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Abstract

Population genomics is a useful tool to support integrated pest management as it can
elucidate population dynamics, demography, and histories of invasion. Here, we use a
restriction site-associated DNA sequencing approach combined with whole-genome
amplification (WGA) to assess genomic population structure of a newly described
pest of canola, the diminutive canola flower midge, Contarinia brassicola. Clustering
analyses recovered little geographic structure across the main canola production re-
gion but differentiated several geographically disparate populations at edges of the
agricultural zone. Given a lack of alternative hypotheses for this pattern, we suggest
these data support alternative hosts for this species and thus our canola-centric view
of this midge as a pest has limited our understanding of its biology. These results
speak to the need for increased surveying efforts across multiple habitats and other
potential hosts within Brassicaceae to improve both our ecological and evolution-
ary knowledge of this species and contribute to effective management strategies.
We additionally found that use of WGA prior to library preparation was an effective
method for increasing DNA quantity of these small insects prior to restriction site-
associated DNA sequencing and had no discernible impact on genotyping consist-
ency for population genetic analysis; WGA is therefore likely to be tractable for other
similar studies that seek to randomly sample markers across the genome in small

organisms.
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CAMPBELL ET AL.

1 | INTRODUCTION

Population genetics is a powerful tool for integrated pest manage-
ment and informs effective management strategies by elucidating
how genetic diversity, population size, and habitat connectivity influ-
ence population dynamics (Combs et al., 2019; Pélissié et al., 2018;
Rollins et al., 2006; Tiroesele et al., 2014). Genetic assessments of
population dynamics are particularly important when organisms lack
comprehensive historical occurrence records (e.g., Mori et al., 2016)
or are not easily observed in the field, for example, due to their small
size, short life span, or concealed life stages. Population genetics has
traditionally utilized gene sequences or microsatellite data for rela-
tively low numbers of markers. However, next-generation sequenc-
ing (NGS) approaches, particularly those that use restriction enzymes
to digest DNA and ultimately produce large single nucleotide poly-
morphism (SNP) datasets, have recently become widespread. These
approaches can assess hundreds or thousands of markers across the
genome in organisms with no existing genomic resources (Andrews
etal.,2016; Davey & Blaxter, 2010) and often provide a more compre-
hensive representation of population structure compared to one or a
few markers (Dussex et al., 2016; Vendrami et al. 2017). Additionally,
these SNP-based datasets can have multifaceted uses in applied pest
management settings, such as contextualizing migration routes (Liu,
Mori, et al., 2019; Liu, Chen, et al., 2019), providing rapid pathway
analysis tools for recurrently invading pests (Picq et al., 2017, Dupuis
et al., 2019), and improving existing management tools such as sterile
insect technique (Sim et al., 2017).

Despite having many advantages over traditional sequencing
approaches for population genetics, one significant technical short-
coming of these restriction enzyme-based methods is that they
require a higher quality and quantity of input DNA than traditional
gene or microsatellite sequencing (Andrews et al., 2016; Ballare
et al,, 2019). Thus, the use of these techniques in exceptionally
small-bodied organisms, such as many insects, has been limited. The
development of whole-genome amplification (WGA) techniques,
which amplify genomic DNA prior to NGS library preparation and
sequencing, present a possible solution to this problem; however,
few studies have assessed whether WGA is likely to introduce am-
plification biases that may impact genome coverage and genotyping,
particularly in small organisms lacking a reference genome (Lovmar
and Syvanen, 2006; El Sharawy et al., 2012; Ellegaard et al., 2013;
Cruaud et al., 2018).

Flies in the family Cecidomyiidae are typically minute in size, and
many species form galls on host plants (Merritt et al. 2009). Several
species, notably Hessian fly, Mayetiola destructor (Say) and swede
midge, Contarinia nasturtii (Kieffer), are specialist herbivores and se-
rious agricultural pests (Hallett & Heal, 2001; Lamiri et al., 2001; Liu,
Mori, et al., 2019; Liu, Chen, et al., 2019; Schmid et al., 2018), while
others, such asthe aphid midge, Aphidoletes aphidimyza (Rondani), and
leafy spurge gall midge, Spurgia capitigena (Bremi), have been studied
for their potential as biocontrol agents (Boulanger et al., 2018; Lloyd
et al., 2005). There have been several population-level studies of
cecidomyiids (for instance, Skuhrava et al., 1984; Black et al., 1990;
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Lloyd et al., 2005; Redfern & Hunter, 2005; Sato et al. 2020); how-
ever, population genetic assessments have typically been limited to
only a few molecular markers (e.g., allozymes or gene sequences).
While the small size of most cecidomyiids may have initially limited
the utility of genome-wide SNP approaches for population studies,
recently developed WGA techniques may make such genomic as-
sessments of these economically important pest and biocontrol spe-
cies more feasible.

The canola flower midge (CFM), Contarinia brassicola Sinclair, is
a newly discovered cecidomyiid fly from the Canadian prairies that
forms flower galls on canola, Brassica napus L. (Mori et al., 2019).
Canola was initially developed from rapeseed, Brassica rapa L. and
B. napus, in the Canadian provinces of Manitoba and Saskatchewan
in the 1970s and has since increased to become one of the larg-
est oilseed crops in the world due to widespread use as livestock
feed, biofuel, and cooking oil (Barthet, 2016; Canola Council of
Canada, 2020a). Today, the Canadian Prairies produce and export
the largest amount of canola in the world, and the highest levels of
Canadian production occur in the province of Saskatchewan (LMC
International, 2016; Statistics Canada, 2019).

CFM is hypothesized to be native to Canada due to its docu-
mented parasitoid diversity, mitochondrial COI diversity, and rela-
tively large range across the Canadian Prairies (Mori et al., 2019),
although knowledge of its biology is limited by the short history of
its taxonomic recognition. Prior to its description in 2019, the canola
midge pests of the Prairie provinces were erroneously thought to
be the swede midge, C. nasturtii, a morphologically and ecologically
similar congener of CFM that was first detected in North America
in the eastern Canadian province of Ontario in 2000 (Hallett &
Heal, 2001; Canadian Food Inspection Agency 2009). Swede midge
causes significant crop damage in parts of Europe, Asia, and more
recently, as an invasive pest of canola in North America (Chen
et al.,, 2011; Hallett et al., 2007). In 2007 and 2008, swede midge
was first reported from the Canadian Prairies; however, no popula-
tions established and all subsequent specimens were later confirmed
to be an unknown species, which was later described as CFM (Mori
et al.,, 2019; Soroka et al., 2019). To date, there have been no vali-
dated reports of swede midge from the Canadian Prairies and at-
tempts to hybridize the two species in the laboratory have not been
successful (BAM, unpublished).

Like swede midge, CFM appears to be multivoltine. Initial adult
emergence occurs in June and July, during canola bud formation,
with a second generation in August; however, CFM larvae have been
observed in the field throughout the summer and into September,
suggesting that they may produce more than two generations per
year (Andreassen et al., 2018; Chen et al., 2011; Mori et al., 2019;
Soroka et al., 2019). Both adults and larvae are small, up to a few mil-
limeters in length, and larvae feed hidden within developing canola
flower buds. This causes the buds to transform into galls, which then
fail to flower or produce seed (Mori et al., 2019). Due to their feeding
behavior and ability to produce multiple generations per year, CFM is
potentially capable of causing significant impact on Canadian canola

crop yields.
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While several aspects of CFM ecology have been described (Mori
et al., 2019; Soroka et al., 2019), little is known about CFM popula-
tion dynamics. Prior genetic investigation of CFM was restricted to
specimens sampled primarily from Saskatchewan and use of only a
single mitochondrial gene (Mori et al., 2019). There have been no
assessments of CFM population structure at larger geographic or ge-
nomic scales, thus limiting effective monitoring and risk assessment
across the canola-producing region.

