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Abstract
A molecular tool has been developed for the molecular identification of Ips sexdentatus (Börner 1776) (Coleoptera Curcu-
lionidae Scolytidae), the well-known six thooted bark beetle, widely distributed in Eurasia, where it infests several species 
of the genus Pinus and occasionally a few conifer species of the genera Abies, Larix and Picea. The developed test can be 
useful both in countries where I. sexdentatus is handled as a quarantine species and, to greater reason, in Europe to dis-
criminate biological traces of this commonly found beetle from those produced by regulated pests. The protocol is based on 
real-time PCR with TaqMan probe technology and has been developed on whole insect bodies (adults) as well as on artificial 
frass contaminated by DNA of the beetle. The molecular test developed here for both direct and indirect identification of I. 
sexdentatus has proven effective in terms of analytical specificity, analytical sensitivity, reliability and reproducibility. The 
recommended protocol is a practical diagnostic tool allowing a rapid identification of the six toothed bark beetle in the pres-
ence of any biological trace of other xylophagous pests collected at points of entry during phytosanitary surveys.
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Introduction

Ips sexdentatus (Börner 1776) (Coleoptera, Curculioni-
dae, Scolytidae) is a well-known bark beetle, which mainly 
attacks trees of the Pinus genus. Its main host, in northern 
Europe, is Pinus sylvestris L., while in central and south-
ern Europe it also attacks Pinus pinaster Aiton, Pinus hel-
dreichii Christ and Pinus nigra J.F. Arnold (EPPO 2023). 

Occasionally, the species has also been reported on Picea, 
Abies and Larix species (Chararas 1962; Ozcanet al. 2011). 
I. sexdentatus is widely distributed in Europe, with the 
exceptions of Ireland, Cyprus and some areas of the UK 
(Northern Ireland and the Isle of Man) where it is listed 
as a quarantine pest. The beetle is also widely distributed 
in Asia, Russia (Siberia, Far East), China, Japan, Mongo-
lia, Myanmar and Thailand (EFSA 2017; EPPO 2017). I. 
sexdentatus can complete up to five generations per year in 
the Mediterranean area (Lévieux et al. 1985). The number 
of generations may be progressively reduced in territories 
with shorter and less hot summer, like North and Central 
Europe, where the species has one to two generations per 
year (EPPO 2023). Generally, the mating system of this 
polygamous species includes a nuptial chamber and two to 
five vertical tunnels created by the females in the phloem, 
each up to about 50 cm long. The beetle may carry blue-
stain fungi (e.g. Ophiostoma ips and Ophiostoma brunneo-
ciliatum) which colour the wood under the gallery and may 
be involved in the dieback of the infested trees (Bueno et al. 
2010; Croisé et al. 1998).

I. sexdentatus signs may be detected visually, after the 
first symptoms of the damage appeared, or by trapping 
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devices baited with specific pheromones (EFSA 2017). 
The bark beetle can be identified morphologically and 
by the use of taxonomic keys (e.g. Douglas et al. 2019). 
Symptoms and signs on the attacked trees include dis-
colouration of the canopy, brown frass expelled by the 
beetles and falling from the entrance holes. It may often 
be observed in association with other bark beetles on the 
same trees (Ips acuminatus, Tomicus piniperda, Tomicus 
destruens).

Generally, I. sexdentatus is not a primary pest and it is 
only able to attack trees already subjected to stress, both 
from the environmental conditions and from other parasites. 
It does not fall under the recommendations for regulation 
as a quarantine pest by the EPPO. In Europe, I. sexdentatus 
is generally associated to declining or wind-thrown trees, 
recently felledlog piles, or trees weakened by fires and 
drought (EFSA 2017). However, high density populations 
favoured by the large amounts of susceptible hosts may ulti-
mately lead to successful attacks by I. sexdentatus seven 
on healthy trees which may be overcome by the simultane-
ous attack of a huge number of bark beetles (Rossi et al. 
2009; Pineau et al. 2017). For example, the beetle has caused 
severe outbreaks in Italian coastal pine stands surrounding 
areas affected by forest fires and already debilitated by the 
Maritime Pine Scale Matsucoccus feytaudi Ducasse (Bra-
calini et al. 2021).

