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Abstract: Non-satisfactory bread-making quality in wheat, a Tajik staple, hampers food security in 
Tajikistan and calls for plant breeding efforts. Here, methods were searched for to study grain pro-
tein composition, which is of use for Tajik plant breeding to improve bread-making quality. Size-
exclusion high-performance liquid chromatography (SE-HPLC) was used to determine protein com-
position in 22 wheat varieties and breeding lines grown in two locations, which were then compared 
with the specific protein composition evaluated using electrophoresis and previous results from 
Tajik breeding and farmer-grown wheat. As Tajik wheat generally showed a large variation in high-
molecular-weight glutenin subunit (HMW-GS) composition, with several allelic variants in the same 
line, single-seed selection was required when using this methodology in breeding for improved 
bread-making quality, and such an evaluation willalso result in more homogenous lines for protein 
composition. SE-HPLC was found to be a suitable tool to evaluate protein composition in the current 
Tajik wheat material with a heterogeneous protein composition, which might be advantageous for 
adaptation to the local and future climate. However, more easy-to-handle and high-throughput 
methods, e.g., marker-assisted selection, could be preferable alternatives for studying protein com-
position in wheat and for use in breeding for increased bread-making quality to increase food secu-
rity in Tajikistan. 
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1. Introduction 
Plant breeding, i.e., changing traits to produce plants that benefit humanity [1,2], has 

been adopted in most crops but with higher intensity in the major ones [3,4]. Wheat is one 
of the three major crops around the globe (together with maize and rice), which is pro-
duced in a wide array of environments and used for a variety of products including bread, 
pasta, noodles, etc. [5]. A major goal of plant breeding is to increase yield, resulting in 
food security for the growing human population and a higher economic return to the pro-
ducer [4,6], and therefore, obtaining resistance to major diseases has been a target for se-
curing harvests [7]. However, in wheat, bread-making quality has also been a clear target 
as bread is a major product from wheat [8]. Bread-making quality is globally one of the 
most important and required quality parameters of bread wheat, although this parameter 
is highly dependent on the end use of wheat and the processing technology used to obtain 
the wheat product [9]. Furthermore, the bread-making quality of wheat flour is largely 
dependent on the wheat genotype and growing conditions [10,11]. 
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The bread-making quality of wheat is determined by a wide array of techniques, in-
cluding baking tests (standardized or specific to local conditions), physicochemical tests 
(e.g., by alveograph, mixograph, extensograph, mixolab, etc.) and component analyses 
(e.g., of protein content and composition) [12–15]. The latter (component analyses) are ad-
vantageous in breeding programs due to the fact that these methods require a small 
amount of samples (the determination of the composition of storage proteins using elec-
trophoresis can even be carried out on half grains, and then the germ of the selected grains 
can be utilized for plant propagation and crossings, as shown in previous studies [16]), 
which results in opportunities for selection in early generations. The specific composition 
of storage proteins, and the amount and size distribution of polymeric proteins are known 
as two traits that require a small sample size for their analyses and they have strong cor-
relations to bread-making quality [11,12,17]. Of these traits, the specific composition of 
wheat storage proteins (gluten proteins) is a genetically determined trait, although these 
proteins are known to be among the most complex types of proteins, due to their different 
components, sizes and variation [11–15,18]. Among the specific gluten proteins, high-mo-
lecular-weight glutenin subunits (HMW-GSs) have been shown to have the highest impact 
on bread-making quality [10,11]. The amount and size distribution of monomeric and pol-
ymeric proteins are known to be genetically determined although they are also impacted 
by the environment and genotype x environment interactions [10,11]. Thus, the specific 
protein composition, e.g., HMW-GS, influences the amount and size distribution of mon-
omeric and polymeric proteins, but also, factors such as cultivar determined development 
time, soil conditions and the temperature of the growing environment have been found 
to have an impact on the amount and size distribution of monomeric and polymeric pro-
teins [10]. 

In Central Asian countries, including Tajikistan, the consumption of wheat products 
is clearly above the global average, making common bread wheat an extremely important 
crop for their populations [19,20]. The products of wheat constitute the staple food in Ta-
jikistan and other countries in the region and contribute significantly to the food con-
sumed daily for the majority of people [19,21]. Thus, food security in Tajikistan and also 
in other countries in the region is highly dependent on wheat and specifically on their 
local production [22]. Tajikistan is a country with a high degree of undernourishment 
among its population, and changes targeting hunger are slow [23]. According to the World 
Food Program, 30% of the Tajik population was classified as moderately food-insecure by 
the end of 2022, and 18% of the children in Tajikistan are stunted, which is the highest rate 
in the Central Asian and European region [24]. The current wheat production in Tajikistan 
is facing two major problems: low yield and poor baking quality [19,23]. Thus, to secure 
food for the population in this region, breeding for an increased yield and improved bak-
ing quality of Tajik common bread wheat should be a major target. According to the Na-
tional Development Strategy 2030 of the Government in Tajikistan, the strengthening of 
food security and giving agriculture a more productive, commercial and sustainable foot-
ing are major goals [24]. Increasing wheat yield has been a goal within the breeding pro-
grams of Tajikistan and the surrounding region in recent years [19]. In particular, combat-
ting the high prevalence of weeds, ending the practice of using non-certified seeds and 
improving the knowledge of farmers have been suggested as measurable improvement 
methods needed to increase yield [19]. Furthermore, breeding for resistant genotypes to 
prevailing diseases and pests is the target within the breeding programs to increase yield 
performance [23]. The poor baking quality of Tajik wheat has rarely been targeted in 
breeding programs [23]. However, a recent study showed that most of the currently 
grown cultivars and breeding lines contain a high proportion of HMW-GS 5+10, known 
to contribute to high gluten strength, while the same study showed heterogeneity in Tajik 
wheat when it comes to HMW-GS composition [23]. Studies focusing on understanding 
the limitations and opportunities of the utilization of the wheat grain protein content and 
composition to improve the bread-making quality of Central Asian and, in particular, Ta-
jik wheat have until now been scarce. 
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The aim of the present study was to evaluate the opportunities and challenges of the 
use of various analytical methods to evaluate the protein content and composition of 
wheat to reveal suitable methods to be used in plant breeding to improve bread-making 
quality in a developing country such as Tajikistan. Measurements of protein composition 
were carried out on Tajik wheat, and the results were used as an example of how wheat 
breeding can be carried out to improve baking quality parameters in developing countries 
in the regions of Central Asia and North Africa. 

