How to Cite: Ibraimov, A.M., Yermagambetova, M.M., Makhmadzhanov, S.P., Ortaev, A.K., Turuspekov, Y.K. (2026). Microsatel-
lite-based genetic diversity evaluation of Zea mays L. accessions from different geographical origins. Fundamental and Experimental
Biology, 31, 3 (123), 66-82. https://doi.org/10.31489/2026 FEB3/66-82

Research article
https://doi.org/10.31489/2026FEB3/66-82

UDC 633.15 Received: 3.04.2026 | Accepted: 16.04.2026 | Published online: 30.09.2026

AM. Ibraimov', M.M. Yermagambetova', S.P. Makhmadzhanov?,
A.K. Ortaev®, Y.K. Turuspekov*

YInstitute of Plant Biology and Biotechnology, Almaty, Kazakhstan;
2Agricultural Experimental Station for Cotton and Melon Growing, Turkestan region, Kazakhstan;
®Krasnovodopad Agricultural Experimental Station, Turkestan region, Kazakhstan
“Corresponding author: yerlant@yahoo.com

Microsatellite-based genetic diversity evaluation of Zea mays L. accessions
from different geographical origins

The purpose of this study was to investigate the genetic diversity and population structure of 51 maize
(Zeamays L.) accessions originating from Kazakhstan, China, and Europe using simple sequence repeat
(SSR) markers. A total of 21 highly polymorphic SSR markers were used to genotype 255 individuals, ena-
bling a comprehensive assessment of allelic variation and genetic relationships. The number of alleles per lo-
cus ranged from 1.0 to 2.7, with a mean of 1.517, while expected heterozygosity (uHe) averaged 0.192, indi-
cating moderate genetic diversity among the accessions. Genetic diversity analysis by geographic origin re-
vealed that European accessions exhibited the highest allelic richness (Na = 5.9) and genetic diversity, fol-
lowed by Chinese and Kazakhstani accessions. Despite these differences, all groups exhibited 100% poly-
morphism, confirming the high informativeness of the selected SSR markers. Polymorphic information con-
tent (PIC) values ranged from 0.446 to 0.884, with an average of 0.712, indicating that markers such as
phi047, bnlg1520, and umc2189 were highly informative. Analysis of molecular variance (AMOVA) demon-
strated that 70% of the total genetic variation was attributable to differences among accessions, indicating
strong genetic differentiation (Fst = 0.702) and limited gene flow (Nm = 0.212). Cluster analysis, principal
coordinate analysis, and STRUCTURE analysis consistently revealed clear genetic separation of the Chinese
accessions, whereas European and Kazakhstani accessions showed closer genetic relationships and partial
admixture. Overall, the findings highlight substantial genetic diversity and distinct population structure
among the maize accessions, providing valuable insights for germplasm conservation and the selection of ge-
netically diverse parental lines for breeding programs.

Keywords: Zea mays, Kazakhstan, molecular marker, SSR, genetic diversity, polymorphism, genetic struc-
ture, genotyping.

Introduction

Maize (Zea mays L.) is one of the most important cereal crops worldwide and ranks among the top three
staple grains alongside wheat (Triticum aestivum L.) and rice (Oryza sativa L.) [1]. Owing to its high
productivity, wide adaptability, and diverse end uses, maize plays a central role in global food security, live-
stock production, and industrial applications [2]. It is cultivated across a broad range of agroecological
zones, from temperate to tropical regions, reflecting its remarkable genetic plasticity and capacity to adapt to
diverse environmental conditions [3].

This extensive adaptability and phenotypic diversity are closely linked to the complex taxonomic struc-
ture of maize within the species Zea mays. Classification proposed by Hugh lltis and John Doebley [4] pro-
vided a detailed subdivision of the Zea mays complex; however, it is now considered partly outdated due to
advances in molecular systematic and revised taxonomic approaches. In contrast, modern authoritative data-
bases such as Plants of the World Online (POWO) [5] adopt a simplified and currently accepted view, rec-
ognizing only three subspecies within Zea mays: Zea mays subsp. mays, Zea mays subsp. parviglumis lltis &
Doebley, and Zea mays subsp. huehuetenangensis (lltis & Doebley) Doebley.

Within this group, subsp. mays is the domesticated form grown extensively across the globe, while
subsp. parviglumis and subsp. huehuetenangensis are wild relatives, or teosintes. These wild subspecies are
critical for tracing the evolutionary roots of maize and serve as vital resources for expanding its genetic di-
versity. Specifically, Zea mays subsp. parviglumis (Balsas teosinte) is identified as the immediate progenitor
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of modern maize, with the distinct morphological variations between them arising from human-driven selec-
tion throughout the domestication process [6-8].

Within the cultivated subspecies Zea mays subsp. mays, an exceptionally high level of genetic and phe-
notypic diversity is observed, reflecting thousands of years of domestication, selection, and adaptation to di-
verse agroecological conditions. This diversity is expressed in numerous varieties (often referred to as kernel
or endosperm types), which differ in grain structure, biochemical composition, and end-use applications [9].

Among the most widely recognized varieties, dent maize (var. indentata) is characterized by a combi-
nation of hard and soft endosperm, resulting in a depression at the crown of the kernel; it is predominantly
used for animal feed and industrial processing, including starch and bioethanol production. Flint maize
(var. indurata) possesses a hard outer endosperm layer, making it more resistant to mechanical damage and
suitable for cultivation in cooler climates, as well as for food products such as grits and traditional dishes.
Sweet maize (var. saccharata) is distinguished by mutations affecting sugar metabolism, resulting in high
sugar content in immature kernels, and is widely consumed as a vegetable. Popcorn (var. everta) has a
unique kernel structure with a hard pericarp and dense endosperm, allowing it to expand explosively when
heated. Flour maize (var. amylacea) contains predominantly soft starch, facilitating milling into flour and its
use in traditional foods, particularly in indigenous cultures. Waxy maize (var. ceratina) is rich in amylopec-
tin and is valued in the food industry and for specialized starch applications [10-13].

This broad spectrum of forms within Zea mays subsp. mays highlights its remarkable genetic plasticity
and adaptability. The diversity of kernel types is not only of economic importance but also reflects underly-
ing allelic variation at key loci controlling starch composition, texture, and metabolic pathways. Such exten-
sive intrasubspecific variation makes cultivated maize one of the most genetically diverse crop species and
underscores its significance as a model organism for genetic, genomic, and breeding studies [14-16].

Given this high level of genetic diversity, reliable tools are required to accurately assess variation both
within and among maize populations. Molecular markers have become essential in this context, providing a
robust alternative to traditional agro-morphological evaluation. Among them, simple sequence repeat (SSR)
markers are particularly widely used due to their high polymorphism, co-dominant inheritance, reproducibil-
ity, and genome-wide distribution [17, 18]. SSR markers enable precise detection of allelic variation, making
them highly suitable for studies of genetic diversity, population structure, and relationships among
plants [19].

Numerous studies have successfully applied SSR markers to characterize maize germplasm worldwide,
revealing substantial levels of genetic variation and facilitating the development of core collections and
breeding strategies [20-25]. These approaches have proven especially valuable for identifying unique alleles
and underutilized genetic resources, which are critical for broadening the genetic base of modern breeding
programs.

In maize, the use of SSR markers is particularly relevant due to the presence of numerous hybrid varie-
ties, each with distinct parental contributions, as well as diverse local landraces. These hybrids, while im-
proving yield and stress tolerance, can also reduce genetic diversity if a limited set of parental lines is repeat-
edly used. SSR-based analyses, therefore, provide an essential tool for evaluating and preserving genetic var-
iation in both landraces and hybrids, supporting informed breeding and conservation efforts [26, 27].

