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Annotation. This study evaluated genetic variation in pre-harvest sprouting (PHS), seed
dormancy, and yield-related traits in a diverse panel of 270 spring wheat accessions grown under two
contrasting environments in Kazakhstan. Significant phenotypic variation was observed for agronomic
traits, yield components, and PHS resistance, indicating substantial genetic diversity within the
collection. Environmental conditions strongly influenced yield formation: spike productivity traits
predominated in the Almaty region, whereas grain filling efficiency was the main determinant of yield
in Kostanay. PHS exhibited wide variation among genotypes, with higher susceptibility observed in
the northern environment. Nineteen genotypes showed stable resistance across both environments,
representing valuable genetic resources for breeding. Notably, all resistant genotypes were
characterized by red grain color, confirming the association between grain pigmentation and
dormancy. Seed dormancy, assessed via germination index (GIl), was significantly affected by
environment and showed an inverse relationship with PHS. Correlation and multivariate analyses
revealed weak negative relationships between PHS and yield components, suggesting that slightly
reduce yield. Principal component analysis (PCA) and genotype-by-environment interaction (GGE)
biplot analyses identified stable and high-performing genotypes, including CAWBIN-179, CAWBIN-
222, and CAWBIN-385. These findings demonstrate the feasibility of combining high-yielding
potential with PHS resistance in spring wheat breeding programs.

Keywords: Triticum aestivum L., pre-harvest sprouting, seed dormancy, plant adaptation,
yield components.

Introduction. Pre-harvest sprouting (PHS) is a major constraint affecting wheat
production worldwide, particularly in regions where rainfall and high humidity occur during
the grain maturation period [1]. The premature germination of physiologically mature grains
in the spike leads to substantial deterioration of grain quality, including increased a-amylase
activity, reduced falling number, and impaired end-use properties such as baking quality [2-
3]. As a consequence, PHS not only reduces grain market value but also limits its suitability
for processing industries. In the context of ongoing climate change, the frequency of
unpredictable precipitation events during the late stages of crop development has increased,
making PHS an increasingly critical factor in wheat production systems [4].

Resistance to PHS is a complex trait governed by multiple genetic, physiological, and
environmental factors [5-7]. To date, many genetic factors controlling these traits have been
identified. For example, the transcription factor 7amyb10 has been identified for grain color.

37


https://doi.org/10.52081/bkaku.2026.v77.i2.325
mailto:akerke.amalova@gmail.com
https://orcid.org/0000-0002-7903-3467
mailto:julia.genievskaya@gmail.com
https://orcid.org/0000-0001-5987-2952
mailto:ermaganbetova.moldir@bk.ru
https://orcid.org/0000-0002-4737-2384
mailto:ch.den@mail.ru
https://orcid.org/0000-0001-6740-8383
mailto:yerlant@yahoo.com
https://orcid.org/0000-0001-8590-1745

The TaDFR gene, which affects grain color, PHS resistance, and anthocyanin synthesis, is
localized on chromosomes 3A, 3B, and 3B [8-10]. The TaMFT gene, a homolog of wheat
TaPHS1 associated with seed dormancy [11-12]. TaMKK3-A4, formerly known as Phsl,
located on chromosome 4A, is another key gene controlling seed dormancy [13]. Genes
associated with seed dormancy TaSdr, TaVp-1, and TaGASR34 were identified using a
homology-based cloning approach, and corresponding functional markers were developed for
them [14-16]. Among these, seed dormancy plays a central role in preventing premature
germination under favorable moisture conditions [17]. Dormancy is primarily regulated by
hormonal balance, particularly abscisic acid and gibberellins, and is influenced by both
genetic background and environmental conditions during grain development [18-19].
However, the expression of dormancy is highly dynamic and can vary significantly across
environments, making the evaluation of PHS resistance particularly challenging. This
highlights the necessity of multi-environment testing to accurately assess genotype
performance and stability.

In addition to its direct impact on grain quality, PHS may be associated with
agronomic traits and yield components. Grain yield in wheat is a complex trait determined by
several interrelated components, including the number of kernels per spike (NKS), thousand-
kernel weight (TKW), and grain yield per unit area (YM2). These components are influenced
by both genetic factors and environmental conditions and may contribute differently to yield
formation under contrasting environments [20]. In particular, environmental variation can
shift the relative importance of grain number versus grain weight, resulting in distinct yield
formation strategies [21]. Understanding these relationships is essential for identifying
genotypes that combine high yield potential with resistance to PHS.

To address these complexities, multivariate statistical approaches are widely used to
analyze relationships among traits. Correlation analysis provides insight into pairwise
relationships among variables, while principal component analysis (PCA) identifies major
sources of variation and trait groupings [22]. Furthermore, genotype-plus-genotype-by-
environment (GGE) biplot analysis is an effective tool for evaluating genotype performance
and stability across environments, enabling the identification of both broadly and specifically
adapted genotypes [23]. These approaches are particularly useful when analyzing large and
diverse germplasm collections under contrasting environmental conditions.

