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Abstract Halyomorpha halys has recently established in

countries outside of its Asian area of origin. In the North

Eastern USA, this pest causes severe economic loss in

agricultural crops. Breeding populations have been con-

firmed in Switzerland and Canada; however, their path-

ways of entry and genetic diversity remain unknown. To

determine invasion pathways and source population(s), the

diversity of specimens from Asia, North America, and

Europe was investigated. Genetic diversity in Asia was

higher than that in the Canada and Switzerland. Although

three haplotypes were detected among Canadian H. halys,

one haplotype dominated. In contrast, two out of three

haplotypes were found frequently among Swiss samples.

Based on molecular data and interception records it appears

likely that H. halys in Canada is derived from the move-

ment of established US populations. Further, North

American populations likely originated from the Hebei/

Beijing regions of China. The area of origin of the Swiss

samples remains unclear. Although the dominant haplotype

in Switzerland was consistent with Asian samples collected

in the Hebei and Beijing provinces, it was not the dominant

haplotype in these regions and further sampling is neces-

sary to its confirm the distribution and abundance in the

area of origin. The remaining two haplotypes were unique

to Switzerland and no matches were found among our

Asian samples. Interestingly, no haplotypes were shared

between the North American and Swiss samples, indicating

that the two invasions were separate and distinct events and

did not result from the movement of goods and materials

between USA and Europe.

Keywords Halyomorpha halys � Cytochrome
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Introduction

The brown marmorated stink bug (BMSB), Halyomorpha

halys (Hemiptera: Pentatomidae), is a pest native to sub-

tropical and temperate areas in East Asia, including China,

Japan, Korea, and Taiwan (Hasegawa and Umeya 1974;

Hoebeke and Carter 2003). It is reported as a polyphagous

pest that feeds on a variety of ornamental plants; fruit trees;

field and vegetable crops (Funayama 2003; Leskey et al.

2012a). The first reports of invasive BMSB populations

outside of Asia occurred in the USA, where the pest is

thought to have established in Pennsylvania in the mid-

1990’s (Hoebeke and Carter 2003). Since the initial

establishment in Pennsylvania, BMSB has spread to 39

states, with the severity of infestation ranging from
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occasional detection, to nuisance pest status, to severe pest

status (Leskey et al. 2012a, b). The mid-Atlantic States are

among the most hardest hit of the invaded regions thus far,

with severe economic impacts in fruit trees (e.g., apples

and peaches) and field crops (e.g., soybeans and sweet

corn) (Nielsen and Hamilton 2009a, b; Nielsen et al. 2011).

In Canada, interceptions of H. halys at various ports of

entry across the country began in 1993 from countries

including China, Japan, Korea, and the USA, with reports of

homeowner finds beginning in the Province of Ontario as of

2010 (Fogain and Graff 2011) and established breeding

populations in the field confirmed as of July 2012 (Fraser

and Gariepy, unpublished). In Europe BMSB was first

officially reported from the canton of Zurich in Switzerland

in 2007 (Wermelinger et al. 2008). However, later investi-

gations showed that it was already present in Zurich-Seefeld

in May 2004 (personal communication R. Burtscher). In the

same year, a single individual was found near Balzers in

Lichtenstein, which probably originated from nearby

founder populations in Zurich (Arnold 2009). Mueller et al.

(2011) suggest that reports of H. halys in private residences

in Zurich have increased exponentially between 2007 and

2010, with some economic damage reported in peppers.

Outside the Canton of Zurich, H. halys is confirmed to be

present in the Cantons Basel-Stadt, Basel-Land, Aargau,

Bern, St. Gallen, and Schaffhausen (Wyniger and Kment

2010; Haye and Wyniger 2013). In addition, a single indi-

vidual was found near Konstanz in southern Germany

(Heckmann 2012) and most recently in the Alsace region of

France (Callot and Brua 2013). To date, no breeding pop-

ulations have been found outside Switzerland, but with

growing populations a range expansion of H. halys into

bordering countries can be expected in the near future.

The exact pathway of entry of BMSB into newly invaded

areas is largely unknown. H. halys is considered an excellent

hitchhiker, which is often transported from Asia to other

locations on inanimate objects as a stowaway in cargo,

packing crates, aircraft, machinery, vehicles, and personal

luggage (Hoebeke and Carter 2003). Consequently, BMSB

has been frequently intercepted by border officials in a

number of areas, including Canada (Fogain and Graff 2011),

New Zealand (Duthie 2012), Australia (Walker 2009), and

Germany (Freers 2012). In New Zealand, H. halys has been

intercepted 9 times in both border and post-border inspec-

tions between 1999 and 2010, primarily from shipments

originating in Japan, but also from containers arriving via

the USA, Australia, and Hong Kong (Duthie 2012). Aus-

tralia does not have an established population of BMSB;

however, interceptions from shipments originating from

Korea, China, and the USA have been reported (Walker

2009; Australian Department of Agriculture, Fisheries and

Forestry 2012a, b). It is suggested that a genetically

homogenous population or single mated female was

introduced from shipping containers originating from China

or Korea, and established and initiated the population out-

break and spread in the USA (Aldrich et al. 2009; Nielsen

2011; Duthie 2012). In Switzerland, it is suspected that H.

halys was imported together with woody or floral orna-

mental plants or fruits (Wermelinger et al. 2008) or in

shipping crates and material imported from areas with high

populations levels of BMSB (Hoebeke and Carter 2003).

