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Abstract

The genus Alternaria comprises endophytic and opportunistic pathogenic fungi frequently associated with
Juniperus trees. The use of ITS-based molecular markers for rapid and accurate differentiation, independent
of culture-based and classical plant pathology identification methods, has received considerable attention.
Because ITS sequences occur in both plants and fungi, reliably distinguishing detectable fragments from
fungal and plant isolates is critical. However, the standard ITS barcode has limited resolution for species-
level identification. In this study, we conducted an integrated in silico and experimental evaluation of the
ITS region for discriminating Alternaria from Juniperus host tissues. For the in silico component, we
constructed validated ITS-rDNA reference sequences for Juniperus spp. (4,231 bp) and Alternaria
alternata (2,911 bp) using reference-guided assembly of publicly available sequences, including 193
records from Iranian Juniperus species and 8,050 A. alternata records. Alignment of the two reference
sequences revealed a marked length difference: the complete ITS region (ITS1+5.8S+ITS2) is
approximately 1,093 bp in juniper but only approximately 482 bp in Alternaria, representing a difference
of more than 600 bp. In silico mapping of 14 universal fungal primers onto both reference sequences
identified primer-binding sites and predicted amplicon sizes. Among the primer pairs, ITS1/ITS4 was
selected for experimental validation because of its optimal amplicon size range, fully conserved binding
sites, and the clear ~600 bp size difference between the host and fungal products. For the experimental
component, PCR with ITS1/ITS4 primers on pure Alternaria DNA produced a single band of approximately
570 bp. In contrast, juniper leaf DNA produced a single band of approximately 1.2 kb, indicating a
detectable size difference between the plant- and fungal-derived amplifiable fragments under the tested
conditions. This simple, low-cost, culture-free method provides a preliminary size-based screening tool for
detecting a fungal amplicon in juniper tissues. However, species identification of fungal isolates, and even
confirmation of their assignment to a specific fungal genus, requires additional markers.
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Introduction

Juniper trees (Juniperus spp.) are
evergreen, drought-tolerant conifers widely
distributed across semi-arid and mountainous
regions of the Northern Hemisphere
(Caudullo et al., 2017). In Iran, the Juniperus
excelsa complex includes J. excelsa (M.
Bieb.), J. polycarpos var. polycarpos (K.
Koch), J. polycarpos var. turcomanica (B.
Fedtsch.), and J. seravschanica (Kom.),
which  form valuable natural forests,
particularly in the Hezar-Masjed region of
northeastern Iran (Adams & Hojjati, 2012;
Jafary et al., 2023). These forests are exposed
to multiple environmental stresses, including
shoot dieback, reduced regeneration, and
climate-induced drought (Fatemi et al., 2018;
Jafary et al., 2023; Zamani et al., 2025).
Climate change is expected further to reduce
suitable habitats for J. excelsa in Iran (Fatemi
et al, 2018; Naghipour et al, 2021).
Therefore, understanding the biotic and
abiotic factors affecting juniper health,
including the role of endophytic
microorganisms, is important (Hoffman &
Arnold, 2008).

Recent studies have documented the
vulnerability of juniper forests in northern
Khorasan to branch tip dieback (shoot
blight). In a survey of 40 J. excelsa trees
across three elevation gradients (low: 1596—
1634 m; medium: 1778-1805 m; high: 1869—
1895 m), the medium-elevation range was
identified as a critical zone for disease
outbreaks, with the highest disease index
(mean = 3.75 out of 5), whereas elevations
above 1869 m represented a relatively safe
zone (mean disease index = 1.95)
(Shokouhifar et al., 2026). The study also
showed that elevation, rather than
temperature alone, drove dieback severity,
while summer precipitation was negatively
correlated with the disease index (p =-0.452,
p = 0.003), indicating that drought stress
increases dieback severity. These findings
indicate a need for rapid, simple, and reliable

molecular tools to monitor potential
pathogens such as Alternaria in vulnerable
mid-elevation populations, where early
detection could support targeted conservation
and management interventions.

Endophytic fungi live asymptomatically
within plant tissues (Lewis, 1924) and can
improve host resistance to abiotic stress and
pathogens by  producing  secondary
metabolites (Singh & Sahni, 2025). Studies
published between 2000 and 2025 have
shown that junipers host a diverse range of
endophytic fungi, mainly from the classes
Dothideomycetes, Sordariomycetes,
Eurotiomycetes, and Agaricomycetes (Abo
Nouh et al., 2025; Al-Nadabi et al., 2026; Eo
et al., 2018). Dominant genera include
Alternaria, Cladosporium, Phoma,
Epicoccum, Aureobasidium, Penicillium, and
Trichoderma. Among these, Alternaria has
consistently been reported as the most
frequent endophyte in junipers worldwide
(Gherbawy & Elhariry, 2016; Vigneshwari et
al., 2020; Abo Nouh et al., 2025; Al-Nadabi
et al., 2026). In addition, Alternaria alternata
can act as an opportunistic pathogen, causing
necrosis and shoot blight under favorable
conditions (Nadziakiewicz et al., 2018;
Behnke-Borowczyk et al., 2019; Mazur et al.,
2019). The economic importance of this
pathogen is well documented in agricultural
systems, where it causes early blight and
requires effective management strategies
(Habibi et al., 2022). Additionally, host plant
anatomical traits can significantly influence
resistance to Alternaria infections (Nasr
Esfahani et al., 2017). Therefore, rapid and
accurate discrimination between fungal and
host amplicons in juniper tissues, especially
in the critical mid-elevation zone, may be
useful for preliminary screening. However,
detecting Alternaria specifically requires
sequencing or more specific markers.

The internal transcribed spacer (ITS)
region of ribosomal DNA (ITS1, 5.8S, ITS2)
is the standard DNA barcode for fungi (Hillis
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& Dixon, 1991). Universal primers ITS1 and
ITS4 amplify this region across a wide range
of fungal taxa (White et al., 1990). Because it
is easy to amplify and is supported by
extensive reference databases, I1TS is widely
used in  fungal diversity  studies,
metabarcoding, and diagnostics (Tedersoo &
Lindahl, 2016; Usyk et al., 2017). However,
ITS has limited species-level resolution in
many  ascomycete genera, including
Alternaria (Bradshaw et al., 2020). Previous
studies have shown that ITS alone cannot
discriminate closely related Alternaria
species and that multi-locus approaches, for
example using TUB2, GAPDH, and EF-/«,
are necessary (Jasalavich et al., 1995;
Woudenberg et al., 2015; Jia et al., 2024).
Practical surveys have also confirmed that
ITS-based identification of Ascomycota
often requires complementary morphological
and additional genetic data (Baturo-
Ciesniewska et al, 2020). Recent
phylogenomic studies have further shown
that even genome-wide data may not fully
resolve some species boundaries within
section Alternaria (Dettman & Eggertson,
2021). As an alternative approach, whole-
genome analysis has been used to identify
species-specific  target  sequences  for
Alternaria, enabling rapid detection with
CRISPR-Casl12a (Yang et al., 2025).

Despite these limitations, the ITS region
may still be useful for detecting the presence
of Alternaria in juniper host tissue, provided
that a size difference exists between the host-
derived and fungal amplicons. In plants, the
entire ITS region (ITS1, 5.8S, ITS2) is
typically 600-700 bp, whereas in Alternaria
it is approximately 500-580 bp. This size
difference could allow rapid screening on
agarose gels. However, a systematic in silico
and experimental evaluation of this approach,
specifically for Iranian juniper species and
Alternaria isolates from these hosts, is
lacking. Moreover, the specificity of ITS
primers against other common endophytic

genera (Fusarium, Penicillium,
Trichoderma) has not been tested in this
plant-fungus  system. A  large-scale

comparative study of foliar endophytes in
disjunct tree species showed that host identity
and local environment explain most of the
variation in endophyte communities, while
historical geographic isolation plays a minor
role (Zhou et al., 2023). This finding suggests
that geographic origin may influence the
clustering of Alternaria isolates, an aspect
considered in the broader context of this
research. Therefore, the aims of the present
study are: (1) to construct validated ITS
reference sequences for Iranian juniper
species (J. excelsa, J. polycarpos) and A.
alternata using publicly available NCBI
records; (2) to align and compare the two
reference sequences to identify length
differences and conserved regions; (3) to map
universal fungal primers onto both reference
sequences and predict amplicon sizes; and (4)
to experimentally validate a PCR-based
method for size-based discrimination
between Alternaria and Juniperus amplicons
under  pure-template  conditions.  The
following hypotheses are tested: (i) a size
difference of >50 bp exists between the ITS
amplicons of Juniperus and A. alternata,
allowing gel-based separation; (ii) the
universal ITS1/ITS4 primers can amplify
both templates but produce products of
distinct sizes; and (iii) although the ITS
region is insufficient for species-level
identification, it can produce distinguishable
amplicon sizes from Alternaria and
Juniperus DNA under the tested conditions,
without confirming the presence of
Alternaria in natural samples. Addressing
these questions may provide a rapid, low-
cost, and reasonably reliable method for size-
based discrimination between Alternaria and
Juniperus amplicons, supporting preliminary
screening and  future  conservation
applications after validation, particularly in
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the critical mid-elevation zone (Shokouhifar
et al., 2026).

