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ABSTRACT

The aim of the study was to assess the variability and structural features of
chickpea globulin proteins across the electrophoretic zones w, v, B, and a. The
research employed field observations, polyacrylamide gel electrophoresis,
densitometric and spectrophotometric analyses, alongside statistical
clustering methods. These techniques successfully distinguished four
characteristic zones reflecting proteins of varying molecular masses, enabling
a comprehensive assessment of intraspecific polymorphism. Our findings
revealed that the high-molecular-weight w-zone exhibits the greatest structural
stability, whereas the y-zone displays the highest variability, indicating the
emergence of diverse globulin isoforms. The 3-zone, representing the majority
of the total protein complex, contained unique marker fractions, while the low-
molecular-weight a-zone showed notable intensity variations across specific
genotypes. A substantial proportion of the analyzed genotypes demonstrated
unique protein fractions, reflecting a high level of genetic heterogeneity while
confirming the fundamental structural role of specific, highly recurrent protein
spectra. Ultimately, the identification of these distinct protein polymorphism
patterns provides a novel, reliable biochemical marker system to accelerate
the selection of genetically diverse, structurally resilient, and nutritionally
enhanced chickpea cultivars in modern breeding programs.
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1. INTRODUCTION

The growing interest in the genetic diversity of chickpea (Cicer arietinum L.) is driven by its crucial
role as a source of plant protein and its ability to restore soil fertility through nitrogen fixation under
changing climate conditions (Bekbayev et al., 2024; Namazbekova et al., 2024). Enhancing chickpea
productivity and stress resilience is a global priority (Cordoba et al., 2025); however, limited knowledge
of intraspecific variability in local and introduced forms restricts breeding efficiency (Tultabayeva et al.,
2023; Valujeva et al., 2022). Seed storage globulins act as reliable biochemical markers that reflect a
genotype’s adaptive potential, nutritional value, and genetic uniqueness (Grewal et al., 2022; Joshi-
Saha et al., 2021; Tiruneh et al., 2025). Previous studies have widely demonstrated that analyzing the
polymorphism of globulin fractions, particularly in the highly variable y- and B-zones, is an effective tool
for assessing intraspecific variability, establishing structural characteristics, and selecting high-protein
parental lines across various plants and legumes, including soybean (Bayramli, 2024), common bean
(Nasrullayeva et al., 2023), and chickpea (Ye et al., 2024; Jesus et al., 2025). Similar biochemical
profiling approaches have also proven valuable in highlighting bioactive and metabolite variability across
diverse plant systems (Benarba et al., 2025; Molina-Jauregui et al., 2025).

While modern genomic, transcriptomic, and molecular approaches, such as analyzing single
nucleotide polymorphisms, as reported by Abaszade et al. (2024), or specific regulatory genes like
ROP1 ENHANCER1, as shown by Chakraborty et al. (2023), offer deep insights into the mechanisms
controlling genetic heterogeneity and storage protein synthesis, sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) remains highly relevant. It uniquely and cost-effectively
visualizes the structural and functional polymorphism of translated protein complexes across distinct
molecular weight zones, even when complemented by advanced mass spectrometry methods like
MALDI-TOF MS, as demonstrated by Di Francesco et al. (2024). Beyond previous chickpea studies that
primarily focus on total protein content or utilize advanced omics to map broad genetic diversity, SDS-
PAGE provides immediate, phenotypic evidence of structural differentiation at the zonal level. Despite
this utility, the specific mechanisms governing the structural stability of the individual w, vy, B, and a
zones across diverse chickpea genotypes remain insufficiently investigated. Similarly, there is a gap in
understanding how these specific structural variations correlate with morphological traits, yield, and
environmental influences, such as the water deficit effects on globulin expression established by Di
Francesco et al. (2025).

Therefore, the aim of this study was to determine the genetic diversity and degree of
polymorphism of globulin proteins in different chickpea genotypes through electrophoretic analysis of
their profiles specifically mapped to the w, vy, B, and a zones. The objectives of the study were: (1) to
conduct electrophoretic analysis to explicitly characterize and distinguish these four structural zones;
(2) to construct idiograms and dendrograms assessing the genetic relatedness of the genotypes; and
(3) to identify direct relationships between these compartmentalized protein profiles, yield, and seed
quality indicators.

2, METHODOLOGY

Field and laboratory research was conducted in 2024 at the Absheron experimental station of the
Institute of Genetic Resources of the National Academy of Sciences of Azerbaijan. The soils of the
experimental site are grey-brown and weakly alkaline (pH 7.4-7.6), with a humus content of 1.5-2.0%
and low reserves of available phosphorus and potassium. The regional climate is typically arid
subtropical, characterised by mild winters and hot summers; the mean annual precipitation amounts to
180-220 mm, most of which falls during the spring period.

