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Abstract: Barley (Hordeum vulgare L.) is a cereal crop traditionally used in animal feed, malting,
and food production. In this study, a collection of barley was analyzed according to key grain
quality traits, including protein content (GPC), starch content (GSC), extractivity (EX), and grain
test weight per liter (TWL). A genome-wide association study (GWAS) was conducted to identify
the quantitative trait loci (QTLs) associated with GPC, GSC, EX, and TWL using a collection of
658 barley accessions from the USA and Kazakhstan. The collection was grown at three breeding
organizations in Kazakhstan in 2010 and 2011 and genotyped using the 9K SNP Illumina chip. As a
result, 18 marker-trait associations (MTAs) for GPC, 19 MTAs for GSC, 12 MTAs for EX, and 27 MTAs
for TWL were detected, resulting in 30 identified QTLs. It was shown that the genetic locations
of 25 of these 30 QTLs were in similar positions to the QTLs and genes previously reported in the
scientific literature, suggesting that the 5 remaining QTLs are novel putative genetic factors for the
studied grain quality traits. Five of the most significant SNP markers (p < 2.6 x 107°) for the studied
quality traits identified in the GWAS were used for the development of reliable and informative
competitive allele-specific PCR (KASP) genotyping assays. The effectiveness of two assays (ipbb_hv_6
and ipbb_hv_128) was confirmed via validation in a separate collection of barley breeding lines grown
in large field plots in northern Kazakhstan. Therefore, these KASP assays can be efficiently used in a
marker-assisted selection of grain quality traits in barley breeding.

Keywords: barley breeding; genome-wide association study; quantitative trait loci; marker-assisted
selection; KASP genotyping

1. Introduction

Barley (Hordeum vulgare L.) is the fourth main cereal produced in the world after corn,
wheat, and rice, with a total production of 157 million metric tons of grain in 2021/22 (www.
statista.com, accessed on 12 July 2022). In Kazakhstan, barley is the second most important
cereal after wheat (www.stat.gov.kz, accessed on 12 July 2022). Currently, Kazakhstan
provides 0.8 million metric tons of barley to the international market, and the country is
the seventh-largest exporter of this commodity in the world (www.statista.com, accessed
on 12 July 2022).

Globally, the cultivation of barley is mostly oriented toward its production for use in
animal feed (approximately 70%), malting (20-25%), and food (5-10%) [1]. The require-
ments for raw barley grain differ significantly depending on the usage. For example, a
high grain protein content (GPC) would result in high food and feed quality. At the same
time, in malting processes, a high GPC results in a slow and uneven water uptake during
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germination, lowering the amount of malt extract, clouding the final product, and reducing
the shelf life of the resulting beer [2]. However, grain protein is needed for the yeast to
grow during fermentation, which means that high-quality barley grain for malting should
contain suitably low or moderate amounts of protein, with the optimum range being from
9.5% to 12.5% [3]. Previously, it was determined that two important homologs of the well-
studied wheat gene NAM-B1—HvNAM-1 (chromosome 6H) and HUNAM-2 (chromosome
2H)—are associated with GPC in barley [4,5]. The loss of functionality of the HUNAM-1
gene in barley is related to lower GPC [4]. However, it has been shown that HNAM-1 and
HuNAM-2 are not highly polymorphic and that their variations have a limited impact on
GPC in barley [6]. Hence, this indicates the existence of other genetic factors regulating
protein content in barley grain. The second quality trait important for malting is the grain
starch content (GSC). Starch is the main constituent of barley grain, comprising 51-64%
of the total grain weight [7,8]. The process of starch synthesis in the grain is multistage
and regulated by several starch synthases, starch-branching enzymes, starch-debranching
enzymes, and limited dextrinase [9]. The malting process includes the germination of
barley grain. This process involves the hydrolysis of starch into small oligosaccharides
and glucose [9]. The complete transformation of starch into glucose involves x-amylase
(Amy), p-amylase (Bmy), isoamylase, limit dextrinase, and a-glucosidase [9]. Together
with -glucan, arabinoxylan, fructan, and other carbohydrates, during mashing, starch is
converted into fermentable sugars (mostly glucose), which are used by yeast for fermen-
tation [10]. GSC is closely linked with extractivity (EX), which is the number of organic
components that can pass into an aqueous solution during the mashing process. EX is
highly dependent on starch content since it is the main component of the endosperm, and a
level of 80-82% is considered optimal for the beer-making industry [11]. The term EX is
usually found in Russian-language literature, while in English-language literature, EX is
simply a part of mashing. The three abovementioned traits are biochemical quality traits.
Another trait that is important in barley production is grain test weight per liter (TWL) (or
per hectoliter in some methods), which is a physical quality trait. It is a measure of a grain’s
density and has traditionally been used as an indicator of quality for many years [12]. High
grain density is also associated with a high starch content [13] and should be at the level of
600-750 g/L for malting [11]. Since both EX and TWL are directly linked to GSC, they are
also regulated by genes involved in starch metabolism [13].

These four traits (GPC, GSC, EX, and TWL) are complex and controlled not only by
the genotype but also by the environment and combination of genotype x environment
interactions [14-16]. Nevertheless, the impact of genotype on GPC, GSC, EX, and TWL is
significant, and the search for the genes that are associated with these traits is an important
research direction in barley genetics. Most of the agronomically and economically important
traits of cereals, including grain quality traits, are complex and controlled by quantitative
trait loci (QTLs). By identifying the genome regions that control the traits of interest, it
is easier to understand the overall genetic architecture of traits, which may help in grain
quality—oriented breeding projects. QTLs can be mapped using two main approaches:
linkage mapping and genome-wide association studies (GWAS). Linkage mapping is a
powerful methodology for the identification of QTLs and has been effective in mapping
QTLs for protein content [17-19], starch and fiber content [19], grain test weight [20,21],
and other malting quality traits [22]. However, the efficiency of linkage mapping is limited
by the genetic diversity of parental lines and by a small number of recombination events
that occur per chromosome per generation [23]. GWAS, on the opposite, takes advantage
of a large number of recombination events in natural populations with larger genetic
diversity considering haplotype segregation and linkage disequilibrium (LD) [24]. With
the development of new single nucleotide polymorphism (SNP) genotyping tools, such
as [llumina [25] and Affymetrix [26] arrays, along with the ability to register higher allelic
diversity and to consider ancestral recombination events in a population, GWAS is used
now as a highly efficient tool in the exploration of marker-trait associations (MTAs) [27]. For
instance, one of the most interesting examples of a large-scale barley GWAS was the Barley
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CAP (coordinated agricultural project), designed for association mapping within breeding
program materials provided by public and private US breeding programs [28]. The project
succeeded in the identification of 41 significant MTAs, including 10 novel associations for
grain yield, plant height, heading date, grain plumpness, test weight, and protein content.
GWAS has been successfully used worldwide for exploring associations with important barley
grain quality traits, such as protein [5,29,30], starch [29-32], 3-glucan [33], and test weight [34].

