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A B S T R A C T

This study aims to collect information about the diversity of seed storage proteins in Central European landraces 
and compare it to modern cultivars. The quantitative comparison of the protein composition is also monitored to 
demonstrate the alteration of the glutenin-to-gliadin ratio and the size distribution of the polymeric glutenins in 
landraces, old, and modern cultivars. In this study, 197 Central European winter wheat landraces and 67 modern 
winter wheat cultivars with different genetic backgrounds were examined. Employing a 20K SNP array, we 
explored the available genetic diversity within a collection of Central European bread wheat landraces and 
compared these landraces to modern wheat cultivars. For proteomic characterization of the analyzed population 
SE- and RP-HPLC, and MALDI-TOF analyses were carried out in order to identify new genetic sources for 
breeding. Comparative results were made accessible through interactive, user-friendly PCA plots, allowing 
efficient data exploration. Significant differences in protein content and composition were observed between 
landraces and modern wheat cultivars. A comprehensive analysis of the Zeleny index, grain gluten, and protein 
content, supported by population structure analysis using storage protein subunit markers, revealed previously 
untapped variation for the improvement of protein content and end-use quality in wheat breeding.

1. Introduction

Winter wheat (Triticum aestivum L., BBAADD, 2n = 6x = 42) has 
historically served as a major food source for humanity and currently 
accounts for 15 % of the global daily calorie intake [1]. Population ge
netic studies have provided substantial evidence that bread wheat 
landraces exhibit enhanced genetic variation, identifying them as 
valuable reservoirs of various alleles that hold potential for modern 
breeding strategies [2–4]. The conservation and exploration of a diverse 
genetic background within these populations can significantly enhance 
wheat improvement programs.

The primary aim of wheat breeding since its beginning has been to 

develop new varieties with higher yields to satisfy the needs of the 
growing population in the world. Modern agriculture (since the 1950s) 
has focused on crossbreeding different wheat and grass species, thus 
generating new genetic combinations of increased yield. The impact of 
breeding on grain yields of the wheat varieties released during the 
twentieth century has been extensively studied, and a general genetic 
determination has been observed [5,6]. Furthermore, a negative corre
lation was observed between the protein concentration and the grain 
yield, according to several studies [7–12].

The lower protein content of the high-yielding varieties had to be 
compensated by an altered protein composition to keep or even improve 
the functional properties of the new wheat varieties. Despite the high 
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number of investigations on the yield-protein relationship [13–16], 
there are only a few reports on how the alteration of the protein 
composition could compensate the lower amount of protein. Based on 
the data available, two main trends are typical for altering the protein 
composition to improve dough strength and extensibility: these are the 
increase of the glutenin-to-gliadin ratio and the selection of the lines 
containing superior high molecular weight (HMW) glutenin alleles.

Comparing old and modern Italian durum wheat varieties, De Santis 
et al. [17] reported that the higher gluten index of modern cultivars was 
correlated with elevated glutenin-to-gliadin ratio, and increased 
expression level of B-type low molecular weight (LMW)-GS. Regarding 
the glutenin-to-gliadin ratio and alteration of HMW-GS, Izadi-Darbandi 
et al. [18] reported similar results by comparing historic and modern 
Iranian wheat cultivars. In 60 German winter wheat cultivars first 
registered between 1891 and 2010, the protein and the gliadin content 
showed a decreasing trend, while the glutenin content increased 
significantly, without any change in the albumin/globulin ratio and the 
gluten content. Riaz et al. [12] investigated the general trend in the 
changes of the glutenin and the gliadin composition comparing 78 
Australian historic and modern wheat varieties. Both the protein and the 
gliadin content decreased in their experiment, while the glutenin con
tent and thus the glutenin–to-gliadin ratio increased. To improve dough 
elasticity and strength, varieties with superior HMW glutenin alleles 
have been selected significantly shifting up the ratio of the larger glu
tenin polymers.

Significant variation of the HMW-GS alleles of hexaploid wheat 
landraces and old varieties was reported in several studies [19–29]. A 
high-throughput genotyped set of Spanish wheat landraces was screened 
for quality-related genes [4], and new puroindoline and HMW-GS alleles 
were identified [30]. Furthermore, the landraces showed a wider genetic 
diversity and higher variation in the HMW-GS composition than modern 
varieties. Allelic variation at the Glu-1 and Glu-3 loci were evaluated in 
Xinjiang wheat landraces and historical varieties [31] with SDS-PAGE 
and allele-specific molecular markers. High diversity was found at the 
Glu-1, Glu-A3, and Glu-B3 loci and new alleles were identified at Glu-A3 
and Glu-B3 loci.

All of the above-mentioned studies support the conclusion that 
several alleles present in landraces and old cultivars are absent in 
modern cultivars. One of these identified ‘archaic’ high molecular 
weight glutenin alleles, which contained the mutation of the 1Ax2* gene 
and was called 1Ax2*B gene, was remarkably effective in improving the 
bread-making quality of wheat [22]. This result also supports the idea 
that the genetic diversity of glutenins decreased during the development 
of modern breeding practices. Similar conclusions were made by Bran
lard et al. [32], summarizing numerous reports dealing with the genetic 
diversity of durum wheat landraces, and historic and modern lines from 
different countries.

A large number of cultivars and lines (1060) bred in the twentieth 
century were examined in the work of Metakovsky et al. [33], which led 
to the development of a new and improved version of the catalog of 
alleles at the six Gli loci of common wheat. Less documentation is 
available on the genetic polymorphism of gliadin alleles in landraces. In 
the study of Ruiz et al. [34,35], Spanish landraces of common wheat 
were investigated, and the Gli-A1 was found to be the most poly
morphic, but no consistent trend was found in the gliadin composition 
by comparing old and modern Australian cultivars [12,36].

The comparison of gliadins of primitive wheat relatives, old and 
modern wheat cultivars became the target of intensive research in the 
last 10 years, which suggests that the effect of the selection on gliadin 
composition is rather limited in wheat breeding [17,37–42].

The prevalence of various forms of cereal-related health disorders 
has increased in the last decades and the general public opinion claims 
without any scientific or practical evidence that modern wheat breeding 
is responsible for this expanding trend. However, numerous studies like 
those of Ribeiro et al. [43] and Malalgoda [44], clearly demonstrated 
that each historic and modern bread wheat and ancient relatives of 

wheat, such as emmer, einkorn, and spelt contain variable amounts of 
coeliac and allergenic epitopes. Spontaneous and conscious selection in 
wheat breeding did not target the nutritive or health-related attributes 
in the 20th century and thus the yield- and functionality-driven breeding 
did not result in any changes of these characteristics of genotypes. 
Several scientific investigations [45–48] provide supporting evidence 
that modern wheat breeding is not responsible for the increasing trend 
in the spread of the various forms of cereal-related health disorders.

The aim of this study is to collect information on the genetic diversity 
and the variation of the storage protein allele composition in Central 
European wheat landraces and to compare them to modern wheat cul
tivars in order to find new genetic sources for breeding. The genetic 
diversity resulting the variation in the quantitative traits of proteins and 
the related bread-making quality traits were analyzed. Varieties were 
ranked based on bread-making quality, as assessed by three years of NIR 
data, and landraces demonstrating superior potential were subsequently 
selected as new crossing partners for breeding programs.

2. Materials and methods

2.1. Plant material

The plant material analyzed in this study comprised of 197 Central 
European winter wheat landraces and 67 modern winter wheat culti
vars. The landraces were originated from six, former and/or present 
Central European countries (Austria, Bulgaria, former Czechoslovakia, 
Hungary, Romania, former Yugoslavia), while the modern cultivars 
were originated from ten countries worldwide (Austria, Bulgaria, former 
Czechoslovakia, France, Germany, Hungary, Romania, Switzerland, 
USA, former Yugoslavia). The landraces were part of the Gene Bank 
collection of the Centre for Plant Diversity (NÖDIK) in Tápiószele, 
Hungary, collected during 1950–60. The modern wheat cultivars used in 
this study were registered between 1970 and 2015 and formed part of 
the Genebank of HUN-REN ATK. Further details regarding the charac
teristics of the accessions are available in Supplementary Table 1.

2.2. Field conditions

All samples were sown in the field at the HUN-REN Centre for 
Agricultural Research in Martonvásár, Hungary (Latitude: 47◦ 21′ N, 
Longitude: 18◦ 49’ E, Altitude: 150 m) over three years (2017, 2019, and 
2020). A Completely Randomized Design was employed, in which six 
rows of each genotype were sown in 0.4 × 2 m plots, with a row spacing 
of 20 cm. The experiment was conducted on haplic chernozem soil 
characterized by average levels of nitrogen (N), phosphorus (P2O5), and 
potassium (K2O). Nutrient supply was ensured by applying 60 kg N ha− 1, 
60 kg P2O5 ha− 1, and 60 kg K2O ha− 1 in the fall, followed by an addi
tional 60 kg N ha− 1 at the beginning of spring. Standard plant protection 
protocols were applied throughout the experiment to avoid the effects of 
diseases and pests. Weather conditions of growing seasons are summa
rized in Supplementary Table 2. After harvesting in the three years 
(2018, 2020, and 2021), the samples were stored in a dry, cooled 
warehouse.

