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A B S T R A C T

Durum wheat landraces and historical varieties, commonly referred to as conservation varieties, are gaining an 
increasing interest lately, due to their agronomic, cultural, and economic significance. In Sicily, these varieties 
are still cultivated and play a crucial role in supporting local agricultural systems. To promote their value and 
ensure product authenticity along the supply chain, reliable traceability tools are needed. We performed SNP 
genotyping on a collection of 181 tetraploid wheat accessions using the Illumina Infinium 7K SNP array. The 
panel included 141 accessions representing six key Sicilian conservation varieties (Bidì, Perciasacchi, Ruscìa, 
Russello, Timilia reste bianche, and Timilia reste nere) and 40 additional accessions comprising Italian landraces, 
historical cultivars, and modern varieties used as references. Of these, 139 accessions belonged to Triticum tur
gidum ssp. durum, while 42 were identified as T. turgidum ssp. turanicum. Clustering analyses based on multi-locus 
genotypes and identity-by-state distances revealed several misidentified accessions, likely due to seed lot 
contamination maintained at the farm level. Notably, Russello, Ruscìa, and Timilia showed marked genetic 
divergence from both traditional and modern cultivars, underscoring their distinct genetic identities. In contrast, 
Turanicum accessions displayed low genetic differentiation, suggesting a shared origin and limited diversifica
tion. From the overall dataset, 18 SNP markers were identified as highly effective for distinguishing Sicilian 
conservation varieties. Kompetitive Allele-Specific PCR (KASP) assays were developed and validated for these 
markers, providing the foundation for a robust, DNA-based traceability system applicable throughout the con
servation variety supply chain.

1. Introduction

Durum wheat (Triticum turgidum L. ssp. durum (Desf.) Husn., 2n = 4x 
= 28 AABB genome) is an important crop worldwide, with an annual 
production of about 37 million tonnes (Bożek et al., 2021). It is partic
ularly cultivated in the Mediterranean area, where it is typically used for 
production of pasta, couscous, bulgur and some types of bread, but its 
cultivation extends also to Northern Europe Countries such as Denmark, 
Finland and Sweden. This crop is especially important in Italy, which is 
in fact one of the largest producers in the world and the first country for 
pasta production (Blanco, 2024).

The historical importance of this crop for Italy is evidenced by the 
fact that the first breeding programs started there, at the beginning of 
the 1900s. In that period, durum wheat cultivation was based mainly on 
landraces adapted and evolved in the southern regions of Italy, 

especially in Sicily. First breeding programs involved the selection of 
pure lines from these landraces and from landraces originating from 
North Africa. The most famous cultivar developed in this way was 
Cappelli (syn. Senatore Cappelli), selected by Nazareno Strampelli from 
the Tunisian landrace Jean Retifah and released in 1915, although E. De 
Cillis (1927) and some recent molecular studies suggest that it was 
selected from Bidì or Mahmoudi, two other Tunisian landraces (Fiore 
et al., 2019; Marzario et al., 2018; Taranto et al., 2020). The selection 
process brought the release of different varieties, most belonging to the 
mediterraneum type, until the mid of the 19th century, when breeders 
started to cross them with the syriacum type landraces (Giunta et al., 
2007). The crosses were characterized by semi-dwarfism and increased 
earliness, traits that contributed to the replacement of old varieties and 
landraces. Finally, Green Revolution led to the introgression of reduced 
height (Rht) dwarfing genes, enhancing lodging resistance and causing a 
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huge yield improvement (De Vita et al., 2007).
For many years, landraces and historical cultivars have been main

tained only by farmers and research institutes, with the risk of 
contamination or losing them. In recent years, both consumers and the 
scientific community have shown renewed interest in these ancient ge
notypes. Modern breeding efforts have substantially increased the pro
ductivity and agronomic performance of durum wheat. However, this 
progress has often come at the expense of genetic diversity, as intensive 
selection and the repeated use of a narrow genetic base have led to the 
erosion of valuable alleles present in traditional varieties and landraces 
(Mazzucotelli et al., 2020; Taranto et al., 2020). Moreover, these vari
eties represent a useful resource of valuable alleles that need to be 
exploited yet, especially those associated with resistance to biotic and 
abiotic stresses (Campanella & Petralia, 2022; Corinzia et al., 2024; 
Palermo et al., 2024; Ruisi et al., 2015; Scandurra et al., 2024; Scavo 
et al., 2022).

To promote the preservation of their biodiversity, the Italian gov
ernment, implementing the European Union directive 2008/62/CE, 
with the Legislative Decree No. 149 of 2009 (now repealed and replaced 
by Legislative Decree No. 20 of 2021) permitted the registration of 
“conservation varieties”, defined as “landraces and varieties which are 
naturally adapted to local and regional conditions and threatened by 
genetic erosion”, in the National catalogue of agricultural species. Since 
2009, twenty-eight durum wheat conservation varieties have been 
inscribed in the Catalogue and twenty-four of them are Sicilian.

Sicily has played a pivotal role in the history of durum wheat culti
vation and remains the second-largest Italian region for its production. 
Here, historical varieties are cultivated in marginal areas under low- 
input farming systems, partly due to their yield stability (Bosi et al., 
2022; Corinzia et al., 2024; De Vita et al., 2010. The products derived 
from these varieties are positioned in high value and niche markets, 
where attributes such as unique sensory qualities, nutritional benefits, 
cultural heritage, and sustainable production practices are highly valued 
by consumers (Varia et al., 2021).

One of the major challenges in the conservation varieties supply 
chain is the risk of genetic contamination, which can arise from different 
factors, such as unintentional seed mixing during the sowing or the 
harvest, errors in morphological identification or intentional fraud.

One of the main methods for identifying wheat varieties involves 
analysing the electrophoretic patterns of glutenin subunits and gliadins 
through SDS-PAGE (Sodium Dodecyl Sulphate-PolyAcrylamide Gel 
Electrophoresis) and A-PAGE (Acid Poly Acrylamide Gel Electropho
resis) (Bushuk & Zillman, 1978; Lawrence & Shepherd, 1980; Shewry 
et al., 1978). Visioli et al. (2021) used SDS-PAGE of glutenin subunits to 
analyse seed batches and commercial flours of Sicilian conservation 
varieties labelled as mono-varietal and found in all the cases they 
detected varying degrees of genetic contamination. In a previous work, 
we demonstrated that gliadin and glutenin electrophoretic patterns can 
be used to discriminate 21 Sicilian conservation varieties, with the only 
exception of Bidì, Cappelli and Capeiti 8, that resulted undistinguishable 
(Palombieri et al., 2024).

