polytene chromosome map!®. In the same
series of experiments, the wp locus was shown to be tightly linked
to a temperature-sensitive lethal (tsl) gene (position 59B-61C),
which is the second selectable marker of the VIENNA 7 and
VIENNA 8 GSS currently used in all medfly SIT operational
programs worldwide”-15.

The genetic stability of a GSS is a major challenge, mainly due
to recombination phenomena taking place between the selectable
marker and the translocation breakpoint. To address this risk, a
chromosomal inversion called D53 was induced and integrated
into the medfly VIENNA 8 GSS (VIENNA 8D53+)6:8_ Cytogenetic
analysis indicated that the D53 inversion spans a large region of
chromosome 5 (50B-59C on trichogen polytene chromosome
map) with the wp locus being inside the inversion, close to its
right breakpoint®.

Extensive genetic and cytogenetic studies facilitated the devel-
opment of a physical map of the medfly genome®!°, The anno-
tated gene set provided opportunities for the identification of
genes or loci-associated mutant phenotypes, such as the wp and
tsl, used for the construction of GSS!®17. Salivary gland polytene
chromosome maps developed for C. capitata, B. dorsalis, Z.
cucurbitae, and B. tryoni show that their homologous chromo-
somes exhibit similar banding patterns. In addition, in situ
hybridization analysis of several genes confirmed that there is
extensive shared synteny, including the right arm of chromosome
5 where the C. capitata wp gene is localized®. Interestingly, two
recent studies identified SNPs associated with the wp phenotype in
C. capitata and Z. cucurbitae that were also on chromosome 5!819,

In this work, we employ different strategies involving genetics,
cytogenetics, genomics, transcriptomics, gene editing, and

bioinformatics to identify independent natural mutations in a
gene responsible for puparium coloration in three tephritid spe-
cies of major agricultural importance, C. capitata, B. dorsalis, and
Z. cucurbitae. We then functionally characterize causal mutations
within this gene in C. capitata and B. tryoni resulting in devel-
opment of new white pupae strains. Due to its conserved nature20
and widespread occurrence in many insect species of agricultural
and medical importance, we also discuss the potential use of this
gene as a generic selectable marker for the construction of GSS for
SIT applications.

Results

Resolving the B. dorsalis wp locus by introgression experi-
ments. The B. dorsalis white pupae phenotype was introgressed
into B. tryoni to generate a strain referred to as the Bactrocera
introgressed line (BIL, Supplementary Fig. 1). To determine the
proportion of B. dorsalis genome introgressed into BIL, whole-
genome sequence data from male and female B. dorsalis, B. tryoni,
and BIL individuals were analyzed. Paired-end Illumina short
read data from single B. oleae males (SRR826808) and females
(SRR826807) were used as an outgroup. Single copy orthologs
across the genome (n=1,846) were used to reconstruct the
species topology revealing a species-specific monophyly (Fig. 1a)
consistent with published phylogenies?l:22, Reconstruction also
showed monophyly between B. tryoni and BIL across 99.2% of
gene trees suggesting the majority of loci originally introgressed
from B. dorsalis have been removed during backcrosses.

Genomes were partitioned into 100 kb windows and pairwise
absolute genetic distance (dyy) calculated between each species
and BIL to estimate admixture. Bactrocera dorsalis was found to
be highly similar to a small proportion of the BIL genome
(Fig. 1b; purple), as indicated by dyy values approaching the
median value of B. dorsalis vs B. tryoni (Fig. 1b; yellow).

Two formal tests for introgression were also carried out, the f
estimator f; (Fig. 1c) and topology weighting (Fig. 1d). Three
distinct local evolutionary histories (Fig. 1d) were tested using dxy
and topology weighting across the B. dorsalis wp Quantitative
Trait Locus (QTL) i) BIL is closest to B. tryoni (Fig. 1d; purple,
expected across most of the genome), ii) BIL is closest to B.
dorsalis (Fig. 1d; orange, expected at the wp™ locus), and iii) BIL is
closest to B. oleae (Fig. 1d; green, a negative control). Across the
nuclear genome the species topology was supported in 98.82% of
windows. Both f; and topology weighting confirmed a lack of
widespread introgression from B. dorsalis into BIL with few (n =
42) discordant outlier windows. Genomic windows discordant
across all three tests were considered candidate regions for the wp
mutation. Four scaffolds accounting for 1.18% of the B. dorsalis
genome met these criteria and only two, NW_011876372.1 and
NW_011876398.1, showed homozygous introgression consistent
with a recessive white pupae phenotype (Supplementary Fig. 2).

To resolve breakpoints within the B. dorsalis wp~ QTL, a
windowed analysis across NW_011876398.1 and NW_011876372.1
was performed using dxy (Fig. 1le), topology weighting (Fig. 1f) and
fa (Fig. 1g). The maximum range of the introgressed locus was 4.49
Mb (NW_011876398.1 was 2.9-5.94 Mb and NW_011876372.1 was
0-1.55Mb) (Fig. le-g). The wp™ QTL was further reduced to a 2.71
Mb region containing 113 annotated protein coding genes through
analyzing nucleotide diversity (1) among eight pooled BIL genomes
(3.8Mb on NW_011876398.1 to 0.73Mb on scaffold
NW_011876372.1, Supplementary Fig. 2).

Resolving the C. capitata wp by genome sequencing and in situ
hybridization. Cytogenetic studies have determined the gene
responsible for the white pupae phenotype to be localized on the
right arm of chromosome 5, at position 59B of the trichogen polytene
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Fig. 1 Characterization of total introgression from B. dorsalis into the Bactrocera introgressed line and identification of the white pupae locus. a Species
tree constructed from 1846 single copy ortholog gene trees for four haplotypes of B. oleae, B. dorsalis, B. tryoni, and BIL. Branches corresponding to BIL

individuals are shown in blue. All nodes were well supported with posterior probabilities >0.97. b Nei's absolute genetic distance (dxy) calculated for tiled
100 kb windows across the genome between B. tryoni vs BIL (Bt vs BIL); B. tryoni vs B. dorsalis (Bt vs Bd); B. tryoni vs B. oleae (Bt vs Bo); and BIL vs B. oleae (BIL
vs Bo). Box and whisker graphs (including outliers) represent a summary of 2294 genomic windows. Boxes show the first and third inter quartile range
(IQR) while whiskers extend to a maximum of 1.5 x IQR. All values outside 1.5 = IQR are shown as plus signs. ¢ The introgression estimator (f4) calculated
across tiled 100 kb windows to identify regions of disproportionately shared alleles between BIL and B. dorsalis, f4 (Bt, BIL, Bd; Bo). d The three evolutionary
hypothesis/topologies of interest to identify introgressed regions and their representation across the genome: species (purple, 98.82%), introgression

(orange, 1.04%) and a negative control tree (green, 0.14%). e Nei's absolute genetic distance (dyy) calculated for tiled 10 kb windows across the candidate
wp locus for B. tryoni vs BIL (purple), B. dorsalis vs BIL (orange), B. oleae vs BIL (green). f Topology weighting for each topology shown in d, calculated for 1kb
tiled local trees across the candidate wp locus. g The introgression estimator (f4) calculated across tiled 10 kb windows for the comparison f4 (Bt, BIL, Bd;

Bo) to identify the start and end of the introgressed locus. Source data are provided in a Source Data file.

chromosome map!®. The equivalent of position 59B is position 76B
of the salivary gland polytene chromosome map, inside but close to
the right breakpoint of the D53 inversion (69C-76B on the salivary
gland polytene chromosome map). Long read sequencing data were
generated of the wild-type strain Egypt II (Egll, WT), the inversion
line D53 and the genetic sexing strain VIENNA 8 (without the
inversion; VIENNA 8P53-|-) (Supplementary Table 1) to enable a
comparison of the genomes and locate the breakpoints of the D53
inversion, to subsequently narrow down the target region, and to
identify wp candidate genes.

Chromosome 5-specific markers!® were used to identify the
EglIl_Ccap3.2.1 scaffold_5 as complete chromosome 5. Candi-
date D53 breakpoints in EgII scaffold_5 were identified using
the alignment of three genome datasets EgII, VIENNA 8D53~|—,
and D53 (see material and methods). The position of the D53
inversion breakpoints was located between 25,455,334 and
25,455,433 within a scaffold gap (left breakpoint), and at
61,880,224 bp in a scaffolded contig (right breakpoint) on EgII
chromosome 5 (Ccap3.2.1; accession GCA_905071925) (Fig. 2a).
The region containing the causal wp gene was known to be just
next to the right breakpoint of the D53 inversion. Cytogenetic
analysis and in situ hybridization using the WT EgII strain and
the D53 inversion line confirmed the overall structure of the
inversion, covering the area of 69C-76B on the salivary gland
polytene chromosomes (Fig. 2), as well as the relative position
of markers residing inside and outside the breakpoints (Fig. 2
and Supplementary Fig. 3). PCRs using two primer pairs
flanking the predicted breakpoints (Supplementary Fig. 4) and
subsequent sequencing confirmed the exact sequence of the
breakpoints. Thereby, the wild-type status was confirmed
for Egll flies and VIENNA 7DP53*+= GSS males, which are
heterozygous for the inversion. Correspondingly, these ampli-
cons were not present in D53 males and females or in VIENNA
7D53+|+ GSS females (all homozygous for the inversion)

(Supplementary Fig. 4). Positive signals for the inversion were
detected in D53 and VIENNA 7P53+ GSS males and females,
but not in WT flies using an inversion-specific primer pair
(Supplementary Fig. 4).

Genome and transcriptome sequencing reveal a single candi-
date wp gene. Orthologs within the QTL of B. dorsalis, C. capi-
tata, and scaffolds known to segregate with the wp phenotype in
Z. cucurbitae (NW_011863770.1 and NW_011863674.1)18 were
investigated for null mutations under the assumption that errors
within a conserved gene result in white pupae. A single ortholog
containing fixed indels absent from wild-type strains was iden-
tified in each species. White pupae B. dorsalis and BIL strains
showed a 37 bp frame-shift deletion in the first coding exon of
LOC105232189 introducing a premature stop codon 210 bp from
the transcription start site (Fig. 3a). Presence of the deletion was
confirmed in silico using whole genome resequencing from the
wp and wildtype mapped to the reference, and by de novo
assembly of Illumina RNAseq data transcripts (Fig. 3a).

In C. capitata, a D53 Nanopore read alignment on EgII showed
an independent approximate 8150 bp insertion into the third
exon of LOC101451947 disrupting proper gene transcription 822
bp from the transcription start site (Fig. 3b). The insertion
sequence is flanked by identical repeats, suggesting that it may
originate from a transposable element insertion. The C. capitata
mutation was confirmed in silico, as in B. dorsalis, using whole
genome sequencing and RNAseq data (Fig. 3b).

Transcriptome data from the white pupae-based genetic sexing
strain of Z. cucurbitae revealed a 13 bp deletion in the third exon
of LOC105216239 on scaffold NW_011863770.1 introducing a
premature stop codon (Fig. 3c).

The candidate white pupae gene in all three species had a
reciprocal best BLAST hit to the putative metabolite transport
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lethal (SxI), the position of the D53 inversion breakpoints (blue; LB = left breakpoint, RB = right breakpoint), and the relative position of white pupae (wp) on
the polytene chromosome map of chromosome 571 (left (L) and right (R) chromosome arm, linked at the centromeric region (C)) and the PacBio-Hi-C Egll
scaffold_5 (bp = base pairs), representing the complete chromosome 5 (Ccap3.2.1, accession GCA_905071925). The position of the yellow gene (y,

LOC101455502) was confirmed on chromosome 5 70A by in situ hybridization, despite its sequence not been found in the scaffold assembly. b Schematic
illustration of chromosome 5 without (Egll, WT) and with (D53) D53 inversion, with additional marker genes Curly (Cy), integrin-aPS2 (PS2a), white (w),
chorion S36,/38 (Ccs36,/38), vitellogenin-1/2-like (Vg1 + 2). The inverted part of chromosome 5 is shown in light blue, the centromere in yellow. Two probes,
one inside (y, 70A) and one outside (Pgd, 68B) of the left inversion breakpoint were used to verify the D53 inversion breakpoints by in situ hybridization.
WT Egll is shown in ¢ and e, D53 in d and f. Chromosomal segments are numbered, arrows in micrographs indicate in situ hybridization signal. In situ
hybridizations were done at least in duplicates and at least ten nuclei were analyzed per sample, scale bar =10 um. All replicates led to similar results.

The source data underlying Fig. 2c-f are provided as a Source Data file.

protein CG14439 in Drosophila melanogaster and contains a
Major Facilitator-like superfamily domain (MFS_1, pfam07690),
suggesting a general function as a metabolite transport protein. In
situ hybridization on polytene chromosomes of B. dorsalis, C
capitata and Z. cucurbitae was used to confirm the presence of the
wp locus in the same syntenic position on the right arm of
chromosome 5 (Fig. 3d-f). Therefore, all three species show a
mutation in the same positional orthologous gene likely to be
responsible for the phenotype in all three genera.

Knockout of the MFS gene causes white pupae phenotypes. An
analogous B. dorsalis wp~ mutation was developed in B. tryoni by
functional knockouts of the putative Bt_wp using the CRISPR/
Cas9 system. A total of 591 embryos from the Ourimbah
laboratory strain were injected using two guides with recognition
sites in the first coding exon of this gene (Fig. 4a). Injected
embryos surviving to adulthood (n =19, 3.2%) developed with
either wild-type brown (n=12) or somatically mosaic white-
brown puparia (n = 7, Supplementary Fig. 5). Surviving Gy adults
were individually backcrossed into the Ourimbah strain, resulting
in potentially wpt1—(CRISPR) heterozygous brown pupae (Fig. 4c).
Five independent G, crosses were fertile (three mosaic white-
brown and two brown pupae phenotypes). G; offspring were
sibling mated and visual inspection of G, progeny revealed that
three families contained white pupae individuals. Four distinct

frameshift mutations were observed in screened G, progeny
(Fig. 4a) suggesting functional KO of putative Bt_wp is sufficient
to produce the white pupae phenotype in B. tryoni. Capillary
sequencing of cloned Bt MFS amplicons revealed deletions ran-
ging from a total of 4-155bp, summed across the two guide
recognition sites, introducing premature stop codons.

In C. capitata, CRISPR/Cas9 gene editing was used to knockout
the orthologous gene and putative Cc_wp, LOC101451947, to
confirm that it causes a white puparium phenotype. A mix of
recombinant Cas9 protein and the gRNA_MFS, targeting the third
exon and thereby the MFS domain of the presumed Cc_wp CDS
(Fig. 4b), was injected into 588 EgIl WT embryos of which 96
developed to larvae and 67 pupated. All injected G, pupae showed
brown pupal color. In total, 29 Gy males and 34 females survived
to adulthood (9.3%) and were backcrossed individually or in
groups (see material and methods) to a strain carrylng the
naturally occurring white pupae mutation (wp~(MaV; strain
#1402_22m1B)?3 (Fig. 4d). As white pupae is known to be
monogenic and recessive in C. capitata, this complementation
assay was used to reveal whether the targeted gene is responsible
for the naturally occurring white pupae phenotype or if the
mutation is located in a different gene. G; offspring would only
show white pupae phenotypes if Cc_wp was indeed the white
pupae gene, knocked-out by the CRISPR approach, and
complemented by the natural mutation through the backcross
(wp~(0at|—(CRISPR)) 1n the case that the Cc_wp is not the gene
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Fig. 3 Identification of the wp mutation in the transcriptomes of B. dorsalis, C. capitata, and Z. cucurbitae. The gray graphs show expression profiles from
the candidate wp loci in WT (wp™t) and mutant (wp~) flies at the immobile pupae stages of a B. dorsalis, b C. capitata, and € Z. cucurbitae. The gene structure
(not drawn to scale) is indicated below as exons (arrows labeled E1-E4) and introns (dashed lines), the Major Facilitator Superfamily (MFS) domain is
shown in blue. The positions of independent wp mutations (Bd: 37 bp deletion, Cc: approximate 8150 bp insertion, Zc: 13 bp deletion) are marked with black
dashed boxes in the expression profiles and are shown in detail below the gene models based on de novo assembly of RNAseq data from WT and white
pupae phenotype individuals (nucleotide and amino acid sequences). Deletions are shown as dashes, alterations on protein level leading to premature stop
codons are depicted as asterisks highlighted in black. In situ hybridization on polytene chromosomes for d B. dorsalis, e C. capitata, and f Z. cucurbitae
confirmed the presence of the wp locus on the right arm of chromosome 5 in all three species (arrows in micrographs). In situ hybridizations were done at
least in duplicates and at least ten nuclei were analyzed per sample, scale bar =10 um. The source data underlying Fig. 3d-f are provided as a Source
Data file.
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carrying the natural wp~ mutation, a brown phenotype would be
observed for all offspring. Here, five out of 13 crosses, namely M1,
M3, F2, F3, and F4, produced white pupae phenotype offspring.
The crosses generated 221, 159, 70, 40, and 52 G; pupae, of which
10, 30, 16, 1, and 1 pupa respectively, were white. Fifty-seven flies

emerged from white puparia were analyzed via non-lethal
genotyping, and all of them showed mutation events within the
target region. Overall, eight different mutation events were seen,
including deletions ranging from 1 to 9bp and a 46 bp deletion
combined with a 2bp insertion (Fig. 4b). Five mutation events
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Fig. 4 CRISPR/Cas9-based generation of homozygous wp(CRISPR) [ines in B. tryoni and C. capitata. A schematic structure of the wp CDS exons (E1, E2,
E3, E4) including the MFS domain in B. tryoni (a) and C. capitata (b) are shown. Positions of gRNAs targeting the first and third exon in B. tryoni and C.
capitata, respectively, are indicated by green arrows. Nucleotide and amino acid sequences of mutant wp alleles identified in G, individuals are compared
to the WT reference sequence in B. tryoni (a) and C. capitata (b). Deletions are shown as dashes, alterations on protein level leading to premature stop
codons are depicted as asterisks highlighted in black. Numbers on the right side represent InDel sizes (bp = base pairs). Crossing schemes to generate
homozygous wp=(CRISPR) [ines in B. tryoni (¢) and C. capitata (d) show different strategies to generate wp strains. Bright-field images of empty puparia
are depicted for both species. Genotype schematics and corresponding PCR analysis (for C. capitata) validating the presence of CRISPR-induced
(orange) and natural (blue, for C. capitata) wp mutations are shown next to the images of the puparia. ¢ Injected Gq B. tryoni were backcrossed to the
Ourimbah laboratory strain resulting in uniformly brown G, offspring (depicted as illustration because no images were acquired during G;). G,
inbreeding led to G, individuals homozygous for the white pupae phenotype. d Injected WT G, flies were crossed to flies homozygous for the naturally
occurring wp~ allele (wp—(Mab), wp—(ad (457 bp amplicon) and wp—(CRISPRY or WT (724 bp amplicon) alleles were identified by multiplex PCR (left
lane; L= NEB 2 log ladder). White pupae phenotypes in Gy indicated positive CRISPR events. G, flies with a white pupae phenotype that were
homozygous for the wp—(CRISPR) z|lele were used to establish lines. PCR was done once for each individual, wp—(CRISPR) 3lleles were verified and further
analyzed via sequencing. The source data underlying Fig. 4d are provided as a Source Data file.

(B, D, E, G, H) caused frameshifts and premature stop codons.
The remaining three (A, C, F), however, produced deletions of
only one to three amino acids. Mutants were either inbred
(mutation C) (Fig. 4d) or outcrossed to WT EglI (mutation A-H),
both in groups according to their genot)?e. This demonstrated
that Cc_wp is the gene carrying the wp~ (%), and that even the loss
of a single amino acid without a frameshift at this position can
cause the white pupae phenotype. Offspring from outcrosses of
mutation A, D, and H, as well as offspring of the inbreeding
(mutation C), were %enotyped via PCR, and wp+|*(CRISPR) and
wp~ (CRISPR)|—(CRISPR)  pyositive flies were inbred to establish
homozygous wp (CRISPR) Jines,

Discussion

White pupae (wp) was first identified in C. capitata as a spon-
taneous mutation and was subsequently adopted as a phenotypic
marker of fundamental importance for the construction of GSS
for SIT®. Full penetrance expressivity and recessive inheritance
rendered wp the marker of choice for GSS construction in two
additional tephritid species, B. dorsalis and Z. cucurbitae'l:12,
allowing automated sex sorting based on pupal color. This was
only possible because spontaneous wp mutations occur at rela-
tively high rates either in the field or in mass rearing facilities and
can easily be detected®®. Despite the easy detection and estab-
lishment of wp mutants in these three species, similar mutations
have not been detected in other closely or distantly related species
such as B. tryoni, B. oleae, or Anastrepha ludens, despite large
screens being conducted. In addition to being a visible GSS
marker used to separate males and females, the wp phenotype is
also important for detecting and removing recombinants in cases
where sex separation is based on a conditional lethal gene such as
the tsl gene in the medfly VIENNA 7 or VIENNA 8 GSS7.
However, it took more than 20 years from the discovery and
establishment of the wp mutants to the large-scale operational use
of the medfly VIENNA 8 GSS for SIT applications®® and the
genetic nature of the wp mutation remained unknown. The dis-
covery of the underlying wp mutations and the availability of
CRISPR/Cas genome editing would allow the fast recreation of
such phenotypes and sexing strains in other insect pests. Isolation
of the wp gene would also facilitate future efforts towards the
identification of the closely linked tsI gene.

Using an integrated approach consisting of genetics, cytoge-
netics, genomics, transcriptomics, and bioinformatics, we identi-
fied the white pupae genetic locus in three major tephritid
agricultural pest species, B. dorsalis, C. capitata, and Z. cucurbitae.
Our study clearly shows the power of employing different stra-
tegies for gene discovery, one of which was species hybridization.
In Drosophila, hybridization of different species has played a

catalytic role in the deep understanding of species boundaries and
the speciation processes, including the evolution of mating beha-
vior and gene regulation?4-28. In our study, we took advantage of
two closely related species, B. dorsalis and B. tryoni, which can
produce fertile hybrids and be backcrossed for consecutive gen-
erations. This allowed the introgression of the wp mutant locus of
B. dorsalis into B. tryoni, resulting in the identification of the
introgressed region, including the causal wp mutation via whole-
genome resequencing and advanced bioinformatic analysis.

In C. capitata, we exploited two essential pieces of evidence
originating from previous genetic and cytogenetic studies: the
localization of wp to region 59B and 76B on chromosome 5 in the
trichogen cells and salivary gland polytene chromosome map,
respectively!>2°, and its position close to the right breakpoint of
the large inversion D53°. This data prompted us to undertake a
comparative genomic approach to identify the exact position of
the right breakpoint of the D53 inversion, which would bring us
in the vicinity of the wp gene. Coupled with comparative tran-
scriptomic analysis, this strategy ensured that the analysis indeed
tracked the specific wp locus on the right arm of chromosome 5,
instead of any mutation in another, random locus which may
participate in the pigmentation pathway and therefore result in
the same phenotype. Functional characterization via CRISPR/
Cas9-mediated knockout resulted in the establishment of new
white pupae strains in C. capitata and B. tryoni and confirmed
that this gene is responsible for the puparium’s coloration in these
tephritid species. Interestingly, the wp phenotype is based on
three independent and very different natural mutations of this
gene, a rather large and transposon-like insertion in C. capitata,
but only small deletions in the two other tephritids, B. dorsalis
and Z. cucurbitae. In medfly, however, CRISPR-induced in-frame
deletions of one or three amino acids in the MFS domain were
sufficient to induce the wp phenotype, underlining the impor-
tance of this domain for correct coloration of the puparium.

It is worth noting that in the first stages of this study, we
employed two additional approaches, which did not allow us to
successfully narrow down the wp genomic region to the desired
level. The first was based on Illumina sequencing of libraries pro-
duced from laser micro-dissected (Y;5) mitotic chromosomes that
carry the wild-type allele of the wp gene through a translocation
from the fifth chromosome to the Y. This dataset from the medfly
VIENNA 7 GSS was comparatively analyzed to wild-type (Egypt II)
Y and X chromosomes, and the complete genomes of Egypt II,
VIENNA 7P>3- GSS, and a D53 inversion line in an attempt to
identify the chromosomal breakpoints of the translocation and/or
inversion, which are close to the wp locus (Supplementary Table 2).
However, this effort was not successful due to the short Illumina
reads and the lack of a high-quality reference genome. The second
approach was based on individual scale whole-genome
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resequencing/genotyping, and identifying fixed loci associated with
pupal color phenotypes, which complemented the QTL analysis!®.
Seven loci associated with SNPs and larger deletions linked to the
white pupae phenotype were analyzed based on their respective
mutations and literature searches for their potential involvement in
pigmentation pathways. However, we could not identify a clear link
to the pupal coloration as shown by in silico, molecular, and in situ
hybridization analysis (Supplementary Figs. 6 and 7, Supplementary
Table 3).

The wp gene is a member of a Major Facilitator Superfamily
(MEFS). Orthologs of white pupae are present in 146 of 148 insect
species aggregated in OrthoDB20 v9 and are single copy in
133 species. Furthermore, wp is included in the benchmarking
universal single copy ortholog (BUSCO) gene set for Insecta and
according to OrthoDB3? v10 has a below average evolutionary
rate (0.87, OrthoDB group 42284at50557) suggesting an impor-
tant and evolutionarily conserved function (Supplementary
Fig. 8). Its ortholog in Bombyx mori, mucK, was shown to par-
ticipate in the pigmentation at the larval stage3! whereas in D.
melanogaster peak expression is during the prepupal stage after
the larva has committed to pupation?, which is the stage where
pupal cuticle sclerotization and melanization occurs. It is known
that the insect cuticle consists of chitin, proteins, lipids, and
catecholamines, which act as cross-linking agents thus con-
tributing to polymerization and the formation of the integu-
ment33, Interestingly, the sclerotization and melanization
pathways are connected and this explains the different mechan-
ical properties observed in different medfly pupal color strains
with the dark color cuticles being harder than the brown ones and
the latter harder than the white color ones®*. The fact that the
white pupae mutants are unable to transfer catecholamines from
the hemolymph to the cuticle is perhaps an explanation for the
lack of the brown pigmentation!.

The discovery of the long-sought wp gene in this study and the
recent discovery of the Maleness-on-the-Y (MoY) gene, which
determines the male sex in several tephritids3®, opens the way for
the development of a generic approach for the construction of
GSS for other species. Using CRISPR/Cas-based genome editing
approaches, we can: (a) induce mutations in the wp orthologues
of SIT target species and establish lines with wp phenotype and
(b) link the rescue alleles as closely as possible to the MoY region.
Given that the wp gene is present in diverse insect species
including agricultural insect pests and mosquito disease vectors,
this approach would allow more rapid development of GSS in SIT
target species, members of diverse families, such as the agri-
cultural pest species A. ludens, A. fraterculus, B. dorsalis, B. cor-
recta, B. oleae, Drosophila suzukii, Cydia pomonella, Pectinophora
gossypiella, Lobesia botrana; the livestock pests Glossina morsi-
tans, G. pallidipes, G. palpalis gambiensis, G. austeni; and the
mosquito disease vectors Aedes aegypti, Aedes albopictus, and
Anopheles arabiensis. However, the biological quality of any new
strain which is considered for SIT application should be first
thoroughly tested in respect to their fitness and male mating
competitiveness. In principle, these GSS will have higher fertility
compared to the semi-sterile translocation lines®. In addition,
these new generation GSS will be more stable since the rescue
allele will be tightly linked to the male determining region thus
eliminating recombination which can jeopardize the genetic
integrity of any GSS. The concept of the generic approach can
also be applied in species which lack a typical Y chromosome
such as Ae. aegypti and Ae. albopictus. In these species, the rescue
allele should be transferred close to the male determining gene
(Nix) and the M locus3%37, Tt is hence important for this generic
approach to identify regions close enough to the male deter-
mining loci to ensure the genetic stability of the GSS and to allow
the proper expression of the rescue alleles. In the present study,

we have already shown that CRISPR/Cas9-induced mutations
resulting in the white pupae phenotype can be developed in SIT
target species and the resulting strains provide already new
opportunities for GSS based on visible markers.

