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Abstract

Background and Aim. Barley (Hordeum vulgare L.) is a key cereal crop in Kazakhstan, ranking
second after wheat and making a substantial contribution to livestock production and food security.
However, barley productivity is strongly constrained by major fungal diseases, including net blotch,
barley scald, powdery mildew, and stem rust, causing yield losses of 10—40% and up to 100% under
severe epidemics. This review summarizes current knowledge on the genetic basis of resistance to
these diseases, with particular emphasis on resistance genes, quantitative trait loci (QTLs), and their
application in barley breeding in Kazakhstan.

Materials and Methods. The review is based on the analysis of published scientific literature and
recent molecular studies, including genome-wide association studies (GWAS) and SSR-marker analyses
conducted on globally diverse and locally adapted barley germplasm. Particular emphasis was placed on
studies performed under the agroecological conditions of Kazakhstan.

Results. Numerous resistance loci associated with major barley diseases have been identified and
characterized. In Kazakhstan, GWAS identified 59 QTLs for net blotch (25 novel), 7 QTLs for powdery
mildew (5 novel), and 19 QTLs for stem rust (13 novel), along with validation of known resistance
genes. These studies also confirmed the presence of both globally relevant and region-specific resistance
sources in local germplasm. The findings highlight the importance of combining major resistance genes
with quantitative resistance loci and adult plant resistance (APR) for durable resistance.

Conclusion. Molecular tools such as GWAS, marker-assisted selection, and genomic selection offer
strong potential to accelerate barley breeding for disease resistance. Future research should focus on
gene pyramiding, use of diverse germplasm, and advanced approaches such as pangenomics and genome
editing. These strategies will develop multi-disease resistant barley cultivars adapted to Kazakhstan
conditions.

Keywords: net blotch; barley scald; powdery mildew; stem rust; QTL.

Introduction

Barley (Hordeum vulgare L.) is one of the most widely cultivated cereal crops worldwide, ranking
fourth after wheat, maize, and rice. Global cultivation exceeds 50 mln hectares, with annual production
ranging between 150 and 155 mln metric tons in recent years [1, 2]. Its broad adaptability to diverse
agroecological conditions, including drought-prone, saline, and low-fertility environments, makes barley
a key crop in marginal regions where other cereals often fail. Beyond its agronomic resilience, barley
has substantial economic importance: approximately 70% of global production is used for animal feed,
20-25% for malting and brewing, and a smaller proportion for human consumption [3, 4]. The global
barley market was valued at more than USD 20 billion in 2024, underscoring its continued relevance [5].
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In Central Asia, Kazakhstan is among the major barley-producing countries, with annual production
ranging from approximately 2.6 to 3.8 mln metric tons, depending on climatic conditions [1, 6]. Barley
is the second most important cereal crop in the country after wheat and plays a vital ~ role in livestock
production, food security, and export markets. The primary production zones are located in northern
Kazakhstan, characterized by continental climatic conditions with cold winters, hot summers, and
variable precipitation. Despite its adaptability, average yields remain relatively low (1.5-1.7 tons per
ha), largely due to combined abiotic stresses and biotic constraints, particularly fungal diseases.

Fungal diseases represent one of the most significant constraints to barley productivity worldwide.
They reduce both yield and grain quality, affecting key parameters such as kernel size, thousand kernel
weight, and malting quality. Under moderate infection, yield losses typically range from 10% to 40%,
but may reach up to 100% in severe epidemics, especially when susceptible cultivars are grown under
favorable environmental conditions [7, 8]. In addition, certain pathogens can adversely affect grain
quality, leading to economic losses in both feed and malting industries.

Among the most economically important fungal diseases of barley are net blotch (NB), barley scald
(BS), powdery mildew (PM), and stem rust (SR). These diseases are widely distributed across barley-
growing regions and their epidemiology and severity are increasingly influenced by climatic variability.
In Kazakhstan, NB and BS are particularly prevalent, often occurring simultaneously and contributing
to cumulative yield losses [9, 10, 11]. PM and SR, although historically less dominant [12, 13, 14],
remain important due to their widespread occurrence and the emergence of highly virulent pathogen
populations [15].

Disease development is strongly influenced by environmental factors, including temperature,
humidity, and leaf wetness duration, resulting in pronounced genotype x environment interactions [16].
This variability complicates disease management and the deployment of resistant cultivars, particularly
under the heterogeneous climatic conditions of Kazakhstan.

While fungicide application and agronomic practices can provide partial disease control, these
approaches are associated with increased production costs, environmental concerns, and the risk of
fungicide resistance [17]. Therefore, the development of resistant cultivars remains the most sustainable
and economically viable strategy. However, breeding for resistance is challenged by the quantitative
nature of many resistance traits and the rapid evolution of pathogen populations [18].

Recent advances in molecular genetics, including quantitative trait locus (QTL) mapping, genome-
wide association studies (GWAS), and marker-assisted selection (MAS), have significantly improved the
understanding of the genetic architecture of disease resistance in barley [19]. These approaches enable
the identification of resistance loci and molecular markers that can accelerate breeding programs. In
Kazakhstan, the application of these tools to local germplasm has begun to reveal resistance mechanisms
to major barley diseases [10, 13, 14, 20, 21], although comprehensive integration into breeding pipelines
remains limited.

This review summarizes current knowledge on the genetic basis of resistance to four major fungal
diseases of barley, with particular emphasis on resistance genes and QTLs identified in globally diverse
germplasm. Special attention is given to insights derived from recent molecular studies, including
GWAS and SSR-genotyping, with phenotypic evaluation conducted under the agroecological conditions
of Kazakhstan, and their implications for the development of resistant cultivars adapted to the region.

