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ABSTRACT

The validation of molecular markers under target environmental conditions is essential for the effective implementation
of marker-assisted selection in wheat breeding. This study aimed to assess the genetic diversity of spring bread wheat ger-
mplasm from Kazakhstan, validate KASP markers associated with adaptation and yield-related traits, and identify favorable
alleles for breeding applications. A total of 107 spring bread wheat genotypes originating from five breeding organizations
were evaluated in four contrasting environments of Kazakhstan and genotyped using 43 KASP markers developed from pre-
vious genome-wide association studies (GWAS) and quantitative trait locus (QTL) mapping studies. Of the analyzed mark-
ers, 33 were polymorphic and successfully differentiated the studied germplasm. Genetic diversity analysis revealed moderate
variation among breeding collections, with the highest level of polymorphism observed in the lines from Karabalyk Agricul-
tural Experimental Station collection (100%). Principal coordinate analysis demonstrated clear genetic differentiation among
breeding programs. Association analysis identified numerous significant marker—trait relationships across environments, with
the largest number detected in North Kazakhstan. Five markers (ipbb_ta 152, ipbb_ta 219, ipbb _ta 223, ipbb ta 183, and
ipbb_ta_162) showed stable associations with adaptation- and yield-related traits across all testing locations. Evaluation of
allelic effects revealed that marker iphbb_ta 162 had the strongest positive influence on grain yield, particularly under North
Kazakhstan conditions, whereas iphbb_ta 183 exhibited the most stable favorable allele across environments. The results con-
firm the usefulness of KASP markers for marker-assisted selection and provide valuable molecular tools for the development
of high-yielding and environmentally adapted wheat cultivars in Kazakhstan.

Key words: Triticum aestivum L., KASP markers, genetic diversity, marker-assisted selection, adaptation, grain yield

INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most import-
ant staple crops worldwide, providing approximately 20% of
the calories consumed by the global population [1-3]. In Ka-
zakhstan, wheat production plays a central role in ensuring
food security and maintaining export potential, particularly in
the northern regions, which are characterized by a continen-
tal climate and high interannual variability [4-5]. These en-
vironmental fluctuations impose strong selective pressure on
wheat genotypes, making the development of high-yielding
and well-adapted cultivars a major priority for breeding pro-
grams. Traditionally, wheat breeding in Kazakhstan has relied
on phenotypic selection; however, the efficiency of this ap-
proach is often limited by environmental influences and the
complex inheritance of quantitative traits such as grain yield,
drought tolerance, and adaptation [6]. Cultivars are developed
separately for different regions of the country, taking into ac-
count specific natural and climatic conditions, as reflected in
the State Register of Breeding Achievements of the Republic
of Kazakhstan (2021) [7]. Consequently, the development of
modern breeding approaches that accelerate genetic gain and
improve selection efficiency remains an important objective.

Recent advances in genomic technologies have signifi-
cantly improved the ability to investigate the genetic basis
of economically important traits [8]. High-throughput sin-
gle nucleotide polymorphisms (SNP) genotyping platforms,
including the 90K Illumina iSelect array and Affymetrix ar-
ray, have enabled large-scale characterization of wheat ger-
mplasm collections and facilitated the identification of ge-
nomic regions associated with yield components, phenology,
adaptation, and stress tolerance [9-11]. Genome-wide associ-

ation studies (GWAS) and quantitative trait locus (QTL) map-
ping have become powerful tools for identifying loci that con-
trol agronomic performance and environmental adaptation in
wheat [10-14].

A wide range of studies conducted in different
wheat-growing regions worldwide have successfully applied
GWAS to identify genes and QTLs associated with produc-
tivity, stress tolerance, and adaptation [14-16]. In Kazakh-
stan, several investigations have focused on the environmental
evaluation of domestic and foreign wheat germplasm [17-25],
as well as large-scale GWAS analyses of yield, adaptation,
and disease resistance traits [17-20]. Studies conducted un-
der Kazakhstan conditions have also demonstrated substantial
genetic variation for grain quality and agronomic traits. For
example, analyses of the double-haploid mapping population
Chinese Spring x SQ1, evaluated in southern Kazakhstan, re-
vealed significant variation in agronomic traits, grain protein
concentration, and mineral composition [21]. More recently,
QTL mapping studies conducted using two locally adapted
mapping populations, Pamyati Azieva x Paragon and Avalon
x Cadenza, identified genomic regions associated with agro-
nomic traits, grain protein content, gluten-related character-
istics, and starch quality parameters, thereby providing valu-
able molecular resources for marker-assisted selection (MAS)
in Kazakhstan wheat breeding programs [22-25]. These find-
ings have expanded our understanding of the genetic archi-
tecture of economically important traits and provided valu-
able molecular tools for MAS in Kazakhstan wheat breeding
programs. However, the practical implementation of GWAS
results in breeding programs requires the validation of iden-
tified marker—trait associations under target environmental
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conditions. Due to the considerable environmental heteroge-
neity of Kazakhstan and the strong influence of genotype x
environment interactions (GEI), marker effects identified in
one population or environment may not always be reproduc-
ible in other breeding materials or growing regions. There-
fore, additional regional validation studies are essential be-
fore molecular markers can be effectively incorporated into
breeding programs.

