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Abstract. In this study, we report the development of a set of 15 polymorphic microsatellite markers for the box tree moth, Cy-
dalima perspectalis (Walker), a highly invasive insect in Europe causing significant damage to natural and ornamental Buxus
trees. The markers were characterized for four distant populations in both its native (China, two populations) and invasive ranges
(Czech Republic and Turkey, one population each). The number of alleles ranged from 2 to 12. No marker significantly deviated
from the Hardy-Weinberg equilibrium for all the populations sampled. These microsatellite markers are promising tools for further

studies on the invasive pathways and dispersal pattern of the box tree moth in Europe.

INTRODUCTION

The box tree moth, Cydalima perspectalis (Walker, 1859), is
a pest insect native to East Asia. Its natural distribution includes
China, Korea and Japan. The larvae feed on leaves and shoots of
plants in the genus Buxus, which can result in their death (Wan
et al., 2014). This invasive species was first recorded in 2007 in
Germany (Kriiger, 2008). Since then, it quickly spread across
Europe causing significant damage in both urban areas planted
with ornamental box trees and natural forest stands of Buxus
sempervirens (Kenis et al., 2013). The trade in ornamental box
plants between China and Europe is hypothesized as the inva-
sion pathway for the box tree moth (Casteels et al., 2011) and
the trade between European countries could account for its fast
subsequent spread (Matosevié, 2013). Elucidating invasion path-
ways of invasive species is essential for developing appropriate
management programmes and preventing further introductions
of Asian populations of C. perspectalis as well as those of other
species that may use the same pathways (Estoup & Guillemaud,
2010). Most of our knowledge about invasive pathways comes
from historical and observational data, which may be incomplete
and/or misleading. In this context, genetic markers have proved
to be efficient tools for disentangling complex invasive pathways.
The use of such markers facilitated the detection of a bridgehead
effect in the invasion of the harlequin ladybird, Harmonia axy-
ridis, in Europe (Lombaert et al., 2010). A similar approach used
in the case of the invasive fruit fly Drosophila suzukii led to the
suggestion that northeast China was the most probable source of
the fly populations invasive in Europe while those invasive in
western North America likely originated from southeast China
and Hawaii (Fraimout et al., 2017). However, genetic markers
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are usually not available for recently-arrived invasive species
and require development. Here, we report the development of a
set of 15 polymorphic microsatellite markers for C. perspectalis
and characterize the genetic variation for these loci in two native
Asian populations and two populations invasive in Europe and
Asia Minor.

MATERIALS AND METHODS

Total genomic DNA was isolated for the first step of the mi-
crosatellite loci screening, from one pooled sample of 15 indi-
viduals collected in both the native and invaded regions (Table
1). Both larvae and adult stages were dissected and DNA was
extracted from thoracic muscles using the DNeasy® Blood and
Tissue Kit (Qiagen, Hilden, Germany). Then, 1 pg of the pooled
DNA was used by GenoScreen (Lille, France) to develop micro-
satellite libraries using 454 GS-FLX Titanium pyrosequencing
of enriched DNA libraries as described in Malausa et al. (2011).
Briefly, total DNA was mechanically fragmented and enriched for
(TG),,» (TO),,, (AAC),, (AAG),, (AGG),, (ACG),, (ACAT), and
(ACTC), repeat motifs. Enriched fragments were subsequently
amplified. PCR products were purified, quantified and one GsFLX
library was then created following the manufacturer’s protocols
and sequenced on a GSFLX PTP. The bioinformatics program
QDD (Meglécz et al., 2010) was used to analyze sequences. QDD
was used to conduct all bioinformatic steps from raw sequences
until PCR primers were obtained. Briefly, adapters/vectors were
removed and sequences with microsatellites were identified. Se-
quences with redundancy and/or enriched with possible mobile
element associations were detected through an “all against all”
BLAST in order to remove microsatellite sequences that were
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Table 1. Description of Cydalima perspectalis samples used in the different steps in the development of the microsatellites.

