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Abstract To detect pathogenic fungi in conifer seed
lots from different continents, we applied DNA meta-
barcoding targeting the fungal ITS2 region using the
MiSeq platform and analyzed the sequences with the
FungiSearch pipeline developed in a previous study.
Analysis of a mock community comprising twelve
fungal species showed that the method had a detection
limit comparable to that of a species-specific PCR.
All twelve species were detected with high repeat-
ability. However, the method proved to be non-quan-
titative, as relative abundances were under- or over-
estimated depending on the fungal species. Analysis
of seed batches showed that the number of biologi-
cal replicates influenced fungal community diversity.
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Several pathogenic fungal species were detected:
some were known to be associated with conifer seeds,
whereas others were not. Pathogenic fungi emerg-
ing in Europe were also detected. Specific molecular
tests (PCR or qPCR) were performed on DNA from
different seed batches to target eight of these patho-
gens. All the pathogens detected by high-throughput
sequencing were also detected by specific molecular
tests, although detection rates varied slightly between
the two methods. Based on these results, the high-
throughput sequencing method validated in this study
could be proposed as a screening test detecting fungal
pathogens in conifer seeds. Positive detection should
be confirmed with specific tests, particularly for fungi
not previously reported in Europe, or with limited
distribution.
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Introduction

In northern Europe, coniferous forests are largely
regenerated using seedlings produced in nurseries.
In many forest tree species, seed production shows
strong year-to-year variability influenced by cli-
matic cues, and climate change is expected to alter
these cues, increasing the frequency of years with
low or failed seed production (Pearse et al., 2017).
Consequently, local seed supplies may not always
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be reliable. Additionally, assisted migration of prov-
enances is considered a climate change adaptation
strategy (Twardek et al., 2023), indirectly promoting
the supply of seeds from non-local populations bet-
ter adapted to changing conditions. Foresters are also
evaluating non-native conifers that are more drought-
resistant and for which local seed sources are unavail-
able. Finally, the ornamental sector drives demand
for exotic conifer seeds. Consequently, international
trade in conifer seeds is expanding and becoming
increasingly diversified (Franic et al., 2023). Tree
seeds are generally considered to pose a low risk of
fungal pathogen spread, and phytosanitary control
of this material remains limited (Franic et al., 2024).
This underestimation is apparent in the current Euro-
pean phytosanitary framework, notably in Regula-
tion (EU) 2019/2072 implementing Regulation (EU)
2016/2031, which establishes protective measures
against organisms harmful to plants but only includes
very limited specific measures regarding pathogens
associated with conifer seeds (European Commission,
2019). However, several studies have demonstrated
that conifer seeds can transmit fungal pathogens
(Brodal et al., 2020; Carey et al., 2005; Talgo et al.,
2010; Zamora-Ballesteros et al., 2019). Therefore,
the risk of introducing invasive fungal pathogens into
new geographical areas through international trade
in tree seeds is real and warrants greater attention to
protect this valuable forestry resource.

As described in ISPM 38 (FAO, 2021), seed-borne
fungal pathogens can infect seeds either internally
or externally. They can be vertically transmitted to
the plant growing from the seed or released into the
environment, potentially infecting new plants (Martin
et al., 2022). In addition to damping-off, which can
cause seedling emergence failure or decay of young
seedlings, damage can also occur at later stages of
plant development (Wingfield et al., 2008; Zamora-
Ballesteros et al., 2019). Beyond the biosecurity risk,
the economic impact of seed-borne fungal pathogens
is therefore a concern for seed suppliers, nursery
workers, and foresters.

Several fungal pathogens can be present in the
same batch of seeds, and infected seeds are gen-
erally symptomless (Franic et al., 2019; Mancini
et al.,, 2016). For these reasons, specific molecular
tests (conventional or real-time PCR), which gener-
ally detect only one known target at a time, are not
appropriate. Non-specific diagnostic methods capable
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of simultaneously detecting a wide range of patho-
gens are therefore preferred. Culture-based isolation
techniques remain the gold standard for identifying
seed-borne fungi. However, they require considerable
taxonomic expertise. These methods are also time-
consuming and labor-intensive, as seeds must be ana-
lyzed individually, and hundreds of seeds are required
for a representative sample (FAO, 2008; ISTA, 2020).
In addition, some pathogens require specific media
for effective isolation (Decourcelle et al., 2015)
while others, such as obligate biotrophs, cannot be
cultivated. Finally, because some fungal pathogens
are slow-growing or present at very low concentra-
tions, their detection is often masked by fast-growing
saprophytic fungi, resulting in a high risk of false
negatives.

High-throughput sequencing (HTS), particularly
metabarcoding, which can theoretically detect all the
fungi in a sample, offers a means to overcome the
limitations of culture-based methods. Recent studies
using Illumina MiSeq have demonstrated its effec-
tiveness for detecting fungi associated with tree seeds
(Cleary et al., 2019; Franic et al., 2019; Mittelstrass
et al., 2025). However, HTS is not routinely applied
for the detection of plant pathogenic fungi. A major
challenge is that the quality of HT'S results depends on
reference databases, which are not regularly updated
and may lack sequences from newly described patho-
gens or contain non-curated sequences (Winand et al.,
2025). Another challenge is the choice of metabarcod-
ing primers which are not always specific enough—
leading to co-amplification of plant DNA—or may
provide insufficient coverage, failing to detect some
fungal species. The selected marker, typically the ITS
region for fungi, can also lack specificity as identical
sequences may correspond to different fungal species
(Aragona et al., 2022; Piombo et al., 2021; Tedersoo
et al., 2019). Finally, processing the large volumes of
sequence data generated often requires powerful com-
puting resources and bioinformatics expertise (Olmos
etal., 2018).

The aim of this study was to evaluate a metabar-
coding approach using Illumina MiSeq technology
and the FungiSearch pipeline, as developed by Chan-
delier et al. (2021), for detecting fungal pathogens
associated with conifer seeds. Two main questions
were addressed: (1) whether the observed relative
abundance of fungal species within a sample is influ-
enced by its composition, and (2) whether the method
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can be proposed as a pre-screening tool for detecting
fungal pathogens absent from Europe or with limited
distribution.

Materials and methods
Conifer seeds

Twenty-nine seed batches were collected from vari-
ous locations in Europe and other continents (Asia,
North America) (Table 1). The seed lots were pur-
chased from the four main suppliers of conifer seeds
used by Belgian nursery growers. They were selected

to represent a diversity of botanical genera and geo-
graphical origins. Upon receipt, the seeds were stored
at 2-8 °C. All seed lots were analyzed using HTS
without prior surface disinfection, to account for the
potential presence of pathogenic fungal species on the
seed surface, as described for Fusarium circinatum
(Evira-Recuenco et al., 2015), a species regulated at
the European level (Regulation (EU) 2019/2072) .

Preparation of DNA from conifer seeds
There were three biological replicates of 100 seeds

per sample and two DNA extractions per replicate.
DNA extractions were obtained from~50 mg ground

Tabl‘? 1 I,‘iSt of seed lots # Origin Conifer species Supplier Year of harvest
used in this study
1 Turkey Abies nordmanniana 1 2021
var. bornmuelleriana
2 Spain Abies cephalonica 2 na
3 USA Abies concolor 2 na
4 USA Abies fraseri 1 2019
5 USA Abies grandis 2 na
6 USA Abies lasiocarpa 1 1997
7 Russia Abies nordmanniana 1 2020
8 Russia Abies sibirica 1 2016
9 USA Calocedrus decurrens 2 na
10 France Cedrus atlantica 2 na
11 India Cedrus deodara 2 na
12 Turkey Cedrus libani 1 2020
13 Denmark Chamaecyparis lawsoniana 1 2009
14 Asia Cryptomeria japonica 3 na
15 Italy Hesperocyparis arizonica 2 na
16 USA Metasequoia glyptostroboides 2 na
17 USA Picea engelmannii 1 2013
18 Denmark Picea omorika 1 1990
19 Spain Picea orientalis 2 na
20 USA Picea pungens 1 2014
21 Denmark Picea sitchensis 1 2019
22 France Picea sitchensis 4 na
23 France Pinus brutia 4 na
24 Serbia Pinus heldreichii 1 2019
25 Bulgaria Pinus sylvestris 2 na
26 Asia Pinus thunbergii 3 na
27 USA Sequoia sempervirens 2 na
28 Denmark Thuja occidentalis 1 2019
29 Denmark Thuja plicata 1 2021

Supplier indicates a number corresponding to a specific seed supplier from whom the seed lots

were obtained. nanot available
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seeds using the DNeasy Plant Pro Kit (QIAGEN) as
recommended by Franic et al. (2019). To evaluate
the quality of the DNA (i.e., absence of degradation),
5 ul of DNA extract was analyzed by electrophoresis
(0.9% agarose gel in TAE buffer). DNA quantification
and purity were determined at 260 nm and 280 nm
using a Biospectrometer (Eppendorf).

