& frontiers | Frontiers in Genetics

’ @ Check for updates

OPEN ACCESS

EDITED BY
Krishnanand P. Kulkarni,
Delaware State University, United States

REVIEWED BY
Satinder Kaur,

Punjab Agricultural University, India
Jindong Liu,

Chinese Academy of Agricultural
Sciences, China

*CORRESPONDENCE

Alma Kokhmetova,
gen_kalma@mail.ru

Deepmala Sehgal,
Deepmala.Sehgal@syngenta.com

Nagenahalli Dharmegowda Rathan,
rathanndnagl27@gmail.com

Gopalareddy Krishnappa,
gopalgpb@gmail.com

RECEIVED 24 July 2023
ACCEPTED 27 October 2023
PUBLISHED 23 November 2023

CITATION
Kokhmetova A, Rathan ND, Sehgal D,
Malysheva A, Kumarbayeva M,
Nurzhuma M, Bolatbekova A,
Krishnappa G, Gultyaeva E,
Kokhmetova A, Keishilov Z and
Bakhytuly K (2023), QTL mapping for
seedling and adult plant resistance to
stripe and leaf rust in two winter
wheat populations.

Front. Genet. 14:1265859.

doi: 10.3389/fgene.2023.1265859

COPYRIGHT
© 2023 Kokhmetova, Rathan, Sehgal,
Malysheva, Kumarbayeva, Nurzhuma,
Bolatbekova, Krishnappa, Gultyaeva,
Kokhmetova, Keishilov and Bakhytuly.
This is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Genetics

TvpPE Original Research
PUBLISHED 23 November 2023
pol 10.3389/fgene.2023.1265859

QTL mapping for seedling and
adult plant resistance to stripe and
leaf rust in two winter wheat
populations

Alma Kokhmetova'*, Nagenahalli Dharmegowda Rathan?*,
Deepmala Sehgal**, Angelina Malysheva®, Madina Kumarbayeva®,
Makpal Nurzhuma?, Ardak Bolatbekova?,

Gopalareddy Krishnappa**, Elena Gultyaeva®, Asia Kokhmetova?,
Zhenis Keishilov! and Kanat Bakhytuly*

*Laboratory of Breeding and Genetics, Institute of Plant Biology and Biotechnology (IPBB), Almaty,
Kazakhstan, ?Coverta Agriscience, Hyderabad, Telangana, India, *Syngenta, Jealott’s Hill International
Research Centre, Bracknell, United Kingdom, “ICAR-Sugarcane Breeding Institute, Coimbatore, India,
®Laboratory of Mycology and Phytopathology, All Russian Institute of Plant Protection, Pushkin, Russia

The two recombinant inbred line (RIL) populations developed by crossing Almaly X
Avocet S (206 RILs) and Almaly X Anza (162 RILs) were used to detect the novel
genomic regions associated with adult plant resistance (APR) and seedling or all-
stage resistance (ASR) to yellow rust (YR) and leaf rust (LR). The quantitative trait
loci (QTLs) were detected through multi-year phenotypic evaluations
(2018-2020) and using high-throughput DArTseq genotyping technology. RILs
exhibited significant genetic variation with p < 0.001, and the coefficient of
variation ranged from 9.79% to 47.99% for both LR and YR in all Environments
and stages of evaluations. The heritability is quite high and ranged between
0.47 and 0.98. We identified nine stable QTLs for YR APR on chromosomes 1B,
2A, 2B, 3D, and 4D and four stable QTLs for LR APR on chromosomes 2B, 3B, 4A,
and 5A. Furthermore, in silico analysis revealed that the key putative candidate
genes such as cytochrome P450, protein kinase-like domain superfamily, zinc-
binding ribosomal protein, SANT/Myb domain, WRKY transcription factor,
nucleotide sugar transporter, and NAC domain superfamily were in the QTL
regions and probably involved in the regulation of host response toward
pathogen infection. The stable QTLs identified in this study are useful for
developing rust-resistant varieties through marker-assisted selection (MAS).
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Introduction

Globally, stripe rust or yellow rust (YR) and brown rust or leaf rust (LR) are two
important biotic stresses of wheat (Triticum aestivum L.). The YR caused by Puccinia
striiformis (Pst) generally causes crop damage in the range of 0.1%-5.0%; however, crop
losses can increase to 5%-25% (Wellings, 2011) based on varietal reaction and prevailing
environmental conditions, and in severe conditions, crop damage can reach up to 100% (Al
et al.,, 2014). Most wheat-cultivating areas covering the United States, Eastern and Southern
Asia, East Africa, Oceania, the Arabian Peninsula, and Western Europe are vulnerable to Pst
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incidence. The monoculture of single or closely related cultivars
coupled with favorable environmental conditions is ideal for
pathogen evolution. Several incidences of YR epidemics have
occurred in different parts of Central Asia and Kazakhstan
(Yessenbekova et al., 2016; Kokhmetova et al., 2018; Kokhmetova
et al., 2021a). The YR incidence in Central and Western Asia has
substantially increased between 2001 and 2010 (Morgounov et al.,
2013). Recently, Central Asia recorded four YR epidemics between
the years 2009 and 2014 (Ziyaev et al.,, 2011; Sharma et al., 2014).
Historically, YR used to be confined to cool weather conditions;
however, it has slowly moved to non-conventional regions due to
race evolution (Muleta et al.,, 2017; Godoy et al., 2018). The LR
caused by Puccinia triticina (Pt) is comparatively less devastating
than the other two wheat rusts; however, it causes more crop damage
as the frequency of its occurrence is very high and has wide global
distribution (Huerta-Espino et al., 2011). The wide adaptability of
this rust makes it spread to temperate areas, resulting in
approximately 70% of yield losses (Herrera-Foessel et al., 2006;
Aktar-Uz-Zaman et al., 2017). North Kazakhstan has reported five
leaf rust epidemics during 2001-2009, causing yield damage in the
range of 10%-50%, particularly in the susceptible varieties
(Kokhmetova et al., 2016; Kokhmetova et al., 2021b).

Rust resistance breeding provides a sustainable solution to
protect the wheat from loss of vyield and grain quality.
Genetically, there are two kinds of rust resistance; one is race-
specific seedling resistance or all-stage resistance (ASR) and the
other is race-non-specific adult plant resistance (APR) or partial
resistance (Chen, 2013). Race-specific resistance is qualitative in
nature, is governed by a single gene or oligogenes and only effective
against a single or few races, and follows the gene-for-gene
hypothesis (Flor, 1971). They express from the seedling to adult
plant stage and confer vertical resistance. Generally, race-specific
seedling resistance is less durable, which can easily be overcome by
race evolution (Jones and Dangl, 2006). In contrast, race-non-
specific resistance genes are more durable, but when used alone,
they are unable to provide high levels of resistance; however, when
used in combination with other race-specific or race-non-specific
genes, they provide adequate resistance (Singh et al., 2000).

At present, there are 86 YR genes that were cataloged (McIntosh
etal., 2020; Zhu et al., 2023); however, only a few genes like Y75 and
Yr15 are effective to most of the prevailing Pst races across the globe
(Sharma-Poudyal et al., 2013). The Yr gene diversity in commercial
cultivars is very important in managing stripe rust epidemics.
Additionally, non-race-specific resistance driven by a few Yr
genes such as YrI8, which express at the adult plant stage,
confers field resistance against the three wheat rusts, which have
been widely used for several decades (Randhawa et al, 2012;
Krattinger et al., 2016). However, single-gene-based resistance in
varieties is not enough to protect the cultivars, particularly under
high disease pressure conditions (Zhang et al., 2019). Thus, the
combined use of APR genes along with one or a few ASR genes may
be ideal to protect the cultivars with durable resistance (Ellis et al.,
2014; Liu et al., 2018). Similarly, 83 Lr genes have been identified
(McIntosh et al., 2020; Kolmer et al, 2023), and 15 Lr genes
exhibited APR response, including Lr34, Lr46, Lr67, Lr68, Lr74,
Lr75, Lr77, and Lr78. Among them, seven are race-specific and eight
are race-non-specific (McIntosh et al., 2016). Among race-specific
APR genes, Lr12, Lrl13, Lr22b, Lr35, and Lr37 are qualitative in
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nature and provide hypersensitive reactions only at the adult plant
stage (McIntosh et al., 1995; Singh and Bowden, 2011). Previous
reports in Kazakhstan revealed that several Lr genes became
ineffective due to pathogen evolution, resulting in new virulent
races. Several Lr genes including Lr9, Lr10, Lr19, Lr34, Lr37, and
Lr68 are still providing resistance to several races, whereas Lr1 has
lost its effectiveness (Koishybaev et al., 2010). Some of the APR
genes like Lr1, Lr10, Lr21, Lr22a, Lr34, and Lr67 have been cloned; a
few cloned genes like Lr34 and Lr67 were found to be associated with
complex loci conferring resistance to multiple biotic stresses. Few
pleiotropic gene complexes like Lr19/Sr25, Lr26/Yr9/Sr31/Pms8,
Lr37/Yr17/Sr38, Lr67/Sr55/Yr46/Pm46, and Lr34/Yr18/Pm38/Sr57
are widely used in the breeding programs across the globe, including
Kazakhstan, that are still providing sufficient
(Kokhmetova et al., 2016; Kokhmetova et al., 2021b).