Materials and Methods

Retrieval and filtering of ITS sequences
from NCBI

All available ITS-rDNA sequences of
Juniperus spp. and Alternaria spp. were
retrieved from the NCBI nucleotide database
using the search terms (Juniperus
[Organism]) AND ("internal transcribed
spacer OR ITS) and (Alternaria
[Organism]) AND ("internal transcribed
spacer” OR ITS). For Alternaria, we further
refined the search to include only sequences
longer than 500 bp and sequences derived
from Juniperus hosts where host information
was available. We initially retrieved 643 ITS-
rDNA records for the genus Juniperus
worldwide. After filtering for sequences
longer than 500 bp and removing low-quality
and chloroplast-derived sequences, 483
records were retained. Among these, 193
accessions belonged to Juniperus species
reported from various regions of Iran (Table
1). For Alternaria, the search focused on four
species: A. alternata, A. tenuissima, A.
arborescens, and A. gaisen, yielding 17,744
sequences, of which 15,231 belonged to A.
alternata. After filtering for sequences >500
bp in length, 8,050 A. alternata sequences
were retained for reference assembly. We
downloaded all sequences in FASTA format
with full GenBank annotations.
Construction of reference sequences

We constructed reference sequences by
reference-guided  assembly in CLC
Genomics Workbench v21.05 (QIAGEN).
For Juniperus, we selected the longest ITS
sequence with complete annotations for SSU,
ITS1, 58S, ITS2, and LSU (accession
ONG685361; Juniperus navicularis) as the
initial  reference. We used additional
sequences (FJ948470, FJ948469,
GU197870, GU139571, AF174627,
AY521466, and EU277699) to verify the
annotation boundaries. All 193 ITS records

from lIranian Juniperus species (Table 1)
were aligned to the reference sequence using
reference-guided assembly, and a consensus
sequence was generated that included all
conflicts reported among Juniperus species
from Iran. We used high-quality sequences
(570 records after removing short and
chloroplast-derived reads) to generate the
final consensus. The resulting reference
sequence (SUB16216725) was 4,231 bp long
and included partial 18S, 1TS1, 5.8S, ITS2,
and partial 28S regions.

For A. alternata, we used the same
approach with the longest, best-annotated
records (accessions PQ217832, LC749799,
AY154682, and OM337556) and 8,050
filtered sequences. The consensus sequence
(SUB16216726) was 2,911 bp long. We
annotated both reference sequences using
ITSx on the Galaxy platform to define the
region boundaries (partial 18S, ITS1, 5.8S,
ITS2, and partial 28S). Because NCBI
assembled these reference sequences from
multiple records, it did not assign accession
numbers. The full sequences are provided in
supplementary Fig. S1 (Juniperus) and Fig.
S2 (A. alternata).

BLAST validation of reference sequences

To confirm taxonomic identity and assess
the integrity of the assembled reference
sequences, we conducted independent
BLASTN searches against the NCBI non-
redundant nucleotide (core nt) database
using default algorithm parameters. The
reference sequences for Juniperus spp.
(4,231 bp) and A. alternata (2,911 bp) were
used as separate queries. We filtered
significant alignments using an expectation
value (E-value) threshold of 0.0 and
evaluated them by percent identity and query
coverage. We validated taxonomy by
analyzing the hierarchical distribution of the
top 100 hits, from species-level to order-level
matches, to assess phylogenetic consistency
and identify outliers that could indicate
database misannotation or contamination.
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Alignment and comparison of reference
sequences

We aligned the ITS reference sequences of
A. alternata and Juniperus using CLC
Genomics Workbench v21.05 to identify
conserved and variable regions. The lengths
of ITS1, 5.8S, and ITS2 were determined for
each reference sequence, and the total length
of the complete ITS region
(ITS1+5.85+ITS2) was calculated. We
visualized the alignment schematically (Fig.
4) to show structural differences between the

reference sequences, including
insertions/deletions (indels) and conserved
regions.

In silico mapping of universal primers

A set of universal fungal primers targeting
the ITS1 and ITS2 regions (Table 6) was
compiled from the literature (Vilgalys &
Hester, 1990; White et al., 1990; Gardes &
Bruns, 1993; Wang et al., 2015; Tedersoo &
Lindahl, 2016; Usyk et al., 2017; Tedersoo et
al., 2018). Primer sequences and their 3’-end
coordinates on the Alternaria and Juniperus
reference sequences were determined using
BLASTN and manual alignment in CLC
Genomics Workbench. For each primer, we
recorded mismatches with the reference
consensus, paying particular attention to the
3'-terminal nucleotide because of its
important role in DNA polymerase
extension. The frequency of alternative
nucleotides at each position was calculated
based on coverage by the 8,050 Alternaria
sequences, that is, the number of sequences
covering each position rather than the total
number of sequences. We applied the same
mapping procedure to Juniperus.
Fungal isolate and plant material

The Alternaria isolate used in this study
was previously obtained from symptomatic
twigs of J. excelsa in the Hezar-Masjed
forests (Khorasan-Razavi Province, Iran) and
morphologically identified as Alternaria sp.
based on colony characteristics and conidial
morphology (Charesaz et al., 2025). The

isolate, designated 1so-10/S2, was grown on
potato dextrose agar (PDA) at 28 °C for 7
days before DNA  extraction and
morphological characterization (Fig. 7).

For the plant host control, healthy leaves
and twigs were collected from a J. excelsa
tree near Sorkhcheshmeh in the Hezar-
Masjed region (coordinates: 37°1'36.28"N,
56°53'44.18"E; elevation: 1,778.6 m) (Fig.
8). The tree appeared visually healthy, with a
fully green canopy and no visible signs of
dieback or necrosis. Leaf and twig samples
were surface-sterilized with 70% ethanol,
rinsed with sterile water, and subsequently
used for DNA extraction.

DNA extraction

For the pure Alternaria isolate, we
harvested mycelium from 7-day-old PDA
cultures, freeze-dried it, and ground it in
liquid nitrogen. We extracted DNA using a
modified CTAB method (Doyle & Doyle,
1990). For plant samples, we ground
approximately 100 mg of juniper leaves and
twigs in liquid nitrogen and extracted total
genomic DNA using the same CTAB buffer
method. We measured DNA concentration
and purity wusing a NanoDrop 2000
spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA), and
assessed DNA integrity by agarose gel
electrophoresis. We stored purified DNA at —
20 °C until use.

PCR amplification and gel electrophoresis

PCR was performed using the universal
primers ITS1 (5'-
TCCGTAGGTGAACCTGCGG-3") and
ITS4 (5-TCCTCCGCTTATTGATATGC-
3") (White et al., 1990). Each 25 pL reaction
contained 12.5 pL of 2x PCR Master Mix
(ApplChem, Denmark), 1 pL of each primer
(10 uM), 2 uL of template DNA (10-50 ng),
and nuclease-free water to a final volume of
25 pL. PCR cycling conditions included an
initial denaturation at 95 °C for 5 min,
followed by 35 cycles of 95 °C for 30 s, 55
°C for 30 s, and 72 °C for 1 min, with a final
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extension at 72 °C for 10 min. Each run
included a negative control without template
DNA. Amplicons (5 pL) were separated on
1.5% agarose gels in 1x TAE buffer at 85 V
for 45 min, stained with GelRed (1 pL dye
per 30 mL gel), and visualized under UV
light using a gel documentation system. We
used a 1 kb DNA ladder as a size marker.
Data availability

All ITS sequences used in this study are
available from NCBI GenBank under the
accession numbers listed in Table 1 for
Juniperus and Table 2 for Alternaria. The
constructed reference  sequences were
submitted to NCBI under submission IDs
SUB16216725 (Juniperus) and
SUB16216726 (A. alternata). However,
under current NCBI policies, these
assembled reference sequences have not been
released as independent database entries.
Therefore, the full-length  annotated
sequences are provided in supplementary
Fig. S1 (Juniperus) and Fig. S2 (A. alternata)
in FASTA format. Alignments are available
upon request. We did not include
phylogenetic trees in this study and will
present them elsewhere.