Mock communities of fungal DNA for HTS

Twelve fungal isolates were used to prepare the mock
communities (MCs) serving as positive and negative
controls for HTS. Ten of these isolates corresponded
to species commonly associated with conifer seeds,
while two additional fungal isolates are not present
in Belgium (quarantine organisms in Europe) and are
not associated with conifer seeds (Table 2). These
two isolates, Phyllosticta citricarpa and Elsinoe aus-
tralis, which infect Citrus species, were used as alien
controls as recommended by Massart et al. (2022). To
confirm the identity of the isolates used in the MCs,
Sanger sequencing was done with primers ITS5 and
ITS4 (White et al., 1990) on DNA extracted from
pure culture. DNA yield and purity were determined
by measuring the absorbance at 260 nm and 280 nm.
The different DNA extracts were mixed at a final con-
centration of 100 pg per PCR except for five “target”
fungal isolates (Fusarium circinatum, Neonectria
neomacrospora, Diplodia sapinea, E. australis, and
P. citricarpa) for which four DNA concentrations

were tested (1 ng, 100 pg, 10 pg, and 1 pg/PCR) to
evaluate the analytical sensitivity of the HTS method
and its ability to provide relative abundance of fun-
gal species within a sample (Table 2). The choice of
working on variable concentrations for 5 of the 12 tar-
gets in the community (and not on all 12 targets) was
considered to mimic real-life conditions where targets
are present in variable concentrations in the sample.

PCR with high coverage primers and HTS analysis

PCR reactions were carried out in a final volume of
25 pl using 5 pl DNA at 10 ng/ul with a proofreading
DNA polymerase (Kapa HiFi HotStart ReadyMix,
Roche Diagnostics) and the high coverage primers
58A2F and ITS4 targeting ITS2 (Toju et al., 2012)
linked to Illumina adapters (NGS_58A2F: TCGTCG
GCAGCGTCAGATGTGTATAAGAGACAGATC
GATGAAGAACGCAG; NGS_ITS4: GTC TCG
TGG GCT CGG AGA TGT GTA TAA GAG ACA
GT CCT CCG CTT ATT GAT ATG C) used for
300 nM. The ITS region was chosen because it offers
numerous advantages as a DNA barcode compared to
other regions of the genome (Kauserud, 2023). The
ITS2 region was preferred over the ITS1 region for
its greater accuracy in fungal taxonomic assignment
using Illumina sequencing (Winand et al., 2025).
The thermal regime consisted of a first denaturation
at 95 °C for 3 min, followed by 25 cycles at 98 °C
for 20 s, 60 °C for 20 s, and 72 °C for 40 s. A final

Table 2 Amounts of
fungal species DNA (in

pg/PCR) used in the four
mock communities (MC1 b
to MC4)

Fungal species Order MC1 MC2 MC3 MC4
Fusarium circinatum® Hypocreales 1000 100 10 1
Neonectria neomacrospora Hypocreales 1000 100 10 1
Diplodia sapinea” Incertae sedis 1000 100 10 1
Sclerotinia sclerotiorum® Helotiales 100 100 100 100
Sydowia polyspora® Dothideales 100 100 100 100
Sirococcus conigenus® Diaporthales 100 100 100 100
Epicoccum nigrum® Pleosporales 100 100 100 100
Trichoderma paraviridescens® Hypocreales 100 100 100 100
Chaetomium globosum” Sordariales 100 100 100 100
Trichothecium roseum® Hypocreales 100 100 100 100
Phyllosticta citricarpa® Botryosphaeriales 1000 100 10 1
Elsinoe australis® Myrangiales 1000 100 10 1

# =Professor Matteo Garbelotto (UC Berkeley, USA); b= CRAW collection (Belgium); “=CBS-
KNAW collection (The Netherlands)

Species highlighted in grey were included at different concentrations to evaluate the analytical

sensitivity of the HTS method
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extension was carried out at 72 °C for 5 min. The
PCRs were carried out on a T100 thermocycler (Bio-
Rad Laboratories N.V.). A negative control (sterile
water) was introduced in all PCRs, and contamination
was verified by the absence of bands in the negative
control after electrophoresis on a 1.5% agarose gel.
One PCR was carried out on each DNA extract, and
the two PCRs from the same biological replicate were
pooled. The pooled PCR products were purified using
the PureLink PCR purification kit (Thermo Fisher
Scientific). The purified PCR products were then ana-
lyzed using a 4150 Tape Station and the D1000 kit
(Agilent Technologies) to determine their concen-
tration and size. Library construction and Illumina
sequencing (96 reactions per HTS run) were carried
out at Macrogen company using the Illumina MiSeq
platform with the v3 chemistry (2 x 300 pb).

Bioinformatic analysis of the data

FastQ files were analyzed on a personal computer
with the FungiSearch pipeline (Chandelier et al.,
2021) based on USEARCH (Edgar, 2010). Paired-end
reads were merged with USEARCH -fastq_merge-
pairs. Part of the primers corresponding to the first
17 bp were removed with the USEARCH -fastx_
truncate. Quality filtering, searches for unique read
sequences, and clustering into amplicon sequence
variants (ASVs) were carried out with the USEARCH
-fastq_filter, -fastx_unique, and -unoise3 algorithms
(Edgar, 2016; Edgar & Flyvbjerg, 2015). One sam-
ple corresponding to one of the three biological rep-
licates of lot 19 (Table 1) yielded too few reads and
was excluded from the analysis. After excluding this
sample, the number of filtered reads ranged from
14,043 to 105,790 depending on the seed sample
(average=62,958 +22,303). Rarefaction curves of
the number of Amplicon Sequence Variants (ASVs)
against the number of reads reached the plateau phase
for all mock communities and seed samples, indicat-
ing a sufficient sequencing depth for all samples (data
not shown). For the taxonomic assignment, a normal-
ized sequencing depth of 10,000 reads and a read cut-
off of 0.05% were applied to all samples in the Fungi-
Search pipeline. A BLAST analysis was carried out
on ASV files using a reference database created on
October 9, 2022 (which consisted of fungal ITS DNA
sequences corresponding to rDNA extracted from
NCBI) and the options of BLAST+ perc-identity

(percentage identity) =99.5%; Qcov-hsp-perc (query
coverage high-scoring sequence pair percent) =85%;
Max-target-seqs (maximum number of aligned
sequences to keep) = 1000. Two parameters calculated
by the FungiSearch pipeline for each fungal species
identified were used for the analysis: the percentage
of reads and the Hit Proportion (HP value). This last
parameter corresponds to the ratio between the num-
ber of accessions for the assigned fungal species and
the total number of accessions for the DNA sequence
with a percentage of identity >99.5% and a query
coverage > 85% in the reference database (Chandelier
et al., 2021). The best BLAST + hit (lowest E-score)
is used to assign the species, and the HP value can
be used to evaluate the quality of this assignment.
The programs of the FungiSearch pipeline (version
2 with the reference database created on October 9,
2022, and an updated version of the EPPO list used
to alert on presence of fungi placed on EPPO Al, A2,
or Alert lists) and the procedures to use the pipeline
are provided as a public figshare repository (https://
figshare.com/articles/online_resource/FungiSearch_
V2/28130825). Raw HTS data generated in this study
were deposited in the NCBI Sequence Read Archive
database under Bioproject PRINA1190857.

Statistical analysis of the data

All statistical analyses were carried out using R
software (R Core Team, 2024) and the packages
Vegan (Oksanen et al., 2022), Phyloseq (McMurdie
& Holmes, 2013), ggplot2 (Wickham, 2016) and
dplyr (Wickham et al., 2023). To evaluate the limit
of detection and the linearity of the HTS method,
expected read percentages were calculated from the
DNA concentrations put in each MC. Expected and
observed quantities were log-transformed and com-
pared using scatterplots and linear regression. The
repeatability of the HTS method between biological
replicates was evaluated by fitting a random effect
model with the fungal species, the expected per-
centage of reads (“treatment”), and their interaction
as random effects and by computing the intra-class
correlation coefficient (ICC) as the ratio of the sum
of the variance explained by each component and
the total variance. The impact of sampling effort on
fungal diversity detected by HTS was evaluated by
quantifying how observed species richness increased
with the number of biological replicates. Although
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species accumulation curves and rarefaction/extrapo-
lation frameworks (e.g. iNEXT) are standard for esti-
mating asymptotic richness and optimal sample size,
the availability of only three biological replicates per
seed lot prevented robust model fitting. Therefore, the
analysis focused on the marginal gains in detected
diversity. For 28 of the 29 seed lots, three biological
replicates (R1, R2, R3) were available. Because the
order in which replicates are analysed is arbitrary,
all unique replicate order permutations (R1-R2-R3,
R2-R3-R1, and R3-R1-R2) were considered. For
each permutation, cumulative fungal species rich-
ness was calculated after one replicate (first replicate
in the permutation), after two replicates (cumulative
richness of the first two replicates), and after three
replicates (cumulative richness across all three repli-
cates). Species richness values for one and two repli-
cates were then averaged across permutations, while
richness for three replicates was identical across per-
mutations. For each seed lot, differences in observed
species richness between replicate numbers were
computed, and the null hypothesis that the median
within-lot difference equals zero was tested using
one-sided paired Wilcoxon signed-rank tests. Based
on a literature study, all fungal species identified by
HTS analysis were manually categorized as conifer
pathogen, plant pathogen, or other (non-plant patho-
genic species or species with unknown function).
A heat map showing the detection frequency with
HTS across different biological replicates of each
seed lot was created using data extracted for conifer
pathogens.

