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Abstract Halyomorpha halys is an invasive stink
bug pest originating from East Asia. In Europe, it was
first detected in Switzerland in 2004. It is now present
in thirteen countries, and seems to be spreading
throughout the continent. In Italy, where it has been
recorded since 2012, other than being an urban
nuisance, it is causing severe damage in commercial
fruit orchards. An integrated approach, using current
and previous observational data in space and time and
molecular information, was used to identify the
genetic diversity of this pest in Europe, its invasion
history, and the potential pathways of entry and
diffusion. The analysis of 1175 bp of mitochondrial
DNA cytochrome c oxidase I and II genes (cox1, cox2)
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led to the identification of twenty previously unknown
haplotypes. The European distribution of H. halys is
the result of multiple invasions that are still in
progress, and, in some cases, it was possible to
identify the specific Asian areas of origin. Moreover,
secondary invasions could have occurred among
European countries by a bridgehead effect. In Italy,
the data were more clearly related to their temporal
occurrence, allowing for a clearer reading of the
patterns of invasion and dispersion. After having
successfully established in localized areas, H. halys
further expanded its range by an active dispersion
process and/or by jump dispersal events due to passive
transport. The multiple introductions from different
areas of the native range together with the different
patterns of diffusion of H. halys, may hamper the pest
management strategies for its containment.
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Introduction

Biological invasions result from accidental or inten-
tional dispersal events, linked to human activities, of
alien species. The potential for an alien population to
become invasive is related to its ability to adapt to new
or changing environmental conditions (Fisher 1930;
Estoup and Guillemaud 2010). Inferring source pop-
ulations, routes of invasions and patterns of dispersal
of founding populations are important issues for
defining and testing the evolutionary hypothesis
involved in the success of invasive alien species
(Estoup and Guillemaud 2010; Handley et al. 2011),
projecting their spread (Kolar and Lodge 2001), and
potentially directing the focus on conservation strate-
gies and control management (Handley et al. 2011).
The knowledge of life history and genetic traits that
characterize an invasive species are therefore the
starting point for a better understanding of the
ecological and evolutionary dynamics underlying
biological invasions. The genetic variability of invad-
ing populations, in terms of both molecular and
quantitative traits, depends on the history of their
populations of origin and the historical and demo-
graphic features of their introduction. For these
reasons, it is important to estimate the number of
specimens and the genetic diversity of the invasive
population, the patterns of dispersal and diffusion into
anew territory (Estoup and Guillemaud 2010), and the
eventual presence of multiple introductions that usu-
ally increase the amounts of variation (see Dlugosch
and Parker 2008).

A species that has been demonstrated to have an
extremely high potential as global invasive organism
is Halyomorpha halys (Stal, 1855) (Heteroptera,
Pentatomidae), a phytophagous insect native to East
Asia (Lee et al. 2013, 2017; Zhu et al. 2016), which is
becoming an emerging pest of agricultural crops in
Europe (Bariselli et al. 2016; Maistrello et al. unpub-
lished). After the first report in Switzerland in 2007
(Wermelinger et al. 2008; Gariepy et al. 2014), very
probably the initial entry point of this pest in Europe,
H. halys was detected all over the continent: Liecht-
enstein  (Arnold 2009), Greece (Milonas and
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Partsinevelos 2014), Germany (Heckmann 2012),
Italy (Maistrello et al. 2014; Cesari et al. 2015);
France (Callot and Brua 2013; Maurel et al. 2016),
Hungary (Vétek et al. 2014), Austria (Rabitsch and
Griebe 2015), Romania (Macavei et al. 2015), Serbia
(geat 2015), Spain (Dioli et al. 2016), Russia (Mityu-
shev 2016), and Bulgaria (Simov 2016). It has also
been intercepted twice in Britain (Malumphy 2014).
According to model predictions, under future climate
scenarios, H. halys populations could also expand to
previously unaffected regions of Europe, especially in
the Mediterranean area (Haye et al. 2015; Kriticos
et al. 2017) and in the Northern regions (Zhu et al.
2012). Trade increase with native and/or invaded areas
could also lead to the expansion of H. halys popula-
tions to higher latitudes (i.e. Northern Europe).
Moreover, in Italy, where H. halys is reported since
2012 (Cesari et al. 2015; Maistrello et al. 2016b), high
damage to fruit orchards were reported during the
summer of 2015 (Maistrello et al. 2016a, 2017),
eliciting a high concern for Italian agricultural
production (Fanfani and Pieri 2016). Other than
Europe, H. halys has also invaded the U.S.A. (Zhu
et al. 2016), where it was detected for the first time in
1996, although it was positively identified only in
2001 (Hoebeke and Carter 2003). From then on, H.
halys has become a widespread agricultural pest
occurring in all U.S. states east of the Mississippi
River, as well as in several western coastal states and
in Canada (Leskey et al. 2012; Rice et al. 2014; Haye
et al. 2015). Interceptions of this species were reported
in Australia and New Zealand (Walker 2009; Duthie
et al. 2012; MacLellan 2013; Ward 2013) and reports
of its presence have come from Guam (Mariana
Islands, Pacific Ocean; Moore 2014) and India (Nikam
and More 2016).

