
Review Article
A Review on Major Rust Resistance Gene and Amino Acid
Changes on Wheat (Triticum aestivum L)

Bikas Basnet ,1 Philomin Juliana ,2 Keshav Bhattarai ,1 and Umisha Upreti 1

1Agriculture and Forestry University, Rampur, Chitwan, Nepal
2Borlaug Institute for South Asia (BISA), Ludhiana, Punjab, India

Correspondence should be addressed to Bikas Basnet; bikasbasnet2001@gmail.com

Received 5 July 2022; Revised 8 August 2022; Accepted 26 September 2022; Published 25 October 2022

Academic Editor: Nasim Ahmad Yasin

Copyright © 2022 Bikas Basnet et al. �is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Wheat ranks �rst in the production and productivity of staple cereal crops in the world. Several diseases, including Stripe
(Puccinia striiformis f. Sp. tritici), Black (Puccinia graminis f. Sp. tritici), and Brown (Puccinia recondita), have a major negative
impact on wheat output, with 20 to 80% loss annually. Growing rust-resistant varieties is the most durable, cost-e�ective, and
environmentally friendly way to combat rust pathogens. In the present review, we provide updated information on all black stem
rust, yellow leaf rust, and brown leaf rust resistance genes including chromosomal position, those derived from di�erent sources,
nature of resistance type, and amino acid changes done by this gene against rust pathogen. �is study summarized the 68 black
stem rust, 101 leaf rust, and 108 stripe rust resistance genes from diverse cultivars of wheat and wheat primary and secondary gene
pools. �is review will be valuable to wheat breeders in cloning rust-resistant genes and developing leaf as well as stem rust-
resistant wheat cultivars using gene pyramiding as well as frequency multiplication through introgression of the gene of interest
for disease-free, sustainable grain production of wheat. �e success of pyramiding genes from other sources to bread wheat
depends on the nature of germplasm, the gap between �anking marker and targeted genes, the selection of genotypes in each
generation, large number of gentoyes large genotype-environment interaction, etc., which is the future area of study.

1. Introduction

Bread wheat (Triticum aestivum L.) is a major staple food
that provides signi�cant amounts of nutrition to individuals
all around the planet [1]. Bread wheat is a signi�cant crop
around the world, providing 20% of the caloric intake [1].
Due to COVID-19 and the Russia-Ukraine war, world wheat
production year 2022-23 is expected to be 774.83 million
tonnes, lower than 4.46 million tonnes from the prediction
for 2021 to 22 [2]. With an estimated 220 million hectares,
wheat is the world’s largest acreage crop and 35 percent of
the world’s population consumes wheat as a staple grain [1].

Wheat productivity is severely harmed by three rusts:
leaf rust (LR, caused by Puccinia recondite), stem rust (SR,
caused by Puccinia graminis f. Sp. tritici), and yellow rust
(YR, caused by P. striiformis f. Sp tritici) [3]. According to
recent research, the average yearly losses from all three rusts
go up to 15.04 million tons per year, equating to a cost of

roughly US $2.9 billion annually [4]. Wheat yellow and stem
rust are two of the most common wheat diseases worldwide
[5]. Leaf rust produces yield reduction of up to 50% in
favorable conditions, Stem rust causes yield reduction of up
to 100% during epidemics, and Yellow stripe causes yield
reduction of 10–70%, as per available estimates [6]. In these
predictions, the magnitude of reduction in yield is some-
times also dependent on the cultivar utilized, the period of
infection, the speed of pathogenicity, and the disease du-
ration [7, 8].

�e global population is expected to grow to 9.8 billion
by 2050 and 11.2 billion by 2100 [9]. According to a new
United Nations, the present global population of 7.6 billion
is expected to increase to 8.6 billion in 2030, 9.8 billion in
2050, and 11.2 billion in 2100, putting an even bigger need
on wheat world production. Rust resistance genes from wild
species were studied genetically. Cloned genes give seedling
resistance (SR), also known as all-stage resistance (ASR), or
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adult plant resistance (APR genes), which is only expressed
in the adult plant stage, especially after booting. Resistance is
also reported to be provided by ASR genes; however, it only
lasts a few years. Cloned genes give seedling resistance (SR),
also known as all-stage resistance (ASR), or adult plant
resistance (APR genes), which is only expressed in the adult
plant stage, especially after booting [10]. ASR genes are also
known to generate resistance that lasts only a few years,
whereas APR genes provide long-term, permanent resis-
tance [11].

When a plant’s immune system is activated, it can defend
itself against pathogen invasion [12]. )ere are two types of
immune systems in plant defense mechanisms called sys-
temic acquired resistance (SAR) and induced systemic re-
sistance (ISR) which are described in salicylic and jasmonic
acid pathways [13]. During inoculation of the pathogen in
the host surface, significant variations in host plants during
pathogen infection include the generation of reactive oxygen
species, the activation of defensive machinery of plants
including enzymatic and nonenzymatic antioxidative
components, secondary metabolites, pathogenesis-related
protein expression (e.g., chitinases and glucanases), phy-
toalexin production, modification in cell wall composition,
production of melatonin, accumulation of carotenoids, and
altered activity of polyamines. Consequently, disease growth
is limited by the changing concentration of metabolic
products in hosts [14]. When infections are first identified,
several transcription factors inform the rest of the crop it is
under attack and trigger signaling systems [15]. Air dis-
semination of its spores across hundreds or even thousands
of km has resulted in its widespread on a regional or
worldwide level, allowing the disease to resurface frequently
in areas where the climate remains unfavorable throughout
the year [8]. )e pathogen is hemicyclic, and there is no
evidence of a sexual cycle [16]. Up to 88% of the wheat crop
is susceptible to yellow rust, while black stem rust causes
greater loss in wheat production, as per a conservative es-
timate. )e pathogen damages at least 5 million tons
worldwide yearly harvest season [17].

All-stage resistance (ASR) and adult plant resistance
(APR) are the two most common types of host defense
against rust in wheat [4]. Unlike ASR, which is effective from
seedling to mature stages of plant growth, APR is only active
in the late stages of plant growth [18]. APR usually only gives
partial resistance, although it is more durable and efficient
over all or a larger range of Pst races than ASR [19]. Adult
plant resistance that gives lasting and nonrace-specific re-
sistance to Pst10 is known as high temperature adult-plant
resistance (HTAP) [20]. Using several ASR and HTAP genes
to maintain wheat stripe rust resistance looks to be an
appropriate strategy in all locations. Stripe rust is a severe
foliar disease that is threatening wheat output all over the
planet [21]. To control and prevent wheat rust, themost cost-
efficient, productive, and ecologically friendly solutions are
to breed and plant disease-resistant cultivars [12].

)e objectives of this study are (i) understanding the
chromosomal location of different LR, SR, and YR resistance
series gens like seedling resistance, all-stage resistance, high
temperature activating resistance, and adult plant resistance

in wheat populations. (ii) Study of these each avirulence
genes series from SR, YR, and LR (1 up to identified cloned
genes shown in tables) has its ownmechanism of amino acid
biosynthesis process for triggering the pathogen. Avirulence
genes help to sustainable levels of horizontal resistance
against the diverse race of rust pathogens. Introgression and
frequency multiplication of gene of interest called avirulence
genes on different chromosomal locations of bread wheat are
useful in breeding for resistance cultivars development
against pathogen races. )is study assists the breeders and
scientists who are looking for a durable resistance gene to
combat the rust disease. So, this gap is being filled by gene
pyramiding of resistance genes into different cultivars of
wheat-growing regions for long-term cultivar development
and to ensure global food security.

2. Black Stem Rust Known Gene (Puccinia
graminis Pers. f. sp. tritici)

When susceptible cultivars are produced, stem rust (caused
by Puccinia graminis Pers. f. sp. tritici) can result in sig-
nificant yield losses [22]. It is critical to understand the
biological component of stem rust resistance in wheat to
increase wheat breeding efficacy [23]. A total of 69 stem rust
resistance (Sr) genes have been identified so far. Only 15 all-
stage Sr resistance genes have been cloned, with diagnostic
markers being produced for only a few of them [24]. )e
cloned Sr resistance genes include Sr13, Sr21, Sr22, Sr22b,
Sr26, Sr27, Sr33, Sr35, Sr45, Sr46, SrTA1662, Sr50, Sr60,
Sr61, and Sr62 [25]. Some quantifiable APR sources for stem
rust have been discovered in nature [25]. It is considered
more lasting than the qualitative main gene-based resistance
when APR is controlled by numerous genes with minor
impacts [25]. Quantitative resistance is typically displayed in
mature plants and discovered by field studies of vulnerable
seedling lines [25]. Combining race-specific and APR genes
can result in increased stem rust resistance [25]. )e re-
searchers found more than 16 APR genes and 36 seedling-
stage resistance genes [22]. Some of these genes are derived
from monococcum wheat such as SrTm4 Am, Sr20, Sr21,
Sr22b (Sr2+Fhb1 rec), Sr23, Sr35, Sr60, SrTm5, and some of
these resistance genes are derived from durum wheat
(Triticum turgidum) such as Sr2, Sr9e, Sr9g, Sr12, Sr14, Sr17,
Sr63; similarly, some genes are derived from hexaploidy
wheat of different cultivars such as Sr2, Sr5, Sr6, Sr7a, Sr7b,
Sr8a, Sr8b, Sr9a, Sr9b, Sr9d, and some of resistance genes are
derived from wild species such as Secale cereal, T. comosa,
Aegilops speltoides, Triticum timopheevii ssp. Araraticum,
Aegilops tauschii, )inopyrum intermedium, rye cultivar,
Aegilops searsii, Dasypyrum villosum, Aegilops geniculate
such as Sr27, Sr34, Sr32, Sr33, Sr47, Sr53, and whole in-
formation is given in Table S1 [26–36].

