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Abstract: Aromia bungii (Faldermann, 1835) (Coleoptera: Cerambycidae), the red-necked longhorn
beetle is native to eastern Asia, where it is an important wood-borer of fruit and ornamental species
of the genus Prunus. A. bungii is a quarantine pest in the European Union, following its accidental
introduction and establishment in Germany and Italy, and is currently included in the list of priority
pests. To confirm its infestations in outbreak areas, adult or larval specimens are needed to perform
morphological or molecular analyses. The presence of A. bungii larvae inside the attacked trees makes
the collection of specimens particularly difficult. Thus, we present two diagnostic protocols based
on frass analysis with real-time PCR (probe and SYBR Green). The results obtained show that a
non-invasive approach for detecting the presence of this harmful invasive pest can be a reliable and
accurate alternative diagnostic tool in phytosanitary surveys, as well as to outline a sustainable pest
management strategy.

Keywords: frass DNA; non-invasive diagnostic tool; phytosanitary survey; quarantine pest;
xylophagous insect

1. Introduction

The red-necked longhorn beetle (RLB) Aromia bungii (Faldermann, 1835) (Coleoptera:
Cerambycidae) is a destructive wood-borer native to the eastern Palearctic region (Mongolia, China,
Indochinese peninsula) [1]. In the last decade, the species spread out, becoming established in
Germany [2–4], Italy [5–7], and Japan [8,9]. Its economic importance in its invasion areas is related
to its wide polyphagy which includes many ornamental and cultivated woody species of the genus
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Prunus. However, some evidence that has yet to be verified, seems to indicate many other host plants
that belong to Oleaceae, Juglandaceae, Salicaceae and other families [10,11]. RLB females lay their
eggs in the bark crevices of the trunks and main branches of their host plants; the larvae bore galleries,
determining structural weaknesses and causing dieback until the death of trees in many cases [12].
In native areas, RLB has several overlapping generations per year [13]. Some of its biological traits
were recently highlighted in a study on the Italian population [14]. According to these observations,
RLB has impressive fertility and longevity.

Due to the risk and impact factors posed by this pest, in the EU territory, the RLB is a quarantine
priority pest included in the Annex of Regulations UE 1702/2019. The relevant containment measures
require the destruction of the infested trees and severe regulations or restrictions on the local trade of
host plants and timber [15–17]. These eradication measures codified by EU Decision no. 1503, 2018,
economically impact nurseries, farmers and their related activities [18].

The common prevention/eradication strategies for RLB are based on a visual inspection of
symptomatic plants showing the presence of adult exit holes and/or larval frass at the foot of the tree.
However, due to the unspecific symptoms of the attack, this method of identification is extremely
unprecise and can lead to misleading diagnoses [11]. Moreover, the collection of larvae generally
entails serious injury to the host plant up to its felling, with serious economic consequences in terms of
time and plant damage. The use of frass, which is present outside the host plant or easily collectable in
the outer part of insect galleries, could be a solution to these negative aspects.

The application of a non-invasive diagnostic technique such as DNA extraction from frass, has been
used on several xylophagous insects for discrimination at the species level [19–24].

A protocol based on PCR using the DNA extracted from the fecal material present in the frass of
Anoplophora chinensis Forster (1771) (Coleoptera: Cerambycidae), provided a potential diagnostic tool
in support of phytosanitary surveys [25].

In the present study, we developed two diagnostic protocols based on real-time PCR (Probe
and SYBR Green) to confirm the presence of RLB on host plants using frass samples collected in
the field. This comparative study seeks to determine and standardize the most reliable method to
discriminate infestations of invasive RLB and those of other alien or autochthonous xylophagous
species. The accurate identification of RLB infestations would be crucial in defining a prompt, localized,
and, consequently, environmentally sound pest management project.