Methods

Insect rearing. Ceratitis capitata, B. dorsalis, and Z. cucurbitae fly strains were
maintained at 25 + 1 °C, 48% RH and 14/10 h light/dark cycle, and fed with a mixture
of sugar and yeast extract (3 v:1v) and water. Larvae were reared on a gel diet, con-
taining carrot powder (120 g/L), agar (3 g/L), yeast extract (42 g/L), benzoic acid (4 g/L),
HCI (25%, 5.75 mL/L), and ethyl-4-hydroxybenzoate (2.86 g/L). Flies were anesthetized
with N, or CO, for screening, sexing, and the setup of crosses. To slow down the
development during the non-lethal genotyping process (C. capitata), adult flies were
kept at 19 °C, 60% RH, and 24 h light for this period (1-4 days).

Bactrocera tryoni flies were obtained from New South Wales Department of
Primary Industries (NSW DPI), Ourimbah, Australia and reared at 25 +2 °C, 65 +
10% RH and 14/10 h light/dark cycle. Flies were fed with sugar, Brewer’s yeast and
water and larvae were reared on a gel diet, containing Brewer’s yeast (204 g/L),
sugar (121 g/L), methyl p-hydroxy benzoate (2 g/L), citric acid (23 g/L), wheat germ
oil (2 g/L), sodium benzoate (2 g/L), and agar (10 g/L).

Introgression and identification of wp in B. dorsalis. Interspecific crosses
between male B. tryoni (wp+|+) and female B. dorsalis (wp*|*) were carried

out. The F; wpT|= hybrids developed with brown puparia and were mass crossed.
F, wp~|= females were backcrossed into B. tryoni wp*|+ males. Backcrossing was
then repeated five additional times to produce the white pupae Bactrocera
introgressed line (BIL, Supplementary Fig. 1).

Genome sequencing using Illumina NovaSeq (2 x150 bp, Deakin University) was
performed on a single male and female from the B. dorsalis wp strain, B. tryoni, and
the BIL (~ 26X) and two pools of five BIL individuals (~ 32X). Quality control of each
sequenced library was carried out using FastQC v0.11.6 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) and aggregated using ngsReports3® v1.3. Adapter
trimming was carried out using Trimmomatic?® v0.38 and paired reads were mapped
to the B. dorsalis reference genome (GCF_000789215.1) using NextGenMap? v0.5.5
under default settings. Mapped data were sorted and indexed using SAMtools, and
deduplication was carried out using Picard MarkDuplicates v2.2.4 (https://github.
com/broadinstitute/picard). Genotypes were called on single and pooled libraries
separately with ploidy set to two and ten, respectively, using Freebayes*! v1.0.2. Each
strain was set as a different population in Freebayes. Genotypes with less than five
genotype depth were set to missing and sites with greater than 20% missing genotypes
or indels filtered out using BCFtools*? v1.9. Conversion to the genomic data structure
(GDS) format was carried out using SeqArray*? v1.26.2 and imported into the R
package geaR*4 v0.1 for population genetic analysis.

Single copy orthologs were identified in the B. dorsalis reference annotated
proteins (NCBI Bactrocera dorsalis Annotation Release 100) with BUSCO*>40 v3
using the dipteran gene set*>. Nucleotide alignments of each complete single copy
ortholog were extracted from the called genotype set using geaR v0.1 and gene trees
built using RAXML*” v8.2.10 with a GTR 4+ G model. Gene trees were then
imported into Astral I8 v5.1.1 for species tree estimation. Genome scans of
absolute genetic divergence (dxy), nucleotide diversity (7r), and the f estimator f,
were carried out using geaR v0.1. Two levels of analysis were carried out: i) genome
wide scans of non-overlapping 100 kb windows and ii) locus scans of 10 kb tiled
windows. Local phylogenies were built for nucleotide alignments of non-
overlapping 1 kb windows using RAXML v8.2.10 with a GTR 4+ G model and
topology weighting was calculated using TWISST4.

Introgressed regions (i.e., candidate wp loci) were identified by extracting
windows in the genome wide scan with topology weighting and £, greater than 0.75
and visually inspecting the ‘locus scan’ data set for dxy, f4 and topology weighting
patterns indicative of introgression. Nucleotide alignments of all genes within
candidate B. dorsalis introgressed regions were extracted from the GDS using geaR
and visually inspected for fixed mutations in B. dorsalis wp, BIL individuals, and
the two BIL pools. Candidate genes were then searched by tBLASTn against the D.
melanogaster annotated protein set to identify putative functions and functional
domains were annotated using HMMer>°. Mapped read depth was calculated
around candidate regions using SAMtools®! depth v1.9 and each sample’s read
depth was normalized to the sample maximum to inspect putative deletions. Called
genotypes were confirmed by de novo genome assembly of the B. dorsalis wp
genome using MaSuRCA>2 v3.3 under default settings. The de novo scaffold
containing LOC105232189 was identified using the BLASTn algorithm. In silico
exon-intron boundaries were then manually annotated in Geneious v11.

Identification of the D53 inversion and wp in C. capitata. Multiple C. capitata
strains were used for this study. Egypt IT (EgII) is a wild-type laboratory strain. D53
is a homozygous strain with an irradiation-induced inversion covering the area
69C-76B on the salivary gland polytene chromosome map (50B-59C on the tri-
chogen cells polytene chromosome map). VIENNA 7 and VIENNA 8 are two GSS
in which two (Y;5) translocations, in the region 58B and 52B of the trichogen
cells polytene chromosome map, respectively, have resulted in the linkage of the
wild-type allele of the wp and tsl genes to the male determining region of the
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Y chromosome. Thus, VIENNA 7 and VIENNA 8 males are heterozygous in the
wp and tsl loci but phenotypically wild type while VIENNA 7 and VIENNA 8
females are homozygous for the mutant alleles and phenotypically white pupae,
and they die when exposed to elevated temperatures. The VIENNA 7 and VIENNA
8 GSS can be constructed with and without the D53 inversion (VIENNA 7/8D53+
or D53—) When the GSS have the inversion, females are homozygous (P53+1+) for
D53 while males are heterozygous (P53+1-)6:8.16,

To perform whole genome sequencing of C. capitata strains, high-molecular-
weight (HMW) DNA was extracted from C. capitata lines (males and females of
the WT EglI strain, the VIENNA 7P53~I~ and VIENNA 8P53~I~ GSS and the
inversion line D53) and sequenced. Freshly emerged, virgin and unfed males and
females were collected from all strains. For 10X Genomics linked read and
Nanopore sequencing, the HMW was prepared as follows: twenty individuals of
each sex and strain were pooled, ground in liquid nitrogen, and HMW DNA was
extracted using the QIAGEN Genomic tip 100/G kit (Qiagen, Germany). For
PacBio Sequel an EgII line was created with single pair crossing and subsequent
sibling-mating for six generations. In all generations adult and larval diet contained
100 pg/mL tetracycline. HMW DNA from G individuals was prepared as follows:
five males from this EgII line were pooled and ground in liquid nitrogen, and
HMW DNA was extracted using the phenol/chloroform Phase Lock Gel tubes
(QuantaBio)>%. DNA for Illumina applications was extracted from individual flies
(Supplementary Table 1). PacBio de novo sequencing: samples were purified with
AMPure beads (Beckman Coulter, UK) (0.6 volumes) and QC checked for
concentration, size, integrity, and purity using Qubit (Qiagen, UK), Fragment
Analyser (Agilent Technologies) and Nanodrop (Thermo Fisher) machines. The
samples were then processed without shearing using the PacBio Express kit 1 for
library construction and an input of 4 pg DNA following the manufacturer’s
protocol. The final library was size-selected using the Sage Blue Pippin (Sage
Sciences) 0.75% cassette U1 marker in the range of 25-80 kb. The final library size
and concentrations were obtained on the Fragment Analyser before being
sequenced using the Sequel 1 2.1 chemistry with V4 primers at a loading on plate
concentration of 6 pM and 10 h movie times. For Nanopore sequencing, the
ligation sequencing kits SQK-LSK109 or SQK-RAD004 were used as recommended
by the manufacturer (Oxford Nanopore Technologies, Oxford, United Kingdom).
Starting material for the ligation library preparation were 1-1.5 ug HMW gDNA
for the ligation libraries and 400 ng for the rapid libraries. The prepared libraries
were loaded onto FLO-PRO002 (R9.4) flow cells. Data collection was carried out
using a PromethION Beta with live high accuracy base calling for up to 72h and
with mux scan intervals of 1.5 h. Each sample was sequenced at least twice. Data
generated were 7.7 Gb for EgII male, 31.09 Gb for D53 male, 26.72 Gb for VIENNA
7D53-1= male, and 24.83 Gb for VIENNA 8P53~|~ male. Run metrics are shown in
Supplementary Table 4. The PacBio data were assembled using CANU®° v1.8 with
two parameter settings: the first to avoid haplotype collapsing (genomeSize = 500
m corOutCoverage=200 ‘batOptions = -dg 3 -db 3 -dr 1 -ca 500 -cp 50°) and the
second to merge haplotypes together (genomeSize =500 m corOutCoverage=200
correctedErrorRate=0.15). The genome completeness was assessed with
BUSCO*>4¢ v3 using the dipteran gene set*>. The two assemblies were found to be
duplicated due to alternative haplotypes. To improve the contiguity and reduce
duplication, haploMerger2 v20161205 was used® and the assembly was assessed
with BUSCO v3. Phase Genomics Hi-C libraries were made by Phase genomics
from males (n = 2) of the same family used for PacBio sequencing. Initial
scaffolding was completed by Phase Genomics, but edited using the Salsa®” v2.2
and 3D-DNA (3D de novo assembly pipeline v180419; https://github.com/
theaidenlab/3d-dna) software. The resulting scaffolds were allocated a chromosome
number using chromosome specific markers!®. Specific attention was made to the
assembly and scaffolding of chromosome 5. Two contig misassemblies were
detected by the Hi-C data and fitted manually. The new assembly (EgII_Ccap3.2.1)
was then validated using the Hi-C data. Genes were called using the Funannotate
v1.6.0-24f34f6 software making use of the Illumina RNAseq data generated by this
project; mRNA mapping to the genome is described below.

To identify possible breakpoint positions, the Nanopore D53 fly assembly
contig 531 was mapped onto the EgII_scaffold_5 (from the
Egll_CCAP3.2_CANU_Hi-C_scaffolds.fasta assembly) using MashMap v2.0 (https:/
github.com/marbl/MashMap). This helped to visualize the local alignment boundaries
(Supplementary Fig. 10). MashMap parameters were set to kmer size = 16; window
size = 100; segment length = 500; alphabet = DNA; percentage identity threshold =
95%; filter mode = one-to-one. Subsequent to this, and to help confirm the exact
location of the identified breakpoints, minimap2 (v2.17, https://github.com/lh3/
minimap2) was used to align D53 as well as VIENNA 8P53~~ and VIENNA 7P53-|~
Nanopore reads onto the EgII scaffold_5 reference (Supplementary Fig. 10).
Minimap2 parameters for Nanopore reads were: minimap2 -x map-ont -A 1 -a --MD
-L -t 40. Samtools (v1.9, https://github.com/samtools/samtools) was used to convert
the alignment.sam to.bam and prepare the alignment file to be viewed in the
Integrative Genomics Viewer (IGV, http:/software.broadinstitute.org/software/igv/).
The expectation was to see a leftmost breakpoint in D53 read set alignments but not
in VIENNA 8P53~|~ and VIENNA 7P53~|= when compared to the Egll reference
(Supplementary Fig. 9). Due to an assembly gap in the EgII scaffold_5 sequence, the
exact location of the leftmost inversion breakpoint was not conclusive using this
approach. A complementary approach was then used to facilitate detection of the
leftmost inversion breakpoint in the D53 inversion line. Minimap2 was again used,
but here D53 contig 531 was used as reference for the mapping of EgII male PacBio

reads as well as VIENNA 8P53=|= male and VIENNA 7DP33~I~ male Nanopore reads
(Supplementary Fig. 10). Minimap2 parameters for PacBio reads were: minimap2 -x
map-pb -A 1 -a --MD -L -t 40. Minimap2 parameters for Nanopore reads were:
minimap2 -x map-ont -A 1 -a --MD -L -t 40. Samtools (v1.9, https://github.com/
samtools/samtools) was used to convert the alignment.sam to.bam and prepare the
alignment file to be viewed in the Integrative Genomics Viewer (IGV, http://software.
broadinstitute.org/software/igv/). The expectation was to see a common breakpoint
for all three of the above read set alignments when compared to the D53 genome in
the area of the inversion. Position ~3,055,294 was identified in the D53 contig_531 as
the most likely leftmost breakpoint. To determine the rightmost breakpoint, D53,
VIENNA 8P33~I~ and VIENNA 7P53~1~ male nanopore reads were aligned on the
Egll_scaffold_5 sequence. The expectation was to see a breakpoint in D53 read

set alignments but not in VIENNA 7P53~1= and VIENNA 8P53~|—, This is the case
here, since read alignments coming from both sides of the inversion are truncated at
one position (Supplementary Fig. 9). Findings from genome version EgII_Ccap3.2
were extrapolated to the manually revised genome version EgII_Ccap3.2.1.

Predicted D53 inversion breakpoints were verified via PCRs on Egll, D53, and
VIENNA 7P%3+ GSS male and female genomic DNA, using PhusionFlash
Polymerase in a 10 pL reaction volume [98 °C, 10's; 30 cycles of (98 °C, 15; 56 °C,
5s; 72°C, 35s); 72 °C, 1 min] (Supplementary Fig. 4). Sequences of all
oligonucleotides used in this study are listed in Supplementary Table 5. The primer
pair for the right breakpoint was designed based on EgII sequence information,
primers for the left breakpoint were designed based on D53 sequence information.
The wild-type status of chromosome 5 (EgII male and female, VIENNA 7053+~
male) was amplified using primer pairs P_1794 and P_1798 (1950 bp) and P_1795
and P_1777 (690 bp). Chromosome 5 with the inversion (D53 male and female,
VIENNA 7P53+|~ male and VIENNA 7P53+|+ female) was verified using primer
pairs P_1777 and P_1798 (1188 bp) and P_1794 and P_1795 (1152 bp) and
amplicon sequencing (Macrogen Europe, Amsterdam).

Transcriptomic analysis of C. capitata, B. dorsalis, and Z. cucurbitae species
were then conducted for RNA samples from 3rd instar larval and pre-pupal stages
(Supplementary Table 1). Total RNA was extracted by homogenizing three larvae
of C. capitata and B. dorsalis and a single larvae of Z. cucurbitae in liquid nitrogen,
and then using the RNeasy Mini kit (Qiagen). Three replicates per strain and time
point were performed. mRNA was isolated using the NEBNext polyA selection and
the Ultra II directional RNA library preparation protocols from NEB and
sequenced on the Illumina NovaSeq 6000 using dual indexes as 150 bp paired end
reads (library insert 500 bp). Individual libraries were sequenced to provide >1
million paired end reads per sample. Each replicate was then assembled separately
using Trinity>® v2.8.5. The assembled transcripts from Trinity were mapped to the
Ccap3.2 genome using minimap>® (parameters -ax splice:hq -uf). The Illumina
reads were mapped with STAR v2.5.2.a. IGV®! v2.6 was used to view all data at a
genomic and gene level. Given that the white pupae GSS!22 was used to collect
samples for RNA extraction from single larvae of Z. cucurbitae, larval sex was
confirmed by a maleness-specific PCR on the MoY gene of Z. cucurbitae® using
cDNA synthesized with the OneStep RT-PCR Kit (Qiagen) and the primer pair
ZcMoY1F and ZcMoY1R amplifying a 214 bp fragment. Conditions for a 25 pL
PCR reaction using the 1x Tag PCR Master Mix kit (Qiagen) were: [95 °C, 5 min;
30 cycles of (95 °C, 1 min; 51 °C, 1 min; 72 °C, 1 min); 72 °C, 10 min]. Presence of a
PCR product indicated a male sample. Each, male and female sample was a pool of
three individuals. Three replicates per strain and time point were collected.

Cytogenetic verification of D53 inversion and wp genes. Polytene chromo-
somes for in situ hybridization were prepared from third-instar larvae salivary
glands®. In brief, the glands were dissected in 45% acetic acid and placed on a
coverslip in a drop of 3:2:1 solution (3 parts glacial acetic acid: 2 parts water: 1-part
lactic acid) until been transparent (approximately 5 min). The coverslip was picked
up with a clean slide. After squashing, the quality of the preparation was checked
by phase contrast microscope. Satisfactory preparations were left to flatten over-
night at —20°C and dipped into liquid nitrogen until the bubbling stopped. The
coverslip was immediately removed with razor blade and the slides were dehy-
drated in absolute ethanol, air dried, and kept at room temperature.

Probes were prepared by PCR. Single adult flies were used to extract DNA with
the Extract me kit (Blirt SA), following the manufacturer’s protocol. NanoDrop
spectrometer was used to assess the quantity and quality of the extracted DNA
which was then stored at —20 °C until used. Primers (P_1790/P_1791, P_1821/
P_1822, Pgd_probe_F/R, vgl_probe_F/R, Sxl_probe_F/R, y_probe_F/R,
zw_probe_F/R, P_1633/P_1634, Zc_F/R, Bd_F/R, P_1395/P_1396, P_1415/
P_1416) were designed for each targeted gene using the Geneious Prime software.
PCR was performed in a 25 pL reaction volume using 12.5 uL. PCR Master mix 2x
Kit (Thermo Fisher Scientific), 60-80 ng DNA, and the following PCR settings
[94 °C, 5 min; 35 cycles of (94°C, 45s; 56 °C, 30's; 72 °C, 90's); 72 °C, 1 min].

Probe labeling was carried out according to the Dig DNA Labelling Kit manual
(Roche). Prior to in situ hybridization®, stored chromosome preparations were
hydrated by placing them for 2 min at each of the following ethanol solutions: 70%,
50%, and 30%. Then they were placed in 2x SSC at room temperature for 2 min.
The stabilization of the chromosomes was done by placing them in 2x SSC at 65 °C
for 30 min, denaturing in 0.07 M NaOH 2 min, washing in 2x SSC for 30,
dehydrating (2 min in 30%, 50%, 70%, and 95% ethanol), and air drying.
Hybridization was performed on the same day by adding 15 pL of denatured probe
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(boiled for 10 min and ice-chilled). Slides were covered with a siliconized coverslip,
sealed with rubber cement, and incubated at 45 °C overnight in a humid box. At
the end of incubation, the coverslip was floated off in 2x SSC and the slide washed
in 2x SSC for 3 x 20 min at 53 °C.

After 5 min wash in Buffer 1 (100 mM tris-HCl pH 7.5/ 1.5 M NaCl), the
preparations were in Blocking solution (Blocking reagent 0.5% in Buffer 1) for
30 min, and then washed for 1 min in Buffer 1. The antibody mix was added to
each slide and a coverslip was added. Then the slides were incubated in a
humid box for 45 min at room temperature, following 2x 15 min washes in Buffer
1, and a 2 min wash in detection buffer (100 mM Tris-HCI pH 9.5/ 100 mM NaCl).
The color was developed with 1 mL of NBT/BCIP solution during a 40 min
incubation in the dark at room temperature. The removal of the NBT/BCIP
solution was done by rinsing in water twice. Hybridization sites were identified
using 40x or 100x oil objectives (phase or bright field) and a Leica DM 2000
LED microscope, with reference to the salivary gland chromosome maps®. Well-
spread nuclei or isolated chromosomes were photographed using a digital
camera (Leica DMC 5400) and the LAS X software 3.7.0. All in situ hybridizations
were performed at least in duplicates and at least ten nuclei were analyzed
per sample.

Gene editing and generation of homozygous wp~ strains. For CRISPR/Cas9
gene editing in B. tryoni, purified Cas9 protein (Alt-R S.p. Cas9 Nuclease V3,
#1081058, 10 pg/uL) and guide RNAs (customized Alt-R CRISPR/Cas9 crRNA,

2 nmol and Alt-R CRISPR/Cas9 tracrRNA, #1072532, 5 nmol) were obtained from
Integrated DNA Technologies (IDT). The guide RNAs were individually resus-
pended to a 100 uM stock solution with nuclease-free duplex buffer before use. The
two customized 20 bp crRNA sequences (Bt_MFS-1 and Bt_MFS-2) were designed
using CRISPOR®. Injection mixes for microinjection of B. tryoni embryos com-
prise of 300 ng/uL Cas9 protein, 59 ng/uL of each individual crRNA, 222 ng/uL
tracrRNA, and 1x injection buffer (0.1 mM sodium phosphate buffer pH 6.8, 5 mM
KCI) in a final volume of 10 pL. The guide RNA complex containing the two
crRNAs and tracrRNA was prepared by heating at 95 °C for 5 min before cooling to
room temperature. The Cas9 enzyme along with the other injection mix compo-
nents were then added to the guide RNA complex and incubated at room tem-
perature for 5 min to assemble the ribonucleoprotein (RNP) complexes.
Microinjections were performed in B. tryoni Ourimbah laboratory strain embryos
that were collected over a 1h time period. Injections were performed under par-
affin oil using borosilicate capillary needles (#30-0038, Harvard Apparatus) drawn
out on a Sutter P-87 flaming/brown micropipette puller and connected to an air-
filled 20 mL syringe, a manual MM-3 micromanipulator (Narishige) and a CKX31-
inverted microscope (Olympus). Microscope slides with the injected embryos were
placed on agar in a Petri dish inside a vented container containing moist paper
towels at 25 °C (+ 2 °C). Hatched first instar larvae were removed from the oil and
transferred to larval food. Individual G, flies were crossed to six virgin flies from
the Ourimbah laboratory strain and eggs were collected overnight for two con-
secutive weeks. G, flies were then allowed to mate inter se and eggs were collected
in the same manner. G, pupae were then analyzed phenotypically and separated
according to color of pupae (brown, mosaic, or white).

For C. capitata CRISPR/Cas9 gene editing, a guide RNA (gRNA_MEFS), targeting
the third CDS exon of CcMFS was designed and tested for potential off target effects
using Geneious Prime®? and the C. capitata genome annotation Ccap2.1°. In silico
target site analysis predicted an on-target activity score of 0.615 (scores are between
0 and 1; higher score corresponds to higher expected activity®”) and zero off-targets sites
in the medfly genome. gRNA_MEFS was synthesized by in vitro transcription of linear
double-stranded DNA template. Therefore, a linear DNA template was amplified in a
100 pL PCR reaction using primers P_1753 and P_369 and Q5 HF polymerase (NEB)
according to the manufacturers protocol (Bio-Rad C1000 Touch thermal cycler [98 °C,
30's; 35 cycles of (98 °C, 10's; 58 °C, 20 s; 72 °C, 20 s); 72 °C, 2 min]). The PCR reaction
was purified using the Clean and Concentrator-25 kit. Subsequently, 500 ng were
transcribed using the HiScribe T7 High Yield RNA Synthesis kit (NEB), followed by an
DNase treatment (Invitrogen) and a final purification of the RNA using the Mega Clear
Kit (Invitrogen). Injection mix for microinjection of embryos contained 360 ng/uL Cas9
protein (1 ug/pL, dissolved in its formulation buffer (PNA Bio Inc, CP01)), 200 ng/uL
gRNA_MFS, and an end-concentration of 300 mM KCI%8%. The mix was freshly
prepared on ice followed by an incubation step for 10 min at 37 °C to allow pre-
assembly of gRNA-Cas9 RNP complexes and stored on ice until use. Microinjections
were conducted in WT EgII C. capitata embryos, collected over a 30-40 min period,
chemically dechorionized (sodium hypochlorite, 3 min), fixed on double-sided sticky
tape (Scotch 3 M), and covered with halocarbon oil 700 (Sigma-Aldrich). For injections,
siliconized quartz glass needles (Q100-70-7.5; LOT171381; Science Products, Germany),
drawn out on a laser-based micropipette puller (Sutter P-2000), were used with a
manual micromanipulator (MN-151, Narishige), an Eppendorf FemtoJet 4i
microinjector, and an Olympus SZX16 microscope (SDF PLAPO 1xPF objective).
Injected embryos were placed in an oxygen chamber (max. 2 psi), first instar larvae were
transferred from the oil to larval food.

As complementation assay, reciprocal crosses between surviving G, adults and
virgin adults of the white pupae strain #1402_22m1B (pBac_fa_attP-TREhs43-
Cctra-I-hidA195-$V40_a_PUb-nls-EGFP-SV40) (wp~(129)23 were set up either single
paired (six cages) or in groups of seven to ten flies (seven cages). Eggs were

collected three times every 1-2 days. Progeny (G;) exhibiting the white pupae
phenotype (wp—1at)]|—(CRISPR)) yere assayed via non-lethal genotyping and sorted
according to mutation genotype (see Fig. 4). Genotypes ‘A-H’ were group-
backcrossed to WT EglI (wpT1+), genotype ‘C’ siblings mass-crossed. Eggs were
collected four times every 1-2 days. Generation G, flies were analyzed via
multiplex PCR using three primers, specific for wpt and wp—(CRISPR) o yp—(nat)
allele size, respectively (see molecular analyses of wp mutants and mosaics, C.
capitata non-lethal genotyﬁving). Offspring of outcross cages showed brown pupae
phenotype and either wp™l=1at) or wp+=(CRISPR) genotype. In order to make
mutations A, D, and H homozygous, 40 flies (25 females, 15 males) were genotyped
each, and wpT|—(CRISPR) positive flies were inbred (mutation A: 15 females, 7
males, mutation D: 12 females, 7 males, mutation H: 11 females, 8 males). Gs
showing white pupae phenotype was homozygous for wp~(CRISPR) mutations A,
D, or H, respectively, and was used to establish lines. Inbreeding of mutation C
wp~ (nat)|~(CRISPR) flies produced only white pupae offspring, based on either the
wp~(mab]~(nat) yyp—(nat)| ~(CRISPR) oy yp—~(CRISPR)|~(CRISPR) gepotype. 94 flies
(46 females, 48 males) were genotyped, homozygous wp—(CRISPR) were inbred to
establish a line (13 females, 8 males).

Molecular analyses of wp mutants and mosaics. In B. tryoni, genomic DNA was
isolated for genotyping from G, pupae using the DNeasy Blood and Tissue Kit
(Qiagen). PCR amplicons spanning both BtMFS guide recognition sites were gener-
ated using Q5 polymerase (NEB) with primers BtMFS_5primeF and BtMFS_exon2R.
Products were purified using MinElute PCR Purification Kit (Qiagen), ligated into
pGEM-t-easy vector (Promega) and transformed into DH5a cells. Plasmids were
purified with Wizard Plus SV Minipreps (Promega) and sequenced.

