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Abstract In North America the invasive winter

moth (Operopthera brumata) has caused defoliation

in forest and fruit crop systems in British Columbia,

Nova Scotia, Oregon, and in the northeastern United

States (the ‘‘Northeast’’). In the Northeast, it was

previously shown that hybridization is occurring with

a native congener, Bruce spanworm (O. bruceata)—a

species that has a broad distribution across much of

North America. Whether hybridization among winter

moth and Bruce spanworm populations has occurred

in all of regions where winter moth established is

unknown. One factor that might influence hybridiza-

tion between these two species is the presence of

reproductive manipulating endosymbionts, such a

Wolbachia. To determine the geographic extent of

hybridization among populations of these two species,

we classified 1400 field-collected moths from Europe

and North America as either being winter moth, Bruce

spanworm, or hybrids using 10–12 polymorphic

microsatellite loci. We then screened each individual

for the presence ofWolbachia by PCR amplification of

the wsp gene fragment. For all hybrids, we determined

their maternal species-lineage by PCR amplification

and sequencing of the mitochondrial locus cyto-

chrome oxidase I. We find that winter moth x Bruce

spanworm hybrid individuals appear to be present in

all regions of North America that winter moth has

invaded, and that hybrids are of both winter moth and

Bruce spanworm maternal-origins. In addition, we

find Wolbachia infected individuals from all species in

North America, and that winter moth individuals in

North America have a much lower infection rate

(11.5%) than individuals in Europe (55.1%).
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Introduction

Hybridization is an important driver of the evolution-

ary trajectories of species from across the tree of life

(Allendorf et al. 2001; Harrison and Larson 2014) and

has long been known to alter ecological interactions

(Feder et al. 2003). When genetically distinct species

or populations hybridize, a wide range of often

contradictory outcomes are possible including, but

not limited to, hybrid vigour (Szücs et al. 2012),

hybrid breakdown (Ellison et al. 2008), speciation

(Schwarz et al. 2007), and the potential to reverse the

course of speciation (Garrick et al. 2014; Seehausen

et al. 2008). Hybridization is particularly prominent

among species of insects (Schwenk et al. 2008), where

it may play an important role during the establishment

of non-native species (Mesgaran et al. 2016; Prentis

et al. 2008). For example, hybridization between

native and non-native species can result in the

formation of ‘‘mega-pests’’ (e.g., Anderson et al.

2018), and it can facilitate adaptation to novel and

disturbed environments (e.g., Leite et al. 2017). From

a conservation perspective, while hybridization can

lead to increases in genetic diversity (Verhoeven et al.

2011), it can also result in the loss of genetic identity

and eventual extinction of native species through the

process of ‘hybridization to extinction’ (Ayres et al.

2004; Hinton 1975; Rhymer and Simberloff 1996;

Wolf et al. 2001), a phenomenon well documented for

plants and vertebrates, but not well studied for insects

or other taxa (Todesco et al. 2016).

Over the past 100 years, invasive populations of the

European winter moth, Operophtera brumata L.

(Lepidoptera: Geometridae), have repeatedly become

established in North America and have caused exten-

sive defoliation to a wide range of deciduous trees and

shrubs in Nova Scotia (Embree 1967; MacPhee 1967),

Oregon (Kimberling et al. 1986), British Columbia

(Gillespie et al. 1978), and in the northeastern United

States (the ‘‘Northeast’’) (Elkinton et al. 2010, 2014;

Elkinton et al. 2015; Simmons et al. 2014). The

biological control of winter moth in Nova Scotia

represents one of the text-book examples of successful

forest-insect biological control (Embree 1966; Kim-

berling et al. 1986; DeBach and Rosen 1991; Roland

and Embree 1995), and efforts to release the biological

control agent Cyzenis albicans (Fallén) (Diptera:

Tachinidae) in the Northeast are currently underway

(Elkinton et al. 2015; Broadley et al. 2018).

