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ABSTRACT Internal Transcribed Spacer (ITS) region was amplified via PCR,

Wheat is a vital global staple, with Triticum durum Desf. (durum wheat)
primarily used for pasta and couscous, and Triticum aestivum L. (bread
wheat) widely cultivated for baking. Differentiating these species,
especially in processed forms, poses significant challenges due to their
genetic similarity and overlapping end-use applications. This study
applied Barcode-High-Resolution Melting (Bar-HRM) analysis to
distinguish common durum (Cesare, Ovidio, Tiziana, Zivago) and bread
wheat (Adana 99, Ceyhan 99, Ding, Nizar) varieties in Tiirkiye. DNA was
extracted separately from seeds, flours, and fresh leaves to ensure

revealing two polymorphic sites in ITS1 and 20 in ITS2, with 14 sites
differentiating the two species. HRM primer sets targeting these regions
achieved genotyping confidence levels exceeding 95%. Sequencing
validated the HRM results, and phylogenetic analysis confirmed clear
separation between durum and bread wheat. This rapid, reliable, and
contamination-resistant method enables accurate wheat discrimination
from small samples within three hours, offering significant potential for
broader applications in agricultural diagnostics and food authenticity
testing.

successful recovery, with seed-derived DNA used for HRM analysis. The

Keywords: Triticum aestivum, Triticum durum, Bar-HRM, Genotyping, Internal Transcribed Spacer.

1. Introduction

Wheat (Triticum aestivum L.) is a globally important staple crop, serving as a primary source of calories and protein for
approximately 85% and 82% of the world’s population, respectively (Chaves et al. 2013). Its versatility extends beyond human
nutrition to the production of diverse food products such as yeast-based and flatbreads, steamed breads, cakes, pasta, biscuits,
noodles, couscous, and beer. Additionally, wheat contributes to non-food industries, including biofuel production. Its adaptability
allows for cultivation across a range of tropical and subtropical regions under both rain-fed and irrigated conditions. However,
despite this adaptability, wheat production is often constrained by environmental stresses (Rahaie et al. 2013).

In Turkey, wheat production holds significant economic and agricultural importance, with the country ranking among the
world’s leading producers. The Central Anatolia Plateau alone accounts for approximately 40% of Turkey’s total wheat output
(Yice et al. 2020). Despite favourable climatic and geographical conditions, Turkish wheat cultivation faces challenges such as
fluctuating rainfall patterns, soil degradation, and increasing drought occurrences, all of which threaten crop yields. Climate
change is projected to exacerbate these issues, with rising temperatures and water scarcity posing critical risks to wheat
productivity in the coming decades (Lv et al. 2019). In response, Turkey has implemented agricultural policies focusing on
breeding drought-resistant wheat varieties and promoting sustainable irrigation practices to ensure long-term food security
(Karaman et al. 2018; Ceyhan & Akkaya 2020).

Among the different wheat species, durum wheat (Triticum durum Desf.) and bread wheat (Triticum aestivum L.) are the
most significant due to their distinct genetic characteristics and end-use applications. Bread wheat is a hexaploid species (BADD
genome) with greater genetic diversity, contributing to its adaptability to diverse environments (Dubcovsky & Dvorak 2007). In
contrast, durum wheat is tetraploid (BBAA genome) with a more rigid gluten structure and higher grain hardness, making it
particularly suitable for pasta and couscous production. The differences in protein content, gluten composition, and grain
hardness influence their distinct uses in food industries (Abdel-Aal et al. 1995; Shewry 2009).
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Despite these differences, distinguishing between durum and bread wheat presents practical challenges. Their close genetic
relationship, shared ancestry, and overlapping morphological traits complicate accurate identification, especially in hybrid
varieties (Peng et al. 2011). Traditional morphological methods, relying on traits like grain size, shape, and color, are often
unreliable due to environmental influences (Zeven 1991). Molecular techniques such as Simple Sequence Repeats (SSRs) and
Single Nucleotide Polymorphisms (SNPs) offer greater accuracy but can be costly and time-consuming, limiting their routine
application in breeding programs (EI-Esawi et al. 2018).

High-Resolution Melting (HRM) analysis has emerged as a powerful post-PCR technique for detecting genetic variations,
including SNPs, insertions, deletions, and mutations. By monitoring the melting behavior of double-stranded DNA with high
precision, HRM enables the identification of subtle genetic differences through distinct melting profiles without requiring
additional post-PCR steps such as gel electrophoresis or sequencing (Reed et al. 2007; Wittwer et al. 2003a). Its high sensitivity,
cost-effectiveness, and rapid throughput make HRM particularly suitable for applications in genotyping, mutation scanning, and
species differentiation (Vossen et al. 2009; Cheng et al. 2014).