Kazakhstan is an important region for wheat production, characterized by diverse
climatic conditions, ranging from relatively dry, warm southeastern areas to cooler, more
favorable northern regions. In 2023, prolonged rainfall led to severe PHS across
approximately 2.7 million hectares in Kazakhstan, representing about 15% of the harvested
area. Yield losses were particularly high in certain regions, reaching up to 20% in Kostanay
and 60% in Karaganda [24]. Such environmental contrasts provide an excellent opportunity to
study genotype performance, yield formation, and the expression of pre-harvest sprouting
(PHS) under different conditions. To date, several studies in Kazakhstan have assessed PHS
resistance in grain using biochemical approaches, analyzing a-amylase activity, molybdenum
content, and abscisic acid (ABA) levels [25-26]. In addition, breeding programs have focused
on developing high-yielding, high-quality bread wheat varieties with reduced susceptibility to
PHS under the conditions of Western Kazakhstan [27]. However, comprehensive studies
integrating PHS, seed dormancy, yield components, and multi-environment analysis in this
region remain limited.

Therefore, the aim of this study was to evaluate the variation in pre-harvest sprouting
and seed dormancy in a diverse collection of 270 spring wheat accessions and to investigate
their relationships with agronomic traits and yield components under two contrasting
environments in Kazakhstan. Specifically, the objectives were to 1) assess the level of PHS
and germination index (GI), 2) analyze variation in plant adaptation and yield-related traits, 3)
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determine relationships among traits using correlation and principal component analysis, and
4) evaluate genotype performance and stability using GGE biplot analysis to identify
genotypes combining high yield potential with resistance to pre-harvest sprouting.

Materials and Methods. Plant material. A collection of 270 spring bread wheat
(Triticum aestivum L.) accessions was used in this study. The collection included: 1) 96
commercial and advanced cultivars from Kazakhstan and Russia, including 58 varieties
officially approved for cultivation in Kazakhstan; 2) 84 breeding lines and 3 cultivars
developed at the Alexandr Barayev Scientific-Production Center for Grain Farming
(Shortandy, Akmola region); and 3) 84 cultivars and lines originating from Kazakhstan,
Russia, USA, Canada, Mexico, Germany, and Australia, provided by the Research Institute of
Biological Safety Problems (South Kazakhstan).

Field experiments and trait evaluation. Field trials were conducted during the 2024
growing season at two contrasting locations in Kazakhstan: the Kazakh Research Institute of
Agriculture and Plant Growing (KRIAPI, Almaty region, southeastern Kazakhstan) and the
Karabalyk Agricultural Experimental Station (KAES, Kostanay region, northern Kazakhstan).
The experiment was established using a randomized plot arrangement with two replications at
each location. Plants were grown in experimental plots with 15 cm row spacing and 5 cm
spacing between plants within rows. Standard agronomic practices were applied throughout
the growing season [28]. Mean values of agronomic traits were calculated from harvested data
across both environments. The climate conditions recorded during the trials are shown in
Table 1.

Table 1 — Location, environment, and weather data at two regions in Kazakhstan

Site / Region KRIAPI, Almaty region KAES, Kostanay region
Latitude / Longitude 43°21' /76°53' 53.45/62.03
Altitude, m 740 189
Soil type Light chestnut (humus 2.0-2.5%) Black soil (humus 4.5-5.0%)
Conditions Rainfed Rainfed
Year 2024 2024
Annual rainfall, mm 383.6 251.7
Mean temperature, °C 19.7 18.5
Max temperature, °C 24.5 22.8
Min temperature, °C 13.5 10.7

The evaluated traits were grouped into two categories: 1) Plant adaptation traits:
heading date (HD), seed maturation date (SMD), vegetation period (VP), and plant height
(PH); 2) Yield components: spike length (SL), number of kernels per spike (NKS), thousand
kernel weight (TKW), kernel width (KW), kernel length (KL) and grain yield per m? (YM2).

Assessment of pre-harvest sprouting. Resistance to PHS was evaluated using standard
laboratory approaches. Spikes were collected at the wax ripeness stage from both
experimental locations. To assess resistance to PHS, or germination index (GI), two common
methods were used, described in the works of Yiwen et al. (2022), Liu et al. (2021), and
Walker-Simmons et al. (1988) [5, 29,30]: measuring grain germination in the spike in a
climate chamber and calculating the GI in Petri dishes. The percentage of sprouted grains
(PHS, %) and germination index (GI, %) were used as indicators of sprouting susceptibility.

Statistical analysis. Analysis of variance (ANOVA) was performed to assess the
effects of genotype (G), environment (region, R), and the genotype x environment interaction
(GxR) on all traits studied. Pearson correlation analysis was conducted to evaluate
relationships among agronomic traits, yield components, and PHS-related parameters.
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Statistical analyses, including Pearson’s correlation coefficients, boxplot visualization,
ANOVA, GGE biplot, and PCA, were conducted using the R statistical environment [31].