The accessibility and affordability of molecular
technologies, coupled with the expansion of databases
housing publicly available DNA sequence data, have
helped in the use of molecular tools to evaluate the
diversity and potential origin of source populations of
H. halys. However, the records are still few, consid-
ering the spread and importance of this species as a
pest (Gariepy et al. 2014, 2015; Xu et al. 2014; Cesari
et al. 2015; Zhu et al. 2016; Lee et al. 2017). Some of
these studies tried to identify the potential pathways of
diffusion of H. halys in Europe (Gariepy et al.
2014, 2015; Cesari et al. 2015), but due to the early
stage in the detection of this pest, the relatively low
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numbers of analysed specimens and molecular mark-
ers, and especially the very low data available from the
area of origin, their conclusions were generally
speculative and preliminary. However, patterns of
haplotype diversity seemed to indicate the movement
of successful invasive populations to generate sec-
ondary invasions within Europe, as well as the
occurrence of multiple invasions from Asia (Gariepy
et al. 2015), while in Italy, the invasion probably
occurred from two different pathways, both from
Switzerland and from Asia and/or North America
(Cesari et al. 2015). Since biological invasion events
often occur over large temporal and spatial scales, and
can involve multiple introductions of a small number
of individuals from one or more source populations,
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,
Hulme et al. 2008). For this reason, to rapidly obtain
data from a very large area, we collaborated with plant
protection services at local, national, and international
levels, and with the general public, applying a crowd-
sourcing approach (Maistrello et al. 2016b).

The present study aims to identify the genetic
diversity of this pest in Europe and the potential
pathways of entry and diffusion of H. halys popula-
tions in Italy. Previous papers presenting molecular
studies on H. halys showed a single picture in a defined
specific time, not considering the timeframe in which
the invasion occurred, thus reducing the interpretative
potential of the data. In this study, we examined the
genetic diversity of H. halys populations both in space
and time to better understand the dispersal and
dispersion patterns of this highly invasive species.
We therefore integrated the two types of methods that
have traditionally been used to make inferences
concerning the routes of introduction of alien species:
direct methods based on current and historical obser-
vations, and indirect methods based on patterns in
population genetic data (Estoup and Guillemaud
2010). Newly collected specimens in Italy, Switzer-
land, Greece and Romania were analysed and the data
were compared with others from all over Europe,
North America and Asia. The integration of genetic,
geographical and temporal data has proven to be
useful for giving clearer indications on the pathways
that this highly invasive pest is following throughout
Europe and Italy.

Materials and methods

Halyomorpha halys specimens were collected in a
single locality in Switzerland, Greece, Romania, and
in ten Italian regions (Table 1, Online Resource 1)
from agricultural crops, urban ornamental plants, and
private residences. Moreover, the numbers and fre-
quencies of H. halys in Italian provinces and regions in
the years 2012-2016 were obtained during a survey
(Maistrello et al., unpublished) that included both
active sampling by entomologists, students and per-
sonnel of plant protection services as well as crowd
sourcing data obtained with the involvement of
volunteers via multimedia channels, using a procedure
and database similar to that described in Maistrello
et al. (2016b). Basically, in all cases, contributors were
invited to collect or take high quality photographs of
any brown-grey marmorated bugs and to send them to
the project coordinators, together with details on the
collection/sighting specifying when, where (location
and context of occurrence) and how many bugs were
detected (using an abundance index). Records, vali-
dated by the coordinators by examining the collected
specimens and pictures, were included in a database.

The collected samples arrived in laboratory either
alive, dried or in ethanol and were stored at — 20 °C
until used for molecular analysis. A single leg was
removed from the specimens using sterilized tweezers,
while the remaining stink bugs were retained as
vouchers and stored at — 20 °C at the Department of
Life Sciences of the University of Modena and Reggio
Emilia (Italy). Genomic DNA was extracted following
the method described in Cesari et al. (2015). Briefly,
DNA was isolated from a single stink bug leg using the
MasterPure™ Complete DNA and RNA Purification
(Epicentre, Illumina, Madison, WI, U.S.A.) Kkit,
following the manufacturer’s protocol. A negative
extraction control was also carried out with all the kit
solutions but without insect tissue in order to check for
contaminations.