The invading population of BMSB in Canada may be

derived from a range expansion of the established US pop-

ulation; however, numerous interceptions from Asia have

been recorded in Canada and similar arrivals may have

resulted in established populations.

Pathway analysis of exotic pests often involves the

gathering of shipping/interception information, field trap-

ping data, and genetic data in an effort to assess risks,

develop effective exclusion strategies, and improve quar-

antine policies (Hulme et al. 2008; Barr 2009; Estoup and

Guillemaud 2010; Blanchet 2012). Invasion events gener-

ally occur over large temporal and spatial scales, and can

involve multiple introductions of a small number of indi-

viduals from one or more source populations (Corin et al.

2007). Many of these events go undetected, unreported,

and/or the data are not readily available to those outside of

phytosanitary control organizations (Corin et al. 2007; Piel

et al. 2008; Hulme 2009). As such, interception data do not

always provide an adequate foundation to reconstruct the

invasion history of a given pest species (Estoup and Gu-

illemaud 2010). Molecular resources are well-placed to

supplement interception and trapping data to provide a

more complete picture regarding the invasion history of a

given organism (Miller et al. 2005; Corin et al. 2007; Barr

2009; Estoup and Guillemaud 2010; Blanchet 2012).

Accessibility and affordability of molecular technology,

coupled with the expansion of databases housing publically

available DNA sequence data (e.g., GenBank and the

Barcode of Life Database) have led to an increase in the

use of molecular tools to evaluate the diversity and

potential origin of source populations of invasive species.

The introduced species generally display a loss of

genetic diversity during colonization of a new area (Mayr

1954). Analysis of intraspecific variation in mitochondrial

DNA provides an effective tool for estimating the phylog-

eographic history of an organism when individuals are

available from both the area of introduction and the area of

origin (Avise 1995; Avise et al. 1987). DNA sequence data

from mitochondrial genes (e.g., cytochrome b, cytochrome

oxidase I, and cytochrome oxidase II) have been success-

fully used to evaluate the geographic origin and coloniza-

tion history of a number of introduced invertebrates

(Grapputo et al. 2005; Corin et al. 2007; Barr 2009; deLeón

et al. 2011; Franks et al. 2011; Teske et al. 2011; He et al.

2012; Auger-Rozenberg et al. 2012; Kanuch et al. 2012;
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Smith et al. 2012a, b). In particular, the COI gene has

demonstrated the ability to separate genetic lineages due to

a high level of variability (Stephens et al. 2011; Teske et al.

2011; Smith et al. 2012a, b). To gain a better understanding

of the invasion pathways and potential source(s) of H. halys

populations in Canada and Switzerland, the mitochondrial

cytochrome oxidase I gene (COI) was used to evaluate the

genetic diversity and relatedness of introduced and native

populations. This information may be useful to determine

whether the recently invaded areas were founded by single

vs. multiple source populations, and whether genetic

diversity levels suggest a founder effect.

Materials and methods

Field collection of the established populations

of H. halys

H. halys is highly mobile and is likely to disperse over long

distances to overwinter in permanent structures (Watanabe

et al. 1994; Cuituan et al. 1993). Often, the first indication

of a potential establishment of this species in a newly

invaded area is the documentation of homeowner finds

when overwintering populations seek shelter within struc-

tures in urban areas. Collections of specimens from homes

and residential buildings could potentially provide a greater

diversity of specimens that have flown in from different,

isolated pockets where this species has recently become

established in small, localized populations. In contrast,

individuals collected on the same or neighboring host

plants in a field are more likely to be derived from one

adult female, or a small number of related, adult females.

As such, representative samples from both residential and

field-collected material may capture a greater range of the

genetic diversity of H. halys in recently invaded areas in

Canada and Switzerland.

Canada: In 2011 and 2012, individual specimens of adult

H. halys were obtained from residential locations in Ham-

ilton, Burlington, and Newboro (Province of Ontario), fol-

lowing reports from homeowners indicating their presence.

One individual collected from a hotel in Edmonton, Alberta

and another individual found in a private residence near

Montreal, Quebec were also included. In addition, H. halys

nymphs and adults were collected on invasive buckthorn

(Rhamnus carthartica (Rhamnaceae)) in natural/wooded

habitats in Hamilton, Ontario. Individuals were either

directly collected from the foliage by hand, or using a bat-

tery-operated aspirator. Alternately, branches were shaken

vigorously over a large white sheet, and any H. halys which

dropped were subsequently collected using an aspirator.

Switzerland: In the late summer and fall of 2012, indi-

vidual specimens of H. halys were collected from

residential areas in the Cantons of Bern, Zurich, Basel, and

Aargau following homeowner reports of their occurrence in

the region. Adult H. halys were generally captured by hand

or by sweep net on outdoor furniture, siding, balconies,

cracks, and crevices of neighborhood buildings. In addi-

tion, H. halys nymphs and adults were collected by hand

and using sweep nets from a variety of trees and shrubs

[e.g., Carpinus betulus (Betulaceae), Campsis grandiflora

(Bignoniaceae), Buddleja davidii (Scrophulariaceae), and

Sorbus aucuparia (Rosaceae)] in the parkland area sur-

rounding the Chinese garden in Zurich-Seefeld and in

private gardens in Zurich-Wollishofen.

