Eur J Plant Pathol (2023) 167:335-348
https://doi.org/10.1007/s10658-023-02712-0

®

Check for
updates

Leaf rust resistance genes in Aegilops genus: occurrence

and efficiency

Lucia Kolarikova
Michaela Jungova - Minura Esimbekova

Accepted: 17 June 2023 / Published online: 28 June 2023
© The Author(s) 2023

Abstract Leaf rust is a common and costly wheat dis-
ease. The introduction of resistance genes derived from
wheat wild relatives is one way to improve disease con-
trol. However, due to the rapid development of virulence
in the casual pathogen Puccinia triticina, the long-term
effectiveness of some leaf rust resistance (Lr) genes is
questionable. To assess this, we examined 130 acces-
sions of 13 wheat wild relative species from the Aegilops
genus. The presence of 9 Lr genes was determined by
PCR using primers complementary to Lr gene mark-
ers. The studied individuals were exposed to artificial
inoculation with P. trificina under greenhouse and field
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conditions, respectively. Based on infection rate, the
degree of resistance for each individual was estimated.
The relationship between the presence of Lr genes and
the degree of manifested resistance was assessed using
canonical correlation analysis (CCA) and analysis of
variance (ANOVA). Our results indicate the effective
participation of Lr9 in seedling resistance while Lr58 is
involved in adult plant resistance.
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Introduction

Wheat rust diseases pose a serious threat to wheat
production worldwide. Although not as devastating as
stem rust or stripe rust, the global and frequent occur-
rence of leaf rust makes it responsible for consider-
able annual wheat losses (Huerta-Espino et al., 2011).
This fungal disease is caused by Puccinia triticina
Eriks, an obligate biotrophic parasite with a lifecycle
that consists of two phases: i) an asexual cycle (major
phase) completed on wheat, and ii) a sexual cycle
(minor phase) completed on an alternate host, Thal-
ictrum sp., that gives the pathogen the advantage of
acquiring genetic variability through recombination
(Kolmer et al., 2013).

Various strategies have been developed to coun-
ter the adverse effects of leaf rust. However, agri-
cultural methods, such as crop rotation, deep tillage
and adjusting the sowing/harvesting time (Krupinsky
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et al., 2002), as well as use of chemical applications
are not successful in the long run. Although fungicide
use has enabled farmers to intensify production, over-
all crop losses have not declined for decades (Oerke,
2006). Thus, the development of genetic resistance is
now seen as the most efficient, economical and envi-
ronment- friendly approach.

There are two types of host genetic resistance
against P. triticina. The first is seedling resistance,
which is expressed at all growth stages and is typi-
cally controlled by single genes that have a major
effect. This type of resistance is generally qualitative
and triggers a hypersensitive response that results in
necrosis and prevents the pathogen from spreading.
The second is adult plant resistance (APR), which
occurs at a post-seedling stage and is commonly
quantitative. The interplay of both types of resist-
ance genes creates the overall host resistance to the
pathogen.

To date, more than 80 leaf rust resistance (Lr)
genes providing either seedling or adult plant resist-
ance have been reported. However, the presence of
a known Lr gene does not always guarantee resist-
ance, with several studies documenting loss of effi-
ciency over time (Kolmer, 2019; McCallum et al.,
2021; Park et al., 2002). While single-gene resist-
ance provides mostly short-term effectiveness, long
term resistance is influenced by the specific combi-
nation of multiple resistance genes in the host (Nel-
son et al., 2018). For this reason, resistance breed-
ing is an ongoing process that systematically tests
wild relatives, landraces and other germplasm to
identify new sources of genetic resistance to a suc-
cessful pathogen. Aegilops, a genus of annual grass
plants, is genetically related to bread wheat and car-
ries Lr genes. It consists of 23 species with C, M, N,
S, U and D genomes. The D genome, derived from
Ae. tauschii, and the B genome, derived from a spe-
cies closely related to Ae. speltoides, are part of the
bread wheat (Triticum aestivum) hexaploid genome
AABBDD. A notable number of Lr genes have been
identified in various species of the Aegilops genus
(Prasad et al., 2020). Since the first introgression
of Lr9 from Ae. umbellulata into the wheat genome
(Sears, 1956), many more resistance genes have
been introduced, including those from Ae. tauschii
(Lr21, Lr22a, Lr39) and Ae. speltoides (Lr28, Lr35,
Lr36, Lr37, Lr51). Despite the considerable num-
ber of Lr genes that have already been introduced
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into wheat from Aegilops species, further screening
studies are required to identify new gene(s) or com-
binations of genes in distinct genotypes.

