
Citation: Mapuranga, J.; Chang, J.;

Zhao, J.; Liang, M.; Li, R.; Wu, Y.;

Zhang, N.; Zhang, L.; Yang, W. The

Underexplored Mechanisms of

Wheat Resistance to Leaf Rust. Plants

2023, 12, 3996. https://doi.org/

10.3390/plants12233996

Academic Editor: Alessandra

Zambonelli

Received: 2 October 2023

Revised: 22 November 2023

Accepted: 24 November 2023

Published: 28 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Review

The Underexplored Mechanisms of Wheat Resistance to
Leaf Rust
Johannes Mapuranga , Jiaying Chang, Jiaojie Zhao, Maili Liang, Ruolin Li, Yanhui Wu, Na Zhang ,
Lirong Zhang and Wenxiang Yang *

College of Plant Protection, Technological Innovation Center for Biological Control of Plant Diseases and Insect
Pests of Hebei Province, Hebei Agricultural University, Baoding 071001, China; jmapuranga@hotmail.com (J.M.);
changjiaying@163.com (J.C.); zhaojiaoj918@163.com (J.Z.); maililiang26@163.com (M.L.);
m15369870831@163.com (R.L.); wu203474540@163.com (Y.W.); zn0318@126.com (N.Z.); zlr139@126.com (L.Z.)
* Correspondence: wenxiangyang2003@163.com

Abstract: Wheat leaf rust, caused by the obligate biotrophic fungus Puccinia triticina Eriks. (Pt), is
one of the most common wheat foliar diseases that continuously threatens global wheat production.
Currently, the approaches used to mitigate pathogen infestation include the application of fungicides
and the deployment of resistance genes or cultivars. However, the continuous deployment of selected
resistant varieties causes host selection pressures that drive Pt evolution and promote the incessant
emergence of new virulent races, resulting in the demise of wheat-resistant cultivars after several
years of planting. Intriguingly, diploid wheat accessions were found to confer haustorium formation-
based resistance to leaf rust, which involves prehaustorial and posthaustorial resistance mechanisms.
The prehaustorial resistance in the interaction between einkorn and wheat leaf rust is not influenced
by specific races of the pathogen. The induced defense mechanism, known as systemic acquired
resistance, also confers durable resistance against a wide array of pathogens. This review summarizes
the host range, pathogenic profile, and evolutionary basis of Pt; the molecular basis underlying wheat–
Pt interactions; the cloning and characterization of wheat leaf rust resistance genes; prehaustorial
and posthaustorial resistance; systemic acquired resistance; and the role of reactive oxygen species.
The interplay between climatic factors, genetic features, planting dates, and disease dynamics in
imparting resistance is also discussed.
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1. Introduction

Plants are continuously exposed to a wide range of pathogens and, accordingly, have
evolved various defense mechanisms that facilitate early and vigorous pathogen detection
and the mobilization of structural and biochemical defenses [1]. Thus, successful plant
pathogen infection is more of a rarity than the rule [2]. Biotrophic plant fungal pathogens
are the primary cause of most damaging plant diseases, primarily in cereal plants, which
results in significant yield losses. Wheat leaf rust, caused by the basidiomycetous fungus
Puccinia triticina Eriks. (Pt), is a macrocyclic foliar disease that continuously threatens
wheat (Triticum aestivum L.) production in most wheat-growing regions, and can cause
significant yield losses over large geographical areas [3–7]. Leaf rust is among the most
difficult wheat diseases to control because the pathogen has a high population diversity,
the steady development of novel virulence profiles, and the pathogen can strongly adapt
to new climate zones [8,9]. The combination of recent adaptations to warmer conditions
and the constant rise in global temperature has led to an increase in the occurrence and
severity of leaf rust epidemics. Given the vast size of the leaf rust population, it would
be reasonable to predict that random mutations would occur with sufficient frequency,
resulting in the emergence of new virulent races.
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Plants have a fundamental immune system that is constitutively expressed at mini-
mal levels and may be triggered by pathogen infection [10,11]. The manifestation of this
immune system bestows inherent degrees of immunity and results in complete or partial
resistance against pathogens [11]. Multilayer perceptrons are plants which can incorpo-
rate intricate external stimuli and signals throughout their lifespan [12], and their basal
immunity can be modulated by both abiotic and microbiotic factors [13,14]. Numerous
inducible defense mechanisms have evolved in plants to ward off pathogen attacks. The
hypersensitive response (HR), a localized resistance reaction frequently elicited due to
pathogen recognition, is distinguished by the expeditious demise of cells at the site of
infection [15].

The development of resistance to a specific disease is also a result of genetic regulation,
race specificity, and longevity. Resistance durability is correlated to the activation of
resistance mechanisms based on haustorium formation [16]. Prehaustorial resistance
impedes pathogen haustoria formation, even when haustorium mother cells have been
normally formed and a papilla is commonly induced at the site where the pathogen is
attempting to penetrate the cell wall [17,18]. Prehaustorial resistance is durable, and it
does not inhibit the formation of hypersensitive reactions or the sporulating pustules,
hence exerting less selection pressure on the pathogen. Posthaustorial resistance arrests the
development of the pathogen-feeding structures and terminates the growth of the biomass
of the pathogen on the leaf surface. It is also associated with programmed cell death, which
is activated during the defense response, as indicated by the accumulation of hydrogen
peroxide (H2O2) at the penetrated epidermal cells [19].

Posthaustorial resistance, which follows the gene-for-gene hypothesis, primarily man-
ifests after haustoria formation, while non-host posthaustorial resistance is activated upon
pathogen penetration and remains effective during haustoria formation. Furthermore, the
occurrence of non-host posthaustorial resistance is often associated with HR, a regularly
observed characteristic that is linked to rare occurrences of non-host penetrations, especially
when haustoria initiation takes place [20]. Diploid wild wheats exhibit a spectrum of rust
resistance mechanisms, including prehaustorial resistance without necrosis and posthausto-
rial resistance accompanied by frequent necrosis. Elevated levels of prehaustorial resistance
in two out of three Triticum monococcum accessions were reported by Niks and Dekens, as
well as posthaustorial resistance in Triticum boeoticum accession [18]. If the prehaustorial
resistance is not sufficiently strong or rapidly expressed, the pathogen will successfully
penetrate the host plant cell and establish infection structures, such as substomatal vesicles
within the host stomatal cavity. It can then enter the intercellular spaces of the host cells
and form infection hyphae, haustorial mother cells, and, sometimes, haustoria, and this
may induce posthaustorial resistance [21].

Systemic acquired resistance (SAR) is conventionally defined as a plant defense mech-
anism that confers broad-spectrum, long-lasting resistance to pathogens and has no speci-
ficity to the initial localized infection [22]. In many plant species, SAR can be activated by
pathogens that cause necrosis, either as a component of HR or as a disease symptom. It
is distinguished by elevated concentrations of the hormone salicylic acid (SA) within the
tissues of plants [23]. Both the range of pathogen protection and the concomitant changes
in gene expression distinguish SAR from other disease responses. Reactive oxygen species
(ROS) have direct antibacterial properties and also serve as crucial signals in the activation
of plant innate immune responses. Strict regulation of ROS levels is necessary to prevent
cellular damage resulting from its excessive accumulation. The production of ROS during
PTI is mediated by members of the nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase family [24]. In plants, NADPH oxidases are often referred to as respiratory oxidase
homologs (RBOHs) and are responsible for the production of O2− in extracellular spaces.
ROS produced by RBOHs serve as secondary messengers for the fast transmission of both
local and long-distance signaling [25]. This article provides an insight into the mechanisms
of wheat resistance to leaf rust.



Plants 2023, 12, 3996 3 of 21

2. Host Range, Pathogenic Profile, and Evolutionary Basis
2.1. Host Range and Pathogenic Profile

Pt exhibits heteroecious characteristics, necessitating the presence of both a telial/uredinial
host, often wheat, and an alternate host, such as Thalictrum speciosissimum or Isopyrum
fumaroides, in order to successfully complete its whole life cycle [3]. Its primary hosts
include hexaploid common wheat (T. aestivum), wild emmer (T. dicoccoides) [26], tetraploid
durum (T. turidum spp. durum), domesticated emmer wheat (Triticum dicoccon), triticale
(X Tritico secale), Aegilops speltoides, and common goatgrass (Ae. cylindrica) [26,27]. Pt is a
macrocyclic and heteroecious rust fungal species that has five distinct spore stages and two
host species that are taxonomically unrelated. The sexual cycle occurring on an alternative
host also contributes to the generation of genetic variety in the pathogen via genetic
recombination [28,29]. The urediniospores produced on wheat hosts exhibit a dikaryotic
state, possess a width of 20 µm [30], and they can spread over a long distance with airflow
and reinfect the telial host multiple times under favorable conditions, especially when
exposed to water on leaf surfaces at temperatures ranging from 10 to 25 ◦C [3].

2.2. Evolutionary Basis of Host–Pathogen Interactions

To gain comprehensive insights into the disease state and formulate effective disease
management strategies, it is crucial to comprehend the origins, variability, distribution,
and routes of movement of the rust pathogens [31–34]. The evolutionary potential of these
pathogens is significantly influenced by the genetic structure within their populations and
their capacity for fast intercontinental dissemination. The comprehension of the genetic
structure of phytopathogen populations might provide valuable insights for the formulation
of an optimal breeding approach aimed at developing durable resistance to leaf rust [35].
It is evident that plant–pathogen interactions exhibit spatial and temporal variability,
indicating that they do not progress uniformly [36–38]. The interactions between plants
and microbes serve as a paradigmatic example of rapid evolution [39], where the molecular
conflict between plants and microbial invaders plays a crucial role in the establishment of
advantageous allelic variations within the genomic pool [4]. Pathogens derive advantages
from modifications that facilitate their evasion or suppression of plant defenses, while
plants reciprocally gain from innovations that enhance their immune capabilities [40].
Evolutionary genomic studies serve the purpose of elucidating the origins of pathogen
lineages and the spatial distribution of genetic diversity, while also providing insights
into the manner in which natural selection shapes genetic variation across the whole
genome [41].

