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Abstract  Our study aimed to incorporate 60 
newly acquired spring durum wheat genotypes into 
the Prague Gene Bank collection, focusing on 54 
experimental breeding research genotypes and their 
technological quality contributions for conservation 
and future use. We analyzed a total of 11 field and 
6 technological parameters of grain quality. Addition-
ally, we identified the composition of high molecular 
weight glutenin subunits (HMW-GSs) in 13 acces-
sions with contrasting technological characteristics. 
Two different extraction procedures were employed to 
detect HMW-GSs: one based on total protein extrac-
tion and the other on gliadin pre-extraction. The 
tested parameters exhibited a significant range of var-
iability, with the relative standard deviation ranging 
from 2.1% for starch content to 96.7% for the gluten 
index. Additionally, six breeding research genotypes 
exhibited high technological grain quality comparable 
to the two modern durum wheat cultivars. Two acces-
sions: M90-99–2 and IG 142076 showed above-aver-
age Zeleny sedimentation values, probably positively 
influenced by the presence of HMW-GSs A1: (2*). 
Genotypes PI 675012 and IG 142039 displayed the 
highest grain stability in technological parameters. 
Both extraction methods  also detected the specific 

subunit B1: (6 + 8*) in the genotype IG 142039. Pre-
serving these genotypes thus represents a substantial 
expansion of genetic resources in the genebank.

Keywords  Durum wheat · Breeding genotypes · 
Grain quality · Glutenin subunits

Introduction

Durum wheat (Triticum durum, Desf.) is a traditional 
Mediterranean crop that falls under the category of 
tetraploid wheat (BBAA). It originated in the Fertile 
Crescent (10,000 BP) and spread over the northern 
side of the Mediterranean, reaching the Iberian Pen-
insula in about 7000 BP from both Italy and North 
Africa (Soriano et al. 2016).

In 2018, the European Union was the largest pro-
ducer of durum wheat, with a total production of 9 
million tonnes. Other top durum wheat producing 
countries included Canada, Turkey, United States, 
Algeria, Mexico, Kazakhstan, Syria, and India. The 
leading countries in durum wheat production within 
the European Union, based on average production in 
the last decade, are Italy, France, Greece, and Spain. 
Italy is considered the leader in durum wheat pro-
duction, with an average production of 4.26 million 
tonnes in the last decade, covering 1.28 million hec-
tares of growing area. France follows with an average 
production of 1.89 million tonnes and 0.37 million 
hectares of growing area. Greece with 0.98 million 
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tonnes and Spain with 0.98 million tonnes also con-
tribute significantly to durum wheat production 
within the European Union (Xynias et al. 2020).

Interestingly, a dynamic development in the cul-
tivation of durum wheat has been observed in Slo-
vakia, where the acreage has significantly increased 
to the current 65,000 hectares in recent years. With 
a production of 315,000 tons per year, Slovakia is 
already the fifth-largest producer of durum wheat in 
the EU (Babincová 2023). The increase in acreage is 
also being observed in other countries such as Austria 
and Germany.

The primary use of durum wheat is mainly for the 
production of various types of pasta. For less tradi-
tional uses of durum wheat, examples include two 
esteemed breads: “Pane di Altamura” (Altamura 
bread) and “Pagnotta del Dittaino” (Dittaino bread), 
both of which are crafted from durum wheat re-
milled semolina, following a well-established bread-
making tradition in Southern Italy (Giannone et  al. 
2018). In Algeria, a major consumer of durum wheat, 
the crop is often utilized in the production of cous-
cous and various types of traditional flatbreads (Yesli 
et al. 2017).

In general, pasta quality is determined by three 
main factors: the raw materials, the production recipe, 
and the production process. Aspects of primary grain 
quality include predominantly visual appearance, 
test weight, weight of 1000 kernels, physical defects, 
vitreousness, moisture content, weather damage and 
grain protein percentage (Sissons 2008).

Modern Italian and Spanish durum wheat culti-
vars typically have a gluten index ranging from 55 to 
87%, and SDS sedimentation is 30% higher compared 
to old durum wheat landraces. This indicates that 
modern cultivars have a stronger and more tenacious 
gluten, which is essential for producing high-quality 
pasta (Mefleh et al. 2019). There is much evidence of 
the influence of the allelic gluten protein composition 
(gliadins and glutenins) on the technological quality 
of durum wheat, since gluten quality strongly affects 
the firmness of pasta after cooking.

Glutenins are associated with the viscoelastic 
properties of gluten, while gliadins are responsible 
for gluten viscosity and extensibility. The two groups 
of single monomeric glutenins that have been sepa-
rated based on their mobility in SDS-PAGE are high- 
and low-molecular-weight glutenin subunits (HMW-
GSs) and (LMW-GSs), respectively. Both groups of 

glutenins are coded by orthologous genes located 
on the long and short arms of the group 1 chromo-
somes, respectively. LMW-GS are encoded by Glu-2 
and Glu-3 genes, whereas HMW-GSs are encoded by 
Glu-1 genes. Gliadins are encoded by two loci (Gli-1 
and Gli-2) located on the short arms of group 1 (-γ 
and -ω types) and 6 (-α and -β types) chromosomes 
(Roncallo et  al. 2021; Aguiriano et  al. 2008; Güleç 
et al. 2019).