The object of the study comprised 76 chickpea genotypes (Cicer arietinum L.), including
introduced lines from the International Centre for Agricultural Research in the Dry Areas (ICARDA) and
local Azerbaijani samples of the same species, which have formed under long-term adaptation to the
Absheron climate and are distinguished by the stability of economically valuable traits. The selection of
these 76 chickpea genotypes was determined by the need to cover the widest possible range of
hereditary variability from ICARDA-introduced lines with confirmed breeding value to local Azerbaijani
forms adapted to the arid conditions of Absheron. The genotypes analysed are presented in Table 1.
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Table 1. List of studied chickpea genotypes (Cicer arietinum L.)
Names and numbers of samples

1 Flip13-70c 20 Flip13-320c 39 Flip11-21c 58 Flip11-215¢
2  Flip13-151c 21 Flip13-330c 40 Flip10-338¢c 59  Flip11-45c
3  Flip13-153c 22 Flip13-335¢ 41 Flip11-167¢c 60 Flip11-72c
4 Flip13-154c 23  Flip13-336¢ 42  Flip11-76¢ 61 Flip11-210c
5  Flip13-194c 24 Flip13-338c 43  Flip11-175¢ 62 Flip10-318c
6  Flip13-227¢c 25  Flip13-340c 44 Flip11-70c 63  Flip11-16¢c
7  Flip13-234c 26  Flip13-343c 45  Flip10-332¢c 64  Flip11-58c
8  Flip13-240c 27  Flip13-356¢ 46  Flip11-125¢ 65 Flip11-138c
9  Flip13-247¢c 28 Flip13-358¢c 47  Flip11-05c 66  Flip10-345¢c
10  Flip13-250c 29 Flip13-364c 48  Flip11-208c 67 Flip88-85¢
11 Flip13-251c 30 Flip13-369c 49  Flip93-93c 68 Flip11-105¢
12 Flip13-253c 31 Flip13-376¢ 50 Flip11-32c 69 Flip11-01c
13 Flip13-258c 32 ILC-482c 51  Flip11-66¢ 70 ILC-482c
14  Flip13-261c 33  Flip82-150c 52  Flip11-205¢ 71 Flip11-216¢
15  Flip13-277c 34  Flip88-85¢c 53  Flip11-140c 72  Flip82-150c
16  Flip13-278c 35 Flip93-93c 54  Flip11-08c 73  Flip11-214c
17  Flip13-282c 36 St Nermin 55  Flip11-198c 74  Sultan

18 Flip13-308c 37  Flip11-12¢c 56 Flip11-11c 75 Flip11-190c
19  Flip13-314c 38  Flip11-104c 57  Flip11-209¢ 76  Flip11-15¢

2.1. Field Experiment and Morphological Measurements

The field experiment was laid out using a randomized complete block design to provide a clear
and robust experimental framework. Sowing took place manually in November 2024, using an inter-row
spacing of 45 cm and a spacing of 10 cm between plants. Seedlings emerged 14-18 days after sowing
at a mean soil temperature of 10°C. Plants were selected for analysis based on uniformity, the absence
of mechanical damage or disease symptoms, and their compliance with the required phenological stage.
Physiological and morphological characteristics included plant height, height of the first pod, number of
primary and secondary stems, number of pods per plant, pod length and width, and the weight of 100
seeds. Plant height and the height of the first pod were measured with a Stanley 30-287 metal ruler
(USA) to an accuracy of 0.1 cm. The number of pods was counted manually on 10 representative plants
from each plot. Yield was calculated using the formula (1):

Mx10000
~ sx1000’ (1)

where Y : yield (t/ha); M : seed mass (kg); S : the plot area (m?).
2.2. Biochemical and Electrophoretic Evaluation

Protein content was determined by the Kjeldahl method (Lynch et al., 1999) using a Kjeltec 8400
automatic analyser (FOSS, Denmark). Oil content was determined by the Crude Fat Determination
Soxhlet Method (1998) using a Gerhardt SOXTHERM 416 apparatus (Germany). Tryptophan was
measured spectrophotometrically at A = 540 nm on a Shimadzu UV-1800 (Japan) after reaction with a
zinc acetate reagent. For the analysis, 0.5 g of ground seeds from each genotype were used. Proteins
were extracted with 0.1 M Tris-HCI buffer (pH 8.0) containing 1% SDS and 2-mercaptoethanol at 60°C
for 30 min. After centrifugation (10,000 rpm, 15 min, Eppendorf 5804R, Germany), the supernatant was
used for electrophoresis. Fraction separation was carried out using a vertical Bio-Rad Mini-PROTEAN
Tetra Cell system (USA) at 120 V for 2 h in 12% polyacrylamide gel. A broad-range pre-stained protein
molecular weight marker (10-250 kDa) was loaded onto each gel to accurately calibrate the molecular
masses of the separated globulin fractions. To ensure high reproducibility, the electrophoretic analysis
for each sample was repeated across three independent runs. Gel image reproducibility and validation
were confirmed by verifying the consistent migration of the molecular weight markers and the
distinctness of the protein bands across all technical replicates. After staining with 0.1% Coomassie R-
250 (Merck, Germany) and destaining in a methanol-acetic acid mixture, the validated gels were fixed
and scanned using an Epson Perfection V850 Pro scanner (Japan). The density and position of the
bands were assessed using Imaged v. 1.54f (NIH, USA). Each band was assigned a binary code: “1” :
presence and “0” : absence. The number and intensity of zones were determined from the peaks of the
densitometric spectrum. The percentage content of individual fractions was calculated according to the
formula (2):

_ A
YAn

P x 100, (2)
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where P, : the proportion of the i-th fraction (%); A; : the peak area; YA, : the sum of the areas of all
peaks.