Results

Workflow for developing PCR-based
markers to track Alternaria in Juniperus
plants

The primary objective of this study was to
develop a simple, reliable, and low-cost
PCR-based  method  for  size-based
discrimination between Alternaria and
Juniperus amplicons by exploiting the
difference in ITS amplicon size between the
fungal endophyte and its plant host. To
achieve this, we followed a stepwise
approach comprising: (i) construction and
validation of ITS reference sequences for
Juniperus spp. and Alternaria alternata; (ii)
alignment and comparison of the two
reference sequences to identify length
differences and conserved regions; (iii) in
silico mapping of universal fungal primers to

predict amplicon sizes and assess primer-
binding efficiency; and (iv) experimental
PCR validation using pure DNA templates.

Fig. 1 summarizes the study workflow.
We retrieved ITS sequences from NCBI,
filtered them, and assembled them into high-
quality reference sequences using CLC
Genomics Workbench v21.05. The Juniperus
reference sequence (4,231 bp,
SUB16216725) was constructed from 193
records belonging to Iranian Juniperus
species, whereas the A. alternata reference
sequence (2,911 bp, SUB16216726) was
assembled from 8,050 sequences. We
validated both reference sequences by
BLASTIing them against the NCBI core_nt
database. Alignment of the two reference
sequences revealed a marked length
difference: the complete ITS region
(ITS1+5.85+ITS2) was approximately 1,093
bp in juniper but only approximately 482 bp
in A. alternata, a difference of more than 600
bp. We used this difference to predict distinct
amplicon sizes for the commonly used
ITS1/ITS4 primer pair: approximately 570 bp
for Alternaria and approximately 1.2 kb for
juniper.

In silico mapping of 14 universal primers
onto both reference sequences confirmed that
all primers had perfect or near-perfect 3'-end
matches with A. alternata, with rare SNPs
occurring at frequencies below 0.1%. On the
Juniperus reference sequence, all forward
primers except ITS1-F had perfect 3’-end
matches. ITS1-F showed a mismatch at its 3’
end in juniper (A vs. G), which may prevent
host amplification and make the ITS1-F/ITS4
pair a promising candidate for reducing host
co-amplification, although it may still
amplify other fungi. Finally, experimental
PCR with ITS1/ITS4 primers on pure
Alternaria DNA and juniper leaf DNA
produced single bands of approximately 570
bp and approximately 1.2 kb, respectively.
This confirmed that the approximately 600
bp size difference allows clear discrimination
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between the two amplicons under the tested
conditions, but does not permit specific
identification of Alternaria on a standard
agarose gel. Together, these results support a
practical, culture-free preliminary screening
method for detecting a fungal amplicon in
juniper tissues, but not for confirming
Alternaria colonization.
Construction and validation of ITS-rDNA
reference sequences
Sequences retrieved from NCBI

We conducted a systematic search of the
NCBI database to obtain reliable reference
sequences for juniper species occurring in
Iran, mainly J. excelsa and J. polycarpos, and
for the fungal species A. alternata, the
endophyte most frequently reported from
juniper. We initially retrieved 643 ITS-rDNA
records for the genus Juniperus worldwide.
After filtering for sequences longer than 500
bp and removing low-quality and
chloroplast-derived sequences, 483 records
were retained. Of these, 193 accessions
belonged to Juniperus species reported from
different regions of Iran (Table 1). These
sequences were not necessarily obtained
from plants collected in Iran; rather, they
represented species whose occurrence in Iran
has been confirmed (Kasaian et al., 2011;
Adams & Hojjati, 2012; Hojjati et al., 2018).

The geographic region column indicates
the origin of the NCBI records and may
therefore include sequences from specimens
collected outside Iran. For example, J.
excelsa records include sequences from the
USA (BAYLU herbarium), whereas J.
seravschanica records are derived mainly
from Oman and Iran. The reported length
ranges are based on ITS sequences available
in NCBI and may vary with the completeness
of the ITS region in each accession. For the
genus Alternaria, the search focused on four
species: A. alternata, A. tenuissima, A.
arborescens, and A. gaisen. This search
returned 17,744 sequences, of which 15,231
belonged to A. alternata (Table 2). After

filtering for sequences >500 bp, 8,050 A.
alternata sequences were retained for
reference assembly. The lengths of the
Alternaria ITS sequences ranged from 500 to
2,338 bp.

Reference sequence
for Juniperus spp.

The longest juniper ITS sequences were
selected based on the presence of complete
annotations for the SSU, ITS1, 5.8S, ITS2,
and LSU regions. The longest and most
comprehensively  annotated  sequence,
ONG685361 (J. navicularis), was selected as
the initial reference. We used additional
sequences (FJ948470, FJ9484609,
GU197870, GU139571, AF174627,
AY521466, and EU277699) to confirm the
annotation boundaries.

All 193 ITS records from Iranian
Juniperus species were aligned to the
reference sequence by reference-guided
assembly in CLC Genomics Workbench
v21.05 (QIAGEN). After removing short and
chloroplast-derived reads, we used 570 high-
quality records to generate the consensus
sequence. The resulting reference sequence
(SUB16216725) was 4,231 bp long and
contained a partial 18S gene at positions —
2276 to —719, ITS1 at positions —718 to -1,
the 5.8S gene at positions 1 to 157, ITS2 at
positions 158 to 375, and a partial 28S gene
at positions 376 to 1948 (Table 3, Fig. 2).
Nucleotide positions were numbered relative
to the first base of the 5.8S region, designated
as +1. The complete reference sequence is
provided in Supplementary Fig. S1.
Reference sequence construction for A.
alternata

Using the same approach, a reference ITS-
rDNA sequence was constructed for A.
alternata, the endophytic fungus most
frequently reported from juniper trees.
Among approximately 8,050 A. alternata ITS
sequences available in NCBI (Table 3), the
longest and best-annotated records, with
accession numbers PQ217832, LC749799,

construction
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Study Workflow

ITS1/ITS4 PCR for Size-Based Discrimination Between
Alternaria and Juniperus Amplicons

[1. DATA COLLECTION & REFERENCE CDNSTRUC]TDN]

Retrieve ITS sequences from NCBI:
« Juniperus: 643 — 483 (filtered) — 193 (Iranian spacias)
« A, alternata; 17,744 — 8,050 (filtered)
Construct reference sequences (CLC Genomics Workbench):

« Juniperus RefSeq: 4,231 bp (Fig. 2)

+ A, alternata RefSeq: 2,911 bp (Fig. 3)

Validate: BLAST against core_nt database

— Supplementary Figures 51-52

¥
[2. SEQUENCE ALIGNMENT & CDMPAR[SDN]

Align A, alternata and Juniperus ITS reference sequences
« [dentify length difference: ~&00 bp
« Complete ITS: Juniperus ~1,093 bp vs, Alternaria ~482 bp
« Identify conserved primer binding sites
— Table 5, Figure 4

\
|3. IN SILICO PRIMER MAPPING|

Map 14 universal primers onto both reference sequences
» Analyse 3-end variation and SNP frequendies
» Select ITS1/1T54 as optimal primer pair:
- Optimal amplicon size range
- Fully conserved binding sites
- ~600 bp size difference between host and fungal praducts
— Figures 5-6, Tables 6-8

\
(4. EXPERIMENTAL VALIDATION |

PCR with ITS1/ITS4 primers:
» A, alternata RefSeq — amplicon ~570 bp
» 1. excelsa leaf DNA — amplicon ~1,174 bp
» Two amplicons clearly distinguishable by size on agarose gel
(under the tested conditions)
—+ Figure 9

[5. CONCLUSION & REMAINING CI—IALLEHGES]
« ITS1/ITS4 PCR: rapid, low-cost preliminary size-bazed screening
« A ~570 bp band alone does not confirm Alternaria presence
« Confirmation requires sequencing or specific markers (e.g., TUBZ)
» Amplicon sizes of other fungal genera need future investigation
Remaining Challenges: ITS-Based Phylo & Multilocus-based Alternaria detection

