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ABSTRACT

Understanding dispersal and gene flow is an important
focus of evolutionary biology, conservation biology and
pest management. The diamondback moth, Plutella
xylostella, is a worldwide pest of Brassica vegetable and
oilseed cropping systems. This insect has high dispersal
ability, which has important consequences for population
dynamics and the potential spread of insecticide
resistance genes. Population genetic studies of the
diamondback moth have found little evidence of
population structure, suggesting that frequent intermixing
occurs within regions, however the patterns of local and
regional dispersal remain to be identified. For this and
many other pest species, understanding dispersal is
crucial for developing integrated management tactics
such as forecasting systems and insecticide resistance
management plans. In recent years, next generation
sequencing (NGS) methods have provided previously
unparalleled resolution for population genetic studies in a
wide range of species. Here, we assessed the potential of
NGS-derived molecular markers to provide new insights
about population structure in the diamondback moth. We
use restriction-site-associated DNA sequencing (RAD-
Seq) to discover hundreds to thousands of single
nucleotide polymorphism (SNP) markers in nine field
and laboratory-reared populations collected from
Australia. Genotypic data from RAD-Seq markers
identified a cryptic species, P. australiana, among
individuals collected from a wild host, Diplotaxis sp.,
indicating strong divergence in the nuclear genomes of
two Australian Plutella lineages. Significant genetic
differentiation was detected among populations of P.
xylostella used in our study, however this could be
explained by reduced heterozogosity and genetic drift in
laboratory-reared populations founded by relatively few
individuals. This study demonstrates that RAD-Seq is a
powerful method for generating SNP markers for
population genetic studies in this species.
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INTRODUCTION

Dispersal is a fundamental life history trait with
important consequences for the spatial and temporal
dynamics of populations. ‘Effective’ dispersal (resulting
in reproduction) also affects allele frequencies and the
genetic structure of populations, and consequently,
evolutionary processes (Broquet and Petit 2009). For
example, adaptation and speciation depend on a balance
between selection and gene flow (Turelli et al. 2001,
Endersby et al. 2008). For pest species, quantifying
dispersal and its effects on genetic structure is crucial to
developing integrated management tactics, such as
forecasting systems (Lushai and Loxdale 2004, Zalucki
and Furlong 2005) and insecticide resistance
management strategies. Molecular markers are a
powerful tool for assessing the geographic structure of
populations and inferring patterns of gene flow at large
scales (Roderick 1996). Population genetic approaches
have been successfully employed to infer patterns of long
distance dispersal in a range of insect pests (Kim and
Sappington 2013, Sun et al. 2015).

The diamondback moth, Plutella xylostella, is a
worldwide pest of Brassica vegetable and oilseed crops.
(Furlong et al. 2008, Zalucki et al. 2012, Furlong et al.
2013). The success of this insect is due in part to its
remarkable genetic plasticity (Henniges-Janssen et al.
2011), large effective population sizes and high genetic
diversity (You et al. 2013) that enable it to rapidly adapt
to local environments and evolve insecticide resistance
(Furlong et al. 2013). Furthermore, the diamondback
moth is highly mobile and well-adapted to exploit its
short-lived Brassicaceous  hosts. It displays
predominantly short-range dispersal within high quality
host patches (Mo et al. 2003) but when habitat quality
deteriorates, may utilize high altitude air currents to
migrate long distances and colonise new habitats (Chu
1986, Chapman et al. 2002, Leskinen et al. 2011, Fu et
al. 2014). In some years, large scale migration events
instigate damaging outbreaks in crops (Dosdall et al.
2004, Wei et al. 2013). In most regions, the dispersal
ecology of diamondback moth is poorly understood, yet
this knowledge is critical for the development of
forecasting systems and insecticide resistance
management plans (Furlong et. al. 2008). One reason for
this is the challenging nature of studying long distance
dispersal in small insects (Lushai and Loxdale 2004).

Previous population genetic studies in diamondback
moth have employed a range of molecular markers,
including allozymes (Caprio and Tabashnik 1992, Noran
and Tang 1996, Kim et al. 1999, Pichon et al. 2006),
ISSRs (Roux et al. 2007), microsatellites (Endersby et al.
2006) and mitochondrial genes (Chang et al. 1997, Kim
et al. 2003, Li et al. 2006, Saw et al. 2006, Niu et al.
2014). Several authors have reported population
differentiation at inter-continental scales (Endersby et al.
2006, Pichon et al. 2006, Roux et al. 2007). However,
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most studies from around the world have found little
evidence of population structure within regions,
including China (Kim et al. 1999, Li et al. 2006), Korea
(Kim et al. 1999, Kim et al. 2000, Kim et al. 2003, Li et
al. 2006), the USA (Caprio and Tabashnik 1992, Chang
et al. 1997) and Australia (Endersby et al. 2006, Saw et
al. 2006). These findings suggests that frequent
intermixing occurs within regions, however the local and
regional patterns of dispersal remain to be identified.
More recently, studies using mitochondrial markers, or
complementing these with microsatellite (Wei et al.
2013) or ISSR (Yang et al. 2015) nuclear markers, have
provided new insights into seasonal migration routes
from southern to northern regions of China, and
identified potential geographic barriers to gene flow (Niu
et al. 2014). Mitochondrial markers have also recently
identified a novel Plutella lineage in Australia (Landry
and Hebert 2013).

In recent years, next generation sequencing (NGS) has
revolutionized the fields of molecular ecology and
population genetics. Reduced representation sequencing
methods (Narum et al. 2013) combined with the power of
high-throughput NGS platforms (Glenn 2011) facilitate
rapid and cost-effective marker discovery and
genotyping in a wide range of organisms (Davey et al.
2011). Restriction-site-associated DNA  sequencing
(RAD-Seq) (Baird et al. 2008) is one of several reduced-
representation methods for sequencing targeted regions
across the genome at high sequencing depth, providing
numerous advantages over traditional markers for
population genetic studies (Davey and Blaxter 2010).
RAD-Seq studies have provided new insights into
previously undetected population genetic structure in a
wide range of contexts (Narum et al. 2013, Reitzel et al.
2013) including terrestrial invertebrates (Nadeau et al.
2013, Lozier 2014).

Here, we assess the potential of NGS methods to provide
new insights about population structure in the
diamondback moth. We use RAD-Seq to discover single
nucleotide polymorphism (SNP) markers in nine field
and laboratory-reared populations collected from
Australia. The RAD-Seq markers facilitate an initial
assessment of genetic diversity within and among these
populations.