The main objectives of GWAS are the identification of causative factors for the trait
and/or the determination of the genetic architecture of the trait. Recently, many barley
germplasm populations, including accessions from different regions of the world [35-39],
were genotyped using the 9K SNP (single nucleotide polymorphism) Illumina Infinium
iSelect array [40]. This array contains 7842 SNPs, of which 6094 SNPs have known physical
positions, and it was also used in the current study. SNPs are attractive for the marker-
assisted selection (MAS) of barley because of their high abundance, widespread distribution
throughout the barley genome, and high-throughput genotyping potential [25,41].

Several SNPs from the barley oligonucleotide pool assay (BOPA) [22,25] were reported
to be associated with malting quality-related genes, such as Aglu («-glucosidase), By
(B-amylase), CAT1 (catalase 1), and SS1 (sucrose synthase 1) [22]. An important advantage
of SNP markers is the possibility of converting them into markers for KASP (competitive
allele-specific PCR), which is a high-throughput assay for the rapid validation of QTLs
and the selection of promising germplasms. Generally, KASP is a technology belonging
to LGC Genomics (www.biosearchtech.com, accessed on 29 August 2022) and is based on
competitive allele-specific PCR using two allele-specific forward primers and one common
reverse primer for the bi-allelic scoring of SNPs. Using KASP genotyping, it is possible to
rapidly determine accessions carrying alleles of interest for a particular SNP. Many KASP
assays have been developed for wheat, including SNPs associated with the resistance to
disease [42,43] and abiotic stresses [44,45], in addition to examination of yield-related [46,47]
and grain quality [45] traits. As for barley, KASP assays have been developed for the Rph13
resistance gene (leaf rust) [48], greenbug resistance Rsg2 locus [49], barley mild mosaic
virus (BaMMV) resistance gene rym15 [50], and seed dormancy regulatory genes Qsd1 and
Qsd2 [51]. The official website of the National Institute of Agricultural Botany (NIAB) (www.
niab.com/mas/species/type/3/Barley, accessed on 29 August 2022) provides information
on 25 KASP assays for spike row number, grain pigmentation, seasonal type, plant height,
lodicule disposition, and other important barley traits in addition to genotyping data for
many barley accessions. As for the grain/malting quality traits of barley, KASP assays have
been described for diastatic power [52], x-amylase activity [53], and 3-glucan content [33],
suggesting a shortage of studies on the identification of MTAs for other malting quality traits.

In Kazakhstan, barley is cultivated under varied environmental conditions. Therefore,
it is important to identify specific QTLs for the yield components and grain quality traits in
each of the main barley-growing environments. Previously, in Kazakhstan, several GWAS
studies in barley collections were performed for the identification of QTLs associated with
yield-related traits [54,55] and stem rust resistance [56]. Thus, the main purpose of this
study was to identify QTLs associated with important grain quality traits based on GWAS.
In particular, we focused on identifying QTLs controlling the four quality traits GPC, GSC,
EX, and TWL, which play essential roles in malting, feed, and food production. In addition,
we tested the significance of SNP markers in the identified MTAs by transforming them
into KASP assays and assessing the importance of those markers using the grain quality
traits of local breeding lines.

2. Materials and Methods
2.1. Plant Material and Grain Quality Traits Assessment

A collection of 658 spring barley accessions from Kazakhstan and the USA (Table S1
in Supplementary Materials) was grown at three agricultural stations in Kazakhstan in
2010 and 2011. The collection included two large groups of cultivars and breeding lines:
two-row (2-R) barley from Kazakhstan (n = 102) and the USA (n = 279) and six-row (6-R)
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barley from the USA (n = 277). These two groups have been previously described and
studied separately in a GWAS on yield-related traits [54,55]. The American part of the
collection has also previously been analyzed in a GWAS [28].

The full collection was planted at three sites: Karabalyk Agricultural Experimental
Station (KB, Karabalyk village, northern Kazakhstan, 53°51'07” N 62°06'12" E), Karaganda
Agricultural Experimental Station (KA, Karaganda city, central Kazakhstan, 50°10'44” N
72°44'26" E), and 1. Zhakhaev Kazakh Research Institute of Rice Growing (KO, Kyzylorda
city, southern Kazakhstan, 44°49’50” N 65°30'41” E) (Figure 1). The weather, climate
condition, and soil type at three experimental stations were previously described by Tu-
ruspekov et al. [57]. The experiment design was standardized for all the experimental
stations during both seasons. Each accession was grown in the field in 1 m? individual
plots with 15 cm between neighboring plots. At all three experimental sites, barley ac-
cessions were grown under natural, uncontrolled conditions without any treatment (no
fertilizers, herbicides, etc.). In the KB and KA fields, barley cultivation was performed
under non-irrigated conditions, while at KO, it was carried out under irrigated condi-
tions. The seeds of each accession were collected at all three experimental stations and
sent to the laboratory of grain quality at the LLP “Kazakh Research Institute of Agri-
culture and Plant growing” (Almaty region, Kazakhstan). The grains were studied for
four traits associated with grain quality: the raw protein content in the grain (GPC, %),
the content of raw starch in the grain (GSC, %), grain extractivity (EX, %), and the grain
test weight per liter (TWL, g/L). The GPC, GSC, and EX were measured using the NIRS
DS2500 Grain Analyzer (FOSS, Hillered, Denmark), with the calibration supplied by the
manufacturer. TWL was determined according to the guide provided by Canadian Grain
Commission (https:/ /www.grainscanada.gc.ca/en/grain-quality / official-grain-grading-
guide/01-determining-test-weight/determining-test-weight.html, accessed on 2 May 2022)
and converted into g/L. For a better understanding of relations between quality- and yield-
related traits, barley collection was also studied for the number of grains per spike (NGS,
pcs.), thousand-grain weight (TGW, g), and grain yield per m? (YM2, g/m?). The cleaned
grains from one spike were counted for NGS; the grain from 1 m? individual plot was
weighed in g for YM2, and TGW was recorded in g by counting and weighing 1000 grains.
A Pearson correlation analysis and determination of variance were performed using R
statistical software (www.R-project.org, accessed on 12 July 2022). SPSS Statistics V. 26.0
software (www.ibm.com/products/spss-statistics, accessed on 12 July 2022) was used for
the construction of histograms.
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Figure 1. Geographical locations of three experimental stations. KB—Karabalyk Agricultural Ex-
perimental Station; KA—Karaganda Agricultural Experimental Station; KO—I. Zhakhaev Kazakh
Research Institute of Rice Growing (Kyzylorda).
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A collection of 34 promising barley lines (Fg_11) from the industrial seed trials at KB
was used for the validation of the KASP assays (Table S2). The collection was grown at the
KB station using three randomized replicated 20 m blocks in 2020 and 2021. Furthermore,
the same grain quality traits were studied in the harvested grain material.