China: Specimens from the Hebei province were

obtained from two light traps permanently set up at the

Langfang Experimental Station for monitoring of insect

pests. Samples of H. halys adults were taken from these

traps on July 12 and 18, 2012. In the neighboring Beijing

province, individual adults were collected by hand from

various host plants [e.g., Pyrus betulaefolia (Rosaceae) and

Robinia pseudoacacia (Fabaceae)] in orchards at Chang-

ping and Haidian in July 2012.

Live H. halys collected in light traps, field habitats, and

residential areas were killed and preserved in 95 % ethanol

for subsequent molecular analysis. All dead or dried

specimens retrieved from private residences were stored in

ethanol at -20 �C. The preserved specimens from rearing

colonies in the USA (Maryland and Pennsylvania) were

also obtained. Table 1 indicates the number of specimens

collected from each geographic region.

Intercepted specimens of H. halys

In addition to the collection of specimens from the estab-

lished populations in North America and Switzerland,

Table 1 Field-collected Halyomorpha halys from North America,

Europe, and China

Continent Country Region Number of

specimens

Totals

North America Canada Alberta 1 60

Ontario 49

Quebec 1

USA Maryland 5

Pennsylvania 4

Europe Switzerland Aargau 1 195

Basel 57

Bern 10

Zurich 126

Asia China Beijing 10 108

Hebei 98

Total 363
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specimens sporadically intercepted in Canada (prior to

official establishment) and Europe were also obtained to

serve as a reference for comparison, and to provide spec-

imens originating from diverse locations where widespread

collection efforts were not possible (Table 2). Intercepted

specimens may help determine the source of introductions

and/or provide a better understanding of potential pathways

for invasive species entry.

DNA sequencing

Genomic DNA was extracted from a single leg of each H.

halys specimens using a Chelex extraction method (Walsh

et al. 1991). This approach does not involve multiple tube

transfers (thereby reducing potential for contamination)

and contains no filtration steps (thereby permitting recov-

ery of small quantities of DNA from dried or degraded

specimens). Briefly, a single leg from each individual

insect was placed in a 200-lL well of a 96-well microplate

in 100 lL of 5 % solution of Chelex 100 Molecular Grade

Resin (Bio-Rad Laboratories) and 2 lL of 20 mg/mL

Proteinase K. A negative extraction control containing the

Chelex and Proteinase K solutions, but no insect tissue,

was included in each microplate. Each microplate was

sealed and incubated overnight at 55 �C, followed by

10 min at 99 �C. Samples were centrifuged at 13,000 rpm

for 5 min to pellet the Chelex solution, and 50 lL of the

supernatant (containing DNA) was transferred to wells in a

new plate, taking care not to transfer the Chelex residue

along with the sample. Microplates containing the extrac-

ted DNA were stored at -20 �C until further analysis.

PCRs were performed in a 25 lL volume containing

0.125 lL of Taq Platinum, 2.5 lL of 109 PCR buffer,

1.25 lL of 50 mM MgCl2, 0.125 lL of 10 lM dNTPs

(Invitrogen), 0.25 lL of 10 lM forward and reverse primer

(respectively), 19.5 lL ddH20, and 1 lL of template DNA.

Cytochrome Oxidase I: A 658-bp sequence of the

mitochondrial Cytochrome C oxidase subunit 1 (COI)

was amplified by PCR using primers LCO1490 (50-GGT

CAACAAATCATAAAGATATTGG-30) and HCO2198

(50-TAAACTTCAGGGTGACCAAAAAATCA-30) (see

Folmer et al. 1994).

28S: A 517-bp fragment of the nuclear 28S gene was

amplified as per Kavar et al. (2006) using the forward

primer 50-CCCGTCTTGAAACACGGACCAA-30 and the

reverse primer 50-CCACAGCGCCAGTTCTGCTTAC-30.
Cytochrome B: A 426-bp fragment of the mitochondrial

Cytochrome B gene was amplified using the primers

described by Muraji et al. (2000) (forward: 50-TAGGA-

TATGTTTTACCTTGAGGACA-30; reverse: 50-CTCCTC

CTAATTTATTAGGAATTG-30).
PCR products were subject to electrophoresis on a 1.5 %

agarose gel (UltraPure Agarose, Invitrogen) containing 1x

GelRed (Biotium). The resulting PCR products were

visualized on a BioDoc-it imaging system (UVP) and

purified using ExoSAP-IT (USB Corporation) following

the manufacturer’s instructions. The PCR products were bi-

directionally sequenced (using the above primers) on an

ABI 3730 DNA Analyzer at the Robarts Research Institute

(London Regional Genomics Centre, ON, Canada). For-

ward and reverse sequences were assembled, aligned using

Clustal W algorithm (Thompson et al. 1994), and edited by

using Codon Code Aligner program, version 4.0.4.

Amplification and sequencing of specimens which pro-

duced unique, singly occurring haplotypes was repeated to

ensure that sequence variation was not an artifact generated

by errors in the PCR. As the presence of pseudogenes

(numts) may be a concern in DNA barcoding (Song et al.