MATERIALS AND METHODS

Sample collection

Samples of diamondback moth were collected from
Brassica vegetables, canola or wild Brassica hosts from
nine locations in Australia between September 2012 and
April 2014 (Table 1, Figure 1B). At each location,
individuals were collected using a sweep net or by direct
sampling. Seven populations were reared in laboratory
cages on cultivated cabbage and 10% honey solution for
between one and six generations. Individuals from two
field populations and six of the laboratory-reared
populations were preserved in 20% DMSO, 0.25M
EDTA salt saturated solution (Yoder et al. 2006) and
stored at -80°C. Individuals from the Nundroo population

were stored in USP Grade propylene glycol and stored at
-20°C.

RAD library preparation and sequencing
Libraries for RAD sequencing were prepared following a
protocol modified from Baird et al. (2008). Genomic
DNA was extracted from individual larvae or pupae by
homogenizing tissue in DNA isolation buffer (Zraket et
al. 1990) followed by two phenol and one chloroform
extractions. DNA was treated with RNase A then
precipitated and re-suspended in TE buffer. Genomic
DNA was quantified using a Qubit 2.0 fluorometer
(Invitrogen) and 200 ng digested with 10 units of Sbfl in
Cutsmart Buffer (NEB) for 1 hour at 37°C then heat
inactivated at 80°C for 20 minutes. P1 adapters with one
of six molecular identifiers (MIDs) (AATTT, AGCTA,
CCGGT, GGAAG, GTCAA or TTCCG) were annealed
then ligated to digested DNA (top strand 5°-
GTTCAGAGTTCTACAGTCCGACGATCxxxxXxTGCA
-3, bottom strand 5’-Phos-
XXXXXGATCGTCGGACTGTAGAAC-3’, x represents
sites for MIDs) using 1 uL T4 DNA ligase (Promega), 1
mM ATP, Cutsmart Buffer. Six individuals from
different populations were pooled to form 12 library
groups, each containing different P1 adapters to facilitate
sample multiplexing. Library pools were then sheared
using a Bioruptor sonicator (diagenode), ends blunted
(NEB), adenine overhangs added then P2 adapters
ligated (top strand 5’-Phos-
TGGAATTCTCGGGTGCCAA-3’, bottom strand 5’-
CCTTGGCACCCGAGAATTCCAT-3"). DNA
purification between each step was performed with
magnetic beads (AMPure). PCR library amplification
conditions were 16 cycles of 98°C for 10 seconds, 65°C
for 30 seconds and 72°C for 30 seconds using RP1
(forward) 5-
AATGATACGGCGACCACCGAGATCTACACGTTC
AGAGTTCTACAGTCCGA-3’ and 12 wunique RPI-
indexed (reverse) 5’-
CAAGCAGAAGACGGCATACGAGATXxxxxXxGTGA
CTGGAGTTCCTTGGCACCCGAGAATTCCA-3’

primers. Libraries were run on agarose gel to size select
DNA fragments 300-700 base pairs in length. Paired end
sequencing using 100 bp reads was performed over two
lanes of Illumina HiSeq2500 at the Australian Cancer
Research Foundation (ACRF) Cancer Genomics Facility.

Read filtering and variant calling

A total of 131.6 million raw sequence reads were de-
multiplexed using RADTOOLS v1.2.4 (Baxter et al. 2011)
then 50.3 million PCR duplicates were removed using
the clone_filter tool in sTACkS v1.19 (Catchen et al.
2013). Read trimming, adapter removal and quality
filtering were performed in TRIMMOMATIC v0.32 (Bolger
et al. 2014). First, a thymine base overhang added during
P2 adapter ligation was trimmed from reverse reads, then
paired end trimming was performed using the
ILLUMINACLIP tool to remove adapter, trailing low
quality bases (quality score<3), bases within a 4-base
sliding window with average quality below 15 and
trimmed reads shorter than 40 bp. Paired reads were
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Table 1: Collection details of Plutella populations from Australia genotyped using RAD-Seq

Location Latitude Longitude Host Collection % Lifestage °F, Generation
date collected Individuals  sequenced
Esperance, Western Australia -33.8588 121.8931 Canola 26/9/2012 L, P 59 F6
Nundroo, South Australia -31.7516  132.0565 Canola 19/8/2013 L 86 F2
Calca, South Australia -33.0492 134.3729  Wild Brassica © 8/4/2014 L Field
Picnic Beach, South Australia -34.1696 135.2744  Wild Brassica ° 71412014 L 40 F1
Mallala, South Australia -34.4383  138.5099 Canola 11/9/2013 L 173 F5
Virginia, South Australia -34.715 138.557 Cauliflower 713/2013 L, P - Field
Glenore Grove, Queensland -27.528 152.407 Cabbage 11/10/2012 L, P 25 F5
Mt Sylvia, Queensland -27.717 152.220 Cabbage 3/10/2012 L, P 59 F5
Tenthill, Queensland -27.566 152.235 Red cabbage 11/10/2012 L, P 40 F5

2Larvae (L), pupae (P), > Number of F; individuals used to establish laboratory populations, ° Diplotaxis sp., ® Sea rocket, Cakile maritima

aligned to the Plutella xylostella reference genome
(version 1.1, modified to include the mitochondrial
genome, accession number: JF911819) using STAMPY
v1.0.21 (Lunter and Goodson 2011) with --bag and --
gatkcigarworkaround options and expected substitution
rate set to 0.005. Genotypes were called using the
GENOME ANALYSIS TOOLKIT (GATK) v3.3-0 (McKenna et
al. 2010, DePristo et al. 2011) HaplotypeCaller tool
following the GATK Best Practices Workflow for GVCF-
based Cohort Analysis (Van der Auwera et al. 2013).
Sites with a genotype quality (GQ) > 30 were retained.
Filtering was performed using VvCFTOOLS Vv0.1.12a
(Danecek et al. 2011) to identify a set of variant sites for
population genetic analysis. We removed indels and
retained bi-allelic SNPs that passed the following quality
filters: genotyped in at least 60 of 72 individuals,
QUAL>400, average read depth between 20 and 100
across individuals, minor allele frequency > 0.2 and in
Hardy-Weinberg equilibrium with p-value set to 0.05. To
avoid closely linked markers, variants were separated by
a minimum distance of 2 kb using the vCFTOOLS --thin
function. A final set of 1285 SNP variants were retained
after filtering. In addition, from the GATK
HaplotypeCaller output, we generated a set of all
confidently called variant and invariant sites (GQ>30).
Filtering was performed using vcFTOoOLS Vv0.1.12a
(Danecek et al. 2011) to remove indels and sites located
within transposons, and retain sites genotyped in 60 of 72
individuals with mean depth between 20 and 100 across
individuals. After filtering, we retained 491 831
confidently called variant and reference sites, including
623 sites from the mitochondrial genome.