2.3. SNP genotyping

DNA was extracted from 6-week-old seedlings by using the DNeasy 
Plant Mini Kit (Qiagen, Hilden, Germany) by the manufacturer’s in
structions. SNP genotyping was conducted by TraitGenetics GmbH (htt 
p://www.traitgenetics.com/en/) employing a 20K Illumina SNP chip. 
SNPs displaying a missing value rate exceeding 10 % and heterozygosity 
exceeding 5 % were excluded from subsequent analysis, resulting in a 
final set of 15,784 high-quality SNP markers.
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2.4. Protein content and breadmaking quality traits

Grinding of grains was carried out with a Retsch MM 400 ball mill 
(Retsch GmbH, Haan, Germany) in all three years of the experiment. The 
protein-, gluten-, moisture-content, water absorption, and Zeleny sedi
mentation of the wholemeal samples were determined using the Perten 
Inframatic 8611 instrument [49].

2.5. Protein composition

2.5.1. Size exclusion high-performance liquid chromatography (SE-HPLC)
For the 2018 harvest sample set, SE-HPLC was used to determine the 

glutenin, gliadin, and albumin + globulin contents, as well as the 
unextractable polymeric protein percentage (UPP%) using the method 
of Gupta et al. [50], applying a two-step extraction procedure using a 
modified method of Batey et al. [51], as described by Larroque and 
Békés [52]. Analysis has been carried out with three technical replicate 
injections from two biological replicate extracts on samples harvested in 
2018.

2.5.2. Reversed-phase high performance liquid chromatography (RP- 
HPLC)

For the 2018 harvest sample set, Gliadin proteins in the samples have 
been characterized by the method of Larroque et al. [53]. Each sample 
was sequentially injected three times for technical replication. RP-HPLC 
peak areas (expressed in arbitrary units, AU) under the chromatograms 
were used to calculate gliadin amounts. Retention times for ω1,2 glia
dins were between 15 and 20, for ω5 20–30, for α-gliadins 30–40, and for 
γ-gliadins 40–55 min. The amounts of ω1,2-, ω5-, α- and γ-gliadin [% of 
the sample] were calculated from the data derived from the RP-HPLC 
separation of gliadin proteins, multiplied by the gliadin content of the 
total protein, determined by the SE-HPLC separation and multiplied by 
the protein content of the samples harvested in 2018.

2.5.3. Protein profiling by MALDI-TOF MS analysis
A four-step extraction procedure was used in this study, isolating 

salt-soluble proteins, gliadin, LMW, and HMW glutenin subunits for 
MALDI-TOF analysis [54]. Mass spectra were acquired in positive ion 
mode and averaged over 100 laser shots to enhance the signal-to-noise 
(S/N) ratio. Calibration was performed using bovine serum albumin 
(66,463 Da) as an external standard. The acquisition parameters were as 
follows: mass range of 60,000–110,000 Da, sampling rate of 1.00 GS/s, 
laser power set to 85 %, laser frequency at 80 Hz, and a detector gain of 
13.3x. The methodology of this sample preparation as well as the in
strument settings for MALDI-TOF analyses of the protein classes are 
detailed in Supplementary Table 3.

2.6. Analysis of population diversity

A hierarchical co-clustering dendrogram and heatmap were gener
ated based on the analysis of the Zeleny index, gluten, and total protein 
content, as well as the clustering of protein, gliadin, and glutenin con
tent. A clustergram was used to group wheat lines according to the 
similarity of the evaluated traits and the strength of their in
tercorrelations. All statistical analyses were conducted using R software 
(version 3.5). The Dendextend R package was used to analyze with 
Ward’s method for clustering [55]. The SNP calls of exceptional quality 
for 264 wheat lines were merged to create a matrix, from which an 
unrooted dendrogram was generated using the Genome Association and 
Prediction Integrated Tool (GAPIT 3.0) package in R [56], employing 
the neighbor-joining method (NJ) [57]. Principal component analysis 
(PCA) was employed to condense the patterns of variation observed 
among the wheat accessions. The analysis was carried out with GAPIT 
3.0 with default parameters. The 3D PCA plot was created in Plotly [58]. 
The data of wheat protein profiling has been analyzed to identify 
inter-cultivar variations. We used peaks with different retention times as 

markers and labeled ‘1’ if the peak was presented and ‘0’ if not. The 
quantities of the protein groups were not analyzed during the diversity 
analysis. Neighbor-Joining and PCA analyses were used to summarize 
patterns of variations among the wheat accession. The analysis was 
carried out by GAPIT 3.0 package in R with default parameters [56] and 
PCA plots were generated using Plotly in R [58].We examined the 
similarity of different wheat lines by comparing groups based on 
unrooted NJ trees of protein profiling. If a line belonged to a group, we 
marked it with ‘1’, and if not, we marked it with ‘0’. The resulting data 
matrix was analyzed using hierarchical co-cluster analysis in the same 
manner as described above with the help of the Dendextend R package 
[59].

2.7. Statistical analysis

Descriptive statistical evaluations—including the computation of 
mean values, standard deviations, and coefficients of variation—were 
carried out using built-in functions in Microsoft Excel, based on data 
obtained from replicate MALDI-TOF and HPLC analyses. Prior to 
ANOVA, homoscedasticity was evaluated using Levene’s test. In cases 
where Levene’s test indicated significant heteroscedasticity, ANOVA 
with Welch’s correction was applied. Statistically significant differences 
among sample groups were assessed by analysis of variance (ANOVA), 
followed by pairwise comparisons using Student’s t-tests. These infer
ential statistical procedures were conducted using the STATISTICA 
software package (version 13.5.0.17; TIBCO Software Inc.). To assess 
the effects of genotype, environment, and their interaction (genotype ×
environment), a two-way multifactorial ANOVA was conducted.

3. Results

3.1. General description of MALDI-TOF and RP-HPLC-based databases

In wheat samples harvested during the 2018 season, four classes of 
allelic proteins—high molecular weight glutenins (HMW-GS), low mo
lecular weight glutenins (LMW-GS), gliadins, and soluble pro
teins—were identified via MALDI-TOF analysis across 264 accessions. 
The same flour-derived gliadin extracts were also subjected to RP-HPLC 
analysis. Table 1 presents a brief overview of the general characteristics 
of these protein classes, while the detailed compositional data are pro
vided in Supplementary Table 4.

The 264 genotypes contained 28938 polypeptide peaks in the 4 
MALDI-TOF protein classes, the largest number of which was separated 
in the soluble protein fraction (n = 12113), followed by the gliadins, the 
LMW GS, and the HMW GS (8581, 7617, and 1318), respectively. In
dividual samples contained 4 or 5 HMW GS-, 16–45 LMW-GS-, 16–48 
gliadin-, and 37–51 soluble protein-alleles. The molecular mass intervals 
for the four protein classes were the following: HMW-GS: 67473–88128, 
LMW-GS: 25023–43620, gliadins: 20040–50612, soluble proteins: 
7858–39576.

The number of appearances of a given individual protein peak in the 
samples varied significantly. There were proteins in each of the four 
classes, which were present in one sample only (for example Dx4 in the 
HMW GS group appeared ones), while certain protein alleles appeared 
in a high number of samples (in HMW GS, LMW GS, gliadin, and soluble 
classes they appeared in 235, 221, 197 and 205 samples, respectively).

The RP-HPLC-based separation of the gliadins resulted in 12470 
peaks altogether in the 264 samples from which 219 different individual 
peaks were distinguished, with retention times falling between 4.156 
and 43.145 min interval. A large variation in the expression level of the 
same alleles (peaks with the same retention time) was also detected in 
different samples. The variation in the protein composition of the 
landraces and the modern cultivars was compared, and it was found that 
the number of protein peaks of modern cultivars significantly decreased 
compared to that of the landraces. The extent of the decrease was 32.4 
%, 32.7 %, and 27.53 % for the LMW GS, gliadins, and soluble proteins, 
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respectively. Meanwhile, the variation in the number of polypeptides of 
the individual samples also decreased when landraces and modern 
cultivars were compared: from 16 to 35 LMW GS proteins to 24–45, from 
13 to 46 gliadins to 23–48, and from 27 to 50 soluble proteins to 33–51.

The relative amounts of the individual gliadin polypeptides (% of the 
total gliadin) varied between 0.029 and 7.27 %, the amount of a peak 
with a given retention time in the different samples varied on average by 
64 %.

3.2. Yield and protein content of samples of the entire population

The higher yield potential of modern cultivars was observed in a two- 
year field experiment, and the differences in average yield between 2020 
and 2021 were smaller in the landraces (Table 2).

The average protein content of modern wheat varieties was signifi
cantly lower than that of Central European landraces. Consistent with 
previous studies [12–16], a declining trend in protein content was 
observed with more recent release years of modern cultivars (Fig. 1).

3.3. Protein composition and functional properties of samples

For the samples of the 2018 harvest the distribution of the three 
protein classes (glutenins, gliadins, and soluble proteins) was deter
mined by SE-HPLC, while the distribution of the ω1,2-, ω5-, α/β-, and 
γ-gliadins related to the total gliadin proteins was measured by RP-HPLC 
(Supplementary Table 4).

