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Abstract

Ips typographus is one of the most destructive bark beetles affecting conifer forests in Europe,
where climatic disturbances and the movement of infested wood can rapidly shift popula-
tions from endemic levels to severe outbreaks. Early detection through border inspections
and forest monitoring is essential to prevent new introductions and limit the spread of
established populations. Here, we developed and validated a probe-based TagMan qPCR
assay, targeting the mitochondrial COI barcode region, for the rapid and species-specific
detection of I. typographus from both insect material and environmental DNA recovered
from frass and exit-hole wood chips. Validation followed EPPO PM7/98(5) guidelines, as-
sessing analytical specificity, sensitivity, repeatability, reproducibility, and inter-laboratory
transferability. High analytical specificity was demonstrated against a broad panel of
non-target species, and reliable amplification was obtained across different tested matrices.
The method showed strong analytical sensitivity, with limits of detection of 0.32 pg/uL for
adult-derived DNA and 1.6 pg/uL for artificial frass. Repeatability, reproducibility, and
inter-laboratory blind testing further confirmed the diagnostic reliability of the method.
This validated qPCR assay provides a rapid and sensitive molecular tool for the early
detection of L. typographus, supporting border inspection and phytosanitary diagnostic
laboratories in forest biosecurity activities.

Keywords: border inspection post; cytochrome c oxidase subunit I; environmental DNA;
European spruce bark beetle; forest biosecurity; molecular diagnostics; real-time PCR;
TagMan assay
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1. Introduction

Bark beetles (Coleoptera: Curculionidae, Scolytinae) are small phloem-feeding insects
that typically develop on weakened or stressed trees when populations remain at low
densities [1]. At endemic levels, they contribute to nutrient cycling and play an ecological
role in maintaining forest health [1,2]. However, several species can shift into major pests in
coniferous forests when density-dependent mass attacks occur, allowing them to overcome
host defenses and kill otherwise healthy trees [3,4]. This outbreak potential, combined with
their cryptic lifestyle and frequent association with timber, wood products, and packaging,
facilitates unintentional long-distance dispersal via trade and keeps bark beetles a persistent
threat in forest biosecurity [5-7]. For this reason, monitoring and border inspections are
critical components of phytosanitary defense [8].

The European spruce bark beetle (ESBB), L. typographus (Boerner), is one of the most
destructive scolytines in Eurasian conifer forests [9]. It belongs to the tribe Ipini, whose
genera share morphological traits and adaptations to conifer hosts [10], complicating
species-level discrimination during routine monitoring [11]. The pest primarily colonizes
Norway spruce (Picea abies) but may also infest other Pinaceae trees, including Abies, Larix,
and Pinus spp., under favorable conditions [12,13]. Normally, ESBB populations persist at
endemic levels where stressed or dead trees provide sufficient breeding substrate [12,14].
However, large-scale abiotic disturbances such as windstorms can trigger destructive
outbreaks [9], as observed after storm “Vaia” in 2018, where the pest contributed to the loss
of more than 8.5 million m? of timber across the Italian Alps regions [15].

ESBB is widely distributed across continental Europe and is one of the wood-boring
pests most frequently intercepted during phytosanitary checks at the Border Inspection
Posts (BIPs) [6,7]. Although it is not regulated as a high-concern organism in most EU
Member States, it remains a protected-zone quarantine pest in Ireland and the United
Kingdom [16,17]. Accordingly, imports of host plants and wood commodities are subject to
restrictions and targeted border surveillance [18]. More broadly, I. typographus remains a
pest of phytosanitary concern due to its ecological and economic impact [13,17,18]. In Italy,
for example, intensive field monitoring and control measures are currently implemented to
mitigate its infestations in affected areas [19].

One important requirement of early detection programs to prevent biological invasion
is the need for rapid and accurate identification of intercepted species [8]. In the case
of generic surveillance, initial screening relies on morphological identification by expert
taxonomists, which can be reliable for well-preserved adults but becomes problematic
when specimens are damaged, fragmentary, or limited to immature stages [20]. Larval
identification, for example, requires highly specialized expertise and may be limited by
the lack of comprehensive keys. As a result, morphology-based diagnosis can be time-
consuming and may lack sensitivity when only trace evidence is available [21,22].

Recent advances in molecular diagnostics provide powerful complementary ap-
proaches for rapid and sensitive pest detection, including real-time quantitative PCR
(qPCR) methods that can exploit environmental DNA (eDNA) recovered from biological
traces [23-26]. Frass, in particular, is an abundant and easily collected substrate for non-
invasive detection of scolytines [27,28]. Although molecular diagnostic tools have been
validated for several invasive and high-risk quarantine beetles [28-30], a dedicated qPCR
assay for I. typographus has not yet been available for routine phytosanitary use and is
needed to support both border diagnostics and field surveillance.

Here, we address this gap by developing and validating a species-specific TagMan
gPCR assay for the rapid identification of I. typographus from both insect material and eDNA-
associated matrices. The assay was designed to operate across adults, frass, and exit-hole chips,
enabling both direct and indirect detection, and was validated following EPPO PM?7/98(5)
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standards [31] with respect to specificity, sensitivity, repeatability, and reproducibility, in-
cluding assessment under operational conditions. Our objective was to deliver a robust,
field-relevant molecular tool that can be readily integrated not only into diagnostic workflows
supporting BIPs but also in forest surveillance, where timely discrimination of ESBB from
morphologically similar bark beetles is often critical for rapid management decisions.

2. Materials and Methods
2.1. Samples

All biological materials used in this study are listed in Table S1. Specimens of I. typogra-
phus were collected by the Plant Health Service of the Tuscany Region in collaboration with
the University of Florence, as part of ongoing phytosanitary surveillance from 2021 to 2023.
Monitoring focused on natural stands of Abies spp. and Pinus spp., where multiple devel-
opmental stages were present. Such field collections are essential to ensure that the assay
is validated on ecologically relevant material, reflecting the diversity of natural infestation
contexts. Additional adult specimens were sourced from the entomological collection of the
Department of Agricultural Sciences, University of Naples “Federico I1”, to increase the ge-
netic and geographical diversity of the material examined. Additional frass samples were
supplied by CREA. In total, 206 samples were analyzed, including 116 L. typographus specimens
and 90 non-target samples representing different xylophagous beetle taxa and substrate types
(Table S1). All ESBB adults were identified morphologically following [32]. Frass samples were
air-dried at room temperature (23-26 °C) for one week and subsequently stored under the
same environmental conditions in 50 mL tubes wrapped with cotton until DNA extraction.