Although these techniques are still widely used in wheat research 
due to their simplicity and cost-effectiveness, the analysis of DNA 
polymorphisms remains the most effective and high-performance 
strategy for studying genetic diversity. The earliest wheat genotyping 
methods were based on Simple Sequence Repeats (SSRs) (Cooke et al., 
2003; Pasqualone et al., 2010; Perry, 2004). Advancement in next 
generation sequencing techniques permitted the discovery of numerous 
single nucleotide polymorphisms (SNPs) and the development of 
different DNA microarray platforms (Allen et al., 2017; Burridge et al., 
2024; Cavanagh et al., 2013; Rimbert et al., 2018; S. Wang et al., 2014; 
M. O. Winfield et al., 2016). All these platforms were originally designed 
on common wheat (Triticum aestivum L.) but they have been also used 
extensively to study durum wheat genetic diversity (Ganugi et al., 2021; 
Maccaferri et al., 2019; Mazzucotelli et al., 2020; Roncallo et al., 2021; 
Taranto et al., 2020; Velimirović et al., 2023).

Some authors used these SNP microarrays to study Sicilian tetraploid 
wheat conservation varieties. Fiore et al. (2019) used the Illumina 
Wheat 90K microarray to analyse 27 Sicilian tetraploid landraces from 
the collection of the “Experimental Sicilian Station for Durum Wheat” 
(ESS) in Caltagirone (Catania, Italy), together with two historical vari
eties (Cappelli and Trinakria) and two modern varieties. In a recent 
work Fiore et al. (2022) used the same microarray on a collection that 
included 104 accessions of T. turgidum subspecies, mostly consisting of 
Sicilian landraces. Also, in this case they were retrieved from ESS 
collection. Taranto et al. (2022) collected 357 accessions of varieties 
Timilia reste nere and Russello from Sicilian farmers and preserved them 
following three generations of Single Seed Descendent (SSD) at the 
Research Centre for Cereal and Industrial Crops (CREA-CI) of Foggia 
(Italy). Then, the accessions were genotyped using the Illumina iSelect 
15K wheat SNP array (TraitGenetics GmbH, Gatersleben, Germany) to 
analyse them.

Traceability DNA-based techniques are widely used in food of plant 
origin supply chains (Lanubile et al., 2024). Over the years, different 
approaches have been developed for durum wheat varietal identifica
tion. SSR markers have been successfully used for samples of seeds, 
bread and pasta (Fanelli et al., 2023; Pasqualone et al., 2010; Perry, 
2004). SNPs have been exploited using a wide range of techniques, as 
Denaturing High Performance Liquid Chromatography (DHPLC), 
Cleaved Amplified Polymorphic Sequence (CAPS), TaqMan genotyping, 
loop-mediated isothermal amplification reaction (LAMP) and Digital 
PCR (Cibecchini et al., 2020; Giancaspro et al., 2016; Graci et al. 2022; 
Lee et al., 2023; Morcia et al., 2021).

The aim of this work was to genetically characterize different ac
cessions of six Sicilian tetraploid wheat conservation varieties (Bidì, 
Ruscìa, Russello, Perciasacchi, Timilia reste bianche and Timilia reste 
nere) and to develop a DNA-based system to perform traceability 
through supply chain. These accessions were obtained from custodian 
farmers, who are actively involved in their conservation and 
maintenance.

For genetic characterization we performed SNP genotyping using the 
Wheat 7K Illumina Infinium microarray (Traitgenetics GmbH, Gate
rsleben, Germany), a platform containing 6707 high polymorphic SNPs 
selected from previous microarrays.

The resulting data were used to assess the genetic differentiation 
among the varieties and to identify a subset of SNPs able to discriminate 
efficiently them.

2. Methods

2.1. Plant materials

A total of 181 accessions of tetraploid wheats were analysed in this 
work, 141 of which were collected directly from farmers. In each farm, 
varieties were classified based on the morphology of the spike and two 
or three spikes for each type were collected. In total, we analysed 20 
accessions of Bidì, 31 accessions of Perciasacchi, 15 accessions of Ruscìa, 
24 accessions of Russello, 28 accessions of Timilia reste bianche and 23 
accessions of Timilia reste nere. Additionally, we included 16 durum 
wheat modern varieties, 9 durum wheat old cultivars and 15 tetraploid 
wheat landraces from various sources. The complete accession list is 
reported in Supplementary Table 1, while Table 1 presents a brief 
description of the analysed varieties and the corresponding number of 
accessions.

The collection was composed by 139 accessions of T. turgidum spp. 
durum and 42 of T. turgidum ssp. turanicum. Accessions were divided into 
landraces (LR), old (OC) and modern cultivars (MC) based on their year 
of release and their constitution, according to the definition given by 
Taranto et al. (2020).
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2.2. DNA extraction and SNP genotyping

One seed from each individual accession was germinated and leaves 
were sampled for DNA extraction. DNA extraction and SNP genotyping 
were performed by Traitgenetics GmbH (Gatersleben, Germany). For 
SNP genotyping, the Illumina Infinium 7K wheat microarray (Traitge
netics GmbH, Gatersleben, Germany) was used, containing 6713 SNP 
markers.

2.3. Data quality control

Genotyping data were firstly converted into an HapMap file, adding 
the physical position of each probe on durum wheat genome (Svevo.v1), 
using R v4.4.3 (R Core Team, 2024). All the probes that did not map 
were removed. Then, the HapMap file was converted into a Plink file 
using TASSELL v.5 (Bradbury et al., 2007). Plink v1.9 and Plink v2.0 
were used for initial data quality filtering (Chang et al., 2015). Probes 
mapping on multiple positions were removed using the plink2 function 
‘–rm-dup exclude-all’. Probes mapping on the same physical position 
were identified (plink –list-duplicate-vars ids-only) and removed. Then, 
we excluded markers with missing call rates higher than 5% (plink 
–geno 0.05) and samples with missing call rates higher than 10% (plink 
–mind 0.1).