The dispersal of the insect takes place mainly through the 
adults who can fly continuously over long distances. In labo-
ratory experiments, single specimens have been observed 
flying up to 45 km by considering the sum of a total of about 
50 shorter flights (Jactel and Gaillard 1991). The beetle may 
be accidentally transported by human activities for even 

longer distances, the main pathways being raw wood mate-
rials, bark and wood packaging material.

These wood products can represent high risk for the intro-
duction of I. sexdentatus into new environments where it is 
not currently present (for example in the USA or in Latin 
America). A rapid and sensitive diagnostic tool, especially 
of an indirect type, i.e. analysing woody frass expelled 
from wood products moving from one area to another, can 
be highly valuable for phytosanitary control operations at 
cross-border entry points. In this operational framework, a 
real-time PCR probe test was developed in this study, using 
species-specific primers for I. sexdentatus, to be used both 
on adults and frass.

Materials and methods

Insect samples

In 2021 and 2022 during routine inspections carried out by 
the Tuscan Phytosanitary Service and University of Flor-
ence, different stages (mostly adults) of I. sexdentatus were 
detected in different populations of Pinus spp. in Tuscany. 
In addition to the various evolutionary stages of the insect, 
the frass (Fig. 1) produced by the beetle trophic activity 
was collected. Species identification was carried out based 
on beetle mating system and morphological characters of 
the beetle (Douglas et al. 2019). In addition, an “artificial 
branch” was prepared by adding a known amount (10 ng/
µL) of DNA from adult I. sexdentatus to the lysate in 2% 
CTAB extraction buffer to the branch of Aromia bungii 
(Faldermann) (Coleoptera: Cerambycidae) harvested from 

Fig. 1  I. sexdentatus frass (a) and “artificial frass” produced in laboratory using Aromia bungii frass and I. sexdentatus DNA (b). The size of the 
coin is 2 cm
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Prunus armeniaca L, to a final concentration of 1 ng/µL 
(Fig. 1). This step allows to quantify I. sexdentatus DNA 
within frass samples, which is impossible in natural frass. 
Larvae, adults, and frass of various insects were used as non-
target species, to evaluate the analytical specificity of the 
test (exclusivity). These insects were collected in the field 
or obtained from the collection of the University of Flor-
ence, the Phytosanitary Service of Tuscany, the University 
of Pisa, C.R.E.A. (Council for Research in Agriculture and 
the Analysis of Agricultural Economics), the University of 
Naples, and other national and international research centres 
(Table 1). When collected in the field, live specimens were 
frozen, preserved in ethanol 70% and stored until processed 
(Rizzo et al. 2020).

DNA extraction

DNA extraction on target and non-target samples (adults, 
larvae and frass) was performed according to the extraction 
protocol already described in previous papers (Rizzo et al. 
2020) with different sample preparation steps depending 
on the starting matrices. The single insect specimen was 
individually ground and homogenized using Universal-
U-form extraction bags (Bioreba, Reinach, Switzerland). 
Immediately afterwards, 3–5 mL (depending on the size 
and weight of the insects being investigated) of 2% CTAB 
(Cetyltrimethylammonium bromide) buffer (2% CTAB, 1% 
PVP-40, 100 mM Tris–HCl, pH 8.0, 1.4 M NaCl, 20 mM 
EDTA and 1% Sodium metabisulphite) was added. As for 
the frass samples, they were prepared differently (Rizzo 
et al. 2022) allowing for a homogenization phase by using 
steel jars with a vibromill Mixer Mill MM 400 (Retsch 
GmbH, Haan, Germany) to which approximately 10 mL 
of 2% CTAB (Cetyltrimethylammonium bromide) buffer 
was added. Then, 1 mL of lysate (both from the insects/
larvae and from the frass) was incubated at 65 °C for 5 min. 
A volume of chloroform was added, stirred by inversion, 
and centrifuged at 20,000 rpm for 10 min. After this step, 
600 μL of the upper phase was purified using a Maxwell16 
automatic extractor with the related Maxwell RSC PureFood 
GMO Extraction Kit (Promega, Madison, WI, USA) accord-
ing to the manufacturer's protocol (selected catalog number: 
AS1600). DNA was extracted in duplicate from 8 adults and 
8 frass of I. sexdentatus deriving from each of the samples 
listed in Table 1. The quality and quantity of the extracted 
DNA were analysed using a QiaExpert spectrophotometer 
(Qiagen, Hilden, DE). DNA was eluted in 100 µL of nucle-
ase-free water and used immediately in qPCR or stored at 
− 20 °C until use.