While HRM has been widely applied in food authentication and species identification, its potential for differentiating closely
related wheat species based on genetic markers offers significant advantages for agricultural practices (Gadaleta et al. 2011;
Pastore et al. 2020). By enabling precise, rapid, and cost-effective differentiation between durum and bread wheat, HRM supports
breeding programs, quality control, and regulatory compliance in the wheat industry.

The aim of this study is to apply the HRM technique to differentiate between widely cultivated durum and bread wheat
varieties using seed, flour, and leaf samples. This approach seeks to address the challenges of traditional identification methods
by providing a reliable molecular tool for wheat genotype differentiation.

2. Material and Methods
2.1. Sampling and DNA extraction

We obtained certified seeds of durum wheat (Triticum durum Desf.) varieties (Ovidio, Zivago, Cesare, Tiziana) and bread wheat
(Triticum aestivum L.) varieties (Ceyhan 99, Nizar, Adana 99, Ding) from certified seed dealers in Tlrkiye.

We extracted DNA separately from seeds, flours, and fresh leaves of durum and bread wheat samples to ensure the successful
recovery of DNA from each source for subsequent analysis. To obtain flour samples, seeds were finely ground using a coffee
grinder. Fresh leaves were generated by germinating seeds in a sterilized peat:vermiculite mixture (3:1 w/w) in 15 cm? plastic
viols for one week. DNA extraction from seeds and flours was performed exactly following the protocols of Aydin et al. (2018),
while the protocols of Doyle & Doyle (1987) and Cullings (1992) were used for fresh leaves, as described in the literature. The
concentration and integrity of the extracted DNA were assessed using a Qubit 2.0 fluorometer (Invitrogen, USA) and 1% agarose
gel electrophoresis. For the HRM analysis, we utilised DNA extracted specifically from seed samples.

2.2. Amplification of the target regions

Since internal transcribed spacer (ITS) region is a good worker for species-level marker, we amplified the partial ITS region
including ITS1, 5.8S and ITS2 parts using the primer pairs ITS1A (Rudnoy et al. 2004) and 1TS4 (White et al. 1990) by
polymerase chain reaction (PCR). The 20uL reaction mix was prepared as 2uL reaction buffer (Thermo Scientific, USA), 4uL
dNTP, 1.6uL MgCI?, 0.4uL of 10nM each primer, 0.16uL Taq polymerase (Thermo Scientific, USA) and nuclease free water.
The reaction was performed on SimpliAmp thermal cycler instrument (Applied Biosystems, USA) under the conditions 95 °C 3
m initial denaturation followed by 35 cycles of 95 °C 15 s denaturation, 51 °C 30 s annealing, 72 °C 1 m elongation. The reaction
was finalised by the 72 °C 10 m final elongation step. The PCR products were checked for specificity using 2% agarose gel
electrophoresis. The amplicons were directly sent to Macrogen Inc., (The Netherlands) for purification and both-direction
dideoxy sequencing using the ITS1A and ITS4 primers.

2.3. Primer designing and high-resolution melting analysis

The nucleotide sequences of the Internal Transcribed Spacer (ITS) region were imported into Geneious Prime (version 2024.0.7)
for analysis. Bidirectional sequencing reads were trimmed and aligned to generate high-quality consensus sequences for each
sample. We annotated the ITS1, 5.8S, and ITS2 regions within these sequences to identify polymorphic sites, focusing on regions
with potential genetic variation. Polymorphic regions were selected based on sequence variability observed during alignment,
with particular attention to single nucleotide polymorphisms (SNPs) and insertions/deletions (indels).

Given that the accuracy of HRM analysis is influenced by the length and guanine-cytosine (GC) content of the DNA
fragments, we specifically targeted the non-coding, highly variable regions within ITS1 and ITS2. HRM-specific primers were
designed to amplify these regions, optimizing for an expected amplicon length of 80-120 bp and a melting temperature around
60 °C to ensure efficient amplification and clear melting curve differentiation (Table 1). To validate primer specificity and
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efficiency, we performed in silico analysis using the Primer-BLAST tool available through the National Center for
Biotechnology Information (NCBI), ensuring that the primers selectively amplified the intended target regions without non-
specific binding.