Although SSR-based studies of maize have been widely conducted worldwide, research on maize ge-
netic diversity using SSR markers in Kazakhstan remains scarce. Previous studies in the region have mostly
focused on agro-morphological traits [28-31] or small panels of genotypes, such as the 21 accessions ana-
lyzed in our earlier work [32], which provided preliminary information but did not fully capture the genetic
diversity of local germplasm.

This study extends prior research by examining 51 maize accessions, including local landraces from
Kazakhstan and global hybrid varieties. This larger, more diverse panel enables a more comprehensive as-
sessment of genetic diversity and population structure using SSR markers. Such analyses not only provide
insights into the extent of variation within cultivated maize in Kazakhstan but also inform breeding programs
by identifying genetically distinct lines and potential sources of beneficial alleles for future maize hybrid de-
velopment.

Experimental

Plant material. The study included 51 accessions (hybrids) of common maize (Zea mays subsp.
mays L.). By origin, accessions are divided into three groups: from Kazakhstan (17), China (10), and
Europe (24). The European accessions were represented by Germany (9), Switzerland (7), Tirkiye (3),
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France (2), Russia (2), and Greece (1). The hybrids were developed using a population, single-, two- (F,),
and three-line hybrid systems. Seed material was provided by the Krasnovodopad Agricultural Experimental

Station (AES) and the peasant farm (PF) “Sabyr” (Fig. 1; Tab. 1).
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Figure 1. Distribution of maize accessions used in this study by country of origin

Characteristics of maize accessions used for SSR genotyping

Table 1

Ne ID Accessions Country of origin Developing system
1 ZM-001 Altai-319 Kazakhstan Three-line hybrid

2 ZM-002 Gidro F2 Switzerland (Europe) Two-line (F1) hybrid
3 ZM-003 Tulpar-539 Kazakhstan Two-line (F1) hybrid
4 ZM-004 F2 S0069 Tiirkiye (Europe) Two-line (F1) hybrid
5 ZM-005 ZPSK-704 Kazakhstan Two-line (F1) hybrid
6 ZM-006 Altyn 739 Kazakhstan Two-line (F1) hybrid
7 ZM-007 KazZP-777 Kazakhstan Three-line hybrid

8 ZM-008 Mariam-419 Kazakhstan Two-line (F1) hybrid
9 ZM-009 SV Bambus F2 Switzerland (Europe) Two-line (F1) hybrid
10 ZM-010 Sunkar-779 Kazakhstan Three-line hybrid
11 ZM-011 Fenikks Spartak China Two-line (F1) hybrid
12 ZM-012 Fenikks Atlant China Two-line (F1) hybrid
13 ZM-013 Fenikks Chelentano China Two-line (F1) hybrid
14 ZM-014 Fenikks Takelau China Two-line (F1) hybrid
15 ZM-015 Fenikks Bora-bora China Two-line (F1) hybrid
16 ZM-016 Fenikks Gobi China Two-line (F1) hybrid
17 ZM-017 LG31642 France (Europe) Two-line (F1) hybrid
18 ZM-018 Fenikks Avrora China Two-line (F1) hybrid
19 ZM-019 LG31555 France (Europe) Two-line (F1) hybrid
20 ZM-020 Fenikks Francheska China Two-line (F1) hybrid
21 ZM-021 Fenikks Bombei China Two-line (F1) hybrid
22 ZM-022 Symbat-1 Kazakhstan Two-line (F1) hybrid
23 ZM-024 BG23-1637 Kazakhstan Two-line (F1) hybrid
24 ZM-025 Briso Germany (Europe) Two-line (F1) hybrid
25 ZM-026 Skap 620 Russia (Europe) Two-line (F1) hybrid
26 ZM-027 Hamilton Greece (Europe) Single-line (F1) hybrid
27 ZM-029 KVS Intelegenes Germany (Europe) Two-line (F1) hybrid
28 ZM-030 KVS Kaleido Germany (Europe) Two-line (F1) hybrid
29 ZM-038 Dala aru 446P Kazakhstan Population hybrid
30 ZM-039 KazLK444 Kazakhstan Two-line (F1) hybrid
31 ZM-040 KazLK575 Kazakhstan Two-line (F1) hybrid
32 ZM-041 KazLK780 Kazakhstan Two-line (F1) hybrid
33 ZM-042 KazNIIZiR 90 Kazakhstan Two-line (F1) hybrid
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Continuation of Table 1

Ne ID Accessions Country of origin Developing system
34 ZM-044 KVS Alkanto Germany (Europe) Two-line (F1) hybrid
35 ZM-045 KVS Atako Germany (Europe) Three-line hybrid

36 ZM-048 KVS Elektro Germany (Europe) Two-line (F1) hybrid
37 ZM-049 Kerubino OK-69 Germany (Europe) Two-line (F1) hybrid
38 ZM-050 Kefrankos Germany (Europe) Two-line (F1) hybrid
39 ZM-051 Kleopatras Germany (Europe) Two-line (F1) hybrid
40 ZM-056 M11G99 Tiirkiye (Europe) Two-line (F1) hybrid
41 ZM-057 M-16C45 Tiirkiye (Europe) Two-line (F1) hybrid
42 ZM-062 S| Bambus Switzerland (Europe) Two-line (F1) hybrid
43 ZM-063 S| Gladius Switzerland (Europe) Two-line (F1) hybrid
44 ZM-065 Sl Kursor Switzerland (Europe) Two-line (F1) hybrid
45 ZM-066 Sl Maileston Switzerland (Europe) Two-line (F1) hybrid
46 ZM-067 Sl Fontero Switzerland (Europe) Two-line (F1) hybrid
47 ZM-069 Skap 301CB Russia (Europe) Two-line (F1) hybrid
48 ZM-070 Taulsizdik 20CB Kazakhstan Two-line (F1) hybrid
49 ZM-072 Tomiris Kazakhstan Three-line hybrid

50 ZM-073 Hyuaksi 948 China Two-line (F1) hybrid
51 ZM-074 Turan480 Kazakhstan Three-line hybrid

DNA extraction. Genomic DNA was extracted from 5-day-old maize seedlings (five replicates per ac-
cession) using a modified Dellaporta protocol [33]. The quality and quantity of the extracted DNA were as-
sessed using a NanoDrop One spectrophotometer (Thermo Fisher Scientific Inc., USA) and 1 % agarose gel
electrophoresis. For PCR analysis, genomic DNA was normalized to 100 ng/ul.

SSR genotyping. A set of 21 SSR markers (Tab. 2) was selected for genotyping 255 maize individuals
based on their high levels of polymorphism, reproducibility, and informativeness, with five replicates per
accession. These markers have been validated in previous studies, ensuring reliable and comparable
results [20-25].

PCR parameters, including the annealing temperature (Ta), were individually optimized for each mark-
er to achieve high amplification efficiency and specificity (Tab. 2). Each reaction was carried out in a total
volume of 20 pL, comprising 100 ng of genomic DNA, 1 U of Tag DNA polymerase, 0.2 mM of each dNTP,
10 pM of each primer, 1.5 mM MgCl,, and 1x Taq buffer. The thermal cycling program began with an initial
denaturation at 94 °C for 3 minutes, followed by 35 cycles of denaturation at 94 °C for 30 seconds, annealing
at the marker-specific Ta °C (Table 2) for 30 seconds, and extension at 72 °C for 1 minute, concluding with a
final extension at 72 °C for 5 minutes.