To address this, 130 accessions of the Aegilops
genus were screened for the presence of seedling and
adult plant resistance Lr genes. After artificial expo-
sure to P. triticina under greenhouse and field condi-
tions, the seedlings and adult plants, respectively, were
symptomatically evaluated. Comparing the outcomes
enabled us to evaluate the efficiency of the tested
genes and identify genotypes suitable for breeding.
Moreover, we identified phenotypically resistant geno-
types without the screened Lr genes whose genetically
conditioned resistance is worth further investigation.

Material and methods
Plant material and phenotyping

The ex-situ gene bank Triticeae collection, main-
tained by the Czech Gene Bank, comprises 1763
accessions, of which the Aegilops genus accounts for
1230 accessions, encompassing 21 out of all 23 spe-
cies. The material selected for this contribution was
one set received from the Kazakh Gene Bank Alma-
lybak/Almaty on exchange basis. It comes partly from
extensive collecting missions by Kazakh partners
and partly from other sources. Selected 130 acces-
sions, belonging to 13 species, (Table 1, S1) were
regenerated and phenotyped, and data recorded to
the national information system GRIN Czech (GRIN
Czech Release 1.10.3 (vurv.cz)). A more detailed
characterization of the origin and location of material
collection is available in Table S2.

Phenotyping under infection

The National Program on Conservation and Utilization
of Microbial Genetic Resources and Invertebrates of
Agricultural Importance provided the pathotypes of the
pathogen. The spores were collected from leaves from
the previous seasons from different localities to simu-
late the range of races that appear naturally. A collection
of 6 pathotypes with varying virulence levels were uti-
lized for resistance tests, as shown in Table 2. Seedlings
of the NILs (Nearly Isogenic Lines) were inoculated in
the greenhouse by rubbing leaves with an urediniospore
water suspension, then they were sprayed with water
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Table 1 Aegilops species and number of accessions used in
present study

Species Genome Number of
accessions

Ae. biuncialis Vis UM 2

Ae. columnaris Zhuk UM 1

Ae. comosa Sibth. et Sm M 3

Ae. crassa Boiss DM 9

Ae. cylindrica Host DC 67

Ae. geniculata Roth UM 10

Ae. juvenalis (Thell.) Eig DMU 1

Ae. markgrafii (Greuter) Hammer C 1

Ae. neglecta Req. ex Bertol UM 1

Ae. peregrina (Hackel) Maire et Weiller US 2

Ae. speltoides Tausch S 1

Ae. tauschii Coss D 22

Ae. triuncialis L ucC 10

and placed in glass cylinders for 24—48 h. Thereafter
plants were kept in the greenhouse at 18—22 °C. Infec-
tion types were scored after 10—14 days based on the
scale by Stakman et al. (1962).