2.4. Sample filtering

To identify duplicates accessions and possible misidentifications, the 
function mlg.filter of the R package poppR v2.9.6 was used (Kamvar et al., 
2015). We used this function to collapse unique multilocus genotypes 
using a nearest neighbor clustering method calculated on Hamming 
distance. For this analysis missing data were removed. Accessions of a 

variety that clustered together with accessions of another variety were 
removed, because considered misidentifications. For each cluster, only 
one accession was kept, choosing the one with less missing data. If a 
cluster contained accessions from multiple varieties, at least one 
accession from each variety was retained.

To identify more misidentifications, we calculated identity-by-state 
(IBS) using the plink function ‘–distance square ibs’ and we produced 
a clustered heatmap representing IBS results using the R package 
pheatmap v1.0.12 (Kolde, 2019). Accessions of a variety that were in a 
separate cluster than the other accessions of the same variety were 
removed.

2.5. Population structure and admixture analysis

Markers with a minor allele frequency (MAF) lower than 1% were 
removed using the plink function ‘–maf 0.01’. Then, linkage disequi
librium (LD) pruning was made using a r2 threshold of the 80%, a 
window size of 50 kb and a step size of 5 (plink –indep-pairwise 50 5 
0.8).

The structure of the population and the individual admixture pro
portions were calculated using the software PopCluster v1.4 (J. Wang, 
2024). Best number of population clusters (K value) was determined 
performing 100 replicate runs (K range from 2 to 20) using two different 
built-in K estimators: the second order rate of change of the estimated 
log-likelihood and the F statistics. Then, 1000 replicate runs were made 
with the ideal number of clusters. Default settings were used except for 
likelihood scaling, that was set as medium.

The admixture plot was produced in R using the package ggplot2 
v3.5.1 (Wickham, 2016).

Pairwise fixation index (FST) between populations was calculated 
using PopCluster and plotted using the R package corrplot v0.95 (Wei & 

Table 1 
List of the analysed varieties and their corresponding number of accessions. LR = landrace, OC = old cultivar, MC = modern cultivar.

Variety/cultivar Breeding 
type

Subspecies N◦

Accessions
Description Pedigree

Bidì OC durum 20 Sicilian old cultivar Selection from the Tunisian landrace 
Mahmoudi

Anco Marzio MC durum - Modern cultivar Stot//Altar 84/ALD
Antalis MC durum - Modern cultivar -
Aureo MC durum - Modern cultivar Kofa/Svevo
Bronte MC durum - Modern cultivar Berillo/Latino
Capeiti 8 OC durum 2 Old Italian cultivar released in 1955, registered as 

conservation variety.
Eiti 6/Cappelli

Cappelli OC durum 5 Old Italian cultivar released in 1915 Selection from the Tunisian landrace Jenah 
Rhetifah

Duilio MC durum - Modern cultivar Cappelli//Anhinga/Flamingo
Emilio Lepido MC durum - Modern cultivar Orobel//Arcobaleno/Svevo
Etrusco LR turanicum 5 Turanicum landrace -
Furio Camillo MC durum - Modern cultivar Iride/Claudio
Graziella Ra LR turanicum 1 Turanicum landrace -
Iride MC durum - Modern cultivar Altar 84/Ionio
Isola MC durum - Modern cultivar Rusticano/Platani
K26 MC durum - Modern cultivar Spontaneuos mutant derived from Simeto/ 

Colosseo
QK-77 MC turanicum - Turanicum cultivar released in 1990 ​
Mahmoudi OC durum 2 Tunisian landrace -
Marco Aurelio MC durum - Modern cultivar Orobel//Arcobaleno/Svevo
Opera MC durum - Modern cultivar Duilio/unspecified CIMMYT line
Orizzonte MC durum - Modern cultivar Rusticano/Simeto
Perciasacchi LR turanicum 32 Sicilian turanicum landrace -
Redidenari MC durum - Modern cultivar Cofa/N185
Ruscìa LR durum 15 Sicilian landrace -
Russello LR durum 26 Sicilian landrace -
Samarcanda MC durum - Modern cultivar Capeiti 8/Rusticano
Saragolla lucana LR turanicum 3 Turanicum landrace -
Simeto MC durum - Modern cultivar Capeiti 8/Valnova
Timilia reste 

bianche
LR durum 28 Sicilian landrace -

Timilia reste nere LR durum 23 Sicilian landrace -
Trinakria OC durum 2 Old Italian cultivar released in 1970 B14/Capeiti 8
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Simko, 2024).

2.6. Diversity analysis

Multidimensional scaling was computed on the pruned SNP dataset 
using the plink function ‘–cluster –mds-plot’. The plot was produced 
using the R package ggplot2 v3.5.1 (Wickham, 2016).

To study the phylogenetic relationships between the accessions, a 
neighbor-joining tree on Hamming distance was computed. Hamming 
distance was calculated using the plink function ‘–distance square’ while 
the neighbor-joining tree was estimated using the R package ape v5.8 
(Paradis & Schliep, 2019). Tree bootstrap values were calculated using 
poppR v2.9.6 (Kamvar et al., 2015). The tree was plotted using the R 
package ggtree v3.14.0 (Yu et al., 2017).

2.7. SNP statistics

The distribution of markers on the different chromosomes was 
plotted using the web server SRplot (Tang et al., 2023).

Nei's gene diversity (expected heterozygosis) and the number of 
private alleles were calculated using the R package poppR v2.9.6 
(Kamvar et al., 2015). Analysis of molecular variance (AMOVA) be
tween populations was computed using the same package.

2.8. Traceability

A custom R script was developed to identify discriminant markers 
that are specific to a given variety or population. Briefly, starting from 
the dataset that had not been filtered for MAF and LD pruned, SNPs with 
a MAF of 0 within the accessions of the target variety/population were 
initially selected. This subset of SNPs was then assessed across the entire 
dataset to identify unique alleles (alleles exclusively present in the va
riety/population of interest). In cases where no unique alleles were 
detected, an alternative approach was implemented to identify a set of 
discriminant probes. First, SNPs that were heterozygous or missing were 
removed. The MAF was calculated, and only those markers for which the 
target variety/population carried the minor allele were retained. 
Finally, SNPs with the lowest MAF values were sequentially selected 
until a sufficient number was obtained to distinguish the variety/pop
ulation from all others.

