Journal of Plant Diseases and Protection (2021) 128:1587-1601
https://doi.org/10.1007/s41348-021-00501-7

DPG

=

Check for
updates

ORIGINAL ARTICLE

Molecular identification of Anoplophora glabripennis (Coleoptera:
Cerambycidae) and detection from frass samples based on real-time
quantitative PCR

Andrea Taddei' - Matthias Becker? - Beatrice Berger®” - Daniele Da Lio® - Stephanie Feltgen? - Stephan Koénig? -
Bjorn Hoppe? - Domenico Rizzo*

Received: 28 March 2021/ Accepted: 6 July 2021 / Published online: 25 July 2021
© The Author(s) 2021

Abstract

Anoplophora glabripennis (Motschulsky 1853) (Coleoptera: Cerambycidae), the Asian Longhorned Beetle, is native to
temperate and subtropical areas of China and the Korean peninsula. Due to its wide range of host plants, it is considered
among the most economically important invasive plant pests. The morphological identification of A. glabripennis larvae
can be confirmed by DNA barcoding, but obtaining the specimens from infested trees can be a demanding and challenging
task. Therefore, non-invasive diagnostic tools based on DNA extracted from frass samples can be of key importance in phy-
tosanitary surveys. In this study, an in silico generated real-time quantitative PCR test was developed for the detection of A.
glabripennis DNA from frass material, which is naturally extruded from larval tunnels through cracks in the bark. Specificity
was confirmed against a wide range of other wood-boring insect species frequently encountered during phytosanitary surveys
and inclusivity was demonstrated for different populations of A. glabripennis from all main European outbreak areas. The
test proved sensitive and reliable in detecting A. glabripennis DNA extracted from woody frass material of Acer saccharinum
and Aesculus hippocastanum at least up to the 100-fold dilution. Furthermore, the test allowed the molecular identification
of any life stage of the insect, including eggs and young larvae, whose morphological identification is impossible or very
challenging. This study provides a reliable and sensitive molecular tool to detect A. glabripennis DNA in woody frass mate-
rial, thus allowing a non-invasive sampling approach.
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Introduction

The Asian Longhorned Beetle Anoplophora glabripennis
(Motschulsky, 1853) is considered one of the most economi-
cally damaging invasive plant pests worldwide. Native to
China and the Korean peninsula (Cavey et al. 1998; Lin-
gafelter and Hoebeke 2002), this xylophagous insect was
introduced to North America (USA and Canada) (Haack
et al. 1996) and to Europe (Austria, Belgium, Finland,
France, Germany, Italy, Montenegro, the Netherlands, Swit-
zerland and the United Kingdom) (Javal et al. 2019).

An official confirmation via responsible authorities
requires phytosanitary measures according to harmonized
European Union (EU) legislation. In line to Implementing
Decision (EU) 2015/893 (European Union 2015) areas have
to be demarcated, where the pest is exposed to eradication
measures. It further lays down measures to prevent the intro-
duction into and the spread of A. glabripennis within the EU.
To date, some of these outbreaks have been successfully
eradicated in Austria, France, Germany, Italy, Montenegro,
the Netherlands, Switzerland and the United Kingdom. Nev-
ertheless, single areas are still infested (EPPO 2021) and the
constant risk of reintroduction to pest-free areas is a severe
danger. Especially, because the beetle is known to attack a
wide range of deciduous tree species. Acer, Aesculus, Betula,
Populus, Salix, and Ulmus represent the significant majority
from all infested tree genera in Europe (Faccoli and Favaro
2016; Tomiczek and Hoyer-Tomiczek 2007).

The European and Mediterranean Plant Protection Organ-
ization (EPPO) has registered A. glabripennis in the EPPO
Al list of pests recommended for regulation as quarantine
pests continuously for more than twenty years. Further-
more, the European Commission included A. glabripennis
in Annex II of the Implementing Regulation (EU) 2019/2072
(European Union) among the Union quarantine pests. The
species was also selected as a priority pest for the EU and
included in the list of 16 insect species whose potential eco-
nomic, environmental or social impact is the most severe in
respect of the Union territory (Annex of Commission Del-
egated Regulation (EU) 2019/1702).

In addition, another consequence of the afore-mentioned
Implementing Decision (EU) 2015/893 (European Union
2015) is annual surveys to confirm the presence or absence
of A. glabripennis on the Member States’ territory.

Since A. glabripennis activity typically occurs above the
height of 1.5 m of the attacked trees, symptoms of infesta-
tion and specimens at different development stages should
be looked for in the upper part of the trunk and the main
branches of the tree canopy (Haack et al. 2010; EFSA et al.
2019). Visual examination of trees at the crown level is the
key element for tracking down an A. glabripennis suspected
case, focusing both on the pest itself at various life stages or
symptoms on infested trees.
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Ground monitoring for crown inspections by means of
binoculars is of crucial importance for the first detection of
infested trees, enabling to locate signs of the beetle activity
on a tree in the upper part of the canopy, including oviposi-
tion sites, frass material and exit holes (EPPO 2013). Never-
theless, detection from the ground is not always accurate or
feasible (Meng et al. 2015; Milius 1999; Smith et al. 2009;
USDA 2013), making it necessary to use tree climbers or
hydraulic lifts inspections. Visual inspections directly in the
crown are more expensive and time-consuming than regu-
lar ground observations (Faccoli and Gatto 2016), but are
more efficient, allowing the collection of frass and wood
shavings produced by the larvae during their feeding and
exit hole-boring activity and extruded from larval tunnels
through cracks in the bark. Moreover, the presence of infes-
tation signs on a tree can fail to be a specific indicator of
A. glabripennis even for a well trained and experienced
inspector, because several other native or introduced wood-
boring insects produce similar signs of activity (Strangi
et al. 2013). Tracking dogs trained for the detection of A.
glabripennis have also been successfully used in Europe and
USA, and controlled laboratory trials showed an accuracy
of detection of 80-90% (Errico et al. 2012; Hoyer-Tomiczek
and Sauseng 2013).