Results and discussion. Variation of agronomic traits and yield formation of wheat
collection. The distribution of agronomic traits showed significant variability among the 270
spring wheat accessions evaluated in two contrasting environments, indicating high
phenotypic diversity within the studied germplasm (Figure 1).
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Figure 1 — Distribution of agronomic traits among 270 spring wheat accessions
evaluated in two regions of Kazakhstan
Note: HD — heading date (days), SMD — seed maturation date (days), PH — plant height
(cm), SL — spike length (cm), NKS — number of kernels per spike, KW — kernel width (mm), KL —
kernel length (mm), TKW — thousand kernel weight (g), YM?2 — yield per m? (g m?)
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Traits related to plant development, including HD, SMD, VP, and PH, as well as yield
components such as SL, NKS, TKW, KW, KL, and YM2, exhibited wide ranges (Figure 1). A
clear regional differentiation was observed, reflecting the strong influence of environmental
conditions on plant growth and productivity. In the KRIAPI (Almaty region), genotypes
demonstrated a longer plant developmental stage, with HD reaching 59.8 + 0.12 days
compared to 39.7 = 0.14 days in KAES (Kostanay region), while SMD ranged from 31.3 +
0.05 to 47.6 + 0.08 days. Similarly, plant height was greater in the Almaty region (90.1 + 0.63
cm vs. 79.9 £ 0.56 cm), followed by higher values of SL (8.9 = 0.08 cm vs. 6.7 £ 0.06 cm)
and NKS (36.4 £ 0.43 vs. 26.9 £ 0.27 pcs).

In contrast, grain yield per m? was significantly higher in the Kostanay region (338.7 +
8.19 g/m? vs. 108.4 £ 3.43 g/m?), indicating that this environment is more favorable for
efficient grain filling and yield realization. Kernel traits also showed environment-specific
patterns, with higher kernel width (3.0 £ 0.01 mm) observed in the Kostanay region,
indicating differences in grain development processes (Figure 1).

Pre-harvest sprouting and seed dormancy. Pre-harvest sprouting (PHS) showed
substantial variation among genotypes, with mean values of 55.2 + 1.47% in the KRIAPI
(Almaty region) and 60.2 + 1.37% in KAES (Kostanay) (Figure 2A). The higher PHS levels
observed in the Kostanay region indicate that environmental conditions there were more
favorable for sprouting, likely due to differences in temperature and moisture during grain
maturation.
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A total of 53 resistant genotypes were identified in the Almaty region, and 59 in the
Kostanay region, confirming the availability of genetic variation for PHS resistance (Figure
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2B, C). Importantly, 19 genotypes exhibited stable resistance across both environments,
highlighting their robustness under contrasting conditions. These genotypes included
CAWBIN-246, CAWBIN-254, CAWBIN-259, CAWBIN-263, CAWBIN-272, CAWBIN-
273, CAWBIN-279, CAWBIN-285, CAWBIN-298, CAWBIN-325, CAWBIN-346,
CAWBIN-351, CAWBIN-363, CAWBIN-367, CAWBIN-376, CAWBIN-385, CAWBIN-
387, CAWBIN-408, and CAWBIN-430. Among these, three genotypes originated from
Russia and Germany, while the majority (16 genotypes) were developed in Kazakhstan,
including accessions from the Barayev Scientific and Practical Center for Farming and
genotypes included in the State Register of Breeding Achievements. Notably, all 19
genotypes that exhibited stable resistance to pre-harvest sprouting across both environments
were characterized by red grain color, suggesting a strong association between grain
pigmentation and sprouting resistance. The germination index (GI), used as an indirect
indicator of seed dormancy, also showed considerable variation among genotypes across both
regions (Figure 3A, B). GI values ranged from 90.6 + 0.41% in the KRIAPI (Almaty region)
to 93.55 £ 0.22% in the KAES (Kostanay region) (Figure 3A).

The classification of genotypes into dormancy categories revealed distinct patterns. In
the Almaty region, 134 genotypes demonstrated strong dormancy, 85 moderate, and 49 weak,
whereas in the Kostanay region, the number of strongly dormant genotypes decreased (80),
and moderately dormant genotypes increased (114). This shift suggests that environmental
conditions influence the expression of dormancy, likely through physiological processes
regulating hormone balance and seed maturation (Figure 3C).
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A total of 45 genotypes consistently exhibited moderate dormancy across both
environments. Among these, CAWBIN-385 was particularly notable for combining moderate
dormancy with resistance to PHS. This combination is of high practical value, as it indicates
the presence of genotypes that can maintain resistance while ensuring adequate germination.

Trait relationships and environmental effects. The Pearson correlation analysis
revealed distinct patterns of relationships among agronomic traits, yield components, and pre-
harvest sprouting (PHS)-related parameters in the two studied environments (Figure 4).