3. Brown Rust (Puccinia recondita) Resistance
Gene in Wheat

Puccinia recondite causes leaf rust which is one of the most
important and widespread diseases in wheat (Triticum
aestivum L.) [37]. It thrives in a variety of temperatures, may
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be found almost anywhere wheat is farmed, and causes
severe yield and economic losses [20]. Leaf rust can result in
yield losses of up to 40% in favorable situations [38]. In
wheat, up to 100 leaves, rust-resistant strains have been
formally designated [39]. )e majority of them cause hy-
persensitivity and interact with the pathogen gene for gene
action [40]. Other approaches to extending race-specific
resistance include gene pyramiding, strategic gene deploy-
ment, and multiline cultivars [41]. Half of these genes have
been introduced from wild and related species, while the rest
are native to wheat [42]. As a result, a continuing investi-
gation for novel and efficient resistant strains which can be
exploited in wheat genetic improvement is required to fight
rust infections [43].Wheat genetic resources are divided into
three categories: primary, secondary, and tertiary gene pools
[44]. While transferring genes from primary and secondary
gene pools is generally simple, transferring genes from the
tertiary gene pool is often complex and needs the em-
ployment of chromosomal manipulation techniques [45].
Genes Lr27 and Lr31 in Australian hexaploid wheat types
were found to have the best documented complimentary
activity [46]. Brown rust, sometimes known as leaf rust, is
currently a major wheat disease over the world [4]. Lots of
resistance genes are identified and cloned from hexaploidy,
monococcum, and wild species wheat such as Lr1, Lr2, Lr2a-
c, Lr3, LrZH84, Lr10, Lr11, Lr12, Lr13, Lr14a-b, Lr15, Lr16,
Lr17a-b, Lr18 from hexaploid wheat species, Lr9, Lr4-6,
Lr19, Lr21, Lr22a-b, Lr23, Lr24, Lr25, Lr26, Lr35, Lr36, Lr37,
Lr38, Lr39 from wild species such as Secale cereal L,
Agropyron elongatum, Secale cereal, Rosen, Secale cereal
Petkus, Aegilops speltoides, Aegilops ventricosa, Agropyron
intermedium [47]. Some of the resistance genes are derived
from monoccocum wheat such as Lr50, Lr63, Lr80, LrX, and
LrTM16 in different chromosomal loci [48]. Some of these
genes are race-specific adult plant resistance types, some are
seedling resistance types, some are all-stage resistance types,
and some are field resistance types which categories are
shown in Table S2 [26, 49–69].

4. Yellow Leaf or Stripe Rust Resistance Known
Gene (P. striiformis f. sp. tritici)

Wheat stripe rust (also known as yellow rust) is a widespread
disease caused by Puccinia striiformis f. Sp. tritici (PST) [70].
)e most cost-effective and environmentally friendly way to
decrease stripe rust damage is to select resistant cultivars.
For extending race-specific resistance, gene pyramiding,
gene deployment, and multiline cultivars are recommended
[71]. More than 105 genes for stripe rust resistance have been
discovered so far. APR usually only gives partial resistance,
although it is more lasting and effective against all or a
broader range of Pst races than ASR [72]. A prominent kind
of APR is high temperature adult plant (HTAP) resistance,
which gives long-lasting and nonrace-specific resistance to
Ps [20]. Multiple ASR and HTAP genes appear to be an
excellent strategy for sustaining long-term wheat stripe rust
resistance [73]. Stripe rust is a major foliar disease that
threatens wheat output throughout the world. Leaf rust
resistance genes obtained from Triticum aestivum were

studied genetically. Many yellow rust resistance genes are
derived from hexaploidy wheat [74]. Yr1, YrA, Yr2, Yr3a-c,
Yr4a-b, Yr6, Yr11, Yr12, Yr13, Yr14b, etc. are the stripe rust
resistance genes; few of these genes show seedling stage
resistance, some of them sow high temperature adult plant
resistance. )ose genes that are cloned and introgressive to
bread wheat from wild species such as Secale cereale (Yr9)
and Aegilops ventricosa (Yr17) give all-stage resistance
against rust pathogen, and double haploid population gives
adult stage resistance to wheat cultivar [15]. Yr18, Yr36, and
Yr46 confer adult-plant resistance and encode a putative
ATP-binding cassette (ABC) transporter a protein with a
kinase domain and a lipid-binding domain [75], and a
hexose transporter. Yr7, Yr10, Yr15, YrAS2388, and YrU1
are all-stage resistance genes derived from wild species and
wheat lines [76]. )e list of yellow rust resistance genes is
shown in Table S3 [77–92].

5. Amino Acid Changes due to Resistance
Gene against Rust Pathogen in Wheat

To combat pathogen infection, plants have developed a
variety of defense mechanisms [93]. Rust resistance con-
ferred by the combination of race-specific and nonrace-
specific resistance genes is more durable and most preferred
in the wheat varieties [94]. Avirulence genes called R-genes
in plants, including Lr genes in wheat, are discovered to
belong to 104 different families [47]. In wheat cultivars, rust
resistance provided by a mix of race-specific and nonrace-
specific resistant strains is substantially more persistent and
desirable. A nucleotide-binding region and a leucine-rich
repeat are found in R genes (NLR), the remaining cloned R
genes code for receptor-like proteins (RLPs), and receptor-
like kinases (RLKs) (19%), and NLR-ID (NLRs with 106
integrated domains) proteins [95]. Integrated domains (IDs)
may be essential in receptor stimulation or signaling
downstream [11]. Wheat has 2,151 NLR-like genes, with
1,298 clustered into 547 genes. 1,552 NLR (non-TNL)-like
genes encode LRRs, 802 encode CC-domain-encoding (CC-
NBS-LRR or CNL) genes, and NLR-ID fusion proteins as
potential NLR functional diversifiers, often as kinase and
transcription factor domains [96]. Analyses of the IDs
revealed that over 80% of amino acid sequence similarity has
been conserved over time [10]. 547 gene clusters contain NB-
ARC-encoding genes, and they are all quite similar. Genes
encoding receptor-like kinases (RLKs) (including ATP
binding, serine-threonine kinases) and other kinases were
the most commonly affected genes [97, 98]. Many genes
encoding transcription factors (TFs) (the most abundant of
which are WRKY TFs), ncRNAs, and histone variants were
found, as well as genes involved in reactive oxygen species
(ROS) homeostasis [98].

5.1. Different Lr Genes and Amino Acids Changes. )e wheat
leaf rust resistance gene Lr1 produces a 1 344-amino-acid
resistance protein with a characteristic coiled-coil nucleo-
tide-binding site leucine-rich repeat (CC-NBS-LRR) [99].
Lr35-induced adult resistance to Puccinia triticina is
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mediated by the TaLr35PR5 gene [100]. A full-length
TaLr35PR5 gene was identified from wheat near-isogenic
line TcLr35, expressing a protein with amino acid and
structural similarities to the sweet protein thaumatin. TLPs
(thaumatin-like proteins) overexpression can cause anti-
fungal activity in a variety of transgenic plants [100].
TaLr35PR5 plays a role in the Lr35-mediated defensive
response against the leaf rust fungus [101]. Inactivating a
pathogenesis-related thaumatin-like protein gene in wheat,
TaLr35PR5 limits Lr35-mediated resistance for the first time
[100]. During the key grain-filling stage, the Lr34 gene drives
senescence-like processes in the flag leaf tips and margins
and is particularly effective in the highest leaf, the so-called
flag leaf [24, 102]. Understanding the genetic nature of this
type of resistance is critical for long-term rust disease
management [75].

)e Lr34 protein is related to the pleiotropic drug re-
sistance subfamily’s adenosine triphosphate–binding cas-
sette transporters [103]. In the adult plant stage and the flag,
Lr34 is active [104].)e Lr34 gene codes for a full-size ABCG
(pleiotropic drug resistance) transporter [103]. )e trans-
membrane domain (TMD) and the nucleotide-binding
domain (NBD) are two different domains that ABC trans-
porters have in common (NBD) [104]. )e predicted 1401-
amino acid protein belongs to the pleiotropic drug resistance
subfamily of ABC transporters [75]. Pleiotropic drug re-
sistance transporters share a common basic structure con-
taining two cytosolic nucleotide-binding domains and two
hydrophobic transmembrane domains [101, 105]. OsPDR23
is the rice homolog of LR34, with 86 percent amino acid
similarity [75, 104].