The battle between plants and pathogens causes perpetual co-evolutionary cycles [42–44].
Allele frequency fluctuations in both host and pathogen populations are driven by negative
frequency-dependent selection, hence serving as a mechanism for the maintenance of
genetic variety within both populations [45]. The interaction between hosts and pathogens
may be characterized as an ongoing arms race. Hosts are subject to selective pressures
that favor the elimination of pathogens, while pathogens, in turn, undergo evolutionary
changes to elude host immunity. Directional selection is a significant driving force in
the evolutionary dynamics between hosts and pathogens. Specifically, hosts experience
selective pressure to minimize their interactions with pathogens, whereas pathogens face
selection to enhance their interactions with hosts [45]. Different patterns of polymorphisms
are likely to arise via frequency-dependent selection and arms-race dynamics [46]. Alleles
may persist for a long time, and genetic variation can be detected in natural populations
due to stable polymorphism. Polymorphism can give rise to specialized pathogens that
are capable of infecting a restricted set of host phenotypes, while polyphenism has the
potential to give rise to generalist pathogens that are capable of infecting a broader variety
of hosts [47]. Co-evolution, wherein the fitness of genotypes of one species is determined by
the gene frequencies of other species, is driven by this confrontation, which also generates
diversity in host defenses and pathogen weaponry [48].
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3. Wheat Infection by Pt
3.1. Penetration and Colonization of Wheat by Pt

The infection process of leaf rust fungi start with spore germination, the directional
growth of the germ tube towards a stoma, the differentiation of an appressorium over the
stoma, and penetration into the substomatal cavity. Apparently, features of the plant such
as the stomatal guard cell morphology [49] and epidermal cell deviating micromorphol-
ogy [50] may reduce the infectibility by lowering the amount of infection units (appressoria
over stomata). Furthermore, even if an appressorium is eventually established over a
stoma to penetrate the intracellular spaces of the mesophyll cells, potentially bypassing
epidermal responses to produce the infection peg, germlings that take longer to locate
a stomata will be depleted of reserves, hence reducing their probability of successfully
forming a haustorium [51]. Haustorium formation occurs in the wheat infected cells, and
the haustorium is not only a sophisticated structure for nutrient acquisition, but is also an
intense site where proteins, including effectors, are secreted into the host to suppress host
immunity. Transcriptomic analyses of all six races of Pt isolates identified 456 haustorial
secreted proteins [52]. Pt whole-genome sequencing found more than 600 significant an-
notated proteins that possess a secretory peptide [53]. A recent transcriptome analysis of
Lr19-virulent mutants identified eight secreted proteins that were AvrLr19 candidates [54].
Although various candidate secreted effector proteins have been identified, only a few
Pt effectors have been successfully cloned (Table 1), including Pt18906 [55], Pt13024 [56],
and Pt_21 [57]. Pt13024 was shown to suppress programmed cell death and trigger the
accumulation of ROS and callose deposition [56]. The recently characterized wheat leaf rust
fungus effector, Pt_21, was found to suppress host defense responses by directly targeting
wheat TaTLP1 and inhibiting its anti-fungal activity [57]. This clearly demonstrates that
the secreted effectors enhance pathogenicity by manipulating the functions of the host
plant targets or suppressing the host defense responses by either functioning as enzymes
or through other roles.

Table 1. Pt effectors involved in the manipulation of host reactions.

Effector Protein Host Localization Function in Virulence References

Pt2567 Wheat Secretion pathway
Inhibits programmed cell

death and serves a non-toxic
role in the infection of TcLr28.

[58]

Pt3 Wheat Unknown
Function in avirulence against

wheat leaf rust in
resistant genotypes.

[59]

Pt27 Wheat Unknown
Functions in avirulence against

wheat leaf rust in
resistant genotypes.

[59]

Pt18906 Wheat Nucleus and cytoplasm

Acts in the cytoplasm and may
cause accumulation of reactive
oxygen species and callose in

TcLr10+27+31.

[55]

Pt13024 Wheat Nucleus and cytoplasm

Inhibits programmed cell
death and triggers reactive

oxygen species accumulation
and callose deposition.

[56]

Pt_21 Wheat Apoplast

Suppresses host defense
responses by directly targeting
wheat TaTLP1 and inhibiting

its anti-fungal activity.

[57]
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3.2. Molecular Basis Underlying Wheat–Pt Interactions

Plants have evolved intricate and protective surveillance networks which constitute
the induced defense response to effectively counteract and safeguard against pathogenic
microbes [10]. The first layer of the plant innate immunity is PAMP-triggered immunity
(PTI), which is activated via the recognition of pathogen-associated molecular patterns
(PAMPs) or microbe-associated molecular patterns (MAMPs) by pattern-recognition re-
ceptors (PRRs) [60–62]. PTI activation triggers multiple signaling pathways in the host
cells, which include a rapid increased influx of extracellular Ca2+ into the cytosol, the
activation of MAPK pathways, ROS signaling, other signaling molecules like SA and n-
hydroxypipecolic acid, the expression of defense responsive genes, stomatal closure, and
callose deposition [63–69]. These responses curtail pathogen invasion and colonization.
To function as pathogens, microorganisms must effectively suppress or subvert their host
plant’s defense responses. Plant fungal pathogens secrete virulence effector proteins which
manipulate host immunity, resulting in the plants being more susceptible to disease, a
process known as effector-triggered susceptibility (ETS) [10,70], which is again counteracted
by the host through a second layer of defense known as the effector-triggered immunity
(ETI) (Figure 1). PTI and ETI entail the activation of two unique receptor classes (i.e., PRRs
and nucleotide-binding leucine-rich repeat receptors (NLRs), respectively) and different
stages in early signaling [70,71]. Despite the fact that PTI and ETI are from different layers
of the plant immune system, they share many genes and pathways of the immune signaling
pathway network [72].

PRR signaling potentiates ETI, demonstrating that cell priming by PRRs results in
the subsequent activation of defense by NLRs [69,73]. Furthermore, a globally similar
transcriptional output is activated by both PTI and ETI, with an enhanced PTI being
induced by NLRs [74–76]. Subsequently, the synergistic action of pathogen effectors that
suppress host defense responses theoretically affect both PTI and ETI [77]. To subvert these
constraints, instead of directly recognizing pathogen effectors, host plant NLRs constantly
monitor the intracellular milieu to detect the suppression of the host defense system by
these effectors. This subsequently triggers the activation of NLRs that are associated with
the virulence target [70]. This implies that the activation of NLRs necessitates an attempted
suppression of PTI [78]. The restoration of an effective immune response by NLRs in the
presence of pathogen effectors is still a major enigma in plant pathology. It was previously
postulated that ETI signaling might overcome ETS by inducing a more robust PTI response,
which results in the renewal of PTI signaling components, hence facilitating the induction
of immunity [69,73].

The interaction between wheat and Pt is also characterized by a conventional direct
gene-for-gene system [79] or receptor–ligand model, making it an excellent model for
investigating plant–pathogen interactions. The gene-for-gene hypothesis states that such
an interaction is determined by the presence of a single plant-dominant R gene, which
allows the direct or indirect recognition of pathogens producing specific proteins (codified
by avirulence (Avr) genes) [80,81]. This interaction results in a compatible or incompatible
interaction. A compatible interaction is achieved when a pathogen develops and reproduces
without an active host resistance. An incompatible interaction occurs as a result of the
development of a resistance allele towards the pathogen, resulting in the failure of the
pathogen to effectively proliferate due to the combination of R genes and Avr genes. Host
plant R proteins detect Avr factors of the pathogen and activate signal transduction cascades,
causing hasty defense activation. While the Avr genes and R genes found in Pt and wheat,
respectively, exhibit specificity in their interactions, it should be noted that these genes do
not always display dominance and do not always engage in a one-for-one relationship [3].
The mechanisms of host–pathogen interactions has been intensively reviewed, and different
proposed models to interpret the mechanism of how the NLR proteins recognize pathogen
effectors have been compared [82–86].
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Figure 1. Schematic representation of wheat response to Pt infection. Recognition of pathogen-
derived conserved molecules (PAMPs/MAMPs) by pattern recognition receptors (PRRs) activates
PAMP-triggered immunity (PTI). The earliest events of PAMP recognition include influx of Ca2+

ions followed by opening of the membrane transporters for the influx of H+ and efflux of K+,
Cl−, and NO3

− that results in extracellular pH changes and plasma membrane depolarization.
Subsequent phosphorylation of downstream components such as respiratory burst oxidase homolog
D (RBOHD) and MAPKKK triggers a reactive oxygen species (ROS) burst, Ca2+ influx, MAPK
activation, phytohormone (salicylic acid—SA) production. Ca2+-dependent or Ca2+-independent
phosphorylated RBOHD produces ROS that lead to a further increase in cytosolic Ca2+ concentrations.
Pathogens induce susceptibility by interfering with the immune signaling network through the
secretion of effectors, resulting in effector-triggered susceptibility (ETS). Direct or indirect recognition
of effectors by plant wheat R proteins activates host defense responses, which suppress invasive
pathogen growth and proliferation, and this is called effector-triggered immunity (ETI). ETI resistance
and responses are dependent on PTI pathway components, and ETI potentiates and restores PTI
through upregulation of PTI components. This implies that the two signaling cascades function
in a cohort to ensure effective immunity. Lr34, an adenosine triphosphate-binding cassette (ABC)
transporter, and Lr67, a sugar transporter (STP) protein, confer multi-pathogen resistance through
regulation of abscisic acid (ABA) and hexose sugar molecules, respectively.

4. Mechanisms of Wheat Resistance to Leaf Rust

Wheat resistance to leaf rust can be divided into race-specific resistance and non-race-
specific resistance based on genetic determinations, physiological features, and molecular
mechanisms. Race-specific resistance is also called qualitative resistance or major gene
resistance. It follows the gene-for-gene hypothesis [79] and is characterized by the presence
of HR and induction of rapid cell death at the infection sites [3,87]. Non-race-specific resis-
tance is also called adult plant resistance (APR), quantitative resistance, or slow-rusting
resistance [88]. Histological observations revealed another two types of resistance mecha-
nisms in wheat, namely prehaustorial and posthaustorial resistance [18,89,90]. Although
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many review articles have been published on the genetics of wheat resistance to rust [91–99],
no review paper has been published that specifically focuses on haustoria formation-based
resistance. Various studies have reported prehaustorial and posthaustorial resistance mech-
anisms against leaf rust in hexaploid wheat, but these studies have been mainly based
on histopathological observations in which they were focusing on the fungal growth and
development, specifically the haustorium [16]. Therefore, there is a need for the elucidation
of the genetic background of haustorium formation-based resistance and how it is inher-
ited. A recent study identified the genomic regions and candidate genes associated with
prehaustorial resistance in T. monococcum [100]. Therefore, this section will firstly discuss
the wheat leaf rust resistance (Lr) genes that have been cloned and characterized so far and
then prehaustorial and posthaustorial resistance, as well as systemic acquired resistance
and the role of ROS in wheat resistance against leaf rust.

4.1. Cloning and Characterization of Wheat Lr Genes

More than 100 leaf rust resistance (Lr) genes (~50% derived from wild progenitor
and non-progenitor species) have been discovered, and only a few of these have been
cloned so far [97,101]. The feasibility of cloning Lr genes or leaf rust resistance QTL
(QLr) has been enhanced by advances in genomic sequencing and molecular biology
techniques. Multiple strategies including classical map-based positional cloning or rapid
gene-cloning approaches like MutRenSeq, AgRenSeq, MutChromSeq, and MutIsoSeq, as
well as whole-genome sequencing, can be utilized to clone these genes [102,103]. So far,
only eleven wheat Lr genes have been cloned (Table 2), either via classical map-based
cloning, (Lr1 [104], Lr10 [105], Lr21 [106], Lr34 [107], Lr42 [108], and Lr67 [104–109]) or
through rapid gene-cloning approaches such as MutRenSeq (Lr13) [110,111], TACCA
(Lr22a) [112], MutChromSeq (Lr14a) [113], and MutIsoSeq (Lr9/Lr58) [114]. Most of the
Lr genes that have been cloned, including Lr1, Lr10, Lr13, Lr21, Lr22a, and Lr42, are race-
specific resistance genes that encode nucleotide-binding site leucine-rich repeat (NLR)
proteins [104–106,108,111,112]. In addition to the NLR proteins, Lr14a is another race-
specific resistance gene that encodes a membrane-localized protein with twelve ankyrin
repeats and Ca2+-permeable non-selective cation channels [113]. Lr9/Lr58 is also a race-
specific resistance gene which encodes a tandem kinase fusion protein [114]. Lr34 and Lr67
are known as slow-rusting genes or adult plant resistance genes, encoding a putative ATP-
binding cassette (ABC) transporter and a hexose transporter, respectively [107,109].