To explore indirect detection through insect eDNA, wood fragments originating from
beetle exit holes (“exit-hole chips”) were also collected from Picea abies and Larix decidua.
This additional matrix was included because such material often remains on bark surfaces
after emergence and may contain insect eDNA traces, offering a non-invasive substrate for
detection in the absence of visible frass or specimens.

2.2. Preparation of Artificial Frass Controls

Natural frass is intrinsically heterogeneous, with variable moisture content, micro-
bial load, particle composition, and target DNA concentration, all of which may reduce
reproducibility in sensitivity tests. To minimize this variability and obtain a standardized
matrix for calibration purposes, we prepared an artificial frass control by mixing 200 pL of
L. typographus lysate (extracted in 2% CTAB buffer, see above) with 800 pL of lysate from
sterile “healthy” wood chips drilled from Abies logs. The resulting 1:5 mixture produced
a homogeneous frass-like material containing a known DNA concentration. It served as
a positive control for the calibration of analytical sensitivity, allowing direct comparison
between experimental runs and ensuring reproducible DNA quantification.

2.3. Non-Target Panel for Specificity Testing

Analytical specificity was evaluated using a broad panel of non-target taxa listed in
Table S1, including both closely related scolytines and unrelated xylophagous beetles. This
inclusivity was crucial because non-target species often co-occur with I. typographus in
timber/wood products subject to inspection.

The panel included adults, larvae, frass, and exit-hole chips, thereby replicating the
complexity of real-world diagnostic scenarios.

2.4. DNA Extraction and Sample Processing

Total DNA was extracted following the protocol described by Rizzo et al. (2024) [27],
with minor modifications. Each specimen or matrix type was processed individually in
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2.0 mL microcentrifuge tubes using porcelain beads (1.4-5 mm depending on sample size)
in a Mixer Mill MM 400 (Retsch GmbH, Haan, Germany) at 20 Hz for 20 s. Mechanical
homogenization was chosen because it ensures thorough tissue disruption across a wide
range of substrates, including chitinous adults and fibrous wood-derived matrices. Ho-
mogenates were suspended in 1 mL of FET buffer (Tris base 0.2 M, NaCl 0.2 M, EDTA
30 mM, SDS 1%, PVP-40 1%, and sodium metabisulfite 1%). From this, 500 uL. was mixed
with an equal volume of CTAB buffer (2% CTAB; 2% PVP-40; 100 mM Tris-HCl, pH 8.0;
1.4 M NaCl; 20 mM EDTA; and 1% sodium metabisulfite). After vortexing, lysates were
incubated at 65 °C for 5 min, extracted with chloroform, and centrifuged at 20,000 x g for
10 min. The aqueous phase (600 pL) was precipitated with isopropanol, centrifuged again
at 20,000x g for 10 min, and the pellet was vacuum-dried for 10 min before resuspension in
100 pL nuclease-free water.

Each sample was extracted in duplicate to confirm reproducibility. DNA quality and
purity were assessed spectrophotometrically (QiaExpert, Qiagen, Hilden, Germany) by
measuring A260/280 and A260/230 ratios. The amplifiability of extracts was verified
by conventional PCR using conserved 185 rDNA primers [23,33,34], confirming DNA
suitability for downstream qPCR analyses.

2.5. Primer and Probe Design and In Silico Validation

The mitochondrial cytochrome c oxidase subunit I (COI) gene was chosen as a diagnostic
marker because it provides strong resolution at the species level in insects and is widely
used for DNA barcoding and supported by extensive reference sequence availability
in public databases [35]. A primer-TagMan probe system specific for I. typographus was
generated using OligoArchitect™ (Sigma-Aldrich, Darmstadt, Germany) from the reference
COlI sequence (GenBank accession: MK315170.1) (Table 1; Figure 1). The primers and probe
were designed to minimize secondary structures and self-dimerization while producing
a short, 151 bp amplicon suitable for detection in degraded eDNA templates and were
synthesized by Eurofins Genomics (Ebersberg, Germany).

Table 1. Primer and TagMan probe set for Ips typographus used in this study.

. Length o GC Content  Self-Dimer
Name Nucleotide Sequence (bp) Tm (°C) (%) (AG)
Ityp_973F CTAGGTTTAAGAGGAATGC 19 58.8 421 -1.7
Ityp_1123R TTCGGTGAGAAGAGAATC 18 59.8 444 —0.6
Ityp_997P FAM-CGTTACTCAGATTATCCAGATGCGT-BHQ1 25 67.6 44.0 -0.5
Forward Probe Reverse
(nt 973-991)  (nt 997-1021) (nt 1106-1123)
19 bp 25 bp 18 bp

Amplicon (151 bp)

hlllllll EEEEERN ’

1219 bp portion of Ips typographus COI gene

Figure 1. Primer—probe design targeting a 151 bp fragment of the Ips typographus COI gene.
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To strengthen the in silico evaluation of analytical specificity against the most closely
related and diagnostically challenging taxa, COI sequences from I. typographus and rep-
resentative species belonging to the Ipini tribe (genera Ips, Orthotomicus, Pityogenes, and
Pityokteines) were retrieved from GenBank and aligned with the target region used for
primer—probe design. Multiple sequence alignments were generated with MAFFT im-
plemented in Geneious® 10.2.4, and visually inspected to assess conservation within I.
typographus at the primer- and probe-binding sites and, conversely, the presence of mis-
matches and/or indels in non-target species. In addition, the specificity of the selected
amplicon was preliminarily assessed using the NCBI BLASTn (Basic Local Alignment
Search Tool; v.2.17.0, http:/ /www.ncbi.nlm.nih.gov/BLAST, accessed on 8 January 2026)
tool against publicly available nucleotide sequences. This analysis was used as a comple-
mentary in silico step to verify whether the primer—probe target region showed significant
similarity to non-target species beyond those included in the alignment-based analysis.