A pectate lyase gene was found to be involved in re-
sistance conferred by Lr34/Yr18, and a 1-proteasome sub-
unit was found to be connected with resistance conferred by
Lr46/Yr29, another wheat slow-rusting gene [103]. )e wide
range of resistance and lack of race specificity resembles
systemic-acquired resistance (SAR) linked to pathogenesis-
related (PR) protein expression [103].

Induction is highly restricted to those leaf mesophyll
cells within and immediately surrounding rust infection
sites, according to a-glucuronidase (GUS) reporter gene
under the control of the fis1 promoter [40]. )e extent of
fungal development is reflected in the level of induction [40].
)ere is very little fungal growth and a microscopic level of
GUS expression in a strong resistance reaction, such as the
hypersensitive fleck mediated by the Lr6 resistance gene
[106]. Wheat (Triticum aestivum; wis1) and Arabidopsis
encode proteins that are highly similar (76 percent–82
percent) to the FIS1 protein [40]. It has been discovered that
the Arabidopsis homolog encodes a 1-pyrroline-5-carbox-
ylate dehydrogenase, which is involved in the conversion of
proline to glutamate [40]. A suitable infection with the
matching species-specific rust upregulates it [40].

)e accumulation of autotoxic and/or antimicrobial
chemicals is suggested by the necrosis and increased re-
sistance of leaf tips [75]. In considering the development of
the growing dependence on slow-rusting genes like Lr34/
Yr18 cultivars for long-term rust resistance[104]. It is critical
to learn more about the resistance process [103]. )e most

abundant form of 25 immunological receptors in plants,
nucleotide-binding leucine-rich repeat receptors (NLRs),
can cause fast cell death (hypersensitive) response in re-
sponse to 26 pathogens [107]. Previously, the wheat NLR
Sr35, which encodes a coiled-coil (CC) 27 NLR that confers
resistance to the severe wheat stem rust race Ug99, had been
cloned [108]. )e NBD or ATP-binding cassette (ABC)
domain is cytoplasmic and more highly conserved. A
characteristic of the NBD domain is its ATP binding [104]. It
is the hydrolysis of ATP that powers the substrate transport.
In the Lr34 protein, the N-terminal NBD and the C-terminal
transmembrane domains form a single polypeptide chain,
arranged as NBDTMD-NBD-TMD. NAC (NAM, AFAT1/2,
and CUC2) transcription factors play important roles in
plant growth and resistance to abiotic and biotic stresses
[109].

About 9.2 million bases away from Lr77, Lr79 was
discovered. A substantial proportion of Lr genes (28 out of
80) is derived from alien species [6].

In the wheat line )atcher + Lr14b (TcLr14b), the
TaNAC35 gene inhibits leaf rust resistance [110]. )e
TaNAC35 gene was cloned from this line, and the results
revealed that its open reading frame (ORF) was 96.16 percent
identical to the NAC35-like sequence reported fromAegilops
tauschii, and that it encoded a protein with 387 amino acids
(aa), including a conserved NAM domain with 145 aa at the
N-terminus and a transcriptional activation domain with
220 AA at the C-terminus. Inhibition of TaNAC35 reduced
the production of haustorial mother cells (HMC) and
mycelial proliferation [111]. Histological tests show that the
TaNAC35 gene plays a negative role in TcLr14b’s response to
the Pt (Puccinia tritici) pathotype [112].

5.2. Different Yr Genes and Amino Acid Changes. )e gene
LHY (late elongated hypocotyl) regulates and governs bi-
ological rhythms in plants. TaLHY’s DNA is also 3085 base
pairs long, with a 1947 base pair open reading frame [113].
TaLHY is thought to encode a 648-amino-acid, 70.3 kDa
protein with one typical plant MYB-DNA-binding domain
[114]. )ey may play a role in wheat heading and resistance
to stripe rust infection [10].

On the long arm of chromosome 2B, Yr5 resistance is
found [115]. )ese wheat sequences were matched with the
5′ and 3′ ends of rice loci that had a considerable resem-
blance to NB-LRR type R-genes using nucleotide and amino
acid sequence searches [12]. )ese rice loci were found on
rice chromosomes 4 and 7, which are syntenic with wheat
group 2 chromosomes [116].

At relatively high temperatures (25° to 35°C), Yr36
(WKS1) gives resistance to a broad spectrum of stripe rust
races. A kinase and a putative START lipid-binding domain
are found in this gene [12]. Because Yr36 is found in wild
wheat but not in commercial pasta and bread wheat vari-
eties, it can now be employed to improve stripe rust re-
sistance in a wider range of cultivars [102]. )e high
temperature adult plant resistance gene Yr36 was identified
as a single locus [45]. All three Yr genes are members of a
complex resistance gene cluster on chromosome 2B that
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encodes nucleotide-binding and leucine-rich repeat proteins
(NLRs) with a noncanonical N-terminal zinc-finger BED
domain that differs from that found in non-NLR wheat
proteins [108].

By amplifying the polymorphic region of a putative gene
encoding wheat copper-binding protein (WCBP1), re-
searchers were able to localizeWCBP1 to a 0.64 cM genomic
interval [117]. WCBP1 is the probable candidate gene of
YrL693, which was engaged in leaf senescence and photo-
synthesis associated to plant responses to stripe rust in-
fection during the grain-filling stage on chromosome 1A,
based on its unique chromosomal position and expression
manner [117].

Two key disease resistance signaling pathways in plants
are (salicylic acid) SA- and JA (Jasmonic Acid)-dependent
signaling pathways [118]. )e cellular concentration of SA
was significantly reduced in TaTrxh1-silenced plants, im-
plying that TaTrxh1 may regulate wheat resistance to stripe
rust via the SA-associated defense signaling pathway [119].
Trxs have been described as a key component of SA-me-
diated immune signal transduction cascades, implying a link
between redox-based processes and hormone signaling in
response to pathogen infection [120, 121].

Genes encoding receptor-like kinases (RLKs) (including
ATP binding, serine-threonine kinases) and other kinases
were the most commonly affected [98]. Many genes
encoding transcription factors (TFs) (the most abundant of
which are WRKY TFs), ncRNAs, and histone variants, as
well as genes involved in reactive oxygen species (ROS)
homeostasis, have been found [122]. Others, such as Yr15,
which encodes a protein with kinase-pseudokinase domains,
encode a variety of nucleotide-binding sites and leucine-rich
repeat (NBS-LRR) proteins [123]. Superoxide dismutase,
catalase, peroxidase, and phenyl ammonia-lyase activity
were found to be significantly higher in medicated leaves in
comparison to healthy leaves, and resistant genotypes
exhibited better activity compared to susceptible genotypes,
implying that higher activity was induced to detoxify ROS
production during leaf rust infection, causing the plant to
protect itself from oxidative damage in resistant genotypes
[124]. )ere was a small decline in nitrate and nitrite re-
ductase activity when resistant genotypes were compared to
susceptible genotypes, demonstrating that susceptible ge-
notypes cannot maintain nitrogen metabolism under leaf
rust infection [124].

5.3. Reactive Oxygen Species and SARActivating Gene against
Biotic Stress. Plant immunity depends on reactive oxygen
species (ROS), and controlling their generation is critical for
plant health [125]. BdWRKY19 acts as a negative regulator of
ROS production, and knocking it out increases resistance to
the rust fungus Puccinia brachypodii [118]. By increasing the
amount of ROS produced by the host plant, T. mutations in
all three TaWRKY19 copies conferred high resistance to Pst.
TaWRKY19 is a transcriptional repressor that binds to a
W-box element in the promoter of TaNOX10, an NADPH
oxidase that is needed for ROS production and Pst resistance
[118]. TaWRKY19 has been identified as a potential target

for improving wheat resistance to the economically signif-
icant wheat stripe rust fungus [118].

Plant disease resistance specialized in systemic-acquired
resistance (SAR) has been linked to the production of
pathogenesis-related (PR) proteins in response to pathogen
attack [110]. Inhibitors of cinnamyl-alcohol dehydrogenase
were found to be more efficient than inhibitors of phenyl-
alanine ammonia-lyase, which are inhibitors of lignification
in rust [126]. PRs (pathogenesis-related proteins) play a
variety of roles in the plant’s defense response to pathogen
attack [103]. Molecular mechanisms of Plant Rust Resistance
genes implicated in stripe rust resistance in adult wheat
plants require searching of genes and gene products.[93].
)e TaPR10 gene is thought to code for a 160-amino-acid
protein [127]. TaPR10’s DNA sequence indicated the
presence of one 84 bp intron with GT-AT bi-nucleotide
sequence splicing sites between 188 and 271 bp [127].
TaPR10 may play a role in APR’s response to stripe rust in
wheat [127].