The qualitative evaluation was aimed at evaluating the 
presence of inhibitors by measuring the optical density ratio 
of A260/280 and A260/230 for diluted and undiluted DNA 
extracts. In addition, to quantitatively assess the extracted 

DNA and its suitability for real-time PCR tests, the DNA 
samples were amplified by performing a qPCR with probe 
targeting the highly conserved region of 18S ribosomal DNA 
(Ioos et al. 2009).

In addition, to investigate the operational possibilities 
of extracting nucleic acids from complex matrices such as 
insect bodies and their developmental stages, as well as the 
frass produced by them, three extraction methods from adult 
insects were compared. These methods were:

1. gDNA Clean Up Kit (Macherey Nagel) as per manufac-
turer's instructions;

2. FET extraction buffer protocol (Fast extraction TNA) 
(Edwards et al. 1991);

3. CTAB 2% protocol mentioned above (Rizzo et al. 2022).

Design of Ips sexdentatus primers

For the design of the oligonucletotides, we used the soft-
ware OligoArchitectTM Primers and Probe Design Online 
(Sigma-Aldrich, St. Louis, USA) considering the sequences 
(Fig. 3) of genome (accession number KX035215.1) of I. 
sexdentatus (Table 2). Primer melting temperatures, ampli-
con length and absence of secondary structures were taken 
into consideration in the design of the primers and the probe. 
The oligos were synthesized by Eurofins Genomics (Ebers-
berg, Germany).

The primer specificity was analysed by the software 
BLAST (https:// blast. ncbi. nlm. nih. gov/ Blast. cgi) searching 
the most related nucleotide sequences and aligning them by 
the MAFFT software package (Katoh and Standley 2013) 
implemented with the software Geneious® 10.2.4 (Biomat-
ters, http:// www. genei ous. com). The results are shown in 
Supplementary Material (Figure S1; Figure S2).

qPCR optimization

To determine the optimal annealing temperature, a thermal 
gradient was performed in the temperature range between 
52 °C and 58 °C on I. sexdentatus DNA samples, using a 
CFX96 thermal cycler (Biorad, Hercules, CA, USA). To 
optimize the dosage for I. sexdentatus, two types of samples 
were analysed: adults and frass. All samples were tested in 
triplicate. The fluorescence was read at each cycle, at the end 
of the extension phase. The concentrations of the oligos and 
the probe were evaluated by testing them in combination at 
0.2 µM, 0.3 µM and 0.4 µM for the primers while for the 
probe they were 0.1 µM, 0.2 µM and 0.3 µM. Additionally, 
two mastermixes with equal optimized primer and probe val-
ues were evaluated: QuantiNovaMasterMix Probe (Qiagen, 
Hilden, Germany) and goTaq Probe MasterMix (Promega).