Visual examination alone is not, from a regulatory point
of view, sufficient for the unambiguous identification of A.
glabripennis infestation. In this perspective, a 100% reliable
detection of a tree infested with A. glabripennis can only
be based on the identification of juvenile specimens (eggs,
larvae or pupae) that could be collected, usually invasively,
from the suspected plant and on which to carry out morpho-
logical or molecular analyses. Pennacchio and colleagues
provide a useful key for the morphological identification
of A. glabripennis and its separation from sibling species
including A. chinensis, the Citrus Longhorned Beetle (Pen-
nacchio et al. 2012). In addition, EPPO standard PM 7/129
(EPPO 2016) provides protocols for the molecular diagnos-
tics of arthropods including A. chinensis and A. glabripen-
nis. However, obtaining such specimens from infested plants
can be a demanding and difficult task, usually possible only
after felling the tree. On the contrary, frass material is natu-
rally ejected by the insect from the plant or can be collected
from the galleries by removing a small bark portion. There-
fore, a molecular diagnostic tool to confirm A. glabripennis
infestation through the analysis of frass material collected
on the outside of the plant can be an effective, non-invasive
complement to traditional detection methods. Using the
DNA barcoding primers LCO1490 and HCO2198 (Folmer
et al. 1994), recommended in PM 7/129 (EPPO 2016), for
frass material leads to unspecific co-amplification of eukar-
yotic genomic DNA from the wood matrix (Becker et al.
2020). Although this is not surprising as primers were origi-
nally designed for barcoding as many eukaryotes as possible,
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it turned out to be misleading while working on samples
containing different DNA sources, such as A. glabripennis
frass. These problems highlight the need for species-specific
primers.

The tool presented in this study should allow both the
extraction of sufficient amounts of DNA from insect tissue
as well as frass containing inhibitory substances as phenolic
compounds and a reliable identification of A. glabripennis.
The requirements for a reliable diagnostic tool are specific-
ity and sensitivity. The challenge is to create a specific tool
that allows to detect A. glabripennis specimens compris-
ing different populations from different geographic origin
with slight genetic variations (inclusivity), and to distin-
guish them from closely related species like A. chinensis
(exclusivity). Based on a comprehensive in silico analysis,
cross-reaction with other wood-inhabiting insects should be
avoided by covering all recent populations of the pathogen
in vitro at once.

The interest in this kind of tools is testified by several
studies published in the past few years, aiming at provid-
ing molecular tests for the detection of regulated pests from
environmental matrices. Strangi proposed a protocol of
molecular analyses based on end point polymerase chain
reaction (PCR) amplification of DNA samples extracted
from A. chinensis frass collected from potentially infested
host trees (Strangi et al. 2013). Rizzo and colleagues pro-
vided diagnostic tests for the detection of Aromia bungii
from frass samples based on real-time quantitative PCR
(qPCR) (Rizzo et al. 2020a) and Loop-mediated Isothermal
Amplification (LAMP) (Rizzo et al. 2021). A diagnostic pro-
tocol based on LAMP technology enabling the rapid detec-
tion of A. glabripennis DNA from frass samples was devel-
oped and validated (Rizzo et al. 2020b). A LAMP protocol
for the detection of Agrilus planipennis in frass from dif-
ferent Fraxinus species and for the molecular identification
of pooled specimens captured in traps was recently made
available by Kyei-Poku (Kyei-Poku et al. 2020). The provi-
sion of multiple protocols in plant pest diagnosis is crucial,
as different laboratories use different equipment.

In this study, a sensitive, specific and accurate real-time
PCR test has been developed for the detection of A. glabrip-
ennis DNA from frass material providing a non-invasive
sampling approach for phytosanitary surveys. In addition,
the test allows the molecular identification of any life stage
of the pest, including eggs, for which no morphological
diagnostic characters are available, and larvae, whose mor-
phological identification, although possible, is difficult and
reserved for experienced entomologists. The diagnostic pro-
tocol presented in this article is supposed to facilitate detec-
tion of A. glabripennis in infested areas and to help plant
protection services to eradicate this pest with a minimum
amount of collateral damage.

Materials and methods
Specimens and frass samples

Most of the specimens tested were collected during the
official survey and management (tree felling) activities
of the Plant Protection Organizations in Italy, Germany
and France, carried out in the A. glabripennis demar-
cated areas on their territory. All target specimens were
identified morphologically according to Pennacchio
(Pennacchio et al. 2012). Identification was confirmed
through Sanger sequencing of the partial mitochondrial
cytochrome oxidase subunit I (COI) gene, according to
EPPO (EPPO 2016). Non-target species consisted of
xylophagous insects sharing the same ecological niche as
A. glabripennis and belonging to the orders Coleoptera
(Cerambycidae: Cerambycinae, Lamiinae, Lepturinae) and
Lepidoptera (Cossidae: Cossinae, Zeuzerinae; Sesiidae:
Sesiinae). The non-target specimens were identified either
morphologically or through DNA barcoding (EPPO 2016).
All specimens have been stored in 96% ethanol prior to
DNA extraction. In order to obtain frass material produced
unequivocally by A. glabripennis, some portions of trunk
(Acer saccharinum and Aesculus hippocastanum) result-
ing from felling cuts in a demarcated area and showing
evident symptoms of A. glabripennis infestation (Fig. 1),
have been preserved inside a double mesh cage (iron
5 mm mesh, aluminum 2 mm mesh). The extruded frass
was collected at regular intervals until the adults emerged
from the trunk, confirming the actual production by A.
glabripennis. Other frass samples were obtained from
wood samples in which frass was clearly associated with
A. glabripennis larvae. All frass samples were dried and

Fig. 1 Acer saccharinum trunks infested by Anoplophora glabripen-
nis. At the bottom of the box A. glabripennis frass material is visible
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stored at room temperature until DNA extraction. Freezing
the freshly collected frass samples at —20 °C is an appro-
priate alternative to drying them, but the higher fraction
of water in the starting material needs to be considered
according to the manufacturer’s DNA extraction protocol.

DNA extraction from insect and frass samples

DNA was isolated from insect tissue either by means of
Maxwell RSC 48 automatic instrument (Promega, Madi-
son, USA), using a CTAB based protocol (Maxwell RSC
PureFood GMO and Authentication kit from Promega), or
DNeasy Blood & Tissue Kit (Qiagen, Diiren, Germany).
DNA was eluted in 100 pL preheated elution buffer and
either used for the real-time PCR reactions immediately or
stored at —20 °C.