Specific PCR tests

Molecular tests described in the literature were
applied on positive samples obtained with the HTS
method for the species Fusarium circinatum (Ioos
et al., 2009), Phyllosticta citricarpa (Van Gent-Pelzer
et al., 2007), Elsinoe australis (Ahmed et al., 2019),
Botrytis cinerea (Belen Suarez et al., 2005), Diplodia
sapinea (Smith & Stanosz, 2006), Fomes fomentar-
ius (Pirronitto et al., 2024), Neonectria neomacros-
pora (Nielsen et al., 2019), Rhizosphaera kalkhoffii
(Kihara et al.,, 2015), and Sirococcus conigenus
(Smith & Stanosz, 2008). These tests are described
in supplementary information S1. New tests were
developed for the emergent species Lasiodiplodia
pseudotheobromae and Fusarium brachygibbosum, as
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specific molecular tests were not available for these
fungi (EFSA et al., 2021; EFSA et al., 2023). Valida-
tion data for these two tests are available in supple-
mentary information S2. Specific tests were carried
out on the two DNA extracts from the three biologi-
cal replicates used in HTS. The status of the seed lot
(positive/negative for the specific fungal target) was
defined regardless of the number of positive repli-
cates with the specific molecular test. The PCRs were
carried out at a volume of 25 ul using 5 pl of DNA
from the extracts used for HTS. The GoTaq G2 Flexi
DNA Polymerase (Promega) and a T100 thermocy-
cler (Bio-Rad) were used for conventional PCRs. The
FastGene 2Xprobe mix (Nippon Genetics Europe)
and a StepOne Plus device (Thermo Fisher Scientific)
were used for qPCRs.

Results

Evaluation of the HTS method on mock communities
of fungi

Four mock communities (MC1, MC2, MC3 and
MC4) consisting of twelve fungal species served as
controls for the HTS experiment. Five of these species
(“target species”) were used at four concentrations
while seven species (“companion species”) were used
at the same concentration in the four MCs. All twelve
fungal species were detected at the species level. The
expected and observed read percentages were com-
pared by considering the proportion of DNA from
each of the fungal species relative to the total DNA
content of the MC. Regarding the five “target” spe-
cies used for four DNA concentrations (Fig. 1a), a lin-
ear increase between the expected and observed read
percentages was observed for only three species. For
P. citricarpa and E. australis, the mean read percent-
ages were higher in MC2 (100 pg in each PCR) than
in MCl1, despite MC1 containing a higher amount of
DNA (1000 pg, see Fig. 1a). As a result, at the high-
est DNA amount (MC1), a tenfold difference in read
percentages was observed between Diplodia sapinea
(28.9%) and Elsinoe australis (3.2%), despite both
being present in equal quantities (1000 pg of DNA,
i.e., 17.54%) in this mock community. All species
except E. australis were detected in all MCs, although
read counts were very low in MC4, which contained
the lowest DNA amount (1 pg per PCR).
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Fig.1 Comparison of observed and expected mean read per-
centages (two replicates, log-transformed) obtained with Illu-
mina MiSeq sequencing of DNA from 12 fungal species. A:
results for the five “target” species diluted in mock communi-
ties (MC) at four concentrations. MC1, 1000 pg/PCR; MC2,
100 pg/PCR; MC3, 10 pg/PCR; MC4, 1 pg/PCR. B: results for

Regarding the seven “companion” species used
at 100 pg in the four MCs, the differences between
species were even more striking, with some spe-
cies being systematically under- or over-represented
(Fig. 1b).

The two replicates were highly similar across the
different fungal species and the four MCs (Fig. la
and b). Comparing the read percentages between
the replicates for each fungal species and each MC,
revealed a strong correlation (R?=0.999). In a ran-
dom effects model including fungal species, expected
read percentage, and their interaction, the percentage
of explained variance yielded an intraclass correlation
coefficient (ICC) of 0.996 (95% Confidence Interval,

the seven “companion” species in the MC at 100 pg/PCR. The
dashed line represents the 1:1 relationship between expected
and observed values. Percentages on the X-axis indicate the
proportion of DNA from each species relative to the total DNA
content of the MC

0.991-0.998), indicating that read percentages were
highly repeatable across replicates.

Specific PCR tests were also performed on the
DNA extracts of the “target” species in the four
MCs, which contained variable amounts of DNA for
five fungal species (Table 2). All five species were
detected in all cases with Cq values exceeding the
fluorescence threshold for real-time PCR, and visible
signal on gel for conventional PCR (data not shown).
The detection limits of the five specific PCRs using
DNA from pure cultures were 10 fg per PCR for
Fusarium circinatum and Phyllosticta citricarpa, and
1 pg per PCR for Elsinoe australis, Neonectria neo-
macrospora, and Diplodia sapinea.
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Application of the HTS method on conifer seed lots
of different origins

Twenty-nine conifer seed lots were analysed using
HTS, considering three biological replicates per lot
except for one lot (lot 19) for which only two repli-
cates were available. A total of 484 fungal species
were detected, including 76.2% Ascomycota, 22.1%
Basidiomycota, 1.4% Mucoromycota, and 0.2% Zygo-
mycota. Ten classes of Ascomycota (Sordariomy-
cetes, 34.4%; Dothideomycetes, 24.8%; Eurotiomy-
cetes, 22.8%; Leotiomycetes, 8.7%; Saccharomycetes,
6.8%; Pezizomycetes, 0.8%; Chaetothyriomycetes,
0.8%; Lecanoromycetes, 0.5%; Orbiliomycetes, 0.3%;
Xylonomycetes, 0.3%) and seven classes of Basidi-
omycota (Tremellomycetes, 45.8%; Agaricomycetes,
18.7%; Microbotryomycetes, 14%; Cystobasidiomy-
cetes, 9.3%; Exobasidiomycetes, 5.6%; Wallemiomy-
cetes, 3.7%; Ustilaginomycetes, 2.8%) were repre-
sented (supplementary information S3).

The fungal species richness increased mono-
tonically with the number of biological replicates
(Fig. 2a). On average, two replicates yielded 32.9%
more species than a single replicate, while three rep-
licates yielded 69.6% more species than one replicate.
The addition of a third replicate further increased
observed richness by 21.4% relative to two repli-
cates, with gains observed in all seed lots (mini-
mum increase = 10.7%, maximum=34.6%; Fig. 2b).
These within-lot increases in observed species rich-
ness were highly significant for all comparisons

>

Fig. 2 A Increase in the

(one-sided Wilcoxon signed-rank tests; p<2x107°).
The total number of fungal species detected per seed
lot ranged from 7 (Abies lasiocarpa) to 113 (Sequoia
sempervirens).

Of the fungi detected, forty-eight were conifer
pathogens. Their HP values ranged from 0.25 (25%
of sequences corresponding to the assigned species
in the reference database among all sequences with
at least 99.5% identity and 85% coverage) to 1 (100%
of sequences corresponding to the assigned species)
(Table 3). For some species of the genera Pestaloti-
opsis or Fusarium, HP values were relatively low.
Different HP values were sometimes observed for
the same fungal species, either in the same sample or
in different samples. For example, two different ITS
sequences assigned to the species Diplodia sapinea
were detected in Pinus thunbergii seed lot originating
from Asia, one with a HP value of 1.00 and the other
one with a HP value of 0.72. In contrast, only one
sequence (the one with HP value=0.72) was detected
in the other positive seed lots for this pathogen. Two
ITS sequences were also detected in the three seed
lots infected with Caloscypha fulgens, both with a HP
value=1.00. One was present in seeds of Abies lasio-
carpa and was assigned to the species C. fulgens f.
sp. f- caesioalba in the reference database (accession
number MK010996.1), while the other was present in
the two other samples (Abies nordmanniana seed lot
from Denmark, accession number OP178082.1).