Although SNP arrays provide highly informative ge-
nomic data, their routine application in breeding programs is
often constrained by cost and technical complexity. To over-
come these limitations, informative SNPs can be converted
into Kompetitive Allele Specific PCR (KASP) assays, which
represent a flexible, cost-effective, and high-throughput ge-
notyping platform suitable for MAS [26-28]. KASP mark-
ers have been widely used in wheat breeding programs for
QTL validation, genetic diversity studies, and the identifica-
tion of favorable alleles associated with important agronomic
traits [29-30]. Furthermore, the identification of favorable al-
leles, defined as alleles that significantly improve trait perfor-
mance, represents a critical step toward the successful imple-
mentation of MAS. The accumulation of favorable alleles in
breeding germplasm has been shown to enhance yield poten-
tial, adaptation, and performance stability across diverse en-
vironments. Therefore, the validation of KASP markers and
the identification of effective allelic variants are of particular
importance for wheat improvement in Kazakhstan.

The objectives of this study were to 1) assess the genetic
diversity of spring bread wheat germplasm originating from
major breeding centers of Kazakhstan using KASP markers,
2) evaluate marker-trait associations across multiple environ-
ments, and 3) identify favorable alleles associated with yield
and adaptation-related traits. The results provide a basis for
implementing MAS and contribute to developing high-yield-
ing wheat cultivars adapted to Kazakhstan’s diverse agroeco-
logical conditions.

MATERIALS AND METHODS

Plant materials. A total of 107 spring bread wheat (7riti-
cum aestivum L.) genotypes were selected for genotyping us-
ing KASP markers associated with adaptation and yield-re-
lated traits. The plant material originated from five major
breeding station in Kazakhstan: Karabalyk Agricultural Ex-
perimental Station — 36 genotypes, A.F. Khristenko Kara-
ganda Agricultural Experimental Station — 19 genotypes, A.L
Barayev Research and Production Centre for Grain Farming
— 23 genotypes, North Kazakhstan Agricultural Experimen-
tal Station — 17 genotypes, and Kazakh Research Institute of
Livestock and Forage Production, Foraging (name of before
Aktobe Agricultural Experimental Station) — 12 genotypes.
All accessions represented advanced breeding lines and re-
leased cultivars selected for high agronomic performance and
adaptation to regional environmental conditions.

Evaluation of the breeding lines for variation in agro-
nomic traits. Field trials were conducted during the 2022-
2023 growing seasons at four experimental sites: Karabalyk
Agricultural Experimental Station (KB, Kostanay region),
A F. Khristenko Karaganda Agricultural Experimental Sta-
tion (KA, Karaganda region), A.l. Barayev Research and Pro-
duction Centre for Grain Farming (SH, Akmola region), and
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North Kazakhstan Agricultural Experimental Station (NK,
North Kazakhstan region). These environments represent con-
trasting agro-climatic zones of Kazakhstan. Climatic condi-
tions during the growing seasons were described previously
in Anuabek et al. (2022) [31]. The rows were spaced 15 cm
apart, and the distance between plants within a row was 5 cm.
In total, data on the mean values of eight agronomic traits for
the 107 genotypes harvested in the 2022-2023 trials were an-
alyzed [32]. The traits studied are divided into two groups: 1)
plant adaptation-related traits and 2) yield components. The
first group included the following traits: heading date (HD,
days), seed maturation date (SMD, days), vegetation period
(VP, days), and plant height (PH, cm). The group of yield
components consisted of spike length (SL, cm), number of
kernels per spike (NKS, pcs), thousand-kernel weight (TKW,
g), and yield (Ych, c/ha).

DNA extraction and KASP Assay. Genomic DNA from
107 genotypes was isolated from a single seedling of each
line using the Delaporta protocol with modifications [33]. The
43 KASP markers were selected from significant SNPs and
QTLs identified in our previous GWAS and biparental QTL
mapping studies conducted using wheat materials evaluated
in Kazakhstan [17-25, 34]. Marker selection was based on the
significance of the original association, relevance to adapta-
tion- and yield-related traits, evidence of stability across en-
vironments, representation of different wheat chromosomes.
Priority was given to loci associated with phenological de-
velopment, plant height, spike productivity, thousand-kernel
weight, and grain yield, because these traits are major breed-
ing targets under the contrasting agroclimatic conditions of
Kazakhstan (Table 1).

KASP assays were carried out using reagents provided by
LGC Genomics. Each reaction was performed in a total vol-
ume of 10 pL, consisting of 5 uL of genomic DNA (adjusted
to approximately 30 ng/pL) and 5 pL of KASP reaction mix
containing 2x KASP Master Mix and allele-specific primers.
PCR amplification was conducted using the following ther-
mal cycling profile: an initial denaturation at 94 °C for 15
minutes, followed by 40 cycles of denaturation at 94 °C for
20 seconds and annealing/extension at 60 °C for 60 seconds.
Fluorescence signals were detected using a real-time PCR sys-
tem, and genotype calling was performed based on allele-spe-
cific fluorescence clustering [35].

Statistical data analysis. Descriptive statistics, including
means and ranges, were calculated separately for each trait
and environment using Microsoft Excel. Marker—trait associ-
ations were evaluated independently within each environment
by comparing the mean phenotypic values of the two homo-
zygous allelic classes of each polymorphic KASP marker us-
ing a two-tailed independent-samples Student’s t-test in SPSS
version 16.0 [36]. Monomorphic markers were excluded from
association testing, and rare heterozygous genotypes were not
included in comparisons between homozygous allelic classes.
Statistical significance was declared at P < 0.05. Because
the markers were selected a priori from previously reported
GWAS and QTL results, the analysis was considered a tar-
geted validation test; associations reproduced in multiple en-
vironments were interpreted as having stronger evidence of
stability. Pearson’s correlation coefficients were calculated in
R/RStudio using the stats package, and boxplots were gener-
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Table 1. List of 43 KASP markers used for genotyping of spring bread wheat collection

