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ABSTRACT

Barley (Hordeum vulgare L.) is a globally significant cereal crop with a substantial production footprint. As a versatile
commodity, it serves as a primary resource for animal feed, malting, and human consumption. Genetic diversity among 49
barley accessions procured from the State Commission for Variety Testing of Agricultural Crops in Kazakhstan was assessed
using a set of 21 SSR markers associated with various agronomic traits. The collection exhibited moderate genetic diversity,
as indicated by a mean polymorphic information content (PIC) of 0.548 £ 0.153 and a mean Shannon’s information index
(1) of 0.980 + 0.317, aligning with previously reported estimates of barley genetic variation in the World. STRUCTURE
analysis identified three distinct population clusters (K = 3) using Bayesian clustering and DeltaK, which was confirmed by
PCoA results. However, neighbor-joining tree analysis revealed a more detailed population structure with six distinct clusters,
indicating substantial genetic diversity within the barley collection. Distinct phenotypic variations were observed among
identified genetic clusters, implying a strong association between genetic diversity and agronomic traits, including plant height,
kernel number per spike, and grain yield. Seven barley accessions (GSI_B_60, GSI B 82, GSI B 216, GSI B_85, GSI B 96,
GSI_B 141, and GSI_B_208) forming a cluster NJ tree 2 demonstrated the highest mean grain yield of 50.99 g/m?. This
specific cluster and its constituent accessions exhibit promising potential for development into high-yielding cultivars or as a

valuable source of beneficial alleles for barley breeding initiatives.
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INTRODUCTION

Barley (Hordeum vulgare L.), an important grain with a
long history, ranks as the fourth most important cereal crop
globally [1]. It serves a multitude of purposes, from animal
feed and a key brewing ingredient to a food source in cer-
tain regions, such as North Africa, the Middle East, Eastern
Europe, Central Asia, and Tibet [2, 3, 4]. With its expansive
agricultural landscape, Kazakhstan has emerged as a signifi-
cant barley producer on the world stage. Annually, the coun-
try produces around 1.5 — 2.0 million tonnes of barley grain
[5]. The crop contributes significantly to the nation’s food se-
curity by providing animal feed and direct human consump-
tion [5]. Barley’s economic importance in Kazakhstan extends
beyond domestic needs. The country exports around 1 mil-
lion tonnes of barley grain annually [1], boosting its agricul-
tural sector and contributing to overall economic growth. The
main sowing areas of barley are concentrated in the north-
ern regions of Kazakhstan, Akmola, North Kazakhstan, and
Kostanay [5], which are characterized by a moderate conti-
nental climate, black and chestnut soils, which are rich in or-
ganic matter, and have good moisture capacity [6]. However,
recent weather fluctuations have highlighted the vulnerabil-
ity of barley production in Kazakhstan [6]. Rising tempera-
tures in Central Asia, especially during the growing season,
can lead to heat stress in barley crops. Barley is sensitive
to high temperatures during the flowering and grain-filling
stages, which can reduce grain size and overall yield [7]. The
region is prone to droughts, and climate change is expected
to increase the frequency and severity of these events. Bar-
ley, relatively drought-tolerant compared to other cereals, may
still suffer yield reductions if water stress occurs during key
developmental stages [7, 8]. This underscores the need to re-
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search and develop hardier cultivars that withstand changing
environmental conditions.

Knowledge about the genetic diversity of a local breeding
pool can significantly enhance crop breeding programs [9].
The unique genetic traits in local populations are leveraged
through this approach, ensuring that new cultivars are well-
suited to local conditions and challenges [10]. In plant breed-
ing, genetic diversity in a population is commonly investi-
gated using different types of DNA markers [11]. They help
identify genetic variations within and between populations,
which can be used for various applications in plant breed-
ing, conservation, and evolutionary biology [12]. The most
common DNA markers used in the assessment of genetic di-
versity and molecular breeding in barley are restriction frag-
ment length polymorphisms (RFLPs) [13, 14], random am-
plified polymorphic DNA (RAPD) [15], amplified fragment
length polymorphisms (AFLPs) [16, 17], simple sequence re-
peats (SSRs) or microsatellites [18, 19], and single nucleo-
tide polymorphisms (SNPs) [20, 21]. The most interesting one
among the above-mentioned markers is SSR. These markers
consist of short, repetitive DNA sequences that vary in length
between individuals. This high level of polymorphism allows
them to distinguish between closely related barley lines, ef-
fectively revealing genetic diversity within the breeding pool
[22]. Numerous SSR markers have been developed for barley,
beginning with initial studies identifying SSRs from genomic
libraries and ESTs. These efforts led to the creation of the first
SSR maps in the early 2000s, which later evolved into more
comprehensive maps by integrating additional markers such
as SNPs and RFLPs [23, 24]. By 2010, consensus maps com-
bining data from multiple studies provided more detailed ge-
netic insights into barley [25]. Many SSRs have been linked
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to valuable agronomic traits, and SSR maps have been uti-
lized in linkage mapping and genome-wide association stud-
ies (GWAS) to identify loci associated with these traits in bar-
ley. Notably, a diverse genetic pool provides a wide range of
SSR alleles that may confer resistance to various diseases,
such as resistance to the barley yellow mosaic virus [26] and
leaf rust [27], drought tolerance [28], heat resistance [29],
improved barley grain quality traits [30, 31], increased grain
productivity [32], and etc. In addition, by identifying unique
SSR marker profiles, breeders can distinguish individual bar-
ley lines within the breeding pool [33]. SSR markers linked
to desirable traits are used in MAS to accelerate the barley
breeding process [33]. This allows the selection of lines with
specific genetic backgrounds to avoid redundancy.