A heatmap illustrating the fungal pathogens of
conifers detected in the 29 seed lots analyzed was
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Table 3 HP values for the
fungal species identified as
conifer pathogens

HP values
Species No. 1 No. 2 No. 3 No. 4 No. 5
Allantophomopsiella pseudotsugae 1
Botryosphaeria dothidea 0.93
Botrytis cinerea 0.90
Caloscypha fulgens 1 1
Curvularia spicifera 0.61
Cyclaneusma minus 1
Cytospora piceae 1
Cytospora cedri 1 0.4
Diaporthe eres 0.95 0.74 0.71 0.69 0.57
Diplodia sapinea 1 0.72
Diplodia seriata 0.98
Dothiorella gregaria 0.64
Fomes fomentarius 1
Fusarium avenaceum 0.51 0.43
Fusarium lateritium 0.51
Fusarium oxysporum 0.98
Fusarium sambucinum 0.98
Fusarium solani 0.91 0.77
Herpotrichia juniperi 1
Heterotruncatella spartii 0.50
Juxtiphoma eupyrena 0.57
Lasiodiplodia pseudotheobromae 0.61
Lophodermium piceae 1
Lophodermium pinastri 1
Lophodermium pini-excelsae 1
Lophodermium seditiosum 1
Nectria balsamea 1
Neocatenulostroma germanicum 1
Neocucurbitaria cava 0.65
Neonectria neomacrospora 0.67
Paecilomyces maximus 0.83
Paraphoma fimeti 1
Pestalotiopsis funerea 0.33
Pestalotiopsis hollandica 0.33
Pestalotiopsis microspora 1 0.25
Pestalotiopsis neglecta 0.83 0.33
Pestalotiopsis pini 0.35
Racodium therryanum 1
Rhizoctonia butinii 1
Rhizoctonia solani 0.87
Rhizosphaera kalkhoffii 1
Schizophyllum commune 0.94

Seiridium ceratosporum
Seiridium podocarpi

Sirococcus conigenus

@ Springer



Eur J Plant Pathol

Table 3 (continued)

HP values
Species No. 1 No. 2 No. 3 No. 4 No. 5
Sydowia polyspora 1 0.95 0.84
Thyronectria pinicola 0.8

Valsa friesii

1

The number of HP values (No.) indicates the number of corresponding ITS sequences in the
database while the HP value (value between 0 and 1) reflects the proportion of sequences in the
database that correspond to the assigned species

constructed. As shown in Fig. 3, some species, such
as Sydowia polyspora, Botrytis cinerea or Diplodia
sapinea were found across different conifer genera. In
contrast, other fungal species were restricted to spe-
cific conifer genera, for example Caloscypha fulgens
was found in three lots of Abies spp., and Sirococcus
conigenus in three lots of Picea spp. The number of
conifer pathogens identified per seed batch ranged
from 1 to 13, depending on the batch. Seed lots of
Pinus brutia and P. thunbergii were the most heavily
colonized, with 10 and 11 conifer fungal pathogens,
respectively.

Fungal pathogens not associated with conifer hosts
were also detected. These include Aureobasidium
lini (in seed lot 19, HP value=1), Monilinia laxa (in
seed lot 2, HP value= 1), Nigrospora oryzae (in seed
lIots 19, 26 and 27, HP values=1/0.98) or Stemphy-
lium vesicarium (in seed lots 17, 20, 21 and 23, HP
value=0.94). There were two species categorized as
potential Union Quarantine Pest based on EU legis-
lation, Fusarium brachygibbosum (in seed lot 2, HP
value=0.73), and Lasiodiplodia pseudotheobromae
(in seed lot 26, HP value=0.61).

Confirmation of HTS results with specific molecular
tests (PCR/qPCR)

Specific molecular tests were applied to the seed lots
that tested positive with the HTS method for eight
fungal pathogens. As shown in Table 4, all the patho-
gens were detected using these specific assays. For
Botrytis cinerea, six of the eight HTS-positive seed
lots were confirmed by specific qPCR; the pathogen
was not detected in seed lots 20 and 26. For Diplo-
dia sapinea, ten samples were positive by HTS, and
nine were confirmed by specific PCR, with seed lot
4 testing negative. For Rhizosphaera kalkhoffii, the
pathogen was confirmed in seed lot 26 but not in seed

@ Springer

lot 19. The presence of the two emerging species F.
brachygibbosum (seed lot 2) and N. neomacrospora
(seed lots 1, 7, 8, 13, 21) was confirmed by specific
PCR tests, except in seed lot 21 for N. neomacros-
pora. For L. pseudotheobromae, Cq values close
to the end of the PCR run were observed in DNA
extracts from two of the three biological replicates of
seed lot 26. The pathogen Sirococcus conigenus was
confirmed in seed lots 17 and 22 but not in seed lot
18, whereas the wood decay fungus F. fomentarius
was confirmed in the two samples that tested positive
with HTS (seed lots 26 and 27). Among the six PCR-
negative but HTS-positive combinations (B. cinerea
in lots 20 and 26, D. sapinea in lot 4, N. neomacros-
pora in lot 21, R. kalkhoffii in lot 19 and S. conige-
nus in lot 18, Table 4), only one biological replicate
was positive in HTS. Relative accuracy, defined as the
proportion of results that were identical between the
two methods (HTS versus specific molecular method)
out of the total number of results, varied from 63% for
B. cinerea to 100% for F. fomentarius and F. brachy-
gibbosum (Table 4).

Discussion

Analysis of mock communities is needed to evaluate
the performance of the metabarcoding method

The detection method described in this study, based
on ITS2 sequencing using MiSeq technology fol-
lowed by analysis with the FungiSearch pipeline
and a high percentage of identity (99.5%), was
evaluated on DNA from a MC of twelve fungi. All
twelve fungi were detected at the species level, and
no additional fungal species were identified, indi-
cating the absence of contamination in these sam-
ples. Moreover, none of the alien targets present in
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Fig. 3 Heat map of conifer fungal pathogens detected by
HTS (Illumina MiSeq, FungiSearch pipeline) showing the fre-
quency of occurrence across biological replicates in 29 seed
lots from different origins. Abi_bor=Abies nordmanniana var.
bornmuelleriana; Abi_cep=A. cephalonica; Abi_con=Abies
concolor, Abi_fra=Abies fraseri, Abi_gra=Abies grandis,
Abi_las=Abies lasiocarpa, Abi_nor=Abies nordmanni-
ana, Abi_sib=Abies sibirica, Cal_dec= Calocedrus decur-
rens, Ced_atl=Cedrus atlantica, Ced_deo= Cedrus deodara,
Ced_lib=Cedrus libani, Cha_law= Chamaecyparis lawso-

the MCs were detected in the samples. For four of
the five fungal species for which standard curves
were generated (“target” species), a detection limit
of approximately 1 pg per PCR was achieved which

niana, Cry_jap=Cryptomeria japonica, Hes_ari=Hespero-
cyparis arizonica, Met_gly =Metasequoia glyptostroboides,
Pic_eng="Picea engelmannii, Pic_omo=Picea omorika,,
Pic_ori=Picea orientalis, Pic_pun=Picea pungens, Pic_
sit=Picea sitchensis, Pin_bru= Pinus brutia, Pin_hel = Pinus
heldreichii, Pin_syl=Pinus sylvestris, Pin_thu=Pinus thun-
bergii, Seq_sem=Sequoia sempervirens, Thu_occ=Thuya
occidentalis, Thu_pli=Thuya plicata. Fr=France; De=Den-
mark

is comparable to conventional PCR assays. This
result was obtained despite the use of a limited
number of PCR cycles in the first PCR (25 cycles),
an approach recommended to reduce the risk of
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Table 4 Comparison of HTS and specific molecular tests (SMT; PCR or qPCR) for detecting eight fungal pathogens in conifer seed

lots
Comparison HTS & SMT (Replicates)
Fungal pathogen HP value Lots+HTS Lots + SMT* HTS + HTS - HTS+SMT - HTS - Total®
SMT + SMT- SMT+
Botrytis 0.9 8/29 6/8 11 6 5 2 24
cinerea
Diplodia 1/0.72 10/29 9/10 13 7 8 2 30
sapinea
Fomes 1 2/29 22 2 4 0 0 6
fomentarius
Fusarium 0.73 1/29 171 1 2 0 0 3
brachygibbosum
Lasiodiplodia 0.61 1/29 1/1 2 0 1 0 3
pseudotheobromae
Neonectria 0.67 5/29 4/5 8 4 1 2 15
neomacrospora
Rhizosphaera 1 2/29 172 2 3 1 0 6
kalkhoffii
Sirococcus 1 3/29 2/3 3 5 1 0 9
conigenus

The proportion was calculated based on the total number of positive lots detected using the HTS method

®The value shown represents the total number of HTS-positive lots multiplied by the number of biological replicates per lot

A total of 29 seed lots were analysed using HTS, with three biological replicates per lot

chimera formation (Lahr & Katz, 2009) and to
maintain balanced amplicon representation among
fungal species in the sample (Tedersoo et al., 2022).
This strategy differs from other HTS studies in
which the number of PCR cycles was similar to that
used in species specific PCR assays (Cleary et al.,
2019; Franic et al., 2019).