Trait KASP ID Chromosome Position
FT ipbb_ta 148 2D 50.8
FT ipbb ta 223 7D 84
SMD ipbb_ta 152 2A 101.9
SMD ipbb_ta 233 2A 101.9
SMD ipbb_ta 234 3B 56.6
SMD ipbb_ta 238 4A 120.1
SMD ipbb_ta 239 5D 167
PH ipbb_ta 155 6A 123.5
PH ipbb_ta_157 6A 134.2
PH ipbb_ta 180 TA 101.4
PL ipbb_ta 161 6A 99.1
PL ipbb_ta 190 7A 55.4
PL ipbb_ta 217 3B 68.8
SL ipbb_ta 298 2D 30.00
NPS ipbb_ta 106 5B 51.3
NPS ipbb_ta 306 7A 208.70
NKS/WKS ipbb_ta_165 3B 32.9
NKS/YM2 ipbb_ta 185 2D 76.5
NKS ipbb_ta 222 6D 1.12
NKS ipbb_ta 297 2B 84.00
NKS ipbb_ta 305 6A 100.10
WKP ipbb_ta 111 2A 76
WKS ipbb_ta 162 2A 106.3
TKW ipbb_ta 241 7B 99.2
TKW ipbb_ta 290 2B 94.34
TKW ipbb_ta 294 6A 69.13
TKW ipbb_ta 302 SA 17.00
TKW ipbb_ta 304 6A 57.50
YM2 ipbb_ta 242 3D 149.8
YM2 ipbb ta 243 7B 77.2
YM2 ipbb_ta 291 S5A 20.04
YM2 ipbb_ta 301 4D 69.60
NPS/YM2 ipbb_ta 166 2D 70.0
WKP/YM2 ipbb_ta_169 4D 70.2
PL/NPS/NKS/TKW ipbb ta 171 6A 31.6
SMD/YM2 ipbb_ta 179 7B 120.8
PH/SL/NKS ipbb_ta 183 S5A 41.05
HD/FT/SMD ipbb_ta 184 7B 23.1
PL/YM2 ipbb_ta_188 6B 65.1
NPS ipbb_ta 193 2D 43.4
HD/SMD/PL/WKP ipbb_ta 197 TA 82.9
WKP/YM2 ipbb_ta 219 1D 81.4
WKS ipbb_ta 220 6A 72

Note: FT — flowering time, HD — heading date, SMD — seed maturation date, PH — plant height, PL — peduncle length, NPS — number of
productive spikes, SL — spike length, NKS — number of kernel per spikes, WKS — weight of kernel per spike, WKP — weight of kernel
per plant, TKW — thousand weight kernel, YM2 — yield per 1 m?.
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ated using ggplot2 [37]. Genetic diversity was characterized
using the number of alleles, number of effective alleles, Shan-
non’s information index, percentage of polymorphic loci, and
principal coordinate analysis (PCOA) implemented in Ge-
nAlEx version 6.5 [38].

RESULTS

Variation of agronomic traits across regions. Significant
variation in key agronomic traits was observed across the four
experimental sites located in Akmola, Karaganda, Kostanay,
and North Kazakhstan regions (Figure 1).

Note: A — heading date (days), B — seed maturation date (days), C — vegetation period (days), D — plant height (cm),
E — spikes length (cm), F — number of kernels per spike (pcs), G — thousand kernels weight (g), H — yield (q/ha)
Figure 1. Distribution of eight agronomic traits among 107 spring bread wheat genotypes evaluated in the Akmola,
Karaganda, Kostanay, and North Kazakhstan regions during 2022-2023. Boxes represent the interquartile range,
horizontal lines indicate medians, whiskers represent the data range excluding outliers, and individual points
indicate outlying observations.
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Note: HD — heading date (days), SMD — seed maturation date (days), VP — vegetation period (days), PH
— plant height (cm), SL — spike length (cm), NKS — number of kernels per spike (pcs), TKW —thousand
kernel weight (g), Ych — yield (c/ha). Correlations with P < 0.05 are highlighted in color. The color
indicates a positive (blue) or negative (red) correlation.

Figure 2. Pearson’s correlation index among the average data of eight agronomic traits of 107 spring
wheat genotypes across four regions of Kazakhstan (A — Akmola, B — Karaganda, C — Kostanay, and D
- North Kazakhstan).

HD showed moderate variation, with earlier heading in the
Karaganda and North Kazakhstan regions and slightly later
heading in the Akmola and Kostanay regions. In contrast,
SMD varied considerably, with the longest maturation period
recorded in Karaganda and the shortest in Kostanay. A similar
trend was observed for the VP, which was longest in Akmola
and Karaganda (approximately 82-85 days) and shortest in
Kostanay (around 70-73 days), while North Kazakhstan dis-
played intermediate values. PH also differed markedly, with
the shortest plants in Akmola and taller genotypes in Kostanay
and North Kazakhstan (Figure 1).

Yield-related traits demonstrated clear regional differenti-
ation: SL and NKS were highest in Karaganda and Kostanay,
whereas lower values were observed in Akmola and North
Kazakhstan. TKW increased progressively from Akmola to
North Kazakhstan, indicating improved grain filling condi-
tions in northern environments. Yield (Ych) exhibited the
greatest variation, with the highest productivity observed in
Kostanay (exceeding 30 c/ha), followed by North Kazakh-
stan, while Akmola and Karaganda showed significantly lower
yields. Overall, these results highlight a strong environmen-
tal influence on phenological development and yield forma-
tion, with Kostanay conditions favoring early maturation and
higher productivity, whereas Karaganda promoted extended
growth duration and higher kernel number per spike (Fig-
ure 1).