In the Northeast, winter moth has been hybridizing

with a native congener the Bruce spanworm, O.

bruceata Hulst (Elkinton et al. 2010, 2014; Havill

et al. 2017), and while it is likely that hybridization has

occurred in all of the invasive regions where winter

moth has established, this has yet to be verified. One

interesting aspect of the hybridization between winter

moth and Bruce spanworm in the Northeast is that the

hybridization rates have been shown to be asymmet-

rical towards winter moth (Havill et al. 2017)—a

pattern often observed in insects when the reproduc-

tive manipulator Wolbachia Hertig (Rickettsiales:

Rickettsiaceae) is present (Bordenstein et al. 2001;

Jaenike et al. 2006; Shoemaker et al. 1999; Weeks

et al. 2002; Weinert et al. 2015). Species of Wolbachia

are known to infect a wide range of hosts (Werren et al.

2008) and tissue types (Dobson et al. 1999) and can

cause cytoplasmic incompatibility (CI) (Moran et al.

2008; Werren 1997). For invasive species, Wolbachia

infections can often facilitate their probability of

establishment by providing fitness advantages to

infected individuals over un-infected native congeners

(Schuler et al. 2013, 2016), protection from parasites

and pathogens (Zindel et al. 2011), and parthenogen-

esis induction (Guzman et al. 2012). Recently,

anthropogenic manipulations of Wolbachia infections

have opened novel opportunities for biological (Floate

et al. 2006; Zabalou et al. 2004) and vector (Raghaven-

dra et al. 2011; Turley et al. 2009; van den Hurk et al.

2012) control of pest species.

Whether Wolbachia infections are common among

populations of winter moth in its native or invasive

ranges, populations of Bruce spanworm, or hybrid

individuals is unknown, however; recent genomic

sequencing of a winter moth individual from the

Netherlands indicated the presence of Wolbachia

(Derks et al. 2015). Therefore, the objective of this

work was to begin evaluating Wolbachia infections

among individuals of these two pest-species and their

hybrids. To achieve this goal, we screened over 1400

field-collected winter moths from Europe and field-

collected moths from all of the regions in North

America that winter moth has invaded (i.e., Nova

Scotia, British Columbia, Oregon, and the Northeast)

to classify them to species (i.e., winter moth, Bruce

spanworm, or hybrids) using microsatellite loci. We

then PCR-screened samples using the Wolbachia

surface protein gene (wsp) to determine whether

individuals are infected with Wolbachia and provide
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insights on regional and species-specific differences in

Wolbachia infection rates. We discuss the implica-

tions of our findings in regards to the growing

literature that suggests Wolbachia infections can be

both spatially and temporally dynamic, and provide

preliminary baseline data that can be used by future

work aimed at studying changes in Wolbachia infec-

tion rates in response to the release of C. albicans in

the Northeast for the biological control of winter moth

populations.

Materials and methods

Sampling strategy and microsatellite genotyping

Using sex pheromone-baited traps (Elkinton et al.

2010, 2011), we collected adult male moths in Europe

and North America. In addition, we collected 25 larvae

from two sites in Maine in 2015 (five and 20,

respectively) as well as 20 male and 27 female pupae

from a site in Rhode Island in 2016. For adult males,

prior to DNA extraction the uncus and wings were

removed as morphological vouchers and were depos-

ited in the Yale Peabody Museum of Natural History.