KASP (Kompetitive Allele Specific Polymorphism) markers were 
designed using Polymarker v1.2.1 (Supplementary Table 2) 
(Ramirez-Gonzalez et al., 2015). KASP validation was performed on a 
BioRad CFX duet Real-Time PCR System (Bio-Rad, California, USA). 
DNA of an accession of each target variety/population was extracted 
using the method reported in Frittelli et al. (2025). Each KASP reaction 
was set as follows: 5 μL of KASP-TF V5.0 2X Master Mix (LGC genomics), 
0.14 μL of KASP primer mix, 4.86 μL of DNA. KASP primer mix was 
obtained mixing 30 μL of 0.1 mM common primer with 12 μL of each 0.1 
mM allele-specific primer and 46 μL of DNase-free water. Cycling con
ditions suggested by TAQ manufacturer were used.

2.9. Gliadins extraction and electrophoresis separation

Gliadins were extracted from a bulk of five seeds of one spike of each 
accession using the method reported in Palombieri et al. (2024). Acid 
polyacrylamide gel electrophoresis (A-PAGE) was performed using 
polyacrylamide gels (8 cm × 13 cm) with 8% of T value (total acryl
amide concentration) and 1.25% of C value (cross-linker concentration), 
as reported in Palombieri et al. (2024). As a reference, we used gliadins 
extracted from the varietal bulks of Sicilian conservation varieties used 
in Palombieri et al. (2024).

2.10. Statistical analysis

AMOVA significance testing was obtained through a randomization 

method with 1000 permutations implemented in the randtest() function 
of the R package ade4 v1.7.23 and a significance level of α = 0.05 
(Thioulouse et al., 2018).

3. Results

3.1. SNP genotyping

6713 SNPs were characterized in 182 accessions of tetraploid wheat 
varieties using the Illumina Infinium 7K wheat microarray (Traitge
netics GmbH, Gatersleben, Germany). First step of the analysis was the 
quality filtering of the obtained markers. A total of 1126 SNPs that did 
not map on Svevo v.1 genome, map on multiple positions or map on the 
same position were removed. 444 SNPs were removed because their call 
rate was below the 95%, leaving a final dataset of 5143 variants. All the 
samples analysed had a call rate higher of 90%.

To remove duplicates or accessions that were not correctly identi
fied, a multilocus genotype clustering approach was used. Clusters and 
the list of accessions that were retained or excluded from the analysis are 
reported in Supplementary Table 3. Clusters 1, 3, 4, 5, 6, 9, 10, 11, 12 
and 13 contained multiple accessions of the same variety. In these cases, 
the choice of accessions to retain was based on the percentage of missing 
values. In cluster 2 one accession of Timilia reste bianche and one 
accession of Timilia reste nere were grouped together; given the likely 
misidentification, we retained only the accession with fewer missing 
data (“Timiliarb41B″). Several accessions belonging to different tur
anicum varieties (also known as khorasan wheat) (Perciasacchi, Etrusco, 
Graziella Ra, Saragolla lucana) clustered together in cluster 8; in this 
case we retained only one accession for each variety. Cluster 7 included 
four accessions of Bidì, all the accessions of Cappelli, two accessions of 
Timilia reste bianche and seven accessions of Timilia reste nere. The 
accessions belonging to “Timilia” varieties were considered mis
identifications and removed, while one accession each of Bidì and 
Cappelli was retained.

A clustered heatmap based on Identity-by-State (IBS) distances 
among the remaining 126 accessions was generated to identify other 
potential misidentifications (Supplementary Fig. 1). The accessions 
“Perciasacchi_13B”, “Ruscia_32B″, Ruscia_32C″ and “Timilia_rn_58B″ 
clustered together with modern and old cultivars and were therefore 
excluded. Additionally, “Perciasacchi_10B″, “Russello_7” and “Bidì_1C″ 
clustered separately from all the other accessions and were removed as 
well.

To validate the putative misidentifications found using SNP analysis, 
gliadin A-PAGE was performed, and the results are reported in Supple
mentary Fig. 2. Differences in gliadin composition in comparison with 
the reference accessions reported in Palombieri et al. (2024) supported 
the genetic clustering results.

The resulting dataset, consisting of 119 samples, was used for sub
sequent analyses.

SNP markers were filtered using a minor allele frequency (MAF) 
threshold of 5%, followed by linkage disequilibrium (LD) pruning with 
an r2 threshold of 0.80. The final dataset was composed by 1645 high- 
quality SNPs distributed across the 14 chromosomes (Fig. 1).

The number of SNPs for each chromosome is reported in Supple
mentary Table 4. On average, the dataset contained 117 SNPs per 
chromosome. Chromosome 4A had the lowest number of SNPs (81), 
while chromosomes 2B and 5B had the highest (145 SNPs).

3.2. Population structure

Population structure was inferred and individual admixture pro
portions were estimated using an unsupervised likelihood method 
included in the software PopCluster. The optimal number of population 
clusters (K = 6) was determined using a maximum likelihood clustering 
method under a mixture model. Then admixture proportions were 
calculated using an expectation maximisation algorithm. Every 
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accession was considered belonging to a population if the relative 
admixture proportion was above 0.5. The admixture plot is reported in 
Fig. 2 and the admixture proportion of each accession are reported in 
Supplementary Table 5.

The first cluster included all accessions of Timilia reste bianche and 
Timilia reste nere (n = 36) and was therefore designed as the “Timilia” 
cluster (Fig. 2, in green). These accessions exhibited minimal with the 
other populations, with all accessions having an ancestry in this cluster 
>0.987.

The second cluster included all the Russello accessions (n = 24), 
while third cluster included all the Ruscìa accessions (n = 11) (Fig. 2, in 
pink and in purple respectively). Some Russello accessions shared 
ancestry with the Ruscìa cluster up to 0.269. All Ruscìa accessions 
shared low ancestry with other populations.