Although several race-specific seedling genes were identified for

resistance

YR and LR, the genetic dissection of rust resistance in wheat through
QTL mapping is equally important in the management of wheat rust
as the durability of most of the race-specific seedling genes is very
less, particularly under high disease pressure conditions in regions
with a wide distribution of single or similar varieties. The evolution
of novel races and the breakdown of race-specific genes led wheat
breeders toward identifying and utilizing the durable race-non-
specific APR genes and QTLs. The recent advancements in next-
generation sequencing (NGS) technologies, the development of the
wheat reference genome (IWGSC, 2018), and the cost reduction of
genotyping made the genetic dissection of QTL regions and
candidate genes more precise and effective. Previously, various
mapping populations and marker systems were used to locate
QTLs for LR resistance (Kolmer, 2015; Li et al,, 2016; Kthiri
et al, 2019; Zhang et al, 2019; Bokore et al, 2020;
Ciechanowskaa et al., 2022; Delfan et al.,, 2023). Similarly, several
QTLs were identified for SR resistance in different genetic
backgrounds (Wang et al, 2015; Zhang et al., 2019; Farzand
et al,, 2021; Rollar et al,, 2021; Yuan et al., 2020; Cheng et al,
2022; Rauf et al,, 2022; Tehseen et al., 2022). However, very few are
effective in providing resistance, and many among them provide
race-specific resistance and hence have limited applicability to wide
area deployment.

Therefore, we designed our study to identify the genomic
regions that confer ASR and APR resistance to leaf and stripe
rust resistance to the races prevalent across Central Asia,
particularly in Kazakhstan, using two RIL mapping populations
derived from Almaly x Anza and Almaly x Avocet S with multi-
environment evaluations. We also attempted to provide the putative
candidate genes for the identified stable QTLs to assist further
validation and gene cloning experiments.

Materials and methods
Plant material and field experiments

The parental genotypes used to develop RILs are contrasting for
both YR and LR; Almaly was the resistant parent, whereas Anza and
Avocet were the susceptible parents. The RIL populations were

developed by crossing Almaly x Anza (160 RILs) and Almaly x
Avocet S (206 RILs) through the single-seed descent method in
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southeastern Kazakhstan (Supplementary Table S1). Since Almaly is
the common parent in both the crosses, hereafter Almaly x Anza will
be referred to as the Anza population, whereas Almaly x Avocet S
will be referred to as the Avocet population. The RILs were evaluated
at the seedling and adult plant-growth stages for LR and YR
pathogens. The mapping populations of both the crosses along
with parental genotypes were evaluated at the Kazakh Research
Institute of Agriculture and Crop Production (KazNIIZiR),
Almalybak (43°13’09"N and 76°36'17"E) for 2 consecutive years
during 2018-19 and 2019-20 for YR and LR APR, respectively.
Additionally, the RIL population of Almaly x Anza was evaluated
during 2020-21 for LR APR in a randomized complete block design
(RCBD) following the two replications. Each RIL was sown in a two-
row plot of 1.5m length and row-to-row spacing of 25 cm. The
susceptible check variety, Morocco, was planted at an interval of
every 20 plots. The RILs were also evaluated for YR and LR ASRin a
greenhouse facility at the All-Russian Institute of Plant Protection
(ARIPP), St Petersburg, Russia (59°73'73"N, 30°42'47"E) during
2020. Three to five seeds of each genotype were planted in 10-cm-
diameter plastic pots in a disease-free area. The RILs were inoculated
after 7-10 days under greenhouse conditions with three races of P.
striiformis and six races of P. recondita with different levels of
virulence to Lr and Yr genes (Supplementary Table S3). All
entries were arranged in an RCBD design with three replications.
The complete phenotypic data file of two biparental populations is
provided in Supplementary Table S1.

Phenotyping

Seedling resistance in greenhouse

The P. striiformis races were differentiated in 2020 using a set of
12 wheat lines developed in the Avocet wheat background and on
nine supplemental wheat differential lines using a method developed
by Johnson et al. (1972). The determination of the type of plant
reaction was carried out twice within 14-20 days after infection
according to the Gassner and Straib accounting scale (Gassner and
Straib, 1932). At the same time, the reactions of 0, 1, and 2 points
were assigned to the resistant type R (Resistant), and those of 3 and
4 points were assigned to the susceptible type S (Susceptible). The P.
triticina races were also differentiated during 2020 using 20 near-
isogenic lines (NILs) developed in the Thatcher background, each
carrying one of the LR resistant genes (Kolmer and Ordonez, 2007;
Schachtel et al., 2012; Kolmer et al., 2014). The virulence of the
phenotypes was determined on these 20 differential lines and
encoded with 0 and 1 for avirulence and virulence, respectively
(Long and Kolmer, 1989; Kolmer and Ordonez, 2007). The virulence
analysis tools (Schachtel et al., 2012) was used for the nomenclature
of P. triticina races. The type of response to leaf rust was determined
twice within 14-20 days after infection, according to the scale of
Mains and Jackson (1926). The reactions of 0, 1, and 2 points were
assigned to the resistant type R (Resistant), and those of 3 and
4 points were assigned to the susceptible type S (Susceptible).

The seedlings of the RIL population from Almaly x Avocet S
cross along with the parents were inoculated with two races of P.
striiformis, i.e., 108E187 (Pst_1) and 110E191 (Pst_2), and two races
of P. triticina, i.e., MLTTH and TLTTR, to determine the race-
specific resistance. Similarly, the seedlings of the RIL population
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from Almaly x Anza cross along with parents were inoculated with
two races of P. striiformis, i.e., 108E187 (Pst_1) and 101E191 (Pst_3),
and four races of P. triticina, i.e., THTTQ, TCTTR, TCPTQ, and
THTTR. The plants were infected with spores at a three-leaf stage,
and plants were placed in a humid chamber for 24 h. The seedling
infection type of the RIL was scored using the same approach as that
for races differentiation. The pathotypes used in this study and their
virulence reaction to rust genes are provided in Supplementary
Table S3.

Phenotyping for adult plant resistance in the field

The field phenotyping for YR and LR APR was carried out
during 2018-2019 for both the populations and also during
2020 for LR APR for the Anza population at Kazakh Research
Institute of Agriculture and Crop Production (KazNIIZiR),
Almalybak. Pathogen racial mixtures from the local population
were used to inoculate the mapping populations. The method
proposed by Roelfs et al. (1992) was followed for spore sampling,
storage, and propagation. The pathogen was propagated in a
greenhouse on the susceptible wheat variety, Morocco. The
experimental wheat material was inoculated with a mixture of
spores and talc in the ratio of 1:100 by spraying with an aqueous
suspension of spores with 0.001% Tween-80 at the stem elongation
stages (Z21-32). After infection, the plots were wrapped with a
plastic cover for 16-18h to create high humidity. After the
manifestation of diseases on susceptible control varieties, an
assessment (2-3 times) of rust resistance was carried out. Leaf
and yellow rust resistance of wheat accessions was evaluated using
the modified Cobb scale (Peterson et al., 1948; McIntosh et al.,
1995). The scoring was based both on disease severity (proportion
of the leaf area infected) and on the plant response to infection
(reaction type). Plant responses were recorded as resistant (R),
moderately resistant (MR), moderately susceptible (MS), and
susceptible (S) reactions.