In this study, NIR was employed to determine protein content, wet 
gluten content, and two key functional quality traits—Zeleny sedimen
tation index and water absorption capacity—which are closely related to 
grain protein levels and composition. Corresponding data are presented 
in Supplementary Table 5. Mean values for the entire population, as well 
as for landraces and modern cultivars separately, are provided in Sup
plementary Table 6.

The comparison of the HMW GS allelic composition of landraces and 
modern cultivars (Supplementary Table 7) showed, that the prevalence 

of Glu1Aa, Glu1Bb, Glu1Bc, Glu1Be, and Glu1Bh alleles decreased, 
while that of Glu1Ab and Glu1Ac increased with the progress of modern 
wheat breeding. Meanwhile, the Glu1Bk completely disappeared, and 
the Glu1Bal allele appeared only in the modern cultivars. In the case of 
the Glu1D loci, the ‘c’ allele disappeared, the prevalence of the ‘a’ allele 
decreased, while that of the ‘d’ allele increased. Considering the 
contribution of the different HMW-GS alleles to the functional properties 
of wheat, it can be concluded that changes in the allelic composition 
improved gluten strength and dough stability, resulting in higher values 
in modern cultivars due to selection in wheat breeding. The enhanced 
overall functionality was further evidenced by the Payne score, calcu
lated as the sum of the weighting factors assigned to the Glu-1A, Glu-1B, 
and Glu-1D alleles in the sample, according to the method proposed by 
Payne [60]. The mean of the Payne score was almost 10 % higher in 
modern varieties than in the landraces (8.88 and 8.05, respectively).

3.4. Population structure of the wheat collection, using SNP markers

The winter wheat accessions were categorized by their historical 
origin (landraces vs. modern cultivars) to facilitate subsequent com
parisons between genotypic data and protein markers (Supplementary 
Table 8). Neighbor-Joining (NJ) analyses and Principal Component 
Analysis (PCA) were conducted to delineate the population structure of 
the wheat collection, using a set of 15,784 SNP markers and 929 protein 
markers.

Based on the three-year average values of the Zeleny index, gluten 
and protein content measured by Near-InfraRed (NIR) spectroscopy, 
genotypes were ranked using one-way ANOVA (Supplementary 
Table 9). To visualize the 20 top-performing lines relative to the 
percentage-based standard deviation of the mean values of modern 
cultivars, a hierarchical co-clustering analysis was performed (Fig. 2).

The top ten entries based on the Zeleny index—including nine 
landraces (RMF61, RMF101, RMF103, RMF107, RMF110, RMF117, 
RMF143, RMF164, and RMF165) and one modern cultivar (RMF258)— 
were subsequently subjected to detailed analysis using SNP and protein 

Table 1 
Characteristics of the different protein classes in a set of 264 wheat genotypes based on MALDI-TOF and RP-HPLC analysis.

Method Protein class Number of peaks 
differentiated

Total number of peaks in the 
population

Number of peaks in a sample Polypeptide

Molecular mass 
[kDa]

Prevalence

mean stDev min max min max min max

MALDI- 
TOF

HMW GS 21 1283 5 0.34 4 5 67473 88128 1 
(Dx4)

235 
(Bx7)

LMW GS 191 7496 28 4.53 16 45 25023 43620 1 221
Gliadin 251 8357 32 6.34 16 48 20040 50612 1 197
Soluble 
proteins

247 11802 45 3.67 37 51 7858 39576 1 205

Combined 710 28938 110 8.98 77 134 ​ ​ ​ ​

Method Protein class Number of peaks differentiated Total number of peaks in the population Number of peaks in a sample Polypeptide

Retention time 
(min)

Prevalence

mean stDev min max min max min max

RP-HPLC Gliadin 219 12470 48 3.88 35 56 4.156 43.145 1 247

Table 2 
Yield and protein content of samples of the entire population, the landraces and modern cultivars.

n 2020 2021

Yield Protein content Yield Protein content

kg/parcel g/100g kg/parcel g/100g

Landraces þ Cultivars 264 0.99 ± 0.35 16.43 ± 1.44 1.07 ± 0.29 15.43 ± 1.61
Landraces 197 0.89 ± 0.22 16.85 ± 1.19 0.95 ± 0.18 16.07 ± 1.13
Cultivars 67 1.3 ± 0.45 15.19 ± 1.41 1.42 ± 0.28 13.56 ± 1.34
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marker-based classifications.
The Neighbor-Joining (NJ) analysis based on the SNP markers 

divided the population into three main groups (blue, green and red), and 
these groups effectively illustrate the historical source and geographical 
origins of the accessions (Fig. 3).

The SNP-3 (blue) group comprises modern varieties and those local 

landraces that likely participated in breeding programs. The SNP-2 
(green) group is the largest and most diverse group, containing land
races from all countries investigated; however, they likely did not 
participate in crossing programs for the production of modern cultivars. 
Genetically, the SNP-1 (red) group is the most distant, and this group 
primarily consists of Hungarian landraces, as only four of the 37 

Fig. 1. Protein content of modern cultivars and landraces by year of release. The framed dot indicates the mean protein content of landraces analyzed in this study, 
while individual dots represent the protein contents of modern cultivars included in the analysis.

Fig. 2. Clustering multivariate analysis using Ward’s method to differentiate 32 winter wheat genotypes based on the phenotypical markers (Total Protein Content 
(TPC), Glutenin content (Glu), and Zeleny sedimentation value (Zel)) by using hierarchical co-clustering dendrogram and heatmap; cluster rows were obtained at 
trait level, whereas the cluster columns were recorded at genotype level. The color key represents the percentage-based standard deviation of the mean values for 
modern cultivars, ranging from dark blue (low) to red (high), with colors intensifying as values increase. The numbers in the “Rank” rows represent the ranking of 
cultivars based on each respective phenotypic trait, with lower numbers indicating more favorable values. Each trait was ranked independently (See also Supple
mentary Table 9). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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accessions originate from other countries. Based on SNP marker data, 
five of the nine landraces exhibiting the highest Zeleny sedimentation 
index were classified into the SNP-1 group, three into the SNP-2 group, 
and one landrace was grouped together with the single modern cultivar 
in the SNP-3 group.

The PCA analysis captures the primary sources of variation within 
the genomic data, revealing distinctions among the sampled regions and 
illustrating variation within groups of accessions. Consequently, it 
quantifies the extent of variation between populations that can be 
attributed to the three principal component axes. In this context, the first 
and third principal component axes primarily accounted for the genomic 
variation present in the modern varieties, while the second and third 
principal component axes predominantly explained the variation 
observed in the landraces, in accordance with the NJ tree (Fig. 3b). 
Mostly, the Austrian and former Yugoslavian landraces grouped 
together with the modern varieties in the left corner of the PCA plot 
(Fig. 3c), these landraces might have had a greater impact on the genetic 
structure of the modern wheat cultivars. Protein and gluten content, 
water absorption, and Zeleny test results across the SNP groups are 
presented in Fig. 3d. The protein content in samples belonging to the 
SNP-3 group (blue) was significantly lower than in the other two groups.

A set of statistical comparisons of protein and quality attributes of 
samples in the three main groups divided by Neighbor-Joining (NJ) 

analysis has been carried out using ANOVA (Table 3).
Comparing the mean values of each sample in the SNP-1, SNP-2, and 

SNP-3 groups from the year 2018, the gluten protein composition of the 
three groups is quite similar. However, when separating the landraces 
and modern cultivars in SNP-3, significant differences can be observed 
among the landraces in this group. Glutenin level is significantly lower, 
while gliadin content is significantly higher in landraces in SNP- 3, 
resulting in significant differences in the glutenin-to-gliadin ratio and 
UPP% (Supplementary Fig. 3). The remarkable similarity of these two 
protein parameters with the Zeleny test results in the 3 SNP groups il
lustrates the effects of altering protein composition by the selection 
process in breeding on the functional properties of the modern cultivars. 
Interestingly, only the SNP-3 group includes modern cultivars, despite 
SNP-3L landraces displaying the lowest protein content and yield 
compared to the other landrace groups (Fig. 4).

3.5. Population structure of the wheat collection by using seed proteins as 
markers

The separated proteins by using the MALDI-TOF (HMW GS, LMW GS, 
gliadin, and soluble proteins) as well as the RP-HPLC method (gliadins) 
(Supplementary Table 4) was used as protein markers to characterize 
the genetic diversity of the wheat collection from another point of view. 

Fig. 3. Genetic structuring of wheat accessions. a) An unrooted Neighbor-Joining (NJ) tree of wheat accessions. The tree branches are colored based on genetic 
grouping. Group SNP-1 (red) encompasses a total of 37 landraces, there are 130 landraces within Group SNP-2 (green), and Group SNP-3 (blue) consists of 67 modern 
cultivars and 30 landraces. b) The 3D PCA plot showing the relationship between the accessions belonging to the three groups (blue, red, and green) and modern 
varieties indicated by squares (See also Supplementary Fig. 1: Interactive 3D PCA plot). c) The 3D PCA plot illustrates the relationship among accessions belonging to 
different countries and modern varieties indicated by squares (See also Supplementary Fig. 2: Interactive 3D PCA plot with geographical origins). d) Statistical 
comparison of protein content, water absorption, gluten content, and Zeleny test results among landraces and modern cultivars in the SNP marker groups. Statis
tically significant differences between landraces and cultivars within the SNP-3 group are indicated with asterisks (***). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)
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Table 3 
Statistical comparison of protein and functional parameters of samples in the SNP marker groups.