Table 2. A summary of cloned Lr genes for leaf rust resistance.

Gene Chromosome Position R-Gene Product R-Gene Class Cloning Technique References

Lr1 5DL NLR ASR Map-based cloning [104]

Lr9/Lr58 6BL/2BL

Tandem kinase–von
Willebrand factor
type-A domain
fusion

ASR MutIsoSeq [114]

Lr10 1AS NLR ASR Map-based cloning [105]
Lr13/Ne2 2BS NLR APR MutRenSeq [110,111]

Lr14a 7BL
Ankyrin
transmembrane
domain protein

ASR MutChromSeq [113]

Lr21 1DL NLR ASR Map-based cloning [106]

Lr22a 2DS NLR APR Map-based cloning
and TACCA [112]

Lr34/Yr18/Sr57 7DS ATP-binding
cassette transporter APR Map-based cloning [107]

Lr42 IDS NLR ASR BSR-Seq mapping [108]

Lr47 7AS NLR ASR Map-based cloning
EMTA approaches [115]

Lr67/Yr46/Sr55 4DL Anion transporter APR Map-based cloning [109]

NLR—Nucleotide-binding site leucine-rich repeat, ASR—all-stage resistance, APR—adult plant resistance.



Plants 2023, 12, 3996 8 of 21

4.2. Prehaustorial Resistance

Induced defense is prompted by the infection attempt of the respective pathogen. In
rusts, one particularly common resistance feature is defective haustorium formation on
non-host plant species and some resistant host species, termed prehaustorial or pre-cell-
wall penetration resistance [116], and it is characterized by the expression of resistance prior
to fungal penetration into the host. It was firstly described as reduced fungal penetration
into the host during the interactions between rust fungi and non-hosts [17], and later, it
was described in detail during the interactions between barley and leaf rust [89]. When
partially resistant barley leaves were inoculated with leaf rust fungus Puccinia hordei,
prehaustorial resistance was described as the inability to form a haustorium on the barley
leaves. The inability to form haustorium results in a delayed progression of rust fungus
growth (prolonged latency phase) and reduced or no spore production (no sporulation).
Functional targets of prehaustorial resistance mechanisms are germ tubes and appressoria
(ectophytic phase of pathogenesis), as well as substomatal vesicles and infection hyphae
(early endophytic phase of the pathogenesis of rust fungi). This defense response typically
leads to the formation of cell wall reinforcements, also called cell wall appositions or
papillae [117,118]. Papillae were observed at the site of penetration and were shown not
only to be involved in inhibiting pathogen penetration, but have also been implicated in
repairing the cell wall subsequent to pathogen penetration attempts [119,120].

Mounting evidence has recently reported the participation of some wheat R genes in
conferring prehaustorial resistance mechanisms that stop the development of rust fungi
at the early endophytic and even ectophytic stages. It was reported that Lr1, Lr3a, Lr9,
LrB, Lr19, Lr21, and Lr38 are involved in prehaustorial resistance to leaf rust [121]. The
prehaustorial resistance level in T. monococcum seedlings was found to be higher than in
Thatcher-Lr34 seedlings [119,122]. Wheat defense responses, including oxidative bursts
and micronecrotic reactions associated with pathogen infection, were activated by the
interaction between Pt and TcLr9, resulting in the complete termination of pathogen devel-
opment [123]. It was found that both resistant TcLr9 and Thatcher plants support the early
stages of pathogen growth, including the germination of urediniospores, appressoria for-
mation, and haustorial mother cell development 124]. The suppression of Pt in TcLr9 starts
after the development of haustoria, despite the fact that real recognition occurs quickly
after the formation of appressoria; as a result, the resistance is referred to as prehaustorial
resistance. Prehaustorial resistance was associated with callose deposition and cellular
lignification in the vicinity of the penetration site, and HR induction associated with the
death of adjacent infected cells was also reported [124]. The prehaustorial resistance to
wheat leaf rust discovered in the diploid wheat einkorn (T. monoccocum var. monococcum)
accession PI272560 confers race-independent resistance against isolates that are virulent on
accessions harboring resistance genes located on the A-genome of Triticum aestivum [125].
The establishment of prehaustorial resistance in accession PI272560 resulted in the abortion
of fungal development during the formation of haustorial mother cells and the production
of higher levels of H2O2 compared to the susceptible accession 36554 (T. boeoticum ssp.
thaoudar var. reuteri) [125].

Some resistance mechanisms and transcriptome alterations were reported to be occur-
ring in the background of PI272560 prehaustorial resistance because an increase in levels
of phenolic substances and chitinase activity at the infection site, as well as pathogenesis-
related genes, was observed at 24 h post-inoculation (hpi) compared to T. boeoticum ac-
cession (36554) [125]. It was recently found that a gene (TuG1812G0500002899) located
on chromosome 5A, which encodes berberine bridge enzyme (BBE)-like Cyn d 4, was
highly expressed at 8 hpi in PI272560 compared to the partially susceptible 36554 [100].
Serfling and colleagues reported that the BBE may instigate and trigger hypersensitive cell
death [125], implying that it might be a critical enzyme for basal defense responses [126],
but is also a key enzyme in non-host resistance [127,128]. As a progenitor of wheat, Triticum
urartu is closely related to einkorn (T. monococcum), which often displays a high level of
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resistance to wheat leaf rust. Therefore, einkorn can be a useful resource for breeding
pathogen-resistant wheat varieties in the future.

Pt infection was found to be inhibited by the hypersensitive prehaustorial effector-
induced immune reaction in einkorn accession PI272560. Surprisingly, this effector-induced
immune response is non-race-specific (horizontal), which renders it atypical. Only a few
non-race-specific resistance genes are known, including Lr34, Lr46, and Lr67, which are only
active during the adult phases of plant development [3]. The resistance imparted by Lr34 is
distinguished by the absence of chlorosis and necrosis on flag leaves, as well as fewer and
smaller uredinia, rather than a hypersensitive response [129]. During prehaustorial resis-
tance, the formation of haustoria is frequently impeded prior to the development of fungal
sporelings, which is caused by callose deposition at the site of cell wall penetration [130].
Similar to the quantitative resistance provided by Lr34, prehaustorial resistance is believed
to confer resistance to Pt that is not specific to any particular race. However, it was ob-
served that, in the majority of cases, prehaustorial resistance does not manifest as visible
necrosis at the macroscopic level in T. monococcum accessions [119]. Lr67 has comparable
traits to Lr34 in providing partial or slow-rusting, non-race-specific or broad-spectrum
APR to leaf rust and stem rust. Lr67/Yr46/Sr55/Pm46/Ltn3 has been shown to provide
partial resistance against leaf rust, stem rust (Sr55), stripe rust (Yr46), and powdery mildew
(Pm46), and is associated with leaf tip necrosis (Ltn3) [131,132]. Since Lr34 and Lr67 confer
non-race-specific resistance, which is not characterized by necrosis, it implies that these
two genes impart prehaustorial resistance. A detailed molecular characterization of APR
genes in wheat, as well as an understanding of their functionality and interactions when
multiple APR and R genes are stacked in a single genotype via conventional and genetic
modification breeding, is a research priority that will contribute to the understanding of
leaf rust resistance breeding [91]. Mostly, biotrophic fungal pathogens like Pt are strictly
host-specific. Thus, single genes from alien species could potentially introduce durable leaf
rust resistance in wheat cultivars.

4.3. Posthaustorial Resistance

Posthaustorial resistance, also known as post-cell-wall penetration resistance, allows
pathogen penetration into the host cells and the formation of haustorium by invaginating
the host mesophyll cells [18,119]. Posthaustorial resistance is induced by the formation of
at least one haustorium or, sometimes, the successful formation of pathogen colonies [124].
During posthaustorial resistance, the plant cell containing haustoria often dies, hence
impeding the invasive growth and proliferation of the pathogen in adjacent cells, and
this defense response is known as HR [18,133]. In general, race-specific hypersensitivity
resistance is posthaustorial [119]. In host–pathogen interactions in which the host plant
harbors race-specific resistance, the induction of HR occurs immediately after haustorium
formation inside the host cells [17,119]. HR is also involved in the synthesis of secondary
metabolites, the production of pathogenesis-related (PR) proteins, cell wall reinforcements,
and in some cases, it is followed by ROS accumulation at the plasma membrane. Conse-
quently, this results in an increased influx of Ca2+ levels, transcriptional reprogramming,
and the activation of protein kinase cascades. Increased levels of H2O2 accumulation have
been shown to trigger a signaling pathway that subsequently induces robust PCD [134].
During non-host interactions, the manifestation of posthaustorial resistance might occur at
the position where haustoria formation occurs, and it may be enclosed in callose, leading
to HR on the host cell. One notable distinction between gene-for-gene posthaustorial
resistance and non-host posthaustorial resistance lies in their respective timing. Gene-for-
gene posthaustorial resistance primarily manifests after the formation of haustoria, while
non-host posthaustorial resistance initiates following pathogen penetration and persists
throughout haustoria formation [20].
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4.4. Systemic Acquired Resistance

Systemic acquired resistance (SAR) is a broad-spectrum resistance in plants that in-
volves cellular processes such as the recognition of PAMPs or effectors, the transcriptional
activation of battery of PR genes, MAPK signaling, and HR. The signal transduction path-
way leading to SAR is principally regulated by NPR1 (non-expressor of PR genes), also called
NIM1 (non-inducible immunity 1) [135–140]. SAR expression primarily depends on SA, a
signaling molecule which triggers the expression of defense genes via NPR1 [141]. SA is a
critical signaling phytohormone that is essential for activating several host plant immune
responses against biotrophic and hemi-biotrophic fungal pathogens, while the response to
necrotrophic fungal pathogens involves primary hormones JA and ET [142]. In addition
to SA, N-hydroxypipecolic acid (NHP) and its precursor, pipecolic acid, serve a critical
role in signaling plant immunity and are needed for SA biosynthesis [143,144]. Pathogen
invasion activates SAR, which is expressed as cell death responses varying from single-cell
HR to necrotic disease lesions [145]. In the absence of pathogen infection, NPR1 oligomer-
izes in the cytoplasm through intermolecular disulfide bonds [146]. However, during
pathogen infection, redox changes occur in the cytoplasm which trigger the reduction of
disulfide bonds, and monomeric NPR1 translocates into the nucleus, where it serves as a
transcriptional co-activator at the target gene promoter, thereby activating defense gene
expression [146–148]. NPR1 regulates the expression of genes by physically interacting with
TGA transcription factors via the ankyrin repeats, which bind to PR gene promoters to acti-
vate expression in the presence of SA and repress expression in the absence of SA [149–152].
TGA2, TGA5, and TGA6 have been shown to function superfluously in SA-induced PR
gene expression and disease resistance (Figure 2) [152]. The NPR1 C-terminal domain
is essential in SA binding and transcriptional activation [138]. Defense gene expression
is prevented by the inhibition of NPR1 reduction, whilst constitutive monomerization,
nuclear localization, and defense gene expression are a result of Cys82 or Cys216 mutation
in NPR1 [146].