2. Materials and Methods 
2.1. Plant Material 

The results from two previous studies [19,22] based on farmer-grown wheat on 21 
production farms and 210 wheat fields over two and three years, respectively, were used 
as a baseline in the present study. Additionally, a plant material consisting of 22 different 
bread wheat (Triticum aestivum L.) varieties/lines, selected from the national wheat breed-
ing program of Tajikistan [23], previously investigated for the specific protein composition 
[23], was evaluated here for its amount and size distribution in order to understand op-
portunities and challenges with different analytical methodologies in breeding for im-
proved bread-making quality. These varieties/lines were grown in 2009, in multi-location 
yield trials for the Tajik national wheat breeding program, and the lines used were selected 
as these were the ones present in the last step of selection before the lines are going to 
official variety testing, meaning that they should be in their final stage of plant breeding. 
The lines were grown in two geographical locations of Tajikistan. One location is situated 
in the central–western part of the country in Hisor Valley (38°31´16 N; 68°34´21 E, 788 
masl), while the second location is situated in the north-eastern part of the country in the 
Isfara district (40°09´ N; 70°43´ E, 822 masl). The distance between the two locations is 400 
km. The samples of the varieties/lines were harvested at maturity, and a representative 
collection of 500 g grains per sample was sent to Sweden for analyses. Upon arrival in 
Sweden, the samples were stored in a seed storage room at 4 °C until analyses were carried 
out (SDS-PAGE in 2010 and SE-HPLC in 2011). 

2.2. Experimental Methods 
2.2.1. Size-Exclusion High-Performance Liquid Chromatography (SE-HPLC) 

Protein composition (amount and size distribution of monomeric and polymeric pro-
teins) was analysed in triplicate samples from each of the 22 varieties/lines from each lo-
cation by size-exclusion high-performance liquid chromatography (SE-HPLC), basically 
following the two-step extraction method developed by Gupta et al. [25] with slight mod-
ifications [26]. All chemicals were of analytical grade. Water was purified by a Milli-Q 
system (Millipore Corporation, Billerica, MA, USA). HPLC-grade acetonitrile and dithio-
threitol (DTT) were acquired from VWR BDH Prolabo (VWR Chemicals, Sweden). To ob-
tain the samples, grains from each variety/line were milled using a laboratory analytical 
mill (Yellow line, A10, IKA-Werke, Staufen, Germany). Flour was thereafter transferred to 
a −80 °C ultrafreezer and lyophilized (Cool SafeTM, Scanvae, Denmark), and 16.5 ± 0.05 
mg flour was weighed into Eppendorf tubes, to which 1.4 mL of sodium dodecyl sulphate 
(SDS) phosphate buffer (0.5% SDS, 0.05 M NaH2PO4, pH 6.9) was added. The samples 
were vortexed on a Whirli VIB2 (Labassco, Sweden for 10 s, shaken for 5 min at 2000 rpm 
on a IKA-VIBRAX VXR (IKA, Germany) and centrifuged for 30 min at 10,000× g on a Sor-
vall, Legend Micro 17 (Thermo Scientific, Sweden) to obtain the supernatant protein. The 
supernatant protein was transferred to a vial for further SE-HPLC analyses. For the second 
extraction, 1.4 mL of the same extraction buffer was added to the pellet, and the sample 
was thereafter sonicated for 30 s at an amplitude of 5 using a Soniprep 150 (Tamro, Swe-
den). The samples were centrifuged for 30 min at 10,000× g on a Sorvall, Legend Micro 17 
(Thermo Scientific, Sweden), and the obtained supernatant was transferred to a vial for 
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SE-HPLC analyses. The SE-HPLC separation of the proteins was conducted using a Wa-
ters 2690 Separation Module (Waters, Milford, USA) with a Waters 996 Photodiode Array 
Detector (Waters, Milford, USA). Separation was carried out for 30 min by injecting 20 µL 
into a Biosep-SEC-S4000 Peak Phenomenex Column (Phenomenex, Califirnia, USA) with 
an eluent of 50% acetonitrile, 0.1% trifluoroacetic acid (TFA) and 50% H2O—Millipore wa-
ter, at isocratic flow at a rate of 0.2 mL/min. The proteins were detected through UV ab-
sorbance at 210 nm, and the data of the runs were extracted using Empower Pro (Waters, 
Milford, USA). Depending on molecular size, the SE-HPLC chromatograms were inte-
grated into four arbitrary sections: large polymeric proteins (LPPs), small polymeric pro-
teins (SPPs), large monomeric proteins (LMPs) and small monomeric proteins (SMPs). 
Following previously developed methodologies, the total SDS-extractable proteins 
(TOTE) were calculated as TOTE = eLPP + eSPP + eLMP + eSMP (e = SDS-extractable), and 
the total SDS-unextractable proteins (TOTU) were calculated as TOTU = uLPP + uSPP + 
uLMP + uSMP (u = SDS-unextractable). Furthermore, the percentages of the total unex-
tractable polymeric proteins in the total polymeric proteins (%UPP) and the percentages 
of large unextractable polymeric proteins in the total large polymeric proteins 
(%LargeUPP) were calculated [26]. 

2.2.2. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
The analyses of the specific HMW-GS composition of these wheat varieties/lines were 

previously described in Husenov et al. [23] and were carried out utilizing 10% sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), following a methodol-
ogy previously described by Payne et al. [27–29]. Thus, the total wheat proteins were ex-
tracted from eleven individually crushed grains from each wheat sample using a 0.5 mL 
extraction buffer (0.06 M Tris, 2% SDS, 2% DTT, pyronin). The extracted samples were 
kept in a refrigerator before incubation at 90–95 °C for 5 min just prior to the loading of 
the samples on the gel. The gels were stained with Coomassie brilliant blue R250 solution 
(0.2%, w/v Coomassie brilliant blue R-250, 10% v/v ethanol and 8%, w/v trichloroacetic 
acid) for 24 h and destained with distilled water. After destaining, the gels were scanned 
using an Epson Perfection V200 Photo (Epson Co, Japan). The presence of protein subunits 
was evaluated according to the description of Payne and Lawrence [30]. 

2.3. Statistical Analyses 
An evaluation of the data was carried out using the statistical package SAS (2004) [31] 

and MS Excel. Spearman rank correlation analyses were carried out in order to evaluate 
the relationships between different protein factors. Analysis of variance (ANOVA) fol-
lowed by Duncan’s post hoc test were carried out in order to understand the influences of 
the genotypes of varieties/lines and locality on the amount and size distribution of pro-
teins, and to evaluate differences in protein amount and size distribution for various vari-
eties/lines and localities. Principal component analysis (PCA) were carried out to under-
stand the variation in the amount and size distribution of monomeric and polymeric pro-
tein between locations. Also, a comparison of differences in TOTE and %UPP between the 
two locations, and a comparison of %UPP and the specific protein composition were con-
ducted to understand whether varieties/lines varied similarly in both environments. 

3. Results and Discussion 
3.1. Plant Breeding to Improve Bread-Making Quality of Tajik Wheat 

Despite the unsatisfactory bread-making quality of Tajik wheat, focusing on plant 
breeding to improve this characteristic has been limited [23]. Plant breeding is a useful 
tool for changing characteristics in crops, not least being verified by the 74% yield increase 
it has contributed to crops grown in the Western world since the millennium shift [32]. 
Due to the importance of bread-making quality in wheat, obtaining improvement in this 
characteristic has been an important target in plant breeding programs across the globe 
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[10]. This has also resulted in substantial improvements for this trait in wheat grown in 
major bread wheat production areas [33,34]. 