Landraces + Cultivars Landraces Cultivars Comparing Landraces with 
Cultivars

N mean stdev SNP 
group

N mean stdev SNP 
group

N mean stdev

Protein content [%] SNP-1 111 17.18 ± 0.13 C SNP-1L 111 17.18 ± 0.13 C ​ ​
SNP-2 390 16.13 ± 0.07 B SNP-2L 390 16.13 ± 0.07 B
SNP-3 291 14.26 ± 0.08 A SNP-3L 90 14.92 ± 0.15 A SNP-3C 201 13.97 ± 0.10 19.73
F for SNP groups 64.76 95.77

37.83
​

F for Environment (Year) 85.48 47.71
F for SNP groups x Environment 
(Year)

3.59 1.84

Gluten content [%] SNP-1 111 39.44 ± 0.86 C SNP-1L 111 39.44 ± 0.86 C ​ ​
SNP-2 390 35.89 ± 0.46 B SNP-2L 390 35.89 ± 0.46 B
SNP-3 291 30.95 ± 0.53 A SNP-3L 90 31.86 ± 0.95 A SNP-3C 201 30.54 ± 0.64 1.390
F for SNP groups 156.84 82.78

89.34
​

F for Environment (Year) 730.01 793.44
F for SNP groups x Environment 8.84 2.15

Water absorption 
[%]

SNP-1 111 62.41 ± 0.31 C SNP-1L 111 62.41 ± 0.31 C ​ ​ ​ ​ ​ ​
SNP-2 390 60.00 ± 0.16 B SNP-2L 390 60.00 ± 0.16 B ​ ​ ​ ​ ​ ​
SNP-3 291 58.64 ± 0.19 A SNP-3L 90 58.44 ± 0.34 A SNP-3C 201 58.74 ± 0.23 0.95
F for SNP groups 74.5 57.8

13.09
​

F for Environment 111.6 73.9
F for SNP groups x Environment 5.7 4.9

Zeleny test [ml] SNP-1 111 54.26 ± 0.79 C SNP-1L 111 54.26 ± 0.79 C ​ ​
SNP-2 390 49.19 ± 0.42 B SNP-2L 390 49.19 ± 0.42 B
SNP-3 291 44.83 ± 0.49 A SNP-3L 90 45.04 ± 0.88 A SNP-3C 201 44.73 ± 0.59 0.087
F for SNP groups 78.72 53.42

6.16
​

F for Environment 85.57 153.64
F for SNP groups x Environment 20.56 1.69
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Taking into consideration of different combinations of the protein 
markers in the evaluation, different sample groups were formed 
(Supplementary Table 8). Each sample group has been assigned a three- 
digit code: HMW for HMW glutenin markers; LMW for LMW glutenin 
markers; GLU for combined HMW and LMW glutenin markers; GLI for 
gliadin markers; SIK for combined HMW and LMW glutenin as well as 
gliadin markers; SOL for soluble protein markers ALL for all protein 
markers. These sample groups also differed based on their protein 
composition and functional parameters (Supplementary Tables 4 and 5) 
as approved by the statistical analysis (Supplementary Table 10). In this 
statistical analysis, the treatment of data was similar to that applied in 
the SNP marker analysis. Thus the statistical analysis compared the 
means of protein and functional data of i) each sample in the groups 
(Landraces + Modern cultivar, L + C), ii) the landraces (L) in the group, 
iii) the modern cultivars (C) in the group and iv) comparing data of 
landraces with those of the modern cultivars in the same group.

3.5.1. Application of glutenin markers
An unrooted Neighbor-Joining (NJ) tree (Fig. 5) shows the popula

tion structure of wheat accessions based on MALDI-TOF MS HMW glu
tenin subunit markers (HMW grouping). This tree distinguishes two 
main groups of accessions, each represented by a different color.Due to 
the limited number of markers, not every accession could be differen
tiated; the figure only depicts the lines that differ from each other.

The two groups (HMW-1 and HMW-2 (encompassing landraces and 
cultivars)) were compared based on the mean values of the protein traits 
and the functional parameters, and a significant difference was observed 
between them (F = 18.55, 16.16, 6.57, and 6.86 for protein and gluten 
content, water absorption, and the Zeleny test, respectively 
(Supplementary Table 10-HMW). Separating the landraces and 

cultivars, no significant differences were found between the means of 
the HMW-1L and HMW-2L groups, as well as between the means of the 
HMW-1C and HMW-2C groups. Comparing the data of landraces with 
the modern cultivars in the same groups (HMW-1L compared with 
HMW-1C and HMW-2L with HMW2C), large, significant differences 
have been found within each group in the protein content (F = 168.22), 
gluten content (F = 20.56), water absorption (F = 20.32), and Zeleny 
test results (F = 24.29).

The data presented in Supplementary Table 10-HMW-A indicate that 
harvest year significantly influenced the measured parameters. 
Compared to the landraces, protein content consistently declined in 
cultivars across all harvest years. Gluten content showed a significant 
reduction in the 2020 and 2021 samples, while no statistically signifi
cant decrease was observed in the 2018 samples. Notably, reductions in 
water absorption were significant only in the 2018 HMW-1C samples. 
The Zeleny test data showed the strongest effects of growing conditions: 
in contrast to the landrace data, there were notable declines in cultivars 
in the 2020 and 2021 samples whereas a notable rise was observed in 
2018. These alterations of Zeleny values in the 2018 samples correspond 
nicely to the protein composition findings: as indicated in Supplemen
tary Table 10-HMW-B, in this harvest year, the glutenin-to-gliadin ratio 
and UPP% values of the samples are significantly higher in the modern 
cultivars compared to the values observed in the landraces of the same 
HMW group. All of these differences found in the protein composition 
resulted in differences in the functional parameters; thus, modern cul
tivars were found to have better functional properties than landraces in 
both HMW groups (red and blue), and this difference was greater within 
the HMW-2 (blue) group than in the HMW-group 1 (red) group (Fig. 5).

Based on the MALDI-TOF MS HMW markers, five of the nine land
races with the highest Zeleny index rankings were assigned to the HMW- 

Fig. 4. Comparisons of the mean protein content and yield data in the three SNP groups.

G. Gell et al.                                                                                                                                                                                                                                     Journal of Agriculture and Food Research 24 (2025) 102403 

8 



Fig. 5. Population structure of wheat accessions based on MALDI-TOF MS HMW glutenin subunit markers. a) An unrooted Neighbor-Joining (NJ) tree of wheat accessions. The 
two branches are colored based on the population structure. HMW 1 (red) group consists of 130 landraces and 28 modern cultivars; there are 67 landraces and 39 modern 
cultivars within the HMW 2 (blue) group. b) The 3D PCA plot showing the relationship between the accessions belonging to the two groups (red and blue) and modern varieties 
indicated by squares. The low number of markers did not allow for the differentiation of every accession; the figure represents only the lines differing from each other (See also 
Supplementary Fig. 4: Interactive 3D PCA plot: MALDI-TOF MS HMW glutenin). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.)

Fig. 6. Population structure of wheat accessions based on MALDI-TOF MS LMW glutenin subunit markers. a) An unrooted Neighbor-Joining (NJ) tree of wheat accessions. The 
two branches (LMW-1 and LMW-2) are colored according to the population structure. LMW-1 group 1 (red) consists of 96 landraces; there are 101 landraces and 67 modern 
cultivars within the LMW-2 (blue). b) The 3D PCA plot showing the relationship between the accessions belonging to the two groups (red and blue) and modern varieties 
indicated by squares (See also Supplementary Fig. 5: Interactive 3D PCA plot). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)
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1 group. The remaining four landraces, along with the single modern 
cultivar, were classified into the HMW-2 group, consistent with the 
grouping of most modern cultivars. The unrooted Neighbor-Joining (NJ) 
tree of wheat accessions and the 3D PCA plot based on the MALDI-TOF 
MS LMW glutenin subunit markers (Fig. 6a and b) formed two groups 
(LMW-1 and LMW-2). The two groups (branches) are colored according 
to the population structure. Furthermore, the 3D PCA plot shows the 
relationship between the accessions belonging to the landraces (dots) 
and modern varieties (squares). The red LMW-1 group comprises 96 
landraces, whereas the blue LMW-2 group includes 101 landraces and 
67 modern cultivars. Of the top ten accessions ranked by the Zeleny 
index, only one landrace (RMF61) belongs to the LMW-1 group. The 
remaining eight landraces, together with the modern cultivar 
(RMF258), are classified within the LMW-2 group.

A comparative analysis of F values revealed a pronounced masking 
effect from modern cultivars within the LMW-1 group. Specifically, the 
LMW-1L subset (landraces only) exhibited substantially lower F val
ues—1.81, 4.21, 0.58, and 0.50 for protein content, gluten content, 
water absorption, and Zeleny sedimentation index, respective
ly—compared to the combined group of landraces and cultivars, which 
showed F values of 39.23, 85.36, 17.60, and 33.21 (Supplementary 
Table 10-LMW).