SSR markers were previously used for the assessment of
genetic diversity in several crop panels, including bread wheat
[34, 35, 36], durum wheat [37, 38, 39], millet [40, 41], soy-
bean [42, 43], chickpea [44, 45], tomato [46], and barley [47,
48]. The current study was focused on the following tasks:
(i) to assess the genetic diversity in a collection of 49 barley
cultivars provided by the State Commission for variety test-
ing of agricultural crops of the Republic of Kazakhstan using
SSR markers associated with various agronomic traits, (ii) to
check the genetic stability of these barley accessions using
SSR markers, and (iii) to compare variations of phenotypic

traits and genetic variability in studied barley accessions.
Table 1. The list of barley accessions used for the genotyping

MATERIALS AND METHODS

Barley collection and field assessment

The barley collection, including 49 spring barley acces-
sions (Table 1), was provided by the State Commission for
Variety Testing of Agricultural Crops of Kazakhstan.

The field experiments were performed at the Kazakh Re-
search Institute of Agriculture and Plant Growing (KRIAPG,
Almalybak) in 2022 and 2023, according to Dospekhov’s
methodology [49]. Each accession was cultivated in the field
within individual one m? plots, with 15 cm spacing between
adjacent plots, and conducted in two replications. After har-
vesting, four key agricultural traits, including plant height
(PH, cm), number of kernels per spike (NKS, count), thou-
sand kernels weight (TKW, g), and grain yield per m> (YM2,
g/m?) were assessed.

DNA extraction and SSR genotyping

The Genetic experiment was performed in the laboratory
of molecular genetics at the Institute of Plant Biology and
Biotechnology (IPBB, Almaty). The DNA was extracted from
4-day seedlings of barley accessions in five replicates of each
accession using a modified CTAB method [50]. The quality
and quantity of the DNA were checked on NanoDrop One
spectrophotometer (Thermo Fisher Scientific Inc., USA) and
1% agarose gel electrophoresis.

No. | Accession ID s(i:;::lng E(I))vev- No. | Accession ID g:;:)vlllng Row-type
1 GSI B 45 Winter 2-R 26 GSI B 199 Spring 2-R
2 GSI B 60 Spring 2-R 27 GSI B 208 Spring 2-R
3 GSI B 61 Spring 6-R 28 GSI B 216 Winter 2-R
4 GSI B 66 Spring 2-R 29 GSI B 224 Spring 2-R
5 GSI B 67 Spring 2-R 30 GSI B 231 Spring 2-R
6 GSI B 79 Spring 2-R 31 GSI B 232 Spring 6-R
7 GSI B 81 Spring 2-R 32 GSI B 233 Spring 2-R
8 GSI B 82 Spring 2-R 33 GSI B 234 Spring 2-R
9 GSI B 83 Spring 2-R 34 GSI B 235 Spring 2-R
10 GSI B 85 Spring 2-R 35 GSI B 254 Spring 2-R
11 GSI B 90 Spring 2-R 36 GSI B 258 Winter 2-R
12 GSI B 91 Spring 2-R 37 GSI B 265 Winter 2-R
13 GSI B 96 Spring 2-R 38 GSI B 266 Winter 2-R
14 GSI B 105 Spring 2-R 39 GSI B 277 Spring 2-R
15 GSI B 106 Spring 2-R 40 GSI B 294 Spring 2-R
16 GSI B 109 Spring 6-R 41 GSI B 295 Spring 2-R
17 GSI B 111 Spring 2-R 42 GSI B 296 Spring 2-R
18 GSI B 126 Spring 2-R 43 GSI B 305 Spring 2-R
19 GSI B 134 Spring 2-R 44 GSI B 321 Spring 2-R
20 GSI B 136 Spring 2-R 45 GSI B 325 Spring 2-R
21 GSI B 140 Spring 2-R 46 GSI B 334 Spring 2-R
22 GSI B 141 Spring 2-R 47 GSI B 343 Spring 2-R
23 GSI B 182 Spring 2-R 48 GSI B 357 Spring 2-R
24 GSI B 183 Spring 2-R 49 GSI B 367 Spring 2-R
25 GSI B 184 Winter 2-R
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The genotyping of barley 245 individuals was carried out
using 21 SSR markers described in previous studies [33, 51,
52,53, 54, 55,56,57,58,59, 60, 61]. These SSRs were cho-
sen for their association with economically valuable traits of
barley. PCR conditions (Ta) were optimized for each marker
to ensure high efficiency and accuracy (Table 2). The PCR
was conducted in a total volume of 20 uL, containing 20 ng
of genomic DNA, 1 U of Taq polymerase, 0.2 mM of each
dNTP, 10 pM of each primer, 1.5 mM of MgCl2, and a stan-
dardized 1x Taq buffer solution. The amplification protocol
included an initial cycle of 3 minutes at 94 °C, followed by
30 cycles of 30 seconds at 94 °C, 30 seconds at the anneal-
ing temperature (Ta °C) specified in Table 2, and 30 seconds
at 72 °C, with a final extension cycle of 7 minutes at 72 °C.

The PCR products were separated using a QIAxcel Con-
nect System for capillary electrophoresis (QIAGEN, Ger-
many), employing a QIAxcel DNA High-Resolution Kit, QX
Alignment Marker (15 bp/3 kb), and QX Size Marker (50
bp/1 kb). Samples were processed using the standard OH500
method with an injection time of 20 seconds.

Analysis of genetic diversity, population structure, and
other statistics

Several genetic diversity parameters, including the number
of alleles (Na), number of effective alleles (Ne), Shannon’s
information index (I), Nei’s genetic diversity index (h), and
percentage of polymorphic loci (%P), and Polymorphic In-
formation Content (PIC) were used for the assessment of ge-
netic diversity and calculated using GenAlex software (ver-
sion 6.5) [62]. Based on these values, SSR markers with PIC

Table 2. The list of SSR markers used for the amplification.