Due to pure germination, from overall 130 geno-
types screened with molecular markers, 122 geno-
types were evaluated in the field and only 77 were
possible to evaluate in greenhouse conditions. To

provide clarity throughout the text, the SMM (Set
tested with Molecular Markers) designation will
now refer to 130 genotypes that were screened using
molecular markers. The SF (Set tested on Field) des-
ignation will represent the 122 genotypes that were
evaluated under field conditions, and the SG (Set
tested in Greenhouse) designation will refer to the
77 genotypes that were evaluated in a greenhouse
environment. It’s important to note that the smaller
set always contains only representatives from the
larger one. Rust spreaders (cv. Michigan Amber)
regularly distributed in the trial were inoculated with
a mixture of the same P. triticina urediniospores as
used in greenhouse experiment to test SF cultivars
for resistance (disease severity). Artificial infec-
tion was performed by injecting water suspension
of urediniospores into the stems of the susceptible
variety spreader at the beginning of stem elongation
phase. Visual estimation of disease severity took
place in several terms according to the development
of the disease using a disease severity scale of 1-9,
where 9 stands for no symptoms observed and 1 rep-
resents heaviest sporulation leading to defoliation.

DNA extraction

DNA of 130 accessions (Table S1) was purified
from leaf tissue by following optimized CTAB

Table 2 Reaction of the 6

9528 A
races on the NILs

Lr genes/races

9668 9585 9528 9657 9712

Lrl 3
Lr2a ;
Lr2b ;
Lr2c 01
Lr3a 02
Lr9 3
Lrll 3
Lri3 3
Lrl5 3
Lrl7 3
Lri9 ;0
Lr21 3-
Lr23 ;2
Lr24 N
Lr26 ;
Lr28 0;

3 3 3 3 0
; ;0 ;1 ;1 ;
0 3 ; ;12 02
; ) ; ;2 ;2N
32 ;2 3 3- 3
;N ; ; 0; 0
3 3 3 3
3 3 3 3
3 ;2 3 2 3-
3 3 3 3 3
;0 ;0 ;0 ;0 ;0
3 3 3 3 3
;2 ;1 ;2 ;2 3
;1 i1 i1 ;1IN i1
3 3 3 3

Infections types: ; = chloroses; N = necroses; 0, 1, 1-2, 2 = resistant; 3 = susceptible
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procedure (Murray & Thompson, 1980). Homog-
enized plant tissue was incubated in 2% CTAB
solution within 30 min at 65 °C and subsequently
cooled for 5 min on ice. After incubation with
chloroform-isoamylalcohol (24:1) solution and
series of centrifugation, DNA was precipitated
using 99% ethanol and afterwards purified by
75% ethanol. Dried nucleic acid was incubated
with RNase A (20 mg/ml) for 10 min at 37 °C and
diluted in TE solution. The integrity of isolated
DNA was assessed on 0.8% gel supplemented with
ethidium bromide and its concentration measured

spectrophotometrically. To set DNA work concen-
tration on 100 ng/pl, DNA was further resuspended
in nuclease-free water.

Lr genes detection

Polymerase chain reactions (PCR) were performed in
15 pl reaction volume with specific primers (Table 3)
and DNA solution (100 ng/pul). The amplification pro-
file and composition of reaction mixture are listed in
Table S3. All amplification products were visualized
using electrophoresis on 2% agarose gel stained with

Table 3 Molecular markers used in PCR reaction for resistance genes detection

Lr genes Origin Primer Sequence 5’—>3’ Amplicon length References
Lrl common wheat WRO003-F GGG ACA GAG ACCTTG 760 bp Qiu et al., 2007
GTG GA
WRO003-R GAC GAT GAT GAT TTG
CTG CTG G
Lr9 Ae. umbellulata J13/1 CCA CAC TAC CCC AAA 1 100 bp Schachermayr et al., 1994
GAG ACG
J13/2 TCC TTT TAT TCC GCA CGC
CGG
Lri9 Thinopyrum ponticum  GbF CAT CCT TGG GGA CCT C 130 bp Prins et al., 2001
GbR CCA GCT CGC ATA CAT
CCA
Lr21 Ae. tauschii var. Meyeri D14-L CGC TTT TAC CGA GAT 885 bp Huang & Gill, 2001
TGG TC
D14-R CCA AAG AGC ATC CAT
GGT GT
Lr24 Thinopyrum ponticum  SCS1326-F GCA TCG TGC AGC TAG 607 bp Gupta et al., 2006
TTC TG
SCS1326-R AGG CAT CGT GAA AAG
AGA ACA
Lr28 Ae. speltoides SCS421-1 ACA AGG TAA GTC TCC 570 bp Cherukuri et al., 2005
AAC CA
SCS421-2 AGT CGA CCG AGA TTT
TAA CC
Lr35 Ae. speltoides Sr39#22r-F AGA GAA GAT AAG CAG 487 bp Mago et al., 2009
TAA ACA TG
Sr39#22r-R TGC TGT CAT GAG AGG
AACTCT G
Lr37 Ae. ventricosa Ventriup AGG GGC TAC TGA CCA 259 bp Helguera et al., 2003
AGG CT
LN2 TGC AGC TAC AGC AGT
ATGTAC ACA AAA
Lr58 Ae. triuncialis Xnew-Lr58-1-F  TCA CTT TGG TCA GGG ~404 bp Kuraparthy et al., 2011