Table 1- Primers’ specifications designed for the high resolution melting

Name Sequence Melting Temperature (<)  Amplicon Size (bp)
whITS1-HRM_19F GACCACCTCCCCTCCTCG 60.8 97
whITS1-HRM_116R GACATGCCCCCGGGTTAGG 62.4
whITS2-HRM_76F ACCGAAGATTGGGCTGCC 60.0 152
whITS2-HRM_228R GGTAGTCCCGCCTGACC 58.7

We normalised the concentrations of DNA extracts to 20 ng uL~* prior to HRM. Twenty microliters of HRM reaction were
set up using Luminaris Color HRM Master Mix (Thermo Scientific, USA) including 10uL of HRM mix, 20ng of DNA, 1uL of
10nM each primer and nuclease-free water. The reaction was performed on Quantgene 9600 (Bioer, China) thermal cycler under
the conditions of 95 °C 10 m initial denaturation followed by 40 cycles of 95 °C 15 s denaturation, 58.7 °C 30 s annealing, 72
°C 45 s elongation. We added 95 °C 30 s and 50 °C 30 s steps for heteroduplex formation. Melting conditions were 50 °C to 95
°C by 0.1 °C st and fluorescent data was acquiesced continuously. Derivative plots were drawn on the Bioer software and the
principal component analysis (PCA) with clustering were performed on R studio using the hrm_pca script (Hiirkan 2021).

3. Results and Discussion

We successfully extracted DNA from three different sources: seeds, flour, and fresh leaves of wheat samples. The DNA
concentrations ranged from 74.70 to 98.04 ng uL ! for seeds, 54.10 to 66.19 ng uL.~* for flour, and 144.58 to 219.00 ng uL* for
fresh leaves. The integrity of the extracted DNA was confirmed through agarose gel electrophoresis, which demonstrated that
all samples were suitable for downstream applications, including PCR amplification and HRM analysis. Although DNA was
extracted from all three sources, HRM analysis was conducted primarily using DNA from fresh leaves due to its higher
concentration and superior quality, which ensured consistent and reliable amplification. DNA from seeds and flour was used to
validate the consistency of the results, and no significant discrepancies were observed.

The partial ITS region, comprising 1TS1, 5.8S, and ITS2, was successfully amplified from all DNA samples (Table 2). The
amplicon sizes were 158 bp for ITS1, 63 bp for 5.8S, and 258 bp for ITS2, with no observed length polymorphisms. Polymorphic
sites, ranging from two to twenty, were identified within the intron regions of 1TS1 and 1TS2, while the coding 5.8S region
showed no polymorphic variation, as expected. The presence of polymorphic sites contributed to variations in the guanine-
cytosine (GC) content among samples, influencing the melting behavior during HRM analysis (Figure 1). The ITS region, located
within the 185-5.85-26S nuclear ribosomal cistron, is a well-established marker for plant species identification and phylogenetic
studies due to its biparental inheritance and high degree of polymorphism (Alvarez & Wendel 2003). These characteristics made
ITS1 and ITS2 ideal targets for HRM analysis in distinguishing wheat genotypes.

Table 2- Specification table of internal transcribed spacer region amplified from the studied samples

ITS1 5.8S ITS2
Sample Length G/C SNP Length G/C SNP Length G/C SNP
Ceyhan99 (BW) 158 60.8 2 63 59.5 0 258 60.5 20
Nizar (BW) 158 60.8 2 63 59.5 0 258 60.9 20
Ovidio (DW) 158 61.4 2 63 59.5 0 258 62.0 20
Zivago (DW) 158 61.4 2 63 59.5 0 258 61.6 20
Cesare (DW) 158 61.4 2 63 59.5 0 258 62.0 20
Tiziana (DW) 158 61.4 2 63 59.5 0 258 61.6 20
Adana99 (BW) 158 60.8 2 63 59.5 0 258 60.9 20
Ding (BW) 158 60.8 2 63 59.5 0 258 61.6 20

Length: Amplicon length in base pair, G/C: Guanine — cytosine ratio in per cent, SNP: Number of single nucleotide polymorphism

For optimal HRM analysis, amplicons should be less than 300 bp to ensure accurate detection of single nucleotide
polymorphisms (SNPs) (Druml & Cichna-Markl 2014). Since the ITS region amplified with ITS1A and I1TS4 primers yielded a
479 bp fragment, we designed novel HRM-compatible primer pairs specific to the studied samples. The primer pairs, whITS1-
HRM_19F/whITS1-HRM_116R and whITS2-HRM_76F/whITS2-HRM_228R, produced amplicons of 97 bp and 152 bp,
respectively. These primers were validated through end-point PCR, confirming specific amplification. The specificity of the
primers was further verified using in silico analysis with Primer-BLAST from the National Center for Biotechnology Information
(NCBI).