Materials and Methods

The review was prepared as a structured analytical synthesis of current knowledge on the genetic
basis of resistance in barley to major fungal diseases in Kazakhstan. A comprehensive literature search
was conducted using scientific databases (Scopus, Web of Science, Google Scholar, and PubMed),
covering peer-reviewed articles, reviews, and relevant studies published up to 2026. Particular emphasis
was placed on recent molecular studies, including GWAS, SSR-marker analyses, and phenotypic
evaluations performed on globally diverse and locally adapted barley germplasm under the agroecological
conditions of Kazakhstan.

Data on resistance genes, QTLs, pathogen populations, and breeding strategies were extracted and
synthesized narratively, with special attention given to studies addressing NB, BS, PM, and SR. Tables
were used to summarize major resistance loci and GWAS results.
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Results

Net blotch (Pyrenophora teres)
NB is one of the most economically important foliar diseases of barley worldwide. The pathogen
occurs in two forms: P. teres f. teres (Ptt), causing the net form (NFNB), and P. feres f. maculata (Ptm),
responsible for the spot form (SFNB). These forms differ in symptom expression and host-pathogen
interactions [22]. NFNB produces elongated necrotic lesions with characteristic net-like patterns (Figure 1),
whereas SFNB results in discrete, circular lesions surrounded by chlorotic halos.
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Figure 1. Photo of P. teres f. teres on barley plant in the field of Almaty region [10]

The pathogen survives between growing seasons on infected crop residues and seed, serving as the
primary inoculum source. Both sexual (ascospores) and asexual (conidia) spores contribute to disease
spread, with secondary infection driven mainly by conidia under favorable environmental conditions [7,
22]. Disease development is promoted by moderate temperatures and moisture, particularly periods of
leaf wetness.

NB is widely distributed across major barley-growing regions, including North America, Europe,
Australia, and Asia. In Kazakhstan, NB is one of the most prevalent foliar diseases, with infection
severity exceeding 40% in northern regions during favorable years. Yield losses typically range from
10% to 40%, although higher losses may occur under severe epidemics [10, 11, 22]. Field evaluations
have further demonstrated strong stage-dependent variation in resistance: although up to 37 genotypes
exhibited resistance at the stem elongation stage; only 12 genotypes-maintained resistance at heading,
indicating substantial changes in host response during plant development [11]. Moreover, the high
virulence diversity observed in local Ptt populations, including isolates capable of overcoming resistance
in commercial cultivars such as “Ubagan” [11], highlights the dynamic nature of host-pathogen
interactions and the need for durable resistance strategies.

In addition to reducing yield, NB negatively affects grain quality by decreasing kernel size and
thousand kernel weight [23].

Resistance to NB is commonly evaluated using visual infection-type scales developed for both
seedling and adult plant stages. At the seedling stage, the Tekauz scale [24] is widely used to classify
reactions from resistant to susceptible based on lesion size, chlorosis, and necrosis patterns. In field
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evaluations, disease severity is often estimated as the percentage of infected leaf area using modified
Cobb-type scales [25] or a 1-9 rating system, where lower scores indicate greater resistance.

Barley scald (Rhynchosporium commune)

BS, caused by R. commune (Rc), is a major foliar disease in temperate regions characterized by cool
and humid conditions [26]. Symptoms include irregular lesions that develop into characteristic grayish-
white centers with dark margins, often coalescing under severe infection [27] (Figure 2).

Figure 2. Photo of R. commune on barley plant in the field of Almaty region [10]

The pathogen survives on crop residues and volunteer plants, with disease spread primarily mediated
by rain-splashed conidia. Moisture is a critical factor for infection, with optimal conditions occurring at
temperatures of 10-20 °C and prolonged leaf wetness [27]. Consequently, BS is particularly prevalent in
regions with frequent precipitation [26].

Globally, BS is widely distributed across Europe, North Africa, South America, and parts of Asia.
Yield losses typically range from 10% to 40%, but may approach 100% under continuous barley
cultivation without crop rotation [28]. In Kazakhstan, the disease is widespread across major barley-
growing regions and shows considerable variation in severity depending on environmental conditions
and host genotype, with field studies reporting disease development levels commonly ranging from
5% to 50% in spring barley under natural infection [29]. Also, BS negatively affects grain quality by
decreasing kernel weight and uniformity [27].

BS resistance is traditionally assessed using qualitative infection-type scales that consider lesion size,
sporulation intensity, and the extent of chlorosis or necrosis. Seedling evaluations commonly employ a
0—4 or 0-9 scale, while adult plant resistance is frequently quantified as the percentage of diseased leaf
area under field conditions. These assessments allow differentiation between highly resistant, moderately
resistant, and susceptible genotypes.

Powdery mildew (Blumeria graminis f. sp. hordei)

PM, caused by the obligate biotrophic fungus B. graminis f. sp. hordei (Bgh), is a widespread
disease affecting barley across diverse environments. The pathogen forms white, powdery colonies on
leaf surfaces and extracts nutrients via haustoria formed within epidermal cells [30] (Figure 3).
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Figure 3. Photo of B. graminis f. sp. hordei on barley plant in the field of Almaty region

Unlike many foliar pathogens, Bgh does not require free water for infection. It spreads through
airborne conidia and is favored by moderate temperatures (15-22 °C) and high humidity. Its short
life cycle and high reproductive capacity enable rapid adaptation, often resulting in the breakdown of
resistance genes [31].