Grain hardness is further a key determinant of 
milling performance for semolina production. Pro-
teins responsible for determining grain texture (hard-
ness) of wheat grain are called puroindolines. The 
higher level of puroindolines, the lower the hardness 
is. Absence of the genes coding for puroindolines in 
durum wheat is the reason for the very hard texture of 
this crop (Pasha et al. 2010).

There are several gene banks around the world 
where durum wheat landraces, wild accessions, 
breeding lines from crosses, obsolete cultivars and 
modern cultivars are preserved. Among the most 
important banks (based on the number and origin of 
accessions) are those hosted at CIMMYT (MEX), 
ICARDA (LBN), USDA-ARS (USA), and Australian 
Seed Bank Partnership. Durum wheat is represented 
with 20,779 accessions in CIMMYT collections. The 
ICARDA gene bank further preserves 18,276 acces-
sions. The NSGC (National Small Grains Collec-
tion) at the USDA-ARS in Aberdeen holds 10,690 
accessions of durum wheat and the AGG (Australian 
Grains GeneBank) in Canberra (Australia) includes 
9,966 accessions of durum wheat. Significant num-
bers of durum wheat genetic resources can also be 
found in the gene banks of other countries such as 
Italy, Russia, India, Canada and Spain (Martínez-
Moreno et al.2020).

The Global Durum Panel (GDP) was established 
in 2015 by the Expert Working Group “Durum wheat 
Genomics and Breeding” of the Wheat Initiative. Its 
purpose is to explore the wild relatives of tetraploid 
wheat to harness novel beneficial allelic diversity. The 
GDP with 2,500 accessions includes 2,130 world-
wide durum wheat accessions and accessions of other 
related tetraploid species. Six sub-panels comprising 
1,000 accessions are currently used for genome-wide 
association study (Martínez-Moreno et al. 2020).

One of the most extensive diversity analyses of 
tetraploid wheat species were carried out by Sansa-
loni et  al. (2020) using DArTseq™ technology. The 
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study analyzed 80  000 accessions including 18,946 
domesticated tetraploid samples (in which 77.6% 
was T. durum). The analysis of tetraploid accessions 
showed, that the elite lines are distributed across 
almost the entire genetic diversity space of the lan-
draces. However, there is a large subset of accessions 
collected in Ethiopia that forms an isolated cluster, 
whose genetic content is largely unexplored but defi-
nitely distinct from the other elite genotypes (Sansa-
loni et al. 2020).

Compared to the above mentioned collections and 
research, the collection of the Czech Gene Bank in 
Prague is more modest and contains about 1319 sam-
ples of Triticum durum, of which 1103 are spring 
forms (see GRIN CZECH 2023). About 79% of the 
total number of accessions was already part of this 
collection before the year 2000. The genotypes are 
interpreted in the current collection in 4 basic groups 
(1st group—Improved/commercial cultivars, 2nd 
group—Breeding research genotypes, 3rd group—
Traditional landraces and the 4th group—Wild geno-
types) with the current percentages: 1st group: 56%; 
2nd group: 23%; 3rd group: 18% and 4th group: 3%. 
The significant prevalence of spring accessions at the 
Prague Gene Bank is due to the higher risk of over-
wintering associated with the weather conditions at 
the location of the gene bank.

According to Leonova et al. (2013), the strategy for 
preserving wheat collections involves seeking prom-
ising genotypes associated with enhanced resistance 
to lodging, leaf, yellow, and stem rusts, drought toler-
ance, as well as genes linked to higher protein con-
centration. This strategy aims to enhance biodiversity 
and considers the suitability of the newly obtained 
accessions for the climatic conditions of the Czech 
Republic. Simultaneously, the suitability of the newly 
obtained accessions for the cooler and precipitation-
varying climatic conditions of the Czech Republic, 
which are traditionally perceived as riskier for durum 
wheat, is also considered.

From the above perspective of conserving valu-
able genetic resources for breeding, our study mainly 
focused on evaluating the impact of recently intro-
duced experimental breeding genotypes of  spring 
durum wheat. The objective was to assess their vari-
ability in selected field and technological parameters 
in the context of the currently modern cultivars of 
spring durum wheat, including the HMW-GSs com-
position of selected genotypes, which exhibited the 

highest technological grain quality. Simultaneously, 
the suitability of these genotypes for the climatic con-
ditions of the Czech Republic, which are tradition-
ally perceived as riskier for durum wheat, was also 
considered.

Materials and methods

Durum wheat accessions and cultivation

The selected set of 60 accessions of spring forms 
of durum wheat (Triticum  turgidum subsp. Durum, 
Desf., van Slageren), preserved in the collections 
of the Gene Bank in Prague, included five modern 
cultivars classified into the  1st group  -Improved/
commercial cultivars (Toscadou—France, Castel-
doux—France, Durofinus—Austria, Tamadur—
Austria, Durafox—Austria), one non-traditional 
wild accession classified into  the 4th group  -  Wild 
genotypes (Tan Blue—USA) and 54 experimental 
breeding research genotypes classified into  the 2nd 
group  -  Breeding research genotypes. The whole 
set originated from 10 countries (Austria, Japan, 
Israel, Great Britain, Mexico, Syria, Czech Repub-
lic, Germany, USA, and France), with a predomi-
nance of Syrian “IG…” (23 accessions) and Japanese 
“ANDW…” (22 accessions) research breeding geno-
types. The additional evaluated research genotypes 
included four accessions originating from GB desig-
nated as “PI…”, two accessions D-3 and D-9 origi-
nating from Israel, one genotype KM 35–16 originat-
ing from Germany, one genotype M90-99–2 durum 
originating from CR, and one genotype Joric-21 orig-
inating from Mexico.