> 0.5 were classified as highly informative, those with PIC
between 0.25 and 0.5 as informative, and markers with PIC <
0.25 as non-informative [63].

Neighbor-joining (NJ) clustering, principal coordinate
analysis (PCoA), and Bayesian clustering with Markov chain
Monte Carlo (MCMC) were employed for population struc-
ture analysis. NJ clustering was performed using PAST 3.19
software [64], PCoA was conducted with GenAlex, and
Bayesian clustering was carried out using STRUCTURE [65]
with admixture models and correlated allele frequencies. The
optimal number of clusters (K) in the population was deter-
mined using CLUMPAK [66] and Evanno method [67]. Pair-
wise genetic distances among barley accessions were calcu-
lated using GenAlex and visualized using the Heatmapper
web tool [68]. R statistical software [69] was used for the de-
scriptive statistics and ANOVA.

RESULTS

SSR genotyping and genetic diversity in studied barley
collection

A total of 21 SSR markers associated with various ag-
ronomic traits of barley (Table 2) were used in the analysis.
Among them, 20 markers were polymorphic and were used
for the analysis of population structure and genetic diversity
in the collection of 49 barley cultivars (Table 3).

The number of alleles varied from 2 to 6 per polymorphic
locus (Table 3). The Bmac040 was monomorphic and, there-
fore, excluded from further analysis. Genetic diversity indices
were calculated for all 20 SSR markers (Table 4).

SSR Chromosome | Pos. (cM) Ta References
Bmag872 1H 49.78 55 [51]
HVM20 1H 66.25 55 [33]
HVM36 2H 30.97 55 [52]
EBmac415 2H 117.86 55 [52, 53]
HVM54 2H 122.41 55 [52, 53]
GBM1110 3H 60.27 55 [54]
HVM33 3H 65.50 55 [55]
HVM40 4H 22.40 55 [54]
EBmac788 4H 97.67 60 [54]
Bmag751 SH 42.87 55 [54]
Bmac096 SH 51.10 58 [56]
GBM1506 SH 75.45 55 [54]
Bmac316 6H 4.30 55 [57]
HVM74 6H 62.66 55 [58]
EBmac602 6H 75.42 58 [51]
Bmac040 6H 129.82 58 [59]
HVM04 7H 22.19 55 [60]
GBM1464 7H 53.43 55 [59]
Bmag321 7H 79.24 58 [61]
Bmag013 7H 113.70 58 [54]
Bmagl35 7H 147.51 58 [53]
Pos. — position on Barley SSR Consensus Map (cM)

[53], Ta — annealing temperature.
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Table 3. Results of SSR-genotyping.

SSR Chr. Pos. Na SSR size (bp) [53] Actual sizes (bp)
Bmag872 1H 49.78 4 125 96, 103, 110, 128
HVM20 1H 66.25 2 151 134, 158

HVM36 2H 30.97 6 114 108, 110, 112, 113, 120, 140
EBmac415 2H 117.86 3 247 231, 240, 252

HVM54 2H 122.41 3 159 150, 160, 164
GBM1110 3H 60.27 2 230 236, 241

HVM33 3H 65.50 4 157 160, 162, 165, 167
HVM40 4H 22.40 3 160 145,152,162
EBmac788 4H 97.67 3 168 165,167, 169
Bmag751 5H 42.87 5 189 173, 190, 194, 198, 207
Bmac096 SH 51.10 3 178 172,173, 181
GBM1506 5H 75.45 2 158 166, 174

Bmac316 6H 4.30 5 135 136, 138, 153, 168, 179
HVM74 6H 62.66 5 162 189, 191, 199, 208, 233
EBmac602 6H 75.42 4 205 210, 225, 230, 235
Bmac040 6H 129.82 1 236 171

HVM04 7H 22.19 5 198 0, 197, 199, 203, 208
GBM1464 TH 53.43 4 160 153,172,214, 224
Bmag321 7H 79.24 5 218 213,218, 222,226, 230
Bmag013 7H 113.70 4 155 171, 184, 188, 195
Bmagi35 7H 147.51 5 161 0, 140, 144, 146, 160

Chr. — chromosome, Pos. — position on Barley SSR Consensus Map (cM)

[53], Na — number of alleles.

Table 4. Genetic diversity of SSR markers

SSR Na Ne 1 PIC
Bmag872 4 1.817 0.740 0.450
HVM20 2 1.690 0.598 0.408
HVM36 6 3.851 1.482 0.740
Ebmac415 3 2.084 0.894 0.520
HVM54 3 2.004 0.862 0.501
GBM1110 2 1.167 0.273 0.143
HVM33 4 2.128 0.846 0.530
HVM40 3 2.244 0.940 0.554
Ebmac788 3 1.859 0.813 0.462
Bmag751 5 1.706 0.854 0.414
Bmac096 3 2.746 1.048 0.636
GBM1506 2 1.471 0.500 0.320
Bmac316 5 2.639 1.171 0.621
HVM74 5 2.508 1.092 0.601
Ebmac602 4 2478 1.037 0.596
HVMO04 5 3.531 1.380 0.717
GBM1464 4 3.974 1.383 0.748
Bmag321 5 3413 1.370 0.707
Bmag013 4 2.464 1.015 0.594
Bmagl135 5 3.190 1.299 0.696
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Mean 3.850

2.448 0.980 0.548

SD 1.182

0.795 0.317 0.153

Na — number of alleles; Ne —
number of effective alleles; /

— Shannon’s information index;
PIC — polymorphic information
content; SD — standard deviation.