Figure 1. Schematic workflow of the study. The diagram summarizes the five main phases of the research. (1)
Data collection and reference construction: ITS sequences were retrieved from NCBI (Juniperus: 643 initial
records — 483 filtered — 193 from Iranian species; A. alternata: 17,744 records — 8,050 filtered). Reference
sequences for Juniperus (4,231 bp, Fig. 2) and A. alternata (2,911 bp, Fig. 3) were assembled using CLC
Genomics Workbench v21.05 and validated by BLAST against the core_nt database (Supplementary Figs. S1-
S2). (2) Sequence alignment and comparison: Alignment of the two reference sequences showed a length
difference of approximately 600 bp, with the complete ITS region measuring approximately 1,093 bp in juniper
and approximately 482 bp in Alternaria (Table 5). (3) In silico primer mapping: Fourteen universal fungal
primers were mapped onto both reference sequences to identify conserved regions and variation at the 3’ ends
of the primers (Figs. 5-6, Tables 6-8). (4) Experimental validation: PCR using ITS1/ITS4 primers produced a
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single band of approximately 570 bp from pure Alternaria DNA and a single band of approximately 1.2 kb from
juniper leaf DNA. This approximately 600 bp difference allowed clear gel-based discrimination between the
two amplicons under the tested conditions (Fig. 9). (5) Conclusions and remaining challenges: PCR with
ITS1/1TS4 provides a rapid and low-cost method for preliminary size-based discrimination between Alternaria
and Juniperus amplicons, but it cannot distinguish fungal genera or species. Future studies should evaluate ITS
amplicon characteristics in other fungal genera and develop additional markers for species-level discrimination
within Alternaria and confirmation of its presence. The diagram provides an overview of the combined
bioinformatics and molecular approaches used to develop the PCR-based screening method for size-based
discrimination between Alternaria and Juniperus amplicons in juniper tissues.

Table 1. Summary of ITS-rDNA sequences retrieved from NCBI for Juniperus species reported to occur in
Iran, based on 193 accessions

Juniperus Species Length (bp) Records Geographic Region

J. communis 400 — 604 12 Iran, USA, Canada, Europe
J. communis var. oblonga ~400 — 604 5 Iran

J. communis var. saxatilis ~400 — 604 5 Iran

J. deltoides 1101 — 1282 17 Italy, Greece, Mediterranean
J. excelsa T 953 - 1315 27 Iran, USA (BAYLU)

J. foetidissima 1270 — 1271 6 Iran

J. oxycedrus 291 - 1275 13 Iran, USA, Mediterranean
J. polycarpos (unspecified) 1042 — 1292 5 Iran, USA (BAYLU)

J. polycarpos var. polycarpos 1042 — 1292 13 Iran, USA (BAYLU)

J. polycarpos var. turcomanica 1042 — 1292 13 Iran, USA (BAYLU)

J. sabina 441 - 1270 42 Iran, USA, Europe

J. seravschanica 471 -512 35 Iran, Oman (based on isolates)
Total 193

+ Taxonomic note: The identification of J. excelsa in Iran remains contested. Several studies suggest that populations assigned to
this species may instead represent regional variants within the J. polycarpos group, indicating the need for further integrative
taxonomic investigation (Kasaian et al., 2011; Adams & Hojjati, 2012; Hojjati et al., 2018).

Table 2. Summary of ITS-rDNA sequences retrieved from NCBI for selected Alternaria species

Species Seq L. (bp) Records hosts Geographic region
apple, tomato, soil, China, USA, Japan, South Africa,
A. alternata 500 —2338 8051
air, etc. Iran
grape, cereals,
A. tenuissima 500 — 1395 5097 China, USA, South Africa, Iran, Iraq
tomato, etc.
A. arborescens 240 — 1501 492 grape, tomato, etc. China, USA, South Africa, Italy, Iraq
Ornamental plants Japan, China, South Affica,
A. gaisen 371 -583 115

and fruits Netherlands
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AY154682, and OM337556, were selected
and aligned. The resulting consensus
sequence was 2,911 bp long and included a
partial 18S gene at positions —958 to —165,
ITS1 at positions —164 to —1, the 5.8S gene at
positions 1 to 157, ITS2 at positions 158 to
318, and a partial 28S gene at positions 319
to 1950 (Fig. 3 and Table 4). We numbered
nucleotide positions relative to the first base
of the 5.8S region, designated as +1. We
verified each region's boundaries using I1TSx
on the Galaxy platform, and the output fully
matched the annotated positions.
BLAST-based validation of reference
sequences

To confirm the taxonomic identity and
integrity of the assembled ITS reference
sequences, we performed separate BLASTN
searches against the NCBI core_nt database.
Juniperus spp. reference sequence

BLAST analysis of the 4,231 bp Juniperus
spp. ITS reference sequence produced a
single top hit with J. navicularis (accession
ONG685361.1), showing 99.39% identity over

-2.-I|)I):' -1, i}}:' - .-i)!):' -E\-l}:'

IRNA TS

100% query coverage (Max Score = 7486, E-
value = 0.0). Apart from one anomalous
alignment, all other significant hits (E-value
= 0.0) belonged to the order Cupressales. We
identified no additional congeneric matches
beyond J. navicularis. However, sequences
from Chamaecyparis and Thuja
(Cupressaceae) showed 91.8-92.9% identity
over full query coverage, while Amentotaxus
(Taxaceae) showed approximately 93.4%
identity with lower query coverage (84%),
reflecting indel polymorphisms within the
ITS spacers. One outlier alignment with
Dracaena  sanderiana  (Asparagaceae)
showed 99.27% identity over full query
coverage. Because this match was
phylogenetically inconsistent with the
remaining results, we considered it a likely
database misannotation. The other top 100
alignments formed a consistent
Cupressaceae/Cupressales cluster. Overall,
these results support placement of the query
within Cupressaceae, with a strong affiliation
to the genus Juniperus.

500 1,000 1,500

ms2 288

-

Figure 2. Schematic representation of the ITS-rDNA reference sequence for Juniperus spp. The reference
sequence is 4,231 bp long, with nucleotide numbering based on the first base of the 5.8S region (+1). Negative
values indicate upstream positions within the partial 18S region. The boundaries of 1TS1, 5.8S, ITS2, and the
partial flanking 18S and 28S regions are shown. We assembled the sequence from 570 ITS records retrieved
from NCBI, and we provide the full reference sequence in Supplementary Fig. S1.

Table 3. Boundary positions of the ITS regions in the Juniperus reference sequence, with nucleotide
numbering based on the first base of the 5.8S region as +1

Region Start position (bp) End position (bp) Length (bp)
18S (partial) -2276 -719 1558

ITS1 =718 -1 718

5.8S 1 157 157

ITS2 158 375 218

28S (partial) 376 1948 1573

Total reference sequence 4231
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Figure 3. Schematic representation of the Alternaria alternata ITS-rDNA reference sequence. The reference
sequence is 2,911 bp long and includes a partial 18S gene, ITS1, the 5.8S gene, ITS2, and a partial 28S gene. We
numbered nucleotide positions relative to the first base of the 5.8S region, designated as +1. We assembled the
sequence from 8,050 ITS records retrieved from NCBI, and the full reference sequence is provided in

Supplementary Fig. S2.