Correlation analysis revealed distinct relationships among
agronomic traits across the four regions studied (Figure 2). In
the Akmola region (Figure 2A), a strong negative correlation
was observed between HD and SMD (r = —0.69), while HD

showed a positive association with the VP (r = 0.69). Among
yield components, SL was positively correlated with NKS (r
= 0.51), whereas NKS was negatively correlated with TKW
(r =—0.31) but positively correlated with Ych (r = 0.27). In
the Karaganda region (Figure 2B), correlations were gener-
ally weaker, although a moderate positive relationship was
observed between SL and NKS (r = 0.67). Phenological traits
showed limited association with yield, whereas TKW was
negatively correlated with Ych (r = —0.23), suggesting a trade-
off between grain size and productivity under these condi-
tions. In Kostanay (Figure 2C), stronger relationships among
phenological traits were identified, particularly between SMD
and VP (r = 0.65) and between HD and VP (r = 0.61). Ych
was positively associated with VP (r = 0.33), indicating that
longer vegetation periods contributed to higher productivity.
However, SL showed a negative correlation with TKW (r =
—0.25), suggesting a compensatory relationship between spike
structure and grain weight. In North Kazakhstan (Figure 2D),
the strongest correlations were observed among phenological
traits, especially between SMD and VP (r=0.83) and between
HD and VP (r = 0.82). Ych showed a strong positive correla-
tion with PH (r = 0.55), indicating the importance of bio-
mass accumulation for productivity in this region. Addition-
ally, moderate positive associations were observed between
SL and NKS (r = 0.37), while NKS was negatively correlated
with TKW (r =—0.20).

Overall, the results demonstrate region-specific correlation
patterns, highlighting the influence of environmental condi-
tions on the relationships between phenological traits, yield
components, and final productivity. The variability in correla-
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Figure 3. Determination of the allelic status of spring bread wheat collection samples using 4 KASP markers
(ipbb_ta 157, ipbb_ta 238, ipbb ta 301, ipbb ta 302)

tion structure suggests different mechanisms of yield forma-
tion across environments

Genotyping and Genetic Diversity Analysis. A total of 107
spring bread wheat breeding genotypes from five breeding or-
ganizations in Kazakhstan were genotyped using 43 KASP
markers previously developed from significant SNPs identi-
fied through GWAS and QTL mapping. Among the analyzed
markers, 33 were polymorphic and successfully discriminated
the studied wheat genotypes according to their allelic compo-
sition, whereas 10 markers were monomorphic across the col-
lection. In addition, heterozygous genotypes were identified
for markers ipbb_ta SH 157 and ipbb_ta SH 238, which are
associated with seed maturation time and plant height, respec-
tively (Figure 3).

Genetic diversity analysis using 33 polymorphic mark-
ers revealed moderate variation among breeding collections
(Table 2). The highest level of polymorphism was observed

in the Karabalyk collection (100%), followed by North Ka-
zakhstan (94.12%), whereas the Karaganda collection exhib-
ited the lowest (85.29%). Across all accessions, the average
polymorphism level reached 91.2%, indicating moderate ge-
netic diversity within the studied germplasm.

PCoA based on 33 polymorphic KASP markers revealed
a clear genetic differentiation among the studied accessions
(Figure 4). The first coordinate separated the collection into
two major groups: genotypes from the A.I. Barayev Research
and Production Centre for Grain Farming in Akmola region
and the Aktobe breeding programs clustered on one side,
while most Karabalyk accessions formed a distinct group on
the opposite side. Furthermore, genotypes from the Aktobe
breeding centers and Karabalyk breeding centers clustered
closely together, suggesting a shared genetic background and/
or the use of common parental germplasm in their breeding
programs. The North Kazakhstan accessions occupied an in-
termediate position between the major clusters, whereas the

Table 2. Indicators of the genetic information content of KASP markers used in genotyping bread wheat samples from five

breeding organizations

Breeding organizations N Na Ne 1 %P

sktobe Agricultural Experimental 12 1.88+0.06 1.51+0.06 0.46:+0.04 88.24

tation
A.F. Khristenko Karaganda
Agricultural Experimental Station 19 1.85+0.06 1.42+0.06 0.39+0.04 85.29
Al Barayev Rescarch and Production | 5 1.88+0.06 1.53+0.06 0.45+0.04 88.24
Centre for Grain Farming
North Kazakhstan Agricultural 17 1.94+0.04 1.55+0.05 0.50+0.03 94.12
Experimental Station
Karabalyk Agricultural Experimental 36 2.00+0.00 1.53+0.06 0.48+0.03 100

tation

91.2+2.63

Mean +SE 107 1.91+0.02 1.51+0.03 0.46+0.02
Notes: n is the number of samples; Na is the number of alleles; Ne is the number of effective alleles; I is the Shannon informative index;
% P is the percentage of polymorphic loci
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Figure 4. Principal coordinate analysis of 107 spring bread wheat genotypes from five Kazakhstan
breeding organizations based on the allelic profiles of 33 polymorphic KASP markers. Colors
indicate the breeding organization of origin

Figure 5. Number of KASP markers significantly associated with adaptation- and yield-
related traits in each of four Kazakhstan environments. Associations were determined by
two-tailed independent-samples Student’s t-tests comparing homozygous allelic classes at
P <0.05.

Karaganda collection formed the most distinct group. Despite
some overlap among breeding collections, the clustering pat-
tern generally reflected breeding origin.