Phenological traits showed strong associations, particularly between HD and VP, with
a high positive correlation observed in both regions (r = 0.91 in Almaty and r = 0.83 in
Kostanay), indicating a consistent relationship between developmental timing traits. In both
regions, strong positive correlations were observed among yield-related traits. In the Almaty
region (Figure 4A), SL showed a positive correlation with PH and TKW, while KW was
strongly associated with KL. Similarly, in the Kostanay region (Figure 4B), strong positive
relationships were observed between KW and KL, and between SL and PH. Correlations
involving PHS and GI were generally weak or negligible in both regions. In Almaty, PHS
showed slight negative correlations with YM2 (r = —0.22) and TKW (r = —0.16), whereas in
Kostanay, correlations between PHS and most traits were near zero. GI also showed weak
associations with most traits in both environments (Figure 4).
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Figure 4 — Pearson correlation matrix among agronomic traits, yield components, and pre-
harvest sprouting-related traits in 270 spring wheat accessions grown in two regions of
Kazakhstan: A — Almaty region, B — Kostanay region
Note: HD — heading date (days), SMD — seed maturation date (days), PH — plant height (cm), SL —
spikes length (cm), NKS — number of kernels per spike (pcs), TKW — thousand kernels weight (g), YM2
— yield per m* (g/m?), KW — kernel width (mm), KL — kernel length (mm), GI — germination index
(%), PHS — pre-harvest sprouting (%) Correlations with P < 0.05 are highlighted in color. The color
indicates a positive (blue) or negative (red) correlation.

The analysis of variance (ANOVA) revealed that genotype (G), environment (region,
R), and their interaction (GxR) had significant effects on most of the studied traits (Table 2).
Genotype had a highly significant effect (P < 0.001) on all major agronomic traits, including
PH, SL, NKS, KW, KL and YM2. This indicates substantial genetic variability within the
studied collection. The environmental effect (region) was also highly significant for most
traits. Particularly strong effects were observed for SL, YM2, PH, and NKS, indicating a

43



pronounced influence of environmental conditions on plant development and yield formation.
In contrast, the effect of region on TKW was not significant. For PHS, genotype (P = 0.018)
and environment (P = 0.007) effects were significant, whereas interaction was not (P = 0.95).
For GI, only the environmental effect was significant (P <0.001) (Table 2).

Table 2 — Analysis of variance (ANOVA) for agronomic traits, yield components, and pre-
harvest sprouting parameters in 270 spring wheat accessions evaluated in two regions of
Kazakhstan

Plant height (PH, cm)

1 2 3 4 5 6 7

Factor Df Sum Sq Mean Sq F-value Pr(>F) P-value
Genotype (G) 268 55388 207 5.624 <2e-16 oAk
Region (R) 1 25563 25563 695.626 <2e-16 oAk
GR 264 36896 140 3.803 <2e-16 oAk

Spike length (SL, cm)

Factor Df Sum Sq Mean Sq F value Pr(>F) P-value
Genotype (G) 268 884 33 7.644 <2e-16 oAk
Region (R) 1 1202.9 1202.9 2787.612 | <2e-16 oAk
GR 264 371.9 1.4 3.264 <2e-16 Ak

Number of kernels per spike (NKS, pcs),

Factor Df Sum Sq Mean Sq F value Pr(>F) P-value
Genotype (G) 268 17607 66 2.47 <2e-16 HA*
Region (R) 1 22494 22494 845.707 <2e-16 HAk
GR 264 14939 57 2.127 4.52E-13 Ak

Thousand kernel weight (TKW, g)

Factor Df Sum Sq Mean Sq F value Pr(>F) P-value
Genotype (G) 268 11695 43.64 1.432 0.00054 oAk
Region (R) 1 11 10.92 0.358 0.54969
G:R 258 8604 33.35 1.094 0.20802

Kernel width (KW, mm)

Factor Df Sum Sq Mean Sq F value Pr(>F) P-value
Genotype (G) 268 12.642 0.047 1.746 1.95E-07 oAk
Region (R) 1 3.561 3.561 131.79 <2e-16 HAE
G:R 258 8.851 0.034 1.27 0.016 *

Kernel length (KL, mm)

Factor Df Sum Sq Mean Sq F value Pr(>F) P-value
Genotype (G) 268 63.05 0.235 2.607 <2e-16 oAk
Region (R) 1 5.35 5.354 59.327 1.03E-13 oAk
G:R 258 28.08 0.109 1.206 0.0464 *

Yield per m2 (YM2, g/m2)

Factor Df Sum Sq Mean Sq F-value Pr(>F) P-value
Genotype (G) 268 5991435 22356 3.075 <2e-16 hoxk
Region (R) 1 14315071 14315071 | 1968.941 <2e-16 oAk
G:R 267 5283655 19789 2.722 <2e-16 oAk

Pre-harvest sprouting (PHS, %)

Factor Df Sum Sq Mean Sq F value Pr(>F) P-value
Genotype (G) 268 325655 1215 1.249 0.01811 *
Region (R) 1 7042 7042 7.238 0.00738 *E
G:R 267 217265 814 0.836 0.94858