However, analysis of the four MCs containing
variable DNA amounts for five of the twelve fungal
species revealed that read percentages sometimes
deviated substantially from expected values. Two
situations occurred: over- or underestimation depend-
ing on the fungal species and loss in linearity between
expected and observed values. These deviations
may partly result from differences in PCR efficiency
(e.g., GC content or amplicon length) as well as vari-
ation in ITS copy number among fungal species, as
described by Kauserud (2023). However, the non-lin-
earity observed for P. citricarpa and E. australis, with
lower read proportions in MC1 than in MC2, despite
higher fungal DNA amounts (Fig. 1) was not consist-
ent with the corresponding specific tests (qPCR for
P. citricarpa and PCR for E. australis). This suggests
that fungal community richness and composition (i.e.,
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the number and identity of fungal species present and
their respective concentrations) may also influence
read percentages. Because the diversity of fungal
communities in field samples is unknown at the time
of testing, subsequent analyses were performed using
occurrence data, with the number of positive biologi-
cal replicates used as an indicator of relative species
abundance in a seed lot. The use of presence-absence
data across multiple subsamples has been proposed to
infer abundance from DNA-based datasets (Luo et al.,
2023).

Sampling strategy impacts the diversity of fungal
species in seeds

Sampling is a crucial step in seed health testing (Vis-
hunavat et al., 2023). Our study showed that analyzing
three biological replicates of 100 seeds separately sub-
stantially increased the number of species detected.
This finding is consistent with the study by Oskay
et al. (2022), who highlighted the effect of sample size
on the diversity of the fungal communities identified
by HTS. Our findings further suggest that most detect-
able diversity is captured with three replicates, and
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that additional replication would likely provide dimin-
ishing returns (Fig. 2b). The probability of detecting
fungal species present at very low concentrations in
a sample—common for seed-borne fungal pathogens
(Mancini et al., 2016)—can be unreliable due to sto-
chastic PCR amplification and random sampling dur-
ing Illumina MiSeq sequencing (Leray & Knowlton,
2017). To address this, two DNA extractions were
performed per biological replicate, resulting in a total
of six PCRs per seed lot (three biological replicates,
each with two DNA extracts and one PCR per extract).
This approach was necessary because, when specific
PCR tests were performed on the two DNA extracts
from a single biological replicate, both extracts did not
always yield positive results.

The HP value can help in identifying potential
incorrect taxonomic assignment

Among sequences available in reference databases,
the ITS region offers several advantages. First, its
multi-copy nature enables amplification from samples
with low DNA concentrations. Second, conserved
flanking sequences allow the design of “high cover-
age” PCR primers capable of targeting a broad range
of fungal species (Taylor et al., 2016; Toju et al.,
2012). Third, the ITS region is well represented in
reference databases compared with other genomic
regions, providing a rich resource for taxonomic
assignment. However, different studies have shown
that this DNA marker does not always provide spe-
cies-level resolution (Kauserud, 2023; Piombo et al.,
2021; Tedersoo et al., 2022; Yang et al., 2018).

In this study, we used the FungiSearch pipeline,
which provides taxonomic assignment for each iden-
tified sequence (when a reference sequence with
99.5% identity and a coverage of 85% exists in the
database), and reports one or several HP values
depending on the species detected. The number of
HP values indicates the number of corresponding
ITS sequences in the database while each HP value
reflects the proportion of sequences in the database
that corresponds to the assigned species (ranging
from 0 and 1). Analysis of HP values for forty-eight
fungal pathogens (Table 3) showed that most (81%)
displayed only one HP value, suggesting no intraspe-
cific or intragenomic variation of the ITS region for
these species in the reference database. Among the
nine fungal species with more than one HP value,

Diaporthe eres (Udayanga et al., 2014) and Fusar-
ium solani (Coleman, 2016) have been reported as
species complexes. For twenty-four species (50%),
the HP value was 1, indicating a single correspond-
ing sequence in the reference database. Most spe-
cies with low HP value (<0.6) belong to two genera
(Fusarium and Pestalotiopsis), for which the ITS
region is not recommended as a barcoding marker
(Maharachchikumbura et al., 2011; O’Donnell et al.,
2015). Based on this information, results with a
HP value of 1 can be considered positive, whereas
results with a lower HP value should be confirmed
using a specific method. This conclusion applies
only if the reference database, which is continually
enriched with new accessions, is kept up to date.
Updating the reference database is one of the proce-
dures described in the FungiSearch pipeline.

Fungal pathogens not yet reported in Europe or with
a very limited distribution can occur in conifer seeds
from intercontinental trade

Our study revealed a wide range of fungal pathogens
associated with conifer seeds, including some spe-
cies not previously reported in Europe or with a lim-
ited distribution. This is the case for Nectria balsamea
(HP=1) described as a canker agent on Abies bal-
samea in the USA but absent in Europe according to
the Global Biodiversity Information Facility database
(https://www.gbif.org/what-is-gbif). Similarly, Cyto-
spora piceae (HP=1) was recently reported in China
(Pan et al., 2018). Pestalotiopsis pini, an emerging
species on Pinus pinea in Portugal (Silva et al., 2020)
was also detected; however, the HP value was very low
(HP=0.33) indicating that a specific test should be used
to confirm this result. The case of L. pseudotheobromae
(HP=0.61) and F. brachigibbosum (HP=0.73) are of
particular interest for Europe as European Food Safety
Authority (EFSA) risk assessments based on multiple
criteria concluded that these species meet the European
Union’s quarantine criteria (EFSA et al., 2021; EFSA
et al., 2023).These criteria include, among others, the
presence of host plants in Europe, a limited distribution
of the pathogen within Europe, a suitable climatic envi-
ronment, known introduction pathways, and substantial
economic or environmental impacts. The presence of
these two species was confirmed by specific gPCR tests
targeting another genomic region (Elongation Factor
1-alpha).
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Fusarium brachygibbosum is not reported as a
conifer pathogen (EFSA, 2021). Other pathogens not
known to infect conifers were also detected in dif-
ferent seed lots, and some of these displayed an HP
value of 1. These findings suggest that conifer seeds
could serve as a potential pathway for the introduc-
tion of fungal pathogens affecting other plant species.

Conclusion

Our approach, which enables species-level detection
with an associated risk of error (HP value) is prom-
ising for the surveillance of seed-borne pathogens,
at least as a screening method. However, the use of
appropriate controls is strongly recommended to
ensure the reliability of results. Mock communities
of fungal species serve as essential positive/negative
controls, allowing the monitoring of cross-contam-
ination, assessment of test sensitivity and validation
of the method at the intra-laboratory level. Alien
controls, targeting organisms from the same taxo-
nomic group as the group under study but that can-
not be present in the sample (Massart et al., 2022),
are also useful for evaluating contamination risk. In
addition, criteria for assessing the reliability of taxo-
nomic assignments are essential. In this study, we
used the HP parameter which provides diagnosticians
with an indication of the risk of taxonomic misassign-
ment and highlights whether confirmation via specific
molecular assays is necessary. From a risk perspec-
tive, although our findings raise concern, they should
be interpreted with caution. The detected fungi may
be non-viable or may not be transmitted to seedlings
or the environment. Moreover, their establishment
could be limited by restricted host availability in the
new environment, as demonstrated by Franic et al.
(2020). For these reasons, further research, including
pest risk analyses, is needed to assess the actual risk
of introducing emerging fungal pathogens through
international conifer seed trade.

Acknowledgements The authors wish to thank Florence
Paquet, Mélanie Gourgue, Antoine Ghesquiére, and Vincent
Gaucet for their technical assistance.

Author contributions Anne Chandelier designed the study.
Sophie Schmitz coordinated the selection of samples (seed lots
and fungal strains used for the preparation of mock communi-
ties). Lab work and bio-informatic analyses of the data were

@ Springer

done by Anne Chandelier. Gilles San Martin carried out the
statistical analyses and produced Figs. 1 and 2. Anne Chande-
lier produced Fig. 3 and wrote the manuscript with the support
of Benjamin Dubois for the part dealing with Illumina meta-
barcoding. All co-authors participated to the review of the
manuscript.