Phenotypic analysis

The phenotypic analysis was done in multi environment trial
analysis with R (META-R) version 6.0 software. The best linear
unbiased predictors (BLUPs) for each year and across year were used
for QTL analysis. Furthermore, genetic correlation among traits and
between environments, heritability, and ANOVA was done using
META-R. The details of the analysis are provided in Rathan et al.
(2023). Past V 3.01 was used to generate frequency distribution
graphs.

Genotyping

The genomic DNA was extracted from the parents, and each RIL
was extracted from both the populations following the modified
cetyltrimethylammonium bromide (CTAB) method (Dreisigacker
et al,, 2012). The DArTseq technology was used for genotyping of
both the RILs in the Genetic Analysis and Service for Agriculture
(SAGA) lab based in Mexico (Edet et al, 2018). Briefly, the
sequencing of mapping populations was carried out at 192-
plexing on Illumina HiSeq2500 with 1 x 77-bp reads. Allele calls
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TABLE 1 Genetic parameters of Almaly x Anza and Almaly x Avocet RIL populations.

Year Trait

Heritability

Genotype variance

Almaly x Anza RIL population

Gen X Envi variance Grand mean

2018 LR_APR 0.97 909.10*%* — 24.30 1523 3227
YR_APR 0.96 906.32*%* — 32.04 16.49 26.58
2019 LR_APR 0.88 231.48*%* — 16.54 14.71 47.99
YR_APR 0.90 331.35%%% — 20.11 15.82 41.93
2020 LR_APR 0.88 162.38%* — 10.52 12.33 63.30
LR_ASR_THTTQ 0.82 L12%+ — 2.45 1.24 28.37
LR_ASR_TCTTR 0.92 1.89%%% — 2.46 111 24.01
LR_ASR_TCPTQ 0.93 2,204 — 2.04 1.07 27.52
LR_ASR_THTTR 0.88 14104 — 1.62 1.17 38.85
YR_ASR_Pst1 0.97 1.65%%* — 2.68 0.67 12.90
YR_ASR_Pst3 0.94 2,06 — 1.57 0.98 32.67
Overall LR_APR 0.87 315.88*%* 118.43%** 17.12 18.29 43.82
YR_APR 0.71 362.58%** 256.254* 26.07 28.61 32.50
Almaly x Avocet RIL population
2018 LR_APR 0.95 791.09*%* — 32.64 17.27 27.52
YR_APR 0.93 687.524%* — 48.67 19.64 21.25
2019 LR_APR 0.89 288.974%* — 22.01 15.49 37.77
YR_APR 0.95 1,095,344 — 56.96 20.49 18.71
2020 LR_ASR_MLTTH 0.94 22144 — 1.67 0.97 30.38
LR_ASR_TLTTR 0.90 1434 — 129 1.05 43.49
YR_ASR_Pst1 0.96 1.42%%% — 3.43 0.65 9.79
YR_ASR_Pst2 0.98 3.37%0+ — 1.77 0.71 20.56
Overall LR_APR 0.47 177.93** 362.09** 27.33 27.09 31.67
YR_APR 0.79 620.46** 270.97%%* 52.81 31.82 19.88

LSD, least significant difference, CV, coefficient of variation, LR_ASR, leaf rust seedling resistance, YR_ASR, yellow rust seedling resistance; LR_APR, leaf rust adult plant resistance; YR_APR,
yellow rust adult plant resistance; LR_APR, leaf rust adult plant resistance (leaf rust pathotypes at the seedling stage, THTTQ, TCTTR, TCPTQ, THTTR, MLTTH, and TLTTR; yellow rust
pathotypes at the seedling stage, Pstl, Pst2, and Pst3); *** significance at p < 0.001; ** significance at p < 0.01.

for SNPs were generated through the proprietary analytical pipeline
developed by DArT P/L (Sansaloni et al., 2011). Furthermore, the
genetic locations of the SNPs were identified by using a
100 K consensus map given by SAGA (Sansaloni et al.
unpublished). The complete genotypic data for the two biparental
populations are provided in Supplementary Table S2.

Linkage mapping and QTL detection

The linkage maps were constructed separately for Anza and
Avocet RIL populations using DArTseq SNP markers. The
procedure followed for linkage map construction and QTL
detection is the same for both populations. The markers were
filtered, and the monomorphic markers, markers with >30%
missing data, high heterozygosity percentage (>30%) and low
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allele frequency (<5%) were removed. The BIN functionality in
IciMapping 4.2 QTL software was used to remove redundant
markers. A filtered set of 1,293 and 1,127 high-quality SNPs
were finally used for QTL analysis in Anza and Avocet
populations, respectively. The linkage map construction and
QTL mapping was done in IciMapping 4.2 QTL software
(Wang et al., 2012; Li et al, 2016). The Kosambi mapping
function was used to construct linkage groups, using a
threshold logarithm of odds (LOD) score of 3.0 (Kosambi,
1943). Within each linkage group, the marker order was carried
out with the 2-opt algorithm, and rippling was carried out by
maintaining a window size of 5 cM. QTL mapping was done using
complex composite interval additive functionality mapping
(ICIM-ADD) (Li et al., 2008). Additive QTLs were detected
using a 1.0 cM incremental scan. The LOD log confidence for
QTL mapping was chosen as 3.0. Then, the QTLs were localized on
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YR_ASR: yellow rust seedling resistance; LR_APR: leaf rust adult plant resistance; YR_APR: yellow rust adult plant resistance; (leaf rust pathotypes at the
seedling stage: THTTQ, TCTTR, TCPTQ, THTTR, MLTTH, and TLTTR evaluated in 2020; yellow rust pathotypes at the seedling stage: Pstl, Pst2, and

Pst3 evaluated in 2020).

the respective chromosomes. One-LOD drop from the estimated
QTL position was considered the confidence interval.

In silico analysis

Stable QTLs with high phenotypic variation were used for the
identification of candidate genes. The genes were identified in the
RefSeq v1.0 assembly from the International Wheat Genome
Sequencing Consortium (IWGSC) integrated in the Ensembl
Plant database (https://plants.ensembl.org/indexhtml) using the
basic local alignment search tool (BLAST). The molecular
functions of the probable candidate genes found in the
overlapping regions and within the 0.1 Mb flanking regions were
identified. The role of the genes in governing leaf and yellow rust
resistance was validated by comparing with the published literatures.

Results
Genetic parameters and trait associations

Genetic parameters of both the RIL populations derived from
Anza and Avocet crosses are presented in Table 1. Wide variability
exists for both YR and LR resistance in both the RIL populations for
all the races, as evidenced by the presence of a highly significant
genotypic variance (Table 1). The frequency distributions of YR and
LR severity in the field for RILs from both populations and in the
exhibited 1;
Supplementary Figures S1, S2). The interaction between genotype

seedling stages continuous variation (Figure
and location was significant for the pooled mean of YR and LR APR
for both the RIL populations. Both populations exhibited a high
broad sense heritability (>0.8) for all the traits, except the APR of
yellow rust (0.71) pooled data in the Anza population and APR of

leaf rust (0.47) and yellow rust (0.79) pooled data in Avocet RIL
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population. The CV ranged from 12.9% (YR_ASR_Pst1 in 2020) to
63.3% (LR_APR in 2020) for the Anza population. Similarly, the CV
ranged from 9.79% (YR_ASR_Pstl in 2020) to 43.49% (LR_ASR_
TLTTR in 2020) for the Avocet population. Broad sense heritability
estimates (h2) for leaf and yellow rust across years and different
infection backgrounds were high (0.82-0.98), indicating that rust
resistance can be improved by breeding (Table 1).

The year-wise genetic correlations between YR APR and LR
APR in Anza and Avocet populations are presented in Table 2. A
significant correlation was found between YR and LR APR during
2019 (p < 0.05) and the overall mean (p < 0.01) in Anza population;
however, no correlation was observed in 2018. Furthermore, in the
Avocet population, no correlation was observed between the traits.

Marker statistics

Genotyping of both Anza and Avocet populations was carried out
using next-generation sequencing technology DArTseq™ (http://
www.diversityarrays.com/dart-application-dartseq). A filtered set of
1,293 and 1,127 high-quality SNPs were used for linkage map
construction and QTL
populations, respectively (Table 3). In Anza population, 539 SNPs
were mapped on A subgenome, 491 SNPs on B subgenome, and only

identification in Anza and Avocet

263 SNPs on D subgenome in Anza population, whereas in Avocet
cross, 482 SNPs were mapped on the B subgenome, 423 SNPs on A
subgenome, and 222 SNPs on D subgenome.