The head, thorax, and remaining abdomen of the adult

males, as well as the entire larva or pupa were then

homogenized using 3/16’’ stainless steel beads (Glen-

Mills Inc., Clifton, New Jersey) with a FastPrep-24

Sample Homogenizer (MP Biomedicals). DNA was

extracted, and moths were genotyped either using 12

M13-labeled or 11 directly-labelled microsatellite loci

using published protocols (Andersen et al. 2017;

Havill et al. 2017). Due to differences in the fragment

lengths between the M13- versus directly-labelled

fragments, the datasets generated using these different

approaches were analysed independently. In both

cases, genotyping was conducted at the DNA Analysis

Facility on Science Hill at Yale University using a

3730xl DNA Analyzer (Thermo Fisher Scientific,

USA), and fragment lengths were scored in compar-

ison to the GeneScan 500 LIZ size standard (Thermo

Fisher Scientific, USA) using the microsatellite plugin

in the software program GENEIOUS v. 11.1.2 (https://

www.geneious.com). Microsatellite genotype scores

are provided as supplemental files, and complete col-

lection information is provided in Table S1.

Species identification

Both datasets were filtered to only include individuals

from which C 10 loci were amplified. Using the

software program NEWHYBRIDS v.1.1.b3 (Anderson

2008; Anderson and Thompson 2002) we calculated,

for each dataset, the probability of assignment (Z) that

an individual could be classified as being either

‘‘pure’’ winter moth or ‘‘pure’’ Bruce spanworm, or

as one of four hybrid categories (F1, F2, winter moth

backcross, or Bruce spanworm backcross). Four

independent runs, each of one million generations,

discarding the first 100,000 burn-in generations, were

analysed using random starting values, and uniform

priors for the estimates of H (i.e., allele frequencies)

and p (i.e., mixing proportions) for each dataset.

Results were then averaged across runs, and individ-

uals receiving a score of Z C 0.9 to any one category

were classified as having strong support to that

category, individuals receiving a score of 0.5 B Z\
0.9 to any one category were classified as having

moderate support to that category, and individuals

receiving a score of Z\ 0.5 to all categories were

classified as having low support to the category with

the highest Z score.

For all hybrid individuals, we then sequenced a

portion of the mitochondrial locus cytochrome oxi-

dase 1 (i.e., COI, the ‘‘DNA barcode’’ region) to

determine their maternal lineage (i.e., winter moth or

Bruce spanworm), using the primer pair LepF1 (50-
ATTCAACCAATCATAAAGATATTGG-30) and

LepR1 (50-TAAACTTCTGGATGTCCAAAAAAT

CA-30) and thermocycler protocols outlined in (Hebert

et al. 2004). Each PCR reaction was run with the

following conditions: 1 ll of eluted genomic extract,

5 ll of 5X Promega GoTaq� Buffer (Promega Corp.,

Maddison, WI), 0.5 ll of 10 mM dNTP (Promega),

0.5 ll each of 10 lM dilutions of the forward and

reverse primers, 0.2 ll of taq (Promega), and the final

volume was adjusted to 25 ll using HPCL grade H20.

Reactions were run in 96-well plate format with a

positive and a negative control included in each plate,

and PCR products were visualized on a 1.5% agarose

gel. Five ll of each PCR product was then cleaned

using the Exo-SAP PCR product cleanup approach

(0.5 ll Exo [Thermo Fisher Scientific, Walham, MA],

0.5 ll SAP [New England Biolabs, Ipswich, MA],

1 ll SAP buffer [New England Biolabs]), and DNA

sequencing of both forward and reverse fragments was
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performed at the DNA Analysis Facility on Science

Hill at Yale University. Sequence results were edited

and visualized using GENEIOUS. Individual DNA

sequences are available on GenBank (accession num-

bers KY612991–KY613016, MH732738–

MH732739). Each sequence was then compared to

published sequences in the GenBank database using

the ‘blastn’ search algorithm (Zhang et al. 2000), and

whether the top match for each sequence was from

winter moth (O. brumata), eastern Bruce spanworm

(O. bruceata), or western Bruce spanworm (O.

bruceata occidentalis) is presented in Table S2.