Population genetic analysis

We used the 491 832 sites to generate a phylogeny for 72
individuals using a neighbor-joining clustering method
implemented in the program GENEIOUS v7.1.9 (Kearse et
al. 2012). An individual representing a cryptic species, P.
australiana, ‘Calca-6’, was used as the out-group. We
assumed the Tamura-Nei (1993) model and resampled
with 1000 bootstraps to generate a consensus tree
displaying nodes with at least 50% consensus support
and visualized the resulting tree in the program FIGTREE
v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

Summary population statistics were calculated for variant
SNPs (n=1285) and separately for all confident variant
and invariant sites (=491 832). The vcrFTooLS (Danecek
et al. 2011) --depth function was used to calculate
average site depth, and vcf-stats used to calculate the
average number of genotyped sites and private alleles.
Expected and observed heterozygosity and the
inbreeding coefficient, F;s, were calculated and
significance determined by bootstraps (1000 bootstraps
for the SNP variants, and 100 bootstraps for the 491 832
sites due to computational limits) using modified
functions in the R package diveRsity (Keenan et al.
2013). To examine the effects of laboratory-rearing on
genetic diversity, we plotted the distributions of average
heterozygosity in R (R Core Team 2014).

To investigate population differentiation, a global
estimate of Weir and Cockerham’s (1984) Fst with 99%
bootstrap confidence intervals (10 000 bootstraps) was
calculated in the R package diveRsity (Keenan et al.
2013). Pairwise Fst values (Weir and Cockerham 1984)
were calculated and significance determined using exact
G tests implemented in GENEPOP v4.3 (Rousset 2008)
after Bonferroni correction for multiple comparisons
(Dunn 1961). To test for genetic isolation by distance
(Wright 1943), we performed a Mantel test (Mantel
1967) using 10 000 permutations on the regression of
Slatkin’s (1995) linearized Fsr transformation (Fst/(1-
Fst) onto the natural log of geographic distance (Rousset
1997) using the R package ade4 (Dray and Dufour 2007).
Geographic distances were calculated using the
GEOGRAPHIC DISTANCE MATRIX GENERATOR (Ersts
2007).

We used the 1285 SNP variants to analyse population
structure using a Bayesian clustering method in the
program STRUCTURE Vv2.3.4 (Pritchard et al. 2000).
Variant data were converted from VCF to STRUCTURE file
format using PGDSPIDER v2.0.8.2 (Lischer and Excoffier
2012). STRUCTURE analysis was used to infer the number
of genotypic clusters and assign individuals to clusters.
Analyses were performed for all individuals (n=72) and
separately for P. xylostella individuals only (n=69). For
each analysis, we assumed the admixture model with
correlated allele frequencies and the locprior model,


https://doi.org/10.1101/141606
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/141606; this version posted May 24, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

specifying nine geographic populations. For each
analysis, we performed ten independent STRUCTURE runs
for each value of K=1-10, where K is the number of
genotypic clusters. For all runs, we used 500 000 burn-
ins and 500 000 MCMC replicates. The optimal K was
determined using the delta K method of Evanno et al.
(2005) visualized in the program STRUCTURE HARVESTER
(Earl and vonHoldt 2012). Individual and population Q-
matrices (containing posterior probability of assignment
to genotypic clusters) across replicate structure runs were
aligned in the program cLumpp v1.1.2 (Jakobsson and
Rosenberg 2007) and visualized in DISTRUCT V1.1
(Rosenberg 2004).

PCR genotyping assays

To examine the frequency of mutations associated with
pyrethroid resistance, we performed PCR based
genotyping assays for three point-mutations in the
voltage gated sodium channel, T929I (skdrl), L1014F
(kdr) and F1020S (cdr) according to Endersby et al.
(2011). MyTaq polymerase (Bioline) was used for
amplification in a Verity thermocycler (ABI).

To distinguish between P. xylostella and P. australiana
lineages, we developed a PCR-RFLP genotyping assay
using COI sequence published by Landry and Hebert
(2013). Genomic DNA was amplified using a modified

LCO1492 Px primer (5’-
TCAACAAATCATAAAGATATTGG-3%) and
HCO2198 (5-

TAAACTTCAGGGTGACCAAAAAATCA-3") (Folmer
et al. 1994). Ten microliter reactions were run with 2 pL
of MyTaq 10x buffer, 0.4 pL of each primer (10 uM
stocks), 1 uL of DNA (approx. 5 ng) and 0.05 pL of
MyTaq polymerase (Bioline). Samples were amplified at
95 °C for 2 minutes, then 35 cycles at 95°C for 10
seconds, 52°C for 20 seconds, 72°C for 30 seconds)
followed by a 5 minute final extension at 72°C. PCR
products were then digested at 37°C for 1 hour with Accl
restriction enzyme with 2 uL Cutsmart Buffer and 1 unit
of Accl (NEB) to a final volume of 20 pL. Following
digestion, products were separated using agarose gel
electrophoresis  (1.5%). P. xylostella products are
approximately 517 bp and 191 bp and P. australiana
products are 348 bp and 360 bp (Figure 1C).

RESULTS

Population genetic analysis

Using RAD sequencing we identified a set of 491 832
variant and invariant sites, representing 0.146% of the P.
xylostella reference genome, and a subset of 1285 SNP
variants, for population genetic analysis. Individuals
from nine field and laboratory-reared populations from
Australia were genotyped at an average read depth of 45
(Table 1).

The 491 832 confident sites were used to generate a
neighbour-joining phylogeny for all 72 individuals
(Figure 1A,B). Seven individuals collected from South
Australian locations, three from Calca, three from
Nundroo and one from Picnic Beach, were confidently

resolved with 100% consensus support. Three
individuals, Calca-4,-6 and -7, showed particularly long
branch lengths, although the branch length estimate for
Calca-4 is inflated due to missing data (48% sites
genotyped). We performed PCR  mitochondrial
genotyping assays to assess whether the dataset
contained multiple Plutella lineages. The assays
identified the three divergent individuals, Calca-4,-6 and
-7, as a cryptic species, P. australiana, and confirmed
that all other individuals (n=69) were P. xylostella
(Figure 1C). These results based on RAD-Seq markers
indicate strong divergence in the nuclear genome
between the two Australian Plutella lineages, consistent
with high mitochondrial sequence divergence already
reported (Landry and Hebert 2013). Four basal P.
xylostella individuals, Picnic Beach-5, -6, -9 and
Nundroo-8, were also confidently resolved (100%
consensus support), and relative branch length estimates
suggest strong divergence from other P. xylostella. All
remaining P. xylostella individuals could not be
confidently resolved (<50% consensus support), despite
some evidence of individuals grouping according to
geographic location.