Here, we sampled CFM across its known range in order to assess
population genetic structuring using genomic SNPs and a fragment
of the mitochondrial COI gene. We also investigated whether the
use of WGA prior to NGS introduced differences in locus recovery,
SNP genotyping, and estimates of polymorphism that may impact
downstream population genomic analyses. This is the first popula-
tion genetic study of CFM, which presents a data-rich foundation
for continued study and highlights several areas for future research

to improve risk assessment and monitoring efforts for this species.

2 | METHODS

2.1 | CFM surveying, specimen collection, and DNA
extraction

A comprehensive survey for CFM was conducted throughout the
canola-producing regions of Alberta, Saskatchewan, and Manitoba
in 2017 and 2018 (Vankosky et al., in preparation). Surveyors visited
546 fields from the northern limit of canola production to the south-
ern limit of CFM range in Alberta and Saskatchewan. In Manitoba,
the survey was mostly limited to the agricultural extent in the north-
west of the province, with the exception of a single, additional site in
Portage la Prairie. At each site, 100 canola racemes along the edge
of each field were examined. All galled flowers found were collected
and returned to the laboratory in a refrigerated container. In the lab-
oratory, buds were dissected and larvae were placed into individual
2 ml tubes and frozen at -80°C. From all survey results, we sub-
sampled sites for genetic analysis by selecting the sites that had the
highest CFM densities, defined as any location where more than four
larvae were sampled. Our genetic sampling also aimed to maximize
the geographic scope across the range of CFM.

Genomic DNA was extracted from whole specimens sampled
at 16 localities (Table S1) using a QlAamp DNA Micro Kit (Qiagen).
The final DNA concentration of each sample (either with or without
WGA, see below) was standardized to 20 ng/ul for library prepa-
ration following the two-enzyme genotyping-by-sequencing (GBS)
method of Poland et al. (2012).

2.2 | Whole-genome amplification, library
preparation, and sequencing

Given the small body size of CFM and the relatively high amount
of input DNA required for GBS (200 ng per sample), consistently

isolating enough DNA from each specimen was challenging. Recently
developed WGA methods, such as the REPLI-g WGA Mini Kit
(QIAGEN), hold promise for NGS studies of small organisms. The
REPLI-g Mini Kit uses multiple displacement amplification to am-
plify genomic DNA (Cheung & Nelson, 1996), and typical usage can
produce an average product length of 10 kb. These kits advertise
uniform DNA amplification; however, some studies have suggested
that they can introduce amplification biases, impacting genome cov-
erage, and they have also been reported to co-amplify contaminant
DNA (Ellegaard et al., 2013; de Medeiros & Farrell, 2018). Although
a handful of studies have used such WGA kits for NGS of small
organisms (Blair et al., 2015; Cruaud et al., 2018; de Medeiros &
Farrell, 2018; Onyango et al., 2015), only two studies have assessed
the impact of amplification biases in nonpooled samples of individu-
als using restriction enzyme-based SNP genotyping methods, a suite
of techniques that includes GBS. Blair et al. (2015) tested the ef-
fect of WGA on locus recovery and genotyping using relatively high
levels of input DNA (100 ng), per manufacturer's specifications, and
reported essentially no difference in locus recovery or genotyping
between treatments. A similar study using variable quantities of
input DNA (as low as 6 ng) found that genome coverage appeared
to be impacted by sample-specific differences in the amount of DNA
used for WGA (de Medeiros & Farrell, 2018).

To test the effect of WGA on GBS sequencing of small insect sam-
ples, we created GBS libraries with and without WGA for 24 of the
CFM samples collected in 2017 (nh = 48 libraries). Given preliminary
results of these 48 libraries, the remaining 96 CFM samples collected
in 2017 and 2018 underwent WGA prior to library preparation. GBS
library preparation largely followed Poland et al. (2012) and used
Pstl and Mspl restriction enzymes to fragment the DNA; these en-
zymes are commonly used in other insect systems (see, for instance,
Erlandson et al., 2019; Lumley et al., 2019; Picq et al., 2017). Any
modifications to this protocol are detailed in Erlandson et al. (2019).
Paired-end sequencing was conducted in two runs using an lllumina
HiSeq 2500: The 24 individuals used to assess the effect of WGA on
GBS library preparation were pooled and sequenced separately from
the remaining 96 individuals. A 439 basepair region of the mitochon-
drial COI gene was also amplified for each specimen and sequenced
on an ABI 3730xI Sanger sequencer following Mori et al. (2019). All
sequencing (GBS and COI) was conducted at the National Research

Council of Canada Laboratory (Saskatoon, Saskatchewan, Canada).

2.3 | Data processing and Stacks parameter testing

GBS sequence data were demultiplexed on the Cedar cluster hosted
by Compute Canada using the process_radtags module in Stacks
v. 2.3 (Rochette et al.,, 2019). Parameter testing following Paris
et al. (2017) was conducted on the 24 individuals sequenced with
and without the REPLI-g treatment (herein referred to as the “WGA
test dataset”) using the denovo_map.pl script to determine the opti-
mal values of the M and n parameters during subsequent de novo

locus construction and SNP calling. The M parameter controls the
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number of mismatches allowed between stacks in the same indi-
vidual, which represent unique alleles, and the n parameter controls
the number of mismatches in stacks across individuals as they are
merged into loci (Catchen et al., 2011; Rochette et al., 2019). We
tested values between 1 and 9 for both parameters. Lower values
of M and n permit fewer mismatches between stacks and, barring
exceptionally high levels of natural polymorphism, should be more
optimal in regional studies such as this one, where few geographic
barriers exist between populations (Paris et al., 2017).

Following the recommendations in Paris et al. (2017), we addi-
tionally set the m parameter to 3, which controls the minimum allele
depth, and used the r80 principle, a stringent approach to data filter-
ing that retains only loci that are present in 80% of the dataset. When
genomic data are assembled de novo, there is risk of constructing
loci from contaminant DNA, and some studies have reported that
WGA can increase the representation of such contaminants in raw
sequence reads (Ellegaard et al., 2013; de Medeiros & Farrell, 2018).
However, contaminant DNA, if present, is typically unequally dis-
tributed among samples, so using the r80 parameter should reduce
this risk (Paris et al., 2017); de Medeiros and Farrell (2018) found
that a similar stringent filtering approach was effective at removing
such contaminants from their dataset. We assessed the number of
recovered loci, polymorphic loci, and SNPs across each value of M
and n independently for the WGA and non-WGA sequences in the
WGA test dataset to identify any differences in the data that might
be attributed to this treatment prior to GBS library preparation.

For CFM population genomic analyses, we processed all the
WGA sequences from both sequencing runs together (n = 120,
herein referred to as the “population genetic dataset”), specified
a minimum minor allele frequency of 3%, limited the number of
SNPs output per locus to one using the --write_random_snp option
in the populations module of Stacks to reduce genomic linkage, and
removed any individuals with more than 50% missing data. COI se-
quences for the same specimens were aligned and quality checked
following Mori et al. (2019).

2.4 | Population genetic analyses

We conducted hierarchical clusteringanalyses of SNPsforthe 16 sam-
pled localities in the population genetic dataset using principal com-
ponents analysis (PCA) and the program Structure 2.3.4 (Pritchard
et al., 2000). Principal component analyses (PCAs) were conducted
using glPca in adegenet (Jombart, 2008), implemented in R 3.6.1
(R Core Team, 2019), and plotted with ggplot2 (Wickham, 2009).
Structure was set to use the admixture model and correlated allele
frequencies and was run with and without using sampling locations
as a prior (locprior vs. nolocprior). We tested K = 1-20 with 20 inde-
pendent replicates per value of K. Each value of K ran for 400,000
MCMC reps with a burn-in period of 200,000, and we averaged runs
using CLUMPAK v1.1 (Kopelman et al., 2015). Following the recom-
mendations of Janes et al. (2017), we considered multiple metrics

when determining the optimal value of K, including comparison to
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the PCA, LnPr(X|K) (Pritchard et al., 2000), AK (Evanno et al., 2005),
and the statistics proposed by Puechmaille (2016). We calculated the
latter with StructureSelector (Li & Liu, 2017) using a population map
corresponding to collection localities, and a threshold for cluster
placement set to 0.5.