In plant-pathogen interactions, calcineurin B-like
interacting protein kinase (CIPKs) is essential for biotic
stress tolerance [112]. TaCIPK10, a wheat CIPK homolog
gene, was cloned. Inoculation with Puccinia striiformis f. Sp.
tritici (Pst) and treatment with salicylic acid (SA) resulted in
rapid induction of TaCIPK10. Knockdown TaCIPK10 de-
creased wheat resistance to Pst, but TaCIPK10 over-
expression increased wheat resistance to Pst by inducing
defense responses in various aspects, such as hypersensitive
cell death, ROS buildup, and pathogenicity—gene expres-
sion concerning other genes [126]. TaBCAT1 is required for
the infection of yellow and stem rust, and it is considered to
be involved in the metabolism of branched-chain amino
acids (BCAAs), as TaBCAT1 disruption mutants had in-
creased BCAA levels [119]. TaBCAT1 mutants also showed
increased levels of SA and higher expression of associated
defense genes, suggesting that TaBCAT1-mediated BCAA
regulation is necessary for SA-dependent defense activation
[119]. TaBCAT1 mutants also showed increased levels of SA
and higher expression of associated defense genes, sug-
gesting that TaBCAT1-mediated BCAA regulation is nec-
essary for SA-dependent defense action [119]. BCAA levels
have been linked to wheat resistance to yellow rust infes-
tation [119]. )ese findings add to our understanding of SA-
mediated wheat defensive responses and stress the role of
BCAA metabolism in the defense response. TaBCAT1 could
also be changed to provide resistance to two of the most
economically destructive wheat diseases [128]. Calcium
signals have been shown to influence SA-mediated plant
immunity [40]. One CIPK gene, TaCIPK10, was identified
and functionally described, and its importance in wheat
resistance to Pst was examined. Conjoined TaCBL4 protein
and Ca2+ regulate TaCIPK10 kinase activity [112]. TaCIPK10
is a gene that encodes a 438-amino-acid protein. TaCIPK10,
which is found on chromosomes 4A, 4B, and 4D, has a 96
percent nucleotide sequence identity. Suwon11’s TaCIPK10
was found on chromosome 4D and had a few amino acid
differences from other expected amino acid sequences on
chromosomes 4A and 4B [129]. TaCIPK10 has a kinase
catalytic domain and a regulatory domain, according to in
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silico sequencing analysis [120]. In the kinase catalytic
domain, the activation loop including three conserved
phosphorylatable residues (threonine, serine, and tyrosine)
was discovered, whereas, in the regulatory domain, the NAF
motif (also known as FISL motif ) mediated CIPK binding to
CBL [108, 130]. TaCIPK10 interacted with and phosphor-
ylated TaNH2, a protein that was similar to AtNPR3/4 [112].
During the interaction between wheat and Pst, TaNH2 may
be engaged in Ca2+-regulated signaling [112]. )e general
scheme of defensing mechanism against biotic and abiotic
stress in plant is shown in Figure S1.

5.4. Some Sr Genes and Amino Acid Changes. TmNLR1 is an
orthologue of Sr22, a cloned stem rust resistance gene, and
hence a good candidate gene for SrTm5 [48]. TmNLR1 gene
in PI 306540 has four exons and spans 19715 bp from start to
stop codons, including the insertion of a 13.8 kb gypsy-like
retrotransposon in the second intron [48]. A typical CC-
NBS-LRR protein of 938 amino acids is encoded by the 2817
bp coding sequence, and six previously known Sr22-resistant
protein haplotypes share 95.7%–96.7% of their amino acid
composition in Sr22-mediated resistance plants [48, 131].
)e SrTm5 gene encodes a characteristic coiled-coil nucle-
otide-binding leucine-rich repeat protein from diploid
wheat Triticummonococcum accessions [70]. Sr22b is a novel
allele of Sr22 with a rare 13.8 kb retrotransposon insertion
into its second intron [48].

)e Sr2 gene and a dark pigmentation feature called
pseudo-black chaff (PBC) were previously found on chro-
mosome 3B’s short arm [4]. )e stripe rust resistance gene is
the only member of the 250 START family that has been
identified [8]. Sr15 is temperature-sensitive. )e effective-
ness of Sr15 to specific Pgt races and temperatures makes it a
less-desirable TTKSK-effective gene [42]. Wheat lines
assayed as resistant to race TTKSK at the seedling stage may
possess. Sr15 and breeders should be aware of the limitations
of Sr15 for conferring stem rust resistance [42, 132]. )ese
accessions were susceptible as seedlings at high temperatures
(22–25°C) [133].

Med15 is a constituent of the Mediator complex, a
conserved protein complex that regulates the expression of
protein-coding genes in eukaryotes [134]. Wheat stem rust
resistance is activated by a mutation in Sur-D1. Sur-D1 is a
single dominant gene on wheat chromosomal arm 7D that
suppresses stem rust resistance1 [135]. Med15b.D is a
subunit of the conserved Mediator complex, which regulates
the transcription of protein-coding genes in eukaryotic
organisms [134]. Sur-D1 encodes Med15b.D. Med15 is a
potential target for gene editing to improve disease resis-
tance while causing minimal morphological changes [134].

)e level of NH4
+ in wheat leaves reduced after infection

with Puccinia striiformis f. Sp. tritici (Pst), the cause of stripe
rust. Pst’s nitrogen uptake from wheat leaves may be aided
by the AMT2-type ammonium transporter gene TaAMT2;
3a, which may contribute to rust fungus infection [136].
Using a protein homology search in the wheat genome, 23
AMTmembers (hereinafter TaAMTs) were discovered [136].
After infection with Puccinia graminis f. Sp. tritici, rust-

susceptible wheat plants cultivated under N-free circum-
stances had a lower disease index than plants grown with
NH+ 4 as the sole N source in the medium, implying that
NH4

+ and its transport may enhance the infection of wheat
stem rust disease [136, 137]. )is suggests that the effective
infection of uredinio spores into plant leaves may be re-
quired for TaAMT1;1a, TaAMT1;1b, and TaAMT1;3a in-
duction [136, 137]. Numerous transcription factor family
members, including WRKYs, MYBs, and bZIPs, were found
to be potential hotspots in the wheat resistance response to
Pst infection. In an in vitro assay, HGA decreased the
germination of stripe rust fungus uredinio spores and
lowered the incidence of wheat stripe rust. Proteins con-
taining nucleotide-binding sites (NBS) and leucine-rich
repeat (LRR) domains are important in the plant immune
system [116]. )ey usually mediate resistance to a subgroup
of races of a single disease [101].

6. Conclusion

Wheat rust is a globally destructive disease. Concerning this
pathogen, we reviewed 286 rust resistance genes, including
68 black stem rust, 101 leaf rust, and 108 stripe rust, their
chromosomal positions, generated from various unique
species, and important amino acid changes during rust
resistance due to this resistance gene. It would be helpful to
generate long-term and nonrace-specific resistant wheat
cultivars by pyramiding various resistance genes. Previously,
less than 210 rust resistance genes are updated but not the
summarized view of biochemical changes like biosynthesis
of different amino acids for triggering the rust pathogen. We
updated the information on more than 70 rust-resistance
novel genes which are valuable for the breeders for cloning
and introgression in wheat lines for developing rust-resistant
wheat genotypes to ensure food security in an ever-changing
world. Cassette breeding of rust resistance genotypes has
several difficulties and requirements, including the need to
clone numerous R, (ASR, and APR) genes that have to find
effective and efficient ways to insert numerous alleles at a
specific locus. )e nature of polygenic resistance is additive;
thus, the expression of the many resistance genes is envi-
ronment sensitive called genotype-environment interaction
(GE) which needs further investigation.
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Here is the list of figures and tables which are cross-ref in the
main manuscript file. Table S1: stem rust resistance genes
derive from hexaploidy, diploid wheat, and wild species.
APR=adult plant resistance, SR= seedling resistance,
ASR=all-stage resistance, APRsus= adult plant stage suscep-
tible. Figure S1: General scheme of defensing mechanism
against biotic stress in plant. Systemic acquired resistance
(SAR) and induced systemic resistance (ISR) are governed by
ethylene and salicylic acid (SA)+ jasmonic acid (JA). Table S2:
list of all leaf rust resistance genes derived from different wheat
and wild species. APR=adult plant resistance, ASR=all-stage
resistance, SR= seedling stage resistance, HTAP=high tem-
perature adult plant resistance, rs = race-specific. Table S3:
identified stripe rust gene and their chromosomal location.
APR=adult plant resistance, ASR=all-stage resistance,
SR= seedling stage resistance, HTAP=high temperature adult
plant resistance, rs = race-specific. (Supplementary Materials)

References

[1] U. Grote, A. Fasse, T. T. Nguyen, and O. Erenstein, “Food
security and the dynamics of wheat andmaize value chains in
africa and asia,” Frontiers in Sustainable Food Systems, vol. 4,
pp. 1–17, 2021.

[2] Wheat Pout look.Pdf.
[3] T. Kaur, K. L. Rana, D. Kour et al., “Microbe-mediated

biofortification for micronutrients: present status and future
challenges,” New and Future Developments in Microbial
Biotechnology and Bioengineering, Elsevier, Amsterdam,
Netherlands, pp. 1–17, 2020.

[4] J. Huerta-Espino, R. Singh, L. A. Crespo-Herrera et al.,
“Adult plant slow rusting genes confer high levels of resis-
tance to rusts in bread wheat cultivars from Mexico,”
Frontiers of Plant Science, vol. 11, 2020.

[5] P. C. C. Feng, G. J. Baley, W. P. Clinton et al., “Glyphosate
inhibits rust diseases in glyphosate-resistant wheat and
soybean,” Proceedings of the National Academy of Sciences,
vol. 102, no. 48, pp. 17290–17295, 2005.