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.geneious.com
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Table 1  List of samples (target and non-target specimens) used in this study for the evaluation of the analytical specificity (inclusivity and exclu-
sivity) of the test (SFR = regional phytosanitary service)

Code lot Insect species Order/Family Supplier Stage/matrix

MR 000082 I. sexdentatus Coleoptera/Curculionidae University of Florence Adult
MR 001609 I. sexdentatus Coleoptera/Curculionidae CREA_DC_Florence Adult
MR 001614 I. sexdentatus Coleoptera/Curculionidae University of Florence Frass
MR 000078 I. sexdentatus Coleoptera/Curculionidae University of Florence Adult
MR 000001 I. sexdentatus Coleoptera/Curculionidae University of Florence Frass
MR 000002 I. sexdentatus Coleoptera/Curculionidae University of Florence Adult
MR 000040 I. sexdentatus Coleoptera/Curculionidae University of Florence Adult
MR 000067 I. sexdentatus Coleoptera/Curculionidae University of Florence Frass
MR 000046 Ips typographus Coleoptera/Curculionidae SFR Tuscany Adult
MR 000047 I. typographus Coleoptera/Curculionidae SFR Tuscany Frass
MR 000689 Tomicus destruens Coleoptera/Curculionidae University of Florence Adult
MR 000010 Hylurgus ligniperda Coleoptera/Curculionidae University of Florence Adult
MR 000704 Hylurgopinus rufipes Coleoptera/Curculionidae SFR Tuscany_Leghorn Adult
MR 000011 Hylurgopinus rufipes Coleoptera/Curculionidae SFR Tuscany_Leghorn Adult
MR 000688 Scolytus multistriatus Coleoptera/Curculionidae CREA_DC_Florence Adult
MR 000023 Xyleborinus saxesenii Coleoptera/Curculionidae University of Florence Adult
MR 000061 Xyleborinus saxesenii Coleoptera/Curculionidae SFR Tuscany Frass
MR 000075 Xyleborus affinis Coleoptera/Curculionidae SFR Tuscany_Leghorn Adult
MR 000076 Anisandrus dispar Coleoptera/Curculionidae CREA_DC_Florence Adult
MR 000073 Anisandrus dispar Coleoptera/Curculionidae SFR Tuscany Frass
MR 000024 Xyleborus monographus Coleoptera/Curculionidae CREA_DC_Florence Adult
MR 000025 Xylosandrus compactus Coleoptera/Curculionidae Isolated from monitoring Adult
MR 000050 Xylosandrus compactus Coleoptera/Curculionidae SFR Tuscany Frass
MR 000026 Xylosandrus crassiusculus Coleoptera/Curculionidae SFR Tuscany_Leghorn Adult
MR 000051 Xylosandrus crassiusculus Coleoptera/Curculionidae SFR Tuscany Frass
MR 000064 Xylosandrus germanus Coleoptera/Curculionidae University of Florence Adult
MR 000065 Xylosandrus germanus Coleoptera/Curculionidae University of Pisa Frass
MR 000015 Pityokteines curvidens Coleoptera/Curculionidae CREA_DC_Florence Adult
MR 000048 Pityophthorus juglandis Coleoptera/Curculionidae University of Florence Adult
MR 000016 Pityophthorus juglandis Coleoptera/Curculionidae SFR Tuscany Frass
MR 000017 Pityophthorus pityographus Coleoptera/Curculionidae CREA_DC_Florence Adult
MR 000018 Pityophthorus pubescens Coleoptera/Curculionidae University of Florence Adult
MR 000079 Agrilus planipennis Coleoptera/Buprestidae USA Adult
MR 000080 Agrilus planipennis Coleoptera/Buprestidae USA Frass
MR 000081 Agrilus auroguttatus Coleoptera/Buprestidae USA Adult
MR 000006 Chrysobothris quadriimpressa Coleoptera/Buprestidae SFR Tuscany_Leghorn Adult
MR 000044 Chrysobotrys femorata Coleoptera/Buprestidae SFR Tuscany_Leghorn Adult
MR 001610 Anoplophora chinensis Coleoptera/Cerambycidae SFR Tuscany Adult
MR 000683 Anoplophora chinensis Coleoptera/Cerambycidae SFR Tuscany Larvae
MR 000003 Anoplophora chinensis Coleoptera/Cerambycidae SFR Tuscany Frass
MR 000041 Anoplophora glabripennis Coleoptera/Cerambycidae SFR Lombardy Adult
MR 000063 Anoplophora glabripennis Coleoptera/Cerambycidae SFR Marche Frass
MR 000004 Aromia bungii Coleoptera/Cerambycidae University of Naples Adult
MR 000042 Aromia bungii Coleoptera/Cerambycidae University of Naples Frass
MR 000005 Aromia bungii Coleoptera/Cerambycidae University of Naples Larvae
MR 000007 Cerambix scopolii Coleoptera/Cerambycidae SFR Tuscany Adult
MR 000008 Cerambyx miles Coleoptera/Cerambycidae CREA_DC_Florence Adult
MR 000045 Chlorophorus glabromaculatus Coleoptera/Cerambycidae SFR Tuscany_Leghorn Adult
MR 000012 Lepturges confluens Coleoptera/Cerambycidae SFR Tuscany_Leghorn Adult
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Analytical specificity of the test