Yield losses associated with PM are typically moderate (5—20%), but may be higher under severe
infection [32]. The disease reduces photosynthetic efficiency and biomass accumulation, ultimately
affecting grain filling [33]. In Kazakhstan, PM occurs in both northern and southeastern regions, with
variable severity depending on environmental conditions. Studies have revealed high genetic and
phenotypic diversity of Bg/h in southern regions, with 23 pathotypes identified among 107 isolates and
considerable variation in virulence frequencies across locations, indicating strong adaptive potential
of the pathogen [12]. Notably, while virulence to several Mla resistance genes remains low (0.9-
1.8%), all tested isolates were virulent to Mla8, highlighting the limited effectiveness of certain
resistance sources [12].

PM resistance is typically scored using infection-type scales based on the amount of fungal mycelium
and sporulation on leaf surfaces. The most widely used method is a 0—4 scale, where 0 indicates the
absence of visible symptoms and 4 represents abundant sporulation and high susceptibility. In field
experiments, disease severity may also be recorded as the percentage of leaf area covered by mildew
colonies.

Stem rust (Puccinia graminis f. sp. tritici)

SR, caused by P. graminis f. sp. tritici (Pgt), is one of the most destructive diseases of cereals. The
pathogen has a complex life cycle involving both cereal hosts and Berberis spp., producing multiple
spore types that facilitate both sexual and asexual reproduction [34].

Infection results in characteristic reddish-brown pustules on stems, leaves, and spikes, which can
disrupt vascular tissues and severely impair plant growth (Figure 4).
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Figure 4 — Photo of P. graminis f. sp. tritici on barley plant in the field of Almaty region [14]

The disease is favored by warm temperatures (20—30°C) and sufficient moisture, and airborne spores
enable long-distance dispersal [35]. Yield losses due to SR often exceed 50% and may reach up to 100%
under severe epidemics [36]. The emergence of highly virulent races, particularly the Ug99 lineage, has
increased global concern due to their ability to overcome widely deployed resistance genes. Although
historically less prevalent in Kazakhstan compared to foliar diseases, SR poses an increasing risk due to
climate change and pathogen migration.

Recent studies in Central Asia, including Kazakhstan, have identified variation in resistance among
local cultivars and detected loci associated with adult plant resistance (APR) using molecular approaches
such as GWAS [14, 20]. These findings highlight the importance of integrating genetic resistance into
breeding programs to mitigate future risks.

SR resistance is traditionally evaluated using the Stakman infection-type scale, which classifies
reactions from immune (0) to highly susceptible (4) based on uredinium size and the presence of
chlorosis or necrosis [37]. For adult plants, disease severity is commonly estimated using the modified
Cobb scale [25], which records the percentage of plant tissue covered by rust pustules and combines
severity estimates with host response classes such as resistant (R), moderately resistant (MR), moderately
susceptible (MS), and susceptible (S).

Genetic basis of resistance to four fungal diseases of barley in Kazakhstan

The genetic control of resistance to major barley diseases in Kazakhstan reflects a combination of
well-characterized major genes and numerous QTLs identified through recent genome-wide studies.
As summarized in table 1, resistance to NB, BS, PM, and SR is governed by both seedling/all-stage
resistance (ASR) and APR, with clear implications for breeding strategies.
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Table 1. The list of major resistance genes to net blotch, barley scald, powdery mildew, and stem

rust in barley

Pathogen/disease Locus Chr. Pos. (Mb) Type of resistance References
Pyrenophora teres / Rptl 3H 541.7-574.5 ASR, APR [38, 39, 40]
net blotch Rpt2 1H 25.7-78.9 ASR
Rpt3 2H 601.8 — 663.6 ASR, APR
Rpt4 / Rpt3 TH 415.1 - 596.7 ASR
Rpt5 6H 362.3-376.9 ASR
Rpt6 SH 22-16.6 ASR
Rpt7 4H 81.9-447.3 ASR, APR
Rpt8 4H 572.5-592.2 ASR, APR
Rpt9 / Spt3 7H 587.1 - 632.0 ASR, APR
Rpt10 / Spt2 5H 437.1 —455.5 ASR
Rptl1/ Spt4 IH 2.6-14.7 ASR
SPNI 6H 30.1-94.9 ASR
Rhynchosporium Rrsl (Rh4) 3H 446.9 ASR [26, 41]
commune / barley Risld 1H 08 ASR
scald Rrs17 (Rrs15 (CI8288)) 2H 10.4 ASR
Rhy 3H 4473 ASR
Rrs4 3H 523.0 ASR
Rrsl6 4H 1.7 APR
Rrs18 (qC174_6) 6H 11.8 APR
Rrsi3 6H 25.6 ASR
Rrs2 TH 5.2 ASR, APR
Rrsi2 7H 16.0 ASR
Rrsl5 TH 626.3 ASR
Blumeria graminis Mia IH 0.24-0.36 ASR [42, 43]
£. sp. hordei | MiLa 2H NA APR
powdery mildew
Milg, MiBo 4H 550 ASR
mlo 4H 589.3 ASR
Mih 6H NA ASR
Mif TH NA ASR
Mij SH NA ASR
milmr 6H NA APR
Mit 7TH NA ASR
MISh TH NA ASR
Puccinia graminis f. Rpgl TH 3.73-3.74 ASR [38, 44]
sp. tritici / stem rust Rpg? oH 5333-551.2 APR
Rpg3 SH 448.6 - 519.6 APR
rpgd / Rpg5 SH 562.8 — 562.9 ASR
rpg6 6H 0.07-25.5 ASR
Rpg7 3H 606.1 —615.9 ASR
Rrrl SH 560.9 - 561.5 ASR
Rrr2 7H 62-69 ASR
Rprl 4H 145.5-411.4 ASR
Rpr2 6H 68.3-111.5 ASR
Rpr9 3H 502.4-503.2 ASR