Surveys for Wolbachia

The presence of Wolbachia was determined by PCR

amplification of a fragment of the Wolbachia surface

protein gene (wsp) using the primer pair wsp81F (50-
TGGTCCAATAAGTGATGAAGAAAC-30) and

wsp691R (50-AAAAATTAAACGCTACTCCA-30)
with the thermocycler protocols outlined in Zhou

et al. (1998). Each PCR reaction was run with the

following conditions: 1 ll of eluted genomic extract,

5 ll of 5X GoTaq� Buffer (Promega), 0.5 ll of

10 mM dNTP (Promega), 0.5 ll each of 10 lM

dilutions of the forward and reverse primers, 0.2 ll

of taq (New England BioLabs, Ippswich, MA), and the

final volume was adjusted to 25 ll using HPCL grade

H20. A preliminary survey of samples from Europe

identified Wolbachia in several individuals. We then

used one of these samples (06-196-01) as a positive

control for all subsequent screenings. All reactions

were run in 96-well plate format with a negative

control and with sample 06-196-01 included as a

positive control. PCR products were visualized on a

1.5% agarose gel. Samples with bands of the expected

length (* 600 bp) were scored as ‘‘Positive’’ for

Wolbachia infection, and samples that either had an

absence of bands or the presence of bands of different

lengths than the positive control were scored as

‘‘Negative’’ for Wolbachia infection.

To verify that amplified fragments corresponded

with the target fragment of the wsp gene, a subset of 48

positive PCR products representing moths collected in

different regions and a mix of pure species and hybrids

was haphazardly selected for sequencing. Five ll of

each PCR product was cleaned using the Exo-SAP

PCR product cleanup approach (0.5 ll Exo, 0.5 ll

SAP, 1 ll buffer), and DNA sequencing of both

forward and reverse fragments was performed at the

University of California Berkeley DNA Sequencing

Facility. Sequence results were edited and visualized

using GENEIOUS, and were compared to previously

published sequences in the GenBank database using

the blastn search algorithm. Individual DNA

sequences are available on GenBank (accession num-

bers KY587618–KY587656).

Species and regional differences in Wolbachia

infection rates

To provide preliminary indications as to whether

Wolbachia infection rates differed between species

(i.e., winter moth, Bruce spanworm, and hybrids), and

for winter moth among geographic regions (i.e., Nova

Scotia, British Columbia, Oregon, the Northeast, and

Europe), the total number of Infected and Uninfected

individuals for each species/region were compared

using a v2 test in the statistical package R v. 3.3.3 (R

Core Team 2017) with post hoc analyses between each

pair of species/regions conducted with an adjusted a
based on Bonferroni’s correction for multiple com-

parisons. For European samples we also examined

whether the probability that an individual was infected

with Wolbachia was correlated with the genetic

assignment (Q) of that individual as reported in

Andersen et al. (2017) using a generalized linear

model with a binomial distribution and a logit-link

function in R.

Limitations of study design

For all analyses we caution that these results should be

considered preliminary as we based our infection

information from individuals collected over multiple

years and primarily from field-collected males, which

can have different infection rates than females due to a

variety of factors including inefficient transmission,

male killing, and feminisation (Duplouy and Hornett

2018). In addition, our removal of the male reproduc-

tive organs to act as voucher specimens prior to DNA

extraction may have further influenced our results, as

well as the uneven number of samples collected from

different species and from different localities.
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Results

Sampling strategy and microsatellite genotyping

After filtering, the final dataset included 1429 moths

collected from 13 European countries, five Canadian

provinces, and eight American states. These included

22 localities in Europe and 62 localities in North

America (Supplemental Appendix Table S1).

