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Abstract: This study presents a qPCR-based molecular diagnostic method utilizing a TagMan probe
to accurately identify Agrilus auroguttatus Schiaffer (Coleoptera: Buprestidae) from adult insects,
excreta samples, and frass residues. The method demonstrated excellent DNA amplification across
all sample types, highlighting strong analytical specificity. The protocol exhibited high repeatability
and reproducibility, with inter-run and intra-run variability standard deviations consistently at or
below 0.5. This assay distinguished A. auroguttatus samples from non-target species with 100%
sequence correspondence. Analytical sensitivity (LoD) for adult and frass samples was determined
at 8 pg/uL and at a 1:5 dilution from an initial concentration of 5 ng/uL, yielding mean Cq values of
35.14 £ 0.71 and 37.07 + 0.59, respectively. The indirect diagnostic capability of this method is
particularly valuable for detecting the presence of wood-boring insects, potentially aiding in the early
detection of A. auroguttatus in new environments or in managing current outbreak areas. This
diagnostic tool could thus play a critical role in biosecurity efforts to limit the spread of this invasive
species.

Keywords: early detection; diagnostic tool; GSOB; phytosanitary survey; Real-Time PCR; quarantine
pest

1. Introduction

The goldspotted oak borer (hereafter GSOB), Agrilus auroguttatus Schaffer (Coleoptera:
Buprestidae), is a wood borer that infests and kills several species of oak [Quercus Linnaeus
(Fagaceae)] in California and Arizona [1-3].

In the past, Agrilus coxalis Waterhouse was thought to consist of two subspecies: Agrilus coxalis
coxalis Waterhouse, found in southern Mexico, Guatemala, and Honduras, and Agrilus coxalis
auroguttatus Schaffer, restricted to Arizona and California in the USA. A subsequent morphological
re-examination of the species complex based on male genitalia, allowed the splitting in two distinct
species, Agrilus auroguttatus and Agrilus coxalis, found in Arizona and California, and Mexico and
Guatemala respectively [4]. Subsequently, Hespenheide et al. [5] re-examined the species complex
and, based on morphological characters (male genitalia), concluded that the American populations
found in Arizona and California [6] and the Mexican/Guatemalan forms actually constitute separate
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species with a distinct and original nomenclature. Specifically, A. coxalis auroguttatus has been
designated as A. auroguttatus, whereas A. coxalis coxalis has been renamed A. coxalis. Thus, at present
there are two closely related species [3] with similar ecological behaviour but differing in distribution
and ecological niches. It should be noted that A. auroguttatus has also been found in Mexico as far as
Guatemala [6], which proves a greater distribution range than A. coxalis.

Based on observations in Southern California, the majority of A. auroguttatus populations
complete one generation per year [7-10]. However, it is likely that some individuals may exhibit
longer or shorter generation times [8], which could also depend on the vigor and health of host plants
[8, 11, 12]. The activity of adults is mainly recorded between May and September, with a significant
increase and the peaks reached from late June to early July [7, 10].

Agrilus auroguttatus is generally a pest of oaks, with a marked preference for species in the red
oak group, such as Quercus agrifolia and Quercus kelloggii [3, 13]. While other oak species are listed as
major, minor, or laboratory hosts [11, 13], it cannot be excluded that A. auroguttatus might infest other
plants belonging to the same botanical family (Fagaceae) or closely related families [13]. Laboratory
experiments have also demonstrated the insect’s ability to feed on Quercus suber, although results
regarding its capacity to complete its biological cycle on this species remain inconsistent [11, 14]. In
California, the presence of A. auroguttatus has been linked to the decline of oak populations, where it
co-occurs with other pathogens and pests, such as the fungus Diplodia corticola [14, 15]. This
simultaneous presence exacerbates tree stress and mortality, highlighting the importance of
integrated pest management strategies to mitigate the impacts of this invasive species on oak
ecosystems. Uncertainties remain, however, for all red oak species of American origin planted in
Europe as well as for new endemic European species in a scenario of a new introduction of this
buprestid from its current range [13].

