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Abstract

The Japanese beetle, Popillia japonica, is a highly polyphagous Scarabaeidae native to Japan that colonized North America
and Azores in the last century and has recently invaded Italy and Switzerland. Considering its economic impact on the
horticulture and turfgrass industries, this species was ranked within the EU priority pests list in 2019. According to the
EU Convention on Biological Diversity, the identification of invasion routes is a pivotal aspect in an effective management
program aimed at controlling invasive alien species. To reconstruct the source of introductions of this pest, we investigated
the genetic variability of P. japonica in its native and invaded areas worldwide by analyzing 9 microsatellite loci and two
mitochondrial genes, COX I and CytB. In its native area, P. japonica is structured into two populations: one in the southern
and another in the northern-central region of Japan. A limited area within central Japan was identified as the putative source of
the North American outbreak. Moreover, the ABC inference and phylogeographic reconstruction suggest that two European
populations originated from two independent introductions. The Azores Islands outbreak occurred approximately 50 years
ago and originated from the southeastern region of North America (For simplicity, in this paper North America refers to
Canada and the USA), while the second introduction, more recently, occurred in Italy and Switzerland and originated from
northeastern region of North America.
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Key message e The American Popillia japonica population originated
from a limited area of Japan.
e The Azorean and European mainland populations are
e Different Popillia japonica populations were identified independent introductions from North America.
in native area.

Introduction

Communicated by Nicolas Desneux. o . . .
The Japanese beetle, Popillia japonica Newman, is an inva-

D4 Agostino Strangi sive insect belonging to the family Scarabaeidae. Native
agostino.strangi @crea.gov.it to Japan, it is considered one of the most widespread and
destructive pests of turfgrass and ornamental plants world-
wide (Potter and Held 2002).
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many European National Plant Protection Organizations (EU
Commission Delegated Regulation 2019).

At mid-latitudes, P. japonica displays a univoltine life
cycle, spending most of its life as a larva in the soil (Potter
and Held 2002). In the summer, each female lays approxi-
mately 40—60 eggs, generally in the upper 7.5 cm of soil
(Potter and Held 2002); the larvae develop through 3 instars
and emerge as adults at the beginning of the following sum-
mer (EFSA et al. 2019). The flight period typically peaks in
mid-July and adult activity terminates by the end of October
(EFSA et al. 2019). Furthermore, P. japonica is not only a
strong flier, able to disperse approximately 3—24 km per year
(Fox 1932), but it can also relocate passively to uninfested
areas through hitchhiking on nonhost commodities or vehi-
cles (EPPO 2016).

In Japan, P. japonica occurs at high population densi-
ties in northern Honshu and Hokkaido. It is also common
in Kyushu, Shikoku and southern Honshu (Fleming 1972;
Klein 2008). Locally, it was not considered a pest until golf
courses were damaged because of larval activity. The first
report of P. japonica outside of Japan occurred in 1916 when
it was first detected in southern New Jersey, USA (Fleming
1976). In the following years, it colonized the entire east-
ern USA and progressively expanded to the Midwest. With
the exception of Florida, which most likely has an unsuit-
able climate, the Japanese beetle became established in all
states east of the Mississippi River by 1998 (Potter and Held
2002). Only sporadic occurrences are currently reported
from the western USA, where several eradication campaigns
have been carried out using chemical insecticides (Clair and
Kramer 1989; Hungate et al. 2016). In Canada, P. japonica
was first detected in 1938 and is now present in the eastern
provinces of Ontario, Quebec, Nova Scotia, New Brunswick,
and Prince Edward Island (CFIA 2009). In 2017, an infesta-
tion was discovered in Vancouver, British Columbia but this
population is currently being eradicated (EPPO 2018). Out-
side of North America, P. japonica reached the Azores (Por-
tugal) in the 70s and is now established on several islands in
this region, although at different population densities (Pot-
ter and Held 2002). The first outbreak in mainland Europe
occurred in Ticino Natural Regional Park, northern Italy, in
2014 (Pavesi 2014). This area is located between the Pied-
mont and Lombardy regions in an area where two airports,
one commercial and one military, are present. In 2017, P.
Jjaponica was also reported from southern Switzerland, pos-
sibly as an expansion of the Italian infestation (EPPO 2017).
Scattered reports of P. japonica in the Korean Peninsula,
China and India may on the other hand have arisen from
misidentifications (Potter and Held 2002).

Losses due to P. japonica feeding on wild and cultivated
plants can be substantial. Although it is uncertain how much
economic damage Japanese beetles cause in Europe, it is
estimated that more than 450 million dollars are allocated
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annually to manage the spread of this pest and to replace
damaged plants in the US (Potter and Held 2002). In Italy,
several measures are being employed to limit the distribution
of Japanese beetles. Natural and commercial entomopatho-
genic nematodes and fungi have been tested and applied to
infested soils (Benvenuti et al. 2019; Marianelli et al. 2018;
Mazza et al. 2017; Paoli et al. 2017; Torrini et al. 2020)
to control larvae. Attract and kill devices, made of long-
lasting insecticide-treated nets with a double lure, along with
“attract and infect” devices equipped with entomopatho-
genic fungi and also a double lure, have been developed
and deployed in infested areas to control adult populations
(Marianelli et al. 2019; Regione Piemonte 2021). Even with
these control tactics, P. japonica has invaded as much as
16,000 square kilometers in northern Italy and in the neigh-
boring Swiss Ticino Valley since 2014 (Mori et al. 2022).