NPR4 and its close homology NPR3 have functional redundancy in negatively regulat-
ing plant immunity [153]. Downstream of SA, two parallel signaling pathways have been
hypothesized in recent research on NPR1, NPR3, and NPR4 [140]. On one hand, NPR3 and
NPR4 suppress defense gene expression when SA levels are low, but when SA levels rise
due to pathogen infection, NPR3 and NPR4 activities are reduced, and the transcriptional
repression of SA-responsive genes is relaxed [140,154]. Pathogen-induced SA accumulation,
on the other hand, enhances the transcriptional activation activity of NPR1 to further induce
the expression of defense-related genes (Figure 2). Intricately woven together, they provide
fine-tuned modulation of the defense response to varying levels of SA. A comprehensive
review of the contribution of SA signaling via NPR1 and NPR3/4 to local and systemic
defensive responses was also conducted by Liu and colleagues, and they established that
most SA-triggered immune responses in plants require both types of SA receptors [155].
PR1, PR2, and PR5 are the PR genes that were demonstrated to be induced by SA, and
these are also used as SA signaling markers [22].

The recognized function of the NPR1 protein in modulating SAR via the expression of
PR genes has been documented in several plant species, such as Arabidopsis and rice, among
others, under diverse biotic stress conditions [156]. Nine NPR1 homologues (TaNPR1)
were identified in bread wheat [157,158], and it was recently postulated that NPR1 nega-
tively regulates wheat resistance to stem rust infection by functioning at the Ta7ANPR1
locus via an NB-ARC-NPR1 fusion protein [158]. However, the role of the wheat NPR1
homologues in wheat defense responses against leaf rust remains a mystery. A potentially
more sophisticated host might include using TaNPR1 as a decoy in the detection, while
also developing an alternate mechanism to circumvent TaNPR1 in instances when the
integrity of the NPR1 component is disrupted by pathogens [158]. The comprehensive
understanding of the functions of wheat NPR1 homologues in wheat resistance to leaf rust
may facilitate the development of approaches to alter the interactions between wheat and
Pt through the modification of the expression of the respective genes, utilizing transgenic
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or genome-editing technologies like CRISPR/Cas9 to impart broad-spectrum resistance in
wheat [159].
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Figure 2. Role of salicylic acid (SA) receptors in plant immunity. SA is perceived by two classes of
receptors: NPR1 and NPR3/NPR4. NPR3 and NPR4 interact with TGA2/TGA5/TGA6 in the absence
of SA to repress downstream defense gene expression. Binding of SA abolishes the transcriptional
repression activity of NPR3/NPR4 and enhances the transcriptional activation activity of NPR1,
leading to the upregulation of SA-responsive defense regulators. In local tissues, the expression
of SA-responsive defense regulators promotes both PTI and ETI and stimulates the production
of the systemic acquired resistance mobile signal N-hydroxypipecolic acid (NHP) by activating
the expression of NHP biosynthetic genes. In distal tissues, NHP promotes SA biosynthesis and
SA-induced defense response.

5. ROS and Their Role in Wheat Defense against Leaf Rust

Several plants respond to pathogenic fungal infection with ROS as a strategy to ap-
prehend fungal growth. ROS production is among the initial cellular reactions that occur
after successful pathogen recognition. The apoplastic production of superoxide or H2O2
has been observed in response to the detection of several pathogens [160–162]. ROS are
produced as aerobic respiration by-products in chloroplasts, mitochondria, glyoxysomes,
and peroxisomes, as well as being generated as a sovereign product, and were originally
considered harmful towards the cellular macromolecules [163]. However, ROS molecules
were recently demonstrated to be essential for plant defense against various stresses after
being involved in indispensable defense mechanisms like HR that result in programmed
cell death, as well as SA-mediated signal transduction pathways [164]. The successful
recognition of avirulent pathogens by host disease resistance proteins induce a two-phase
accumulation of ROS. The first phase is characterized by a low-intensity and transient
ROS accumulation, while the second phase is sustained and exhibits a significantly higher
magnitude, which is associated with disease resistance [165]. However, pathogenic microor-
ganisms that are highly infectious and manage to evade detection by the host’s immune
system only trigger a short-lived and very weak first immune response, implying that
ROS may play a crucial role in establishing host defense responses. PAMPs also induce an
oxidative burst. Within the host plant cell, ROS can directly induce the reinforcement of
host cell walls through glycoprotein cross-linking or lipid peroxidation and the subsequent
impairment of the cellular membrane [165,166]. However, it is apparent that ROS are criti-
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cal in the activation of defense-related genes [167]. ROS play a role in defense mechanisms
alongside other plant signaling molecules, such as SA and nitric oxide (NO). However, it
has been observed that ROS also serve an important role in the regulation of other plant
responses relative to other signals.

ROS serve as antimicrobials, plant cell wall cross-linkers to block pathogen entry,
and local systematic secondary messengers to activate further immune responses like
stomatal closure or gene expression [25,165,168–171]. Invaded plant cells are directed
towards apoptosis by sufficient concentrations of ROS to curb the spread of biotrophic
fungal infection through nutrient supply depletion [163]. During plant innate immunity,
the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase RBOHD (respiratory
oxidase homolog) is a prime player in the production of ROS [24]. ROS production is
one of the key preliminary responses that is activated immediately after PAMP detection.
For a successful immune response outcome, there is a need for the precise regulation
of the timing, amplitude, and duration of the induced response. This regulation takes
place at different levels, including the primary receptor complex, downstream signaling
components, and transcriptional regulators. Unprompted instigation or the inability to
inhibit signaling after immune activation cause detrimental effects on the host [172]. ROS
production also occurs during ETI, but at a lower stride. The production of ROS during PTI
and ETI principally depends on RBOHD (Figure 1). An Arabidopsis RBOHD mutant was
demonstrated to be deficient in ROS production upon PAMPs detection, but in response to
pathogen infection, barley produces ROS and triggers ETI [134,173,174]. The accumulation
of oxidative bursts that include O2− and H2O2 occurs as early signaling molecules during
pathogen infection [175].

Mellersh et al. (2002) described the significance of plant defense strategies against
fungal penetration in plant–fungus interaction. The importance of H2O2, superoxide, and
phenolic compounds in curbing fungal growth and development was highlighted [176];
nevertheless, biotrophic fungi have evolved some strategies to surmount increased intra-
cellular ROS levels [177]. ROS maintenance is under a subtle relationship in host plants
through the regulation of its production and protection from its lethal effects [163]. Detoxi-
fication or scavenging can be used to regulate ROS [178]. Light microscopy was used to
study the role of ROS in the defense of wheat near isogenic lines harboring genes resistant
to leaf rust introgressed from a wild species [179]. Superoxide ions were observed in the
infection sites. The development of Pt in the near-isogenic line harboring the Lr38 resistance
gene induced oxidative bursts at the sites of infection, which curtailed pathogen invasive
growth. The inhibition of oxidative bursts in near-isogenic lines harboring Lr38, Lr19, and
Lr24 resulted in a reduced HR development [179]. The accumulation of ROS in wheat
near-isogenic line TcLr27+31 was also reported to be induced by Pt effector Pt18906 [55].
It was also recently found that Pt effector Pt13024 greatly induced ROS accumulation in
TcLr19 and a higher callose deposition in the wheat near-isogenic line TcLr30 [56].

6. Interplay between Climatic Factors, Genetic Characteristics, Planting Dates, and
Disease Dynamics

Changes in temperature and other climatic factors, such as modified patterns of rain-
fall, can lead to a range of changes related to wheat pathogens, which typically include
geographical distribution, seasonal phenology, and population dynamics [180]. Alterations
in climatic conditions can influence the seasonal timing of pathogen life cycle events, po-
tentially causing them to coincide with specific stages of host plant growth or the presence
of natural antagonists or synergists. Furthermore, changes in the climate can impact the
population dynamics of wheat pathogens, affecting factors such as over-wintering and sur-
vival rates, infection efficiency, and the duration of the latency period. This may ultimately
lead to changes in the occurrence and severity of diseases within a certain geographical
area [181]. The prediction of potential consequences of climate change on global wheat
production is highly intricate and challenging due to a limited comprehension of the
interactions between multiple abiotic factors, encompassing temperature, precipitation,
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and ambient levels of various atmospheric gases, such as carbon dioxide, ozone, and
others [182]. Wheat genotypes and climatic factors were reported to have a significant
influence on the interactions among obligate biotrophic pathogens and the predominance
of one pathogen over another [183].

While host genotype resistance and the application of fungicides are commonly used
methods for managing wheat rusts, there is a need for effective agronomic strategies to min-
imize disease management expenses and enhance the sustainability of wheat production. A
comprehensive understanding of the spatial and temporal heterogeneity in the structure of
wheat rust development is expected to contribute to improved efficacy and sustainability in
disease management strategies [184]. For instance, wheat leaf rust outbreaks were exacer-
bated by the integration of delayed planting and maturation, earlier disease onset, reduced
cultivar resistance, elevated winter temperatures, and an increased frequency of cold and
wetter days throughout the autumn–winter–spring period [185,186]. The aforementioned
significant associations also underscored the possibility for enhancing levels of resistance
in wheat cultivars through the strategic selection of appropriate planting dates, hence
mitigating disease development under favorable climatic conditions. Nevertheless, the cur-
rent understanding of the integrated interplay between climatic factors, disease dynamics,
genetic characteristics, and planting date in relation to wheat leaf rust intensity prediction
remains limited. There were substantial differences in the severity of leaf rust between
different cultivars, planting dates, period of sampling, and year parameters [186]. It was
suggested that including cultivar resistance, wheat maturity dates, planting practices, and
weather predictors into research on wheat leaf rust may enhance the predictive accuracy of
future models, improve the longevity of host resistance to the disease, and promote the
sustainability of disease management strategies.

The potential enhancement of host resistance to pathogens might be attributed to the
optimization of both static and dynamic defense mechanisms following modifications in
the physiology and morphology of the host. However, it is important to note that some
rust resistance genes may exhibit reduced efficacy at elevated temperatures associated
with climate change. However, the majority of disease prediction models that have been
studied so far are subject to the effect of several biotic and abiotic factors that affect the host,
pathogen, and their interactions, as well as the specific types of disease prediction models
used [187]. Therefore, it might be argued that making definitive conclusions based merely
on a limited number of simulation studies would be insufficient for breeders seeking to
develop resistance to a particular plant disease. The modification of genetic resistance
in host plants to counteract pathogen infections is a prominent issue in the context of
climate change and its impact on various host–pathogen interactions. Alterations in the
host morphology and physiology due to climate change have a direct association with
disease resistance expression. This relationship may be leveraged for the improvement
of disease resistance in wheat via the use of both conventional breeding techniques and
genetic-engineering breeding tools [188].

7. Future Prospects and Limitations

Clearly, the effective management of leaf rust necessitates a basic understanding of
the diversity and virulence profiles of the pathogen populations acquired using a race
survey analysis approach. These surveys aid in predicting the occurrence of epidemics and
provide valuable insights that may be effectively used by breeders and agronomists for in-
tegrated disease management strategies. Accumulating evidence has reported quantitative
variations among rust fungi isolates belonging to the same race phenotype. The elucidation
of the underlying genetics of traits such as the efficiency of infection, latency period, and
sporulation rate will provide valuable insights into the mechanisms that are responsible for
their manifestation. The complexity associated with measuring these phenotypes is one of
the greatest hurdles.