The specific genetic background was more defined 
only for 2 groups of breeding research genotypes. 
ANDW (Analog of durum wheat), involved near-
isogenic lines incorporating selected genes such as 
for black glume (Bg), hairy glume (Hg), glaucous 
leaf character (w1, lw1), spherical grain (S2, S3), or 
brittle rachis (Br2, Br3) into the genetic background 
of the spring hard wheat genotype LD222. The muta-
tion in the gw2-A1 allele of the four PI… genotypes 
significantly increases grain weight, including its 
width and length. The Gene Bank in Aleppo, from 
which the collection of Syrian genotypes designated 
as (IG…) was obtained, unfortunately no longer 
exists. Owing to the origin of these genotypes, it is 
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reasonable to expect a high degree of adaptability to 
arid environmental conditions. These genotypes were 
progressively incorporated into the genetic resource 
collections of the Gene Bank in Prague in recent 

years, particularly from 2015 to 2018, through sys-
tematic and ongoing inclusion processes.

The list of all 60 evaluated genotypes is presented 
in Fig. 1 and is readily accessible in the public genetic 

Fig. 1   The heat map, in conjunction with cluster analysis, 
depicts the interrelationships among durum wheat accessions 
based on 17 monitored parameters (rows), as well as the simul-
taneous associations among the parameters themselves (col-
umns). PH plant height, DH days to heading, ST starch con-
tent, CP crude protein content, ZS Zeleny sedimentation test, 

HI Harvest index, GWS grain weight per spike, PM presence 
of powdery mildew, GY grain yield, PSI Particle Size Index, 
SL spike length, CL crop lodging, GI gluten index, GFP grain 
filling period, TGW​ thousand grain weight, GN grain number, 
WG wet gluten content, Cl. cluster
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resource database, including individual passport data 
(see GRIN CZECH 2023). Subsequent to their acqui-
sition, these accessions were gradually planted in 
non-replicated, three-year field trials on a 4.5 m2 plot 
in Prague-Ruzyně between 2016 and 2021. The geno-
types were evaluated in 3 different three-year annual 
periods designated as A: 2016–2018, B: 2018–2020 
and C: 2019–2021. 2 genotypes (cultivars) were 
evaluated in the case of period A, 22 genotypes in 
the case of period B and a total of 36 durum wheat 
genotypes in period C. The individual distribution of 
each genotype into the respective evaluation period 
is shown in Figs.  1 and 2. A total of 58 genotypes 
were overlapped annually in the two-year period 
2019—2020. In each year, peas were cultivated as the 
preceding crop. The crop management included the 
necessary application of herbicides and a single nitro-
gen dose of 30 kg.ha−1. In accordance with standard 
genetic resource assessment procedures, no insecti-
cidal or fungicidal control was applied.

Locality and agronomic characteristics

Prague–Ruzyně is a sugar beet-growing region (alti-
tude: 340 m; yearly average precipitation: 472 mm; 
annual mean air temperature: 8.4  °C; soil type: 
Orthic Luvisol).

The agronomic characteristics corresponding 
with standard wheat genetic resources evaluation 
of Gene bank of Prague were analyzed in all sam-
ples and included following morphological and 
phenological parameters: Plant height (PH), Spike 
length (SL), Thousand grain weight (TGW), Grain 
number (GN), Grain weight per spike (GWS), Har-
vest index (HI), Days to heading (DH), Grain filling 
period (GFP) and recalculated Grain yield (GY). 
The occurrence of grass mildew was also evaluated 
for resistance on a scale from 1 (low resistance) to 
9 (high resistance). The presence of powdery mil-
dew (Blumeria  graminis)—(PM) and crop lodging 
(CL) was assessed using a rating scale 1–9, where 
1 indicated high susceptibility to PM or CL and 9 

Fig. 2   The heat map, along with the cluster analysis, empha-
sizing the mutual similarities among durum wheat accessions 
based on 4 protein technological parameters (rows). CP crude 

protein content, WG wet gluten content, ZS Zeleny sedimenta-
tion test, GI gluten index



	 Genet Resour Crop Evol

1 3
Vol:. (1234567890)

indicated low susceptibility to CL or high resistance 
to PM.

Grain quality parameters

The assessment of grain quality parameters involved 
the determination of various factors such as crude 
protein content (CP) using the Kjeldahl method (ČSN 
EN ISO 20483), wet gluten content (WG) and gluten 
index (GI) based on the Curic et  al. (2001) method, 
sedimentation index using the Zeleny sedimentation 
test (ZS) (ČSN ISO 5529), starch content (ST) meas-
ured by Ewers polarimetric methods in accordance 
with ČSN EN ISO 10520, and Particle Size Index 
(PSI) according to AACC Method 55–30 for assess-
ing wheat hardness.