QTL analysis

The QTLs identified for APR and ASR for both the rusts are
presented in Tables 4, 5 and illustrated in Figures 2, 3. A set of
51 QTLs were identified, out of which 28 QTLs included LR APR
(6 QTLs), YR APR (10), and six each for LR and YR ASR in the Anza
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TABLE 2 Genetic correlations of Almaly x Anza and Almaly x Avocet RIL populations.

Almaly x Anza RIL population

Year Trait LR_APR
2018 YR_APR 0.13
2019 YR_APR 0.17%
Overall YR_APR 0.43%*

Almaly x Avocet RIL population

Year Trait YR_APR
2018 LR_APR 0.01
2019 LR_APR 0.1
Overall LR_APR 0.04

LR_APR, leaf rust adult plant resistance; YR_APR, yellow rust adult plant resistance; ** significance at p < 0.01; * significance at p < 0.05.

TABLE 3 Marker distribution in Almaly x Anza and Almaly x Avocet RIL populations.

Chromosome/subgenome

Almaly x Anza RIL population

A subgenome 66 61 103 80 80 58 91 539
B subgenome 85 71 86 55 79 47 68 491
D subgenome 49 42 33 25 30 45 39 263
Almaly x Avocet RIL population

A subgenome 59 59 62 78 78 9 78 423
B subgenome 91 72 73 40 74 65 67 482
D subgenome 36 33 22 21 29 36 45 222

population. The remaining 23 QTLs were identified in the Avocet
population including LR APR (3 QTLs), YR APR (12 QTLs), LR
ASR (5 QTLs), and YR ASR (3 QTLs). Subgenome-wise 17 QTLs
were identified on each subgenome of A, B, and D considering both
the populations. Furthermore, the information about the favorable
alleles of consistent QTLs is provided in Supplementary Table S5.

Anza population

QTLs for yellow and leaf rust APR

For LR APR, a total of six QTLs, i.e., QLR-APR-4A, QLR-APR-
5B, QLR-APR-1A, QLR-APR-2B, QLR-APR-3B, and QLR-APR-7D,
were identified on different chromosomes at 233 cM, 288 cM,
97 ¢M, 295-313 cM, 340-342 cM and, 211 cM, respectively. The
identified QTLs explained that the percent phenotypic variation
ranged from 1.16 (QLR-APR-3B) to 15.18 (QLR-APR-2B). A
maximum of three QTLs was identified on B, two QTLs on A,
and one QTL on D subgenomes (Table 4).

For YR APR, 10 QTLs were mapped on 1D, 2A, 4D, 7D, 3A, and
3D at different locations. The 10 identified QTLs, i.e., QYR-APR-
2A.1, QYR-APR-2A.2, QYR-APR-1D, QYR-APR-4D.1, QYR-APR-
7D, QYR-APR-3A.3, QYR-APR-4D.2, QYR-APR-3A.1, QYR-APR-
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3A.2, and QYR-APR-3D, explained the percent phenotypic variation
of 9.94, 10.39, 4.74, 8.88, 7.34, 10.57, 9.36, 10.35, 20.93, and 4.26,
respectively. A maximum of five QTLs was observed, each on A and
D subgenomes; however, no QTL was identified on the B
subgenome.

Stable QTLs for APR

A total of six consistent QTLs including three each for LR APR
(QLR-APR-4A, QLR-APR-2B, and QLR-APR-3B) and YR APR
(QYR-APR-2A.1, QYR-APR-2A.2, and QYR-APR-4D.2) were
detected in the Anza population. One QTL, ie., QLR-APR-2B,
was detected during 2019 and 2020, which were flanked between
marker intervals 3064426-1125988 at a confidence interval of
287.5 cM-322.5cM with 15.18% (2019) and 9.41% (2020) PVE,
respectively (Table 4). The remaining two consistent QTLs,
ie, QLR-APR-4A and QLR-APR-3B, were identified in one
environment and pooled means. QLR-APR-4A was flanked
between marker intervals 998,585-1054130 and confidence
intervals 230.5 cM-233.5cM with 8.08 (2018) and 5.76% PVE,
respectively (across years), whereas QLR-APR-3B was flanked
between marker intervals 2257185-4396068 and confidence
intervals 325.5 cM-342cM with 8.08 (2020) and 5.76% PVE,
respectively (across years).
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TABLE 4 QTLs identified for yellow and leaf rust resistance in Almaly x Anza RIL population locations for 3 years.

10.3389/fgene.2023.1265859

QTL Genetic Physical Flanking Confidence
position position (bp) markers interval
(cM)
2018 LR-APR | QLR- 4A 233 652,566,572-716,874,949  998,585-1,054,130 335 | 808 9.04  230.5-233.5
APR-4A
LR-APR | QLR- 5B 288 18,616,930-529,978,625  1246,645-4,990,876  4.01 | 9.94 -9.72  277.5-288
APR-5B
2019 LR-APR | QLR- 1A 97 18,885,429 100,091,105-1,151,033 | 3.69 623 417  945-985
APR-1A
LR-APR | QLR- 2B 295 785,575,596 3,064,426-1,125,988 583 1518 639  287.5-3145
APR-2B
2020 LR-APR | QLR- 2B 313 785,575,596 3,064,426-1,125,988 623 941 936 305.5-322.5
APR-2B
LR-APR | QLR- 3B 342 27,980,930-457,925,422 | 2,257,185-4,396,068 303 116 319 | 3255-342
APR-3B
LR-APR | QLR- 7D 211 42,075,096-670,266,622 | 1,126,655-1,214,912 342 481 6.66  200.5-222.5
APR-7D
Across  LR-APR | QLR- 4A 233 652,566,572 ~716,874,949 | 998,585-1,054,130 434 576 539  231.5-2335
years APR-4A
LR-APR | QLR- 3B 340 27,980,930-457,925,422  2,257,185-4,396,068 | 4.16  6.37 551 326.5-342
APR-3B
2018 YR-APR | QYR- 24 102 683,536,393-709,771,711 | 2,260,254-3,064,488 615 | 9.94 1016 96.5-106.5
APR-2A.1
YR-APR | QYR- 24 174 20,557,628-34,846,399 1,212,067-1,242,826 686 1039 1040  169.5-180.5
APR-2A.2
YR-APR | QYR- ID 129 378,730,760 1,100,394-100,081,053 | 336  4.74 -7.40  124.5-1335
APR-1D
YR-APR | QYR- 4D 81 483,069,995-497,452,565 | 1,214,617-4910,613 | 486  8.88 -9.60 | 77.5-87.5
APR-4D.1
YR-APR | QYR- 7D 9% 637,319,694 1,158,021-4,022,626 | 437 734 -8.74 | 86.5-99.5
APR-7D
2019 YR-APR | QYR- 3179 60,385,881 100,080,358-1,045,110 = 448 1057  -531  178.5-179.5
APR-3A.3
YR-APR | QYR- 4D 106 495,101,244-498,684,043 | 1,133,723-1,012,563 394 936 -499  100.5-110.5
APR-4D.2
Across | YR-APR | QYR- 2A 106 683,536,393-709,771,711 | 2,260,254-3,064,488 | 4.95 | 4.07 4.65 101.5-110.5
years APR-2A.1
YR-APR | QYR- 2A 175 9,619,406-20,557,628 1,242,826-1,230957 | 616 | 4.43 4.84 169.5-182.5
APR-2A.2
YR-APR | QYR- 3A 159 590,301,966-603,234,500 | 1,068,094-1,150,748 1267 1035  7.65 158.5-159.5
APR-3A.1
YR-APR | QYR- 34 164 567,971,052-570,530,990 | 1,090,173-1,083,292  23.19 | 2093  -10.67 162.5-164.5
APR-3A.2
YR-APR | QYR- 3D 266 589,118,333-603,727,504  1,128,362-1,091,629 556 4.26 480  260.5-268.5
APR-3D
YR-APR | QYR- 4D 107 498,684,043-500,497,895 | 1,012,563-3,936,672 1115 856 -6.73  104.5-1105
APR-4D.2
2020 LR-ASR- | QLR-ASR- | 7A 144 701,561,539-713,432,629  1,111,941-1,125,395 431  9.07 037 137.5-144.5
THTTR | THTTR-7A
LR-ASR- | QLR-ASR- | 3B 131 736,747,190-754,143,752  1,076,415-3,064,587 314 671 -032  1265-1335
THTTR | THTTR-3B

Frontiers in Genetics

07

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1265859

Kokhmetova et al.