2.6. qPCR Assay Optimization

For qPCR optimization, DNA extracted from five adult ESBB specimens was used as
template, and each condition was evaluated in three technical replicates. To identify the optimal
annealing temperature, a thermal gradient ranging from 50 to 58 °C was tested. Primer concen-
trations were also optimized by evaluating each oligonucleotide at final concentrations ranging
from 0.1 to 0.4 uM, while the hydrolysis probe was maintained at a fixed concentration of
0.2 uM. Each reaction contained 1 pL of template DNA normalized to 5 ng/pL. Amplifications
were carried out on a CEX96 real-time PCR system (Bio-Rad, Segrate, Italy) in a final reaction
volume of 20 uL using QuantiNova Probe PCR Master Mix (Qiagen, Hilden, Germany). For
each run, three no-template controls (NTCs), consisting of 1 uL of nuclease-free water, were
included to monitor for contamination or non-specific signal generation. Ambiguous or in-
consistent amplification profiles were retested to confirm the result. Amplification data were
analyzed using CFX Maestro software version 2.0 (Bio-Rad, Segrate, Italy), with automatic
threshold and baseline settings applied to the FAM channel. A reaction was considered positive
when the amplification plot showed a typical sigmoidal profile with a clear inflection point and
exponential fluorescence increase, associated with a Cq value < 40. Following optimization,
assay performance was additionally verified using Luna® Universal Probe gqPCR Master Mix
(New England Biolabs, Ipswich, MA, USA) under identical conditions.

2.7. Analytical Validation

Analytical validation followed EPPO Standard PM7/98(5) [31]. Inclusivity was tested
using I. typographus samples from different pest populations, while exclusivity testing
included non-target species listed in Table S1, selected for ecological overlap and taxonomic
proximity. All DNA samples were normalized to 5 ng/pL and analyzed in triplicate. This
standardization ensured that observed differences in Cq reflected true assay performance
rather than template variation.

Serial fivefold dilutions of adult and artificial-frass DNA were used to generate standard
curves and determine the amplification efficiency (E) and correlation coefficient (R?) values.
Analytical sensitivity was determined by defining the limit of detection (LoD) as the lowest
DNA concentration producing consistent amplification (Cq < 40). Each dilution point was ini-
tially tested in three technical replicates. To confirm the LoD, three independent experimental
replicates were additionally performed for each dilution close to the detection threshold.

2.8. Repeatability and Reproducibility

Assay precision was evaluated using adult DNA near the LoD (3.2 pg/uL) with three
technical replicates per independent sample (1 = 8). Intra-run (repeatability) and inter-run
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Sensitivity =

(TP + FN)

(reproducibility) precision were summarized using the coefficient of variation (CV) Formula

(1):

o SD
CV( /0) — m X 100 (1)

A CV < 2% was considered indicative of high analytical precision, following common
diagnostic thresholds [36].

2.9. Inter-Laboratory Blind Validation

To confirm diagnostic reliability and transferability under operational conditions, a
blind validation was performed by two accredited phytosanitary laboratories: the Central
Phytosanitary Service (Pistoia, Italy) and the Phytosanitary Service of the Port of Livorno.

Each laboratory received twelve coded DNA samples (six L. typographus and six non-
target species listed in Table S1) at a standardized concentration of 5 ng/upL. All reactions
were performed in triplicate under the same cycling conditions but using different thermo-
cycler models (CFX96, Bio-Rad, Segrate, Italy; AriaMx, Agilent, Santa Clara, CA, USA).

A sample was defined as positive if Cq < 40 was detected in >2/3 replicates and
negative if no amplification occurred within 40 cycles. Diagnostic values were evaluated
by calculating sensitivity, specificity, and accuracy using standard contingency-based
formulas (2), where TP represents true positives, TN indicates true negatives, FP is false
positives, and FN is false negatives.

TP . TN TP + TN
; Specificity = (TN 1 EP) ; Accurancy = (TP +(FN - TN)+ FP)

(2)

No fixed Cq threshold was imposed, and results were interpreted based on the mean Cq
of triplicates and associated SD, reflecting realistic decision-making in diagnostic laboratories.

3. Results
3.1. DNA Isolation

The extraction protocol yielded DNA of suitable quality and quantity from all biologi-
cal matrices analyzed (Table 2). Mean concentrations ranged from approximately 40 ng/uL
in adult samples to around 60 ng/uL in frass and exit-hole wood chips. Spectrophotometric
purity ratios (A260/A280 = 1.68-2.12) indicated minimal contamination by proteins or other
inhibitors. Natural and artificial frass produced comparable DNA yields and purity values,
demonstrating that the artificial substrate reliably reproduced the extraction behavior of
authentic frass and could therefore serve as a standardized matrix for analytical sensitivity
testing. Amplification of the conserved 185 rDNA fragment confirmed the presence of
amplifiable DNA in all extracts. Notably, natural frass stored at room temperature for a long
period (about one month) yielded strong amplification signals, showing that unprocessed
material can serve as a reliable source of eDNA for diagnostic purposes.

Table 2. DNA yield and purity obtained from Ips typographus biological matrices. DNA concentration
ranges, mean values & SD, and A260/A280 purity ratios are reported (n = 3 independent extractions
per matrix).

Matrix

DNA Concentration (ng/uL) Mean + SD (ng/uL) A260/A280 Ratio (Range)

Adults
Natural frass
Artificial frass
Exit-hole wood chips

13.40-65.70 39.55 + 26.15 1.72-2.12
32.14-80.15 56.15 £ 24.01 1.68-2.09
26.30-92.56 59.43 + 33.13 1.76-2.11
43.56-76.32 59.94 + 16.38 1.82-2.08
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3.2. gPCR Optimization

Optimization trials identified 0.4 uM of each primer as the most effective concentration,
yielding the lowest Cq values and the highest fluorescence signals among the conditions
tested (Table S2). The optimal annealing temperature was 55 °C. Under these conditions,
20 uL of reaction contained 10 pL of QuantiNova Probe PCR Master Mix, 0.4 uM of each
primer, 0.2 uM of the probe, and 1 puL of the template DNA.

The final amplification protocol consisted of an initial denaturation step at 95 °C for
2 min, followed by 40 cycles of 95 °C for 10 s and 55 °C for 40 s. This protocol produced
reproducible amplification across all tested DNA extracts, while no signal was detected
in the no-template controls. Comparable amplification profiles were also obtained using
Luna® Universal Probe gPCR Master Mixes, confirming the transferability of the assay
across different reagent chemistries.

3.3. Analytical Validation

The assay achieved complete inclusivity and exclusivity per EPPO PM 7/98(5) stan-
dards [35], confirming its adaptability to both direct and eDNA sources. All ESBB samples
were successfully detected across matrices and origins, while no amplification was observed
for any non-target species included in the exclusivity panel (Table S1).

After normalization to 5 ng/uL, amplification profiles were comparable across matri-
ces (Table 3). As expected, adult-derived DNA produced earlier amplification, whereas
wood-associated matrices yielded higher Cq values. Nevertheless, Cq distributions over-
lapped across matrices and showed limited dispersion within each group, demonstrating
stable amplification even in substrates known to contain potential PCR inhibitors. In
particular, exit-hole wood chips exhibited low intra-matrix variability, while artificial frass
showed greater dispersion, reflecting its heterogeneous composition. Importantly, no sys-
tematic loss of performance was observed in any matrix, and all substrates consistently
yielded detectable amplification at the normalized DNA concentration.