The genetic diversity of the H. halys population was
detected by analysing the mitochondrial genes cyto-
chrome ¢ oxidase subunit I (cox/) and cytochrome
¢ oxidase subunit II (cox2). These markers were
chosen because of their fairly high variability (both
markers, Xu et al. 2014; Cesari et al. 2015), and
because of the high number of previously scored
specimens (coxI; Gariepy et al. 2014, 2015; Xu et al.
2014; Cesari et al. 2015; Zhu et al. 2016; Lee et al.
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Table 1 Countries,

Country Region No. of specimens Sampling year
regions, number of
Halyomorpha halys Ttaly Emilia-Romagna 26 2013
specimens collected and 12 2014
sampling years for the
present study 13 2015
2016
Lombardy 2013
25 2014
8 2015
8 2016
Piedmont 48 2014
2015
Liguria 2015
Friuli-Venezia Giulia 15 2014
2 2015
Veneto 3 2014
14 2015
1 2016
Tuscany 1 2015
2 2016
Trentino-South Tyrol 7 2016
Lazio 1 2016
Calabria 1 2015
Switzerland 2 2013
Greece 10 2015
Romania 8 2015

2017). PCR amplification of a portion of the mtDNA
coxl gene was carried out using primers LCO-1490
(5’-GGT CAA CAA ATC ATA AAG ATA TTG G-3/;
Folmer et al. 1994) and HCO-2198 (5'-TAA ACT
TCA GGG TGA CCA AAA AAT CA-3'; Folmer et al.
1994), with the following protocol: 35 cycles with 30 s
at 94 °C, 30 s at 48 °C, and 30 s at 72 °C, with a final
elongation step at 72 °C for 7 min. In the case of cox2
gene, after several failed attempts on different spec-
imens with the primers HhalysCO2F2 and Hhalys-
CO2R2 (Xu et al. 2014; Cesari et al. 2015), a new set
of primers specific to H. halys, were designed using
the program Primer3 (Untergrasser et al. 2012):
HhalysCO2altF (5'-TTT TAA CCC AAG ATG CAA
ATT C-3') and HhalysCO2altR (5'-TTG TTC TTT
CAA TTA CGA TTG G-3’). The newly amplified
products were 518 bp long and corresponded to
positions 3042-3559 of the complete mitochondrial
genome of H. halys (GenBank Acc. No. NC_013272).
This allowed to obtain sequences that could be
compared to ones present in literature (Xu et al.
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2014). The PCR amplification protocol utilized for the
cox2 gene was the same as the one utilized for the cox/
gene and described above. The amplified products of
both genes were gel purified using the Wizard Gel and
PCR cleaning (Promega, Madison, WI, U.S.A.) kit.
Both strands were then subjected to sequencing
reactions using the Big Dye Terminator 1.1 kit
(Applied Biosystems, Foster City, CA, U.S.A.) and
sequenced using an ABI Prism 3100 sequencer
(Applied Biosystems). Nucleotide sequences of the
newly analysed specimens were submitted to Gen-
Bank (accession numbers: KY710272-460 for coxI
and KY710461-681 for cox2). The chromatograms
were checked for the presence of ambiguous bases as
the sequences were translated to amino acids using the
invertebrate mitochondrial code implemented in
MEGAG6 (Tamura et al. 2013) in order to check for
the presence of stop codons and therefore of pseudo-
genes. Nucleotide sequences were aligned with the
Clustal algorithm implemented in MEGAG6 (pairwise
and multiple alignment parameters: Gap opening
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penalty: 15, Gap extend penalty: 6.66) and checked by
visual inspection. For appropriate molecular compar-
isons, we included in our analysis cox! and cox2
sequences of H. halys from GenBank (see Online
Resource 2) derived from the following studies: Lee
et al. (2009, 2017), Xu et al. (2014), Gariepy et al.
(2014, 2015), Zhu et al. (2016) and Dhami et al.
(2016). Uncorrected p-distances between scored hap-
lotypes were determined using MEGAG, after check-
ing that scored cox/ and cox2 sequences were not
subject to saturation using the program DAMBE (Xia
and Xie 2001). The relationships among haplotypes
were estimated using a parsimony network by apply-
ing the method described by Templeton et al. (1992),
as implemented in TCS 1.21 (Clement et al. 2000) and
visualized using tcsBU (Santos et al. 2015). Both
newly analysed and reference sequences were
included in the analysis, in order to provide better
qualitative information for potential pathways of
invasion. Number of haplotypes (H), haplotype
(h) and nucleotide (7) diversities were estimated using
the program DnaSP v5 (Librado and Rozas 2009),
whereas Tajima’s D and Fu’s F values were estimated
by using Arlequin 3.5 (Excoffier and Lischer 2010),
with P values generated using 1000 simulations under
a model of selective neutrality. Differentiation
between populations and the number of migrants
following Wright (1969) were computed with con-
ventional Fgr statistics from haplotypes with 1000
permutations with Arlequin 3.5. The population
genetic analysis was carried out for all countries for
the coxl gene, while, due to the lack of sequences, it
was restricted to Italian, Swiss, Greek, Romanian,
U.S., Korean, Japanese and Chinese specimens for the
cox2 gene, and to the latter countries, excluding Japan,
for the combined analyses. The procedures and the
experiments in this study were carried out with respect
to the ethical standards of the Helsinki declaration of
1975, as revised in 2000 and 2008, as well as Italian
law.

