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Abstract

Oat (Avena sativa L.) is a crop of significant economic and nutritional importance; how-
ever, its yield and quality can be substantially reduced by fungal diseases, including pow-
dery mildew caused by Blumeria graminis f. sp. avenae (Bga). The aim of this study was to
evaluate the phenotypic resistance of 110 genotypes of Lithuanian oat cultivars to pow-
dery mildew using five pathogen isolates. Based on the results obtained, three genotypes
with the highest level of resistance were selected. Among them, one cultivar—Delfin—
carries the Pm7 resistance gene, as documented in the literature. The two remaining gen-
otypes were subjected to detailed evaluation using 30 isolates for the purpose of resistance
gene postulation, followed by molecular analysis employing STS (Sequence-Tagged Sites)
and SCAR (Sequence Characterized Amplified Region) markers, aimed at identifying the
presence of the Pm4, Pm5 and Pm7 genes, considered among the most desirable resistance
genes against powdery mildew in oat. None of these genes were confirmed in the studied
cultivars. The results obtained suggest that the observed resistance may be conferred by
other as-yet-unidentified resistance genes. The studied genotypes may therefore represent
a novel and valuable source of resistance to powdery mildew, useful in breeding pro-
grams aimed at improving disease resistance in oat.

Keywords: oat; powdery mildew; Blumeria graminis £. sp. avenae; resistance

1. Introduction

Oat (Avena sativa L.) is cultivated around the world. In 2024, world oat production
covered approximately 23 million hectares, serving as an important source of animal feed
and human food due to its high (3-glucan, protein, and micronutrient content [1,2]. Based
on the 20142024 average, Europe remains the leading producer of oats, but the major oat-
producing places worldwide include Russia, Canada, Poland, Australia, and Finland [2].
In Lithuania, the oat harvesting area has fluctuated between 64 and 108 thousand hectares
over the last decade and has shown a generally increasing trend [3]. Approximately one-
third of this area is managed under organic farming systems [3,4]. Although oats are well
adapted to local agro-climatic conditions, their yields in Lithuania remain below Euro-
pean and global averages, despite the recent expansion of the cultivation area [3,5].
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Despite its agronomic importance, oat production is affected by several airborne fun-
gal diseases that have received relatively limited attention in Lithuania due to the crop’s
traditionally lower economic importance. In Europe, the most significant pathogens af-
fecting oats include rust diseases, Fusarium head blight and powdery mildew [6,7]. In Lith-
uania, oat powdery mildew, caused by Blumeria graminis {. sp. avenae (Bga), is of particular
concern and can substantially reduce yields under the cool and humid conditions typical
of the region [8-11]. According to data from the State Plant Breeding Service under the
Ministry of Agriculture, powdery mildew does not occur at a damaging level every year;
however, under favorable meteorological conditions, disease severity may reach up to 6
points on a 0-9 scale, where 0 indicates no visible symptoms and 9 indicates complete leaf
infection [12-14]. During the 2025 growing season at the Lithuanian Research Centre for
Agriculture and Forestry (LAMMC), powdery mildew symptoms were observed on ap-
proximately 60% of oat plants, with disease severity ranging from 1 to 7 on the same scale.
Furthermore, the successful introduction and cultivation of winter oats in Lithuania has
provided an additional source of inoculum for spring oat crops. Consequently, the de-
mand for spring oat varieties resistant to powdery mildew is expected to increase signifi-
cantly [15,16].

The obligate biotrophic pathogen colonizes leaf surfaces, causing chlorosis, reducing
photosynthetic area, and impairing plant development [17,18]. Early and severe infections
can reduce tillering, shorten the grain-filling period, and ultimately decrease grain num-
ber and weight, resulting in significant yield losses. In Europe, powdery mildew typically
causes yield reductions of approximately 5-10% [19], although losses of up to 40% have
been recorded in susceptible cultivars during years with high disease pressure [20,21]. The
severity of yield loss depends on environmental conditions, host susceptibility, and path-
ogen virulence [22].

Powdery mildew development is favored by moderate temperatures (15-22 °C) [23]
and high relative humidity, conditions increasingly common during the growing season
in Central and Eastern Europe. The pathogen spreads efficiently through airborne conidia,
completing multiple infection cycles within a single season and enabling rapid disease
progression under favorable conditions [17,24,25]. Climate change and more frequent ex-
treme weather events may further enhance long-distance spore dispersal and the emer-
gence of novel, highly aggressive pathotypes [26,27], while warming trends extend the
growing season and increase disease pressure in countries. These changes highlight the
need for continuous monitoring of pathogen populations and sustained resistance breed-
ing efforts [28,29].

Fungal diseases can be effectively reduced by cultivating genetically resistant culti-
vars [30,31]. In line with integrated pest management (IPM) principles [32], the use of re-
sistant cultivars is one of the most effective strategies to lower pathogen pressure while
reducing reliance on chemical fungicides [33,34]. Such sustainable control approaches,
supported by knowledge of pathogen population structure, combine biological, mechan-
ical, and agronomic measures to keep disease levels below economic thresholds [35,36].