Table 3. Cq values obtained for Ips typographus DNA extracted from different biological matrices
following normalization to 5 ng/uL. Cq ranges and mean values & SD are reported.

Matrix Cq Range Cq Means + SD
Adults 18.58-22.45 20.76 +1.33
Natural frass 29.64-33.45 31.72 +£1.39
Artificial frass 23.43-35.91 29.38 £ 4.55
Exit-hole wood chips 31.55-32.80 31.91 £ 0.63

In silico COI alignments of closely related Ipini revealed multiple mismatches and
indels at primer- and probe-binding sites, providing a mechanistic explanation for the ab-
sence of cross-reactivity and supporting the observed analytical specificity (Figures S1-54).
Consistently, BLASTn analysis of the selected amplicon did not reveal significant matches
to non-target taxa among the top-ranked results, further supporting the specificity of the
primer—probe system.

3.4. Assay Sensitivity

Analytical sensitivity was assessed using five-point 1:5 serial dilutions of adult and
artificial-frass DNA (Table 4). The limit of detection (LoD) was 3.2 x 10~* ng/uL for adult
DNA and 1.6 x 1072 ng/uL for artificial frass. Standard curves showed strong linearity
across dilution ranges (Figure 2), with coefficients of determination (R?) equal to 0.999 for
both matrices.
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Table 4. Analytical sensitivity and limit of detection (LoD) of the Ips typographus qPCR assay
determined using five-point 1:5 serial dilutions of adult and artificial-frass DNA.

Adult DNA Artificial-Frass DNA

Dilutions 1:5 Dilutions 1:5
(ng/uL) Cq Means + SD (ng/uL) Cq Means £+ SD
5 20.06 £+ 0.25 25 17.18 £ 0.11
1 2241 +0.18 5 19.71 £ 0.2
0.2 24.81 +£ 0.7 1 22.17 £0.16
0.04 2733 £0.3 0.2 24.71 + 0.07
0.008 29.63 +£0.3 0.04 27.31 +£0.29
0.0016 32.16 £+ 0.01 0.008 29.68 + 0.17
0.00032 3446 + 0.3 0.0016 31.56 + 0.21
0.000064 - 0.00032 -
34 & Intercept: 43.05 32_» 8 Intercept: 34.34
o " Slope: -3.43 e *a Slope: -2.43
Error: 0.007 &% b Error: 0.010
30— uga " ®©.
O 28- o
] ® O 5 *
* ® 22 o)
o A « ™ B -
’ AConcentratior? ’ k ’ ’ Conc;ntration ’ ’ !

Figure 2. Standard curves generated from 1:5 serial dilutions of DNA extracted from Ips typographus
adults (A) and artificial frass (B). Cq values are plotted against the logarithm of DNA concentration.

Amplification efficiency was 95.7% for adult DNA and exceeded the theoretical op-
timum for artificial frass (158.8%), likely reflecting matrix-related effects at low template
concentrations. These results demonstrate that the assay detects I. typographus DNA at
very low concentrations, supporting its suitability for early detection in surveillance and
inspection contexts.

3.5. Repeatability and Reproducibility

The assay demonstrated high analytical precision in both repeatability and repro-
ducibility analysis (Table 5). Intra-run assays yielded a mean Cq of 34.47 £ 0.57 with a coef-
ficient of variation (CV) of 1.65%. Inter-run analyses performed on different days, by differ-
ent operators and thermocyclers, showed similarly low variability (mean Cq = 33.54 £ 0.4S;
CV =1.42%). Only one replicate failed to amplify, likely due to stochastic loss of template
near the detection threshold.

Table 5. Repeatability (intra-run) and reproducibility (inter-run) of the Ips typographus qPCR as-
say evaluated using adult DNA at 3.2 pg/uL. Values represent mean Cq & SD and coefficient of
variation (CV%).

Repeatability (Intra-Run) Reproducibility (Inter-Run)

Replicates - Means+SD~ CV(%)  CqMeans+SD  CV (%)
1 3419 + 035 1.03 33.55 + 0.6 178
2 34.71 + 0.96 2.77 33.63 + 0.9 2.66
3 34.46 + 0.06 0.17 33.96 + 0.39 113
4 3453 + 0.9 2.62 33.22 + 057 1.72
5 3426 + 0.38 112 33.70 + 0.4 131
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Table 5. Cont.
Replicates Repeatability (Intra-Run) Reproducibility (Inter-Run)
P Cq Means £+ SD CV (%) Cq Means £+ SD CV (%)
6 34.85 + 0.69 1.98 33.31 +£0.33 0.98
7 34.23 +£0.72 211 33.35+0.13 0.38
8 34.53 £+ 0.48 1.40 33.60 + 0.47 1.40

3.6. Inter-Laboratory Blind Test

Inter-laboratory blind validation confirmed the diagnostic robustness and transfer-
ability of the assay. Both accredited phytosanitary laboratories correctly identified all I.
typographus samples, including adult-derived DNA and artificial frass, while no amplifica-
tion was observed for any non-target species. Mean Cq values obtained in the blind test are
reported in Table S3.

These findings demonstrate that the assay is fully operational under routine di-
agnostic conditions and can be reliably implemented in BIPs and forest health surveil-
lance laboratories.

4. Discussion

A growing number of qPCR methods have been developed in recent years for the
rapid identification of invasive and quarantine pests. These approaches have demonstrated
high reliability in identifying target species from both insect material and eDNA contained
in biological residues [23,24,29,37,38]. Such methods are particularly well suited to bark
beetles [27,38], whose cryptic lifestyle and close association with wood products often limit
the recovery and analysis of intact specimens [5,7]. Against this background, the present
study aimed to develop and validate a probe-based qPCR assay specifically targeting I.
typographus, with the dual objective of supporting operational phytosanitary diagnostics
and strengthening forest surveillance programs where early detection is critical for outbreak
management. The diagnostic approach was developed in compliance with the MIQE
guidelines for qualitative real-time PCR assays [39], which define key performance criteria
including amplification efficiency, LoD, and analytical and diagnostic specificity.