2.2. Genotyping, Population Structure, and GWAS Analysis

Total DNA was extracted from individual 5-day-old barley seedlings using the
cetyltrimethylammonium bromide (CTAB) protocol [58]. The Kazakhstan part of the
collection was genotyped using the Illumina GoldenGate 9K SNP chip at the TraitGenetics
company (TraitGenetics GmbH, Gatersleben, Germany). The genotyping data for the acces-
sions from the USA (Barley CAP collection) provided by Dr. T. Blake were obtained through
the Triticeae Toolbox (https://barley.triticeaetoolbox.org, accessed on 3 July 2022). The
SNP genotyping results for the accessions from Kazakhstan and the USA were merged and
filtered according to minor allele frequency (MAF) and SNP call rate. SNP with MAF < 0.05
and accessions with SNP call rate < 0.1 were removed. In total, 1920 SNP were selected for
further analysis. The SNP positions of the Illumina iSelect2013 (cM) and barley 50k (bp)
map sets for comparison with other QTLs and genes from the literature were obtained from
the Triticeae toolbox.

The population structure was determined using three methods: an individual similar-
ity matrix (kinship or K-matrix), visualized as a heat map; principal component analysis
(PCA), resulting as a covariance matrix (Q-matrix); and clustering with a Bayesian Markov
chain Monte Carlo (MCMC) approach based on admixture and correlated allele frequency
models. The heat map and PCA plot were generated using the GAPIT package [59] for
R statistical software. MCMC clustering was performed using STRUCTURE v2.3.4 soft-
ware [60] with the K-value set from 1 to 10; the burn-in period was set to 100,000 and the
number of MCMC replications after each burn to 100,000; and the iteration number was
set to 3. For the determination of the optimal K-value, the AK method was used [61] in
the STRUCTURE HARVESTER v0.6.94 web-based program [62]. In order to correct the
effect of population substructure, both K and Q matrices were used in the mixed linear
model (MLM) for the GWAS, also by GAPIT. p < 0.001 was chosen as the threshold to
determine all SNP markers associated with grain quality traits. A false discovery rate
(FDR) at p < 0.05 and Bonferroni correction at p < 2.6 x 10~ were used to identify the most
significant marker-trait associations (MTAs). LD decay plots were constructed using the R
statistical software.

2.3. Development of KASP Assays and Their Assessment

The most significant SNPs in the MTAs identified for the studied grain quality traits
were selected for the development of KASP assays (Table S3) for further validation us-
ing an additional set of promising barley accessions (Table S2). The SNP sequences
were obtained from the Triticeae Toolbox, and two allele-specific primers (forward) and
one common (reverse) primer were designed using a tool provided by LGC Genomics
(www.biosearchtech.com, accessed on 12 July 2022) based on the SNP sequence. Sequence
information for five KASP assays is provided in Table S3. The KASP assays were designed
by LGC Genomics and carried out according to the manufacturer’s protocol. KlusterCaller
software (https:/ /www.biosearchtech.com, accessed on 12 July 2022) was used for the visu-
alization of the KASP genotyping results. A t-test was applied to determine the significant
differences between the means of the grain quality traits in two allelic groups for each
KASP assay. t-tests were performed using R statistical software.

3. Results
3.1. Variation in Grain Quality Traits in the Collection

A barley collection that included 658 accessions and checks cultivars for each region
was grown at three agricultural stations in 2010 and 2011. The mean values of the two years
for four grain-quality traits (GPC, GSC, EX, and TWL) obtained from each agricultural
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300+ c 400 D

300 B = = =
f\ 3 Ub. (CC) ) »
o 3009 o
200 g 200 N \ o o
= \ o o
ub. (CC) | Z s o i
e/ * = =
100 ’i 100 — —
j . 5 " J 5
o /| o A1 &
300 = 200 = w0 =
3 2 Kar. (CC) 2
8o € o Kar. (CC) [y & o™ : &
o Kar. (CC) 2 9 N 5 9 2
w Q w a w200 / a
- \ \ o 1Y 1Y
100 — 100+ —_ —_
N 2 2
3004

5 300 = 4004 =
< 3 3

-— 3004
200 As.(CC) 8 200 A}(CC) 5 5
{ % / =3 200 Q
100 = 100 = As. (CC) =
P / P
g g 100 ) \ / g

T T T T 1 T . . . : f .
6 48 0 & 95 8 s e 70 73 75 78 W0 S0 e 70 80 %00

Grain starch content (GSC, %) Extractivity (EX, %) Grain test weight per litre (TWL, g/L)

Figure 2. Average values over two years of grain quality traits of the collection harvested in three
regions. (A) Grain protein content (GPC,%). (B) Grain starch content (GSC,%). (C) Extractivity (EX,%).
(D) Grain test weight per liter (TWL, g/L). Freq—frequency; CC—check cultivar; Ub.—Ubagan—check
cultivar of KB; Kar—Karagandinsky 5—check cultivar of KA; As.—Assem—check cultivar of KO.

Among the three agricultural stations, the lowest mean GPC was observed at
KO (12.1 £ 0.7%), a moderate mean was seen at KB (13.7 &= 0.8%), and the highest mean
at KA (14.5 £ 1.0%). Generally, at KO, the barley collection demonstrated lower protein
levels in the range of 9.9-14.1% in comparison with KB and KA, where the GPC ranges
were 10.6-17.2% and 11.5-18.2%, respectively. However, at KO, the GPC in the majority
of the studied collection was higher than in the check cultivar for this region, while at KB
and KA, the GPC of the check cultivars was close to the mean value of the collection. The
highest mean levels of GSC and EX (as they are closely associated with each other) were
also detected at KO: 54.2 + 0.9% and 73.5 £ 0.9%, respectively. Nevertheless, for both traits
at KO, the mean values of GSC and EX in the collection were lower than those in the check
cultivar. The GSC mean values at KB and KO were similar (52.8 £ 0.9% and 51.9 + 1.1%,
respectively), as were the EX mean values (72.4 & 0.9% at KB and 71.5 £ 1.1% at KA). The
GSC and EX values for the check cultivars at KB and KA were slightly lower than the
corresponding mean values for the collection. As for TWL, the lowest mean value was
observed at KO (631.7 &= 33.4 g/L) and was lower than that for the check cultivar for this
region. The TWL at KO ranged from 479 to 749 g/L. Similar values of TWL were found
at KA: mean of 647.6 + 28.0 g/L and ranging from 546 to 790 g/L. At KB, the mean TWL
was higher at 685.4 + 24.2 g/L and ranged from 565.5 to 824.0 g/L. The TWL of the check
cultivars at KB and KA was close to the mean value of the collection.