Results

Our analysis was carried out on 1271 sequences
obtained from H. halys specimens (234 individuals
were analysed for the first time in this study; Online
Resource 1) on a total of 1175 base pairs (657 bp for
coxl and 518 bp for cox2). Haplotype designation

Fig. 1 Haplotype network of the coxl gene from 1271p
Halyomorpha halys specimens. Circles represent haplotypes,
circle size denotes the total haplotype frequency, while each
slice represents the haplotype frequency in different countries.
Small white squares indicate missing/ideal haplotypes. Num-
bers point out the haplotypes found in Europe. Haplotypes
detected for the first time (150—156) are in italic and bold. Data
from: present study; Gariepy et al. 2014, 2015; Xu et al. 2014;
Cesari et al. 2015; Zhu et al. 2016; Lee et al. 2017

followed that of Xu et al. (2014), Gariepy et al.
(2014, 2015), Cesari et al. (2015), Zhu et al. (2016),
and Lee et al. (2017). The obtained coxI tract was
shorter (657 vs 1349 bp) than the one used by Zhu
et al. (2016), resulting in the coalescing of some hap-
lotypes (H1 = Hap6 = Hapl4 = Hap45 = Hap54 =
Hap83 = Hap96 = Hapl112 = Hap119 = Hap123;
H2 = Hap92 = Hap93; H3 = Hapl0 = Hapl6 =
Hap24 = Hap32 = Hap34 = Hap46 = Hap58; H14 =
Hap21 = Hap30 = Hapl21 = Hap126; H22 = Hap4 =
Hap5 = Hap33 = Hap47 = Hap49 = Hap52 = Hap56
= Hap59 = Hap61 = Hap70 = Hap73 = Hap75 =
Hap84 = Hap87 = Hap88 = Hap89 = Hap91l =
Hap109 = Hap110 = Hap117 = Hap133; H23 =
Hap62 = Hap63 = Hap65; H33 = Hap76 = Hap86 =
Hap90; H37 = Hap53 = Hap 68 = Hap124; Hap17 =
Hap29; Hap38 = Hap40; Hap39 = Hap 43; Hap44 =
Hap 120; Hap57 = Hapl15; Hap71 = Hap74;
Hap79 = Hap82; Hap94 = Hap95; Hapl07 =
Hap129; Hap113 = Hap130).

coxl

For the coxI marker, among the 111 haplotypes
scored, seven of them (H150-156), all originating
from Italian specimens, were detected for the first time
(Online Resource 1; Fig. 1). Haplotype diversity for
all populations was 0.757, while nucleotide diversity
was 0.00398 (Table 2). The haplotypes differed
between 1 and 12 substitutions, with p-distances
ranging from 0.002 to 0.019. Two haplotypes (HI
and H3) were the most abundant and widespread
(Fig. 1): H1 (n = 440) was present in all analysed
countries, excluding Japan and South Korea, while H3
(n = 393) was found in China, France, Switzerland,
Hungary, Greece, and Italy. All other haplotypes were
retrieved in a maximum of two countries, with the
exception of H8 (found in Switzerland, France, and
Italy) and H22 (in China, Korea, and Greece). Most of
the scored Greek haplotypes pointed to Asian origins:
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Fig. 2 Geographic distribution of cox/ haplotypes detected in
731 European Halyomorpha halys specimens. Circle size
denotes number of analyzed specimens, while the size of each
slice denotes the haplotype frequency. Haplotypes detected for

H22 (see above) and H33 (which was also found in
Chinese specimens of the provinces of Shanxi and
Shaanxi). Other than the new haplotypes found for the
first time in Italy, the haplotypes HS8 (see above), H30,
H31, H32 (Greece) were exclusively detected in
Europe.