Analytical specificity, defined by EPPO standards (EPPO 
2021) and essential to propose a test with an official feature 
from a molecular diagnostic point of view, must be tested 
both for inclusiveness (the test must be applicable to popula-
tions of targetspecies of different geographical origin) and 
for exclusivity (the test must discriminate between target 
and non-target species, especially, but not exclusively, when 
taxonomically related). All samples, prior to live amplifica-
tions, were normalized with a DNA/ddsH2O dilution to a 
working concentration of 10 ng/µL. Diagnostic reactions for 
evaluation of analytical specificity (inclusivity and exclusiv-
ity) were analysed in triplicate on all target and non-target 
samples. The master mix used in the qPCR probe reactions 
was the Quanti Nova MasterMix (Qiagen, Hilden, Ger-
many). The primers and probe were diluted to 20 and 10 µM, 
respectively.

Analytical sensitivity of the test

The analytical sensitivity of the test was evaluated on the 
DNA from adults and “artificial frass” of I. sexdentatus. In 
the latter case, to simulate the natural contamination of I. 
sexdentatus (“artificial frass”) in woody frass produced by 
the trophic activity of the various beetle stages, we have 
added to the lysate in extraction buffer (CTAB 2%) of frass 

from P. armeniaca produced by A. bungii, a volume of a 
solution of 10 ng/µL of DNA extracted from I. sexdentatus 
adults. This addition was aimed at obtaining a lysate “con-
taminated” by target insect DNA in 2% CTAB extraction 
buffer at a final concentration of 1 ng/µL of I. sexdentatus 
DNA. In this way, an attempt was made to quantify the pres-
ence of the insect DNA in the frass to verify both the per-
formance from an extraction point of view and to highlight 
the detection limit of the presence of I. sexdentatus DNA in 
the natural frass.

The limit of detection (LOD) of the method was tested 
using a 1:5 serial dilution of DNA extracted from samples 
of I. sexdentatus adults and “artificial frass”. Each dilution 
was tested in triplicate.

From the standard curve obtained, the main performance 
parameters of the qPCR were calculated such as the effi-
ciency (E) and the coefficient of determination (R2) of the 
qPCR using the CFX Maestro 2.0 software dedicated to the 
CFX96 thermal cyclers (Biorad, Hercules, CA, USA).

Test on repeatability and reproducibility 
of the assay

The parameters considered for intra-run (repeatability) and 
inter-run (reproducibility) variation were the cycle quantifi-
cation means (Cq) and the corresponding standard deviation 
between replicates (SD). Intra-run variation (repeatability) 

Table 1  (continued)