Funding The study was carried out as part of the ALERT-
SEED project funded by the Belgian Federal Public Service for
Public Health, Food Chain Safety and Environment (project no.
RF 21/6344).

Data availability The data that support the findings of this
study are openly available in figshare at https://figshare.com/
articles/online_resource/FungiSearch_V?2/28130825 for the
pipeline FUNGISEARCH, and at NCBI for the FASTQ files
(Bioproject PRINA1190857).

Declarations

Conflict of interest The authors declare no conflict of interest.

References

Ahmed, Y., Hubert, J., Fourrier-Jeandel, C., Dewdney, M.
M., Aguayo, J., & Ioos, R. (2019). A set of conventional
and multiplex real-time PCR assays for direct detection
of Elsinoé fawcettii, E. australis, and Pseudocercospora
angolensis in citrus fruits. Plant Disease, 103(2), 345—
356. https://doi.org/10.1094/PDIS-05-18-0798-RE

Aragona, M., Haegi, A., Valente, M. T., Riccioni, L., Orzali,
L., Vitale, S., Luongo, L., & Infantino, A. (2022). New-
generation sequencing technology in diagnosis of fungal
plant pathogens: A dream comes true? Journal of Fungi,
8(7), 737. https://doi.org/10.3390/j0f8070737

Belen Suarez, M., Walsh, K., Boonhan, N., O’Neill, T., Pear-
son, S., & Barker, I. (2005). Development of real-time
PCR (TagMan®) assays for the detection and quantifica-
tion of Botrytis cinerea in planta. Plant Physiology and
Biochemistry, 43(9), 890-899. https://doi.org/10.1016/j.
plaphy.2005.07.003

Brodal, G., Bye, H. R., Hgst, E., Pettersson, M., Flgistad, 1.
S., Edvardsen, @. M., & Talgg, V. (2020). Management
of seed-borne Sirococcus conigenus on Norway spruce by
fungicide seed treatment. Seed Science and Technology,
48(1), 33-39. https://doi.org/10.15258/sst.2020.48.1.05

Carey, A., Oak, S., & Enebak, S. (2005). Pitch canker ratings
of Longleaf pine lones correlate with Fusarium circina-
tum infestation of seeds and seedlings mortality in con-
tainers. Forest Pathology, 35(3), 205-212.

Chandelier, A., Hulin, J., San Martin, G., Debode, F., & Mas-
sart, S. (2021). Comparison of QPCR and metabarcoding
methods as tools for the detection of airborne inoculum
of forest fungal pathogens. Phytopathology, 111(3), 570—
581. https://doi.org/10.1094/PHYTO-02-20-0034-R

Cleary, M., Oskay, F., Dogmus, H. T., Lehtijédrvi, A., Wood-
ward, S., & Vettraino, A. M. (2019). Cryptic risks to forest


https://figshare.com/articles/online_resource/FungiSearch_V2/28130825
https://figshare.com/articles/online_resource/FungiSearch_V2/28130825
https://doi.org/10.1094/PDIS-05-18-0798-RE
https://doi.org/10.3390/jof8070737
https://doi.org/10.1016/j.plaphy.2005.07.003
https://doi.org/10.1016/j.plaphy.2005.07.003
https://doi.org/10.15258/sst.2020.48.1.05
https://doi.org/10.1094/PHYTO-02-20-0034-R

Eur J Plant Pathol

biosecurity associated with the global movement of com-
mercial seed. Forests, 10(5), 459. https://doi.org/10.3390/
£10050459

Coleman, J. J. (2016). The Fusarium solani species complex:
Ubiquitous pathogens of agricultural importance. Molecu-
lar Plant Pathology,17(2), 146-158. https://doi.org/10.
1111/mpp.12289

Commission, E. (2019). Commission implementing regulation
(EU) 2019/2072 of 28 November 2019 establishing uni-
form conditions for the implementation of regulation (EU)
2016/2031 of the European Parliament and of the council,
as regards protective measures against pests of plants, and
repealing Commission Regulation (EC) No 690/2008 and
amending Commission Implementing Regulation (EU)
2018/2019. Official Journal of the European Union, L,
319, 1-279.

Decourcelle, T., Piou, D., & Desprez-Loustau, M.-L. (2015).
Detection of Diplodia sapinea in Corsican pine seeds.
Plant Pathology, 64(2), 442—449. https://doi.org/10.1111/
ppa.12263

Edgar, R. C. (2010). Search and clustering orders of magnitude
faster than BLAST. Bioinformatics, 26(19), 2460-2461.
https://doi.org/10.1093/bioinformatics/btq461

Edgar, R. C. (2016). UNOISE2: Improved error-correction
for Illumina 16S and ITS amplicon sequencing. BioRxiv.
https://doi.org/10.1101/081257

Edgar, R. C., & Flyvbjerg, H. (2015). Error filtering, pair
assembly and error correction for next-generation
sequencing reads. Bioinformatics, 31(21), 3476-3482.
https://doi.org/10.1093/bioinformatics/btv401

EFSA Panel on Plant Health (PLH), Bragard, C., Di Serio, F.,
Gonthier, P., Miret, J. A. J., Fejer Justesen, A., MacLeod,
A., et al. (2021). Pest categorisation of Fusarium brachy-
gibbosum. EFSA Journal, 19(11), Article e06887. https://
doi.org/10.2903/j.efsa.2021.6887

EFSA Panel on Plant Health (PLH), Bragard, C., Baptista, P.,
Chatzivassiliou, E., Di Serio, F., Gonthier, P., Miret, J. A.
J., et al. (2023). Pest categorisation of Lasiodiplodia pseu-
dotheobromae. EFSA Journal, 21(1), e07737. https://doi.
org/10.2903/j.efsa.2023.7737

Evira-Recuenco, M., Iturritxa, E., & Raposo, R. (2015). Impact
of seed transmission on the infection and development of
pitch canker disease in Pinus radiata. Forests, 6(9), 3353—
3368. https://doi.org/10.3390/f6093353

FAO (2008) ISPM 31. Methodologies for sampling consign-
ments. Rome: IPPC, FAO

FAO (2021) ISPM 38. International movement of seeds. Rome:
IPPC, FAO

Franid, 1., Prospero, S., Hartmann, M., Allan, E., Auger-Rozen-
berg, M.-A., Griinwald, N. J., Kenis, M., Roques, A., Sch-
neider, S., & Sniezko, R. (2019). Are traded forest tree
seeds a potential source of non-native pests? Ecological
Applications, 29(7), Article e01971. https://doi.org/10.
1002/eap.1971

Franié, 1., Eschen, R., Allan, E., Hartmann, M., Schneider, S.,
& Prospero, S. (2020). Drivers of richness and community
composition of fungal endophytes of tree seeds. FEMS
Microbiology Ecology, 96(9), Article Fiaa 166. https://
doi.org/10.1093/femsec/fiaal 66

Frani¢, I., Cleary, M., Aday Kaya, A. G., Braganca, H.,
Brodal, G., Cech, T. L., et al. (2024). The biosecurity

risks of international forest tree seed movements. Cur-
rent Forestry Reports, 10, 89-102. https://doi.org/10.
1007/s40725-023-00211-3

Toos, R., Fourrier, C., Iancu, G., & Gordon, T. R. (2009).
Sensitive detection of Fusarium circinatum in pine seed
by combining an enrichment procedure with a real-time
polymerase chain reaction using dual-labelled probe
chemistry. Phytopathology, 99(5), 582-590. https://doi.
org/10.1094/PHY TO-99-5-0582

ISTA. International rules for seed testing. Seed Health Meth-
ods (2020). 7 -009: Detection of Fusarium circinatum
in Pinus spp. (pine) and Pseudotsuga menziesii (Doug-
las fir) Seed. https://www.seedtest.org/upload/cms/user/
ISTASHmethods20207-009.pdf.