Germination Index (GI, %)
Factor | Df | SumSq | MeanSq | Fvalue | Pr(>F) | P-value
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1 2 3 4 5 6 7
Genotype (G) 268 14176 52.9 0.566 1
Region (R) 1 2572 2572.4 27.542 2.32E-07 koak
G:R 266 13182 49.6 0.531 1

Note: P — values are provided with significance level indicated by the asterisks; * P < 0.05, ** P <0.01, ***
P <0.001

Multivariate analysis of genotype performance. Principal component analysis (PCA)
revealed a clear separation of genotypes according to the two environments studied (Figure
5). The first principal component (PC1) accounted for 40.5% of the total variation, while the
second component (PC2) accounted for 17.3%, together explaining 57.8% of the overall
variability. Genotypes from the Almaty region were predominantly distributed on the negative
side of PC1, whereas those from the Kostanay region were on the positive side, indicating
strong environmental differentiation. The PCA biplot showed that traits associated with plant
development and spike productivity, including HD, VP, PH, SL, and NKS, were grouped
towards the Almaty region. In contrast, yield-related traits such as YM2, KW, and SMD were
associated with the Kostanay region. TKW and KL were positioned along the vertical axis
(PC2), indicating their contribution to variation independent of regional separation. PHS and
GI were clustered near the origin of the biplot, suggesting weaker associations with the main
axes of variation and limited contribution to the differentiation between environments.

PCA biplot of field data

TKW
4

Region

° Almaty
® Kostanay

PC2 (17.3%)
o

50 25 0.0 25
PC1 (40.5%)
Figure 5 — Principal component analysis (PCA) biplot of all studied traits showing the
distribution of 270 spring wheat accessions across two regions (Almaty and Kostanay)

The GGE biplot further demonstrated genotype stability and adaptability (Figure 6).
With PC1 explaining 85.3% of the variation, most genotypes clustered near the origin,
indicating stable performance across environments. However, several genotypes showed
specific adaptation, reflecting genotype X environment interactions. Genotypes such as
CAWBIN-179 and CAWBIN-222 combined high-yield performance with stability, making
them particularly valuable for breeding programs.

The identification of top-performing genotypes revealed clear differences between
environments (Table 3). In the Almaty region, yield formation was primarily associated with
spike productivity, with CAWBIN-179 showing the highest NKS (58.5 pcs).
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Figure 6 — GGE biplot showing genotype performance and stability for grain yield
(YM2) across two environments (Almaty and Kostanay)

In contrast, in the Kostanay region, yield was driven by grain filling, with CAWBIN-
181 achieving the highest yield (815.5 g/m?). The presence of genotypes that perform well
across environments, such as CAWBIN-179 and CAWBIN-222, highlights the potential to
develop broadly adapted cultivars. At the same time, environment-specific genotypes may be
useful for targeted breeding programs.

Importantly, the combined analysis of yield traits, PHS resistance, and seed dormancy
suggests that it is possible to identify genotypes that balance productivity and stress
resistance. In particular, genotypes with moderate seed dormancy and stable PHS resistance
represent the most promising candidates for breeding programs aimed at improving wheat
resilience under changing climatic conditions.

Table 3 — Top-performing spring wheat accessions based on yield components (NKS, TKW,
YM?2) in two regions of Kazakhstan

Kazakh Research Institute of Agriculture and Plant Growing (Almaty region)

1 2 3 4 5 6
Accessions NKS, pcs | Accessions TKW, g | Accessions YM2,g/m?
CAWBIN- 58.5 CAWBIN-177 42.2 CAWBIN-210 338.8
CAWBIN- 53.0 CAWBIN-176 41.6 CAWBIN-179 288.7
CAWBIN- 52.5 CAWBIN-172 41.4 CAWBIN-434 269.8
CAWBIN- 523 CAWBIN-243 40.1 CAWBIN-220 259.6
CAWBIN- 523 CAWBIN-170 39.8 CAWBIN-304 244.9
CAWBIN- 51.5 CAWBIN-433 38.7 CAWBIN-433 242.8
CAWBIN- 50.3 CAWBIN-219 38.7 CAWBIN-204 2324
CAWBIN- 493 CAWBIN-363 38.4 CAWBIN-305 230.7
CAWBIN- 49.0 CAWBIN-185 38.0 CAWBIN-404 229.5
CAWBIN- 48.7 CAWBIN-240 38.0 CAWBIN-332 227.2
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1 2 3 4 5 6
Kaz 4 30.5 Kaz 4 29.4 Kaz 4 140.8
Min* 17.00 Min* 10.20 Min* 6.2
Max* 58.5 Max* 42.2 Max* 338.8
Mean +SE* 36.3+0.43 | Mean +£SE* 28.6+0.29 | Mean +SE* 108.3+3.43

Karabalyk Agricultural Experimental Station (Kostanay region)