2. Materials and Methods

2.1. Insect and Frass Samples Used for DNA Extraction

From February to March 2018, capillary monitoring activity was carried out in several farms
situated in the infested areas around Naples where RLB had been reported (NW: 33T, 4,524,705 m N,
432,703 m E, 327 m a.s.l.; NE: 33T, 4,524,701 m N, 434,806 m E, 248 m a.s.l.; SW: 33T, 4,521,725 m N,
430,859 m E, 133 m a.s.l.; SE: 33T, 4,522,185 m N, 433,509 m E, 152 m a.s.l.). These inspections highlighted
the presence of several suffering stone fruit trees showing holes on their trunks and the accumulation
of frass near the tree foot. Frass samples were singularly collected in sterile 50 mL plastic vials and
suitably labeled. Additional samples of frass from an RLB outbreak in Lombardy (32T, 5,036,660 m N,
497,386 m E; 144 m a.s.l.) were also collected. Each adult or larval specimen was preserved in 70%
absolute ethanol, while the frass samples were stored at room temperature in plastic vials. Each frass
sample collected directly from the host plants was categorized accordingly as adult or immature.
The larval stages were identified using the appropriate morphological keys [26–28].

Molecular characterizations were occasionally carried out with species specific primers (data not
shown) to confirm the morphological identifications. Frass samples produced by other species of
xylophagous pests were also collected as non-target specimens. DNA was extracted from the target
samples; the non-target samples collected in the field and DNA from the entomological biomolecular
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collection of the phytopathological laboratory of the Phytosanitary Service of the Tuscany Region were
also used (Table 1).

Table 1. List of target and non-target specimens used in this study (A = adult, L = larva, E = egg, F = frass).

Order Family/Subf Species
Stage and No. of Samples

A L E F

Lepidoptera Cossidae
Cossus cossus Linnaeus - 2 - 1

Zeuzera pyrina Linnaeus - - - 1
Sesiidae Sesia sp. Fabricius - - - 1

Coleoptera

Scarabaeidae Valgus hemipterus (Linnaeus) 1 - - -

Cerambycidae

Anoplophora glabripennis (Motschulsky) 1 1 1 1
Anoplophora chinensis (Forster) 1 1 - 1

Aromia bungii Faldermann 2 2 - 22
Aromia moschata (Linnaeus) 1 - - -

Cerambyx cerdo Linnaeus 1 - - 1
Cerambyx scopolii Fuessly 1 - - -
Cerambyx welensii Küster 1 - - -

Monochamus galloprovincialis (Olivier) 1 1 - -
Monochamus sartor (Fabricius) 1 - - -
Monochamus sutor (Linnaeus) - 1 - -

Morimus asper (Sulzer) 1 - - -
Saperda carcharias (Linnaeus) 1 - - -

Saperda tridentata (Olivier) 1 1 - -

Scolytinae

Xylosandrus compactus (Eichhoff) 1 - - -
Ips sexdentatus (Boerner) 1 - - -
Ips typographus Linnaeus 1 - - -

Orthotomicus erosus (Wollaston) 1 - - -
Pityophthorus juglandis Blackman 1 - - 1

Pityophthorus pubescens (Marsham) 1 - - -
Xylosandrus crassiusculus

(Motschulsky) 1 - - 1

Xylosandrus germanus (Blandford) 1 - - -
Tomicus destruens (Wollaston) 1 - - -

Four elder samples of RLB frass collected in 2013 and 2014 and stored at room temperature were
also processed to evaluate the DNA degradation over time.

2.2. DNA Extraction

2.2.1. DNA Extraction from Frass

The DNA extraction protocols were each tested on all frass samples reported in Table 1. In the case
of frass, the first step of the extraction protocol required sample homogenization. About 1 g of frass
was processed in a Mixer Mill MM 200 (Retsch, Torre Boldone, Italy) homogenizer in 10 mL steel jars at
a high speed (30 oscillations/s) for 30 s. The method suggested by Li [29] was applied until the addition
of chloroform and subsequent centrifugation. After centrifugation, 600 µL of the supernatant was
purified using the Maxwell® RSC PureFood GMO purification kit and authentication kit provided with
the automated purificator MaxWell 16 (Promega, Madison, WI, USA) according to the manufacturer’s
protocol (catalog number selected: AS1600). The quantization and contamination degree evaluations
of the extracted DNA were performed using the QiaExpert (Qiagen, Hilden, Germany) instrument.

DNA extracted from the frass was studied in real-time PCR reactions using a TaqMan dual-labeled
probe targeting a highly conserved region of the cytochrome oxidase gene as described in [30]. This test
allowed us to confirm the integrity and the quality of the extracted DNA.