SNP pairwise F.; was calculated in R using StAMPP (Pembleton
et al., 2013) with 1,000 bootstrap permutations and a Benjamini-
Hochberg p-value correction. Expected and observed heterozy-
gosity (H, and H,, respectively) were calculated in dartR (Gruber &
Georges, 2019). Isolation-by-distance (IBD) analysis using Euclidean
distance and a Mantel test with 10,000 permutations was conducted
using the R packages sna (Butts, 2019), geosphere (Hijmans, 2019),
and adegenet (Jombart, 2008). Due to potentially different biolog-
ical scenarios impacting the correlation between genetic and geo-
graphic distance (e.g., a single genetic cline vs. two or more distinct
clines, Maitra et al., 2019; Meirmans, 2012; Teske et al., 2018), the
densities between points were visualized with a kernel density esti-
mation function using the package MASS (Venables & Ripley, 2002).

PopART (Leigh & Bryant, 2015) was used to construct a mini-
mum spanning network of COl haplotypes.

2.5 | GIS mapping

To assess whether population genetic structure corresponded to
landscape or ecological factors, we used QGIS (QGIS Development
Team, 2019) to overlay Canadian canola spatial density and soil zone
data (open.canada.ca) on maps depicting the survey locations and
average genetic clustering output by Structure for the CFM popula-
tion dataset. The canola overlay depicts crop inventory values based
on satellite imagery (averaged between 2009-2018) as rasters that
indicate the level of estimated canola spatial density at each geo-
graphic location; regions of green indicate high canola density, and
regions of pale yellow represent low density. Yearly canola inventory
maps were not available, so we were unable to consider any impact
of temporal changes in regional canola inventory on CFM population
structure. The soil zone overlay depicts the approximate agricultural
extent of the Canadian Prairies and was used to define the northern

boundary of the CFM survey (see survey methods above).

3 | RESULTS
3.1 | CFM surveys

CFM surveys in 2017 and 2018 recovered larvae at 135 of the
547 sites sampled in the northern prairie regions of Manitoba,
Saskatchewan, and Alberta (excluding the Peace River Region)
(Figure 1), albeit in low numbers (<4) at most sites. Areas with posi-
tive larval records broadly corresponded to the black, dark gray, and,
to a lesser extent, dark brown soil zones where canola production is
the highest (Figure 1a,b, Canola Council of Canada, 2020b). These

regions are bordered to the north by parkland or boreal forest, and
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to the south by drier regions where other Brassicaceae crops, such
as mustard, are produced in higher quantities than canola (Diverse
Field Crops Cluster, 2020). All of the midges collected were identi-
fied as CFM; swede midge was not detected at any of the sites sam-

pled for this study.

3.2 | Sequence data characteristics and de novo
locus construction

3.2.1 | WGA test dataset

Samples treated with WGA prior to GBS library preparation had
higher numbers of raw sequence reads relative to the non-WGA

samples; however, this read abundance was not evenly distributed

across individuals (Table S1). The WGA test dataset (24 individuals
sequenced with and without WGA = 48 sublibraries) produced a
total of 445.5 million raw sequence reads; 57.2 million reads were
attributed to the non-WGA-treated sequences and the remaining
388.4 million to the WGA-treated sequences (Appendix S1: Table
A1). After quality filtering, the number of retained reads dropped to
8.7 million and 80.4 million, respectively. Approximately 68% of the
total sequencing reads were discarded during quality filtering due to
adapter contamination, while only 2.2% of the total reads were dis-
carded due to low quality. Across samples, 8 of the 24 samples rep-
resented approximately 80% of the WGA raw sequence reads (min:
21.6 million, max: 70.3 million, mean: 38.9 million, Appendix S1:
Table A2). The remaining 16 samples contained markedly fewer raw
sequencing reads (min: 2.7 million, max: 8.7 million, mean: 4.8 mil-

lion). While the non-WGA samples had a more even distribution of
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raw reads across samples, the same proportion of samples (8 of 24)
still contained the majority (55%) of the non-WGA raw reads (min:
2.9 million, max: 6 million, mean: 3.9 million, Appendix S1: Table A2),
and 5 of these highly sequenced individuals were the same between
treatments.

Next, we assessed the number of invariant loci, polymorphic loci,
and SNPs for each tested value of M and n using the 48 libraries
in the WGA test dataset (24 with WGA and 24 without). Following
Paris et al. (2017), we chose parameter values for M and n that opti-
mized both the number of polymorphic loci and SNPs, and for both
the WGA and non-WGA treatments these values were maximized
at M2n2. In the resulting dataset, we observed large differences in
the number of polymorphic loci, SNPs, and overall read depth be-
tween the two treatments. The non-WGA samples had more than
twice the number of loci and SNPs than the samples treated with
WGA, and the mean depth of coverage in these sequences was ap-
proximately 30% that of the WGA samples (Appendix S1: Table A3).
However, the mean number of SNPs per locus between treatments
(non-WGA = 2.4, WGA = 2.1, Table A3) and values of observed het-
erozygosity (non-WGA = 0.15, WGA = 0.13, Table A3) were sim-
ilar. Additionally, pairwise F¢; calculations between the WGA and
non-WGA sequences for each population were zero (Appendix S1:
Table A4),and a PCA of this dataset clustered libraries by sample, not
WGA treatment (Appendix S1: Figure A1).

3.2.2 | Second sequencing run and population
genetic dataset

The second sequencing run (96 individuals treated with WGA prior
to sequencing) produced a total of 354.9 million sequence reads,

which was reduced to 69.3 million after quality filtering; here, 70.7%

of sequence reads were removed during quality filtering due to
adapter contamination, and 1.1% were discarded due to low quality
(Appendix S1: Table Al). Both the 24 WGA libraries from the WGA
test dataset and these 96 libraries were used to create the popula-
tion genetic dataset; however, 14 individuals containing more than
50% missing data were additionally removed; after filtering, this
dataset contained 106 individuals and 1,702 SNPs (Appendix S1:

Table A3) and was used for all subsequent SNP analyses.

3.3 | SNP population genomic analyses

Results of PCA and Structure were concordant and supported hi-
erarchical population structure within this dataset. In the PCA, the
first and second principal components (PCs) of the 16 localities re-
covered two highly divergent populations from the eastern edge of
the sampled region in Manitoba: Swan River and Portage la Prairie
(Figure 2a). Two Albertan localities on the western edge of our sam-
pling region, Athabasca and Sangudo, were less distinct but the
combined effect of PC 1 and PC 2 clustered them apart from the
remaining 12 central localities. These western and eastern sampling
edges broadly coincide with the boundaries of canola production in
the Canadian Prairies, excluding the Peace River Region of Alberta, a
geographically disparate region in the Boreal Plains northwest of the
rest of the prairies (westernmost cluster of survey points in Figure 1);
we did not recover any CFM larvae from this region in our 2017 or
2018 surveys. Hierarchical PCA omitting the divergent Manitoba
localities (i.e., “14 localities”) separated the two aforementioned
western Alberta localities along PC 1 and PC 2 (Figure 2b). Further
hierarchical PCA omitting the divergent Manitoba and Alberta lo-
calities (i.e., “12 localities”) recovered little additional substructure,

although three localities, Fairy Glen, Preeceville, and Dauphin, had
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some individuals that appeared to be genetically distinct along PC 1
and PC 2 and others that clustered with the remaining central locali-
ties (Figure 2c).