Although rapid identification of ESBB has previously been addressed using molecular
approaches, existing methods were developed for different diagnostic purposes. For
example, Zink et al. (2019) [40] proposed a duplex droplet digital PCR (ddPCR) assay
optimized for high-throughput screening of bulk trap catches, a context distinct from border
inspections and trace-based diagnostics. Another study focused on conventional PCR
strategies to overcome mitochondrial barcoding failures induced by genomic contamination
of insect symbionts or parasites [41], facilitating downstream sequencing rather than
rapid decision-making. In contrast, the assay developed here relies on a TagMan probe-
based qPCR system validated according to EPPO PM7/98(5) standards [31] and explicitly
designed for routine phytosanitary applications. The closed-tube format of the TagMan
technology minimizes contamination risk, enhances specificity through dual primer—probe
recognition, and is fully compatible with real-time PCR platforms commonly used in
diagnostic laboratories [27,29,42].

The DNA extraction protocol applied in this study yielded comparable quality and
quantity rates from all tested samples, demonstrating effective isolation of amplifiable
insect DNA across all matrices. This performance is consistent with previous molecular
studies on bark and ambrosia beetles, which demonstrated that frass and wood-derived
residues represent reliable sources of eDNA for qPCR-based diagnostics [27,28].

Regarding assay performance, complete analytical specificity and inclusivity were
achieved, as demonstrated by wet-lab testing against a broad non-target panel. These
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findings were further supported by in silico analysis of the primer- and probe-binding
regions, which revealed multiple mismatches and indels in representative species of the
closely related Ipini genera Ips, Orthotomicus, Pityogenes, and Pityokteines. Given the high
morphological and genetic similarity within this tribe [32,43,44], the concordance between
empirical exclusivity testing and sequence-based mismatch analysis provides a robust
mechanistic basis for confidence in species-level discrimination. Such high specificity
is particularly critical in border diagnostics, where false-positive detections may lead to
unnecessary regulatory actions [45].

The LoDs obtained for adult and artificial-frass DNA samples (0.32 and 1.6 pg/uL,
respectively) were comparable to those reported for qPCR assays targeting other Ips species,
such as I. sexdentatus [27]. This concordance likely reflects shared methodological ap-
proaches, including amplification of mitochondrial targets with similar copy numbers
and the use of comparable probe-based qPCR chemistries, resulting in broadly similar
analytical sensitivity across congeneric bark beetles under equivalent experimental con-
ditions. Importantly, the method performed consistently across a range of biologically
relevant matrices, including natural frass and exit-hole wood chips. The suitability of
these substrates aligns with previous studies on ambrosia beetles (e.g., Xylosandrus spp.),
which established frass-derived eDNA as a reliable and non-invasive source for molecular
diagnostics [28].

Inter-laboratory blind validation confirmed the reproducibility and diagnostic reliabil-
ity of the assay under operational conditions, an increasingly recognized benchmark for
readiness in phytosanitary diagnostics.

Artificial frass was introduced in this study as a standardized reference matrix to min-
imize the inherent variability of natural frass and improve the reproducibility of sensitivity
testing. Nevertheless, because the matrix was generated from wood-derived material, it
may still have retained compounds commonly associated with plant substrates, such as
phenolic compounds, polysaccharides, or other PCR-interfering substances [46,47]. This
may explain both the broader Cq dispersion observed for artificial frass and the supra-
theoretical amplification efficiency (>150%), which is outside the expected range for qPCR
assays. Such overestimation may arise when matrix-associated compounds alter ampli-
fication dynamics across the dilution series, particularly at low template concentrations,
leading to non-linear behavior and an artificially steep standard curve [46—48]. In this
context, the result should be interpreted as a matrix-related effect rather than as evidence of
enhanced assay performance. However, this effect did not compromise the low detection
limits or the overall diagnostic performance of the method, as the assay was developed for
qualitative detection of ESBB, where the primary objective is the reliable discrimination
between positive and negative samples rather than the absolute quantification of target
DNA. By contrast, natural frass and other biologically relevant matrices showed lower Cq
variability, suggesting that, under the extraction conditions adopted, it behaved as a more
stable diagnostic substrate despite its biological heterogeneity.

Finally, the successful amplification of I. typographus DNA from frass samples stored
for one month confirms the persistence of fecal DNA in wood-associated environments,
consistent with observations reported for other wood-boring beetles such as Aromia bungii
(Coleoptera: Cerambycidae) [29]. The air-dried frass processed in this study, stored at
room temperature prior to DNA extraction, allowed reliable amplification, supporting its
practical use as a diagnostic substrate. However, the stability of insect DNA in this matrix
under a broader range of environmental variables, including light exposure, humidity, and
temperature fluctuations, was not systematically investigated here and should be assessed
in future studies to better define the operational limits of the method.
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5. Conclusions

The probe-based qPCR protocol developed and validated in this study provides a
sensitive and highly specific molecular tool for the detection of I. typographus from both
insect material and indirect biological matrices. Its compliance with MIQE and EPPO
standards, combined with successful inter-laboratory validation, supports its immediate
applicability within BIPs and Plant Health Service laboratories, where rapid and reliable
identification is essential for informed phytosanitary decision-making.

Future studies should focus on integrating this diagnostic tool into multiplex screen-
ing platforms, assessing its performance on bulk environmental samples, evaluating its
implementation in routine workflows, and extending validation to geographically broader
ESBB populations to further confirm conservation of the primer—probe target region across
the species’ distribution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f17040440/s1, Supplementary Table S1: Target and non-target
Coleoptera samples used for the development and validation of the real-time qPCR assay for Ips
typographus; Supplementary Table S2: qPCR optimization data for the Ips typographus TagMan assay;
Supplementary Table S3: Results of the inter-laboratory blind panel performed to evaluate diagnostic
sensitivity, specificity, and reproducibility of the Ips typographus qPCR assay; Supplementary File S1:
In silico COI sequence alignments supporting analytical exclusivity of the Ips typographus qPCR
assay. Figure S1. Multiple sequence alignment of the mitochondrial cytochrome oxidase I (COI) gene
showing Ips typographus haplotype aligned with closely related Ips species. The positions of the
forward primer (fw), TagMan probe, and reverse primer (rev) developed in this study are indicated.
Conserved regions in I. typographus contrast with diagnostic nucleotide substitutions within the probe-
and/or primer-binding sites of non-target Ips spp., supporting assay exclusivity; Figure S2. COI
sequence alignment between Ips typographus and representative species of the genus Orthotomicus.
The forward primer, probe, and reverse primer binding sites are highlighted. Multiple substitutions
and indels within the probe and amplicon region of Orthotomicus sequences explain the absence of
cross-amplification observed during exclusivity testing; Figure S3. COI sequence alignment of Ips
typographus and selected Pityogenes species, including the target region of the qPCR assay. Non-target
sequences exhibit substantial divergence at the primer- and probe-binding sites; Figure S4. Alignment
of COI sequences from Ips typographus and Pityokteines species. The location of the gPCR primers and
TagMan probe is shown. The presence of multiple mismatches and indels in non-target taxa supports
the analytical specificity of the assay toward I. typographus.
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Abbreviations