All accessions belonging to T. turgidum ssp. turanicum (n = 21) 
clustered together (Fig. 2, in yellow). In this case, the population 
structure did not turn out to be so distinct, with 4 Perciasacchi acces
sions showing an ancestry lower than 0.7.

The fifth cluster (n = 12) grouped all the accessions classified as “old 
cultivars” (OC, defined as the cultivars released before the 1970) along 
with the modern cultivar, Simeto (released in 1988) (Fig. 2, in orange). 
Notably, Simeto is the oldest “modern cultivar” included in this study 
and one of its parental lines is Capeiti 8, an old cultivar. This likely 

explains its closer genetic affinity to the old cultivars rather than to more 
recently developed moder varieties.

Finally, the remaining modern cultivars (MC) clustered together (n 
= 15), forming a distinct group (Fig. 2, in teal green).

To further investigate the degree of genetic differentiation among the 
six identified populations, pairwise fixation index (FST) values were 
calculated (Fig. 3).

The lowest levels of genetic differentiation were observed between 
OC and MC (FST = 0.36) and between Ruscìa and Russello (FST = 0.36). 
In contrast the highest degree of differentiation was found between the 
Turanicum and Ruscìa populations (FST = 0.64). Ruscìa showed a 
FST>0.50 with all populations except Russello. Turanicum had highest 
FST with Ruscìa, Russello and Timilia than OC and MC. MC and Russello 
showed tendentially lower fixation indexes.

Fig. 1. Distribution of the 1645 high quality SNPs throughout the 14 chro
mosomes within 1 Mb window size.

Fig. 2. Admixture plot (K = 6) of 119 accessions analysed using 1645 markers. Each vertical bar represents one accession. In each bar, the colour represents the 
ancestry (admixture proportion) relative to one of the six populations. OC = old cultivars, MC = modern cultivars.

Fig. 3. Pairwise fixation index (Fst) between the six population. OC = old 
cultivars, MC = modern cultivars.
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3.3. Diversity analysis

A multidimensional scaling (MDS) analysis was performed on the 
dataset composed by 119 accessions and 1645 markers to visualize the 
genetic relationships and structure within the population (Fig. 4).

The MDS analysis confirmed that the “Timilia” accessions formed a 
distinct cluster completely separated from all other populations, with no 
distinction between Timilia reste bianche and Timilia reste nere. The 
Russello and Ruscìa populations were overlapped but remained distinct 
from the other populations. The clusters representing OC and MC were 
almost completely overlapped, probably due to the share of the same 
genetic background. Surprisingly, the Turanicum cluster partially 
overlapped with OC and MC. Phylogenetic relationships among the ac
cessions were furtherly studied constructing a neighbor-joining tree on 
Hamming distance. For improved readability, Fig. 5 presents the tree 
without boostrap values, while Supplementary Fig. 3 shows the same 
tree with bootstrap values on the nodes.

Phylogenetic tree confirmed the genetic distance of Timilia acces
sions from all the other accessions included in the study. No clear 
clustering between Timilia reste bianche and Timilia reste nere was 
found.

Ruscìa and Russello accessions share a common ancestral node, but 
they form two distinct clades.

All T. turgidum ssp. turanicum clustered together but no clear 
distinction among the accessions was found. In fact, Perciasacchi ac
cessions did not cluster all together, indicating intra-variety variability. 
Notably some Etrusco, Saragolla Lucana, Graziella Ra and Perciasacchi 
accessions resulted identical (Supplementary Table 1).

The MC and OC populations shared a common ancestral node in the 
phylogenetic tree. Within the OC population, two distinct sub-clades 
were identified. The first one included Bidì, Cappelli and Mahmoudi 
accessions, historical varieties derived from Tunisian landraces. The 
second one encompassed Capeiti 8 and Trinakria (which are descendent 
of Cappelli) and Simeto (derived from a cross involving Capeiti 8). It is 
also noteworthy that some Cappelli and Bidì accessions were identical 
(Supplementary Table 1).

3.4. Statistics

To further study populations diversity, Nei's gene diversity (Hexp), 
Fixation index (FST) and the number of private alleles were calculated 
(Table 2).

Nei's gene diversity (also called expected heterozygosity) measure 
the average genetic diversity per locus and is related to intra-population 
variability. Nei's gene diversity was higher in MC (Hexp = 0.235) and 
Russello (Hexp = 0.201), followed by OC (Hexp = 0.152), Timilia (Hexp =

0.139), Turanicum (Hexp = 0.126) and Ruscìa (Hexp = 0.112) 
populations.

Fixation index (FST) gives information about the degree of differen
tiation of the populations. FST had an opposite trend in comparison with 
Nei's gene diversity, with values ranging from 0.201 to 0.614. MC had 
the major number of private alleles (n = 80), followed by Russello (n =
45) and Timilia (n = 42). The lowest number of private alleles were 
found in Turanicum (n = 17), OC (n = 11) and Ruscìa (n = 5).

An analysis of Molecular Variance (AMOVA) was conducted to assess 
the genetic structure of the populations and the results are reported in 
Table 3.

AMOVA revealed that most of the variation in the analysed dataset 
was due to population structure accounting for 50.82%) of the total 
variance (p-value<0.001). A similar proportion of variation (46.94%, p- 
value <0.001) was explained by differences between samples within 
populations. The remaining 2.24% of variation was attributed to sample 
variation, that represents the error of the model.

3.5. Detection of markers with potential traceability applications

Using a custom R script, a total of 18 markers were found able to 
discriminate the varieties Bidì (n = 5), Ruscìa (n = 2) and Russello (n =
2) and the two “populations” Timilia (n = 2) and Turanicum (n = 7) 
(Supplementary Table 2). Unique alleles were found only for Timilia, 
while for the other varieties/populations, discrimination could be ach
ieved with the combination of markers. However, we were unable to 
find markers that could distinguish between Timilia reste bianche and 
Timilia reste nere, so these two varieties were treated as a single group. 
The same issue occurred with the Turanicum accessions. Additionally, 
some Bidì accessions were identical to Cappelli, making it impossible to 
discriminate between these two varieties.