The mean values of TWL were significantly positively correlated among the three
locations (p < 0.001, Figure S1). A significant positive correlation (p < 0.001) was also
observed for GPC, GSC, and EX between KB and KO and between KB and KA. A positive
correlation (p < 0.01) was detected between KA and KO for GPC, and weaker positive
correlations were observed between KA and KB for GSC and EX. Still, the environment
demonstrated the highest impact on GPC (55.44%) and TWL (49.23%), as for GSC and
EX, the highest impact was observed for genotype x environment—41.2% and 46.08%,
respectively (Table 1). The genotype explained 15.48%, 18.02%, 19.09%, and 20.03% of the
total variance of GPC, GSC, EX, and TWL, respectively (Table 1).
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Table 1. The impact of genotype, environment, and genotype x environment on the variance of grain

quality traits.
GPC
df SS MS Var. % of Total Var.
Geno 657 1336 2 0.3723 15.48
Env 5 4781 956.2 1.3325 55.44
Geno x Env 2913 2508 0.9 0.6990 29.08
Total Var. 2.4038 100.00
GSC
df SS MS Var. % of total Var.
Geno 657 1915 29 0.5337 18.02
Env 5 4333 866.5 1.2076 40.78
Geno x Env 2913 4378 1.5 1.2202 41.20
Total Var. 2.9615 100.00
EX
df SS MS Var. % of total Var.
Geno 657 1707 2.6 0.4758 19.09
Env 5 3115 623 0.8682 34.83
Geno x Env 2913 4121 14 1.1486 46.08
Total Var. 2.4925 100.00
TWL
df SS MS Var. % of total Var.
Geno 657 1,666,735 2510 464.5304 20.03
Env 5 4,097,249 819450 1141.931 49.23
Geno x Env 2913 2,558,541 877 713.0828 30.74
Total Var. 2319.544 100.00

GPC, grain protein content (%); GSC, grain starch content (%); EX, extractivity (%); TWL, grain test weight per liter
(g/L); Geno, genotype; Env, environment; df, degree of freedom; SS, sum of squares; MS, mean square; Var., variance.

The combination of optimal grain quality traits and high yield is one of the main goals
for barley breeders. In this study, correlations were detected not only among quality traits
but also with yield-associated traits, including the number of grains per spike (NGS), the
thousand-grain weight (TGW), and the grain yield per m? (YM2) (Figure 3).
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Figure 3. Correlation coefficients (r) among grain quality and yield-related traits. (A) Karabalyk or
KB. (B) Karaganda or KA. (C) Kyzylorda or KO. GPC—grain protein content (%); GSC—grain starch
content (%); EX—extractivity (%); TWL—grain test weight per liter (%); NGS—number of grains per
spike (pcs.); TGW—thousand-grain weight (g); YM2—yield per m? (g/m?). Cells with significance at
p < 0.05 are highlighted in color: the directions of correlations are denoted in color, with red indicating
negative and blue indicating positive. Color intensity increases with the decrease in p.

Among the studied quality traits, the strongest negative correlations were observed
between GPC and GSC/EX at all three stations (r from —0.89 to —0.97, p < 0.001). At
the same time, GSC and EX, as tightly associated traits, demonstrated a strong positive
correlation with each other (r from 0.92 to 1.00, p < 0.001). TWL showed a moderate positive
correlation with GSC/EX (r from 0.13 to 0.28, p < 0.001) and a negative correlation with
GPC (r from —0.15 to —0.2, p < 0.01) at KB and KO. At KA, there were no correlations
between TWL and other quality traits. Regarding grain yield traits, TGW showed positive
correlations with TWL at all three stations, negative correlations with GSC/EX at KA and
with GPC at KO, and positive correlations with GSC/EX at KO and with GPC at KB and
KA. NGS was negatively correlated with TWL at all three stations, with GPC at KA, and
with GSC/EX at KO. At KA, NGS demonstrated positive correlations with both GSC/EX
and GPC at KO. YM2 was negatively correlated with TWL and GSC/EX and positively
correlated with GPC at KO. The opposite situation was observed at KB, where YM2 was
positively correlated with TWL and GSC/EX and negatively correlated with GPC. Positive
correlations were also recorded between YM2 and GSC and between YM2 and TWL at KA.

The grain quality traits (GPC, GSC, EX, and TWL) and their averages from each
environment for two years were used as phenotypic data for the GWAS.

3.2. Population Structure in the Collection of Two- and Six-Rowed Barley Accessions

Two clusters associated with row type were identified after the assessment of popula-
tion structure using SNP genotyping (Figure 4). The relationship between individuals is
shown in Figure 4A as a heat map of the kinship matrix (K-matrix), with a dendrogram
produced using hierarchical clustering. All accessions from Kazakhstan were of a 2-R type
and were grouped with 2-R accessions from the USA without forming a separate cluster. A
similar population structure was observed on a PCA plot (Figure 4B) and on a STRUCTURE
barplot (Figure 4C) for the same SNP dataset. The results of the population clustering
analysis, the covariance matrix (PC1 and PC2) together with the K-matrix, were used in the
MLM for the control of the population structure effect in the GWAS.
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Figure 4. Population structure in studied barley collection. (A) Heat map of the kinship matrix
(K-matrix) with dendrogram. (B) PCA plot. (C) STRUCTURE barplot.
3.3. Identification of Marker-Trait Associations for Grain Quality Traits Using GWAS