Similarly to the above-described observations for the HMW groups, 
cultivars (in LMW-2C) from the 2018 harvest had significantly higher 
Zeleny sedimentation index than the landraces (LMW-2L), while sig
nificant drops have been found in the corresponding data of the 2020 
and 2021 samples.

The population structure of wheat accessions based on the combined 
use of MALDI-TOF MS HMW and LMW glutenin subunit markers 
(Fig. 6a), consists of five groups. The red GLU-1 group encompasses a 
total of 67 landraces. The light green GLU-2 group is formed by 29 
landraces. The green GLU-3 group includes 27 modern cultivars and 63 
landraces. The blue GLU-4 group consists of 37 modern cultivars and 38 
landraces. The purple GLU-5 group includes only three modern wheat 
cultivars.

The distribution of modern cultivars and landraces in the five groups 

was determined by the combined use of HMW and LMW GS markers 
(GLU grouping). GLU-1 and GLU-2 (red and light green) did not include 
modern varieties, while group GLU-5 (purple) included only 3 cultivars. 
Additionally, 27 cultivars from group 3 and 37 out of 39 cultivars from 
GLU-2 (light green) of the HMW GS marker-based structure formed GLU- 
4 (blue) in the structure based on the HMW + LMW GS markers.

The modern cultivars with good baking quality were located in the 
GLU-3 (green) and GLU-4 (blue) groups (Fig. 7), - with significantly 
lower protein content – masking the comparisons of the five overall 
(landraces and cultivars) groups. The GLU-3 group comprises five 
landraces ranked among the top performers based on the Zeleny index. 
The GLU-1 group contains only one of the Zeleny-selected landraces 
(RMF61), while the HMW-4 group includes four landraces along with 
the single modern cultivar. Significant differences were however 
detected between the 5 GLU groups when their corresponding landraces 
or cultivars were compared, but mostly in the landraces comparisons, 
while no significant differences were found between the GLU-3C, GLU- 
4C, and GLU-5C groups for each protein and quality parameter 
(Supplementary Table 10-GLU). When comparing L to C within the same 
GLU group, the difference between them (C vs L) was only significant for 
the GLU-3 and GLU-4 groups. Similarly to the observations found for the 
HMW and LMW groupings, the extent and the directions of these al
terations differ for the four investigated parameters and for the samples 
derived from different harvesting seasons (Supplementary Table 10- 
GLU).

3.5.2. Application of gliadin markers
Population structures of wheat accessions were displayed separately 

based on the MALDI-TOF MS Gliadin protein (Fig. 8) or the RP-HPLC 
Gliadin protein (Fig. 9) composition, and on their combined data 
(Fig. 10), using NJ and PCA analysis (GLI grouping, Fig. 8, GLX 
grouping, Fig. 9, and GLY grouping, Fig. 10, respectively). More than 80 
% of the modern cultivars formed a distinct cluster in all three evalua
tions (Fig. 8: GLI-4 [purple], Fig. 9: GLX-2 [green], Fig. 10: GLY-2 
[green]). The mean values of the functional parameters for these 
groups were significantly different from those of the other groups, which 

Fig. 7. Population structure of wheat accessions based on MALDI-TOF MS LMW and MALDI-TOF MS HMW glutenin subunit markers (GLU grouping). a) Circular 
Neighbor-Joining (NJ) tree of wheat accessions. GLU-1 (red) group encompasses a total of 67 landraces, GLU-2 (light green) group is formed by 29 landraces, GLU-3 
(green) group includes 27 modern cultivars and 63 landraces, HMW-4 (blue) group consists of 37 modern cultivars and 38 landraces, while the GLU-5 (purple) group 
only includes three modern wheat cultivars b). The 3D PCA plot showing the relationship between the accessions belonging to the five groups (red, blue, light green, 
green and purple) and modern varieties indicated by squares (See also Supplementary Fig. 6: Interactive 3D PCA plot). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.)
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exhibited lower protein contents (Supplementary Table 10). The culti
vars with the best quality parameters were grouped separately, 
belonging mostly to the green GLX-2 and GLY-2 groups, which were 
based on the RP-HPLC or on the combined MALDI-TOF MS plus RP- 
HPLC Gliadin protein markers (Supplementary Table 10-GLI). Accord
ing to MALDI-TOF MS gliadin protein marker profiling, all landraces 
selected based on the Zeleny index were classified into the GLI-2 group, 
whereas the single modern cultivar was assigned to the GLI-4 group.

Based on RP-HPLC gliadin marker classifications, two of the land
races selected by Zeleny index ranking were assigned to the GLX-1 

group. Six landraces, along with the modern cultivar, were grouped 
into GLX-2, while one landrace was classified within the GLX-3 group.

Mean values of NIR-based data from three harvest years were 
compared for landraces + cultivars, landraces, and cultivars among the 
different GLI map groups (Supplementary Table 10-GLI). For all the 
parameters, F values obtained from landraces + cultivars were signifi
cantly higher than those calculated from landraces alone. Among 
landrace groups, both protein contents and Zeleny test values were 
found to be the lowest in the GLI-4L group. In the cultivar comparison, 
the protein content, and the Zeleny test data of GLI-1C was significantly 

Fig. 8. Population structure of wheat accessions based on MALDI-TOF MS Gliadin protein markers (GLI groups). a) An unrooted Neighbor-Joining (NJ) tree of wheat 
accessions. The four branches are colored according to the population structure. GLI- 1 (red) group comprises 148 landraces and 8 modern cultivars; GLI-2 (green) 
group encompasses a total of 22 landraces; GLI-3 (blue) group comprises four landraces and two modern cultivars and GLI-4 (purple) group includes 23 landraces and 
57 modern cultivars b) The 3D PCA plot showing the relationship between the accessions belonging to the four GLI-1, GLI-2, GLI-3 and GLI-4 groups (red, green, blue 
and purple, respectively) and modern varieties indicated by squares (See also Supplementary Fig. 7: Interactive 3D PCA plot). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Population structure of wheat accessions based on RP-HPLC Gliadin protein markers (GLX groups. a). An unrooted Neighbor-Joining (NJ) tree of wheat 
accessions. The tree branches are colored according to the population structure. GLX-1 (red) group encompasses 61 landraces and 7 modern cultivars, there are 79 
landraces and 53 modern cultivars within GLX-2 (green) group, and GLX-3 (blue) group consists of 57 landraces and 7 modern cultivars. b) The 3D PCA plot showing 
the relationship between the accessions belonging to the GLX-1, GLX-2 and GLX-3 groups (blue, green and red, respectively) and modern varieties indicated by 
squares (See also Supplementary Fig. 8: Interactive 3D PCA plot). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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lower than that in GLI-3C.
The overall comparisons between the landraces and cultivars in the 

same group (comparison of GLI-4L with GLI-4C) utilizing data from 
three harvest years revealed, that landraces had higher Zeleny test re
sults than the cultivars. However, as shown in the figure of Supplement 
Table 10-GLI, cultivar samples from 2018 had significantly higher 
Zeleny test values than landraces cultivated in the same year, while the 
relationship reversed in 2020 and 2021. The improved sedimentation 
characteristics (measured by Zeleny test) in the 2018 cultivars correlate 
well with the glutenin-to-gliadin ratio and with the UPP% of these 
samples (Supplement Table 10-GLI). Based on combined MALDI-TOF 

MS and RP-HPLC gliadin protein marker data, only one of the nine 
landraces selected by Zeleny index ranking (RMF117) was classified into 
the GLY-3 group, while the remaining eight landraces, along with the 
modern cultivar, were assigned to the GLY-2 group.

3.5.3. Application of salt-soluble protein markers
Using the NJ clustering method, the salt-soluble protein markers 

were divided the accessions into two major groups (Fig. 11). The red 
(SOL-1) group consists of 57 landraces, the blue (SOL-2) group contains 
140 landraces and 67 cultivars. Supplementary Table 10-SOL shows a 
statistical comparison of the SOL groups: there is a substantial difference 

Fig. 10. Population structure of wheat accessions based on combining the MALDI-TOF MS Gliadin protein and RP-HPLC Gliadin protein markers (GLY groups). a) 
Circular Neighbor-Joining (NJ) tree of wheat accessions. The tree branches are colored according to the population structure. GLY-1 (red) group encompasses 59 
landraces and 4 modern cultivars, GLY-2 (green) group consists of 80 landraces and 56 modern cultivars, and there are 58 landraces and 7 modern cultivars within 
GLY-3 (blue) group. b) The 3D PCA plot showing the relationship between the accessions belonging to the GLY1, GLY-2 and GLY-3 groups (blue, green and red, 
respectively) and modern varieties indicated by squares (See also Supplementary Fig. 9: Interactive 3D PCA plot). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Population structure of wheat accessions based on Salt-soluble protein markers. a) An unrooted Neighbor-Joining (NJ) tree of wheat accessions. The two 
branches are colored according to the population structure. SOL- 1 (red) group consists of 57 landraces; there are 140 landraces and 67 modern cultivars within the 
SOL-2 (blue) group. b) The 3D PCA plot showing the relationship between the accessions belonging to the two groups (red and blue) and modern varieties indicated 
by squares (See also Supplementary Fig. 10: Interactive 3D PCA plot). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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in protein content, as well as a modest but not significant difference in 
Zeleny test results between the SOL-1L and SOL-2L groups. The classi
fication based on salt-soluble protein markers does not fully align with 
the Zeleny index-based ranking. Approximately half of the landraces 
were assigned to the SOL-1 group, while the remaining landraces were 
grouped into SOL-2.