In Structure analyses, the use of sampling location as a prior
(locprior) did not produce substantial differences in cluster assign-
ments when compared to the analyses that did not incorporate this
information (nolocprior); thus, we focus only on the latter here. We
found variable support for an optimal value of K: LnPr(X|K) displayed
only a gradual plateau starting at K = 5 to 7, AK values were gen-
erally low (maximum AK = 21.8) but supported K = 2, 5, 7, and 9,
and the Puechmaille statistics supported K = 5, 6, and 7 (Figure S1).
Visualization of bar charts for all values of K indicated hierarchical
structure that matched the results of the PCA: K =2 and 3 separated
the two easternmost Manitoba localities, and K = 4 separated the
two westernmost Alberta localities. At K = 5 and 6, some individ-
uals from two Saskatchewan localities (Fairy Glen and Preeceville)
formed a distinct cluster, as was observed in the PCA (Figure 2).
Beyond K = 6, there was little meaningful structure and additional
clusters were generally represented by low Q-ratios (all bar charts
presented in Figure S1). Additionally, independent hierarchical
Structure analyses of the large central cluster (12 localities) sup-
ported the same divisions as the K = 6 results (Figure 2d, Figure S1),
further supporting K = 6 as the optimal value of K. Finally, two spec-
imens sampled in Sangudo and Athabasca clustered with the central
population rather than with their collection locality and likely repre-
sent migrants (Figure 2d).

IBD analysis using Euclidean distance and pairwise Fq/(1-
F¢) values for all 16 localities was highly significant (r = .33, p-
value = .004, Figure 3a) and remained significant after removing
the eastern Portage la Prairie and Swan River localities (r? = .26,
p-value = .03, Figure 3b). However, pairwise point densities indi-
cated “islands” of data points rather than a single cline tracking the
regression line as would be expected if genetic divergence increased

linearly with geographic distance. After additionally removing the

PLP and SWR removed

Sangudo and Athabasca localities, IBD analysis of the remaining
12 central localities was not significant (r* = .04, p-value = .38,
Figure 3c), suggesting that the four divergent localities were the pri-
mary drivers of the aforementioned relationships.

Values of expected and observed heterozygosity were moder-
ate and generally similar within each population, except for Swan
River and Portage la Prairie, which both had heterozygote ex-
cess (H, = 0.24, H, =0.16 in both populations, Table 1), and North
Battleford, which had lower observed values of heterozygosity
(H, = 0.14, H, = 0.21). We note however that the North Battleford
population had far higher levels of missing data than the other popu-
lations (average missing data of North Battleford population = 45%;
average missing data across remaining populations = 9%). Pairwise
Fsr values ranged from O to 0.39 (Table 1), and were lower between
the 12 central populations (0-0.17) and higher in comparisons in-
cluding at least one of the four divergent populations (Swan River,
Portage la Prairie, Sangudo, and Athabasca) recovered in the PCA
and Structure analyses (0.13-0.39).

3.4 | COl haplotype mapping and
summary statistics

Due to missing nucleotide (nt) sequence at the 5’ and/or 3’ ends in
20 specimens (min. missing = 7 nt, max. missing = 80 nt, Table S1), we
created a masked dataset using the modal sequence of those miss-
ing regions for each collection locality to ensure haplotype mapping
was not biased by missing data. Two specimens additionally failed
to sequence and were omitted from the COl dataset (final n = 104).
The minimum spanning haplotype network depicted a single large
haplogroup and nine additional smaller haplogroups (Figure 1c).
Central populations (indicated by light blue and pink colors) had
the greatest amount of haplotype diversity; however, overall hap-

lotype variation was low (number of segregating sites = 16, number

SGD and ABA removed
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FIGURE 3

Isolation-by-distance (IBD) analyses of SNPs for the 16 sampled populations in the CFM population dataset. Asterisks

beside the r? values indicate p-values < .05, and kernel density heatmaps behind the points visualize the “islands” of data points driving the
significant results in (a) and (b); after removing these divergent populations, IBD analysis was no longer significant (c). Locality abbreviations

follow Figure 1
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of parsimony-informative sites = 13), and there was no clear spatial
relationship to haplotype variation; except for the Swan River and
Portage la Prairie populations, each population had sequences in
more than one haplogroup. The Swan River and Portage la Prairie
haplotypes were identical and clustered in the large haplogroup with
several specimens collected from central populations and the west-
ern Sangudo population. The Athabasca population was moderately
distinct and clustered mostly in a smaller haplogroup along with a

few other specimens from central populations.

4 | DISCUSSION

4.1 | Population structure of CFM in the Canadian
Prairies

We found little overall geographic structuring related to either can-
ola density or soil zone in the 16 populations included in this study,
although nuclear SNP analyses recovered substantially more popu-
lation structure than COI haplotype analysis (Figure 1). Both PCA
and Structure analyses using SNPs recovered only four markedly di-
vergent populations (Swan River and Portage la Prairie in Manitoba,
and Athabasca and Sangudo in Alberta), located near the edges of
canola production in those regions (Figures 1 and 2). While this may
be indicative of an edge effect (sensu Cook, 1961), other populations
were also sampled near the edges of canola production but were not
genetically distinct. The Portage la Prairie population is a possible
exception to this, as these individuals were sampled from a research
farm (Canada-Manitoba Crop Diversification Centre) located in the
city of Portage la Prairie, and as a result may have reduced oppor-
tunities for gene flow with other CFM populations located on more
rural farmland.

The remaining 12 central populations formed a large genetic clus-
ter spanning eastern Alberta, Saskatchewan, and western Manitoba.
Within this central cluster, Structure analysis indicated two distinct
sources of genetic ancestry that were not clearly related to sam-
pling geography (Figures 1 and 2d), and which was particularly pro-
nounced in the Fairy Glen and Preeceville populations. Pairwise Fq;
was also low between these central populations (Table 1), and IBD
analysis was nonsignificant (Figure 3c) suggesting few geographic
barriers to gene flow. This is consistent with the homogenous land-
scape throughout much of the Canadian Prairies and the high level
of canola inventory in the sampling region of this study (Figure 1a).

COI haplotype diversity was relatively low overall, and the four
divergent populations in the SNP-based analyses were not distinct
for COI. These results are consistent with contemporary, wide-
spread gene flow facilitated by large-scale canola production in the
Canadian Prairies. It is possible that differences in recovered popu-
lation structure between SNPs and COI are due to temporal differ-
ences in habitat connectivity resulting from year-over-year changes
in canola inventory, and/or changes in effective population sizes of
CFM due to regional and temporal differences in insecticide use. The

COl gene represents only a single haploid marker, and if our sampling

coincided with a period of greater effective population size and con-
nectivity, we may expect to have less population structure in one
or a few markers compared to thousands of diploid nuclear SNPs
(Dussex et al., 2016; Liu, Mori, et al., 2019; Liu, Chen, et al., 2019).
Data for historical year-over-year canola inventory production num-
bers or insecticide spray records are unavailable over this broad geo-
graphic range, so we cannot test this hypothesis at this point in time.

4.2 | Canola myopia

This study provides a much-needed foundation for understanding
the population genetics and demography of CFM. However, we still
know little about the historical ecology and evolution of this species,
or whether CFM is likely to be a significant risk to canola production
in North America. Notably, the hypothesis that CFM is native, based
on its widespread distribution as well as its mitochondrial DNA and
parasitoid diversity (Mori et al., 2019), remains speculative. The dis-
junct distributions of highly differentiated population genetic units
in canola-producing regions may provide additional evidence for this
speculation and lines of reasoning for future research.

Our surveying and sampling were limited to canola production
regions across the Prairie provinces. Given the short history of wide-
spread canola production in Canada (ca. 40 years), if CFM is native
then it must have some native (and/or naturalized) hosts within or
outside of this geographic region. Alternative host associations have
yet to be thoroughly evaluated for this species, although CFM lar-
vae and galls were found on mustard (Brassica juncea va. Centennial
Brown) grown in a small plot on an AAFC research farm in Melfort,
Saskatchewan (BAM, unpublished). This locality is outside of the
typical mustard growing region of southwestern Saskatchewan
and inside the primary distribution of CFM. If alternative hosts do
exist for this species, our canola-centric sampling may have anthro-
pogenically biased our assessments of population structure in two
ways: (1) these geographically disparate, differentiated populations
at the edge of the canola production region may represent bleed-
over genetic structure from an alternative and more geographically
widespread host range, and (2) the lack of strong differentiation in
the majority of our central localities may reflect a relatively recent
bottleneck onto the anthropogenic host.