2.2.2. DNA Extraction from Insects

Each RLB sample was used as a matrix for DNA extraction. Genomic DNA was extracted using
the CTAB extraction method reported in [29] with slight modifications. The DNA was eluted in 100 µL
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of nuclease-free water and used for real-time PCR reactions immediately or stored at −20 ◦C until use.
The quantization and contamination degree evaluations of the extracted DNA were performed using
the QiaExpert (Qiagen, Hilden, Germany) instrument. To assess the quality of the DNA extracted
from the insects, 1:20 DNA/ddsH2O was tested in a real-time PCR reaction using a dual-labeled probe
targeting a highly conserved region of the 18S rDNA [31]. The amplifiability tests carried out in this
way, both for frass and for insect stages, served as a control for the extractions and allowed us to verify
the presence of inhibitors through the detected Ct and the slope of the relative amplification curves.

2.3. Design of the Primers and Probes for the TaqMan Probe and SYBR Green Real-Time Tests

A uniform primer design approach was applied in the development of all primer pairs for
real-time PCR using the probe, as well as for SYBR Green. The primer pairs and probes were
designed preferentially within the mitochondrial conserved region sequences of the RLB using the
OligoArchitectTM Primers and Probe Online software (Sigma-Aldrich, St. Louis, MO, USA) with the
following specifications: a 80 to 200 bp product size, a Tm (melting temperature) of 55 to 65 ◦C, primer
length of 18 to 22 bp, and absence of secondary structure when possible. The primers/probes used in
this study for the real-time TaqMan and SYBR Green protocols are reported in Table 2.

Table 2. Primers and probes of the real-time PCR tested.

Primer/Probe
Name

Length
(Bases) Sequence 5′–3′ Nucleotide

Position
Product

Size (bp)
Reference
Sequence

Abungii_285F 22 CAGCAGTTCTTCTTTTATTATC 285 to 307
199 DQ223728

Abungii_484R 18 GGTGTCCAAAGAATCAAA 484 to 502
Abungii_309P 26 FAM_TACCAGTATTAGCAGGAGCCATTACG_BHQ1 309 to 335

157 JQ904852Abungii_436F 22 TAACTTCCGTCTATTAGATGTA 436 to 458
Abungii_592R 18 GCTAACTTGGTTGATTCG 592 to 610

An in silico test of the primer pairs was then performed with the BLAST® (Basic Local Alignment
Search Tool (Bethesda, MD, USA—http://www.ncbi.nlm.nih.gov/BLAST) software to assess the
specificity of the designed primer pairs.

To further assess the specificity in silico, the nucleotide sequences related to the qPCR Probe
(285F/309P/484R) and SYBR Green (436F/592R) were aligned using the MAFFT program [32]
implemented within the Geneious 10.2.6 [33] software (Biomatters, Auckland, New Zealand—http:
//www.geneious.com) (Figures 1 and 2).

In both cases (SYBR Green and TaqMan PCR real-time protocols), temperatures ranging from 52 ◦C
to 60 ◦C were used to determine the optimal annealing temperatures. The concentrations of the oligos
and probe were tested at 0.2 µM, 0.3 µM, and 0.4 µM for the oligos and 0.1 µM, 0.2 µM, and 0.3 µM for
the probe. The different reagents used to evaluate the robustness of the methods (different master mixes
from different companies) in the two real-time PCR protocols were then compared. In particular, the
Quanti Nova MasterMix Probe (Qiagen, Hilden, Germany) was compared with the iTAQ MasterMix
(Biorad, Hercules, CA, USA) in the qPCR Probe protocol, while in the qPCR SYBR Green protocol,
the master mixes SsoAdvanced Universal SYBR Green Supermix (Biorad, Hercules, CA, USA) were
tested against those of Quanti Nova Mastermix SYBR Green (Qiagen, Hilden, Germany). We also
used different thermal cyclers: CFX96 (Biorad, Hercules, CA, USA), Aria MMX (Agilent, Santa Clara,
CA, USA), and Rotor Gene (Qiagen, Hilden, Germany), and different operators that alternated in the
various operations of nucleic acid extraction and gene amplification.