Kauserud, H. (2023). ITS alchemy: On the use of ITS as a
DNA marker in fungal ecology. Fungal Ecology, 65,
Article 101274. https://doi.org/10.1016/j.funeco.2023.
101274

Kihara, J., Ueno, M., & Arase, S. (2015). PCR-mediated detec-
tion of endophytic and phytopathogenic fungi from nee-
dles of the Japanese black pine, Pinus thunbergii. Open
Journal of Forestry, 5(4), 431-442. https://doi.org/10.
4236/0jf.2015.54037

Lahr, D. J. G., & Katz, L. A. (2009). Reducing the impact of
PCR-mediated recombination in molecular evolution and
environmental studies using a new-generation high-fidel-
ity DNA polymerase. BioTechniques, 47(4), 857-866.
https://doi.org/10.2144/000113219

Leray, M., & Knowlton, N. (2017). Random sampling causes
the low reproducibility of rare eukaryotic OTUs in Illu-
mina COI metabarcoding. PeerJ, 22(5), Article e3006.
https://doi.org/10.7717/peerj.3006

Luo, M., Ji, Y., Warton, D., & Yu, D. W. (2023). Extracting
abundance information from DNA-based data. Molecular
Ecology Resources, 23(1), 174-189. https://doi.org/10.
1111/1755-0998.13703

Maharachchikumbura, S. S. N., Guo, L.-D., Chukeatirote, E.,
Bahkali, A. H., & Hyde, K. D. (2011). Pestalotiopsis:
morphology, phylogeny, biochemistry and diversity. Fun-
gal Diversity, 50(1), 167-187. https://doi.org/10.1007/
$13225-011-0125-x

Mancini, V., Murolo, S., & Romanazzi, G. (2016). Diagnos-
tic methods for detecting fungal pathogens on vegetable
seeds. Plant Pathology, 65(5), 691-703. https://doi.org/
10.1111/ppa.12515

Martin, 1., Galvez, L., Guasch, L., & Palmero, D. (2022). Fun-
gal pathogens and seed storage in the dry state. Plants,
11(22), Article 3167. https://doi.org/10.3390/plants1122
3167

Massart, S., Adams, 1., Al Rwahnih, M., Baeyen, S., Bilodeau,
G. J., Blouin, A. et al. (2022). Guidelines for the reliable
use of high throughput sequencing technologies to detect
plant pathogens and pests. Zenodo 6637519, ver.3 peer-
reviewed and recommended by Peer Community in Infec-
tion. https://doi.org/10.5281/ZENODO.7142136

McMurdie, P.J. & Holmes, S. (2013). Phyloseq: An R pack-
age for reproducible interactive analysis and graphics of
microbiome census data. PLoS ONE e61217. https://doi.
org/10.1371/journal.pone.0061217

Mittelstrass, J., Heinzelmann, R., Eschen, R., Hartmann, M.,
Kupper, Q., Schneider, S., Prospero, S., & Frani¢, I.

@ Springer


https://doi.org/10.3390/f10050459
https://doi.org/10.3390/f10050459
https://doi.org/10.1111/mpp.12289
https://doi.org/10.1111/mpp.12289
https://doi.org/10.1111/ppa.12263
https://doi.org/10.1111/ppa.12263
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1101/081257
https://doi.org/10.1093/bioinformatics/btv401
https://doi.org/10.2903/j.efsa.2021.6887
https://doi.org/10.2903/j.efsa.2021.6887
https://doi.org/10.2903/j.efsa.2023.7737
https://doi.org/10.2903/j.efsa.2023.7737
https://doi.org/10.3390/f6093353
https://doi.org/10.1002/eap.1971
https://doi.org/10.1002/eap.1971
https://doi.org/10.1093/femsec/fiaa166
https://doi.org/10.1093/femsec/fiaa166
https://doi.org/10.1007/s40725-023-00211-3
https://doi.org/10.1007/s40725-023-00211-3
https://doi.org/10.1094/PHYTO-99-5-0582
https://doi.org/10.1094/PHYTO-99-5-0582
https://www.seedtest.org/upload/cms/user/ISTASHmethods20207-009.pdf
https://www.seedtest.org/upload/cms/user/ISTASHmethods20207-009.pdf
https://doi.org/10.1016/j.funeco.2023.101274
https://doi.org/10.1016/j.funeco.2023.101274
https://doi.org/10.4236/ojf.2015.54037
https://doi.org/10.4236/ojf.2015.54037
https://doi.org/10.2144/000113219
https://doi.org/10.7717/peerj.3006
https://doi.org/10.1111/1755-0998.13703
https://doi.org/10.1111/1755-0998.13703
https://doi.org/10.1007/s13225-011-0125-x
https://doi.org/10.1007/s13225-011-0125-x
https://doi.org/10.1111/ppa.12515
https://doi.org/10.1111/ppa.12515
https://doi.org/10.3390/plants11223167
https://doi.org/10.3390/plants11223167
https://doi.org/10.5281/ZENODO.7142136
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217

Eur J Plant Pathol

(2025). Metabarcoding with Illumina and Oxford Nano-
pore Technologies provides complementary insights
into tree seed mycobiota. Environmental Microbiome,
20(1), 53. https://doi.org/10.1186/s40793-025-00712-7

Nielsen, K. N., Thomsen, I. N., & Hansen, O. K. (2019).
Direct quantitative real-time PCR assay for detection of
the emerging pathogen Neonectria neomacrospora. For-
est Pathology, 49(3), Article €12509. https://doi.org/10.
1111/efp.12509

O’Donnell, K., Ward, T. J., Robert, V. A. R. G., Crous, P. W.,
Geiser, D. M., & Kang, S. (2015). DNA sequence-based
identification of Fusarium: Current status and future
directions. Phytoparasitica,43(5), 583-595. https://doi.
org/10.1007/s12600-015-0484-z

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Leg-
endre, P., McGlinn, D. et al. (2022). vegan: Commu-
nity ecology package. R package version 2.6-2, https://
CRAN.R-project.org/package=vegan.

Olmos, A., Boonham, N., Candresse, T., Gentit, P., Giovani,
B., Kutnjak, D., Liefting, L., Maree, H. J., Minafra, A.,
Moreira, A., Nakhla, M. K., Petter, F., Ravnikar, M.,
Rodoni, B., Roenhorst, J. W., Rott, M., Ruiz-Garcia, A.
B., Santala, J., Stancanelli, G., ... Massart, S. (2018).
High-throughput sequencing technologies for plant pest
diagnosis: Challenges and opportunities. EPPO Bulle-
tin,48(2), 219-224. https://doi.org/10.1111/epp.12472

Oskay, F., Vettraino, A. M., Dogmus, H. T., Lehtijarvi, A.,
Woodward, S., & Cleary, M. (2022). Seed quantity
affects the fungal community composition detected
using metabarcoding. Scientific Reports, 12, Article
3060. https://doi.org/10.1038/s41598-022-06997-9

Pan, M., Zhu, H.-Y., Tian, C.-M., Alvarez, L. V., & Fan,
X.-L. (2018). Cytospora piceae Sp. Nov. Associated
with canker disease of Picea crassifolia in China. Phy-
totaxa, 383(2), 181. https://doi.org/10.11646/phytotaxa.
383.2.4

Pearse, 1. S., LaMontagne, J. M., & Koenig, W. D. (2017).
Inter-annual variation in seed production has increased
over time (1900-2014). Proceedings of the Royal Society
b: Biological Sciences,284, Article 20171666. https://doi.
org/10.1098/rspb.2017.1666

Piombo, E., Abdelfattah, A., Droby, S., Wisniewski, M., Spa-
daro, D., & Schena, L. (2021). Metagenomics approaches
for the detection and surveillance of emerging and recur-
rent plant pathogens. Microorganisms, 9(1), Article 188.
https://doi.org/10.3390/microorganisms9010188

Pirronitto, S., Teng, F., Verheyen, C., Gaucet, V., Henin, J. M.,
Jourez, B., Schmitz, S., & Chandelier, A. (2024). Char-
acterization of Fomes fomentarius s.s. and F. inzengae in
Belgian beech forests. Forests, 15(2), 221. https://doi.org/
10.3390/f15020221

R Core Team (2024) R: A language and environment for statis-
tical computing_. R Foundation for Statistical Computing.
Available at: https://www.R-project.org/.