The experience of the recent decades suggests that knowl-
edge of the genetic structure and the routes of introduction
of an invasive species can assist in developing effective
monitoring programs and limit additional introductions
(Nardi et al. 2005; Roderick and Navajas 2003). Moreover,
novel approaches are being developed that use molecular
targets for the genetic control of pests, further underlining
the importance of genetic data and information on the geo-
graphic structuring of genetic variability (Scott et al. 2020).

To determine the current distribution, population struc-
ture and relationships of P. japonica, our research investi-
gated the genetic variability of this insect in Japan and in
invaded areas worldwide by reconstructing the phylogeo-
graphic history using ABC inference and haplotypic net-
works. Analyses were carried out with data obtained from
9 microsatellite loci and two mitochondrial genes, COI and
CytB.

Materials and methods
Sampling and DNA extraction

Adult and larval P. japonica were collected from several
areas in its current global distribution. More than 215 indi-
viduals were collected, and the sampling coordinates, date
of collection, and name of collector were recorded for each
specimen (Supplementary Table 1). Following the manu-
facturer’s recommended protocol, DNA was extracted from
adult thoracic muscles and the last three larval metamers,
using the Blood and Tissue DNA Mini Kit (QIAGEN). The
final elution step was performed in 100 pl of AE buffer sup-
plied in the commercial kit.
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Microsatellite development

Low coverage sequencing of the P. japonica genome was
performed at BioFab Research s.r.l. (Rome, Italy) to produce
a total of 2.31 million contigs (from 78 bp to 978 Kbp) that
encompass 1.57 Gbp of DNA sequences (data not shown).
Automatic extraction of microsatellite loci was performed
to identify 1620 regions that included sequences (di-, tri-
and tetranucleotide) longer than 10 repetitions. Based on
the initial observation that different contigs share regions
of sequence similarity and that ancillary repeats, simple
sequences and homopolymer runs are frequently observed
in flanking regions, candidate loci were subject to a filtering
step before primer design.

Blastn ver. 2.6.0 +, function makeblastdb (Camacho et al.
2009), was used to compare the 1620 regions (repeat and
200 bp flanking sequences on each side) against the genomic
assembly under default settings that, in terms of stringency,
roughly correspond to a match of 100 bp with 90% similar-
ity. Regions that produced more than one match against the
genomic assembly were discarded.

The occurrence of sequences characterized by low com-
plexity in the flanking regions, which could complicate
primer design and sizing, was evaluated using a modified
Lempel-Ziv algorithm (Orlov and Potapov 2004) (http://
wwwmgs.bionet.nsc.ru/mgs/programs/lzcomposer/index.
html). This measure, developed for the study of noncoding
genomic regions, is stable for complex sequences, but dis-
plays a significant drop in the presence of dispersed repeats,
palindromes, homopolymer runs and other sequences of low
complexity. Sequence complexity was evaluated in a win-
dow of 40 bp with 10 bp increments over 200 bp flanking
regions on each side. Regions with at least one segment of
40 bp with an associated complexity lower than 15 were
discarded. The threshold was adjusted based on visual obser-
vation of the results. Furthermore, only sequences charac-
terized by perfect di- and trinucleotide repeats, recorded in
contigs of length >3000 bp, with an A+ T content <70%
and devoid of homopolymer runs > 5 bp in the 200 bp flank-
ing the repeat were retained. The resulting 71 regions were
visually inspected and 20 were selected for primer design
and testing. Primers were designed using the primer-blast
(Ye et al. 2012) implementation of Primer3 (Untergasser
et al. 2012).

Optimization of candidate loci

Twenty candidate primer pairs were used for testing and
optimization of amplification conditions. Amplifications
were performed using a GoTaq G2 Flexi DNA Polymerase
(Promega, Madison, WI, USA) following the manufacturer’s
specifications, with cycle 95 °C 2 m; 95 °C 1 m, 50-58 °C
1 m, 10s 72 °C 1 m 30 sx35 cycles; 72 °C 10 m, 4 °C

10 m on a GeneAmp PCR System 2700 (Applied Biosys-
tems, Foster City, CA, USA). Following optimization of
PCR conditions, fragments that produced clear amplicons
were cloned in a pPGEM-T Easy Vector System (Promega,
Madison, WI, USA) and sequenced to confirm locus speci-
ficity. Nine loci that produced the most consistent and clean
amplifications were selected for genotyping. Microsatellite
sequences have been deposited in GenBank under accessions
OL802935/0L.802944.

Genotyping

Genotyping was performed on 16 individuals for each of
the 7 sampling areas (112 individuals in total). Sampling
areas were defined according to geographical features: Japan
was subdivided into three regions (south, east and central-
west areas) based on the archipelago geography, the USA
and Canada into two regions (northeast and southeast), and
Azores and Italy were considered as distinct areas. All for-
ward primers (BioFab Research s.r.l., Rome, Italy) were
marked with 6-FAM dye. Amplifications were performed
as above, with annealing temperatures as indicated in Sup-
plementary Table 1.