Table 4. Boundary positions of the ITS regions in the Alternaria alternata reference sequence

Region Start position (bp) End position (bp) Length (bp)
18S (partial) -961 -165 797
ITS1 -164 -1 164
5.8S 1 157 157
ITS2 158 318 161
28S (partial) 319 1950 1632
2911

Total reference sequence

Alternaria alternata reference sequence
BLAST analysis of the 2,911 bp A.
alternata ITS reference sequence produced
an exact match with A. alternata isolate
Karbala-1 (accession PQ217832.1), showing
100.00% identity over 100% query coverage
(Max Score = 5250, E-value = 0.0).
Subsequent hits showed a clear taxonomic
gradient. Other A. alternata strains reached
up to 100% identity, although query coverage
varied. Other Alternaria species, including A.
infectoria and A. solani, showed 97.9-100%
identity with lower query coverage (51—
75%), consistent with divergence in the ITS1
and ITS2 spacer regions. Genera in other
Pleosporales families, including
Leptosphaeria, Ophiosphaerella, and
Phoma, showed 88-93% identity over full or
near-full query coverage. No
phylogenetically anomalous or cross-
kingdom hits were detected, and all
significant alignments were confined to the
class Dothideomycetes (order Pleosporales).
These results confirm the reference
sequence's species-level identity as A.
alternata. Because these reference sequences
were assembled from multiple records, NCBI

did not assign accession numbers. The
complete annotated sequences in FASTA
format are therefore  provided in
Supplementary Fig. S1 (Juniperus) and Fig.
S2 (A. alternata). The corresponding author
can also provide the sequences upon request.
Sequence alignment and comparison of
ITS regions

To visualize structural differences
between the ITS regions of Juniperus and A.
alternata, the two reference sequences were
aligned and displayed as a schematic
alignment (Fig. 4). The Juniperus ITS
reference sequence spans 3,455 bp. In
contrast, the A. alternata reference sequence
spans 2,828 bp, with nucleotide numbering
based on the first base of the 5.8S gene as +1.
The alignment shows that the ITS1 region
(yellow) contains a large insertion in
Juniperus relative to A. alternata, accounting
for most of the length difference (545 bp).
The ITS2 region (yellow-green) contains a
smaller 54 bp insertion. By contrast, the 5.8S
gene (red) is identical in length and highly
conserved between the two organisms. The
flanking 18S (green) and 28S (orange)
regions are shown partially and contain
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several conserved stretches. The
conservation track (0-100%) indicates
greater variability in ITS1 and ITS2 than in
the coding regions, with the highest
variability occurring in ITS1. The 5.8S gene
contains at least two fully conserved regions,
while the 18S and 28S regions contain five
and more than five conserved regions,
respectively. These structural differences,
particularly the major gaps within ITS1 and
ITS2, are quantified in Table 5 and form the
basis for size-based discrimination by
diagnostic PCR.
Length comparison of ITS subregions

The alignment showed that the 5.8S rRNA
gene was identical in length (157 bp) in both
organisms and remained highly conserved at
the sequence level, as expected for a
functional rRNA-coding region. In contrast,
the ITS1 and ITS2 spacer regions showed

-I 1,500 -1 .-i)}:) -E'i)l)

188 partial Im51

substantial differences in length between
Juniperus and A. alternata (Table 5).

As shown in Table 5, the complete ITS
region (ITS1+5.8S+ITS2) in Juniperus
(approximately 1,093 bp) is more than twice
as long as that in A. alternata (approximately
482 bp), giving a length difference of
approximately 611 bp. Most of this
difference is due to the considerably longer
ITS1 region in Juniperus (718 bp) than in A.
alternata (164 bp).

Fig. 4 shows the structural differences
between the two reference sequences as a
schematic alignment of the ITS-rDNA
regions of Juniperus and A. alternata. The
alignment shows two major
insertion/deletion events within ITS1 and
ITS2 that account for the ~600 bp length
difference between the two organisms. This
length difference underpins the size-based
PCR assay described below.
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1 1 |
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Figure 4. Schematic alignment of the ITS-rDNA reference sequences of Juniperus spp. (3,455 bp) and Alternaria
alternata (2,828 bp). The alignment is numbered relative to the first nucleotide of the 5.8S gene (+1). Annotated
regions include partial 18S (green), ITS1 (yellow), 5.8S (red), ITS2 (yellow-green), and partial 28S (red-yellow).
The conservation track (0-100%) shows sequence conservation across the alignment, with darker shading
indicating more conserved positions. Two major insertion/deletion (indel) gaps are present in the ITS1 and I'TS2
regions of Juniperus relative to A. alternata and account for most of the difference in sequence length (Table 5).
By contrast, the 5.8S gene is identical in length and highly conserved. The flanking 18S and 28S regions contain
several conserved stretches, whereas the ITS1 and ITS2 spacers show greater sequence variability, consistent
with their faster evolutionary rate. We generated the alignment using CLC Genomics Workbench v21.05.

Table 5. Comparison of ITS subregion lengths in the Alternaria alternata and Juniperus reference sequences

Region Alternaria alternata (bp) Juniperus (bp) Length difference (bp)
ITS1 164 718 554

5.8S 157 157 0

ITS2 161 218 57

(ITS1+5.8S+ITS2) 482 1,093 611
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Conserved and variable regions

Examination of the aligned sequences
showed that the 5.8S gene was highly
conserved, whereas the ITS1 and ITS2
regions showed substantial variation in both
length and nucleotide composition. The ITS1
region of Juniperus contained multiple
insertions (indels) relative to A. alternata,
accounting for most of the difference in
sequence length. By comparison, the 1TS2
region showed a smaller length difference of
57 bp.

Within the A. alternata reference
sequence, several fully conserved regions
were identified across all 8,050 sequences
used for assembly. These invariant regions
included the following: (1) the 18S tail at
positions —249 to —242, —236 to —233, —229
to —225, and —216 to —215; (2) the 5.8S region
at position 70; and (3) the 28S region at
positions 381-383 and 386-407. Because
these regions showed no nucleotide variation,
they may provide suitable targets for the
future design of highly specific A. alternata
primers with perfect 3’-end matches. Future
studies will investigate these candidate
regions.

In silico primer mapping

To assess the reliability of commonly used
universal fungal primers for amplifying A.
alternata and to identify mismatches that
could affect amplification efficiency, we
performed a detailed in silico analysis. All
8,050 A. alternata ITS sequences longer than
500 bp available in NCBI as of June 2026
were retrieved and assembled against the A.
alternata reference sequence
(SUB16216726) using reference-guided
assembly. We then generated a consensus
sequence, retaining all conflicting positions
as single nucleotide polymorphism (SNP)
annotations. The analysis focused on
positions —252 to +423, with numbering
based on the first base of the 5.8S rRNA gene
as +1. This region includes the 3’ end of the
18S rRNA gene (positions —252 to —165), the

entire ITS1 region (positions —164 to —1), the
complete 5.8S gene (positions 1-157), ITS2
(positions 158-318), and the 5’ end of the 28S
rRNA gene (positions 319-423) (Fig. 5A).

The binding sites of 16 universal primers
listed in Table 6 were examined, and 14 were
successfully mapped to the A. alternata ITS
reference sequence. We checked each primer
alignment for mismatches, paying particular
attention to the 3’-terminal nucleotide
because it is critical for DNA polymerase
extension. We calculated nucleotide
frequencies at each position using the actual
sequence coverage at that site, rather than the
full set of 8,050 records, because not all
sequences extended across the entire
analyzed region.

Primer mapping on Alternaria alternata

Forward primers annealing to the 18S tail
are shown in Fig. 5B. The primers ITS1-F,
ITS5, SR6R, ITS1, and ITS1catta all bind
within the final 66 bp of the 18S rDNA, at
positions —232 to —165. Their 3’ ends are
located at positions —211 (ITS1-F), -197
(ITS5 and SR6R), —176 (ITS1), and —165
(ITS1catta), respectively. Alternative
nucleotides occurred at low frequencies at
these 3'-terminal positions (<0.3%). The 3’
end of ITS1-F showed relatively greater
variation, although only 1,060 reads covered
this position and the consensus nucleotide
remained predominant. These results suggest
that all tested forward primers should
efficiently amplify A. alternata when paired
with suitable reverse primers.

Primers annealing within the 5.8S region
are shown in Figs. 5C1 and 5C2. In the first
part of the 5.8S gene (positions 31-51; Fig.
5C1), four reverse primers, ITS2, ITS2-R,
ITS2-Melampsora, and 5.8S, bind within this
region. Two forward primers, ITS3 and
5.8SR, also bind in the same region.
Although sequence variation was detected at
several positions, as indicated in red in Fig.
5C1, the 3’ ends remained highly conserved.
In the central part of the 5.8S region
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(positions 85-103), the reverse primer
gITS7ngs binds as shown in Fig. 5C2. This
primer contains four degenerate positions
(R89, R95, R97, and Y99) that are
compatible  with  the  corresponding
nucleotides in the reference sequence (A89,
G95, A97, and C99). Its 3'-terminal
nucleotide at position 103 aligns with G and
showed the following variation: gaps (1), A
1), C (2, G (8036), and T (1),
corresponding to a frequency of 99.9% for G.