The levels of heterozygosity were used to assess genetic
diversity within and among populations. For all
genotyped sites, the average observed heterozygosity
ranged from 0.0085 to 0.0150 for P. xylostella
populations but was notably higher at 0.0220 for the
three P. australiana individuals (Table 2). The average
number of private alleles among P. xylostella populations
ranged from 20-91, while three P. australiana
individuals had a much higher average of 1476 private
alleles (range 606-2063), consistent with strong
divergence. For the variant SNP dataset, the average
observed heterozygosity ranged from 0.3052 to 0.5115
for P. xylostella populations, and again was higher at
0.5619 for the three P. australiana individuals (Table 2).
Private alleles were filtered out of the SNP variant
dataset. Average levels of heterozygosity were variable
within and among populations (Figure 2). Laboratory-
reared populations, Esperance, Glenore Grove and Mt
Sylvia, show the lowest levels of genetic diversity
(Figure 2), and were founded with relatively low
numbers of individuals, ranging from 25-59 (Table 1).
The values for the inbreeding coefficient, F;s were
significantly different from zero for these three
populations (Table 2).

The global estimate of Fsy across all P. xylostella
populations and loci was significantly different from zero
(Fst = 0.0487, 99% CL 0.0187-0.0905), indicating
significant genetic differentiation among the nine
populations. The pairwise Fst values indicate that the
differentiation is associated with populations from the
three regions, Western Australia, South Australia and
Queensland (Table 3). However, patterns of
differentiation did not clearly relate to geographic
proximity and may reflect inbreeding in laboratory
populations. Glenore Grove, for example, was highly
differentiated from all other populations including those
from Tenthill and Mt Sylvia in close proximity (18-28
km). Lower Fst values among some South
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Figure 1: (A) Neighbour-joining consensus tree generated from 491 832 variant and invariant sites for 72 Plutella
individuals, displaying nodes with at least 50% consensus support. Node labels are the percentage consensus
support for 1000 bootstrap replicates. (B) Map of collection sites for nine Plutella populations from Western
Australia (n=1), South Australia (n=5) and Queensland (n=3). (C) Gel electrophoresis image showing the results
of a mitochondrial CO1 gene assay to distinguish the two Plutella lineages. P. australiana is genotyped as a
single band, shown by black arrows, and P. xylostella as two bands.
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Figure 2: (A) Distributions of observed heterozygosity for Plutella populations. Each population contains eight
individuals. Calca is split into two lineages, Calca P.x. (n=5) and Calca P.a. (n=3). (B) Regressions of Slatkin’s
linearized genetic distance (Fst/1- Fst) against the natural log of geographic distance (Ln km) for all pairwise
population comparisons of P. xylostella (n=69 individuals). Lines represent the fitted linear regression model for
pairwise comparisons for ‘all populations’ (grey and black circles, solid line, y= 0.00529x+0.01646, Mantel’s
r=0.3048, p=0.0215), ‘cage’ populations (grey circles, dashed line, y=0.00096x + 0.04854, Mantel’s r=0.07388,
p=0.36226) and ‘field’ populations (black circles, dotted line, y=0.02224x-0.11197, Mantel’s r=0.88862, p=0.33307).
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Table 2: Population statistics calculated for the SNP variant sites (top) and for all confidently called (GQ>30)
variant and invariant sites (bottom) for populations of Plutella species collected from Australia. Populations
each contain eight sequenced individuals with Calca split into P. xylostella (n=5) and P. australiana (n=3)
individuals. Statistics include the population means for the number of individuals genotyped per locus (N),
number of sites genotyped, site depth, number of sites unique to each population (private alleles), the
proportion of observed (Ho) and expected (He) heterozygosity, and Wright’s inbreeding coefficient ( Fis).

Sites Private
Population N Site depth Ho He Fis
genotyped alleles

SNP variants (n=1 285)

Esperance 6.7 1073 32 0 0.3485 0.3650 0.0451
Nundroo 7.6 1215 54 0 0.4008 0.3763 -0.0653
Calca_Px 4.8 1246 65 0 0.4327 0.3844 -0.1256
Calca_Pa 2.0 855 34 0 0.5249 0.3233 -0.6173
Picnic Beach 7.7 1238 73 0 0.3977 0.3821 -0.0408
Mallala 7.7 1229 42 0 0.5619 0.4263 -0.3181
Virginia 7.4 1194 30 0 0.5115 0.4032 -0.2685
Glenore Grove 7.2 1158 34 0 0.3052 0.3469 0.1202
Mt Sylvia 7.3 1169 33 0 0.3490 0.3667 0.0482
Tenthill 7.3 1175 32 0 0.4827 0.4026 -0.1991
All variant and invariant sites (n=491 832)

Esperance 7.5 462076 33 41 0.0090 0.0108 0.1715*
Nundroo 7.8 479764 54 32 0.0120 0.0120 0.0041
Calca_Px 4.9 482269 65 91 0.0135 0.0129 -0.0492
Calca_Pa 2.4 398538 39 1476 0.0220 0.0185 -0.1923
Picnic Beach 7.9 482882 72 77 0.0132 0.0133 0.0113
Mallala 7.9 484254 43 20 0.0150 0.0129 -0.1651
Virginia 7.8 480662 31 53 0.0142 0.0129 -0.1017
Glenore Grove 7.6 464262 35 28 0.0085 0.0103 0.1800*
Mt Sylvia 7.7 473837 34 30 0.0098 0.0112 0.1313*
Tenthill 7.8 479215 33 20 0.0126 0.0118 -0.0658

* Fis values in bold are significantly different from zero according to bootstrapped 95% CL.

Table 3: Pairwise comparisons of genetic distance measured by Weir and Cockerham’s (1984) Fst (lower
diagonal) and geographic distance in km (upper diagonal) for all population pairs of P. xylostella.

Esperance Nundroo  Calca_Px Picnic Mallala Virginia Glenore Mt Sylvia Tenthill
(Fe) (F2) (Fo) Beach (F,) () (Fo) Grove (Fs) (Fs) (Fs)

Esperance, WA 979 1162 1234 1530 1534 2993 2968 2975
Nundroo, SA 0.0576*** 261 403 672 689 2021 1997 2004
Calca_Px, SA 0.0554 0.0506 150 413 429 1836 1811 1819
Picnic Beach, SA 0.0651***  0.0726*** -0.0027 299 307 1793 1767 1776
Mallala, SA 0.0322 0.0220 0.0275 0.0395 31 1531 1504 1515
Virginia, SA 0.0489 0.0553 0.0178 0.0219 0.0100 1541 1514 1525
Glenore Grove, Qld  0.0682**  0.0875*** 0.0772** 0.0885*** 0.0560**  0.0779*** 28 18

Mt Sylvia, Qld 0.0615***  0.0787***  0.0467 0.0579**  0.0402 0.0462 0.0778*** 17
Tenthill, Qld 0.0427 0.0556 0.0358 0.0474 0.0108 0.0253 0.0534*  0.0284

Significance of exact G tests after Bonferonni correction: P<0.05 *, P<0.001**, P<0.0001***

Australian populations suggests high levels of gene flow
within this region, however these populations were also
not differentiated from Tenthill in Queensland despite
large geographic separation (1515-1819 km). The Mantel
test for all pairwise population comparisons indicated a
weak but significant effect of isolation by distance (n=69
individuals, r = 0.3048, p=0.0215) (Figure 2B). When

analysed separately however, there was no relationship
between genetic and geographic distance for pairwise
comparisons of either ‘cage’ populations (n=33, F,-F;
Mantel’s r= 0.07388, p=0.36226) or ‘field’ populations
(n=3, Fo-F; Mantel’s r= 0.88862, p=0.33307).
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Figure 3: Posterior probability of assignment to
inferred genotypic clusters, K, generated in the
program sTRUCTURE for ‘all individuals’ (n=72), and
separately for ‘P. xylostella individuals’ (n=69) where
three P. australiana individuals from the Calca
population were excluded. The most likely K for ‘all
individuals’ and ‘P.x. only’ is indicated by black
arrows. Each vertical bar represents a single
individual, populations are separated by black
vertical lines, and different genotypic clusters for
K=2-4 are represented by different colours.