In C. capitata, non-lethal genotyping was performed to identify parental
genotypes before setting up crosses. Therefore, genomic DNA was extracted from
single legs of G, and G, flies following an adapted version of an established
protocol’?. Single legs of anesthetized flies were cut at the proximal femur, placed
in vials containing ceramic beads and 50 pL buffer (10 mM Tris-Cl, pH 8.2, 1 mM
EDTA, 25 mM NaCl), and homogenized for 15s (6 m/s) using a FastPrep-24 5G
homogenizer. Then, 28.3 pL buffer and 1.7 pL proteinase-K (2.5 U/mg) were added.
The reaction mix was incubated for 1 h at 37 °C, followed by 4 min at 98 °C, and
subsequently cooled down on ice and used for PCR. For G; flies, PCR on wp was
performed in a 25 uL reaction volume using the DreamTaq polymerase, primers
P_1643 and P_1644, and 3.75 pL reaction mix, whereby different amplicon sizes
were expected for different alleles (wpt and wp~(CRISPR). 724 bp, yp—(nat); gg72
bp). The wp~ ™) amplicon was excluded via PCR settings [95 °C, 3 min; 35 cycles
of (95°C, 30s; 56 °C, 30's; 72 °C, 1 min); 72 °C, 5 min]. The 724 bp PCR product
was verified by gel electrophoresis and purified from the PCR reaction using the
DNA Clean & Concentrator-5 kit. PCR products were sequenced (P_1644) and
analyzed using Geneious Prime3. In generation G,, flies were analyzed using
multiplex PCR with primers P_1657, P_1643, and P_1644, to distinguish between
the wp (Mat) (457 bp; P_1643/P_1657), and wp~(CRISPR) alleles (724 bp; P_1643/
P_1644) using the above-described PCR protocol.

Image acquisition. Images of B. tryoni pupae were taken with an Olympus SZXI6
microscope, Olympus DP74 camera, and Olympus LF-PS2 light source using the
Olympus stream basic 2.3.3 software. Images of C. capitata pupae were taken with
a Keyence digital microscope VHX-5000. Image processing was conducted with
Adobe Photoshop CS5.1 software to apply moderate changes to image brightness
and contrast. Changes were applied across the entire image.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this work are available within the paper and its
Supplementary Information files. A reporting summary for this article is available as a
Supplementary Information file. The datasets and insect strains generated and analyzed
during the current study are available from the corresponding authors upon request. All
sequences generated in this study from B. dorsalis, B. tryoni, Bactrocera introgressed line
(BIL), C. capitata, and Z. cucurbitae samples are publicly available on NCBI within the
ENA BioProject PRJEB36344 (for Ccap genome assembly EglII-3.2.1, WGS, PacBio,
chromosome dissections, Illumina MiSeq, Illumina HiSeq 4000, RNAseq, Illumina
NovaSeq 6000, Hi-C, and Nanopore data; see Supplementary Table 1 for detailed sample
designation), BioProject PRINA629430 (for WGS and Illumina DNAseq 2 x 250 PE data;
see Supplementary Fig. 6 for detailed sample designation), and BioProject PRINA682907
(for WGS and Illumina NovaSeq 6000 data; see Supplementary Table 1 for detailed
sample designation). The source data underlying Figs. 1, 2c—f, 3d-f, and 4d, as well as
Supplementary Figs. 3a-b, 4a-b, 4d-e, and 7 are provided as a Source Data file. Source
data are provided with this paper.
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Chapter 9

Discussion and closing words
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In this thesis | sought to identify and understand the evolution of agriculturally important trait
loci in two insect pest species, the diamondback moth (Plutella xylostella, L.) and the
Queensland fruit-fly (Bactrocera tryoni, Froggatt). This involved developing two software
packages for the analysis of next generation sequence data (Chapters 2 & 3). These packages
then aided me to probe whole genome resequencing data for introgressed loci (Chapters 4
and 8), model the evolutionary history of a major insect pest (Chapter 4 & 5), assemble a
chromosome level reference genome for the diamondback moth (Chapter 6) and finally use a
multi-omic approach to investigate the mechanisms underlying host range expansion in a
major insect pest species (Chapter 7). Although these projects appear disparate in their
conclusions, they weave together the narrative of my PhD through their methodological

resemblance and shared research areas.

This final Chapter narrates the course of my PhD research in the context of each aim
presented in Chapter 1 and seeks to outline the broader narrative of my PhD research by

summarizing its contributions to the scientific community and literature as a whole.

Aim 1: Develop computational packages to interpret high-throughput sequence
libraries metrics and perform memory efficient evolutionary analysis among

large genomic datasets.

Sequencing hundreds of genomes or transcriptomes has become routinely feasible for
research projects, however, the ability to rapidly identify bias or contamination within raw data
of individual libraries has remained a laborious process. Initial assessment of quality control
logs generated from fastq sequence output files by programs such as fastqc

(https://www.bioinformatics.babraham.ac.uk/projects/fastqgc/) provides insight into systematic

bias and provides useful metrics to determine overall success, yet, the pipeline is
unmanageable when sample sizes are very large. This drove the development of ngsReports
whereby researches are able to create customized quality control summaries according to
their needs in the R programming language. This was incredibly powerful for my PhD research
which, in some cases, relied on sequencing datasets with 100s of samples and was able to
identify if poor mapping rates were due to divergence or sequence quality when assessing
outgroup species mapped to an ingroup reference. Furthermore, ngsReports is being utilized
by the research community and has, at the time of writing, been installed ~3000 times

(http://www.bioconductor.org/packages/release/bioc/html/ngsReports.html), placing it in the

top ~40% of all R packages in the Bioconductor repository. Current and future work on the

ngsReports package aims to implement log files from other bioinformatics software platforms.
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During the course of my PhD, | carried out computational analyses on multiple genetic
datasets that generally required file format conversion. However, this process was not lossless
and required custom scripts to be written for each analysis. This prompted me to develop
general purpose functions to carry out population genetic statistics on the VCF file format. In
their first iteration, functions were combined into an R package, windowed evolutionary

analysis and visualization in R (weavR, https://github.com/CMWhbio/weavR). However, due to

the large file size associated with VCF files the analysis was memory intensive compared to
other available tools (Pfeifer et al. 2014). Around this time, the SeqgArray package (Zheng et
al. 2017) proposed a reworked structure for genotype data that was disk size efficient and had
a lowered memory footprint than traditional VCF files. This provided the opportunity to
implement the Genomic Data Structure (GDS) format into the R package | was developing.
The GDS format was highly applicable to population genetic tasks as it enabled direct querying
from GenomicRanges objects (Lawrence et al. 2013) and C++ scripting allowed for lightning-
fast querying of genotype arrays from the GDS file on disk, without the need to read the entire
locus into memory first. GenomicRange querying also provided a simple solution to another
shortcoming of many other population genetic tools - a constricted analysis space. Many tools
only allow genome-wide windowed analysis to be performed, making it difficult to select a
particular subset of sites to be analyzed (such as a specific set of genes or codon positions).
This prompted me to write a set of helper functions to select specific regions of the genome
for analysis from user provided tab-separated or GFF files and to combine multiple

GenomicRange obijects into highly customizable ranges for analysis.

Functions in weavR were reworked or completely replaced to utilize the GDS format which
facilitated the incorporation of object-oriented programming concepts | learned through
development on the ngsReports package (Chapter 2). This converted the previously function
based weavR package into a modular, object-oriented R package that allowed users to carry
out a diverse array of functionality with a single object type — the GEAR. From weavR the R
package genomic evolutionary analysis in R (geaR) was born and with each new analytical
challenge | encountered a new functionality was implemented (Chapter 3). This resulted in
geaR being used in some form across the majority of the Chapters of this thesis. The current
and future goals of geaR are to implement more population genetic metrics such as neutrality

statistics and allele frequency spectrum calculations.

Aim 2: Investigate the extent of hybridization, admixture and introgression

among sympatric pest species and interspecific crosses.
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Introgression of insecticide resistance and other pre-adapted alleles from invasive pest
species into native non-pest species is an underestimated threat to agricultural and is an
expanding research front (Mesgaran et al. 2016, Bay et al. 2019, Valencia-Montoya et al.
2020). A potential introgression risk was identified with the discovery that invasive
diamondback moth, a major crop pest, is able to hybridize with its native ally, Plutella
australiana, under laboratory conditions (Perry et al. 2018). Genomic scans for introgression
between the two species using the F; statistic revealed no evidence for widespread gene flow
(Chapter 4). Yet, when applying Fs to simulated datasets under different admixture scenarios
it failed to identify introgression between similarly divergent simulated species unless
admixture was recent and substantial. This prompted me to develop a novel metric that utilizes
phylogenetic branch lengths to identify introgressed loci. Applying this new metric to simulated
datasets showed that it was far more sensitive to low levels of introgression than the Fs.
However, after re-investigating the genomes of diamondback moth and P. australiana, | found
no support for introgression between the two species, suggesting they display high levels of
assortative mating in the wild. This provided an interesting contrast to a growing body of
literature that suggests hybridization is common in insects (Harrison and Larson 2014) and
provided evidence that introgression of beneficial (eg. insecticide resistance) alleles from

diamondback moth is unlikely to occur in the field.

Utilizing the skills | developed to search for introgressed loci in the diamondback moth, | then
investigated resequencing datasets of an interspecific cross between the Queensland fruit-fly
and the white pupa strain of the Oriental fruit-fly (Chapter 8). The white pupa phenotype has
naturally arisen in three different fruit fly species, allowing it to be used as marker to sort males
from females without the need to know its genetic mechanism (Rendén et al. 2004,
Aketarawong et al. 2020). Yet, it remained undetected among Queensland fruit-fly cultures,
limiting efficiency of sterile insect technique applications in Australia. Although transference of
the white pupa phenotype present in the Oriental fruit-fly into a Queensland fruit-fly
background posed an interesting solution to the lack of a naturally occurring white pupa

mutant, import restrictions prevented introduction of the hybrid strain for use in Australia.

Using geaR, | carried out a genome wide scans for introgressed loci, identifying a Major
facilitator superfamily gene that was known to be involved in B. mori larvae pigmentation (Zhao
et al. 2012) and was highly conserved among insects (Chapter 8) making it a powerful
candidate for further research. An international effort then resulted in independent discovery
of the white pupa gene in both Mediterranean fruit-fly and Melon fruit-fly, identifying the same
causal gene. CRISPR/cas9 mediated knock out of the MFS white pupa gene confirmed its

role as sufficient to cause the white pupa phenotype in Queensland fruit-fly. Current work is
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ongoing to generate a white pupa based genetic sexing strain for the Queensland fruit-fly, and

other dipteran pest species, for sterile insect technique applications.

Aim 3: Improve evolutionary and genomic resources for the major Brassica pest

Plutella xylostella L.

Although the diamondback moth is the major insect pest of Brassica crop plants,
comparatively little is known about its closest relatives Plutella australiana, P. porrectella and
P. armoraciae or their evolutionary history. Expansion of the evolutionary history
reconstructed in Chapter 4 was carried out by sequencing the whole genome of P. porrectella,
P. armoraciae and an outgroup Acrolepiosis assectella. | then carried out assembly of the
mitochondrial genome for each newly sequenced moth providing a valuable resource to future

studies of these poorly understood Plutella species.

Fitting a molecular clock to the Plutella mitochondrial phylogeny raised an interesting problem
(Chapter 4 & 5): How did Plutella come to inhabit a large geographic range over such a short
time span (~4 million years)? Recent work has suggested a South American origin for
diamondback moth (Appendix A: paper 2), yet P. australiana appears to be native to Australia
(Landry and Hebert 2013), P. armoraciae to North America (Landry and Hebert 2013) and P.
porectella to Europe (Smith and Sears 1984). Yet, phylogenetic dating of the Plutella crown
node suggested the worldwide dispersal of the Plutella genus is much more recent than
previously thought. Species descriptions for all known Plutella species (>1758) occur after
colonization of and subsequent trade with colonial America (>1492). Although this may simply
be due to formalization of binominal nomenclature in the late 18™ century by Linnaeus (whom
first described diamondback moth), a more controversial reading presents an out of America
hypothesis for the genus as a whole. Further phylogenetic reconstruction employing more
species sampled from across the globe will be required in future studies to disentangle Plutella

moth’s complex evolutionary history.

The lack of field introgression between diamondback moth and P. australiana identified in
Chapter 4, coupled with their ability to hybridize under laboratory conditions (Appendix A:
paper 4) provided a unique opportunity to carry out genome assembly through a relatively new
approach - trio-binning. By hybridizing diamondback moth and P. australiana under laboratory
conditions and sequencing a single pupa, | successfully assembled a chromosome level
reference genome from a single haplotype of the diamondback moth. Though this method has
been used on mammals (Koren et al. 2018), this represented the second such example in

invertebrates (Yen et al. 2020) and to my knowledge the first example employing two different
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invertebrate species. This new reference genome constitutes one of the most high-quality
Lepidopteran assemblies to date and greatly improves upon the previous diamondback moth

reference genome (You et al. 2013) in both completeness and overall contiguity (Chapter 6).

Whole genome sequencing of a diamide resistant diamondback moth, originating from the
Lockyer Valley in Queensland, enabled identification of a ryanodine receptor mutation that is
known to cause chlorantraniliprole resistance (Jouraku et al. 2020). Discovery of this variant
in Australia is expected to have an impact on the way in which group 28 diamide chemistries
are managed in agricultural settings, and likely to create significant interest among agronomic
sectors. Future work will focus on assembly and annotation of the P. australiana haplotype
along with comparative analysis against the diamondback moth reference presented in
Chapter 6. This has the potential to reveal gene expansion events and genomic evolution
specific to the diamondback moth lineage which may have been involved in its evolution into

a major insect pest.

Aim 4. Analysis of a complex host plant range expansion in P. xylostella

The diamondback moth’s host plant range expansion to include legumes posed a troubling
problem for agriculture. Although initial investigation into the genetic mechanism of the DBM-
P strain revealed chromosomes that segregated with survival on Pisum (Henniges-Janssen
et al. 2011), important questions still remained. How many mutations control the phenotype?
Have they become fixed in the population in the >100 generations since Henniges-Janssen et
al. (2011)? What effect does Pisum feeding have on gene expression? Chapter 7 sought to
answer these questions using a multi-omic approach, sequencing both reduced

representation genome and poly-A selected RNA libraries.

By sequencing both backcross and intercross pedigrees | was able to resolve high density
linkage maps for the 31 chromosomes in the PxLV.1 reference genome (Chapter 6). It is worth
noting that initial analysis and linkage map construction was carried out on the You et al.
(2013) genome, however, little concordance was identified between physical genomic position
and genetic position. The observed discordance was the main motivator to assemble a new
reference genome for P. xylostella, in order to assure robustness in the DBM-P analysis. In
contrast, co-linearity between the linkage maps and PxLV.1 genomic position was high,
providing further support for the robustness of the reference genome assembled in Chapter 6

and that pedigrees could be used for QTL analysis.

I then carried out LOD analysis across the genome, revealing multiple regions of the genome

linked with the ‘survival on Pisum’ phenotype. However, QTL varied between crosses and only
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one was overlapping with a chromosome identified by Henniges-Janssen et al. (2011). This
suggested the adaptation is highly complex with multiple allele combinations conferring the
phenotype. One limitation of this work was the relatively small sample size. Larger sample
sizes could potentially increasing signal for QTL against the genomic background, improving
identification of putative QTL. In Chapter 7, this may have been achieved by utilizing a single
cross, however multiple crosses were employed due to the adaptations unfixed nature
described by Henniges-Janssen et al. (2011). Another limitation of the study was the use of
the diamondback moth Waite strain, which unexpectedly showed low levels of survivorship on
a Pisum host plant. This probably enabled DBM-W alleles to persist among cross progeny
challenged with pea feeding, potentially preventing DBM-P allele abundance from reaching
significance at adaptive loci. The DBM-W stain was initially selected due to its inability to
survive on Pisum, however | observed low levels of survivorship suggesting environmental
conditions may impact host plant plasticity in the diamondback moth. Future work should aim
to utilize multiple different diamondback moth strains, preferably with low innate survivorship
on Pisum, to decrease the effect of phenotypic plasticity. Though this may not be simple due
to the seemingly widespread nature of host plant phenotypic plasticity in many diamondback
moth strains (Gupta and Thorsteinson 1960, Yang et al. 2020).

Due to the complex genetic nature of the phenotype, | then investigated transcriptomic
response due to host plant. No choice feeding assays utilizing the DBM-P strain identified a
broad expressional response that spanned both the phase | and phase || metabolisms in larval
midgut tissue, coupled with olfactory and gustatory transcriptomic changes in head capsules
(Chapter 8). One of the main strengths of this work was its utilization of specific organs for
analysis. This allowed identification of differential expression in lowly expressed genes, such
as gustatory receptors (Park and Kwon 2011), which may have been masked if whole larvae
were sequenced. Future work may wish to employ further dissection of tissues, especially to
understand if differential expression of brain specific signaling pathways play a role in the

adaptation separate from larval taste reception.

Final words

Overall, these manuscripts describe major advancements in our understanding of the Plutella
genus and the resources available for future Plutella genomic studies. The results outlined in
Chapters 4-7 further our understanding of how one of the foremost insect pest species has
evolved, whereas Chapter 8 provides a simple genetic mechanism for improvement of Sterile
Insect Technique programs in fruit-flies and beyond. In addition, bioinformatics tools

developed in Chapter 2-3 represent a significant advancement in the techniques available of
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quality control and evolutionary analysis of next generation sequencing data. Taken together,
the entirety of this work constitutes a major contribution towards understanding the complexity
of host plant adaptation in diamondback moth and how it has diverged from its non-pest

relatives.
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Abstract

Bactrocera tryoni (Queensland fruit fly) are polyphagous
horticultural pests of eastern Australia. Heterogametic
males contain a sex-determining Y-chromosome thought
to be gene poor and repetitive. Here, we report 39 Y-
chromosome scaffolds (~700 kb) from B. tryoni identified
using genotype-by-sequencing data and whole-genome
resequencing. Male diagnostic PCR assays validated
eight Y-scaffolds, and one (Btry4096) contained a novel
gene with five exons that encode a predicted 575 amino
acid protein. The Y-gene, referred to as typo-gyf, is a trun-
cated Y-chromosome paralogue of X-chromosome gene
gyf (1773 aa). The Y-chromosome contained ~41 copies
of typo-gyf, and expression occurred in male flies and
embryos. Analysis of 13 tephritid transcriptomes con-
firmed typo-gyf expression in six additional Bactrocera
species, including Bactrocera latifrons, Bactrocera dorsa-
lis and Bactrocera zonata. Molecular dating estimated
typo-gyf evolved within the past 8.02 million years (95%
highest posterior density 10.56-5.52 million years), after
the splitwith Bactroceraoleae. Phylogenetic analysis also
highlighted complex evolutionary histories among
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several Bactrocera species, as discordant nuclear
(116 genes) and mitochondrial (13 genes) topologies were
observed. B. tryoni Y-sequences may provide useful sites
for future transgene insertions, and typo-gyfcould actas a
Y-chromosome diagnostic marker for many Bactrocera
species, although its function is unknown.

Keywords: Y-chromosome, sex determination, Bactro-
cera, GYF protein, tephritid, mito-nuclear discordance.

Introduction

Y-chromosomes are generally gene poor, highly repetitive
and can lack any substantial interspecific similarity between
related species, making them difficult to identify and validate
from sequenced genomes (Carvalho et al., 2009; Sanchez,
2008; Tobleretal.,2017; Vicoso and Bachtrog, 2015). Much
of the empirical work on Y-chromosome evolution has
involved Drosophila species, which do share some features
with mammals, including X-Y pairing during mitosis, low
gene content and high levels of repetitive elements
(Carvalho et al., 2009). Identifying active genes amongst
repetitive sequences on Y-chromosomes remains challeng-
ing (Tsoumani et al., 2015), but their identification can help
understand factors contributing to sex determination and
male fertility (Hall et al., 2015).

The Y-chromosome is not essential for sex determinationin
Drosophila melanogaster, yet Y-chromosome do encode a
number of male-specific genes required for fertility (Carvalho
etal., 2009). The Drosophila Y can acquire genes from other
chromosomes, and different rates of gene gain occur within
the genus (Tobler et al., 2017), which complicates compara-
tive genomic studies attempting to identify Y-chromosome
orthologues (Koerich et al., 2008). A range of methods have
been used to identify Y-chromosome genes and sequences
in nonmodel dipteran insects, including suppression subtrac-
tive hybridization (Salveminietal., 2014), representational dif-
ference analysis (Gabrieli et al., 2011), Y-chromosome
isolation with pulse field gel electrophoresis and sequencing
(Tsoumani et al., 2015) and developing sex-specific genomic
libraries (Hall et al., 2013; Koerich et al., 2016). However,
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expressed Y-chromosome genes remain largely unknown
among tephritid fruit flies.

A dominant system for determining maleness (M factor)
was hypothesized to be conserved on the Y-chromosome
among many non-Drosophila dipterans (Shearman, 2002)
and act early in embryo development (Morrow et al., 2014a;
Sanchez, 2008; Vicoso and Bachtrog, 2015). Unrelated male
sex determination factors have now been reported for Aedes
aegypti (Nix; Hall et al. (2015)), Anopheles gambiae (YoB;
Krzywinska et al. (2016)) and, although not limited to the
Y-chromosome, Musca domestica (Mdmd; Sharma et al.
(2017)). Sex-determining M factors have been also been
mapped to the Y-chromosome centromere in Lucilia cuprina
(Bedo and Foster, 1985) and on the long arm of the
Y-chromosome in Ceratitis capitata (Mediterranean fruit fly)
(Willhoeft and Franz, 1996). Despite the Y being essential for
determining maleness, deletion mapping demonstrated
C. capitata lacked other genes required for male fertility out-
side this region (Willhoeft and Franz, 1996). The M factor
regulates a pathway that produces male splice variants of
sex-determination genes, including transformer, although
suppression of female splice variants with RNA interference
can produce sex-reversed XX males. Sex-reversed XX males
of L. cuprina (Concha and Scott, 2009), Bactrocera oleae
(Lagos et al., 2007), Bactrocera tryoni (Raphael et al., 2014)
and C. capitata (Pane et al., 2002; Salvemini et al., 2009)
are fertile, which indicates the Y-chromosome is not neces-
sary for male fertility in these cases.

B. tryoni, the Queensland fruit fly, is a generalist of more
than 20 different plant families (Clarke, 2017) and the most
important horticultural pest of eastern Australia (Dominiak
and Ekman, 2013). Sporadic outbreaks require significant
intervention to achieve localized eradication (Dominiak
and Daniels, 2012). Female flies puncture fleshy fruit with
their ovipositor and lay eggs, causing susceptibility to bac-
terial infection at the puncture site, and larvae damage fruit
through feeding (Hancock et al., 2000). A genome refer-
ence is available for B. tryoni (>31 960 scaffolds; Gilchrist
et al., 2014) and was assembled using XY male flies of
the bent wings strain. Genotype-by-sequencing (GBS) of
single-pair insect crosses assigned and placed 1776 scaf-
folds to five autosomes (Sved et al., 2016), covering
around 50% of the estimated genome length. However,
scaffolds have not previously been assigned the small,
highly heterochromatic Y-chromosome (Zhao et al., 1998).

A better understanding of insect pest genomes and their
sex chromosomes has the potential to improve control
strategies, eg through identifying Y-chromosome regions
suitable for male-specific transgene insertions. Here, we
use both GBS data from single-pair insect crosses and
whole-genome resequencing to identify Y-chromosome
scaffolds from the B. tryoni draft genome and develop
molecular diagnostic assays for males. One scaffold was
found to contain a novel, repetitive gene that evolved after

the split with B. oleae around 8 million years ago (MYA). This
work contributes to the understanding of Y-chromosome
evolution among Bactrocera fruit flies and provides male-
specific sequences that could potentially be used for trans-
gene insertions in B. tryoni.

Results

Identification of Y-chromosome scaffolds using
GBS markers

GBS data from three single-pair B. tryoni crosses previously
aligned to the reference genome (Sved et al., 2016) were rea-
nalysed for extreme mapping bias between male and female
progeny. Fifty-five scaffolds were identified with >99% of
GBS reads originating from male progeny and <1% of
females. We considered these candidate Y-chromosome
sequences, and they had a combined length 1.306 Mb,
including sequence gaps (Table S1). GBS read depth was
highly variable (Cross 56 = 719.2 +/— 547.9 per sequenced
base, Cross 171 = 481.8+/-403.1, Cross 271 = 504.1
+/—396.0), indicating some GBS sequences could be repeti-
tive elements, but this may also be attributable to variation in
numbers of reads given by the GBS procedure (Beissinger
etal.,2013).

Whole-genome shotgun sequencing of the
bent wings strain

Whole-genome sequence read data from pooled males or
pooled females of the bent wings strain were normalized to
approximately 128.655 million 93 base paired-end reads
and then mapped to the B. fryoni reference genome
(Gilchrist et al., 2014). After filtering for mapping quality
(>MQ20), median read depth across the genome was
32-fold for both males and females. Coverage across the
55 candidate Y-scaffolds identified with GBS data was
expected to be predominantly male, whereas coverage
across autosomes was expected to be similar between males
and females. Of 55 candidate Y-scaffolds, whole-genome
sequence data supported 39 as Y-chromosomal, with male-
only coverage accounting for 28.6% to 100% of sites across
these scaffolds (mean 47.29%, SD +22.17%) (Table S2,
Fig. S1). The GC content of these 39 Y-scaffolds was
36.64%, which did not differ greatly from autosomes
(85.17% for Btry176, Btry280, Btry315); however, the Y-
scaffolds do contain large regions of missing data. Read depth
was variable across these 39 scaffolds, indicating some scaf-
folds may contain misassembled repetitive or autosomal
sequences (Fig. S1).

PCR validation of male-specific markers

Male-specific diagnostic PCR assays were designed within
eight Y-chromosome scaffolds, at 11 sites with low or zero
female read depth (Table 1, Fig. S2). Y-chromosome PCR

© 2019 The Royal Entomological Society, 28, 873-886



assays were successful using genomic DNA isolated from
B. tryoni males, but not females from the Ourimbah labora-
tory culture. Amplicons for an autosomal control gene,
white, were obtained from both male and female DNA
(Fig. 1). As the Ourimbah culture is likely to be inbred with
limited variation among Y-chromosomes, genomic DNA
was also isolated from individual wings of wild B. tryoni
flies. Although DNA vyield was low, amplification of
Y-chromosome assays was successful in almost all field-
collected males; however, a product for Btry5456(1) also
amplified in 8/27 females (Table 2). Amplification was
inconsistent for two assays with wild flies (Btry3330(1)
and Btry13701), and we found the most robust male
Y-chromosome diagnostic assays were Btry1523 (1 and 2),
Biry3150, Btry4688, Btry9748 and Biry4096.

Identification of a truncated Y-chromosome paralogue of
GYF (typo-gyf)

Y-chromosome scaffold Btry4096 contains an annotated
~16 kb gene with five exons, predicted to produce a 575 amino
acid protein (Gilchristetal., 2014). BLAST analysis against the
D. melanogaster database of annotated proteins (flybase.org/
blast/) showed highesthomology with GRB10interacting GYF
protein (expect value E = 7.75e-39, FlyBase FBgn0039936,
gyf), whichis proposed to maintain neuromuscular homeosta-
sis through regulating autophagy (Kim et al., 2015). The

Table 1. PCR primers for Y-chromosome diagnostic assays

Bactrocera Y-chromosome sequences and genes 875

Y-chromosome paralogue was considerably shorter than gyf
and we refer to this B. tryoni gene as typo-gyf, a truncated Y-
chromosome paralogue of gyf.