The highest haplotype diversity was found in China
(h = 0.804), with the presence of 75 haplotypes. High
haplotype diversities were also recorded in Korea and
Japan (h = 0.669 and 0.533, respectively). Outside of
the native area of H. halys, the highest diversities were
found in Greece (m = 0.00366; h = 0.707; Table 2,
Figs. 1, 2), confirming the data of Gariepy et al.
(2015), and in Italy (see below). On the other hand, a
high haplotype uniformity was found in Romania, as
only one haplotype was found (H1; Table 2, Figs. 1,
2). In Italy, 13 haplotypes were scored (Figs. 1, 2),
with high haplotypic (h = 0.702; Table 2) and
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the first time (H150-H156) are in bold. Data from: present
study; Gariepy et al. 2014, 2015; Xu et al. 2014; Cesari et al.
2015; Zhu et al. 2016; Lee et al. 2017

nucleotide (m = 0.00545; Table 2) diversities; these
values were the highest () or the second highest
(h) found all over the world. Seven Italian cox/
haplotypes (H1; H3; H8; Hap78, Hap80; Hap81) were
also detected in other countries, in some cases
indicating their possible origins. In fact, other than in
Italy, haplotype H8 was found in Switzerland and
France, while haplotypes Hap78, Hap80, and Hap 81
were scored in the Shandong province of China.
Demographic expansion was detected using both
Fu’s F, and Tajima’s D values (negative values,
Table 2) both in the native continent and in Europe
and North America. Almost all invaded countries
showed negative values, indicating a probable demo-
graphic expansion after a bottleneck, even though no
significance was detected for one or both selective
neutrality tests for most invaded countries. The
analysis of the pairwise @g7 and number of migrants
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Table 3 Genetic diversity indices for both the cox/ and cox2 genes in all analysed Halyomorpha halys populations

Country Region n H T h Fu’s F P Tajima’s D P

China 5 2 0.00034 0.400 0.902 NS — 0.817 NS

South Korea 1 1 0.00000 0.000 - -

ASIA 6 3 0.00142 0.600 0.688 NS — 1.337 NS

US.A. 4 1 0.00000 0.000 - -

Switzerland 2 1 0.00000 0.000 - -

Romania 7 1 0.00000 0.000 - -

Greece 10 3 0.00279 0.622 3.122 NS 1.758 NS

Italy 209 22 0.00376 0.734 — 3.492 NS — 0.452 NS
Emilia-Romagna 56 6 0.00048 0.292 — 3435 woE — 1.045 NS
Piedmont 54 10 0.00207 0.758 — 0.165 NS —0.120 NS
Lombardy 45 10 0.00261 0.776 — 0.564 NS 0.245 NS
Friuli-Venezia Giulia 17 3 0.00042 0.228 — 0.445 NS — 1.843 *
Veneto 16 8 0.00511 0.792 0.672 NS 0.313 NS
Trentino-South Tyrol 9 4 0.00318 0.583 1.781 NS — 0.442 NS
Liguria 7 2 0.00024 0.286 — 0.095 NS — 1.006 NS
Tuscany 3 2 0.00340 0.667 2.639 NS 0.000 NS
Lazio 1 1 0.00000 0.000 - -
Calabria 1 1 0.00000 0.000 - -

EUROPE 228 24 0.00367 0.738 — 4.639 NS — 0.611 NS

TOTAL 238 26 0.00361 0.728 — 6.192 NS —0.713 NS

For each population the number of specimens (n), number of scored haplotypes (H), nucleotide diversity (), haplotype diversity (h),
and Fu’s F and Tajima’s D test statistics for selective neutrality are given. Values are significant at * P < 0.05; ** P < 0.01;

##x P < 0.001
NS not significant

(Table 3) showed a clear subdivision among popula-
tions from all countries, with the exception of Hungary
and Romania (probably due to their low diversity) and
between specimens from China and those intercepted
in New Zealand.

cox2

For the cox2 gene, the analysis was carried out on
fewer individuals (367). Of these, 219 were analysed
for the first time in this study. A total of 21 haplotypes
were scored (h1-h21, Fig. 3); of these, two (h20, h21)
were new to science, both retrieved from Italian
specimens. The haplotypes differed between 1 and 9
substitutions, with p-distances ranging from 0.002 to
0.017. The haplotype diversity for all populations was
0.553, while the nucleotide diversity was 0.00225
(Online Resource 3). Two haplotypes (h1 and h3) were
the most abundant and widespread: hl (n = 186) was
present in all analysed countries (Switzerland and

Japan excluded); h3 (n = 107) was found in China,
South Korea, Switzerland, Greece, and Italy (Fig. 3).
All other haplotypes were detected in only one
country, with the exception of haplotypes hll (in
Korea, Japan and Italy) and h15 (in Japan and Italy). In
Asia, 19 cox2 haplotypes were scored (h = 0.893), a
value much higher than those found in the U.S.A. (1
haplotype) and in Europe (6 haplotypes; h = 0.510).
One haplotype was detected in Switzerland (h3) and in
Romania (h1) while two were found in Greece (h1 and
h3). Italian H. halys individuals included all of the
haplotypes found in Europe (hl, h3, hll, h15, h20,
h21; Fig. 3).