10.3389/fgene.2023.1265859

TABLE 4 (Continued) QTLs identified for yellow and leaf rust resistance in Almaly x Anza RIL population locations for 3 years.

Year Trait QTL Genetic Physical Flanking Confidence
position position (bp) markers interval
(cM)
LR-ASR- | QLR-ASR- | 6B 32 11,050,813-74,488,850 4,988,974-1,128,034 | 3.17 507 1.03 25.5-38.5
TCTTR  TCTTR-
6B.1
LR-ASR- | QLR-ASR- | 6B 79 NA 7,353,355-100,069,075 | 3.53  5.14 105  74.5-845
TCTTR | TCTTR-
6B.2
LR-ASR- | QLR-ASR- | 2D 4 623,163,577-641,940,538 | 2,256,914-2,250,689 502 3.70 052 | 0-95
TCPTQ | TCPTQ-2D
LR-ASR- | QLR-ASR- | 6D 223 485,975,428 100,023,455-1,091,595 = 4.15 | 1463 105  216.5-228.5
TCPTQ | TCPTQ-6D
2020 YR-ASR- | QYR-ASR- 1B 77 630,355,967-679,858,781 | 1,230,145-1,273,377 533 412 114 715-825
Pst3 Pst3-1B
YR-ASR- | QYR-ASR- | 6B 28 11,050,813-74,488,850 4,988,974-1,128,034 | 647 424 116 21.5-355
Pst3 Pst3-6B.1
YR-ASR- | QYR-ASR- | 6B 82 NA 7,353,355-100,069,075  5.80 | 4.19 115 76.5-88.5
Pst3 Pst3-6B.2
YR-ASR- | QYR-ASR- 6B 171 668,517,583-691,343,000 | 1,095,762-1,250,690 329 071 -047  164.5-1745
Pst3 Pst3-6B.3
YR-ASR- | QYR-ASR- | 7B 234 167,570,301 100,078,188-1,025576 | 7.38 425 ~1.16  224.5-2425
Pst3 Pst3-7B
YR-ASR- | QYR-ASR- | 6D 435 486,282,549-492,098,588 | 1,083,737-1,068,228 317 857 039  431.5-4385
Pstl Pst1-6D

LR_ASR, leaf rust seedling resistance, YR_ASR, yellow rust seedling resistance; LR_APR, leaf rust adult plant resistance; YR_APR, yellow rust adult plant resistance (leaf rust pathotypes at the
seedling stage, THTTQ, TCTTR, TCPTQ, THTTR, MLTTH, and TLTTR; yellow rust pathotypes at the seedling stage, Pst1, Pst2, and Pst3), QTL: quantitative trait locus, cM, centimorgan,
LOD, logarithm of odds, PVE, phenotypic variation explained, Add, additive effect; consistent QTLs are highlighted in red font; physical position are obtained from the reference genome

IWGSC, RefSeq v2.0.

Similarly, three consistent/stable QTLs, i.e., QYR-APR-2A.1,
QYR-APR-2A.2, and QYR-APR-4D.2, were identified for yellow
rust. QYR-APR-2A.1 was mapped between marker intervals
2260254-3064488 and confidence intervals 96.5 cM-110.5cM
with 9.94% (2018) and 4.07% PVE, respectively (across years);
similarly, QYR-APR-2A.2 was mapped between marker intervals
1212067-1242826 (2018) and 1242826-1230957 (across years) at a
confidence interval of 169.5 cM-182.5cM with PVE of 10.39%
(2018) and 4.43% (across vyears), respectively. The third
consistent QTL (QYR-APR-4D.2) was mapped between the
flanking ~ markers  of = 1133723-1012563  (2019)  and
1012563-3936672 (across years) at a confidence interval of
100.5 cM-110.5 cM with PVE of 9.36% (2019) and 8.56% (across
years), respectively.

QTLs for yellow and leaf rust ASR

Twelve QTLs, including six each for LR (QLR-ASR-THTTR-7A,
QLR-ASR-THTTR-3B, QLR-ASR-TCTTR-6B.1, QLR-ASR-
TCTTR-6B.2, QLR-ASR-TCPTQ-2D, and QLR-ASR-TCPTQ-6D)
and YR (QYR-ASR-Pst3-1B, QYR-ASR-Pst3-6B.1, QYR-ASR-Pst3-
6B.2, QYR-ASR-Pst3-6B.3, QYR-ASR-Pst3-7B, and QYR-ASR-PstI-
6D) were identified in the Anza population. For leaf rust, the highest
PVE was reported for QLR-ASR-TCPTQ-6D (14.63%) followed by
QLR-ASR-THTTR-7A (9.07%), QLR-ASR-THTTR-3B (6.71%),
QLR-ASR-TCTTR-6B.2 (5.14%), QLR-ASR-TCTTR-6B.1 (5.07%),
and QLR-ASR-TCPTQ-2D (3.7%). Similarly, for yellow rust, the
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highest PVE was reported for QYR-ASR-Pst1-6D (8.57%) followed
by QYR-ASR-Pst3-7B (4.25%), QYR-ASR-Pst3-6B.1 (4.24%), and
QYR-ASR-Pst3-6B.2 (4.19%).

Avocet population

QTLs for yellow and leaf rust APR

A set of 15 QTLs, including LR (3 QTLs) and YR APR (12 QTLs),
were identified in the Avocet population. For leaf rust, three QTLs,
i, QLR-APR-5A.1, QLR-APR-5A.2, and QLR-APR-7A, flanked
between marker intervals 1128503-2262017, 3064895-3958580, and
1102911-1309112, respectively, at a confidence interval of
201.5 cM-202.5cM, 284.5 cM-312.5cM, and 86.5 cM-90.5 cM.
The highest PVE was reported for QLR-APR-7A (11.77%) followed
by QLR-APR-5A.1 (2.79%) and QLR-APR-5A.2 (2.17%). All the QTLs
were mapped only on subgenome A, and there is no representation
from subgenomes B and D (Table 5).

For yellow rust APR, 12 QTLs were identified on different
chromosomes of all three subgenomes of wheat. The highest PVE
was reported for QYR-APR-4D.2 (16.42% in 2018 and 8.76% across
years) followed by QYR-APR-3D (12.24% across years and 11.43%
in 2018), QYR-APR-1B (10.20%), QYR-APR-4D.1 (8.55%), and
QYR-APR-1A (7.43%), and the remaining seven QTLs reported
less than 7.0% PVE. The highest QTLs were reported in subgenome
D followed by subgenomes B and A.
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TABLE 5 QTLs identified yellow and leaf rust resistance in Almaly x Avocet RIL population locations for 3 years.