Protein alignments of full-length B. tryoni gyf (1773 aa)
and typo-gyf (575 aa) show 27.4% identity, and 71.65%
identity when all gaps are removed. Intron boundaries are
largely conserved between B. tryoni gyf and typo-gyf gene
models, although, the first gyf exon (411 bp) is spliced into
two shorter typo-gyf exons (exon 1: 88 bp; exon 2: 188 bp)
plus an 82 bp intron. Conceptual read through of this intron
would introduce a stop codon in typo-gyf. Large deletions
have occurred relative to gyf, including loss of the GYF
domain (Kofler and Freund, 2006) in exon 4, and removal
of the last three exons (Fig. 2A). PCR primers designed in
typo-gyf exon 1 and exon 2 amplified products using male
B. tryoni DNA, but not female DNA template (Fig. 2B).

Median read depth across scaffold Btry4096
(JHQJ01002098.1), encoding typo-gyf, was high in males
(677-fold, excluding sequence gaps) compared with other
Y-scaffolds (Table S2). This indicated typo-gyf and sur-
rounding sequence was repetitive and probably assembled
into a single consensus scaffold. Gene gyf was located on
scaffold Btry2907, and male read depth was consistently
lower than female across the gene, suggesting it was X-
chromosomal (Fig. 3). Copy number variation of gyf and
typo-gyf were determined with quantitative PCR using
genomic DNA from four male and four female B. tryoni flies.

Primer name Sequence (5'-3') Size (bp) Annealing (°C) Scaffold(Position from ... to)
Btry1523(1)_F GGAGCAATCGCTTTCATC 260 60? JHQJ01001220.1
Btry1523(1)_R CATCGAAGCGAAGGTAAC (58 946...59 205)
Btry1523(2)_F GGCCAAATAGCCAGGTCAAC 391 60° JHQJ01001220.1
Btry1523(2)_R GCGTTGGGGTACACAAGATG (75 311...75 701)
Btry3150_F CTGGTTGTCTGTGATACTCC 234 60? JHQJ01003004.1
Btry3150_R CGAATTACGTGCCTGTTTGC (8454...8687)
Btry3330(1)_F GGCCAGTTGATTGT GGTAG 350 607 JHQJ01003140.1
Btry3330(1)_R GAT GGT CATGT GACCTACC (19 359...19 708)
Btry3330(2) F GTTGAGTTAATCAACGTCG 285 552 JHQJ01003140.1
Btry3330(2)_R GTACTCTTCAAACATTGCC 58° (20 436...20 720)
Btry4688_F CT CCAACGCCAGT GAACT G 427 60? Table S1
Btry4688_R CAAGGCGGCTATTACCACC (3463...3889)
Btry5456(1 )7F°I GACGAT CAGTCTGAGCAC 201 622 JHQJ01004522.1
Btry5456(1)_R GACCACACGACAGAAGTG (6802...7002)
Btry5456(2)_F GAAGAAATGGCAAGCGAG 208 60° JHQJ01004522.1
Btry5456(2)_R GTTCGATTACACCCGAAC (24 997...25 204)
Btry9748_F GGTCTAGCTGCTGGATATG 463 60° JHQJ01006679.1
Btry9748_R GTCCCATTACTTTCCCGAC (5209...5671)
Btry13701_F CATAGAT GGCCTGGAATAGC 567 62° JHQJ01008474.1
Btry13701_R GACTTACAAGCTTCGGTCTG 67° (7540...8106)
Btry4096_F GTGGAT GTACTACTGGT GGAGA 314 60? JHQJ01002098.1
Btry4096_R ACCT GTAGCAGTAGTTCATCTCT (27 865...28 178)
White_F® GCTAGCGAT CAT GGGCAG 600 502 JHQJ01000419.1
White_R® GGT GTACCCAGAAAGGCG (142 623...143 222)

Tag polymerase.

@Phire polymerase.

PKAPA Robust polymerase.

°KAPA HiFi polymerase.

dAmplification observed in some females.
®Autosomal positive control gene.

© 2019 The Royal Entomological Society, 28, 873—-886
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Figure 1. Agarose gel electrophoresis images of Y-linked amplicons. Each panel shows a DNA ladder (Promega, 100 bp), Bactrocera tryoni male and female
PCR products plus a no-template negative control (—). The gene white is an autosomal control and amplicon sizes are indicated.

Relative to autosomal control gene actin3, typo-gyf had a
relative target quantity (RQ) of 41.40 (SD + 4.87) and gyf
was confirmed to have two copiesin females (XX karyotype,
2.07 £ 0.156), and one copy in males (XY karyotype,
0.916 + 0.081) (Fig. S3).

typo-gyf expression and diversity in B. tryoni

Expression of typo-gyf was assessed in teneral flies and
pooled embryos collected 1, 5 or 24 h after egg laying (mixed
sex, n =20). DNase-treated total RNA was reverse transcribed

Table 2. PCR amplification results for 10 Bactrocera tryoni Y-chromosome
assays using laboratory strain (Ourimbah) and wild samples (Auburn, NSW)

Bactrocera tryoni

Lab strain Wild samples

PCR assay Males Females Males Females

Btry1523 (1)  17/17 (100%) 0/19 (0%) 30/30 (100%)  0/25 (0%)
Btry1523 (2)  16/16 (100%) 0/19 (0%) 30/30 (100%)  0/25 (0%)
Btry3150 16/16 (100%)  0/19 (0%)  30/30 (100%)  0/25 (0%)
Btry3330 (1)  16/16 (100%)  0/19 (0%) NA NA
Btry3330 (2) 16/16 (100%) 0/18 (0%) 30/30 (100%)  0/27 (0%)
Bry4688 16/16 (100%)  0/19 (0%)  30/30 (100%)  0/25 (0%)
Btry5456 (1)  16/16 (100%) 0/19 (0%) 30/30 (100%)  8/27 (30%)
Btry5456 (2) 14/16 (88%)  0/18 (0%) 29/30 (97%)  0/27 (0%)

Btry9748 16/16 (100%) 0/19 (0%) 30/30 (100%)  0/25 (0%)
Btry13701 13/16 (81%)  0/17 (0%) NA NA
Btry4096 16/16 (100%)  0/18 (0%) 29/30 (97%)  0/26 (0%)

NA, not available.

to cDNA, and expression of typo-gyf was confirmed in male
flies and 24-h-old embryos with four PCR assays (Fig. 4,
Table S3). A primer pair designed in exons 1 and 2 produced
multiple amplicons from 24 h embryo cDNA, including a
243 bp amplicon with the correct reading frame, and a 325 bp
unspliced amplicon containing an intron and premature stop
codon. Weak amplification of unspliced transcripts was also
observed in 5-h-old embryos (Fig. 4A, arrow). The X-
chromosome gyf gene was expressed in all samples (Fig. 4E).

The B. tryoni Y-chromosome contains ~41 copies of
typo-gyf. To assess their similarity, we generated cDNA
template from a single male fly and PCR amplified typo-
gyf transcripts with primers in the 5’ and 3’ untranslated
regions (Table S3). Twenty-five cloned transcripts were
sequenced, and most (n = 19) shared >97% nucleotide
identity (Fig. S4), although conceptual translations showed
that only 10 were predicted to produce a full-length
575 amino acid protein. The remaining 15 cloned tran-
scripts encoded shorter proteins (62-567 aa) due to alter-
native splicing of messenger RNAs, deletions or
nucleotide substitutions creating premature stop codons.
However, some sequence errors may have been caused
during PCR amplification or cloning procedures (Fig. S5).
Nucleotide variability between sequenced transcripts indi-
cates that many different typo-gyf copies are expressed,
and their predicted proteins can vary in length.

© 2019 The Royal Entomological Society, 28, 873-886
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Figure 2. (A) Alignment of Bactrocera tryoni proteins TYPO-GYF (575 aa) and GYF (1773 aa). These proteins have conserved exon boundaries, aside from
GYF exon 1, which is spliced into two typo-gyf exons (dotted lines). The final typo-gyf exon has multiple deletions relative to GYF, including removal of the core
GYF motif (boxed). Conserved amino acids are shaded black; similar amino acids in grey and gaps are indicated with dashes. (B) Amplification of typo-gyf

(325 bp) from B. tryoni male and female genomic DNA (laboratory culture).

Multiple Bactrocera species express typo-gyf orthologues

The National Centre for Biotechnology Information (NCBI)
Transcriptome Shotgun Assembly database contains male-
only ormixed-sex transcriptome assemblies for multiple tephri-
tid species (Table S4). BLasT analysis using the B. tryoni TYPO-
GYF protein confirmed partial matches in Bactrocera bryoniae

(322 aa), Bactrocera latifrons (382 aa), Bactrocera jarvisi

(310aa), Bactrocera dorsalis (575 aa) and Bactrocera kraussi
(808 aa, probable gyf/typo-gyfchimeric sequence). Transcrip-
tome assemblies of Bactrocera zonata (SRR4024787), Bac-
trocera  correcta (SRR4020110) and B. oleae
(SRR5559327) only identified typo-gyftranscriptsin B. zonata
(Table S5). TYPO-GYF proteins shared between 67% and
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86% amino acid identity with B. tryoni (Table S6). We also rea-
nalysed transcriptomes from carefully staged male and female
B. jarvisi embryos (Morrow et al., 2014b) and found that typo-
gyf was the most significant differentially expressed transcript
in 3- to 5-h-old samples: log(fold change) = 11.828,
P <1.310 x 1077, false discovery rate 0.00158 (Fig. S6).
Transcriptomes of all insects analysed here also contained
partial orfull-length GYF transcripts (Table S5), and amino acid
identity was >85% among the Bactrocera species.

Evolutionary origin of typo-gyf

A Bayesian phylogeny of 16 dipteran species, including the
seven identified with typo-gyf, was produced to determine
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can be viewed at wileyonlinelibrary.com].

the likely evolutionary origin of typo-gyf (Table S4). Phyloge-
netic reconstruction was performed using 116 single copy
orthologues (155.7 kb), and all 16 species nodes had poste-
rior probabilities of 1.0 (Fig. 5, Table S7). Molecular dating
was performed on the phylogeny using a log-normal distri-
bution of the Drosophila—Rhagoletis most recent common
ancestor estimated by Misof et al. (2014) to inform the root
prior (median 81.3037 MYA, 95% highest posterior density
(HPD) 55.806-111.679 MYA). Tephritid species were
monophyletic with a common ancestor 36.04 MYA (95%
HPD 47.46-24.86 MYA), which predates the earliest known
fossil for this group from the Miocene (~25 MYA) (Norrbom,
1994; Poinar, 1992). Within the Bactrocera clade, Australian
endemic species (B. tryoni, B. jarvisi and B. kraussi) were

monophyletic with a most recent common ancestor between
2.69 and 1.4 MYA.

The Bayesian phylogeny indicated typo-gyf evolved in
Bactrocera after the split with B. oleae between 10.56
and 5.52 MYA (Fig. 5, dagger symbols). Typo-gyf was not
present in four available B. correcta transcriptomes
(Table S5), indicating it may have been lost from the Y-
chromosome within the last 1.97 MYA, the transcripts are
not expressed in this species, or their Y-chromosome has
evolved independently.

The topology of the Bayesian nuclear phylogeny (Fig. 5)
showed several differences to previous studies that largely
used mitochondrial data (Kearse et al., 2012; Zhang et al.,
2010), particularly the placement of B. jarvisi and B. dorsalis.
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To examine this further, separate maximum likelihood
(ML) trees of the 116 Busco nuclear gene set and 13 mito-
chondrial genes (8357 bp) obtained from transcriptomes or

genomes were compared (Table S4). The ML nuclear tree
had similar topology to our Bayesian phylogeny; however,
the mitochondrial tree was discordant across the Bactrocera

81.02
(109.81 - 55.06)

(47.46 - 24.86)

(41.27 - 21.61)

S0 D. yakuba I ]
(10.50 - 5.45) |3, D. melanogaster [ |
(87772460 — p_simulans I ]
R. pomonella II-
C. capitata N |
Z. cucumis |
Z. cucurbitae e |
B. oleae [ |
B. bryoniae® [ |
B. latifrons * [ |
Origin of typo-gyf b B. kraussi ' | |
B. jarvisi (N |
Jenon (I
B. dorsalis® [ |
B. zonata' aaar |
B. correcta |ﬁ
0 2799

110 100 920 80 70 60 50 40

30

20 10 0MYA 116
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clade. Australian B. jarvisi was no longer monophyletic with
B. tryoni and B. kraussi, but grouped with B. zonata and
B. correcta, whereas B. dorsalis grouped with B. tryoni
and B. kraussi (Fig. S7). Bootstrap support for taxon place-
ment was only modest for B. jarvisi and B. dorsalis in the
mitochondrial tree (70% and 77% respectively); neverthe-
less, mitochondrial and nuclear genomes of these Bactro-
cera species are discordant and appear to have alternate
evolutionary histories.

Discussion

Sex chromosomes arise from autosomes (Charlesworth,
1996), and the B. tryoni X evolved from the small dot chro-
mosome (Muller element F) (Vicoso and Bachtrog, 2015).
Genes on the Drosophila dot and B. tryoni X are relatively
conserved (Sved et al., 2016), despite extensive rearran-
gements, yet gene content and structure of dipteran Y-
chromosomes can vary extensively, and identification of
Y-chromosome genes remains challenging (Carvalho
et al., 2009; Gabrieli et al., 2011). A primary goal of this
study was to develop diagnostic Y-chromosome markers
for B. tryoni and to identify potential sites for transgene
insertions with CRISPR/Cas9 (Buchman and Akbari,
2019). Reduced representation genome sequencing is
one strategy for developing genetic markers on autosomes
(Davey et al., 2011) or sex chromosomes (Baxter et al.,
2011; Gamble and Zarkower, 2014), and identifying Y-
sequence from the fragmented B. tryoni draft genome with
GBS was a relatively robust strategy. However, it has prob-
ably limited our overall findings to Y-chromosome scaffolds
that contain GBS restriction enzyme sites.

Identification of B. tryoni Y-scaffolds, and the develop-
ment of diagnostic Y-chromosome assays, could benefit
several research applications. First, it may be possible to
use Y-specific primers to genotype females collected from
the field or pheromone traps to determine whether they
have mated and carry sperm. Second, determining the
sex of embryos for gene expression analysis could be per-
formed, as shown by Morrow et al. (2014b) in B. jarvisi.
Third, single-copy Y-chromosome sequences could be tar-
geted for male-specific transgene insertion. Fourth, the
assays could be used to help confirm karyotypes of individ-
uals when performing experimental sex reversal with RNA-
interference knock down, or CRISPR/Cas9 modification of
sex-determination pathway genes (Li and Handler, 2017;
Peng et al., 2015). Finally, the sequences identified here
should assist with future B. tryoni Y-chromosome assem-
blies using long-read sequencing technologies (Jain
et al., 2018). All of these future research topics may not
be limited just to B. tryoni. Developing Y-chromosome
markers in many other Bactrocera species will be possible
using typo-gyf homologues.

Evolution of typo-gyf

Transfer of genes to the Drosophila Y-chromosome was
recently found to occur 10-fold more frequently than
expected (Tobler et al., 2017), although most suffer rapid
degeneration and pseudonization. A copy of the X-
chromosome gene gyf may have transferred to an ances-
tral Bactrocera Y-chromosome, where it subsequently
degenerated, forming typo-gyf that lacks the GYF domain.
The persistence of typo-gyf on the Y-chromosome for mil-
lions of years may indicate neofunctionalization, although
it is unlikely to be involved with male fertility, as B. tryoni
sex-reversed XX males that lack a Y-chromosome are fully
fertile (Raphael et al., 2014).

Approximately 41 copies of typo-gyf-like transcripts are
present in the B. tryoni genome. Expressed copies of
typo-gyf are relatively similar at the DNA level, suggesting
copy number expansion occurred a considerable time after
diverging from the ancestral gyf paralogue. The typo-gyf
genomic scaffold (Btry4096) contains extensive sequenc-
ing gaps, and long-read genome sequencing should help
resolve the distribution and order of these typo-gyf copies,
and enable neighbouring repetitive elements to be
characterized.

Gene duplication and high rates ofintrachromosomal gene
conversionare likely to have importantroles in the evolution of
Y-chromosome genes in Drosophila (Chang and Larra-
cuente, 2019). Gene conversion is known to maintain palin-
dromic repeated sequences on the Y-chromosome of
humans and apes (Rozen et al., 2003) to prevent their decay
and can actto maintain the ancestral state (Skov etal., 2017).
Although polymorphic variation was observed among some
expressed typo-gyf transcripts, gene conversion could be
acting to maintain many of these sequence repeats on the
B. tryoni Y. Expression of typo-gyf transcripts was found
among seven Bactrocera species we tested, and determin-
ing whether copy number expansions have occurred in these
cases will provide insight into the origin of this duplication.
There are documented examples of duplicated B. oleae
Y-chromosome sequences, including importin-4 gene frag-
ments (Gabrieli et al., 2011), and although not exclusively
Y-chromosomal, the long terminal repeat retrotransposon
Achilles (Tsoumani et al., 2015). Further sequencing of
Y-chromosomes from a range of tephritids, determining copy
number variation using genomic DNA or performing chromo-
somal in situ hybridization experiments, will help determine
the extent to which typo-gyf has been duplicated.

Phylogenetic analysis of tephritids and the molecular
clock

We focused on establishing phylogenetic relationships
from a limited number of Diptera with available transcrip-
tome or genomic datasets. Despite the availability of an
extensive dipteran Busco gene set (Waterhouse et al.,
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2017), phylogenetic reconstruction of the nuclear genome
was limited to just 116 of 2799 single-copy orthologues.
The gene number was limited because of variation in
library tissue type, the Rhagoletis pomonella transcriptome
assembly was highly fragmented and we were limited to
those with transcriptome or genome data available from
males, as our primary aim was to resolve the origin of
typo-gyf. Nevertheless, this Bayesian nuclear phylogeny
provides a robust and well-supported topology of these
Bactrocera species (Fig. 5). However, the topology of a
species phylogeny can vary considerably depending upon
genes selected (Degnan and Rosenberg, 2009; Pollard
et al., 2006). Evolutionary relationships between B. tryoni
and B. jarvisi, plus B. dorsalis to that of B. zonata and
B. correcta, were notably different between the nuclear
and mitochondrial phylogenies, suggesting alternate evo-
lutionary histories of these two genomes.

Informative morphological characters for establishing
evolutionary relationships within the Dacini tribe are rela-
tively limited, prompting several recent efforts to recon-
struct mitochondrial trees with amplicon sequence data
(Krosch et al., 2012; San Jose et al., 2018; Zhang et al.,
2010). Consistent topologies were produced with mito-
chondrial data among these studies, and data presented
here (Fig. S7) where B. jarvisi was in monophyly to
B. zonata and B correcta, while nuclear phylogenies show
B. jarvisi in monophyly with B. tryoni (Dupuis et al., 2018;
San Jose et al., 2018). Phylogenies produced with mito-
chondrial genomes can therefore have alternative topolo-
gies to nuclear phylogenies among Bactrocera, and
future work should investigate if historic introgression has
occurred between B. jarvisi and B. tryoni, which may
explain discordant relationships.

Molecular clocks use DNA sequence variation between
species to estimate their point of evolutionary separation
(Bromham and Penny, 2003). The reliability of molecular
clocks is dependent upon factors including calibration rates
that estimate substitutions in DNA or protein sequence
over time, fossil records to introduce minimum divergence
estimates, generation time and population size and model
choice. However, factors other than clock parameters can
affect evolutionary rates. Published estimates of when
C. capitata last shared a common ancestor with Bactro-
cerainclude 24.9 MYA (Yaakop et al., 2015; no confidence
intervals reported), 83 MYA (95% HPD: 64—103 MYA;
Nardietal.,2010) and 110.9 MYA [95% confidence interval
(CI): 131.4-91.2 MYA] (Krosch et al., 2012). Our Bayesian
phylogeny estimate of 31.21 MYA (95% ClI: 41.27-21.16) is
earlier than many others due to root prior calibration using
the Rhagoletis—-Drosophila split estimated by Misof et al.
(2014), as opposed to calibration using maximum fossil
ages. Therefore, assumptions made by Misof et al. (2014)
will be carried into the age estimates presented here (Kjer
et al., 2015; Tong et al., 2015).
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The origin of typo-gyf was dated within the last 10.56 mil-
lion years, after the B. oleae split; however, the timing and
extent of gene duplication remain unclear. We found no
evidence of a typo-gyf gene in B. correcta, indicating it
may have been lost after splitting with sister species
B. zonata. Major differences in Y-chromosome evolution
between B. correcta and related Bactrocera species would
not be unprecedented, as the Y-chromosome of D. melano-
gaster and related Drosophila pseudoobscura are known
to be completely different, without any common genes
(Carvalho and Clark, 2005).

Conclusion

Here, we identified B. tryoni Y-chromosome regions that
may be suitable for transgene insertion with CRISPR/
Cas9, as recently shown in D. melanogaster (Buchman
and Akbari, 2019). Inserting markers or traits onto the
Y-chromosome could potentially generate transgenic
male-selecting strains used for the sterile insect technique,
or sites to introduce X-chromosome-shredding gene-drives
(Galizi et al., 2016). The typo-gyf genes could be used as
Y-chromosome molecular markers in many other Bactro-
cera species. Although typo-gyf is not expected to play a
role in fertility, this gene has been maintained on the
Y-chromosomes of at least seven Bacterocera species
for millions of years and may have a novel function.

Experimental procedures

Insect samples

A B. tryoni laboratory strain (Ourimbah) was obtained from the
New South Wales (NSW) Department of Primary Industries, Our-
imbah, Australia. The strain was maintained at 25 + 2°C,
65 + 10% relative humidity and a 14 h : 10 h light : dark cycle.
Adult flies were reared on sugar, brewer's yeast, water and addi-
tional yeast paste and the larvae on a gel diet (Moadeli et al.,
2017). Field-collected B. tryoni samples were obtained from loquat
fruits (Eriobotrya japonica) in 2017 from Auburn, NSW, and then
reared for one generation on capsicum fruits (Capsicum annuum).
The B. tryoni strain bent wings was used for GBS and whole-
genome sequencing, as described previously (Gilchrist et al.,
2014; Sved et al., 2016).

Nucleic acid isolation

DNA was extracted from individuals of the B. tryoni Ourimbah lab-
oratory strain collected immediately upon eclosion to ensure
females were virgins and would not carrying male sperm that could
potentially bias molecular analyses. Individual flies were homoge-
nized using a TissuelLyser (Qiagen, Hilden, Germany) with
stainless-steel ball bearings, and DNA was extracted using the
Wizard Genomic DNA Purification kit (Promega, Madison, WI,
USA). DNA was isolated from single wings of individual field-
collected flies using the Phire Animal Tissue Direct PCR kit
(ThermoFisher Scientific, Waltham, MA, USA).
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Embryos were collected for 1 h, removed from cages and then
snap frozen in liquid nitrogen (1-h-old embryos) or left to develop
for a further 4 h (5-h-old embryos) or 23 h (24 h embryos) before
freezing. Total RNA was isolated using the RNeasy Lipid Tissue
Mini Kit (Qiagen), treated with Ambion DNasel (ThermoFisher Sci-
entific) and reverse transcribed using Invitrogen Superscriptlll
(ThermoFisher Scientific) primed by a hexamer and oligo-dT mix-
ture (Promega).

Analysis of GBS data

Three single-pair crosses were previously prepared for GBS using
restriction enzyme EcoT221 and mapped to B. tryoni scaffolds with
bwa-mem, outlined in Sved et al. (2016). Genomic scaffolds were
considered candidate Y-chromosome sequences if >99% of
mapped GBS reads (~85 bp) were from male progeny.

Analysis of whole-genome sequence data

lllumina sequence reads were generated from pooled males and
pooled females (SRA accession: PRJNA531345) of the bent
wings strain. TRIMMOMATIC (version 0.36) was used to quality filter
reads using the parameters SLIDINGWINDOW:4:15 CROP:93
MINLEN:93. This produced 128 655 388 paired-end 93 bp female
reads, and male sequence data was limited to a similar number of
128 654 791 paired-end 93 bp reads using HTseQ (v.0.6.1) (Pyl
et al.,, 2014). Reads were mapped to the B. tryoni reference
genome, available from NCBI (JHQJO1). Twenty-one additional
scaffolds identified as putative Y-chromosome sequences using
GBS data were added to the NCBI reference using the Unix func-
tion cat. Equivalent numbers of male and female reads were then
aligned to the reference genome using the aligner Bwa, bwa mem
with default parameters. The resulting SAM files were converted
to BAM using samtooLs (version 1.8) and then sorted and indexed.
Mapping quality was filtered (MAPQ>20) and read depth calcu-
lated for each site with samtooLs (version 1.8) using the parameters
[depth -Q 20 -a].

PCR analysis of Y-chromosome scaffolds

Y-chromosome PCR primers were designed using PRIMER3PLUS
(v. 2.4.2) (Untergasser et al., 2012). Amplification was performed
using DNA isolated from individual males and females of the Our-
imbah laboratory strain and samples collected from Auburn. PCR
experiments were performed using the KAPA2G Robust HotStart
ReadyMix (KAPA Biosystems) with the following cycling condi-
tions: 95°C for 3 min, 35 cycles of 95°C for 15 s, 58-62°C for
15 s and 72°C for 15 s, followed by a final extension of 72°C for
1 min. Conditions for the Phire Hot Start Il DNA polymerase kit
(ThermoFisher Scientific) were 98°C for 5 min, 35 cycles of 98°C
for5 s, 55-62°C for5 s and 72°C for 15 s, followed by a final exten-
sion of 72°C for 1 min. The KAPA HiFi HotStart PCR kit (KAPA Bio-
systems) required the following conditions: 95°C for 3 min,
35 cycles of 98°C for 20s, 57°C for 15 s and 72°C for 1 min, fol-
lowed by a final extension of 72°C for 1 min (Table 1). cDNA was
amplified using MyTaq polymerase (Bioline). Amplicons were puri-
fied using MinElute (Qiagen) kits, subcloned into pGEM-t-Easy
vector (Promega) and transformed into DH5-alpha cells.
Y-chromosome PCR products and plasmid clones were
sequenced by the Australian Genome Research Facility.

Copy number variation of typo-gyf

Copy number variation of gyf and typo-gyf was estimated with an
ABI StepOnePlus Real-Time PCR system. Comparative Ct exper-
iments were performed using genomic DNA from four females and
four male flies, using actin3 as the control. All reactions were per-
formed in triplicate using the SensiFAST SYBR Hi-ROX kit
(BioLine Cat. Bio-92005) according to the manufacturer’s instruc-
tions. Primer sequences include actin3 (F 5'-CAGTATTGCT
CACCGAAGCA-3, R 5-GTACGACCGGAAGCGTAGAG-3),
typo-gyf (F 5'-AACATGTGCGTCATCAGCTC-3, R 5-AAGATT
CAGCACTGCCCACT-3') and gyf (F 5'-GGGTATAGCGGAAGT
GGACA-3, R 5-GTTGAAAGTTCGACCGGAAG-3').

Data source and de novo assembly

Assembled transcriptome datasets were obtained from the NCBI
and FlyBase (http:/flybase.org). Short read sequence data for
species without available assemblies were downloaded from the
NCBI Sequence Read Archive and de novo assembled with TRINITY
v.2.5.1 (Grabherr et al., 2011) with parameter --no_normalize_-
reads (Table S4). Coding sequence was predicted using TRANSDE-
cober v.5.1.0 (Haas et al., 2013) with parameter -LongOrfs.

Identification of typo-gyf and gyf sequences among
insect species

The protein sequence of B. tryoni TYPO-GYF and D. melanogaster
GYF (FlyBase ID FBpp0290107) was queried against 13 Bactro-
cera transcriptomes and three Drosophila genomes (Table S4)
using the BLasT function in Geneious (v.10.2.6) (Kearse et al.,
2012). Query hits were compared with D. melanogaster GYF and
B. tryoni TYPO-GYF to identify possible misassemblies and then
sequences were aligned with Geneious (v.10.2.6) using MAFFT
v.7.388 (Katoh and Standley, 2013).