Combined analysis (cox! + cox2)
In the combined analysis, given that only 10
coxl + cox2 sequences were available in GenBank,

we focused on the newly produced data (n = 228),
and mainly on Italian specimens (n = 206). Twenty-

@ Springer



1082

M. Cesari et al.

Bl china [ switzerland
D South Korea |:| Greece
- Japan - Romania
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Fig. 3 Haplotype network of the cox2 gene from 367 Haly-
omorpha halys specimens. Circles represent haplotypes, circle
size denotes the total haplotype frequency, while each slice
represents the haplotype frequency in different countries. Small

six haplotypes were found (TH1-TH26, the haplo-
types found in Cesari et al. (2015) have this corre-
spondence: Ha = TH1; Hb = TH2; Hc = TH3;
Hd = TH4; He = TH11; Hf = TH12), of which 20
were new to science (TH5-TH10; TH13-TH26).
These were all found in Italian and Greek specimens.
Haplotypes differed between 1 and 11 substitutions,
with p-distances ranging from 0.001 to 0.010. The
total haplotype diversity was 0.00361, while the total
nucleotide diversity was 0.728 (Table 4). Haplotype
THI1 was the most abundant and widespread (Fig. 4),
being present in all analysed countries, Switzerland
and Korea excluded. All other haplotypes were each
found in only one country, with the exception of TH4,
which was scored in both Swiss and Italian H. halys

@ Springer
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white squares indicate missing/ideal haplotypes. Haplotype
denotation follows that proposed by Cesari et al. (2015).
Haplotypes detected for the first time (h20-h21) are shown in
bold. Data from: present study; Xu et al. 2014; Cesari et al. 2015

specimens. Twenty Italian haplotypes (TH5-TH24)
were also unique and therefore not found anywhere
else (Fig. 4). Italy had also the highest nucleotide
(m = 0.00376) and haplotype (h = 0.734) diversities
(Table 4). The most diverse Italian regions were in the
North: Piedmont (10 haplotypes, h = 0.758), Lom-
bardy (10 haplotypes, h = 0.776) and Veneto (8
haplotypes, h = 0.792).

The analysis of the pairwise @g7 and number of
migrants in the different Italian regions (Table 4)
showed a marked subdivision between different
regions, excluding those colonized very recently
(Tuscany, Lazio, Calabria, and in most comparisons,
Trentino-South Tyrol). Figures 5 and 6 show the
distribution of combined haplotypes in the different
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E] USA - Greece

[ ]south korea [} Emiia-r.
! Switzerland - Lombardia

Fig. 4 Haplotype network of the cox! + cox2 genes from 238
Halyomorpha halys specimens. Circles represent haplotypes,
circle size denotes the total haplotype frequency, while each

provinces and regions of Italy in a temporal scale
(2013-2014 in Fig. 5, and 2015-2016 in Fig. 6). Both
figures show how the number of haplotypes and their
distribution have increased over time, leading to a
marked differentiation between the regions of North-
West (Piedmont and Lombardy) and those of North—
East (Emilia-Romagna, Friuli-Venezia Giulia and
Trentino-South Tyrol) Italy. Halyomorpha halys has
been recently found (2016) in Central and South
Italian regions, which have likely been colonized by
individuals coming from Lombardy/Piedmont (TH12
in Lazio and Calabria), and Emilia-Romagna (TH1 in
Tuscany). Moreover, some haplotypes typically found
in Lombardy and Piedmont thus far (TH4 and TH7)
have finally been detected both in the Western (TH4)
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|:| Piedmont
D Liguria
- Veneto
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30
- Trentino-S.T. 23
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— 10-11
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slice represents the haplotype frequency in different countries/
Italian regions. Small white squares indicate missing/ideal
haplotypes

Fig. 5 Geographic distribution of the cox! + cox2 haplotypes»
detected in 2013 (above) and in 2014 (below) in Italy. On the
left, maps with different colours show the distribution and
abundance of Halyomorpha halys individuals. On the right, the
maps with different diagrams represent the haplotype diversities
in the different provinces (close provinces with the same
haplotypes were grouped). The grey lines delimit the provinces,
the black lines the regions

and Eastern provinces of Emilia-Romagna (TH6,
Fig. 6).
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«Fig. 6 Geographic distribution of the cox!/ + cox2 haplotypes
detected in 2015 (above) and in 2016 (below) in Italy. On the
left, maps with different colours show the distribution and
abundance of Halyomorpha halys individuals. On the right, the
maps with different diagrams represent the haplotype diversities
in the different provinces (close provinces with the same
haplotypes were grouped). The grey lines delimit the provinces,
the black lines the regions