2008), sequences were screened for double peaks in the

electropherograms as well as for the presence of indels and

stop codons in an attempt to detect the potential presence

of numts.

Distribution and diversity of haplotypes of H. halys

Statistical parsimony cladogram networks of the H. halys

COI and Cyt B haplotypes were generated using the soft-

ware package TCS v1.21 (Clement et al. 2000). For the

construction of haplotype networks, sequences from spec-

imens intercepted by border officials were included to

Table 2 H. halys specimens

obtained from phytosanitary/

border authorities in North

America and Europe, with

interception information,

including date, locations, area of

shipment origin, and voucher

IDs

Year Location of interception Shipment origin Museum ID Number

1993 Canada (Vancouver, BC) Japan CNC#HEM0304038 1

2000 Canada (Surrey, BC) Korea CNC#HEM0304036 1

2001 Canada (Strathroy, ON) China CNC#HEM0304037 1

2003 Canada (Ottawa, ON) USA CNC#HEM0304039 2

2008 Canada (Vancouver, BC) China (via Korea) CNC#HEM0304031 1

2010 Canada (Ottawa, ON) USA CNC#HEM0301196 1

2011 Germany (Bremerhaven, HB) USA N/A 5

Total 12
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provide a broader sampling of haplotypes from Asia and to

provide qualitative information pertaining to potential

pathways for entry. Measures of overall haplotype and

nucleotide diversity for COI and Cyt B were generated

using DnaSP v5.10.01 (Librado and Rozas 2009) and

ARLEQUIN v3.1 (Excoffier et al. 2005).

Further, mitochondrial COI sequences from H. halys

specimens were grouped into three broad categories based

on the geographic area of collection: Asia, North America

(Canada/USA), and Europe (Switzerland). Specimens

intercepted by border officials were assigned to the geo-

graphic area from which a given shipment originated, as

opposed to the geographic area in which they were inter-

cepted. This provided a broader range of BMSB specimens

from their Asian area of origin which would not have been

attainable otherwise. Measures of genetic diversity were

calculated for each of these three geographic regions using

DnaSP v5.10.01 (Librado and Rozas 2009) and ARLE-

QUIN v3.1 (Excoffier et al. 2005), including: number of

haplotypes, % of haplotypes unique to a given geographical

area, haplotype diversity, and nucleotide diversity. Mean

values for estimates of genetic variation in native and

introduced populations were compared using an indepen-

dent samples t test to determine whether a reduction in

genetic variability was experienced upon introduction of

BMSB to new locations.

Genetic structure among geographic regions was deter-

mined by AMOVA and pairwise FST analysis using AR-

LEQUIN v3.1 (Excoffier et al. 2005) in an effort to

determine the strength of the associations within and

between native and introduced populations. Haplotypes

consistent between areas of introduction and area(s) of

origin were used to speculate on the potential origin(s) of

invading populations in Canada and Switzerland.

Results

DNA sequencing

Cytochrome Oxidase I: A total of 375 H. halys specimens

(363 field-collected and 12 border interceptions) were

obtained from North America, Europe, and Asia (Tables 1

and 2). All specimens yielded a 658-bp DNA sequence for

the 50 end of the COI gene. DNA sequence data and

specimen collection information are on the Barcode of Life

Database (BOLD), under the project Pentatomid Crop

Pests (PENT). Corresponding Genbank accession numbers

are as follows: KF273380–KF273402. None of the char-

acteristic evidence of numts was present in the COI

sequences analyzed, which is consistent with a larger study

on the Hemiptera which included the Pentatomidae (Park

et al. 2011).

28S: Although attempts were made to sequence all 375

H. halys specimens, amplification and sequencing success

for the 28S gene was not successful for a number of

specimens. As such, only 69 DNA sequences were

obtained from the H. halys specimens processed. However,

these specimens represented a geographically diverse

group of samples collected or intercepted from Asia

(n = 54; including intercepted specimens from Japan and

Korea), North America (n = 6), and Europe (n = 9). No

sequence variation was observed and despite the broad

geographic origin of collected samples, all sequences for

the 28S D2 region were identical (Genbank accession no.

KF273403).

Cytochrome b: Sequences of 426 bp from the Cyt B

gene were obtained for 232 of the 375 H. halys specimens.

However, those specimens providing sequences repre-

sented samples collected or intercepted in Asia (n = 107),

North America (n = 21), and Europe (n = 104). Genbank

accession numbers for each unique haplotype are:

KF273403–KF273412.

The COI gene provided the most complete sequence

data for the specimens collected, and displayed the highest

level of diversity in terms of haplotypes (see results below),

and was thus used for more in-depth population genetic

analysis related to recent establishment of H. halys in

Canada and Switzerland.

Distribution and diversity of haplotypes of H. halys

based on Cytochrome oxidase I

A total of 23 haplotypes (denoted H1–H23) were recovered

from the samples, and consisted of 17 single nucleotide

polymorphisms (Fig. 1; see supplementary Table 1 for

detailed haplotype information on each sample). Five

intermediate haplotypes were not represented in the H.

halys collections. Among all samples collected, two hap-

lotypes were dominant (H1 and H3) and were shared by

*85 % of the individuals collected. These two haplotypes

were also the dominant haplotypes found in recently

invaded areas in Canada (H1) and Switzerland (H3),

respectively.