PCR products were separated by capillary electrophoresis using the QIAxcel Connect System
(QIAGEN, Germany) with the QIAxcel DNA High-Resolution Kit, QX Alignment Marker (15 bp/3 kb), and
QX Size Marker (50 bp/1 kb). Sample analysis was performed using the standard OH500 protocol with a
20-second injection time. SSR alleles were identified by comparing fragment sizes to the reference DNA
ladder.

Table 2

Characteristics of SSR markers used for analysis

. . ' o . Chr. | Ta Associated genes
Ne| Primer Primer Sequence (5'-3") Motif No. | (°C) and traits [34]
F: TCCTCTTGCTCTCCATGTCC
1| bnlg1520 1= CAGCTGCGTAGCTTCTTCC (AG)22 | 2 | 58 |-
_ F: CATGCAATCAATAACGATGGCGAGT agal2, 100 kernel
2| phi002 AACG 1 58 |weight, leaf below

R: TTAGCGTAACCCTTCTCCAGTCAGC

. F: TTCCATTCTCGTGTTCTTGGAGTGGTCCA
3| PhiO2L R T GATCACCTTTCCTGCTGTCGCCA AG 4 | 58 jadh2

F: GCGTACGTACGACGAAGACAC
R: CACAGCACGTTGCGGATTTCTCT

flag leaf

wx1, amino acids,
leaf below flag leaf,
metabolites

4| phio27

(GCGCT)n| 9 | 58
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Continuation of Table 2

. . ' o . Chr. | Ta Associated genes
Ne| Primer Primer Sequence (5'-3") Motif No. | (C) and traits [34]
_ F: ATGTGGCCATCATTCAATGCTGTAGAC sus1, photoperiod
5| phio42 CATA 9 60 |growing-degree days
) F: GGAGATGCTCGCACTGTTCTC
61 Phi047 o e CCACCCTCTTTGACATGGTATG ATC 8 | 62 |mybrl7
_ F: AGGTGCTGGACACAGACTTCAAC col12, tassel branch
7| phiO58 CCG 5 58 |number, ear height,
R: ACTGAGATCCAGGCTCCTCTTC olant height
_ F: GACGTAAGCCTAGCTCTGCCAT TTCT- wx1, amino acids,
8| phi061 TAT 9 58 |leaf below flag leaf,
R: AAACAAGAACGGCGGTGCTGATTC G metabolites
. F: GCTGAGCGATCAGTTCATCCAG
9| PhiO70 R CATGGCAGGGTCTCTCAAG AGCTG | 6 | 58 |mig3
. F: TTCTTCCGCGGCTTCAATTTGACC
10| phi076 1 ATCAGGACCCGCAGAGTC AGCGGG | 4 | 58 |-
. F: TGGTGCTCGTTGCCAAATCTACGA
11 phi079 1 e AGTGGTGGTTTCGAACAGACAA AGATG | 4 | 58 gpcl
) F: TCCCTGCCGGGACTCCTG ACTG/ .
12] phille 1 ATACGGCCATGGATGGGA ACG 7| 58 |phill6
. F: ATATGCATTGCCTGGAACTGGAAGGA
13| phi27 e ATTCAAACACGCCTCCCGAGTGT AGAC | 2 | 58
F: ACAGGATTTGAGCTTCTGGACATT
141 umcl060 = 5 S CCTCTCCTTCATCCTATTCAA (CGG)s | 5 | 58 jumcl060
F: GCCTAGTCGCCTACCCTACCAAT ereb197, tassel spike
15| umcl1265 (TCAC)4 2 58 |length; leaf angle,
F: AGGGTTTTGCTCTTGGAATCTCTC umc1327, anthesis
16| umc1327 1o 5 AGGAAGGAGGAGGTCGTATCGT (GCCYM | 8 | 58 e
F: GTACAACGGAGGCATTCTCAAGTT xyl5, 100 kernel
17 umcld03 |2 4 GTACATGGTGGTCTTGTTGAGGT (GCA)M |1 | 58 | eight
F: GCGCTGCTGCTTCTTAAATTATCT
18| umcld46 o A TGAGACCACCTACAAGTTCGCT (TAA)7 |1 | 58 Jkes15
F: GAAAACTGCATCAACAACAAGCTG
18] umeld45 e AT TGGTTGGTTCTTGCTTCCATTA (AAGA)4 | 7 | 58 hsp3
F: ACGACGAGACTCTGTTCTGGTTCT umc1941, kernel row
20| umc1d4l e S GAGGATTACGTCAATCTGTTCG (CTG)O0 | 5 | 58 | imber
F: CGTAAGTACAGTACACCAATGGGC
21) umc2189 o CACCGACTACAAGCCTCTCAACT (CAG)M4 | 1 | 58 epfl0

Genetic diversity and Population structure analysis. Genetic diversity among the 51 maize accessions
was evaluated using a set of diversity indices calculated with GenAlEx version 6.5 [35]. The parameters ana-
lyzed for SSR data included: the number of alleles per locus (Na), the effective number of alleles (Ne),
Shannon’s information index (), Nei’s genetic diversity index (uh), and the proportion of polymorphic
loci (%P). In addition, levels of genetic differentiation among populations (Fst), expected Heterozygosity
(uHe), and estimates of gene flow (Nm) were determined. Also, polymorphic information content (PIC) was
calculated as described by Botstein et al. [36]. According to PIC values, SSR markers were categorized as
PIC > 0.5 (highly informative), 0.25 < PIC < 0.5 (moderately informative), and PIC < 0.25 (slightly informa-
tive), following the classification proposed by Botstein et al. [36].

Analysis of Molecular Variance (AMOVA) was conducted to quantify the distribution of genetic varia-
tion within and among populations. Genetic structuring among individuals and populations was visualized
using Principal Coordinate Analysis (PCoA). Initial PCoA by country of origin was performed in
GenAlEx 6.5 [35] in a reduced-dimensional space. Additionally, a PCoA of 51 accessions was conducted in
RStudio [37] to provide a clearer visualization of genetic relationships.
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Patterns of genetic relationships among maize accessions were further examined using both distance-
based and multivariate analytical methods. Genetic distance matrices were used to construct classical
dendrograms to illustrate the relationships among accessions and their geographical origins. The analysis
was performed using PAST software, version 3.19 [38], and the tvBOT online web application for visualiz-
ing the results [39].

The robustness of the clusters was assessed using bootstrap analysis with 1000 replicates. The popula-
tion genetic structure was inferred using a Bayesian clustering approach implemented in STRUCTURE ver-
sion 2.3.4 [40] under an admixture model with correlated allele frequencies. Runs were performed for K
values ranging from 1 to 10, and the most probable number of genetic clusters was identified using
the AK method of Evanno et al. [41], as implemented in the CLUMPAK platform [42]. STRUCTURE runs
were performed using a burn-in period of 100,000 iterations followed by 100,000 MCMC repetitions. For
each K value (K = 1-10), 10 independent runs were conducted to ensure consistency of clustering results.
The STRUCTURE outputs were summarized and visualized using the CLUMPAK platform [42].

Results and Discussion

Genetic diversity across accessions. A total of 51 maize accessions, five replicates per accession, were
genotyped using 21 simple sequence repeat (SSR) markers. Genetic diversity parameters varied markedly
among the analyzed maize accessions (Tab. 3). The observed number of alleles (Na) ranged from 1.0 to 2.7,
with a mean value of 1.517+0.023. The effective number of alleles (Ne) ranged from 1.0 to 2.3, with an aver-
age of 1.373+0.018 across all accessions.