[6] B. Ye, R. P. Singh, C. Yuan et al., “)ree co-located resistance
genes confer resistance to leaf rust and stripe rust in wheat
variety Borlaug 100,” )e Crop Journal, vol. 10, no. 2,
pp. 490–497, 2022.

[7] G. Xia, “Mapping, crossm An Avirulence gene cluster in the
wheat stripe rust,” ASM Journals, vol. 5, no. 3, pp. 1–19, 2020.

[8] P. Prasad, S. Savadi, S. C. Bhardwaj, and P. K. Gupta, “)e
progress of leaf rust research in wheat,” Fungal Biology,
vol. 124, no. 6, pp. 537–550, 2020.

[9] S. Kumar, B. S. Phogat, V. K. Vikas et al., “Mining of Indian
wheat germplasm collection for adult plant resistance to leaf
rust,” PLoS One, vol. 14, no. 3, pp. 02134688–e213518, 2019.

[10] Z. Zhang, J. Chen, Y. Su et al., “TaLHY, a 1R-MYB tran-
scription factor, plays an important role in disease resistance
against stripe rust fungus and ear heading in wheat,” PLoS
One, vol. 10, no. 5, pp. 01277233–e127813, 2015.

[11] L. Bouvet, L. Percival-Alwyn, S. Berry et al., “Wheat genetic
loci conferring resistance to stripe rust in the face of ge-
netically diverse races of the fungus Puccinia striiformis f. sp.
tritici,” )eoretical and Applied Genetics, vol. 135, no. 1,
pp. 301–319, 2022.

[12] J. G. Ellis, E. S. Lagudah, W. Spielmeyer, and P. N. Dodds,
“)e past, present and future of breeding rust resistant
wheat,” Frontiers of Plant Science, vol. 5, pp. 641–714, 2014.

[13] D. K. Choudhary, A. Prakash, and B. N. Johri, “Induced
systemic resistance (ISR) in plants: mechanism of action,”
Indian Journal of Microbiology, vol. 47, no. 4, pp. 289–297,
2007.

[14] S. Kaur, M. K. Samota, M. Choudhary et al., “How do plants
defend themselves against pathogens-biochemical mecha-
nisms and genetic interventions,” Physiology and Molecular
Biology of Plants, vol. 28, no. 2, pp. 485–504, 2022.

[15] S. C. Bhardwaj, G. P. Singh, O. P. Gangwar, P. Prasad, and
S. Kumar, “Status of wheat rust research and progress in rust
management-indian context,” Agronomy, vol. 9, no. 12,
pp. 892–914, 2019.

[16] P. Luo, X. Hu, H. Zhang, and Z. Ren, “Genes for resistance to
stripe rust on chromosome 2B and their application in wheat
breeding,” Progress in Natural Science, vol. 19, no. 1, pp. 9–15,
2009.

[17] M. Figueroa, K. E. Hammond-Kosack, and P. S. Solomon, “A
review of wheat diseases—a field perspective,” Molecular
Plant Pathology, vol. 19, no. 6, pp. 1523–1536, 2018.

[18] M. M. Tehseen, F. A. Tonk, and M. Tosun, “QTL mapping of
adult plant resistance to stripe rust in a doubled haploid
wheat population,” Frontiers in Genetics, vol. 13, 2022.

[19] P. K. Agrawal, S. K. Jaiswal, B. M. Prasanna et al., “Genetic
variability and stability for kernel iron and zinc concen-
tration in maize (Zea mays L.) genotypes,” Indian Journal of
Genetics and Plant Breeding, vol. 72, no. 4, pp. 421–428, 2012.

[20] H. Bux, M. Ashraf, and X. Chen, “Expression of high-
temperature adult-plant (HTAP) resistance against stripe
rust (Puccinia striiformis f. sp. tritici) in Pakistan wheat
landraces,” Canadian Journal of Plant Pathology, vol. 34,
no. 1, pp. 68–74, 2012.

[21] E. K. Mageto, J. Crossa, P. Perez-Rodriguez et al., “Genomic
prediction with genotype by environment interaction
analysis for kernel zinc concentration in tropical maize
germplasm,” G3 Genes, Genomes, Genetics, vol. 10, no. 8,
pp. 2629–2639, 2020.

[22] C. W. Hiebert, T. G. Fetch, and T. Zegeye, “Genetics and
mapping of stem rust resistance to Ug99 in the wheat cultivar
Webster,” )eoretical and Applied Genetics, vol. 121, no. 1,
pp. 65–69, 2010.

[23] L. X. Yu, H. Barbier, M. N. Rouse et al., “A consensus map for
Ug99 stem rust resistance loci in wheat,” )eoretical and
Applied Genetics, vol. 127, no. 7, pp. 1561–1581, 2014.

[24] A. Kokhmetova, A. Rsaliyev, A. Malysheva, M. Atishova,
M. Kumarbayeva, and Z. Keishilov, “Identification of stripe
rust resistance genes in common wheat cultivars and
breeding lines from Kazakhstan,” Plants, vol. 10, no. 11,
pp. 2303–2318, 2021.

[25] M. Chemonges, Characterisation of a Major Adult Plant
Resistance Gene in the South African Winter Wheat Cultivar
PAN 3161, 2022.

[26] K. Kumar, I. Jan, G. Saripalli et al., “An update on resistance
genes and their use in the development of leaf rust resistant
cultivars in wheat,” Frontiers in Genetics, vol. 13, pp. 1–11,
2022.

[27] M. Abou-Zeid, W. El-Orabey, R. Omara, A. Mohamed, and
M. Ashmawy, “Genetic stability of wheat stem rust resistance
genes under Egyptian field conditions,” Egyptian Journal of
Phytopathology, vol. 46, no. 1, pp. 215–233, 2018.

Advances in Agriculture 7

https://downloads.hindawi.com/journals/aag/2022/7419326.f1.zip


[28] M. K. Gessese, “Description of wheat rusts and their viru-
lence variations determined through annual pathotype
surveys and controlled multi-pathotype tests,” Advances in
Agriculture, vol. 2019, Article ID 2673706, 7 pages, 2019.

[29] J. Nirmala, S. Chao, P. Olivera et al., “Markers linked to
wheat stem rust resistance gene Sr11 effective to Puccinia
graminis f. sp. tritici race TKTTF,” Phytopathology, vol. 106,
no. 11, pp. 1352–1358, 2016.

[30] C. W. Hiebert, J. A. Kolmer, C. A. McCartney et al., “Major
gene for field stem rust resistance co-locates with resistance
gene sr12 in “thatcher” wheat,” PLoS One, vol. 11, no. 6,
pp. 01570299–e157116, 2016.

[31] M. Tyrka and J. Chełkowski, “Enhancing the resistance of
triticale by using genes from wheat and rye,” Journal of
Applied Genetics, vol. 45, no. 3, pp. 283–295, 2004.

[32] H. S. Bariana and R. A. McIntosh, “Cytogenetic studies in
wheat. XV. Location of rust resistance genes in VPM1 and
their genetic linkage with other disease resistance genes in
chromosome 2A,” Genome, vol. 36, no. 3, pp. 476–482, 1993.

[33] L. Qiu, H. Wang, Y. Li et al., “Fine mapping of the wheat leaf
rust resistance gene LrLC10 (Lr13) and validation of its Co-
segregation markers,” Frontiers of Plant Science, vol. 11,
pp. 470–512, 2020.

[34] M. Aktar-Uz-Zaman, M. Tuhina-Khatun, M. M. Hanafi, and
M. Sahebi, “Genetic analysis of rust resistance genes in global
wheat cultivars: an overview,” Biotechnology & Biotechno-
logical Equipment, vol. 31, no. 3, pp. 431–445, 2017.

[35] R. Mago, C. Chen, X. Xia et al., “Adult plant stem rust re-
sistance in durum wheat Glossy Huguenot: mapping, marker
development and validation,” )eoretical and Applied Ge-
netics, vol. 135, no. 5, pp. 1541–1550, 2022.

[36] J. G. Ellis, R. Mago, R. Kota et al., “Wheat rust resistance
research at CSIRO,” Australian Journal of Agricultural Re-
search, vol. 58, no. 6, pp. 507–511, 2007.

[37] O. F. Leaf, R. Infection, I. Amino, and A. In, Previous Studies
Have Often Utilized Comparative Analyses of Two Varieties:
One Giving a Biochemical Reaction to a Specific Rust Culture,
the Susceptible Other Being Resistant Such as )ose (1956)
and SHAW and SAMBORSKI (1956) Have Clear- between
Ru, 1961.

[38] C. H. Diepenbrock and M. A. Gore, “Closing the divide
between human nutrition and plant breeding,” Crop Science,
vol. 55, no. 4, pp. 1437–1448, 2015.

[39] Y. C. Han, X. G. Zeng, F. Y. Xiang, L. Ren, F. Y. Chen, and
Y. C. Gu, “Distribution and characteristics of colletotrichum
spp. Associated with anthracnose of strawberry in Hubei,
China,” Plant Disease, vol. 100, no. 5, pp. 996–1006, 2016.

[40] M. A. Ayliffe, J. K. Roberts, H. J. Mitchell et al., “A plant gene
up-regulated at rust infection sites,” Plant Physiology,
vol. 129, no. 1, pp. 169–180, 2002.