While DNA extraction of insects is well established
meanwhile, for comparison different approaches were
used to extract the DNA from frass. Accordingly, DNA
was isolated from frass samples using a combination of
a CTAB +PVP procedure (Calder6n-Cortés et al. 2010;
Doyle and Doyle 1990) and the Zymo Quick-DNA Fecal/
Soil Microbe Miniprep Kit D6010 (Zymo Research Cor-
poration, Irvine, USA). A second approach consisted in the
InnuPREP TCM DNA Extraction Kit (Analytik Jena, Jena,
Germany) tested according to the manufacturer’s protocol.
Dry frass was homogenized for three minutes at 30.0 fre-
quency in a 10-mL stainless steel grinding jar by means of
Retsch MM400 homogenizer (Retsch, Haan, Germany) after
freezing in liquid nitrogen. DNA extraction was performed
on subsamples of 50 mg of the finely ground and homog-
enized material thus obtained. A second homogenization
protocol consisting in the grinding of 50 mg of frass material
for 3 min at maximum speed by means of MP FastPrep-24
5G (BM Biomedical, Irvine, USA) was also tested. Before
proceeding with the Zymo kit protocol, the following puri-
fication steps were added: addition of 1 mL. CTAB solution
to the tubes (2% CTAB, 0.1 M TrisHCI pH 8, 1.4 M NaCl,
0.02 M EDTA pH 8, 4% PVP 40,000), vortexing, incuba-
tion for 30 min at 65 °C, centrifugation at maximum speed
for 10 min, collection of 500 uL of the solution, leaving the
debris at the bottom of the tube, transferring the solution into
anew 1.5 uL tube, addition of 500 pL chloroform/ isoamyl
alcohol 24:1 (under airflow cabinet) and centrifugation at
maximum speed for 5 min. The supernatant (400 pL) was
transferred to the Zymo column and the DNA isolation was
performed according to manufacturer’s protocol. DNA was
eluted in 100 pL elution buffer and either used for the gPCR
reactions immediately or stored at — 20 °C.

@ Springer

DNA quality check

The concentration and 260/280 nm ratio of the DNA
extracted from insect samples were checked using a Nan-
oDrop™ ND2000 (Thermo Scientific, Waltham, USA).
A universal primer pair (18S uni F/-R) and a YakimaYel-
low-BHQI1 dual labeled probe (18S uni-P) were used on a
selected set of samples to target a region of the 18S riboso-
mal rDNA that is highly conserved throughout a wide range
of eukaryotic organisms (Ioos et al. 2009). These primers
and probe were selected in order to check the quality of
the DNA extracted and to detect false-negative results that
could potentially be caused by inhibition due to compounds
present in the wood.

Primers and probe design

Primers and probe for gPCR were designed to target a frag-
ment of the mitochondrial cytochrome ¢ oxidase subunit I
gene (COI) using the OligoArchitect™ Primers and Probe
Online software (Sigma-Aldrich, St. Louis, USA) with the
following specifications: a product size of 80 to 200 bp, a
Tm (melting temperature) of 55 to 65° C, primer length of
18 to 22 bp and no secondary structure when possible. An
in silico test of the oligonucleotides was then performed by
means of BLAST® software (Basic Local Alignment Search
Tool: http://www.ncbi.nlm.nih.gov/BLAST) to evaluate
their specificity with respect to the target organism. Tar-
get sequences were available for A. glabripennis popula-
tions from Canada, China, Italy, Germany, South Korea and
USA. Primers and probe were aligned on a set of sequences
from target and non-target, closely related, organisms using
the MAFFT software package (Katoh and Standley 2013)
implemented within the Geneious® 10.2.6 software (Bio-
matters, Auckland, New Zealand). The primers and probe
were synthesized by Eurofins Genomics (Ebersberg, Ger-
many). The reporting dyes for A. glabripennis and 18S uni
probes were selected to have distinctive fluorescence emis-
sion wavelengths in order to avoid any overlapping fluores-
cence spectra, which make duplexing possible, even if their
simultaneous use in a single qPCR tube was not tested in
this study.

The qPCR amplification products for one A. glabripennis
larva and three frass samples were sent for Sanger sequenc-
ing in order to confirm that the primers successfully targeted
the expected A. glabripennis COI fragment (GATC, Eurofins
Genomics, Ebersberg, Germany). Purification of the ampli-
fication products was included in the service.

qPCR protocol

The qPCR was performed in a StepOnePlus Real-Time PCR
System (Applied Biosystems (Thermo Fisher Scientific),
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Waltham, USA). The 20 pL reaction mixture contained
10 pL of 2X PerfeCTa qPCR ToughMix (QuantaBio,
Beverly, MA) reaction buffer, 500 nM of each primer and
250 nM of TagMan probe. The reaction buffer contained
an optimized concentration of molecular-grade MgCl, and
dNTPs. 1 pL of total genomic DNA was added to the reac-
tion mixture. The following qPCR program was used: initial
denaturation at 95 °C for 2 min, followed by 40 cycles of
denaturation at 95 °C for 10 s, annealing at 58 °C for 15 s
and elongation at 68 °C for 30 s. The threshold was set auto-
matically. Optimal annealing temperature was tested and set
through gradient qPCR.

Performance of the qPCR test

To evaluate the performance of the qPCR test and the usa-
bility in routine analysis, the following performance crite-
ria were determined: analytical specificity (inclusivity and
exclusivity), analytical sensitivity, selectivity, repeatability
and reproducibility. Table 1 shows the specimens used to
determine the different performance characteristics. In addi-
tion, diagnostic specificity, diagnostic sensitivity and accu-
racy were calculated as follows:

diagnostic sensitivity (%) = A/(A + B) x 100.
diagnostic specificity (%) = D/(D + C) x 100.

accuracy (%) = A + D/(A + C + D + B) x 100.

where A =Obtained positives/expected positives (true
positives), B=Obtained negatives/expected positives (false-
negatives), C =False positives, and D =True negatives.

Validation was performed according to EPPO PM7/98
(EPPO 2019) and definitions of the performance criteria
adopted from EPPO PM7/76 (EPPO 2017).