As a result of the GWAS analysis, 76 associations between grain quality traits and SNP
markers were detected on all seven chromosomes. The distribution by traits was as follows:
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GPC—18 MTAs; GSC—19 MTAs; EX—12 MTAs; and TWL—27 MTAs. Quantile-quantile
(QQ) plots, Manhattan plots, and a full list of the MTAs are provided in Table S4. Among
the 76 MTAs, there were 16 SNP markers with a pleiotropic effect associated with two
or more traits, as well as six marker groups with SNPs positioned closely to each other.
The maximal distance between markers considered as linked was determined for each
chromosome at LD (r?) = 0.1 (Figure S2). The linked MTAs were grouped together, resulting
in 30 QTLs in total (Figure 5). Two QTLs were identified for GPC, two QTLs were associated
with GSC only, and 10 QTLs with TWL. Three QTLs were found together for GPC and
GSC, one QTL was discovered for GSC and TWL, and one for three traits (GPC, GSC, and
TWL). Five QTLs were detected for three biochemical traits (GPC, GSC, and EX). Six QTLs
were found to be associated with all four quality traits (Figure 5). The genetic and physical
positions of 30 QTLs were compared with positions of known malting quality genes [22],
and with QTLs for GPC, GSC, and TWL from the literature (Table 2). For 25 out of 30 QTLs,
possible candidate genes and /or QTLs were found. SNP markers with high significance
were chosen for further validation. Seven of the most significant markers were detected
using a cutoff FDR rate of p < 0.05 and Bonferroni correction at p < 2.6 x 107> (Table 3).
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Figure 5. The location of QTLs associated with barley grain quality traits on the genetic map. The
names of SNPs and QTLs are shown on the right, and the positions of the loci are shown on the left of
the linkage maps as base pairs (bp). The QTLs identified in this study are highlighted in blue for grain
starch content, pink for grain protein content, green for grain test weight, and red for multi-trait QTLs.
GPC—grain protein content; GSC—grain starch content; EX—extractivity; TWL—grain test weight.
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Table 2. List of identified QTLs for grain quality traits and their candidate loci. Novel QTLs are highlighted in bold.

. Pos. Candidate Malting . GSC Candidate TWL Candidate
QTL Trait Marker Chr. (bp) Pos. (cM) Quality Genes GPC Candidate QTL oTL OTL
QTL_Q1 GPC/GSC/EX 12_30918 1H 8,935,905 12.78
QTI1_CPC QTL2_SC
QTL Q2  GPC/GSC/EX/TWL 11_11336 1H 261,773,377 50 (55.49 M) [30] (51.23 M) [30]
QTI1_CPC QTL2_SC
QTL_Q3 GPC/GSC/EX 11_10438 1H 303,519,071 50 (55.49 M) [30] (51.23 M) [30]
QTI1_CPC QTL2_SC
QTL_Q4 TWL 12_31381 1H 325,808,056 50 (55.49 M) [30] (51.23 M) [30]
OTL_ Q5 TWL 1230478 1H 381,207,730  50.99 QTI1_CPC QTL2_SC
- TWL 1230499 1H 381209230  50.99 (5549 cM) [30] (51.23 cM) [30]
Aglu3 (12_30820, QTI1CPC
QTL Q6 TWL 11_10176 1H 420,656,686  59.01 419012101 bp) (55.49 M) [30]
a-glucosidase [22] e
TWL 11_20169 1H 516,153,706  97.98
GPC/GSC/TWL 12_30191 1H 522,448,103  107.18 QTL5_SC
126.01 cM) [30]; QTwlH.101
TL_Q7 TWL 11_10338 1H 532951913  121.6 (
QTLQ - qTS-1.2 (534442471 (98.56 cM) [28]
TWL 1231387 1H 542,673,808  131.46 bp) [31]
TWL 11_20383 1H 547250913  136.65
QTL_Q8 GPC/GSC/EX 11_10178 2H 48,475,931 52.96
QTL5_CPC QTL7_SC
(74.37 M) [30]; (64.24 M) [30];
QTL_Q9 GSC 11_10909 2H 545242939  69.55 QCpe2H.54 QTI8.SC
(66.11 cM) [28] (71.12 M) [30]
Twt-2H.89
TWL 12_31293 2H 641,328,117  84.69 QGpe.ZiSc-2H.1 (90.64 M) [18]; S (8%22 AL,
QTL_Q10 TWL 11_10287 2H 651,372,755  90.99 9(()3(9;9;»c§[{.8§8 (901 M) [30] OTw2H.86
TWL 12_30901 2H 652,031,870  90.99 (90.99 cM) [28] (90.99 cM) [28]
QTL_Q11  GPC/GSC/EX/TWL 11_21414 2H 761,624,420 -
QTL_Q12 GPC/GSC/EX/TWL 11_21505 3H 580,635,994  79.13
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Table 2. Cont.

. Pos. Candidate Malting . GSC Candidate TWL Candidate
QTL Trait Marker Chr. (bp) Pos. (cM) Quality Genes GPC Candidate QTL OTL OTL
OTL_ Q13 TWL 12_31161 3H 667,790,880 - gAP-3.2 (667803604
= bp) [31
GPC/GSC/EX/TWL 11_10935 3H 678,512,385  149.85 p) [31]
DTDP (12_30839,
54.95 cM)
d-TDP-glucose
QTL_Q14 TWL 11_21303 4H 464,028,169  53.87 dehydratase [22]; Q(gﬁg it/[];/l[ozif
PDI (12_30878, 53.87 e
cM) protein disulfide
isomerase [22]
QTL_Q15  GPC/GSC/EX 11_10090 4H 582,935,043  69.08 QTLZﬁ)Sg (5165 05
QGpc.ZiSc-4H.2 (102.38 cM) [18];
QTL_Q16 TWL 12_31139 4H 624,584,147  102.38 OTL13, CPC (101.62 eM) [30]
QGpe.ZiSc-5H.3 (85.58 cM) [18];
QTL14_CP gAP-5.2 (551372936
QTL_Q17 TWL 12_10077 5H 556,603,185  87.71 (85.93 M) [30]; QGp-5H.96 bp) [31]
(87.71 cM) [34]
GPC/GSC/EX 1230852 5H 560,732,040  87.71 QGpe.ZiSc-5H.3 (85.58 M) [18]; 1 Ap-5.2 (551372936
QTL_Q18 QTL14_CP (85.93 cM) [30]; bp) [31]
GPC/GSC/EX 12_30705 5H 561,727,550  90.22 QGp-5H.96 (87.71 cM) [34]
QTwt-5H.131
QTL_Q19 TWL 11_20008 5H 612,229,115  134.67 QGpc5H.137 (127.52 M) [28] (13164 M) [28]
GSC 11_20232 6H 1,578,951 0
gAP-6.1
QTL_Q20 TWL 11_20493 6H 5,065,147 05 (4816646 bp) [31]
TWL 11_20886 6H 5,362,408 14
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Table 2. Cont.