Table 3
Genetic diversity by 51 maize accessions

Ne Accession Na Ne [ uh uHe %P

1 ZM-001 2.6 2.3 0.833 0.638 0.567 95.24 %
2 ZM-002 2.0 1.7 0.524 0.424 0.377 71.43 %
3 ZM-003 2.2 1.9 0.652 0.514 0.457 80.95 %
4 ZM-004 1.7 1.5 0.367 0.286 0.254 47.62 %
5 ZM-005 2.4 2.1 0.744 0.586 0.521 85.71 %
6 ZM-006 2.3 1.9 0.672 0.514 0.457 80.95 %
7 ZM-007 2.5 2.1 0.741 0.552 0.491 85.71 %
8 ZM-008 2.1 1.8 0.597 0.467 0.415 76.19 %
9 ZM-009 2.4 2.1 0.771 0.614 0.546 100.00 %
10 ZM-010 2.2 2.0 0.710 0.586 0.521 95.24 %
11 ZM-011 1.0 1.0 0.000 0.000 0.000 0.00 %
12 ZM-012 1.0 1.0 0.000 0.000 0.000 0.00 %
13 ZM-013 2.5 2.1 0.758 0.571 0.508 90.48 %
14 ZM-014 1.0 1.0 0.032 0.029 0.025 4.76 %
15 ZM-015 1.1 1.0 0.048 0.038 0.034 9.52 %
16 ZM-016 1.2 1.1 0.104 0.086 0.076 19.05 %
17 ZM-017 1.0 1.0 0.000 0.000 0.000 0.00 %
18 ZM-018 1.2 1.1 0.127 0.105 0.093 23.81 %
19 ZM-019 1.0 1.0 0.000 0.000 0.000 0.00 %
20 ZM-020 1.0 1.0 0.000 0.000 0.000 0.00 %
21 ZM-021 1.4 1.3 0.239 0.200 0.178 42.86 %
22 ZM-022 2.4 2.0 0.688 0.524 0.466 85.71 %
23 ZM-024 1.4 1.3 0.253 0.214 0.190 38.10 %
24 ZM-025 1.2 1.1 0.104 0.086 0.076 19.05 %
25 ZM-026 1.0 1.0 0.000 0.000 0.000 0.00 %
26 ZM-027 1.1 1.1 0.045 0.033 0.030 4.76 %
27 ZM-029 1.0 1.0 0.032 0.029 0.025 4.76 %
28 ZM-030 1.3 1.2 0.167 0.133 0.119 33.33%
29 ZM-038 2.7 2.3 0.854 0.643 0.571 95.24 %
30 ZM-039 1.9 1.7 0.519 0.433 0.385 80.95 %
31 ZM-040 1.3 1.2 0.151 0.124 0.110 28.57 %
32 ZM-041 1.8 1.4 0.389 0.314 0.279 76.19 %
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Continuation of Table 3

Ne Accession Na Ne | uh uHe %P
33 ZM-042 2.3 1.9 0.693 0.543 0.483 90.48 %
34 ZM-044 1.0 1.0 0.000 0.000 0.000 0.00 %
35 ZM-045 1.0 1.0 0.000 0.000 0.000 0.00 %
36 ZM-048 1.0 1.0 0.000 0.000 0.000 0.00 %
37 ZM-049 1.0 1.0 0.000 0.000 0.000 0.00 %
38 ZM-050 11 11 0.077 0.062 0.055 9.52 %
39 ZM-051 1.0 1.0 0.024 0.019 0.017 476 %
40 ZM-056 11 1.0 0.048 0.038 0.034 9.52 %
41 ZM-057 1.6 14 0.353 0.295 0.262 57.14 %
42 ZM-062 11 1.0 0.048 0.038 0.034 9.52 %
43 ZM-063 11 11 0.071 0.057 0.051 14.29 %
44 ZM-065 1.0 1.0 0.000 0.000 0.000 0.00 %
45 ZM-066 11 11 0.056 0.048 0.042 9.52 %
46 ZM-067 11 1.0 0.048 0.038 0.034 9.52 %
a7 ZM-069 1.9 1.7 0.481 0.390 0.347 61.90 %
48 ZM-070 2.0 1.8 0.528 0.414 0.368 66.67 %
49 ZM-072 15 14 0.290 0.248 0.220 42.86 %
50 ZM-073 1.0 1.0 0.000 0.000 0.000 0.00 %
51 ZM-074 11 11 0.080 0.067 0.059 14.29 %
Mean 1517 1.373 0.273 0.216 0.192 36.79 %
SE 0.023 0.018 0.012 0.009 0.008 5.09 %

Note. Na — number of alleles per locus; Ne — effective number of alleles; | — Shannon’s Information Index; uh — Nei’s
genetic diversity index; uHe — expected heterozygosity; %P — level of polymorphism; SE — standard error.

Genetic diversity estimated using Shannon’s information index (I) ranged from 0.000 to 0.854, with a
mean value of 0.273. A similar pattern was observed for heterozygosity indices. The Nei’s diversity index
(uh) ranged from 0.000 to 0.643, while expected heterozygosity (uHe) varied from 0.000 to 0.571, with mean
values of 0.216+0.009 and 0.192+0.008, respectively.

The highest levels of polymorphism (%P) were observed in ZM-009 (100.00 %) and in ZM-001,
ZM-010, and ZM-038 (95.24 %). In contrast, several accessions, including ZM-011, ZM-012, ZM-017,
ZM-019, ZM-020, ZM-026, ZM-044, ZM-045, ZM-048, ZM-049, ZM-065, and ZM-073, exhibited no
polymorphism at all and showed minimal values for all diversity indices.

When comparing the present study with our previous work on 21 maize accessions cultivated in
Kazakhstan [32], the mean values of Na, Ne, and PIC are lower in the expanded dataset of 51 accessions.
The mean number of alleles per locus (Na = 1.52+0,023), effective alleles (Ne = 1.37+0.018), and
PIC (0.712+0.01) were reduced compared to the earlier study (Na = 1.71+£0.04; Ne = 1.52+0.03;
PIC = 0.76540.093), despite the inclusion of a larger number of accessions. This decrease can be attributed
to the broader sampling, which incorporated genetically diverse and geographically distant accessions, intro-
ducing rare alleles that lower the average allele frequency. At the same time, the larger sample size improved
the reliability of estimates, as reflected by smaller standard errors, providing a more robust and statistically
representative picture of population-wide diversity. Genetic diversity parameters calculated by origin are
presented in Table 4.

Table 4
Genetic diversity among the three groups of origin
Ne Origin N Na Ne | uh uHe %P
1 China 50 4.7 3.603 1.345 0.716 0.709 100.00 %
2 Europe 120 5.9 3.804 1.430 0.710 0.708 100.00 %
3 Kazakhstan 85 4.3 2.848 1.121 0.611 0.607 100.00 %
Mean 85.000 4.952 3.419 1.299 0.679 0.674 100.00 %
SE 3.629 0.200 0.152 0.043 0.016 0.016 0.00 %
Note. N — number of samples; Na — number of alleles per locus; Ne — effective number of alleles; | — Shannon’s Infor-

mation Index; uh — Nei’s genetic diversity index; UHe — expected heterozygosity; %P — level of polymorphism; SE — standard
error.
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The Chinese group, represented by 50 individuals, showed that the observed number of alleles (Na) was
4.7, while the effective number of alleles (Ne) reached 3.603. Shannon’s information index (I) was 1.345.
The Nei’s diversity index (uh) and expected heterozygosity (uHe) were 0.716 and 0.709, respectively. The
percentage of polymorphic loci (%P) was 100.00 %. The European group, comprising 120 individuals, had
Na and Ne values of 5.9 and 3.804, respectively. Shannon’s information index (I) reached 1.430. The values
of uh and uHe were 0.710 and 0.708, respectively, with %P also equal to 100.00 %.