Oats possess several resistance mechanisms against pathogens, but durable re-
sistance is largely conferred by resistance (R) genes. For powdery mildew, 13 Pm genes
have been identified [37-39], although only a few still provide effective resistance [40].
Key genes such as Pm4, Pm5, Pm2, and Pm7 are currently absent in most commercial cul-
tivars [41,42], highlighting the importance of monitoring pathogen virulence and deploy-
ing cultivars with effective resistance gene combinations.

The aim of this study was to analyze Lithuanian oat genotypes for resistance to pow-
dery mildew (Blumeria graminis f. sp. avenae, Bga). Oat genotypes were screened using a
set of pathogen isolates to identify resistant sources and determine their resistance
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profiles. The most promising genotypes were further analyzed using molecular markers
associated with selected known powdery mildew resistance genes.

2. Materials and Methods
2.1. Plant Material

A total of 110 Lithuanian varieties and breeding lines were analyzed. Seventy-seven
represent common oat, among which four varieties were registered in 2015-2024 (Viva
DS, Frekula DS, Svaja DS and Simer DS), one in 2001 (Migla DS), and one in 1995 (Jaugila).
Varieties Gyriinés, Skaisttinés, Sidabrés, Sugvé and landrace Lietuvigkos 607 were grown
in Lithuania in 1942-1980. Landraces Vietinés 515, Vietinés 598, and Vietinés 599 were
grown in 1934-1940 [43]. The German variety Delfin was included because it is used as a
standard at Lithuanian state plant service Variety testing stations.

Common oat groups were also represented by breeding lines, among which Vietinés
1254, Vietinés 1255, and Vietinés 1256 were crossed in 1985. Fifty-nine other breeding lines
were developed at LAMMC over the last 10 years. Also, a group of 33 naked oat varieties
wwas investigated. Milija DS, Agoda DS and Vainius DS were registered in 2021-2025.
Thirty-other naked oat breeding lines were developed at LAMMC over the last 10 years
(Supplementary Table S1). As a control for resistance to powdery mildew investigation, a
set of cultivars and lines with known Pm genes were used [20,44—48].

2.2. Powdery Mildew Inoculation

The level of resistance of the analyzed cultivars was determined based on the infec-
tion profile of 5 single-spore isolates of Blumeria gramins f. sp. avenae (Bga) obtained ac-
cording to the modified method described in research articles [45,46,49]. Isolates were ob-
tained from populations collected in different parts of Poland and Europe in different
years. All isolates are part of the collection gathered in the Institute of Plant Genetics,
Breeding and Biotechnology (University of Life Sciences in Lublin, Poland). Moreover,
isolates were characterized by different levels of virulence to the control genotypes (Table
1).

The host—pathogen tests were carried out on the first leaves of 10-day-old seedlings
of the oat genotypes according to the modified method described in research articles
[45,46,49]. The leaf fragments were placed on round benzimidazole agar culture plates,
half-full of agar (6 g agar per 1 L water and 35 mg x 1 L benzimidazole). Plates with leaf
fragments were inoculated using an inoculation tower by placing about 500-700 powdery
mildew spores per 1 cm? and then the plates were incubated under appropriate conditions
at approximately. 17 °C and lighting intensity of approximately 4 kLx. The experiment
was conducted twice, with two replicates in each experiment.

Ten days after the infection with the isolates, the level of infection of the test cultivars
was determined using the modified Mains scale [50], where 0 = no visible symptoms; 1 =
very resistant, single colonies; 2 = intermediate resistance, moderate mycelium sporulat-
ing; 3 = moderately susceptible, extensive mycelium, more sporulation; and 4 = highly
susceptible, large colonies and copious sporulation.

The results after infection were assigned to 3 typical plant reactions: R—resistant (0—
20% of infection); [ —Intermediate (20-50%); and S—susceptible (>50% infection). The re-
sult of infection scored as 0 or 1 point classified the cultivar as resistant (R). The interme-
diate (I) reaction consists of genotype infection, which was assessed as 2. If the infection
was determined as the 3 or 4 points, the cultivar was qualified as susceptible.
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Table 1. Geographic origins of Blumeria graminis f. sp. avenae isolates and their infection responses
on differential oat lines carrying known powdery mildew resistance genes (Pm1-Pm12), used for
isolate characterization and resistance gene postulation. The columns Pm1-Pm12 represent differ-
ential oat lines carrying known powdery mildew resistance genes. The recorded infection responses
(R, I, S) were used to characterize the virulence spectrum of each isolate and served as reference

profiles for subsequent resistance gene postulation in the tested genotypes.