The identification of some genes linked to either prehaustorial resistance or posthaus-
torial resistance can be restricted in gene ontology terms; therefore, it was suggested that,
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to identify appropriate markers and discover genes within the background of prehaustorial
resistance, it is necessary to have a segregating population [100]. The prospective utilization
of molecular-assisted selection (MAS), specifically through the employment of the SNP
marker SNP_1364455, presents an opportunity to transfer the resistance of PI272560 to ex-
isting high-quality wheat varieties. This approach holds promise for the establishment of a
non-host resistance characterized by prolonged durability and independence from specific
pathogen races [100]. The use of einkorn wheat as a genetic resource in wheat breeding
has been documented [189]. However, the scarcity of comprehensive genetic and genomic
datasets pertaining to einkorn wheat, as well as its genome organization, is a significant
challenge in the field of wheat breeding, given the paramount significance of einkorn wheat
in this domain. Recently an einkorn genome database was unveiled, and it ushers in an
interface for the research community that focuses on cereals to enhance their breeding
programs by using comparative genomic and applied genetics [190]. While T. monococcum
is not the immediate progenitor of the A-genome in bread wheat, it exhibits significant
homology to the A-genome seen in present cultivated hexaploid and tetraploid wheat, and
gene transfers between bread wheat and T. monococcum are indeed possible. Therefore, the
utilization of diploid wheat accessions conferring high prehaustorial resistance to leaf rust
may broaden the durable resistance pool against leaf rust, and may also be used to replace
the commonly used race-specific and single-gene resistance.

Further investigation is required to explore the roles of important SAR regulators,
such as NPR3, NPR4, and WRKY transcription factors, in wheat. The downstream genes
implicated in these biological processes, particularly PR genes, have shown significant
promise as transgenic assets for enhancing the broad-spectrum resistance of wheat against
many pathogens, indicating that additional research efforts may be required to enhance
the cloning and characterization of newly discovered PR genes. Investigating the intricate
interplay of gene pathways associated with various SAR-like responses is a challenging
but significant endeavor. Understanding the sources and distribution patterns of leaf rust
resistance genes has significant importance in the development of novel wheat cultivars
with durable resistance. The wild relatives of wheat continue to be very significant sources
for the identification of novel genetic loci that contain the Lr/QLr genes. The identification
of novel quantitative trait loci associated with various Pt races can aid future wheat-
breeding programs through the recombination of different loci for durable resistance to
leaf rust races. Therefore, there is still a need to explore resistant germplasm, especially
introgression lines derived from wheat wild relatives. Further investigation is required
to ascertain the optimal approaches for incorporating the rapidly advancing knowledge
from several disciplines into effective regional breeding initiatives. The wild relatives of
wheat provide a greater reservoir of R genes because they have not undergone the genetic
bottleneck feature of domestication.

8. Conclusions

In this review, we discussed some of the wheat resistance mechanisms to leaf rust,
which is one of the most devastating diseases that continuously threatens wheat production.
An understanding of plant defense mechanisms against pathogens is fundamental in
protecting the global food supply, as well as developing durable, highly disease-resistant
plant species. This review will facilitate a more holistic understanding of the complexity of
wheat leaf rust.

Author Contributions: Conceptualization, J.M.; writing—original draft preparation, J.M.; writing—
review and editing, J.M., J.C., J.Z., M.L., R.L., Y.W., N.Z., L.Z. and W.Y.; supervision, W.Y.; funding
acquisition, W.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of China (No. 301871915,
32172367), the Natural Science Foundation of Hebei Province (C2020204071), the Modern Agricultural
Industry System of Wheat Industry in Hebei Province (HBCT2023010205).

Data Availability Statement: Not applicable.



Plants 2023, 12, 3996 15 of 21

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Ellinger, D.; Naumann, M.; Falter, C.; Zwikowics, C.; Jamrow, T.; Manisseri, C.; Somerville, S.C.; Voigt, C.A. Elevated early callose

deposition results in complete penetration resistance to powdery mildew in Arabidopsis. Plant Physiol. 2013, 161, 1433–1444.
[CrossRef]

2. Thordal-Christensen, H. Fresh insights into processes of nonhost resistance. Curr. Opin. Plant Biol. 2003, 6, 351–357. [CrossRef]
3. Bolton, M.D.; Kolmer, J.A.; Garvin, D.F. Wheat leaf rust caused by Puccinia triticina. Mol. Plant Pathol. 2008, 9, 563–575. [CrossRef]
4. Savary, S.; Willocquet, L.; Pethybridge, S.J.; Esker, P.; McRoberts, N.; Nelson, A. The global burden of pathogens and pests on

major food crops. Nat. Ecol. Evol. 2019, 3, 430–439. [CrossRef]
5. Delfan, S.; Bihamta, M.R.; Dadrezaei, S.T.; Abbasi, A.; Alipour, H. Identification sources of resistance for leaf rust (Puccinia

triticina Eriks.) in Iranian wheat germplasm. Iran. J. Plant Prot. Sci. 2022, 52, 115–133.
6. Delfan, S.; Bihamta, M.R.; Dadrezaei, S.T.; Abbasi, A.; Alipoor, H. Exploring genomic regions involved in bread wheat resistance

to leaf rust at seedling/adult stages by using GWAS analysis. BMC Genom. 2023, 24, 83. [CrossRef]
7. Talebi, R.; Mahboubi, M.; Naji, A.M.; Mehrabi, R. Physiological specialization of Puccinia triticina and genome-wide association

mapping provide insights into the genetics of wheat leaf rust resistance in Iran. Sci. Rep. 2023, 13, 4398. [CrossRef]
8. Huerta-Espino, J.; Singh, R.P.; Germán, S.; McCallum, B.D.; Park, R.F.; Chen, W.Q.; Bhardwaj, S.C.; Goyeau, H. Global status of

wheat leaf rust caused by Puccinia triticina. Euphytica 2011, 179, 143–160. [CrossRef]
9. McCallum, B.D.; Hiebert, C.W.; Cloutier, S.; Bakkeren, G.; Rosa, S.B.; Humphreys, D.G.; Marais, G.F.; McCartney, C.A.; Panwar, V.;

Rampitsch, C. A review of wheat leaf rust research and the development of resistant cultivars in Canada. Can. J. Plant Pathol.
2016, 38, 1–18. [CrossRef]

10. Jones, J.D.G.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. [CrossRef]
11. Pélissier, R.; Violle, C.; Morel, J.-B. Plant immunity: Good fences make good neighbors? Curr. Opin. Plant Biol. 2021, 62, 102045.

[CrossRef]
12. Scheres, B.; van der Putten, W.H. The plant perceptron connects environment to development. Nature 2017, 543, 337–345.

[CrossRef]
13. Nobori, T.; Tsuda, K. The plant immune system in heterogeneous environments. Curr. Opin. Plant Biol. 2019, 50, 58–66. [CrossRef]
14. Vannier, N.; Agler, M.; Hacquard, S. Microbiota-mediated disease resistance in plants. PLoS Pathog. 2019, 15, e1007740. [CrossRef]
15. Singh, S.; Awasthi, L.P.; Verma, H.N. Systemic resistance inducers from plants—An ecofriendly approach for the management of

viral diseases of crops. In Applied Plant Virology; Awasthi, L.P., Ed.; Academic Press: Cambridge, MA, USA, 2020; pp. 603–617.
16. Riar, A.K.; Chhuneja, P.; Keller, B.; Singh, K. Mechanism of leaf rust resistance in wheat wild relatives, Triticum monococcum L. and

T. boeoticum L. Plant Genet. Resour. 2021, 19, 320–327. [CrossRef]
17. Heath, M.C. A generalized concept of host-parasite specificity. Phytopathology 1981, 71, 1121–1123. [CrossRef]
18. Niks, R.E.; Dekens, R.G. Prehaustorial and post-haustorial resistance to wheat leaf rust in diploid wheat seedlings. Phytopathology

1991, 81, 847–851. [CrossRef]
19. Wei, Z.Z.; Klymiuk, V.; Bocharova, V.; Pozniak, C.; Fahima, T. A Post-Haustorial Defense Mechanism is Mediated by the Powdery

Mildew Resistance Gene, PmG3M, Derived from Wild Emmer Wheat. Pathogens 2020, 9, 418. [CrossRef]
20. Cheng, Y.; Zhang, H.; Yao, J.; Wang, X.; Xu, J.; Han, Q.; Wei, G.; Huang, L.; Kang, Z. Characterization of non-host resistance in

broad bean to the wheat stripe rust pathogen. BMC Plant Biol. 2012, 12, 96. [CrossRef]
21. Jacobs, T. Haustorium Formation and Cell Wall Appositions in Susceptible and Partially Resistant Wheat and Barley Seedlings

Infected with Wheat Leaf Rust. J. Phytopathol. 1989, 127, 250–261. [CrossRef]
22. Fu, Z.Q.; Dong, X. Systemic acquired resistance: Turning local infection into global defense. Annu. Rev. Plant Biol. 2013, 64,

839–863. [CrossRef] [PubMed]
23. Faoro, F. Induced systemic resistance against systemic viruses: A feasible approach? IOBC-WPRS Bull. 2013, 89, 199–203.
24. Averyanov, A. Oxidative burst and plant disease resistance. Front. Biosci. (Elite Ed.) 2009, 1, 142–152. [CrossRef] [PubMed]
25. Miller, G.; Schlauch, K.; Tam, R.; Cortes, D.; Torres, M.A.; Shulaev, V.; Dangl, J.L.; Mittler, R. The plant NADPH oxidase RBOHD

mediates rapid systemic signaling in response to diverse stimuli. Sci. Signal 2009, 2, ra45. [CrossRef] [PubMed]
26. Roelfs, A.P.; Singh, R.P.; Saari, E.E. Rust Diseases of Wheat. Concepts and Methods of Disease Management; CIMMYT: Mexico City,

Mexico, 1992.
27. Mebrate, S.A.; Oerke, E.C.; Dehne, H.W.; Pillen, K. Mapping of the leaf rust resistance gene Lr38 on wheat chromosome arm 6DL

using SSR markers. Euphytica 2008, 162, 457–466. [CrossRef]
28. Abebe, W. Wheat Leaf Rust Disease Management: A Review. J. Plant Pathol. Microbiol. 2021, 12, 1–8.
29. Kolmer, J.A. Tracking wheat rust on a continental scale. Curr. Opin. Plant Biol. 2005, 8, 441–449. [CrossRef]
30. Anikster, Y.; Eilam, T.; Bushnell, W.R.; Kosman, E. Spore dimensions of Puccinia species of cereal hosts as determined by image

analysis. Mycologia 2005, 97, 474–484. [CrossRef]

https://doi.org/10.1104/pp.112.211011
https://doi.org/10.1016/S1369-5266(03)00063-3
https://doi.org/10.1111/j.1364-3703.2008.00487.x
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.1186/s12864-022-09096-1
https://doi.org/10.1038/s41598-023-31559-y
https://doi.org/10.1007/s10681-011-0361-x
https://doi.org/10.1080/07060661.2016.1145598
https://doi.org/10.1038/nature05286
https://doi.org/10.1016/j.pbi.2021.102045
https://doi.org/10.1038/nature22010
https://doi.org/10.1016/j.pbi.2019.02.003
https://doi.org/10.1371/journal.ppat.1007740
https://doi.org/10.1017/S147926212100037X
https://doi.org/10.1094/Phyto-71-1121
https://doi.org/10.1094/Phyto-81-847
https://doi.org/10.3390/pathogens9060418
https://doi.org/10.1186/1471-2229-12-96
https://doi.org/10.1111/j.1439-0434.1989.tb01135.x
https://doi.org/10.1146/annurev-arplant-042811-105606
https://www.ncbi.nlm.nih.gov/pubmed/23373699
https://doi.org/10.2741/e14
https://www.ncbi.nlm.nih.gov/pubmed/19482632
https://doi.org/10.1126/scisignal.2000448
https://www.ncbi.nlm.nih.gov/pubmed/19690331
https://doi.org/10.1007/s10681-007-9615-z
https://doi.org/10.1016/j.pbi.2005.05.001
https://doi.org/10.1080/15572536.2006.11832823


Plants 2023, 12, 3996 16 of 21

31. Campbell, F.T. The science of risk assessment for phytosanitary regulation and the impact of changing trade regulations: The
approach to phytosanitary safeguards mandated by the World Trade Organization may hinder adoption of the most efficient
methods to protect ecosystems from introductions of invasive species. BioScience 2001, 51, 148–153.