QTL Genetic Physical Flanking Confidence
position position (bp) markers interval
(cM)
2018 LR-APR QLR 5A 202 84,082,776-382,970,680 | 1,128,503-2,262,017 6.19 | 279 9.87 | 201.5-202.5
APR-5A.1
LR-APR QLR- 5A 294 80,081,823-607,673,215 3,064,895-3,958,580 3.86 217 -8.93 | 286.5-297.5
APR-5A.2
LR-APR QLR- 7A 88 18,568,134-254,687,847 1,102,911-1,309,112 3.56 11.77 2199 @ 86.5-90.5
APR-7A
Across LR-APR QLR- 5A 293 80,081,823-607,673,215 3,064,895-3,958,580 3.63 1.74 -2.89 | 284.5-312.5
years APR-5A.2
2018 YR-APR QYR- 2A 198 NA 1,106,494-100,058,689 = 3.52 243 5.49 197.5-203.5
APR-2A
YR-APR QYR- 7A 238 86,051,773-91,538,169 7,350,555-3,064,562 5.58 3.85 6.95 237.5-241.5
APR-7A
YR-APR QYR- 2B 51 7,726,779 6,050,347-1,275,640 4.06 2.85 594 48.5-58.5
APR-2B.1
YR-APR QYR- 3D 201 612,659,895 3,064,599-100,087,630 = 10.52 11.43 1191 193.5-208.5
APR-3D
YR-APR QYR- 4D 169 482,004,603 -495,101,244 | 1,133,723-1,667,202 6.47 6.25 -8.94 | 163.5-176.5
APR-4D.1
YR-APR QYR- 4D 248 23,317,222-84,937,400 1,201,923-4,909,310 7.48 16.42 1426 = 233.5-255.5
APR-4D.2
YR-APR QYR- 5D 6 88,551,618-340,292,671 7,487,719-2,265,426 351 3.99 -7.04 | 0-16.5
APR-5D
2019 YR-APR QYR- 1A 133 17,405,618 991,036-3,934,878 571 7.43 9.02 129.5-135.5
APR-1A
YR-APR QYR- 1B 47 670,142,832-679,858,781 1,230,145-4,005,225 8.18 10.20 10.55 | 46.5-47.5
APR-1B
YR-APR QYR- 2B 156 220,348,494-235,259,298 5,577,199-1,054,964 4.90 593 8.06 155.5-156.5
APR-2B.2
YR-APR QYR- 4D 165 482,004,603-495,101,244 1,133,723-1,667,202 6.81 8.55 -9.98 | 163.5-170.5
APR-4D.1
YR-APR QYR- 4D 231 23,317,222-360,914,321 1,001,325-1,201,923 7.08 8.76 9.79 224.5-246.5
APR-4D.2
Across YR-APR QYR- 1B 47 670,142,832-679,858,781 1,230,145-4,005,225 3.99 4.10 4.75 46.5-47.5
years APR-1B
YR-APR QYR- 2B 51 7,726,779 6,050,347-1,275,640 5.94 6.54 6.03 48.5-58.5
APR-2B.1
YR-APR QYR- 2B 153 192,955,204-193,062,823 2,256,116-1,050,655 6.54 6.91 6.17 152.5-154.5
APR-2B.2
YR-APR QYR- 2B 241 781,214,059-797,605,252 1,219,456-1,121,623 3.09 5.40 547 229.5-249.5
APR-2B.3
YR-APR QYR- 1D 50 9,038,548-11,353,637 1,107,347-1,228,408 3.31 3.39 —4.33 | 355-555
APR-1D
YR-APR QYR- 3D 211 612,659,895 3,064,599-100,087,630 = 3.23 12.24 8.23 201.5-218.5
APR-3D
YR-APR QYR- 4D 165 482,004,603-495,101,244 1,133,723-1,667,202 523 5.58 -5.72 | 163.5-172.5
APR-4D.1
YR-APR QYR- 4D 240 23,317,222-84,937,400 1,201,923-4,909,310 3.36 6.92 6.18 232.5-255.5
APR-4D.2
(Continued on following page)
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TABLE 5 (Continued) QTLs identified yellow and leaf rust resistance in Almaly x Avocet RIL population locations for 3 years.

Year Trait

2020 LR-ASR-

MLTTH

LR-ASR-
MLTTH

QTL

QLR-ASR-
MLTTH-2A

QLR-ASR-
MLTTH-5B

2A

5B

Genetic

position
(c™m)

307

127

Physical
position (bp)

755,073,581-771,366,169

561,598,758

Flanking
MELES

1,230,056-2,259,439

100,058,433-2,267,368

3.07

6.10

4.30

10.3389/fgene.2023.1265859

-1.17

-0.99

Confidence
interval

299.5-312.5

126.5-127.5

LR-ASR-
MLTTH

QLR-ASR-
MLTTH-6B

6B

23

378,424,485-692,080,108

1,221,097-7,353,355

-1.15

19.5-28.5

LR-ASR-
MLTTH

QLR-ASR-
MLTTH-3D

3D

105

268,920,926

100,080,288-1,210,613

3.67

0.82

-0.43

97.5-107.5

LR-ASR-
TLTTR

QLR-ASR-
TLTTR-6D

6D

213

462,479,335-479,773,419

1,040,130-1,063,571

4.99

7.58

-0.37

209.5-215.5

2020 YR-ASR-

Pst2

QYR-ASR-
Pst2-3A

3A

141

25,391,100-25,669,110

4,988,975-2,257,915

139.5-141.5

YR-ASR-
Pst2

YR-ASR-
Pst2

QYR-ASR-
Pst2-5A

QYR-ASR-
Pst2-6D

5A

6D

93

126

695,468,777

25,673,385-51,985,701

1,184,257-100,044,187

1,046,205-1,009,547

9.14

3.64

14.01

5.80

-0.82

0.54

89.5-96.5

120.5-135.5

LR_ASR, leaf rust seedling resistance, YR_ASR, yellow rust seedling resistance; LR_APR, leaf rust adult plant resistance; YR_APR, yellow rust adult plant resistance; (leaf rust pathotypes at the
seedling stage, THTTQ, TCTTR, TCPTQ, THTTR, MLTTH, and TLTTR; yellow rust pathotypes at the seedling stage, Pst1, Pst2, and Pst3), QTL, quantitative trait locus, cM, centimorgan,
LOD, logarithm of odds, PVE, phenotypic variation explained, Add, additive effect; consistent QTLs are highlighted in red font; physical positions are obtained from the reference genome

IWGSC RefSeq v2.0.
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FIGURE 2
Identified QTLs and their genetic position from the Almaly X Anza population.
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FIGURE 3

Identified QTLs and their genetic position from the Almaly x Avocet population.

Stable QTLs for APR

A set of seven consistent QTLs including one for LR (QLR-APR-
5A.2) and six for YR (QYR-APR-1B, QYR-APR-2B.1, QYR-APR-
2B.2, QYR-APR-3D, QYR-APR-4D.1, and QYR-APR-4D.2) were
identified in the Avocet population. The only consistent QTL,
i.e.,, QLR-APR-5A.2, for leaf rust APR was identified in 2018 and
across years, which was flanked between marker intervals
3064895-3958580 at a confidence interval of 284.5 cM-312.5 cM.
The phenotypic variation explained was comparatively low, with
2.17% during 2018 and 1.74% across the years. A maximum of six
consistent QTLs were identified for yellow rust APR. Two consistent
QTLs, i.e., QYR-APR-4D.1 and QYR-APR-4D.2, were identified in
both the tested environments and also across years, which were
flanked between the marker intervals 1133723-1667202 and
1201923-4909310 at confidence intervals 163.5 cM-176.5 cM and
224.5 cM-255.5 cM. Furthermore, these two QTLs reported high
PVE which ranges from 5.58% to 8.55% (QYR-APR-4D.1) and
6.92% to 16.42% (QYR-APR-4D.2) (Table 5). The remaining four
consistent QTLs were identified in one environment and also across
years. Two QTLs, ie., QYR-APR-IB and QYR-APR-2B.2, were
identified in 2019 and across years, which were identified in the
marker intervals of 1230145-4005225 (QYR-APR-1B) and
5577199-1054964 in 2018 and 2256116-1050655 across years
(QYR-APR-2B.2) at a confidence interval of 46.5 cM-47.5cM
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and 152.5 cM-156.5cM. The remaining two QTLs, ie, QYR-
APR-2B.1 and QYR-APR-3D, were identified in 2018 and across
years, which were mapped in the marker intervals of
48.5 cM-58.5cM and 193.5 cM-218.5cM, respectively. One
QTL, i.e., QYR-APR-3D, also reported high PVE with 11.43% in
2018 and 12.24% across years.

QTLs for yellow and leaf rust ASR

A total of eight QTLs including five for LR and three for YR were
identified in the Avocet population. For LR ASR, the highest PVE
was reported for QLR-ASR-TLTTR-6D (7.58%), followed by QLR-
ASR-MLTTH-2A (6.10%), QLR-ASR-MLTTH-6B (5.81%), QLR-
ASR-MLTTH-5B (4.30%), and QLR-ASR-MLTTH-3D (0.82%).
For yellow rust, the highest PVE was reported for QYR-ASR-
Pst2-5A (14.01%), followed by QYR-ASR-Pst2-6D (5.80%) and
QYR-ASR-Pst2-3A (4.75%).

Putative candidate genes
The putative candidate genes were identified for consistent QTLs
with high PVE for leaf and yellow rust APR through in silico analysis and

are presented in Table 6, and additional details are provided in
Supplementary Table S4. The QTL, ie, QLR-APR-4A, located at
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TABLE 6 Putative candidate genes for leaf and yellow rust adult plant resistance.