Saskatchewan and parts of southwestern Manitoba were the first
regions to cultivate canola in Canada and account for the majority
of canola yield worldwide (Barthet, 2016; Statistics Canada, 2019).
The first confirmed observations of CFM were also from this region
(Soroka et al., 2019). If CFM is native, as hypothesized, it is possible
that the lack of population structure recovered in the central locali-
ties is reflective of a recent population expansion in this region after a
host switch event that likely occurred shortly after canola was estab-
lished in the Canadian Prairies. Furthermore, due to our canola-cen-
tric sampling, our current assessment of population structure may
suffer from the presence of unsampled “ghost populations” (sensu
Beerli, 2004) present on alternative hosts both within and outside

of the canola production region. This may at least partially explain
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the genetic distinctiveness of the Sangudo, Athabasca, Portage la
Prairie, and Swan River populations relative to each other and to
other, nearby populations, as well as the substructure recovered in
our clustering analyses (Figures 1 and 2) and the ambiguous support
for an optimal value of K in Structure analyses (Figure S1); failing to
sample ghost populations can decrease confidence in population as-
signments of sampled individuals (Beerli, 2004; Slatkin, 2004). This
is largely supposition at this point; however, given the lack of alter-
native hypotheses to explain the disjunct pattern of highly differen-
tiated populations at the edges of the canola production region, we

believe it deserves additional scrutiny and research effort.

4.3 | Whole-genome amplification and GBS
sequencing performance

We observed differences in sequencing coverage between treat-
ments in the WGA test dataset that may be attributed to multiple fac-
tors. Five of the eight most highly sequenced samples were the same
between the WGA and non-WGA treatments, so those specimens
may have had higher initial molecular weight DNA compared to the
other 16 individuals, which could result in more sequence tags being
cut and amplified (Andrews et al., 2016). However, this does not suf-
ficiently explain the overall greater number of sequence reads attrib-
uted to the WGA samples. Perhaps most significantly, we observed a
high level of adapter contamination in both sequencing runs, regard-
less of WGA treatment. This is generally the result of input DNA frag-
ments being shorter than the 150 bp sequencing length, thus leading
to adapter sequence integration into the 3' ends of the sequencing
reads and subsequent sequencing of these regions (lllumina, 2020).
Bioanalyzer results for the WGA test and population genetic datasets
confirmed that a high proportion of short insert fragment lengths
were present in our final libraries (shorter than 150 bp excluding se-
quencing adapters, results not shown). Despite this, after processing
the retained sequence reads using Stacks, we were successful in as-
sembling a moderate number of loci with sufficient read depth for
population genomic analyses (Appendix S1: Table A3). Thus, while
a greater number of useable sequencing reads would have likely in-
creased the overall number and depth of retained loci, this contami-
nation does not appear to have compromised the study, analytically.

Our results also indicate a trade-off between sequencing cov-
erage and read depth when using WGA prior to GBS (Appendix S1:
Table A3). This is concordant with the findings of de Medeiros and
Farrell (2018), who found that samples with less input DNA were
more prone to reduced genome coverage after sequencing. Our re-
sults differ from those of Blair et al. (2015) and Cruaud et al. (2018),
who both found negligible differences in genome coverage and
sequencing depth when comparing WGA and non-WGA samples.
However, we note that Blair et al. (2015) used much higher quan-
tities of input DNA for WGA than our study system permitted, and
Cruaud et al. (2018) pooled individuals so they were unable to make
the same individual comparisons presented here and in de Medeiros
and Farrell (2018).
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Reported differences in sequencing depth between treatments
did not appear to impact de novo locus construction and SNP calling
in the WGA test dataset, which was consistent with other studies
(Blair et al., 2015; Cruaud et al., 2018; de Medeiros & Farrell, 2018).
Pairwise Fy; comparisons, observed heterozygosity, and PCA indi-
cated little difference in genotyping between treatments when they
were filtered together (Appendix S1: Table A3, A4; Figure A1l). Our
results suggest that, despite the potential for unequal amplification
of genomic DNA by WGA, this approach is not likely to produce sig-
nificant biases that impact downstream de novo SNP calling, pro-
vided that read depth is sufficient. Therefore, we suggest that the
benefits of WGA (namely, facilitating the use of single specimens
of small species for NGS) in studies that seek to randomly sample
markers across the genome outweigh the potential shortcoming of

reduced genome coverage.

5 | CONCLUSIONS

Here, we present the first genetic assessment of population struc-
ture for CFM and additionally used WGA to generate GBS libraries
from these small insects. Although we found some impact of WGA
on the resulting raw sequence data, there was no appreciable impact
on filtered datasets and subsequent population genomic analyses.

Overall, the GBS dataset recovered little population structure
across the majority of the sampled CFM populations, although much
more so than the comparable mitochondrial dataset. The only strongly
differentiated populations were geographically disparate and located
at the edges of the canola production region. Given a lack of alterna-
tive explanations for this pattern, we expounded on the hypothesis
that CFM is a native species that has unrecognized hosts both within
and outside of the main agricultural zone, which is where research on
this newly described species has focused thus far. Therefore, it will be
vital to increase survey efforts to other Brassicaceae both within and
outside canola production regions in future studies.

Expanded surveying to include more diverse potential habitats
will provide important information about the range and host pref-
erences of this species and facilitate comparisons of regional or
host-associated population densities that may inform CFM risk as-
sessments and monitoring. Temporal sampling throughout the grow-
ing season will also help to clarify the number of generations that
CFM can produce each year and elucidate the ecological and popula-
tion dynamics of early versus late generations. Finally, if our hypoth-
esis of alternative hosts is substantiated, CFM may provide a unique
model system for studying the consequences of a contemporary
host shift onto a major commercial crop species, thus informing both
the evolution of insect-plant relationships and impacts on pest man-
agement (Bernal et al., 2019; Bernal & Medina, 2018; Chen, 2016).

ACKNOWLEDGMENTS
We would like to thank members of Agriculture and Agri-Food
Canada, Canola Council of Canada, and Alberta Agriculture and

Forestry, in particular Scott Meers and Shelley Barkley, for their



CAMPBELL ET AL.

13294 WI LEY_ECObgy and Evolution

Open Access,

help in collecting larval samples. We thank two anonymous re-
viewers for comments on an earlier version of this manuscript. This
study contains information licensed under version 2.0 of the Open
Government License—Canada. We also wish to recognize com-
putational support provided by WestGrid (www.westgrid.ca) and
Compute Canada (www.computecanada.ca). Research funding was
provided by the Alberta Canola Producers Commission (Alberta
Canola) and the Saskatchewan Canola Development Commission
(SaskCanola) as part of the Canola Agronomic Research Program
(CARP Grant 2017.12) to MAV and BAM, and the University of
Alberta to BAM. The research was further supported by an NSERC-
Industrial Research Chair (Grant 545088) to BAM with the Alberta
Wheat Commission, Alberta Pulse Growers Commission, Alberta
Barley Commission, and Alberta Canola as the industrial sponsors.

CONFLICT OF INTERESTS

None declared.

AUTHOR CONTRIBUTION

Erin O. Campbell: Data curation (lead); Formal analysis (equal);
Investigation (equal); Writing-original draft (lead); Writing-review &
editing (equal). Julian R. Dupuis: Formal analysis (equal); Investigation
(equal); Writing-original draft (supporting); Writing-review & editing
(equal). Jennifer Holowachuk: Investigation (equal); Methodology
(equal); Writing-review & editing (supporting). Shane Hladun:
Investigation (equal); Methodology (equal); Writing-review & edit-
ing (supporting). Meghan A. Vankosky: Conceptualization (equal);
Funding acquisition (equal); Investigation (equal); Methodology
(equal); Writing-review & editing (supporting). Boyd A. Mori:
Conceptualization (equal); Formal analysis (equal); Funding acquisi-
tion (equal); Investigation (equal); Methodology (equal); Writing-
original draft (supporting); Writing-review & editing (equal).