PCR Population

Area Country Locality GPS coordinates Year .Of Insect  Insect 454. amplification polymorphism
collection  stage  sex sequencing’ t B -3
ests analysis
Invaded Belgium Lochristi 51°5°37"N; 3°50"15°E 2015 Adult F 1 - -
Czech Republic ~ Brno 49°12°44"N; 16°36°53E 2016 Larvae - - - 30
France Barjouville  48°24°38"N; 1°28°39E 2015 Adult M 1 - -
France Orléans 47°54°21"N; 1°57°53"E 2015 Adult M 1 2 -
France Lagnes 43°53°38"N; 5°6'31"E 2015 Adult M 1 2 -
Georgia Zugdidi  42°30°46"N; 41°52'26"E 2015 Larvae - 1 - -
Germany Lorsch 49°38°58"N; 8°33'54E 2014 Adult F 1 - -
Serbia Belgrade 44°47°18"N; 20°27°38"E 2015 Larvae - 1 - -
Turkey Istanbul 41°0°40"N; 28°59°0"E 2015 Larvae - - - 30
Native China Luan 2015 Adult M 1 1 -
China Jinan 36°38°27"N; 117°712°E 2012 Adult F 1 - -
China Linyi 2015 Adult M 1 -
China Linyi 2015 Adult M 1 -
China Taian 36°11°18"N; 117°5"14°E 2012 Adult M 1 -
China Liiang  26°54°22"N; 100°13°28"E 2016 Larvae - - - 29
China Fuyang 30°0712"N; 119°47'59"E 2015 Larvae - 1 1 23
China Fuyang 30°0°"12"N; 119°47°59°"E  2015-2016 Adult  M/F - - 7
China Hangzhou 30°15°35"N; 120°9°15°E 2012 Adult F 1 - -
1

South Korea Seoul 37°26°3"N; 126°568"43E

2012 Larvae -

1 _

Information for each sample includes insect stage; Insect sex when known; ' Number of individuals (n = 15) used for biotin-enrichment and
454 pyrosequencing steps; 2Number of individuals (n = 8) used to test PCR amplification on an agarose gel of the 40 primer set selected;
3Number of individuals used for screening for polymorphism, testing HW equilibrium, LD and null allele frequency.

unlikely to provide a clear amplification pattern. Then, a selec-
tion of sequences with target microsatellites were used to design
primer sets using BLAST, ClustalW and Primer3 programmes.
Among 4,243 sequences containing a microsatellite motif, 336
primer sets were designed using this software.

A total of 40 candidate primer sets with both an expected size
between 90-110 bp, 150-200 bp or 250-300 bp and at least 7
or more repetitions of the microsatellite motif were assessed for
amplification performance in 8 individuals of C. perspectalis
from native and invaded ranges. A total of 15 primer sets were

Table 2. Description of the fifteen microsatellite loci developed for Cydalima perspectalis.

Locus Primer sequence (5°-3") GenBank  Repeat motif Set Ta Dye Na Allele size range
BTMO1 F: AGTTGTGGAGATCCATGCAA MH151896 (GA), 1 58 6-FAM 2 83-85
R: ATTTAATCACTGCGCGTTCA
BTMO06 F: GTCCAGGTGGCTTTGTGTTT MH151897 (AG), 1 58 NED 4 87-93
R: TCAAATAAAATTCGTACCGCAA
BTMO09 F: CATGAGCGGGTCTTAGCATT MH151898 (AG), 2 59 6-FAM 10 89-111
R: TGAAAGGCCGTATTACCGTT
BTM13 F: AACCTTATGACGGATCCAAAA MH151899 (GA), 2 59 NED 5 93-113
R: GGGGACCTTGCTTCTCTACC
BTM15 F: CTAGGCCAGATATGCCGAAA MH151900 (GA), 2 59 VIC 4 146-152
R: CGCACCGTGTACTATTTGCT
BTM16 F: CATTATACGAGCAGGCGCAG MH151901 (AT), 3 61 6-FAM 9 143-159
R: AGAACGTTAGGCAGATGTTCA
BTM20 F: TTTGATTAGTTTAGAATTGGTCAGTTT MH151902 (GT),, 1 58 VIC 10 153-175
R: CCGTCTCAGCGTTTTACACA
BTM22 F: CCTGTGTAAACGATACCCCTG MH151903 (TC), 2 59 PET 3 164—-167
R: CCGTTTACTCCCATTAGCGA
BTM23 F: AATGGGAATTCGTCGTCACT MH151904 (GTT),, 1 58 6-FAM 12 150-195
R: AACACCAACCACAACAGCAA
BTM27 F: AACCTCTAGAAACCGCTCAGT MH151905 (TG),, 1 58 NED 7 167-179
R: GTTTGAGCGGAGCTTGTACC
BTM28 F: CGGGGATTATAGGCGTGAT MH151906 (TATG),, 3 61 VIC 4 151-179
R: CCCTTAATGCATCTCGAAACA
BTM34 F: TCCCCATATGTATTTCATTTTGTTT MH151907 (TC), 2 59 6-FAM 4 240-248
R: CATTTGGAAATTTCATTACGCA
BTM35 F: GACCCTTATGCCCACTGCTA MH151908 (AG), 2 59 NED 4 234-260
R: ACTGCCGATTATCTGCCTCA
BTM36 F: TAAACTCCCACGCTAATGGG MH151909 (AC),, 1 58 PET 9 257-273
R: TGGCAAAGGTCCATGACATA
BTM40 F: TCAGCGGTTTAAAGTTCCAG MH151910 (AGT), 2 59 VIC 10 263-329