Marker-Trait Associations Across Environments. Associa-
tion analysis based on Student’s t-test revealed numerous sig-
nificant relationships between KASP markers and agronomic
traits across the four testing environments (Figure 5). The
highest number of significant marker-trait associations was
detected in North Kazakhstan, where 22 markers showed sig-
nificant effects, followed by Karaganda (20 markers), while
19 markers were significant in both Akmola and Kostanay re-
gions. The most significant associations were with phenolog-
ical traits, including HD, SMD, and VP, highlighting the im-
portance of these loci in environmental adaptation.

Five markers, namely ipbb ta 152, ipbb_ta 219, ipbb

ta 223, ipbb ta 183, and ipbb ta 162, demonstrated sta-
ble associations across all four environments. Among them,
marker ipbb ta 223 exhibited the strongest and most con-

sistent effects, showing significant associations with heading
date, vegetation period, spike-related traits, and grain yield
across multiple environments. Similarly, markers ipbb_ta 152
and ipbb _ta 162 were repeatedly associated with both adap-
tation- and yield-related traits, suggesting possible pleiotropic
effects. Six additional markers (ipbb_ta 238, ipbb_ta_106,
ipbb_ta 220, ipbb_ta_ 243, ipbb_ta_ 294, and ipbb_ta 302)
displayed significant effects in the northern environments
(Akmola, Kostanay, and North Kazakhstan), indicating their
potential contribution to adaptation under northern Kazakh-
stan growing conditions. Several markers exhibited environ-
ment-specific effects. For example, ipbb ta 166 and ipbb
ta_171 were significant only in Akmola, iphb ta 165 only in
North Kazakhstan, and ipbb_ta 161 only in Karaganda. These
region-specific associations suggest the presence of GEI af-
fecting the expression of agronomic traits.

Opverall, both stable and environment-specific marker—trait
associations were identified, highlighting the complex genetic
control of adaptation and productivity traits in spring wheat.

267




Eurasian Journal of Applied Biotechnology. No.3, 2026
DOI: 10.11134/btp.3.2026.28

Table 3. Stable and environment-specific KASP markers associated with adaptation- and yield-related traits across environ-

ments.
Marker Main associated traits Environment
ipbb_ta_152 HD, SMD, VP, TKW, Ych KB, KA, SH, NK
ipbb_ta 219 HD, VP, TKW, Ych KB, KA, SH, NK
ipbb_ta_223 HD, VP, SL, NKS, Ych KB, KA, SH, NK
ipbb_ta_183 HD, VP, SL, NKS, Ych KB, KA, SH, NK
ipbb_ta_162 HD, VP, TKW, Ych KB, KA, SH, NK
ipbb_ta 238 HD, PH, SL, NKS, TKW, Ych KB, SH, NK
ipbb_ta_106 SL, NKS KB, SH, NK
ipbb_ta 220 SMD, VP, PH, TKW, Ych KB, SH, NK
ipbb_ta_243 PH, NKS, TKW KB, SH, NK
ipbb_ta_294 HD, PH, TKW KB, SH, NK
ipbb_ta_302 HD, SMD, VP, TKW, Ych KB, SH, NK
ipbb_ta_166 SMD, WKP SH
ipbb_ta 171 TKW SH
ipbb_ta_165 WKS, TKW NK
ipbb_ta_161 HD, PH KA
Notes: HD — heading date, SMD — seed maturation date, VP — vegetation period, PH — plant height, SL — spike length, NKS — number
of kernels per spike, TKW —thousand kernel weight, Ych — yield quintals per hectare (q/ha), KA — Karaganda region, KB — Kostanay
region, SH — Akmola region, NK — North Kazakhstan.

Figure 6. Grain-yield distributions of contrasting homozygous allelic classes for five stable
KASP markers in four wheat-growing regions of Kazakhstan. Red diamonds indicate group
means. Labels identify the favorable allele and the difference between allelic-class means
expressed in c/ha.

Identification of Favorable Alleles. To validate the practi-  stan. Boxplot analysis revealed considerable variation in grain
cal value of the identified marker—trait associations, the effects  yield between allelic classes and demonstrated both stable and
of contrasting alleles of the most significant KASP markers  environment-specific marker effects (Figure 6). Marker iphb
were evaluated across four wheat-growing regions of Kazakh-  ta 223 exhibited a pronounced GEI. In Akmola, the A:A al-
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lele increased grain yield by 1.42 c/ha relative to the G:G al-
lele, whereas in Kostanay, North Kazakhstan, and Karaganda,
the G:G allele was favorable, providing yield advantages of
0.87, 1.38, and 0.80 c/ha, respectively. Similarly, marker
ipbb_ta_ 152 showed environment-dependent effects: the T:T
allele increased yield by 0.93 c/ha in Akmola, whereas the
C:C allele was favorable in Karaganda, Kostanay, and North
Kazakhstan, with yield gains ranging from 1.24 to 1.88 c/ha.
Among all evaluated loci, marker ipbb_ta 162 displayed the
largest positive effect on grain yield.

The A:A allele increased productivity by 1.14 c/ha in
Kostanay, 1.39 c/ha in Karaganda, and 2.37 c/ha in North
Kazakhstan, whereas the C:C allele showed a slight advan-
tage of 0.25 c/ha in Akmola. In contrast, marker ipbb ta 183
exhibited a stable, favorable allele across all environments.
The G:G allele consistently outperformed the A:A allele, in-
creasing grain yield by 0.31-0.79 c/ha depending on the re-
gion. Marker ipbb_ta 219 showed comparatively small allelic
effects, ranging from 0.08 to 0.68 c/ha across environments.