DATA AVAILABILITY STATEMENT

Raw, demultiplexed GBS sequencing files are available on NCBI
SRA under BioProject PRINA656320, accession IDs SRX8961930-
SRX8692062, and mitochondrial DNA sequences are available on
GenBank, accession IDs MT554712-MT554815.

ORCID

Erin O. Campbell https://orcid.org/0000-0001-8546-0636

REFERENCES

Andreassen, L., Soroka, J., Grenkow, L., Olfert, O., & Hallett, R. (2018).
Midge (Diptera: Cecidomyiidae) injury to Brassicaceae in field trials
in northeastern Saskatchewan, Canada. The Canadian Entomologist,
150, 637-651.

Andrews, K. R., Good, J. M., Miller, M. R,, Luikart, G., & Hohenlohe, P.
(2016). Harnessing the power of RADseq for ecological and evolu-
tionary genetics. Nature Reviews Genetics, 17, 81-92.

Ballare, K. M., Pope, N. S,, Castilla, A. R., Cusser, S., Metz, R. P., & Jha,
S. (2019). Utilizing field collected insects for next generation se-
quencing: Effects of sampling, storage, and DNA extraction meth-
ods. Ecology and Evolution, 9, 13690-13705. https://doi.org/10.1002/
ece3.5756

Barthet, J. J. (2016). Canola: Overview. In C. W. Wrigley, H. Corke, K.
Seetharaman, & J. Faubion (Eds.), Encyclopedia of food grains (2nd ed.,
pp. 237-241). Academic Press.

Beerli, P. (2004). Effect of unsampled populations on the estimation of
population sizes and migration rates between sampled populations.
Molecular Ecology, 13, 827-836.

Bernal, J. S., Davila-Flores, A. M., Medina, R. F., Chen, Y. H., Harrison, K.
E., & Berrier, K. A. (2019). Did maize domestication and early spread
mediate the population genetics of corn leafhopper? Insect Science,
26, 569-586.

Bernal, J. S., & Medina, R. F. (2018). Agriculture sows pests: How crop do-
mestication, host shifts, and agricultural intensification can create in-
sect pests from herbivores. Current Opinion in Insect Science, 26, 76-81.

Black, W. C. IV, Hatchett, J. H., & Krchma, L. J. (1990). Allozyme variation
among populations of the Hessian fly (Mayetiola destructor) in the
United States. Journal of Heredity, 81, 331-337.

Blair, C., Campbell, C. R., & Yoder, A. D. (2015). Assessing the utility of
whole genome amplified DNA for next-generation molecular ecol-
ogy. Molecular Ecology Resources, 15, 1079-1090.

Boulanger, F.-X., Jandricic, S., Bolckmans, K., Wackers, F., & Pekas, A.
(2018). Optimizing aphid biocontrol with the predator Aphidoletes
aphidimyza, based on biology and ecology. Pest Management Science,
75, 1479-1493.

Butts, C. T. (2019). sna: Tools for social network analysis. R package version
2.5. https://CRAN.R-project.org/package=sna

Canadian Food Inspection Agency (2009). Review of the pest status of
the swede midge (Contarinia nasturtii) in Canada. https://www.inspe
ction.gc.ca/plant-health/plant-pests-invasive-species/directives/
pest-risk-management/rmd-08-03/eng/1304794114305/13048
22057238

Canola Council of Canada (2020a). What is Canola?. https://www.canol
acouncil.org/oil-and-meal/what-is-canola/

Canola Council of Canada (2020b). Effects of soil characteristics. https://
www.canolacouncil.org/canola-encyclopedia/field-characteristics/
effects-of-soil-characteristics/

Catchen, J. M., Amores, A., Hohenlohe, P., Cresko, W., & Postlethwait, J.
H. (2011). Stacks: Building and genotyping loci de novo from short-
read sequences. G3: Genes, Genomes, Genetics, 1, 171-182.

Chen, M., Shelton, A. M., Hallett, R. H., Hoepting, C. A., Kikkert, J. R., &
Wang, P. (2011). Swede midge (Diptera: Cecidomyiidae), ten years
of invasion of crucifer crops in North America. Journal of Economic
Entomology, 104, 709-716.

Chen, Y. H. (2016). Crop domestication, global human-mediated migra-
tion, and the unresolved role of geography in pest control. Elementa:
Science of the Anthropocene, 4, 106.

Cheung, V. G., & Nelson, S. F. (1996). Whole genome amplification using
a degenerate oligonucleotide primer allows hundreds of genotypes
to be performed on less than one nanogram of genomic DNA.
Proceedings of the National Academy of Sciences of the United States of
America, 93, 14676-14679.

Cluster, D. F. C. (2020). Mustard. https://www.dfcc.ca/mustard

Combs, M., Byers, K., Himsworth, C., & Munshi-South, J. (2019).
Harnessing population genetics for pest management: Theory and
application for urban rats. Human-Wildlife Interactions, 13, 250-263.

Cook, L. M. (1961). The edge effect in population genetics. The American
Naturalist, 95, 295-307. https://doi.org/10.1086/282190

Cruaud, A., Groussier, G., Genson, G., Sauné, L., Polaszek, A., & Rasplus,
J.-Y. (2018). Pushing the limits of whole genome amplification:
Successful sequencing of RADseq library from a single microhy-
menopteran (Chalcidoidea, Trichogramma). Peer), 6, e5640.

Davey, J. W., & Blaxter, M. L. (2010). RADseq: Next generation popula-
tion genetics. Briefings in Functional Genomics, 9, 416-423.

de Medeiros, B. A. S., & Farrell, B. D. (2018). Whole genome amplification
in double-digest RADseq results in adequate libraries but fewer se-
quenced loci. PeerJ, 6, e5089.


http://www.westgrid.ca
http://www.computecanada.ca
https://orcid.org/0000-0001-8546-0636
https://orcid.org/0000-0001-8546-0636
https://doi.org/10.1002/ece3.5756
https://doi.org/10.1002/ece3.5756
https://CRAN.R-project.org/package=sna
https://www.inspection.gc.ca/plant-health/plant-pests-invasive-species/directives/pest-risk-management/rmd-08-03/eng/1304794114305/1304822057238
https://www.inspection.gc.ca/plant-health/plant-pests-invasive-species/directives/pest-risk-management/rmd-08-03/eng/1304794114305/1304822057238
https://www.inspection.gc.ca/plant-health/plant-pests-invasive-species/directives/pest-risk-management/rmd-08-03/eng/1304794114305/1304822057238
https://www.inspection.gc.ca/plant-health/plant-pests-invasive-species/directives/pest-risk-management/rmd-08-03/eng/1304794114305/1304822057238
https://www.canolacouncil.org/oil-and-meal/what-is-canola/
https://www.canolacouncil.org/oil-and-meal/what-is-canola/
https://www.canolacouncil.org/canola-encyclopedia/field-characteristics/effects-of-soil-characteristics/
https://www.canolacouncil.org/canola-encyclopedia/field-characteristics/effects-of-soil-characteristics/
https://www.canolacouncil.org/canola-encyclopedia/field-characteristics/effects-of-soil-characteristics/
https://www.dfcc.ca/mustard
https://doi.org/10.1086/282190

CAMPBELL ET AL.

Dupuis, J. R. D., Ruiz-Arce, R., Barr, N. B., Thomas, D. B., & Geib, S.
M. (2019). Range-wide population genomics of the Mexican fruit
fly: Toward development of pathway analysis tools. Evolutionary
Applications, 12, 1641-1660.

Dussex, N., Chuah, A., & Waters, J. M. (2016). Genome-wide SNPs reveal
fine-scale differentiation among wingless stonefly. Evolution, 70, 38-47.

El Sharawy, A., Warner, J., Olson, J., Forster, M., Schilhabel, M. B., Link, D.
R., Rose-John, S., Schreiber, S., Rosenstiel, P., Brayer, J., & Franke, A.
(2012). Accurate variant detection across non-amplified and whole
genome amplified DNA using targeted next generation sequencing.
BMC Genomics, 13, 500. https://doi.org/10.1186/1471-2164-13-500

Ellegaard, K. M., Klasson, L., & Andersson, S. G. E. (2013). Testing the
reproducibility of multiple displacement amplification on genomes of
clonal endosymbiont populations. PLoS One, 8, e82319.