R: CTCCACAACCGACTTAACCG

Information presented includes primer sequence, GenBank accession number, Repeat motif, Multiplex PCR set, Annealing temperatures
in °C (Ta), Fluorescent dye colour, Number of observed alleles (Na), and Allele size range.
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Table 3. Polymorphism characterization of 15 microsatellite loci of two native populations of Cydalima perspectalis (Fuyang & Lijiang,
China) and two invasive populations (Brno, Czech Republic and Istanbul, Turkey).

Locus Fuyang (n = 30) Lijiang (n = 29) Brno (n = 30) Istanbul (n = 30)

Na Ho He P-value f Na Ho He P-value Na Ho He P-value f Na Ho He P-value f
BTMO01 2 0.000 0.127 0.0009 0.170 1 - - - 0001 1 - - - 0001 1 - - - 0.001
BTM06 3 0.267 0.532 0.0060 0.163 3 0.345 0.518 0.0580 0.106 2 0.233 0.463 0.0125 0.158 2 0.200 0.452 0.0034 0.176
BTMO09 10 0.733 0.858 0.0695 0.077 7 0.759 0.819 0.2582 0.029 5 0.700 0.705 0.4368 0.000 4 0.633 0.699 0.6142 0.023
BTM13 3 0.357 0.408 0.2604 0.022 4 0.793 0.624 0.3102 0.000 2 0.103 0.216 0.0320 0.127 2 0.200 0.398 0.0113 0.151
BTM15 4 0.300 0.374 0.1863 0.079 2 0.036 0.275 0.0001 0.219 2 0.233 0.345 0.1006 0.095 4 0.367 0.489 0.1514 0.065
BTM16 7 0.552 0.729 0.0858 0.101 8 0.465 0.753 0.0019 0.159 3 0.300 0.332 0.2145 0.005 4 0.367 0.585 0.0017 0.155
BTM20 8 0.700 0.764 0.2450 0.037 7 0.793 0.753 0.1774 0.000 6 0.733 0.686 1.0000 0.000 7 0.400 0.534 0.0402 0.096
BTM22 2 0.033 0.210 0.0006 0.188 3 0.125 0.191 0.2047 0.137 2 0.034 0.313 0.0000 0.237 2 0.172 0.267 0.1051 0.096
BTM23 6 0.900 0.775 0.7037 0.000 7 0.517 0.658 0.0054 0.119 4 0.759 0.681 0.6327 0.000 7 0.759 0.754 0.6382 0.000
BTM27 7 0.733 0.801 0.5650 0.010 6 0.643 0.736 0.0564 0.032 5 0.733 0.767 0.9152 0.000 5 0.633 0.668 0.0848 0.008
BTM28 4 0.200 0.273 0.0163 0.079 2 0.071 0.070 1.0000 0.000 2 0.067 0.066 1.0000 0.000 2 0.100 0.097 1.0000 0.000
BTM34 1 - - — 0.001 4 0.286 0.377 0.1515 0.066 1 — - - 0001 1 - - - 0.001
BTM35 3 0.633 0.508 0.3250 0.000 3 0.215 0.314 0.0695 0.105 1 - - — 0.001 2 0.433 0.413 1.0000 0.000
BTM36 7 0.467 0.678 0.0034 0.110 6 0.560 0.735 0.0017 0.081 5 0.700 0.746 0.5158 0.000 4 0.733 0.743 0.8144 0.006
BTM40 8 0.800 0.738 0.3599 0.000 5 0.539 0.772 0.0156 0.128 4 0.379 0.467 0.1249 0.084 7 0.567 0.519 0.6948 0.000