Pm7
C°:;:ljs:im Localization ~Pm1 Pm2 Pm3 Pm4 Pm5 Pm6 Pm7 (Can-Pm3+8 Pm9 Pml0 Pmil Pmi2 A.strigosa Fuchs
v yon)
Bga_PLO1 Central Poland S R R R R S R R R I R I R R S
Bga_PL02 Eastern Poland R R S R R S R I R S S S R I S
Bga_PL03 Western Poland R R S R R S R S I S R I R R S
Bga_CZ01 Czech Republic S R S R R R R R S R R R R R S
Bga_FI01 Finland S R R R R S R R R R R I R R S

R—resistant; [—intermediate; S—susceptible.

Following the initial screening, accessions exhibiting the most promising resistance
profiles were selected for further evaluation. These selected accessions were subsequently
tested against a larger panel of 30 Bga isolates collected in different years (2014-2024) and
originating from various European countries, including Poland, Ireland, Finland and Ger-
many. The isolates represented a broad range of virulence profiles, providing a compre-
hensive pathogen set for the assessment of resistance durability and spectrum (Supple-
mentary Table 52).

2.3. Molecular Analysis

For molecular analysis, DNA was extracted from the frozen leaf tissue collected from
7-day-old seedlings using the CTAB method [51]. The DNA concentration and purity
were assessed using a NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA, USA), and samples were subsequently normalized to 20 ng/uL.

To investigate whether the resistance observed in the fully resistant cultivars was
associated with previously characterized powdery mildew resistance genes, molecular
marker analyses targeting the Pm4, Pmb5, and Pm7 genes were performed.

To detect the powdery mildew resistance gene Pm4, a dominant marker derived from
the silico Diversity Arrays Technology (Canberra, Australia) (silicoDArT) platform and
closely linked to the Pm4 locus was used, as described by Okon et al. [51]. The Pm5 gene
was identified using Sequence-Tagged Site (STS) markers developed from Amplified
Fragment Length Polymorphism (AFLP)-derived sequences by Yu and Herrmann [52].
These markers are closely linked to the Pmb5 locus introgressed from Avena macrostachya.
The Pm7 gene was detected using a silicoDArT-derived marker developed at the Institute
of Plant Genetics, Breeding and Biotechnology, University of Life Sciences in Lublin, Po-
land. (data not published).

PCR amplification was performed using gene-specific markers for Pm4, Pm5, and
Pm7. The primer sequences and expected fragment sizes are presented in Table 2. PCR
products were separated on 2% agarose gel containing EtBr in TBE buffer at 120 V for 1 h.
Fragment sizes were estimated using a GeneRuler 100 bp Plus DNA Ladder (Thermo
Fisher Scientific, Waltham, MA, USA).

The presence or absence of expected amplification products was scored for each sam-
ple and marker system. A band of the expected size in a test accession, matching the pos-
itive control, was interpreted as indicative of the presence of the corresponding resistance
gene. Absence of amplification in both the test accession and the susceptible control,
alongside a band in the positive control, was interpreted as evidence for the absence of
that gene.
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Table 2. PCR amplification conditions.

Gene Marker Forward Primer (5’->3’) Reverse Primer (3'>5’) Primer Tm Reference
Pm4 5420825 GCCAAACCTGATAGTGACCAA TACGCCAAGCGTGTCAGTTA 60 Okon [53]
Pm5 ASE36M55 CCATCAGATTAGTCAAGGTCACA AAAGTTGCCAAATCGATATGAAAC 95 Yu [52]

Pm7 Data not published 70 Data not published

2.4. Statistical Analysis

All statistical analyses and data visualizations were performed in R software version
4.3.3 (R Core Team, 2025, Vienna, Austria) using packages from the tidyverse collection,
including ggplot2, tidyr, and dplyr, as well as the readxl, ggrepel, and RColorBrewer packages.

The distribution of disease severity scores for individual pathogen isolates was visu-
alized using boxplots supplemented with individual genotype observations displayed as
jittered points. Mean disease severity values were additionally indicated with diamond
symbols, allowing simultaneous visualization of central tendency, variability, and the
range of genotype responses to each isolate.

To compare the responses of genotypes across all tested isolates, a heatmap was gen-
erated in which rows represented individual genotypes and columns represented patho-
gen isolates. Color intensity, ranging from green through yellow to red, reflected disease
severity scores according to the Mains scale [50]. This visualization enabled the identifi-
cation of genotypes showing consistent responses across the entire set of isolates as well
as isolate-specific response patterns.

Based on the mean disease severity score calculated across all five isolates, genotypes
were classified into four resistance categories: resistant (R), with a mean score < 1.0; mod-
erately susceptible (MS), with a mean score > 1.0 and <2.0; susceptible (S), with a mean
score > 2.0 and <3.0; and highly susceptible (HS), with a mean score > 3.0 and <4.0.