Erlandson, M. A., Mori, B. A., Coutu, C., Holowachuk, J., Olfert, O. O.,
Gariepy, T. D., & Hegedus, D. D. (2019). Examining population struc-
ture of a bertha armyworm, Mamestra configurata (Lepidoptera:
Noctuidae), outbreak in western North America: Implications for
gene flow and dispersal. PLoS One, 14, e0218993. https://doi.
org/10.1371/journal.pone.0218993

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the num-
ber of clusters of individuals using the software STRUCTURE: A
simulation study. Molecular Ecology, 14, 2611-2620. https://doi.
org/10.1111/j.1365-294X.2005.02553.x

Gruber, B., & Georges, A. (2019). dartR: Importing and analyzing SNP and
silicodart data generated by genome-wide restriction fragment anal-
ysis. R package version 1.1.11. https://CRAN.R-project.org/packa
ge=dartR

Hallett, R. H., Goodfellow, S. A., & Heal, J. D. (2007). Monitoring and de-
tection of the swede midge (Diptera: Cecidomyiidae). The Canadian
Entomologist, 139, 700-712.

Hallett, R. H., & Heal, J. D. (2001). First Nearctic record of the swede
midge (Diptera: Cecidomyiidae), a pest of cruciferous crops from
Europe. The Canadian Entomologist, 133, 713-715.

Hijmans, R. J. (2019). geosphere: Spherical trigonometry. R package version
1.5-10. https://CRAN.R-porject.org/package=geosphere

Illumina (2020). Adapter trimming: Why are adapter sequences trimmed
from only the 3’ ends of reads?. https://support.illumina.com/bulle
tins/2016/04/adapter-trimming-why-are-adapter-sequences-trimm
ed-from-only-the-ends-of-reads.html

Janes, J. K., Miller, J. M., Dupuis, J. R., Malenfant, R. M., Gorrell, J.
C., Cullingham, C. I, & Andrew, R. L. (2017). The K = 2 conun-
drum. Molecular Ecology, 26, 3594-3602. https://doi.org/10.1111/
mec.14187

Jombart, T. (2008). adegenet: A R package for the multivariate analysis of
genetic markers. Bioinformatics, 24, 1403-1405.

Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A., &
Mayrose, |. (2015). Clumpak: A program for identifying clus-
tering modes and packaging population structure inferences
across K. Molecular Ecology Resources, 15, 1179-1191. https://doi.
org/10.1111/1755-0998.12387

Lamiri, A., Lhaloui, S., Benjilali, B., & Berrada, M. (2001). Insecticidal ef-
fects of essential oils against Hessian fly, Mayetiola destructor (Say).
Field Crops Research, 71, 9-15.

Leigh, J. W., & Bryant, D. (2015). PopART: Full-feature software for hap-
lotype network construction. Methods in Ecology and Evolution, 6,
1110-1116.

Li, Y. L., & Liu, J. X. (2017). StructureSelector: A web-based software to
select and visualize the optimal number of clusters using multiple
methods. Molecular Ecology Resources, 18(1), 176-177. https://doi.
org/10.1111/1755-0998.12719

Liu, J., Mori, B. A, Olfert, O., & Hallett, R. H. (2019). Determining tem-
perature-dependent development and mortality parameters of
the swede midge (Diptera: Cecidomyiidae). Journal of Economic
Entomology, 112, 1665-1675.

Ecology and Evolution . Jﬁ
9 e~ WILEY

Open Access,

Liu, Y., Chen, L., Duan, X.-Z., Zhao, D.-S., Sun, J.-T., & Hong, X.-Y. (2019).
Genome-wide single nucleotide polymorphisms are robust in re-
solving fine-scale population genetic structure of the small brown
planthopper, Laodelphax striatellus (Fallén) (Hemiptera: Delphacidae).
Journal of Economic Entomology, 112, 2362-2368. https://doi.
org/10.1093/jee/toz145

Lloyd, C. J., Hufbauer, R. A., Jackson, A., Nissen, S. J., & Norton, A. P.
(2005). Pre-and post-introduction patterns n neutral genetic diver-
sity in the leafy spurge gall midge, Spurgia capitigena (Bremi) (Diptera:
Cecidomyiidae). Biological Control, 33, 153-164.

LMC International (2016). The economic impact of canola on the Canadian
economy. Report for the Canola Council of Canada, Winnipeg, Canada,
December 2016. LMC International. https://www.canolacouncil.org/
markets-stats/industry-overview/economic-impact-of-the-canol
a-industry/

Lovmar, L., & Syvénen, A.-C. (2006). Multiple displacement amplification
to create a long-lasting source of DNA for genetic studies. Human
Mutation, 27, 603-614.

Lumley, L. M., Pouliot, E., Laroche, J., Boyle, B., Brunet, B. M. T., Levesque,
R. C., Sperling, F. A. H., & Cusson, M. (2019). Continent-wide popula-
tion genomic structure and phylogeography of North America’s most
destructive conifer defoliator, the spruce budworm (Choristoneura
fumiferana). Ecology and Evolution, 10, 914-927.

Maitra, A., Cunha-Machado, A. S., de Souza Leandro, A., Medeiros da
Costa, F., & Scarpassa, V. M. (2019). Exploring deeper genetic struc-
tures: Aedes aegypti in Brazil. Acta Tropica, 195, 68-77.

Meirmans, P. G. (2012). The trouble with isolation by distance. Molecular
Ecology, 21, 2839-2846.

Merritt, R. W., Courtney, G. W., & Keiper, J. B. (2009). Diptera (Flies,
Mosquitoes, Midges, Gnats). In V. H. Resh, & R. T. Cardé (Eds.)
Encyclopedia of insects (2nd ed., pp. 292). Academic Press.

Mori, B. A., Andreassen, L., Heal, J. D., Dupuis, J. R., Soroka, J. J., &
Sinclair, B. J. (2019). A new species of Contarinia Rondani (Diptera:
Cecidomyiidae) that induces flower galls on canola (Brassicaceae) in
the Canadian prairies. The Canadian Entomologist, 151, 131-148.

Mori, B. A., Davis, C. S., & Evenden, M. L. (2016). Genetic diversity and
population structure identify the potential source of the invasive red
clover casebearer moth, Coleophora deauratella, in North America.
Biological Invasions, 18, 3595-3609. https://doi.org/10.1007/s1053
0-016-1250-y

Onyango, M. G., Beebe, N. W., Gopurenko, D., Bellis, G., Nicholas, A.,
Ogugo, M., Djikeng, A., Kemp, S., Walker, P. J., & Duchemin, J.-B.
(2015). Assessment of population genetic structure in the arbovi-
rus vector midge, Culicoides brevitarsis (Diptera: Ceratopogonidae),
using multi-locus DNA microsatellites. Veterinary Research, 46, 108.
https://doi.org/10.1186/s13567-015-0250-8

Paris, J. P, Stevens, J. R., & Catchen, J. M. (2017). Lost in parameter
space: A road map for STACKS. Methods in Ecology and Evolution, 8,
1360-1373.

Pélissié, B., Crossley, M. S., Cohen, Z. P., & Schoville, S. D. (2018). Rapid
evolution in insect pests: The importance of space and time in pop-
ulation genomics studies. Current Opinion in Insect Science, 28, 8-16.

Pembleton, L. W., Cogan, N. O. I., & Forster, J. W. (2013). StAMPP: An
R package for calculation of genetic differentiation and structure
of mixed-ploidy level populations. Molecular Ecology Resources, 13,
946-952.

Picq, S., Keena, M., Havill, N., Stewart, D., Pouliot, E., Boyle, B., Levesque,
R. C., Hamelin, R. C., & Cusson, M. (2017). Assessing the potential of
genotyping-by-sequencing (GBS)-derived SNPs to identify the geo-
graphic origins of intercepted gypsy moth (Lymantria dispar) specimens:
A proof-of-concept study. Evolutionary Applications, 11, 325-339.