The intensity of zone staining was recorded using a GS-900 Calibrated Densitometer (Bio-Rad,
USA), and the gradations of optical density were converted into distribution charts. To visualize the
polymorphism of the protein zones (w, vy, B, and a), ideograms were constructed to represent the
frequency of occurrence of each band among the genotypes analysed. Diagram construction and data
processing were performed in OriginPro 2022 (OriginLab, USA). The frequencies of occurrence of
fractions were calculated as the ratio of the number of genotypes exhibiting a given protein pattern to
the total number of samples (%).

2.3. Statistical Analysis

All data processing, diagram construction, and statistical analyses were performed using
OriginPro 2022 (OriginLab, USA) and Statistica 12 (StatSoft Inc., USA). Laboratory and field
measurements were carried out in three replicates, and data are presented as mean + standard error
(x SE). To evaluate the frequency and distribution of protein patterns across the samples, the index of
genetic diversity was determined using Nei’s formula:

H=1-Yp}, @)

where H : the index of genetic diversity; p?- the frequency of occurrence of the i-th pattern. This specific
index was chosen to robustly quantify the degree of polymorphism and genetic heterogeneity within the
studied population based directly on allelic/band frequencies.

All 76 lanes on the electrophoretic profile reflected the individual features of the protein
composition of each genotype, demonstrating a high level of polymorphism of storage proteins (Bushuk
and Zillman, 1978). They also made it possible to distinguish four typical zones (w, y, B, and a)
corresponding to proteins of different molecular masses. This provided a comprehensive
characterization of intraspecific diversity and the structural organization of globulins in chickpea seeds.

To assess the genetic similarity among the 76 genotypes, a binary presence/absence matrix of
bands (1/0) was constructed. Genetic distances were calculated using the Jaccard coefficient (4):

a

Dy =1- a+b+c’ 4)
where a : the number of matching fractions; b and c : the numbers of mismatches between pairs of
samples.

The Jaccard coefficient was utilized because it explicitly ignores joint absences, making it highly
appropriate for analyzing binary electrophoretic data. Based on the resulting matrix, a dendrogram was
constructed using the unweighted pair-group method with arithmetic mean (UPGMA) in the MEGA X
software (Version 10.2.6) and was additionally verified in Statistica 12 (StatSoft Inc., USA). UPGMA was
selected over alternative phylogenetic approaches, such as neighbor-joining or maximum likelihood,
because the primary objective was to classify genotypes based on overall biochemical similarity and
phenotypic clustering rather than reconstructing deep evolutionary lineages.

For visual interpretation of the similarity coefficient, a scale range of 0.5-1.0 was applied.
Genotypes with D<0.30 were considered closely related, whereas those with D>0.60 were regarded as
genetically distant. Additionally, a normalized matrix of mean trait values was used to construct a
dendrogram for yield and quality. Distances between objects were calculated using the Euclidean metric
chosen for its suitability in measuring distances between continuous quantitative traits and clustering
was performed by the UPGMA method.

To identify functional linear relationships between biochemical traits (protein, oil, and tryptophan
content) and morphological traits (plant height, weight of 100 seeds, number of pods), correlations were
determined using Pearson’s method at p<0.05. Pearson’s correlation was justified to accurately
measure the strength and direction of the linear association between these continuous variables.
Significance testing of differences between variants was performed using Analysis of Variance (ANOVA)
to compare means across multiple groups. Duncan’s multiple range test (p<0.05) was subsequently
applied for ranking the means, providing a statistically sound framework for identifying specific
differences among the grouped genotypes.
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3. RESULTS
3.1. Analysis of Protein Fractions of Chickpea Seeds by Electrophoretic Method

The electrophoretic profiling of globulin proteins successfully visualized four distinct molecular
weight zones (w, vy, B, and a) across the 76 chickpea genotypes. The total number of visualized fractions
ranged from 18 to 26 per sample, averaging 21 bands. The distribution, structural specialization, and
varying levels of intraspecific polymorphism across these zones are summarized in Table 2.

Table 2. Electrophoretic protein profiling zones in chickpea genotypes

Protein Number Variability Functional Significance
Zone of Bands
w-zone 4-6 Minimal; reflects a high level of Forms a stable hereditary foundation contributing to the seed
structural conservation. protein matrix.
y-zone 5-10 Displays the highest level of Highly informative marker range providing clear differentiation
polymorphism among the and diagnostic accuracy for genetic classification (Korotetsky
genotypes. et al., 2010; Bogoyavlenskiy et al., 2012; Kerimkhulle et al.,
2021).
B-zone 5-8 High contribution to overall profile Dominant fractions comprising up to 60% of soluble proteins;
variability. serves as a primary reservoir supplying seeds with storage
amino acids.
a-zone Variable Considerable variability despite Reflects adaptive responses to growing conditions and

possessing weak staining intensity. indicates the energetic stability of seeds.