Chr. — chromosome, Pos. — position, ASR — seedling/all-stage resistance, APR — adult plant resistance, NA —

information is unknown.
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For NB, at least 11 major resistance loci (Rpt) and additional loci, such as SPN1, have been identified
across all barley chromosomes, as reported in multiple linkage and association mapping studies [38].
Resistance to BS is controlled by a series of Rrs genes, with more than 15 loci described to date,
although many exhibit race-specific effects and limited durability [26]. PM resistance represents one
of the most extensively characterized systems in barley, with over 30 alleles identified at the Mla locus
alone, in addition to other loci such as mlo, which confers durable, broad-spectrum resistance [42]. For
SR, at least 10 major genes (Rpg) have been mapped, with Rpgl being the most widely deployed gene
in cultivated barley [38].

Recent studies based on GWAS and SSR genotyping, using globally diverse barley germplasm
(accessions from the USA, Middle East, Europe, Africa, and Kazakhstan) assessed under conditions of
southern and south-eastern Kazakhstan, have provided valuable insights into the genetic architecture of
resistance to four major fungal diseases (Table 2).

Table 2. Number of SNP, SSRs and list of genes identified for net blotch, powdery mildew, and stem
rust of barley in Kazakhstan

Pathogen/disease Number of | Number of | Number of Genes Reference
QTLs from | presumably | effective | overlapped with
GWAS novel SSRs QTLs from
QTLs from GWAS and SSR
GWAS markers
Pyrenophora teres / 59 25 3 Rptl, Rpt2, [10, 21]
net blotch Rpt3, Rpt4,
Rpt6, RptS,
Rpt9, SPN1
Rhynchosporium commune - - 3 Rrs4 [10]
/ barley scald
Blumeria graminis f. sp. 7 5 - Mla [13]
hordei / powdery mildew
Puccinia graminis f. sp. 19 13 - Rpgl, Rpg6 [14]
tritici / stem rust

GWAS conducted in Kazakhstan identified 59 QTLs for NB, of which 25 were considered potentially
novel, highlighting the unique genetic diversity of local germplasm. Importantly, several of these QTLs
co-localized with known Rpt genes (e.g., Rptl, Rpt3, Rpt6, Rpt8), confirming their relevance under
regional agro-climatic conditions [21]. Additionally, seven SSRs were used for the screening of local
germplasm, revealing that markers Bmac209, Bmag206, and Bmag613 confirmed their association with
NB resistance in Kazakhstan [10].

Resistance to BS is primarily associated with major genes such as Rrs/ and Rrs2, alongside additional
loci distributed on chromosomes 1H-7H [26]. Although fewer large-scale studies have been conducted
in Kazakhstan compared to NB, the presence of Rrs4 locus suggests a complex genetic architecture
requiring further validation under local environments.

In contrast, resistance to PM in Kazakhstan appears to be less genetically diverse, with only seven
QTLs identified, five of which are novel [13]. These loci are primarily associated with the well-known
Mila resistance cluster, indicating a narrower genetic base that may limit long-term durability.

For SR, 19 QTLs have been identified in Kazakhstan, including 13 novel loci, with key resistance
genes such as Rpg! and Rpg6 contributing to ASR [14]. The presence of APR loci further supports the
importance of combining resistance types to achieve durable protection.

Overall, these findings demonstrate that the diverse barley germplasm tested in Kazakhstan harbors
both globally recognized and region-specific resistance loci, emphasizing its value for breeding programs
targeting multi-disease resilience under continental climatic conditions.
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Discussion

Breeding strategies for disease resistance

The development of disease-resistant barley cultivars relies on the strategic combination of genetic
resistance sources, informed by an understanding of pathogen variability, host—pathogen interactions,
and the genetic architecture of resistance. Modern breeding approaches increasingly integrate classical
selection methods with molecular tools to achieve durable, broad-spectrum resistance against multiple
pathogens.

One of the fundamental strategies is the deployment of major resistance (R) genes, which typically
confer high levels of race-specific resistance at the seedling stage [45]. Genes such as Rpg/ for SR
[46] and multiple Mla alleles for PM [47] have been widely utilized due to their strong phenotypic
effects. However, the durability of such resistance is often limited, as pathogen populations can rapidly
evolve virulence. For example, the emergence of virulent races of Bgh and Pgt has repeatedly led to the
breakdown of single-gene resistance in barley [48, 49]. Consequently, reliance on individual R genes is
considered insufficient for long-term disease management.

To overcome this limitation, breeding programs increasingly focus on quantitative resistance, often
expressed as APR [45]. This form of resistance is typically controlled by multiple loci with smaller
effects and provides partial but more durable protection. Studies have demonstrated that combining
several minor-effect QTLs can significantly reduce disease severity and slow pathogen adaptation [31, 50].
In barley, APR has been reported for all four major diseases (Table 1), highlighting its importance for
sustainable resistance breeding.

Another widely adopted approach is gene pyramiding, which involves the combination of multiple
resistance genes within a single genotype. This strategy enhances both the breadth and durability of
resistance by reducing the likelihood that a pathogen can simultaneously overcome all resistance factors.
MAS has greatly facilitated gene pyramiding by enabling the precise tracking of resistance loci during
breeding cycles. For instance, pyramiding of Rpgl with APR loci has been shown to improve resistance
stability against diverse SR races [51].