We performed an analysis of population structure using a
Bayesian clustering approach in the program STRUCTURE.
For the analysis of all population samples (n=72), the
data most likely formed three genotypic clusters (K=3)
(Figure 3). Inspection of STRUCTURE barplots shows that
individuals from Calca and Picnic Beach populations
were assigned to similar genotypes clusters, however
STRUCTURE did not identify the three P. australiana
individuals from Calca at that value of K. Although
statistically less likely, K values of 2 and 4 are also
presented. At K=4, the P. australiana individuals are
more clearly resolved, as seen by tall black bars for
individuals Calca-4 and -6 (Figure 3A). Moderate
sharing of the black-coloured genotype cluster occurs
across all individuals from Calca and Picnic Beach, and
rarely elsewhere. For the analysis excluding the three P.
australiana individuals, the most likely number of
clusters was reduced to two (K=2). At this value of K, a
high degree of admixture is evidence among most
populations, as seen by sharing of pink and blue-coloured
genotypic clusters. The two populations collected from
wild hosts in a similar region, Calca and Picnic Beach,
share similar genotypic clusters. At K=3, the assignment
of individuals to genotypic clusters is consistent with
patterns of population differentiation inferred from
pairwise Fsr values (Table 3).

Frequency of insecticide resistance
alleles

We examined the frequency of mutations associated with
pyrethroid resistance among nine populations collected

from canola crops, Brassica vegetable crops and wild
hosts. The average frequencies for skdrl, kdr and cdr
were 0.29, 0.51 and 0.27 respectively (Appendix). The
frequencies were comparable among populations for
skdrl (range 0.2-0.38) and kdr (range 0.25-0.83), but
more variable for cdr (0.05-0.6). Interestingly, the
populations collected from wild hosts, Calca and Picnic
Beach, had a moderately high frequency of the cdr
mutation relative to most other populations. In contrast,
the three P. australiana samples were all found to be
susceptible for skdrl and cdr however the kdr assay
failed, possibly due to variation in primer binding sites.

DISCUSSION

RAD sequencing was used to identify thousands of SNP
markers and hundreds of thousands of invariant loci from
across the genome of two Plutella species. These
markers facilitated an initial assessment of genetic
diversity within and among nine Plutella populations
collected from different locations and host plants across
Australia.

Analysis of RAD-Seq markers and mitochondrial
genotyping identified three individuals of a cryptic
Plutella lineage, P. australiana, among our 72 Plutella
individuals. The relative branch length estimates in the
neighbouring-joining tree, differences in heterozygosity
and high numbers of private alleles within the P.
australiana populations (albeit only three individuals)
provide the first evidence that the P. australiana and P.
xylostella lineages are strongly divergent in their nuclear
genomes. Among the three P. australiana individuals, it
was interesting to note that individual Calca-7 had the
fewest number of private alleles (606, compared to 1760
and 2062) despite having the highest heterozygosity
(3.2%, compared to 1.5% and 1.04%). The phylogeny
also shows this individual most closely related to P.
xylostella individuals Picnic Beach-9 and Nundroo-8,
which grouped separately from all other P. xylostella
individuals. As vyet, the potential for hybridization
between these lineages remains to be tested.

The original discovery of P. australiana in Australia was
made through sequencing the mitochondrial COIl gene
from moths collected in light traps, rather than from
known host plants (Landry and Hebert 2013). Hence, the
fundamental biology of this species and its potential pest
status remain to be understood. In our study, individuals
of P. australiana and P. xylostella were collected from a
wild Brassicaceous host, Diplotaxis sp., at the same
location and date, indicating that these lineages can co-
exist in similar environments and exploit at least one
common host. Considering that there have been several
previous genetic studies of P. xylostella in Australia
(Endersby et al. 2006, Pichon et al. 2006, Roux et al.
2007, Endersby et al. 2008), including mitochondrial
markers (Saw et al. 2006), the discovery of this novel
lineage only recently is intriguing. It is possible that
differences in sampling strategies (direct sampling from
plants vs trapping), times or locations between studies, or
differences in the biology of Plutella lineages (e.g. host
range), meant that P. australiana was not collected in
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previous studies. Alternatively, some molecular markers
designed for P. xylostella may not amplify efficiently in
P. australiana. These questions require further
investigation.

We examined genetic diversity in field and laboratory-
reared populations of P. xylostella. Significantly reduced
heterozygosity was observed in the laboratory
populations, Glenore Grove, Mt Sylvia and Esperance, as
measured by the inbreeding co-efficient, Fs (Table 2).
These populations were founded by 25-59 individuals at
the F; generation and then reared for five to six
generations. The population from Mallala was also
reared for five generations but established from a higher
number of individuals (n=173), and maintained higher
levels of heterozygosity in culture, comparable with the
field (Fo) populations.

We assessed genetic structure among our population
samples using a range of approaches. The global estimate
of Fsr (0.0487, 99% CL 0.0187-0.0905) indicated
significant genetic differentiation among our populations.
Pairwise Fsr comparisons showed that most
differentiation was associated with the three most inbred
laboratory populations, Glenore Grove, Mt Sylvia,
Esperance, but also Nundroo (F,). There was no evidence
for isolation by distance in pairwise population
comparisons among laboratory populations only. Hence,
the estimates of genetic isolation are inflated by
inbreeding in population cages. The STRUCTURE analysis
for all population samples (n=72) inferred that
individuals most likely form three genotypic clusters,
however failed to resolve the two lineages at that value
of K. This result could reflect that alleles unique to P.
australiana individuals were filtered out of the variant
SNP dataset used for this analysis. Removing P.
australiana reduced the optimal value of K to two. At
this K value, a large degree of admixture was observed
among populations, supporting the neighbor-joining
phylogeny which failed to clearly resolve clusters for the
majority of P. xylostella individuals (<50% consensus
support). Overall, these findings are consistent with high
levels of gene flow previously reported for Australian
populations of diamondback moth (Endersby et al. 2006).