The primary share of intraspecific polymorphism was driven by the substantial intergenotypic
differences found within the y- and B-zones. While approximately 40% of the evaluated lines shared
similar broad spectra, 60% were distinguished by unique fractions across these zones, indicating a high
degree of genetic heterogeneity within the collection. In total, the number of visualized fractions in each
of the 76 samples ranged from 18 to 26, with an average of 21 bands. The y- and 3-zones demonstrated
the greatest differences among genotypes and accounted for the main share of intraspecific
polymorphism. Approximately 40% of the lines studied displayed similar spectra, whereas 60% differed
by the presence of unique fractions, indicating a high degree of genetic heterogeneity within the
collection. Groups of closely related samples (e.g., Flip13-70c, Flip13-153c, and Flip13-154c) were
visually distinguishable on the electrophoretic profile, as well as lines with individual profiles, such as
Flip13-250c, Flip13-336¢, and Flip11-12c (Figure 1).
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Figure 1. Electrophoretic profiles of globulin proteins in chickpea seeds (A: lanes 1-34; B: lanes 35-76). The analysis reveals the
structural conservation of high-molecular-weight globulins in the w-zone alongside pronounced phenotypic polymorphism in the
medium-molecular-weight y- and $-zones. These central zones exhibit dynamic banding variations and shifting intensity, providing
the primary diagnostic markers for intraspecific differentiation and adaptive resilience
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Thus, electrophoretic analysis showed that each of the 76 genotypes possessed a unique protein
profile, formed by the combination of fractions in the four zones. The greatest diagnostic value belonged
to the y- and B-regions, which ensured reliable differentiation of the samples. The results obtained
confirmed that electrophoretic profiles of globulin proteins may be used as a reliable biochemical tool
for assessing genetic diversity, identifying cultivars and selecting promising chickpea forms for further
breeding.

3.2. Structural Interpretation of Ideograms and Polymorphism of Protein Zones

The samples’ electrophoretic profiles revealed 23 spectra and 42 stable patterns, each describing
a protein fraction combination in a zone. This level of precision allowed us to determine differences in
protein component stability, expression, and inheritance, which helped us assess the lines’ intraspecific
diversity. Seven spectra and eleven patterns were found in the w-zone of electrophoretic profiles for
high-molecular-weight proteins (Batyrbasheva et al., 2026; Medvedkov et al., 2021; Adekenov et al.,
1991). This zone was moderately diverse yet recurred in certain structural combinations. Pattern w-4
was the most prevalent, reported in 43% of samples, dominating this zone. Pattern w-1 was the second
most common, found in 20% of genotypes, while pattern w-8 was the rarest, found in only one case
(1%). The spectra showed w-4S in all samples, indicating 100% stability. The spectrum is a major
structural element of the w-zone protein profile due to its universality. In over 60% of genotypes,
spectrum w-3S was found, while w-1S was only found in 5%. This distribution revealed that conservative
protein forms dominated the w-zone, ensuring the globulin complex’s structural integrity. This zone had
identical spectra in most samples, indicating protein stability and little variability.

The y-zone showed the most variation in protein band shape and intensity. The most polymorphic
region of the electrophoretic profile had five spectra and sixteen patterns. The most common
combination found was pattern y-3, seen in 43% of genotypes. Pattern y-8 was observed in 11% of
samples, while y-7 was only found in 1% of cases. The y-zone’s most prevalent spectrum, y-3S, was
discovered in 91% of lines, highlighting its crucial involvement in protein complex assembly. Spectrum
y-4S was found in 71% of samples, while y-2S was found in one-third. This distribution showed
substantial diversity and stable elements in most genotypes. The y-zone has a complicated internal
structure, with 5-10 fractions per sample and varying staining intensity. Most intergenotypic changes
were found in the y-zone, indicating the functional activity and alteration of storage proteins in seeds.
Flip13-277c, Flip13-261c, and Flip11-175c showed the most saturated y-zone ideograms, indicating
increased medium-molecular-weight protein production and great adaptability among the examined
lines. In the B-zone, where most storage globulins are found, six spectra and seven patterns were seen.
This zone had modest polymorphism and a strong frequency asymmetry. The most prevalent pattern
was [3-2, found in 53.9% of genotypes. Pattern (-1 was found in 24% of samples, whereas (3-6 was the
least common, occurring in only 1%. The spectra showed 100% prevalence of B-4S, highlighting its
crucial function in protein structure in this region. Spectrum p-3S was found in 87% of samples, while 3-
6S was found in 28%, indicating unusual protein subunit variations. The strong staining intensity and
tight fraction arrangement of the B-zone indicate its role in accumulating storage chemicals. Most
genotypes had similar profiles, however Flip13-336¢, Flip13-250c, and Flip11-12¢ had additional
fractions, generating unique ideograms. These variations suggested breeding selection-relevant
biochemical variants of protein complexes.