After identifying the 18 markers, we proceeded to design KASP 
(Kompetitive Allele-Specific PCR) assays to enable bi-allelic scoring, 
with the goal of achieving a rapid and cost-effective genotyping method. 
The assays were designed using the Polymarker software, which facili
tates the development of homeoallele-specific markers (Supplementary 
Table 2). Their efficiency and specificity were empirically validated 
using a Bio-Rad CFX Duet Real-Time PCR system. All assays demon
strated clear allele discrimination among the tested samples.

4. Discussions

After having been abandoned for years, the cultivation of wheat 
conservation varieties is spreading again, due mainly to the interest of 
the consumers. Durum wheat is the most cultivated cereal in Italy, 
representing one of the most important crops economically and 

Fig. 4. Multidimensional scaling (MDS) plot of the 119 accessions with 1645 markers. Populations identified by PopCluster are marked with different colours. 
Different point shape indicates the subspecies. Ellipses represent the 95% confidence interval of each population.
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traditionally. Its history is tightly linked to this country, from the 

cultivation of landraces to the first breeding programs at the beginning 
of the 20th century. So, it is unsurprising that Italy has a richness in 
tetraploid wheat conservation varieties. They are particularly important 
in Sicily, where they are appreciated for their ability to be productive in 
marginal areas.

For years, these varieties have been preserved in research institutes 
collections, but they have been mainly maintained and disseminated by 
farmers. This often led to varietal contamination, due to accidental seeds 
mixing pre- or post-harvest. Visioli et al. (2021), analysing glutenin 
composition, found a degree of contamination ranging from 26% to 53% 
in conservation varieties grain batches provided by Sicilian farmers.

SNP microarray is a cost-effective and high-throughput technique to 
study genetic diversity in wheat. In the last year, many of them were 
developed and used for applications as genomic-wide association studies 
(GWAS), quantitative trait loci (QTL) mapping, marker assisted selec
tion (MAS) or population genetics studies (Esposito et al., 2024; Liu 
et al., 2024; Mazzucotelli et al., 2020; Sertse et al., 2023; P. Wang et al., 
2022).

Several authors used SNP microarray to characterize wheat land
races and old cultivars (Ganugi et al., 2021; Mangini et al., 2018; Miazzi 
et al., 2022; Negisho et al., 2021; Taranto et al., 2020; Velimirović et al., 
2023). Given the importance of wheat conservation varieties in Sicily, 
this technique was used to characterize them in several works (Fiore 
et al., 2019, 2022; Taranto et al., 2022).

In our work, we collected numerous accessions of Sicilian tetraploid 

Fig. 5. Neighbor-joining tree based on Hamming distance of 119 accessions analysed using 1645 markers. Different colours represent different populations.

Table 2 
Statistics of the different populations. N = number of individuals, Hexp = Nei's 
gene diversity (expected heterozygosity), FST = Fixation index. Private alleles 
are the alleles that occurs only in one population.

Population N Hexp FST Private alleles

MC 15 0.235 0.201 80
OC 12 0.152 0.476 11
Ruscìa 11 0.112 0.614 5
Russello 24 0.201 0.319 45
Timilia 36 0.139 0.535 42
Turanicum 21 0.126 0.576 17

Table 3 
AMOVA results using 1645 markers of 119 accessions and considering 6 pop
ulations. Df = degree of freedom.

Source of variation Df Sum of 
squares

Percentage of 
variation

p-value

Between populations 5 55737.77 50.815 <0.001
Between samples within 

populations
113 59470.39 46.943 <0.001

Within samples 119 1461.07 2.243 ​
Total 237 116669.24 100 ​
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wheat conservation varieties directly from farmers responsible for their 
maintenance and commercialization with the aim to genetically char
acterize them using the Illumina Infinium 7K wheat microarray (Trait
genetics GmbH, Gatersleben, Germany). To capture as much of the 
heterogeneity of these varieties as possible, we randomly collected 
spikes representing the different morphological types identified within 
each farmer's plot. A sampling strategy was necessary, given the 
impossibility to analyse all the plants; however, this might represent a 
limitation of this study, as some genotypes may not be included. 
Nevertheless, sampling multiple morphological type across different 
farmers allowed us to obtain a representative sample of each variety. 
Together with Sicilian conservation varieties, we also collected other 
tetraploid wheat landraces, historical and modern varieties to use as a 
comparison. The final aim was to assess the diversity present today in 
these varieties and to develop a traceability method, useful for the val
orisation of the supply chain.

The initial sample set was composed by 181 accessions, 141 of which 
were Sicilian conservation varieties. The first step of the analysis was the 
identification of duplicate or incorrectly identified samples. As stated 
above, it is common to find contaminated batch of seeds of wheat con
servation varieties. Already during sample collection in the field, we 
observed variation in spikes morphology, attributable either to natural 
variability, particularly in the case of landraces, or to possible contam
ination. In the first case, spikes of each morphology type were collected; 
in the second case spikes were not collected. We used a multilocus ge
notype clustering and an identity-by-state (IBS) approach to identify and 
remove 45 duplicate and 17 misidentified accessions. Both approaches 
were based on Hamming distance calculation: the first was to find 
genetically identical individuals also in presence of missing data, the 
second was used to find accessions of a variety more similar to acces
sions of other varieties. Several instances of misidentification were 
identified during the analysis; in one case one accession of Timilia reste 
bianche was found to be identical to another of Timilia reste nere. These 
two varieties derive from the same population “Timilia” and are mainly 
distinguished by the awn colour, yellowish in the first and black in the 
second (De Cillis, 1942). They are often confused, especially since awn 
colour can be influenced by environmental factors. In the second case, 
seven accessions of Timilia reste nere and two of Timilia reste bianche 
were removed because of their identity with Bidì and Cappelli acces
sions. Another Timilia reste nere accession (Timilia_rn_58B) was dis
carded because it clustered with Bidì and Cappelli accessions. 
Interestingly, these 10 accessions were sampled from two fields of two 
different farmers (Supplementary Table 1), highlighting the presence of 
contamination in different batches. In the third case, one Russello, two 
Ruscìa, one Bidì and three Perciasacchi accessions were removed 
because falling outside the cluster of the relative varieties. Gliadin 
A-PAGE was performed to verify the suspected misidentifications and to 
avoid discarding potential sources of variability.