Electrophoretic analyses of high‑molecular‑weight 
glutenin subunits

Two extraction procedures were employed to enhance 
the reliable identification of high-molecular-weight 
glutenin subunits (HMW-GSs) in prepared flour sam-
ples derived from a blend of seeds from selected gen-
otypes exhibiting above-average technological param-
eters. Whole storage protein extraction, followed by 
electrophoresis, was performed using SDS-PAGE, 
according to the protocol outlined by Gao et  al. 
(2018) with minor modifications. Briefly, one hun-
dred individual grains from each accession were pul-
verized using an IKA mill, and 40 mg of the resulting 
sample was used for whole storage protein extrac-
tion. For each sample, 0.3  ml of extraction solution 
(composed of SDS-PAGE sample buffer, 2% SDS, 
10% glycerol, 5% 2-mercaptoethanol, 0.002% bromo-
phenol blue, and 62.5mM  Tris-HCl at pH 6.8) was 
used. The samples were subjected to a 2-h extraction 
at refrigerated conditions and subsequently heated 
at 100  °C for 2  min, followed by centrifugation at 
15,000 RPM for 4 min. The sequential procedure per-
formed in accordance with the method of Singh et al. 
(1991) involved pre-extraction with 50% propan-1-ol 
in identically pulverized samples as mentioned above.

Electrophoretic separation and HMW-GSs identi-
fication were conducted in a manner identical to that 
used for the separation of whole storage proteins.

Electrophoresis was carried out at a con-
stant current of 30  mA per gel (dimensions: 
13 × 15 × 0.175  cm) at 10  °C. The HMW-GSs at 

Glu-A1 and Glu-B1 loci were identified following 
the nomenclature established by Payne and Lawrence 
(1983).

Statistical analysis

The software Statistica 7.1 CZ was used for basic 
statistical parameters: minimum (Min.), maximum 
(Max.), mean, standard deviation (SD), relative 
standard deviation (RSD), Spearman‘s correlation 
index and Fisher LSD post-hoc comparison test. 
The heat map was constructed using a freely avail-
able web server: “Heatmapper” which was devel-
oped by Babicki et al. (2016). The created clusters of 
durum wheat accessions according to the variability 
of 17 monitored parameters were obtained using the 
Complete Linkage method and similarity calculation 
according to Euclidean distance.

Results

Basic statistical characteristics of monitored 
parameters and mutual comparison of durum wheat 
research breeding genotypes with other accessions

The three-year average, minimum, and maximum val-
ues of the parameters, as well as their inter-variety 
variability within the durum wheat set, are presented 
in Table  1. The range of variability (RSD) across 
monitored field parameters varied, ranging from 5.1% 
(days to heading) to over 20% for parameters such as 
plant height, spike length, grain yield, particle size 
index, and susceptibility to powdery mildew. The 
RSD range for grain technology parameters was even 
more extensive, spanning from 2.1% (starch content) 
to 45.6% (Zeleny sedimentation) or even up to 96.7% 
(gluten index). The typical characteristics of durum 
wheat were also affirmed by the observed higher 
grain hardness (PSI = 8.5%) and elevated protein con-
tent (15.5%).

In Fig.  1, the individual differences and similari-
ties among the evaluated durum wheat genotypes are 
visually represented based on 3-year averages of 17 
parameters transformed into the Z-score system fol-
lowed by the heat map method. This method allows 
for a visual representation of the relationships and 
patterns among the durum wheat genotypes based 
on the 17 parameters. Additionally, a cluster analysis 
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(Euclidean distance) was applied, which grouped the 
durum wheat genotypes horizontally and the moni-
tored parameters vertically into clusters of varying 
similarity. According to this horizontal cluster analy-
sis, the set of 60 genotypes was categorized into five 
distinct clusters (Cl. I—Cl. V) based on the values of 
parameters achieved.

The analysis confirmed that the breeding research 
genotypes labelled as IG (Cl. III and IV) and ADNV 
(Cl. V) exhibited very similar characteristics and 
were grouped into common clusters. The main differ-
ence between these clusters (Cl. III—V) was primar-
ily related to the varying plant height in the ADNV 
group of genotypes and the earliness of the IG series 
of Syrian genotypes (observed in Cl. V: PH > 100 cm) 
(seen in Cl. IV: DH < 58 days). Only the ANDW 11A, 
ANDW 4 K, and ANDW 3C/4A accessions displayed 
even closer relationships with the Syrian items, lead-
ing to their assignment to the common Cl. IV.

The four modern commercial durum wheat culti-
vars (Toscadou, Tamadur, Durofinus, and Durafox) 
located in Cl. I confirmed the best field and techno-
logical parameters. These mentioned standard  culti-
vars exhibited higher resistance to powdery mildew 
(scoring 7.0—8.7), increased spike productivity 
(GWS = 1.5—1.7 g) and higher total yield (6.3—7.0 
t.ha−1).

In this cluster (Cl. I), there were six other experi-
mental breeding research genotypes designated as 
PI…, D-3, and D-9. When compared to the commer-
cial cultivars, these breeding research genotypes (Cl. 
I) showed similar grain quality, a reduced tendency 
to lodging, but lower spike productivity and yield. 
Common characteristics of the genotypes in Cluster 
I, compared to other clusters, included shorter plant 
height, earlier heading time, lower protein content 
(CP < 14.2%), but higher technological quality of pro-
tein (WG > 28%; GI > 66%).

In a more detailed comparison, especially focus-
ing on technological parameters, it’s worth noting 
the breeding research genotype M90-99–2, being of 
Czech origin, which constituted a distinct cluster, 
designated as Cl. II. This particular genotype stood 
out due to its exceptionally high Zeleny sedimenta-
tion (ZS) value of 63.8 ml. Also, it displayed above-
average contents of crude protein (CP) at 17.7%, wet 
gluten (WG) at 39%, and gluten index (GI) at 75.9%. 
It also exhibited higher sensitivity to powdery mildew 
(3 points).