32. Perrings, C.; Williamson, M.; Barbier, E.B.; Delfino, D.; Dalmazzone, S.; Shogren, J.; Simmons, P.; Watkinson, A. Biological invasion
risks and the public good: An economic perspective. Conserv. Ecol. 2002, 6, 1. [CrossRef]

33. Brown, J.K.M.; Hovmøller, M.S. Aerial dispersal of fungi on the global and continental scales and its consequences for plant
disease. Science 2002, 297, 537–541. [CrossRef]

34. Ali, S.; Gladieux, P.; Leconte, M.; Gautier, A.; Justesen, A.F.; Hovmøller, M.S.; Enjalbert, J.; de Vallavieille-Pope, C. Origin,
migration routes and worldwide population genetic structure of the wheat yellow rust pathogen Puccinia striiformis f. sp. tritici.
PLoS Pathog. 2014, 10, e1003903. [CrossRef]

35. McDonald, B.A.; Linde, C. Pathogen population genetics, evolutionary potential, and durable resistance. Annu. Rev. Phytopathol.
2002, 40, 349–379. [CrossRef]

36. Thompson, J.N. The evolution of species interactions. Science 1999, 284, 2116–2118. [CrossRef]
37. Thompson, J.N. The Geographic Mosaic of Coevolution; University of Chicago Press: Chicago, IL, USA, 2005.
38. Burdon, J.J.; Thrall, P.H. What have we learned from studies of wild plant-pathogen associations?—The dynamic interplay of

time, space and life-history. Eur. J. Plant Pathol. 2014, 138, 417–429. [CrossRef]
39. Upson, J.L.; Zess, E.K.; Białas, A.; Wu, C.H.; Kamoun, S. The coming of age of EvoMPMI: Evolutionary molecular plant-microbe

interactions across multiple timescales. Curr. Opin. Plant Biol. 2018, 44, 108–116. [CrossRef]
40. Borrelli, G.M.; Mazzucotelli, E.; Marone, D.; Crosatti, C.; Michelotti, V.; Valè, G.; Mastrangelo, A.M. Regulation and Evolution of

NLR Genes: A Close Interconnection for Plant Immunity. Int. J. Mol. Sci. 2018, 19, 1662. [CrossRef]
41. de Vries, S.; Stukenbrock, E.H.; Rose, L.E. Rapid evolution in plant-microbe interactions—An evolutionary genomics perspective.

New Phytol. 2020, 226, 1256–1262. [CrossRef]
42. Van, V. A new evolutionary law. Evol. Theory 1973, 1, 284–314.
43. Brockhurst, M.A.; Chapman, T.; King, K.C.; Mank, J.E.; Paterson, S.; Hurst, G.D. Running with the Red Queen: The role of biotic

conflicts in evolution. Proc. Biol. Sci. 2014, 281, 20141382. [CrossRef]
44. Sironi, M.; Cagliani, R.; Forni, D.; Clerici, M. Evolutionary insights into host-pathogen interactions from mammalian sequence

data. Nat. Rev. Genet. 2015, 16, 224–236. [CrossRef]
45. Han, G.-Z. Origin and evolution of the plant immune system. New Phytol. 2019, 222, 70–83. [CrossRef]
46. Woolhouse, M.E.; Webster, J.P.; Domingo, E.; Charlesworth, B.; Levin, B.R. Biological and biomedical implications of the

co-evolution of pathogens and their hosts. Nat. Genet. 2002, 32, 569–577. [CrossRef]
47. Pfennig, K.S. Evolution of pathogen virulence: The role of variation in host phenotype. Proc. Biol. Sci. 2001, 268, 755–760.

[CrossRef]
48. Brown, J.K.; Tellier, A. Plant-parasite coevolution: Bridging the gap between genetics and ecology. Annu. Rev. Phytopathol. 2011,

49, 345–367. [CrossRef]
49. Wynn, W.K. Appressorium Formation over Stomates by the Bean Rust Fungus: Response to a Surface Contact Stimulus.

Phytopathology 1976, 66, 136–146. [CrossRef]
50. Wynn, W.K.; Staples, R.C. Tropisms of fungi in host recognition. In Plant Disease Control: Resistance and Susceptibility; Staples, R.C.,

Toenniessen, G.H., Eds.; John Wiley and Sons: New York, NY, USA, 1981; p. 45.
51. Niks, R.E. Effect of germ tube length on the fate of sporelings of Puccinia hordei in susceptible and resistant barley. Phytopathology

1990, 80, 57–60. [CrossRef]
52. Bruce, M.; Neugebauer, K.; Joly, D.; Migeon, P.; Cuomo, C.; Wang, S.; Akhunov, E.; Bakkeren, G.; Kolmer, J.; Fellers, J. Using

transcription of six Puccinia triticina races to identify the effective secretome during infection of wheat. Front. Plant Sci. 2014,
4, 520. [CrossRef]

53. Kiran, K.; Rawal, H.C.; Dubey, H.; Jaswal, R.; Devanna, B.N.; Gupta, D.K.; Bhardwaj, S.C.; Prasad, P.; Pal, D.; Chhuneja, P.; et al.
Draft Genome of the Wheat Rust Pathogen (Puccinia triticina) Unravels Genome-Wide Structural Variations during Evolution.
Genome Biol. Evol. 2016, 8, 2702–2721. [CrossRef]

54. Cui, Z.; Wu, W.; Fan, F.; Wang, F.; Liu, D.; Di, D.; Wang, H. Transcriptome analysis of Lr19-virulent mutants provides clues for the
AvrLr19 of Puccinia triticina. Front. Microbiol. 2023, 14, 1062548. [CrossRef]

55. Qi, Y.; Wei, J.; Zhang, N.; Yang, W.; Liu, D. Puccinia triticina effector protein Pt18906 triggered two-layer defense reaction in
TcLr27+31. Sci. Agric. Sin. 2020, 53, 2371–2384. [CrossRef]

56. Qi, Y.; Li, J.; Mapuranga, J.; Zhang, N.; Chang, J.; Shen, Q.; Zhang, Y.; Wei, J.; Cui, L.; Liu, D.; et al. Wheat leaf rust fungus effector
Pt13024 is avirulent to TcLr30. Front. Plant Sci. 2022, 13, 1098549. [CrossRef] [PubMed]

57. Wang, F.; Shen, S.; Cui, Z.; Yuan, S.; Qu, P.; Jia, H.; Meng, L.; Hao, X.; Liu, D.; Ma, L.; et al. Puccinia triticina effector protein Pt_21
interacts with wheat thaumatin-like protein TaTLP1 to inhibit its antifungal activity and suppress wheat apoplast immunity.
Crop J. 2023, 11, 1431–1440. [CrossRef]

58. Zhang, Y.; Yang, W.; Liu, D. Characteristics and Function Analysis of Wheat Leaf Rust Effector Protein Pt2567. Master’s Thesis,
Agricultural University of Hebei, Baoding, China, 2014.

https://doi.org/10.5751/ES-00396-060101
https://doi.org/10.1126/science.1072678
https://doi.org/10.1371/journal.ppat.1003903
https://doi.org/10.1146/annurev.phyto.40.120501.101443
https://doi.org/10.1126/science.284.5423.2116
https://doi.org/10.1007/s10658-013-0265-9
https://doi.org/10.1016/j.pbi.2018.03.003
https://doi.org/10.3390/ijms19061662
https://doi.org/10.1111/nph.16458
https://doi.org/10.1098/rspb.2014.1382
https://doi.org/10.1038/nrg3905
https://doi.org/10.1111/nph.15596
https://doi.org/10.1038/ng1202-569
https://doi.org/10.1098/rspb.2000.1582
https://doi.org/10.1146/annurev-phyto-072910-095301
https://doi.org/10.1094/Phyto-66-136
https://doi.org/10.1094/Phyto-80-57
https://doi.org/10.3389/fpls.2013.00520
https://doi.org/10.1093/gbe/evw197
https://doi.org/10.3389/fmicb.2023.1062548
https://doi.org/10.3864/j.issn.0578-1752.2020.12.006
https://doi.org/10.3389/fpls.2022.1098549
https://www.ncbi.nlm.nih.gov/pubmed/36726676
https://doi.org/10.1016/j.cj.2023.04.006


Plants 2023, 12, 3996 17 of 21

59. Segovia, V.; Bruce, M.; Shoup Rupp, J.L.; Huang, L.; Bakkeren, G.; Trick, H.N.; Fellers, J.P. Two small secreted proteins from
Puccinia triticina induce reduction of ß-glucoronidase transient expression in wheat isolines containing Lr9, Lr24 and Lr26. Can.
J. Plant Pathol. 2016, 38, 91–102. [CrossRef]

60. Wu, Y.; Zhou, J.M. Receptor-like kinases in plant innate immunity. J. Integr. Plant Biol. 2013, 55, 1271–1286. [CrossRef] [PubMed]
61. He, Y.; Zhou, J.; Shan, L.; Meng, X. Plant cell surface receptor-mediated signaling—A common theme amid diversity. J. Cell Sci.