TAG GG

Xncw-Lr58-1-R - CGA CGA GGT CCT GAT

ATG GT
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ethidium bromide. GeneRuler 100 bp DNA ladder
was used to estimate amplicon size.

SSR analysis

The microsatellite markers were selected primar-
ily for the diversity evaluation of wheat by our and
French lab (INRA) in collaboration as a selection
from hundreds SSR markers. Before this study, we
tested these markers on several species of Aegilops
and their spontaneous hybrids with wheat (Holubec
et al., 2019). It was clear, that only a part of them
could be used and applied on genotypes in this study.
The final set consisted of 38 markers. Microsatellite
analyses were performed according to Roder et al.
(1998). PCR products were separated using a capil-
lary electrophoresis in ABI PRISM 3130 sequencer
(Life Technology, Foster City, CA, USA). A multi-
plexed configuration of four reactions was used in one
analysis. As to interne size standard LIZ500 (Applied
Biosystems) was used. Electrophoretograms were
processed by GeneMapper software.

Data analysis

The gels were scored for the presence or absence of
reproducible products with corresponding lengths.
The molecular data from all genotypes screened
with nine markers were transformed into a binary
data matrix as discrete variables (1=presence,
O=absence). The results of symptomatic evaluation
on field were transformed into a value between 0 and
1 depending on score in 1-9 scale. Data generated
by symptomatic evaluation in greenhouse were also
transformed into a value between O and 1 depending
on number of resistant cases against 5 possible races.
Canonical correlation analysis was used in R envi-
ronment to identify and measure associations among
genotypic and phenotypic data. One-way ANOVA
was used to determine the significant difference in
symptomatic response between genotypes with pres-
ence and absence of particular Lr gene.

A matrix of distances between all the samples was
calculated from microsatellite data in the DARwin
software (http://darwin.cirad.fr/darwin; Perrier &
Jacquemoud-Collet, 2006). For clustering, a weighted
Neighbour-joining method (WNJ) was used as its
cophenetic coefficient r showed the highest value
(0.947). The support for the phenogram branches was

obtained using 1,000 bootstrap resampling. Analysis
of population structure was performed with STRU
CTURE 2.3.4 (Pritchard et al., 2000). The number
of populations (K) was selected by testing K=1 to
K=10 using ten independent iterations of 50 000
MCMC Reps after 20,000 burnin period length. The
optimum K-value was identified according to method-
ology of Evanno et al. (2005).