The overall haplotype diversity was fairly high

(0.628 ± 0.015 SD), and was significantly higher in native

Asian populations of H. halys samples than in samples col-

lected from recently invaded regions of Europe (t = 51.52,

p \ 0.0001) and North America (t = 63.49, p \ 0.0001)

(Table 3). Overall nucleotide diversity was relatively low

(0.00145 ± 0.00008 SD), but significantly higher in native

Asian samples than in either of the two recently invaded areas

(Asia vs. Europe: t = 9.03, p \ 0.0001; Asia vs. North

America: t = 29.09, p \ 0.0001). Results from the AMOVA

showed that the overall genetic variation within populations

accounted for 34.2 % of the variance, and was greater than the
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variation among populations (10.6 %). Pairwise FST values

between native and invasive populations were significant

(Asia vs. North America: FST = 0.054, p \ 0.0001; Asia vs.

Europe: FST = 0.526 p \ 0.0001).

Twenty one of the 23 haplotypes were identified from

the Asian samples, most of which were either H1 (67 %) or

H3 (12.5 %). The remaining 19 haplotypes were repre-

sented by 1–3 individuals each (Table 4). Only individual

specimens were obtained from Japan and Korea; however,

they each represented unique haplotypes that were not

found among samples collected elsewhere in Asia.

Samples from Switzerland contained representatives

from three haplotypes, with the majority consistent with

H3 (84.1 %), followed by H8 (15.4 %), and H9 (0.5 %)

(Table 5). North American samples were predominantly

the H1 haplotype (97 %), with individual representatives

of two other haplotypes (H6 and H14) collected from

private residences in ON, Canada. Specimens intercepted

in Canada (n = 3) and Germany (n = 5) from shipments

that originated in the USA were all haplotype H1. This

was also consistent with lab-reared colonies originating

from field-collected material in the USA. Only one

Fig. 1 Statistical parsimony cladogram network representing the

relationships among haplotypes for cytochrome oxidase 1 from H.

halys collected in both native and introduced regions. Each circle is

labeled by haplotype (H1 to H23) as well as the frequency (n) of the

haplotype in the dataset; circle size is proportional to the frequency of

each haplotype. Haplotypes that occur singly in the dataset were not

labeled with a frequency (n) value. Differing shades in the pie

diagrams indicate different geographic regions as indicated. Small,

unlabeled circles indicate intermediate haplotypes not detected in our

samples

Table 3 Genetic diversity measures of H. halys collected in Asia, North America, and Europea

Population n Polymorphic

sites

Haplotypes Unique

haplotypes

Haplotype

diversity (±SD)

Mean pairwise nucleotide

differences (±SD)

Nucleotide

diversity (±SD)

North America 68 2 3 0 0.054 ± 0.039 0.059 ± 0.145 0.00009 ± 0.00022

Canada 51 2 2 0.078 ± 0.051 0.078 ± 0.169 0.00012 ± 0.00026

USA 17 0 1 0 0 0

Europe 195 3 3 2 0.270 ± 0.036 0.534 ± 0.494 0.00081 ± 0.00075

Switzerland (Basel) 59 2 2 0.098 ± 0.051 0.196 ± 0.276 0.00030 ± 0.00042

Switzerland (Bern) 10 2 2 0.356 ± 0.159 0.711 ± 0.656 0.00108 ± 0.00099

Switzerland (Zurich) 126 3 3 0.272 ± 0.046 0.532 ± 0.494 0.00081 ± 0.00075

Asia 112 17 21 17 0.538 ± 0.055 0.824 ± 0.658 0.00125 ± 0.00100

China (Beijing) 12 3 3 0.318 ± 0.164 0.636 ± 0.599 0.00097 ± 0.00091

China (Hebei) 98 16 18 0.545 ± 0.058 0.761 ± 0.625 0.00116 ± 0.00095

Japan 1 – 1 0 0 0

Korea 1 – 1 0 0 0

All populations 375 17 23 0.628 ± 0.015 0.957 ± 0.724 0.00145 ± 0.0011

a Location where individuals were collected in the field, or area of origin of shipment containing the specimens if intercepted by border officials
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specimen of Asian origin intercepted by border authorities

in Canada was consistent with the dominant haplotype

(H1) of the established population. The remaining inter-

ceptions originating from Asia represented haplotypes not

detected in field-collected material in North America.

Interestingly, the one interception of Asian origin that

occurred geographically closest to the established breed-

ing populations in Canada does not match any of the

established populations in Canada. However, this haplo-

type is among the dominant haplotypes occurring in both

Switzerland and China. Individuals intercepted from

shipments originating in Korea and Japan did not match

any of the recently established invasive populations.

All haplotypes in the North American samples were

shared with the Asian samples from Hebei and Beijing

provinces of China, and no unique haplotypes were iden-

tified in the invasive North American population. In con-

trast, only one of the haplotypes (H3) in the invaded area of

Europe was consistent with specimens collected from both

the Hebei and Beijing provinces. Although H3 was the

dominant haplotype in Switzerland and was consistent with

some of the Asian samples collected in the Hebei and

Beijing provinces, it was not the dominant haplotype in

these regions and thus the distribution and abundance of

this haplotype in China is unclear. The remaining two

haplotypes were unique to Switzerland and no matches

were found among our Asian samples. Two of the haplo-

types (H3 and H8) were found in all three Swiss Cantons

sampled (Basel, Bern, and Zurich). The remaining unique

haplotype (H9) was represented by a single specimen in the

Zurich area.