2018, 131, jcs209353. [CrossRef] [PubMed]
62. Saijo, Y.; Loo, E.P.-i.; Yasuda, S. Pattern recognition receptors and signaling in plant–microbe interactions. Plant J. 2018, 93,

592–613. [CrossRef]
63. Ranf, S.; Eschen-Lippold, L.; Pecher, P.; Lee, J.; Scheel, D. Interplay between calcium signalling and early signalling elements

during defence responses to microbe- or damage-associated molecular patterns. Plant J. For. Cell Mol. Biol. 2011, 68, 100–113.
[CrossRef]

64. Yun, B.W.; Feechan, A.; Yin, M.; Saidi, N.B.; Le Bihan, T.; Yu, M.; Moore, J.W.; Kang, J.G.; Kwon, E.; Spoel, S.H.; et al. S-nitrosylation
of NADPH oxidase regulates cell death in plant immunity. Nature 2011, 478, 264–268. [CrossRef]

65. Scheler, C.; Durner, J.; Astier, J. Nitric oxide and reactive oxygen species in plant biotic interactions. Curr. Opin. Plant Biol. 2013,
16, 534–539. [CrossRef]

66. Wang, Z.; Li, X.; Wang, X.; Liu, N.; Xu, B.; Peng, Q.; Guo, Z.; Fan, B.; Zhu, C.; Chen, Z. Arabidopsis Endoplasmic Reticulum-
Localized UBAC2 Proteins Interact with PAMP-INDUCED COILED-COIL to Regulate Pathogen-Induced Callose Deposition and
Plant Immunity. Plant Cell 2019, 31, 153–171. [CrossRef]

67. Huang, W.; Wang, Y.; Li, X.; Zhang, Y. Biosynthesis and Regulation of Salicylic Acid and N-Hydroxypipecolic Acid in Plant
Immunity. Mol. Plant 2020, 13, 31–41. [CrossRef]

68. Zavaliev, R.; Mohan, R.; Chen, T.; Dong, X. Formation of NPR1 Condensates Promotes Cell Survival during the Plant Immune
Response. Cell 2020, 182, 1093–1108.e18. [CrossRef] [PubMed]

69. Yuan, M.; Jiang, Z.; Bi, G.; Nomura, K.; Liu, M.; Wang, Y.; Cai, B.; Zhou, J.-M.; He, S.Y.; Xin, X.-F. Pattern-recognition receptors are
required for NLR-mediated plant immunity. Nature 2021, 592, 105–109. [CrossRef] [PubMed]

70. Jones, J.D.; Vance, R.E.; Dangl, J.L. Intracellular innate immune surveillance devices in plants and animals. Science 2016,
354, aaf6395. [CrossRef] [PubMed]

71. Couto, D.; Zipfel, C. Regulation of pattern recognition receptor signalling in plants. Nat. Rev. Immunol. 2016, 16, 537–552.
[CrossRef] [PubMed]

72. Tsuda, K.; Sato, M.; Stoddard, T.; Glazebrook, J.; Katagiri, F. Network Properties of Robust Immunity in Plants. PLoS Genet. 2009,
5, e1000772. [CrossRef]

73. Ngou, B.P.M.; Ahn, H.K.; Ding, P.; Jones, J.D.G. Mutual potentiation of plant immunity by cell-surface and intracellular receptors.
Nature 2021, 592, 110–115. [CrossRef] [PubMed]

74. Tena, G. PTI and ETI are one. Nat. Plants 2021, 7, 1527. [CrossRef]
75. Tian, H.; Chen, S.; Wu, Z.; Ao, K.; Yaghmaiean, H.; Sun, T.; Huang, W.; Xu, F.; Zhang, Y.; Wang, S.; et al. Activation of TIR

signaling is required for pattern-triggered immunity. bioRxiv 2020. [CrossRef]
76. Pruitt, R.N.; Locci, F.; Wanke, F.; Zhang, L.; Saile, S.C.; Joe, A.; Karelina, D.; Hua, C.; Fröhlich, K.; Wan, W.-L.; et al. The

EDS1–PAD4–ADR1 node mediates Arabidopsis pattern-triggered immunity. Nature 2021, 598, 495–499. [CrossRef]
77. Ruiz-Bedoya, T.; Wang, P.W.; Desveaux, D.; Guttman, D.S. Cooperative virulence via the collective action of secreted pathogen

effectors. Nat. Microbiol. 2023, 8, 640–650. [CrossRef] [PubMed]
78. Jacob, P.; Hige, J.; Dangl, J.L. Is localized acquired resistance the mechanism for effector-triggered disease resistance in plants?

Nat. Plants 2023, 9, 1184–1190. [CrossRef] [PubMed]
79. Flor, H.H. Current status of the gene-for-gene concept. Annu. Rev. Phytopathol. 1971, 9, 275–296. [CrossRef]
80. Staskawicz, B.J. Genetics of Plant-Pathogen Interactions Specifying Plant Disease Resistance. Plant Physiol. 2001, 125, 73.

[CrossRef] [PubMed]
81. Glazebrook, J. Contrasting Mechanisms of Defense Against Biotrophic and Necrotrophic Pathogens. Annu. Rev. Phytopathol. 2005,

43, 205–227. [CrossRef]
82. Arya, P.; Acharya, V. Plant STAND P-loop NTPases: A current perspective of genome distribution, evolution, and function. Mol.

Genet. Genom. 2018, 293, 17–31. [CrossRef]
83. Prasad, P.; Savadi, S.; Bhardwaj, S.C.; Gupta, P.K. The progress of leaf rust research in wheat. Fungal Biol. 2020, 124, 537–550.

[CrossRef]
84. Adachi, H.; Derevnina, L.; Kamoun, S. NLR singletons, pairs, and networks: Evolution, assembly, and regulation of the

intracellular immunoreceptor circuitry of plants. Curr. Opin. Plant Biol. 2019, 50, 121–131. [CrossRef]
85. Wang, J.; Hu, M.; Wang, J.; Qi, J.; Han, Z.; Wang, G.; Qi, Y.; Wang, H.W.; Zhou, J.M.; Chai, J. Reconstitution and structure of a

plant NLR resistosome conferring immunity. Science 2019, 364, eaav5870. [CrossRef]
86. van Wersch, S.; Tian, L.; Hoy, R.; Li, X. Plant NLRs: The Whistleblowers of Plant Immunity. Plant Commun. 2020, 1, 100016.

[CrossRef] [PubMed]
87. Rubiales, D.; Niks, R.E. Histological responses in Hordeum chilense to brown and yellow rust fungi. Plant Pathol. 1992, 41,

611–617. [CrossRef]
88. Lagudah, E.S. Molecular genetics of race non-specific rust resistance in wheat. Euphytica 2011, 179, 81–91. [CrossRef]

https://doi.org/10.1080/07060661.2016.1150884
https://doi.org/10.1111/jipb.12123
https://www.ncbi.nlm.nih.gov/pubmed/24308571
https://doi.org/10.1242/jcs.209353
https://www.ncbi.nlm.nih.gov/pubmed/29378836
https://doi.org/10.1111/tpj.13808
https://doi.org/10.1111/j.1365-313X.2011.04671.x
https://doi.org/10.1038/nature10427
https://doi.org/10.1016/j.pbi.2013.06.020
https://doi.org/10.1105/tpc.18.00334
https://doi.org/10.1016/j.molp.2019.12.008
https://doi.org/10.1016/j.cell.2020.07.016
https://www.ncbi.nlm.nih.gov/pubmed/32810437
https://doi.org/10.1038/s41586-021-03316-6
https://www.ncbi.nlm.nih.gov/pubmed/33692546
https://doi.org/10.1126/science.aaf6395
https://www.ncbi.nlm.nih.gov/pubmed/27934708
https://doi.org/10.1038/nri.2016.77
https://www.ncbi.nlm.nih.gov/pubmed/27477127
https://doi.org/10.1371/journal.pgen.1000772
https://doi.org/10.1038/s41586-021-03315-7
https://www.ncbi.nlm.nih.gov/pubmed/33692545
https://doi.org/10.1038/s41477-021-01057-y
https://doi.org/10.1101/2020.12.27.424494
https://doi.org/10.1038/s41586-021-03829-0
https://doi.org/10.1038/s41564-023-01328-8
https://www.ncbi.nlm.nih.gov/pubmed/36782026
https://doi.org/10.1038/s41477-023-01466-1
https://www.ncbi.nlm.nih.gov/pubmed/37537398
https://doi.org/10.1146/annurev.py.09.090171.001423
https://doi.org/10.1104/pp.125.1.73
https://www.ncbi.nlm.nih.gov/pubmed/11154300
https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.1007/s00438-017-1368-3
https://doi.org/10.1016/j.funbio.2020.02.013
https://doi.org/10.1016/j.pbi.2019.04.007
https://doi.org/10.1126/science.aav5870
https://doi.org/10.1016/j.xplc.2019.100016
https://www.ncbi.nlm.nih.gov/pubmed/33404540
https://doi.org/10.1111/j.1365-3059.1992.tb02461.x
https://doi.org/10.1007/s10681-010-0336-3


Plants 2023, 12, 3996 18 of 21

89. Niks, R.E. Haustorium formation by Puccinia hordei in leaves of hypersensitive, partially resistant, and nonhost plant genotypes.
Phytopathology 1983, 73, 64–66. [CrossRef]

90. Niks, R.E. Non-host plant species as donors for resistance to pathogens with narrow host range.II. Concepts and evidence of
non-host resistance. Euphytica 1988, 37, 89–99. [CrossRef]

91. Ellis, J.G.; Lagudah, E.S.; Spielmeyer, W.; Dodds, P.N. The past, present and future of breeding rust resistant wheat. Front. Plant
Sci. 2014, 5, 641. [CrossRef] [PubMed]

92. Figueroa, M.; Hammond-Kosack, K.E.; Solomon, P.S. A review of wheat diseases—A field perspective. Mol. Plant Pathol. 2018, 19,
1523–1536. [CrossRef] [PubMed]

93. Dinh, H.X.; Singh, D.; Periyannan, S.; Park, R.F.; Pourkheirandish, M. Molecular genetics of leaf rust resistance in wheat and
barley. Theor. Appl. Genet. 2020, 133, 2035–2050. [CrossRef]

94. Andersen, E.J.; Nepal, M.P.; Purintun, J.M.; Nelson, D.; Mermigka, G.; Sarris, P.F. Wheat Disease Resistance Genes and Their
Diversification Through Integrated Domain Fusions. Front. Genet. 2020, 11, 898. [CrossRef]

95. Dinglasan, E.; Periyannan, S.; Hickey, L.T. Harnessing adult-plant resistance genes to deploy durable disease resistance in crops.
Essays Biochem. 2022, 66, EBC20210096. [CrossRef]

96. Kumar, S.; Kamboj, D.; Srivastava, P.; Mishra, C.N.; Singh, G.; Singh, G.P. Broadening Genetic Base of Wheat for Improving Rust
Resistance. In New Horizons in Wheat and Barley Research: Global Trends, Breeding and Quality Enhancement; Kashyap, P.L., Gupta, V.,
Prakash Gupta, O., Sendhil, R., Gopalareddy, K., Jasrotia, P., Singh, G.P., Eds.; Springer: Singapore, 2022; pp. 401–427.

97. Mapuranga, J.; Zhang, N.; Zhang, L.; Liu, W.; Chang, J.; Yang, W. Harnessing genetic resistance to rusts in wheat and integrated
rust management methods to develop more durable resistant cultivars. Front. Plant Sci. 2022, 13, 951095. [CrossRef]

98. Mao, H.; Jiang, C.; Tang, C.; Nie, X.; Du, L.; Liu, Y.; Cheng, P.; Wu, Y.; Liu, H.; Kang, Z.; et al. Wheat adaptation to environmental
stresses under climate change: Molecular basis and genetic improvement. Mol. Plant 2023, 16, 1564–1589. [CrossRef]

99. Ren, X.; Wang, C.; Ren, Z.; Wang, J.; Zhang, P.; Zhao, S.; Li, M.; Yuan, M.; Yu, X.; Li, Z.; et al. Genetics of Resistance to Leaf Rust in
Wheat: An Overview in a Genome-Wide Level. Sustainability 2023, 15, 3247. [CrossRef]

100. Deblieck, M.; Ordon, F.; Serfling, A. Mapping of prehaustorial resistance against wheat leaf rust in einkorn (Triticum monococcum),
a progenitor of wheat. Front. Plant Sci. 2023, 14, 1252123. [CrossRef]

101. Wu, H.; Kang, Z.; Li, X.; Li, Y.; Li, Y.; Wang, S.; Liu, D. Identification of Wheat Leaf Rust Resistance Genes in Chinese Wheat
Cultivars and the Improved Germplasms. Plant Dis. 2020, 104, 2669–2680. [CrossRef]

102. Hatta, M.A.M.; Steuernagel, B.; Wulff, B.B.H. Rapid gene cloning in wheat. In Applications of Genetic and Genomic Research in
Cereals; Elsevier: Amsterdam, The Netherlands, 2019; pp. 65–95.