The qPCR Probe and SYBR Green protocols that were tested for target and non-target
organisms highlighted inclusivity and exclusivity (diagnostic specificity) on the different analyzed
matrixes/templates.

http://www.ncbi.nlm.nih.gov/BLAST
http://www.geneious.com
http://www.geneious.com
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2.4. Blind Panel Validation of the Assay

To validate the qPCR real-time data of the developed tests, 32 frass sub-samples from 5 wood-boring
species (A. bungii, Anoplophora chinensis, An. glabripennis, Cossus cossus and Sesia sp.) were used for a
blind panel test.

The tests were carried out in three different laboratories: phytosanitary laboratories from the
Tuscany (Lab 1), Campania (Lab 2), and Lombardy regions (Lab 3).

All DNA samples were previously diluted at a final concentration of 5 ng/µL. The samples were
tested in duplicate, and no template controls were included. As part of this blind panel, the true
positive, false negative, false positive, and true negative parameters were evaluated according to the
requirements outlined in the EPPO standards [34,35].

The set of 32 samples included 24 samples of RLB, 3 of C. cossus, 2 of An. chinensis, 2 of An.
glabripennis, and 1 of Sesia sp. The test was performed in blind. The samples were then packed in solid
CO2 and air-freighted. The laboratories involved were also supplied with the same master mix for
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the qPCR reactions (Quanti Nova Mastermix for SYBR Green and Quanti Nova MasterMix for the
Probe, Qiagen, Hilden, Germany), primers, and probes. In total, 100 µL of each extracted DNA (at a
concentration of 5 ng/µL) was sent to the involved laboratories. In all three laboratories, the parameters
for true positives, false negatives, false positives and true negatives were taken into account [35,36].

2.5. Repeatability and Reproducibility

The repeatability and reproducibility were also estimated during this study based on the internal
data we obtained. Standard parameters such as the cycle quantification (Cq), mean and standard
deviation, and the percentage coefficient of variation (% CV) were considered to calculate the intra-run
variation (repeatability) and inter-run variation (reproducibility).

To estimate the repeatability, we tested ten samples in triplicate in two separate runs and calculated
the % CV for each sample. To estimate reproducibility, the data of the two runs were compared [37,38].

2.6. Limit of Detection (LoD)

For each methodology used in the experimental design, the LoD was estimated using a 10-fold 1:5
serial dilution with artificial frass (100 ng/µL) obtained by adding frass from another species (in this
case, An. chinensis) to 10 ng/µL of RLB DNA larvae. Each dilution was tested in triplicate.

2.7. Data Analysis

Under qPCR and SYBR Green PCR amplification, the raw data were analyzed using the
CFX Maestro 1.0 software (Biorad, Hercules, CA, USA). The DNA concentration, OD ratio, and
repeatability/reproducibility results were analyzed statistically using descriptive parameters (CV%
and SD) via SPSS version 26.0 (SPSS Inc., Chicago, IL, USA). The same software was used for statistical
investigations of the blind panel, which focused on the variability between average values compared
to the expected values using a Fisher test (95% confidence interval and defined degrees of freedom).

3. Results

3.1. DNA Extraction from Frass and Insects

The extraction protocol for frass (CTAB 2% + MaxWell16) performed very well. High-quality and
high-quantity DNA was extracted with an average concentration of 86 ± 4 ng/µL (SD) and an average
260/280 nm absorbance ratio of 1.93 ± 0.1 (SD). The efficiency of the extraction protocol was confirmed
by a real-time PCR (COX) probe with an average Cq of 16.28 ± 1.95 (SD).

Similarly, the protocol of DNA extraction from the insect bodies was efficient. The mean
concentrations were 221 ± 83.26 ng/µL (SD) and 162 ± 4.49 ng/µL (SD) for the larvae and adults,
respectively, while the 260/280 nm absorbance ratios were 1.98 ± 0.22 (SD) and 2.1 ± 0.17 (SD) for the
larvae and adults, respectively.

The DNA extracts from the larvae and adults of RLB were perfectly amplified with a mean Cq
value of 15.12 ± 1.74 (SD).

3.2. Optimization of the Diagnostic Methods for RLB

The optimal annealing temperatures were 55 ◦C and 58 ◦C for SYBR Green and TaqMan real-time
PCR, respectively. For the qPCR SYBR Green protocol, the melting peak was around 79 ◦C ± 0.5 ◦C.
The optimized reactions needed a primer and probe concentration of 0.4 µM and 0.2 µM, respectively.
However, in the case of the qPCR SYBR Green assay, a non-specificity of Cq > 34 was found for X.
crassiusculus, although differentiation was possible because the melting peak was different.