The Kazakhstani group included 85 individuals and showed an observed number of alleles (Na) of 4.3
and an effective number of alleles (Ne) of 2.848. Shannon’s information index (I) was 1.121. The Nei’s di-
versity index (uh) and expected heterozygosity (uHe) were 0.611 and 0.607, respectively. The percentage of
polymorphic loci (%P) was 100.00 %. Mean values across all groups were 4.952+0.200 for Na, 3.419+0.152
for Ne, and 1.299+0.043 for Shannon’s information index (1), while uh and uHe averaged 0.679+0.016 and
0.674+0.016, respectively.

These findings suggest that the European population harbors greater overall genetic variability, likely
due to historical selection, extensive gene flow, and cultivation across diverse environments. The Shannon’s
information index (1), which reflects both allele richness and evenness, was also highest in European acces-
sions (I = 1.430), followed by Chinese (I = 1.345) and Kazakhstani (I = 1.121) samples, further supporting
the conclusion that European maize possesses the most diverse genetic structure.

The diversity observed in Chinese maize accessions reflects earlier findings that inbred lines in China
are influenced by environmental conditions and human selection, resulting in high genetic variability
[22, 43]. Waxy maize is reported to have originated in Southwestern China, where it displays substantial di-
versity in agronomic traits, highlighting the region as a center of diversity [44]. Consequently, while some
diversity measures are slightly lower than in European accessions, Chinese maize still exhibits considerable
allelic richness and heterozygosity, making it an important resource for breeding and conservation.

Kazakhstani populations exhibited intermediate genetic positions, reflecting their role as a transition
zone between East Asian and European germplasm. The relatively lower polymorphism and reduced diversi-
ty indices observed in Kazakhstani accessions may be attributed to several factors. Local breeding and selec-
tion practices, often focused on adaptation to arid continental climates and specific agronomic require-
ments [30], may have led to the fixation of favorable alleles and the reduction of rare variants. Limited gene
flow from distant European or Chinese germplasm compared to local populations could have constrained
allelic richness, resulting in fewer effective alleles (Ne) and lower heterozygosity. Historical founder effects
and population bottlenecks, common in geographically isolated or recently introduced germplasm, may also
contribute to reduced genetic variability [45]. Together, these factors explain why Kazakhstani maize repre-
sents a genetically intermediate group: it shares allelic features with both European and East Asian popula-
tions but exhibits lower overall polymorphism due to local adaptation and limited gene exchange. A total of
51 maize accessions were evaluated using 21 SSR markers, all of which were polymorphic and included in
analyses of genetic diversity and population structure (Tabl. 5).

Table 5
Genetic diversity by markers
Ne Locus No Na Ne | uh uHe Fst Nm PIC
1 bnlg1520 10 1.7 1.6 0.361 0.269 0.738 0.727 0.094 0.786
2 phi002 5 1.6 1.5 0.346 0.278 0.583 0.633 0.145 0.607
3 phi021 6 1.4 1.3 0.232 0.190 0.719 0.795 0.065 0.742
4 phi027 5 1.5 1.4 0.276 0.222 0.690 0.742 0.087 0.686
5 phi042 5 1.4 1.3 0.208 0.171 0.720 0.813 0.058 0.729
6 phi047 12 1.6 1.5 0.318 0.249 0.826 0.775 0.073 0.884
7 phi058 4 1.7 1.5 0.374 0.290 0.633 0.641 0.140 0.647
8 phi061 7 1.5 1.3 0.261 0.210 0.706 0.785 0.068 0.782
9 phi070 5 1.4 1.3 0.236 0.190 0.691 0.795 0.065 0.741
10 phi076 7 1.5 1.4 0.283 0.222 0.549 0.710 0.102 0.611
11 phi079 5 1.4 1.3 0.210 0.173 0.714 0.816 0.056 0.750
12 phill6 6 1.6 1.4 0.298 0.237 0.701 0.737 0.089 0.722
13 phil27 5 1.6 1.4 0.305 0.237 0.692 0.751 0.083 0.761
14 umc1060 6 1.6 15 0.330 0.253 0.759 0.747 0.085 0.800
15 umcl1265 6 1.6 1.4 0.323 0.247 0.724 0.741 0.087 0.764
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Continuation of Table 5

Ne Locus No Na Ne | uh uHe Fst Nm PIC
16 umcl327 4 1.3 1.2 0.145 0.116 0.455 0.792 0.066 0.446
17 umc1403 7 15 14 0.276 0.216 0.640 0.747 0.085 0.683
18 umcl1446 4 14 1.3 0.208 0.161 0.635 0.814 0.057 0.692
19 umcl545 8 15 14 0.280 0.225 0.705 0.771 0.074 0.787
20 umcl1941 7 1.3 1.2 0.188 0.157 0.516 0.766 0.076 0.536
21 umc2189 8 15 14 0.273 0.218 0.766 0.784 0.069 0.808

Mean 6.3 1517 1.373 0.273 0.216 0.674 0.756 0.082 0.712

SE 2.0 0.023 | 0.018 0.012 0.009 0.016 0.011 0.005 0.100

Note. No — number of observed alleles; Na — number of alleles per locus; Ne — effective number of alleles;

| — Shannon’s Information Index; uh— Nei’s genetic diversity index; uHe — expected heterozygosity; Fst — pairwise fixation in-
dex; Nm — gene flow value; PIC — polymorphic information content; SE — standard error.

The number of observed alleles (No) varied noticeably across the SSR markers analyzed, ranging from
4 to 12, for a total of 132 alleles. The highest allelic richness was detected at locus phi047 (No = 12),
followed by bnlg1520 (No = 10) and several loci, including umc1545 and umc2189 (No = 8). Intermediate
values (No = 6-7) were observed for loci such as phi021, umc1060, umc1265, umc1403, and umcl1941. In
contrast, the lowest number of alleles (No = 4-5) was recorded for loci including phi058, umc1327, umc1446,
phi002, phi027, and phi079. The loci also showed variation in allelic richness, with the number of alleles per
locus (Na) ranging from 1.2 to 1.7. The highest values were observed for bnlg1520 and phi058 (1.7), while
the lowest were recorded for umc1327 and umc1941 (1.2). Effective alleles (Ne) ranged from 1.2 to 1.6, with
the greatest values at bnlg1520, phi047, phi127, umc1060, and umc1265.

Genetic diversity across loci also varied according to Shannon’s Information Index (1), which spanned
from 0.145 (umc1327) to 0.374 (phi058). Nei’s diversity index (uh) ranged between 0.116 (umcl1327) and
0.290 (phi058), whereas expected heterozygosity (uHe) extended from 0.455 (umc1327) to 0.826 (phi047).
Population differentiation, measured by the fixation index (Fst), ranged from 0.056 (phi079) to
0.145 (phi002), while gene flow (Nm) varied from 0.446 (umc1327) to 0.884 (phi047). Polymorphic infor-
mation content (PIC) values ranged from 0.446 (umc1327) to 0.884 (phi047), with a mean of 0.712+0.1. Ac-
cording to common criteria (PIC > 0.5 = highly informative markers), the most informative loci included
phi047 (0.884), bnlg1520 (0.786), phi021 (0.742), phi058 (0.647), phi127 (0.761), umc1060 (0.800), and
umc2189 (0.808).