Poland, J. A., Brown, P. J., Sorrells, M. E., & Jannink, J. (2012).
Development of high-density genetic maps for barley and wheat
using a novel two-enzyme genotyping-by-sequencing approach.
PLoS One, 7,e32253.


https://doi.org/10.1186/1471-2164-13-500
https://doi.org/10.1371/journal.pone.0218993
https://doi.org/10.1371/journal.pone.0218993
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://CRAN.R-project.org/package=dartR
https://CRAN.R-project.org/package=dartR
https://CRAN.R-porject.org/package=geosphere
https://support.illumina.com/bulletins/2016/04/adapter-trimming-why-are-adapter-sequences-trimmed-from-only-the 13ends-of-reads.html
https://support.illumina.com/bulletins/2016/04/adapter-trimming-why-are-adapter-sequences-trimmed-from-only-the 13ends-of-reads.html
https://support.illumina.com/bulletins/2016/04/adapter-trimming-why-are-adapter-sequences-trimmed-from-only-the 13ends-of-reads.html
https://doi.org/10.1111/mec.14187
https://doi.org/10.1111/mec.14187
https://doi.org/10.1111/1755-0998.12387
https://doi.org/10.1111/1755-0998.12387
https://doi.org/10.1111/1755-0998.12719
https://doi.org/10.1111/1755-0998.12719
https://doi.org/10.1093/jee/toz145
https://doi.org/10.1093/jee/toz145
https://www.canolacouncil.org/markets-stats/industry-overview/economic-impact-of-the-canola-industry/
https://www.canolacouncil.org/markets-stats/industry-overview/economic-impact-of-the-canola-industry/
https://www.canolacouncil.org/markets-stats/industry-overview/economic-impact-of-the-canola-industry/
https://doi.org/10.1007/s10530-016-1250-y
https://doi.org/10.1007/s10530-016-1250-y
https://doi.org/10.1186/s13567-015-0250-8

CAMPBELL ET AL.

13296 WI LEY_ECObe and Evolution

Open Access,

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of pop-
ulation structure using multilocus genotype data. Genetics, 155,
945-959.

Puechmaille, S. J. (2016). The program structure does not reli-
ably recover the correct population structure when sampling
is uneven: Subsampling and new estimators alleviate the prob-
lem. Molecular Ecology Resources, 16, 608-627. https://doi.
org/10.1111/1755-0998.12512

QGIS Development Team (2019). QGIS geographic information system.
Open Source Geospatial Foundation Project. http://qgis.osgeo.org

R Core Team (2019). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Redfern, M., & Hunter, M. D. (2005). Time tells: Long-term patterns
in the population dynamics of the yew gall midge, Taxomyia taxi
(Cediomyiidae), over 35 years. Ecological Entomology, 30, 86-95.

REPLI-g Mini Kit product details (2020). https://www.giagen.com/ca/
products/next-generation-sequencing/single-cell-low-input/repli-g/
repli-g-mini-kit/#orderinginformation

Rochette, N. C., Rivera-Colon, A. G., & Catchen, J. M. (2019). Stacks 2:
Analytical methods for paired-end sequencing improve RADseq-
based population genomics. Molecular Ecology, 28, 4737-4754.

Rollins, L. A., Woolnough, A. P., & Sherwin, W. B. (2006). Population
genetic tools for pest management: A review. Wildlife Research, 33,
251-261.

Sato, S., Harris, K. M., Collet, D. M., Kim, W., & Yukawa, J. (2020). Genetic
variation in intraspecific populations of Rabdophaga rosaria (Diptera:
Cecidomyiidae) indicating possible diversification scenarios into sib-
ling species along with host range expansion on willows (Salicaceae:
Salix). Zoological Journal of the Linnean Society, 189(4), 1426-1437,
https://doi.org/10.1093/zoolinnean/zIz179

Schmid, R. B., Knutson, A., Giles, K. L., & McCornack, B. P. (2018).
Hessian fly (Diptera: Cecidomyiidae) biology and management in
wheat. Journal of Integrated Pest Management, 9, 1-12.

Sim, S. B., Ruiz-Arce, R., Barr, N. B, & Geib, S. M. (2017). A new diagnos-
tic resource for Ceratitis capitata strain identification based on QTL
mapping. G3, Genes, Genomes, Genetics, 7, 3637-3647.

Skuhrava, M., Skuhravy, V., & Brewer, J. W. (1984). The distribution and
long-term changes in population dynamics of gall midges on cereals
in Europe (Cecidomyiidae, Diptera). Cecidologia Internationale, 5, 1-7.

Slatkin, M. (2004). Seeing ghosts: The effect of unsampled populations
on migration rates estimated for sampled populations. Molecular
Ecology, 14, 67-73.

Soroka, J., Grenkow, L., Mori, B., & Andreassen, L. (2019). Injury by
Contarinia (Diptera: Cecidomyiidae) to early-seeded and late-seeded
canola in northeastern Saskatchewan, Canada, and assessment of
seed treatments for midge control. The Canadian Entomologist, 151,
219-235. https://doi.org/10.4039/tce.2018.68

Statistics Canada (2019). Production of principal field crops, November
2019.  https://www150.statcan.gc.ca/n1/daily-quotidien/191206/
dq191206b-eng.htm

Teske, P. R, Golla, T. R., Sandoval-Castillo, J., Emami-Khoyi, A., van der
Lingen, C. D., von der Heyden, S., Chiazzari, B., van Vuuren, B. J., &
Beheregaray, L. B. (2018). Mitochondrial DNA is unsuitable to test
for isolation by distance. Scientific Reports, 8, 8448.

Tiroesele, B., Skoda, S. R., Hunt, T. E., Lee, D. J., Molina-Ochoa, J., &
Foster, J. E. (2014). Population structure, genetic variability, and gene
flow of the bean leaf beetles, Cerotoma trifurcata, in the Midwestern
United States. Journal of Insect Science, 14, 62.

Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S
(4th ed.). Springer.

Vendrami, D. L. J., Telesca, L., Weigand, H., Weiss, M., Fawcett, K.,
Lehman, K., Clark, M. S, Leese, F., McMinn, C., Moore, H., & Hoffman,
J.1.(2017). RAD sequencing resolves fine-scale population structure
in a benthic invertebrate: Implications for understanding phenotypic
plasticity. Royal Society Open Science, 4, 160548.

Wickham, H. (2009). ggplot2: Elegant graphics for data analysis. Springer.
https://ggplot2.org

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Campbell EO, Dupuis JR, Holowachuk
J, Hladun S, Vankosky MA, Mori BA. Disjunction between
canola distribution and the genetic structure of its recently
described pest, the canola flower midge (Contarinia brassicola).
Ecol Evol. 2020;10:13284-13296. https://doi.org/10.1002/
ece3.6927



https://doi.org/10.1111/1755-0998.12512
https://doi.org/10.1111/1755-0998.12512
http://qgis.osgeo.org
https://www.R-project.org/
https://www.R-project.org/
https://www.qiagen.com/ca/products/next-generation-sequencing/single-cell-low-input/repli-g/repli-g-mini-kit/#orderinginformation
https://www.qiagen.com/ca/products/next-generation-sequencing/single-cell-low-input/repli-g/repli-g-mini-kit/#orderinginformation
https://www.qiagen.com/ca/products/next-generation-sequencing/single-cell-low-input/repli-g/repli-g-mini-kit/#orderinginformation
https://doi.org/10.1093/zoolinnean/zlz179
https://doi.org/10.4039/tce.2018.68
https://www150.statcan.gc.ca/n1/daily-quotidien/191206/dq191206b-eng.htm
https://www150.statcan.gc.ca/n1/daily-quotidien/191206/dq191206b-eng.htm
https://ggplot2.org
https://doi.org/10.1002/ece3.6927
https://doi.org/10.1002/ece3.6927