Results

Leaf rust resistance genes and their phenotypic
manifestation

SMM set of genotypes was screened for the pres-
ence of 9 Lr genes (1, 9, 19, 21, 24, 28, 35, 37, 58)
(Fig. la-c). Tested Lr genes were selected with
respect to their role in APR/ASR resistance and
based on their origin from wild relatives. All of genes
were detected at least once with various frequencies
(Table 4, Table S4), however in 32% of accessions
none of tested gene was present. Marker for Lr24 was
present just in one accession representing the only
representative of Aegilops speltoides. The frequency
of the remaining eight markers ranged from 6.9%
(Lr35) to 31.5% (Lr37). Three genotypes were tested
positive for five resistance genes, although most
genotypes were tested positive for just one resistance
gene at once. Based on these results, SF genotypes
were divided into three groups. First group was repre-
sented by genotypes with at least two detected resist-
ance genes. Remaining two groups consisted of geno-
types with one and no detected Lr gene, respectively.
All of 122 SF accessions were evaluated in field tests
with score 1-9 (Table S4) and their variances were
analyzed by one-way ANOVA. Groups showed statis-
tically significant differences (F=11.973; p<0.001).
The relationship between genotypic and phe-
notypic data from SG genotypes was analyzed by
CCA generating two canonical dimensions, both
with statistical significance according to Wilks’s
lambdas. For the first dimension, the canonical
correlation was equal to 0.557 (p <0.01), for the
second equal to 0.496 (p<0.01). With respect
to standardized canonical coefficients of geno-
typic variables, the first canonical dimension
was most strongly influenced by Lr24 (-0.47)
and Lr58 (-0.81), the second by Lrl (-0.45), Lr9
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Fig.1 Occurrence of Lr gene markers in each of 122 geno-
types from SF set. Symptomatic evaluation in field tests was
scored from 1 — susceptible to 9 — resistant, in greenhouse

(-0.58), Lr21 (0.45), Lr28 (0.55) and Lr58 (0.53).
Concerning phenotypic data, first dimension was
influenced mainly by field evaluation (-0.97) and
second by greenhouse (-1.12) variable.

For a more detailed interpretation of CCA results,
one-way ANOVA was used. Statistically signifi-
cant differences in symptomatic evaluation were
observed in case of Lr9 (F=7.702; p<0.01) and
Lr24 (F=5.865; p<0.05) in greenhouse conditions
and Lr58 (F=17.9; p<0.01) in field conditions.

All species counting 10 and more genotypes
were further evaluated by one-way ANOVA to com-
pare the average infestation rate in the presence and
absence of a particular Lr gene (Table 5). A statisti-
cally significant difference for both field and seed-
ling resistance was observed only for Lr37 in Ae.
cylindrica. The rate of seedling infestation was sig-
nificantly different for Ae. tauschii and Lr21, while
Lr28 gene significantly affected the infestation
degree of Ae. triuncialis on the field.
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from O — susceptible to 1 — resistant. Genotypes are sorted by
pattern of marker presence (a), symptomatic evaluation in field
conditions (b), clustering according to DARwin software (c)

Microsatellites

To determine whether genetic variability corresponds
to the occurrence of Lr genes, and subsequently to the
degree of pathogen infestation, SMM genotypes were
evaluated using 38 microsatellite markers. A total of
339 alleles were detected from the 38 amplified loci.
The number of alleles per locus ranged from 2 to 22,
with an average of 8.9 alleles per locus in the range of
analyzed genotypes.

Cluster analysis based on microsatellite data
showed three main clusters (A, B, C) supported by
bootstrap resampling. Individual clusters were further
divided into subclusters, all (except A.1) representing
individual species (Fig. 2).

Similarly, the results obtained within DARwin
software generally aligned with population struc-
ture analyzed by STRUCTURE and thus support the
idea of three main populations within investigated
Aegilops representatives (Fig. 3).
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Table 4 (continued)
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1.00

9.0

100

100
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SMM
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Ae. spe

100

100

100
100

100

100

100

100
73

0.31

4.4

14
14
18

68

SMM
SF
SG

Ae. tau

67

71

65

71

0.22

20 100 7.9

10
13

30
38
50

SMM
SF
SG

Ae. tri

100

100

Discussion

The main aim of this study was to verify the extent
to which the degree of resistance to the Puccinia tri-
ticina is influenced by the presence of Lr genes in
Aegilops genus members. No Lr gene was present in
one-third of the genotypes, yet some of these acces-
sions showed resistance in both field and greenhouse
conditions. These genotypes probably have other Lr
genes contributing to their overall resistance and/or
their resistance is based on various components of
quantitative resistance (Azzimonti et al., 2013).