In Tajik common bread wheat, the strength of thegluten is generally too low to suit 
the traditional bread-making procedure, utilizing clay-made ovens in which bread dough 
is pasted (Figure 1) [23]. Additionally, improvements in the bread-making quality of Tajik 
wheat have shown limited progress, e.g., recently released varieties from the Tajik wheat 
breeding program do not have better quality than the standard varieties of Tajikistan [22]. 
Thus, to increase the food security of Tajikistan, the use of plant breeding to improve the 
bread-making quality of wheat is important. Protein content and composition are well 
known as major contributors with a significant impact on the gluten strength of wheat 
dough [11,17,35]. Thereby, changes in the protein content and composition of Tajik wheat 
can contribute to the strengthening of gluten in wheat dough. Various methods can be 
utilized in breeding to change the protein composition of wheat, including, e.g., screening 
using SDS-PAGE, SE-HPLC and markers. The results of the present study indicate the 
benefits and challenges of using SDS-PAGE and SE-HPLC and also suggest that markers 
connected to the amount and size distribution of polymeric and monomeric proteins 
should be developed. 

 
Figure 1. Traditional Tajik bread-making (A) in clay oven and (B) final bread product. 

Despite the fact that starch and protein accumulation in wheat grain are known as 
separate events governed by specific genes [36], a negative relationship between these two 
characteristics has been verified in many studies [37]. Furthermore, a negative correlation 
has been reported in several studies between grain protein content and gluten strength 
[17]. Tajik wheat diverges from these results, as it generally has a low yield and relatively 
low protein content and gluten strength [22]. Thus, a better understanding of how to 
change the protein content and composition of Tajik wheat is important for improving the 
bread-making quality of this wheat through breeding. 

3.2. Protein Composition as a Breeding Tool for Increased Food Security for the Tajik Population 
The specific composition of grain proteins, e.g., HMW-GS, has been used in breeding 

programs to improve the gluten strength and thereby the bread-making quality of wheat 
[12,38,39]. However, most Tajik wheat contains a high proportion of HMW-GS 5+10, and 
the effect of HMW-GSs on gluten strength is limited [23]. In addition, Tajik wheat was 
found to be highly heterogeneous for the HMW-GS composition [23]. Thus, Navruz and 
Huavun Inia give the impression in Figure 2 of being homogenous, while 
CMNN82A.1294/2*Kauz// shows a highly heterogeneous pattern. However, a total of 44 
grains per variety/line were analysed by SDS-PAGE [23], resulting in all of them being 
heterogeneous to various degrees, with the exception of Eskina-8 [23]. Still, the SDS-PAGE 
of the grain protein composition of Tajik wheat may be used as an efficient method of 
breeding for bread-making quality, as selection can be conducted on a single seed (Figure 
2). 

A B 
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Figure 2. Examples of the protein composition of Tajik wheat. The SDS-PAGE figures show the anal-
yses of 11 grains of three varieties/lines, where high-molecular-weight glutenin subunits are indi-
cated by numbers. The images show the protein compositions that would have been obtained if the 
flour of the three varieties/lines had been analysed by SDS-PAGE. This would have resulted in some 
of the bands being strong and others being faint as a result of the relative presence of proteins, as 
indicated with percentages. The representative HPLC chromatograms of the same varieties/lines 
show their profiles of non-sonicated and sonicated proteins with their calculated %UPP and TOTE 
values. TOTE is the relative area under the chromatogram of the non-sonicated sample, and %UPP 
is the relationship between the polymeric proteins in the sonicated and non-sonicated chromato-
grams (see Materials and Methods for an additional description). 

Half of the grains can then be used to screen for their protein composition, and the 
rest (containing the germ) of the grains with the preferred protein composition can be 
selected, planted and then used for propagation or crosses. A question regarding Tajik 
wheat is whether such a selection will contribute to increasing bread-making quality, as 
there is a lack of correlation between the specific HMW-GS composition and gluten 
strength, as shown below. Furthermore, the SDS-PAGE analyses of the flour of Tajik wheat 
will result in figures, such as the schematic ones in Figure 2, with a range of bands of 
various strength depending on the presence of certain alleles. Thus, the results from such 
analyses will be unclear, and there will be an uncertain determination of protein compo-
sition, due to the presence of many bands, of which some will be very faint, due to the low 
presence of some alleles (e.g., 3% of 2+12 in Navruz). 

The ability of gluten proteins to form polymers in wheat grain and dough has been 
found to be an important contributor to bread-making quality [11,40]. Thereby, this char-
acteristic might be a useful tool in plant breeding for improved gluten strength in Tajik 
wheat. The present study found a significant variation in grain protein composition and 
the ability of proteins to polymerize, using SE-HPLC to evaluate 22 wheat varieties/lines 
from two locations (Tables 1 and 2). Such a result corresponds well with previous studies 
on the presence of cultivar variations for protein composition as measured by HPLC 
[41,42]. Detailed numbers on the protein parameters of SE-HPLC is given in the Supple-
mentary Materials. 
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Table 1. Mean squares for combined analysis of variance, as well as mean values for different local-
ities for protein parameters. TOTE = total SDS-extractable proteins; TOTU = total SDS-unextractable 
proteins (proteins extractable by sonication); %UPP = percentage of unextractable polymeric pro-
teins in total polymeric proteins; %LargeUPP = percentage of large unextractable polymeric proteins 
in total large polymeric proteins. 

Source DF 
TOTE 
(1014) 

TOTU 
(1014) 

%UPP 
(10−2) 

%LargeUPP 
(10−2) 

Locality 1 91.2 *** 18.1 *** 3.78 *** 3.32 *** 
Variety 21 3.46 *** 1.64 *** 0.57 *** 1.46 *** 
Locality*Variety 21 2.92 0.85 0.28 0.46 
Error 88 0.23 0.08 0.02 0.11 
Hisor Locality  1.41a 6.18a 0.58b 0.46b 
Isfara Locality  1.24b 5.44b 0.61a 0.49a 
*** Significant at p <0.005. Mean values followed by the same superscript letter do not differ signifi-
cantly from each other at p < 0.05 using Duncan’s multiple range tests. 
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Table 2. Mean values of protein fractions of 22 wheat varieties/lines from two locations. TOTE = total SDS-extractable proteins; TOTU = total SDS-unextractable 
proteins (proteins extractable by sonication); %UPP = percentage of unextractable polymeric proteins in total polymeric proteins; %LargeUPP = percentage of large 
unextractable polymeric proteins in total large polymeric proteins. 