Interrelationships among monitored parameters based 
on cluster and correlation analysis

The cluster analysis grouped the 17 observed parame-
ters into three similar clusters (Cl. 1–3, as depicted in 

Table 1   The average 
values and variability of 
the monitored parameters 
within the group of 60 
spring durum wheat 
accessions (3-years average: 
monitored period 2016–
2021)

Parameters N Mean Min. Max. S.D. RSD

Plant height (cm) 60 93.5 64.7 128.0 20.8 22.3
Spike length (cm) 60 6.7 4.9 10.6 1.4 20.9
Days to heading 60 58.9 53.7 67.0 3.0 5.1
Grain filling period (days) 60 44.2 36.3 49.0 3.1 7.0
Lodging (1–9 points) 60 7.9 3.3 9.0 0.9 12.0
Powdery mildew (1–9 points) 60 5.3 3.0 8.7 1.1 21.0
Grain yield (t.ha-1) 60 4.6 2.2 7.0 1.0 22.8
Thousand grain weight (g) 60 43.6 32.3 53.3 4.5 10.4
Harvest index 60 0.5 0.3 0.6 0.1 12.7
Grain weight per spike (g) 60 1.3 0.8 1.7 0.2 16.4
Grains per spike 60 27.7 20.3 37.4 3.7 13.2
Particle size index (%) 60 8.5 4.9 16.6 2.0 22.9
Starch (%) 60 62.2 58.9 65.1 1.3 2.1
Crude protein (%) 60 15.5 13.6 17.7 0.9 5.8
Wet gluten (%) 60 33.7 24.8 40.7 3.4 10.1
Gluten Index (%) 60 27.1 4.1 86.4 26.2 96.7
Zeleny sedimentation (ml) 60 16.4 10.5 63.8 7.5 45.6
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Fig. 1), uncovering several close relationships among 
some of the observed parameters. For instance, in Cl. 
2, production parameters such as harvest index (HI), 
grain yield (GY), and spike length (SL) exhibited 
expected close associations with parameters related 
to higher resistance against common leaf rust (CL) or 
powdery mildew (PM). Similarly, closer relationships 
between thousand grain weight (TGW), grain number 
(GN), and grain weight per spike (WG) with the grain 
filling period (GFP) can be observed in cluster 3 (Cl. 
3).

The correlation analysis presented in Table  2 
reveals individual relationships between pairs of 
parameters. There are several significant and very 
strong correlations worth highlighting. For instance, 
there is a strong negative correlation between plant 
height (PH) and lodging (CL) (r = − 0.76), as well as 
a negative relationship between days to heading (DH) 
and grain filling period (GFP) (r = − 0.80). A highly 
negative correlation was also observed between 
starch content (ST) and crude protein content (CP) 
(r = − 0.87). Interestingly, a significant positive cor-
relation exists between grain weight per spike (GWS) 
and crude protein content (CP) (r = 0.77). Further-
more, a positive correlation is observed between the 
parameters of the Zeleny sedimentation test (ZS) and 
the values of gluten index (GI) (r = 0.51).

The correlation coefficients further revealed that 
shorter plant height, more compact spikes, higher 
TGW, and greater grain weight per spike (GWS) were 
significant factors contributing to intensified yields.

The relationship between the days to heading 
(DH) and grain-filling period (GFP) parameters, and 
how they affect the total yield, was also fascinating. 
The results of the correlation analysis suggested that 
higher yields were achieved with earlier-maturing 
genotypes (r = − 0.58) while maintaining a longer 
grain-filling period (r = 0.57).

Variability, clustering, and identification of 
promising breeding research genotypes based on high 
technological quality of gluten

The variability of the tested genotypes in relation to 
the achieved technological grain parameters influ-
enced by protein properties is depicted in Fig. 2 using 
a heat map combined with cluster analysis. There are 
4 main clusters. Clusters I and II closely correspond 
to the distribution of the set when evaluating all 17 

parameters. This indicates that these parameters 
had the most significant impact on their collective 
clustering.

As mentioned above, the breeding research geno-
type M90-99–2, which exhibits above-average levels 
of protein (17.7%), wet  gluten (39.8%), GI (75.9%), 
and the previously mentioned extremely high ZS 
content (63.8 ml), is isolated within Cluster I. Clus-
ter II comprises 10 genotypes, including 4 modern 
registered cultivars. The predominant characteristic 
of these genotypes is the high firmness of gluten, as 
indicated by their above-average GI values within the 
tested cluster (ranging from 71.2 to 86.4%). Three 
accessions, known as PI 675010, PI 675011, and PI 
675012, even surpassed the GI levels of the commer-
cial cultivars, albeit not significantly (Table 3).

From a technological perspective focused on 
achieving higher grain quality, it’s noteworthy that 
two major research breeding genotypes, IG 14276 
and IG 14239, have above-average ZS values. Addi-
tionally, IG 14239 demonstrated a higher GI of 55%. 
Therefore, this particular genotype can be considered 
almost equivalent to high-quality commercial culti-
vars from a technological point of view (Table 3).

Given the greater variability in weather conditions 
in the central European region compared to southern 
Europe, it is also advisable to evaluate the stability of 
these key parameters for genetic resources selected 
for their higher technological quality (see Table  3). 
The level of inter-annual variability (RSD) among the 
selected genotypes varied individually, ranging from 
single digits to low tens of percentages. Furthermore, 
by summing the RSD values for the four chosen 
parameters, we identified the two most technologi-
cally stable genotypes (PI 675012 and IG 142039), 
which exceeded the performance of the modern culti-
vars included in the study (Table 3).