3.6. Identification of similar lines based on hierarchical co-clustering 
analysis

The hierarchical co-clustering dendrogram and heatmap (Fig. 12) 
show the distribution of the 264 winter wheat genotypes according to 
the groups obtained from the NJ trees of protein profiling. The clustering 
multivariate analysis was performed by using the Ward’s method. The 
cluster rows display the groups obtained from the NJ trees of protein 
profiling and SNP genotyping, whereas the cluster columns represent 
the wheat accessions. On the heat map, red color indicates that the 
corresponding accession line is included in the group obtained from the 
NJ trees of protein profiling, while the yellow color indicates that the 
wheat accession is not included in the group. The rows numbered from 1 
to 16 are represented the following protein and SNP genotyping groups: 
1: Salt-soluble proteins Group 2 (SOL-2), 2: MALDI-TOF MS LMW glu
tenin subunit Group 2 (LMW-2), 3: RP-HPLC Gliadin Group 2 (GLX-2), 4: 
SNP genotyping Group 3 (SNP-3), 5: MALDI-TOF MS Gliadin Group 4 
(GLI-4), 6: MALDI-TOF MS HMW glutenin subunit Group 2 (HMW-2), 7: 
Salt-soluble proteins Group 1 (SOL-1), 8: SNP genotyping Group 1 (SNP- 
1), 9: MALDI-TOF MS Gliadin Group 3 (HLI-3), 10: MALDI-TOF MS 
Gliadin Group 2 (GLI-2), 11: RP-HPLC Gliadin Group 3 (GLX-3), 12: 
MALDI-TOF MS LMW glutenin subunit Group 1 (LMW-1), 13: RP-HPLC 
Gliadin Group 1, 14: SNP genotyping Group 2 (SNP-2), 15: MALDI-TOF 
MS Gliadin Group 1 (GLI-1), 16: MALDI-TOF MS HMW glutenin subunit 
Group 1 (HMW-1). Further details regarding the groups are available in 
Supplementary Table 8. The modern cultivars are located in the first six 
rows (1–6 groups). The dendrogram on the top of the figure (Fig. 12) 
divided the population into three main groups, which are from the left to 
the right: (I) Landraces similar to the modern cultivars; (II) Modern 
cultivars – divided into two subgroups by the HMW glutenin Group 2 - 
and (III). Landraces are strongly different from the modern cultivars. 
The list of the lines in these three groups is listed in Supplementary 
Table 1 and 8

The statistical comparison of the three dendrogram groups is illus
trated in Table 4 and Supplementary Table 11. Each parameter indicated 

a highly significant improvement from the two landrace groups (II.- 
group), and the extent of the differences between the means for group II- 
group III was greater than for those for group II-group I.

The three groups represent: (I) landraces similar to modern cultivars, 
(II) modern cultivars, and (III) landraces that differ substantially from 
modern cultivars.

3.7. The impact of HMW-, LMW subunits, and gliadin markers evaluated 
with MALDI TOF MS and RP-HPLC on quality parameters

The NJ clustering approach classified the population into three 
groups (SIK-1, SIK-2, and SIK-3) by combining the MALDI-TOF MS 
HMW, MALDI-TOF MS LMW, MALDI-TOF MS Gliadin, and RP-HPLC 
Gliadin protein markers (Fig. 13). Modern wheat varieties exhibited a 
limited number of new variations due to the predominant use of the 
local landraces in breeding programs. Only one group (GLU-4), con
taining only 3 cultivar samples, was found where cultivars were located 
without any landrace in the same group (Fig. 7). The PCA grouping 
(Figs. 5b-11b) clearly illustrates this pattern, with certain landraces 
clustering alongside current cultivars.

With one exception, all landraces selected based on the Zeleny index, 
together with the modern cultivar, were classified into the SIK-2 (green) 
group. The remaining landrace, RMF117, was assigned to the SIK-3 
(blue) group.

Statistical investigation of SIK groups is shown in Supplementary 
Table 10-SIK: 2-ways ANOVA has been used to characterize the NIR- 
based four functional parameters (protein and gluten content, water 
absorption and Zeleny test results) of samples grown 2018, 2020 and 
2021 (Supplementary Table 10-SIK-a). The results of one-way ANOVA 
investigation for the protein composition of the 2018 samples is shown 
in the Supplementary Table 10-SIK: b) Comparison of landraces +
landraces, (SIK-1, SIK-2 and SIK-3); c) only landraces, (SIK-1L, SIK-2L, 
and SIK-3L); and d) only cultivars (SIK-2C, SIK-3C) groups in samples 
of the 2018 harvest season. F – F value and p - probability calculated by 
ANOVA, different capital letters designate significant differences be
tween the decades (one-way ANOVA and Tukey’s test; p < 0.05).

SIK-2 (green) and SIK-3 (blue) groups contain landraces with very 
similar protein composition and functionality, while there are signifi
cantly higher amounts of ω and γ gliadin and significantly lower 
amounts of α/β gliadin in the SIK-1 (red) group. So, the differences 
found by comparing the parameters of the entire population were caused 
by the presence of the modern cultivars in groups 2 and 3, but not in 

Fig. 12. The hierarchical co-clustering dendrogram and heatmap showing the distribution of the 264 winter wheat genotypes based on the groups obtained from the 
NJ trees of protein profiling, The rows numbered from 1 to 16 represent the following protein and SNP genotyping groups: 1: Salt-soluble proteins Group 2 (SOL-2), 
2: MALDI-TOF MS LMW glutenin subunit Group 2 (LMW-2), 3: RP-HPLC Gliadin Group 2 (GLX-2), 4: SNP genotyping Group 3 (SNP-3), 5: MALDI-TOF MS Gliadin 
Group 4 (GLI-4), 6: MALDI-TOF MS HMW glutenin subunit Group 2 (HMW-2), 7: Salt-soluble proteins Group 1 (SOL-1), 8: SNP genotyping Group 1 (SNP-1), 9: 
MALDI-TOF MS Gliadin Group 3 (HLI-3), 10: MALDI-TOF MS Gliadin Group 2 (GLI-2), 11: RP-HPLC Gliadin Group 3 (GLX-3), 12: MALDI-TOF MS LMW glutenin 
subunit Group 1 (LMW-1), 13: RP-HPLC Gliadin Group 1, 14: SNP genotyping Group 2 (SNP-2), 15: MALDI-TOF MS Gliadin Group 1 (GLI-1), 16: MALDI-TOF MS 
HMW glutenin subunit Group 1 (HMW-1). Red cells indicate that the corresponding accession line is included in the group. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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group 1.
In the case of SIK-2 (green) and SIK-3 (blue) groups, all parameters 

of modern cultivars are significantly different from those of landraces 
within the same group. Comparing the parameters of cultivars from 
groups 2 and 3 reveals slightly, non-significant changes, despite the fact 
that the lines in the two groups come from distinct gene pools.

4. Discussion

4.1. The effect of the selection based on protein composition during 
modern breeding

Wheat cultivation must intensify, become more sustainable, and 
achieve greater resilience towards pests and climate change simulta
neously. Bread wheat is traditionally one of the main food sources for 
humankind, and it must also meet the requirements of healthy nutrition 
and the expectations of the baking industry. During the ’Green 

Revolution’, wheat breeding primarily concentrated on creating high- 
yielding, disease-resistant wheat varieties incorporating dwarfing 
genes, which led to a reduction in genetic diversity among modern elite 
varieties [3,61]. However, our heritage left behind a wealth of variation 
present in landraces, including the protein content and composition, 
which affect the bread-making quality. The Central European wheat 
landrace collection, comprising 197 accessions from six countries, was 
gathered between 1950 and 1960 and preserved in the Gene Bank 
collection of the Centre for Plant Diversity (NÖDIK) in Tápiószele, 
Hungary. The quantitative analysis of certain key functional properties 
and the diversity of protein markers detected in the present study 
identified a group of genotypes that conserved allelic diversity absent in 
modern varieties. Near-infrared (NIR) spectroscopy is a well-established 
and suitable method for screening basic quality attributes, particularly 
in large-scale populations [62]. The Zeleny index is a widely used 
parameter in wheat breeding programs for predicting overall baking 
quality, typically determined from ground seed or flour samples [63]. 

Table 4 
Analysis of variance comparing the functional characteristics of samples from the 3 harvest seasons in the three dendrogram groups separated on the hierarchical co- 
clustering dendrogram (Fig. 12).