Analytical specificity, sensitivity and selectivity

Analytical specificity was evaluated on a sample set of tar-
get (inclusivity) and non-target (exclusivity) specimens from
different outbreak areas in Europe (See Table 1). The set of
target specimens comprised 18 A. glabripennis specimens
from Italy, France and Germany. The non-target specimens
belonged to 20 xylophagous species which share the same
ecological niche as A. glabripennis and were collected
from host plants belonging to genera such as Acer, Popu-
lus, Ulmus, Prunus, Betula and Malus. The amount of DNA
obtained from each insect specimen was determined using a
NanoDrop™ ND2000 (Thermo Scientific, Waltham, USA)
and the DNA concentration adjusted with proper dilutions
in the range of 1020 ng uL~'. All the DNA samples were

tested in triplicate on a StepOnePlus instrument (Applied
Biosystems (Thermo Fisher Scientific), Waltham, USA).

Analytical sensitivity was tested as follows: serial tenfold
dilutions of DNA ranging from 1.0 — 2.0 ng uL™! to 1.0
— 2.0 fg uL™! were prepared and tested for DNA extracted
from eight A. glabripennis specimens (seven larvae and one
adult). Each dilution was tested in triplicate in the same run
and the testing was repeated three times (three runs), for a
total of nine technical replicates per sample. The dilution for
which amplification was observed for all the nine technical
replicates was considered as the limit of detection of the test,
i.e., the minimal concentration of target DNA that can be
reliably detected. In order to evaluate the limit of detection
in frass material, serial dilutions (with tenfold dilution steps)
of DNA extracted from 50 mg of frass samples were also
prepared. The frass samples were taken from A. glabripen-
nis-infested Acer saccharinum and Aesculus hippocastanum.
Aliquots of each frass sample were homogenized according
to two different protocols (see DNA extraction from insect
and frass samples). It was not possible to measure the initial
concentration of the target organism’s DNA in frass sam-
ples because the solution contained also plant DNA and,
potentially, DNA from other organisms that can colonize
the wood shavings, like bacteria, fungi, nematodes and other
arthropods. Each DNA subsample extracted from aliquots
was subjected to a tenfold dilution series, and each dilution
step was tested in duplicate.

To determine any effect of the matrix composition of the
starting material for DNA extraction, selectivity was deter-
mined by testing different life stages (egg, larva, adult) of the
target organisms and frass material produced by the trophic
activity of the insect in different host plants (Acer spp., A.
hippocastanum, Betula spp. and Malus domestica).

Repeatability and reproducibility

The same samples used for the evaluation of the analyti-
cal sensitivity were used to assess repeatability. Eight DNA
samples at a concentration of 1.0 to 2.0 pg uL™! were tested
in triplicate and analysis repeated three times under the same
conditions (operator, reagents, thermal cyclers and other lab-
oratory equipment) on the same day. The level of agreement
between the results obtained in the three qPCR runs was
considered for the repeatability of the protocol. Reproduc-
ibility was determined by analyzing DNA subsamples from
11 samples (8 A. glabripennis frass samples and 1 larva, 2
A. chinensis larvae) under different conditions, i.e., loca-
tion, technician and thermal cycler. Primers and probes were
from the same batches, and qPCR runs were carried out with
the same reagents. Three equal subsamples were prepared
from DNA solutions of A. glabripennis larva and frass and
A. chinensis larvae material and stored at —20 °C until use.
Three different technicians in three different laboratories
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Table 2 Primers and probe developed in this study for A. glabripennis

Primer/probe name Length (bases) Sequence 5’—3’

Nucleotide position Product size (bp) Reference sequence

Aglabripennis_185_F 23
Aglabripennis_347_R 22

Aglabripennis_320_P 27
TTAATCCTC—BHQI

CCAACAGGAATTAAAGTATTTAG
CGTGGAGAATAATATCAATAGA
FAM—TGGCTAAGACTACTCCTG

185 to 207 163
347 to 326
320 to 294

HM062991.1

analyzed the entire subsample set in triplicate on three dif-
ferent thermal cyclers: Roche LightCycler 480 Instrument
II, Bio-Rad CFX 96 Real-Time-System, and Analytik Jena

qTower’.

Results
Primers and probe design

The newly designed primers target a 163 bp-long fragment
of A. glabripennis mitochondrial COI region (accession
number HM062991.1) (See Table 2). This region, although
located outside the COI barcoding region from Folmer (Fol-
mer et al. 1994), was chosen because it resulted highly con-
served among A. glabripennis available sequences but suit-
able to distinguish this species from other species included
in the same genus. Geographical origin of target sequences
is indicated in the legend of Fig. 2. An A. glabripennis-spe-
cific primer pair was selected as a valid in silico candidate
particularly because of the presence of five mismatches on
the reverse primer, when compared to available A. chinen-
sis sequences. Two of these mismatches were located near
the 3’-end of the primer, conferring specificity to the assay
because DNA polymerase extension during the polymerase
reaction highly depends on a good stability of the 3’-end
of the primer (Hyndman and Mitsuhashi 2003). Sanger
sequencing results confirmed that the primers successfully
amplified the expected A. glabripennis COI fragment in
DNA from both larval (1) and frass (3) samples (98.8—-100%
identical to 75 A. glabripennis NCBI accessions, query cov-
erage 99%). Similarity to available accessions of A. chin-
ensis and A. macularia reached a maximum of 93.6% and
92.3%, respectively (Fig. 2).

Performance of the test
Analytical specificity
Amplification curves were obtained for all the target sam-

ples (true positives), with a mean Cq value of 18.6 +0.9
(4 specimens, 12 technical replicates, DNA concentration

@ Springer

range 10-20 ng uL~!, Cq threshold=0.12). No amplification
was observed for any of the non-target samples, meaning
that no false positive results for the non-target samples were
obtained. Both target and non-target specimens DNA could
be amplified using the universal /8S test, with mean Cq
value of 20.1 +£0.2 and 20.6+0.1 for target and non-target
samples, respectively (Cq threshold=0.10). This confirms
that the absence of signal for the non-target samples with the
A. glabripennis specific test was truly due to the specificity
of the test and not to reaction-inhibiting compounds pos-
sibly present in the DNA solution. The values of diagnostic
sensitivity, diagnostic specificity and accuracy were 100%
because neither false positive nor false-negative results were
observed.