Species identification

All 474 of the European samples were classified as

winter moth with strong support after summarizing

across the independent NEWHYBRIDS analyses. In

North America, 530 individuals were classified as

winter moth (all with strong support), 397 individuals

were classified as Bruce spanworm (391 with strong

support, five with moderate support, one with low

support), and 28 individuals were classified as hybrids

(21 F1 [15 with strong support, six with moderate

support], six F2 [two with strong support, four with

moderate support], and one winter moth backcross

[moderate support]). These results are summarized

graphically in Fig. 1. Hybrids were detected in all of

the invaded regions in North America, including 22

individuals from the Northeast, one individual each

from British Columbia and Nova Scotia, and three

individuals from Oregon. In addition, we identified a

hybrid individual in Ontario, Canada, a location from

which winter moth has not yet been reported. Prob-

abilities of assignment for each individual are pre-

sented in Supplemental Appendix Table S1. Based on

COI sequencing of the 28 hybrids, eight individuals

had eastern Bruce spanworm mtDNA, four had

western Bruce spanworm mtDNA, and 16 had winter

moth mtDNA (Supplemental Appendix Table S2).

Surveys for Wolbachia infections

Of the 1429 screened individuals, 333 were classified

as infected with Wolbachia (23.3%). Sequencing of a

haphazardly selected subset of 48 Wolbachia positive

wsp PCR products, generated clean sequence reads

from 39 individuals all with high scoring matches to

published wsp sequences in GenBank (Supplemental

Appendix Table S3). In North America, we classified

six of 397 Bruce spanworm, five of 28 hybrids, and 61

of 530 winter moth as Wolbachia-infected (1.5%,

17.9%, and 11.5%, respectively). In Rhode Island,

where both males and females were collected, one

female pupa was infected with Wolbachia (3.7%),

while no male pupae were infected. For hybrids, two

of 16 individuals with winter moth mtDNA, two of

eight individuals with eastern Bruce spanworm

mtDNA, and one of four individuals with western

Bruce spanworm mtDNA were infected with Wol-

bachia, respectively.

In Europe, we classified 261 of 474 (55.1%) winter

moth individuals as Wolbachia-infected. In North

America differences between species were highly

significant (v2 = 21.445, d.f. = 2, P\ 0.0001). Post-

hoc analyses were conducted using a corrected a of

0.0166, and pair-wise comparisons indicated that there

were highly significant differences in Wolbachia

infection levels between hybrids with Bruce span-

worm mtDNA and pure individuals of that species

(v2 = 20.29, df = 1, P\ 0.0001), but that there were

no differences between hybrids with winter moth

mtDNA and pure winter moth individuals

(v2 = 2.0237, d.f. = 1, P = 0.1549) or between the

numbers of infected and uninfected pure Bruce

spanworm and pure winter moth in North America

(v2 = 1.5388, d.f. = 1, P = 0.2148). For winter moth,

differences between the numbers of Wolbachia-in-

fected individuals in Europe versus North America

were highly significant (v2 = 111.68, d.f. = 1,

P\ 0.0001). Post-hoc analyses, indicated that there

were significant differences between Europe and most

of the North American invasive winter moth popula-

tions (using a corrected a of 0.0125). These included,

Europe versus Nova Scotia (v2 = 88.272, d.f. = 1,

P\ 0.0001), Europe versus the Northeast

(v2 = 164.44, d.f. = 1, P\ 0.0001), and Europe ver-

sus British Columbia (v2 = 7.3902, d.f. = 1,

P = 0.0066). There was no significant difference

between Europe and Oregon (v2 = 2.6308, d.f. = 1,

P = 0.1048). Among European samples we also found

a highly significant correlation between the assign-

ment (Q) of individuals to one of two genetic clusters

previously published in Andersen et al. (2017) and the

probability of infection with Wolbachia (z = 6.651,

P\ 0.0001) with the probability of infection increas-

ing with the increased probability of assignment of an

individual to the ‘‘Eastern European’’ genetic cluster

(Fig. 2).
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Discussion

Hybridization can play an important role in the

establishment of invasive species (e.g., Prentis et al.