Population Physical TraesIlD

position (Mb)

Putative candidate gene Molecular function

LR_APR | QLR- Almaly x Anza = 707.93-712.15 TraesCS4A02G443600.1 | Cytochrome P450 Monooxygenase activity, iron ion
APR-4A binding, oxidoreductase activity, and
heme binding
LR_APR | QLR- Almaly x Anza = 22.24-444.82 TraesCS3B02G043400.1 | Leucine-rich repeat domain Protein kinase activity, nucleotide
APR-3B superfamily and protein kinase-like binding, protein binding, and
domain superfamily transferase activity
YR_APR QYR- Almaly x Anza  683.53-705.99 TraesCS2A02G458600.1 | Zinc-binding ribosomal protein Structural constituent of the ribosome
APR-2A.1 and protein binding
YR_APR = QYR- Almaly x Anza  17.44-30.33 TraesCS2A02G069300.1 | SANT/Myb domain DNA binding
APR-2A.2
TraesCS2A02G043700.1 | WRKY transcription factor DNA-binding transcription factor
activity and sequence-specific DNA
binding
YR_APR = QYR- Almaly x NA-5.97 TraesCS2B02G011200.1 | Leucine-rich repeat-containing Protein binding
APR-2B.1  Avocet N-terminal and plant-type
YR_APR = QYR- Almaly x 184.79-235.26 TraesCS2B02G222600.1 | Nucleotide-sugar transporter Pyrimidine nucleotide-sugar
APR-2B.2 Avocet transmembrane transporter activity
YR_APR = QYR- Almaly x 481.88-495.07 TraesCS4D02G316800.1 | NAC domain superfamily DNA binding
APR-4D.1  Avocet

LR_APR, leaf rust adult plant resistance; YR_APR, yellow rust adult plant resistance.

707.93-712.15 Mb encodes cytochrome P450 (TraesCS4A02G443600.1).
Similarly, QLR-APR-3B located at 22.24-444.82 Mb encodes the leucine-
rich repeat domain superfamily (TraesCS3B02G043400.1). QYR-APR-
2A.1 located at 683.53-705.99 Mb encodes zinc-binding ribosomal

protein  (TraesCS2A02G458600.1). QYR-APR-2A.2  located  at
17.44-30.33 Mb encodes the SANT/Myb domain
(TraesCS2A02G069300.1) and ~ WRKY  transcription  factor

(TraesCS2A02G043700.1). Other two QTLs, ie, QYR-APR-4D.I
encodes the NAC domain superfamily (TraesCS4D02G316800.1) and
QYR-APR-2B.2 located at 184.79-235.26 Mb encodes the nucleotide-
sugar transporter (TraesCS2B02G222600.1).

Discussion

The present rate of genetic gain is approximately 0.8%-1.2% for
the major food crops, including wheat, and in recent years this
progress has plateaued. The current rate of annual progress is too
short of the 2.4% required to feed approximately 9.5 billion people
by 2050 (Krishnappa et al., 2021a; Ray et al., 2012; Ray et al., 2013).
Although the genetic progress of crop plants is a continuous process,
protection of crop yield from biotic and abiotic stresses is also very
important to minimize the crop losses and to have sustainable crop
production. Rust (yellow, leaf, and stem) diseases are very important
biotic stresses in wheat, which cause substantial crop damage across
the globe. Genetic dissection of complex traits through QTL
mapping will be helpful in designing the appropriate breeding
strategies through MAS (Krishnappa et al, 2021b; Khan et al,
2022). Many of the race-specific/seedling resistance genes
identified for all three rusts are from wild relatives, and their
direct utilization in breeding programs is hindered due to an
undesirable linkage drag associated with resistance locus.
Furthermore, the durability of the seedling resistance genes is less
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compared to APR genes. Hence, to avoid linkage drag and resistance
breakdown, plant breeders showed much interest in molecular
studies in elite genetic backgrounds (Tehseen et al., 2022).

Phenotyping of 206 RILs from the Avocet and 160 RILs from
Anza population suggests the presence of a wide variability of
resistance to both the rusts, APR and ASR. Previously, a similar
kind of broad variability was observed for wheat leaf rust (Rollar
et al., 2021). A high broad sense heritability of approximately
0.85 and above was recorded for all the traits including leaf and
yellow rust APR and leaf and yellow rust ASR in both populations. A
similar range of broad sense heritability was also observed in
previous reports (Rollar et al, 2021; Gao et al, 2016). The
magnitude of correlations between leaf and yellow rust APR was
relatively low, although a slight positive correlation was observed in
the Anza population.

Overall, 51 QTLs in Anza (28 QTLs) and Avocet populations
(23 QTLs) were identified. The 28 QTLs mapped in the Anza
population represent leaf rust APR (6 QTLs), yellow rust APR
(10 QTLs), leaf rust ASR (6 QTLs), and yellow rust ASR
(6 QTLs). The 23 QTLs identified in the Avocet population
represent leaf rust APR (3 QTLs), yellow rust APR (12 QTLs),
leaf rust ASR (5 QTLs), and yellow rust ASR (3 QTLs). A maximum
of 22 QTLs were mapped for yellow rust APR, followed by leaf rust
ASR (11 QTLs), leaf rust APR, and ASR (6 QTLs each). Similarly,
disease-wise representation of QTLs includes 31 QTLs for yellow
rust and 20 QTLs for leaf rust. QTLs were equally distributed among
the three subgenomes with 17 QTLs each. The maximum number of
QTLs were mapped on chromosome 6B (6 QTLs) followed by 2A,
2B, 3A, 4D, and 6D (4 QTLs each); 3D, 5A, and 7A (3 QTLs each);
1A, 1B, 1D, 3B, 5B, and 7D (2 QTLS each); and 2D, 4A, 5D, and 7B
(1 QTL each).

Nine QTLs were detected for leaf rust APR on eight
chromosomes. Two major QTLs (QLR-APR-2B and QLR-APR-
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7A) explained more than 11.0% PVE. Previously, one leaf rust APR
gene, i.e., Lr 34/Yr18, was identified on the 7D chromosome on the
Lalbahadur bread wheat cultivar through single-chromosome
substitutions from the Parula cultivar, a source of Lr34/Yrl8
(Lagudah et al, 2006). Similarly, the 7D chromosome is
important as many of the QTLs were detected previously on this
chromosome (Gao et al.,, 2016; Li et al., 2016; Zhang et al.,, 2017;
Bokore et al., 2020; Gebrewahid et al., 2020). We also detected two
QTLs in 7D, namely, QLR-APR-7D and QYR-APR-7D, that had
PVE of 4.81% and 7.34%, respectively. Similarly, several previous
studies also reported QTLs for leaf rust APR on the same
chromosomes 1A, 2B, 3B, 4A, 5A, 5B, and 7A at different
locations (Gao et al., 2016; Li et al., 2016; Lan et al., 2017; Zhang
etal,, 2017; Zhang et al., 2019; Bokore et al., 2020; Gebrewahid et al.,
2020; Rauf et al, 2022). For leaf rust seedling resistance,
11 QTLs were identified in both Anza and Avocet
populations. Three major QTLs, i.e., QLR-ASR-TCPTQ-6D, QLR-
ASR-TLTTR-6D, and QLR-ASR-THTTR-7A, had PVE of 14.63%,
7.58%, and 9.07%, respectively, and mapped at
intervals 100,023455-1091595, 1040130-1063571, and
1111941-1125395 and confidence intervals 216.5 cM-228.5 cM,
209.5 cM-215.5cM, 137.5 cM-144.5cM,
Previously, several leaf rust ASR genes including Lr2a, Lr3, Lr3a,
Lr9,Lrll, Lrl5, Lr17, Lr18, Lr20, Lr22a, Lr32, Lr36, Lr37, Lr38, Lr39,
Lr41, Lr45, Lr47, Lr52, Lr53, Lr59, 65, Lr77, Lr79, and Lr80 were
identified on chromosomes 2A, 2D, 3B, 3D, 5B, 6B, 6D, and 7A,
respectively (Kumar et al., 2022); whereas in our study, 11 QTLs

marker

and respectively.

were mapped on the same chromosomes. Furthermore, previously,
few leaf rust ASR QTLs were identified on the same chromosomes at
different locations (Gao et al., 2016; Li et al., 2016; Zhang et al., 2019;
Delfan et al., 2023). A maximum of 22 QTLs were found on different
chromosomes covering all three subgenomes for yellow rust APR. A
set of eight major yellow rust ASR QTLs had PVE >10.0%, with the
highest variation explained by QYR-APR-3A.2 (20.93%) followed by
QYR-APR-4D.2 (16.42%), QYR-APR-3D (12.24%), QYR-APR-3D
(11.43%), QYR-APR-3A.3 (10.57%), QYR-APR-2A.2 (10.39%),
QYR-APR-3A.1 (10.35%), and QYR-APR-1B (10.20%). Three
yellow rust APR genes, ie., Y749 and Yr71 on 3D and Y775 on
7A chromosomes, were reported in previous studies (Jamil et al.,
2020). Previously, a few yellow rust APR QTLs were also identified
on the same chromosomes in different mapping populations and
marker systems (Lan et al., 2017; Yuan et al., 2018; Long et al., 2019;
Zhang et al., 2019; Gebrewahid et al., 2020; Farzand et al., 2021;
Cheng et al.,, 2022; Tehseen et al., 2022). In our study, nine yellow
rust ASR QTLs on chromosomes 1B, 3A, 5A, 6B, 6D, and 7B were
identified. Out of nine QTLs, two major QTLs explained >8.0%
PVE, with the highest variation explained by QYR-ASR-Pst2-5A
(14.01%) followed by QYR-ASR-Pst1-6D (8.57%).