Composition of high molecular weight glutenin 
subunits in durum wheat accessions with promising 
gluten quality

The polymorphism of high molecular weight glutenin 
subunits (HMW-GSs) in a selection of technologi-
cally superior genotypes (see Tab. 3) is illustrated in 
Fig. 3A and B. Two procedures, total protein extrac-
tion and a sequential method involving gliadin pre-
extraction (currently more frequently applied), were 
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utilized. The most prevalent combinations of HMW-
GSs, A1: (0) and B1: (6 + 8), were consistently identi-
fied in 8 out of the 13 chosen genotypes using both 
methods. Furthermore, both approaches confirmed 
the presence of the A1: (0) and B1 (7 + 8) combi-
nation in the commercial cultivars Durofinus and 
Toscadou.

Additional distinct HMW-GSs were identified 
using both methods for IG 142076 and M90-99–2. IG 
142076 exhibited an HMW-GS composition of A1: 

(2*) and a double-line composition for B1: (7 + 8)/
(7 + 9). Genotype M90-99–2 featured a multi-line 
composition for both A1: (1)/(2*) and B1: (7 + 8)/
(7 + 9). Both extraction methods further confirmed a 
specific combination B1: (6 + 8*)in IG 142039. Pre-
cise identification of the 8* band position is without a 
defined standard challenging.

The analysis of HMW-GS polymorphisms, based 
on two different extraction procedures, revealed slight 
variations. In the (6 + 8) subunit, a weaker band was 

Table 3   Mean and inter-annual variability of selected accessions with the highest technological quality of grain dependent on pro-
tein properties

1 Accessions in bold showed the lowest total annual variability in significant technological parameters
2 Mean values with different exponent letters are significant at p ≤ 0.05 (according to Fisher’s LSD test)

Accessions Crude Protein Wet Gluten Zeleny Sediment Gluten Index ƩRSD

Mean (%) RSD (%) Mean (%) RSD (%) Mean (%) RSD (%) Mean (%) RSD (%) (%)

Durafox 14.1ab 3.95 29.2ab 4.15 15.8a 18.50 70.2bc 25.89 52.49
Tamadur 13.8a 7.31 28.1a 5.87 15.8a 18.50 66.2bc 27.36 59.04
D-9 16.1bc 5.68 33.8cb 16.92 17.0a 10.19 75.7bc 28.81 61.60
D-3 15.5ab 9.76 32.7ab 8.75 16.7a 6.93 71.7bc 27.28 52.72
PI 675013 15.7abc 4.77 33.2abc 14.70 16.7a 3.46 64.3bc 18.22 41.15
PI 675012 15.3ab 5.26 31.1ab 13.15 16.0a 0.00 86.4c 13.12 31.53
PI 675011 15.6ab 12.21 32.1ab 14.10 16.3a 3.53 85.6c 14.59 44.43
PI 675010 15.8abc 9.24 31.5abc 10.69 22.7b 43.30 85.4c 14.94 78.17
IG 142076 16.1bc 9.33 38.1cb 4.41 37.3d 7.38 37.2a 29.88 51.00
IG 142039 16.2bc 1.54 38.7cb 6.28 28.8c 8.55 55.0ab 14.42 30.79
M90-99–2 17.7c 1.06 39.8c 2.80 63.8e 0.45 75.9bc 31.28 35.59
Durofinus 13.9a 12.18 28.9a 16.43 16.2a 10.86 81.5c 10.64 50.11
Toscadou 14.2ab 14.22 30.0ab 24.82 16.0a 16.54 73.1bc 23.05 78.63

Fig. 3   HMW-GS polymorphism in 13 selected durum wheat 
accessions with the highest gluten technological quality. A: 
Whole storage proteins B: Sequential procedure after removal 
of gliadins. *T. Aestivum with declared HMW-GSs compo-

sition A1: 0; B1: (6 + 8); D1: (2 + 12). Arrows between band 
positions B1: (6 + 8) identify presences of other HMW-GSs. 
Presence of ω gliadins below position of HMW-GS D1: (12) 
are also marked with arrows
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frequently observed at the B1: (7) position of HMW-
GSs in Durafox, Tamadur, and D-9, and two weaker 
bands were observed at the B1: (7) and (an unidenti-
fied band) above the B1: (8*) band position, respec-
tively, in all four PI-labeled British accessions and the 
D-3 genotype. However, the multi-line composition 
of the HMW-GSs was confirmed through sequence 
analysis for the PI 675012 accession only. On the 
other hand, this method revealed the double-line com-
position of HMW-GSs B1: (6 + 8*)/(7 + 8*) in IG 
142039.

Another distinction between the two methods 
can be observed in the presence of one or two high 
molecular weight bands located below the D1:(12) 
band position, which were solely identified in the 
total protein extraction procedure (Fig. 3A).

Additionally, it is noteworthy that the presence 
of the A1:  2* allele with the double-line combina-
tion B1: (7 + 8)/(7 + 9) in the IG 142076 and M90-
99–2 genotypes is associated with a high Zeleny 
sedimentation rate (IG 142076 = 37.3  ml and M90-
99–2 = 63.8  ml) compared to the other selected 
accessions.