Silva, A. C., Diogo, E., Henriques, J., Ramos, A. P., Sandoval-
Denis, M., Crous, P. W., & Braganga, H. (2020). Pestalo-
tiopsis pini sp. nov., an emerging pathogen on stone pine
(Pinus pinea L.). Forests, 11(8), Article 805. https://doi.
org/10.3390/f11080805

Smith, D. R., & Stanosz, G. R. (2006). A species-specific PCR
assay for detection of Diplodia pinea and D. scrobiculata

@ Springer

in dead red and jack pines with collar rot symptoms.
Plant Disease, 90(3), 307-313. https://doi.org/10.1094/
PD-90-0307

Smith, D. R., & Stanosz, G. R. (2008). PCR primers for identi-
fication of Sirococcus conigenus and S. tsugae, and detec-
tion of S. conigenus from symptomatic and asymptomatic
red pine shoots. Forest Pathology, 38(3), 156-168. https://
doi.org/10.1111/j.1439-0329.2007.00532.x

Talgg, V., Brodal, G., Klemsdal, S. S., & Stensvand, A. (2010).
Seed borne fungi on Abies spp. Seed Science and Tech-
nology, 38(2), 477-493. https://doi.org/10.15258/sst.2010.
38.2.20

Taylor, D. L., Walters, W. A., Lennon, N. J., Bochicchio, J.,
Krohn, A., Caporaso, J. G., & Pennanen, T. (2016). Accu-
rate estimation of fungal diversity and abundance through
improved lineage-specific primers optimized for Illumina
amplicon sequencing. Applied and Environmental Micro-
biology, 82(24), 7217-7226. https://doi.org/10.1128/
AEM.02576-16

Tedersoo, L., Drenkhan, R., Anslan, S., Morales-Rodriguez,
C., & Cleary, M. (2019). High-throughput identifica-
tion and diagnostics of pathogens and pests: Overview
and practical recommendations. Molecular Ecology
Resources, 19(1), 47-76. https://doi.org/10.1111/1755-
0998.12959

Tedersoo, L., Bahram, M., Zinger, L., Nilsson, R. H., Kennedy,
P. G, Yang, T., Anslan, S., & Mikryukov, V. (2022). Best
practices in metabarcoding of fungi: From experimental
design to results. Molecular Ecology,31(10), 2769-2795.
https://doi.org/10.1111/mec.16460

Toju, H., Tanabe, A. S., Yamamoto, S., & Sato, H. (2012).
High-coverage ITS primers for the DNA-based identifica-
tion of ascomycetes and basidiomycetes in environmental
samples. PLoS ONE, 7(7), Article e40863. https://doi.org/
10.1371/journal.pone.0040863

Twardek, W. M., Taylor, J. J., Rytwinski, T., Aitken, S. N.,
MacDonald, A. L., Van Bogaert, R., & Cooke, S. J.
(2023). The application of assisted migration as a climate
change adaptation tactic: An evidence map and synthesis.
Biological Conservation,280(6), Article 109932. https://
doi.org/10.1016/j.biocon.2023.109932

Udayanga, D., Castlebury, L. A., Rossman, A. Y., Chukeati-
rote, E., & Hyde, K. D. (2014). Insights into the genus
Diaporthe: Phylogenetic species delimitation in the D.
eres species complex. Fungal Diversity,67(1), 203-229.
https://doi.org/10.1007/s13225-014-0297-2

Van Gent-Pelzer, M. P. E., van Brouwershaven, I. R., Kox, L.
F. F., & Bonants, P. J. M. (2007). A TagMan PCR method
for routine diagnosis of the quarantine fungus Guignar-
dia citricarpa on citrus fruit. Journal of Phytopathology,
155(6), 357-363. https://doi.org/10.1111/j.1439-0434.
2007.01244.x

Vishunavat, K., Prabakar, K., & Anant, T. (2023). Seed health
testing and management. In M. Dadlani & D. K. Yadavo
(Eds.), Seed science and technology. Biology, production,
quality (pp. 335-364). Springer Nature. https://doi.org/10.
1007/978-981-19-5888-5

White, T. J., Bruns, T. D., Lee, S. B., & Taylor, J. W. (1990).
Amplification and direct sequencing of fungal ribosomal
RNA genes for phylogenetics. In D. H. Innis, J. J. Gelfand,
M. A. Sninsky, & T. J. White (Eds.), PCR protocols: A


https://doi.org/10.1186/s40793-025-00712-7
https://doi.org/10.1111/efp.12509
https://doi.org/10.1111/efp.12509
https://doi.org/10.1007/s12600-015-0484-z
https://doi.org/10.1007/s12600-015-0484-z
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1111/epp.12472
https://doi.org/10.1038/s41598-022-06997-9
https://doi.org/10.11646/phytotaxa.383.2.4
https://doi.org/10.11646/phytotaxa.383.2.4
https://doi.org/10.1098/rspb.2017.1666
https://doi.org/10.1098/rspb.2017.1666
https://doi.org/10.3390/microorganisms9010188
https://doi.org/10.3390/f15020221
https://doi.org/10.3390/f15020221
https://www.R-project.org/
https://doi.org/10.3390/f11080805
https://doi.org/10.3390/f11080805
https://doi.org/10.1094/PD-90-0307
https://doi.org/10.1094/PD-90-0307
https://doi.org/10.1111/j.1439-0329.2007.00532.x
https://doi.org/10.1111/j.1439-0329.2007.00532.x
https://doi.org/10.15258/sst.2010.38.2.20
https://doi.org/10.15258/sst.2010.38.2.20
https://doi.org/10.1128/AEM.02576-16
https://doi.org/10.1128/AEM.02576-16
https://doi.org/10.1111/1755-0998.12959
https://doi.org/10.1111/1755-0998.12959
https://doi.org/10.1111/mec.16460
https://doi.org/10.1371/journal.pone.0040863
https://doi.org/10.1371/journal.pone.0040863
https://doi.org/10.1016/j.biocon.2023.109932
https://doi.org/10.1016/j.biocon.2023.109932
https://doi.org/10.1007/s13225-014-0297-2
https://doi.org/10.1111/j.1439-0434.2007.01244.x
https://doi.org/10.1111/j.1439-0434.2007.01244.x
https://doi.org/10.1007/978-981-19-5888-5
https://doi.org/10.1007/978-981-19-5888-5

Eur J Plant Pathol

guide to methods and applications (pp. 315-322). Aca-
demic Press.

Wickham, H., Francois, R., Henry, L., Miiller, K., Vaughan, D.
(2023). Dplyr: A grammar of data manipulation. R-package
version 1.1.4, https://CRAN.R-project.org/package=dplyr

Wickham, H. (2016). Ggplot2: Elegant graphics for data analy-
sis (2" edition). Springer-Verlag New York, 260 p. https://
ggplot2.tidyverse.org.

Winand, R., D’hooge, E., Van Uffelen, A., Bogaerts, B., Van
Braekel, J., Hoffman, S., Roosens, N. H. C. J., Becker,
P., De Keersmaecker, S. C. J., & Vanneste, K. (2025).
Investigating fungal diversity through metabarcoding for
environmental samples: Assessment of ITS1 and ITS2
Illumina sequencing using multiple defined mock commu-
nities with different classification methods and reference
databases. BMC Genomics,26(1), Article 729. https://doi.
org/10.1186/s12864-025-11917-y

Wingfield, M. J., Hammerbacher, A., Ganley, R. J., Steenkamp,
E. T., Gordon, T. R., Wingfield, B. D., & Coutinho, T. A.
(2008). Pitch canker caused by Fusarium circinatum — A
growing threat to pine plantations and forests worldwide.
Australasian Plant Pathology, 37, 319-334. https://doi.
org/10.1071/AP08036

Yang, R.-H., Su, J.-H., Shang, J.-J., Wu, Y.-Y,, Li, Y., Bao,
D.-P., & Yao, Y.-J. (2018). Evaluation of the ribosomal
DNA internal transcribed spacer (ITS), specifically ITS1
and ITS2, for the analysis of fungal diversity by deep
sequencing. PLoS ONE, 13(10), Article €0206428. https://
doi.org/10.1371/journal.pone.0206428

Zamora-Ballesteros, C., Diez, J. J., Martin-Garcia, J., Witzell, J.,
Solla, A., Ahumada, R., Capretti, P., Cleary, M., Drenkhan,
R., & Dvorék, M. (2019). Pine pitch canker (PPC): Path-
ways of pathogen spread and preventive measures. For-
ests,10(12), Article 1158. https://doi.org/10.3390/f10121158

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

@ Springer


https://CRAN.R-project.org/package=dplyr
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://doi.org/10.1186/s12864-025-11917-y
https://doi.org/10.1186/s12864-025-11917-y
https://doi.org/10.1071/AP08036
https://doi.org/10.1071/AP08036
https://doi.org/10.1371/journal.pone.0206428
https://doi.org/10.1371/journal.pone.0206428
https://doi.org/10.3390/f10121158

	Validation of a metabarcoding-based screening method for detecting fungal pathogens in conifer seeds using Illumina MiSeq and the FungiSearch pipeline
	Abstract 
	Introduction
	Materials and methods
	Conifer seeds
	Preparation of DNA from conifer seeds
	Mock communities of fungal DNA for HTS
	PCR with high coverage primers and HTS analysis
	Bioinformatic analysis of the data
	Statistical analysis of the data
	Specific PCR tests

	Results
	Evaluation of the HTS method on mock communities of fungi
	Application of the HTS method on conifer seed lots of different origins
	Confirmation of HTS results with specific molecular tests (PCRqPCR)

	Discussion
	Analysis of mock communities is needed to evaluate the performance of the metabarcoding method
	Sampling strategy impacts the diversity of fungal species in seeds
	The HP value can help in identifying potential incorrect taxonomic assignment
	Fungal pathogens not yet reported in Europe or with a very limited distribution can occur in conifer seeds from intercontinental trade

	Conclusion
	Acknowledgements 
	References