The structure of genotype variation and relationships among responses to individual
isolates were assessed using Principal Component Analysis (PCA) based on disease se-
verity scores obtained for the five isolates. Prior to PCA, variables were centered and
scaled using the prcomp function implemented in R. The first two principal components
explained 75.6% of the total variance (PC1: 56.4%; PC2: 19.2%). The PCA results were vis-
ualized as a scatter plot of the first two principal components, with genotypes labeled
according to their assigned resistance categories.

3. Results
3.1. Resistance to Bga

Resistance to powdery mildew was evaluated using isolates presented in Table 1.
This diverse isolate set enabled the assessment of both the effectiveness and the breadth
of resistance among the tested oat cultivars, and the results are shown in Supplementary
Tables S1 and S2.

To further characterize the pathogenic diversity among the tested isolates, infection
scores were compared across all evaluated cultivars. Comparative analysis of five Bga iso-
lates revealed distinct virulence profiles (Figure 1). Bga_CZ01 and Bga PL03 demon-
strated the lowest virulence, with median disease severity values of approximately 3.0.
Bga_PL02 displayed high virulence (median 3.3) with minimal variance, indicating con-
sistent infectivity across all tested genotypes. Bga_FI01 emerged as the most aggressive
isolate, exhibiting the highest median virulence (3.4) combined with substantial variation
in disease expression. This variation in isolate-specific pathogenicity highlights the im-
portance of evaluating resistance to diverse Bga populations for effective breeding strate-
gies.
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Figure 1. Pathogenic variation in powdery mildew isolates infecting Lithuanian oat varieties. Dis-
tribution of disease severity scores (0—4 scale) for plants inoculated with five Bga isolates. Boxes
represent the interquartile range (IQR; 25th—75th percentiles), horizontal lines indicate the median,
and white diamonds indicate the mean. Whiskers extend to 1.5 x IQR. Individual observations are
shown as jittered points. The boxplots provide a descriptive summary of the observed disease se-

verity scores.

3.2. Infection Levels and Resistance of Individual Cultivars to Bga

The infection levels of all analyzed genotypes were visualized using a heat map (Fig-
ure 2). The heat map illustrates the intensity of infection caused by individual Bga isolates
across successive experimental replicates. The visualization reveals substantial variation
in host response patterns, with some plants displaying consistent resistance or suscepti-
bility across all isolates, while others show differential responses depending on Bga iso-
lates, indicating complex host—pathogen interaction.

Host—pathogen interaction assays revealed substantial variability in genotype re-
sponses to Bga infection. Complete resistance, defined as resistant reactions (R) to all
tested isolates, was observed in only three genotypes: DS 1719-1-5, DS 1842-1-1-1 and
Delfin. These genotypes remained resistant to Bga_PL01, Bga_FI01, Bga_PL02, Bga_PL03
and Bga_CZ01. Notably, the cultivar Delfin has previously been reported to carry the Pm7
resistance gene derived from the APR122 line, which is consistent with its broad resistance
spectrum observed in the present study [40].

Among the remaining genotypes, DS 1904-1 exhibited the highest level of resistance,
showing resistant reactions to four of the five isolates (Bga_PL01, Bga_FI01, Bga_PL02 and
Bga_CZ01) and susceptibility only to Bga_PL03. None of the evaluated genotypes exhib-
ited complete resistance to three of the five tested isolates.

Several genotypes were resistant to two isolates, including Viva DS (Bga_PL01 and
Bga_CZ01), DS 1845-1-2-1 (Bga_PL01 and Bga_FI01), DS 1792-2-3 (Bga_PL01 and
Bga_FI01), DS 1904-2 (Bga_PL01 and Bga_CZ01), DS 1928-1 (Bga_PL01 and Bga_CZ01), DS
1903-5 (Bga_PL01 and Bga_CZ01), and DS 1918-2 (Bga_PLO01 and Bga_CZ01).

https://doi.org/10.3390/agriculture16131396
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Genotype

Agoda DS
Mija DS
Vainius DS
DS 17265
DS 1687-6
Simor DS
SvajaDs
DS 1662-8
Frokula DS
VivaDSs
Migla DS
DS 1733:22
DS 1719.23
DS 17731
DS 1792:2
DS 17911
16877