The mean number of alleles per locus (Na) in the stud-
ied barley collection was 3.850, while the mean number of
effective alleles (Ne) was 2.448, with a range of 1.167 —
3.974 alleles per locus. Shannon’s information index (I) val-
ues for polymorphic loci ranged from 0.273 to 1.482 (mean
I=10.980). As for the PIC values, they ranged from 0.143 to
0.748 (mean PIC = 0.548). Among 20 polymorphic SSRs,
one locus was non-informative with relatively low PIC value

(GBM1110), five loci were informative (GBM1506, HVM?20,
Bmag751, Bmag872, and Ebmac788) with PIC values from
0.320 to 0.462, and the remaining 14 loci were highly infor-
mative demonstrating PIC values from 0.501 to 0.748 for the
studied barley collection.

The largest polymorphism was observed for SSRs HVM36
on chromosome 2H and GBM 1464 on chromosome 7H, with
PIC values of 0.740 and 0.748, respectively (Table 4).

Table 5. Genetic diversity of barley accessions used in the study

ID Na Ne 1 h %P
GSI_B_45 1.70£0.19 1.52+0.17 0.37+£0.10 0.23 £0.06 50.00
GSI B 60 1.10+0.07 1.07 £0.05 0.06 £0.04 0.04 £0.03 10.00
GSI B 61%* 1.00 £ 0.00 1.00 £0.00 0.00 £0.00 0.00 £0.00 0.00
GSI B 66* 1.00 £0.00 1.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00
GSI_ B 67* 1.00 £0.00 1.00 £0.00 0.00 £0.00 0.00 £0.00 0.00
GSI B _79* 1.00 £0.00 1.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00
GSI_B_81 1.05+0.05 1.02£0.02 0.03+£0.03 0.02 £0.02 5.00
GSI_ B_82* 1.00 £0.00 1.00 £0.00 0.00 £0.00 0.00 £0.00 0.00
GSI_B_83 1.05+0.05 1.05£0.05 0.03+£0.03 0.02 £0.02 5.00
GSI B 85 1.60 £0.11 1.28 £0.05 0.30 £0.06 0.19 £0.04 60.00
GSI_B_90 1.75+£0.12 1.60£0.11 0.46 £0.07 0.31+£0.05 70.00
GSI B 91 1.50 £0.15 1.26 £0.06 0.26 £0.06 0.17 £0.04 50.00
GSI_B_96* 1.00 +0.00 1.00 £0.00 0.00 £0.00 0.00 £0.00 0.00
GSI B_105* 1.00 £0.00 1.00 £0.00 0.00 £0.00 0.00 £0.00 0.00
GSI_B_106 1.05 +£0.05 1.02£0.02 0.03+£0.03 0.02 £0.02 5.00
GSI B_109 1.05+0.05 1.02 £0.02 0.03+£0.03 0.02 £0.02 5.00
GSI B 111 2.05+0.15 1.83£0.13 0.60 £0.08 0.39£0.05 80.00
GSI B_126* 1.00 £0.00 1.00 £0.00 0.00 £0.00 0.00 £0.00 0.00
GSI B 134 1.30+£0.11 1.19£0.07 0.17 £0.06 0.11+0.04 30.00
GSI B 136 1.05+0.05 1.05+0.05 0.03 +£0.03 0.02 £0.02 5.00
GSI B 140 1.45+0.14 1.28 £0.10 0.24 £0.07 0.15+£0.05 40.00
GSI B 141 1.05+0.05 1.02 £0.02 0.03 +£0.03 0.02 £0.02 5.00
GSI B 182 1.60£0.11 1.31+£0.06 0.31+0.06 0.20 £0.04 60.00
GSI B 183 1.55+0.11 1.26 £0.05 0.28 £0.06 0.18 £0.04 55.00
GSI B 184 1.20£0.09 1.14 +£0.07 0.12+0.06 0.08 £0.04 20.00
GSI B 199 1.05+0.05 1.05+0.05 0.03 +£0.03 0.02 £0.02 5.00
GSI_B_208 1.05 +£0.05 1.02 £0.02 0.03£0.03 0.02 £0.02 5.00
GSI B 216 1.20 £ 0.09 1.18 £0.06 0.10 £0.05 0.07 £0.03 20.00
GSI B 224 1.60£0.11 1.31+0.06 0.31+0.06 0.20 £0.04 60.00
GSI B 231 1.50£0.12 1.44+£0.10 0.33 £0.08 0.23 £0.05 50.00
GSI B 232 1.05+0.05 1.02 £0.02 0.03£0.03 0.02 £0.02 5.00
GSI B 233 1.15+0.08 1.14 £0.08 0.10 £0.06 0.07 £0.04 15.00
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GSI B 234 1.15£0.08 1.12£0.07 0.09 £ 0.05 0.06 £ 0.04 15.00
GSI B 235 1.60+0.13 1.42+0.12 0.34 +0.08 0.22 +£0.05 55.00
GSI B 254 1.55+£0.11 1.42£0.10 0.34£0.07 0.23 £0.05 55.00
GSI B 258 1.35+0.13 1.21 £0.10 0.18+0.07 0.11 +£0.04 30.00
GSI_B 265 1.05£0.05 1.05£0.05 0.03£0.03 0.02£0.02 5.00
GSI_B 266 1.10£0.07 1.05+0.03 0.05+0.03 0.03 £0.02 10.00
GSI B 277 1.10£0.10 1.09 £0.09 0.05£0.05 0.03£0.03 5.00
GSI_B 294 1.10£0.07 1.07 £0.05 0.06 = 0.04 0.04 +0.03 10.00
GSI B 295 1.05£0.05 1.02 £0.02 0.03£0.03 0.02£0.02 5.00
GSI_B 296 1.10£0.07 1.09 £ 0.06 0.07 £0.05 0.05+0.03 10.00
GSI_B 305 1.80£0.16 1.59+£0.14 0.44 £0.09 0.29 £0.05 65.00
GSI_ B 321 1.70£0.15 1.41+£0.09 0.36 £0.07 0.23 £0.05 60.00
GSI B 325 2.05+0.20 1.75£0.16 0.54+0.10 0.34 £ 0.06 70.00
GSI B 334 1.35+£0.11 1.19+0.06 0.18+0.06 0.12+0.04 35.00
GSI_B 343 1.05£0.05 1.02 £0.02 0.03£0.03 0.02£0.03 5.00
GSI B 357* 1.00 £ 0.00 1.00 £ 0.00 0.00 = 0.00 0.00 = 0.00 0.00
GSI B 367* 1.00 £ 0.00 1.00 £0.00 0.00 = 0.00 0.00 £ 0.00 0.00
Mean 1.26 £0.02 1.17£0.01 0.14 £0.01 0.09+£0.01 23.47+15.42
* — genetically