Due to the potential phytosanitary risk of handling A. auroguttatus, a molecular test capable of
quickly and with certainty discriminating the species from other Agrilus or similar insects could be
very useful where inspections are required on trees and/or timber in import/export or on symptoms
in territorial surveys. Visual verification or morphological identification by inspection staff (e.g.
phytosanitary agents) is often challenging due to the required entomological expertise and the
invasive nature of the techniques needed to locate specimens within woody tissues. Frequently, it
becomes necessary to damage the woody tissues of a plant to uncover larvae or pupae. This invasive
approach not only devalues the product—particularly in the case of ornamental plants and bonsai—
but may also have significant indirect consequences. Sampling points in the wood can serve as entry
sites for other pathogens, and in smaller or younger plants, the resulting damage may compromise
structural stability. In contrast, indirect diagnostic methods based on alternative residues could
accelerate inspections and controls at both regional and cross-border levels.

Among these methods, the use of frass in diagnostics is gaining traction in the field of plant
health due to its practicality and low (sometimes zero) invasiveness [16-20].

Building on these observations, this study proposes a diagnostic protocol for the specific
identification of A. auroguttatus from various matrices (adults and frass) using a TagMan qPCR assay.

2. Materials and Methods

2.1. Samples

Specimens of A. auroguttatus were obtained from the University of California, Riverside,
Department of Entomology. The specimens consisted of morphologically identified adults and
larvae, and frass and fecal residues collected from infested trees. In addition, non-target specimens,
were included in the performed analysis (Table S1) and consist both of genetically related species
affecting or not affecting the same host plants (Agrilus spp.) and other species of xylophagous pests.

Each insect specimen was stored in 70% ethanol. When necessary, the specimens used in the test
were morphologically identified through entomological identification keys [4, 21].
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2.2. DNA Extraction

DNA was extracted from all target and non-target insects listed in Table S1. Each specimen was
used as a template for two DNA extractions (in duplicate).

Genomic DNAs relating to individual specimens (adults and larvae) were extracted using an
extraction method based on 2% CTAB buffer with preliminary digestion with Proteinase K and
RNaseA [16]. In detail, each insect stage was individually ground and homogenized with 3 mm
diameter tungsten beads for 10 seconds at a low speed (20 oscillations/s). 500 pL of 2% CTAB was
added to the obtained lysate with the supplement of 40 puL of Proteinase K (Qiagen, Hilden, DE) and
8 uL of RNase A (Promega, Madison, WI, USA) and then incubate 30 minutes at 60°C. After the
incubation, 1 volume of chloroform was added and centrifuged at 20,000 g at 4°C for 10 min. Next,
500 pL of the top phase was extracted and mixed with an equal amount of isopropanol. After
centrifuging at 20,000 g for 10 minutes at 4°C, 500 uL of 70% ethanol was added to the pellet obtained.
Then the pellet was resuspended in 100 puL of nuclease-free sterile water. As regards the frass and
fecal residues (from an initial amount of about 20 mg), the methods of extraction of the nucleic acids
were different and took place according to what was reported by [19].

To enable precise quantification of DNA and determine the limit of detection (LoD) for A.
auroguttatus in frass, an approach that is not feasible with natural frass due to the minimal proportion
of GSOB DNA in the total DNA [20], further artificial frass was produced. This was created by using
frass from Aromia bungii (Coleoptera: Cerambycidae) and adding a known amount of DNA from
GSOB adults. Specifically, the artificial frass was composed of DNA extracted from A. auroguttatus
adults mixed into 20 mg of frass produced by A. bungii feeding on Prunus armeniaca, resulting in a
final DNA concentration of 0.1 ng/uL. This concentration was chosen to match the volumes required
for subsequent nucleic acid extraction steps. The QiaExpert instrument (Qiagen, Hilden, Germany)
was used both to quantify both to evaluate the degree of contamination of the extracted DNAs. The
DNA obtained was normalized to 10 ng/pL and used for qPCR reactions immediately or stored at -
20°C until use.

To assess the quality of the DNA extracted from insects, the DNA was subjected to a real-time
PCR reaction using a dual-labelled probe designed to target a highly conserved region of the 185
rDNA [22]. This amplifiability test acts as both a control for the extractions and a check for inhibitors
through the analysis of Cq values and slopes of amplification curves.

2.3. Design of the Primers and Probe for gPCR Assay

The software OligoArchitectTM Primers and Probe Design On Line (Sigma-Aldrich, St. Louis,
USA) were used to design the primers and probe required in the qPCR. The mitochondrial conserved
region of GSOB were used as a basis, and the parameters were setting as follow: product size 80 to
160 bp, Tm (melting temperature) 50 to 65°C, primer length of 16 to 28 bp, and absence of secondary
structures whenever possible. The primers and probe (Table 2) were synthesized by Eurofins
Genomics (Ebersberg, Germany).

Table 2. List of the primers and probe used in the study on A. auroguttatus.