Reverse primers annealing to the
beginning of the 28S region are shown in Fig.
5D. The primers 1TS4 and ITS4ngsUni bind
near the 5’ end of the 28S rDNA. The 3’ end
of 1TS4 at position 357 has a consensus G,
with the following variation: gaps (2), A (18),
C (8), G (5,364), T (2), and N (1). The ITS4

sequence matched the reference sequence
completely. 1TS4ngsUni contains  four
degenerate positions (H363, N365, S370, and
S372) that, according to IUPAC nucleotide
codes, are compatible with the corresponding
reference nucleotides (C363, A365, C370,
and G372). Its 3" end showed a similar pattern
of sequence variation.

Overall, the in silico analysis showed that
all tested universal ITS primers had perfect or
near-perfect matches at their 3’ ends when
aligned with the A. alternata reference
sequence, suggesting reliable amplification
of Alternaria DNA. The rare SNPs detected
within the primer-binding regions occurred at
very low frequencies and are therefore
unlikely to affect PCR amplification
substantially.

Table 6. Universal fungal primers targeting the I'TS1 and ITS2 regions (adapted from Wang et al., 2015; Usyk
et al., 2017; Tom Bruns Laboratory website; R. Vilgalys Laboratory website)

Region Direction Primer name Primer sequence (5'—3") Reference

ITS1 Forward ITS1 TCCGTAGGTGAACCTGCGG (White et al., 1990)

ITS1 Forward ITSI-F CTTGGTCATTTAGAGGAAGTAA (Gardes & Bruns, 1993)
ITS1 Forward ITS1-P TTATCATTTAGAGGAAGGAG Bruns lab website

ITS1 Forward ITS1-P2 CTTTATCATTTAGAGGAAGGAG (Taylor et al., 2004)

ITS1 Forward ITSS GGAAGTAAAAGTCGTAACAAGG White et al. (1990)

ITS1 Forward SR6R AAGWAAAAGTCGTAACAAGG (Vilgalys & Hester, 1990)
ITS1 Reverse ITS2 GCTGCGTTCTTCATCGATGC White et al. (1990)

ITS1 Reverse ITS2-Melampsora ~ CACTGTGTTCTTCATCGACG Bruns lab website

ITS1 Reverse ITS2-R TGTGTTCTTTCATCGATG Bruns lab website

ITS1 Reverse 5.8S CGCTGCGTTTCTTCATCG Vilgalys & Hester (1990)
ITS2 Forward ITS3 GCATCGATGAAGAACGCAGC White et al. (1990)

ITS2 Forward ITS3-R ATCGTAGAAGAACACAG Bruns lab website

ITS2 Forward 5.8SR TCGATGAGAAGACGCAGCG Vilgalys & Hester (1990)
ITS2 Reverse 1TS4 TCCTCCGCTTATTGATATGC White et al. (1990)

ITS2 Reverse ITS4-B CAGGAGACTTGTACACGGTCCAG  Gardes & Bruns (1993)
ITS1 Forward ITSIcatta ACCWGCGGARGGATCATTA (Tedersoo & Anslan, 2019)
ITS1 Reverse ITS2ngs TTYRCKRCGTTCTTCATCG Tedersoo et al. (2018)
ITS2 Forward glTS7ngs GTGARTCATCRARTYTTTG Tedersoo & Lindahl (2016)
ITS2 Reverse ITS4ngsUni CCTSCSCTTANTDATATGC Tedersoo & Lindahl (2016)
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Primer mapping on Juniperus

To determine whether the universal
primers used for A. alternata detection could
also bind to the ITS region of the host plant
(Juniperus spp.), all 16 universal primers
listed in Table 6 were aligned against the
Juniperus  ITS  reference  sequence
(SUB16216725). Assessing primer binding
to the host sequence is important for
interpreting co-amplification in diagnostic
PCR and for identifying primer combinations
that reduce host interference. Multiple
sequence alignment showed that 7 of the 16
primers had binding sites with at least 8
complementary nucleotides (Fig. 6A).
Particular attention was given to the 3'-
terminal nucleotide because of its importance
for polymerase extension. In the A. alternata
analysis, 3’-end mismatches were considered
undesirable because they could reduce fungal
amplification and increase the risk of false
negatives. In the host sequence, however, a
3’-end mismatch is advantageous because it
can reduce or prevent amplification of plant
DNA, thereby improving fungal specificity.
Four forward primers, ITS1-F, ITS5, SR6R,
and ITS1, mapped to the terminal region of
the 18S rDNA at positions —780 to —724,
relative to the first base of the 5.8S region
(+1) (Fig. 6B). No sequence conflicts were
detected within this region. The 3’ end of
ITS1-F is located at position —759, where the
reference sequence contains G but the primer
terminates with A, resulting in a mismatch.
This mismatch is expected to prevent
efficient amplification of juniper DNA. ITS5
and SR6R share the same 3’-terminal position
at —745, where both the reference sequence
and primers contain G, indicating a perfect
match and allowing primer extension. The 3’
end of ITS1 is located at position —724, where
the terminal G also matches the reference
sequence.

The forward primer glTS7ngs (19 bp)
binds to positions 85-103 within the 5.8S
gene (Fig. 6C). Its 3'-terminal nucleotide at

position 103 is G and matches the reference
sequence, indicating that this primer can also
support amplification.

Two reverse primers, ITS4 and
ITS4ngsUni, bind within the first half of the
28S rDNA at positions 412-431 (Fig. 6D).
Both have a 3’-terminal G at position 412 that
matches the reference sequence, suggesting
efficient primer extension.

All  combinations of the functional
forward primers (ITS5, SR6R, ITS1, and
gITS7ngs) with the functional reverse
primers (ITS4 and ITS4ngsUni) are therefore
expected to produce amplicons. Table 7 lists
their predicted lengths, calculated from the
reference sequence using the exact 3'-end
positions and primer lengths. Notably, the
widely used ITS1-F/ITS4 pair is unlikely to
amplify the juniper host because ITS1-F
contains a 3-end mismatch.  This
characteristic may help reduce host DNA co-
amplification during fungal detection. Other
universal primer pairs, such as ITS1/1TS4,
are expected to co-amplify the host and
produce a larger band of approximately 1,174
bp, compared with the approximately 570 bp
Alternaria product. This difference in
amplicon size allows gel electrophoresis to
distinguish the two products readily.
Predicted amplicon sizes for selected
primer pairs

Using the primer-binding positions
identified in the previous sections, the
expected amplicon sizes for selected
universal primer pairs were calculated for
both A. alternata and Juniperus (Table 8).
The commonly used ITS1/ITS4 primer pair
was predicted to produce clearly different
amplicon sizes in Alternaria (approximately
570 bp) and Juniperus (approximately 1,174
bp), providing a clear basis for size-based
discrimination. The ITS1-F/ITS4 pair is not
expected to amplify Juniperus because of the
3’-end mismatch, making it a promising
option for fungal detection with reduced host
interference.
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Figure 5. In silico mapping of universal fungal primer-binding sites onto the consensus ITS region of Alternaria
alternata. (A) Schematic representation of the complete ITS region from positions —252 to +423, numbered
relative to the first base of the 5.8S region as +1. The reference sequence includes the 3’ end of 18S rDNA, the
complete ITS1 region, 5.8S, ITS2, and the 5’ end of 28S rDNA. The binding positions of 14 universal primers
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listed in Table 6 are indicated by arrows. The regions expanded in the subfigures are marked as B (18S tail),
C1 and C2 (5.8S), and D (28S start). (B) Detailed alignment of the 18S tail (positions —232 to —165) showing the
forward primers ITS1-F, ITSS, SR6R, ITS1, and I'TS1catta. Nucleotide variation observed across the assembly
of 8,050 sequences is reported below each primer sequence as counts (e.g., A = 1060, T = 1). The 3'-terminal
nucleotide of each primer is boxed. Rare alternative nucleotides occur at frequencies below 0.3%. (C1)
Alignment of the first part of the 5.8S gene (positions 31-51), showing the binding sites of the reverse primers
ITS2, ITS2-R, ITS2-Melampsora, and 5.8S, together with the forward primers ITS3 and 5.8SR. Mismatches
relative to the reference sequence are shown in red. The 3’-terminal nucleotides are highly conserved, with
frequencies of 99.7-99.99%. (C2) Expanded view of the central part of the 5.8S region (positions 85-103),
showing the reverse primer gITS7ngs. This primer contains four degenerate positions (R, R, R, Y) that are
compatible with the corresponding reference nucleotides (A, G, A, C). Its 3'-terminal G occurs in 99.9% of the
sequences. (D) Alignment of the 5’ end of the 28S rDNA (positions 319-357), showing the reverse primers I'TS4
and ITS4ngsUni. ITS4 shows a complete match with the reference sequence, whereas I'TS4ngsUni contains
degenerate bases (H, N, S, S) that are compatible with the corresponding reference nucleotides (C, A, C, G).
The 3' ends of both primers align with a G present in 99.5% of the sequences. All primers are shown in the
5'—3’ direction. Rare SNPs occurred at very low frequencies and did not affect the 3’ termini, supporting
reliable amplification of Alternaria DNA by these primers.
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Figure 6. Mapping of universal fungal primer-binding sites onto the Jumiperus ITS reference sequence
(SUB16216725). Schematic representation of the complete ITS region, including the 3' end of 18S rDNA, ITS1,
5.8S, ITS2, and the 5’ end of 28S rDNA. The binding positions of seven primers with >8 complementary
nucleotides are indicated by arrows. (A) Expanded view of the 18S tail (positions —780 to —724), showing the
forward primers ITS1-F, ITSS, SR6R, and ITS1. The 3'-terminal nucleotide of each primer is boxed. ITS1-F
contains a mismatch at the 3’ end (A vs. reference G), which is expected to prevent efficient amplification,
whereas ITS5, SR6R, and ITS1 show perfect 3’-end matches. (B) The 5.8S region (positions 85-103), showing
the forward primer gITS7ngs. Its 3'-terminal G matches the reference sequence. (C) The beginning of the 28S
region (positions 412—431), showing the reverse primers ITS4 and ITS4ngsUni. Both primers have perfect 3'-
end matches (G). All primers are shown in the 5'—3’ direction. Table 7 presents expected amplicon sizes for
functional primer pairs.
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Table 7. Predicted amplicon sizes for the Juniperus ITS region using functional universal primer pairs
Forward primer Reverse primer Amplicon size (bp)