3.3. Blind Panel Validation of the Assay

The results obtained from ring tests performed by the three labs testing the qPCR Probe and the
qPCR SYBR Green protocols are reported in Table 3.
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Table 3. The positive (+) and negative (−) results of the qPCR Probe and SYBR Green protocols applied in the ring test carried out in the three laboratories. Cq (cycle
quantification); Res (result); Und (not determinable); N/A (not amplified).

N. Expected Result
qPCR Probe Protocol qPCR SYBR Green Protocol

Lab 1 Lab 2 Lab 3
Cq Mean ± SD

Lab 1 Lab 2 Lab 3
Cq mean ± SD

Cq Res. Cq Res. Cq Res. Cq Res. Cq Res. Cq Res.

1 + 25.11 + 24.78 + 24.37 + 24.38 ± 0.37 22.65 + 25.37 + Und + 24.01 ± 1.92
2 + 28.6 + 28.48 + 26.96 + 26.96 ± 0.91 26.48 + 26.29 + Und + 26.39 ± 0.13
3 + 28.93 + 28.67 + 29.78 + 29.78 ± 0.58 29.29 + 26.78 + Und + 28.04 ± 1.77
4 + 29.81 + 30.53 + 26.96 + 29.10 ± 1.89 29.31 + 26.96 + Und + 28.14 ± 1.66
5 + 30.27 + 30.7 + 27.21 + 29.39 ± 1.90 29.47 + 27.21 + Und + 28.34 ± 1.60
6 + 30.43 + 30.97 + 27.33 + 29.58 ± 1.96 29.65 + 27.33 + Und + 28.49 ± 1.64
7 + 30.54 + 31.11 + 27.41 + 29.69 ± 1.99 29.76 + 27.41 + Und + 28.59 ± 1.66
8 + 31.12 + 31.53 + 28.25 + 30.37 ± 1.79 30.37 + 28.25 + Und + 29.31 ± 1.50
9 + 31.44 + 31.92 + 28.54 + 30.61 ± 1.83 30.61 + 28.54 + Und + 29.58 ± 1.46
10 + 31.81 + 32.16 + 28.63 + 30.63 ± 1.94 30.63 + 28.63 + Und + 29.63 ± 1.41
11 + 32.09 + 32.39 + 28.83 + 30.87 ± 1.97 30.65 + 28.83 + Und + 29.74 ± 1.29
12 + 32.12 + 32.48 + 28.87 + 31.16 ± 1.99 30.67 + 28.87 + Und + 29.77 ± 1.27
13 + 32.15 + 32.55 + 29.12 + 31.27 ± 1.88 30.84 + 29.12 + Und + 29.98 ± 1.22
14 + 32.25 + 32.93 + 29.33 + 31.50 ± 1.91 30.91 + 29.33 + Und + 30.12 ± 1.12
15 + 32.59 + 33.29 + 29.4 + 31.76 ± 2.07 31.31 + 29.4 + Und + 30.36 ± 1.35
16 + 32.68 + 33.46 + 29.43 + 31.86 ± 2.14 31.82 + 29.43 + Und + 30.63 ± 1.69
17 + 32.79 + 33.52 + 29.63 + 31.91 ± 2.07 31.91 + 29.63 + Und + 30.77 ± 1.61
18 + 33.05 + 33.86 + 30.56 + 32.49 ± 1.72 31.96 + 30.56 + Und + 31.26 ± 0.99
19 + 33.32 + 33.92 + 30.7 + 32.65 ± 1.71 32.23 + 30.7 + Und + 31.47 ± 1.08
20 + 33.65 + 34.06 + 31.11 + 32.94 ± 1.60 32.39 + 31.11 + Und + 31.75 ± 0.91
21 + 33.66 + 34.1 + 32.32 + 33.56 ± 0.93 32.62 + 32.82 + Und + 32.76 ± 0.14
22 + 33.94 + 34.66 + 32.38 + 33.66 ± 1.17 36.43 + 32.38 + Und + 34.41 ± 2.86
23 + 34.36 + 34.71 + 33.67 + 34.25 ± 0.53 36.66 + 32.85 − Und + 34.76 ± 2.69
24 + 35.35 + N/A − 33.67 + 34.51 ± 1.19 36.69 + 33.67 − Und + 35.18 ± 2.14
25 − 36.96 − N/A − 37.27 − 37.12 ± 0.22 37.71 − 37.27 − Und − 37.49 ± 0.31
26 − N/A − N/A − N/A − N/A − N/A − Und −