Primer/Probe Sequence 5’-3’ Product size Reference Sequence
Name (bp)
Aaur_411F CTGGAATTTCITCAATTTTGG
Aaur_589R GTCAGTTAGTAGCATAGTAATAG 134 JE719868.1

Aaur_449P FAM_ACTACCGTAATTAACATGCGAGCC_BHQI1

BLAST software (Basic Local Alignment Search Tool; http://www.ncbinlm.nih.gov/BLAST;
accessed on 21 December 2024) was employed to perform an in-silico test to assess the specificity of
the primer pairs and probe (Table 2). Using the expected amplicons of the qPCR Probe protocol as
queries, the most related nucleotide sequences available in the database were aligned using the
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MAFFT  program [23] implemented ~ within  Geneious®  10.2.6 (Biomatters,
http://www.geneious.com). The final alignments (SM 1 and SM 2) compared in total 38 different
Agrilus species including A. coxalis, the genetically very close species.

The optimal primers and probe concentrations and annealing temperatures for the qPCR
amplification were determined following the evaluation conducted in Rizzo et al. [24] (temperature
gradient: 55 to 62°C — concentrations: 0.2 to 0.5 uM).

2.4. qPCR Probe: Validation Method

The performance criteria such as analytical sensitivity, analytical specificity, repeatability, and
reproducibility were determined to assess the usability of the tests for routine diagnostics and
validate the method according to standard criteria ISO 16140: 2003 and the PM7/98-5 [25].

The determination of the limit of detection (LoD) was assessed through the analytical sensitivity
of the qPCR probe test using DNA from a single sample (adult, frass, artificial frass, fecal residues)
at a starting concentration of 5 ng/uL serially diluted in triplicate (10-fold 1:5). The analytical
sensitivity assessment included dilutions between 2 ng/ul and 25.6 fg/uL. The methodology
described in Rizzo et al., 2021 was implemented to assess the intra-run variation (repeatability) and
inter-run variation (reproducibility). For both repeatability and reproducibility, as a statistical data,
only the percentage variation coefficient was taken into consideration, referring to two series of
samples (8 DNA extracts from adult specimen and 8 DNA extracts from “artificial frass” of A.
auroguttatus). The repeatability referred both to the DNA extracted from adult A. auroguttatus and
from "artificial frass" occurred at a low concentration (as required by PM7/98-5 [25]), close to the limit
of detection. In this case the DNA extracts were normalized to the concentration of 0.04 ng/uL.
Reproducibility was performed exactly (each series was processed in triplicate) as for repeatability
except at different times and with different operators.

3. Results

3.1. DNA Extraction

The results of DNA extraction performed on different samples of A. auroguttatus are reported in
Table 3 with average concentrations (ng/pL) and the corresponding standard deviations (SD), along
with the absorbance ratios (A260/280) and Cq values in real-time PCRs targeting the 185 gene. The
Cq values of A. auroguttatus samples with the primers and probe here designed ranged from 27.9 to
32.6 (Table 3).

Table 3. Average concentrations of the extracted DNA (+ SD) and range of values, absorbance ratio (A260/280),

Cq values of 18S gene and Aaur_449P probe for A. auroguttatus assayed samples. n.a.: not available value.

DNA Concentration Ca aPCR
Sample (ng/uL) £ SD A260/280 ratio  Cq (18S) 14
) Probe
[Min-Max values]
103.1 +70.96
Adult 1.7+0.11 28.4 +0.64 279 +0.11
. [35.0 - 171]
Frass 346 1.9 21.6 +0.51 31.6+0.24
[n.a.]
. 86.5
Fecal residue na] 1.8 24.8 +0.84 295 +0.14
Artificial f 272 +1.
riificial frass 10 1.9+0.06 195+025  32.6+0.06

(n=8) [26.2 —28.2]
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3.2. Assay Conditions of the TagMan Probe Protocol

The optimal reaction mix for the TagMan Probe qPCR includes 10 uL of 2x QuantiNova PCR
Master Mix Probe (Qiagen, Hilden, Germany) with the primer concentrations set at 0.4 uM, and the
probe concentration at 0.2 uM.

The optimal annealing temperature for the real-time PCR assay was determined to be 58°C. For
the probe assay, samples were considered positive if the resulting real-time PCR amplification curves
displayed a clear inflection point, accompanied by increasing kinetics, and if the Cq values were <37.