uniform acces-

sions; Na — num-

ber of alleles;

Ne — number of

effective alleles;

I — Shannon’s

information index;

h —Nei’s genetic

diversity index;

%P — percentage

of polymorphic

loci per type.

Delta K = mean(|L"(K)]) / stdev[L(K)}

JLY_}l Y
5

Figure 1. Population structure of 49 barley accessions. A. Distribution of barley accessions by clusters at

K = 3. B. Delta K plot. C. Neighbor-joining (NJ) tree.
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Figure 2. Genetic distance-based population structure of barley collection. A. Principal coordinate analysis (PCoA) plot.
B. Pairwise heatmap of genetic distances.

Genetic stability of barley accessions

In order to assess the genetic stability of barley accessions,
genetic diversity indices were also calculated for each indi-
vidual accession (Table 5).

The percentage of polymorphic loci per accession varied
from 0 to 80.00 % with mean values of 23.47 %. Based on
the results of SSR genotyping, 10 out of 49 barley accessions
demonstrated genetic uniformity with zero diversity. The larg-
est genetic diversity was observed for accession GSI B 111,
followed by GSI_B 90 and GSI_B_305 with 80 %, 70 %,
and 65 % of polymorphic loci, respectively. The mean num-
ber of alleles (Na) per barley accession was 1.26 and varied
from 1.00 to 2.05 alleles. The number of effective alleles (Ne)

was 1.00 — 1.83, with a mean value of 1.17. Shannon’s infor-
mation index (/) varied from 0.00 to 0.60 with a mean value
of 0.14. Finally, the mean Nei’s genetic diversity index (%) in
the studied collection was 0.09.

Population structure of barley collection

Results of the Bayesian clustering with MCMC estimated
that K = 3 was the optimum for the studied barley population,
with 3 clusters formed (Figures 1A, 1B).

The first cluster included 17 out of 245 samples (49 ac-
cessions in 5 replications) belonging to 28 accessions. The
second cluster included 98 samples belonging to 20 acces-
sions, while the third cluster included 65 samples of 13 ac-

Table 6. Mean values of 4 agronomic traits in barley collection by genetic clusters

Cluster PH (cm) NKS (count) TKW (g) YM2 (g/m?)
Bayesian_1 62.86 +4.09 20.16 +2.97 42.15+6.33 38.33 £ 12.71
Bayesian 2 65.28 +6.19 25.38+£2.99 43.09+5.14 44.46 £9.43
Bayesian 3 63.51+3.78 21.28 +4.43 4570 £5.42 4829 +12.95
NJ tree 1 62.97 +2.88 21.85+2.77 45.70 £ 5.94 47.35+£10.75
NJ tree 2 67.58 +0.99 18.46 £ 1.57 45.06 = 3.01 72.13 +£12.28
NJ tree 3 32.98 +1.02 26.11 +2.01 3236+ 1.12 8.67+2.23
NJ tree 4 40.02 £ 4.67 32.48 +£9.75 3548 £5.78 30.39 £9.96
NJ tree 5 47.45+041 40.09 £ 0.47 48.88 £ 0.74 50.99 +£2.95
NJ tree 6 65.49 +6.27 20.38 +£2.50 42.71 £5.55 48.40 +7.44
PCoA 1 63.39 +4.02 19.79 +£3.33 4330+ 6.17 36.73 £ 11.82

26



Eurasian Journal of Applied Biotechnology. Ne.3, 2024

DOI: 10.11134/btp.3.2024.3

PCoA 2 65.88 +5.89 27.97+2.70

42.10 £ 5.00 50.50 + 10.88

PCoA 3 62.96 £3.94 22.26 £9.65

4423 +5.74 52.06 £11.88

Collection’s mean 63.97 +4.86 2247 +7.87

43.71 £5.95 44,00+ 11.45

PH - plant height,
NKS — number of ker-
nels per spike, TKW
— thousand kernels
weight, YM2 — grain
yield per m?, PCoA —
principal coordinate
analysis, NJ — Neigh-
bor-joining clustering

Table 7. P-values of factors in ANOVA

Factor (clusters)

PH NKS TKW YM2

Bayesian

0.9350™ 0.0058** 0.0820" 0.5360"

PCoA

0.5130™ 0.0006*** 0.0545™s 0.3640

NIJ tree

0.0279* 0.3060" 0.0668 " 0.0104*

PH — plant height, NKS — number of kernels per spike,
TKW — thousand kernels weight, YM2 — grain yield per m?,
PCoA — principal coordinate analysis, NJ — Neighbor-joining
clustering. * — P <0.05, ** — P <0.01, *** - P<0.001, ™ —
not significant

cessions (Figure 1A). NJ tree clustering revealed the presence
of 6 clusters in the studied barley collection (Figure 1C). The
first cluster included 49 samples of 11 barley accessions, and
the second cluster included 45 samples of 11 accessions. The
third cluster included 16 samples of 4 accessions. The larg-
est 4" cluster was made up of 75 samples of 19 barley ac-
cessions, and the smallest 5" cluster included 10 samples of
only 2 accessions. The last 6" cluster included 50 samples of
15 accessions.