Identification of gene orthologues, sequence alignments
and phylogenetic analysis

Open reading frames were identified from transcriptomes or anno-
tated genomes using TRANSDECODER (v.5.4) (Haas et al., 2013). As
many of the transcriptome libraries were assembled using pooled
individuals and developmental stages, co-HIT v.4.6.1 (Godzik and
Li, 2006) was used to select the longest transcript with a 98%
sequence identity threshold (-c 0.98). Single-copy nuclear ortholo-
gues were then identified using the orthoDB Diptera gene set (dip-
tera_odb9, 2799 genes) (Zdobnov et al., 2017) with Busco (v.3)
(Waterhouse et al., 2017) and auausTus (Stanke and Morgenstern,
2005). Orthologous genes annotated in all samples (n = 16) were
extracted and nucleotides aligned based on reading frame using
GENEous v.10.2.6 with the marrT FFT-NS-2 algorithm (Katoh and
Standley, 2013). Alignment gaps in three or more samples were
removed and any incomplete reading frames were trimmed to the
nearest codon shared between all individuals. Over half the 2799
full-length Busco genes were identified in all species, yet only
116 complete single-copy genes were shared between all sam-
ples, producing a concatenated length 155.7 kb.

Mitochondrial genes were extracted from reference mitogenomes,
including B. correcta (NC_018787), Bactrocera cucurbitae
(NC_016056), B. dorsalis (NC_008748), B. latifrons (NC_029466),
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B. oleae (NC_005333), B. tryoni (NC_014611), B. zonata
(NC_027725), C. capitata (NC_000857), D. melanogaster
(NC_024511), Drosophila simulans (NC_005781) and Drosophila
yakuba (NC_001322). The mitochondrial genes of B. bryoniae, Bactro-
cera cucumis, B. jarvisi, B. kraussi and R. pomonella were obtained by
homology BLAsT against transcriptome data.

A concatenated set of 13 mitochondrial genes were aligned
using MAFFT v.7.388 (Katoh and Standley, 2013) and trimmed with
GENEIOUS (v.10.2.6) to remove missing data. ML trees were con-
structed using the general time-reversible model and a gamma dis-
tribution with gamma rate heterogeneity using RrRaxwmL v.8
(Stamatakis, 2014) —alignment available upon request. Bootstrap-
ping was carried out to provide node support with 1000 replica-
tions. A nuclear ML tree was constructed using these same
parameters with 116 complete single-copy nuclear orthologues,
except 100 bootstrapping replications were performed (Table S7).

A species tree using 116 Busco genes was reconstructed with
BEAST 2 (Bouckaert et al., 2014). Substitution models for all genes
were unlinked Hasegawa—Kishino—Yano (Hasegawa et al., 1985)
models with a four-category discrete gamma rate heterogeneity.
Genes were partitioned by codon position (1st + 2nd and 3rd)
according to Shapiro et al. (2006). Molecular clocks were set to
relaxed with a log-normal distribution to allow for variation between
branches (Drummond et al., 2006). A random starting tree was
generated and tree prior set to calibrated Yule (Heled and Drum-
mond, 2011). We used a log-normal distribution of the Drosoph-
ila—Rhagoletis most recent common ancestor estimated by Misof
et al. (2014) to inform the root prior (median 81.3037 MYA, 95%
HPD 55.806—111.679 MYA). Markov chain Monte Carlo analysis
was carried out with a total chain length of 1 x 10° sampled every
1000 chains. This analysis was then repeated to compare topology
and date local maxima from the Markov chain Monte Carlo. The
two runs were combined and annotated using TREEANNOTATOR
(Bouckaert et al., 2014). TRACER v.1.7 (Rambaut et al., 2018) was
then used to compare replicates and determine chain burn-in,
based on visual inspection of parameter Effective Sample Sizes,
convergence and mixing (17%).

Data visualization

Plots depicting sequence read depth (Figs 3 and S2), sequence
read bias (Fig. S1) and copy number variation (Fig. S3) were pro-
duced with the R programming language (R-Core-Team, 2018)
and package aapLot2 (Wickham, 2016). Images of sequence
alignments were produced with ceneious (v.10.2.6) (Kearse et al.,
2012), and phylogenetic images were produced with FIGTREE
v.1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/) and INkscAPE
(v.0.91) (https://inkscape.org).
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the Supporting Information section at the end of the
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Figure S1. Density plots displaying the proportion of WGS reads from
males relative to females (MAPQ>20). Values were normalized between
zero and one, by taking the number of reads for each sex and dividing (male
reads/(male+female reads)). Values of 1.0 indicate that only male reads
align and values approaching zero indicate excess female read depth.
Intervening white spaces are gaps in the reference genome. Smoothed
conditional means of male read depth (orange line with 95% CI in grey),
scaffold length, number of sites with coverage and median site depth are
shown. Scaffolds Btry176, Btry280 and Btry315 are autosomal and indi-
cate similar read depth between males and females.

Figure S2. Select Y-chromosome scaffold regions used for PCR primer
design. Male (grey bars) and female (blue lines) sequence read depth from
whole genome sequence datasets is shown. PCR primer locations are indi-
cated with black boxes in each panel.

Figure S3. Copy number variation of gyf and typo-gyfin B. tryoni. Compar-
ative CT quantitation was performed relative to the autosomal control gene
actin3. Each female had two copies of gyf (2.07 4+ 0.156) and lacked typo-
gyf (data not show). Males had one copy of gyf (0.916 + 0.081) on the X-
chromosome and 41.40 (SD + 4.87) copies of typo-gyf on the Y-
chromosome.

Figure S4. Nucleotide alignment of 25 typo-gyf clones from a single
B. tryoni male. Substitutions are highlighted in blue, green, yellow and red
and deletions indicated with dashes. Each exon is annotated with a grey
arrow and primers within predicted untranslated sequence are shown in
green. See Figure S5 for protein alignment.

Figure S5 Nucleotide sequences of 25 typo-gyf clones were conceptually
translated and 25 proteins aligned. Proteins ranged in length from 62-575
amino acids. See Figure S4 for nucleotide alignment.

Figure S6. Expression of a typo-gyf homolog in Bactrocera jarvisi. Morrow
et al. (2014b) sequenced transcriptomes from pools of sexed Bactrocera
jarvisi embryos that were 2-3 hours or 3-5 hours old. Eight paired end fastq
libraries were downloaded from NCBI using the SRA-Toolkit (v2.8.2) com-
mand ‘fastg-dump’ with the option “--defline-seq ‘@$sn[_$rn}/$ri’ , and a
reference transcriptome assembled with Trinity (v2.5.1) using the
--trimmomatic option. Quality filtered reads from each sample was then
quantified with the Trinity function align_and_estimate_abundance.pl,
which uses the program Salmon (v0.8.2) to quantify transcripts. A total of
16813 genes were reportedly expressed in at least one sample using the
Trinity function abundance_estimates_to_matrix.pl. Statistical analysis of
transcripts was performed using edgeR (Robinson et al., ) using the Trinity
function ‘run_DE_analysis.pl’. A. An MA plot generated using edgeR show-
ing differential expression between female and male 3-5 hour embryos.
The transcript with the highest differential expression is TRINI-
TY_DN12000_c0_g0 and represents unspliced isoforms of the typo-gyf
homolog. Female 3-5 hour embryo replicates both had zero read counts;
male 3-5 hour embryo replicates had 447 and 74 counts. The three red
points are the only three genes with false discovery rates (FDR) below
0.05. B. Nucleotide alignment of typo-gyf transcripts from B. tryoni 24 hour
embryos and B. jarvisi 3-5 hour embryos. The intron is not spliced in either
transcript, introducing a premature stop codon if protein translation occurs.
The intron begins with characteristic donor splice site ‘GT’ and ends with
the acceptor splice site ‘AG’. The two sequences show 94.7% identity.
Bactrocera tryoni 24 hour embryos also express spliced transcripts that
lack the intron.

Figure S7. Maximum Likelihood trees of 16 dipteran species. A. ML tree of
thirteen mitochondrial genes including ATP6, ATP8, COX1, COX2, COX3,
CYTB, ND1, ND2, ND3, ND4, ND4L, ND5 and ND6 (8357 bp alignment).
B. ML tree of 116 nuclear genes (155.7 kb). The tree topology differs for
B. jarvisi, B. dorsalis and B. kraussi, as indicated with red lines.

Table S1. GBS data from three single pair B. tryoni crosses identified
55 candidate Y-chromosome scaffolds with >99% male read bias. Candi-
date Y-scaffolds supported by WGS sequencing in Fig. S1 are indicated.

Table S2. Whole genome re-sequencing statistics and analysis.
Table S3. Primer sequences for typo-gyf and gyf.

Table S4. Genomes and transcriptomes used for identification of
116 nuclear BUSCO genes and 13 mitochondrial genes.

Table S5. Evidence for typo-gyf and gyf transcripts.

Table S6. Percent pairwise amino acid identity between Bactrocera TYPO-
GYF and B. tryoni GYF.

Table S7. Single copy nuclear genes used for Bayesian phylogeny (Fig. )
and Maximum Likelihood trees (Fig. S7B).
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he diamondback moth, Plutella xylostella (L.) (Lepidoptera:

Plutellidae), is the most widely distributed species among

all butterflies and moths on Earth!. This major pest is an
oligophagous herbivore of cultivated and wild cruciferous plants
(Brassicaceae), including many economically important food
crops such as cabbage, cauliflower, and rapeseed’2. The total
economic cost of its damage and management worldwide is
estimated at US $4-5 billion per year!:3. This is the first species
for which its field populations have been documented to have
evolved resistance to DDT, the iconic chemical insecticide of the
1950s* and to toxins of Bacillus thuringiensis (Bt) developed as an
insecticide for control of Lepidoptera in the 1990s°. P. xylostella
has now developed resistance to all major classes of insecticide
and is increasingly difficult to control in the field!.

Although intensive research has been done on the biology,
ecology and management of P. xylostella during recent
decades!9, our knowledge of its geographical origin and how it
has become such a highly successful pest in all continents except
Antarctica remains surprisingly incomplete and highly con-
troversial’=10. To date, little is known about the global patterns of
genomic variation in this species, which is essential for under-
standing the evolutionary history of P. xylostella together with the
genetic basis of its rapid adaptation to insecticides.

In this study, we identify the origin of P. xylostella as South
America using a global sample collection and nuclear/mito-
chondrial genome sequencing of all individuals, along with COI
sequences for these and other specimens from BOLD. Further, we
analyze the nuclear genomes of our specimens combined with
geographical and historical information to reveal its dispersal
routes and the progressive timing of global expansion. Based on
the sequenced SNPs, we investigate the genomic signatures of
selection to address the underlying mechanism associated with
the local adaptation of this pest species.

Results

Global pattern of genomic variation. We first characterized the
global pattern of variation among 532 genomes of P. xylostella
using a worldwide sample of specimens collected from different
locations (sites) in a stratified fashion reflecting a diverse range of
biogeographical regions (Fig. la, Supplementary Fig. 1 and Sup-
plementary Table 1) and covering an extensive scope of the eco-
climatic index (Supplementary Fig. 2). Each of the individual
genomes was sequenced with the Illumina sequencing system
(HiSeq 2000) to produce 90-bp paired-end raw reads (Supple-
mentary Fig. 1). A total of 1,797 Gb quality filtered reads (Sup-
plementary Table 2) were mapped to the P. xylostella reference
genome!! using Stampy v1.0.27!2. Individuals with low mapping
rate or coverage (<60%) were excluded, and a total of 532 indi-
viduals were retained for variant discovery (Supplementary
Table 2). After calibrating and filtering of the low-quality variants
(Supplementary Fig. 1), we generated a genomic dataset contain-
ing 40,107,925 SNPs and 22,736,441 indels (Supplementary
Tables 3 and 4), representing one variant on average in every six
bp of the reference genome!l. This is the densest variant map for
any organism, including the recently released data of human!? and
Arabidopsis thaliana'®. The global pattern of genomic variation
(Fig. 1b), regional diversity of individual-based SNPs (Fig. 1c), and
low ratio of shared SNPs (7.20%) among different geographical
populations (Supplementary Table 5) revealed a high level of
polymorphism that provided the capacity for P. xylostella to
readily expand and adapt to different habitats worldwide.

Geographical origin. An earlier study proposed that P. xylostella
originated from Mediterranean Europe® as many Brassicaceae
crops were first domesticated in the this region. Other studies

predicted a South African® or Chinese origin’ based on the
regional diversity of indigenous Brassicaceae hosts or parasitoids
of P. xylostella. An mtDNA-based analysis had supported claims
of Africa as the possible area of origin of the species but used as
few as 13 sampling sites worldwide without samples from South
Americal®. A much larger and more representative collection of
samples was required for accurate identification of the pest’s
geographical origin and better understanding of the evolutionary
history of P. xylostella.

We extended these efforts to conduct a genomic study with
high-quality nuclear SNPs of the worldwide sample (Fig. la,
Supplementary Fig. 1 and Supplementary Table 1). Using the
nuclear SNP data, a neighbor-joining (NJ) tree was constructed
for global P. xylostella populations with the congeneric P.
australiana as an outgroup according to our COI-based
phylogenetic analysis (see Methods). Results revealed that
multiple individuals collected from South America (SA) formed
a distinct and basal clade (Fig. 2a and Supplementary Fig. 3). This
was further confirmed by mitochondrial genomic data using the
same specimens (Supplementary Fig. 4) and COI gene data from
our specimens combined with additional published data (Sup-
plementary Fig. 5). We also generated summary trees of different
groups (see population genetic structure analysis below) based on
3,256 genome-wide local trees and revealed that the most
prevalent topologies across the genome support P. xylostella
populations of South America as the basal node closest to P.
australiana (Supplementary Table 6). These results strongly
suggest that P. xylostella originated in South America, where
other endemic Plutella species are known!>. Our study convin-
cingly repolarizes the evolutionary history of P. xylostella from
hypotheses of Old-World origin’~10 to the New World.

The Brassicaceae family contains >3,700 species found on all
continents but Antarctica®!6. In South America, with the richest
cruciferous flora of the Southern Hemisphere!®17, P. xylostella
would have evolved on native Brassicales. Following European
colonization of South America in the late 15th to early 16th
century, the introduction and widespread use of domesticated
Brassicaceae crops'®20 would have expanded host plant
resources used by P. xylostella on this continent. Initially, the
species would have been confined to South America, isolated by
oceans and limited by habitat/eco-climatic constraints until
human interference?!.

Evolutionary and expansion history. Based on our phylogenetic
analysis, in addition to the basal clade of South America (SA), we
found four additional clades of North America (NA), Afro-
Eurasia (A-E), South East Asia (SEA), and Oceania (OC)
(Fig. 2a). These geographically clustered groups were supported
by genetic structure analysis (Fig. 2b). A principal component
analysis (PCA) (Fig. 2¢) provided further evidence of the popu-
lation structure of P. xylostella worldwide, with gene flow across
the continent of Afro-Eurasia. The dxy-based analysis?2 showed
the lowest genetic differentiation between SA P. xylostella and P.
australiana, followed by NA P. xylostella and P. australiana, A-E
P. xylostella and P. australiana, SE Asian P. xylostella and P.
australiana, and OC P. xylostella and P. australiana (Fig. 2d),
which outlined the global colonization process of P. xylostella
populations.

To further investigate the demographic history of P. xylostella,
we estimated the population sizes and divergence times using a
pairwise sequentially Markovian coalescent (PSMC) model?3. Tt
revealed a strikingly concordant history among geographical
groups with a sharp decline following the last glacial maximum
(LGM) in the early phase of evolution and a pattern of
divergence in the recent past (with low resolution) among
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Fig. 1 Sampling locations and genomic variation of 532 Plutella xylostella individuals. a lllustration of 114 sampling locations showing that the P. xylostella
specimens were collected from 55 countries across six of the seven continents in the world, i.e. excluding Antarctica. b Global patterns of the genomic
variation. Circles from the outermost to innermost represent the reference genome of P. xylostella (including the partial sequences of 28 chromosomes and
the scaffolds that were unable to be assigned (Un)), SNPs, nucleotide diversity and indels, respectively. ¢ Ratio of individual-based heterozygous to
homozygous SNPs in different continents of South America (SA), North America (NA), Europe (EU), Africa (AF), Asia (AS), and Oceania (OC). Boxes
show the first and third quartile range (IQR) while whiskers extend to a maximum of 1.5 * IQR. Values for each of the individuals are shown as points
surrounding boxplots. Source data are provided in the Source Data file. The map was generated with the rworldmap package v1.3-673.

different geographical groups (Supplementary Fig. 6). A recently
published approach, SMC++ 24, which estimates the historical
population sizes with higher resolution in the recent past
compared to other methods such as PSMC??, was used to predict
the historical population sizes and divergence times of different
groups. We found that P. xylostella experienced three major
expansions across the world, with both North American and
Afro-Eurasian lineages splitting from the ancestral lineage
approximately 500 years ago, followed by South East Asia and
then Oceania (Fig. 3a).

P. xylostella has remarkable genetic plasticity2® and high level
of genomic variation!! that enable it to rapidly adapt to local
environments, potentially leading to the change in the levels of
genetic diversity among geographical populations. After a new

founder event of P. xylostella, the sizes of derived populations
tend to rapidly grow based on the SMC+-+ analysis (Fig. 3a). This
may have led to accumulation of mutations that were not present
in the ancestral population, especially reflecting the likelihood
that the species would have been subject to new and diverse
selection pressures from novel plant hosts, novel agonists (e.g.,
pathogens and parasitoids), habitats, and climates?”-?8, as well as
becoming established in extensive, heterogeneous geographical
regions that limited mixing. Genetic admixture, which may
generate novel genotypes?”-2%, among the P. xylostella populations
in both the Old-World and North America was frequent
according to our phylogenic reconstruction (Supplementary
Fig. 3) and population structure analyses (Fig. 2b and c).
Together, these effects help explain the pattern of increasing
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australiana based on 3,256 non-overlapping genome-wide windows. Boxes show the first and third quartile range (IQR) while whiskers extend to a
maximum of 1.5 * IQR. Values for each window are shown as individual points surrounding boxplots. A simple linear model was fitted to the data (red
dashed line), the line of best fit has an estimated R? value of 0.6149 and a slope of 0.02821. Source data are provided in the Source Data file.

genetic diversity in the range expansion process of P. xylostella
populations (Fig. 1c).

Our phylogenetic and genetic analyses, PCA plot of the first
two components, and dy,-based analysis of differentiation (Fig. 2)
supported the demographic evidence that the SA lineage was
basal with the NA, A-E and SEA lineages diverging at
progressively later stages and the OC lineage the most recent
(Fig. 3a). These results were integrated with historical informa-
tion18-20, allowing us to propose a scenario of dispersal events for
P. xylostella (Fig. 3b). We found that the major expansion events
of P. xylostella were associated with human activities of
agricultural production and trade. With European colonization,
particularly the domestication of cruciferous crops with reduced
glucosinolates and the introduction of Brassicaceae crops by
European colonizers to South Americal®3Y, the original popula-
tions of P. xylostella in South America appear to have dispersed to
and colonized various regions of the world (Fig. 3a and b). After
colonizing the Mediterranean region, founder populations of P.
xylostella likely dispersed across Europe, Western Asia, and Africa
(Figs. 2 and 3)31:32, Like the spreading trend of A. thaliana, the
diversity of P. xylostella populations in Europe and Eurasia
exhibits a latitudinal pattern along the east-west axis (Fig. 3b),
which has been facilitated by the rapid expansion of
agriculture!433, Around 200 years ago, independent dispersal
events led the founder populations expanding eastwards into
Asian countries first and then proceeding to Oceania (Figs. 2 and
3)3435, which corresponds to the most recent major region of
colonization by Europeans. Records of Brassicaceae date from the
“First Fleet” arrival in Australia in 1788 that carried produce and
seeds of several Brassica species’®, and this was followed by

introduction and widespread cultivation of other brassicas by
Chinese Australians%. Relative to the predicted earliest time
when a Plutellidae ancestor may have become a cruciferous
specialist (~54-90 million years ago)!1:36, the recent expansion
events of P. xylostella (~200-500 years ago) further indicate that it
could have survived on the indigenous Brassicaceae plants in
South America for a long time, possibly in the timeframe of
millions of years, after its putative divergence from an ancestor
shared with its closest known relative, P. australiana®’.

Genomic signatures of local adaptation. Based on our globally
sampled genomic data, we found that P. xylostella populations
across the world exhibited a dense map of variants (Supple-
mentary Tables 3 and 4), high level of polymorphism (Fig. 1b, ¢
and Supplementary Fig. 7), and rapid decay of linkage dis-
equilibrium (LD; Supplementary Fig. 8). These findings suggest
a large effective population size for this species. Considering its
genetic heterozygosity and rapid insecticide-resistance evolu-
tion, this species is well suited for a study of evolutionary
adaptation under strong environmental selection pressure38-3°.
The intensive use of insecticides against P. xylostella has led to
increased selection pressure for development of insecticide
resistancel2440-45_ We identified a global pattern of adaptive
variation shown by the frequency distribution of three reported
SNPs associated with insecticide resistance?®4” (Supplementary
Fig. 9). Such a global genotype distribution of three insecticide-
resistance-related point mutation loci revealed that selection
pressure resulting from insecticide applications had strong
geographical dependence.
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Coordinates are logarithmically scaled. b A proposed scenario of global
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continents based on phylogenetic result (Fig. 2a), population genetic
analyses (Fig. 2b-d), and demographic history (Fig. 3a). Source data are
provided in the Source Data file. The map was generated with the
rworldmap package v1.3-673.

To identify the genomic signatures of evolutionary adaptation
for P. xylostella, we ran a genome-wide association study (GWAS)
using the eigenvectorl of PCA as a “phenotype” (EigenGWAS)*8
to isolate a group of 75 individuals from Southeast Asia and
Oceania (Supplementary Fig. 10). This reflects the fact that in
these tropical and subtropical regions, cruciferous crops are
massively and continuously grown year-round in a variety of
cropping systems from backyard gardens to large-scale farms,
resulting in favorable conditions for P. xylostella to develop and
frequently outbreak throughout the year!:2.

We identified 3,827 significantly differentiated SNPs (P < 1e~8)
(Supplementary Fig. 11a, right) with high level of genetic
differentiation (Fsy) from 64,960 filtered SNPs (Supplementary
Fig. 1la, left), which indicated that numerical distribution the
significantly differentiated SNPs was proportionally similar to
that of the filtered SNPs in each of the four genomic regions
(Supplementary Fig. 1la). These outliers contained 1,179
candidate genes, being the most highly represented in metabolic
and molecular signaling-related pathways according to the GO
and KEGG analysis (shown with top 20 GO terms and KEGG
pathways; Figs. 11b and 12). Among the 1,179 candidate genes
under divergent selection we found 93 that were annotated in the
published P. xylostella genome with known functions of
detoxification of plant defense compounds and insecticide
resistance!l. We then identified six genes with non-synonymous

SNPs in coding regions. Three of them, including carboxypepti-
dase A (Px005867), P450-CYP2 (Px002515), and juvenile
hormone esterase (JHE, Px003448) have reliable structural
templates available in the Protein Data Bank, which allowed us
to create homology models for these three enzymes using
Schrodinger software®.

Signals of divergent selection for the three non-synonymous
mutations were identified according to their global distribution of
genotype frequency (Supplementary Fig. 14). Comparison of the
predicted structures between wild-type (WT) and mutant (Mut)
enzymes revealed the potential impacts of these three mutations
on the structural changes of these enzymes (Supplementary
Fig. 15), which provides a cue for further experimentally-based
research to establish a functional relationship between mutations
and insecticide resistance®0->1,

Discussion

The present study improves our understanding of the origin,
evolution, and genetic bases of adaptation in P. xylostella, a
species with worldwide importance for pest management and
food safety. Using a global sample collection (532 individuals)
covering all six continents where the species occurs and nuclear
and mitochondrial genomes as well as COI sequencing of all
individuals, we have identified the area of origin of P. xylostella as
South America. The result contrasts with previous hypotheses
that suggested the Mediterranean region®, South Africa®!? or
China’ as possible areas of origin of the species. Further, the
phylogeographical profiling reveals that P. xylostella expansion
events and timing have been facilitated by human socioeconomic
activities. Genes in metabolic and molecular signaling-related
pathways are putative candidates involved in evolutionary adap-
tation under the strong selective pressure of insecticides. Our
results illustrate the utility of emerging genomic approaches to
understand historical patterns of species expansion, and further
address the underlying mechanisms associated with the world-
wide dispersal of this notorious pest species.

Methods

Sample collection and DNA extraction. Based on the globally-distributed nature
of P. xylostella, we developed a sampling plan with broad geographic scope (Fig. la
and Supplementary Fig. 1). The global samples of P. xylostella were collected in
2012-2014 from 114 locations that cover broad regions throughout the world, with
13 samples from Africa including Madagascar, 43 samples from Asia, 13 samples
from Europe, 26 samples from North America including Hawaii, 12 samples from
South America, and 7 samples from Oceania (Fig. 1a and Supplementary Table 1).
Our collection covers an extensive range of the eco-climatic index and areas that
support differing numbers of annual generations, including those regions with
year-round persistence of P. xylostella to others that are only seasonably suitable for
growth and development of the species (Supplementary Fig. 2). Within each
location, larvae, pupae, or adults were collected from cruciferous vegetable fields.
Field-collected samples were morphologically inspected and genetically checked
with COI sequences to confirm their identity.

The samples were preserved in 95% alcohol at —80 °C prior to DNA extraction.
At least five individuals from each sampling location were used for DNA
extraction. For quality control, each individual was washed twice using double-
distilled water, and then dissected to remove the midgut including its microbiome
and parasitoids to eliminate potential DNA contamination (Supplementary Fig. 1).
To avoid unintentional biases, the individuals were each allocated a code number
(Supplementary Table 2) in a double-blind fashion to obscure the origin of the
insect to all handlers and analysts who identified the insect, its DNA or any
associated genomic data.

DNA was extracted from each individual using DNeasy Blood and Tissue Kit
(Qiagen, Hilden, Germany) following the manufacturer’s protocol. DNA was
eluted from the DNeasy Mini spin column in 200 ul TE buffer. Concentration and
integrity of the total DNA for each individual was measured with a Qubit
Fluorometer (Invitrogen, Carlsbad, CA, USA) and agarose gel electrophoresis.

DNA barcoding and sequencing. A Cytochrome Oxidase I (COI) mitochondrial gene
fragment of up to 658 bp was amplified and sequenced using Sanger sequencing, and
then queried to the BOLD system®? to confirm the species identity for each individual.
In the 468 sequences of this dataset [https://doi.org/10.5883/DS-PLUT1]37:2,
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399 sequences belong to P. xylostella (BOLD:AAA1513 [http://www.boldsystems.org/
index.php/Public_BarcodeCluster?clusteruri=BOLD:AAA1513]) and 58 to P. aus-
traliana (BOLD:AAC6876 [http://www.boldsystems.org/index.php/
Public_BarcodeCluster?clusteruri=BOLD:AAC6876]) while the rest belongs to other
potential outgroup taxa in the family Plutellidae.