ITSS ITS4 ~1196
ITSS ITS4ngsUni ~1197
SR6R ITS4 ~1196
SR6R ITS4ngsUni ~1195
ITS1 ITS4 ~1174
ITS1 ITS4ngsUni ~1173
glTS7ngs ITS4 ~347
glTS7ngs ITS4ngsUni ~346

Note: ITS1-F is not included because it has a mismatch at its 3’ end on the Juniperus reference sequence and is therefore not
expected to amplify host DNA.

Table 8. Predicted amplicon sizes for selected universal primer pairs using Alternaria alternata and Juniperus
spp- DNA

Primer pair Alternaria amplicon (bp) Juniperus amplicon (bp)

ITS1-F/ITS4 608 No amplification (3’ mismatch)
ITS1/1TS4 570 1174
ITS5/ITS4 594 1198
SR6R / ITS4 592 1196
glTS7ngs / ITS4 292 347
ITS3/1TS4 346 — (no functional forward binding)

Notes: Juniperus amplicon sizes are rounded to the nearest base pair. The ITS1-F/ITS4 pair is not expected to amplify juniper DNA
because the 3’ end of ITS1-F mismatches the Juniperus reference sequence. This mismatch makes the pair a promising candidate
for fungal detection with reduced host interference. In contrast, the ITS1/ITS4 pair amplifies both templates, but the approximately

600 bp difference in amplicon size allows the two products to be readily separated on a standard agarose gel.

Experimental validation of ITS1/ITS4
PCR for detecting Alternaria in juniper
tissues

Based on the in silico analyses, we
selected the ITS1/ITS4 primer pair for
experimental validation. The selection was
based on three key factors: (i) the predicted
amplicon sizes of approximately 570 bp in
Alternaria and 1,174 bp in Juniperus, which
allow clear separation on standard agarose
gels; (ii) fully conserved primer-binding sites
in both organisms, supporting reliable
amplification; and (iii) an approximately 600
bp difference in amplicon size, enabling clear
discrimination between fungal and host DNA
in a simple PCR-based assay.

Fungal isolate and plant material

The Alternaria isolate used in this study
was previously obtained from symptomatic
twigs of Juniperus excelsa in the Hezar-
Masjed forests (Khorasan-Razavi Province,
Iran) and morphologically identified as
Alternaria sp. based on colony characteristics
and conidial morphology (Charesaz et al.,
2025). The isolate, designated Iso-10/S2,
showed typical Alternaria-like colony
morphology on potato dextrose agar (PDA)
after 7 days of incubation at 28 °C, forming a
compact, velvety, grey colony with a regular,
entire  margin (Fig. 7A). Microscopic
examination  showed  dark-pigmented,
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multicellular conidia consistent with the
genus Alternaria (Fig. 7B).

For the plant host control, healthy leaves
and twigs were collected from a J. excelsa
tree near Sorkhcheshmeh in the Hezar-
Masjed region (coordinates: 37°1'36.28"N,
56°53'44.18"E; elevation: 1,778.6 m) (Fig.
8A). The tree appeared healthy, with a fully
green canopy and no visible signs of dieback
or necrosis (Fig. 8B). Leaf and twig samples
(Figs. 8C and 8D) were collected, surface-
sterilized, and used for DNA extraction.
PCR amplification and gel electrophoresis

To experimentally validate the in silico
predictions, PCR was performed using the
universal fungal primers ITS1 and ITS4 with
two DNA templates: DNA extracted from the
pure Alternaria isolate described above and
total DNA extracted from healthy juniper
leaves collected in the Hezar-Masjed
mountains (Shokouhifar et al., 2026). We
also included a negative control without

A
Figure 7. Morphological characteristics of the Alternaria isolate used in this study (Iso-10/S2; Charesaz et al.,
2025; Charesaz et al., 2026). (A) Colony morphology on potato dextrose agar (PDA) after 7 days of incubation
at 28 °C, showing a compact, velvety, grey colony with a regular, entire margin, consistent with Alternaria. (B)
Microscopic image of Alternaria conidia (scale bar = 1,000 pm), showing dark-pigmented, multicellular conidia
arranged in chains and containing transverse and longitudinal septa, characteristic of the genus Alternaria.

template DNA. PCR products were separated
on a 1.5% agarose gel alongside a 1 kb DNA
size marker (Fig. 9).

In well A, containing DNA from the pure
Alternaria isolate, a single sharp band was
observed between the 500 bp and 750 bp
marker bands. The in silico analysis predicted
an ITS1/ITS4 amplicon of 570 bp for
Alternaria, which agrees closely with the
observed gel position. The band is indicated
in yellow in Fig. 9, while marker bands at 250
bp, 500 bp, 750 bp, 1 kb, and 1.5 kb are
shown in white. In well J, containing total
DNA from juniper leaves, we observed a
single band of approximately 1.2 kb between
the 1 kb and 1.5 kb marker bands. This result
closely matches the predicted Juniperus ITS
amplicon size of 1,174 bp (Table 8). The
negative control (well C-) showed no
amplification, indicating that no detectable
contamination occurred during PCR.
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B C D
Figure 8. Sampling location and plant material used for experimental validation. (A) Location of the sampled
Juniperus excelsa tree near Sorkhcheshmeh in the Hezar-Masjed region, Khorasan-Razavi Province, Iran
(coordinates: 37°1'36.28"'N, 56°53'44.18"E; elevation: 1,778.6 m). The map was prepared using Google Earth.
(B) Overall view of the healthy tree, showing a fully green canopy with no visible symptoms of dieback. (C)
Leaf samples collected from the tree. (D) Twig samples collected from the same tree.
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Figure 9. Experimental validation of ITS1/ITS4 PCR using DNA from an Alternaria isolate and Juniperus leaf
tissue. PCR products were separated on a 1.5% agarose gel alongside a 1 kb DNA size marker. Marker bands
at 250 bp, 500 bp, 750 bp, 1 kb, and 1.5 kb are indicated in white in well M. Well A: DNA extracted from a pure
Alternaria culture previously isolated from juniper. A single sharp band, highlighted in yellow, is visible between
the 500 bp and 750 bp markers and corresponds to the predicted 570 bp amplicon. Well J: Total DNA extracted
from a juniper leaf collected in the Hezar-Masjed mountains. A single band of approximately 1.2 kb is visible,
consistent with the predicted Juniperus ITS amplicon size of 1,174 bp. Well C—: Negative control without
template DNA. The approximately 600 bp difference in amplicon size allows clear separation of the fungal and

host products under the tested conditions.