In our study, the marker for Lr/ was detected in
all genotypes of Ae. juvenalis, Ae. neglecta and Ae.
speltoides, in 89% of Ae. crassa genotypes, 73% of
Ae. tauschii genotypes and 30% of Ae. geniculata
genotypes. Lrl, available in many wheat cultivars
(Mclntosh et al., 1995) and Ae. tauschii accessions,
is located on the D genome. D genome is further
part of Ae. juvenalis and Ae. crassa, however we
also detected Lrl in accessions with absence of D
genome, both Ae. neglecta and Ae. geniculate hav-
ing the UM genome. This unlikely occurrence of
Lrl could have resulted from spontaneous hybridi-
zation of these species and wheat (Holubec et al.,
2019), followed by misidentification of the resulting
hybrids as representatives of Ae. geniculata and Ae.
neglecta. Previous studies conducted on Ae. tauschii
have shown resistance in 3.5% (Ling et al., 2004) to
11% (Assefa & Fehrmann, 2000) of tested genotypes
accessions, slightly lower than ours 18%. Ling et al.,
however, counted only the accessions that displayed
infection type 0, while we considered as resistant also
types 1 and 2.

The marker associated with Lr9 was detected with
various frequencies in Ae. biuncialis, Ae. columnaris,
Ae. geniculate, Ae. juvenalis, Ae. neglecta, Ae. per-
egrina and Ae. triuncialis. All these species contain
the U genome of diploid progenitor Aegilops umbel-
lulate in which Lr9 was identified for the first time
(Sears, 1961). Interestingly, Lr9 was also detected
in Ae. markgrafii containing C genome only. Similar
results to ours were reported for Ae. columnaris in a
study of Aliakbari Sadeghabad et al. (2020) where the
presence of Lr9 corresponded with observed seedling
resistance.

Although the band corresponding to Lr!9 marker
was previously found in accessions of Ae. tauschii
(Aliakbari Sadeghabad et al., 2020), this study
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Table 5 Meaq valugs of Lr gene pres- Mean field resistance Mean seedling resistance
field and.seedlmg fcswtance ence (+)/
of 5 Aegzlops species (Ae. absence (-) Ae.cyl Ae.gen Ae.tau Ae.tri  Ae.cyl Ae.gen Ae.tau Ae.tri
cylindrica, Ae. geniculate,
Ae. tauschii, Ae. triuncialis) Lrl +  x 5.00 473 X X 0.50 0.33 X
?iﬁe:f;gfeﬁfﬁ’;f)‘f:ach - x 433 350 x X 0.25 028  x
of eight Lr genes. Means Lr9 + 1.00 4.67 X 9.00 X 0.50 X 0.33
were analyzed by one-way - 225 4.40 X 7.20 0.12 0.25 X 0.11
ANOVA, (*p<0.05) Lri9 + 3350 X X X 0.14 X X X
- 2.00 X X X 0.13 X X X
Lr21 + X X 4.64 X X X 0.19% X
- X X 3.86 X X X 0.55% X
Lr28 + X X X 4.00%* X X X X
- X X X 8.43% X X X 0.22
Lr35 +  3.67 X 5.67 X 0.00 X 0.39 X
- 2.16 X 4.17 X 0.13 X 0.30 X
Lr37 +  3.29% 4.83 X X 0.20% 0.38 X X
- 1.61% 3.50 X 7.88 0.09%* 0.25 X 0.22
Lr58 + x 4.22 X 7.88 X 0.31 X 0.22
- X X X X X X X X

observed it in genotypes of Ae. biuncialis, Ae.
comosa, Ae. crassa, Ae. cylindrica, Ae. juvenalis
and Ae. peregrina without conferring any observ-
able resistance.