Variety/line Hisor Location Isfara Location 
 TOTE (108) TOTU (107) %UPP %LargeUPP TOTE (108) TOTU (107) %UPP %LargeUPP 
1. Navruz 1.34fgh 6.09defg 45efg 56fgih 1.05i 5.30ef 45k 50m 
2. Alex 1.63a 6.52bcde 41ijk 49ghi 1.18gh 5.23efg 48ghi 58hji 
3. Jagger 1.60a 5.05jk 41ijk 52fghi 1.27ef 4.99efgh 47ijk 58jkl 
4. TNMU/Munta 1.50b 6.84ab 49bcd 62abc 1.36bc 5.21efg 48efghi  60fghi 
5. Prinia/Star 1.37fgh 6.61bcd 47cdef 57cdef 1.27e 5.29ef 48fghi 63cd 
6. Shark/F4105W2.1 1.40defg 5.55hijk 45fgh 62abc 1.31cd 5.20efg 49defgh 65b 
7. Vorona/Kauz/1D13.1/MLT 1.49bcd 5.96efgh 44ghi 61abcd 1.25e 4.86ghi 48ghi 61defg 
8. Tam200/Kauz 1.41cdefg 6.86ab 50bc 67a 1.14h 5.36de 53b 56c 
9. 1D13.1/MLT/TUI 1.35efgh 6.03efgh 48cde 60abcd 1.16gh 4.96fghi 18hji 60efgh 
10. Arilw Pronghorn 1.38efg 5.61ghi 42hij 52fghi 1.16gh 5.76c 52bc 63cd 
11. Eskina-8 1.41cdefg 4.92k 39kl 45i 1.28def 4.61hij 48ghij 56kl 
12. YN/3NPM/VOS83 1.24ij 6.70abc 54a 67a 1.06i 5.22efg 50cdef  60efgh 
13. Pastor/3/Vorona/CN079 1.28ij 6.03efgh 46defg 59bsdef 1.22fg 4.29j 43l 54l 
14. Skauz BV 92 1.22j 6.27cdef 51ab 65ab 1.42ab 6.27b 51bcde 62ed 
15. Vorona SN079 1.42bcdef 6.50bsde 45fgh 53fgh 1.46a 5.75c 46jk 57ijk 
16. Soroka 1.39efg 6.55bcde 48cdef 56cdefg 1.34cd 6.03bc 48ghi 59ghij 
17. Otus Toba 97 1.44bcde 6.53bc 46defg 55cdefg 1.14h 4.58ij 46jk 56kl 
18. Kauz2/Chew//BCN/3Milan 1.49bc 6.88ab 46defg 58defg 1.25ef 5.99bc 51bcd 61def 
19. Chen/Aegilops Squ…/RAV 1.41cdefg 5.23ijk 37l 45hi 1.31cde 6.04bc 47ijk 57jk 
20. CBRD/Kauz 1.40efg 5.33ijk 40jkl 53defg 1.16gh 5.76c 51bcd 65b 
21. Huavun Inia 1.33ghi 6.42bcdef 47cdefg 60abcde 1.30cd 5.71cd 50defg 65bc 
22. CMN82A.1294/2*Kauz// 1.41cdefg 7.12a 51ab 66a 1.17gh 7.08a 59a 72a 

Mean values followed by the same superscript letter do not differ significantly from each other at p < 0.05 using Duncan’s multiple range test. 
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No clear relationship was found between the specific protein composition deter-
mined by SDS-PAGE [23] and the amount and size distribution of proteins revealed with 
SE-HPLC (Table 3) in the wheat lines evaluated here. As shown in a previous study, Tajik 
wheat material was highly heterogeneous, e.g., most of the studied wheat breeding lines 
have more than one HMW-GS pattern [23]. The heterogeneity of the material might be 
one factor behind the lack of correlation found in the present study between the specific 
HMW-GS and gluten strength as measured by SE-HPLC. However, even for the homog-
enous lines, no clear relationship was seen between the specific protein composition (i.e., 
HMW-GS 2+12 normally associated with weak gluten or 5+10 normally associated with 
strong gluten) [43–45] and %UPP as measured in this study. The present study revealed 
that several factors hampered the opportunity to use SDS-PAGE to evaluate the breeding 
lines for improved bread-making quality in Tajik wheat: i) the specific protein composition 
in the wheat genotypes varied as much within as between genotypes; ii) most of the gen-
otypes contain HMW-GS 5+10, even if the gluten strength varies considerably, making it 
difficult to judge gluten strength from the specific protein composition; and iii) factors 
other than the specific protein composition (e.g., the cross-linking behaviour of the pro-
teins and/or heat shock proteins) seem to be involved to a high extent in determining the 
bread-making quality of Tajik wheat. Thus, our results indicated that SE-HPLC is a more 
reliable method than SDS-PAGE for determining the bread-making quality of Tajik wheat 
due to these facts. Therefore, selection for the bread-making quality of wheat lines in a 
breeding program to secure food (bread) for the Tajik population should be based on an-
alytical methods, allowing for the selection of breeding lines with high gluten strength, 
e.g., SE-HPLC (or physicochemical tests, taking into account dough extensibility and glu-
ten strength, such as alveograph, which results have been shown correlating with SE-
HPLC results [13]) and not on the specific protein composition. 

Table 3. A comparison of the specific HMW-GS composition from the Glu-D1 allele, determined by 
SDS-PAGE [23], and the amount and size distribution of the proteins obtained from SE-HPLC. 

# Variety/Line HMW-GS from Glu-D1 
(SDS-PAGE) 

%UPP 
(SE-HPLC) 

1 Navruz  5+10/2+12 45 
2 Alex 5+10/2+12 48 
3 Jagger 5+10/2+12 47 
4 TNMU/Munta 5+10/2+12/4+12 48 
5 Prinia/Star 5+10/2+12 48 
6 Shark/F4105W2.1 5+10/2+12 49 
7 Vorona/Kauz//1D13.1/MLT 5+10/2+12/4+12 48 
8 Tam200/Kauz 2+12 53 
9 1D13.1/MLT//TUI 5+10/2+12 48 
10 Arilw Pronghorn 5+10 52 
11 Eskina-8 4+12 48 
12 YN/3NPM/VOS83 5+10 50 
13 Pastor/3/Vorona/CN079 5+10/2+12/4+12 43 
14 Skauz BV 92 5+10/2+12 51 
15 Vorona SN079 5+10/2+12/2+10 46 
16 Soroca 2+12/5+10 48 
17 Otus Toba 97 2+12/5+10 46 
18 Kauz2/Chew//BCN/3Milan 5+10/2+12 51 
19 Chen/Aegilops Squarosa/Taus/RCN//3/RAV 2+10/5+10/2+12 47 
20 CBRD/Kauz 5+10 51 
21 Huavun Inia 5+10/2+12 50 
22 CMN82A.1294/2*Kauz// 5+10 59 
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3.3. Tajik Wheat and Its Protein Composition as an Example of Opportunities for Wheat Breed-
ing to Improve the Baking Quality of Wheat in Developing Countries in the Regions of Central 
Asia and North Africa 