The integration of genomic tools, particularly GWAS and genomic selection (GS), represents a
major advancement in resistance breeding. GWAS enables high-resolution identification of resistance
loci across diverse germplasm, while GS uses genome-wide marker data to predict breeding values
and accelerate selection cycles. In barley, GS has been successfully applied to improve complex
traits, including disease resistance, with prediction accuracies often exceeding 0.5 depending on trait
heritability and population structure [52, 53].

Figure 5 summarizes a modern breeding framework for developing disease-resistant barley cultivars
using GWAS-derived molecular markers. In this approach, diverse germplasm is first phenotyped for
disease response and genotyped with genome-wide markers to identify marker—trait associations linked
to resistance. Significant loci are subsequently incorporated into breeding programs through marker-
assisted selection, enabling the efficient identification of individuals carrying favorable alleles during
population advancement. The integration of GWAS, marker-assisted selection, and conventional
breeding accelerates the pyramiding of resistance loci and facilitates the development of cultivars with
durable resistance to multiple fungal pathogens.
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Figure 5. Schematic representation of a barley breeding pipeline for fungal disease resistance
using molecular markers identified through genome-wide association studies (GWAS)

Recent examples from barley breeding programs further illustrate the effectiveness of these
integrated approaches. In BS resistance, MAGIC populations combined with GWAS and high-density
SNP genotyping have enabled pyramiding of loci such as Rrs1 and Rrs18 with additional QTLs, resulting
in stable multi-environment resistance [54]. For stripe rust, doubled haploid lines combined with MAS
have demonstrated that stacking multiple QTLs across different chromosomes provides substantially
higher resistance than single loci [55]. In PM, GWAS-based identification of APR loci, together
with selection for mlo-based slow-mildewing phenotypes, has contributed to long-term durable field
resistance, illustrating the synergy between classical breeding and genomics-assisted selection [56].

In addition, host diversity and cultivar mixtures have been proposed as complementary strategies
to reduce disease pressure at the field level. The use of genetically diverse cultivars can limit pathogen
spread and delay the emergence of virulent races, contributing to more stable production systems.
Although less commonly applied in large-scale agriculture, this approach remains relevant under low-
input or environmentally sensitive conditions.

In Kazakhstan, breeding strategies for barley disease resistance are increasingly incorporating
molecular approaches, although conventional phenotypic selection under field conditions remains the
primary method. Recent GWAS studies on globally diverse germplasm phenotyped under Kazakhstan’s
agroecological conditions have identified QTLs for NB, PM, and SR [13, 14, 21], including a substantial
proportion of novel loci, providing a valuable resource for marker-assisted breeding. However, the
integration of these markers into routine breeding programs is still at an early stage [57]. Current efforts
focus on combining locally adapted germplasm with identified resistance sources to develop cultivars
with improved multi-disease resistance under continental climatic conditions.

Challenges in breeding for resistance

Despite substantial progress in identifying resistance genes and QTLs, breeding for durable disease
resistance in barley remains a complex and multifaceted challenge. One of the most critical constraints
is the high evolutionary potential of fungal pathogens, which enables rapid adaptation to host resistance.
Pathogen populations of Ptt, Rc, Bgh, and Pgt exhibit high levels of genetic diversity driven by mutation,
recombination, gene flow, and large population sizes [58]. These processes facilitate the emergence of
new virulent pathotypes capable of overcoming resistance genes deployed in commercial cultivars [59].

A well-documented consequence of this evolutionary capacity is the so-called “boom-and-bust”
cycle associated with major resistance genes [60]. Race-specific resistance, particularly in pathosystems
governed by gene-for-gene interactions such as PM, is often rapidly rendered ineffective after widespread

37



EYPA3VIAABIK ATPOTEXHUKAZBIK KYPHAZ / EURASIAN AGROTECHNICAL JOURNAL / EBPA3UMICKIUI ATPOTEXHUYECKWI XKYPHAA
Ne 2 (130)/2026 ISSN 3135-243X,3135-2448

deployment. For example, more than 85 race-specific resistance genes have been identified for PM in
barley, yet many have lost effectiveness due to pathogen adaptation [61]. Similarly, studies emphasize
that hypersensitive resistance conferred by major genes is frequently short-lived, necessitating continuous
replacement of cultivars.

Another major challenge is the quantitative nature of durable resistance, which is typically
controlled by multiple loci with small individual effects. While such resistance is more stable, it is also
more difficult to select and validate, particularly under variable environmental conditions. Genotype
x environment interactions significantly influence the expression of quantitative resistance, reducing
selection accuracy and slowing breeding progress [62]. Moreover, the accumulation of favorable alleles
through conventional breeding requires multiple generations and extensive phenotyping, increasing
both time and cost.

The genetic uniformity of modern cultivars further exacerbates vulnerability to disease outbreaks
[63]. As barley is a predominantly self-pollinated species, commercial varieties tend to be highly
homogeneous, providing ideal conditions for rapid pathogen spread and adaptation. This lack of genetic
diversity at the field level reduces the buffering capacity of cropping systems and increases the risk of
large-scale epidemics.

In addition, fungicide resistance in pathogen populations represents an emerging constraint that
indirectly affects resistance breeding. Intensive and repeated use of fungicides imposes strong selection
pressure, leading to the development of resistant pathogen strains. Reduced sensitivity to major
fungicide classes, including azoles, strobilurins, and SDHIs, has already been reported in several barley
pathogens, complicating integrated disease management strategies [64]. This limits the effectiveness of
chemical control and increases reliance on genetic resistance, thereby intensifying selection pressure on
host resistance genes.