Lr21, first time identified in an Iranian Ae. tauschii
accession (Huang et al., 2009), is claimed to pro-
vide complete resistance at seedling stage and partial
resistance at adult stage under field conditions (Naz
et al.,, 2021). However, there are studies identifying
Lr21 as gene carrying APR (Draz et al., 2015; Kumar
et al., 2022). Here, Lr2]1 was present not only in Ae.
tauschi genotypes, but also in Ae. crassa. These two
species had an equal representation of Lrl, Lr21
and Lr35 genes, but Ae. crassa possess two more Lr
genes, namely Lr/9 and Lr28. Still, Ae. crassa per-
formed worse in both field and greenhouse tests com-
pared to Ae. tauschi. The comparison of Ae. tauschii
accessions revealed significantly lower resistance
at seedling stage in presence of Lr2]. Although this
is in contrast with work of Naz et al., 2021, one of
the causes might be high virulence of Czech iso-
lates against Lr2] with average of 94% between
2002-2019 (Hanzalova et al., 2021).

The marker for Lr24, originating from Thinopyrum
ponticum, was present in only one representative of
the species Ae. speltoides. Although its presence
in this species is surprising it has been previously

recorded (Aliakbari Sadeghabad et al., 2020). The
observed high resistance of this genotype in green-
house and field conditions could also be mediated by
the presence of Lrl, Lr28 and Lr37, whose individual
presence did not show increased resistance.

All accessions of Ae. crassa, Ae. juvenalis, Ae.
speltoides and one of Ae. triuncialis have been
shown to be the residence of the Lr28 gene. The
presence of this gene was also observed outside the
genus Aegilops, in Triticum timopheevii — a tetra-
ploid member of the Triticeae tribe (Gultyaeva
et al., 2014). Out of 12 genotypes possessing this
gene, only two showed the maximal resistance in
the field (9) and just one was resistant against all
examined isolates, despite the satisfactory results of
Lr28 in Czech wheat cultivars (Hanzalova & Zelba,
2022). Moreover, the presence of Lr28 in Ae. triun-
cialis accessions was associated with significantly
higher infestation level on the field. Two reasons
may explain this result. The first, there was a single
genotype of Ae. triuncialis carrying the Lr28 rated
4 on the symptomatic scale. The field resistances
of the remaining genotypes were mostly the highest
possible shifting the results against the presence of
Lr28. Secondly, Lr28 is considered a juvenile resist-
ance gene and therefore may not have such an effect
on adult plant resistance.
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Cluster A
A.1 Ae. biuncialis, Ae. columnaris, Ae. comosa,
Ae. geniculata, Ae. juvenalis, Ae. markgrafii,
Ae. peregrina, Ae. triuncialis

A.2 Ae. triuncialis

A.3 Ae. geniculata

Cluster B
B.1 Ae. crassa
B.2 Ae. tauschii

Cluster C
Ae. cylindrica

Fig. 2 Phylogenetic tree formed by unweighted neighbor-joining method based on microsatellite analysis

Interestingly, the presence of the gene Lr35 was
not observed in Ae. speltoides, the species from which
it was derived. Similarly, overall distribution of this
gene was low with its presence in 29% of Ae. crassa
accessions, 14% of Ae. tauschii accessions and 4% of
Ae. cylindrica accessions, all D-geneome species.

Lr37, the most abundant Lr gene in this study,
is also the most represented gene conferring adult
plant resistance in Czech wheat cultivars (Hanzal-
ova & Zelba, 2022; Holubec et al., 2014). Although
Lr37 did not show a population-wide effect, within
Ae. cylindrica was indicated to be a possible fac-
tor positively affecting resistance not only of adult
plants, but also of seedlings.

Fig. 3 Bar plot of indi- Wo
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Lr58 originates in Ae. triuncialis with accessions
carrying effective resistance against leaf rust for
many years (Arora et al., 2021). Although it is not yet
clear wether Lr58 is more of juvenile resistance or
adult plant resistance gene, its performance appeared
to be more pronounced in the field. The benefiting
genotypes were of Ae. geniculata, Ae. peregrina and
Ae. triuncialis. However, the presence of this gene did
not translate into increased resistance of species Ae.
Juvenalis.