Accessions NKS, pcs | Accessions TKW, g | Accessions YM2,g/m?
CAWBIN- 42.0 CAWBIN-410 435 CAWBIN-181 815.5
CAWBIN- 39.5 CAWBIN-432 41.3 CAWBIN-217 791.0
CAWBIN- 38.5 CAWBIN-217 40.5 CAWBIN-188 728.0
CAWBIN- 37.5 CAWBIN-179 40.1 CAWBIN-278 717.5
CAWBIN- 37.5 CAWBIN-172 394 CAWBIN-218 672.0
CAWBIN- 36.0 CAWBIN-218 39.3 CAWBIN-440 658.0
CAWBIN- 36.0 CAWBIN-229 38.8 CAWBIN-212 644.0
CAWBIN- 36.0 CAWBIN-391 38.1 CAWBIN-339 640.5
CAWBIN- 35.0 CAWBIN-207 37.5 CAWBIN-222 612.5
CAWBIN- 34.5 CAWBIN-414 374 CAWBIN-279 612.5
Aina 33.0 Aina 40.1 Aina 283.5
Min* 14.00 Min* 17.93 Min* 24.50
Max* 42.00 Max* 43.48 Max* 815.50
Mean +SE* 26.90+0.27 | Mean +SE* 28.95+0.28 | Mean £SE* 338.65+8.19

The results of this study clearly demonstrate that both genetic factors and
environmental conditions play a decisive role in determining agronomic traits, yield
formation, and resistance to PHS in spring wheat. The strong differentiation observed
between the Almaty and Kostanay regions confirms that environmental conditions
significantly influence plant development and productivity (Figure 1), which is consistent
with previous studies emphasizing the importance of genotype x environment interactions in
wheat [32-33].

The contrasting patterns of yield formation observed in the two environments indicate
the presence of different adaptive strategies. In the Almaty region, higher values of spike-
related traits (SL and NKS) suggest that yield formation is primarily determined by sink
capacity, i.e., the potential number of kernels (Figure 1). In contrast, the significantly higher
yield observed in the Kostanay region indicates that yield formation is more dependent on
grain filling efficiency and assimilate partitioning (Figure 1). Similar shifts between sink- and
source-limited yield formation have been reported in wheat under varying environmental
conditions [34]. PHS exhibited substantial variation among genotypes, confirming its
complex genetic architecture (Figure 2) [6-7]. The identification of 19 genotypes with stable
resistance across environments is particularly important, as stability is a key requirement for
breeding. Notably, all resistant genotypes had red grain color, consistent with previous
findings that red-grained wheat is generally associated with greater dormancy and improved
resistance to sprouting [35]. This relationship is often explained by the genetic linkage
between grain color genes and loci controlling seed dormancy [36]. Seed dormancy is widely
recognized as the primary physiological mechanism underlying resistance to PHS [19]. In the
present study, dormancy was assessed indirectly using the GI, which revealed differences
between environments (Figure 3). The higher GI values observed in the Kostanay region
indicate reduced dormancy, which corresponds well with the higher PHS levels recorded in
this environment (Figure 3). This confirms the inverse relationship between dormancy and
sprouting susceptibility.
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A particularly important finding of this study is the identification of genotypes with
moderate dormancy as the most promising for breeding. While strong dormancy effectively
prevents premature germination, it may adversely affect germination uniformity and field
emergence, both of which are critical for crop establishment. Conversely, weak dormancy
increases susceptibility to PHS (Figure 3). Therefore, moderate dormancy represents an
optimal balance between protection against sprouting and the maintenance of agronomic
performance, as reported in previous studies [37].

The correlation analysis provides further insight into trait relationships. The strong
positive correlations among yield components indicate coordinated development of structural
and grain traits, which is essential for yield formation. In contrast, the weak correlations
between PHS, GI, and yield traits suggest that resistance to sprouting is largely independent
of productivity (Figure 4). This is a highly important finding from a breeding perspective, as it
indicates that improving PHS resistance is unlikely to result in yield penalties. Similar
conclusions have been reported in previous studies [35]. The ANOVA results further support
these conclusions by showing that yield-related traits are strongly influenced by genotype x
environment interactions, whereas PHS showed no significant interaction effect (Table 2).
This suggests that resistance to PHS is relatively stable across environments and is primarily
genetically controlled. In contrast, the strong environmental effect on GI indicates that
dormancy expression is sensitive to environmental conditions during seed development,
highlighting the importance of multi-environment testing [38]. Multivariate analyses (PCA
and GGE biplot) provided an integrated view of genotype performance. The clear separation
of environments in PCA confirms the strong environmental influence on trait expression,
while the positioning of PHS and GI near the origin indicates their weak association with
major yield components (Figure 5). The GGE biplot further identified genotypes with stable
performance across environments, which are particularly valuable for breeding programs
(Figure 6).

A limitation of the present study is that genotype X environment interaction was
evaluated using only two locations during a single growing season. Although the selected
sites represent contrasting agroecological zones of Kazakhstan, the relatively limited number
of environments may not fully capture the range of environmental variability encountered in
wheat production. Therefore, additional multi-environment and multi-year trials are required
to provide a more comprehensive assessment of genotype stability, adaptability, and
environmental responsiveness.