Code lot Insect species Order/Family Supplier Stage/matrix

MR 000690 Monochamus galloprovincialis Coleoptera/Cerambycidae CREA_DC_Florence Adult
MR 000013 Monochamus sartor Coleoptera/Cerambycidae SFR–Lombardy Adult
MR 000705 Monochamus sutor Coleoptera/Cerambycidae SFR–Lombardy Adult
MR 000022 Morimus asper Coleoptera/Cerambycidae CREA_DC_Florence Adult
MR 000014 Neoclytus mucronatus Coleoptera/Cerambycidae SFR Tuscany_Leghorn Adult
MR 000047 Phryneta leprosa Coleoptera/Cerambycidae SFR Tuscany_Leghorn Adult
MR 000019 Saperda carcharias Coleoptera/Cerambycidae University of Pisa Adult
MR 000049 Saperda punctata Coleoptera/Cerambycidae CREA_DC_Florence Adult
MR 000020 Saperda scalaris Coleoptera/Cerambycidae CREA_DC_Florence Adult
MR 000021 Saperda tridentata Coleoptera/Cerambycidae SFR Tuscany_Leghorn Adult
MR 000071 Saperda tridentata Coleoptera/Cerambycidae Isolated from monitoring Adult
MR 000074 Xylotrechus colonus Coleoptera/Cerambycidae SFR Tuscany_Leghorn Adult

Table 2  List of the primers and probe used in the test

Primer name Lenght (bases) Sequence 5ʹ–3ʹ Nucleotide position Product size (bp) Reference sequence

Isex_3263F 18 GGA CAA TAG ATC CAA GTG 3263–3281 129 KX035215.1
Isex_3391R 21 GTA CCT AAT TCA GTT CGA ATA 3391–3370
Isex_3354P 27 FAM_TTC CTA CTA TTC CAG ATC 

AAG CAC CAA_BHQ1
3354–3381
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and inter-run variation (reproducibility) were tested on eight 
samples (triplicates) of adult DNA and eight samples (trip-
licates) of DNA from artificial frass. For reproducibility, 
samples were tested in two separate runs (by different opera-
tors) and mean (± SD) Cq values were evaluated for each 
sample in triplicate.

Results

DNA extraction

The results of DNA extraction from whole body adults, natu-
ral and artificial frass are shown in Table 3. DNA concen-
tration values for adults and natural frass ranged between 
45–84 and 148–269 ng/µL respectively, while the A260/
A280 ratios were included in the interval between 1.76–2.01 
and 1.86–2.15 for the two types of matrices. The values for 
the quality and quantity of nucleic acids obtained from the 
artificial frass were similar to those obtained from the frass 
of I. sexdentatus. The data revealed the efficiency of the 
DNA extraction method also in a difficult matrix like frass 
stored at room temperature, without any particular care 
(Rizzo et al. 2022).

When comparing the three extraction methods, includ-
ing the one used to discriminate the various matrices under 
study, the results were all in favour of the CTAB 2% pro-
tocol. It should be noted, however, that while the gDNA 
Clean Up Kit (Macherey Nagel) followed the manufacturer’s 
instructions and the comparison was completely in favour 

of the CTAB 2% protocol, the second extraction method, 
the FET extraction buffer (Fast extraction TNA) (Edwards 
et al. 1991), showed much more similarity and agreement 
of results. In fact, in the latter case, the average Cq values of 
the confront qPCRs differed by only 1–1.2 cycles. Hence, in 
the latter case, it is worthwhile to carry out further investiga-
tions or modifications on this protocol (FET) and for these 
starting matrices (object of study).

 qPCR optimization

The optimized mix reaction of the proposed protocol for 
I. sexdentatus DNA was 10 µL of 2 × Quanti Nova Probe 
PCR Master Mix (QIAGEN, Hilden, Germany) added to 
0.4 µM of primers and 0.2 µM of probe. The optimal anneal-
ing temperature was fixed at 55 °C. The complete protocol 
provides for an initial denaturation took place at 95 °C for 
2 min, followed by 40 cycles of 95 °C for 10 s, and 55 °C 
for 40 s (Fig. 2).