Analytical sensitivity

A concentration of 1.0 to 2.0 pg uL™! of A. glabripennis
DNA could be detected in all the replicates (nine technical
replicates) for each of the eight specimens, with the excep-
tion of one specimen (eight replicates out of nine, Table 3).
Mean Cq values were 33.2 +2.4 (Cq threshold =0.027).
For some of the DNA extracts, a lower concentration, in
the range of 0.1—0.2 pg uL~!, was also detected in all of
the nine replicates (see Table 3).

The test showed to have a coefficient of determination
(R?) in the range of 98.2-99.9% as evaluated on serial
dilution of DNA from three insect specimens (Fig. 3). The
reaction efficiency ranged from 90.2 to 90.3% for samples
S10 and S12 (larvae) to 97.1% for sample S16 (egg).

Anoplophora glabripennis DNA from frass samples
could be detected in all replicates until the 100-fold dilu-
tion of the initial DNA solution, and in some replicates
at the 1000-fold dilution with the only exception of the
DNA extracted with the CTAB + Zymo Quick-DNA Fecal/
Soil Microbe Miniprep Kit approach from A. hippocasta-
num and homogenized by means of MP FastPrep — 24 5G
where no DNA could be detected at all. Especially at lower
dilutions, non-negligible shift to higher Cq values could
be observed for the MP FastPrep-24-homogenized samples
compared to samples homogenized with Retsch MM400
homogenizer after liquid nitrogen freezing. For DNA from
A. saccharinum frass, Cq mean value for undiluted to 100-
fold dilution was 1.8 +0.2 higher for FastPrep than liquid
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Reference sequence

1 10 20 30 40 50 60 70 80
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC

Anoplophora glabripennis GU003923.1
Anoplophora glabripennis GU003924.1
Anoplophora glabripennis GU003926.1
Anoplophora glabripennis GU003927.1
Anoplophora glabripennis EU914464.1
Anoplophora glabripennis EU914564.1
Anoplophora glabripennis GU003922.1
Anoplophora glabripennis EU914673.1
Anoplophora glabripennis EU914615.1
Anoplophora glabripennis EU914665.1
Anoplophora glabripennis EU914685.1
Anoplophora glabripennis EU914484.1
Anoplophora glabripennis EU914738.1
Anoplophora glabripennis GU003919.1
Anoplophora glabripennis GU003921.1
Anoplophora glabripennis GU003920.1
Anoplophora glabripennis HM062991.1
Anoplophora glabripennis EU914733.1
Anoplophora glabripennis EU914717.1
Anoplophora chinensis AB439173.1
Anoplophora chinensis AB439178.1
Anoplophora chinensis AB439181.1
Anoplophora chinensis AB500900.1
Anoplophora chinensis AB5S00901.1
Anoplophora chinensis AB500902.1
Anoplophora chinensis AB500903.1
Anoplophora chinensis MN886085.1
Anoplophora chinensis AB533639.1
Anoplophora macularia AB500905.1
Anoplophora macularia AB500907.1
Anoplophora macularia AB533640.1
Anoplophora macularia AB500909.1
Anoplophora macularia AB500911.1
Anoplophora macularia AB500910.1
Dolichoprosopus sameshimai AB439146.1
Dolichoprosopus yokoyamai AB533641.1
Anoplophora lurida KF737826.1
Xenohammus bimaculatus KF737831.1
Polyrhaphis spinipennis MN886030.1
Ewanius nothofagi FM209223.1
Palame mimetica AF466956.1
Bruchidius bimaculatus AY390672.1
Bruchidius raddianae AY625393.1
Acrocinus longimanus AY248720.1

CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGETTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTMITACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTITACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTIRTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTETCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGGCCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACEBCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACECAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACEBCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTCTIICATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACEBCTACATGGAACTCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTC
CCWACAGGAATTAAAGTATTEAGATGATTAGCAACTCTACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAM
CCWACAGGAATTAAAGTATTEAGATGATTAGCAACTCTACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAR
CCWACAGGAATTAAAGTATTEAGATGATTAGCAACTCTACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAR
CCMACAGGAATTAAAGTATTEBAGATGATTAGCAACTCTACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAR
CCMACAGGAATTAAAGTATTEAGATGATTAGCAACTCTACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAR
CCWACAGGAATTAAAGTATTEAGATGATTAGCAACTCTACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAN
CCMACAGGAATTAAAGTATTEBAGATGATTAGCAACTCTACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAN
CCMACAGGAATTAAAGTATTEAGATGATTAGCAACTCTACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAN
CCMACAGGAATTAAAGTATTEAGATGATTAGCAACTCTIICATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAM
CCWACAGGAATTAAAGTATTTAGATGATTAGCAACTMTACATGGAACACAACTTTTTTATAGACCEGTTTCTCTTTGAGCAR
CCWACAGGAATTAAAGTATTTAGATGATTAGCAACTITACATGGAACACAACTTTTTTATAGACCEGTTTCTCTTTGAGCAR
CCWACAGGAATTAAAGTATTTAGATGATTAGCAACTIMTACATGGAACACAACTTTTTTATAGACCEGTTTCTCTTTGAGC
CCMACAGGAATTAAAGTATTTAGATGATTAGCAACTITACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAN
CCMACAGGAATTAAAGTATTTAGATGATTAGCAACTITACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAN
CCWACAGGAATTAAAGTATTTAGATGATTAGCAACTITACATGGAACACAACTTTTTTATAGACCTGTTTCTCTTTGAGCAN
CCEACHGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACEBCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTE
CCEACHMGGAATTAAAGTATTTAGATGATTAGCAACTCTACATGGAACEBCAACTTTTTTATAGACCTGTTTCTCTTTGAGCTE
CCMACHMGGAATTAAAGTATTTAGATGATTAGCAACTITIICATGGAACTCAACTTTTATATAGACCTGTTTCTCTTTGAGCAM
CCWACAGGAATTAAAGTATTTAGATGATTAGCAACAIMTACATGGAACTCAARTTETATABAGACCAGTTTCTCTTTGAGCTE
CCWACAGGAATTAAAGTATTTAGATGATTAGCEACTCTIMICATGGGACTCAABRTTATTTATAGACCTGTTTCTCTTTGAGCTE
CCAACAGGAATTAAAGTATTTAGATGATTGGCAACECTEMICATGGAACECAART TAGATABAGACCTGTAACTETGTGAGCAR
CCWACAGGAATTAAAGTATTTAGATGATTAGCHACERTECATGGAACTCAABRTTTTATATAAACCAGTETCTHMTATGAGCTE
CCWACAGGAATTAAAGTATTTAGATGATTAGCIHACERTIICATGGAACTCAARTTTTATATAGACCTGTAACTCTETGAGCTE
CCAACAGGAATTAAAGTATTTAGATGATTAGCHACTHTECATGGAACTCAARTTETTTATAGACCTGTAACTCTETGAGCTE
CCAACAGGAATTAAAGTATTTAGATGATTAGCAACTITACATGGHAMTCAARTTA@T TATAGACCAGT@AC T TATGAGCAR