Despite these differences, the uniformly high level of polymorphism across all groups indicates that the
SSR markers used in this study are highly informative and suitable for detecting genetic variation in maize.
This is further supported by the high mean PIC value (0.712+0.1), confirming the strong discriminatory
power of the selected loci. These findings are consistent with previous reports emphasizing the effectiveness
of SSR markers in analyzing maize genetic structure [46]

Particular attention should be given to the most polymorphic markers identified in this study, such as
phi047, bnlg1520, umc1060, and umc2189, which demonstrated the highest PIC values and allelic richness.
These markers are not only effective for differentiating genotypes but are also associated with genes control-
ling important agronomic traits (Tab. 2). For example, markers such as phi058 and umc1265 are linked to
traits including plant height, tassel architecture, and leaf angle, while phi002 and umc1403 are associated
with kernel weight [47]. Similarly, markers such as phi027 and phi061 are connected to genes involved in
starch biosynthesis (wx1) and carbohydrate metabolism, which directly influence grain quality [48]. In addi-
tion, the marker phi047 has been reported to be associated with the mybril7 gene, a transcription factor im-
plicated in the regulation of photosynthetic processes and in enhancing photosynthetic efficiency in
maize [49]. This highlights the potential of these SSR markers for marker-assisted selection, particularly to
improve yield components, adaptation, and stress tolerance in maize breeding programs.

Analysis of Molecular Variance (AMOVA)

The distribution of genetic variation among and within maize accessions was assessed using analysis of
molecular variance (AMOVA, Tab. 6). The results indicated that 70 % of the total genetic variation was at-
tributable to differences among accessions, while the remaining 30 % was attributable to differences within
accessions. The sum of squares (SS) for variation among accessions was 1445.608, with a mean square (MS)
of 28.912 and an estimated variance of 5.329. In contrast, variation within accessions had an SS of 462.000,
an MS of 2.265, and an estimated variance of 2.265. The total estimated variance across all accessions was
7.594. The fixation index (Fst) calculated from AMOVA was 0.702, reflecting the proportion of total genetic
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variation attributable to differences among accessions. Correspondingly, the estimated number of migrants
per generation (Nm) was 0.212, representing the relative level of gene flow among accessions.

According to population genetics theory, Nm values below 1 indicate that gene flow is insufficient to
counteract genetic drift, leading to substantial differentiation among populations [50]. In our collection, the
high among-accession variation can largely be explained by the fact that it includes maize varieties from
multiple countries: Germany, Switzerland, France, Russia, Tiirkiye, Greece, China, and Kazakhstan. Because
these accessions come from different breeding programs, climates, and agricultural traditions, they carry dis-
tinct allelic compositions, which lead to much greater genetic differences between accessions than within
them.

Table 6
Results of Analysis of Molecular Variance
Source df SS MS Est. Var. % Fst Nm
Among accessions 50 1445,608 28,912 5,329 70 % 0.702* 0.212*
Within accessions 204 462,000 2,265 2,265 30 %
Total 254 1907,608 7,594 100 %

Note. df — degrees of freedom; SS — sum of squares; MS — mean squared; Est.var. — estimates of variance; % — percent-
age of variation; Fst — pairwise fixation index; Nm — gene flow value; * p < 0.001.

To assess the genetic relationships among countries of origin and 51 maize (Zea mays) accessions, a
dendrogram was constructed using the classical method based on SSR marker data. The phylogenetic analy-
sis by country of origin revealed a clear division into three distinct clusters. Accessions from China formed a
highly discrete clade, a pattern robustly supported by a bootstrap value of 100. In contrast, samples from Eu-
rope and Kazakhstan clustered together within a common clade (bootstrap = 58), suggesting that these two
groups share a closer genetic affinity with each other than with the Chinese lineage (Fig. 2A).
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Figure 2. Dendrogram illustrating genetic relationships among Zea mays L.:
A — by origin, B — by each accession (color-coded according to the country of origin)

The phylogenetic analysis of the accessions reveals a similar pattern (Fig. 2B), dividing the studied ac-
cessions into three clusters based on genetic similarity coefficients and branching patterns, distinguishing
European (Cluster 1) and Kazakhstani (Cluster I1) accessions from Chinese (Cluster 111) accessions. Cluster I,
located in the upper section of the dendrogram, consists primarily of European accessions and includes sam-
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ples from Germany (ZM-050, ZM-030, ZM-044, ZM-045, ZM-048, ZM-025, ZM-051), Switzerland
(ZM-065, ZM-009, ZM-002, ZM-066), France (ZM-019), Russia (ZM-026), and Tiirkiye (ZM-057). Also,
this cluster consists of one Chinese (ZM-011) and a few Kazakhstani accessions (ZM-040, ZM-024,
ZM-041). Cluster Il represents a larger, more complex meta-cluster, subdivided into multiple subclades. The
upper portion of Cluster Il contains a stable Kazakhstani sub-group (ZM-001, ZM-005, ZM-006, ZM-007,
ZM-039, ZM-042, ZM-070, ZM-074) supported by bootstrap values up to 100. Other mixed-origin sub-
clades are present within Cluster 1. One sub-clade (bootstrap 100) unites Swiss accessions (ZM-062,
ZM-063, ZM-067) with a Chinese accession (ZM-073), while another highly supported sub-clade (bootstrap
97-100) groups Kazakhstani accessions (ZM-003, ZM-008, ZM-072, ZM-022, ZM-010, ZM-038) together
with the Chinese accession ZM-013. Cluster 111, located in the lower section of the dendrogram, is predomi-
nantly Chinese and includes accessions ZM-018, ZM-015, ZM-020, ZM-014, ZM-012, and ZM-021. In addi-
tion, individual accessions from Germany (ZM-029), Russia (ZM-069), and Tiirkiye (ZM-004) were also
localized within this cluster.

The observed clustering pattern is consistent with the patterns detected in PCoA: the dendrogram re-
vealed three main clusters that largely correspond to the geographic origin of the accessions. European ac-
cessions formed a distinct cluster, reflecting their relatively high genetic diversity and shared breeding histo-
ry. Chinese accessions were grouped into a separate cluster, indicating moderate differentiation from both
European and Kazakhstan accessions. The Kazakhstan accessions, while showing some internal sub-
structuring, tended to cluster together, reflecting their closer genetic relatedness and narrower gene pool.
Some accessions, however, exhibited intermediate positions between clusters, suggesting historical gene
flow or shared ancestry. For example, certain European accessions (ZM-004, ZM-029, ZM-069) clustered
near the Chinese group, suggesting shared alleles due to past germplasm exchange or common parental lines.
Similarly, a few Kazakhstan accessions (ZM-024, ZM-040, and ZM-041) showed affinity with European
accessions, suggesting limited introgression of exotic germplasm or residual heterogeneity within local popu-
lations.

Principal Coordinate Analysis (PCoA)

To further explore the genetic relationships among the three groups by origin and 51 maize (Zea mays)
accessions, principal coordinate analysis was performed based on SSR marker data (Fig. 3).
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Figure 3. Principal Coordinate analysis plots based on SSR data:
A — by origin, B — by accession, each dot represents one accession, color-coded according to the country of origin

The Principal Coordinate Analysis (PCoA) revealed a distinct genetic separation by the samples’ geo-
graphical origin. The first coordinate (Coord. 1), which accounted for 69.44 % of the total genetic variation,
primarily differentiated the Chinese accessions from the Kazakhstani and European groups. The second co-
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ordinate (Coord. 2), explaining an additional 30.56 % of the variance, provided further resolution by separat-
ing the European samples from those of Kazakhstani origin (Fig. 3A).

A similar analysis was performed among accessions. The first two principal coordinates accounted for
21.62 % and 18.00 % of the total genetic variation, respectively, together explaining 39.62 % of the observed
variation (Fig. 3B). The PCoA plot revealed a relatively clear separation of the accessions into several
groups, which is generally consistent with the clustering observed in the dendrogram (Fig. 2).