2008), particularly when coupled with infections by

reproductive manipulators such as Wolbachia (Schu-

ler et al. 2013). Building off previous reports of

hybridization between winter moth and Bruce span-

worm in the Northeast (Elkinton et al. 2010, 2014;

Havill et al. 2017), here we provide the first genetic

evidence of hybrid individuals in Oregon, British

Columbia, and Nova Scotia. In addition, we identified

a hybrid individual in Ontario, Canada, a region from

which winter moth has not previously been reported

from. This individual provides the first evidence that

winter moth, or winter moth genomic material at least,

is spreading into the interior regions of North America.

More sampling in this region will be required to

understand this phenomenon, and to identify whether

this individual represents the presence of a recent

migration event or an older and unreported population

of winter moth in that region.

Often hybridization between native and non-native

congeneric species occurs only during the immediate

generations following the introduction of the non-

native species (e.g., Roy et al. 2016), however; here

we find evidence for continued hybridization as noted

by the presence of multiple classes of hybrids includ-

ing F1 hybrids in three of the four regions invaded by

winter moth (one each in Nova Scotia and Oregon, and

20 in the Northeast), F2 hybrids in all invaded regions

(one each in British Columbia, Nova Scotia, and

Ontario; two individuals in the Northeast and three

individuals in Oregon), as well as one backcrossed

individual in the Northeast. The presence of these

distinct hybrid classes builds on the recent finding of

Havill et al. (2017) that multi-generational hybridiza-

tion between winter moth and Bruce spanworm

populations is occurring. As has been seen in other

systems, this continued hybridization may have facil-

itated the establishment of each invasive North

American population by increasing the performance

of admixed individuals (e.g., Li et al. 2018), by aiding

in establishment and expansion in these regions (e.g.,

Hirsch et al. 2017; Krojerová-Prokešová et al. 2017),

or by promoting local adaptation in newly invaded

regions (e.g., Vilatersana et al. 2016). As such, what

role hybridization has played in the sustainability of

existing and ongoing biological control efforts needs

to be determined to better understand the factors that

have influenced this textbook biological control

program.

bFig. 1 Geographic sampling localities and proportions of

individuals infected with Wolbachia in western North America

(a), the Great Lakes region (b), Europe (c), eastern North

America (d), and along transects in Massachusetts (e) and

Connecticut (f). Individual charts are drawn proportional to the

number of surveyed individuals at each location. Dark and light

blue, red, and orange shadings represent the proportion of winter

moth, Bruce spanworm, and hybrid individuals infected and

uninfected with Wolbachia, respectively. The figure was

generated in ArcMap v.10.3.1 (Esri Co., Redlands) using the

Europe and North America Albers Equal Area Conic projec-

tions. In instances when two charts overlap, a leading line is used

to signify location of the displaced chart
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absence of Wolbachia

infection was compared to

the assignment (Q) of

individuals to the Eastern

European genetic cluster

using a generalized linear

model (GLM) with a

binomial distribution

conducted in R.

Assignments (Q) are from

Andersen et al. (2017), with

histograms representing the

frequency of individuals

either infected or uninfected

plotted along the x-axis

using the ‘PopBio’ package
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Hybridization among winter moth and Bruce span-

worm populations may further have been influenced

by the presence of the reproductive manipulator

Wolbachia. Recent Wolbachia studies suggest that

infection rates can be both temporally and spatially

dynamic (Ahmed et al. 2015; Bing et al. 2014; Cattel

et al. 2016; Kriesner et al. 2016; Michel-Salzat et al.

2001; Roy et al. 2015; Turelli et al. 2018; Zabal-

Aguirre et al. 2010), and similarly, here we find that

Wolbachia infections varied both among species (i.e.,

winter moth, Bruce spanworm, and their hybrids), and

for winter moth among geographic regions. For

invasive populations of winter moth in North America,

we find preliminary evidence of a substantial reduc-

tion in Wolbachia infection rates (11.5% infection in

North America vs. 55.1% infection in Europe).