The frequency of pyrethroid resistance alleles has
previously been documented for Australian P. xylostella
populations collected from 2003-2005 (Endersby et al.
2011). Endersby et al. (2011) reported average resistance
allele frequencies for skdrl (0.139), kdr (0.609) and cdr
(0.305), however considerable spatial variation was
observed. To assess the potential change in frequencies
over time, we re-examined these frequencies from
populations collected between 2012 and 2014 (Table
1,4). The average frequency for skdrl, kdr and cdr were
0.29, 0.51 and 0.27 respectively, which is comparable
between studies for kdr and cdr, however somewhat
higher for skdrl. The stability of these frequencies may
reflect that synthetic pyrethroid insecticides continue to
be widely used to control a range of invertebrate pests in
Australian crops.

CONCLUSION

RAD-Seq is a powerful method for generating SNP
markers for population genetic studies in the
diamondback moth. To aid biological inference, we
recommend that future studies focus on field sampling
design and wherever possible strive to use field-collected
(Fo) populations to adequately represent genetic
diversity.

Acknowledgements

We thank Kevin Powis, Fred Bartholomaeus and Greg
Baker (South Australian Research & Development
Institute) for population samples and meta-data, Claudia
Junge for helpful advice on the analysis, and Eliska
Zlamalova for assistance with PCR genotyping. KDP is
funded by The University of Adelaide and the Grains
Research & Development Corporation (UA00146). SWB
is funded by the Australian Research Council
(DP120100047, FT140101303).

References

Baird NA, Etter PD, Atwood TS, Currey MC, Shiver AL, Lewis
ZA, Selker EU, Cresko WA, and Johnson EA. 2008. Rapid
SNP discovery and genetic mapping using sequenced RAD
markers. Plos One 3.

Baxter SW, Davey JW, Johnston JS, Shelton AM, Heckel DG,
Jiggins CD and Blaxter ML. 2011. Linkage mapping and
comparative genomics using next-generation RAD sequencing
of a non-model organism. Plos One 6.

Bolger AM, Lohse M, and Usadel B. 2014. Trimmomatic: A
flexible trimmer for lllumina Sequence Data. Bioinformatics
30:2114-2120.

Broquet T and Petit EJ. 2009. Molecular estimation of dispersal
for ecology and population genetics. Annual Review of
Ecology, Evolution, and Systematics 40:193-216.

Caprio MA, and Tabashnik BE. 1992. Allozymes used to
estimate gene flow among populations of diamondback moth
(Lepidoptera,  Plutellidae) in  Hawaii.  Environmental
Entomology 21:808-816.

Catchen J, Hohenlohe PA, Bassham S, Amores A and Cresko
WA. 2013. Stacks: an analysis tool set for population
genomics. Molecular Ecology 22:3124-3140.

Chang WXZ, Tabashnik BE, Artelt B, Malvar T, Ballester V, Ferre
J, and Roderick GK. 1997. Mitochondrial DNA sequence
variation among geographic strains of diamondback moth
(Lepidoptera: Plutellidae). Annals of the Entomological Society
of America 90:590-595.

Chapman JW, Reynolds DR, Smith AD, Riley JR, Pedgley DE,
and Woiwod IP. 2002. High-altitude migration of the
diamondback moth Plutella xylostella to the UK: A study using
radar, aerial netting, and ground trapping. Ecological
Entomology 27:641-650.

Chu YI. 1986. The migration of the diamondback moth. In: N.S.
Talekar and T.D. Griggs (Editors), Diamondback Moth
Management. The Asian Vegetable Research and
Development Center, Shanhua, Taiwan, pp. 77-81.

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo
MA, Handsaker RE, Lunter G, Marth GT, Sherry ST, McVean
G, Durbin R and 1000 Genomes Project Analysis Group.
2011. The variant call format and VCFtools. Bioinformatics
27:2156-2158.

Davey JL and Blaxter MW. 2010. RADseq: Next-generation
population genetics. Briefings in Functional Genomics 9:416-
423.

Davey JW, Hohenlohe PA, Etter PD, Boone JQ, Catchen JM,
and Blaxter ML. 2011. Genome-wide genetic marker discovery
and genotyping using next-generation sequencing. Nature
Reviews Genetics 12:499-510.

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR,
Hartl C, Philippakis AA, del Angel G, Rivas MA, Hanna M,
McKenna A, Fennell TJ, Kernytsky AM, Sivachenko AY,


https://doi.org/10.1101/141606
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/141606; this version posted May 24, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Cibulskis K, Gabriel SB, Altshuler D and MJ Daly. 2011. A
framework for variation discovery and genotyping using next-
generation DNA sequencing data. Nature Genetics 43:491-
498.

Dosdall LM, Mason PG, Olfert O, Kaminski L, and Keddie BA.
2004. The origins of infestations of diamondback moth,
Plutella xylostella (L.), in canola in Western Canada. Endersby
NM, Ridland PM, eds. 2004. In: Proceedings of the Fourth
International Workshop on the Management of Diamondback
Moth and Other Crucifer Pests. Melbourne, Australia: The
Regional Inst. pp 95-100.

Dray S, and Dufour AB. 2007. The ade4 package: implementing
the duality diagram for ecologists. Journal of statistical
software 22:1-20.

Dunn 0J. 1961. Multiple comparisons among means. Journal of
the American Statistical Association 56:52-&.

Earl DA, and vonHoldt BM. 2012. STRUCTURE HARVESTER: a
website and program for visualizing STRUCTURE output and
implementing the Evanno method. Conservation Genetics
Resources 4:359-361.

Endersby NM, McKechnie SW, Ridland PM, and Weeks AR.
2006. Microsatellites reveal a lack of structure in Australian
populations of the diamondback moth, Plutella xylostella (L.).
Molecular Ecology 15:107-118.

Endersby NM, Ridland PM, and Hoffmann AA. 2008. The effects
of local selection versus dispersal on insecticide resistance
patterns: Longitudinal evidence from diamondback moth
(Plutella xylostella (Lepidoptera: Plutellidae)) in Australia
evolving resistance to pyrethroids. Bulletin of Entomological
Research 98:145-157.

Endersby NM, Viduka K, Baxter SW, Saw J, Heckel DG, and
McKechnie SW. 2011. Widespread pyrethroid resistance in
Australian diamondback moth, Plutella xylostella (L.), is
related to multiple mutations in the para sodium channel gene.
Bulletin of Entomological Research 101:393-405.

Ersts PJ 2007. Geographic Distance Matrix Generator (version
1.2.3). American Museum of Natural History, Center for
Biodiversity and Conservation.

Evanno G, Regnaut S, and Goudet J. 2005. Detecting the
number of clusters of individuals using the software
STRUCTURE: a simulation study. Molecular Ecology 14:2611-
2620.