Analytical specificity

The test satisfied criteria of inclusivity and exclusivity 
according to PM 7/98 (EPPO 2021), showing 100% of ana-
lytical specificity. All samples collected from different popu-
lations of I. sexdentatus resulted identified by the assay and 
were well distinct from the non-target species samples, with-
out no false-positive results. The Cq of reaction evaluated for 
DNA samples from I. sexdentatus adults and natural frass 
ranged between 20.88–22.01 (at a concentration of 1 ng/µL) 

Table 3  Concentration and 
A260/280 ratio ranges (and 
respective averages with 
standard deviation) of the total 
nucleic acids extracted from 
different matrices

Matrices Concentration A260/A280 ratio

Range (ng/µL) Avg ± SD (ng/µL) Range

I. sexdentatus (adults) 45–84 76.3 ± 12.56 1.9 ± 0.12
I. sexdentatus (natural frass) 148–269 182.2 ± 26.84 1.7 ± 0.58
I. sexdentatus (artificial frass) 175–302 220.8 ± 36.58 2.0 ± 0.47

Fig. 2  Amplification curves of I. sexdentatus. DNA from different 
matrices and at two concentrations: a red circles: 1  ng/µL of DNA 
samples from adults; green triangles: 0.1  ng/µL of DNA samples 

from adults; b red circles: 1  ng/µL of DNA samples from artificial 
frass, green triangles: 0.1 ng/µL of DNA samples from artificial frass
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and 28.69–29.83 (at a concentration of 1 ng/µL) for the two 
matrix samples, respectively. For the artificial frass, used at 
the same concentration of DNA extracts, the average values 
were similar to those obtained from I. sexdentatus natural 
frass, ranging from 27.29 to 27.84.

Analytical sensitivity

The LoD for the target samples of adult DNA was deter-
mined at 6.4 ×  10–4 ng/µL and 1.6 ×  10–3 ng/µL for artificial 
frass, as shown in Table 4.

From the standard curves obtained (Fig. 3), the main per-
formance parameters of the qPCR were calculated as the 
efficiency (E) and coefficient of determination (R2) of qPCR 
using CFX Maestro 2.0 (Biorad, Hercules, CA, USA).

Repeatability and reproducibility of the assay

Repeatability and reproducibility were estimated as average 
of Cq values (with correspondent standard deviations, SD) 
for both adult and artificial frass samples; the obtained data 
are reported in Table 5. Low values of SD, included in the 
range 0.02.–0.83., demonstrate a low intra-run and inter-run 
variability on all tested matrices (Teter and Steffen 2017).

Table 4  LoD values obtained 
for DNA samples of DNA 
from adults and artificial frass 
of I. sexdentatus, with serial 
dilutions 1:5

Adult DNA “Artificial frass”

Dilutions 1:5 (ng/µL) Cq means ± SD Dilutions 1:5 (ng/µL) Cq means ± SD

10 22.24 ± 0.53 1.0 29.02 ± 0.26
2.0 23.60 ± 0.42 0.2 30.67 ± 0.53
0.4 26.41 ± 0.40 0.04 32.53 ± − 0.28
0.08 28.36 ± 0.38 0.008 34.09 ± − 0.15
0.016 30.91 ± 0.56 1.6 ×  10−3 –
3.2 ×  10−3 32.88 ± 0.43 0.32 × 10−3 –
6.4 ×  10−4 34.80 ± 0.54 0.064 ×  10−3 –
1.28 ×  10−4 36.34 ± 0.85 12.8 ×  10−4 –
2.56 ×  10−5 – 2.56 ×  10−5 –

Fig. 3  Serial dilutions 1:5 of DNA extracted from I. sexdentatus adults. On the left, amplification curves, on the right, titration curve

Table 5  Repeatability and reproducibility values (avg ± SD) of the 
qPCR assays were measured as average Cq of the replicates for each 
series (assay adult samples and assay artificial frass samples: 0.04 ng/
µL)

Repli-
cates 
no.