DS 17901
DS 17925

DS 1719-1-5

DS 1842-1-1-1
DS 1845-1-2-1
DS 1846-2-2
DS 1851-1-1
Delfin

DS 1769-5-2
DS 1839--1-3-3
DS 1792-2-3
DS 1887-1
DS 1864-5-2
DS 17722
DS 17721
DS 1769-3-1
DS 1904-1
DS 19042
DS 1907-2-1
DS 1907-2-2
DS 1911-1
DS 19281
DS 19282
DS 19311
DS 19033
DS 19035
DS 19035
DS 19035
DS 1905-1
DS 1905-2
DS 1906-2
DS 1906-4
DS 1911-3-1
DS 191132
DS 1940-1
DS 1940-2
Gyranss
Lietuviskos 607
Skaistanés
Sidabres
Susve
Jaugila
Vietinés 515
Vistinés 508
Vietinés 599
Vietings 1254
Vistings 1255
Vietines 1256
DS 1631-9
DS 1839-1-3-2
DS 1839-1-3-4
DS 1839-1-3-5
DS 1840-4-1-2
DS 1840-4-1-4
DS 1840-4-1-5
DS 1850-2-3
DS 1877-2-1
DS 1877-2-3
DS 1879-1-2
DS 1879-1-3
DS 1879-2-3
DS 1879-2-2
DS 1879-2-5
DS 1879-2-6
DS 1853-1-5
DS 1862-1-4
DS 1837-2-5
DS 1841-1-8
DS 1811-53
DS 18124141
DS 1850-1-2
DS 1850-1-3
DS 1839-1-3-3
DS 1840-4-1-1
DS 1839-3-1
DS 1840-2-1
DS 1840-3-1
DS 1868-2
DS 1812--4-1
DS 18043
DS 1894-4
DS 19142
DS 19145
DS 1914-9
DS 1918-2
DS 1918-6
DS 1918-8
DS 1918-3
DS 1938-1
DS 19171
DS 1687-4
DS 1687-10

Bga_CZ01

Bga_F101

Bga_PLO1
Pathogen isolates

Bga_PL02 Bga_PL03
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Figure 2. Matrix plot presenting infection levels caused by Blumeria graminis f. sp. avenae isolates in
the analyzed oat cultivars. Heatmap of disease severity scores recorded for 110 oat plants inoculated
with five Bga isolates. Rows represent individual plants and columns represent pathogen isolates.
Disease reactions were scored on a 0—4 scale, where 0 indicates complete resistance and 4 indicates
high susceptibility. The color gradient ranges from green (resistant) to red (susceptible), facilitating

visualization of variation in host responses among isolates.

Resistance to a single isolate was the most common form of effective response. Re-
sistance to Bga_PL01 was observed in DS 1790-1, DS 1851-1-1, DS 1906-2, DS 1906-4, Viet-
inés 599, DS 1914-5, DS 1918-3, and DS 1938-1. In contrast, resistance specific to Bga_PL03
was identified in DS 1839-1-3-4, DS 1879-1-3, DS 1879-2-3, DS 1879-2-5, DS 1862-1-4 and
DS 1837-2-5. Resistance exclusively to Bga_CZ01 was detected only in DS 1631-9.

The majority of analyzed genotypes displayed intermediate resistance, with infection
types predominantly scored as 2-3 and, in some cases, reaching the maximum value of 4.
In contrast, forty-seven genotypes exhibited complete susceptibility, with no observable
resistance response to each of the five tested isolates.

To compare resistance profiles across all evaluated genotypes, a principal component
analysis (PCA) was performed based on mean infection scores (Figure 3). One of the re-
sistant genotypes was clearly separated from the remaining genotypes, appearing in the
upper right region of the plot, which suggests a distinct resistance mechanism. This culti-
var is likely DS 1904-1, which had a mean infection score below 1 across all isolates but
remained susceptible to one isolate. The three remaining fully resistant genotypes clus-
tered closely together, indicating similar resistance profiles. Among the susceptible geno-
types, a broad dispersion across the plot was observed, reflecting diverse susceptibility

patterns.
.
2
&
DS 1904-1
L ]
11 L
o o '. * Resistance
)
3(\\! *y ' # Resistant
@ * .‘ ]
p o) Moderately susceptible
oy - * ..%
O 01 e g Susceptible
o
™ ‘. ® Highly susceptible
L L J
* g Delfin
L™ DS 1842-1-1-1
-1 L]
L J
DS 1718-1-5
e
-24
oy
-25 0.0 5.0

L !

2.I
PC1 (56.4%)

Figure 3. PCA plot illustrating the diversity of resistance and susceptibility profiles among the eval-
uated oat accessions. The plot is based on the mean infection score (S) calculated as the average of
infection ratings across all five isolates. Cultivars were classified as resistant (S < 1), moderately
susceptible (1 <S5 <2), susceptible (2 < S < 3), or highly susceptible (3 <5 <4).
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Quantitative analysis showed that 29.09% of genotypes were resistant to one Bga iso-
late, 18.18% to two isolates, 2.73% to three isolates, 1.82% to four isolates, and 2.73% to all
five isolates. Overall, more than 50% of the evaluated genotypes expressed resistance to
at least one Bga isolate; however, complete resistance across the entire pathogen popula-
tion was rare. Notably, only 7.28% of genotypes showed resistance to three or more iso-
lates, highlighting that broad-spectrum resistance is uncommon within the Lithuanian oat
collection. This distribution of resistance levels among cultivars is summarized visually

in Figure 4.
m resistance to one isolate
m resistance to two isolates
45.51% m resistance to three isolates

m resistance to four isolates

m resistance to all isolates
susceptible to all isolates
18.18%

270% | 2.70%
1.82%

Figure 4. Percentage distribution of oat cultivars exhibiting resistance to different numbers of Blu-

meria graminis f. sp. avenae isolates.