Five spectra and eight patterns were found in the a-zone of electrophoretic profiles, which
comprises low-molecular-weight fractions. The most prevalent were a-3 (36%) and a-1 (29%), whereas
0-6 was exceedingly rare (1%). a-2S was found in all genotypes and is essential for the protein
composition of this zone. Spectrum a-4S was moderately prevalent (76%), while a-5S was rare (45%).
The a-zone showed significant variation in staining intensity, especially in the lower section of the gel
where some samples showed intensification of low-molecular-weight fractions. These discrepancies
were due to late seed maturity and protein metabolism’s sensitivity to agricultural circumstances. The
a-zone is important for breeding because its changes can signal seed physiological status and
resistance. Ideogram analysis revealed the y-zone to be the most variable and informative in the protein
spectrum, followed by the B-, a-, and w-zones. The medium-molecular-weight fractions, where
genotype-specific patterns emerged, had the most unique combinations. Moreover, the w-zone
remained stable and maintained important conserved features in most samples. Protein gradation
reflects functional specialisation: stable high-molecular-weight globulins play a structural role, while y-
zone proteins determine dynamic flexibility and adaptability. Ideograms visualised and systematised
sample differences and confirmed that chickpea’s globulin profiles have a definite zonal specificity. They
found substantial intraspecific polymorphism and that chickpea protein complexes mix stable hereditary
elements with flexible variation components that shape genetic diversity (Figure 2).
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Thus, protein zone ideograms allowed full characterisation of the intraspecific variety of globulin
proteins in the 76 chickpea genotypes and determination of polymorphism in each electrophoretic zone.
Most differences and unique fraction combinations were found in the y-zone, where medium-molecular-
weight globulins play a significant role in shaping genotypes’ biochemical individuality. Stable storage
proteins with moderate variability dominated the (-zone, serving as the primary amino acid reservoir
while retaining quantitative changes between lines. The w-zone had the least variability and formed the
protein profile’s structural framework. Moderate but significant variability in the a-zone was linked to
physiological adaptation and seed maturation (Table 3).

Table 3. Quantitative summary of globulin protein zones in chickpea genotypes
Protein Molecular Fractions Spectra Patterns Dominant spectra/

Key structural and functional role

zone weight (bands) patterns
w-zone High 4-6 7 11 Spectrum w-4S (100%),  Highly conserved foundation; limits variability
Pattern w-4 (43%) to ensure the structural integrity of the protein
matrix.
y-zone Medium 5-10 5 16 Spectrum y-3S (91%), Highest level of polymorphism; serves as the
Pattern y-3 (43%) primary diagnostic marker reflecting active
adaptive variability.
B-zone Medium 5-8 6 7 Spectrum B-4S (100%),  Dominant fraction comprising up to 60% of
Pattern -2 (53.9%) soluble proteins; primary reservoir for storage
amino acids.
a-zone Low Variable 5 8 Spectrum a-2S (100%),  Moderate, yet meaningful variability; reflects
Pattern a-3 (36%) metabolic differences during the late stages of

seed maturation.

Figure 2. Graphical representation
of the variability of globulin
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3.3. Cluster Analysis of Genetic Similarity based on Protein Patterns
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Based on the cluster analysis, all the genotypes examined were grouped into several stable
clusters according to the degree of similarity of their protein profiles. The first cluster included six
samples; Flip11-214c (No. 73), Flip11-216¢ (No. 71), Flip82-150c (No. 72), Sultan (No. 74), Flip11-190c
(No. 75) and Flip11-15¢c (No. 76). These genotypes exhibited nearly identical electrophoretic spectra
with a high degree of correspondence in the w- and (B-zones, as well as similar y-fractions of medium
intensity. Within this cluster, the similarity of profiles exceeded 85%, indicating close relatedness and a
stable type of protein organization. These lines may be regarded as biochemically stable, reflecting a
conservative variant of the chickpea protein complex. The second cluster consisted of three genotypes;
Flip11-140c (No. 53), Flip11-08c (No. 54) and Flip11-198c (No. 55). They were united by the presence
of pronounced B-fractions and well-defined y-zones that displayed a more complex structure compared
with the first cluster. Despite similarities in the main protein ranges, differences in the intensity of
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particular bands and slight shifts of the a-fractions were observed, indicating internal variability. The
genetic distance within the group was around 0.25-0.28, reflecting close but not identical origins.

The third cluster comprised two samples; Flip11-01c (No. 69) and iLC-482¢ (No. 70). They were
characterized by moderate similarity in protein composition and the presence of rare combinations of y-
and w-fractions not found in most other lines. These genotypes displayed a specific structure of
electrophoretic spectra, including additional bands in the 45-55 kDa range, which made their protein
profiles unique. They may be considered transitional forms linking the main clusters and representing
interest for hybridization with genetically distant lines.

The fourth cluster consisted of the genotypes Flip11-210c (No. 61) and Flip10-318c (No. 62),
which were characterized by a high degree of similarity across all four protein-distribution zones. These
samples had simple but clearly defined spectra, reflecting stable inheritance of protein components. The
correspondence of spectra within the cluster exceeded 90%, indicating strong genetic proximity. The
protein profiles of both lines were marked by pronounced stability of the w- and B-fractions, making them
typical representatives of the conservative direction within the chickpea gene pool. The fifth cluster was
represented by two samples; Flip11-138c (No. 65) and Flip88-85c (No. 67). These genotypes had partial
matches in the B-zone and pronounced differences in the a-fractions, where additional weak bands were
observed. Their spectra were characterized by increased variability of the y-fractions, reflecting adaptive
shifts in protein metabolism. Despite a relatively small number of shared elements, the presence of
stable matches in the w-zone made it possible to group them together with a similarity coefficient of
about 0.7.