90 100 110 120 130 140 150 160 163

90 100 110 120 130 140 150 163

Reference sequence TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
ALB_320_p ALB_347_r

Anoplophora glabripennis GU003923.1
Anoplophora glabripennis GU003924.1
Anoplophora glabripennis GU003926.1
Anoplophora glabripennis GU003927.1
Anoplophora glabripennis EU914464.1
Anoplophora glabripennis EU914564.1
Anoplophora glabripennis GU003922.1
Anoplophora glabripennis EU914673.1
Anoplophora glabripennis EU914615.1
Anoplophora glabripennis EU914665.1
Anoplophora glabripennis EU914685.1
Anoplophora glabripennis EU914484.1
Anoplophora glabripennis EU914738.1
Anoplophora glabripennis GU003919.1
Anoplophora glabripennis GU003921.1
Anoplophora glabripennis GU003920.1
Anoplophora glabripennis HM062991.1
Anoplophora glabripennis EU914733.1
Anoplophora glabripennis EU914717.1
Anoplophora chinensis AB439173.1
Anoplophora chinensis AB439178.1
Anoplophora chinensis AB439181.1
Anoplophora chinensis AB500900.1
Anoplophora chinensis AB500901.1
Anoplophora chinensis AB500902.1
Anoplophora chinensis AB500903.1
Anoplophora chinensis MN886085.1
Anoplophora chinensis AB533639.1
Anoplophora macularia AB5S00905.1
Anoplophora macularia AB500907.1
Anoplophora macularia AB533640.1
Anoplophora macularia AB500909.1
Anoplophora macularia AB500911.1
Anoplophora macularia AB500910.1
Dolichoprosopus sameshimai AB439146.1
Dolichoprosopus yokoyamai AB533641.1
Anoplophora lurida KF737826.1
Xenohammus bimaculatus KF737831.1
Polyrhaphis spinipennis MN886030.1
Ewanius nothofagi FM209223.1
Palame mimetica AF466956.1
Bruchidius bimaculatus AY390672.1
Bruchidius raddianae AY625393.1
Acrocinus longimanus AY248720.1

TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGABATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGABATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGABATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGGGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTETCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACMGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGTTTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGABATTATTCTCCACG
TAGGATTTGTTTTCCTATTTACAGTTGGAGGATTAACAGGAGTAGTCTTAGCCAATTCATCTATTGATATTATTCTCCACG
TAGGATTTGTTTTMCTATTTACAGTIAGGAGGATTAACAGGAGTAGTIITTAGCIHAATTCATCAGETTGATATTATTMTACAWG
TAGGATTTGTTTTHMCTATTTACAGTAGGAGGATTAACAGGAGTAGTEITTAGCHAATTCATCA@TTGATATTATTEHITACAMG
TAGGATTTGTTTTHCTATTTACAGTIAGGAGGATTAACAGGAGTAGTEITTAGCHAATTCATCA@TTGATATTATTHMTACAMG
TAGGATTTGTTTTHMCTATTTACAGTIAGGAGGATTAACAGGAGTAGTEITTAGCHAATTCATCAGTTGATATTATTHMTACAMG
TAGGATTTGTTTTHMCTATTTACAGTIAGGAGGATTAACAGGAGTAGTEITTAGCHAATTCATCAGTTGATATTATTHMTACAMG
TAGGATTTGTTTTHMCTATTTACAGTIAGGAGGATTAACAGGAGTAGTEITTAGCHAATTCATCAGTTGATATTATTHTACAMG
TAGGATTTGTTTTMCTATTTACAGTIAGGAGGATTAACAGGAGTAGTEITTAGCHAATTCATCAGTTGATATTATTHMTACAMG
TAGGATTTGTTTTMCTATTTACAGTIAGGAGGATTAACAGGAGTAGTEITTAGCIMAATTCATCAGETTGATATTATTHTACAMG
TAGGATTTGTTTTCCTATTTACAGTAGGAGGATTAACAGGAGTAGTIITTAGCIMAATTCATCAGBTTGATATTATTHTACAMG
TAGGETTTGTTTTCCTATTTACAGTAGGAGGATTNACAGGAGTAGTEITTAGCHMAATTCATCAATTGATATTATTEITACAMG
TAGGETTTGTTTTCCTATTTACAGTIAGGAGGATTAACAGGAGTAGTEITTAGCHAATTCATCAATTGATATTATTHTACAMG
TAGGETTTGTTTTCCTATTTACAGTIAGGAGGATTAACAGGAGTAGTEITTAGCHAATTCATCAATTGATATTATTHTACAMG
TAGGTTTTGTTTTCHTATTTACAGTIAGGAGGGTTAACAGGAGTAGTEMITTAGCHAATTCATCAATTGATATTATTHMTACAMG
TAGGTTTTGTTTTCHTATTTACAGTIAGGAGGGTTAACAGGAGTAGTEITTAGCHAATTCATCAATTGATATTATTHTACAMG
TAGGTTTTGTTTTCHMTATTTACAGTAGGAGGATTAACAGGAGTAGTEITTAGCIMAATTCATCAATTGATATTATTHITACAMG
TAGGGTTEGTTTTCHMTATTTACMGTGGGAGGMTTAACAGGAGTAGTIITTAGCMAATTCATCAATTGATATTATTCTACAMG
TAGGGTTEGTTTTCHMTATTTACMGTGGGAGGIE@TAACAGGAGTAGTIMITTAGCMAATTCATCAATTGATATTATTCTACAMG
TAGGATTTGTTTTCCTATTEACHMGTIAGGAGGATTAACAGGAGTAGTCTTAGCIAATTCATCGATTGATATTATTCTIMCAMG
TAGGATTTGTATTEMRTATTTACHGTIAGGAGGATTAACAGGAGTAGTEITTAGCHAA@BTCATCTATTGATATTATECTMCACG
TAGGATTTGTTTTCHTATTEACAGTIAGGMIGGATTGACAGGAGTAGTEMITTAGCHAAGT CETCAATTGATATTATTCTICAMG
TAGGATTTGTGTTHRTATTTACMGTTGGAGGATTAACAGGAGTAGTEITTAGCHAA@BTCATCTATTGATATTATTCTICAMG
TAGGATTTGTTTTHCTMTTTACMGTTGGAGGATTAACHGGAGTAGTCTTAGCHAA@TCHTCAATTGATATTATTCTACAMG
TAGGGTTEGTATTIMATATTTACAGTIAGGAGGATTAACAGGMGTAGTCTTAGCHAATTCHTCAATTGATATTGTTCTACAMG
TAGGATTTGTTTTMCTMTTTACAGTTGGAGGHTTAACAGGAGTIRATIETAGCAAATTCMTCAATTGATATTGTTCTIMCACG
TAGGATTTGTATTIRTATTTACAGTTGGAGGATTAACAGGAGTAGTATTAGCHMAATTCETCAATTGATATEATTHTACAMG