3.3. Postulation of Powdery Mildew Resistance Genes

Based on the methodology described by Okon and Kowalczyk [49], numerical infec-
tion scores were converted into a letter-based coding system to facilitate comparison of
infection profiles with those of reference cultivars and differential lines carrying known
powdery mildew resistance (Pm) genes. The resulting profiles are presented in Supple-
mentary Table S1. Gene postulation was based on the concordance between the infection
profiles of the tested genotypes and the reference profiles of differential lines carrying
known Pm genes.

Based on these comparisons, two hypotheses regarding the genetic basis of resistance
were proposed. Eight genotypes exhibited the SSSRS reaction pattern, corresponding to
the reference profile associated with the Pm6 gene (Supplementary Table S1). In addition,
five genotypes displayed the RSSSR profile, which matched the reference pattern charac-
teristic of Pm3-mediated resistance.

The cultivar Delfin exhibited complete resistance to all tested Bga isolates (RRRRR).
Previous studies demonstrated that this cultivar carries the Pm7 resistance gene [40], and
the resistance profile observed in the present study was consistent with this finding.

The remaining genotypes exhibiting complete resistance (DS 1719-1-5 and DS 1842-
1-1-1) were subsequently evaluated using an expanded set of Bga isolates to further char-
acterize their resistance spectra. This additional analysis was undertaken because several
reference genotypes displayed identical reaction patterns when assessed with the initial
set of isolates, limiting the discriminatory power of the primary differential panel.

3.4. Extended Virulence Analysis of Cultivars DS 1719-1-5 and DS 1842-1-1-1

To further characterize the resistance observed in the fully resistant genotypes iden-
tified in the initial screening, accessions DS 1719-1-5 and DS 1842-1-1-1 were subjected to
an extended host—pathogen interaction assay using a panel of 30 Bga isolates originating

https://doi.org/10.3390/agriculture16131396
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from diverse geographic locations across Europe and collected across multiple years (Sup-
plementary Table S2). This broader isolate set was applied to assess the breadth and sta-
bility of resistance and to enable a more refined postulation of the underlying resistance
genes through comparison with reference genotypes carrying known Pm genes.

Accession DS 1719-1-5 demonstrated complete resistance to all 30 isolates tested, with
infection scores of 0 recorded across the entire panel. This consistent absence of disease
symptoms, maintained across isolates from geographically and temporally distinct popu-
lations, indicates the presence of broad-spectrum resistance effective against the full di-
versity of Bga represented in the panel.

In contrast, accession DS 1842-1-1-1 exhibited a narrower resistance spectrum. While
DS 1842-1-1-1 remained fully resistant (infection score 0) to the majority of isolates, seven
isolates elicited a susceptible response, with infection scores of 1 or 2: Bga_PL01, Bga_PL11,
Bga _PL12, Bga_PL15, Bga_PL20, Bga_IE04, Bga_IE05. This pattern of partial susceptibility
indicates that the resistance present in DS 1842-1-1-1 is isolate-specific and likely conferred
by a gene with a narrower recognition spectrum than that present in DS 1719-1-5. Com-
parison of the infection profiles of DS 1719-1-5 and DS 1842-1-1-1 with those of reference
genotypes carrying characterized Pm genes did not enable unambiguous assignment of
either accession to a single known resistance gene. The resistance profiles of both cultivars
were consistent with those of fully resistant reference lines across the majority of isolates;
however, the differential responses observed in DS 1842-1-1-1 suggest a distinct genetic
basis from DS 1719-1-5. The divergence between the two accessions, together with the
inability to match either profile to a single known Pm gene, suggests that DS 1719-1-5 and
DS 1842-1-1-1 may carry different, potentially novel resistance genes not previously de-
scribed in oats. These findings underscore the genetic diversity of the Lithuanian oat col-
lection and highlight the value of extended virulence testing for the characterization of
resistance sources intended for use in breeding programs.

3.5. Molecular Analysis

To complement the phenotypic assessment and check whether known Pm resistance
genes were present in both resistant genotypes, molecular analyses were performed based
on available markers developed for the most effective Pm genes: Pm4, Pm5, and Pm7. In
addition to accessions DS 1719-1-5 and DS 1842-1-1-1, positive controls carrying con-
firmed copies of each target gene were included in the analyses.