Another important limitation is the complexity of pyramiding resistance loci. Although combining
multiple genes is essential for durable resistance, linkage drag, epistatic interactions, and limited
availability of tightly linked markers can hinder efficient gene stacking. Furthermore, some resistance
genes may be associated with undesirable agronomic traits, such as yield penalties or reduced adaptability,
complicating their deployment in elite cultivars [65].

Finally, gaps in phenotyping and pathogen monitoring remain a bottleneck. Accurate assessment of
resistance requires multi-environment trials and detailed characterization of pathogen populations [66].
However, limited availability of standardized phenotyping platforms and insufficient surveillance of
pathogen virulence restrict the ability to match resistance genes with current pathogen races. Continuous
monitoring is essential to anticipate resistance breakdown and guide breeding strategies.

In Kazakhstan, these challenges are particularly pronounced due to the combination of high
environmental variability and dynamic pathogen populations. Continental climatic conditions,
characterized by fluctuating temperature and moisture regimes, lead to strong year-to-year variation in
disease pressure, complicating the evaluation of resistance. In addition, studies have shown that local
populations of Bgh exhibit high intrapopulation variability and a strong capacity to overcome host
resistance, while many commercial cultivars remain insufficiently resistant. Although recent GWAS
studies have identified numerous resistance loci in local germplasm, their practical implementation in
breeding programs is still limited. Strengthening the integration of molecular tools with long-term field
validation and pathogen monitoring will be essential to overcome these constraints and develop resilient
barley cultivars adapted to Kazakhstan’s agroecological conditions.

Future perspectives

Future progress in breeding barley for disease resistance will largely depend on the integration of
advanced genomic technologies, expanded genetic diversity, and predictive breeding frameworks. One
of the most promising directions is the transition from MAS to gene-level and genome-wide approaches,
enabling more precise identification and deployment of functional resistance alleles. Recent advances
in barley pangenomics, supported by the sequencing of over 1,300 accessions, provide unprecedented
opportunities to capture structural variation and rare alleles associated with disease resistance [67].
These resources facilitate the discovery of novel resistance mechanisms beyond classical R genes.

The application of genome editing technologies, particularly CRISPR/Cas systems, is expected
to accelerate the development of resistant cultivars by directly modifying susceptibility genes or
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enhancing quantitative resistance pathways. This approach has already demonstrated potential in barley
improvement, allowing targeted manipulation of genes involved in plant—pathogen interactions [68]. In
parallel, GS combined with artificial intelligence-based models is anticipated to significantly increase
selection accuracy and reduce breeding cycles, especially for complex traits controlled by multiple loci.

Another key perspective is the utilization of wild relatives and landraces as sources of novel resistance
alleles. Studies have shown that a substantial proportion of heritage barley varieties exhibit enhanced
resistance to Fusarium-associated traits compared with modern cultivars, reflecting the value of genetic
diversity preserved in landraces [69]. However, this resistance is often associated with undesirable
agronomic traits, including increased plant height and delayed maturity, indicating linkage between
resistance loci and adaptive growth characteristics. Overcoming such trade-offs through pre-breeding
and genomic introgression will be essential for broadening the genetic base of resistance.

Future strategies will also increasingly emphasize multi-trait and climate-resilient breeding,
integrating resistance to both biotic and abiotic stresses. Climate change is expected to alter pathogen
distribution and disease dynamics, requiring the development of cultivars with combined resistance
and environmental adaptability. The integration of transcriptomics, phenomics, and high-throughput
phenotyping platforms will further enhance the understanding of resistance mechanisms and their
stability across environments.

In Kazakhstan, future perspectives are closely linked to the effective utilization of locally adapted
germplasm and recently identified resistance loci. The discovery of numerous novel QTLs for NB,
PM, and SR highlights the unique genetic resources available in the region. However, their practical
application requires the establishment of integrated breeding pipelines combining GWAS, GS, and
multi-environment validation. Strengthening collaboration between research institutes and breeding
programs, along with improved pathogen monitoring systems, will be critical for translating genetic
discoveries into resistant cultivars adapted to the highly variable continental climate.

Overall, the convergence of genomics, biotechnology, and data-driven breeding approaches provides
a strong foundation for developing next-generation barley cultivars with durable, broad-spectrum
disease resistance.

Conclusion

Breeding for genetic resistance remains the most sustainable and cost-effective strategy to mitigate
the impact of major fungal diseases on barley production in Kazakhstan. Significant progress has
been achieved through GWAS and molecular marker analyses, which have successfully identified
both known and novel QTLs for resistance to net blotch, barley scald, powdery mildew, and stem rust
under conditions of Kazakhstan. These findings confirm that global barley germplasm harbors valuable
genetic diversity, including novel resistance loci that can enhance breeding programs. Nevertheless,
several challenges remain, including the high evolutionary potential of pathogens, strong genotype X
environment interactions, and the slow integration of modern genomic tools into practical breeding
pipelines. The frequent “boom-and-bust” cycles associated with race-specific resistance genes further
underscore the need for durable resistance strategies based on gene pyramiding and the accumulation
of quantitative resistance loci. Looking forward, the effective deployment of advanced technologies
such as genomic selection, pangenome resources, and CRISPR-based genome editing, combined with
systematic pathogen monitoring and multi-environment phenotyping, offers promising avenues for
accelerated breeding progress. Strengthening collaboration between research institutions and breeding
centers will be essential to translate these genetic discoveries into high-yielding, multi-disease resistant
barley cultivars adapted to the variable continental climate of Kazakhstan. Ultimately, the development
of such resilient varieties will contribute substantially to the stability of barley production, livestock feed
security, and agricultural sustainability in the region.
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I'eneTnyeckasi ycTOHYMBOCTH STUMEHsI K OCHOBHBIM rpuOHbIM (oJie3HsiM B Ka3zaxcrane:
AOCTHKEHHS, MP00JIeMbl H ePCIEeKTHBBI CeJIeKIIUH

I'eanerckas 10.A., Typycnekos E.K.