Folmer O, Black M, Hoeh W, Lutz R, and Vrijenhoek R. 1994.
DNA primers for amplification of mitochondrial Cytochrome ¢
Oxidase subunit | from diverse metazoan invertebrates.
Molecular Marine Biology and Biotechnology 3:294-299.

Fu X, Xing Z, Liu Z, Ali A, and Wu K. 2014. Migration of
diamondback moth, Plutella xylostella, across the Bohai Sea
in northern China. Crop Protection 64:143-149.

Furlong MJ, Spafford H, Ridland PM, Endersby NM, Edwards
OR, Baker GJ, Keller MA, and Paull CA. 2008. Ecology of
diamondback moth in Australian canola: Landscape
perspectives and the implications for management. Australian
Journal of Experimental Agriculture 48:1494-1505.

Furlong MJ, Wright DJ, and Dosdall LM. 2013. Diamondback
moth ecology and management: Problems, progress, and
prospects. Annual Review of Entomology 58: 517-541.

Glenn TC 2011. Field guide to next-generation DNA sequencers.
Molecular Ecology Resources 11:759-769.

Henniges-Janssen K, Reineke A, Heckel DG, and Groot AT.
2011. Complex inheritance of larval adaptation in Plutella
xylostella to a novel host plant. Heredity 107:421-432.

Jakobsson M, and Rosenberg NA. 2007. CLUMPP: A cluster
matching and permutation program for dealing with label
switching and multimodality in analysis of population structure.
Bioinformatics 23:1801-1806.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M,
Sturrock S, Buxton S, Cooper A, Markowitz S, Duran C,
Thierer T, Ashton B, Meintjes P, and Drummond A. 2012.
Geneious Basic: An integrated and extendable desktop
software platform for the organization and analysis of
sequence data. Bioinformatics 28:1647-1649.

Keenan K, McGinnity P, Cross TF, Crozier WW and Prodohl PA.
2013. diveRsity: an R package for the estimation and
exploration of population genetics parameters and their
associated errors. Methods in Ecology and Evolution 4:782-
788.

Kim I, Bae AS, Lee KS, Kim ES, Lee HS, Ryu KS, Yoon, Jin BR,
Moon BJ and Sohn HD. 2003. Mitochondrial COIl gene
sequence-based population genetic structure of the
diamondback moth, Plutella xylostella, in Korea. Korean
Journal of Genetics 25:155-170.

Kim |, Bae JS, Choi KH, Kim SR, Jin BR, Lee KR and Sohn
HD.2000. Mitochondrial DNA polymorphism and population
genetic structure of diamondback moths, Plutella xylostella
(Lepidoptera: Yponomeutidae), in Korea. Korean Journal of
Entomology 30:21-32.

Kim KS and Sappington TW. 2013. Population genetics
strategies to characterize long-distance dispersal of insects.
Journal of Asia-Pacific Entomology 16:87-97

Kim Y, Kim K, and Kim N. 1999. Genetic difference between two
field populations of Plutella xylostella (L.) based on four
polymorphic allozymes. Journal of Asia-Pacific Entomology
2:1-5.

Landry JF, and Hebert PDN. 2013. Plutella australiana
(Lepidoptera, Plutellidae), an overlooked diamondback moth
revealed by DNA barcodes. Zookeys 327: 43-63.

Leskinen M, Markkula I, Kaistinen J, Pylkko P, Ooperi S, Siljamo
P, Ojanen H, Raiskio S, and Tiilikkala K. 2011. Pest insect
immigration warning by an atmospheric dispersion model,
weather radars and traps. Journal of Applied Entomology
135:55-67.

Li J, Zhao F, Choi YS, Kim |, Sohn HD, and Jin BR. 2006.
Genetic variation in the diamondback moth, Plutella xylostella
(Lepidoptera: Yponomeutidae) in China inferred from
mitochondrial COIl gene sequence. European Journal of
Entomology 103:605-611.

Lischer HEL, and Excoffier L. 2012. PGDSpider: an automated
data conversion tool for connecting population genetics and
genomics programs. Bioinformatics 28:298-299.

Lozier JD. 2014. Revisiting comparisons of genetic diversity in
stable and declining species: assessing genome-wide
polymorphism in North American bumble bees using RAD
sequencing. Molecular Ecology 23:788-801.

Lunter G and M Goodson. 2011. Stampy: a statistical algorithm
for sensitive and fast mapping of lllumina sequence reads.
Genome Research 21:936-939.

Lushai G and Loxdale HD. 2004. Tracking movement in small
insect pests, with special reference to aphid populations.
International Journal of Pest Management 50:307-315.

Mantel N. 1967. The detection of disease clustering and a
generalized regression approach. Cancer research 27:209-
220.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K,
Kernytsky A, Garimella K, Altshuler D, Gabriel S, Daly M and
DePristo  MA. 2010. The Genome Analysis Toolkit: A
MapReduce framework for analyzing next-generation DNA
sequencing data. Genome Research 20:1297-1303.

Mo JH, Baker GJ, Keller MA and Roush R. 2003. Local dispersal
of the diamondback moth (Plutella xylostella (L.))
(Lepidoptera: Plutellidae). Environmental Entomology 32:71-
79.

Nadeau NJ, Martin SH, Kozak KM, Salazar C, Dasmahapatra
KK, Davey JW, Baxter SW, Blaxter ML, Mallet J, and Jiggins
CD. 2013. Genome-wide patterns of divergence and gene flow
across a butterfly radiation. Molecular Ecology 22:814-826.

Narum SR, Buerkle CA, Davey JW, Miller MR and Hohenlohe
PA. 2013. Genotyping-by-sequencing in ecological and
conservation genomics. Molecular Ecology 22:2841-2847.

Niu YQ, Nansen C, Li XW, and Liu TX. 2014. Geographical
variation of Plutella xylostella (Lepidoptera: Plutellidae)
populations revealed by mitochondrial COl gene in China.
Journal of Applied Entomology 138:692-700.

Noran AM, Tang PY. 1996 Allozymic polymorphism among
three populations of Plutella xylostella. In: The Management of
Diamondback Moth and Other Crucifer Pests, Proceedings of
the Third International Workshop, 29 October—-1 November
1996 (eds Sivapragasam A, Loke W, Hussan A, Lim G), pp.
322-325. Malaysian Agricultural Research and Development
Institute, Kuala Lumpur, Malaysia.

Pichon A, Arvanitakis L, Roux O, Kirk AA, Alauzet C, Bordat D
and Legal L. 2006. Genetic differentiation among various
populations of the diamondback moth, Plutella xylostella


https://doi.org/10.1101/141606
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/141606; this version posted May 24, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

(Lepidoptera: ' Yponomeutidae).
Research 96:137-144.