27 − N/A − N/A − N/A − N/A − N/A − Und −

28 − N/A − N/A − N/A − N/A − N/A − Und −

29 − N/A − N/A − N/A − N/A − N/A − Und −

30 − N/A − N/A − N/A − N/A − N/A − Und −

31 − N/A − N/A − N/A − N/A − N/A − Und −

32 − N/A − N/A − N/A − N/A − N/A − Und −
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The results gained in the first protocol were not perfectly homogeneous. In particular, Lab 2
produced a false negative. The variability comparison of the qPCR Probe protocol within the labs with
respect to the expected (average) values, gave results that were significantly not different (F = 0.76;
0.68; 0.79; df = 23; p = 0.05). The diagnostic sensitivity was 97.33%, the diagnostic specificity reached
100%, and the relative accuracy was 97.9%.

The application of the qPCR SYBR Green protocol showed some differences between the
experimental and expected values. Lab 3 and 2 provided one and two false negatives, respectively.
In the variability comparison, two labs gave results that were significantly not different (F = 0.61; 0.73;
df = 23; p = 0.05). The third laboratory did not provide the Cq data but only the qualitative results.
The diagnostic sensitivity was 96.10%, the diagnostic specificity reached 100% (with no false positives),
and the relative accuracy reached 97.3%.

3.4. Repeatability, Reproducibility, and LoD

The checks for the repeatability and reproducibility (only for the frass samples of RLB) between
the tests took place internally by Lab 1. In both protocols, very low values (Table 4) were observed.
In the qPCR Probe protocol, the repeatability values showed intervals between 5.19 and 1.99 and from
4.13 to 2.18 for reproducibility. For qPCR SYBR Green, the limit values (for repeatability) were 4.92 and
0.47, while for reproducibility, the values were 4.37 and 1.78.

Table 4. Repeatability and reproducibility of the real-time assays measured as the percentage coefficient
of variation (% CV).

Sample

qPCR Probe Protocol qPCR SYBR Green Protocol

Repeatability Reproducibility Repeatability Reproducibility
Assay 1 Assay 2 Assay 1 Assay 2

1 5.19 2.45 4.13 3.02 2.47 2.49
2 3.19 4.85 3.76 2.73 2.28 2.35
3 2.64 2.18 2.18 2.50 0.99 1.78
4 2.92 3.94 3.13 4.07 0.79 2.67
5 2.81 1.99 2.37 2.36 0.47 1.98
6 3.06 3.82 3.10 2.44 0.44 1.96
7 3.08 3.63 3.11 3.47 4.22 3.46
8 3.04 2.16 2.36 3.75 3.52 3.26
9 3.06 3.09 2.80 3.32 1.73 2.47

10 3.88 4.16 3.71 4.92 4.82 4.37

The analytical sensitivity showed a clear amplification with 10 ng/µL of the template. The lowest
amount of RLB DNA that could be detected (LoD) was 0.016 ng/µL and 3.2 pg/µL with the Probe qPCR
and the SYBR Green qPCR protocols, respectively.

4. Discussion

Wood-boring pests are considered one of the most successful groups of invasive pests transported
worldwide in a variety of wood products [39]. The rapid diagnosis of xylophagous insects at points
of entry or in the potential outbreak areas is of paramount importance to avoid dramatic ecological
and economic consequences due to their establishment in new territories [40,41]. During the field
monitoring activities, the availability of easy-to-handle morphological taxonomic keys could be a rapid
and useful tool for identification of the species at immature stages. Unfortunately, the collected larvae
may be in early developmental stages and may lack the diagnostic characteristics associated with
later instars, upon which the relevant keys are based [42]. Moreover, larvae can be damaged during
extraction attempts from the host plant. Currently, the diagnosis of RLB infestations is confirmed by
the presence of adult specimens of the pest or by means of morphological and molecular analysis on
larvae extracted from the wooden tissues of the infested plant [7,11].
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Even the use of pheromone-based trapping devices that may support and orientate direct tree-
inspecting tasks in the invasion areas, thereby identifying new RLB outbreaks [43–46], retain some
degree of uncertainty and do not solve misidentification due to cohabitation among native and invasive
pests [11]. Once potentially infested trees are detected, the availability of non-invasive diagnostic tools
to screen suspected RLB infestations may prevent unnecessary heavy plant injuries or plant destruction
without the misuse of important economic resources in accordance with the other detection methods
proposed for invasive wood-boring species [47,48].