Discussion

The present study allowed us to gain new insights on
the genetic diversity of H. halys in Europe, and the
correlation of genetic data with temporal and spatial
information has produced new information that will be
useful for the control and management of this alien
pest. The inference of H. halys invasion routes,
geographical origin of introduced specimens and their
genetic diversity should facilitate the design of
effective measures for both preventing further inva-
sions (by targeting control of goods from targeted
source areas) and controlling invasive populations (by
choosing potential auxiliary agents from the same
geographical areas from which invasive H. halys come
from). The number of detected haplotypes in Europe
represent only the 31% of those found in Asia (China,
Korea, and Japan), but the European populations of H.
halys do not seem to have been affected by a high
reduction in genetic diversity during invasion pro-
cesses as one might expect from a bottleneck effect.
This high diversity is related to a pattern of multiple
invasions in Europe by H. halys, as pointed out by the
different haplotypes and their different distributions
among the European countries (Fig. 2). The higher
haplotype diversity recorded in southern Europe (Italy
and Greece) can be explained by a variety of reasons
which are not mutually exclusive: a sampling bias,
multiple invasions, and more favourable environmen-
tal conditions for reproduction and growth. In fact,
modelling approaches have shown that southern
Europe has a more favourable habitat for H. halys
populations than higher latitudes (Haye et al. 2015),
especially in prime horticultural production areas
(Kriticos et al. 2017).

Most haplotypes detected in Europe were also
found in China. Therefore, it can be hypothesized that
most specimens arrived from this country, especially
given the large amount of commercial trading that
occurs between Europe and Asia. However, it is

important to note that some secondary invasions from
North America cannot be excluded. Some European
haplotypes were also detected in specific areas of
China, such as haplotype H33 which was found in
Greece and in the Chinese provinces of Shanxi and
Shaanxi, or haplotypes Hap78, Hap80, Hap81 which
were found in Italy and in the province of Shandong.
These data can therefore identify the possible sources
for the introduction. Moreover, some Italian speci-
mens share haplotypes (h11, h15) with Korean and
Japanese organisms (Fig. 3).

On the other hand, other haplotypes were found
only in Europe (H8, H30-32, H150-156), clearly
indicating how the biodiversity of the native range is
still understudied. The temporal distribution of some
of these European haplotypes clearly shows how a
secondary invasion has occurred among European
countries, e.g. haplotype H8 was detected in 2012 in
Switzerland (Gariepy et al. 2014) and then was found
in 2013 both in France (Gariepy et al. 2015) and in
Northern Italy, close to the Swiss border (Cesari et al.
2015).

Multiple introductions seem to be common in
invasions (Ellstrand and Schierenbeck 2000; Bossdorf
et al. 2005; Novak and Mack 2005), and they can bring
together large amounts of variation, as we detected for
H. halys. This leads to the hypothesis that the
successful European invasion by H. halys is a direct
result of an influx of genetic variation from multiple
introductions. The inclusion of the data from Lee et al.
(2017), mainly coming from the U.S. East coast (West
Virginia, New Jersey), show that the coxI haplotype
diversities in North America are higher than that
reported so far (Gariepy et al. 2014; Xu et al. 2014),
pointing to the possibility that different scenarios
could also be taken into account also for that continent,
even though so far all molecular data were sampled in
the East coast.

The most common haplotypes (TH1, TH4, H1, H3)
present in Europe comprise also that one more
commonly found in North America (H1). It is not
clear if these haplotypes are more common because
they are also more common in Asia (such as H1 and
H3) and/or more commonly transported passively,
and/or because they are associated with the genomes
of specimens that more easily adapt to newly
colonized territories. Further analyses involving more
variable markers (i.e. microsatellites, SNPs) will help
in clarifying this scenario in the future.
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In Italy, more data are available with respect to
other invaded countries, and these data are more
clearly related to their temporal occurrence, allowing
for a clearer reading of the patterns of invasion and
dispersion of H. halys. It is evident that, as the areas
colonized by H. halys increased during time, so did the
number and distribution of the haplotypes. In just a
few years, the number of haplotypes increased from
two (detected in 2013 in only few provinces) to 22
(distributed almost all over Italy), providing evidence
for a progressive, continuous and frequent invasion
due to the introduction of new haplotypes. These
multiple invasions, very probably, are due to stink
bugs arriving from different countries, both from other
continents (e.g. Asia) and from Europe (e.g.
Switzerland).