Overall, the evaluated markers displayed three distinct
patterns of allelic effects: stable effects across environments
(ipbb_ta_183), strong GEI (ipbb_ta 223 and ipbb_ta 152),
and pronounced positive effects under northern Kazakhstan
conditions (ipbb_ta_162).

DISCUSSION

The successful implementation of MAS in wheat breeding
depends on identifying reliable marker—trait associations and
validating favorable alleles under target environmental condi-
tions. In the present study, KASP markers previously identi-
fied through GWAS and QTL analyses were evaluated using a
diverse collection of spring bread wheat germplasm from Ka-
zakhstan’s major breeding centers. The results demonstrated
that a substantial proportion of the analyzed markers remained
polymorphic and retained significant associations with agro-
nomic traits under field conditions, confirming their practical
value for breeding applications.

The genetic diversity analysis revealed moderate levels
of polymorphism among the evaluated breeding collections.
The highest level of diversity was observed in the Karabalyk
breeding collection, whereas the Karaganda collection showed
comparatively lower diversity (Table 2). These findings are
consistent with previous studies of Kazakhstan wheat germ-
plasm, which reported genetic differentiation among breed-
ing materials originating from different ecological zones and
breeding programs [39]. The PCoA further demonstrated clear
genetic differentiation among breeding centers (Figure 4).
The clustering of accessions from the Aktobe and Karabalyk
breeding programs suggests a common genetic background
or the utilization of related germplasm resources, whereas the
Baraeva collection formed a more distinct group (Figure 4).
Similar patterns have been reported in previous SNP-based
studies of Kazakhstan wheat germplasm, in which breeding
origin was one of the major factors influencing population
structure [9, 40].

One of the important findings of this study was the large
number of significant marker-trait associations detected across
environments. Phenological traits, including HD, SMD, and
VP, were particularly enriched for significant associations.
Previous GWAS and QTL analyses have repeatedly identi-

fied major loci that control flowering and maturity as key de-
terminants of adaptation and yield stability in wheat [9, 17,
19, 20, 23, 24]. Therefore, the strong representation of phe-
nology-related markers among significant associations sup-
ports the biological relevance of the identified loci. Several
markers showed stable associations across all testing envi-
ronments, including ipbb_ta 152, ipbb_ta 219, ipbb ta 223,
ipbb_ta 183, and ipbb_ta 162. Among these loci, ipbb
ta_223 displayed the broadest spectrum of associated traits,
including HD, VP, SL, NKS, and Ych. Such multi-trait associ-
ations may reflect pleiotropy or tightly linked genes that con-
trol multiple components of plant development and produc-
tivity. Similar relationships between flowering time loci and
yield-related traits have been reported in wheat and other ce-
real crops, where adaptation genes indirectly influence grain
productivity by modulating developmental timing [41].

At the same time, several markers exhibited pronounced
environment-specific effects. The favorable allele of ipbb
ta_223 differed between Akmola and the other regions, while
ipbb_ta_152 showed contrasting allele effects among environ-
ments. These results indicate the presence of GEI, which are
common for quantitative traits such as yield. Under the highly
variable environmental conditions of Kazakhstan, the expres-
sion of many loci may depend on local climatic factors, in-
cluding temperature regime, moisture availability, and grow-
ing-season duration [42]. Consequently, the effectiveness of
some markers may be region-specific, requiring careful con-
sideration when implementing MAS. Among the evaluated
markers, ipbb_ta 162 demonstrated the strongest positive ef-
fect on grain yield, particularly in North Kazakhstan, where
the favorable allele increased productivity by more than 2 ¢/
ha. In contrast, ipbb_ta 183 exhibited a stable, favorable al-
lele across all environments, indicating its potential value for
broad adaptation breeding strategies.

From a practical breeding perspective, the validated KASP
markers can be incorporated into marker-assisted selection at
several stages of spring wheat improvement. The stable fa-
vorable allele of ipbb_ta 183 can be used for early-genera-
tion screening of crosses intended for broad adaptation across
Kazakhstan. The favorable allele of ipbb_ta 162 can be pri-
oritized in breeding populations developed for the northern
wheat-growing regions. In contrast, ipbb_ta 152 and ipbb_
ta_223 should be applied within region-specific breeding
strategies because the direction of their favorable allelic ef-
fects varied among environments. These markers may also be
used to pyramid complementary favorable alleles; however,
marker-assisted selection should be combined with multi-en-
vironment phenotypic evaluation.

The effects of several markers on both phenological traits
and grain yield further emphasize the close relationship be-
tween developmental timing and productivity. Wheat ad-
aptation to local environments is largely determined by the
synchronization of flowering and grain-filling periods with
favorable climatic conditions. Therefore, markers that influ-
ence heading date and maturation may indirectly affect yield
by modulating stress avoidance and resource utilization [9,20,
39]. The observed associations between phenology-related
markers and grain productivity support this concept and high-
light the importance of integrating adaptation and yield traits
within marker-assisted breeding programs.
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Several limitations of this study should be considered. The
validation panel included 107 genotypes, and the five breed-
ing organizations were represented by unequal numbers of
accessions. Therefore, the estimated allele frequencies and
marker effects may partly reflect the genetic composition of
individual breeding collections. In addition, the study evalu-
ated a targeted set of 43 previously selected markers rather
than genome-wide variation. Although the genotypes were
tested in four environments, further validation across addi-
tional years and locations is required. The most promising
markers should also be evaluated in independent breeding
populations and segregating progenies before their routine
application in marker-assisted selection.