Reductions in Wolbachia infection rates have previ-

ously been observed as the results of bottlenecks

associated with long-distance dispersal (Nguyen et al.

2016; Reuter et al. 2005; Yang et al. 2010), or

differences in the survivability of Wolbachia due to

differences in temperatures between geographic

regions (Feder et al. 1999). Wolbachia infections

may also impose fitness costs on their hosts (e.g.,

Fleury et al. 2000; Ross et al. 2016), in which case it

would be beneficial to examine what the fitness costs

of Wolbachia infections are for winter moth in order to

better understand how the loss of Wolbachia might

influence the invasive potential of this species in North

America. However, due to the facts that we sampled

almost exclusively adult males (from which we

removed the reproductive organs prior to DNA

extraction), and that our samples were collected over

multiple years without a standardized sampling pro-

tocol in regards to the numbers of individuals collected

at a specific location, we emphasize that these results

should be viewed as preliminary, and we encourage

future research into the role of Wolbachia in this

exciting system.

In addition to supporting the findings of Derks et al.

(2015) that some winter moths from Europe are

infected with Wolbachia, we also find that several

Bruce spanworm individuals and several hybrid

individuals of both Bruce spanworm and winter moth

maternal-origin are similarly infected. Unfortunately,

without multi locus sequence typing (MLST; Baldo

and Werren 2007) or genomic approaches (Bleidorn

and Gerth 2017), it is unclear whether the Wolbachia

found in pure Bruce spanworm and/or in hybrids of

Bruce spanworm maternal-origin represents a native

infection by Wolbachia, or suggests that Wolbachia

may be moving from the invasive winter moth

populations into native Bruce spanworm populations

perhaps via horizontal transmission as has been seen in

other systems (e.g., Schuler et al. 2013). This finding

could have important implications both for under-

standing regional differences in hybridization rates

among these two species or in altering the pest-status

of the native Bruce spanworm given that Wolbachia

infections can impede the effectiveness of parasites

and parasitoids in suppressing the density of a pest

species (e.g., Mochiah et al. 2002; Silva et al. 2000;

White et al. 2015; Zindel et al. 2011). In addition,

MLST or genomic sequencing could also explore

whether Wolbachia causes cytoplasmic incompatibil-

ity in this system. However, our results suggest that

this may be unlikely as our comparisons of mtDNA

sequences from hybrid individuals indicated that

infected hybrids are equally likely to have either

winter moth or Bruce spanworm mtDNA (Supple-

mental Appendix Table S2).

For winter moth populations in Europe, widespread

infections with Wolbachia might also help explain

why previous mitochondrial-based phylogenetic stud-

ies have found limited biogeographic patterns (Gwiaz-

dowski et al. 2013; Mannai et al. 2017) as Wolbachia

infections have been shown to mask phylogenetic

signals from mitochondrial markers (e.g., Hurst and

Jiggins 2005; Schuler et al. 2016). In contrast, surveys

using nuclear-loci have uncovered finer-scale biogeo-

graphic structure for this species that correspond with

patterns of post-glacial recolonization (Andersen et al.

2017). While our results show that there is a clear

correlation between Wolbachia infection levels and

the assignment to the eastern or western European

genetic lineages (Fig. 2), it would be beneficial to

determine whether one of the two primary mtDNA

haplotypes (presented in Gwiazdowski et al. 2013;

Mannai et al. 2017) is more or less likely to be infect

with Wolbachia.

Conclusions

Here we provide the first genetic evidence that

hybridization between the invasive winter moth and

native Bruce spanworm has occurred in all of the

regions in North America that winter moth has
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established. We also present the first evidence that

Wolbachia infection is widespread among European

winter moth individuals, and that infection rates are

both regionally dynamic within Europe and between

European and invasive populations of winter moth.

Future studies are need to better understand the role of

Wolbachia in this system, particularly in regards to

influencing hybridization rates and in altering the

efficacy of introduced biological control agents.
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