Genotyping was performed at BioFab Research s.r.1.
(Rome, Italy) on an ABI3730 DNA Analyzer (ThermoFisher
Scientific, Waltham, MA, USA) using a 1:200 dilution of
PCR products. The LIZ conjugated ladder Gene Scan 500
(ThermoFisher Scientific, Waltham, MAS, USA) was used
for sizing, with the exclusion of the 250 bp band follow-
ing the manufacturer’s instructions. Scoring of peaks was
performed using Geneious (v.11.1.3, Biomatters, Auck-
land, New Zealand). The region between ladder bands
50-500 bp was evaluated and peaks were called using the
third-order least squares approximation. Bins were automati-
cally inferred. Automatically detected peaks were manually
revised to account for locus specific idiosyncrasies (e.g. ten-
dency to form stagger bands) and read into a spreadsheet.
One locus (F) was excluded because of the frequent presence
of smearing instead of amplification bands. The final dataset
is available as Supplementary Data.

Microsatellite analysis

Presence of the null allele was evaluated through the
Hardy—Weinberg test for heterozygote deficiency (Guo
and Thompson 1992; Rousset and Raymond 1995) in each
population, while its frequency was estimated according to
Dempster et al. (1977) using FreeNA software (Chapuis and
Estoup 2007; Chapuis et al. 2008) and corrected for possibly
failed amplifications (beta parameter) using ML-Null soft-
ware (Kalinowsky and Taper 2006). Genetic distance and
Fst were calculated with ML-Null software considering the
presence of null alleles and beta correction.
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Basic locus statistics were calculated using GenePop v.
4.7 (Raymond and Rousset 2001; Rousset 2008). Cluster-
ing of individuals into putative populations was obtained in
Structure v. 2.3.4 (Falush et al. 2003; Pritchard et al. 2000)
using the admixture and correlated model, as well as the
locprior option (Hubisz et al. 2009) as suggested in the soft-
ware documentation for small sized datasets.

Fifteen independent runs were conducted for each pos-
sible value of K (1 to number of sampling areas in differ-
ent analyses) with a burn-in values of 50.000 and 100.000
MCMC generations after burn-in. The optimal K was
selected using the Evanno method (Evanno et al. 2005) as
implemented in Structure Harvester v. 0.6.94 (Earl and von-
Holdt 2012). Among multiple replicates for a given K, the
one with the highest likelihood was used for visualization
in Structure Plot v. 2.0 (Ramasamy et al. 2014). The analy-
sis was initially conducted on the full dataset. To deploy
knowledge on the sequences of introduction/establishments
in different areas, subsets of the data pertinent to specific
phases/events of introduction were also analyzed separately
(Japan only, Japan+ USA, USA + Azores + Italy).

Principal coordinates analysis (PCoA) was conducted
on microsatellite data to identify genetic ancestry differ-
ences between P. japonica populations. Genetic data on
distance between populations were considered including
the presence of the null allele. Computation was performed
with GenAlEx 6.5 add-in for Microsoft Excel spreadsheet
(Peakall and Smouse 2012).

Amplification of mitochondrial targets, sequencing
and basic data analysis

Fragments of the mitochondrial genes COX I and CytB were
amplified using the LCO1490/HCO2198 primers (Folmer
et al. 1994) and CP1/CB-N-11367 primers (Harry et al.
1998; Simon et al. 1994), respectively (Supplementary
Table 1). Amplifications were performed in a total volume
of 50 pl containing 25 pl of HS DreamTaq Master mix (2X)
(Thermo Scientific) 0.6 mM of each primer and 10 ng of
template DNA. The thermal protocol used for the ampli-
fications was 94 °C 3 m (for HS activation); 95 °C 30 s,
40-45 °C 30 s, 72 °C 45 sx45 cycles; 72 °C 5 m. PCR
products were checked on a 2.0% agarose gel, purified with
QIAquick PCR purification kit (QIAGEN), and sequenced
in both directions at BioFab Research s.r.l. (Rome, Italy).
Sequences were assembled using Geneious (v.11.1.3, Bio-
matters, Auckland, New Zealand). Samples with incomplete
or low-quality sequences in one or both mitochondrial loci
were discarded in the subsequent analyses.

Alignments of the resulting 187 sequences were per-
formed with ClustalOmega and manually inspected. Hap-
lotype diversity (Hd), the average number of nucleotide dif-
ferences (k), nucleotide diversity (x), Tajima’s D (Tajima
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1989), and Fu’s Fs (Fu 1997) neutrality indices were calcu-
lated using Arlequin v. 3.5.2.2 (Excoffier and Lischer 2010)
for both loci.

Phylogeographic analyses

Maximum likelihood (ML) analyses were performed on
individual loci and the concatenated dataset to evaluate the
congruence between the two loci. The appropriate substitu-
tion matrices were chosen based on JModelTest v. 2.1.10
considering the corrected Akaike information criterion.
Trees were computed using MEGA-X software adopting
TN93 as the substitution matrix in all three cases (COI,
CytB, and concatenated loci) and a moderate branch swap-
ping algorithm. A bootstrap test with 1000 pseudoreplicates
was conducted.

Haplotype networks were reconstructed using the TCS
algorithm (Clement et al. 2002) in PopArt (Leigh and Bryant
2015) for three COX I-CytB combined datasets: all samples,
Japanese samples and introduced-areas samples.