Using Tajikistan as an example of a developing country in the Central Asian and 
North Africa regions, the present study clearly showed opportunities to improve food se-
curity through breeding for the improved bread-making quality of Tajik wheat. Bread is 
the most important staple food for the Tajik population, and therefore, both the quantity 
of wheat produced and the quality of bread are important aspects that contribute to food 
security for Tajikistan [20,21]. The wheat samples in this study showed considerable vari-
ation in the amount and size distribution of polymeric and monomeric proteins (Table 1), 
indicating variations in protein concentration, gluten strength and bread-making quality 
among the samples. However, the observed variation among the investigated varie-
ties/lines was not consistent between locations (Table 2). The impact from cultivation en-
vironments was generally large on the amount and size distribution of the polymeric and 
monomeric proteins of Tajik wheat (Table 2), which has also been reported in other studies 
[11,46]. No genotype x environment interactions were noted for the wheat material stud-
ied. Previous studies with the lack of genotype x environment interactions have described 
these phenomena as being a result of genetically alike genotypes being homogenous in 
various environments or genotypes clustering in their reaction to different environments 
[47]. However, these results were obtained from field trials in two locations over one year, 
and additional locations/years might produce other results. Investigations on the amount 
and size distribution of polymeric and monomeric proteins in wheat from farmers’ fields 
in Tajikistan indicated lower values of TOTE specifically [22] as compared to those in the 
breeding material, further verifying the impact of growing conditions on the bread-mak-
ing quality of Tajik wheat. Also, previous studies from other parts of the world have 
shown that environmental conditions have large impacts on the quality of the wheat pro-
duced [10,48–50]. Tajikistan is a country with significant differences in altitudes, cultiva-
tion conditions, farm sizes, mechanisation, etc. [19,22]. The found differences in the pro-
tein quality of the wheat grown in different locations complicate the issue of breeding for 
increased food security in terms of bread-making quality in Tajikistan. The fact that dif-
ferent genotypes perform the best in various growing locations within this country indi-
cate the need for the breeding of certain varieties for specific localities within Tajikistan. 
Such a need will require a breeding program focused on several geographically different 
areas within a country, with each listing their specific needs, and will limit multi-environ-
ment breeding. As shown by a principal component analysis (PCA), where the first and 
second principal components explained 56.6 and 32.5% of the variation, respectively, 
higher TOTE and TOTU values were found in wheat grown in Hisor, while higher %UPP 
and %LargeUPP values were found in wheat grown in Isfara (Table 2; Figure 3). 
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Figure 3. Principal component analyses (combined loading and score plot) showing variation along 
the principal components for the different genotypes grown in two locations based on the protein 
factors TOTE, TOTU, %UPP and %LargeUPP. Numbers indicate the various varieties/lines as men-
tioned in Table 2. 

With the known correlations between TOTE and grain protein concentration versus 
%UPP and gluten strength [17], this study indicates that there are higher grain protein 
concentrations in Hisor and higher gluten strength in Isfara. Increased protein concentra-
tion is often a result of decreased nitrogen availability and increased temperature before 
grain filling [11]. The climatic data from Tajikistan show that the average daily mean tem-
perature varied between 17 °C and 30 °C, with a slightly higher temperature for Isfara 
than that for Hisor during the grain filling period (May–June), as shown in Figure 4. With 
the predicted climate change, the mean temperature might increase, which would then 
have an impact on the protein concentration and composition of wheat [51–53] 
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Figure 4. The average temperature of Hisor and Isfara over the growing season of 2009 to 2010. 

The obtained results of this investigation are of importance for the wheat breeding 
program for improving the baking quality of wheat in Tajikistan. The wheat material of 
the present study originates to a great extent from the international germplasm from CIM-
MYT or other international programs [23]. This material is supposed to have broad adap-
tation to various environments of Tajikistan and Central Asian countries. However, to im-
prove the bread-making quality of Tajik wheat, it seems suitable to genetically enhance 
local adaptation. Locally adapted material has been shown to be specifically important for 
organic wheat production [54]. Due to the limited use of fertilizers and pesticides in Ta-
jikistan [19,22], cultivation conditions may resemble organic production, and also, culti-
vation locations vary largely due to altitude, farm size, mechanization, etc. Despite the 
eventual need for local adaptation, the Tajik wheat material is currently not homogeneous 
[23], which might be a target trait to work on for Tajik wheat breeders. Additionally, the 
introduction of novel genotypes with increased gluten strength into breeding schemes 
conducted under Tajik cultivation conditions may be an important task. However, non-
homogenous crops might be beneficial in low-input systems [55,56]. Furthermore, a non-
homogenous material might be valuable for cultivation under the predicted climate 
change scenarios, due to the fact that such a material might have multiple genes for vari-
ous traits, including those that might be useful for tolerance to abiotic stresses. Recent 
studies have indicated an effect of the future climate, with drought stress, on quality pa-
rameters in wheat and that specific lines are available that have the potential to contribute 
both high yield and good quality despite abiotic stresses [51]. A negative correlation is 
known to exist between yield and grain protein concentration in wheat, but no such rela-
tionship has been described for yield and gluten strength [57]. Thus, despite the fact that 
there is a weak negative correlation between grain protein concentration and gluten 
strength in wheat [17], breeding towards improved protein composition and thereby bet-
ter bread-making quality should have no negative impact on yield. If non-homogenous 
materials should be used further in breeding programs, HPLC is a better selection tool for 
protein composition than SDS-PAGE for specific protein composition. However, other 
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physicochemical tests such as the use of an alveograph, mixograph, etc., might be prefer-
able in breeding programs due to their higher simplicity [13]. Furthermore, the wide array 
of emerging novel breeding tools, including the use of algorithms and big data together 
with the development of more and more specific primers, opens new opportunities for 
more specific selections of the most appropriate lines to be used in breeding programs 
[58,59]. These developments also have the potential to benefit Tajik wheat breeding pro-
grams. Currently, markers to be used for marker-assisted selection in breeding programs 
to improve bread-making quality are primarily available for specific protein subunits 
(mostly HMW-GSs). The present study clearly shows that it might be beneficial to develop 
suitable markers such as kompetitive allele-specific PCR (KASP) markers that can identify 
gluten strength in wheat lines based on correlations to SE-HPLC data. Such markers can 
then be used in breeding programs in Tajikistan and beyond, adapting high-throughput 
marker-based selection to improve bread-making quality and thereby food security. How-
ever, before developing KASP markers, loci associated with TOTE (correlated to grain 
protein content) and %UPP (correlated to gluten strength), as determined by SE-HPLC, 
need to be identified by, e.g., genome-wide association studies (GWASs). When the genes 
behind these traits have been identified in these loci, KASP markers should be used to 
label these candidate genes in breeding programs. 