The following abbreviations are used in this manuscript:

BHQ1 Black Hole Quencher 1

BIP/BIPs Border Inspection Post(s)

CTAB Cetyltrimethylammonium bromide

Ccv Coefficient of variation

Cq Quantification cycle (QPCR cycle threshold value)

CREA Council for Agricultural Research and Economics (Italy)

eDNA Environmental DNA

EPPO European and Mediterranean Plant Protection Organization

ESBB European spruce bark beetle (Ips typographus)

FAM 6-carboxyfluorescein (fluorophore label)

LoD Limit of detection

MAFFT Multiple Alignment using Fast Fourier Transform (alignment software)
MIQE Minimum Information for Publication of Quantitative Real-Time PCR Experiments
Pg Picogram

References

1.

10.

11.

12.

13.

14.

15.

Raffa, K.E; Grégoire, ].-C.; Staffan Lindgren, B. Natural History and Ecology of Bark Beetles. In Bark Beetles; Elsevier: New York,
NY, USA, 2015; pp. 1-40. ISBN 978-0-12-417156-5.

Jaime, L.; Batllori, E.; Lloret, F. Bark Beetle Outbreaks in Coniferous Forests: A Review of Climate Change Effects. Eur. J. Forest
Res. 2024, 143, 1-17. [CrossRef]

Singh, V.V.; Naseer, A.; Mogilicherla, K.; Trubin, A.; Zabihi, K.; Roy, A.; Jaku§, R.; Erbilgin, N. Understanding Bark Beetle
Outbreaks: Exploring the Impact of Changing Temperature Regimes, Droughts, Forest Structure, and Prospects for Future Forest
Pest Management. Rev. Environ. Sci. Biotechnol. 2024, 23, 257-290. [CrossRef]

Weed, A S.; Ayres, M.P,; Bentz, B.]. Population Dynamics of Bark Beetles. In Bark Beetles; Elsevier: New York, NY, USA, 2015; pp.
157-176. ISBN 978-0-12-417156-5.

Lantschner, V.; Gomez, D.E,; Vilardo, G.; Stazione, L.; Ramos, S.; Eskiviski, E.; Fachinetti, R.; Schiappacassi, M.; Vallejos, N.;
Germano, M.; et al. Distribution, Invasion History, and Ecology of Non-Native Pine Bark Beetles (Coleoptera: Curculionidae:
Scolytinae) in Southern South America. Neotrop. Entomol. 2024, 53, 351-363. [CrossRef] [PubMed]

Vilardo, G.; Faccoli, M.; Corley, ].C.; Lantschner, M.V. Factors Driving Historic Intercontinental Invasions of European Pine Bark
Beetles. Biol. Invasions 2022, 24, 2973-2991. [CrossRef]

Ward, S.E; Brockerhoff, E.G.; Turner, R.M.; Yamanaka, T.; Marini, L.; Fei, S.; Liebhold, A.M. Prevalence and Drivers of a Tree-
Killing Bark Beetle, Ips typographus (Coleoptera, Scolytinae), in International Invasion Pathways into the USA. J. Pest Sci. 2023,
96, 845-856. [CrossRef]

Poland, T.M.; Rassati, D. Improved Biosecurity Surveillance of Non-Native Forest Insects: A Review of Current Methods. J. Pest
Sci. 2019, 92, 37-49. [CrossRef]

Andrei, S.; Ifrim, I.-L. Ips Infestation—A Global Problem for Coniferous in the Face of Climate Change. Sci. Study Res. Chem.
Chem. Eng. Biotechnol. Food Ind. 2021, 22, 245-261.

Cognato, A.I. Molecular Phylogeny and Taxonomic Review of Premnobiini Browne, 1962 (Coleoptera: Curculionidae: Scolytinae).
Front. Ecol. Evol. 2013, 1, 1. [CrossRef]

Marais, G.C.; Stratton, I.C.; Johnson, A.J.; Hulcr, J. Progress in Developing a Bark Beetle Identification Tool. PLoS ONE 2025,
20, e0310716. [CrossRef]

Hallas, T.; Steyrer, G.; Laaha, G.; Hoch, G. Two Unprecedented Outbreaks of the European Spruce Bark Beetle, Ips typographus L.
(Col., Scolytinae) in Austria since 2015: Different Causes and Different Impacts on Forests. Cent. Eur. For. ]. 2024, 70, 263-274.
[CrossRef]

EFSA Panel on Plant Health (PLH); Jeger, M.; Bragard, C.; Caffier, D.; Candresse, T.; Chatzivassiliou, E.; Dehnen-Schmutz, K,;
Gilioli, G.; Jaques Miret, ].A.; MacLeod, A.; et al. Pest Categorisation of Ips typographus. EFSA |. 2017, 15, €04881. [CrossRef]
Grégoire, ].-C.; Bonte, J.; Bourke, A.; Cocos, D.; Fielding, N.; Gohli, J.; Inward, D.; Klapwijk, M.; Nikolov, C.; Jkland, B.; et al.
Territorial Expansion of the European Ips Species in the 20th Century—A Review. Entomologia 2024, 44, 1359-1375. [CrossRef]
Giupponi, L.; Panza, R.; Pedrali, D.; Sala, S.; Giorgi, A. Ecology, Floristic-Vegetational Features, and Future Perspectives of Spruce
Forests Affected by Ips typographus: Insight from the Southern Alps. Plants 2025, 14, 1681. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/£17040440


https://doi.org/10.1007/s10342-023-01623-3
https://doi.org/10.1007/s11157-024-09692-5
https://doi.org/10.1007/s13744-023-01125-2
https://www.ncbi.nlm.nih.gov/pubmed/38236322
https://doi.org/10.1007/s10530-022-02818-2
https://doi.org/10.1007/s10340-022-01559-4
https://doi.org/10.1007/s10340-018-1004-y
https://doi.org/10.3389/fevo.2013.00001
https://doi.org/10.1371/journal.pone.0310716
https://doi.org/10.2478/forj-2024-0014
https://doi.org/10.2903/j.efsa.2017.4881
https://doi.org/10.1127/entomologia/2024/2769
https://doi.org/10.3390/plants14111681
https://www.ncbi.nlm.nih.gov/pubmed/40508355
https://doi.org/10.3390/f17040440

Forests 2026, 17, 440 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Blake, M.; Straw, N.; Kendall, T.; Whitham, T.; Manea, I.A.; Inward, D.; Jones, B.; Hazlitt, N.; Ockenden, A.; Deol, A.; et al. Recent
Outbreaks of the Spruce Bark Beetle Ips typographus in the UK: Discovery, Management, and Implications. Trees For. People 2024,
16, 100508. [CrossRef]

EFSA; Rondoni, G.; Carotti, L.; Mattion, G.; Vos, S. Pest Survey Card on Ips typographus. EFSA Support. Publ. 2025, 22, 9141E.
[CrossRef]

European Commission. Commission Implementing Regulation (EU) 2019/2072 of 28 November 2019. Off. |. Eur. Union 2019,
319, 1-279.