Table 5 Occurrence and geographic distribution of H. halys haplo-

types across four Cantons in Switzerland

Haplotype Canton Total

Basel Bern Zurich

H3 56 2 106 165

H8 3 8 19 30

H9 – – 1 1

Total 59 10 126 195

Table 4 Occurrence and

geographic distribution of H.

halys haplotypes from field-

collected and intercepted

specimens

a One specimen intercepted in

Vancouver (BC, Canada)

originating from China (Tianjin

Province)
b One specimen intercepted in

Strathroy (ON, Canada) from a

shipment originating in China

(exact location unknown)
c Five specimens intercepted in

Bremerhaven (Bremen,

Germany) and three specimens

intercepted in Ottawa (ON,

Canada) in shipments arriving

from the US (PA and VA)
d One specimen intercepted in

Surrey (BC, Canada) from

Korea
e One specimen intercepted in

Vancouver (BC, Canada) from

Japan

Haplotype Asia North America Europe Total

China Japan Korea Canada USA Switzerland

H1 75a – – 49 17c – 141

H2 1 – – – – 1

H3 14b – – – – 164 178

H4 1 – – – – – 1

H5 1 – – – – – 1

H6 1 – – 1 – – 2

H7 3 – – – – – 3

H8 – – – – – 30 30

H9 – – – – – 1 1

H10 1 – – – – – 1

H11 1 – – – – – 1

H12 1 – – – – – 1

H13 3 – – – – – 3

H14 1 – – 1 – – 2

H15 1 – – – – – 1

H16 1 – – – – – 1

H17 1 – – – – – 1

H18 1 – – – – – 1

H19 1 – – – – 1

H20 1 – – – – – 1

H21 1 – – – – – 1

H22 – – 1d – – – 1

H23 – 1e – – – – 1

TOTAL 110 1 1 51 17 195 375

112 68 195

J Pest Sci (2014) 87:17–28 23

123



Haplotypes of H. halys based on Cytochrome B

A total of 9 haplotypes representing 10 nucleotide poly-

morphisms were obtained from the 232 H. halys specimens

analyzed, and two intermediate haplotypes were not repre-

sented among the samples (Fig. 2; see supplementary

Table 1 for detailed haplotype information on each sample).

Haplotype diversity (0.093 ± 0.026 SD) and nucleotide

diversity (0.00028 ± 0.00010 SD) were low. Due to the

relatively low diversity, this gene region did not provide

adequate resolution for an in-depth analysis of invasion

pathways of H. halys in areas where it has recently estab-

lished. The dominant haplotype (95 % of all samples) was

Cyt B haplotype H1, which included all specimens from the

invasive populations from Canada/USA (n = 21) and

Switzerland (n = 104) as well as most of the Asian samples

(n = 96). The remaining eight haplotypes were represented

by 1–2 individuals collected from Asia (n = 11). Individual

samples falling within four of unique Cyt B haplotypes (Cyt

B H2, H6, H7, and H9) also correspond to unique haplotypes

detected using the COI gene (COI H2, H5, H17, and H23,

respectively). All of these were from the Asian population of

H. halys collected or intercepted from China (Beijing and

Hebei provinces) and Japan. In contrast, Cyt B haplotype H1

encompassed all North American and Swiss samples and

Asian samples within COI H1, H3, H4, H6–16, and H18–21.

Additional Asian specimens within COI H1 corresponded to

samples grouped within Cyt B H3, 4, 5, and 8 (see Table 6).

Unfortunately COI haplotype H22 was not represented in the

Cyt B sequence set as the sample failed to amplify and

sequence. Otherwise, representatives of all other haplotypes

were available for comparison. However, the variation in Cyt

B haplotypes was not sufficient to address the origin and

invasion pathways of BMSB in newly established popula-

tions and as such, further analysis on the Cyt B genetic data

was not performed. However, Table 6 summarizes the COI

and Cyt B haplotypes and Supplemental Table 1 lists each

sample and the corresponding COI and Cyt B haplotypes to

illustrate their distribution and highlight any inconsistencies

between the two sets of data.