AHHOTaLUSA

[Ipennocbuiku u uenb. Slumens (Hordeum vulgare L.) siBAsieTCs OJHOM M3 KIIOYEBBIX 3€PHOBBIX
KynbTyp B Kazaxcrane, 3aHnMast BTOpoe MECTO IOCIIE MITEHUIIBI M UTPasi BAYKHYIO POJIb B dKUBOTHOBOJICTBE
U TIPOJIOBOJILCTBEHHON Oe3omacHOCTH. OHAKO €ro MPOAYyKTHUBHOCTH CYIIECTBEHHO OTPaHUYUBACTCS
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rprOHBIMU 3a00JIEBaHMSIMH, BKIIIOYAs CETYATYIO MATHHUCTOCTh, PUHXOCIOPHO3, MyYHHUCTYIO pOCY H
cTeOJIeByIO P’KaBUMHY, BBI3BIBAIOIINMU TTOTepH ypoxast oT 10 1o 40%, a mpu srmudurotrsx — 1o 100%.
Iems o0030pa — 00001MIeHNEe COBPEMEHHBIX NAHHBIX O T'€HETHYCCKON OCHOBE YCTOMYHMBOCTH K DTHUM
00JIe3HSIM C aKIEHTOM Ha Te€HBI U JIOKYCHI KonmdecTBeHHBIX mpu3HakoB (JIKII) u ux ncnons3oBaHue B
cenekuuu Kazaxcrana.

Martepuansl 1 Metoapl. O030p OCHOBAaH Ha aHAJIM3E OMYOJMKOBAHHBIX JAHHBIX U MOJIEKYJSPHO-
TEHETUYECKUX HCCICAOBAHMMA, BKIIIOYAs ITOTHOTCHOMHBIN aHamm3 accommanuii (GWAS) m SSR-
MapKepHBIM aHaN3 KOJUICKIIMH TeHEeTHYEeCKH pa3HooOpasHoro suaMeHs. Oco0oe BHUMaHHE yIEICHO
WCCIIEIOBAHUSAM, TIPOBEIEHHBIM B arpOdKOIOTMYECKUX ycimoBusax Kazaxcrana.

Pesynbrarel. BeIsBIEHO 3HAYMTENFHOE YHCIO JIOKYCOB YCTOHYMBOCTH K OCHOBHBIM OOJIE3HSIM
ssamens. B Kazaxcrane ¢ momompsio GWAS unentudunmposano 59 JIKII mius ceTyaToi MATHUCTOCTH
(25 mOBBIX), 7 JIKII mms myanuctoit pocsl (5 HOoBBIX) 1 19 JIKII mmst crebaeBoit pxaBauHb! (13 HOBBIX),
a TaKkKe TOATBEPXKICHA POJIb M3BECTHBIX T'€HOB ycToWuMBOCTH. llokazaHO Hammyme Kak HIMPOKO
pactpocTpaHEHHBIX, TaK W PETHOHAJIBHO CHEIMU(PUIHBIX WCTOYHHKOB ycToWumBocTH. llomuépkuyTa
BXHOCTh COYETAaHUS Major genes W KOJUYECTBEHHOW YCTOWYMBOCTH, BKIIIOYAs YCTOWYHMBOCTH
B3pocioro pacteHus (APR), nis obecrieuenus e€ 10ATOBEIHOCTH.

3axmrouenue. MoJeKkyaspHble Moaxosl, Takne kak GWAS, Mmapkep-acconmiupoBaHHas 1 TeHOMHAs
CEJICKINA, 3HAYMTENBHO YCKOPSIOT CENEKIUIO SYMEHS Ha yCTOMYMBOCTH K TPUOHBIM OOJE3HSIM.
[lepcrieKTUBHBIME HATPABICHUAMH OCTAIOTCS MUPAMUANPOBAHNE T€HOB, PACIINPEHHUE TEHETHIECKOTO
pa3zHO00pa3ns HCXOTHOTO MaTeprasa, a TAk)Ke BHEAPEHIE ITAHTCHOMUKHY M TEHOMHOT'O PeTaKTHPOBAHUS
IUTS CO3JIaHUS YCTOMYMBBIX COPTOB, aIallTHPOBAHHBIX K KinMaTy Kaszaxcrana.

KuaioueBble cjoBa: cerdatas MSATHHUCTOCTh, PHUHXOCHOPHO3; MYYHHCTas poca; crebieBas
pxxaBunHa; JIKII.

KazakcTanaarpl apnaHbIH HeTi3Ti caHbIPAYKYIAK aypyJaapbiHa reHeTHKAJBIK Te3iMaimiri:
JKeTicTIKTep, Maceeliep HKIHe CeleKIUsIIBbIK MepCreKTHBaap

I'enmenckas 10.A., Typycmnekos E.K.