The results demonstrate that KASP markers derived from
previous GWAS studies can be successfully applied to vali-
date marker-trait associations under Kazakhstani conditions.
The identification of stable markers, environment-specific
loci, and favorable alleles provides valuable tools for devel-
oping high-yielding, locally adapted wheat cultivars.

CONCLUSION

This study validated the effectiveness of KASP mark-
ers previously developed from GWAS and QTL analyses for
characterizing spring bread wheat germplasm and identifying
marker—trait associations under the environmental conditions
of Kazakhstan. Among the 43 evaluated KASP markers, 33
were polymorphic and successfully differentiated the studied
wheat genotypes, demonstrating their suitability for genetic
analysis and breeding applications. Genetic diversity anal-
ysis revealed a moderate level of variation among breeding
collections originating from five major wheat breeding cen-
ters of Kazakhstan. The PCoA further confirmed genetic dif-
ferentiation among breeding programs, reflecting differences
in breeding history and germplasm composition. Association
analysis identified numerous significant marker—trait rela-
tionships across four contrasting environments. Five markers
(ipbb_ta_ 152, ipbb_ta 219, ipbb_ta 223, ipbb_ta 183, and
ipbb_ta_162) showed stable associations with adaptation- and
yield-related traits across all testing locations, indicating their
robustness and potential value for marker-assisted selection.
Several additional markers showed significant effects in north-
ern environments, highlighting their potential contribution to
regional adaptation. Evaluation of allelic effects demonstrated
that marker iphbb_ta 162 possessed the strongest positive in-
fluence on grain yield, particularly under North Kazakhstan
conditions, whereas ipbb_ta 183 exhibited the most stable
favorable allele across all environments. In contrast, markers
ipbb_ta_ 223 and ipbb_ta_152 showed pronounced genotype
x environment interactions, indicating that their effectiveness
depends on local growing conditions. Overall, the identified
favorable alleles and validated marker—trait associations rep-
resent valuable tools for wheat improvement programs in Ka-
zakhstan. The integration of these KASP markers into MAS
schemes will facilitate the development of high-yielding and
environmentally adapted wheat cultivars. Future studies in-
volving larger breeding populations and additional environ-
ments will further improve marker validation and accelerate
their practical implementation in wheat breeding.
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BAJIMJALIMSI KASP-MAPKEPOB, CBI3AHHBIX C IPUBHAKAMM AJIAIITALIAU U
YPOXAMHOCTH, B KOJUIEKIIUU APOBOM MSITKOM MNIIEHUIBI KASAXCTAHA

Awmarosa A. bL!, Capun T.B. 2, Adyramuesa C. I.!, Typycnexos E.K.'*

I Unemumym 6uonozuu u 6uomexmnonozuu pacmenuti, Aimamol 050040, Kazaxcman
’Hayuno-npouseo0cmeenuviil yenmp 3ephoeo2o xoszaticmea umenu A.U. bapaesa, Axmonuncxas oonacmo 020000, Kazaxcman
*4emop 0ns koppecnonoenyuu: yerlant@yahoo.com

AHHOTANNUA

Banupanust MOJCKYISIPHBIX MapKepOB B IIENEBBIX YCIOBUSAX BBHIPALIMBAHUS SBISCTCS HEOOXOIUMBIM 3TAMOM IS
3¢ PEKTUBHOTO BHEIPEHUSI MapKep-aCCOMMPOBAHHON CEJIEKIMH B CEJIEKINIO MIICHUIBI. Llenbio0 JaHHOTO Hecie0BaHus
OblIa OLIEHKA TeHETHYECKOT0 Pa3HO00pa3usl KOJUIEKIIUH IpOBOH MATKoW mienunsl Kasaxcrana, Banunanus KASP-mapkepos,
CBSI3aHHBIX C TIPU3HAKAMH a[IANITAIIMH 1 YPOXKAWHOCTH, & TaKKe WACHTH(HKAIHS ONAronpUsITHBIX ajuiesei s MpakTHIeCKOro
HCIOJb30BaHUS B CENEKIUU. B uccnenoBanue ObTH BKIOUEHBI 107 TeHOTUIIOB SPOBOH MSTKOM MIICHHUIIBI U3 MATH
CENeKIIMOHHBIX opranmu3anuii Kasaxcrana, M3ydeHHbIC B YETHIPEX KOHTPACTHBIX SKOOTHYECKHX YCIOBHAX U TCHOTHITHPOBAHHbIC
¢ ucnoinb3oanueM 43 KASP-mapkepoB, pa3paboTaHHBIX Ha OCHOBE HPEABIAYIINX UCCIEAOBAHUH O MOJIHOTEHOMHOMY
noucky acconuanuii (GWAS) 1 kapTupoBaHHIO JIOKYCOB KOJIMYeCcTBeHHBIX pu3HakoB (QTL). 113 aHanm3upyeMbIx MapKkepoB
33 okazanuch nmoauMophHEIMH U 3P PekTHBHO MU HEPEHINPOBAIN HCCIEAYEMBIH MaTepran. AHanu3 reHeTHYECKOTO
pa3Ho0Opasus BHISIBII YMEPEHHBIH YPOBEHb H3MEHYMBOCTH MEX/Y CEIEKIIMOHHBIMHU KOJUICKI[HSMH, TIPU 3TOM HanOOJIbIIN
ypoBeHb nojauMopdu3Ma Obl1 oT™MedeH B MHMAX 13 Kapadansikckoir CXOC (100%). AHanu3 riaBHBIX KOOPIMHAT ITOKa3ajl
YETKYI0 TeHEeTHYECKYI0 Au(PepeHINalNI0 MKy CEICKIIMOHHBIMY LieHTpaMu. Hanbonbliee 4nucio 3Ha4MMBIX acCOIMAIMN
MapKep—Tipu3HaK ObLI0 BhIsiBICHO B CeBepo-Kazaxcranckoii oonactu. [1sate Mapkepos (ipbb _ta 152, ipbb ta 219, ipbb ta 223,
ipbb_ta_ 183 u ipbb ta_162) npoaeMOHCTPUPOBAIU CTA0MIBHBIC ACCOIMAIINY C MPHU3HAKAMY QIANTAIlMU U YPOXKAHHOCTH BO
BCEX YCIIOBUAX HCIIBITAaHUM. Mapkep ipbb ta 162 nokaszan HanOoJee BEIPAKCHHOE MOJIOKUTEIIBHOS BIUSHHUE HA YPOXKAUHOCTb,
ToT/a Kak ipbb ta 183 xapakTepusoBalics HanOoJee CTAOMIBHBIM OJIarONPHUATHBIM ajuieieM. [TomydeHHbIe pe3yabTaThl
MOATBEPKIAIOT MEPCICKTUBHOCTh UCToNb30BaHuss KASP-MapkepoB B Mapkep-acCOMUPOBAHHON CEICKIUH MIICHUIIBI B
Kazaxcrane.