The remaining samples did not form large clusters and were distributed along separate branches
of the dendrogram. Some of them formed small subgroups of two or three genotypes, for example
Flip13-277c (No. 15) and Flip13-261c (No. 14), which demonstrated similarity in their y-fractions, as well
as Flip13-336¢ (No. 23), Flip11-12c (No. 37) and Flip11-125¢c (No. 46), which were united by shared
characteristics in the B-zone. Several genotypes, such as Flip13-250c (No. 10), Flip13-336¢ (No. 23)
and Flip11-05¢c (No. 47), were isolated and did not enter any of the main clusters, indicating their high
genetic distinctiveness and unique protein composition. Overall, the structure of the dendrogram
revealed the presence of both closely related groups and solitary genotypes, reflecting a wide range of
protein and genetic diversity within the collection studied. The greatest differences were observed
between the representatives of the first cluster (Flip11-214c¢ - Flip11-15c¢) and the isolated lines such as
Flip13-250c and Flip11-05c. The spread of similarity coefficient values between them reached 0.45-
0.50, indicating substantial divergence in their protein profiles (Figure 3, Table 4).

Table 4. Characteristics of genotype clusters based on electrophoretic protein profiles
Cluster Number of Similarity /
genotypes distance

Distinctive zonal features and breeding potential

| 6 >85% similarity Biochemically stable and conservative; marked by highly congruent spectra with strict
correspondence in the w- and B-zones.
1l 3 0.25-0.28 genetic Features pronounced B-fractions and complex y-zones, indicating strong internal
distance variability.
] 2 Moderate similarity Transitional forms highlighted by unique y- and w-fractions in the 45-55 kDa range;
ideal for wide hybridization.
v 2 >90% similarity Highly conservative lines exhibiting pronounced structural stability across both w- and
B-fractions.
\Y 2 ~0.7 similarity Characterized by shared B-zone features but elevated adaptive variability (distinct
coefficient differences) in the y- and a-fractions.

Biologically, the clustering patterns reveal distinct adaptive strategies within the chickpea gene
pool, where genotypes clustered together share common evolutionary adaptations and functional
responses to their environments. Conversely, genetically distant lines serve as critical reservoirs of
unique protein alleles that govern specialized physiological functions, such as stress tolerance and
metabolic flexibility. For targeted genotype selection, this clustering framework enables breeders to
intentionally combine these disparate biological traits. It is highly advisable to carry out hybridization
between the most distant functional clusters, specifically pairing the biologically conservative,
structurally robust foundational lines of the first cluster (Flip11-214c, Flip82-150c, Sultan) with the highly
adaptive, isolated genotypes (Flip13-336¢, Flip11-05¢, Flip13-250c). This deliberate pairing integrates
a stable foundational protein matrix with highly variable, stress-responsive y-zone globulins. By utilizing
this biological divergence, breeders can select parental lines that maximize the recombination of rare
functional traits, accelerating the development of climate-resilient cultivars that simultaneously maintain
structural integrity and exhibit enriched, nutritionally diverse amino acid profiles. Thus, clustering based
on protein profiles clearly demonstrated the internal structure of the chickpea gene pool and confirmed
that electrophoretic analysis of globulin proteins is a reliable tool for identification, assessment of
relatedness and selection of promising parental pairs for breeding.
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Figure 3. Determination of genetic similarity based

":I on the structure of protein fractions. UPGMA
| |— dendrogram constructed from a binary matrix of
: electrophoretic band presence/absence. The
:I— topological clustering demonstrates deep divergence
::I between biochemically conservative clades (e.g.,
! | Cluster 1, showing >85% internal similarity) and
- ) isolated, highly distinctive lines. This structural
= I disparity provides a targeted basis for selecting
S genetically distant parental forms to maximize the
o |

recombination of rare protein traits.
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3.4. Identification of Genotype Clusters according to Morphological and Quality Traits

The first cluster included 28 genotypes that demonstrated similar morphological parameters and
moderate differences in yield. It was divided into two subclusters. The first subcluster comprised 13
samples similar in the number of primary and secondary stems, height of the first pod, width and length
of the pod, and oil content of the seeds. Among them, Flip13-234c was particularly notable, having
shown the highest oil content (11%) while maintaining stable indicators of plant height and the weight
of 100 seeds. The remaining genotypes of this subcluster (in particular Flip13-154c, Flip13-250c, Flip13-
277c) were characterised by a balanced ratio of biometric parameters and productivity, which made
them stable under different growing conditions. The second subcluster included 15 genotypes also
similar in plant structure, but with slightly greater variation in the height of the first pod and the number
of secondary shoots. This group demonstrated an optimal combination of morphological traits and oil
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content, allowing it to be regarded as a morphologically stable type. Overall, the first cluster represented
moderately productive forms balanced in terms of biochemical and structural characteristics.