Discussion

Many introduced species display severe genetic bottle-

necks following introduction to a new environment, and

Fig. 2 Statistical parsimony cladogram network representing the

relationships among haplotypes for cytochrome b gene from H. halys

collected in both native and introduced regions. Each circle is labeled

by haplotype (H1 to H9) as well as the frequency (n) of the haplotype

in the dataset; circle size is proportional to the frequency of each

haplotype. Haplotypes that occur singly in the dataset were not

labeled with a frequency (n) value. Differing shades in the pie

diagrams indicate different geographic regions as indicated. Small,

unlabeled circles indicate intermediate haplotypes not detected in our

samples

Table 6 Cytochrome B haplotypes and corresponding COI Haplo-

types along with their area(s) of collection

Cyt B Country of collection

or origin

COI Country of

collection or origin

H1 (221) Canada, China, Japan,

Switzerland, USA

H1 (85) Canada, China, USA

H3 (105) China, Switzerland

H4 (1) China

H6 (2) Canada, China

H7 (3) China

H8 (11) Switzerland

H9 (1) Switzerland

H10 (1) China

H11 (1) China

H12 (1) China

H13 (3) China

H14 (1) Canada, China

H15 (1) China

H16 (1) China

H18 (1) China

H19 (1) China

H20 (1) China

H21 (1) China

H2 (1) China H2 (1) China

H3 (1) China H1 (1) China

H4 (4) China H1 (1) China

H5 (1) China H1 (1) China

H6 (1) China H5 (1) China

H7 (1) China H17 (1) China

H8 (1) China H1 (1) China

H9 (1) Japan H23 (1) Japan

Numbers in brackets represent the number of individuals belonging to

that Haplotype
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have nonetheless become extremely successful colonizers

(Sax and Brown 2000). The present study investigated the

use of the mitochondrial COI and Cyt B genes in esti-

mating the genetic variability and potential pathways of

entry of H. halys in recently invaded areas. The COI gene

demonstrated more variability than the Cyt B gene and was

better suited for assessing the genetic variability and

potential pathways of entry of invasive H. halys. The Cyt B

gene showed both low haplotype and nucleotide diversity

and was thus of limited use in the separation of the dif-

ferent populations. In fact, the vast majority of samples

belonged to one haplotype (including all H. halys from

recently invaded areas, as well as the majority of samples

collected in China), and this particular Cyt B haplotype

encompassed samples belonging to 18 different COI hap-

lotypes. Interestingly, some discordance between the Cyt B

and COI haplotypes was observed. As mentioned above, all

of the invasive populations from North America (COI H1,

H6, and H14 haplotypes) and Europe (COI H3, H8, and H9

haplotypes) fell within the Cyt B H1 haplotype. However,

four individuals from the Chinese collections which dis-

played a COI H1 haplotype did not fall within the Cyt B H1

haplotype, but rather generated unique Cyt B haplotypes.

This is interesting, as it may suggest the potential to further

discriminate or subdivide the Chinese H. halys population

using the Cyt B gene in combination with the COI gene.

However, the utility and validity of this approach would

need to be explored using a large number of samples across

a broad geographic range in the area of origin of H. halys.

Our COI data show that recently established populations

of H. halys have reduced genetic variability in comparison

to native Asian populations. Nucleotide and haplotype

diversity in the two recently established populations was

significantly lower than that in the area of origin (three

haplotypes in invaded regions vs. 21 in Asia), presumably

due to founder effects during colonization of North

America and Switzerland.

Three haplotypes were discovered among the North

American samples, and all three of these haplotypes were

shared with native Chinese samples from Hebei and Bei-

jing provinces. However, a single haplotype dominated the

North American samples, representing 96 % of the speci-

mens from Canada and the USA. Established breeding

populations of H. halys in Canada belong to one single

haplotype. The occurrence of two additional, singly

occurring haplotypes from residential homes in Canada is

likely not representative of the field-collected population,

but it demonstrates the value of including homeowner finds

(versus only field-collected specimens) in haplotype

diversity studies for H. halys. This may be particularly

important in the early stages of the establishment of an

invasive species in a new area, as it allows the detection of

additional and/or rare haplotypes. The occurrence of such

events suggests the potential for additional haplotypes to

become established from multiple, independent introduc-

tion events from the native range of H. halys, and may

suggest routes of entry that serve to increase the genetic

diversity of invasive BMSB populations over time.

Historical interception records for the arrival of H. halys

in Canada indicate that this species could have arrived from

Asia in the early 1990’s. However, most of these early

interceptions occurred on Canada’s west coast (British

Columbia), where no homeowner finds or established

populations have been reported to date. Only one of the

intercepted Asian specimens collected by phytosanitary

officers in Canada was consistent with the dominant,

established haplotype in Canada. Although the shipment

origin was listed as China, the exact geographic location

within the country remains unknown; however, it matches

the dominant haplotypes from the Beijing and Hebei

Provinces in China so we suspect that it originated from

this region, but further evidence is needed to confirm this

observation. This single specimen was intercepted in

Vancouver, British Columbia (2008) which is far removed

([4,000 km) from the location where H. halys has become

established. We, therefore, assume that this was not the

original source population responsible for the establish-

ment of BMSB in Canada. Confirmed homeowner reports

of H. halys in eastern Canada (southern Ontario) have been

consistent and growing since 2010, indicating the likely

arrival and establishment around that time. This coincides

with the extreme population explosion of H. halys in the

North Eastern USA, as well as with the increase in H. halys

interceptions in eastern Canada originating from the USA.

The haplotype identity and timing of H. halys population

establishment in Canada are consistent with the movement

or expansion of US populations due to human activity

(trade, travel, etc.). It is thus more likely that established

populations in southern Ontario are derived from move-

ment of the population in the eastern USA into Canada,

with the likely initial source population originating from

either Beijing or Hebei Provinces in China, given the

dominance of Haplotype H1 from these regions. This

supports recently collected sequence data for the COII

gene, which also points to China as the likely source

population of H. halys in North America (Xu et al. 2013).

However, it is possible that other regions in China also

have this haplotype, and as such further investigation is

needed to determine the distribution and prevalence of this

haplotype from a broader geographic range in China, par-

ticularly given the propensity for movement of this pest by

human-mediated activity.