3.4. Wheat Grain Protein Composition as a Screening Tool in Plant Breeding for Improved Bak-
ing Quality 

The present study compared two different methods to evaluate protein-based char-
acteristics that have an impact on bread-making quality. One benefit of evaluating the 
protein composition instead of using physicochemical tests in breeding for improved 
bread-making quality is the significantly lower amount of seeds needed for evaluation. 
Both protein determination using SDS-PAGE and that using SE-HPLC, as utilized in the 
present study, only need a few grains for analyses, which is also the case for the suggested 
marker-based analyses. Thus, wheat breeding lines can be screened during early genera-
tions, allowing for the early selection of the bread-making quality trait, as shown in the 
flowchart in Figure 5. Early selections for traits of interest result in savings in terms of 
money and time (years in a breeding program). However, using physicochemical tests is 
beneficial since they are often both easier to carry out and understand than the analyses 
of protein composition. The present study evaluated the protein composition on a grain 
basis using SDS-PAGE (Figure 2), which might be useful in breeding programs. Analyses 
can be carried out on separate half grains, where the other part of the grain, holding the 
germ, can be used for the production of the plant, which can thereafter be used for crosses 
(Figure 5). However, if there is a desire to use non-homogenous wheat materials, such as 
the Tajik one, to breed wheat with improved bread-making quality, the SDS-PAGE results 
become difficult to use, as visualized in Figure 2. As there are many different alleles with 
different frequences in flour from a non-homogenous material, the gel picture becomes 
messy, with a range of different bands of different strength (Figure 2). Thus, selections 
within breeding programs based on this information are difficult to conduct. In such a 
material, SE-HPLC-based evaluations becomes more reliable. However, one issue with 
this type of analysis is that it requires reliable equipment with trained personnel. Also, the 
results are dependent on the equipment and column used, which means that an exact 
number of preferences to use in breeding programs does not exist. Instead, numbers have 
to be compared and be relative. Thus, %UPP is positively correlated to gluten strength 
[17], but the exact value for obtaining the best baking performance depends both on the 
HPLC equipment utilized and the baking method used. Marker-based analyses are easier 
and cheaper to perform than SE-HPLC and might therefore be the future solution [60,61], 
if markers correlated to SE-HPLC-based protein composition factors can be developed. 
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Figure 5. A flowchart of the plant breeding of a new wheat variety, indicating suitable generation 
for different screening and selection procedures, as modified from Koebner and Summers [62]. 

4. Conclusions 
Tajik wheat varieties and breeding lines have a suitable amount of variation in pro-

tein composition to allow for breeding for improved bread-making quality to secure food 
(bread) for the Tajik population. The locality of wheat production is a major determinant 
of the obtained quality of Tajik wheat grain, and local adaptation was a prerequisite for 
the production of high-quality bread wheat in Tajikistan. Thereby, wheat breeding for 
quality in Tajik wheat calls for the breeding of locally adapted lines. The use of SE-HPLC 
to analyse the amount and size distribution of mono- and polymeric proteins is a more 
reliable method for selecting bread-making quality than analysing the specific protein 
composition with SDS-PAGE (primarily due to the homogeneity of the specific protein 
composition in the material and the high proportion of HMW-GS 5+10 that do not corre-
late to gluten strength). However, for wheat breeding programs in a developing country 
such as Tajikistan, a simpler and more high-throughput methodology would be beneficial. 
Emerging marker-based selection methods might be upcoming solutions for such breed-
ing programs to improve the bread-making quality of Tajik wheat and simultaneously 
increase food security. Thus, the analyses of the specific protein composition, e.g., HMW-
GS 5+10 or 2+12, might be useful if the selection of the most suitable grains for breeding is 
conducted on a single-grain analysis basis. However, if the most suitable populations, 
which are non-homogenous, as in the Tajik case, should be selected for, SE-HPLC-based 
analyses of protein composition might be more useful, especially if GWAS can be used to 
identify loci in the genome that are associated with protein composition traits as measured 
by SE-HPLC Then, these candidate genes should be labelled through the development of 
suitable markers such as KASP markers. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/crops4040046/s1. 

Author Contributions:Conceptualization, H.M. and E.J.; methodology, M.P. and E.J.; validation, 
M.M., B.H. and E.J.; formal analysis, M.P. and M.P.; investigation, M.M., B.H. and M.P.; resources, 
L.G. and E.J.; data curation, E.J.; writing—original draft preparation, M.M.; writing—review and 

ariety 2

 
 

 
 

ein content and 
position

sistance and habit

sicochemical tests

ld

Regional trials (F9-F10)



Crops 2024, 4 681 
 

 

editing, M.M., B.H., L.G., H.M., R.K., M.P., E.J.; visualization, R.K.; supervision, L.G., R.K., E.J.; pro-
ject administration, H.M. and L.G.; funding acquisition, E.J. All authors have read and agreed to the 
published version of the manuscript 

Funding: This study was supported by Sida (Swedish International Development Agency) through 
the project ‘Support to Seed Sector Development of Tajikistan’. 

Data Availability Statement: All data is available in the supplementary file 

Conflicts of Interest:  The authors declare no conflict of interest. 

References 
1. Poehlman, J.M.; Sleper, D.A. Methods in plant breeding. In Breed. Field Crops; Iowa State University Digital Press: Ames, IA, 

USA, 1995; pp. 172–174. 
2. Bernardo, R. Essentials of Plant Breeding; Stemma Press: Woodbury, MN, USA, 2014. 
3. Heisey, P.W. Agricultural Research and Development, Agricultural Productivity, and Food Security; Economic Research Service: 

Washington, DC, USA, 2001. 
4. Johansson, E.; Muneer, F.; Prade, T. Plant Breeding to Mitigate Climate Change—Present Status and Opportunities with an 

Assessment of Winter Wheat Cultivation in Northern Europe as an Example. Sustainability 2023, 15, 12349. 
5. De Sousa, T.; Ribeiro, M.; Sabenca, C.; Igrejas, G. The 10,000-year success story of wheat! Foods 2021, 10, 2024. 
6. Luby, J.J.; Shaw, D.V. Plant breeders’ perspectives on improving yield and quality traits in horticultural food crops. HortScience 

2009, 44, 20–22. 
7. Gaunt, R.E. The relationship between plant disease severity and yield. Annu. Rev. Phytopathol. 1995, 33, 119–144. 
8. Galanakis, C.M. Trends in Wheat and Bread Making; Academic Press: Cambridge, MA, USA, 2020. 
9. Baardseth, P.; Kvaal, K.; Lea, P.; Ellekjaer, M.R.; Faergestad, E.M. The effects of bread making process and wheat quality on 

French baguettes. J. Cereal Sci. 2000, 32, 73–87. 
10. Johansson, E.; Branlard, G.; Cuniberti, M.; Flagella, Z.; Hüsken, A.; Nurit, E.; Peña, R.J.; Sissons, M.; Vazquez, D. Genotypic and 

environmental effects on wheat technological and nutritional quality. In Wheat Quality for Improving Processing and Human Health; 
Igrejas, G., Ikeda, T., Guzmán, C., Eds.; Springer: Cham, Switzerland, 2020; pp. 171–204. 

11. Johansson, E.; Malik, A.H.; Hussain, A.; Rasheed, F.; Newson, W.R.; Plivelic, T.; Hedenqvist, M.S.; Gällstedt, M.; Kuktaite, R. 
Wheat gluten polymer structures: The impact of genotype, environment, and processing on their functionality in various appli-
cations. Cereal Chem. 2013, 90, 367–376. 

12. Helguera, M.; Abugalieva, A.; Battenfield, S.; Békés, F.; Branlard, G.; Cuniberti, M.; Hüsken, A.; Johansson, E.; Morris, C.F.; 
Nurit, E.; et al. Grain quality in breeding. In Wheat Quality for Improving Processing and Human Health; Igrejas, G., Ikeda, T., 
Guzmán, C., Eds.; Springer: Cham, Switzerland, 2020; pp. 273–307. 

13. Selga, L.; Johansson, E.; Andersson, R. Prediction models to evaluate baking quality instruments for commercial wheat flour. 
Cereal Chem. 2024, 101, 681–691. 