KioueBble ciioBa: sipoBast Msrkas nureHnna, KASP-mapkepsl, reHeTHYecKOe pa3HOOOpa3ue, MapKep-acCOLMUpPOBaHHAs
CeJIEKLUS, aJjanTalys, ypoxKaiHOCTb.

KA3AKCTAHHBIH JKA3JBIK JKYMCAK BUJA KOJJIEKIUSACBIHAA BEAIMAEITTIITIK TEH
OHIMJLTIK BEJITLIEPIMEH BAMJIAHBICTBI KASP MAPKEPIEPIH BAJIUJIAIUSIIIAY
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AHJATIIA

Bupait cenexumsCcrEAa MapKepIiK CEMEKIUSIHBl THIMII KOJIIaHy YIIiH MOJEKYIaIBIK MapKepiepAi HaKTHl ecipy
KarJaiapblHIa BAIUAAIMSAIAY MaHBI3IBI OONBII TaObUIa bl 3epTTeyNiH MaKkcaThl Ka3akCTaHHBIH Ka3IbIK j)KYMcaK Ounai
KOJUICKIMSICHIHBIH T€HETHKANBIK OPTYPILIITiH Oaranay, OeiiiMaenTimTik IeH eHIMIUTIK OenrinepiMer Gaitmanpictel KASP
MapKepJIepiH BaJTHIaIIsIIay KoHE CeTeKIIa KoIganyFa O0JIaTelH THIMII auiebaepai anpikTay 6omasl. KasakcranHbIH Oec
CEJIEKIMSUIBIK YIBIMBIHAH anbiaFad 107 xa3abpIK KyMcak Oumail TeHOTHUII 3ePTTENII, eIiH TOPT KOHTPACTTHI SKOJIOTHSUTBIK
JKarIalbIHa OarajaHabl )KoHE OYPBIH XKYPTi31ITeH TONBIKIEHOMIBIK acCOUaIsUIBIK 3epTTeyiaep (GWAS) MeH caHABIK
6enrinep nokyctapsH (QTL) kapramay HoTIXKeTepi HeriziHae o3ipienreH 43 KASP mapkepi apkputsl reHoTHIITENAL. Tangayra
aNbIHFaH MapKepiepaiH 33-1 moauMop@Thl OOIBII, 3ePTTENTeH TeHOTUITEP I THIMII aXKBIPATTh. [ eHeTHKAIBIK OpTYPILTIKTI
Tannay CeNeKIUAIBIK KOJUIEKIHMUIap apacklHIa OpTamia JeHTeIeri e3reprilTikTi KepceTTi, ai momuMophu3MHIH €H
xKorapsl aeHreri Kapabanbik aybl mapyariblIbFel TOKIPHOE CTaHIMSICBIHBIH KOJUIeKIUACkIHAA aHbIKTans! (100%). Herisri
KOOpAMHATTAP TaJAaybl CENIEKIINSUIBIK OPTAIBIKTAP apachlHIa aiKbIH TeHEeTHUKAIBIK JKIKTeIyni kepceTTi. Mapkep-6enri
accomuanusuIapeHbIH eH kon canbsl Contyctik Kasakcran xarnaiibiHaa aHBIKTaIIbL. bec mapkep (ipbb _ta 152, ipbb ta 219,
ipbb_ta 223, ipbb ta 183 xone ipbb_ta 162) GapibIK 3epTTey OpTanapbiHaa OeHiMICNTIMTIK IeH OHIMALTIK OenriiepiMen
TYPaKThI acCOIMAIISIIap KOpceTTi. iphbb ta 162 mapkepi eHIMIUTIKKE eH KOFapbl OH acep erce, ipbb ta 183 GapnsIk opTamapia
€H TYpaKTHl THIMIII aJuIeTbal KepceTTi. AnbIHFaH HOTIKenep KazakcraH xarqaiiblHAa sKOFaphl OHIMII JKOHE OerdiMIaenTeH
Ounaii coprrapsid merapy yurid KASP Mapkepriepin MapKepiIik ceNeKIusia KOJIIAaHyIbIH )KOFaphl SJI€yeTiH IToNeIeii.

Tyitinai ce3mep: xa3npik xymcak Oumaii, KASP mapkepriepi, reHETHKAIBIK OPTYPIIIIiK, MaPKEPIiK CEIeKIHs,
OeiiMaenTiTiK, OHIMITIK.
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