The second cluster, which united 16 genotypes, was also divided into two subclusters with
different specializations. The first subcluster consisted of 10 samples characterized by similar values for
such traits as pod width and length, number of pods per plant, and overall yield. Among them were ILC-
482c, Flip11-45c, Flip11-72c¢, Flip11-190c and Flip11-15c — lines that demonstrated the largest number
of pods and the highest productivity per plant. These samples may be considered a type of multi-podded
form with good potential for breeding for yield. The second subcluster included six genotypes grouped
according to yield per square metre, oil content and tryptophan levels in the seeds. The most notable
representatives here were Flip10-318c, which had the highest yield, and Flip11-11c, distinguished by
its tryptophan content. This subcluster comprised samples demonstrating high biochemical potential,
making them promising for the development of cultivars with improved nutritional properties.

The third cluster proved to be the largest and most diverse, comprising 32 genotypes that were
divided into two subclusters according to productivity characteristics and protein content. The first
subcluster, consisting of 9 samples, included lines similar in protein content, number of primary and
secondary stems, and pod dimensions. The most notable representatives of this group were Flip11-16c,
Flip88-85c, Sultan, Flip11-70c and Flip11-175c, which possessed the highest protein content among all
the lines examined. These genotypes combined nutritional value with moderate yield and resilience to
external factors, making them typical high-protein forms. The second subcluster, which united 23
genotypes, comprised lines with higher values for plant height, height of the first pod, pod width and
length, and the weight of 100 seeds. This group also included the standard cultivar Narmin, used as a
control sample. Particularly prominent were the lines Flip11-175c, Flip11-08c, Flip11-198c, Flip11-138c
and Flip11-58c, which were distinguished by outstanding plant height and first pod position, traits that
have a direct influence on yield. The genotypes Flip11-138c, Flip11-208c and Flip11-209¢c exceeded the
others in pod size, demonstrating the highest values for pod width and length. The heaviest seeds (with
a weight of 100 seeds among the highest in the sample set) were found in Flip11-208c, Flip11-209c,
Flip11-125c, Flip11-138c, Flip11-105¢c and Flip11-214c, which allowed them to be classified as highly
productive large-seeded forms.

Within the third cluster, genotypes with the highest overall productivity were distinguished. Among
them, the smallest Euclidean distance (2.640) was recorded between the pair Flip13-308c and Flip13-
330c, indicating the highest degree of genetic and phenotypic similarity between them. These samples
displayed not only comparable yield values but also similar seed structure, making them valuable
candidates for further selection as parental forms (Figure 4, Table 5).

Table 5. Characteristics of genotype clusters based on morphological and quality traits

Cluster Number of Productivity & Biometric Traits Biochemical Traits Notable
Genotypes Genotypes
| 28 Balanced morphological parameters;  Optimal oil accumulation (reaching  Flip13-234c,
moderate yields with structural upto 11%). Flip13-250c,
stability. Flip13-277c.
Il 16 Characterized by maximum overall Elevated biochemical potential, Flip10-318c,
yield per square meter and highest specifically high tryptophan levels. ~ Flip11-11c, ILC-
number of pods per plant. 482c, Flip11-45c¢.
11} 32 Distinguished by maximum plant Contains lines possessing the Flip11-175c,
height, largest pod dimensions, and absolute highest overall protein Flip11-208c,
heaviest 100-seed weights. content in the sample set. Sultan, Flip88-85c.

Overall, the cluster analysis biologically partitions the genotypes into three distinct functional
groups, each reflecting a specific physiological strategy and resource allocation trade-off between yield
mechanics, plant architecture, and biochemical seed composition. Understanding these biological
specializations provides a direct, actionable roadmap for genotype selection in applied breeding
programs. Rather than selecting lines based on isolated numerical traits, breeders can utilize these
functional clusters to design complementary hybridization strategies. For example, selecting parental
lines from the multi-podded, high-tryptophan lineages (Cluster 2) and crossing them with robust, large-
seeded, high-protein forms (Cluster 3) offers a targeted pathway to synergistically maximize both
agronomic productivity and nutritional biofortification in future commercial chickpea cultivars.

Thus, Flip11-72c, ILC-482c and Flip11-15c, characterised by a high number of pods per plant,
were assigned to the second cluster in the productivity analysis but were positioned separately in the
protein composition analysis. Similarly, Flip11-205c and Flip11-08c, which exhibited increased protein
content, fell into the second cluster of the protein analysis, whereas Flip11-138c and Flip88-85¢c
belonged to the fifth. The genotypes Flip11-72¢ and Flip11-210c, assigned to the fourth cluster of the
protein dendrogram, were characterised by high tryptophan content.
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Figure 4. Multifactorial clustering of samples
according to productivity and seed composition.
UPGMA dendrogram segregating genotypes
based on a normalized matrix of agro-
morphological productivity and biochemical seed
composition. The distinct branching reflects
specialized trait accumulations, effectively
separating multi-podded, high-tryptophan
) lineages (Cluster 2) from robust, large-seeded
rat— forms that maximize total protein concentration
' (Cluster 3).