. Pos. Candidate Malting . GSC Candidate TWL Candidate
QTL Trait Marker Chr. (bp) Pos. (cM) Quality Genes GPC Candidate QTL OTL OTL
QGpc6H.45
QTL_Q21 GPC 12_30516 6H 37,274,484 51.74 (54.7 M) [28]
QGpc6H.45
QTL_Q22 GPC/GSC 12_30658 6H 50,346,904 54.14 (54.7Qi1;\7/[6)a[28];
(57.91 cM) [19];
QGpc6H .45
(54.7 cM) [28]; gAC-6.1
QTL_Q23 GPC 12_31274 6H 64,747,230 55.28 Qepéa (70242665 bp) [31]
(57.91 cM) [19];
QGpc6H.45
QTL_Q24  GPC/GSC/EX/TWL 12_31509 6H 203,509,034 58.91 (54.gccl;/[6)a[28] ;
(57.91 cM) [19];
o ) QTL18_SC QTw6H.75
QTL_Q25 TWL 11_20673 6H 502,536,025 74.18 QGpc.ZiSc-6H.1 (73.83 cM) [18]; (71.08 M) [30] (77.7 M) [28]
QTw6H.75
QTL_Q26 TWL 11_10185 6H 529,879,937 81.48 (77.7 M) [28]
SS1 QGpc.ZiSc-7H.2 (59.48 cM) [18]; QBgnm.StMo-7H.1
(12_30879, 67729209 QGpc.ZiSc-7H.3 (63.19 cM) [18]; (60.9 cM) [22];
QTL_Q27 GSC 12_30576 7H 66,410,739 61.13 bp) sucrose synthase 1 QTL20_CPC QDp.S5tMo-2H.3
[22] (61.32 cM) [30] (60.9 cM) [22]
QTL21_CPC (80.94 cM) [30];
QTL22_SC QTwt-7H.91-94
QTL_Q28 GPC/GSC 1231140 7H 411,695,093 78.07 QGpc6H.86 [28] (78.22 M) [30] (84.86 M) [28]
(83.23 cM)
QTL_Q29 GPC/GSC/EX/ITWL 11_21103 7H 582,767,743 -
QTL_Q30 GPC/GSC 11_10182 7H 628,806,795  133.92 QGpc7H.130 [28] (135.99 cM)

Chr., chromosome; Pos., position; GPC, grain protein content; GSC, grain starch content; EX, extractivity; TWL, grain test weight per liter.
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Table 3. List of significant marker—trait associations for grain quality traits. MTAs with p < 2.6 x 1075 and FDR-adjusted p < 0.05 are listed. Novel QTLs are indicated

in bold.
FDR
# of MTA QTL Trait SNP Chr. Pos. (bp) p-Value Adjusted R? Allele Effect
p-Value
—6
1 QTL 02 GPC 111336 H 261773377 6.37 x 10 0.0039 0.023 A 0.495
2 GSC 1.03 x 104 0.0396 0.019 G 0.565
3 QTL_Q8 GSC 11_10178 2H 48,475,931 7.64 X 1075 0.0367 0.020 G 0.455
4 GPC 2.14 x 10~ 0.0021 0.026 A 0.590
5 QTL_Q12 TWL 11_21505 3H 580,635,994 1.15 x 10~7 0.0002 0.035 A 20.275
6 GSC 6.01 x 10~5 0.0367 0.021 G 0.647
7 GPC 1.25 x 1074 0.0482 0.017 C 0.391
QTL.Q13 ———— — 1110935 3H 678,512,385
8 TWL 2.75 x 1077 0.0003 0.033 C 16.244
9 QTL_Q20 TWL 11_20886 6H 53,62,408 496 x 107° 0.0190 0.020 A 8.744
10 EX 7.21 x 107 0.0138 0.027 A 0.656
11 GPC 9.10 x 108 0.0002 0.033 G 0.664
QTL_ Q24 —— 12 31509 6H 203,509,034
12 TWL 3.53 x 107 0.0017 0.027 G 17.627
13 GSC 2.40 x 10~ 0.0046 0.029 A 0.759
14 GPC 8.17 x 10~ 0.0039 0.023 A 0.494
15 QTL_Q29 TWL 11_21103 7H 582,767,743 1.85 x 10~ 0.0012 0.028 A 16.331
16 GSC 5.26 X 1075 0.0367 0.021 G 0.591

Chr., chromosome; Pos., physical position on the chromosome; FDR, false discovery rate; R?, phenotypic variation explained by the MTA; GPC, grain protein content (%); GSC, grain
starch content (%); EX, extractivity (%); TWL, grain test weight per liter (%).
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3.4. The significance of KASP Assays for SNP Markers in identified MTAs for Grain Quality Traits

In order to validate the QTLs identified by the GWAS, the most significant SNPs in
MTAs for each identified QTL were used in developing KASP assays. In total, five KASP
assays (Table S3) were designed for five of the most significant QTLs with pleiotropic
effects (Table 3). The promising barley lines (n = 34) grown at KB (2020-2021) were
assessed using GPC, GSC, EX, and TWL (Table S2). The genotyping of these lines (Table S2)
suggested that three out of five KASP assays (ipbb_hv_6, ipbb_hv_116, and ipbb_hv_128) had
a sufficient level of polymorphism (Figure 6), and two KASPs (ipbb_hv_7 and ipbb_hv_119)
were insignificantly polymorphic, as only one accession was characterized by minor alleles
for each of those two markers.

D ¥ ° E
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°

Figure 6. KASP plots of five SNPs associated with grain quality traits. (A) ipbb_hv_6. (B) ipbb_hv_7.
(C) ipbb_hv_116. (D) ipbb_hv_119. (E) ipbb_hv_128. Red and blue dots denote genotypes and black
dots are negative control (H,O).