ABC analysis was performed to compare different colo-
nization scenarios using DIYABC v.2.1.0 (Cornuet et al.
2014). The 9 microsatellite and 2 mitochondrial loci were
used as initial data. All possible scenarios that hypothesize
Japan as the native area of the species and the USA as the
first colonization area were tested, and Japan was subdivided
into two areas (north-central Japan and south Japan) based
on geography to test the origin of the US outbreak. Six pos-
sible scenarios fit the chronological outbreak events that
occurred in the last century, and they were assumed at the
same probability as priors. The number of generations was
estimated by assigning 1 generation/year as the demographi-
cal parameter (Fleming 1972; Potter and Held 2002) and the
first official outbreak report as the starting colonization time
in a new area. Molecular data were divided into two groups;
the mutation model of mitochondrial data was set to TN93,
and the upper limit of the mean mutation rate was adjusted
to 10~ while microsatellite priors were set as the default.
Each scenario was tested in 1x 10° simulated datasets, and
the population range size was adjusted from 10* to 10%. The
posterior probabilities of the competing scenarios were
computed using direct and polychotomous logistic regres-
sions on the 1.0% of simulated data closest to the observed
dataset, and the most likely scenario was considered the one
characterized by the highest significant probability value.
The posterior distributions of demographic parameters were
estimated under the chosen scenario on the 1% closest simu-
lated data sets.

The Bayesian reconstruction of phylogeographical rela-
tionships between samples was performed using * BEAST2
v. 2.6.4 software (Bouckaert et al. 2014) plus bModelTest
v. 1.2.1 (Bouckaert and Drummond 2017), model-selection
and GEO_SPHERE v. 1.3.0 (Bouckaert 2016) as additional
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packages. Data were arranged in three partitions, two con-
taining nucleotide sequences and the third containing geo-
graphical coordinates of the sampling area. Samples were
arranged into 39 different OTUs named from the geographi-
cal regions where specimens came from. The most suitable
substitution matrix for each nucleotide partition was TN93
and the coalescent exponential growth was applied as a
demographic tree prior to a strict molecular clock model.
MCMC was run for one billion generations, sampling every
5000 generations and discarding 10% as burn-in.

Results
Dataset evaluation and basic statistics

From the initial 215 samples, we successfully amplified and
completely sequenced of both mitochondrial loci in 183

Popillia japonica, 3 Popillia quadriguttata and 1 Popillia
mutans specimens. Sequences were submitted to GenBank;
accession numbers are reported in Supplementary Table 1.

The analyzed regions of COX I and CytB mitochondrial
genes of Japanese beetles were 657 and 744 nucleotides
long, respectively, and did not include any gaps or miss-
ing data. Genetic indices and neutrality tests calculated
for both loci are summarized in Table 1. Considering the
species in the whole area of distribution, Tajima’s D and
Fu’s Fs values for the COX I and CytB loci were negative
(only COX I Tajima’s D was not significant) confirming
the recent Japanese beetle general expansion. The Italian
and Azorean populations of P. japonica had a negative and
significant Tajima’s D that identified a population expan-
sion but with a balanced number of haplotypes (nonsignifi-
cant Fu’s Fs). In North America and in the southern Japan,
the populations can be considered constant in size with a
balanced number of haplotypes, while in the northern and

Table 1 Genetic diversity

7 . Sites n S k Fu’s Fg Tajima’s D

indices and Fu’s Fs and Tajima’s

D tests in COX I and CytB gene Value P Value p

fragments of Popillia japonica
Total
COX1 657 199 50 5.131 —8.333 0.04 —1.18311 0.11
CytB 744 76 6.716 —19.008 0.001 —1.47174 0.04
COX I+CytB 1401 126 11.847 —19.125 0.009 —1.40065 0.04
East Japan
COX1 657 12 8 1.788 —6.345 0.000 —1.298 0.09
CytB 744 16 4.848 -3.759 0.02 —-0.366 0.36
COX 1+CytB 1401 24 6.636 -6.717 0.001 -0.733 0.23
Central-West Japan
COX1 657 40 23 3.819 —4.440 0.05 —0.986 0.16
CytB 744 26 5.947 —5.160 0.03 —0.092 0.52
COX 1+CytB 1401 49 9.767 -8.510 0.02 -0.541 0.33
South Japan
COX1 657 23 33 13.312 3.544 0.91 1.871 0.99
CytB 744 46 13.905 1.041 0.70 0.451 0.72
COX I+CytB 1401 79 27.217 1.159 0.71 1.079 0.53
North America
COX1 657 73 4 1.138 1.603 0.82 0.805 0.79
CytB 744 14 2.276 —0.745 0.39 —-0.599 0.30
COX I+CytB 1401 18 3415 -0.873 0.40 -0.231 0.47
Azores
COX1 657 20 1 0.100 —0.880 0.09 —1.164 0.13
CytB 744 1 0.100 -0.879 0.08 —1.164 0.14
COX I+CytB 1401 2 0.200 —0.025 0.26 —-1.513 0.05
Italy
COX1 657 31 1 0.064 —1.238 0.06 —1.145 0.13
CytB 744 0.064 —1.238 0.06 —1.145 0.15
COX I+CytB 1401 2 0.129 —0.425 0.15 —1.505 0.03

n, unique haplotype number; S, number of polymorphic sites; k, average number of pairwise nucleotide dif-

ferences
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in the central areas of Japan the number of haplotypes was
significantly higher than expected (negative and significant
Fu’s Fs) with a nonsignificant variation in population size.