To date, several diagnostic methods have been based on the indirect identification of insects
through biological evidence like larval skins, [49], fecal pellets, [50], frass, and empty leaf mines [21–23].

The availability of such diagnostic tools for RLB may facilitate field and lab investigations related
to phytosanitary emergencies caused by this priority quarantine pest whose biotic potential threatens
European farmers [14]. Furthermore, the developed tool could lead to better-targeted insecticide
treatments. It could also help complete the framework for an integrated management of RLB and may
limit negative impacts on the productivity and sustainability of stone fruit production.

The presented diagnostic protocols using qPCR Probe and SYBR Green to identify RLB field
outbreaks by means of larval frass achieved excellent results, discriminating all samples ascribed to
this pest from those produced by other xylophagous species with 100% correspondence to available
homologous reference sequences.

The diagnostic protocols carried out in the present study to investigate complex matrices such as
insect frass should be used in tandem to ensure stronger results, as they are different and alternative
techniques that produce amplicons related to different genomic regions.

The blind panel conducted in the involved laboratories, with the use of both protocols, reached
values of sensitivity, specificity and accuracy between 96.1 and 100%.

In the proposed diagnostic method, the choice and efficiency of the DNA extraction method
is of paramount importance due to the relatively low amount of target DNA present in the frass.
Moreover, the target DNA is difficult to amplify because of the presence of PCR inhibitors within
the frass [22–25]. In our study, the frass analyzed was stocked at room temperature for at least four
years without particular care. Nevertheless, the extraction of nucleic acids always yielded satisfactory
results and good performance. Furthermore, this diagnostic protocol was also able to extract RLB
DNA in 5-year-old frass, showing a prolonged shelf life of the fecal DNA, as already observed in
other wood-boring species [22,23,48]. Despite this long shelf life, the exposed fecal DNA, in the frass
accumulating on the ground near the trunk foot, easily undergoes degradation during a short period
of time, as reported in another work on An. chinensis [22]. Therefore, a correct sampling procedure
should be used to avoid contamination between frass typologies, even for RLB. Collectors must be
able to recognize newly expelled frass from that produced long ago and exposed to environmental
degradation factors. Only the former is useful and increases the chance of recovering fecal DNA
suitable for PCR, thereby improving the validity of the proposed diagnostic method.

The Cq values related to the reactions of the different protocols tested via real-time PCR, in terms
of their inclusiveness, diagnostic specificity, repeatability, and ring tests, showed variability but with
good agreement between the two assays.

The detection limits were very low. Within the detection limits, the proposed protocols provided
repeatable and reproducible results for all samples analyzed. Some variability, however, was found in
the repeatability of the qPCR protocols. This fact can be reasonably explained by the presence of PCR
inhibiting compounds in the frass matrix.

The robustness tests carried out gave excellent data for both the TaqMan probe and the SYBR
Green-based technology, despite the starting matrix and the different operators, instruments, and
master mixes used in the reactions. Similarly, the results obtained in the tests performed by different
operators and with different instruments were comparable.

Finally, to ensure greater diagnostic specificity, the joint use of the two qPCR protocols is
recommended in case of suspicion and/or the need for analytical confirmation.
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5. Conclusions

The obtained results show that an accurate and reliable diagnosis of RLB infestation through the
analysis of larval frass collected in the field is conceivable. This approach offers a new diagnostic tool
for phytosanitary surveys that can be used to support plant inspections and the early detection of
RLB infestations at official points of entry, in nurseries, and during plant trading, as well as to ensure
the correct implementation of pest suppression actions and eradication procedures, and to define the
sustainable control methods to contain the threat.
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