Pritchard JK, Stephens M, and Donnelly P. 2000. Inference of
population structure using multilocus genotype data. Genetics
155:945-959.

R Core Team. 2014. R: A language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, Austria, 2012. ISBN 3-900051-07-0.

Reitzel AM, Herrera S, Layden MJ, Martindale MQ, and Shank
TM. 2013. Going where traditional markers have not gone
before: Utility of and promise for RAD sequencing in marine
invertebrate phylogeography and population genomics.
Molecular Ecology 22:2953-2970.

Roderick GK. 1996. Geographic structure of insect populations:
Gene flow, phylogeography, and their uses. Annual Review of
Entomology 41:325-352.

Rosenberg NA. 2004. DISTRUCT: a program for the graphical
display of population structure. Molecular Ecology Notes
4:137-138.

Rousset, F. 1997. Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics
145:1219-1228.

Rousset, F. 2008. genepop’007: a complete re-implementation of
the genepop software for Windows and Linux. Molecular
Ecology Resources 8:103-106.

Roux O, Gevrey M, Arvanitakis L, Gers C, Bordat D, and Legal L.
2007. ISSR-PCR: Tool for discrimination and genetic structure
analysis of Plutella xylostella populations native to different
geographical areas. Molecular Phylogenetics and Evolution
43:240-250.

Saw J, Endersby NM, and McKechnie SW. 2006. Low mtDNA
diversity among widespread Australian diamondback moth
Plutella xylostella (L.) suggests isolation and a founder effect.
Insect Science 13:365-373.

Slatkin M. 1995. A measure of population subdivision based on
microsatellite allele frequencies. Genetics 139:457-462.

Sun JT, Wang MM, Zhang YK, Chapuis MP, Jiang XY, Hu G,
Yang XM, Ge C, Xue XF and Hong XY. 2015. Evidence for
high dispersal ability and mito-nuclear discordance in the small
brown planthopper, Laodelphax striatellus. Scientific Reports
5.

Tamura K and Nei M 1993. Estimation of the number of
nucleotide substitutions in the control region of mitochondrial-
DNA in humans and chimpanzees. Molecular Biology and
Evolution 10:512-526.

Turelli M, Barton NH and Coyne JA. 2001. Theory and
speciation. Trends in Ecology & Evolution 16:330-343.

Bulletin of Entomological

APPENDIX

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, del Angel
G, Levy-Moonshine A, Jordan T, Shakir K, Roazen D, Thibault
J, Banks E, Garimella KV, Altshuler D, Gabriel S and DePristo
MA. 2013. From FastQ data to high-confidence variant calls:
The Genome Analysis Toolkit Best Practices Pipeline. Current
Protocols in Bioinformatics: 11-10.

Wei SJ., Shi BC, Gong YJ, Jin GH, Chen XX and Meng XF.
2013. Genetic structure and demographic history reveal
migration of the diamondback moth Plutella xylostella
(Lepidoptera: Plutellidae) from the southern to northern
regions of china. Plos One 8: e59654.

Weir BS and Cockerham CC. 1984. Estimating F-statistics for
the analysis of population structure. Evolution 38:1358-1370.

Wright S. 1943. Isolation by distance. Genetics 28:114-138.

Yang J, Tian L, Xu B, Xie W, Wang S, Zhang Y, Wang X and Wu
Q. 2015. Insight into the Migration Routes of Plutella xylostella
in China Using mtCOIl and ISSR Markers. Plos One
10:e0130905.

Yoder M, De Ley IT, King | Wm, Mundo-Ocampo M, Mann J,
Blaxter M, Poiras L and De Ley P. 2006. DESS: a versatile
solution for preserving morphology and extractable DNA of
nematodes. Nematology 8:367-376.

You M, Yue Z, He W, Yang X, Yang G, Xie M, Zhan D, Baxter
SW, Vasseur L, Gurr GM, Douglas CJ, Bai J, Wang P, Cui K,
Huang S, Li X, Zhou Q, Wu Z, Chen Q, Liu C, Wang B, Li X,
Xu X, Lu C, Hu M, Davey JW, Smith SM, Chen M, Xia X, Tang
W, Ke F, Zheng D, Hu Y, Song F, You Y, Ma X, Peng L,
Zheng Y, Liang Y, Chen Y, Yu L, Zhang Y, Liu Y, Li G, Fang
L, Li J, Zhou X, Luo Y, Gou C, Wang J, Wang J, Yang H and J
Wang. 2013. A heterozygous moth genome provides insights
into herbivory and detoxification. Nature Genetics 45:220-225.

Zalucki MP and Furlong MJ. 2005. Forecasting Helicoverpa
populations in Australia: A comparison of regression-based
models and a bio-climatic based modelling approach. Insect
Science 12:45-56.

Zalucki MP, Shabbir A, Silva R, Adamson D, Liu SS and Furlong
MJ. 2012. Estimating the economic cost of one of the world's
major insect pests, Plutella xylostella (Lepidoptera:
Plutellidae): Just how long is a piece of string? Journal of
Economic Entomology 105:1115-1129.

Zraket C, Barth J, Heckel D and Abbott A. 1990. Genetic linkage
mapping with restriction fragment length polymorphisms in the
tobacco budworm, Heliothis virescens. Molecular insect
science (Eds: Hagendorn HH, Hildebrand JG, Kidwell MG,
Law JH) Plenum Press, New York 1990, pp 13-20.

Table 4: Frequency of resistance alleles for three known point mutations in the voltage-gated sodium channel
(Endersby et al. 2011) in nine populations of P. xylostella: super-kdr-like (skdrl), knockdown resistance (kdr),

and crashdown (cdr).

Individuals Resistance allele frequency
Locality Host type genotyped

(skdrl/kdr/cdr) skdrl kdr cdr
Esperance, Western Australia Canola 7/6/8 0.36 0.58 0.06
Nundroo, South Australia Canola 10/10/10 0.20 0.25 0.1
Calca, South Australia Wild host 9/9/9 0.38 0.63 0.31
Picnic Beach, South Australia Wild host 12/9/12 0.33 0.72 0.29
Mallala, South Australia Canola 10/6/10 0.35 0.67 0.05
Virginia, South Australia Vegetables 10/10/10 0.30 0.40 0.60
Glenore Grove, Queensland Vegetables 8/5/8 0.25 0.60 0.19
Mt Sylvia, Queensland Vegetables 8/6/9 0.31 0.83 0.06
Tenthill, Queensland Vegetables 10/10/10 0.30 0.40 0.20
By Host type:
Canola (n. pops = 3) C 27/22/28 0.30 0.45 0.07
Wild hosts (n. pops = 2) W 21/18/21 0.35 0.65 0.30
Vegetables (n. pops = 4) \ 36/31/37 0.29 0.51 0.27

10


https://doi.org/10.1101/141606
http://creativecommons.org/licenses/by-nd/4.0/