Genotyping produced clearly identifiable allele data for
all the 9 microsatellite loci targeted, with a minimal frac-
tion of missing data (3%). Peak identification was straight-
forward and required minimal manual curation from the
automated Geneious scoring. Loci were generally quite
variable, with 6 to 30 alleles per locus overall and values
of expected heterozygosity (He, average across popula-
tions) from 0.34 to 0.86 (Supplementary Table 1). He was
higher in Japan (0.78 +0.01; mean + s.d.) than in invaded
areas (0.65 +0.06). The Hardy—Weinberg exact test, con-
ducted by locus and by population, rejected equilibrium
(p<0.01) in all but two instances (i.e. loci A, B).

The Hardy—Weinberg exact test for heterozygote defi-
ciency confirmed the presence of null allele in all loci but
A and B (Supplementary Fig. 2A). The loci with the high-
est degree of differentiation were locus C and locus G with
Fst values of 0.20 and 0.15, respectively (Supplementary
Fig. 2B). Fixation index values across populations identi-
fied a considerable degree of differentiation of southern
Japanese population with the others; moreover, a relevant
Fst values were also found between the Azorean and Ital-
ian populations (Supplementary Fig. 2B). These popula-
tions have a genetic distance closer to northern American
populations than Japanese populations (Supplementary
Fig. 2C).

E_Japan CW_Japan

|
S_Japan

|
CW_Japan

E_Japan

NE_USA

NE_USA

Microsatellite data

Analysis of the full dataset (7 sampling areas) suggested
K =2 as the optimal number of clusters, with a secondary
signal (visual observation of likelihood plateau) at K=4. If
two clusters are assumed (Fig. 1A; Supplementary Fig. 3A),
southern Japan is occupied almost exclusively by one cluster
(yellow in Fig. 1A) while eastern and central-western Japan
appear to be characterized by a mixture of both clusters in
similar proportions. All invading populations belong to the
latter cluster (orange), with a minimal reminiscence of the
former in southeast USA. Partitioning into four clusters
(Fig. 1B; Supplementary Fig. 3B) led to the identification
of (a) a first group (yellow) almost exclusive in southern
Japan; (b) intermixing of three groups in east and central-
west Japan (yellow, azure, green), with a dominance of the
former in central-west Japan; (c) intermixing of the latter
two groups (azure, purple, not yellow) in the USA and their
separation in the Azores and Italy, which appear populated
by one different group each.

Analysis of the Japanese dataset (3 sampling areas) sug-
gested K =2 as the optimal number of clusters. One clus-
ter corresponds unequivocally to southern Japan and the
other to eastern and central-western Japan (Supplementary
Fig. 3C). Analysis of the Japan + USA dataset (5 sampling
areas) suggested K =2 as the optimal number of clusters.
One is identified in southern Japan while a combination
between this and a second cluster characterizes eastern

SE_USA Azores Italy

SE_USA Azores Italy

Fig. 1 Structure analyses for the full microsatellite dataset assuming K=2 (A) and K=4 (B)
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and central-western Japan. Only the latter is present in the
USA (Supplementary Fig. 3D).

Analysis of the USA + Azores + Italy dataset (4 sam-
pling areas) suggested K =2 as the optimal number of
clusters, with a secondary signal at K=3. Assuming 2
clusters, one characterizes the USA and Azores, whereas
the second cluster is observed in Italy (Supplementary
Fig. 3E). Assuming 3 clusters, each of the 3 sampling
areas is characterized by the dominance of one different
cluster, with a higher level of intermixing in the USA than
in the Azores and Italy. While differences in the less fre-
quent groups are limited and not readily discernible, the
cluster characterizing the Azores is present in the USA and
absent in Italy (Supplementary Fig. 3F).

Principal component analysis of 9 loci of microsatellite
data (Fig. 2A) showed a distribution of the southern Japa-
nese population of P. japonica with respect to the other
populations of the same geographical origin. Furthermore,
the Italian and Azorean populations also showed a signifi-
cant genetic distance. Analysis based on mean intra-pop-
ulation genetic distance (Fig. 2B) revealed the two major
PCoA components accounting for the 87,02% of the total

variation, while five factors were required to describe the
total variation in the dataset (Eigen value > 1).

Mitochondrial data

The genetic trees based on the two mitochondrial genes COX
I and CytB obtained using ML were congruent and did not
have topological conflicts, but displayed weak support for
the regional subdivision of Japanese samples and, therefore,
did not have sufficient resolution to determine the origin
of samples from non-native areas (Supplementary Figs. 4
and 5). The TCS network constructed with COX I-CytB
combined data obtained from the entire distribution of P.
Jjaponica included 84 nodes, but only 65 were vouchered
haplotypes, with an average distance between nodes of 2.34
units with mode 1, and only a few nodes were located very
far from the main core of the network. The majority of hap-
lotypes (n=53) occur in Japan, but only 3 of these are also
present in the colonized areas while 10 haplotypes only
occur outside the native area (Fig. 3; see Supplementary
Table 1 for full location information).