Genomic sequencing was performed with Illumina HiSeq 2000 at BGI,
Shenzhen, China, to produce 90 bp paired-end reads for every individual.
Considering the cosmopolitan distribution of P. xylostella, we aimed to sequence a
large number of individual genomes across various geographical locations with a
5-10x coverage for each individual, which is a strategy previously used for the 1000
human genomes project® and Apis mellifera®®. Two P. australiana®” individuals
were also sequenced with a 30x coverage and used as an outgroup for comparative
analysis of genetic differentiation with the P. xylostella populations and
construction of the phylogenetic tree. Sequencing libraries for each of the P.
xylostella individuals were constructed according to the manufacturer’s protocol.
The quality and yield of the library were tested using the Agilent 2100 Bioanalyzer
and ABI StepOnePlus Real-Time PCR System.

Data filtering, mapping and SNP calling. Raw reads were processed to obtain
clean reads using custom scripts. Poor reads with 10 ambiguous “N” bases, >40%
low-quality bases, or identical sequences at the two ends were filtered out.

We artificially allocated scaffolds of the P. xylostella genome into 20 synthetic
chromosomes, and the SNP calling, and subsequent analyses were all performed on
these 20 “chromosomes”. Stampy (v1.0.27)!2 was employed to map the clean reads
onto our P. xylostella reference genome (v2)!! using default parameters.
Subsequently, alignments for each of the individual samples were sorted with
SortSam of Picard-tools (v-1.117, https://sourceforge.net/projects/picard/), and
processed by removing duplicate reads with MarkDuplicates of Picard-tools. Reads
with indels were realigned using RealignerTargetCreator and IndelRealigner in the
Genome Analysis Toolkit (GATK v-3.2.2)> to avoid misalignment around indels.
After realignment, base-quality scores were recalibrated using BaseRecalibrator
based on the reference SNP set, which was generated using UnifiedGenotyper and
SAMtools® from the 532 individuals. The sequencing and mapping statistics are
summarized in Supplementary Table 2.

SNP calling was then performed using the GATK HaplotypeCaller with
parameters --emitRefConfidence GVCF --variant_index_type LINEAR
--variant_index_parameter 128,000. VariantRecalibrator was first used to create a
Gaussian mixture model to examine the annotation values over a high-quality
subset previously generated by UnifiedGenotyper and SAMtools and evaluate all
input variants. ApplyRecalibration was used to designate the model parameters for
each of the variants. Finally, VariantFiltration was used to filter the SNPs. The
filtering settings were as follows: QD <2.0| | MQ <40.0 | | ReadPosRankSum <
—8.0| | FS>60.0 | | HaplotypeScore > 13.0 | | MQRankSum < —12.5.

To resolve the origin of P. xylostella, two congeneric P. australiana individuals
were used as an outgroup species. The sequencing reads of P. australiana were
aligned to the P. xylostella genome using Stampy (v1.0.27)!2 with default
parameters and reordered and sorted by Picard (https://broadinstitute.github.io/
picard/). SOAPsnp (http://soap.genomics.org.cn/soapsnp.html) was then used to
detect SNPs in each P. australiana individual with at least three supporting reads,
and to assemble the consensus sequence for the P. australiana individuals based on
the alignment of the sequencing reads with the P. xylostella genome. The genomic
dataset of two P. australiana individuals and 532 P. xylostella individuals was used
for phylogenetic tree construction.

To identify mitochondrial variants of P. xylostella, we also called SNPs using the
mitochondrial genome of P. xylostella (GenBank KM023645 [https://www.ncbi.
nlm.nih.gov/search/all/?term=KMO023645]) as a reference. The same SNP calling
procedure as done for nuclear SNP calling was employed, while a haplotype setting
was used. The mitochondrial genome of P. australiana was reconstructed using
MITObim®7 with a P. australiana COI barcode sequence as the seed and the P.
xylostella mitochondrial genome as the reference.

Construction of the phylogenetic trees. Phylogenetic relationships of nuclear
and mitochondrial genomes were analyzed among 532 individual samples of P.
xylostella with two samples of P. australiana used as an outgroup. A phylogenetic
tree based on the nuclear genomes was constructed (Fig. 2a and Supplementary
Fig. 3), using the neighbor-joining (NJ) method>8, based on a genetic distance
matrix (https://github.com/BGI-shenzhen/VCF2Dis), and calculated by the soft-
ware PHYLIP v3.695 (http://evolution.genetics.washington.edu/phylip.html).
Mitochondrial genomes were also used for phylogenetic tree construction using the
NJ method implemented in PHYLIP, and a frequency tree (Supplementary Fig. 4)
was generated using the consensus module with 1000 bootstraps.

To further confirm the origin and evolutionary relationships of P. xylostella
populations based on nuclear and mitochondrial SNPs, a COI-based phylogenetic
tree (Supplementary Fig. 5) was constructed based on NJ method with 1000
bootstraps using MEGA5°?. This tree included the sequences of 532 P. xylostella
individuals collected worldwide and two P. australiana individuals collected in
Australia, as well as individual sequences of five non-Australian Plutella species
(with two individual sequences for each of P. armoraciae, P. porrectella, P. geniatella,
P. hyperboreella and one of P. notabilis), Eidophasia vanella, P. australiana, and P.
xylostella downloaded from BOLD [https://doi.org/10.5883/DS-PLUT1]37:*2, and

two undescribed taxa (‘kaloko’ and ‘napoopoo’) from Hawaii®®¢! downloaded from
GenBank, with accession codes AF019041 [https://www.ncbi.nlm.nih.gov/nuccore/
AF019041] and AF019042 [https://www.ncbi.nlm.nih.gov/nuccore/AF019042].

Population genetic pattern analysis. Bi-allelic SNPs presenting >95% individuals
with a minor allele frequency of over 0.2 in the dataset were kept using vcftools®2
and used for population genetic structure analysis. We sampled one SNP from a 25
bp DNA window to generate loci independent of linkage disequilibrium. A total of
2,839 SNPs was retained for further analysis. The population genetic structure was
analyzed using SNMF®3 with the pre-defined genetic clusters increased from K =2
to K= 8 and illustrated with POPHELPER®4. Principal component analysis (PCA)
was also conducted using PLINK®® with the same dataset, and a Tracy-Widom test
was used to determine the significant level of the eigenvectors. The results (Fig. 2b)
further confirmed and supported the five geographically clustered groups of P.
xylostella populations worldwide based on previous nuclear phylogenetic analysis.

We generated genome-wide summary trees of different groups based on local
trees. Variants with a maximum missing rate of 70% were filtered, and then
converted to Genomic Data Structure (GDS) using SeqArray®. Local genetic
distance matrix was calculated using R scripts (https://github.com/CMWbio) with
a bin of 5,000 SNPs in a maximum interval of 100 kb. A total of 3,256 local trees
were generated across the genome. TWISST®” was then used to calculate topology
weighting for each local tree with 1,000 iterations (Supplementary Table 6). We
also calculated dxy values?? in these 3,256 windows between five identified groups
and the outgroup population to investigate genetic differentiation pattern during
the global colonization of P. xylostella (Fig. 2d).

We presented the global genotype distribution of three previously reported
SNPs associated with insecticide resistance?®4” to show the geographical
dependence of these point mutation loci (G4946E, L1014F and T929];
Supplementary Fig. 9). G4946E in ryanodine receptor was involved in resistance to
diamide®%, and L1014F and T9291 in sodium channel were associated with
resistance to pyrethroid®”.

Demographic history. We selected one individual with high sequencing depth
from each group to estimate the demographic history of P. xylostella using Pairwise
Sequentially Markovian Coalescence (PSMC)?3, with a generation time of 0.1 years
and a mutation rate®® of 8.4x10~? (Supplementary Fig. 6). A recently published
approach with higher resolution in the recent past compared to PSMC accuracy,
SMC++2425, was used to predict the demographic history (or population sizes and
divergence times) of P. xylostella based on multiple unphased individuals (Fig. 3a).
Five previously defined groups (or clades) were used for the analysis. We used a
mutation rate of 8.4 x 10~? from Drosophila®®, and 10 generations of P. xylostella
per year estimated with global observations and records!~3. The short generation
time of P. xylostella makes possible the reliable and precise estimation of effective
population sizes in the recent past using the method of SMC++25.

Identification of the loci under selection. An approach of genome-wide asso-
ciation study with the first eigenvector from the PCA as a “phenotype” (Eigen-
GWAS)*® was recently developed to identify single SNPs that contribute to the
genetic differentiation (eigenvector) of two populations based on regression ana-
lysis. By using individual-level eigenvectors as phenotypes (Y in regression ana-
lysis) and single SNPs (X in regression analysis) in a linear regression, the resulting
regression coefficients are equivalent to singular value decomposition (SVD) SNP
effects and used to identify loci under selection along gradients of ancestry*s.
EigenGWAS also used a correction parameter to filter out signals of population
stratification (i.e. caused by geography/drift), which allows the loci under selection
to be identified. This approach has been successfully used to identify the loci under
divergent selection between the UK and Dutch populations of great tit (Parus
major) for better understanding of how genetic signatures of selection translate into
variation in fitness and phenotypes.

To identify the genomic signatures of selection for P. xylostella, 64,960 SNPs
(Supplementary Fig. 11a) were obtained after filtering with a missing rate <5% and
a minor allele frequency >0.05 by vcftools®? from the genomic dataset of our global
samples. Based on the filtered SNPs, we ran the approach of EigenGWAS using a
stringent level of genome-wide significance threshold (P < 1e~8)%9, A total of 3,827
loci (or outlier) under selection (Supplementary Fig. 11a) were identified for further
functional annotation.

Based on the genomic database of P. xylostella (http://iae.fafu.edu.cn/DBM/
index.php), we searched for candidate genes with the outliers. GO annotation and
classification of the candidate genes were conducted using Blast2GO (version 2.5.0)70
and WEGO’!. Pathways of the candidate genes were identified (Supplementary
Fig. 11b) using the KEGG database (http://www.genome.jp/kegg/pathway.html). The
genes enriched in the first 20 GO terms and KEGG pathways, and the value of
fixation index (Fsr) was calculated for each of the identified loci using vcftools®®
(Supplementary Figs. 11b; 12 and 13).

Homology modeling. The structural models for the wild-type carboxypeptidase A,
P450-CYP2 and juvenile hormone esterase were created by Prime module of

Schrédinger software using human carboxypeptidase structure (PDB ID: 1PCA),
fish cytochrome P450 structure (PDB ID: 4R1Z) and human acetylcholinesterase
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structure (PDB ID: 4BDT) as templates, respectively (Supplementary Fig. 15). The
resistant-mutant models were developed by introducing mutations to the wild-type
structural models, followed by further energy minimization using Chimera’2. All of

the structural figures were also generated by Chimera®®.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Raw reads of all 532 sequenced individuals have been deposited in the CNSA (https://db.
cngb.org/cnsa/) of CNGBdb with the accession code CNP0000018, and been
synchronously deposited in the EMBL Nucleotide Sequence Database (ENA) (https://
www.ebi.ac.uk/ena) with the accession code PRJEB24034. Sequences of five non-
Australian Plutella species (with two individual sequences for each of P. armoraciae, P.
porrectella, P. geniatella, P. hyperboreella and one of P. notabilis), Eidophasia vanella, P.
australiana, and P. xylostella were downloaded from BOLD [https://doi.org/10.5883/DS-
PLUT1]3752. Sequences of two undescribed taxa (‘kaloko’ and ‘napoopoo’) from
Hawaii®®®! were downloaded from the GenBank, with accession codes AF019041
[https://www.ncbi.nlm.nih.gov/nuccore/AF019041] and AF019042 [https://www.ncbi.
nlm.nih.gov/nuccore/ AF019042]. The source data underlying Figs. 1b, ¢, 2b-d, 3a as well
as Supplementary Figs. 2, 6, 7, 8, 9, 10, 11, 12, 13, 14 and15 are provided as a Source
Data file.
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Abstract

Irradiated Queensland fruit flies (Bactrocera tryoni) used in Sterile Insect Technique (SIT) programmes are marked with
fluorescent dyes to distinguish them from wild flies when recaptured in monitoring traps. However, coating sterile pupae
with powdered dyes can reduce emergence rates and fly quality and can sometimes produce insufficiently certain discrimi-
nation through inadequate coating or because the dye is transferred to wild flies through contact. Here we created a pheno-
typically distinct B. tryoni strain that lacks typical melanisation patterns through CRISPR/Cas9-mediated mutagenesis of
tandemly duplicated yellow-y genes and then assessed effects of this visible trait on fly performance. Recessive mutations
are only required in one of these copies to restrict melanisation and generate a phenotype clearly distinguished from wild
type. The yellow strain showed significant declines in eclosion rates and in the percentage of fliers directly after emergence.
Locomotor activity was greater in the yellow strain, and these mutations did not generally affect mating probability, copula
latency, or copula duration. The longevity of yellow flies was approximately 10 days shorter than wild-type flies in both
sexes. Overall, replacing dyes with yellow body marker for SIT can simplify production, eliminate a step that is known to
reduce fly quality, remove potentially hazardous dyes from production, enable accurate discrimination from wild flies, and
improve cost-effectiveness; however, direct comparisons of the decrements in performance associated with dyes on mass-
reared wild-type flies and disruption of yellow-y genes are now required to determine the relative suitability of these marking
methods for B. tryoni SIT.

Keywords Queensland fruit fly - Yellow-y - Sterile insect technique - CRISPR/Cas9 - Melanisation
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Introduction

The Queensland fruit fly, Bactrocera tryoni (Diptera:
Tephritidae), is the most destructive horticultural insect
pest in Australia and is able to thrive across a wide cli-
matic and host plant range (Sultana et al. 2017). Managing
B. tryoni has traditionally relied on pesticides; however,
public health and environmental risks associated with
chemical sprays now limit their use (Dominiak and Ekman
2013). The Sterile Insect Technique (SIT) is an alternative
species-specific biocontrol strategy that has been used to
suppress or eradicate various tephritid fruit fly pests (Bell-
ini et al. 2013; Enkerlin et al. 2015; Vreysen et al. 2014;
Wyss 2000). Pest control using the SIT involves releas-
ing vast numbers of sterilised males that mate with wild
females which then produce non-viable embryos resulting
in a localised population collapse (Knipling 1955). SIT has
been used intermittently to control B. tryoni outbreaks for
more than 20 years (Fanson et al. 2014), and significant
efforts are currently underway to improve efficiency of this
approach (Adnan et al. 2020; Benelli et al. 2019a, 2019b;
Mainali et al. 2019).

Safeguarding horticulture regions from B. tryoni out-
breaks involves careful monitoring with traps. If popu-
lation suppression with SIT is required, it is important
to quickly and accurately discriminate between released
sterile flies and wild flies collected in monitoring traps, to
evaluate the efficiency of the SIT programme, to prevent
mistaken declaration of outbreak, and to avoid failure to
respond promptly to incipient outbreaks. False-positive
detections in surveillance programmes could potentially
impact market access for horticulture products, while
false-negative assessments could result in containment
failure. As is standard practise for most SIT programmes
(FAO/TAEA/USDA 2019; Zavala-L6épez and Enkerlin
2017), the current method for distinguishing sterile B.
tryoni is by coating pupae with a fluorescent dye that is
transferred to adult upon eclosion. However, this method
has several drawbacks, including that the fluorescent
dust (1) can fail to thoroughly coat flies, be washed off or
transferred to wild flies upon contact, (2) can cause dehy-
dration and death prior to release (Campbell et al. 2009;
Dominiak et al. 2000, 2010b), (3) can reduce flight ability
(Dominiak et al. 2010a), (4) may affect field performance
due to the increased preening time, and (5) is consid-
ered as hazard for personnel working in the mass-rearing
facility. Improved and safe visual markers to distinguish
between sterile flies and wild flies would be beneficial to
SIT programmes.

Identifying heritable visual phenotypes that are not
found in wild flies is a potential alternative strategy to
distinguish sterile flies collected in monitoring traps. Four
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recessive visible phenotypic markers have been reported
in B. tryoni, including three spontaneous mutations bent
wings, white marks and orange eyes (Meats et al. 2002;
Zhao et al. 2003), and a white eye mutant caused by tar-
geted knockout of the white gene (Choo et al. 2018). How-
ever, these mutant strains were all likely to carry substan-
tial fitness costs and/or affect behaviour. The bent wings
mutation creates deformities of the wing and impedes
flight, so it is not suitable for SIT (Meats et al. 2002).
Although viability assays have not been performed on
orange and white eyes B. tryoni mutants, eyes pigmenta-
tion mutations in other fruit fly species significantly affect
performance (Saul and McCombs 1992), and mutations
in the Drosophila melanogaster white ortholog severely
impair biological functions including mobility, lifespan,
and stress tolerance (Ferreiro et al. 2018). The B. tryoni
white marks strain exhibits white rather than yellow mark-
ing on the thorax, and although it has been used in dis-
persal studies (Weldon and Meats 2007, 2010), the strain
has been lost and its genetic base is unknown; therefore,
it cannot be re-created. Developing a B. tryoni strain with
a novel visual body marker that remains stable over the
lifespan of the fly without substantially compromising
performance of male flies could improve the efficiency of
SIT programmes.

In Drosophila melanogaster (as well as many other
insects), body pigmentation and colouration result from a
combination of black and brown melanins as well as yellow-
tan and colourless sclerotins which are produced by the mel-
anin pathway (Massey and Wittkopp 2016; Wittkopp et al.
2003). The pathway begins with the conversion of tyrosine
into DOPA (dihydroxyphenylalanine). Subsequently, DOPA
can be used in two different pathways: to be polymerised into
a black melanin or to be converted into dopamine. Dopamine
can then have one of four fates: (1) to be converted into
brown melanin, (2) into black melanin, (3) into NBAD (beta-
alanyl dopamine) which is subsequently oxidised to produce
a yellow-tan sclerotin, or iv) into NADA (N-acetyl dopa-
mine) which is the precursor of colourless sclerotin. The
yellow-y gene plays essential role in modifying dopamine
into black melanin (Massey and Wittkopp 2016). Disruption
of the yellow-y gene causes a pale-yellow body colour which
is clearly distinguishable in D. melanogaster (Wittkopp
et al. 2002). Loss of activity of the corresponding yellow
orthologs in other dipteran species such as Ceratitis capitata
(Gourzi et al. 2000), Musca domestica (Heinze et al. 2017),
Lucilia cuprina (Paulo et al. 2019) results in reduced black
melanin synthesis, causing regions of the body that are nor-
mally black to display a lighter colouration.

In Bactrocera dorsalis, yellow-y has duplicated and each
copy shows different expression profiles throughout devel-
opment (Bai et al. 2019). Here we confirm that the B. tryoni
genome also contains two yellow-y paralogs and assessed
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the performance of a yellow-y knock-out strain developed
using CRISPR/Cas9-mediated mutagenesis for potential use
in SIT programmes.

Materials and methods
Fly rearing

Bactrocera tryoni were obtained from New South Wales
Department of Primary Industries, Ourimbah, Australia, and
were maintained at the biological control insectary of South
Australian Research and Development Institute in Urrbrae,
South Australia. Flies were reared in a controlled environ-
ment room (25 + 2 °C and 65 + 10% relative humidity (RH)
and under a photoperiod of 14:10 h light:dark) and fed with
sugar, either Brewer’s yeast or yeast hydrolysate enzymatic
(MP Biomedical, LLC), and water, while larvae were reared
on ‘Chang et al. (2006)’ gel diet of Moadeli et al. (2017),
based on liquid diet formulation of Chang et al. (2006). Eggs
were collected using an ‘oviposition device’, which was a
30-mL semi-transparent white plastic cup covered by a green
damp cloth and a pinpricked lid for the females to oviposit
through. A piece of sponge saturated with 5 pl of 100%
tart apple juice was placed inside the oviposition device to
stimulate oviposition.

Evolution of yellow-y gene in Bactrocera species

The Drosophila melanogaster yellow-y protein
(FBpp0070070) was obtained from Flybase and que-
ried against the B. tryoni genome (GCA_000695345.1)
and the publicly available genomes of Bactrocera
latifrons (MIMCO00000000.1), Bactrocera dorsalis
(JFBF00000000.1), Bactrocera oleae (LGAMO00000000.2),
Zeugodacus curcubitae (JRNWO00000000.1), and Cera-
titis capitata (AOHKO00000000.2) using the tBLASTn
algorithm in Geneious (v10.2.6). As full-length yellow-y
sequence was absent from the B. tryoni reference genome,
whole genome shotgun sequence reads of B. tryoni were
obtained from Gilchrist et al. (2014) and a genome reas-
sembly was performed using different parameters. Input
data for genome reassembly included a 250-bp paired-end
Illumina library (300-bp insert sizes) generated from a
single individual (error-corrected with blue (Greenfield
et al. 2014)), and two Illumina mate pair libraries of 3 kb
and 10 kb. The mate pair libraries did not originate from
a single fly, and therefore we focused on using an ALL-
PATHS-LG assembly ensuring the mate pair data did not
contribute to the base sequence if filtered for paired-end
contaminants (Gnerre et al. 2011). Paired-end contami-
nants in mate pair libraries were removed by creating a
partial ALLPATHS-LG assembly and filtering out these

errors prior to proceeding with subsequent ALLPATHS-
LG assemblies. We explored using the 250-bp paired-
end data as assembled contigs via DISCOVAR denovo
(Weisenfeld et al. 2014), and these were provided as pos-
sible inputs to the next stage of the ALLPATHS-LG pro-
cess. Multiple ALLPATHS-LG assemblies explored the
parameter space and combination of input data to optimise
measures of contiguity (G50) and completeness (BUSCO
and reference mRNA sequences identified). Correctness
was not identified as prior experience has shown that
ALLPATHS-LG has high sequence correctness due to
internal processes based on the realignment of raw reads.
An assembly was selected based on these metrics called
‘refcon’. Subsequently, we removed haplotypes based on
an all versus all alignments of repeatmasked contigs, raw
sequence read coverage, and preservation of paired data.
The assembly was finally repeatmasked using RepeatScout
and RepeatMasker. A single contig containing two B. try-
oni yellow-y paralogs was identified (Supplementary File
1). Full coding sequence of B. tryoni yellow-y genes was
obtained from B. tryoni one-day-old male transcriptome
(GenBank accession numbers MT656584, MT656584) and
was used for downstream phylogeny analysis.

The NCBI Conserved Domain Search (CD-search) was
used to identify signature motifs in the annotated yellow-
y1 and yellow-y2 protein sequences. The second exons of
yellow-yI and yellow-y2 were PCR amplified and Sanger
Sequenced (Australian Genome Research Facility) using
genomic DNA from the B. tryoni Ourimbah laboratory strain
to identify polymorphisms relative to the reference genome.

A multiple alignment of the yellow-y coding sequence
was constructed using MAFFT v.7.388 (Katoh and Standley
2013) with Geneious (v10.2.6). Maximum likelihood trees
of yellow-y ungapped coding sequence were constructed
using RAXML v8 (Stamatakis 2014) using the general time-
reversible model and a gamma distribution with gamma rate
heterogeneity. Support values for each node were generated
by 1000 bootstrap replicates. Phylogenetic trees were viewed
and edited by FigTree v.1.4.4 (Rambaut 2018). The align-
ment and maximum likelihood phylogeny were then used as
inputs into HyPhy (Pond et al. 2004) to test for diversifying
selection on branches before and after the split of yellow-yI
and yellow-y2 using the aBSREL algorithm (Smith et al.
2015).

The B. tryoni yellow genes were identified by searching
the re-assembled B. tryoni genome and one-day-old male
transcriptome using D. melanogaster yellow proteins as que-
ries. Full length of B. tryoni, D. melanogaster, and Bombyx
mori yellow proteins were aligned using MAFFT v7.450
with L-INS-I algorithm, and maximum likelihood phylogeny
was constructed using RAXML v8 (Stamatakis 2014) using
PROTGAMMAAUTO option. Support values for each node
were generated by 1000 bootstrap replicates.

@ Springer
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Expression profile of Bactrocera tryoni yellow-y
genes

Three biological replicates representing different devel-
opmental stages were collected, which consisted of pools
of approximately 100 embryos 24 h after laying, 1st instar
(n=22) and 3rd instar (n=10) larvae, individual pools of
five 1-, 3-, 5-, 7-, 9-, or 12-day pupae, and pools of two
males and two females 1 or 7 days post-emergence. Total
RNA was isolated using the TRIzol protocol (Ambion), and
genomic DNA was removed using the TURBO DNA-free
kit (Invitrogen) according to manufacturer’s instructions.
First-strand cDNA was synthesised using SuperScript IV
reverse transcriptase (Invitrogen) with Oligo dT primer (Pro-
mega) and random hexamers (Promega) with 1 pg total RNA
template. Primers used for quantitative PCR (qPCR) were
designed using Primer3Plus (https://primer3plus.com/cgi-
bin/dev/primer3plus.cgi) (Table S1) and reactions performed
with SensiFAST SYBR Hi-ROX Mix (BIOLINE) using the
StepOnePlus Real-Time PCR system (Applied Biosystems).
Quantification of gene expression was performed with the
2724 method (Livak and Schmittgen 2001), using B. tryoni
actin3 as an endogenous control. Expression of yellow-yl
and yellow-y2 genes was normalised as one-day adults which
enabled relative concentrations to be compared across other
developmental stages.

CRISPR/Cas9 crRNAs design, preparation
of the ribonucleoprotein complex and embryo
microinjections

Two crRNAs were designed using CRISPOR (Haeussler
et al. 2016) to target identical sequence regions in exon 2 of
the B. tryoni yellow-y1 and yellow-y2 genes (ctRNA#1-TTG
TGCGAACAGCATCACCA and crRNA#2-GTCACTCTC
ACCCATACGTT). The Alt-R® S.p. Cas9 Nuclease 3NLS
(#1074181), two specific crRNAs and universal tracrRNA
(#1072532), were obtained from Integrated DNA Technol-
ogy (IDT), USA. The purified Cas9 protein was diluted to
1 pg/pl in 20 mM HEPES (pH 7.5, 150 mM KCI) and stored
at—20 °C in small aliquots. The lyophilised crRNA and trac-
rRNA pellets were resuspended in Nuclease-Free Duplex
Buffer (IDT) at 100 pM concentration and stored at —20 °C.
Two guide RNA duplexes were individually annealed by
mixing 1 pl of each crRNA with 1 pl of tracrRNA and 0.5 pl
of Nuclease-Free Duplex Buffer to create a final duplex con-
centration of ~40 pM and incubated at 95 °C for 5 min and
then allowed to cool to room temperature (20-25 °C). To
generate the ribonucleoprotein (RNP) complex, 2.5 pl of
each annealed crRNA:tracrRNA, 3 pl of diluted Cas9 pro-
tein (1 pg/pl), 1 pl of 10 X injection buffer (0.1 mM sodium
phosphate buffer pH 6.8, 5 mM KCl) together with 1 pl of
Nuclease-Free Duplex Buffer were mixed. The mixture was
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incubated at room temperature for 5 min to allow ribonu-
cleoprotein complex formation and stored on ice until inject-
ing. Bactrocera tryoni embryo microinjections were per-
formed according to Choo et al. (2018). Embryos less than
one hour after egg laying were injected at the posterior end
and left until hatched.

Phenotype screening and mutation analyses

Injected G, flies were mated inter-se, and G, adult progeny
were assessed for visible change in pigmentation colour and
photographed using an Olympus SZXI6 microscope and an
Olympus LC30 camera. The G, flies with reduced pigmenta-
tion were selected and reared as the ‘yellow’ strain.