[41] X. L. Zhao, T. C. Zheng, X. C. Xia et al., “Molecular mapping
of leaf rust resistance gene LrZH84 in Chinese wheat line
Zhou 8425B,” )eoretical and Applied Genetics, vol. 117,
no. 7, pp. 1069–1075, 2008.

[42] M. Aoun, J. A. Kolmer, M. N. Rouse et al., “Mapping of novel
leaf rust and stem rust resistance genes in the Portuguese
durum wheat landrace PI 192051,” G3 Genes|Genomes|Ge-
netics, vol. 9, no. 8, pp. 2535–2547, 2019.

[43] A. K. Riar, S. Kaur, H. S. Dhaliwal, K. Singh, and
P. Chhuneja, “Introgression of a leaf rust resistance gene
from Aegilops caudata to bread wheat,” Journal of Genetics,
vol. 91, no. 2, pp. 155–161, 2012.

[44] G. Yu, O. Matny, N. Champouret et al., “Aegilops shar-
onensis genome-assisted identification of stem rust

resistance gene Sr62,”Nature Communications, vol. 13, no. 1,
pp. 1607–1613, 2022.

[45] G. Grover, A. Sharma, I. Mackay et al., “Identification of a
novel stripe rust resistance gene from the European winter
wheat cultivar “Acienda”: a step towards rust proofing wheat
cultivation,” PLoS One, vol. 17, no. 2, pp. e0264027–e0264028,
2022.

[46] A. J. Alldrick, Food Safety Aspects of Grain and Cereal
Product Quality, Elsevier, Amsterdam, Netherlands, 2017.

[47] D. Singh, V. Mohler, and R. F. Park, “Discovery, charac-
terisation and mapping of wheat leaf rust resistance gene
Lr71,” Euphytica, vol. 190, no. 1, pp. 131–136, 2013.

[48] J. Luo, M. N. Rouse, L. Hua et al., “Identification and
characterization of Sr22b, a new allele of the wheat stem rust
resistance gene Sr22 effective against the Ug99 race group,”
Plant Biotechnology Journal, vol. 20, no. 3, pp. 554–563, 2022.

[49] Y. Zhou, Z. F. Li, X. Li, L. Wang, Y. Zhang, and D. Q. Liu,
“Molecular mapping for leaf rust resistance genes in wheat
line tian 95HF2,” Acta Agronomica Sinica, vol. 36, no. 8,
pp. 1265–1269, 2010.

[50] S. A. Herrera-Foessel, R. P. Singh, J. Huerta-Espino et al.,
“Identification and mapping of Lr3 and a linked leaf rust
resistance gene in durum wheat,” Crop Science, vol. 47, no. 4,
pp. 1459–1466, 2007.

[51] C. Loutre, T. Wicker, S. Travella et al., “Two different CC-
NBS-LRR genes are required for Lr10-mediated leaf rust
resistance in tetraploid and hexaploid wheat,” )e Plant
Journal, vol. 60, no. 6, pp. 1043–1054, 2009.

[52] G. Bai, S. Blecha, Y. Ge, H. Walia, P. Phansak, and W. C
Haracterizing, “Characterizing wheat response to water
limitation using multispectral and thermal imaging,”
Transactions of the ASABE, vol. 60, pp. 1457–1466, 2017.

[53] M. J. Diéguez, C. Petignat, L. Ferella et al., “Mapping a gene
on wheat chromosome 4BL involved in a complementary
interaction with adult plant leaf rust resistance gene LrSV2,”
)eoretical and Applied Genetics, vol. 131, no. 11,
pp. 2333–2344, 2018.

[54] P. Zhang, H. Zhou, C. Lan, Z. Li, and D. Liu, “An AFLP
marker linked to the leaf rust resistance gene LrBi16 and test
of allelism with Lr14a on chromosome arm 7BL,” )e Crop
Journal, vol. 3, no. 2, pp. 152–156, 2015.

[55] D. B. McDonald, R. A. McIntosh, C. R. Wellings, R. P. Singh,
and J. C. Nelson, “Cytogenetical studies in wheat XIX. Lo-
cation and linkage studies on gene Yr27 for resistance to
stripe (yellow) rust,” Euphytica, vol. 136, no. 3, pp. 239–248,
2004.

[56] L. Xing, C. Wang, X. Xia et al., “Molecular mapping of leaf
rust resistance gene LrFun in Romanian wheat line Fundulea
900,” Molecular Breeding, vol. 33, no. 4, pp. 931–937, 2014.

[57] R. F. Park, V. Mohler, K. Nazari, and D. Singh, “Charac-
terisation and mapping of gene Lr73 conferring seedling
resistance to Puccinia triticina in common wheat,” )eo-
retical and Applied Genetics, vol. 127, no. 9, pp. 2041–2049,
2014.

[58] B. Ye, R. P. Singh, and C. Yuan, “)ree co-located resistance
genes confer resistance to leaf rust and stripe rust in wheat
variety Borlaug,” )e Crop Journal, vol. 100.

[59] Z. Li, C. Lan, Z. He et al., “Overview and application of QTL
for adult plant resistance to leaf rust and powdery mildew in
wheat,” Crop Science, vol. 54, no. 5, pp. 1907–1925, 2014.

[60] Solodukina, “Problems in winter Rye breeding for resistance
to leaf and stem rusts,” Plant Breeding and Seed Science,
vol. 48, no. 2/2, 2003.

8 Advances in Agriculture



[61] H. Zhou, X. Xia, Z. He et al., “Molecular mapping of leaf rust
resistance gene LrNJ97 in Chinese wheat line Neijiang
977671,” )eoretical and Applied Genetics, vol. 126, no. 8,
pp. 2141–2147, 2013.

[62] C. W. Hiebert, B. D. McCallum, and J. B. )omas, “Lr70, a
new gene for leaf rust resistance mapped in common wheat
accession KU3198,” )eoretical and Applied Genetics,
vol. 127, no. 9, pp. 2005–2009, 2014.

[63] S. A. Herrera-Foessel, J. Huerta-Espino, V. Calvo-Salazar,
C. X. Lan, and R. P. Singh, “Lr72 confers resistance to leaf
rust in durum wheat cultivar atil C2000,” Plant Disease,
vol. 98, no. 5, pp. 631–635, 2014.

[64] M. Bansal, S. Kaur, H. S. Dhaliwal et al., “Mapping of
Aegilops umbellulata-derived leaf rust and stripe rust re-
sistance loci in wheat,” Plant Pathology, vol. 66, no. 1,
pp. 38–44, 2017.

[65] S. Kumar, S. C. Bhardwaj, O. P. Gangwar et al., “Lr80: a new
and widely effective source of leaf rust resistance of wheat for
enhancing diversity of resistance among modern cultivars,”
)eoretical and Applied Genetics, vol. 134, no. 3, pp. 849–858,
2021.

[66] L. I. Xing, L. Zaifeng, and L. Yaning, “Genetic analysis and
molecular mapping of leaf rust resistance gene in wheat line
xinong 1163-4,” Scientia Agricultura Sinica, vol. 43, no. 12,
pp. 2397–2402, 2010.

[67] V. Dinkar, S. K. Jha, N. Mallick et al., “Molecular mapping of
a new recessive wheat leaf rust resistance gene originating
from Triticum spelta,” Scientific Reports, vol. 10, no. 1,
pp. 22113–22119, 2020.

[68] D. Sheng, L. Qiao, X. Zhang et al., “Fine mapping of a re-
cessive leaf rust resistance locus on chromosome 2BS in
wheat accession CH1539,” Molecular Breeding, vol. 42,
pp. 1–20, 2022.

[69] X. L. Zhou, D. J. Han, X. M. Chen et al., “Characterization
and molecular mapping of stripe rust resistance gene Yr61 in
winter wheat cultivar Pindong 34,” )eoretical and Applied
Genetics, vol. 127, no. 11, pp. 2349–2358, 2014.

[70] M. Abdoli, “Effects of micronutrient fertilization on the
overall quality of crops,” Plant Micronutrients, Springer,
Berlin, Germany, 2020.

[71] Z. F. Li, T. C. Zheng, Z. H. He et al., “Molecular tagging of
stripe rust resistance gene YrZH84 in Chinese wheat line
Zhou 8425B,” )eoretical and Applied Genetics, vol. 112,
no. 6, pp. 1098–1103, 2006.

[72] K. Rani, B. R. Raghu, S. K. Jha et al., “A novel leaf rust
resistance gene introgressed from Aegilops markgrafii maps
on chromosome arm 2AS of wheat,”)eoretical and Applied
Genetics, vol. 133, no. 9, pp. 2685–2694, 2020.

[73] H. Bariana, L. Kant, N. Qureshi, K. Forrest, H. Miah, and
U. Bansal, “Identification and characterisation of stripe rust
resistance genes Yr66 and Yr67 in wheat cultivar VL gehun
892,” Agronomy, vol. 12, 2022.

[74] A. Gidhi, M. Kumar, and K. Mukhopadhyay, “)e auxin
response factor gene family in wheat (Triticum aestivum L.):
genome-wide identification, characterization and expression
analyses in response to leaf rust,” South African Journal of
Botany, vol. 140, pp. 312–325, 2021.