The molecular analyses confirmed that none of the resistant Lithuanian oat acces-
sions carried any of the tested known resistance genes (Pm4, Pmb5, or Pm?7). In the gel elec-
trophoresis results (Figure 5), both DS 1719-1-5 and DS 1842-1-1-1 produced no amplifica-
tion products for any of the four marker systems applied, whereas the positive controls
for each gene (lanes 3-5) yielded the expected diagnostic bands. The susceptible control
cultivar Fuchs (lane 6) likewise showed no amplification, consistent with the absence of
these genes in susceptible material. The complete absence of marker amplification in DS
1719-1-5 and DS 1842-1-1-1 across all four marker systems excludes the presence of Pm4,
Pmb5, and Pm7 and suggests that the observed resistance in these accessions may be con-
ferred by a novel, previously uncharacterized genetic source not yet represented in the
current set of molecular markers for oat powdery mildew resistance.
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Figure 5. Results of molecular analyses for the target resistance genes. M—length marker; Lane 1—
DS 1719-1-5 (resistant accession); lane 2—DS 1842-1-1-1 (resistant accession); lane 3— positive con-
trol for Pm4 (Av1860); lane 4—positive control for Pm5 (Am25); lane 5—positive control for
Pm7(APR122); lane 6 —susceptible control cultivar Fuchs. Colors indicate the marker system used:
red — Pm4 marker; green—Pm5 marker; purple—Pm7 marker. The expected amplification products

were 68 bp for Pm4, 122 bp for Pm5, and approximately 80 bp for Pm7 (data not published).

4. Discussion

Integrated pest management (IPM) has historically aimed to balance ecological, eco-
nomic, and social aspects of crop production [54]. One of the central objectives of IPM is
to achieve long-term and sustainable pathogen control while minimizing adverse envi-
ronmental impacts [55]. Among the available strategies, genetic resistance is widely rec-
ognized as one of the most effective and environmentally sustainable approaches for re-
ducing crop losses caused by plant pathogens. Plant resistance constitutes a fundamental
component of IPM systems. The development and cultivation of resistant cultivars and
breeding lines provide an economically viable and environmentally sound method of dis-
ease management. Furthermore, the deployment of resistant plant material can substan-
tially reduce, or even eliminate, the need for repeated applications of chemical plant pro-
tection products [56]. In a study by Okon et al. [57] concerning protection against Bga, the
authors indicated that the use of cultivars carrying genetic resistance represents one of the
most effective and environmentally safe approaches to limiting disease development in
oats.

Consequently, numerous studies have been conducted to identify and verify the
presence of resistance genes (Pm) in oat cultivars. Such analyses are carried out in different
regions of the world to better understand the distribution and effectiveness of these genes.
For example, Reilly et al. [58] analyzed the response of Irish historical oat lines to pathogen
infection. Cieplak and Okoni [59] evaluated the resistance of oat cultivars originating from
Central Europe. Earlier studies also reported data on oat responses to infection by Bga
collected from Eastern Europe and North America [45], as well as from Great Britain [10].
At the same time, new sources of genetic resistance to fungal diseases, including resistance
to Bga infection, continue to be actively investigated [39,44,60,61]. Research of this type is
of particular importance in the context of efforts to reduce or eliminate the use of fungi-
cides in modern agricultural systems. Reilly et al. [42], in their analysis of oat resistance to
infection by Bga, reported that excessive reliance on chemical control and the limited num-
ber of effective resistance genes can make pathogen management increasingly difficult.
The authors also emphasized that, at present, no highly effective fungicides are available
for controlling powdery mildew infection.

https://doi.org/10.3390/agriculture16131396



Agriculture 2026, 16, 1396

12 of 17

An important aspect of research on host resistance is the evaluation of the effective-
ness of previously identified resistance genes. Recent studies by Grzelak et al. [40] have
demonstrated that the virulence structure of pathogen populations is continuously chang-
ing. This indicates the need for constant monitoring of pathogen populations and the on-
going search for new sources of resistance to Bga.

The aim of this study was to evaluate the level of resistance of 110 Lithuanian oat
cultivars and breeding lines to infection by Bga isolates. The isolates used in this study
originated from selected locations across Central Europe. In addition, we aimed to iden-
tify potential new sources of genetic resistance within the analyzed collection. The plant
material represented diverse genotypes, including both old and newly developed breed-
ing lines, as well as hulled and naked oat forms. The use of genetically diverse plant ma-
terial increases the probability of identifying new sources of resistance with different re-
sistance mechanisms. Previous studies have emphasized that the inclusion of a wide spec-
trum of genetic material, particularly genetically diverse cultivars and breeding lines, sig-
nificantly increases the likelihood of discovering novel resistance genes and mechanisms
[62].

The obtained results indicate considerable variability in the reactions of the analyzed
genotypes to the applied pathogen isolates. Some genotypes exhibited a high level of re-
sistance to selected isolates, whereas others were completely susceptible to infection.
Among the 110 evaluated genotypes, three showed resistance to all tested isolates. Such a
phenotypic pattern suggests the presence of specific resistance genes whose effectiveness
depends on the corresponding avirulence genes present in the pathogen population.