14. de Beer, T. Quality assessment of wheat flour, dough, and bread. In ICC Handbook of 21st Century Cereal Science and Technology; 
Academic Press: Cambridge, MA, USA, 2023; pp. 225–233 

15. Baráth, N.; Ungai, D.K.; Kovács, B. Overview of test methods used to classify wheat flour and bread samples. Acta Agrar. Debre-
ceniensis 2023, 2, 27–34. 

16. Johansson, E.; Henriksson, P.; Svensson, G.; Heneen, W.K. Detection, chromosomal location and evaluation of the functional 
value of a novel high Mr glutenin subunit found in Swedish wheats. J. Cereal Sci. 1993, 17, 237–245. 

17. Malik, A.H.; Prieto-Linde, M.L.; Kuktaite, R.; Andersson, A.; Johansson, E. Individual and interactive effects of cultivar matu-
ration time, nitrogen regime and temperature level on accumulation of wheat grain proteins. J. Sci. Food Agric. 2011, 91, 2192–
2200. 

18. Shewry, P.R.; Halford, N.G.; Lafiandra, D. Genetics of wheat gluten proteins. Adv. Genet. 2003, 49, 111–184. 
19. Husenov, B.; Otambekova, M.; Muminjanov, H.; Morgounov, A.; Asaad, S.; Garkava-Gustavsson, L.; Johansson, E. Constraints 

and perspectives for sustainable wheat production in Tajikistan. Front. Sustain. Food Syst. 2020, 4, 27. 
20. FAO. Special Report-2020 FAO/WFP Crop and Food Security Assessment Mission (CFSAM) to the Republic of Tajikistan; World Food 

Programme: Rome, Italy, 2021. https://doi.org/10.4060/cb3847en. 
21. Muminjanov, H.; Otambekova, M.; Morgounov, A. The history of wheat breeding in Tajikistan. In The World Wheat Book; Lavoi-

sier: Cachan, France, 2015; Volume 3, pp. 283–305. 
22. Husenov, B.; Asaad, S.; Muminjanov, H.; Garkava-Gustavsson, L.; Johansson, E. Sustainable wheat production and food secu-

rity of domestic wheat in Tajikistan: Implications of seed health and protein quality. Int. J. Environ. Res. Public. Health 2021, 18, 
5751. 

23. Husenov, B.; Aakhkamov, M.; Garkava-Gustavsson, L.; Muminjanov, H.; Johansson, E. Breeding for wheat quality to assure 
food security of a staple crop: The case study of Tajikistan. Agric. Food Secur. 2015, 4, 1–8. 

24. Available online: https://blogs.worldbank.org/en/europeandcentralasia/tackling-food-insecurity-tajikistan (accessed 8 Novem-
ber 2024). 



Crops 2024, 4 682 
 

 

25. Gupta, R.B.; Khan, K.; MacRitchie, F. Biochemical basis of flour properties in bread wheat. I. Effects of variation in the quantity 
and size distribution of polymeric protein. J. Cereal Sci. 1993, 18, 23–41. 

26. Johansson, E.; Prieto-Linde, M.L.; Gissén, C. Influences of weather, cultivar and fertiliser rate on grain protein polymer accu-
mulation in field-grown winter wheat, and relations to grain water content and falling number. J. Sci. Food Agric. 2008, 88, 2011–
2018. 

27. Payne, P.I.; Holt, L.M.; Thompson, R.D.; Bartels, D.; Harberd, N.P.; Harris, P.A.; Law, C.N. The high-molecular-weight subunits 
of glutenin: Classical genetics, molecular genetics and the relationship to bread-making quality. In Proceedings of the sixth 
International Wheat Genetics Symposium/edited by Sadao Sakamoto, Kyoto, Japan, 28 November–3 December 1983; Germ-
Plasm Institute, Faculty of Agriculture, Kyoto University: Kyoto, Japan, 1983; pp. 824–834. 

28. Payne, P.I.; Holt, L.M.; Jackson, E.A.; Law, C.N. Wheat storage proteins: Their genetics and their potential for manipulation by 
plant breeding. Philos. Trans. R. Soc. London. B Biol. Sci. 1984, 304, 359–371. 

29. Payne, P.I.; Holt, L.M.; Law, C.N. Structural and genetical studies on the high-molecular-weight subunits of wheat glutenin: 
Part 1: Allelic variation in subunits amongst varieties of wheat (Triticum aestivum). Theor. Appl. Genet. 1981, 60, 229–236. 

30. Payne, P.I.; Lawrence, G.J.; Catalogue of alleles for the complex gene loci, Glu-A1, Glu-B1, and Glu-D1 which code for high-
molecular-weight subunits of glutenin in hexaploid wheat. Cereal Res. Commun. 1983, 11, 29–35. 

31. SAS. SAS® 9.1.2 Qualification Tools User’s Guide; SAS Institute Inc.: Cary, NC, USA, 2004. 
32. Noleppa, S.; Cartsburg, M. The socio-economic and environmental values of plant breeding in the EU and for selected EU 

member states. In An Ex-Post Evaluation and Ex-Ante Assessment Considering the “Farm. to Fork” and “Biodiversity” Strategies; HFFA 
Research Paper: Berlin, Germany, 2021; 228p. 

33. Mirosavljević, M.; Momčilović, V.; Živančev, D.; Aćin, V.; Jocković, B.; Mikić, S.; Takač, V.; Denčić, S. Genetic improvement of 
grain yield and bread-making quality of winter wheat over the past 90 years under the Pannonian Plain conditions. Euphytica 
2020, 216, 184. 

34. Sanchez-Garcia, M.; Álvaro, F.; Peremarti, A.; Martín-Sánchez, J.A.; Royo, C. Changes in bread-making quality attributes of 
bread wheat varieties cultivated in Spain during the 20th century. Eur. J. Agron. 2015, 63, 79–88. 

35. Veraverbeke, W.S.; Delcour, J.A. Wheat protein composition and properties of wheat glutenin in relation to breadmaking func-
tionality. Crit. Rev. Food Sci. Nutr. 2002, 42, 179–208. 

36. Jenner, C.F.; Ugalde, T.D.; Aspinall, D. The physiology of starch and protein deposition in the endosperm of wheat. Funct. Plant 
Biol. 1991, 18, 211–226. 

37. Loffer, C.M.; Rauch, T.L.; Busch, R.H. Grain and Plant Protein Relationships in Hard Red Spring Wheat. Crop Sci. 1985, 25, 521–
524. 

38. Sharma, A.; Garg, S.; Sheikh, I.; Vyas, P.; Dhaliwal, H.S. Effect of wheat grain protein composition on end-use quality. J. Food 
Sci. Technol. 2020, 57, 2771–2785. 

39. Rai, A.; Han, S.S. Recent developments on the contribution of glutenin and puroindoline proteins to improve wheat grain qual-
ity. Cereal Chem. 2023, 100, 56–71. 