Two separate TCS networks using haplotypes found
in samples collected in native and nonnative areas were

A
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Fig.2 PCoA of 9 loci of microsatellite data A on individuals and B on populations. The presence of null alleles was considered in genetic dis-

tances between populations
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The TCS network obtained from the introduced area dis-
played less variability compared to the Japanese network
(n=13), with only 8 haplotypes observed exclusively in
North America (USA and Canada), two haplotypes among
Azorean and Italian beetles, and one in the Swiss popula-
tion (Fig. SA). Only three North American haplotypes were
found in Japan (Hap_34, Hap_38, and Hap_48) where they
were located in a geographic region that comprises the
Gunma, Ibaraki, and Tochigi prefectures. The most com-
mon and widespread haplotype in the North American con-
tinent was Hap_38 while Hap_48 was found only in a lim-
ited region in the USA between New Hampshire and Maine.
Only two haplotypes (Hap_38 and Hap_59) were identified
in the Azores Islands.. The same haplotypes of Azores were
identified in the Italian outbreak of P. japonica, although
with substantially different frequencies, while only Hap_59
was found in samples from Switzerland.

The phylogeographical reconstruction based on multipar-
tition data (COX I, CytB, and geographical coordinates of
sampling sites) obtained by Bayesian inference supports the
subdivisions previously found between mitochondrial haplo-
types and geographical coordinates. Moreover, the Bayesian
tree was able to partially resolve the topology of nonnative
areas (Supplementary Fig. 6A and 6B).

Haplotypic groups previously identified in the native-area
network were generally monophyletic, except for Group
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V which was definitively paraphyletic, and Groups II and
III, which were not well resolved at a posterior probability
threshold of 0.85. Specimens collected outside the native
range occurred in two clades that were substantially super-
imposable on Group II and Group III. In North America,
specimens belonging to Group III were found in the US
Midwest, eastern USA and eastern Canada, while Group
II specimens were collected from the US Midwest, eastern
USA and western North America. The recent introductions
in British Columbia, Oregon, Idaho and Colorado belonged
to Group II.

To test the hypothesis of a bridgehead scenario where
double and independent introductions occurred, a subset of
samples characterized with both mitochondrial and micros-
atellite data, were chosen to perform an ABC analysis. The
ABC inference identifies the hypothesis of two independent
introductions for European outbreaks from the US as the
most likely scenario in both model choice approaches, sup-
porting the conclusion obtained from the complete datasets.

The most likely historical model identified by the ABC
approach identified the origins of the North American out-
break of P. japonica as an introduction from the north-cen-
tral region of Japan, while the Azorean and Italian popula-
tions were independent introductions from North America.
The six possible models were tested with both direct and
logistic regression (Fig. 6B), and the confidence in scenario
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«Fig.5 A Popillia japonica haplotypic network considering samples
collected in the introduced areas. Hatch marks represent the number
of substitutions between haplotypes in the mtCOX I and mtCytB con-
catenated dataset. The right panel shows the geographical location of
haplotype groups in Japan (B), North America (C), Azores (D), Italy
and Switzerland (E). The color code was the same as that adopted in
Fig. 3. Arrows represent the preferential migration direction of the
two North American populations of Japanese beetles: orange color
east to west, red from north to south

choice was 0.747 and 0.735, respectively. Comparison of
datasets generated from priors and posterior distribution of
Scenario 2 parameters (Fig. 6C) revealed a higher number
of observed mitochondrial alleles and segregating alleles
against the predicted alleles only in north-central Japan, A
possible explanation of this discrepancy will be discussed
in the subsequent section.

Discussion

Popillia japonica was a fairly neglected phytophagous spe-
cies until it came to the limelight following its invasion of
North America and the Azores in the last century and Italy
more recently. A rich scientific literature has since accu-
mulated on outbreaks and their spread, as well as on the
phenology of the species in different ecological settings
(Fleming 1972; Potter and Held 2002; CFIA 2017; USDA
2022). The increasing knowledge about the biology of this
species, including its ecological traits and a list of its most
suitable host plants, has made it possible to carry out new
control approaches with targeted measures (Sipolski et al.
2019; Althoff and Rice 2022). Moreover, as pointed out in
the decision VI/23 (paragraph 14) of the EU Convention on
Biological Diversity (SCBD) (EU 2002), the identification
of the invasion route is a pivotal aspect in an effective man-
agement program aimed at controlling invasive alien species
(IAS). Knowledge about the geographical origin of an IAS
species facilitates strategic planning to control or prevent
invasions in a more comprehensive framework, improves
phytosanitary inspection protocols, identifies environmental
and evolutionary factors potentially involved in biological
invasions (Estoup and Guillemaud 2010), and halts gene
flow between populations to prevent or reduce the selec-
tion of genetic traits in introduced populations that promote
invasiveness (Facon et al. 2006; Schierenbeck and Ainouche
2006). These aspects acquire a particular relevance when the
involved species are well known for their damaging poten-
tial. There is consensus about human-mediated introductions
of the species from its native range in Japan to the North
America, to the Azores Islands and to the mainland Europe
(EPPO 2020), yet a reconstruction of the historical invasion
routes of this species using a phylogeographic approach has
been missing until now.