The successful implementation of HRM analysis enabled the identification of DNA variants without the need for sequencing
(Druml & Cichna-Markl 2014). The GC content significantly influenced the melting temperature (Tm) and denaturation kinetics
of the DNA fragments, as GC pairs form three hydrogen bonds compared to the two in adenine-thymine (AT) pairs. This
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difference in melting behavior allows HRM to distinguish between DNA variants, with the accuracy of the analysis depending
on both the amplicon length and the specificity of the PCR products (van der Stoep et al. 2009).
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Figure 1- Nucleotide alignments of the ITS1 (A) and ITS2 (B) regions amplified in the present study. The polymorphic sites
indicated with colours

HRM derivative plots demonstrated high specificity and sensitivity in distinguishing durum and bread wheat samples based
on the ITS1 and ITS2 regions (Figure 2A and 2B). The ITS1 region, despite having only two SNPs, exhibited better resolution
in differentiating wheat types compared to the ITS2 region, which contained 20 SNPs. This is attributed to the shorter amplicon
length of ITS1, which enhances melting curve resolution (Wittwer et al. 2003b; Liew et al. 2004; Wojdacz & Dobrowolski 2007;
Vossen et al. 2009). The genotyping confidence percentage (GCP), calculated by the HRM software, was 97.2% for ITS1 and
95.2% for ITS2, supporting the clear distinction between the wheat types.
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Figure 2- Derivative plots generated by the melting kinetics of the ITS1 (A) and ITS2 (B) amplicons during high resolution
melting analysis of the wheat samples. Red and blue zones represent the considered temperature ranges for analysing

To enhance the interpretation of HRM data, we applied principal component analysis (PCA) and clustering techniques. PCA
effectively reduced the dimensionality of the melting data, allowing us to identify the most significant variables influencing the
melting profiles (Halkidi et al. 2001). Clustering analysis grouped samples based on their melting characteristics, revealing
genetic patterns that were not immediately apparent through visual inspection alone (Kaufman & Rousseeuw 1990).

The PCA plots showed clear discrimination between bread wheat (BW) and durum wheat (DW) samples for both ITS1 and
ITS2 regions (Figure 3A and 3B). In the ITS1 plot, BW samples clustered on the left with negative PC1 values, while DW
samples grouped on the right with positive PC1 values, indicating distinct genetic differences between the groups. The ITS2 plot
showed BW samples tightly clustered with negative PC2 values, whereas DW samples were more dispersed, reflecting greater
genetic variability within this group. Notably, the DW variety Cesare exhibited the highest PC1 value, suggesting significant
genetic divergence from the other samples.

The combination of HRM analysis with PCA and clustering provided a robust framework for differentiating wheat genotypes.
This integrated approach enhanced the resolution of genetic differences, improved data interpretation, and confirmed the genetic
distinctions between durum and bread wheat. HRM’s rapid, cost-effective, and high-throughput capabilities make it a valuable
tool for genotyping studies. However, potential limitations include sensitivity to DNA quality, amplicon length, and GC content,
which can affect melting curve resolution. Additionally, while HRM is effective for detecting known polymorphisms, it may
have reduced sensitivity for identifying rare or complex mutations.

Future research should focus on expanding the range of genetic markers beyond the ITS region to improve discriminatory
power, especially for closely related cultivars. Integrating HRM with next-generation sequencing technologies could further
enhance genotyping accuracy. Additionally, applying this approach to larger and more diverse wheat populations would provide
deeper insights into the genetic diversity and evolutionary relationships within and between wheat species.
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Figure 3- Principal component analysis (PCA) of the raw high-resolution melting (HRM) data from the ITS1 (A) and ITS2
(B) amplicons, derived from the wheat samples. Durum wheat (DW) was colour coded as red, and bread wheat (BW) was as
black

4. Conclusions

The newly designed primer pairs targeting the non-coding ITS1 and ITS2 regions of the partial ITS fragment have been shown
to unequivocally differentiate between durum and bread wheat varieties. High-resolution melting (HRM) analysis is a precise,
accurate, and time-efficient single-tube method that effectively distinguishes these wheat types based on their subtle genetic
differences. As no prior study in the literature has employed the HRM method for this purpose, the present research serves as a
pioneering effort for researchers and laboratories that need to discriminate between durum and bread wheats from various
sampling sources, including seeds, flour, and leaves.

Authors’ contributions: EUG: Laboratory experiments, YKH: Statistical analysis and data evaluation, KH: Concept of the
study, data analysis and writing the draft manuscript.
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