Individual whole flies were homogenised using a Tis-
sueLyser II (Qiagen), and DNA was extracted with the
DNeasy® Blood & Tissue Kit (Qiagen) for genotyping. A
region in exon 2 of the B. tryoni yellow-yl and yellow-y2
was PCR amplified using MyTaq® polymerase (Bioline)
with two set of primer pairs Qyellow_F3/Qyellow_RI and
Qyellow_F3/Qyellow_R3, respectively (Table S1). The PCR
conditions were as follows: 95 °C for 1 min, 35 cycles of
95 °C for 15 s, 60 °C for 15 s, and 72 °C for 59 s, followed
by a final extension at 72 °C for 5 min. The PCR ampli-
cons were purified using MinElute® PCR Purification Kit
(Qiagen), cloned into pPGEM®-T Easy Vector Systems (Pro-
mega), and then transformed into DH5a cells. Plasmids were
purified with Wizard Plus SV Minipreps kit (Promega) and
Sanger sequenced (AGRF). Sequences were aligned using
MAFFT v7.388 (Katoh and Standley 2013) in Geneious
(v10.2.6).

Fitness comparison between wild-type and yellow
fly strains

A culture of the yellow strain (generation six) and Our-
imbah strain (wild-type strain) was maintained in a con-
trolled environment room (25+0.5 °C, 65+5% RH, and
12:0.5:11:0.5-h light:dusk:

dark:dawn photoperiod). Adult flies were fed with sugar,
yeast hydrolysate enzymatic (MP Biomedical, LLC), and
water, while larvae were reared on ‘Chang et al. (2006)” gel
diet (Moadeli et al. 2017).

Assessment of emergence rates, flight ability,
and sex ratios

Three days before estimated emergence, replicates of 100
pupae were placed in 55-mm plastic Petri dish lids which
were then centred on 90-mm Petri dish lids that were over-
laid with a black paper. Black acrylic ‘flight tubes’ (100 mm
tall) were placed over the 90-mm Petri dish, ensuring the
only way for adults to escape was to fly upward. Flight tubes
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were coated with unscented talcum powder on the interior
surface to prevent flies from walking out. A 10-mm sec-
tion at the base of the flight tubes remained powder free
to provide newly emerged flies a vertical place to rest. An
identical empty ‘fly-back tube’ without pupae was placed
50 mm away from the flight tube, to estimate the number
of individuals that fly out from after emergence but then
return and unable to escape again (fly-back). Both tubes
were placed in a white mesh cage (325 X325 x 325 mm Meg-
aview BugDorm-43030F). The cages were kept in 14:10-h
light:dark cycle, and light was emitted by a white 36-W fluo-
rescent tube position 100 mm above the cage. To minimise
fly-back, cages were checked daily and flies that had escaped
from the tubes were collected. When all flies had emerged
(6 days after the first flies emerged), the remaining contents
of the tubes were counted. The flies were categorised as: (1)
non-emerged (unopened pupal case), (2) partially emerged
(portion of adult body stuck in puparium), (3) deformed
(emerged but with deformed or damaged wings), (4) non-
fliers (the number of morphological normal flies in the flight
tube subtracting the flies in the fly-back tube).

e Percentage of adult emergence = (((N pupae — (N non-
emerged + N partially emerged))/N pupae) x 100

e Percentage of partially emerged = (N partially emerged/N
pupae) X 100

e Percentage of deformed adult=(N deformed/N
pupae) x 100

e Percentage of fliers = (((N pupae — (N non-emerged + N
partially emerge + N deformed + N non-fliers))/N
pupae)) X 100

e Rate of fliers (percentage of flies that are able to
fly) = (percentage fliers/percentage emergence) X 100

e Sex ratio=N males emerged/N total flies emerged

Locomotor activity

Flies were sorted by sex three days after emergence, before
sexual maturation (Perez-Staples et al. 2007), and groups
of 200 male or female virgin flies were transferred to 12-L
ventilated plastic cages. When 12—17 days old, 84 flies
from each strain and each sex were caught individually
without anaesthesia in each glass tubes (0.8 cm internal
diameter X 10 cm long). Each tube was plugged by a black
soft plastic cap at one end and a loose cotton ball at the
other end to allow ventilation and was then placed in a
locomotor activity monitor (LAM10, TriKinetics, MA,
USA) in which activity was measured by the number of
times a fly crossed an infrared beam projected through the
centre of each tube (following Fanson et al. (2013) and
Dominiak et al. (2014)). Four monitor units (each contain-
ing 32 tubes) arranged in four rows of eight columns were
used. We controlled for potential behavioural differences

due to tube location, by loading flies into activity monitors
using a careful designed approach that systematically var-
ied their positions based on sex and phenotype. Activity
was assessed for 4 h during light period. Activity rate was
calculated by total number of beam crosses throughout the
duration of the experiment.

Non-competitive single pair mating assays

Virgin flies were sorted by sex and separated as described
above. Non-competitive mating success experiments were
conducted by pairing single virgin males with single vir-
gin females and assessing mating at three different time
points. The experiments were conducted simultaneously
using wild-type flies 12, 14, and 16 days post-emergence,
and yellow flies 13, 15, and 17 days post-emergence (as
the yellow flies emerged a day earlier). On each experi-
mental day, at least 4 h before onset of simulated dusk,
each single pair of flies was placed in a transparent plastic
1.125-L container with a mesh cover window (ca. 28 cm?)
for ventilation. Bactrocera tryoni usually mates at dusk in
dim light (Smith 1979; Tychsen and Fletcher 1971), but
in laboratory conditions it is common to have some mat-
tings start earlier. All four possible crossing combinations
were set up with 30 replicates each: (1) wild-type male x
wild-type female, (2) yellow male x wild-type female, (3)
wild-type male x yellow female, and (4) yellow male x yel-
low female. Each pair was left to interact and was observed
for mating from the time the flies were introduced into the
container until all sexual activity had ended for the even-
ing. Time when copulation began and ended was recorded.

e Percentage of mating = (number of successful mated
pairs/30) x 100

e Latency until copulation =latency from introduction of
flies until mating of each pair

e Copula duration =the mating duration of each pair

Assessment of longevity

For each strain, 10 single sex flies were sorted within
3 days after emerging and transferred to a 1.125-L con-
tainer with a mesh-covered window (ca. 28 cm?) for ven-
tilation. Each cage was provided with yeast hydrolysate
enzymatic (MP Biomedical, LLC), sugar, and water-
soaked cotton in separate 35-mm Petri dishes. Cages were
checked, and dead flies were removed daily until day 217.
The lifespan of each fly was calculated as the number of
days it survived after emergence. Escaped flies or acciden-
tal deaths were recorded as censored.
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Statistical analyses

Data analyses were performed in RStudio (v. 1.2.1335).
Student’s t test was used to test for statistical effect of pair-
wise comparisons. A two-way ANOVA followed by a Tukey
post hoc test was used to compare data from multiple sam-
ples with two factors. Mating probability (binary outcome)
was assessed using logistic regression followed by post hoc
analysis.

Analyses of survival data were performed using the sta-
tistical software JMP 15.0.0 (SAS Institute Inc., Cary, NC,
USA). The Akaike’s information criterion (AICc) was used
to identify the best fit parametric model for our survival
data which was Weibull distribution with strain and sex as
fixed effects.

Results
Duplication of the yellow-y gene

BLAST analysis of the D. melanogaster yellow-y protein
against tephritid genomes identified a yellow-y gene duplica-
tion in B. dorsalis and B. latifrons, but not Bactrocera oleae
or more distantly related species (Fig. 1, Figure S1). Only
partial coding sequences of yellow-y genes were identified
in the B. tryoni reference genome (contig JHQJ01009153.1,
JHQJ01004462.1, and JHQJ01008064.1) (Figure S2), and
consequently, we generated a revised genome assembly and
recovered a yellow-y tandem duplication (Supplementary

File 1). Yellow-yl and yellow-y2 paralogs contained a
highly conserved Major Royal Jelly Protein (MRJP) domains
(287 amino acids), although yellow-y2 (493 amino acids)
was considerably shorter than yellow-y1 (553 amino acids)
due to variation at the carboxy-terminal of the protein (Fig-
ure S3, Table S2). In B. tryoni, the yellow-y proteins shared
77.40% identity. Phylogenetic reconstruction of yellow-y
homologs revealed the gene tree was consistent with pre-
viously published species trees (Choo et al. 2019), and
although yellow-yI and yellow-y2 were in reciprocal mono-
phyly, there was some incongruence between paralog clade
topologies (Fig. 1). To determine whether positive selection
may have occurred after the duplication of yellow-y, three
branches were individually tested, relative to background,
using the aBSREL algorithm. Significant (p < 0.05) tests
were found in the ancestral lineage of the yellow-y2 paralog
immediately after duplication suggesting neo-functionalisa-
tion may have occurred. However, no evidence for positive
selection was identified in yellow-yl or prior to yellow-y
duplication (Fig. 1).

Bactrocera tryoni yellow-y paralogs are differentially
expressed during most developmental stages

Expression levels of Bt-yellow-yl and Bt-yellow-y2 were
compared across multiple developmental stages using
quantitative polymerase chain reaction (qQPCR) to assess
transcript abundance. The transcripts of both genes were
detected in all the stages tested. The yellow-yl gene is
expressed approximately 100-fold higher than yellow-y2

Fig.1 Maximum likelihood
yellow-y tree from seven
Tephritidae species generated
using ungapped protein coding
sequence. Duplication of yel-
low-y occurred in the common
ancestor of B. tryoni, B. dorsalis
and B. latifrons, after split-

C. capitata yellow-y

ting from B. oleae. Bootstrap
support was generated from
1000 replicates, and their values
(percentage) are indicated on
each node. Tests for positive
selection following the split
from B. oleae show that yellow-
y2 (red branch, p=0.0259) was
significant and yellow-yl was 0.03
not significant (blue branch,
p=1). The tree was rooted
using Ceratitis capitata as the
outgroup
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throughout embryo, larval, and pupae development, but
despite major differences in transcript abundance, expres-
sion patterns of both genes had consistent profiles. Among
developmental stages assessed, Bt-yellow-y2 transcripts only
exceeded Bt-yellow-yl in 7-day-old flies (Fig. 2). Differences
in expression of Bt-yellow-yl and Bt-yellow-y2 may have
functional consequences.

CRISPR/Cas9-mediated mutagenesis of B. tryoni
yellow-y paralogs

Two crRNA sequences were designed to recognise con-
served regions of exon 2 in both Bt-yellow-yl and Bt-
yellow-y2. Cas9-crRNA-tracrRNA complexes were co-
injected into 800 B. tryoni embryos, and 19 G adult flies
with wild-type body colour were recovered (Fig. 3a). Mass
mating of 12 surviving mature adults (eight males and
four females) produced more than 800 G, adults, including
119 (54 males and 65 females) with distinct pale coloura-
tion that were mass-crossed to establish a stable yellow
strain. Darker colour scales (black colour and dark brown)
observed in wild-type flies were lighter in yellow mutants,
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Fig.2 Expression of Bactrocera tryoni genes (a) yellow-yl and b yel-
low-y2 during development. Relative expression was calculated using
the delta-delta Ct method (27*2%") with housekeeping gene actin3
using tissue collected from 24-h embryos, first and thirst instar lar-

whereas other colour scales remained unchanged. Newly
emerged yellow mutants have metallic yellow-coloured
cuticle, which developed into pale brown a few hours
after eclosure. The most distinguishable change in yellow
mutants was a pale-yellow wing margin, which remains
unchanged throughout their lifespan (Fig. 3¢). Reciprocal
crossing of yellow mutants to wild-type strain produced
progeny with wild-type pigmentation colour, confirming
that yellow was an autosomal recessive phenotype.
Mutations in Bt-yellow-y1 and Bt-yellow-y2 genes were
characterised using cloned PCR amplicons from five indi-
vidual G, yellow flies (three females and two males). We
sequenced five cloned amplicons for each individual,
for both Bt-yellow-y paralogs. Analysis of Bt-yellow-yl
identified four different mutations and confirmed that all
five individuals carried two mutant alleles, including an
in-frame three base deletion (Threonine deletion) in Bt-
yellow-yI (Fig. 3b). Five different mutations in Bz-yellow-
y2 were identified; however, three yellow individuals also
carried wild-type alleles (Fig. 3b). Phenotypic screening of
subsequent generations G,—G |, of the established yellow

Bt-yellow-y2

vae, six pupae ages (at 24-26 °C), and adults one and seven days after
eclosion. Expression is plotted relative to 1-day-adult samples. Bar
represents standard errors for three biological replicates

n w B

Relative mRNA levels
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800 embryos co-injected with
Cas9-crRNA#1-tracrRNA and
Cas9-crRNA#2-tracrRNA complexes
19 adults
(12 surviving mature adults)

Go
Mass-mated inter se 83 x 49

}
G,
Yellow: 543 and 659
Wild type: 800 (approx.)

Cloned and sequenced yellow
genes to characterise mutations

WCRWEEIEE CGATTGTGCGAACAGCATCACCACGGCGTA
(UMELIEIEESY CGATTGTGCGAACAGCATC---ACGGCGTA
(UMELIEIREEYY CGATTGTGCGAACAGCATCAC-ACAGCGTA
Mutant allele #3 fie¥w{ey{e{o

(UMELIEIREEY CGATTGTGCGAACAGCATCACCACGGCGTA

Bt-yellow-y2

UNELIEIEEEE] CGATTGTGCGAACAGCATCGC - - -GGCGTACCGCAT
(UMERIEIREEY) CGATTGTGCGAACAGCATCACCACGGCGTACCGCAT!
WMERIEIRER) CGATTGTGCGAACAGCATCACCACGGCGTACCGCAT!

TATGTCACTCTCACCCATACGTTCGGATGGT
TATGTCACTCTCACCCATACGTTCGGATGGT
TATGTCACTCTCACCCAT CGGATGGT
CGTTCGGATGGT

----TTCGGATGGT

TATGTCACTCTCACCCATACGTTCGGATGGT
TATGTCACTCTCACCCATACGTTCGGATGGT
- TATGTCACTCTCACCCATACGTTCGGATGGT
CAAAGC TATGTCACTCTCACCCATACGTTCGGATGGT
CAAAGC TATTTT----TGGTATGTCACTTCGGATGGT
CAAAGC TATGTCACTCTCCC----~-~ GTTCGGATGGT

Fly 1 Fly 2 Fly 3 Fly4 Fly 5
Btvellow-ys L1 | #4(n=1) | #2(n=5) | #1(n=4) | #1(n=4)
7 7 #3 (n=4)
WT (n=3) | #4(n=5) | #2(n=1) | WT (n=4) | WT (n=2)
Btyelowy2 i (n=1) #5(n=4) | #3(n=1) | #3(n=2)
i3£a
v
Wild type Yellow mutant wild type Yellow mutant
Wings — — Fore legs o4 Mid legs 5 Hind legs
. g A
P e =S ”
Yellow mutant 4~ Y &
A § B
— \ I Y
. ¥ ’»\
Wild type £ & N,
T e
T i)
e

Fig.3 CRISPR/Cas9-mediated mutagenesis of the Bactrocera tryoni
yellow-yI and yellow-y2 genes. a Flow diagram showing the process
for the microinjections, mating of G, adults, and screening for yellow
mutants in G, progeny. b A schematic of the genomic organisation of
Bt-yellow-yl and Bt-yellow-y2 genes and the two guide target sites in
exon 2 of each gene. Exons 1 and 2 are shown as boxes, and the black
dotted lines refer to the CRISPR/Cas9 target sites. Target sequences
ctRNA#1 and crRNA#2 (grey boxes), PAM motifs and expected
Cas9 cut sites (red arrows) are shown above wild-type sequences.
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shows allelic mutations of yellow-yl (#1 to #4) and yellow-y2 (#1 to
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sequenced. ¢ Comparison of B. tryoni 3-days-old male wild-type
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strain did not identify any flies with wild-type body colour
in the colony, indicating that the phenotype is stable.

Yellow-y mutations significantly reduce adult
emergence rates and flight ability

Pupal emergence and subsequent flight ability were
assessed for the wild type and yellow strains using 20
replicates of approximately 100 pupae each. To initiate
the experiment, eggs were seeded from both strains simul-
taneously to establish large populations, yet we observed
mostly yellow flies consistently emerged one day earlier

than the wild type. Adult emergence from the puparium
was reduced in the yellow strain, but remained above 90%
(Fig. 4a). Percentage of fliers (taking all fliers per total
pupae) was 16% lower in yellow flies, compared with the
wild type (Fig. 4b). Similarly, the rate of fliers (taking all
fliers per total of emerged flies) was significantly lower in
the yellow strain (Fig. 4c). There were no significant dif-
ferences in the percentage of partial emerged and deformed
flies between the wild type and yellow strain, with values
being very low in both strains (Fig. 4d, e). Sex ratio did
not vary significantly between the two strains (Fig. 4f).
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Fig.4 Flight ability assay: a percentage of adult emergence, b per-
centage of fliers (pupae that eclosed as adults and could fly), c rate
of fliers (comparing all flies that successfully emerged without
malformation), d percentage of partially emerged, e percentage of
deformed adults, and f sex ratio of Bactrocera tryoni wild-type and
yellow flies. Twenty replicates were carried for each strain, with 100

pupae per replicate. Box plots and data points are shown for each
replicate. Box plots represent the interquartile range, and the median
value is indicated. Error bars represent 1.5 times the interquartile
range. The statistical significance was calculated by Student’s t test
(*¥**¥*¥p <0.00001, ns not significant)
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Yellow flies have a higher activity rate
than wild-type flies

Eighty-four flies of each strain and each sex were individu-
ally assessed for activity levels during the four hours of light
prior to dusk using a locomotor activity monitor. Flies were
age matched and ranged between 12 and 17 days old. For
both males and females, the total number of beam crosses
during the testing period of yellow flies was significantly
higher compared to wild type (Fig. 5).

Yellow flies are capable of normal courtship

There was no significant difference in percentage of mating
among the four crossing combinations and across different

A

— Wild type male
— Yellow male

20

Activity (Beam crosses/5 mins)

Hour

Wild type female
Yellow female
30

25

Activity (Beam crosses/5 mins)

0 1 2 3
Hour
Fig.5 Locomotor activity assay over four hours of day light: a aver-
age activity patterns (beam crossing per 5 min) for males (top row)

and females (bottom row) of Bactrocera tryoni wild-type and yellow
flies. b Total beam crosses of male flies (top row) and female flies
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age time points, with more than 90% of pairs mating over-
all (Fig. 6a). Latency until copulation did not vary between
pairings type or with age of the flies (Fig. 6b). When paired
with wild-type females, yellow males 12—13 days old and
16-17 days old had shorter median copulation duration than
wild-type males; however, these differences were not signifi-
cant (Fig. 6¢). There was no significant difference in copula
duration between yellow and wild-type males when crossed
with yellow females (Fig. 6c¢).

The lifespan of yellow flies is slightly shorter
than wild-type males

Two-hundred flies of each strain and sex were assessed for
longevity over a period of six months by recording mortality
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(bottom row). Box plots and raw data points are shown. Box plots
represent the interquartile range, and the median value is indicated.
Error bars represent 1.5 times the interquartile range. Significance
was measured using Student’s t test (**p <0.01, ***%*p <0.001)
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Fig.6 Mating assays: yellow flies emerged a day earlier than wild-
type flies, so mating assays were conducted with 12-, 14-, and
16-day-old wild-type flies and 13-, 15-, and 17-day-old yellow flies.
a Percentage of pairs mated in each combination. b Latency until
copulation. ¢ Copulation duration. Box plots and raw data points are

daily (the lasted observed time is day 217). Under labora-
tory conditions, both strains maintained high survival rates
for periods much longer than are relevant to SIT although
there were modest differences between strains and sexes.
The Weibull survival function was used to display the prob-
ability of survival at a given time according to sex and
phenotype (Fig. 7a, Table S3). The survival curves of yel-
low males and females decrease faster than the curves for

12-13 days old 14-15 days old

Age

16-17 days old

shown. Box plots represent the interquartile range, and the median
value is indicated. Error bars represent 1.5 times the interquartile
range. Significance was assessed using Tukey’s post hoc comparisons
(no comparisons were significant)

wild-type male and female, respectively. The risk of death
was quantified with the hazard function (Fig. 7b). The faster
the survival function decreases, the higher the hazard. Cor-
responding to the survival curves (Fig. 7a), yellow males and
females have higher hazard functions than wild-type males
and females, respectively; however, a switch over between
yellow and wild-type males is recorded at approximate day
150 (Fig. 7b). Figure 7c displays the estimates of the median
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Fig.7 Longevity assays. a Weibull survival functions showing the probability of survival over time. b The corresponding hazard functions in
relation to age of yellow and wild-type males and females, and ¢ estimates of median time to death for each group

and its 95% CI for each group. Weibull parametric regres-
sion with strain and sex as fixed effects detected significant
differences in survivorship between the two strains and the
two sexes, but no interaction (Wald test, strain: y2 =15.8422,
p=0.0156; sex: y2=67.5478, p<0.0001; interaction:
22=0.3019, p=0.5827).

Discussion

Evolution of yellow-y genes and their roles in body
pigmentation

In 1911, Morgan described a Drosophila melanogaster strain
with golden yellow wings, noting that the “entire fly is con-
spicuously yellow” (Morgan 1911). The phenotype was of
notable importance, as it was subsequently used as one of
six X-linked traits used to generate the first D. melanogaster
linkage map, based on recombination rates (Sturtevant
1913). Two years later, Sturtevant (1915) compared mat-
ing competitiveness among several D. melanogaster mutant
strains, including the yellow body flies. Although he argued
that mating was an act of acceptance rather than choice, the
yellow flies were “not so active as are the normal” and in
terms of copulation success, “far behind their normal [wild
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type] opponents”. Many independent mutations in the D.
melanogaster yellow-y gene have been described (Drapeau
2006) and low mating success of yellow male mutants has
been well documented (Bastock 1956; Drapeau 2006; Wil-
son et al. 1976). However, it was only recently confirmed
that lack of melanisation of sex combs on the forelegs of
D. melanogaster yellow males impeded mating success by
limiting their ability to grasp and mount female (Massey
etal. 2019).

Recessive mutations in the coding and regulatory
sequence of the yellow-y gene cause the yellow phenotype
through an overall reduction of melanin and produce a stable
yellowish body colour throughout the flies’ lifespan (Witt-
kopp et al. 2002). However, yellow-y mutations in several
other insect species can cause phenotypes markedly differ-
ent to that of D. melanogaster. Knocking out yellow-y in the
New World screw-worm fly Cochliomyia hominivorax and
the Australian sheep blowfly Lucilia cuprina causes strong
yellowish body colour upon eclosion but, unlike D. mela-
nogaster, cuticle pigmentation largely recovers some hours
later resulting in brownish body colour (Paulo et al. 2019).
Loss of yellow-y expression also affects melanin production
in the whole body in the housefly Musca domestica (Heinze
et al. 2017), but only affects pigmentation of the hindwing in
the coleopteran Trinolium castaneum (Arakane et al. 2010),
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and specific body parts such as abdomen and hindwings in
the hemipteran Oncopeltus fasciatus (Liu et al. 2016). In B.
tryoni, the pale-yellow wing margin and brownish abdomens
of our yellow mutants are readily distinguishable from wild
type, although the mutation does not cause such extreme
phenotypes as seen in D. melanogaster.

Duplication of yellow-y is likely to have occurred in a
common ancestor of B. tryoni, B. dorsalis and B. latifrons
and positive selection after the duplication suggest func-
tional divergence of these paralogs. The yellow phenotype
is recessive, and although wild-type yellow-y2 alleles were
detected in yellow G, B. tryoni, generating separate homozy-
gous knockouts of yellow-ylI or yellow-y2 will be valuable
in understanding the function each gene plays in pigmenta-
tion. Bactrocera tryoni yellow-yl showed the highest level of
expression during pupal development, which is also the case
in for D. melanogaster, where yellow-y is highly expressed
in pupal stages and peak at the second half of pupal devel-
opment (Walter et al. 1991). The highest expression levels
of B. tryoni yellow-y2 were detected in mature adults, when
pigmentation has been completed and these expression pro-
files are consistent with those observed in B. dorsalis (Bai
et al. 2019), which could contribute to the darkening of B.
tryoni yellow flies in the hours after emergence.

Effect of disrupting yellow-y genes
on the performance of B. tryoni

Decrements in performance following disruption of yellow-y
genes were closely comparable to the decrements associated
with the use of fluorescent dyes. In yellow mutant strain, the
percentage of emergence was reduced by 5.80% compared
with wild type (from 97.50% to 91.70%), whereas percentage
of emergence of pupae coated with fluorescent dyes has been
reported to be reduced by 8.30% (from 85.70% to 77.40%)
(Dominiak et al. 2010a, b). Disruption of the yellow-y genes
reduced rate of fliers by 11.58% (from 95.44% to 83.86%),
while fluorescent dyes have been reported to reduce rate
of fliers by 8.80% (from 92.1% to 83.3%) (Dominiak et al.
2010a).

Spontaneous locomotor activity is an integral compo-
nent of most behavioural traits. In many insects, relations
between activity levels and behaviours have been described,
including finding essential resources at cold temperatures
(Overgaard et al. 2010), adapting to changing temperatures
(Loeschcke and Hoffmann 2007), as well as escaping from
stressful conditions (Feder et al. 2010; Kjaersgaard et al.
2010). The dispersal of flies from release point is a key fac-
tor for the success of Sterile Insect Technique (SIT), and
spontaneous activity monitor may provide an indication of
dispersal tendency (Dominiak et al. 2014). Weldon et al.
(2010) showed that activity level of wild B. tryoni is far
higher than domesticated mass-reared flies. In the present

study, the activity rate of B. tryoni yellow flies was higher
than wild-type flies over a four-hour period daylight that
preceded mating activity at dusk, which may have benefits in
mating performance or predator evasion. In D. melanogater,
disruption of DOPA-melanin synthesis in yellow mutants is
predicted to lead to elevated dopamine levels, which in turn
leads to increased levels of activity (Drapeau 2003; Rossi
et al. 2015), which could explain the increased activity rate
observed in B. tryoni yellow mutants.

In SIT, the ability of released sterile males to succeed
in mating with wild females is an essential factor for pro-
gramme success. Mutations in the yellow-y gene in D. mela-
nogaster have been known to reduce mating success of the
males, but not in all mutations (Drapeau 2006; Massey et al.
2019). In D. melanogaster, null yellow-y mutants caused by
transversion of an A to C in the ATG initiation resulted in
greatly reduced mating success than wild-type males due to
structural change in foreleg bristles (sex combs) required
for grasping females prior to copulation (Drapeau 2006;
Massey et al. 2019). Here, our B. tryoni yellow flies were
made by targeting exon 2. In non-competitive mating assays
with wild-type females, yellow males and wild-type males
both had comparable mating success, latency times prior to
copulation as well as copula duration. Bactrocera tryoni’s
forelegs and other legs do not have sex comb-like structures,
but they do have foreleg hooks that are involved in contact-
ing and grasping female during mating (Ekanayake et al.
2018). Reduced pigmentation was observed in fore-, mid-,
and hindlegs of B. tryoni males, yet hook structures remain
clear, and we did not observe significant differences in the
mating ability of yellow flies. This finding indicates that
disrupting B. tryoni yellow-y genes in exon 2 had very little
effect on mating ability of male B. tryoni.

Under laboratory conditions, both the yellow and wild-
type flies survived more than 217 days post-eclosion. When
assessed over 217 days, lifespan of yellow flies was approxi-
mately 10 days shorter than wild-type flies in both sexes. To
date, only one study has investigated the effect of fluorescent
dyes on B. tryoni adult mortality, in which no adverse effect
was found (Weldon 2005). It is likely that the decrement in
longevity of yellow flies is of little consequence in practical
terms. In SIT programmes, released flies rarely survive in
the field for more than 3—4 weeks (Reynolds et al. 2012).
Over this time frame the differences between yellow and
wild-type strains were negligible, with both sexes of both
strains exhibiting very high survivorship.