Genetic analyses of Japanese samples of P. japonica
identified two different lineages in the native area, the first
in Kyushu and Tsushima and the second across Shikoku,
Honshu and Hokkaido. This separation between southern
and north-central Japan was jointly supported both by micro-
satellites and by mitochondrial data, with the identification
of two different genetic clusters in the two areas. Haplotype
group IX, characterizing the southern islands, is separated
by 13 substitutions from Group VIII (Shikoku) and 33 sub-
stitutions from the core of the network (Honshu and Hok-
kaido). This differentiation may have been promoted by the
presence of the Seto Inland Sea, which could have acted as a
natural barrier to gene flow separating Kyushu from Shikoku
and Honshu over historical times. A parallel differentiation
was, on the other hand, not observed between Shikoku and
Honshu, with samples clustering in the same group based
on microsatellite data and extensive sharing of haplotypes
belonging to Group V across the two islands. Whereas the
entire Honshu was recovered as a single assemblage based
on microsatellite data, mitochondrial haplotypes recovered
additional structure in the area. The highest haplotypic rich-
ness was observed in central Honshu, suggesting that this
location may be the origin of this species, with other Japa-
nese islands having been subsequently colonized through
a process of range expansion that occurred at some point
in the past. Haplotypic data from samples collected in the
northern part of Japan (Hokkaido and Akita Prefecture in
Honshu) were in turn characterized by Group IV and Group
VII haplotypes, further supporting an old expansion pro-
cess from the central region of Honshu to Hokkaido. Taken
together, these observations suggest an old process of dif-
ferentiation of P. japonica in its native area, with an origin in
Honshu and a secondary differentiation in the northern and
southern islands. This scenario is also supported by PCoA
analysis, where the southern Japanese population is the only
subdivision that clearly differentiates from the other Japa-
nese samples (Fig. 2A). The ABC reconstruction estimated
a divergence time of approximately 38.000 years between
Japanese populations.

In the light of the biological features and the possibility
of spreading of P. japonica, its presence in North America
is undoubtedly associated with human activities and trade
that took place in the last century. Microsatellite analysis
and ABC reconstruction identified the origin of the North
American outbreak from the eastern and central-western
Japan populations. Based on the haplotypic network, the pre-
sumptive geographic origin of the invading population could
be narrowed down further to central-eastern Honshu. Out
of the 13 haplotypes found in North America, only 3 were
identified in Japan, namely Hap_34, Hap_38, and Hap_48,
with the first two being the most frequent overall in North
America and having spread and differentiated to produce a
series of ancillary haplotypes with a spotted geographical
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distribution It is therefore possible to hypothesize that
Hap_34 and Hap_38 dominated the original introduction,
with other satellite haplotypes being generated by casual
mutation since then. These two most frequent North Ameri-
can haplotypes were identified only in a limited geographical
region of Japan, in the center of Honshu Island between the
Ibaraki, Tochigi, and Gunma Prefectures. As such, this geo-
graphical region can be considered as the most likely origin
of the invasive specimens associated with the first North
American outbreak of P. japonica.

An alternative hypothesis is that a larger number of mito-
chondrial maternal lineages characterized the first introduc-
tion of P. japonica in North America but only two of them
(Hap_34 and Hap_38) were widely spread in that area. The
other introduced haplotypes that occur in a spotted distribu-
tion in North America, could be present in the same Japa-
nese area as most abundant ones between Ibaraki, Tochigi,
and Gunma Prefectures but with a very low frequency. Their
rarity made sampling of these haplotypes an occasional
occurrence.

Being present in Japan in the same region (Nagano Pre-
fecture), Hap_48 may be part of the original introduction,
having followed the same route hypothesized for Hap_34
and Hap_38. Nevertheless, the observation that it is found
at low frequency in North America with a geographical dis-
tribution restricted to Maine (USA), gives credence to the
alternative possibility that it may be the outcome of an inde-
pendent outbreak that occurred more recently in a limited
geographical area in the US.

Microsatellite analysis of the Azorean and Italian sam-
ples allowed only a weak definition of the presumptive
area where European outbreaks originated, as the USA is
characterized by a substantial intermixing of the groups
that are then observed in isolation in the Azores and Italy.
This consideration is also supported by the PcoA analysis
(Fig. 2A), where no clear differentiation could be found in
the northeastern region of North America with respect to
southeastern regions.

Based on mitochondrial data, out of the two haplotypes
found in the Azorean Japanese beetles, Hap_38 is common
in the US, while Hap_59 is observed in Colorado, New Jer-
sey, and Canada’s British Columbia. This latter differs from
the more common Hap_38 by only 2 substitutions, with the
intermediate haplotype Hap_62 identified in samples from
North Carolina (USA). A possible origin of the P. Japonica
outbreak in the Azores could therefore be tracked to the US
east coast. In fact, following from the idea of a continuum
spread during the North America colonization (Allsopp
1996; Bai et al. 2017 USDA 2020; CERIS 2020; Althoff and
Rice 2022), the first invaders characterized by Hap34 and
Hap_38 could have spread in the south where Hap_62 and
the subsequent Hap_59 were generated during the 50 years
of colonization. The high number of individuals reached in

the first years of spreading in rural areas in North America
(Davis 1920) could have played a relevant role in the fixation
of those haplotypes in the local gene pool.

The initial invasive population of P. japonica established
in North America could be the source of additional out-
break via secondary introduction in the Azores that occurred
more than 50 years ago. The traits drawn by this scenario
were defined by Lombaert and et al. (2010) as “bridgehead
effect,” which has been demonstrated as a dynamic of inva-
sion for other insect pests, such as Coptotermes formosanus
(Blumenfeld et al 2021). A bridgehead scenario can also
explain why the location of the first outbreak in Terceira
Island (Azores) was found near the US Airforce base “Lajes”
(Martins and Simoes 1985) and the low haplotypic variabil-
ity observed in the Azores.