The genotyping and phenotypic data were used for the validation of the KASP assays’
significance based on the f-test (Table 4). The assessment of the KASP assay ipbb_hv_6
showed highly significant associations with GPC, GSC, and EX over the two years based
on their mean values (p < 0.001), as the genotype “A:A” increased the GSC/EX and
decreased the GPC values (Table 5). The assay ipbb_hv_128 showed an association with
GPC (p < 0.01) and with GSC (p < 0.05) in 2020, and with GSC (p < 0.05) using mean values
with the genotype “T:T” that increased the GSC and decreased the GPC values. There were
no associations for the assay ipbb_hv_116, and a possible association with TWL was not
confirmed in any of the studied KASP assays.
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Table 4. The significance of SNP markers associated with grain quality traits using the collection of 34 promising breeding lines. p-values obtained in the f-test are shown.
2020 2021 MEAN
Traits (GWAS) KASP Chr. MAF
TWL GPC EX GSC TWL GPC EX GSC TWL GPC EX GSC
GPC/GSC/TWL  ipbb_hv_6 3H 0.18 0.684 347 x107*  288x107* 123 x10°° 0.283 916 x10° 589 x 107 114 x 107 0703 469 x 10  4.85x 107 538 x 107
Gé’f/fv?f/ ipbb_to_7 6H 0 (mono) ; ; ; ; ; ; ; - ; . ; .
GPC/GSC ipbb_hv_116 1H 0.12 0.444 0.495 0.875 0.525 0.152 0.768 0.105 0.994 0.308 0.906 0.531 0.718
GPC/TWL ipbb_hv_119 3H 0 (mono) - - - - - - - - - - - -
GPC/GSC/TWL  ipbb_hw_128  7H 0.17 0.497 0.005 0.647 0.016 0.966 0.264 0.649 0.092 0.642 0.123 0.665 0.037

Chr., chromosome. MAF, minor allele frequency. MEAN, mean values of 2020 and 2021.
test weight per liter (%).

GPC, grain protein content (%). GSC, grain starch content (%). EX, extractivity (%). TWL, grain
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Table 5. Effect of genotypes on grain quality traits in the 34 tested barley breeding lines.

2020
ipbb_hv_6 (chromosome 3H;
580,635,994 bp) Genotype N Mean SD Effect
Grain protein content (GPC,%) AA 6 11.45 0.23 —1.15%
GG 28 12.60 1.44 +1.15%
Grain starch content (GSC,%) AA 6 61.27 045 +1L71%
GG 28 59.56 1.19 —1.71%
Extractivity (EX,%) A:A 6 78.32 0.42 +1.10%
GG 28 77.22 0.84 —1.10%
ipbb_hv_128 (chromosome 7H;
582,767,743 bp) Genotype N Mean SD Effect
Grain protein content (GPC,%) T > 11.64 0.25 —0.89%
C.C 29 12.53 1.45 +0.89%
Grain starch content (GSC,%) TT > 60.95 0.76 +1.26%
C:.C 29 59.69 1.27 —1.26%
2021
ipbb_hv_6 (chromosome 3H;
580,635,994 bp) Genotype N Mean SD Effect
Grain protein content (GPC,%) AA 6 12.60 083 —2.60%
GG 28 15.20 1.10 +2.60%
Grain starch content (GSC,%) AA 6 6213 0-53 +2.05%
GG 28 60.08 0.78 —2.05%
Extractivity (EX,%) A:A 6 78.65 0.30 +0.93%
A:A 28 77.72 0.69 —0.93%
MEAN
ipbb_hv_6 (chromosome 3H;
580,635,994 bp) Genotype N Mean SD Effect
Grain protein content (GPC,%) AA 6 12.05 19.80 —1.87%
GG 28 13.90 31.69 +1.87%
Grain starch content (GSC,%) AA 6 61.70 0-36 +1.87%
GG 28 59.83 0.81 —1.87%
Extractivity (EX,%) A:A 6 78.48 0.33 +0.99%
GG 28 77.49 0.68 —0.99%
ipbb_hv_128 (chromosome 7H;
582,767,743 bp) Genotype N Mean SD Effect
Grain starch content (GSC,%) IT > 61.24 0-9 +1.27%
C.C 29 59.97 0.94 —1.27%

N, number of barley lines with a particular genotype. SD, standard deviation. MEAN, mean values of 2020 and 2021.

4. Discussion
4.1. The Variability Ranges in the Quality Traits of the Barley Collection Harvested in Three
Regions of Kazakhstan

For application in malting, barley should ideally have a GPC in the range of 9.5% to
12.5% [3] and a GSC between 60% and 64%, which corresponds to an EX of approximately
78-82% [11]. In addition, barley bred both for malting and for food production should
have a high TWL (650-730 g/L). These quantitative traits are complex and are controlled
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by many genetic factors [4,5,9]. As has been shown in many studies, GPC, GSC, EX,
and TWL are also influenced by environmental factors [14-16]. In the current study, the
phenotyping of the diverse barley panel provided valuable information about the range
and distribution of GPC, GSC, EX, and TWL in barley, as the geographic locations and
climate conditions were variable (Figure 1) [57]. Positive correlations among the three sites
for each studied trait (Figure S1) indicated a sufficient significance level for the importance
of the “genotype” for these experiments. However, observed correlations between the
sites were not high (v < 0.31), particularly for GSC and EX. Therefore, it can be speculated
that environmental factors also affect quality traits, indicating the necessity for a separate
GWAS for the collection harvested in Kazakhstan. In addition, the contribution of the
environment was the largest for GPC and TWL, while the variance of GSC and TWL was
mostly affected by the genotype x environment interaction (Table 1). Here, the largest
number of barley accessions with a low GPC, as well as a higher GSC and EX, was observed
in South Kazakhstan at the KO site (Figure 2), which was unlike the other two sites in that
the experiment was conducted on irrigated plots [57]. The correlation results at the KB site
suggest that GPC is positively correlated with TKW and negatively with YM2 (Figure 3).
Interestingly, at the KO site, GPC was negatively correlated with TKW and positively with
YM2. Stable and highly significant negative correlations between GPC and GSC/EX were
observed at all three stations, confirming the results reported in other works [30]. TWL
was negatively correlated with GPC and positively with GSC/EX at both the KB and KO
sites. All of the abovementioned strong correlations among quality traits can be explained
by their physiological relatedness in barley [63]; still, a calibration model of near-infrared
reflectance (NIR) used to estimate quality traits might influence the strength of correlation
as well [64,65]. Generally, the collection demonstrated a wide range for all four quality
traits and provided promising phenotypic data for the GWAS at all three stations.

4.2. Identification of QTLs Associated with Quality Traits Based on GWAS

The results of the heat map and PCA using 1920 SNPs revealed a clear distinction
between the two groups of barley with different row types (Figure 4), which served as
confirmation of similar results obtained in previous studies, including the use of the same
CAP collection from the USA [28,66]. Therefore, accounting for the grouping of samples,
the K- and Q-matrices were generated to avoid the GWAS errors associated with the
population structure. The other constraint in the identification of MTAs, as was suggested
by the correlation of agronomic traits in different locations and years (Figure S1), is the
impact of the environment [67], which was strong for studied traits (Table 1). Usually, to
avoid causal associations in genotype X environment interactions and to identify major
associations, a stringent threshold is applied in association mapping. However, stringent
criteria may potentially lead to the suppression of weak but important minor associations
that also contribute to trait manifestation. In this study, we used a rather relaxed threshold
(p < 0.001) to allow the detection of the largest possible number of MTAs for the four
analyzed quality traits. Nevertheless, an FDR rate of 0.05 and Bonferroni correction at
p <2.6 x 107° were used to select the most significant MTAs for further assessment using
KASP assays. As a result, 76 MTAs in total were identified in the studied environments
(Table S4), including sixteen MTAs that had the best-fitted FDR and Bonferroni correction
(Table 3). More than half of the total associations (1 = 43), as well as the largest number
of the most significant MTAs (n = 11), were detected at KB. The largest number of the
most significant MTAs were observed at KA in 2011 and at KO in 2010. Apparently, the
abundance of MTAs at KB is associated with the wide ranges of GPC, GSC, and EX at this
location. For instance, all the most significant MTAs for TWL were detected at KO, where
the range of this trait was the widest.