Fig.2 Alignments of COI sequences of A. glabripennis and non-
target species available from GenBank, showing in silico speci-
ficity of the test. The forward and reverse primers and the TagMan
probe designed in this study are reported on the reference sequence
of Anoplophora glabripennis EU914811.1. Geographical origins
of A. glabripennis accessions: GU003923, China, Jingyuan, Gansu;
GUO003924, USA, Manhattan, New York; GU003926, USA, Jer-
sey City, New Jersey; GU003927, USA, Massapequa, New York;

EU914464, USA, Carteret, New Jersey; EU914564, USA, Car-
teret, New Jersey; GU003922, USA, New lJersey; EU914673,
Italy; EU914615, Canada: Toronto; EU914665, Canada: Toronto;
EU914685, Germany; EU914484, USA: Sacramento, Califor-
nia; EU914738, China, Hebei Province; GU003919, China, Xi’an,
Shanxi; GU003921, China, Jingyuan, Gansu; GU003920, China,
Nengmenggu; HM062991, not available; EU914733, South Korea;
EU914717, China, Anhui Province
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Table 3 Sample set used for the determination of analytical sensitivity

Sample ID Initial DNA concen-  260/280 ratio 10,000-fold dilution (1.0—2.0 pg uL ™) 100,000 fold dilution (0.1—0.2 pg uL™")
tration (ng pL™h

Mean Cq value +SD Positive technical Mean Cq value +SD Positive

replicates technical

replicates
S10 20.35 1.85 33.0+1.1 9/9 37.6+0.8 6/9
S11 14.45 1.82 332+1.7 9/9 358+1.3 9/9
S12 16.43 1.8 32.0+0.7 9/9 36.4+1.1 7/9
S13 16.85 1.88 355+1.0 9/9 36.6+1.2 2/9
S14 12.08 1.89 38.1+1.0 8/9 n.d 0/9
S15 17.37 1.98 31.0+1.0 9/9 354+1.7 9/9
S17 17.2 1.84 31.2+0.7 9/9 36.0+0.6 7/9
S18 13.92 1.83 31.8+1.0 9/9 35.8+1.5 9/9
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y =3.5804xa+ 14.21 y =3.5786x+ 13.687
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= 0.1
©
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Fig.3 A-C. Three standard curves showing the relationship between of determination (R?) resulted to be in a range of 98.2 to 99.9%. D.
Cq values (y-axis) and quantity of genomic DNA (tenfold dilution Corresponding amplification curves of S10 (amplification successful
starting from a concentration of 1020 ng uL~!, 3 technical repli- until 100,000-fold dilution, corresponding to 0.1—0.2 pg uL.™!)
cates) of three A. glabripennis specimens (S10, S12, S16). Coefficient
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Fig.4 A. Performed sample homogenization and DNA extraction
procedures resulting in four different sample-processing pathways. B,
C. Curves showing the relationship between Cq values (y-axis) and
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C Aesculus hippocastanum
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quantity of genomic DNA (tenfold dilution series) for the differently
processed Anoplophora glabripennis samples extracted from Acer
saccharinum (B) and Aesculus hippocastanum (C) frass material

Table 4 Test of repeatability: level of agreement between technical replicates within and between qPCR runs for eight (10.000-fold diluted) A.

glabripennis larval and adult samples

Positive technical replicates

Sample ID Scientific name Life stage qPCR run 1 qPCR run 2 qPCR run 3 All gPCR runs All
qPCR
runs (%)

S10 A. glabripennis Larva 3/3 3/3 3/3 9/9 100

S11 A. glabripennis Larva 3/3 3/3 3/3 9/9 100

S12 A. glabripennis Larva 3/3 3/3 3/3 9/9 100

S13 A. glabripennis Larva 3/3 3/3 3/3 9/9 100

S14 A. glabripennis Larva 2/3 3/3 3/3 8/9 89

S15 A. glabripennis Larva 3/3 3/3 3/3 9/9 100

S17 A. glabripennis Adult 3/3 3/3 3/3 9/9 100

S18 A. glabripennis Larva 3/3 3/3 3/3 9/9 100

gqPCR runs were performed under the same conditions (Applied Biosystems StepOne Plus thermal cycler) on the same day

nitrogen homogenization in the case of CTAB + Zymo
extraction protocol; 1.3 +0.5 higher in the case of Analytik
Jena extraction kit. Both DNA extraction approaches gave
comparable results for each dilution step (Fig. 4).

Selectivity

DNA extracted from all life stages of the target species
(single egg, larva, pupa and adult) was successfully ampli-
fied, as well as DNA extracted from frass samples pro-
duced by the target species from different host plants (Acer
sp., A. hippocastanum, Betula sp. and M. domestica),
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Fig.5 Test of reproducibility: average Cq values for three techni-
cal replicates of 2 A. glabripennis larval and 8 A. glabripennis frass
samples. Comparison of different thermal cyclers (Roche, Bio-Rad,
Analytik Jena) used by different technicians in different laboratories.
Standard deviation between technical replicates on the same cycler is

suggesting that the qPCR test is not affected by the type
of matrix.