Most of the duplicated accessions identified in the analysis belonged 
to the same variety, with two exceptions. In one case, all Cappelli ac
cessions were not only identical to each other but also matched four Bidì 
accessions.

Bidì and Cappelli are morphologically very similar and are often 
confused with one another. The four Bidì accessions (Bidi_1A, Bidi_1B, 
Bidi_52A, Bidi_52B) were collected from two different farmers but 
exhibited an elongated spike, which is atypical for Bidì. This suggests 
that they have been misidentified. However, to retain valuable infor
mation, we decided to keep one of these accessions (Bidi_1B) based on its 
minimal missing data. In the second case, we found that fourteen Per
ciasacchi, four Etrusco, one Graziella Rà and one Saragolla Lucana ac
cessions were genetically identical. We decided to keep only one 
accessions for each variety, prioritizing those with the least missing 
data.

The final dataset composed of 119 accessions was used for genetic 
diversity analysis. The first step was the inferring of the population 
structure using a maximum likelihood clustering approach. An ideal 

number of six clusters was identified that represented the following 
populations: “Timilia”, “Russello”, “Ruscìa”, “Turanicum”, “Old culti
vars” and “Modern cultivars”. The inferred populations were used for 
the subsequent analyses. AMOVA analysis validated this population 
structure. In fact, 50.82% of the variance found in our dataset was given 
by difference between populations, while 46.94% of the variance was 
given by differences between samples within populations, denoting also 
intra-population high variability. High pairwise FST index between 
populations (>0.36) further confirmed the calculated population 
structure.

The “Timilia” population contained 23 accessions of Timilia reste 
bianche and 13 accessions of Timilia reste nere. Neither multidimen
sional scaling plot nor neighbor-joining tree were able to discriminate 
between these two varieties. A relatively low Nei's gene diversity index 
was found (Hexp = 0.139), indicating low intra-population variability. 
This value was lower than the one (Hexp = 0.167) found by Taranto et al. 
(2022) for the Timilia collection (n = 157). This discrepancy is probably 
due to the lower number of individuals present in our study. As stated 
before, these two varieties were selected from the same population 
based on the awn colour. The results of our study confirm a strong ge
netic correlation between these two varieties. The impossibility to 
discriminate them could be attributed to the absence of appropriate 
markers in our dataset. Palombieri et al. (2024) found differences in 
ω-gliadins and low molecular weight glutenin subunits (LMW-GS) be
tween the two varieties, suggesting genetic variation in the group 1 
chromosomes. Interestingly, genes controlling awn colour are located in 
the same chromosomes group (Gadaleta et al., 2009). Admixture anal
ysis indicated a very low degree of genetic mixings with other pop
ulations. Furthermore, the multidimensional scaling plot and the 
neighbor-joining tree highlighted a high genetic distance from other 
populations. Taranto et al. (2020) analysed 259 tetraploid wheat ac
cessions using the Illumina iSelect 15K wheat SNP array, finding high 
distance between the nine Timilia accessions included in that study and 
the rest of the germplasm. Similar results were obtained by Fiore et al. 
(2022), that analysed 126 tetraploid wheats, including 14 Timilia ac
cessions. All these findings collectively confirm the unique genetic 
origin of this landrace, suggesting that it has likely never been incor
porated in durum wheat breeding programs. Given its distinct genetic 
profile and the potential insights it could offer, future studies should 
investigate its applicability and potential contributions to durum wheat 
breeding, especially in areas such as stress resistance, yield improve
ment, or quality traits.

Russello and Ruscìa accessions formed two separate populations, 
with some degree of admixture between each other. Ruscìa, also named 
“Russello ibleo”, is very similar to Russello, often leading to confusion 
between them. Neighbor-joining tree showed that these two varieties 
derived from the same ancestral node. Moreover, multidimensional 
scaling analysis revealed an almost complete overlapping of the two 
varieties clusters. Pairwise FST index between the two populations was 
equal to 0.36, one of the lowest found in this study. Russello population 
was characterized by a higher Nei's gene diversity index (0.201 vs 0.112 
of Ruscìa), a lower FST index (0.319 vs 0.614 of Ruscìa) and a higher 
number of private alleles (45 vs 5 of Ruscìa). These data highlight that 
Russello is characterized by higher intra-population variability than 
Ruscìa.

All accessions of T. turgidum ssp. turanicum clustered together, 
highlighting their genetic similarity. Interestingly, all Perciasacchi ac
cessions did not cluster separately from the other turanicum varieties. In 
the neighbor-joining tree two different clusters emerged: one containing 
only Perciasacchi accessions and one containing some Perciasacchi ac
cessions alongside those from the other turanicum wheat. Additionally, 
two Perciasacchi accessions exhibited unique clustering behaviour, as 
evidenced by their separation in both the neighbor-joining tree and the 
multidimensional scaling plot. This suggests potential genetic diversity 
within the Perciasacchi accessions, warranting further investigation into 
their genetic relationships and distinctions within the turanicum 
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subspecies. In this, Perciasacchi cluster overlaps with OC and MC clus
ters. In our work, the Turanicum accessions showed more similarity with 
durum wheat old cultivar and modern cultivar than with Sicilian land
races. This result is in accordance with Fiore et al. (2022), where four 
Turanicum accessions, including two Perciasacchi (called by the syno
nym Farro lungo), shared the same ancestral node with old and modern 
cultivars. As said above, we found identity between fourteen Percia
sacchi, four Etrusco, one Graziella Ra and one Saragolla Lucana acces
sions. All these Turanicum varieties originate from Italy, probably 
sharing the same genetic background. At the moment, we cannot 
determine whether the elevated identity among these varieties is due to 
actual homonymy, misidentification, or the lack of adequate markers for 
discriminating the Turanicum varieties. It is important to consider that 
wheat microarray platforms and SNP dataset, such as those used in this 
study, were developed based mainly on T. aestivum and only marginally 
on T. turgidum ssp. durum (S. Wang et al., 2014; M. O. Winfield et al., 
2016). In the case of T. turgidum ssp. turanicum, our results may be 
influenced by the limited resolution of the SNP array used and should be 
interpretated cautiously. Future studies should focus on Next Generation 
Sequencing (NGS) approaches, which could better elucidate the genetic 
diversity characterizing these varieties.