Tyiiin

Anrprmaptrap MeH Makcat. Apna (Hordeum vulgare L.) KazakcTanmarsl HET13T1 TOHII JAKBUTIAP IBIH
Oipi OGomeIm TaOBUTANBI, OMAAMIAH KEHIH eKIHII OpBIH ajaabl JKOHE Mall IIapyamlbUIBIFBl MEH a3bIK-
TYJIK KayilCI3MiriH KaMTaMmachl3 €Tyle MaHBI3ABI POJ aTKapaabl. AJaima OHBIH OHIMIUTITT HETi3ri
CaHbIpayKyJIaK aypyJiapbIMeH, aTar alTKaH/a TOPJIbl AaK, PUHXOCIIOPUO3, aK YHTAK aypyhl )KoHE cabaK
TaThl aypylapbIMeH aWTapiblKTail mekrteneni. bym aypymap enimaimiktin 10-40% Ttemenneyine, an
sruuroTus karmanbiaaa 100%-ra nmeifiH JKoFaimyblHa oKemyl MyMKiH. OCBI IIONYABIH MakKCaThl —
aTayFaH aypysapra TO3IMIUTIKTIH TeHETHKAIBIK HET13epi Typaslbl 3aMaHayHd MOJIIMETTEP Il )KHHAKTAY,
OHBIH IMTHAC TO3IMAUIIK TeHIepi, caHmslK Oenrimep mokycrapsl (CBJI) xone omapmer Kaszakcran
KarIalbIHIa CeNEKIHsIa KOJIIaHy.

Marepuannap MeH oicrep. Loy skapusiiaHFaH FEUTBIMU €HOCKTEP/I1 )KOHE 3aMaHayH MOJICKYJIAIbIK-
TCHETHKAIIBIK 3ePTTEYJIEP/Il TallIayFa HETi3JIeNITeH, COHBIH IMIIHJE TOJBIKIC€HOM/IBIK aCCOIUAIINSITBIK
seprreynep (GWAS) xone SSR-mapkeprmepai Tammay, oJIeMIIK JKOHE JKEPTUTIKTI OeHiMmenreH
apria TeHKOpbIHJa KypriziuireH. Epekiie nazap KazakcTaHHBIH arpOdKOJIOTHSUIBIK IKaFaaiyiapblHIa
OpBIHIANIFaH 3ePTTEyJepre ayIapblIabl, oJlap HETi3Ti (puTomaToreHaepre To3IMIUTIKTI OaFranayFra xKoHe
COMKeC TeHETHUKAJIBIK JIOKYCTap/Ibl aHBIKTaYFa OaFbITTaJIFaH.

Hotmxenep. CoHFBl 3epTTeyJiep apHaHbIH HETI3TI aypylapblHa TO3IMAUTIKIICH OalIaHBICTHI
KOIITereH TeHETHKAIIBIK JIOKYCTapIbl aHbIKTanbl. Kazakcranma xyprizinred GWAS HoTmkeciHAEC TOPITBI
nmakka KateIcThl 59 CBJI (onbIH imminme 25 xkaHa), ak yaTak aypysl 7 CBJI (5 xaHa) sxoHe cabak TaThIHA
19 CBJI (13 xaHa) aHBIKTAIIBI, COHAAN-aK OeNTiTi TO3IMIUTIK TeHISpiHiH OipKaTapsl pacTaiasl. by
HOTIDKENEp KEPTITIKTI TeHKOpaa skahaHabIK TeHreiae OeTisi )KoHe altMaKKa ToH TO3IMIUTIK KO3IepiHiH
Oap exenid koepceteni. COHbIMEH KaTap, TO3IMIUTIKTIH TYPAKTBUIBIFBIH apTTHIPY YIIiH HETi3Ti TeHACPIl
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CaHJIBIK JIOKYCTapMEH, OHBIH IMIHJIE epeceK ociMIiK Ke3eHinaeri TesimuainikneH (APR), OipikTipyaiH
MAaHBI3IbUIBIFEI JOIEIAEH/II.

Kopserteiaael. GWAS, mapkepre Herizaenren cenekiusi (MAS) sxone reHomapik cenekius (GS)
CUSIKTBI MOJIEKYJIAJBIK 9MIiCTEP/Ii KOJIaHy aplaHbIH aypyJjapra TO3IMAUIITIH apTThIPy CEICKIHUICHIH
JKeJIeNIeTyre MyMKIiHIIK Oepeni. JlereHMeH, maToreHAep/aiH KOFaphl ©3TeprillTiri, TeHOTUI X OpTa
e3apa OpEeKeTTeCyl KOHE TeHOMJBIK TEXHOJIOTHSIIAP/BIH CEIEKIIHSIFa KETKUTIKCI3 eHTi31Iyl CHUSKTHI
Macenenep cakramyda. bomamakrta TeHIepAl NHpamMuaanay, TEHETHKAIbIK oOpTYpIii TeHKOPIbI
naijanany, COHJIali-aK MaHT€HOMHKA JKOHE T€HOMJIBl PENaKIUsIay CHUSKTHI O3BIK TEXHOJIOTHSIIAP/IbI
€HT13y apKbUIbl Ka3akcTaHHBIH KOHTHHEHTTIK KIMMaTbIHa OeliimienreH, OipHele aypyFa Te3iMal apia
COPTTAPBIH MIBIFAPy MaHbBI3IbI OOJIBIT TAOBIIA/IE.

KinT ce3aep: TOpiibl AaK; pUHXOCIIOPUO3; aK YHTaK aypysl; cadak taTsl; ChJL.
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