Faraglia, B.C. Misure Fitosanitarie d’emergenza per Il Contrasto Di Ips typographus Atte a Contenere La Sua Diffusione Nel
Territorio Della Repubblica Italiana. Ordinanza n. 8 Del 12/06/2024. Gazz. Uff. Della Repubb. Ital. 2024, 175, 5-9.

Wu, Y,; Trepanowski, N.E; Molongoski, J.J.; Reagel, P.F.; Lingafelter, S.W.; Nadel, H.; Myers, S.W.; Ray, A.M. Identification of
Wood-Boring Beetles (Cerambycidae and Buprestidae) Intercepted in Trade-Associated Solid Wood Packaging Material Using
DNA Barcoding and Morphology. Sci. Rep. 2017, 7, 40316. [CrossRef]

Nahrung, H.F; Liebhold, A.M.; Brockerhoff, E.G.; Rassati, D. Forest Insect Biosecurity: Processes, Patterns, Predictions, Pitfalls.
Annu. Rev. Entomol. 2023, 68, 211-229. [CrossRef]

Pace, R.; Ascolese, R.; Miele, F.; Russo, E.; Griffo, R.V.; Bernardo, U.; Nugnes, FE. The Bugs in the Bags: The Risk Associated with
the Introduction of Small Quantities of Fruit and Plants by Airline Passengers. Insects 2022, 13, 617. [CrossRef]

Rizzo, D.; Downes, A.; Zubieta, C.G.; Moriconi, M.; Ranaldi, C.; Palmigiano, B.; Aronadio, A.; Bartolini, L.; Bolige, E.; Garonna,
A.P; etal. Development of an LNA-Based qPCR Assay for Detecting Toumeyella parvicornis (Cockerell, 1897) (Hemiptera: Coccidae)
from Insect and Honeydew DNA. Insects 2025, 16, 982. [CrossRef]

Valentin, R.E.; Fonseca, D.M.; Gable, S.; Kyle, K.E.; Hamilton, G.C.; Nielsen, A.L.; Lockwood, J.L. Moving eDNA Surveys onto
Land: Strategies for Active eDNA Aggregation to Detect Invasive Forest Insects. Mol. Ecol. Resour. 2020, 20, 746-755. [CrossRef]
Larson, E.R.; Graham, B.M.; Achury, R.; Coon, ].J.; Daniels, M.K.; Gambrell, D.K.; Jonasen, K.L.; King, G.D.; LaRacuente, N.;
Perrin-Stowe, T.I; et al. From eDNA to Citizen Science: Emerging Tools for the Early Detection of Invasive Species. Front. Ecol.
Environ. 2020, 18, 194-202. [CrossRef]

Bell, K.L.; Campos, M.; Hoffmann, B.D.; Encinas-Viso, F.; Hunter, G.C.; Webber, B.L. Environmental DNA Methods for Biosecurity
and Invasion Biology in Terrestrial Ecosystems: Progress, Pitfalls, and Prospects. Sci. Total Environ. 2024, 926, 171810. [CrossRef]
Rizzo, D.; Zubieta, C.G.; Carli, M.; Marrucci, A.; Ranaldi, C.; Palmigiano, B.; Bartolini, L.; Pennacchio, F.; Bracalini, M.; Garonna,
A.P; et al. Rapid Identification of Ips sexdentatus (Boerner, 1766) (Curculionidae) from Adults and Frass with Real-Time PCR
Based on Probe Technology. |. Plant Dis. Prot. 2024, 131, 1473-1481. [CrossRef]

Rizzo, D.; Da Lio, D.; Bartolini, L.; Salemi, C.; Del Nista, D.; Aronadio, A.; Pennacchio, F.; Binazzi, F.; Francardi, V.; Garonna, A.P,;
et al. TagMan Probe Assays on Different Biological Samples for the Identification of Three Ambrosia Beetle Species, Xylosandrus
compactus (Eichoff), X. crassiusculus (Motschulsky) and X. germanus (Blandford) (Coleoptera Curculionidae Scolytinae). 3 Biotech
2021, 11, 259. [CrossRef]

Rizzo, D.; Taddei, A.; Da Lio, D.; Nugnes, F,; Barra, E.; Stefani, L.; Bartolini, L.; Griffo, R.V.; Spigno, P.; Cozzolino, L.; et al.
Identification of the Red-Necked Longhorn Beetle Aromia bungii (Faldermann, 1835) (Coleoptera: Cerambycidae) with Real-Time
PCR on Frass. Sustainability 2020, 12, 6041. [CrossRef]

Ide, T.; Kanzaki, N.; Ohmura, W.; Okabe, K. Molecular Identification of an Invasive Wood-Boring Insect Lyctus brunneus
(Coleoptera: Bostrichidae: Lyctinae) Using Frass by Loop-Mediated Isothermal Amplification and Nested PCR Assays. J. Econ.
Entomol. 2016, 109, 1410-1414. [CrossRef]

EPPO PM 7/98 (5) Specific Requirements for Laboratories Preparing Accreditation for a Plant Pest Diagnostic Activity. EPPO
Bull. 2021, 51, 468-498. [CrossRef]

Douglas, H.B.; Cognato, A.I; Grebennikov, V.; Savard, K. Dichotomous and Matrix-Based Keys to the Ips Bark Beetles of the
World (Coleoptera: Curculionidae: Scolytinae). Can. ]. Arthropod Identif. 2019, 38, 1-234. [CrossRef]