Year Groups n Protein content Gluten content Water Absorption Zeleny test

2018 I 113 15.26 ± 0.13 23.96 ± 0.48 62.21 ± 0.28 42.17 ± 0.68
II 63 13.16 ± 0.18 23.04 ± 0.65 59.67 ± 0.38 45.88 ± 0.92
III 88 15.68 ± 0.15 24.67 ± 0.54 62.91 ± 0.31 43.01 ± 0.77

2020 I 113 16.80 ± 0.13 42.69 ± 0.48 58.15 ± 0.28 50.33 ± 0.68
II 63 15.27 ± 0.18 36.71 ± 0.65 57.41 ± 0.38 43.03 ± 0.92
III 88 16.75 ± 0.15 42.66 ± 0.54 58.59 ± 0.31 51.02 ± 0.77

2021 I 113 15.91 ± 0.13 40.19 ± 0.48 59.89 ± 0.28 55.00 ± 0.68
II 63 13.63 ± 0.18 32.08 ± 0.65 58.33 ± 0.38 44.35 ± 0.92
III 88 16.08 ± 0.15 40.69 ± 0.54 59.95 ± 0.31 55.64 ± 0.77

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

​ ​ ​ F ​ p F ​ p F ​ p F ​ p

YEAR 81.39 ​ 0.00 753.86 ​ 0.00 91.10 ​ 0.00 75.18 ​ 0.00
Heatmap group 152.72 ​ 0.00 72.70 ​ 0.00 27.50 ​ 0.00 35.30 ​ 0.00
YEAR * heatmap group 3.34 ​ 0.01 11.88 ​ 0.00 2.90 ​ 0.02 25.04 ​ 0.00

Fig. 13. Population structure of wheat accessions based on combining the MALDI TOF MS LMW, MALDI TOF MS HMW, MALDI TOF MS Gliadin, RP HPLC gliadin 
protein markers (SIK groups). a) Circular Neighbor-Joining (NJ) tree of wheat accessions. The tree branches are colored according to the population structure. SIK-1 
(red) group encompasses 82 landraces,SIK-2 (green) group consists of 60 landraces and 7 modern cultivars, and there are 55 landraces and 60 modern cultivars 
within SIK-3 (blue) group. b) The 3D PCA plot showing the relationship between the accessions belonging to the SIK-1, SIK-2 and SIK-3 groups (red, green and blue 
respectively) and modern varieties indicated by squares (See also Supplementary Fig. 11: Interactive 3D PCA plot). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.)
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Hrušková and Faměra [64] found a statistically significant relationship 
(p < 0.01) between NIR-predicted and empirically measured values of 
protein content and Zeleny sedimentation.

Separating the population of investigated samples into 197 landraces 
and 67 modern varieties allowed important observations to be made on 
the effects of the breeding process on the diversity of the different pro
tein classes (Fig. 12). The reduced protein content was compensated by a 
variable protein composition to keep or even to improve the functional 
properties of the new wheat varieties.

Selection and breeding resulted in increased glutenin levels and 
decreased gliadin levels, leading to a higher glutenin-to-gliadin ratio 
(Supplementary Fig. 12). Additionally, a shift in the size distribution of 
polymeric glutenin proteins towards higher molecular weight fractions 
was observed, as characterized by the UPP% based on HPLC analysis 
from 2018 (Supplementary Table 6). Both changes contributed to 
improved dough strength and stability, as well as increased dough 
development time, in agreement with previous findings on wheat 
landrace collections [65–69]. Meanwhile, the water absorption, another 
important functional parameter strongly related to protein content, 
showed a significant decrease in parallel with the reduction of the 
protein content.

Selection strategies during wheat breeding through the 20th century 
did not prioritize nutritive or health-related attributes [46]. As a result 
of the selection process primarily aiming at yield improvement and the 
preservation of functional properties, significant changes occurred in 
the gliadin composition, directly related to the amount of allergenic and 
coeliac epitopes of the samples. We found significantly lower α/β gliadin 
levels in the modern cultivars than in the landraces (Supplementary 
Table 6). This reduction (expressed as the percentage of the dry matter) 
resulted from the reduced total protein content, the lower total amount 
of gliadins and changes in the distribution of the gliadin subclasses 
within the total gliadin content. The relative amount of ω1,2 and ω5 
gliadins did not change significantly, but an increase was observed in the 
γ gliadins content. The α/β gliadin group is potentially the most nutri
tionally harmful protein class for the sensitive individuals; thus, the 
reduction in their quantity indicates that breeding resulted in the 
development of less harmful germplasms. These findings contradict the 
hypothesis that human activities—particularly wheat breeding—may 
have contributed to the increased prevalence of coeliac disease (CD) in 
the latter half of the twentieth century, as suggested by van den Broeck 
et al. [70] and de Lorgil et al. [71]. In general, the protein composition 
and functional properties have changed during modern breeding, with a 
decrease in protein content and an increase in grain yield. In agreement 
with the research conducted by several groups [5–8,10,11,36] our re
sults approved the reciprocal relationship between the protein content 
and the grain yield. On the other hand, we showed a declining trend 
between the release year of the cultivars and their protein content 
(Fig. 1). The protein content was lower in varieties appearing before the 
2000s, and lines with higher protein content could only be detected 
within varieties bred thereafter. This indicated a renewed effort to in
crease protein content during the selection processes of the years 2000s.

We estimated the population structure based on SNP marker analysis 
and principal component analysis supported the NJ tree, which divided 
the collection into three main groups associated with ancestral origin 
(Fig. 3). The statistical comparison of the protein and quality attributes 
of the three main groups (Table 3) suggest that the protein composition 
of group 3 (blue) landraces could have been the basis of their selection 
for wheat breeding, and this is in agreement with the population 
structure analysis, as well. The efficiency of selection was characterized 
by the p-values (significance level comparing the landraces and modern 
cultivars in group 3). Significant differences were observed between 
landraces and modern cultivars for each but one (namely γ gliadin) 
parameter. The variation in the protein composition resulted in higher 
glutenin content, lower gliadin content, increased glutenin-to-gliadin 
ratio, and UPP%, improved Zeleny index value even better water ab
sorption and as a side effect, the amounts of α/β and ω5 gliadins 

decreased. Therefore, modern cultivars have been developed with 
improved functionality and less harmful-component content [12,36].

4.2. The year effect modifies the quality parameters differentially in 
landraces and modern wheat cultivars

The amounts of precipitation in the 2017–2018, 2019–2020 and 
2020–2021 harvest years were 596 mm, 545 mm and 393 mm, respec
tively. Furthermore, the precipitation distribution was unfavorable 
during the 2019–2020 and 2020–2021 growing seasons relative to 
2017–2018. In the 2019–2020 period precipitation totaled 153 mm 
between March and June, while 109 mm was recorded in 2020–2021 
and 274 mm during the 2017–2018 harvest year. This indicates a 44 % 
reduction in 2019–2020 and 60 % in 2020–2021 compared to 
2017–2018, which was coupled with elevated global radiation values 
(Supplementary Table 2). The resulting abiotic stress was better toler
ated by landraces than by modern cultivars as indicated by the quality 
parameters. Traditional wheat landraces often retain a unique ability to 
withstand both biotic and abiotic stresses, contributing to consistent 
yields and moderate productivity in low-input agricultural systems [72,
73]. The Rht-B1b and Rht-D1b loci, which cause dwarfism and are pre
sent in most modern cultivars, are among the most important factors in 
the yield increase achieved during the ‘Green Revolution’. Short-straw 
wheat varieties tend to underperform compared to taller ones when 
faced with drought or elevated temperatures [74,75]. Field experiments 
revealed that semi-dwarf wheat cultivars develop shorter and shallower 
root systems compared to tall cultivars. Under drought conditions the 
amount of available water and nitrogen decreases in the upper soil 
layers, which can significantly impact both yield and quality parameters 
[76]. Our experiments confirmed that in the two dry years (2020, 2021), 
the landraces were able to maintain higher protein and gluten content 
with average yields. In the 2018 year showing normal precipitation the 
modern cultivars performed better compared to the closely related 
SNP-3L landrace group in terms of gluten content and Zeleny test results 
(Figs. 3 and 4). In summary, the unique protein subunit composition of 
landraces from the SNP-1 group and their genetic distance from modern 
cultivars makes them a desirable breeding material providing a high 
bread-making quality stable under abiotic stress conditions (Fig. 3).

4.3. Population structure of the wheat collection by using protein markers

The MALDI-TOF separation results of HMW GS, LMW GS, gliadin, 
and soluble proteins, along with the RP-HPLC separation results of gli
adins (Supplementary Table 4, Figs. 4, Fig. 5, Fig. 6, Figs. 7, Fig. 8, 
Fig. 9), have been used as protein markers for characterizing the pop
ulation structure of the wheat collection in this study.

The limited number of HMW glutenin subunit markers divided the 
population into two groups (Fig. 4). Comparing the data of the protein 
composition led to differences in the functional parameters in both 
groups: modern cultivars exhibited superior functional properties 
compared to landraces, with the differences being more pronounced in 
group 2 (blue) than in group 1 (red) (Supplementary Table 7). The HMW 
glutenin allelic composition gives a direct explanation for this differ
ence: each of the modern cultivars in group 1 (n = 28) contains the 
Glu1Da (2 + 12), while 38 of the 39 cultivars in group 2 has the Glu1Dd 
(5 + 10) allele (Supplementary Table 4). As it was proven by in vitro 
incorporation studies by Anderson et al. [77] the extra cysteine in the 
N-terminal region of the subunit Glu1D5 is responsible for the superior 
contribution of this subunit determining dough strength and stability 
through its effect on the shift of the size distribution of the polymeric 
glutenin to higher values.