Information for each population presented includes Number of observed alleles (Na); Observed heterozygosity (Ho); Expected hetero-
zygosity (He); and Null allele frequency (f). P-value of the deviation from Hardy-Weinberg proportion (HW) provided (without Bonferroni

correction).

selected and microsatellite forward primers were labelled using
fluorescent dyes NED, 6-FAM, PET and VIC (Applied Biosys-
tem, Renfrewshire, UK) to allow for PCR product multiplexing
(Table 2). PCR amplifications were done in a total volume of 10
pL using the Multiplex PCR Kit (Qiagen®). Thermocycling was
carried out in a Veriti® 96 well fast thermal cycler (Applied Bio-
systems®) and the following protocol: initial denaturation step of
94°C for 15 min followed by 40 amplification cycles of 94°C for
30 s, 58-61°C for 45 s, 72°C for 30 s and a final elongation step
at 72°C for 30 min. Fragments were run on an ABI Prism 3500 se-
quencer. Raw data for each fluorescent DNA product were visual-
ized using GeneMapper v. 4.1 (Applied Biosystems®) and allele
sizes were scored against an internal GenScan-600 LIZ® Size
Standard (Applied Biosystem®).

The fifteen microsatellite markers were characterized using 4
populations (29-30 individuals each): 2 populations sampled in
the two distant parts of the native range of the box tree moth in
China (southwestern China — Lijiang and southeastern China —
Fuyang) and 2 populations sampled in two distant parts in the
area presently invaded in Europe and Asia Minor (Czech Repub-
lic — Brno and Turkey — Istanbul; Table 1). Observed and expect-
ed heterozygosity, deviation from Hardy-Weinberg proportion
(HW) and Linkage Disequilibrium (LD) were calculated using
Arlequin v. 3.5 (Excoffier & Lischer, 2010), and the conservative
correction of Bonferroni was not applied. The presence of null al-
leles was checked using FreeNA (Chapuis & Estoup, 2007).

RESULTS AND DISCUSSION

The total number of alleles ranged from 2 to 12 (Table 2). Two
loci (BTMO1 and BTM34) were found to be monomorphic in
the invading populations studied (Table 3) whereas in the native
populations BTMO01 was monomorphic for those at Lijiang and
BTM34 monomorphic for those at Fuyang. Observed and expect-
ed heterozygosity ranged from 0.000 to 0.900 and 0.066 to 0.858,
respectively. Global expected heterozygosity He was 0.518 at
Fuyang, 0.519 at Lijiang, 0.386 at Brno and 0.441 at Istanbul.
Significant departures from HW proportion were detected for dif-
ferent markers in the four populations sampled. Nevertheless, no
primer pair significantly deviated from HW in the four popula-
tions. LD results showed that only one pair (BTM13-BTM15)
was linked in the populations from Fuyang, Brno and Istanbul.
The other microsatellite markers did not show significant LD in
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the four populations. Null allele frequency ranged from 0.000
to 0.237. The null allele frequency of six markers was larger
than 15% in at least one population (BTM01, BTM06, BTM13,
BTM15, BTM16 and BTM22). Presence of null alleles and HW
disequilibrium for some loci was not surprising since it has also
been observed in microsatellite sets developed for other lepi-
dopteran species (Kim et al., 2008; Sinama et al., 2011; Lebigre
etal., 2015). Moreover, a part of the HW disequilibrium recorded
for BTMO01, BTM06, BTM13, BTM15, BTM16 and BTM22 loci
in no more than three of the four populations studied could be
explained by the presence of null alleles, sex-linked loci or popu-
lation demography history.

For further genetic analyses on C. perspectalis, sex-linked dis-
equilibrium still needs to be investigated since we did not have
enough adults in the genotyped populations to test for it. In ad-
dition, BTMO1 loci characteristics will need to be tested in other
populations to determine the utility of this marker because this
primer was found to be monomorphic in three of the four popula-
tions studied, and significantly deviated from HWE and there was
a high null allele frequency in the Fuyang population. Moreover,
LD, especially in the native area, needs to be more investigated
for the BTM 13 and BTM 15 markers. Nevertheless, these first mi-
crosatellite markers available for C. perspectalis are promising
molecular tools for further analysing the invasion routes of this
highly invasive pest and disentangling the dispersal patterns that
could explain its very fast spread in Europe and the Caucasus
region.
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