3.3. Methods Validation

The here developed test demonstrated inclusivity for A. auroguttatus, effectively detecting and
identifying this species. Furthermore, the test exhibited exclusivity by accurately distinguishing it
from all the evaluated non-target organisms (Tab. S1). The limit of detection was outlined to be 8
pg/uL for DNA from GSOB adults with corresponding mean Cq value equal to 35.14 + 0.71.

The LoD of "artificial frass" was equal to the fourth dilution 1:5 at a concentration of 0.08 ng/uL
of total DNA, with a relative average Cq of 37.07 + 0.59.

The test showed to have linearity (R?) of 0.998, demonstrating that the Cq values are strongly
dependent on the DNA concentration of the sample.

The qPCR probe protocol demonstrated 100% repeatability and reproducibility, with standard
deviations never exceeding 0.5, indicating low intra- and inter-specific variability. For repeatability,
the mean Cq value was 30.26 + 0.33, while for reproducibility, the mean Cq value was also 30.26 +
0.33.

4. Discussion

For decades, the globalization of international trade has facilitated the spread of alien organisms
harmful to plants and their products, leading to the introduction of invasive insect species in new
regions, often with disastrous consequences [26, 27]. As a result, xylophagous insects that pose low
or negligible phytosanitary risks in their native regions can cause significant economic and
phytosanitary impacts when introduced elsewhere. Risk assessments are often uncertain regarding
diffusion capacity and speed, handling, and host plant range. These uncertainties highlight the need
for prompt detection and swift management of new outbreaks [28, 29].

Rapid diagnosis of alien insects after accidental introduction is essential for effective
management. Indirect diagnostic methods, such as detecting genetic traces in frass, fecal residues,
and exuviae, can accelerate detection and delimitation of newly introduced insects in uncharted
areas. This approach reduces phytosanitary risks and limits the spread of invasive species.

Morphological recognition, by contrast, often requires specialized entomological skills that may
not be immediately available, as well as lengthy and complex sample preparation for microscopic
examination. This process is particularly challenging across developmental stages or when
identifying insects within woody tissues and can be time-consuming and destructive to infested or
suspect plants.

The European Community has identified Agrilus auroguttatus as a high-risk species for
introduction [14]. The biomolecular tool developed in this study is crucial for managing potential
outbreaks or interceptions at entry points. This tool enables rapid diagnosis through indirect
detection of genetic traces, such as frass or fecal residues, from insects at different life-cycle stages.
Recent advancements in biomolecular diagnostic tools have significantly enhanced the direct [30] and
indirect identification of harmful organisms through biological traces like frass [16, 17, 19, 31].

The success of diagnostic investigations depends heavily on the type and performance of nucleic
acid extraction protocols. Effective protocols must yield highly purified DNA and be both fast and
reproducible. The extraction methods used in this study (one for adult insects and another for frass
and fecal residues) demonstrated their effective-ness, as shown previously for other harmful insects
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using diverse starting materials [16, 17]. The DNA yields and purity (A260/280 ratios) were
satisfactory and aligned with the requirements of the assay.

The qPCR assay developed in this study employs dual-labeled probe technology. While this
technique involves complex design and higher costs (albeit declining in recent years, [32], it remains
widely used due to its high specificity at the target sequence level.

The molecular assay developed for GSOB has proven effective in terms of analytical specificity,
sensitivity, reliability, and reproducibility. In-silico verification of the amplicon showed excellent
specificity, and comparisons of COI sequences with the closely related species A. coxalis revealed
sufficient variability to ensure accurate discrimination. In vivo tests with reference materials from
non-target Agrilus species validated the in-silico findings.

The LoD assay for adult insects (8 pg/pL) was lower than expected, probably due to PCR
inhibitors such as hemolymph in the sample matrix. This issue was not observed in "artificial frass"
or leg samples, which showed better qualitative and quantitative results, reflected in more efficient
Cq values. Based on the LoD normalized to a starting DNA concentration of 5 ng/uL in "artificial
frass" (woody fraction + insect frass), the detection limit for insect DNA in natural samples may be
higher due to inhibitors in the starting matrix.

The proposed method complements morphological identification and is particularly valuable
for territorial surveys and delimiting new outbreaks. It provides a rapid, efficient screening tool for
xylophagous insects at entry points, high-risk sites, or directly in the field during infestations. The
here developed protocol represents a significant advancement in the management of A. auroguttatus,
particularly in regions like Europe, where the risk of introduction or spread of this quarantine
organism is high. By detecting faint environmental traces akin to “fingerprints” of the organism, this
method enhances early detection and intervention efforts.
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