Two Principal coordinate analysis (PCoA) axes explained
that 99.25 % of total genetic variability resulted in 3 clusters
along the X-axis (Figure 2A). PCoA allowed us to divide the
accessions into three groups with 19, 20, and 10 barley acces-
sions, respectively (Figure 2A).

A pairwise matrix of genetic distances among 49 stud-
ied barley accessions showed the presence of 3 clusters cor-
responding to the same clusters found in PCoA (Figure 2B).

Comparison of agronomic traits among genetic clusters

The mean values of PH, NKS, TKW, and YM2 were cal-
culated for each genetic cluster for Bayesian clustering with
MCMC, PCoA, and NI tree formed as a result of population
structure analysis (Table 6).

The largest mean PH values were observed for clusters
Bayesian 2, NJ tree 2, NJ tree 6, and PCoA 2; the small-
est mean PH was found for genetic clusters NJ tree 3, NJ
tree 4, and NJ tree 5. Significant impact (P < 0.05) of clus-
ters on PH, as factors of ANOVA, was revealed for NJ tree
clusters (Table 7).

The greatest mean NKS values were found for clusters
NJ tree 4 and NJ tree 5, while the smallest NKS values
were observed for clusters NJ tree 2 and PCoA 1 (Table 6).
ANOVA revealed a significant impact of Bayesian and PCoA
clusterizations (P <0.01 and P <0.001, respectively) on NKS

(Table 7). The largest TKW was revealed for the cluster NJ
tree_5 (Table 6); however, none of the clusterization meth-
ods was significant for TKW (Table 7). For YM2, clusteriza-
tion via the NJ method was significant (P < 0.05) (Table 6),
and the highest YM2 was observed for the cluster NJ tree 2
(Table 7).

Thus, the genetic clusterization of barley accessions via
Bayesian clustering and PCoA was mostly explained by dif-
ferences in NKS values, while NJ clusterization was condi-
tioned by differences in PH and YM2 among studied acces-
sions.

DISCUSSION

Genetic diversity of barley accessions from the State Com-
mission for variety testing of agricultural crops of Kazakhstan

As a result of this work, 49 barley accessions were used
for SSR genotyping and field trials in KAES. The collection
mostly included 2-R spring barleys as the prevailing barley
type for cultivation in Kazakhstan [5]. Genotyping revealed
moderate average genetic diversity (PIC = 0.548, I = 0.980)
for 21 SSRs associated with important agronomic traits (Table
4). Our findings align with previous studies, which also report
moderate to high genetic diversity in barley collections based
on SSR markers. For instance, a study by Jilal et al. [70] on a
barley landrace collection observed similar genetic diversity
levels, with PIC values ranging from 0.27 to 0.83 and an av-
erage PIC of 0.54, closely matching our average PIC of 0.548
(Table 4). Moreover, another study by Kolodinska Brantestam
et al. [71] on Nordic and Baltic barley varieties found PIC val-
ues between 0.39 and 0.78, further corroborating SSRs like
GBM1464 and HVM36 showing high genetic diversity (Ta-
ble 4). Additionally, a study by Varshney et al. [25] reported
an average PIC of 0.49 across various SSR markers, which
is slightly lower but comparable to our findings. This consis-
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tency across different geographical regions underscores the
utility of SSR markers in assessing genetic diversity and iden-
tifying valuable alleles for barley breeding.

The largest genetic diversity was observed for SSRs
GBM1464, HVM36, HVM04, and Bmag321 (PIC > 0.700, /
> 1.300) associated with protein content in the grain, fusar-
ium head blight resistance, gene brhl (brachytic spike), and
gene dspl (dense spike), respectively (Table 2). All of these
phenotypic traits are associated with barley spikes and grains,
suggesting a large allelic variation of genes involved in spike
morphology, disease resistance, and grain quality in the bar-
ley collection studied. This barley collection can be a source
for potential donors of alleles associated with desirable traits
for breeding programs [72].

The other important results of the current study are values
of polymorphic loci percentages indicating genetic uniformity
of studied barley accessions (Table 5). Our study revealed sig-
nificant variations in the percentage of polymorphic loci per
barley accession, ranging from 0 to 80.00 %, with a mean of
23.47 % (Table 5). Ten out of 49 barley accessions exhib-
ited genetic uniformity, showing zero diversity: GSI B 61,
GSI B 66, GSI B 67, GSI B 79, GSI B 82, GSI B 96,
GSI B 105, GSI B 126, GSI B 357, and GSI B 367 (Ta-
ble 5). Our findings of polymorphic loci percentages are com-
parable to those reported in other studies. For instance, in
a study on barley accessions from Tibet, the percentage of
polymorphic loci ranged from 40% to 70%, with an aver-
age of 55% [73]. Similarly, research on Nordic and Baltic
barley cultivars showed polymorphic loci percentages rang-
ing from 30% to 75% [71]. These variations highlight the
genetic diversity present in different barley collections glob-
ally. The observation of genetic uniformity in 10 accessions
aligns with findings from Varshney et al. [25], who reported
that certain barley accessions from their study exhibited min-
imal genetic diversity, indicating high genetic uniformity. Ge-
netic uniformity can be attributed to intensive breeding prac-
tices aimed at maintaining specific desirable traits [74]. The
current study comprehensively assesses the genetic diversity
in 49 barley accessions. The results are consistent with those
from other regions of the World, demonstrating moderate ge-
netic diversity and identifying accessions with high allelic
variation. This information is crucial for future barley breed-
ing programs aimed at enhancing traits such as disease resis-
tance and grain quality.