Based on the different haplotype distributions, the
diffusion of H. halys in Italy followed different
invasion patterns. The two initial haplotypes found
in Italy (TH1, TH4) remain the more abundant and
widespread, and seem to be most highly invasive. The
combined haplotype TH4, similar to the cox/ haplo-
type HS, is a haplotype found only in Switzerland and
Italy (H8 is present also in France; Gariepy et al.
2015). Because Switzerland was the European country
in which H. halys was first detected in 2004 (Wer-
melinger et al. 2008; Haye et al. 2015), it is very
probable that Swiss specimens arrived in Northern
Italy (Lombardy) from the Ticino valley (Maistrello
et al. 2016b) and then spread to nearby areas (Fig. 5).
In the same year of the first record in Italy (2012),
some specimens were also found in the attic of the
Natural History Museum of Milan (Dioli, pers.
comm.), which could represent a possible earlier
settlement connected with the commercial route
Milan-Zurich. From this first inoculation, the popula-
tion colonized new areas by being passively trans-
ported via jump dispersal events to other distant areas
in northern (e.g. eastern Emilia-Romagna and Tren-
tino-South Tyrol), central (Lazio) and southern Italy
(Calabria) (Fig. 6). Therefore, specimens with this
haplotype could have colonized new territories by a
“bridgehead effect” (Lombaert et al. 2010) in which
widespread secondary invasions stem from a partic-
ularly successful invasive population. A similar pat-
tern, but with fewer occurrences, is shown by the
haplotypes TH7, TH12, TH13, and TH22. Previous
studies on the movement of H. halys in U.S. invaded
territories pointed out its strong association with urban

@ Springer

and commercial developments, with railroads and was
helped by the ability of the stink bugs to overwinter in
multiple habitats and to feed on different plants
(Wallner et al. 2014). All these features are also found
in Italy, especially in the Po valley (northern Italy),
thus facilitating the ability of H. halys to colonize new
areas.

On the other hand, the haplotype THI1 seems to
have arrived in Italy and expanded its distribution
range in a different way with respect to TH4. The first
specimens of H. halys found in Italy had the TH1
haplotype (Cesari et al. 2015). This haplotype was
initially confined to the central part of Emilia-
Romagna (Fig. 5). It then expanded its range progres-
sively colonizing nearby areas by diffusion without
wide jump dispersal events, spreading all over North-
ern Italy. It is now moving south (Fig. 6). THI is
probably the same haplotype of the specimens that
were the focus of movement capacity investigations in
the U.S.A. These studies found that adult H. halys can
fly an average of 2 km/day and up to 117 km in the
same time period (Lee and Leskey 2015), with
individuals of the summer generation flying the
longest distances (Wiman et al. 2015). Moreover,
nymphs exhibited a strong walking capacity on both
horizontal and vertical surfaces, and they can be even
faster than adults in certain environments (Lee et al.
2014). On the other hand, other less-widespread
haplotypes (e.g. TH9, TH10, TH16, TH19, TH20)
show a local distribution, apparently they did not
extend their range during the sampling interval. This
difference of dispersal abilities could also be linked to
different landscape structure and host plant diversity.
In fact, it has been shown that H. halys can feed on
both non reproductive parts and fruits of multiple host
plants (Acebes-Doria et al. 2016), but some more
suitable host plants can be less represented in different
areas, thus negatively influencing the dispersal. More-
over, Rice et al. (2016) demonstrated that most
damage in agricultural fields (i.e. more individuals)
is often linked to forests bordering crops, a feature not
so common in the Italian countryside.

Northeast and Northwest Italy show different
haplotypes, providing evidence for different origins.
For example, in the Veneto region (in Northeast Italy),
clear events of multiple introductions are detectable.
For instance, a new haplotype (TH20) was suddenly
found in 2014. Then, in just 2 years the number of new
haplotypes increased to seven, most of which being
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exclusively found in this area (Figs. 5, 6). In Piedmont
(in Northwest Italy) the number of haplotypes
increased rapidly in 3 years, leading to a total of nine
haplotypes. Of these haplotypes, only two (TH1, TH4,
the most frequent in Europe) are shared with Veneto.

Conclusion

The use of multiple molecular markers in this
population genetic analysis has improved our ability
to identify the different invasion patterns of H. halys.
The current European distribution of H. halys is the
result of multiple invasions that are still in progress,
due to passive dispersal mediated mainly by commer-
cial trading (Haye et al. 2015). The source-areas for
these invasions are varied (e.g. multiple Chinese
provinces, Korea, or newly colonized areas), further
increasing the haplotype diversity in newly colonized
territories. After having successfully established in
localized areas, invasive specimens can further expand
their range by an active, natural, dispersion process
and/or by jump dispersal events due to passive
transport mediated by human activities. Multiple
introductions may have a significant impact on the
success of an invasive species if the introductions
come from different areas of the native range (Dlu-
gosch et al. 2015). This, together with the different
patterns of diffusion of H. halys, may hamper the pest
management strategies for its containment.
Population genetic studies provide additional infor-
mation to identify the invasive pathways, modes of
introduction, and original source sites. This informa-
tion will be useful to set up and improve pest
management strategies (Dlugosch and Parker 2008),
such as prevention of new introductions by targeting
specific source areas and potential use of control
agents with the same geographical origin as the
invasive H. halys specimens. Obtained data will also
be useful for the development of predictive models
that can identify territories most at risk under different
scenarios, other than obtaining new insights into the
evolutionary ecology of introduced pests.
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