40. Ma, W.; Yu, Z.; She, M.; Zhao, Y.; Islam, S. Wheat gluten protein and its impacts on wheat processing quality. Front. Agric. Sci. 
Eng. 2019, 6, 279. 

41. Wu, J.; Lu, X.; Yu, Z.; Han, C.; Li, X.; Prodanović, S.; Yan, Y. Effects of glu-1 and glu-3 allelic variations on wheat glutenin 
macropolymer (GMP) content as revealed by size-exclusion high performance liquid chromatography (SE-HPLC). Genetika 
2017, 49, 677–691. 

42. Meintjés, G.D. The Use of HPLC for Quality Prediction of South African Wheat Cultivars. Ph.D. Thesis, University of the Free 
State, Bloemfontein, South Africa, 2004. 

43. Payne, P.I.; Corfield, K.G.; Blackman, J.A. Identification of a high-molecular-weight subunit of glutenin whose presence corre-
lates with bread-making quality in wheats of related pedigree. Theor. Appl. Genet. 1979, 55, 153–159. 

44. Radovanovic, N.; Cloutier, S.; Brown, D.; Humphreys, D.G.; Lukow, O.M. Genetic variance for gluten strength contributed by 
high molecular weight glutenin proteins. Cereal Chem. 2002, 79, 843–849. 

45. Luo, C.; Griffin, W.B.; Branlard, G.; McNeil, D.L. Comparison of low-and high molecular-weight wheat glutenin allele effects 
on flour quality. Theor. Appl. Genet. 2001, 102, 1088–1098. 

46. DuPont, F.M.; Altenbach, S.B. Molecular and biochemical impacts of environmental factors on wheat grain development and 
protein synthesis. J. Cereal Sci. 2003, 38, 133–146. 

47. Johansson, E.; Nielsen, D.; Demuth, H.; Wiberg, C.; Schjødt, C.; Huang, T.; Chen, J.; Jensen, S.; Petersen, J.; Thygesen, P. Identi-
fication of Binding Sites on Human Serum Albumin for Somapacitan, a Long-Acting Growth Hormone Derivative. J. Biochem. 
2020, 59, 1410–1419. 

48. Rozbicki, J.; Ceglińska, A.; Gozdowski, D.; Jakubczak, M.; Cacak-Pietrzak, G.; Mądry, W.; Golba, J.; Piechociński, M.; Sob-
czyński, G.; Studnicki, M.; et al. Influence of the cultivar, environment and management on the grain yield and bread-making 
quality in winter wheat. J. Cereal Sci. 2015, 61, 126–132. 

49. Yong, Z.; Zhonghu, H.; Ye, G.; Aimin, Z.; Van Ginkel, M. Effect of environment and genotype on bread-making quality of spring-
sown spring wheat cultivars in China. Euphytica 2004, 139, 75–83. 

50. Borghi, B.; Corbellini, M.; Minoia, C.; Palumbo, M.; Di Fonzo, N.; Perenzin, M. Effects of Mediterranean climate on wheat bread-
making quality. Eur. J. Agron. 1997, 6, 145–154. 



Crops 2024, 4 683 
 

 

51. Asseng, S.; Martre, P.; Maiorano, A.; Rötter, R.P.; O’Leary, G.J.; Fitzgerald, G.J.; Girousse, C.; Motzo, R.; Giunta, F.; Babar, M.A.; 
et al. Climate change impact and adaptation for wheat protein. Glob. Change Biol. 2019, 25, 155–173. 

52. Zahra, N.; Hafeez, M.B.; Wahid, A.; Al Masruri, M.H.; Ullah, A.; Siddique, K.H.; Farooq, M. Impact of climate change on wheat 
grain composition and quality. J. Sci. Food Agric. 2023, 103, 2745–2751. 

53. Lan, Y.; Sueciae, A.U.A. Exploring the Genetic Toolbox for Climate-Resilient Spring Wheat; Saint Louis University: St. Louis, MO, 
USA, 2024. 

54. Johansson, E.; Prieto-Linde, M.L.; Larsson, H. Locally adapted and organically grown landrace and ancient spring cereals—A 
unique source of minerals in the human diet. Foods 2021, 10, 393. 

55. Hufnagel, J.; Reckling, M.; Ewert, F. Diverse approaches to crop diversification in agricultural research. A review. Agron. Sustain. 
Develop. 2020, 40, 14. 

56. Deogharia, P.C. Diversification of agriculture: A review. J. Econ. Soc. Develop. 2018, 15, 46–59. 
57. Michel, S.; Löschenberger, F.; Ametz, C.; Pachler, B.; Sparry, E.; Bürstmayr, H. Combining grain yield, protein content and 

protein quality by multi-trait genomic selection in bread wheat. Theor. Appl. Genet. 2019, 132, 2767–2780. 
58. Chavhan, R.L.; Hinge, V.R.; Wankhade, D.J.; Deshmukh, A.S.; Mahajan, N.; Kadam, U.S. Bioinformatics for Molecular Breeding 

and Enhanced Crop Performance: Applications and Perspectives. In Bioinformatics for Plant Research and Crop Breeding; Wiley: 
Hoboken, NJ, USA, 2024; pp. 21–74. 

59. Sun, L.; Lai, M.; Ghouri, F.; Nawaz, M.A.; Ali, F.; Baloch, F.S.; Nadeem, M.A.; Aasim, M.; Shahid, M.Q. Modern Plant Breeding 
Techniques in Crop Improvement and Genetic Diversity: From Molecular Markers and Gene Editing to Artificial Intelligence—
A Critical Review. Plants 2024, 13, 2676. 

60. Liang, D.; Tang, J.; Pena, R.J.; Singh, R.; He, X.; Shen, X.; Yao, D.; Xia, X.; He, Z. Characterization of CIMMYT bread wheats for 
high-and low-molecular weight glutenin subunits and other quality-related genes with SDS-PAGE, RP-HPLC and molecular 
markers. Euphytica 2010, 172, 235–250. 

61. Rasheed, A.; Xia, X.; Yan, Y.; Appels, R.; Mahmood, T.; He, Z. Wheat seed storage proteins: Advances in molecular genetics, 
diversity and breeding applications. J. Cereal Sci. 2014, 60, 11–24. 

62. Koebner, R.M. and Summers, R.W21st century wheat breeding: Plot selection or plate detection? Trends Biotechnol. 2003, 21, 59–
63. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


	1. Introduction
	2. Materials and Methods
	2.1. Plant Material
	2.2. Experimental Methods
	2.2.1. Size-Exclusion High-Performance Liquid Chromatography (SE-HPLC)
	2.2.2. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

	2.3. Statistical Analyses

	3. Results and Discussion
	3.1. Plant Breeding to Improve Bread-Making Quality of Tajik Wheat
	3.2. Protein Composition as a Breeding Tool for Increased Food Security for the Tajik Population
	3.3. Tajik Wheat and Its Protein Composition as an Example of Opportunities for Wheat Breeding to Improve the Baking Quality of Wheat in Developing Countries in the Regions of Central Asia and North Africa
	3.4. Wheat Grain Protein Composition as a Screening Tool in Plant Breeding for Improved Baking Quality

	4. Conclusions
	References