Our primary goal in this study was to develop a visible
body marker which could potentially be used to distinguish
released sterile B. tryoni flies from wild flies in nature. Dis-
ruption of B. tryoni yellow-y genes did cause some adverse
effects on performance compared to the wild-type strain,
but this generally appears to be less than or similar to
effects of dye in other studies. Wild-type yellow-y2 alleles
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were present in yellow G, B. tryoni, which could affect the
observed yellow strain’s performance. And even though the
off-target effects of CRISPR/Cas9 on yellow strain could
have been minimised by inter-crossing 12 injected G, off-
target mutations could be in the background and affect the
performance of the yellow flies. Therefore, backcrossing
yellow strain to wild type, selecting homozygous strains for
yellow-yI and yellow-y2, and then performing direct fitness
comparisons between irradiated wild-type flies treated with
fluorescent dye and irradiated yellow homozygous strains
are now needed to more directly assess whether the yellow
wing phenotype represents an improved strategy for identify-
ing B. tryoni released in SIT programmes. Even if the yellow
flies are slightly inferior in some performance measures, this
may be more than compensated by reduced handling and
cost, removal of a hazardous material from rearing facilities,
and improved reliability of marking.
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Appendix B

Supplementary figures and tables for Chapter 6.



Appendix B:

Bichr17
Bchr29

Bichr23

Pchr19
Chr8
Chr21
Chrl8
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Fig. S1. Hi-C contact matrix output from JBAT (Durand et al., 2016) showing
chromosome (blue squares) and contig (green squares) blocks. Chromosome blocks
are ordered by size with chromosome numbers indicated. Differences in color
intensity between Fig. S2. and the contact matrix of Fig. 2A. are due to the bin size,
scaling and analysis programs. Higher resolution Hi-C interaction for Chrl, Chr5,
Chr22 and Chr31 can be found in Fig S3.



Chrl (Z) Chr5

Chr22 Chr31

Fig. S2. Images generated using JuiceBox Tools showing Hi-C interactions between
contigs for the three longest chromosomes (Chrl, Chr5, Chr22) and a chromosome
containing the ryanodine receptor (Chr31). Green squares represent separate
contigs. Hi-C interactions are highly contiguous between neighbouring contigs with
no clear incongruence within contigs or chromosome level scaffolds, indicating that

Hi-C scaffolding was robust.
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Fig. S3. Parallel coordinate plot presenting the percentage of Endopterygota and
Insecta BUSCO gene sets identified in assembled genomes of P. xylostella from
PxLV.1 (this study) and DBM_FJ V1.1(You et al., 2013), Bombyx mori from
SilkBase-Nov.2016 (Kawamoto et al., 2019) and Cydia pomonella from
GCA_003425675.2 (Wan et al., 2019). Metrics are shown for protein coding genes
that are complete and single copy, complete and duplicated, fragmented, and

missing.
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Fig. S4. Parallel coordinate plot presenting the percentage of Endopterygota and
Insecta BUSCO gene sets identified in protein gene annotations from P. xylostella
PxLV.1 (this study) and DBM_FJ_V1.1 (Tang et al., 2014, You et al., 2013), Bombyx
mori SilkBase-Nov.2016 (Kawamoto et al., 2019) and Cydia pomonella

GCA _003425675.2 (Wan et al., 2019). Metrics are shown for protein coding genes
that are complete and single copy, complete and duplicated, fragmented, and

missing.
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Fig. S5. Comparison of RyR partial coding sequence between the P. xylostella
PxLV.1 genome, representing the LV-R strain from the Lockyer Valley, and the KA17
strain (Japan) assembled from RNAseq data. A) Sequence alignment of exons 107 —
119 of KA17 and PxLV.1 with amino acid translations. The 4790K mutation is
outlined in black. Colored bases indicate 28 synonymous substitutions across 803 bp
of coding sequence. B) Nucleotide alignment of six mMRNA sequences produced an
803 bp maximum likelihood phylogeny of the RyR region shown in A). The mRNA
accessions include the reference sequence NM_001309073.1, which was derived
from a strain collected in Beijing, China (JF927788.1 (Sun et al., 2012)) and two
sequences are from the P. xylostella strain Roth (JX467684.1 and JN801028.1).
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Fig. S6. Sequence reads from individual P. xylostella samples were aligned to the
PxLV.1 genome and the RyR codon 4790 was genotyped. A) Example of wild type
14790 ATA codon (ERR2512145), B) example of a synonymous 14790 ATT codon
(ERR2512250), C) 14790M mutation (ERR2512233), and D) 14790T mutation
(ERR2520854). Screenshots were taken in IGV of the region immediately
surrounding the 4790 codon beginning at base position 3,019,807 on Chromosome
31 of the PxLV.1 genome. To avoid potential genotyping bias caused by low
sequence read depth, only one genotype was recorded for each individual,

representing the best supported allele.
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Fig. S7. Phylogeny of 12 mitochondrial genes (ND1, ND2, ND3, ND4, ND4L, ND5,
ND6, CYTB, COX1, COX2, COX3, ATP6) using 113 samples from (You et al., 2020),
KA17 and LV-R strains and three outgroup Plutella species P. australiana (P. aus),
P. porrectella (P. por) and P. armoraciae (P. arm). Branch lengths between samples
are scaled and bootstrap (n=10000) support values are provided for the same nodes
as Fig. 5. Plutella xylostella samples are colored based on population of collection;
South America (SA, blue), North America (NA), Asia (AS, maroon), Oceana (OC,
grey), Africa (AF, green) and Europe (EU, orange). LV-R and KA17 are highlighted in

red.



Table S1. Plutella xylostella genome sequences published by You et al. (2020) that
were used to produce a mitochondrial phylogeny (Fig. 5 and Fig. S7) and genotype

RyR codon 4790.

Best
Samole in supported
ac?:s?on Sample Name mit;)chF:)ndrial Location Continent gfeglrol?;r;e a?i:jzgc?d
phylogeny codon
4790
ERR2486112 NA_M_11_1 yes Romita, Mexico NA ATA Isoleucine
ERR2508315 POP9_SA_7_1 yes Huaral, Peru SA ATA Isoleucine
ERR2512131 | POP9_NA_10_1 yes Montana, USA NA ATA Isoleucine
ERR2512133 POP9_EU_6_1 yes Moscow, Russia EU ATA Isoleucine
ERR2512134 POP9_EU_2 1 yes Moscow, Russia EU ATT Isoleucine
ERR2512135 POP9_AS 3 1 yes Yamanashi-ken, Japan AS ATA Isoleucine
ERR2512136 | POP9_AS 21 1 no Yamanashi-ken, Japan AS ATA Isoleucine
ERR2512137 POP9_AS 2 1 yes Yamanashi-ken, Japan AS ATA Isoleucine
ERR2512140 POP9_AF_7_1 yes Cairo, Egypt AF ATA Isoleucine
ERR2512141 | POP9_AF 4_1 yes Cairo, Egypt AF ATA Isoleucine
ERR2512143 | POP9_AF 2_1 yes Cairo, Egypt AF ATA Isoleucine
ERR2512144 POP8_SA_1_1 yes Osorno, Chile SA ATA Isoleucine
ERR2512145 POP8_0OC_4_1 no Port Vila, Vanuatu (o]6 ATA Isoleucine
ERR2512153 | POP8_NA_11_1 yes North Carolina, USA NA ATA Isoleucine
ERR2512161 POP8_AS_5_1 yes Sapporo, Japan AS ATA Isoleucine
ERR2512162 POP8_AS 4 1 yes Sapporo, Japan AS ATA Isoleucine
ERR2512169 POP7_SA 9 1 yes La Serena, Chile SA ATA Isoleucine
ERR2512173 | POP7_SA 11 1 yes La Serena, Chile SA ATA Isoleucine
ERR2512174 POP7_0C 7_1 yes Auckland, New Zealand oC NNN -
ERR2512175 POP7_0OC 6_1 yes Auckland, New Zealand oC ATA Isoleucine
ERR2512176 POP7_0OC 5 1 yes Auckland, New Zealand oC ATA Isoleucine
ERR2512180 POP7_NA_3_1 yes Hawaii, USA NA ATA Isoleucine
ERR2512183 POP7_NA_1_1 yes Hawaii, USA NA ATA Isoleucine
ERR2512184 POP7_EU_9 1 yes Marathon, Greece EU ATA Isoleucine
ERR2512185 POP7_EU_8 1 yes Marathon, Greece EU ATA Isoleucine
ERR2512186 | POP7_EU 6 1 yes Marathon, Greece EU NNN -
ERR2512189 POP7_AS_4 1 yes Kagoshima, Japan AS ATA Isoleucine
ERR2512190 POP7_AS 3 1 yes Kagoshima, Japan AS ATA Isoleucine
ERR2512195 POP7_AF 8 1 yes Togo AF ATT Isoleucine
ERR2512199 POP6_SA 9 1 yes Arica, Chile SA ATA Isoleucine
ERR2512207 | POP6_NA 11 1 yes Vauxhaul, Alberta, Canada NA ATA Isoleucine
ERR2512210 POP6_EU 4 1 yes Padova, Italy EU ATA Isoleucine
ERR2512211 POP6_EU 3 1 yes Padova, Italy EU ATA Isoleucine
ERR2512213 POP5_SA 8 1 yes Cordoba, Argentina SA NNN -




ERR2512215 POP5 SA 6 1 no Cordoba, Argentina SA NNN -

ERR2512216 POP5_SA_5_1 yes Cordoba, Argentina SA ATA Isoleucine
ERR2512218 | POP5_0C_9_1 yes Upolu, Samoa oC ATA Isoleucine
ERR2512222 POP5_0C_5_1 yes Upolu, Samoa oC ATA Isoleucine
ERR2512223 POP5_0C_2_1 yes Upolu, Samoa ocC ATA Isoleucine
ERR2512224 | POP5_0C_12_1 yes Upolu, Samoa ocC NNN -

ERR2512225 POP5_0OC_1_1 yes Upolu, Samoa ocC ATA Isoleucine
ERR2512228 | POP5_NA 6 1 yes Saskatchewan, Canada NA ATA Isoleucine
ERR2512232 POP5_AS 8 1 yes North Sulawesi, Indonesia AS ATT Isoleucine
ERR2512233 POP5_AS 5 1 yes North Sulawesi, Indonesia AS ACT Threonine
ERR2512235 POP5_AS_2_1 yes North Sulawesi, Indonesia AS ATA Isoleucine
ERR2512241 POP4_0C 91 yes New South Wales, Australia oC ATA Isoleucine
ERR2512250 | POP4_NA_1_1 yes Manitoba, Canada NA ATT Isoleucine
ERR2512251 POP4_EU_6_1 yes Bretagne, France EU ATA Isoleucine
ERR2512259 POP4_AS 3 1 yes West Java, Indonesia AS ATA Isoleucine
ERR2512266 POP4_AF_1_1 yes Namibia AF ATA Isoleucine
ERR2519249 POP3_SA 8 1 yes Montevideo, Uruguay SA ATA Isoleucine
ERR2519250 POP3_SA 7 1 yes Montevideo, Uruguay SA ATA Isoleucine
ERR2519252 POP3_SA 4 1 yes Montevideo, Uruguay SA ATA Isoleucine
ERR2519253 POP3_SA 3 1 yes Montevideo, Uruguay SA ATA Isoleucine
ERR2519254 | POP3_0C 8 1 yes Western Australia, Australia ocC ATA Isoleucine
ERR2519255 POP3 0OC 7_1 yes Western Australia, Australia ocC ATA Isoleucine
ERR2519256 | POP3_0C_4_1 yes Western Australia, Australia ocC ATA Isoleucine
ERR2519257 | POP3_0C_10_1 yes Western Australia, Australia ocC ATA Isoleucine
ERR2519259 | POP3_NA_7_1 yes Quebec, Canada NA ATA Isoleucine
ERR2519260 | POP3_NA_6_1 yes Quebec, Canada NA ATA Isoleucine
ERR2519265 POP3_AS 3 1 yes Kota Kinabalu, Malaysia AS ATT Isoleucine
ERR2519269 POP3_AF_9_1 yes Tanzania AF ATA Isoleucine
ERR2519271 | POP3_AF_10_1 yes Tanzania AF ATA Isoleucine
ERR2519273 POP3_AF_1 1 yes Tanzania AF ATA Isoleucine
ERR2519324 | POP2_SA 12 1 yes Santa Maria, Brazil SA ATA Isoleucine
ERR2519325 POP2_0C 8 1 yes Tasmania, Australia oC ATA Isoleucine
ERR2519327 POP2_0OC 5 1 yes Tasmania, Australia oC ATA Isoleucine
ERR2519348 | POP10_NA 1 1 yes Maine, USA NA ATA Isoleucine
ERR2519351 | POP10_NA_8 1 yes Maine, USA NA ATA Isoleucine
ERR2519358 | POP10_SA_10_1 yes Tulcan, Ecuador SA ATT Isoleucine
ERR2519359 | POP10_SA_11_1 yes Tulcan, Ecuador SA ATA Isoleucine
ERR2519365 | POP11_AF_5 1 yes Bobo-Dioulasso, Burkina Faso AF ATA Isoleucine
ERR2519367 | POP11_AF_9 1 yes Bobo-Dioulasso, Burkina Faso AF ATA Isoleucine
ERR2519376 | POP11_EU 9 1 yes Volgograd, Russia EU ATA Isoleucine
ERR2519384 | POP12_AF 19 1 yes Manica, Mozambique AF ATA Isoleucine
ERR2519395 | POP12 EU 8 1 yes Ekaterinburg, Russia EU ATA Isoleucine
ERR2519396 | POP12 NA 1 1 no Michigan, USA NA ATA Isoleucine




ERR2519403 | POP12 SA 3 1 yes Mucuchies, Venezuela SA ATA Isoleucine
ERR2519410 | POP13_AS_1_1 yes Cameron highland, Malaysia AS ATA Isoleucine
ERR2519473 | POP13_AS_2_1 yes Cameron highland, Malaysia AS ATA Isoleucine
ERR2520498 | POP14_AF_6_1 yes Zewai, Ethiopia AF NNN -

ERR2520835 | POP14_AF 9 1 no Zewai, Ethiopia AF ATA Isoleucine
ERR2520836 | POP14_AS 13 1 yes Vientiane, Laos AS ATA Isoleucine
ERR2520837 | POP14_AS 2 1 yes Vientiane, Laos AS ATA Isoleucine
ERR2520838 | POP14_AS 31 yes Vientiane, Laos AS ATA Isoleucine
ERR2520841 | POP14 EU 2 1 yes Vladivostok, Russia EU ATA Isoleucine
ERR2520843 | POP14 EU 4 1 yes Vladivostok, Russia EU ATA Isoleucine
ERR2520844 | POP14_EU_9 1 yes Vladivostok, Russia EU ATA Isoleucine
ERR2520846 | POP14_NA_12_1 yes Maryland, USA NA ATA Isoleucine
ERR2520854 | POP14_EU_3_1 yes Vladivostok, Russia EU ATG Methionine
ERR2520862 | POP15_EU_5_1 yes Ocsa, Hungary EU ATA Isoleucine
ERR2520863 | POP15_EU_6_1 yes Ocsa, Hungary EU ATA Isoleucine
ERR2520864 | POP15_EU_7_1 yes Ocsa, Hungary EU ATA Isoleucine
ERR2520866 | POP15_NA 3 1 yes Alabama, USA NA ATA Isoleucine
ERR2520869 | POP15_NA 6_1 yes Alabama, USA NA ATA Isoleucine
ERR2520881 | POP16_EU_31 1 yes Alnarp, Sweden EU ATA Isoleucine
ERR2520886 | POP17_NA 3 1 yes Texas, USA NA ATA Isoleucine
ERR2520889 | POP17_NA _6_1 yes Texas, USA NA ATA Isoleucine
ERR2520898 POP1_AF 5 1 yes Pretoria, South Africa AF ATA Isoleucine
ERR2520900 POP1_AF 7_1 yes Pretoria, South Africa AF ATA Isoleucine
ERR2520901 POP1_AF 8 1 yes Pretoria, South Africa AF ATA Isoleucine
ERR2520909 POP1_EU_1_1 yes West Cornwall, England EU ATA Isoleucine
ERR2520916 POP1_SA_1_1 yes Recife, Brazil SA ATA Isoleucine
ERR2520917 POP1_SA_4_1 yes Recife, Brazil SA ATA Isoleucine
ERR2520918 POP1_SA_6_1 yes Recife, Brazil SA ATA Isoleucine
ERR2520920 POP1_SA 9 1 yes Recife, Brazil SA ATA Isoleucine
ERR2521228 | POP23_AS 6 1 yes Rahuri, India AS ATT Isoleucine
ERR2521230 | POP24 _AS 1 1 yes Fujian, China AS ATA Isoleucine
ERR2521287 | POP24 _NA 2 1 yes Seattle, USA NA ATA Isoleucine
ERR2521288 | POP24 NA 3 1 yes Seattle, USA NA ATA Isoleucine
ERR2521682 POP2_AF 2 1 yes Cape Town, South Africa AF ATT Isoleucine
ERR2521686 POP2_AF_7_1 yes Cape Town, South Africa AF ATA Isoleucine
ERR2521688 POP2_AF 8 1 yes Cape Town, South Africa AF ATA Isoleucine
ERR2521690 POP2_AF 9 1 yes Cape Town, South Africa AF ATA Isoleucine
ERR2521753 POP2_AS 51 yes Phetchabun, Thailand AS ATA Isoleucine
ERR2521759 | POP2_EU 24 1 yes Madrid, Spain EU ATA Isoleucine




Table S2. Summary of PxLV.1 chromosome size and content.

Total gene size

Mumber of

GC content

Mean exons

Chromosome | Length (bp) | Number of genes | Number of exons (exons + introns) RNAS (56} Mean gene length | Mean exon length Mean intron length per gene

1(2Z) 16,120,546 726 4695 9,525,684 118 38 13,120 340 1,958 6.5

2 6,001,377 384 2153 3,692,819 114 38.3 9,616 296 1,556 5.5

3 10,736,100 614 3158 5,214,616 122 38.2 8,492 338 1,630 5.1
4 12,569,824 798 4453 6,328,355 133 39 7,930 362 1,295 5.8

5 13,304,806 829 4897 7,172,082 133 38.4 8,651 302 1,359 5.9

6 12,125,418 721 3673 5,804,257 127 37.8 8,050 286 1,610 5.1

7 9,927,925 542 2811 5,089,143 136 37.8 9,389 315 1,853 5.2

8 11,057,709 645 4044 6,265,604 85 38.4 5,654 271 1,523 6.2

9 12,337,041 606 3420 5,723,042 153 37.9 9,443 320 1,645 5.6
10 12,562,405 764 4411 6,757,416 135 38.9 8,844 326 1,459 5.8
11 5,444,954 349 2124 3,143,508 120 38.9 9,007 309 1,401 6.1
12 12,234,112 691 3851 6,167,467 127 38.3 8,925 311 1,572 5.6
13 12,013,341 652 3623 5,476,352 143 38.3 8,399 324 1,448 3.6
14 10,144,654 509 2626 4,865,320 172 38.1 9,558 311 1,912 5.2
15 12,709,421 858 5357 7,330,765 103 38.9 8,544 286 1,285 6.2
16 9,650,281 550 3631 5,481,758 132 38.7 9,291 278 1,471 6.2
17 11,703,668 711 35875 6,040,875 147 38.4 8,456 2591 1,496 5.6
18 11,009,671 602 2954 4,790,134 167 37.9 7,957 326 1,627 4.9
15 11,068,360 673 3543 5,413,292 203 38.4 8,015 325 1,486 5.2
20 9,037,267 566 3055 4,867,607 132 37.9 8,600 286 1,604 5.4
21 11,026,436 524 2858 5,004,535 134 38.3 5,550 341 1,691 5.5
22 12,850,310 728 35931 6,585,026 143 38.5 9,045 303 1,684 5.4
23 11,483,547 601 2844 4,357,323 171 38.1 7,250 343 1,508 4.7
24 5,378,391 402 2489 3,701,770 77 37.8 9,208 266 1,456 6.2
25 10,050,624 631 3712 5,468,182 126 37.7 8,665 283 1,434 5.9
26 8,328,171 415 2304 3,927,513 173 39.3 9,464 303 1,710 5.6
27 8,603,041 366 2269 4,349,554 133 38.8 11,884 326 1,857 6.2
28 8,730,093 365 2065 4,060,857 218 37.7 11,005 300 2,024 5.6
29 11,508,118 713 3351 6,041,457 126 38.3 8,473 361 1,831 4.7
30 5,832,285 286 2015 3,025,151 130 38.3 10,577 251 1,453 7.1
31 7,235,916 330 1662 3,432,925 153 37.7 10,402 340 2,153 5.0
Total 322,605,812 18,201 102,082 165,104,961 4,256 - - - - -

Average 10,406,639 587 3,293 5,325,966 139 38 9,210 310 1,617 6




Table S3. Comparison of Ryanodine Receptor protein sequences from P. xylostella
diamide resistant strain LV-R (5164 aa) and laboratory colonies AET09964.1 (5164
aa) and XP_037970554 (5151 aa). Grey shading indicates amino acid substitutions
that are absent in LV-R.

Table S3. Comparison of Ryanodine Receptor protein sequences from P.
xylostella diamide resistant strain LV-R (5164 aa) and laboratory colonies
AET09964.1 (5164 aa) and XP_037970554 (5151 aa). Grey shading indicates
amino acid substitutions that are absent in LV-R.
XP_037970554
Accession (strain) PxLV.1 (LV-R) AET09964.1 (I._aboratory
(Roth)
colony)
amino acid?
1746 A \ A
2596 E G E
2723 L S L
2842 Q P Q
2965-2977" EEEVQIEVSDTTT | EEEVQIEVSDTAT | —-———————-————-
2976 T A -
3162 I M I
3166 T M T
3390 Q Q H
3533 D G D
3792 K R K
4790 K I I

A Position based on AET09964.1

B RyR XP_037970554 was predicted by automated computational analysis from
genome assembly "Haplomerged_assembly (GCF_905116875.1)". The gene model
lacks this exon, but it is present in the corresponding genome sequence.



Table S4. Plutella xylostella genotypes for the RyR 4790 codon among individuals

from six Australian populations.

Australian Codon
State Location Latitude Longitude | Year | Number | Gender 4790
genotype
1 male ATA / ATA
2 male ATA / ATA
3 male ATA / ATA
Western | o 1o Brook | -33.640168 | 116.401075 | 2014 female | ATA/ATA
Australia 5 male | ATA/ATA
6 female | ATA/ATA
7 male ATA / ATA
8 female | ATA/ATA
9 male ATA / ATA
10 male ATA / ATA
11 female | ATA/ATA
Victoria Ouyen | -34.995278 | 142.314944 | 2014 |— 2 male | ATA/ATA
13 male | ATA/ATA
14 female | ATA/ATA
15 male ATA / ATA
16 male ATA / ATA
17 male ATA / ATA
18 female | ATA/ATA
19 female | ATA/ATA
New South Henty -35.59567 | 146.949933 | 2014 |— 22 male | ATA/ATA
Wales 21 female | ATA/ATA
22 male ATA / ATA
23 female | ATA/ATA
24 male ATA / ATA
25 unknown | ATA / ATA
26 unknown | ATA / ATA
27 unknown | ATA / ATA
south | onaree | -31.99147 | 135.871023 | 2014 |28 | unknown | ATA/ATA
Australia 29 unknown | ATA / ATA
30 unknown | ATA/ ATA
31 unknown | ATA/ ATA
32 unknown | ATA/ ATA
33 male | ATA/ATA
34 male ATA / ATA
Queensland | Bundaberg | -24.799891 | 152.262575 | 2014 35 male ATA/ ATA
36 female | ATA/ATA
37 female | ATA/ATA
38 male ATA / ATA




39 female | ATA/ATA
40 female | ATA/ATA
41 male ATA / ATA
42 female | ATA/ATA
Tasmania | Launceston | -41.469613 | 147.14097 | 2014 |—2° male | ATA/ATA
44 male | ATA/ATA
45 female | ATA/ATA
46 male ATA / ATA
47 male ATA / ATA




Table S5. Backcross progeny from two families treated with or without 14 mg/L chlorantraniliprole then genotyped for the 14790K

RyR mutation

Backcross Group I/K K/K Total Parson's x2 test
F1@F x LV-REQ (n=43) untreated 7 5 12
- treated 3 28 31
F1@ x LV-R® (n=41) untreated 5 5 10
treated 2 29 31
Total (n=84) untreated 12 10 22 x2 21.733, df = 1, p-value = 3.134e-06
treated 5 57 62

Table S6. Mortality rates estimated from bioassay dose response curves (Fig. 6) for 14 mg/L chlorantraniliprole.

Chemical Strain Number Dose (mg/L) Estimated mortality min max
WS 360 14 0.999448883 0.99857312 1.000324646
Coragen LV-R 361 14 0.000832773 -0.000914261 0.002579806
(Chlorantraniliprole) LV-Rf x WSm 360 14 0.714105876 0.629934272 0.79827748
WS x LV-Rm 361 14 0.787004383 0.706350519 0.867658248




Appendix C

Supplementary tables for Chapter 7.



Appendix C:

Supplementary Table 1: InterProScan (IPR) and PFAM domains used to select predicted
detoxification genes from the PxLV.1 reference genome.

Gene Family PFAM IPR
domains domains
P450
PF00067 IPR001128
IPR036396
glutathione-S-
transferases
PF02798 IPR004045
PF00043 IPR004046
carboxylesterases
PF00135 IPR002018
sulfurotransferases
PF03567 IPRO05331
PF00685 IPRO00863
PF00685 IPRO00863
UDP-
glucuronyltransferase
PF00201 IPR002213

Supplementary Table 2: InterProScan (IPR) and PFAM domains along with Gene Ontology

(GO) terms used to select predicted chemosensory genes from the PxLV.1 reference

genome.
Gene Family PFAM IPR domains | GO terms
domains
Gustatory receptors
PF06151 IPR0O09318 G0:0050909
PF08395 IPR013604 G0:0050913
PF05296 IPRO07960 G0:0050916
G0:0050915
G0:0050917
Olfactory Receptor/Oderant binding protein
PF01395 IPR0O06170 G0:0007608
PF02949 IPRO04117
PF08395 IPR013604




Supplementary Table 3: Gene names for detoxification genes shown in Figure 9.

gl FUN_002060 | COE typeB
g2 FUN_003027 | COE typeB
g3 FUN_005302 | COE typeB
g4 FUN_007992 | COE typeB
g5 FUN_008558 | COE typeB
g6 FUN_010575 | COE typeB
a7 FUN_016333 | COE typeB
g8 FUN_018127 | COE typeB
g10 FUN_021242 | COE typeB
gl1 FUN_022411 | COE typeB
gl2 FUN_003725 | COE typeB
913 FUN_021236 | COE typeB
gl4d FUN_020741 | COE typeB
g15 FUN_005322 | COE typeB
gl16 FUN_006043 | CYP Cyp6a
gl7 FUN_006289 | CYP Cypof
918 FUN_006297 | CYP Cypof
g19 FUN_006298 | CYP Cypof
g20 FUN_007972 | CYP Cyp6a
g21 FUN_010662 | CYP Cypb6a
g22 FUN_010798 | CYP Cyp4d
g23 FUN_013613 | CYP Cyp4d
g24 FUN_013615 | CYP Cyp4c
025 FUN_018835 | CYP Cyp4c
026 FUN_005580 | CYP Cyp6a
g27 FUN_020551 | UDPGT | 302-E
028 FUN_019637 | UDPGT | 49-B
029 FUN_020553 | UDPGT | 49-B
030 FUN_019678 | GST D1