Population structure in studied barley collection

Three optimal clusters (K = 3) were identified by Bayesian
clustering with MCMC (Figure 1A and 1B) and confirmed by
PCoA (Figure 2A), while six distinct clusters were revealed
by NJ tree clustering (Figure 1C), confirming significant ge-
netic diversity within the collection. Accessions with high ge-
netic variability (%P > 50%), as well as genetically uniform
barley accessions with %P = 0%, were distributed among all
clusters without any particular pattern (Table 5). In the cur-
rent study, ANOVA based on four important agronomic traits
showed that the genetic clustering of barley accessions using
Bayesian clustering with MCMC and PCoA methods was pri-
marily influenced by variations in NKS values, while NJ clus-
tering was determined by differences in PH and YM2 among
the studied accessions (Table 7).

Previously, the population structure of barley cultivars and

28

breeding lines in Kazakhstan was studied using 5636 poly-
morphic SNPs and suggested that Kazakh barley samples con-
sisted of five subclusters in three major clusters explained
mainly by the originating breeding organization, while the
majority of cultivars from Kazakhstan were grouped in a sep-
arate subcluster with a common ancestral node [75]. In our
study, on the opposite, the clusterization of barley accessions
was conditioned mainly by phenotypic traits (PH, NKS, and
YM2) and the allelic variations that underlie them.

ANOVA revealed a significant impact (P < 0.05) of NJ
tree clusters on PH. This is consistent with the findings of
Pasam et al. [76], who also reported significant variation in
plant and spike morphology and region of origin across dif-
ferent genetic clusters in barley populations, emphasizing the
role of genetic differentiation in phenotypic expression. The
cluster NJ tree 5, including two 2-R spring barley accessions
GSI B 233 and GSI B 367, demonstrated the mean NKS
value of 40.09 counts and the mean TKW of 48.88 g (Table
6). The highest mean grain yield was observed for the clus-
ter NJ tree 2 (Table 6) including 7 accessions: GSI_ B 60,
GSI B 82,GSI B 216,GSI B 85,GSI B 96,GSI B 141,
and GSI_B 208. This cluster and these accessions can be used
as highly productive cultivars or as a source of alleles in bar-
ley breeding programs.

CONCLUSION

The genetic diversity of 49 barley accessions from the
State Commission for Variety Testing of Agricultural Crops
of Kazakhstan was assessed using genotyping results with 21
SSR, revealing a moderate genetic diversity (PIC = 0.548 and
1=0.980). The highest genetic diversity was observed in SSR
markers associated with key agronomic traits, highlighting the
collection’s potential as a source of valuable alleles for breed-
ing programs. Furthermore, significant phenotypic differences
were noted among the genetic clusters identified, indicating
that genetic diversity in this collection is strongly linked to
important agronomic traits such as plant height, number of
kernels per spike, and grain yield.
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AHHOTAIIUA

Sumens (Hordeum vulgare L.) — 5T0 3Ha4MMasi 3epHOBast KyJbTypa, IMEIOIIast BBICOKYIO IIPOM3BOJCTBEHHYIO 3HAYMMOCTb
BO BCceM MHpe. byny4n 1ocTaTouHO pacipoCTpaHeHHBIM, SYMEHHOE 36pHO CIY>KUT OCHOBHBIM HCTOYHUKOM JUIS IIPOU3BOJ-
CTBa KOPMOB JIJIsl )KMBOTHBIX, TMBOBAPSHHUS U MIPAMOTO YHOTPEOIeHNS B UMY YenoBekoM. [ eHeTHueckoe pasHoobOpasue 49
00pa3LoB SUMEHs, NOJMyYeHHBIX OT [0CyIapcTBEHHOM KOMHUCCHH 10 COPTOMCITBITAHHIO CETbCKOX03HCTBEHHBIX KyabTyp Ka-
3axcTaHa, OBIIO OLIEHEHO C MCIOb30BaHNeM Habopa u3 21 SSR-mapkepa, acCOMMMPOBAHHOTO C Pa3THYHBIMU XO3IHCTBEHHO
LIEHHBIMU TIPU3HaKaMH. M3ydeHHas KOJUIEKIHS M0Ka3aja yMepeHHOe reHeTHYeckoe pasHooOpasye, Ha YTO YKa3hIBaeT Cpel-
uee uaaekc PIC pasusiit 0,548 + 0,153 u cpenumit nanexc lennona (/) pasusrit 0,980 + 0,317, 9T0 COOTBETCTBYET paHee
OIyOJIMKOBAaHHBIM OLICHKAM I'€HETHYECKOH N3MEHYMBOCTH SYMEHS B MUpe. [IoMHMO 3TOTO, aHAIM3 CTPYKTYPhI HOMYJIALHNHI B
nporpamme STRUCTURE no3Bonmin BEISIBUTE Tpu OTAeNbHBIX kiactepa (K = 3) ¢ ncnons3oBanmneM OaiiecoBCKOH KitacTepu-
3anuu 1 BenmuuHB! DeltaK, uro Ob110 Taxke MoaTBEpKACHO pel3yiabTaTaMu aHaji3a TaBHEIX koopauHat (PCoA). Ograko
aHanmm3 JpeBa, MoCTpoeHHoro o Metonuke Neighbor-joining (NJ), BesiBII OoJee MoapoOHYIO CTPYKTYPY HOMYISALNH C IIIe-
CTBIO OT/ACJIBHBIMH KJIACTEPAMH, YTO YKa3bIBaeT Ha 3HAYUTEIIFHOE TEHETHYECKOE Pa3HOOOpa3ne B M3yYCHHOH KOJUICKINH Y-
MeHs. Cpenn HASHTU(GHUIMPOBAHHBIX TEHETHYECKUX KJIACTEPOB HAOMIOIAINCh OTIYSTIINBBIC (PEHOTHITMYESCKUE BapHALMH, YTO
NPEIIoJIaraeT CHIBHYIO CBA3b MEXX/Ty TCHETHISCKUM Pa3HOOOpa3ueM U arpOHOMUYECKHMH XapaKTePHCTHKAMH, BKITFOYas Ta-
KHe TPU3HAKU KaK: BBICOTA PACTEHNUS, KOMIECTBO 3ePEH B KOJIOCE M YpoXkaitHOCTE 3epHa. Cemb 00pa3mos sumens (GSI_ B 60,
GSI B 82, GSI B 216, GSI B 85, GSI B 96, GSI_B_141 u GSI_B_208), o6pa3ytonue kractep NJ tree 2, mpompeMoH-
CTPHUPOBAIIN CaMYIO BBICOKYIO CPEIHIOI0 YPOXKaWHOCTE 3epHa B pasmepe 50,99 + 2,95 r/m2. JaHHBIH KIacTep U BXOISIINC B
HEro 00paswBbI SBIAI0TCS MHOTOOOCIIAONIMMH M HECYT B ceOe IOTEHIINAN T CO3MaHus M IIPOM3BOCTBA BEICOKOYPOXKAHBIX
COPTOB, & TAKXKE B Ka4YeCTBE HCTOYHHKA BaKHBIX aJlIeIeH IS CeNeKIUH SUMEHS.