Accessions of Chinese origin (ZM-012, ZM-020, ZM-021, ZM-015, ZM-014) clustered together pre-
dominantly in the higher left quadrant. Notably, Chinese accessions ZM-018 and ZM-073 diverged from the
core cluster, shifting toward the upper and lower regions of the plot, respectively. Also, accessions ZM-016,
ZM-013, and ZM-011 settled in the central region of the plot, blending with samples from Kazakhstan and
Europe. Kazakhstan accessions (ZM001, ZM-003, ZM-005, ZM006, ZM007, ZM010, ZM-074, ZM-070,
ZM-024, and others) were mainly distributed in the middle of the plot, admixturing mainly with accessions
of European origin. Accessions from European countries are split into two sides of the Coord. 1, and form
two groups. The first group, to the left, consisted of Turkish (ZM-004, ZM-069), Russian (ZM-056), Greek
(ZM-027), German (ZM-029, ZM-049, ZM-050), and Swiss (ZM-062, ZM-063, ZM-067) accessions. The
second group, to the right, was composed of various accessions of European origin: Germany (ZM-025,
ZM-030, ZM-044, ZM-045, ZM-048, ZM-051), Switzerland (ZM-002, ZM-009, ZM-065, ZM-066), Russia
(ZM-026), Tiirkiye (ZM-057), and France (ZM-017, ZM-019).

Kazakhstani samples positioned between the European and Chinese clusters. This intermediate place-
ment corroborates their role as a transition zone between East Asian and European germplasm, consistent
with the reduced polymorphism observed in these populations. European accessions formed a relatively tight
and distinct cluster, reflecting their high genetic diversity and structured allelic composition, while Chinese
accessions showed greater spread within the cluster, indicating both high diversity and variability in allele
distribution. Overall, the PCoA confirms the genetic distinctness of European, Chinese, and Kazakhstani
maize populations, and visually supports the conclusions drawn from allele-based diversity indices.

These results are consistent with previous studies on crop and tree species, in which European acces-
sions often exhibit higher genetic diversity than local or introduced populations. For example, analyses of
walnut (Juglans regia L.) demonstrated that European genotypes had higher allelic richness and Shannon
indices than Kazakhstani accessions, whereas Chinese populations often showed intermediate or variable
values depending on the loci examined [51]. Similarly, population genetic studies in cultivated apples (Malus
x domestica Borkh.) have reported that broader geographic distribution and historical gene flow in European
populations contribute to higher Na, Ne, and heterozygosity values [52].

Population Structure Analysis

The population structure of the 51 maize accessions was analyzed using a model-based Bayesian clus-
tering approach (STRUCTURE analysis) (Fig. 4). The highest AK value was observed at K = 2
(AK =238.49111). The results indicated the presence of two distinct genetic clusters (K=2). The first cluster
(represented in red) comprised predominantly accessions from Europe and Kazakhstan. The second cluster
(green) was composed of Chinese, Kazakhstani, and a few European accessions.
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Figure 4. Population structure of 51 maize accessions. Distribution of maize accessions by clusters at K=2

This consolidation of European and Kazakhstani accessions into a single cluster suggests a high degree
of shared ancestry or historical gene flow between these regions, which is consistent with known patterns of
germplasm exchange and breeding practices. A similar pattern was observed in soybean (Glycine max L.),
where Kazakhstani accessions clustered together with European genotypes, indicating close genetic related-
ness and likely historical germplasm exchange between regions [53]. Examination of individual membership
coefficients highlights both clear assignments and intermediate cases. For example, accessions such as
ZM-024, ZM-029, ZM-065, and ZM-073 exhibited strong affiliation with the red cluster (>95 %), while
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ZM-003, ZM-009, and ZM-014 were almost entirely assigned to the green cluster (>95 %), reflecting distinct
lineage separation. Interestingly, some individuals displayed mixed ancestry, including ZM-002-1 (57 % red,
42 % green) and ZM-010-5 (44 % red, 56 % green), indicating historical admixture or residual heterogeneity
within populations. Similarly, certain Kazakhstan samples, such as ZM-022-1 (63 % red, 37 % green) and
ZM-022-3 (57.5 % red, 42.5 % green), showed partial assignment to both clusters, supporting the idea that
local varieties have retained alleles from European germplasm.

Overall, this study confirms that SSR markers are highly effective for evaluating genetic diversity and
population structure in Zea mays L. The most informative markers identified here offer valuable tools for
characterizing additional maize accessions and can be directly applied in breeding programs, supporting both
the conservation of genetic resources and the development of improved, locally adapted varieties.

Conclusion

The present study demonstrates substantial genetic diversity among 51 maize (Zea mays subsp. mays)
accessions from Kazakhstan, China, and Europe, as revealed by analysis of 21 SSR markers. Significant ge-
netic differentiation was observed among groups, largely corresponding to their geographic origin: European
and Chinese accessions formed distinct clusters, while Kazakhstani landraces displayed unique genetic pro-
files. Accessions from geographically or breeding-similar backgrounds exhibited higher genetic similarity,
whereas more distantly related lines showed greater differentiation, indicating that limited gene flow and
breeding history contribute to the observed population structure. Several SSR markers exhibited high poly-
morphism and informativeness (phi047, umc2189, bnlg1520), confirming their suitability for evaluating ge-
netic diversity and relationships among maize accessions. Importantly, many of the SSR markers used in this
study are associated with key genes and agronomic traits, including kernel weight, starch composition, flow-
ering time, and plant architecture, thereby enabling their potential use in marker-assisted selection and in
identifying beneficial alleles for breeding programs. Thus, this study provides valuable insights into the ge-
netic composition and structure of maize accessions in Kazakhstan and beyond. The findings provide a foun-
dation for the preservation of local germplasm, the strategic selection of parental lines in hybrid develop-
ment, and the broader use of genetic resources to enhance maize breeding, adaptability, and resilience across
diverse agroecological conditions.
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A.M. U6panmo, M.M. EpmaramberoBa, C.I1. MaxmamkaHOB,
A K. Opraes, E.K. Typycnekos

Muxkpocare/UIMTTIK MapKepJiepre Heri3aeJareH JPTypi
reorpagusaibIK aliMaKTapaaH ajbIHFaH Zea mays L.
Y/IrijJiepiHiH reHeTHKAJBIK aJyaHTYPJIUIIrin 0arajaay