Using the NJ clustering method, the LMW glutenin subunit markers 
divided the accessions into two major groups (Fig. 5, Supplementary 
Table 10-LMW). Modern cultivars grown in 2018 contain significantly 
less proteins, gliadins, α/β gliadins, and significantly more glutenins, 
larger glutenin-to-gliadin ratio, and significantly higher UPP% referring 
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to the improvement in functionality achieved by breeding [12,36,47].
Combining the MALDI-TOF MS HMW and LMW glutenin subunit 

markers the NJ clustering method divided the population into five 
groups (Fig. 6a). This distribution separates the cultivars containing the 
Glu1Da (2 + 12) allele from those with the Glu1Dd (5 + 10) allele. 
Consequently, modern cultivars with better quality are separated in 
Group 3 (green) from those with poorer quality in Group 4 (blue) 
(Supplementary Table 7). The complex analysis of the MALDI-TOF MS 
HMW and LMW glutenin subunit markers can support breeders in 
selecting crossing partners to improve quality parameters. The methods 
of Eagles et al. [78] and the Protein Scoring System (PSS) developed by 
Békés et al. [79] describe the contribution of HMW-GS and LMW-GS 
alleles both individually and in pair-wise interactions on dough 
strength and extensibility. The results point to the significant impact of 
the allelic interactions on the quality. Because of the large contribution 
of the allele–allele interactions, the different allelic combinations, rather 
than the individual glutenin alleles need to be controlled by breeders 
when selecting wheat for a desired performance [79].

The gliadins, as constituents of the gluten, are essential for main
taining dough elasticity and stickiness and proper dough rising [80,81]. 
Since gliadins have a significant impact on the baking quality, their 
markers could help to identify favorable lines. In this study, we 
compared the baking quality parameters of groups identified by the NJ 
clustering method based on MALDI-TOF MS Gliadin protein, RP-HPLC 
Gliadin protein, and the combined use of MALDI-TOF MS Gliadin pro
tein and RP-HPLC Gliadin protein markers (Figs. 8–10). The majority of 
modern varieties (approx. 80 %) were grouped identically in all three 
classifications, which was also observed for landraces. Based on these 
observations it could be concluded that 7 modern cultivars in Group 3 
(blue) seem to be superior among the 65 cultivars of the whole popu
lation with respect to functional properties (Fig. 10). The population 
structure of wheat accessions based on salt-soluble protein markers 
(Fig. 11) clearly indicated that salt-soluble proteins – not being involved 
directly in determining dough rheology parameters – also play a role in 
the overall quality of wheat lines (Supplementary Table 10). It was 
shown before, that the water absorption is mostly dependent on the 
protein and pentosane content of the flour and starch damage, however, 
certain soluble proteins also alter it [82]. Consequently, the effect of the 
lower protein content in modern cultivars could be compensated by the 
altered soluble protein composition and the pentosan level. Soluble 
protein composition of landraces included in Group 1 (red) was signif
icantly different from landraces located in Group 2 (blue) The Group 2 
(blue) landraces containing 47 individual salt-soluble protein markers 
represent good sources of candidates in breeding programs aiming for 
quality improvement.

To develop premium quality wheat and satisfy the customers’ 
diverse demands, optimally selected wheat storage protein allele 
composition is a necessary but not a sufficient condition. Instead, a 
complex integrated approach is needed. In this approach, the effect of 
different genes and gene products is not investigated individually, but in 
a process where the interactive effects – inhibitions and synergisms – 
could also be realized, quantified, and finally utilized. It also means that 
in the case of bread-making, next to keeping the emphasis on gluten 
proteins, the contribution of non-gluten components, such as soluble 
proteins, non-starchy carbohydrates, lipids, and starch has to be taken 
into account [83].

The hierarchical co-clustering analysis was used to demonstrate the 
similarity between the groups created by NJ clustering (Fig. 12). In this 
analysis, most of the modern cultivars were grouped together, which 
indicates, that each type of protein marker supplemented by SNP 
markers effectively distinguishes the different lines.

Combining the analyzed gluten protein markers with the NJ clus
tering method divided the population into three groups (Fig. 13) where 
modern cultivars were distributed within the green and the blue groups 
(Group 2 and 3). The landraces exhibiting the highest Zeleny index 
rankings also showed the highest protein and gluten contents within the 

analyzed population (Fig. 2d–Supplementary Table 9). Based on high 
molecular weight (HMW) allelic composition, two of these landraces 
had a Payne score of 10 (RMF164, RMF165), six had a score of 8, and 
one landrace scored 6 (RMF117) (Supplementary Table 4). Based on the 
evaluated quality attributes, several landraces were identified as having 
superior bread-baking potential compared to modern varieties, 
including RMF061 (DUNAV) and RMF117 (TISZAORS). Notably, 
RMF117 exhibited a Payne score of 6, while RMF061 achieved a score of 
8. When integrating allelic composition data with Near-Infrared Spec
troscopy (NIR)-based quality parameters, RMF107 (ECS) and RMF110 
(MARCALTO) emerged as particularly promising. Both landraces ach
ieved a Payne score of 8 and ranked among the top ten for Zeleny 
sedimentation index, gluten content, and protein content. Additionally, 
these accessions belong to SNP-1 group, the most genetically distinct 
cluster from modern cultivars, suggesting ancient genetic origins and 
unique quality potential. RMF165 (CLUJ-722) further exemplifies the 
exceptional quality potential of landraces. With a Payne score of 10—the 
highest among evaluated accessions—and ranking within the top ten for 
Zeleny sedimentation index, gluten content, and protein content, 
RMF165 stands out as an elite candidate for bread-making applications. 
Although it belongs to the SNP-2 group, also comprises exclusively 
landraces and no modern cultivars. These findings suggest that the in
clusion of such landraces in breeding programs may contribute to the 
development of wheat cultivars with enhanced technological properties.

The combined analysis incorporating both gluten protein markers 
and salt-soluble protein markers is presented in Supplementary Fig. 13. 
Integrating the analyzed protein markers with the Neighbor-Joining 
(NJ) clustering method divided the population into six distinct groups, 
with modern cultivars clustering within the blue and purple groups 
(Groups 5 and 6). Notably, the ALL-5 group includes four landraces 
selected based on their high Zeleny index values, along with the single 
modern cultivar. The ALL-3 group contained one landrace (RMF61), 
while the ALL-6 group included another landrace (RMF117). The 
remaining three landraces were classified into the ALL-2 group. These 
results are consistent with the patterns observed for salt-soluble protein 
markers (Fig. 11), suggesting that salt-soluble seed proteins exhibit 
weak correlation with quality parameters—likely due to their limited 
contribution to overall grain quality. Consequently, they appear to be 
unsuitable as reliable markers for quality assessment. Similar patterns 
were observed in the PCA analyses, where the first (PC1), second (PC2), 
and third (PC3) component axes provided limited explanation at the 
regional level (Supplementary Fig. 13b and 13c), but it was informative 
when the chronological origin of the collection was considered.

Among the various protein markers evaluated, the MALDI-TOF MS 
LMW, MALDI-TOF MS Gliadin, RP-HPLC Gliadin, the combined MALDI- 
TOF MS Gliadin + RP-HPLC Gliadin, and the integrated MALDI-TOF MS 
LMW + HMW + Gliadin + RP-HPLC Gliadin markers demonstrated the 
strongest relevance with quality parameters, indicating their superior 
effectiveness for quality prediction. The landraces included in the pre
sent study showed significant diversity and their comparison with 
modern cultivars (Supplementary Table 10-ALL) revealed changes in the 
protein subunit composition defined by breeding purposes. Our study 
demonstrated the potential of landraces to utilize useful protein subunit 
diversity that is currently missing in breeding programs.

5. Conclusion

Landrace collections are acknowledged as valuable sources for 
breeding endeavors to improve the essential agricultural traits of wheat. 
Their substantial allelic diversity positions them as appealing candidates 
for augmenting the genetic gain of wheat. The characterization of the 
Central European bread wheat landrace collection revealed a higher 
average protein content for the landraces than for the modern varieties; 
however, the modern varieties were characterized by higher glutenin 
and lower gliadin content. Gluten protein markers effectively identified 
landraces with superior quality traits. In contrast, salt-soluble protein 
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markers fragmented population structure and showed weak association 
with key quality parameters, limiting their utility for selection or clas
sification.This is probably the result of the selection for favorable baking 
quality during breeding, which selection also greatly narrowed the 
richness of protein diversity.

Our results revealed the diversity of the Central European landrace 
variety collection at the protein level, which may pave the way to the 
launch of new, targeted breeding programs.
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Glutenin: the Unique Balance of Wheat Quality, AACCI Press, St Paul, 2006, 
pp. 85–114. ISBN: 978-1-891127-51-9.
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