Ioos, R.; Fourrier, C.; Iancu, G.; Gordon, T.R. Sensitive Detection of Fusarium circinatum in Pine Seed by Combining an Enrichment
Procedure with a Real-Time Polymerase Chain Reaction Using Dual-Labeled Probe Chemistry. Phytopathology 2009, 99, 582-590.
[CrossRef]

Toos, R.; Kowalski, T.; Husson, C.; Holdenrieder, O. Rapid in Planta Detection of Chalara fraxinea by a Real-Time PCR Assay Using
a Dual-Labelled Probe. Eur. J. Plant Pathol. 2009, 125, 329-335. [CrossRef]

Porter, TM.; Gibson, ].E; Shokralla, S.; Baird, D.J.; Golding, G.B.; Hajibabaei, M. Rapid and Accurate Taxonomic Classification of
Insect (Class Insecta) Cytochrome ¢ Oxidase Subunit 1 (COI) DNA Barcode Sequences Using a Naive Bayesian Classifier. Mol.
Ecol. Resour. 2014, 14, 929-942. [CrossRef]

Forootan, A.; Sjoback, R.; Bjorkman, J.; Sjogreen, B.; Linz, L.; Kubista, M. Methods to Determine Limit of Detection and Limit of
Quantification in Quantitative Real-Time PCR (qPCR). Biomol. Detect. Quantif. 2017, 12, 1-6. [CrossRef]

Koohkanzade, M.; Zakiaghl, M.; Dhami, M.K.; Fekrat, L.; Namaghi, H.S. Rapid Identification of Bactrocera zonata (Dip.: Tephritidae)
Using TagMan Real-Time PCR Assay. PLoS ONE 2018, 13, e0205136. [CrossRef]

https:/ /doi.org/10.3390/£17040440


https://doi.org/10.1016/j.tfp.2024.100508
https://doi.org/10.2903/sp.efsa.2025.en-9141
https://doi.org/10.1038/srep40316
https://doi.org/10.1146/annurev-ento-120220-010854
https://doi.org/10.3390/insects13070617
https://doi.org/10.3390/insects16090982
https://doi.org/10.1111/1755-0998.13151
https://doi.org/10.1002/fee.2162
https://doi.org/10.1016/j.scitotenv.2024.171810
https://doi.org/10.1007/s41348-024-00902-4
https://doi.org/10.1007/s13205-021-02786-9
https://doi.org/10.3390/su12156041
https://doi.org/10.1093/jee/tow030
https://doi.org/10.1111/epp.12780
https://doi.org/10.3752/cjai.2019.38
https://doi.org/10.1094/PHYTO-99-5-0582
https://doi.org/10.1007/s10658-009-9471-x
https://doi.org/10.1111/1755-0998.12240
https://doi.org/10.1016/j.bdq.2017.04.001
https://doi.org/10.1371/journal.pone.0205136
https://doi.org/10.3390/f17040440

Forests 2026, 17, 440 14 of 14

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

Qi, J.; Gao, X,; Nan, J.; Ayaovi, A.; Zhao, M.; Fan, ].; He, H. Early Detection and Tracking of Wood Borers Using Improved
Environmental DNA Aggregation and TagMan Quantitative PCR Approaches in Forests. Insect Sci. 2025, 52, 1-16. [CrossRef]
Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.
The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments. Clin. Chem. 2009,
55,611-622. [CrossRef]

Zink, FA.; Tembrock, L.R.; Timm, A.E.; Gilligan, T.M. A Duplex ddPCR Assay for Simultaneously Detecting Ips sexdentatus and
Ips typographus (Coleoptera: Curculionidae) in Bulk Trap Samples. Can. J. For. Res. 2019, 48, 903-914. [CrossRef]

Becker, M.; Kénig, S.; Hoppe, B. A Simple PCR-Based Approach for Rapid Detection of Ips typographus and Ips duplicatus in the
Presence of (Associated) Symbionts and Parasites. J. Plant Dis. Prot. 2021, 128, 527-534. [CrossRef]

Mehta, N. RT-qPCR Made Simple: A Comprehensive Guide on the Methods, Advantages, Disadvantages, and Everything in
Between. URNCST . 2022, 6, 1-6. [CrossRef]

Cognato, A.IL Biology, Systematics, and Evolution of Ips. In Bark Beetles; Elsevier: New York, NY, USA, 2015; pp. 351-370.
ISBN 978-0-12-417156-5.

Balachowsky, A.S. Coléoptéres Scolytides; Chevalier: Paris, France, 1949.

Saccaggi, D.L.; Karsten, M.; Robertson, M.P.; Kumschick, S.; Somers, M.].; Wilson, ].R.U.; Terblanche, J.5. Methods and Approaches
for the Management of Arthropod Border Incursions. Biol. Invasions 2016, 18, 1057-1075. [CrossRef]

Schrader, C.; Schielke, A.; Ellerbroek, L.; Johne, R. PCR Inhibitors—Occurrence, Properties and Removal. J. Appl. Microbiol. 2012,
113, 1014-1026. [CrossRef]

Demeke, T.; Jenkins, G.R. Influence of DNA Extraction Methods, PCR Inhibitors and Quantification Methods on Real-Time PCR
Assay of Biotechnology-Derived Traits. Anal. Bioanal. Chem. 2010, 396, 1977-1990. [CrossRef]

Wilson, I.G. Inhibition and facilitation of nucleic acid amplification. Appl. Environ. Microbiol. 1997, 63, 3741-3751. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/£17040440


https://doi.org/10.1111/1744-7917.70075
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1139/cjfr-2019-0047
https://doi.org/10.1007/s41348-020-00388-w
https://doi.org/10.26685/urncst.403
https://doi.org/10.1007/s10530-016-1085-6
https://doi.org/10.1111/j.1365-2672.2012.05384.x
https://doi.org/10.1007/s00216-009-3150-9
https://doi.org/10.1128/aem.63.10.3741-3751.1997
https://www.ncbi.nlm.nih.gov/pubmed/9327537
https://doi.org/10.3390/f17040440

	Introduction 
	Materials and Methods 
	Samples 
	Preparation of Artificial Frass Controls 
	Non-Target Panel for Specificity Testing 
	DNA Extraction and Sample Processing 
	Primer and Probe Design and In Silico Validation 
	qPCR Assay Optimization 
	Analytical Validation 
	Repeatability and Reproducibility 
	Inter-Laboratory Blind Validation 

	Results 
	DNA Isolation 
	qPCR Optimization 
	Analytical Validation 
	Assay Sensitivity 
	Repeatability and Reproducibility 
	Inter-Laboratory Blind Test 

	Discussion 
	Conclusions 
	References