Detection and validation of consistent QTLs in multiple
environments are critical for their effective utilization through
marker-based breeding approaches (Krishnappa et al.,, 2023). In
this direction, Anza population was phenotyped for 3 consecutive
years (2018, 2019, and 2020), whereas Avocet population was
tested during 2 consecutive years (2018 and 2019). As a result,
13 consistent QTLs including nine QTLs for yellow rust APR
(QYR-APR-2A.1, QYR-APR-2A.2, QYR-APR-4D.2, QYR-APR-1B,
QYR-APR-2B.1, QYR-APR-2B.2, QYR-APR-3D, QYR-APR-4D.1,
and QYR-APR-4D.2) and four QTLs for leaf rust APR (QLR-APR-
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4A, QLR-APR-2B, QLR-APR-3B, and QLR-APR-5A.2) were
identified. Stable QTLs are promising candidates for further
validation in diverse backgrounds and exploitation in marker-
assisted selection. Previously, Gebrewahid et al. (2020) reported
QTLs on chromosomes 2BS and 5AL conferred resistance to both
YR and LR and proposed that QYr.hebau-5AL/QLr.hebau-5AL
are likely to be novel. Zhang et al. (2019) identified QTLs
(QLr.hebau-5AL/QYr.hebau-5AL) 5AL
conferred resistance to both rusts; they are likely to be new
QTLs. Bokore et al. (2023) reported that the wheat cultivar
Carberry contributed QTLs conferring LR APR on 2B (two
loci, i.e., QLr.spa-2B.2 and QLr.spa-2B.1) and 5A (QLr.spa-5A).
Kumar et al. (2020) identified three distinct loci revealed on
chromosomes 2B (QLr.ramp-2B.7 and QLr.ramp-2B.8) and 5A
(QLr.ramp-5A) to be associated with LR-APR. QTLs associated
with stripe rust resistance APR were identified on chromosome
3D (Yeetal., 2019; Habib et al., 2020). A significant association of
IWA5707 and other linked SNPs (IWA6277, IWA5375, and
IWA5766) was detected on the short arm of chromosome 4D
at 25.7 cM. Muleta et al. (2017) and Forrest et al. (2014) reported
a significant association of IWA5707, IWAS5375, and
IWA5766 on chromosome 4D with resistance to YR. A
putatively new QTL, linked to LR APR, was identified on
2021). Mapping
identified QTL-conferring APR to stripe rust resistance also on
4DL (Zhang et al, 2022). One QTL, ie., QLr.cimmyt-5A
associated with APR LR, was mapped on the long arm of
chromosome 5A and closely linked to Vrn-AI at 587.0 Mb
(Rosewarne et al., 2012).

The putative candidate genes for the QTLs are provided in
Table 6; Supplementary Table S4. For instance, QLR-APR-4A
encodes cytochrome P450 (TraesCS4A02G443600.1) found to
have a role in rust resistance, and transcription profiling

on chromosome

chromosome 4D (Rollar et al, results

suggests that transcripts encoding cytochrome P450 were
upregulated (Hulbert et al., 2007; Manickavelu et al., 2010; Wu
et al,, 2019) during rust pathogen infection. Similarly, QLR-APR-
3B encodes the leucine-rich repeat superfamily
(TraesCS3B02G043400.1) that is wheat  rust
resistance. The resistant hexaploid wheat variety Thatcher Lr10

domain
crucial for
encodes a nucleotide-binding site (NBS) and leucine-rich repeat
(LRR), which play a role in wheat leaf rust resistance (Feuillet et al.,
2003). Most R-genes encode intracellular nucleotide-binding
leucine-rich-repeat receptors (NBS-LRRs), which play a key role
in wheat rust resistance (Hao et al., 2016; Basnet et al., 2022).
Inactivation of the wheat Ser/Thr kinase gene, i.e., Puccinia
striiformis-induced protein kinase 1 (TaPsIPK1), results in
broad-spectrum resistance to Pst races (Wang et al., 2022). The
QTL, i.e.,, QYR-APR-2A.1, encodes zinc-binding ribosomal protein
(TraesCS2A02G458600.1). Wheat zinc finger protein TaLSDI
regulates a hypersensitive response in plants, thereby conferring
stripe rust resistance (Guo et al.,, 2013). QYR-APR-2A.2 encodes
the SANT/Myb domain (TraesCS2A02G069300.1). TFs including
Zn finger-binding proteins, SANT/Myb domains, NAC domain, and
BTF3 play an important role in imparting stripe rust resistance (Jan
et al., 2021). QYR-APR-2A.2 encodes the WRKY transcription
factor (TraesCS2A02G043700.1). Wang et al. (2020) and Wang
(2016) reported the of TaWRKY70 in YR
resistance, particularly during the seedling stage. Furthermore,

et al. role
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transgenic overexpression of barley WRKY genes, namely,
HvWRKY6 and HYWRKY70, confers YR resistance (Li et al,
2020). QYR-APR-2B.2 encodes the nucleotide-sugar transporter
(TraesCS2B02G222600.1), sugar transporters like TaSTP6 (Huai
et al,, 2019), TaSTP13 (Huai et al., 2020), and PsHXTI (Chang
et al., 2020) are essential for the pathogenicity of the wheat rust
pathogen, and it promotes wheat susceptibility to stripe rust.
Another QTL QYR-APR-4D.1 encodes the NAC domain
superfamily  (TraesCS4D02G316800.1), and wheat NAC
Transcription factors like TaNAC069 (Xu et al, 2022) and
TuNAC69 (Zhang et al, 2021) regulate leaf and stripe rust
resistance, respectively. In crop plants, the majority of the
disease-resistance genes is race-specific and contains the NBS
and LRR domains. These resistant genes or QTLs are believed
to be regulated by NBS domains through signal transduction, and
the specific sites of corresponding pathogen virulence genes are
recognized by LRR domains (Gill et al., 2015). Some of the stable
QTLs like QLR-APR-2B (Anza population) and QYR-APR-2B.2
(Avocet population) were found to encode nucleotide-binding
domains which play a role in disease resistance. Similarly, other
stable QTLs such as QYR-APR-4D.2 (Anza population) and QYR-
APR-4D.1 (Avocet population) encode important putative genes
like the zinc finger C2H2 superfamily, which play an important role
in disease resistance in plants (Guo et al., 2013). Therefore, stable
QTLs which encode the same putative candidate genes could be
potential candidate genomic regions for further functional
validation.

Conclusion

The study with two RIL populations derived from a cross
between Almaly x Anza (160 RILs) and Almaly x Avocet S
(206 RILs) suggested the presence of wide variability for yellow
and leaf rust APR and ASR. We identified a set of 13 consistent QTLs
including yellow rust APR (9 QTLs) and leaf rust APR (4 QTLs).
Among them, QLR-APR-2B and QYR-APR-4D.2 from the Anza
population and QLR-APR-5A.2, QYR-APR-4D.1, QYR-APR-4D.2,
and QYR-APR-3D from the Avocet population are important
candidates to target for further validation and deployment in LR
and YR resistance breeding. Several putative candidate genes were
identified in this study; mainly, zinc finger proteins, DNA-binding
pseudobarrel domain superfamily, and NAC domain superfamily
with the associated functions in the resistance mechanism of leaf and
yellow rust were identified. The functional characterization of these
candidate genes will provide greater applicability of this study in rust
resistance breeding.
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