Kurouessble ciaoBa: Hordeum vulgare L., MUKpOCaTEIITUTHBIE MapKePhl, CTPYKTYpa MOMYJIISAIIH, QEHOTHIIHYECKAs 13-
MEHYHBOCTb.
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TYWUIH

Apma (Hordeum vulgare L.) — nyHue xXy3iHIe ®KOFapbl OHIIPICTIK MaHBI3BI Oap TOHIII TAaKBLT OO Ta0bUTAAEL. Apna AoHI
KCH TapajraH OOJFaHIBIKTaH, MaJl a3bIFBIH OHIIPY, ChIpa KaHATY KOHE aJaM TYTHIHYBIHBIH HETi3Ti Ke3i OOJBIN TaObLIaIb!.
KazakcTaHHBIH ayblIIapyalibUIblK JaKbUIIAPBIHBIH COPTTAPHIH CHIHAY XKOHIHACTI MEMIICKETTIK KOMUCCHSIAaH aJbIHFaH 49
apria yITiCiHIH TeHeTHKAIBIK aTyaHTYPIIUTTiH 9pTYpIIi SKOHOMHUKAIBIK KYHABI OenrinepmeH OaimansicTel 21 SSR mapkep-
JIepiHiH )KUBIHTHIFB APKBUTHI OaraaHabel. 3epTTEIETiH )KUHAK OpTallla TeHEeTHKAIBIK alyaHTYPIILUIIriH KepceTTi, Oy opTama
PIC unpexkci 0,548 + 0,153 xone [llernonnsH oprama uaaekci (/) 0,980 + 0,317, 6yt aneMzeri aprnaHbIH TeHETHKAIBIK ©3rep-
rimTirinig OYpeIH KapusianraH Oaranaynapbiaa coiikec keneai. ConpiveH Katap, STRUCTURE nmomysmust KypbUTBIMBIHBIH
tanmaysl batiec kmactepin xxoHe DeltaK xemerimen ymr typii kmacrepai (K = 3) arpikraasr, OyJ1 COHBIMEH KaTap HETi3Ti
koopauHatanblk Tangay (PCoA) apkeutel pactangsl. Anaiina, Neighbor-joining (NJ) amici G0HBIHIIA cabIHFaH aFall Taalaybl
3epTTENTeH apia KOJUICKIIUACHIH/IA alThl 0OJIeK KIacTepAl aHBIKTaAbl, OYJI alTapibIKTall TeHETUKAJIBIK aTyaHTYPIUTITiH
KepceTei. AHBIKTaIFaH TeHETHKAIBIK KJIacTepiiep apachlHIa alKbIH ()eHOTHITIK BapuaIpsuiap OaiKanasl, OYJ1 TeHeTHKAIIBIK
AIyaHTYPIILUIIri MEH arpOTEXHUKAIBIK OCNTUIepiH, COHBIH IMIiHAE OCIMAIKTIH OMIKTIriH, Oip MacakTarsl NOHAEPAIH CaHBIH
JKOHE acTHIK OHIMALUIITIH KOca alFaH/a, THIFBI3 OalmaHbIChH Kepcereni. NJ tree 2 kiacTepiH KYpalTHIH jKeTi apma yirici
(GSI_B_60, GSI B 82, GSI B 216, GSI B_85, GSI B 96, GSI B 141 xone GSI_B_208) oprama goH IIBFEMIBUTBIFBH
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50,99 + 2,95 r/m? kepceTKeH. byt kiactep ®oHE OFaH KipeTiH YAriiep )KOoFapbl OHIMIII COPTTAPIbI XKacay KOHE OHIIpY YIIiH,
COH/Iali-aK apraHbl CeleKLMsUIayFa KaKeTTI MaHbI3/Ibl ajlJIeIIblIep Ko31 PETiH/E JIeyeTKE ue.

Tyiiin ce3nep: Hordeum vulgare L., MUKpOCAaTEIUTNTTI MapKepIIep, OIS KYPhIIBIMBI, (PeHOTHUNTIK ©3TeprillTiK.
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