A review of genes and QTLs from published GWASs or from linkage mapping studies
resulted in identified matches for 25 out of the 30 QTLs (Table 2). Four malting genes
were located in close proximity to the QTLs for TWL and GSC. These four genes include
Aglu3 (x-glucosidase), which matched with the genetic position of QTL_Q6 for TWL on
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chromosome 1H; DTDP (d-TDP-glucose dehydratase)/PDI (protein disulfide isomerase),
which matched QTL_Q14 for TWL on chromosome 4H; and SS1 (sucrose synthase 1), which
matched QTL_Q27 for GSC on chromosome 7H (Table 2). It is known that Aglu3, DTDP,
and SS1 are involved in the metabolism of starch in barley grain [68-70]. Interestingly,
identified QTLs for GPC were positioned far from the HUNAM-1 and HUNAM-2 genes that
are associated with protein content in the grain [5,71]. Nevertheless, the genetic location of
QTLs associated with the location of genes and QTLs from previously published reports
confirms the high reliability of the data in the current study. Therefore, it is expected that
the data will be informative for future breeding projects targeting the selection of promising
barley cultivars with high grain quality. The remaining five QTLs included QTL_Q1 on
chromosome 1H, QTL_Q8 and QTL_Q11 on chromosome 2H, QTL_Q12 on chromosome
3H, and QTL_Q29 on chromosome 7H (Table 2). These five listed QTLs are multi-trait loci
with pleiotropic effects, as they are associated with several analyzed traits. As there were no
matching genetic positions between these five QTLs and QTLs for the same studied traits
in the literature, these loci can likely be considered novel genetic factors for controlling
grain quality traits.

4.3. The Significance of KASP Assays for Evaluation of Grain Quality Traits

One of the recent priorities in molecular breeding is the validation of the importance
of variances in GWAS-associated regions using modern types of DNA markers and diverse
genetic panels [72], including collections of promising lines that will potentially be released
in the near future in particular environments. The validation of such genotype-phenotype
associations is an essential step for the implementation of marker-assisted selection in
practice. From a technical point of view, it is very important to test these associations by
using cost-effective, informative, and reliable types of DNA markers, such as KASP assays.
Therefore, in this study, the SNPs in the five most significant QTLs for the four studied
grain quality traits (GPC, GSC, EX, and TWL) (Table 3) were converted to KASP assays
(Table S3) and tested using 34 promising breeding lines from state commission trials grown
in field plots (20 m blocks in three repeats). The collection was also tested for the same
four quality traits. The list of analyzed QTLs included QTL_Q2 (SNP 11_11336), QTL_Q12
(SNP 11_21505), QTL_Q13 (SNP 11_10935), QTL_Q24 (SNP 12_31509), and QTL_Q29 (SNP
11_21103). Two of the five KASP assays (ipbb_hv_7 and ipbb_hv_119) were monomorphic
in the tested barley collection (Figure 6). The other three (ipbb_hv_6, ipbb_hv_116, and
ipbb_hv_128) demonstrated good segregation and MAF > 0.05 (Figure 6, Table 4). There were
no heterozygotes among the studied breeding lines, which means they were all genetically
pure. The 2020 and 2021 phenotypic data used for validation were obtained from KB—the
originator of the breeding lines. According to the t-test, KASP assay ipbb_hv_116 was
not significantly associated with any of the quality traits in the promising breeding lines.
However, the association identified in the GWAS between QTL_Q12 (ipbb_hv_6) and GPC,
GSC, and EX was confirmed in 2020 and 2021, and mean values (p-values varied from
5.38 x 1078 t0 3.47 x 10~*) (Table 4). Genotype “A:A” of ipbb_hv_6 provided an average
1.88% increase in GSC, a 1.02% increase in EX, and a 1.87% decrease in GPC (Table 5), and
the latter effect can be efficiently used in breeding barley for malting, food production, and
animal feed. The t-test using grain quality performance in the studied collection validated
the association between KASP assay ipbb_hv_128 and GPC and GSC (Table 4) and therefore
confirmed the significance of QTL_Q29 (Table 5). Thus, KASP assays ipbb_hv_6 (QTL_Q12)
and ipbb_hv_128 (QTL_Q29) showed their significance in the studied local collection of
barley, having never been described before, and are presumably novel genetic factors that
can be successfully used in breeding for grain quality.

5. Conclusions

In the present study, GWAS of grain quality traits was performed using a barley
collection that included 658 accessions from the USA and Kazakhstan grown in three
regions of Kazakhstan in 2010 and 2011. Four important grain quality traits (GPC, GSC,
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EX, and TWL) demonstrating high variability were studied in the collection, which was
genotyped using the 9K SNP chip. The GWAS enabled the discovery of 76 genotype-
phenotype associations, including 18 MTAs for GPC, 19 MTAs for GSC, 12 MTAs for EX,
and 27 MTAs for TWL, resulting in the identification of 30 QTLs for these four important
grain quality traits. In the assessment of 25 of those 30 QTLs, putative candidate genes
and/or QTLs were found, while the remaining five loci can be considered as possible novel
factors for the studied grain quality traits. Furthermore, the SNP markers for the five most
significant QTLs (p < 2.6 x 10~°) associated with several of the quality traits were converted
into KASP assays. These five KASP assays were analyzed using 34 barley breeding lines
grown in large field plots. A t-test conducted using the segregation in the KASP assays,
and the grain quality traits in the 34 barley breeding lines confirmed the significant effect
of QTL_Q12 (ipbb_hv_6) and QTL_Q?29 (ipbb_hv_128) identified in the GWAS for GPC, GSC,
and EX. The diagnostic ability of these markers and the high-throughput KASP platform
used in the present study can be potentially applied in a marker-assisted selection of grain
quality traits in barley breeding.
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(LD) decay plots by chromosomes.
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