Overall, the results demonstrate that it is possible to combine high yield potential,
stability, and resistance to pre-harvest sprouting within a single genotype. In particular,
genotypes exhibiting moderate dormancy and stable resistance, such as CAWBIN-385,
represent promising candidates for breeding programs aimed at improving wheat resilience
under changing climatic conditions.

Conclusion.  This study provides strong evidence that pre-harvest sprouting
resistance, seed dormancy, and yield-related traits can be effectively integrated in spring
wheat. The substantial genetic variation observed, along with the identification of stable
genotypes across contrasting environments, highlights the potential for developing resilient
cultivars adapted to diverse conditions. Importantly, the weak relationships between PHS and
yield components suggest that improving sprouting resistance is unlikely to result in yield
penalties. The identification of genotypes with moderate dormancy as optimal further
emphasizes the importance of balancing resistance and agronomic performance. The
consistent performance of genotypes such as CAWBIN-179, CAWBIN-222, and CAWBIN-
385 demonstrates their value as promising breeding material. These findings are particularly
relevant under climate change scenarios, where increased rainfall variability elevates the risk
of PHS. Overall, this study provides important insights into the genetic and environmental
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regulation of PHS and offers practical guidance for breeding high-yielding and resilient wheat
varieties.
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KOKTEMI'T BUJIAN KOJUIEKIIUSICBIHIAFbI TAMBIPJIA OHY KOHE TYKbIMHbIH
TBIHBIHITHIFbl: KASAKCTAHHBIH 9PTYPJII ’KAFTTAUJIAPBIHIA OHIMAIJIIK
KOMIIOHEHTTEPIMEH EAMJIAHBICHI
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Anpatna. byn 3eprreyne KaszakcTaHHBIH €Ki TYpJli 3KOJIOTHSUIBIK JKaFIalbIHIA ©CIpireH
ka3Aplk OupaiaeiH 270 yiriciHeH TypaThlH KoJuleknusga Tambipaa eHy (TO), TyKbIMHBIH
THIHBIIITBIFBl JKOHE OHIMIUIIKKE OalJIaHBICThI OENTiIepIiH TI'C€HETHKAIBIK OPTYPJIUIrl OaraiaH[ibl.
ATpOHOMUSIIBIK  Oenrisiep, ©HIM KOMIIOHEHTTepi jkoHe TO Ttesimainiri OoWbIHIIA aWTapIbIKTal
(EHOTUNITIK ©3TepPrillTiK aHBIKTAIABl, OYJI KOJUICKIHUSIAArbl TI'€HETHUKAIBIK OPTYP/IUIKTIH KOFapsbl
eKkeHiH kepceremi. Kopmraran opra >karmaiiapsl ©HIM KaJbIITacCyblHA aWTapibIKTal ocep eTTi:
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Anmatbl eHipiHAe Macak eHiMauTiri O6ackiM Ooinica, KocraHaii eHipiHAe NOHHIH TOJNBICY THIMILIITI
Heri3ri (akTop 6omasl. TaMbIpa eHy TeHOTHITEP apachlHIa KeH ayKbIMJa e3repii, CONTYCTIK opTaga
JKOFaphl ce3iMTaIabIK OalKamasl. OH TOFBI3 TEHOTHII €Ki OpTaaa 1a TYPAKTHI TO3IMIUIIK KOpCeTTi, Oy
OJIapibl CEJICKIMsS YIINiH KYHJbI TEHETHKAIBIK Pecypc ereii. bapiblk Te3iM/li TeHOTUNTEPAiH KbI3bLI
JIOH/T1 OOJTYBI I9H MUTMEHTANHUACH MEH TYKBIMHBIH THIHBIIITHIFBI aPaChIHIAFbI OalIaHbICThl PACTANIBI.
TyKBIMHBIH THIHBIITHIFEI 0HY WHAEKCI (OW) apKpIIel OaraiiaHbIN, KOpIIaFraH OpTara TOYelmi eKeHi
)koHe TO-neH kepi OaitaHbicTa O0JATHIHBI AHBIKTAIBI. KOPPEIAIUsUIBbIK KOHE KOMOJIIeM/ I Taaay
HoTIXenepi TO neH eHiM KOMIIOHEHTTepi apachIH/a dJci3 Tepic OaiinaHbic O0ap eKeHiH KOpCeTTi, SIFHU
OHIMIITIKTIH a3gan TeMeHJAeyiHe oKkemyl MyMKiH. Herisri koopAawmHatTap ofici XoHE Te€HOTHII-
KOpIIaFaH oOpTa e3apa OpeKeTTeCyl Talmayiaphl TYPAKTBI opi JKOFAphl OHIMAI TEHOTHITEPAi
(CAWBIN-179, CAWBIN-222, CAWBIN-385) anbikTamel. bynm HoTmkenep xa3ublk Oujait
CEJIEKIMACHIH/IA )KOFaphl OHIMIUTIK TIeH TO Te3iMaimirid OipikTipyre O0JaTHIHBIH KOpPCETEI].