3epTTey KYMBICBIHBIH MakcaTbl — MuKpocateluuTTik (SSR) Mapkepnepai mnalimanaHa  OTBIpBII,
Kazakcrannan, Kpitaiinan sxone Eypomanman ambiFaH JkyrepiHiy 51 copTrapbl MeH THOpUATEpiHIH
(Zea mays L.) reHeTHKAJbBIK aqyaHTYPJIUIrT MEH KYPBUIBIMBIH KapacTelpy. bapibiFel 255 yiridi reHoTHOTEY
yuria 21 sxorapsl momuMopdtel SSR Mapkepi KOIIaHBUIABL, OYIT aIeb/IiK aTyaHTYPIIiTiK MeH TeHeTHKAIBIK
KaThIHaCTapAbl KeIeH Al OaranayFa MyMKiHIiK 6epri. JIokycTars! auenbaepain cansl 1,517 oprama MoHIMEH
1,0-men 2,7-re meiiin e3repmi, aia KyTuUIeTiH retepo3urotaislk (UHe) oprama ecemmen 0,192 kypamsi, 6yt
YIITisiep apachIHIAFbl TCHETHKAJBIK AyaHTYPIUTIKTIH OpTamia JeHreiin kepcereni. I'eorpadusuiblk mbFy
Teri OOMBIHIIA TEHETHKAIBIK aJTyaHTYPJIUTIKTI Tajgay eypomalbIK YIATUISpAIH €H YIKEH aJulelbIiK
OaiinbireiMeH (Na = 5,9) joHE TEHETUKANBIK allyaHTYPJIUTITIMEH, OJIaH KeiiH KBITAMIBIK )KOHE Ka3aKCTaHIbIK
TONTAPMEH CHUINATTAIATBIHBIH KepceTTi. Ochl aibIpMambUIBIKTapFa KapamacTtaH, Oapnslk TomTap 100 %
nonumopbu3MaIL KepcerTi, Oyt TanaanraH SSR MapkepiepiHiH JKOFapbl aKapaTThUIBIFBIH pacTaibl. [Tomm-
MopdThl akmapatTeik Ma3myHbIHbIH (PIC) MoHmepi 0,446-man 0,884-ke neitin, opramma moni 0,712-re meifin
esrepai, Oyn phi047, bnlgl520 >xome umc2189 mapkepiiepiHiH >KOFapbl aKMapaTTHUIBIFBIH KOPCETTI.
Monekynanslk pucnepeusinel (AMOVA) rtannmay kanmbl TeHETHKalblK BapuauusubiH 70 % yarinep
apachIH/IaFbl alBIPMAIIBUIBIKTapFa OalIaHbICTBI eKeHIH KOPCEeTTi, Oy )KOFapbl TeHETHKAIBIK TuddepeHima-
mustHbl (Fst = 0,702) sxone mekreyni red arbiHbiH (NM = 0,212) Tycinpipeni. Knacrepnik tannay, Herisri
koopaunartapael  Tanmay (PCOA) sxone STRUCTURE wHoTmkenepi KBITAWIBIK —YITUIEPIiH HAKTHI
TeHETHKAJIbIK OeJIiHyiH ASHEKTI Typ/e aHBIKTaJbl, aj eypONaJIbIK JKOHE Ka3aKCTaHMABIK YJTUIep JKaKbIHBIPAK
TeHETHKAJIBIK OalTaHBICTap MEH ilIiHapa apanacyasl KepcetTTi. JKanmel anFanga, HOTIKeETep JKyrepi yariiepi
apachlH/Ia alTapIIBIKTall TeHETHKAIBIK aTyaHTYPIIUTIKTI )KOHE alKbIH OIS KYPBUIBIMBIH KepceTe i, Oy
TeHETHKAJIbIK PeCypCTap/ibl CaKTay jKoHe CENEKILMSUIBIK OaFapiiaMaiapaa TeHeTHKAIBIK OPTYPJI aTa-aHaJbIK,
JTUHUSIAPIB] TaHAAY YIIIH KYH/IBI IepeK Ko31 00Tabl.

Kinm ce30ep: Zea mays, KazakcTaH, MOJIEKyIalbIk Mapkepiep, SSR, reHeTHKaNbIK alyaHTYpIIUIiK, TTOJH-
MOP(}U3M, TEHETHKAIIBIK KYPBUIBIM, TEHOTHIITEY.

A.M. Ub6paumoB, M.M. Epmaramberona, C.I1. MaxmampkaHoB,
A.K. Opraes, E.K. Typycnekos

OueHka reHeTHYECKOr0 pa3Hoodpa3usi oopa3uoB Zea mays L. u3 pa3nbix
reorpa¢guvecKux peruOHOB HA OCHOBE MUKPOCATENIMTHBIX MAPKEPOB

LlenbIo TaHHOTO MCCIEJOBAHUs OBUIO H3yUYEeHHE TeHETHYECKOT0 pa3HO00pasus U CTPYKTYphI 51 copra u rub-
puna Kykypyssl (Zea mays L.), mpoucxoasmux u3 Kasaxcrana, Kurtas u EBponsl, ¢ Hcronbp3oBaHHEeM MapKe-
POB MPOCTHIX MOBTOPSIFOLIUXCS TochemoBatenpHocTedl (SSR). s reHotunupoBanus 255 o0pasioB ObLT
npuMeHeH 21 BoicokomomumMopdubii SSR-Mapkep, 9TO MO3BOJIMIO MPOBECTH BCECTOPOHHIOID OLCHKY all-
JIeTTbHON M3MEHYMBOCTH M TeHETHYECKHX B3amMOCBs3el. KommuecTBo ameneil Ha JTOKyc BapbHpOBaIoCh OT
1,0 mo 2,7, B cpennem cocraBisis 1,517, a oxxumaemasi reTepo3urotHocTs (UHe) B cpennem cocrasisiia 0,192,
YTO yKa3bIBaeT HAa yMEPEHHOE TeHETHIECKOe pa3HooOpas3ne cpeau o0pasoB. AHAIN3 TEHETHIECKOTO Pa3HoO-
obpasus 1mo reorpaduyecKoMy MPOUCXOKICHHUIO TTOKa3all, YTO eBpoIleiickue 00pasibl JEMOHCTPUPYIOT HaH-
6onbiiee ayienbHoe OorarctBo (Na = 5,9) u reHernyeckoe pa3HooOpasue, 3a HUMH CIEIYIOT KHTalCKHe U
Ka3axCTaHCKKe Tpymnisl. HecMoTpst Ha 9TH pasnuuusi, Bce rpynmnsl nokasanu 100 % nomumopdusm, moarsep-
*KJas BHICOKYIO MH(OpPMaTHBHOCTh BbIOpaHHBIX SSR-mapkepoB. 3HaueHus: PIC Bapbupoanucek ot 0,446 1o
0,884 co cpennnm 3HaueHueM 0,712, 4To ykas3bIBaeT Ha BBICOKYIO MH(OPMATUBHOCTh TAKUX MAapKepOB, Kak
phi047, bnlg1520 u umc2189. Anamuz AMOVA nokasan, uto 70 % oOuieil reHeTn4eckoi M3MEHYHBOCTH
00YCIIOBJICHO Pa3IMUMsIMHU MEXIy oOpa3laMH, 4TO yKa3blBaeT Ha CHJIBHYIO T'eHeTHUYecKylo nudepenima-
muto (Fst = 0,702) u orpanuvenHbiid renusiii motok (Nm = 0,212). KnacrepHsiii aHanu3, ananuz PCOA
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u pe3yabratel STRUCTURE BBIsSIBIIM YeTKOE pa3fesieHre KUTalCKUX 00pa3loB, B TO BpeMs Kak €BpOIeii-
CKME U Ka3aXCTaHCKUE 00pa3Iipl oKa3aiu 0oJiee TeCHbIe TeHETHYECKHE CBSI3HM M YaCTHYHOE CMelleHue. B ne-
JIOM, TOJIy4eHHbIE PE3yJIbTaThl MOJYEPKUBAIOT TEHETHYECKOE Pa3HOOOpa3he U Pa3INYHYI0 HOMYJIALHOHHYIO
CTPYKTYPY cpean o0pas3ioB KyKypy3bl, IPeJOCTABIS IIEHHYI0 HH(GOPMALUIO I COXpaHEHUs TeHO(GOoHIa H
0TOOpa reHeTHYECKH Pa3HOOOPa3HBIX POJUTENHCKIX JIMHUH B CEJICKIIMOHHBIX IPOrpaMMax.

Kniouesvie cnosa: Zea mays, Kazaxcran, MoiekyiaspHble Mapkepbl, SSR, reHermueckoe pasHooOpaswe,
HoMMMOphU3M, TeHeTHIeCKas CTPYKTYpa, TeHOTHITNPOBAHHE.
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