Repeatability and reproducibility

The same qualitative results were obtained in the three gPCR
runs for all tested samples under the same conditions, with
the exception of one specimen (eight replicates out of nine,
Table 4) resulting in an overall repeatability of 99%. It has
to be noted that the DNA samples were used at a concen-
tration of 1.0 to 2.0 pg uL~!. Similarly, consistent results
were obtained by different technicians on different thermal
cyclers, yielding a reproducibility of 100% (Fig. 5).

The averaged standard deviation (SD) of the Cq values
of ten A. glabripennis samples (two DNA extracts from
one larval sample and eight frass samples) indicates the
reproducibility of the results on different thermal cyclers.
The averaged SD for the three machines is as follows: 0.24
cycles for Roche, 0.47 cycles for Bio-Rad and 0.48 cycles
for Analytik Jena (Fig. 5). The averaged SD between the
cyclers, being 0.58, is not much higher suggesting that the
three tested cyclers provide almost the same results for all
ten samples. Using the Roche thermal cycler, average Cq
values were slightly (on average 1.1 °C) higher than average
Cq values from the two other thermal cyclers (Fig. 5), which
is, however, a neglectable difference.
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shown by error bars; standard deviation between machines (together
with average Cq) is shown as numbers above bars; the average stand-
ard deviation between replicates on the same machine is depicted in
the insert in the upper right corner

Discussion

The Asian Longhorned Beetle Anoplophora glabripennis
is considered among the most destructive invasive xylo-
phagous insects worldwide. Effective eradication programs
from non-native regions are very costly and rely on a prompt
and rapid detection capability by National Plant Protection
Organizations.

The newly designed test proved to be specific for A.
glabripennis and no cross-reaction was observed for the
closely related congeneric A. chinensis (both chinensis and
malasiaca form, taxonomy according to Lingafelter and
Hoebeke Lingafelter and Hoebeke (2002)) and nineteen
other European or introduced wood-boring insect species
that can be encountered during survey activities on the same
A. glabripennis host plants. The availability of specimens
or frass material from Italy, France, Germany and Finland
and from different collection sites within their territories,
allowed to test the inclusivity of the test with respect to
the main invasive populations from outbreak areas cur-
rently reported in Europe. In addition, in silico evaluation
of specificity included populations from Canada, China,
Italy, Germany, South Korea and USA. The test allowed
the identification of all A. glabripennis life stages. A DNA
concentration of 1.0 to 2.0 pg uL™! could be detected in all
the samples analyzed, even though for some of them a con-
centration in the range of 0.1—0.2 pg uL~! was also reliably
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detected. DNA from frass material obtained from rearing
cages and from field was purified and successfully amplified.
Both DNA extraction approaches and both homogenization
procedures tested on frass material provided comparable
results, pointing to robust sample processing. Further, statis-
tically sound testing should be conducted to confirm possible
effects of the homogenization protocol on the DNA quality
(liquid nitrogen freezing vs. room temperature homogeni-
zation). Quality of the frass material is very important. We
proved that DNA extracted from 50 mg freshly produced,
pure frass material from Acer saccharinum and Aesculus
hippocastanum can be reliably detected at least until a 100-
fold dilution. However, under field conditions, frass material
can easily undergo degradation processes due to exposure to
environmental conditions. Exposure to sun light and weather
conditions can affect the quality of the DNA present in the
frass. Colonization by microorganisms, favored by high lev-
els of atmospheric humidity, may contribute to a reduction
in the quality of the DNA present in the frass, especially if
exposed to unfavorable environmental conditions for a long
time. Experience shows that recovering fecal DNA suitable
for qPCR is more likely from freshly expelled frass material
or from frass collected inside the wood (Strangi et al. 2013;
authors’ personal observations). Alternatively, the removal
of a small bark portion to collect material from inside the
gallery could reduce the risk of false-negative results due to
DNA degradation. It is worth noting that in this study it was
possible to successfully amplify frass samples from 2012
and 2015, which were stored at room temperature in well-
dried condition, but without any other special precautions.

The linearity of the qPCR standard curve, drawn from
dilution series of DNA from three specimens, was highly
significant, reaching a coefficient of determination value
(R?) of 0.989, considering that the linear regression fitted
to the standard curve data should have a R>>0.98 for gPCR
(Kralik and Ricchi 2017). The reaction efficiency was also
satisfactory, varying from 90.2 (larval specimen) to 97.1%
(egg), based on the three specimens used.

The qPCR test proved to be repeatable and reproducible
when used under different laboratory conditions. Repro-
ducibility data showed that results were not influenced by
the different thermal cyclers used. To enhance amplifica-
tion reactions in light of the potential presence of inhibitory
molecules within the DNA solution extracted from woody
material like frass, a ready-to-use reaction cocktail for gPCR
amplification has been used which is particularly suitable for
overcoming problems of PCR inhibitors that might be pre-
sent in environmental or plant samples. Other master mixes
and polymerases were not thoroughly tested in this study, but
it is not excluded that they may be equally effective.

Very recently, a rapid diagnostic protocol based on loop-
mediated isothermal amplification (LAMP) for the detection

of A. glabripennis from frass material was published (Rizzo
et al. 2020b) In this study, a second molecular tool is pro-
vided to extend the diagnostic possibilities for laboratories
and to favor those that are more familiar with qPCR. Despite
increasingly used in molecular diagnostics as an alterna-
tive to PCR based methods due to its high amplification
efficiency, specificity, and relatively cheap costs, LAMP
technique can sometimes be prone to cross-contamination
and false positive results (Chou et al. 2011; Hardinge and
Murray 2019; Karthik et al. 2014). Moreover, multiplexing
is generally less recommended for LAMP assays (Karami
et al. 2011), making it a less versatile technique. It is the
opinion of the authors that these two diagnostic tests can be
valid alternatives or complements to support phytosanitary
surveillance activities for A. glabripennis so that applied
eradication and containment measures can be effective more
timely. Indeed, provided that the sampling of frass material
is done in an accurate and representative way, these molecu-
lar tests allow to confirm or not the trees suspected of being
infested by A. glabripennis before felling them, thus saving
money for the National Plant Protection Organizations. The
availability of different diagnostic tests opens the way for
further comparative performance studies.
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