The Italian outbreak is characterized by the same hap-
lotypes of the Azorean population, nevertheless their hap-
lotypic frequencies are totally different. As such, and even
allowing some shift in genetic frequencies associated with
low population number during the invasion, it is unlikely
that the Italian outbreak originated from the Azores. This
conclusion is further supported by microsatellite analysis,
in which the Azores and Italy are tipically characterized by
different genetic clusters for K> 2, and confirmed by PcoA
and ABC reconstruction, in which outbreaks in Azores and
Italy were identified as independent introductions. Hap_59
was identified in three location in North America, including
New Jersey, which appear to be the most likely source of this
outbreak, since Colorado and British Columbia are of recent
detections (2018 and 2017, respectively) and the pest is not
considered locally established in these two locations (CFIA
2020; EPPO 2018).

Circumstantial evidence suggests a possible correlation
between air traffic and P. japonica, particularly the position
of the initial Italian outbreak in an area between Milano
Malpensa International Airport and Cameri military airport
(EPPO 2014). Moreover, Hap_59 and Hap_38 haplotypes
are present in sympatry only in New Jersey, where the New-
ark International Airport is located, which is historically the
largest airport in the US and currently part of the largest
airport system worldwide. Altogether these observations
allow us to hypothesize a possible origin of the Italian speci-
mens from the New Jersey area mediated through accidental
transport by plane. This trajectory is a common scenario for
human-mediated dispersal of alien species as described by
Banks et al. (2015), and its probability is increased due to
the involvement of international hubs with a high volume
of traffic (Floerl et al. 2009). Plane-mediated transport is a
known vector of alien pests as reported in many inspection
report surveys (Liebold et al. 2006). Flights were suspected
to be the cause of repeated detection of Ceratitis capitata in
California in years following eradication campaigns (Lieb-
hold et al. 2006) and airplanes are the most suspected vector
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of introduction of Diabrotica virgifera virgifera in Europe
(EPPO 2012).

The Swiss outbreak is monomorphic for Hap_59, which
is the dominant haplotype in Italy. This occurrence, together
with the geographical continuity between the two sites,
strongly suggests that the spread of Italian P. japonica in
the neighboring Ticino area of Switzerland was the origin
of the Swiss outbreak.

A consideration should be made on the number of the
mitochondrial haplotypes in northern-central Japan. Even
if a possible explanation of the discrepancy between simu-
lated and observed haplotypes found in ABC reconstruction
can be due to the inaccuracy of mean mutation rate estima-
tion based only on one thousand years of mutation events
to describe longer time-scale period events, however the
number of haplotypes observed in the northern and central
regions of Japan was found to be significantly higher than
expected also considering the Fu’s Fs parameters. A possible
hypothesis to explain this excess of alleles is the existence of
a different demographic history for northern-central popula-
tions of P. japonica than for southern ones. Another possible
explanation is the different density of golf courses in the
center of Japan than in the southern regions (Saito 2009).
A widespread presence of chemically treated grass fields,
such as golf courses, can act as a large-scale attract-and-kill
trap that reduces population density by applying a constant
selective pressure on the local population of P. japonica.

The occurrence of the bridgehead effect in the spread-
ing process of P. japonica is also confirmed with the ABC
analysis, because the “all independent introduction from
native area” scenario has the lowest statistical probability;
in contrast higher probability values were scored by the two
models that hypothesize European outbreaks to be related to
the North America population. This conclusion is also sup-
ported in the full mitochondrial and microsatellite dataset,
where only a limited group of recurrent alleles were found
in nonnative areas.

To add the information on distances between sampling
areas, we performed a Bayesian phylogeographical recon-
struction using both geographical coordinates and COX I
and CytB mitochondrial data. Microsatellite data were not
included in this analysis due to the long and intensive com-
putation required. In the native range the previously identi-
fied groups were monophyletic with the exception of Group
V whose paraphyly can be due to a spotted geographical
distribution (Supplementary Fig. 6B). The outbreaks discov-
ered in the western region of North America were originated
only from specimens belonging to Group II, as a result of
introductions from the east to west, while the eastern Cana-
dian populations (originated by Group III) arose due to the
establishment of individuals that had spread from southern
locations. Even if it is possible, different migration patterns
occurred between the two North American populations of
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P. japonica. The migration could also be explained by the
existence of two other human-mediated spreading pathways
of Japanese beetles through the USA and Canada, but these
are still unidentified.

Conclusions

The Japanese beetle is an important pest, noted in the alert
list in several countries around the world due to its poly-
phagy; it has the potential to create major damage to cul-
tivated and wild plants and proclivity for long-range suc-
cessful introductions. In this work, we have described older
differentiation of the species in its native area with sufficient
resolution to track back the origin of the North American
P. japonica outbreak to a limited region in the center of
Honshu. Our reconstruction found support for a distinct
origin of European P. japonica, with the Azorean outbreak
presumably originating from the southeastern USA and the
Italian-Swiss outbreak independently introduced from the
northeastern USA. Our results also support the hypothesis
that airports are high-risk entry points for newer accidental
introductions of this species. As such, the improvement of
methods to evaluate the presence of P. japonica adults and
larvae in traded plants and commodities may be warranted.
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