Discussion
Validated ITS-rDNA reference sequences

were constructed for Juniperus spp. and A.
alternata and used to evaluate a simple, low-
cost PCR-based method for distinguishing
fungal and host amplicons. The results
showed that the universal ITS1/ITS4 primer
pair produced clearly different amplicon
sizes from Alternaria (approximately 570 bp)
and Juniperus (approximately 1,174 bp). The
resulting difference of approximately 600 bp
allowed the two products to be readily
distinguished under the tested conditions,
although this size difference does not
specifically identify Alternaria. The method
may therefore be useful as a preliminary,
culture-free screening approach for detecting
a fungal amplicon in juniper tissues.

However, it cannot be used to confirm
Alternaria colonization or applied as a
routine monitoring tool by forest protection
agencies without further validation and the
use of additional genus- or species-specific
markers.

We evaluated the ITS region as a tool for
preliminary size-based screening between
Alternaria and Juniperus amplicons rather
than as a genus-level detection method.
Alignment of the two reference sequences
showed that the ITS1 and ITS4 primer-
binding sites were fully conserved in both
Alternaria and Juniperus, including identical
3'-terminal nucleotides. This conservation
supports  reliable  amplification  under
standard PCR conditions. The approximately
600 bp difference between the fungal and
host amplicons is also large enough to allow
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clear visual separation on a 1.5% agarose gel,
even with non-specific background bands.

This result is consistent with previous
studies that have used ITS length variation
for diagnostic purposes in other plant-fungus
systems (Tedersoo & Lindahl, 2016; Usyk et
al., 2017). To our knowledge, however, this
is the first systematic evaluation of ITS-based
size discrimination between Alternaria and
Juniperus amplicons in juniper tissues, using
reference sequences constructed from a large
set of publicly available records, including
8,050 A. alternata sequences and 193
sequences from Juniperus species reported
from Iran.

However, the ITS region has important
limitations for species-level identification.
Although it is useful for preliminary size-
based screening, it should not be interpreted
as a genus-level detection marker. Both the in
silico analysis and previous studies indicate
that ITS cannot reliably distinguish closely
related Alternaria species. Phylogenetic
analysis of 37 Alternaria isolates obtained
from juniper hosts showed that ITS
sequences clustered mainly according to
geographic origin and host species rather
than nominal species. This pattern agrees
with previous reports showing that the ITS
region is too conserved to discriminate
among closely related species in several
ascomycete genera, including Alternaria
(Jasalavich et al., 1995; Woudenberg et al.,
2015; Baturo-Ciesniewska et al., 2020).

Furthermore, the approximately 570 bp
band generated by ITS1/ITS4 PCR is not
specific to A. alternata or even to the genus
Alternaria.  Other  common  juniper
endophytes, including Penicillium,
Fusarium, and Trichoderma, may produce
amplicons of similar size (approximately
520-590 bp) with the same primer pair. The
method is therefore suitable only for

preliminary  screening, and amplicon
sequencing is required for definitive
identification.

In silico primer mapping showed that
ITS1-F contains a mismatch at its 3’ end on
the Juniperus reference sequence (A vs. G),
which is expected to reduce or prevent host
amplification. This feature makes the 1TS1-
F/ITS4 pair a promising option for reducing
host co-amplification, although the pair may
still amplify other fungal taxa. Such a
reduction in host amplification could be
useful in metabarcoding applications, where
host DNA may account for a large proportion
of sequencing reads (Yang et al., 2025).
Nevertheless, ITS1-F/ITS4 does not provide
genus- or species-specific detection, and
taxonomic  confirmation  still  requires
sequencing.

Several limitations should be considered.
First, we validated the assay by PCR using
only one pure Alternaria isolate and one
juniper leaf sample. Although the results
agreed with the in silico predictions, further
validation should include more fungal
isolates from different geographic regions
and juniper samples from multiple locations.
Second, ITS1/ITS4 was not experimentally
tested against other common juniper
endophytes, such as Fusarium, Penicillium,
and Trichoderma. Predicted amplicon sizes
for these genera are similar to those of
Alternaria (approximately 520-590 bp), and
small differences in fragment length may not
provide reliable taxonomic discrimination
without sequencing. Third, the phylogenetic
assessment was restricted to ITS sequences
available in public databases. Additional
isolates from under-sampled regions,
including Central Asia and North Africa, may
reveal further phylogeographic structure.
More generally, I1TS-based identification
often requires complementary morphological
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evidence and additional genetic markers
because public databases may contain
misannotated records and because substantial
intraspecific variation can occur (Baturo-
Cie$niewska et al., 2020).

The limitations identified in this study,
particularly ITS's inability to resolve
Alternaria species and the potential for cross-
amplification with other fungal genera,
provide a clear direction for further work. In
the next phase of this research, we will
develop and validate species-specific primers
targeting the B-tubulin (TUB2) gene because
this marker can help distinguish closely
related Alternaria species (Samson et al.,
2004; Zhao et al, 2014; Dettman &
Eggertson, 2022). Future studies will also test
the assay on naturally infected tissues and
mixed endophyte communities using a panel
of isolates representing different fungal
genera.

The ITS1/ITS4 PCR assay described here
offers a simple and low-cost method for
preliminary screening. In DNA extracted
from symptomatic juniper twigs or leaves,
the presence of an approximately 570 bp
band in addition to the host-derived band may
indicate a fungal amplicon, but it does not
confirm Alternaria colonization. The method
does not require fungal culture and can be
completed within one day, making it
potentially useful for preliminary screening
once adequately validated. For precise
taxonomic identification, sequencing the
smaller amplicon or using additional markers
such as TUB2 is required.

Given the reported diversity of Alternaria
in Iran, including recently described species
(Ahmadpour et al., 2025), further molecular
surveillance may be useful after appropriate
validation. However, the present data do not
support claims of early pathogen detection.
This study should therefore be regarded as a

proof of concept for  size-based
discrimination using pure DNA templates.
Validation on naturally infected tissues and
mixed endophyte communities is still
required before the assay can be considered
for routine monitoring.

Under the tested conditions, the
approximately 570 bp Alternaria amplicon
was clearly distinguishable from the
approximately 1,174 bp Juniperus amplicon.
However, the amplicon sizes produced by
other fungal genera that may occur in juniper
tissues have not yet been determined
experimentally and should be examined in
future studies. Because 1TS1/ITS4 does not
provide reliable genus- or species-level
discrimination, additional markers will be
necessary to confirm the presence of
Alternaria and to distinguish among
Alternaria species.

Conclusion

High-quality ITS-rDNA  reference
sequences were constructed and validated for
Juniperus spp. (4,231 bp) and A. alternata
(2,911 bp) using a large set of publicly
available sequences. Alignment of the two
reference sequences revealed an
approximately 600 bp difference in ITS
region length, which formed the basis of a
simple PCR approach for size-based
discrimination between Alternaria and
Juniperus amplicons.

Experimental validation showed that the
universal ITS1/ITS4 primer pair produced
clearly different amplicon sizes,
approximately 570 bp from Alternaria DNA
and approximately 1.2 kb from Juniper leaf
DNA. This difference allowed the two
products to be readily distinguished under the
tested conditions, although amplicon size
alone cannot confirm Alternaria
colonization. The ITS region also lacks
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sufficient  resolution for  species-level
identification within Alternaria and should
not be considered a genus-specific detection
marker. Its value in the present study is
therefore limited to preliminary size-based
screening. In contrast, the ITS1-F/ITS4
primer pair is not expected to amplify
Juniperus DNA because ITS1-F contains a
3’-end mismatch on the host reference
sequence. This pair may therefore help
reduce host co-amplification, although
amplification of other fungal taxa remains
possible.

ITS cannot distinguish among Alternaria
species or reliably separate fungal genera,
which defines an important direction for
further research. Species-specific primers
targeting the B-tubulin (TUB2) gene will
require development and validation to more
precisely identify Alternaria. The conserved
regions identified within the A. alternata
assembly may also provide suitable targets
for designing additional primers with greater
taxonomic specificity.

Overall, the ITS1/ITS4 assay provides a
simple, rapid, and low-cost method for
preliminary size-based screening of fungal
and host amplicons. The approximately 570
bp Alternaria product can be distinguished
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