3.5. Integrative Analysis of Globulin Polymorphism and Adaptive Breeding Potential

The electrophoretic analysis successfully confirmed the presence of pronounced intraspecific
polymorphism within chickpea globulin proteins while simultaneously maintaining the overall zonal
structure of the entire protein complex (Mukhametov et al., 2022; Adenekov et al., 1992; Hajiyeva et al.,
2025). The upper part of the generated electrophoretic profiles, corresponding precisely to the w-zone,
was notably characterised by minimal variability and remarkably high reproducibility of specific spectra.
This clearly indicates the profound genetic stability of these high-molecular-weight fractions across all
samples (Amourah et al., 2024; Salah et al., 2023). The fundamental conservatism of this specific region
heavily reflected its critical structural role in properly forming the dense seed protein matrix and reliably
preserving its vital morphophysiological integrity. Minor biochemical variations occasionally observed in
a very few isolated samples were most probably directly associated with minor isoform modification and
subsequent post-translational structural changes. Comparison of all evaluated zones consistently
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revealed a highly regular and predictable structural organisation of the entire protein spectrum. The
remarkably stable fractions found in the w- and B-zones clearly provide a deeply conservative
foundation. Conversely, the highly dynamic y- and a-zones actively form the true evolutionary core of
genetic variability. Such strict zonal organisation directly determines the inherent adaptive potential and
essential genetic differentiation of diverse chickpea lineages. This absolutely confirms the immense
practical significance of utilizing detailed electrophoretic profiles in targeted breeding research. In the
area of applied phenotypic analytics, modern investigators have continuously evaluated genetic diversity
using various advanced scientific tools. For example, Mesfer Alshamrani et al. (2022) successfully
combined several biochemical, physiological, and complex molecular markers in their extensive analysis
of sesame. They successfully identified numerous general patterns of widespread genetic variability.
However, their approach did not include specific electrophoretic protein characterisation.

The present comprehensive study demonstrated that detailed electrophoretic ideograms across
the w, vy, B, and a zones provide significantly more accurate genotype differentiation. This successfully
enables the critical linking of unique structural protein features with highly inheritable agronomic traits.
This ultimately renders our empirical results substantially more informative compared to traditional
visually based phenotypic approaches. Within similar biochemical-breeding research directions,
Ohanenye et al. (2022) meticulously examined the unique properties of various legume proteins heavily
situated within the broad context of modern food technology and functional nutritional value. In their
insightful study, it was clearly shown that intense physical processing methods rapidly alter the complex
tertiary structure of essential globulins. Such intensive treatments ultimately increase rapid digestibility
but simultaneously reduce the critical native stability of these crucial proteins. In sharp contrast to these
earlier technological studies, our present dedicated work strictly focused on evaluating completely
natural protein variations without introducing any external technological intervention.

This methodical approach provided a deeper understanding of the inherent genetic stability
characterizing these diverse chickpea protein complexes. In the closely related analytical context of
complex genetic-structural studies, Seo et al. (2025) successfully employed rather different
experimental strategies for thoroughly investigating analogous plant proteins. They meticulously
examined wild oat by powerfully combining both sequencing and electrophoresis to appropriately assess
broad genetic diversity. However, within their specific methodology, distinct protein fractions were
surprisingly considered merely as a secondary confirmatory marker. The present study expanded upon
this by detailing intricate protein differences at the critical zonal level. Our robust experimental framework
successfully identified highly specific electrophoretic migration patterns alongside completely stable,
highly reproducible ideograms.

Consequently, this refined approach provided empirical evidence highlighting structural variability
alongside distinct functional differentiation. This ultimately makes the resulting analytical methodology
more precise and directly applicable within practical crop breeding programs. Furthermore, in the
fundamental context of highly specialized structural-functional research, Sinha et al. (2023) deliberately
focused heavily on investigating the innate functional nature alongside the specific nutritional value
characterizing various seed proteins. Sinha et al. clearly demonstrated that internal seed protein
reserves are formed partly from unique amyloid and distinct amyloid-like micro-structures. These unique
microscopic elements effectively ensure the biologically necessary, extremely gradual release of vital
amino acids throughout the prolonged germination stage.

This fascinating theoretical approach correctly emphasized the crucial physiological role played
by incredibly stable protein aggregates regarding the essential energetic support required by developing
seedlings. However, their otherwise excellent study significantly did not comprehensively cover any
intraspecific differences occurring specifically within the underlying structural framework of typical
globulins. Jha et al. (2024), by contrast, focused their efforts on formulating advanced strategies to
enhance the overall chickpea nutritional profile.

4, CONCLUSION

The analysis of 76 chickpea genotypes revealed pronounced polymorphism and considerable
intraspecific diversity in globulin proteins. Electrophoretic profiling effectively differentiated four structural
protein zones, identifying the y-zone as the most highly variable and the w-zone as the most structurally
stable. By integrating these biochemical profiles with agro-biological data, the study successfully
established strong correlations between specific protein fractions, yield, and seed quality traits.
Practically, the results indicate that approximately 60% of the evaluated lines possess unique protein
and biochemical characteristics highly suitable for targeted breeding. These findings provide a reliable
framework for advancing specific breeding goals: developing biochemically rich, high-tryptophan
cultivars by utilizing isolated genotypes; breeding high-yield, multi-podded architectures from structurally
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stable lines; and creating biofortified, high-protein forms by leveraging medium-molecular-weight
globulin alleles from heterogeneous samples. Moving forward, because the current findings rely on a
single growing season, subsequent research must evaluate the impact of environmental factors on
protein profile variability over multiple years. Future studies will also expand the genotype sample and
incorporate molecular DNA markers to clarify deeper genetic relationships and firmly validate these
electrophoretic models.
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