[75] S. G. Krattinger, E. S. Lagudah, W. Spielmeyer et al., “A
putative ABC transporter confers durable resistance to
multiple fungal pathogens in wheat,” Science, vol. 323,
no. 5919, pp. 1360–1363, 2009.

[76] Y. Xu, S. Zou, H. Zeng et al., “A NAC transcription factor
TuNAC69 contributes to ANK-NLR-WRKY NLR-mediated

stripe rust resistance in the diploid wheat triticum urartu,”
International Journal of Molecular Science, vol. 23, 2022.

[77] U. K. Bansal, M. J. Hayden, B. Keller, C. R. Wellings,
R. F. Park, and H. S. Bariana, “Relationship between wheat
rust resistance genes Yr1 and Sr48 and a microsatellite
marker,” Plant Pathology, vol. 58, no. 6, pp. 1039–1043, 2009.

[78] M. D. Christopher, S. Liu, M. D. Hall et al., “Identification
and mapping of adult-plant stripe rust resistance in soft red
winter wheat cultivar USG 3555,” Plant Breeding, vol. 132,
no. 1, pp. 53–60, 2013.

[79] P. Vikram, C. Ortiz, S. Singh, and S. Singh, “Genetic analysis
revealed a quantitative trait loci (QTL2A.K) on short arm of
chromosome 2A associated with yellow rust resistance in
wheat (Triticum aestivum L.),” Indian Journal of Genetics and
Plant Breeding, vol. 80, no. 3, pp. 235–241, 2020.

[80] L. Zhou, T. Liu, Y. K. Cheng et al., “Molecular mapping of a
stripe rust resistance gene in Chinese wheat landrace
“Hejiangyizai” using SSR, RGAP, TRAP, and SRAP
markers,” Crop Protection, vol. 94, pp. 178–184, 2017.

[81] R. McIntosh, J. Mu, D. Han, and Z. Kang, “Wheat stripe rust
resistance gene Yr24/Yr26: a retrospective review,”)e Crop
Journal, vol. 6, no. 4, pp. 321–329, 2018.

[82] L. Eriksen, F. Afshari, M. J. Christiansen, R. A. McIntosh,
A. Jahoor, and C. R. Wellings, “Erratum: Yr32 for resistance
to stripe (yellow) rust present in the wheat cultivar Carstens
V,” )eoretical and Applied Genetics, vol. 108, no. 3,
pp. 567–575, 2004.

[83] L. Bouvet, S. Berry, P. Fenwick, S. Holdgate, I. J. Mackay, and
J. Cockram, “Genetic resistance to yellow rust infection of the
wheat ear is controlled by genes controlling foliar resistance
and flowering time,” bioRxiv, vol. 62, no. 5, 2021.

[84] P. Bulli, J. Zhang, S. Chao, X. Chen, and M. Pumphrey,
“Genetic architecture of resistance to stripe rust in a global
winter wheat germplasm collection,” G3 Genes|Genomes|
Genetics, vol. 6, no. 8, pp. 2237–2253, 2016.

[85] J. l. Lu, C. Chen, P. Liu, Z. h. He, and X. c. Xia, “Identification
of a new stripe rust resistance gene in Chinese winter wheat
Zhongmai 175,” Journal of Integrative Agriculture, vol. 15,
no. 11, pp. 2461–2468, 2016.

[86] A. A. Mehrabi, B. J. Steffenson, A. Pour-aboughadareh,
O. Matny, and M. Rahmatov, Applied Sciences Genome-wide
Association Study Identifies Two Loci for Stripe Rust Resis-
tance in a Durum Wheat Panel from Iran, Applied Sciences,
vol. 12, p. 4963, 2022.

[87] J. Wu, “Fine mapping of a stripe rust resistance gene
YrZM175 in bread wheat,”)eoretical and Applied Genetics,
vol. 135, pp. 1–24, 2022.

[88] C. Lan, I. L. Hale, S. A. Herrera-Foessel et al., “Character-
ization andmapping of leaf rust and stripe rust resistance loci
in hexaploid wheat lines UC1110 and PI610750 under
Mexican environments,” Frontiers of Plant Science, vol. 8,
pp. 1450–1511, 2017.

[89] M. Jia, L. Yang, W. Zhang et al., “Genome-wide association
analysis of stripe rust resistance in modern Chinese wheat,”
BMC Plant Biology, vol. 20, no. 1, pp. 491–513, 2020.

[90] N. Athiyannan, M. Abrouk, W. H. P. Boshoff et al., “Long-
read genome sequencing of bread wheat facilitates disease
resistance gene cloning,” Nature Genetics, vol. 54, no. 3,
pp. 227–231, 2022.

[91] Q. Li, J. Guo, K. Chao et al., “High-density mapping of an
adult-plant stripe rust resistance gene YrBai in wheat
landrace baidatou using the whole genome DArTseq and
SNP analysis,” Frontiers of Plant Science, vol. 9,
pp. 1120–1129, 2018.

Advances in Agriculture 9



[92] W. Liu, Y. Naruoka, K. Miller, K. A. Garland-Campbell, and
A. H. Carter, “Characterizing and validating stripe rust re-
sistance loci in US pacific northwest winter wheat accessions
(Triticum aestivum L.) by genome-wide association and
linkage mapping,” )e Plant Genome, vol. 11, no. 1, Article
ID 170087, 2018.

[93] J. Zhang, F. Wang, F. Liang et al., “Functional analysis of a
pathogenesis-related thaumatin-like protein gene
TaLr35PR5 from wheat induced by leaf rust fungus,” BMC
Plant Biology, vol. 18, no. 1, pp. 76–11, 2018.

[94] A. Tomkowiak, R. Skowronska, M. Kwiatek et al., “Identi-
fication of leaf rust resistance genes Lr34 and Lr46 in
common wheat (Triticum aestivum L. ssp. aestivum) lines of
different origin using multiplex PCR,” Open Life Sciences,
vol. 16, no. 1, pp. 172–183, 2021.

[95] P. Arya and V. Acharya, “Plant STAND P-loop NTPases: a
current perspective of genome distribution, evolution, and
function: plant STAND P-loop NTPases: genomic organi-
zation, evolution, and molecular mechanism models con-
tribute broadly to plant pathogen defense,” Molecular
Genetics and Genomics, vol. 293, no. 1, pp. 17–31, 2018.

[96] E. J. Andersen, M. P. Nepal, J. M. Purintun, D. Nelson,
G. Mermigka, and P. F. Sarris, “Wheat disease resistance
genes and their diversification through integrated domain
fusions,” Frontiers in Genetics, vol. 11, pp. 898–915, 2020.

[97] J. Wang, J. Wang, H. Shang, X. Chen, X. Xu, and X. Hu,
“TaXa21, a leucine-rich repeat receptor-like kinase gene
associated with TaWRKY76 and TaWRKY62, plays positive
roles in wheat high-temperature seedling plant resistance to
Puccinia striiformis f. sp. tritici,” Molecular Plant-Microbe
Interactions, vol. 32, no. 11, pp. 1526–1535, 2019.

[98] C. Sharma, G. Saripalli, S. Kumar et al., “A study of tran-
scriptome in leaf rust infected bread wheat involving seedling
resistance gene Lr28,” Functional Plant Biology, vol. 45,
no. 10, pp. 1046–1064, 2018.

[99] X. Liu, X. Liu, H. Sun et al., “Validation of CAPS marker
WR003 for the leaf rust resistance gene Lr1 and the mo-
lecular evolution of Lr1 in wheat,” Czech Journal of Genetics
and Plant Breeding, vol. 58, pp. 223–232, 2022.

[100] J. Zhang, F. Wang, F. Liang et al., “Functional analysis of a
pathogenesis- related thaumatin-like protein gene
TaLr35PR5 from wheat induced by leaf rust fungus,” BMC
Plant Biology, vol. 18, pp. 1–11, 2018.

[101] D. Stirnweis, S. D. Milani, T. Jordan, B. Keller, and
S. Brunner, “Substitutions of two amino acids in the nu-
cleotide-binding site domain of a resistance protein enhance
the hypersensitive response and enlarge the PM3F resistance
spectrum in wheat,” Molecular Plant-Microbe Interactions,
vol. 27, no. 3, pp. 265–276, 2014.

[102] D. Fu, C. Uauy, A. Distelfeld et al., “A kinase-START gene
confers temperature-dependent resistance to wheat stripe
rust,” Science, vol. 323, no. 5919, pp. 1357–1360, 2009.

[103] S. H. Hulbert, J. Bai, J. P. Fellers, M. G. Pacheco, and
R. L. Bowden, “Gene expression patterns in near isogenic
lines for wheat rust resistance gene Lr34/Yr18,” Phytopa-
thology, vol. 97, no. 9, pp. 1083–1093, 2007.

[104] B. Keller, E. S. Lagudah, L. L. Selter, J. M. Risk, C. Harsh, and
S. G. Krattinger, How Has LR34/YR18 Conferred Effective
Rust Resistance in Wheat for So Long? Borlaug Global Rust
Initiative, Beijing, China, 2012.