OC cluster was composed by Bidì, Capeiti 8, Cappelli, Mahmoudi, 
Trinakria and Simeto accessions. Mahmoudi is a Tunisian landrace and 
Bidì and Cappelli are old cultivars selected at the beginning of the 1900 
from Tunisian landraces. Neighbor-joining tree showed that they share 
the same ancestral node. It is commonly that Cappelli was selected by a 
Tunisian landrace called Jenah Retifah, while Bidì was selected from 
Mahmoudi. However, De Cillis (1927) reported that Bidì and Cappelli 
were selected from the same Tunisian landrace. Recent studies seem to 
support this hypothesis and also our data shows the genetic similarity 
between Mahmoudi, Bidì and Cappelli (Fiore et al., 2022; Marzario 
et al., 2018; Taranto et al., 2020). Capeiti 8, Trinakria and Simeto are 
cultivars developed within Italian breeding programs and share a com
mon genetic origin through the historical variety Cappelli. In fact, 
Capeiti 8, released int 1955, originates from a cross between Cappelli 
and Eiti 6. Trinakria, released in 1970, derives from a cross between 
Capeiti 8 and B14. Finally, Simeto derives from a cross between Capeiti 
8 and Valnova and was released in 1988. These genealogical relation
ships explain the genetic similarity observed among these cultivars. 
Consistently, the “old cultivars” (OC) and “modern cultivars” (MC) 
clusters showed a low level of genetic differentiation, as indicated by a 
pairwise FST value of 0.36, the lowest observed among the analysed 
groups. Furthermore, these two clusters largely overlapped in the 
multidimensional scaling (MDS) analysis, further supporting their 
shared genetic background.

Last cluster (MC) contained all the moder cultivars included in this 
study. These are all cultivars released in the 21st century and they are 
still cultivated in Italy. This cluster showed the highest Nei's gene di
versity index (Hexp = 0.235) and number of private alleles (n = 80), 
probably due to its high heterogeneity. The fixation index was the lowest 
(FST = 0.201), indicating less differentiation compared to the other 
populations.

Summing up, we analysed the diversity of Sicilian tetraploid wheat 
conservation varieties, finding high inter- and intra-populations vari
ability. Notably, high variability and genetic distance were found be
tween Sicilian landraces and modern cultivars, especially in the case of 
Timilia, highlighting the opportunity to include them in future breeding 
programs. Our findings complement and expand upon the previous 
study by Taranto et al. (2022) and Fiore et al. (2022), providing deeper 
insights into the phylogenetic relationships among Sicilian conservation 
varieties and reinforcing their relevance for conservation and 
pre-breeding efforts. Moreover, we investigated the genetic relationship 
between Italian Turanicum accessions, obtaining unexpected results. 
Specifically, we found genetic complete identity among accessions of 
Etrusco, Graziella Ra, some Saragolla Lucana and some Perciasacchi 
samples. These varieties are also morphologically indistinguishable, 

which complicates the assessment of whether the observed identity is 
due to actual synonymy, misidentification, or a lack of discriminating 
markers. The cultivar QK-77 also showed high genetic similarity to other 
Turanicum accessions studied. Overall, our findings suggest a shared 
genetic origin among these varieties and highlight the need for further 
studies to investigate the global genetic relationships within the tur
anicum subspecies.

Another objective of our work was the development of a DNA-based 
traceability system for Sicilian tetraploid wheat conservation varieties. 
KASP assay is a simple and convenient way to perform allelic discrimi
nation, that can be applied to all plant species (Carrara et al., 2023; Sales 
et al., 2023; Tang et al., 2022; Winfield et al., 2020). We decided to 
select the minimum number of SNPs that were able to distinguish among 
the varieties Bidì, Russello and Ruscìa and the accessions belonging to 
Timilia population and turanicum subspecies. The high level of 
intra-varietal genetic variability observed in conservation varieties 
represents a major challenge for molecular traceability. To overcome 
this limitation, multiple accessions per variety were collected from 
different farmers, and SNPs monomorphic within each population, but 
polymorphic across populations, were selected. We found a total of 18 
SNP markers suitable for this purpose, which were subsequently con
verted into KASP assays. As highlighted by our findings, misidentifica
tion is recurring issue within the conservation varieties supply chain.

From a consumer standpoint, ensuring the authenticity of raw ma
terials is essential, especially when products command a premium price 
due to their traditional or geographical origin. The set of markers we 
developed can be applied across different points of the supply chain to 
prevent fraud, support traceability, and enhance product value. KASP 
markers offers a faster and more cost-effective technique for varietal 
identification compared with the currently available methods, such as 
gliadin A-PAGE and SSR markers. The markers we developed can 
already be used to genotype seed lots before sowing or milling to 
guarantee authenticity. Future works will focus on validating the 
method directly on food products.

Sicilian farmers have an important role for the preservation and 
valorisation of conservation varieties. Our findings highlight the great 
genetic diversity they have maintained, but also showed a certain degree 
of genetic contamination. The development of a DNA-based varietal 
identification method could support farmers in valorising and improving 
the purity of their production, as well as protecting it against potential 
fraud.

5. Conclusion

The recent re-discovery of wheat conservation varieties has led to an 
increase in their cultivation, especially in Sicily, and represent a valu
able opportunity to boost the local agricultural economy. With the aim 
to study the genetic diversity of these varieties and to identify a method 
to ensure their authenticity, we performed the genotyping of over one 
hundred accessions of the most important Sicilian conservation vari
eties, directly collected from farmers.

Our analyses revealed the presence of unexploited genetic variability 
in Timilia, Russello and Ruscia accessions. In several cases, genetic 
contamination was detected, highlighting the need for the development 
of a traceability method. For this reason, we developed a DNA-based 
method, based on KASP assays, able to detect the presence of varieties 
Bidì, Russello, Ruscìa and Timilia.

The findings of our work highlight the necessity of use genotyping to 
explore the genetic diversity of conservation varieties and provide 
additional tools to valorise their supply chain, while ensuring the 
authenticity of their products for consumers.
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