Historical records for the occurrence of H. halys inter-

ceptions in Switzerland were not available, and thus the

pathways for entry are unclear. Our collections in 2012

showed that three haplotypes were also represented in the

J Pest Sci (2014) 87:17–28 25

123



Swiss population. Only one haplotype was shared between

the Swiss population and the Asian population, and no

haplotypes were shared between the Swiss and Canadian

populations. In contrast to the Canadian occurrence, two of

these haplotypes occur frequently (representing 84 and

15.5 % of the Swiss samples) in the established breeding

populations and homeowner finds in at least three Cantons.

This suggests the possibility of multiple invasion events

from different locations, or a single introduction event with

a larger number of genetically distinct individuals. A third

haplotype was also detected in the Zurich population, but it

occurred singly and does not appear to be representative of

the established field population. As mentioned above,

occurrence of additional, rare haplotypes may indicate

further introduction events and new sources of diversity for

genetically restricted founding populations. As no unique

haploytpes were found outside the Canton Zurich, our data

suggest that the movement of the founding population in

Zurich is responsible for seeding the population in other

Cantons within the country, as opposed to additional

introductions from Asia or North America. It is highly

likely that following the introduction and establishment of

these haplotypes in the Zurich area, populations expanded

to additional Cantons through human activity and move-

ment of goods within the country in a ‘‘stepping stone’’

expansion of the original introduction(s).

Interestingly, none of the haplotypes were shared

between the North American and Swiss samples, which

provides a clear indication that the two invasions occurred

separately, and from different source populations (i.e., no

admixture in any of the introduced populations). This

provides conclusive evidence that the established popula-

tion of H. halys in Switzerland did not occur due to trade

between the USA and Europe, despite previous intercep-

tions of H. halys in Europe from shipments originating in

Pennsylvania, USA (Freers 2012). Interestingly, one of the

samples intercepted in Canada in 2001 (Strathroy, Ontario)

matched the dominant haplotype (H3) in Switzerland,

which is shared with the Chinese population (Beijing and

Hebei Provinces). Unfortunately, the exact area of origin

for this shipment from China was not documented, and it

provides no indication as to the location where this indi-

vidual came from. Thus, the area of origin of the Swiss

population(s) is still unresolved, as two of the three hap-

lotypes were unique to Switzerland and were not in com-

mon with the Asian samples collected. Further, sampling

from across the broad geographic range of H. halys in Asia,

including Korea, Japan, and Taiwan (Zhu et al. 2012)

would clarify the origin of the two haplotypes that are

unique to the established populations in Switzerland. This

would also be advantageous for biological control, because

explorations for natural enemies of H. halys could then be

focused on the native range of the best genetically matched

H. halys populations, assuming that natural enemies in the

geographic centre of origin are better adapted to the pest

(Hoelmer and Kirk 2005).

Our Asian collections were fairly limited in geographic

scope, and as such more extensive sampling throughout

Asia would likely result in a haplotype match and a better

understanding of the route and mode of entry of the

established haplotypes in Switzerland. As such, we assume

that the diversity in Asia is actually much higher than that

reflected in our samples. Although the present data suggest

that specimens from the Hebei and/or Beijing Provinces

established in North America, we assume that additional

haplotypes from within China would permit a more con-

clusive identification of the source population occurring in

North America. It is important to note that although our

sampling efforts were not widespread across Asia, large

numbers of individuals were collected from the Hebei and

Beijing Provinces (108 individuals). As such, we are con-

fident that the haplotype diversity and distribution in this

particular region have been adequately captured in com-

parison to studies which cover a broader geographic range

with a limited number of specimens at each locality (e.g.,

1–5 specimens per region). Based on climate and distri-

bution data, Zhu et al. (2012) predicted that the source of

the invasive populations in North America and Europe

would be either western South Korea or northern Japan.

However, our data are in disagreement with their model (at

least in terms of the North American samples), and suggest

that the source of H. halys in North America is most likely

from China. Further sampling in Asia should help pinpoint

the source(s) of H. halys in Europe and could be used to re-

evaluate the climate model proposed by Zhu et al. (2012).

It will be important to continue to monitor the genetic

diversity of these recently introduced populations to

determine whether variability will increase over time as

additional colonization/introduction events take place.

Hybridization of individuals from genetically distinct

populations (e.g., from China and Japan) may lead to an

increased fitness (e.g., higher fecundity) of H. halys pop-

ulations in the invaded area (Reed and Frankham 2003;

Szucs et al. 2012) and admixed populations may be better

adapted to new environments, which may further com-

pound the current problems associated with the invasive

pest. More targeted trapping and monitoring programs in

recently invaded areas could provide additional informa-

tion on movement and establishment success of different

haplotypes. Ultimately, identifying the origin of invasive

H. halys populations may help to detect unknown pathways

and stop the potential influx of additional haplotypes con-

tributing to the genetic diversity of this pest.

Acknowledgments The authors are grateful to all Swiss home-

owners who kindly provided us with specimens, particularly A. Knup,

26 J Pest Sci (2014) 87:17–28

123



A. Six, R. Burtscher, W. and T. Rüesch, E. Roschet, and K. Häberlin.
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