Based on the results of ANOVA, one Lr gene was
sufficient to observe a significant difference in the
rate of infestation in the field (Fig. 1b). However,
each additional Lr gene did not result in a statistically
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significant increase in resistance. This trend is mostly
prevalent in Ae. triuncialis accession, where Lr58
alone is sufficient to maintain high levels of resistance
(Fig. 1a).

The results verified by canonical correlation anal-
ysis and subsequent ANOVA showed that the geno-
types carrying Lr9 performed significantly better
under greenhouse conditions. This is in agreement
with reports declaring efficiency of Lr9 in Europe
(Aktar-Uz-Zaman et al., 2017; Volkova et al., 2022)
and against Czech isolates used also in this study
(Hanzalova et al., 2021). Similarly, if the genotype
carried Lr58, it was more likely to be resistant in the
field. This was true in all genotypes of Ae. biuncialis
and Ae. peregrina and 75% of Ae. triuncialis geno-
types with scoring of 9. In Ae. geniculate the pres-
ence of Lr58 provided only mean resistance of 4.5.

Genotypes belonging to 13 different species of
the genus Aegilops were analyzed to assess genetic
variability. Cluster analysis revealed the existence
of three groups in the examined population. The
largest observed variability was in the group A
(mainly from the sect. Aegilops), which clustered
into three smaller groups. Within the group B there
are two closely related D-genome species, splitting
in two subgroups, each representing a different spe-
cies. The last group C showed the least variability
and contained exclusively genotypes of the species
Ae. cylindrica (Fig. 2). The results from STRUCTU
RE confirmed the division of genotypes into three
main groups, but the division into subgroups was
beyond the distinctiveness of the program (Fig. 3).
Abbasov et al. (2019) used microsatellite markers
to evaluate the genetic diversity of Aegilops geno-
types from Azerbaijan and Georgia evaluating Ae.
crassa and Ae. vavilovi as the most diverse species.
On the other hand, Ae. cylindrica possessed the
lowest diversity, which is congruent not only with
our results, but also with findings of previous stud-
ies (Goryunova et al., 2004; Pester et al., 2003).
Contrary to this, Moradkhani et al. (2015) based on
microsatellites and Pour-Aboughadareh et al. (2017)
based on SCoT markers, determined a relatively
higher diversity in Ae. cylindrica compared with
other species. These discrepancies might be caused
by the different sample size and Ae. cylindrica
germplasms from different countries. However,
considering the fact Ae. cylindrica is evolutionary
younger species (Gandhi et al., 2005) then their

diploid progenitors Ae. markgrafii and Ae. tauschii,
our results could be of more accuracy.

In addition, the application of DARwin-based
clustering on Lr gene occurrence and symptomatic
evaluation revealed that group A consists mainly
of resistant genotypes compared to representatives
in group B. This is even more pronounced when
comparing the group A with group C accessions
(Fig. 1c¢).

In conclusion, we have shown that leaf rust resist-
ance in Aegilops is not strictly based on separate resist-
ance genes, but rather the combination of specific
genes is needed to ensure higher resistance levels. Our
results will not only contribute to knowledge of the
genetically based resistance of the Aegilops genus, but
also indicate how the genetic composition translates
into a phenotype measured by symptomatic evaluation,
given that our results suggest an effective contribution
of Lr9 on seedling resistance and Lr58 on resistance of
adult plants Moreover, identified resistant genotypes
may serve as suitable source of resistance in further
breeding. The fact that some of accessions showed
increased resistance without any Lr gene present made
these accessions worth for further investigation with
potential of finding new, yet undiscovered resistance
contributors. Although we screened with only nine
molecular markers, these were the once with the high-
est probability of detection due to their origin in wild
relatives. However, there are more markers that can
reflect on overall resistance and thus a broader set of
molecular markers could be used in future studies.
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