Repeatability 
(avg ± SD)

Reproducibil-
ity (avg ± SD)

Adult samples 1 28.8 ± 0.79 28.7 ± 0.12
2 28.3 ± 0.42 28.6 ± 0.49
3 28.2 ± 0.50 28.5 ± 0.18
4 28.2 ± 0.32 28.1 ± 0.34
5 27.9 ± − 0.36 28.4 ± 0.25
6 28.6 ± 0.13 27.6 ± 0.83
7 28.5 ± 0.30 28.4 ± 0.02
8 28.4 ± 0.16 28.3 ± 0.25

Artificial frass 
samples

1 32.5 ± 0.08 32.3 ± 0.32
2 32.6 ± 0.33 32.4 ± 0.34
3 32.7 ± 0.47 32.4 ± 0.11
4 32.1 ± 0.19 32.6 ± 0.16
5 32.5 ± 0.42 32.3 ± 0.20
6 32.5 ± 0.27 32.3 ± 0.08
7 32.5 ± 0.24 32.3 ± 0.30
8 32.5 ± 0.15 32.5 ± 0.07
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Based on these results, the variation among the experi-
ment replicates is acceptable (and negligible) and the test 
was not influenced by different operators for all the biologi-
cal matrices tested.

Discussion

The international trade of timber, packaging or plants (or 
parts of them) is one of the main factors responsible for the 
transport of insect species outside their native range. Conse-
quently, they can establish in new areas becoming invasive, 
often with disastrous effects (Hulme 2009).

Some insect species that have a low or insignificant phy-
tosanitary impact in their native range may have an unex-
pectedly higher phytosanitary and economic impact in new 
areas of spread. Therefore, early diagnosis of insects at 
cross-border entry points or during phytosanitary monitor-
ing activities after their accidental introduction is crucial for 
the management of new invasive pests. For example, early 
diagnosis allows timely response to the effort to mitigate 
the pest risk in the new territory. As a result, entomological 
expertise is required and samples often take a long time to 
prepare and examine, depending on the various develop-
mental stages encountered, not to mention the possibility of 
insects present within woody tissues.

This last aspect appears onerous both in terms of time 
and in terms of destruction of infested or suspected mate-
rial. Thus, biomolecular diagnostic tools, in the light of 
their ongoing advancements, can provide substantial help 
in the direct (Augustin et al. 2012) or indirect identifica-
tion of species from their biological traces, such as frass 
(Rizzo et al. 2020; Ide et al. 2016a, b). In these cases, an 
important aspect from a laboratory point of view consists 
in the types of extraction protocols that are used for this 
type of matrix (woody frass). Indeed, such extraction meth-
ods must be high-performance but at the same time fast and 
reproducible. This is also in the light of the “environmental” 
factor in which the frass produced by the insects during the 
feeding phase finds itself. That is to say, in addition to the 
presence of PCR inhibitors to a greater extent than in other 
plant matrices, the degradability of the environmental DNA 
(eDNA) produced by I. sexdentatus must also be consid-
ered. The extraction protocol used in this study confirmed 
its performance as already demonstrated for other harmful 
insects and on different matrices (Rizzo et al. 2021). DNA 
yield was satisfactory in terms of quality and quantity. The 
proposed tool for the indirect diagnosis by frass of the pres-
ence of I. sexdentatus, moreover, appears rapid in relation 
to the timing of recognition of any specimens (at various 
developmental stages) present at the cortical level. In fact, 
in approximately two hours of laboratory activity, one is 
able to define whether or not the frass collected and analysed 

belongs to I. sexdentatus. This methodology can help both to 
define possible infestations in progress but also to assist in 
epidemiological and quantitative investigations of the pres-
sure of the insect's populations in particular areas.

Even if the proposed qPCR test using the TaqMan probe 
technology is not easy to manage neither economic, despite 
in recent years the cost has gradually decreased, it is one of 
the most used techniques. Although expensive and difficult 
to design, this technique/approach present greater specificity 
in relation to precise diagnosis results. The molecular test 
developed here for both direct and indirect identification of I. 
sexdentatus has proven effective in terms of analytical speci-
ficity, analytical sensitivity, reliability and reproducibility.
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