Tipex ce3nep: Triticum aestivum L., Tamplpaa ©HY, TYKBIMHBIH TBHIHBIIITHIFEL, ©CIMIIIK
OeitiMenyi, OHIMITIK KOMIIOHEHTTEPI.

MPOPACTAHHUE HA KOPHIO U TIOKO CEMSIH B KOJIJIEKIIUH APOBOM
INIIEHALBI: BBAUMOCBA3b C KOMIIOHEHTAMUA YPOXKAUHOCTU B
KOHTPACTHBIX YCJIOBUAX KAZAXCTAHA

AmagoBa A.BL!, PhD
I'enneBckas FO.A.', PhD, crapmmii Hay49HBII COTPYTHUK
Epmaram6eroBa M.M.', PhD
Yynunor B.A .2, 3aMeCcTUTEh TUPEKTOPA [0 HAYYHOU padoTe
TypycnekoB E.K.', xkanaunaT Ononorndeckux Hayk, mpodeccop, akagemuk HAH PK
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AHHOTanusA: B 1aHHOM wHccleZoBaHMM OIGHUBAJIOCH TEHETHYECKOe pa3zHooOpasue To
npuszHakam npopactanus Ha kKopHio (IIHK), ¢usmnonormueckuii mokoss ceMsH M KOMIIOHEHTaM
ypOKaifHOCTH B pa3HO0Opa3Hoi maHenw u3 270 oOpa3ioB SPOBOM MIIEHUIIBI, BBRIPAMIEHHBIX B JIBYX
KOHTpacTHBIX ycioBusax Kazaxcrana. BeisiBeHa 3HauuTenbHass PEHOTUITHYECKAS BapUaOeIbHOCTh 110
arpOHOMHUYECKHMM IpHU3HaKaM, KOMIIOHEHTaM ypoxkaifiHocT u ycroitunBocty K ITHK, uro yka3siBaeT
Ha BBICOKOE TCHETHYECKOE DPa3HOOOpa3ue KOJJIEKIHU. YCJIOBHS Cpelbl CYLIECTBEHHO BIIMSUIM Ha
¢dopMupoBaHe ypoxkas: B AJIMAaTHHCKOM 00JiacTH npeobiafany NPU3HAKU NPOIYKTUBHOCTH KOJIOCa,
torna kak B Kocranalickoli 001acTH OCHOBHBIM (aKTOpPOM YpokalHOCTH Obuta 3QPEKTHBHOCTH
HanuBa 3epHa. [IpopacTtanue 3epHa B KOJIOCE CHJIBHO BapbHUpPOBAJIO MEXKIY T€HOTHIIAMH, IIPH 3TOM
Oosiee BBICOKAsh BOCIIPUMMUYHMBOCTH HAOIIOAAIach B CEBEPHBIX YCIOBHAX. JeBATHaaUaTh T€HOTHUIIOB
MIPOJIEMOHCTPUPOBATM CTAaOWMIIBHYIO YCTOHYMBOCTL B O0OMX pETHOHAX, TPEICTABIsS IIEHHBIE
TEHETHYECKHE pecypchl g celekuuu. llpuMeyarensHO, YTO BCE YCTOHYMBBIE TE€HOTHIIBI
XapaKTepH30BAIUCh KPACHON OKPAaCKOM 3€pHa, YTO MOATBEP)KIAET CBSI3b MEXAY MUTMEHTAIEeN 3epHa
1 TokoeM ceMsiH. [Toko# cemsH, oleHeHHbIN 110 uHeKcy mpopactanus (MI1), 3HaunTensHO 3aBHCET
OT ycioBHiA cpeabl U uMmen oopaTHyto cBia3b ¢ [IHK. KoppensaimonHbii 1 MHOTOMEPHBIN aHaTU3bI
BBIABWIM cjalyro oTpunaresnbHyto cBs3b Mexay [IHK u xoMmmoHeHTamMu ypoxaiHOCTH, 4YTO
YKa3bIBAa€T HA BO3MOXHOE HE3HAUMTEIIBHOE CHIKEHUE YpOXKaHOCTH. METOoJl TTIaBHBIX KOOPAWHAT H
B3aUMOJICHCTBUSI TEHOTHUII-CpEJa TI03BOJIMIIM BBISBUTH CTAOMIBHBIE M BBICOKONPOJIYKTHBHBIC
reHotunsl, Bkimodass CAWBIN-179, CAWBIN-222 u CAWBIN-385. Ilony4eHHble pe3ynbTaThl
JIEMOHCTPHUPYIOT BO3MOXHOCTh COUYETaHMs BBICOKOW YypoxkaiiHocTM M ycroitumBoctn k [IHK B
CEJIEKIIMOHHBIX MTPOrpaMMax SPOBOil MIIECHHIIBI.

Kuarouessle caosa: Triticum aestivum L., IpopacTaHUE Ha KOPHIO, IIOKOW CEMSIH, MPU3HAKU
aJanTalyy pacTeHUH, KOMIIOHEHTHI YPOKalHOCTH.
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