Discussion

Indeed, conducting a comprehensive comparison of 
the monitored parameters and their variability with 
other durum wheat accessions stored in the Prague 
Gene Bank is challenging. Up until 2013, the cereal 
collections of the Gene Bank were only evaluated for 
a period of 2  years. In previous years, certain tech-
nological parameters (e.g. Zeleny sedimentation, PSI) 
were also not determined. As a result, the obtained 
results are mainly compared with the published find-
ings that declare the complexity of traits or a 3-year 
evaluation.

So, it can be concluded that the 3-year means 
and variability (RSD) of morphological parameters 
(e.g. plant height, thousand kernel weight, number 
of kernels and kernel weight per spike) were signifi-
cantly lower in our tested durum wheat population 
(Table  1) compared to a large selection of durum 
wheat genetic resources from the Italian gene bank 
(Pignone et  al. 2015). This is likely attributed not 
only to the low number of samples evaluated but 
also to the significant presence of breeding research 
genotypes with similar genetic backgrounds in this 

dataset.  Conversely, when comparing these results 
to the variability observed for selected field param-
eters and protein content of winter wheat cultivars (T. 
aestivum  L.) grown at the same location (Prague—
Ruzyně), a similar level of variability was confirmed 
(Dotlačil et  al. 2010).  The very high variability in 
the observed grain quality parameters (GI and ZS, 
see Table  1) is likely primarily associated with the 
genetic variability of the selected genotypes. Further-
more, extensive environmental experiments in durum 
wheat indicate that factors such as thousand grain 
weight (TGW), vitreousness, falling number, or pro-
tein content are influenced more by the interaction of 
environmental conditions and the specific year rather 
than by genotype (Moayedi et  al. 2021).  Hence, the 
less stable weather conditions in Central Europe dur-
ing the summer months, compared to regions like the 
Mediterranean, may also significantly contribute to 
the higher variability of these parameters. It is worth 
mentioning the mean value of Zeleny sedimentation 
test (ZS = 16.4 ml) and gluten index (GI = 27.1%) of 
the entire set (Table  1) did not meet the acceptable 
purchasing standards for durum wheat processors. 
Nevertheless, due to the extensive variability in both 
traits, we have identified several promising breeding 
research genotypes (refer to Figs. 1 and 2) with corre-
sponding gluten strength, alongside modern cultivars 
(Mefleh et al. 2019).

The relationships obtained between the tested 
parameters (Fig. 1 and Table 2) cannot be fully gen-
eralized due to the limited and somewhat randomly 
selected set of genotypes evaluated in this study. 
Simultaneously, it is important to acknowledge that 
the Spearman correlations of the three-year averages 
of the monitored parameters, calculated for genotypes 
with only partial agreement in the growing period, 
are somewhat inaccurate. This inaccuracy is expected 
to be more significant for parameters that heavily 
rely on environmental conditions, such as pheno-
logical parameters, crude protein, or starch content. 
Therefore, only the strongest correlations and rela-
tionships between ZS or GI parameters are discussed 
here, with the anticipated stronger influence of geno-
type. Nevertheless, the results from the cluster and 
correlation analysis of the relationships between the 
observed parameters can serve as a certain indicator 
of breeding strategy in the development and selec-
tion of durum wheat cultivars. The identified rela-
tionships also enable predictions about the traits of 
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future cultivars that will be incorporated into genetic 
resource collections.

Emphasized high positive or negative correla-
tions among certain pairs of parameters (plant height 
vs. lodging, grain filling period and days to heading, 
protein content vs. starch content) are commonly con-
firmed  as noted in previous research. The breeding 
strategy for durum wheat faces uncertainty regarding 
the moderately strong relationship between Zeleny 
sedimentation and gluten index, a relationship that is 
also commonly observed in common wheat (Najafian 
2012). At the same time, the observed correlations 
between wet gluten and GI (r = 0.03) or ZS (r = 0.09) 
are very low, indicating a small effect of gluten con-
tent on the baking quality of durum wheat grain com-
pared to the importance of gluten content for com-
mon wheat (Dvořáček et al. 2008).

The breeding benefits for durum wheat are well 
evident in a separate group of 10 entries (4 commer-
cial cultivars and 6 breeding research genotypes) in 
Cl. I (Fig. 1). The integration of rht (dwarfing) genes 
(Isidro et al. 2011) is apparent, resulting in increased 
material productivity. Additionally, there is a clear 
focus on effective selection for appropriate grain 
hardness and superior gluten quality, as demonstrated 
here (Mefleh et al. 2019).

In terms of promising breeding research geno-
types, in addition to the 6 items listed in Cl. 1, there 
were three other breeding research genotypes with 
above-average values in some of the ZS or GI sub-
technological parameters (Table  3). Among the 54 
evaluated breeding research genotypes, one-sixth 
can be identified as potential donors, particularly for 
significant technological parameters. It is essential 
to note that if these accessions are included, com-
prehensive molecular analyses should run parallel 
with their phenotypic evaluation. By combining both 
approaches, we can ensure the optimal inclusion of 
these genotypes and avoid potential duplications 
that could unnecessarily increase the cost of genetic 
resource conservation.

The most common HMW-GS combinations A1: 
(0) and B1: (6 + 8) detected in our sample collection 
(see Fig. 3A and B) were also found to be prevalent 
in a large collection of 196 durum wheat samples, as 
reported by Argentine and Spanish authors (Roncallo 
et al. 2021; Aguiriano et al. 2008).