[105] R. Dhariwal, S. Vyas, G. R. Bhaganagare et al., “Analysis of
differentially expressed genes in leaf rust infected bread
wheat involving seedling resistance gene Lr28,” Functional
Plant Biology, vol. 38, no. 6, pp. 479–492, 2011.

[106] K. V. D. Solodukhina O, “Problems of winter rye breeding
for resistance to leaf and stem rusts,” Plant Breeding and Seed
Science, vol. 48, pp. 87–97, 2003.

[107] H. Xu and F. Qin, Integrated Dryland Weed Control in
Nature Farming Systems Integrated DrylandWeed Control in
Nature Farming Systems, 2014.

[108] S. Bolus, E. Akhunov, G. Coaker, and J. Dubcovsky, “Dis-
section of cell death induction by wheat stem rust resistance
protein Sr35 and its matching effector AvrSr35,” Molecular
Plant-Microbe Interactions, vol. 33, no. 2, pp. 308–319, 2020.

[109] R. U. Zunjare, R. Chhabra, F. Hossain, A. Baveja,
V. Muthusamy, and H. S. Gupta, “Molecular characteriza-
tion of 5′ UTR of the lycopene epsilon cyclase (lcyE) gene
among exotic and indigenous inbreds for its utilization in
maize biofortification,” 3 Biotech, vol. 8, no. 1, pp. 75–79,
2018.

[110] S. Chen, M. N. Rouse, W. Zhang et al., “Wheat gene Sr60
encodes a protein with two putative kinase domains that
confers resistance to stem rust,” New Phytologist, vol. 225,
no. 2, pp. 948–959, 2020.

[111] S. Dorostkar, A. Dadkhodaie, E. Ebrahimie, B. Heidari, and
M. Ahmadi-Kordshooli, “Comparative transcriptome anal-
ysis of two contrasting resistant and susceptible Aegilops
tauschii accessions to wheat leaf rust (Puccinia triticina)
using RNA - sequencing,” Scientific Reports, vol. 12, 2022.

[112] P. Liu, J. Guo, R. Zhang et al., “TaCIPK10 interacts with and
phosphorylates TaNH2 to activate wheat defense responses
to stripe rust,” Plant Biotechnology J, vol. 17, no. 5,
pp. 956–968, 2019.

[113] G. V. Volkova, O. A. Kudinova, and O. F. Vaganova,
“Postulation of leaf rust resistance genes of 20 wheat cultivars
in southern Russia,” Journal of Plant Protection Research,
vol. 60, no. 3, pp. 225–232, 2020.

[114] R. Schaffer, N. Ramsay, A. Samach et al., “)e late elongated
hypocotyl mutation of Arabidopsis disrupts circadian
rhythms and the photoperiodic control of flowering,” Cell,
vol. 93, no. 7, pp. 1219–1229, 1998.

[115] P. Zhang, R. A. McIntosh, S. Hoxha, and C. Dong, “Wheat
stripe rust resistance genes Yr5 and Yr7 are allelic,” )eo-
retical and Applied Genetics, vol. 120, no. 1, pp. 25–29, 2009.

[116] C. Zhang, L. Huang, H. Zhang et al., “An ancestral NB-LRR
with duplicated 3′ UTRs confers stripe rust resistance in
wheat and barley,” Nature Communications, vol. 10, no. 1,
p. 4023, 2019.

[117] X. Li, T. Liu, W. Chen et al., “Wheat WCBP1 encodes a
putative copper-binding protein involved in stripe rust re-
sistance and inhibition of leaf senescence,” BMC Plant Bi-
ology, vol. 15, no. 1, pp. 239–315, 2015.

[118] N. Wang, X. Fan, M. He et al., “Transcriptional repression of
TaNOX10 by TaWRKY19 compromises ROS generation and
enhances wheat susceptibility to stripe rust,” )e Plant Cell
Online, vol. 34, no. 5, pp. 1784–1803, 2022.

[119] P. Corredor-Moreno, F. Minter, P. E. Davey et al., “)e
branched-chain amino acid aminotransferase TaBCAT1
modulates amino acid metabolism and positively regulates
wheat rust susceptibility,” )e Plant Cell Online, vol. 33,
no. 5, pp. 1728–1747, 2021.

[120] Y. Yang, F. Zhang, T. Zhou et al., “In silico identification of
the full complement of subtilase-encoding genes and char-
acterization of the role of TaSBT1.7 in resistance against
stripe rust in wheat,” Phytopathology, vol. 111, no. 2,
pp. 398–407, 2021.

[121] Determining the Effect of Sodium Bicarbonate Consumption
on the Anaerobic Performance of Non-Athletes.

10 Advances in Agriculture



[122] E. J. Brach, J. M. Molnar, and J. J. Jasmin, “Detection of
lettuce maturity and variety by remote sensing techniques,”
Journal of Agricultural Engineering Research, vol. 22, no. 1,
pp. 45–54, 1977.

[123] J. Zhang, T. C. Hewitt, W. H. P. Boshoff et al., “A recombined
Sr26 and Sr61 disease resistance gene stack in wheat encodes
unrelated NLR genesa,” Nature Communications, vol. 12,
no. 1, p. 3378, 2021.

[124] K. K. Mirajkar, K. Pavithra, and S. S. Biradar, “A study of
defensive enzymes against leaf rust (puccinia triticina eriks)
infection andmolecular screening for leaf rust resistant genes
in dicoccum wheat (Triticum dicoccum) genotypes,” Inter-
national Journal of Agricultural Science and Research, vol. 9,
no. 4, pp. 69–84, 2019.

[125] J. Liu, L. Han, B. Huai et al., “Down-regulation of a wheat
alkaline/neutral invertase correlates with reduced host sus-
ceptibility to wheat stripe rust caused by Puccinia strii-
formis,” Journal of Experimental Botany, vol. 66, no. 22,
pp. 7325–7338, 2015.

[126] B. M. Moerschbacher, U. Noll, L. Gorrichon, and
H. J. Reisener, “Specific inhibition of lignification breaks
hypersensitive resistance of wheat to stem rust,” Plant
Physiology, vol. 93, no. 2, pp. 465–470, 1990.

[127] G. Zhang, Y. Li, Y. Zhang et al., “Cloning and character-
ization of a pathogenesis-related protein gene TaPR10 from
wheat induced by stripe rust pathogen,” Agricultural Sciences
in China, vol. 9, no. 4, pp. 549–556, 2010.

[128] R. Qaiser, Z. Akram, S. Asad et al., “Genome-wide associ-
ation mapping and population structure for stripe rust in
Pakistani wheat germplasm,” Pakistan Journal of Botany,
vol. 54, no. 4, pp. 1405–1416, 2022.

[129] Y. Ogo, R. N. Itai, H. Nakanishi et al., “Isolation and
characterization of IRO2, a novel iron-regulated bHLH
transcription factor in graminaceous plants,” Journal of
Experimantal Botany, vol. 57, 2006.

[130] H. Zhang, Y. Fu, H. Guo et al., “Transcriptome and pro-
teome-based network analysis reveals a model of gene ac-
tivation in wheat resistance to stripe rust,” International
Journal of Molecular Sciences, vol. 20, no. 5, pp. 1106–1119,
2019.

[131] S. O. Oikeh, A. Menkir, B. Maziya-Dixon, R. M. Welch, and
R. P. Glahn, “Assessment of iron bioavailability from twenty
elite late-maturing tropical maize varieties using an in vitro
digestion/Caco-2 cell model,” Journal of the Science of Food
and Agriculture, vol. 84, no. 10, pp. 1202–1206, 2004.

[132] J. Briggs, S. Chen, W. Zhang, S. Nelson, J. Dubcovsky, and
M. N. Rouse, “Mapping of SrTm4, a recessive stem rust
resistance gene from diploid wheat effective to Ug99,”
Phytopathology, vol. 105, no. 10, pp. 1347–1354, 2015.

[133] L. Gao, E. M. Babiker, I. C. Nava et al., “Temperature-
sensitive wheat stem rust resistance gene Sr15 is effective
against Puccinia graminis f. sp. tritici race TTKSK,” Plant
Pathology, vol. 68, no. 1, pp. 143–151, 2019.

[134] C. W. Hiebert, M. J. Moscou, T. Hewitt et al., “Stem rust
resistance in wheat is suppressed by a subunit of themediator
complex,” Nature Communications, vol. 11, no. 1,
pp. 1123–1210, 2020.

[135] P. Juliana, R. P. Singh, P. K. Singh et al., “Genome-wide
associationmapping for resistance to leaf rust, stripe rust and
tan spot in wheat reveals potential candidate genes,” )eo-
retical and Applied Genetics, vol. 131, no. 7, pp. 1405–1422,
2018.

[136] J. Jiang, J. Zhao, W. Duan et al., “TaAMT2;3a, a wheat
AMT2-type ammonium transporter, facilitates the infection

of stripe rust fungus on wheat,” BMC Plant Biology, vol. 19,
no. 1, pp. 239–311, 2019.

[137] T. Li, K. Liao, X. Xu et al., “Wheat ammonium transporter
(AMT) gene family: diversity and possible role in host-
pathogen interaction with stem rust,” Frontiers of Plant
Science, vol. 8, pp. 1637–1713, 2017.

Advances in Agriculture 11