The observed interaction pattern is consistent with the classical gene-for-gene con-
cept proposed by Flor [63], according to which the effectiveness of plant resistance genes
depends on the presence of matching avirulence genes in the pathogen population. Simi-
lar relationships have also been reported in studies on other cereal crops. For example, in
barley, it has been demonstrated that individual plant genotypes may respond differently
to specific avirulence genes present in pathogen isolates, further confirming the presence
of resistance genes whose specificity is determined by the genetic composition of the fun-
gal pathogen [64,65].

An essential component of the conducted study was the use of pathogen isolates
originating from diverse geographic regions. Populations of fungal pathogens exhibit
high genetic variability and a strong capacity to adapt to novel host genotypes. Therefore,
the assessment of plant resistance should encompass a broad spectrum of pathogen iso-
lates to enable a more reliable evaluation of both the range and stability of resistance [66].
In the initial experiments, five isolates were used, which allowed the evaluation of re-
sistance in the tested genotypes and the postulation of the presence of the Pm3 and Pm6
genes in 13 genotypes; however, they did not enable a complete characterization of the
resistance source in the varieties exhibiting the strongest resistance responses. Therefore,
for these genotypes, a subsequent test was conducted using a set of 30 Bga isolates origi-
nating from various geographic locations across Europe and different years. In the study
by Okon et al. [60], the resistance of A. sterilis L. to powdery mildew was evaluated using
50 Bga isolates from 2014 to 2020. Different genotypes exhibited variation in resistance
profiles, indicating the presence of new, previously uncharacterized sources of resistance.
A similar approach has been applied in studies of other cereal diseases, where the use of
isolates from diverse locations allowed the identification of specific host-pathogen inter-
actions Hiddar et al. [67]. Oguz and Karakaya [68], in their study on cereal leaf pathogens,
also emphasize that changes in pathogen population structure can rapidly lead to re-
sistance breakdown. Therefore, assessing plants against a broad set of isolates is crucial
for determining the durability of resistance under field conditions.
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Based on the conducted host-pathogen tests, varieties exhibiting resistance to some
of the applied isolates were identified. These results suggest that the analyzed collection
may represent a valuable source of resistance genes that could be utilized in the breeding
of new oat cultivars. Resistance sources present in cultivated varieties are particularly val-
uable, as their use in breeding programs is generally easier than that of wild or primitive
forms of the species. This is supported by studies in other cereal species—for instance, in
collections of winter wheat from Kazakhstan, 45% of cultivars and breeding lines exhib-
ited resistance to yellow rust caused by Puccinia striiformis f. sp. tritici [69], while the Ca-
nadian wheat cultivar Carberra maintains durable resistance to leaf rust and is widely
used in breeding programs [70]. Although these studies were conducted in wheat, they
provide strong evidence that resistant cultivated varieties constitute a practical and effec-
tive source of resistance genes that can be rapidly incorporated into new cereal breeding
programs, including those for oats.

To ensure an optimal approach to resistance research, phenotypic analyses are often
combined with molecular analyses. The use of molecular markers enables more precise
and rapid development of new plant cultivars through accurate identification of desired
resistance genes [71]. For example, Wight et al. [72] identified molecular markers associ-
ated with crown rust resistance genes in cultivated oat. Molecular markers also facilitate
the identification of new resistance genes on the oat chromosome [39], and the markers
developed in this way can subsequently be used to verify the presence of target genes in
the evaluated cultivars or genotypes. In the present study, STS and SCAR markers were
employed to identify the presence of the most desirable powdery mildew resistance genes
(Pm4, Pm5, and Pm7 derived from APR lines) in selected resistant oat genotypes. The anal-
yses revealed that the tested cultivars did not possess any of these genes, suggesting that
they may represent a novel source of resistance. Given that one of the main challenges in
modern breeding is the limited durability of resistance due to the rapid adaptation of
pathogen populations, the identification of cultivars with potentially new resistance
mechanisms offers promising perspectives for further research and breeding programs.

The obtained results confirm the high value of Lithuanian oat cultivars as a potential
source of genetic resistance to Bga. The identified genotypes may serve as valuable start-
ing material in breeding programs aimed at developing cultivars with enhanced and more
durable resistance to pathogens. An important direction for further research should be a
more detailed genetic characterization of the observed resistance mechanisms, including
mapping the loci responsible for the detected responses and evaluating the tested culti-
vars against an even broader spectrum of Bga isolates. This will allow verification of the
stability range of resistance and assessment of its potential utility in breeding oat cultivars
with wide adaptive capacity.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agriculture16131396/s1, Table S1: Reaction of oat cultivars
and breeding lines to Blumeria graminis f. sp. avenae isolates and postulated Pm resistance genes;
Table S2: Virulence profiles of Blumeria graminis f. sp. avenae isolates in a control set of oat genotypes
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