A similar position of the 8* band was reported by 
Aguiriano et  al. (2008) in Dawbull common wheat 

with the B1: (6* + 8*) combination. According to the 
combination scheme of HMW-GSs for durum wheat 
in Güleç et  al. (2019), this band’s position would 
most closely correspond to subunit B1: (18). Ron-
callo et  al. (2021) detected a unique HMW-GS B1: 
(14 + 22) configuration in Italian T. durum genotypes, 
and the position of band 22 notably aligns with the 
position marked as 8* in our study.

The disappearance of certain faint bands on the 
gel may be due to the flexible boundary between the 
solubility of different protein fractions. Hamer (2003) 
described this phenomenon with the statement: 
“nothing is absolute.” Furthermore, they explained 
that even the pre-extracted ethanol fraction may con-
tain some HMW glutenins. This transition of HMW 
glutenins was also affirmed by Cinco-Moroyoqui and 
MacRitchie (2008) when employing 50% propanol. 
Consequently, low concentrations of HMW-GSs from 
under-represented sister lines could potentially be 
excluded during sequence analysis when gliadins are 
removed, leading to a loss of information regarding 
the multi-line composition of HMW-GSs in the tested 
genotypes. On the other hand, the different findings in 
the case of IG 142039 using sequential analysis can 
be attributed to the non-uniformity of the prepared 
sample.

These specific band positions do not have stand-
ard nomenclature within the glutenin subunit classi-
fication (Payne and Lawrence 1983). Margiotta et al. 
(1996) exclusively noted similar band positions in 
wild-type  T. urartum  and  T. dicoccoides  materials 
and referred to them as HMW-GSs A1: y-type. The 
absence of these bands in the case of the sequential 
extraction method strongly suggests that they belong 
to a group of high molecular weight ɷ gliadins, where 
the largest peptides under SDS-PAGE conditions 
are typically found near HMW-GSs D1: (10 or 12), 
as reported by Žilić (2013). The high solubility of 
ɷ gliadins in an aqueous propanol solution was fur-
ther confirmed by Cinco-Moroyoqui and MacRitchie 
(2008).

The documented positive impact of the 2* allele, 
particularly on the micro-sedimentation test in durum 
wheat, is also suggested by the research of Roncallo 
et  al. (2021). In contrast, both breeding genotypes 
studied exhibited a tendency toward softer grains 
(M90-99–2: PSI = 14.2%, IG 142076: 16.6%), which 
implies they may be better suited for standard white 
flour production (compared to semolina) and for the 
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development of new durum wheat cultivars intended 
for bakery production.

The yearly routine characterization of HMW-GS 
polymorphisms in a large and genetically diverse 
collection of durum wheat genetic resources in gene 
banks requires reliable methods that are both cost-
effective and time-efficient. Both methods based on 
the total or sequential extraction of HMW-GS only 
partially fulfil this requirement. The method involving 
total protein extraction from a grain mixture appears 
to be more sensitive in HMW-GS identification and 
is also more time and cost-efficient compared to 
the sequential method.  On the other hand, sequence 
analysis allows for a detailed description of LMW-
GS composition, which is particularly crucial for the 
comprehensive prediction of the technological qual-
ity of durum wheat proteins. However, in genetically 
diverse genotypes, identifying primarily LMW-GSs 
in a mixed sample can be very complex and time-con-
suming. Hence, the utilization of DNA markers for 
identifying HMW-GSs (see Nucia et  al. 2019), cou-
pled with the development of reliable DNA markers 
for more complex LMW-GSs, could offer a promising 
solution. Nevertheless, developing these molecular 
markers for durum wheat will not be feasible without 
parallel identification of both HMW- and LMW-GSs 
at the protein level.

Conclusion

The evaluation of the current durum wheat genetic 
resources has revealed a wide range of variability in 
both field and, more significantly, technological grain 
parameters. Several perspective parameters were 
detected in the tested breeding research genotypes. 
First, the Syrian accessions labelled as IG exhibited 
the highest earliness of heading. Additionally, we 
identified six promising genotypes with technologi-
cal grain quality comparable to modern sown wheat 
cultivars. Simultaneously, PI 675012 and IG 142039 
demonstrated higher annual stability in four crucial 
technological grain parameters compared to modern 
cultivars. Furthermore, accessions M90-99–2 and IG 
142076 displayed above-average ZS values, poten-
tially influenced positively by the presence of HMW-
GSs A1: (2*).

Selected breeding research genotypes with higher 
technological quality confirmed the multi-line 

composition of HMW-GSs, particularly in the case 
of the total protein extraction procedure. The total 
protein extraction method appeared to be more sensi-
tive in detecting durum wheat genotypes with multi-
ple-line composition of HMW-GSs compared to the 
sequential method. In contrast, both methods were 
consistent in detecting the presence of the specific 
subunit B1: (6 + 8*) in genotype IG 142039.

Conversely, these results confirmed the high simi-
larity of the 17 basic parameters within the groups of 
jointly derived breeding research genotypes. On the 
other hand, the variability of primarily technological 
grain parameters across these groups was very wide. 
The identification of 9 promising research breeding 
genotypes with comparable, or even superior in some 
aspects, technological grain quality compared to cur-
rent commercial cultivars, indicates that these genetic 
resources may offer a range of valuable basic param-
eters. Their preservation in durum wheat collections 
therefore remains essential.
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