103. Zhang, J.; Zhang, P.; Dodds, P.; Lagudah, E. How Target-Sequence Enrichment and Sequencing (TEnSeq) Pipelines Have Catalyzed
Resistance Gene Cloning in the Wheat-Rust Pathosystem. Front. Plant Sci. 2020, 11, 678. [CrossRef]

104. Cloutier, S.; McCallum, B.D.; Loutre, C.; Banks, T.W.; Wicker, T.; Feuillet, C.; Keller, B.; Jordan, M.C. Leaf rust resistance gene Lr1,
isolated from bread wheat (Triticum aestivum L.) is a member of the large psr567 gene family. Plant Mol. Biol. 2007, 65, 93–106.
[CrossRef]

105. Feuillet, C.; Travella, S.; Stein, N.; Albar, L.; Nublat, A.; Keller, B. Map-based isolation of the leaf rust disease resistance gene Lr10
from the hexaploid wheat (Triticum aestivum L.) genome. Proc. Natl. Acad. Sci. USA 2003, 100, 15253–15258. [CrossRef]

106. Huang, L.; Brooks, S.A.; Li, W.; Fellers, J.P.; Trick, H.N.; Gill, B.S. Map-based cloning of leaf rust resistance gene Lr21 from the
large and polyploid genome of bread wheat. Genetics 2003, 164, 655–664. [CrossRef]

107. Krattinger, S.G.; Lagudah, E.S.; Spielmeyer, W.; Singh, R.P.; Huerta-Espino, J.; McFadden, H.; Bossolini, E.; Selter, L.L.; Keller,
B. A putative ABC transporter confers durable resistance to multiple fungal pathogens in wheat. Science 2009, 323, 1360–1363.
[CrossRef]

108. Lin, G.; Chen, H.; Tian, B.; Sehgal, S.K.; Singh, L.; Xie, J.; Rawat, N.; Juliana, P.; Singh, N.; Shrestha, S.; et al. Cloning of the broadly
effective wheat leaf rust resistance gene Lr42 transferred from Aegilops tauschii. Nat. Commun. 2022, 13, 3044. [CrossRef]

109. Moore, J.W.; Herrera-Foessel, S.; Lan, C.; Schnippenkoetter, W.; Ayliffe, M.; Huerta-Espino, J.; Lillemo, M.; Viccars, L.; Milne, R.;
Periyannan, S.; et al. A recently evolved hexose transporter variant confers resistance to multiple pathogens in wheat. Nat. Genet.
2015, 47, 1494–1498. [CrossRef]

110. Hewitt, T.; Zhang, J.; Huang, L.; Upadhyaya, N.; Li, J.; Park, R.; Hoxha, S.; McIntosh, R.; Lagudah, E.; Zhang, P. Wheat leaf rust
resistance gene Lr13 is a specific Ne2 allele for hybrid necrosis. Mol. Plant 2021, 14, 1025–1028. [CrossRef]

111. Yan, X.; Li, M.; Zhang, P.; Yin, G.; Zhang, H.; Gebrewahid, T.W.; Zhang, J.; Dong, L.; Liu, D.; Liu, Z.; et al. High-temperature
wheat leaf rust resistance gene Lr13 exhibits pleiotropic effects on hybrid necrosis. Mol. Plant 2021, 14, 1029–1032. [CrossRef]

112. Thind, A.K.; Wicker, T.; Šimková, H.; Fossati, D.; Moullet, O.; Brabant, C.; Vrána, J.; Doležel, J.; Krattinger, S.G. Rapid cloning of
genes in hexaploid wheat using cultivar-specific long-range chromosome assembly. Nat. Biotechnol. 2017, 35, 793–796. [CrossRef]

113. Kolodziej, M.C.; Singla, J.; Sánchez-Martín, J.; Zbinden, H.; Šimková, H.; Karafiátová, M.; Doležel, J.; Gronnier, J.; Poretti, M.;
Glauser, G.; et al. A membrane-bound ankyrin repeat protein confers race-specific leaf rust disease resistance in wheat. Nat.
Commun. 2021, 12, 956. [CrossRef]

114. Wang, Y.; Abrouk, M.; Gourdoupis, S.; Koo, D.-H.; Karafiátová, M.; Molnár, I.; Holušová, K.; Doležel, J.; Athiyannan, N.;
Cavalet-Giorsa, E.; et al. An unusual tandem kinase fusion protein confers leaf rust resistance in wheat. Nat. Genet. 2023, 55,
914–920. [CrossRef]

https://doi.org/10.1094/Phyto-73-64
https://doi.org/10.1007/BF00037229
https://doi.org/10.3389/fpls.2014.00641
https://www.ncbi.nlm.nih.gov/pubmed/25505474
https://doi.org/10.1111/mpp.12618
https://www.ncbi.nlm.nih.gov/pubmed/29045052
https://doi.org/10.1007/s00122-020-03570-8
https://doi.org/10.3389/fgene.2020.00898
https://doi.org/10.1042/EBC20210096
https://doi.org/10.3389/fpls.2022.951095
https://doi.org/10.1016/j.molp.2023.09.001
https://doi.org/10.3390/su15043247
https://doi.org/10.3389/fpls.2023.1252123
https://doi.org/10.1094/PDIS-12-19-2619-RE
https://doi.org/10.3389/fpls.2020.00678
https://doi.org/10.1007/s11103-007-9201-8
https://doi.org/10.1073/pnas.2435133100
https://doi.org/10.1093/genetics/164.2.655
https://doi.org/10.1126/science.1166453
https://doi.org/10.1038/s41467-022-30784-9
https://doi.org/10.1038/ng.3439
https://doi.org/10.1016/j.molp.2021.05.010
https://doi.org/10.1016/j.molp.2021.05.009
https://doi.org/10.1038/nbt.3877
https://doi.org/10.1038/s41467-020-20777-x
https://doi.org/10.1038/s41588-023-01401-2


Plants 2023, 12, 3996 19 of 21

115. Li, H.; Hua, L.; Zhao, S.; Hao, M.; Song, R.; Pang, S.; Liu, Y.; Chen, H.; Zhang, W.; Shen, T.; et al. Cloning of the broad-spectrum
wheat leaf rust resistance gene Lr47 introgressed from Aegilops speltoides. Nat. Commun. 2023, 14, 6072. [CrossRef]

116. Feuillet, C.; Schachermayr, G.; Keller, B. Molecular cloning of a new receptor-like kinase gene encoded at the Lr10 disease
resistance locus of wheat. Plant J. For. Cell Mol. Biol. 1997, 11, 45–52. [CrossRef]

117. O’Connell, R.J.; Panstruga, R. Tête à tête inside a plant cell: Establishing compatibility between plants and biotrophic fungi and
oomycetes. New Phytol. 2006, 171, 699–718. [CrossRef]

118. Hückelhoven, R. Cell wall-associated mechanisms of disease resistance and susceptibility. Annu. Rev. Phytopathol. 2007, 45,
101–127. [CrossRef]

119. Anker, C.C.; Niks, R.E. Prehaustorial resistance to the wheat leaf rust fungus, Puccinia triticina, in Triticum monococcum (s.s.).
Euphytica 2001, 117, 209–215. [CrossRef]

120. Niks, R.E.; Rubiales, D. Potentially durable resistance mechanisms in plants to specialised fungal pathogens. Euphytica 2002, 124,
201–216. [CrossRef]

121. Skolotneva, E.; Salina, E. Resistance mechanisms involved in complex immunity of wheat against rust diseases. Vavilov J. Genet.
Breed. 2019, 23, 542–550. [CrossRef]

122. Rubiales, D.; Niks, R.E. Characterization of Lr34, a Major Gene Conferring Nonhypersensitive Resistance to Wheat Leaf Rust.
Plant Dis. 1995, 79, 1208–1212. [CrossRef]

123. Dmochowska-Boguta, M.; Alaba, S.; Yanushevska, Y.; Piechota, U.; Lasota, E.; Nadolska-Orczyk, A.; Karlowski, W.M.; Orczyk,
W. Pathogen-regulated genes in wheat isogenic lines differing in resistance to brown rust Puccinia triticina. BMC Genom. 2015,
16, 742. [CrossRef]

124. Orczyk, W.; Dmochowska-Boguta, M.; Czembor, H.J.; Nadolska-Orczyk, A. Spatiotemporal patterns of oxidative burst and
micronecrosis in resistance of wheat to brown rust infection. Plant Pathol. 2010, 59, 567–575. [CrossRef]

125. Serfling, A.; Templer, S.E.; Winter, P.; Ordon, F. Microscopic and Molecular Characterization of the Prehaustorial Resistance
against Wheat Leaf Rust (Puccinia triticina) in Einkorn (Triticum monococcum). Front. Plant Sci. 2016, 7, 1668. [CrossRef]

126. Guerra-Guimarães, L.; Tenente, R.; Pinheiro, C.; Chaves, I.; Silva, M.D.C.; Cardoso, F.; Planchon, S.; De Barros, D.; Renaut, J.;
Ricardo, C. Proteomic analysis of apoplastic fluid of Coffea arabica leaves highlights novel biomarkers for resistance against
Hemileia vastatrix. Front. Plant Sci. 2015, 6, 478. [CrossRef]

127. Andrzejczak, O.A.; Sørensen, C.K.; Wang, W.Q.; Kovalchuk, S.; Hagensen, C.E.; Jensen, O.N.; Carciofi, M.; Hovmøller, M.S.;
Rogowska-Wrzesinska, A.; Møller, I.M.; et al. The effect of phytoglobin overexpression on the plant proteome during nonhost
response of barley (Hordeum vulgare) to wheat powdery mildew (Blumeria graminis f. sp. tritici). Sci. Rep. 2020, 10, 9192. [CrossRef]

128. Wan, W.-L.; Kim, S.-T.; Castel, B.; Charoennit, N.; Chae, E. Genetics of autoimmunity in plants: An evolutionary genetics
perspective. New Phytol. 2021, 229, 1215–1233. [CrossRef]

129. Dyck, P.L.; Kerber, E.R. Resistance of the Race-Specific Type. In The Cereal Rusts, Volume II.; Diseases, Distribution, Epidemiology, and
Control; Roelfs, A.P., Bushnell, W.R., Eds.; Academic Press: Orlando, FL, USA, 1985; pp. 469–500.

130. Niks, R.E. Early abortion of colonies of leaf rust, Puccinia hordei, in partially resistant barley seedlings. Can. J. Bot. 1982, 60,
714–723. [CrossRef]

131. Herrera-Foessel, S.A.; Lagudah, E.S.; Huerta-Espino, J.; Hayden, M.J.; Bariana, H.S.; Singh, D.; Singh, R.P. New slow-rusting
leaf rust and stripe rust resistance genes Lr67 and Yr46 in wheat are pleiotropic or closely linked. Theor. Appl. Genet. 2011, 122,
239–249. [CrossRef]

132. Herrera-Foessel, S.A.; Singh, R.P.; Lillemo, M.; Huerta-Espino, J.; Bhavani, S.; Singh, S.; Lan, C.; Calvo-Salazar, V.; Lagudah, E.S.
Lr67/Yr46 confers adult plant resistance to stem rust and powdery mildew in wheat. Theor. Appl. Genet. 2014, 127, 781–789.
[CrossRef]

133. Silva, M.C.; Nicole, M.; Guerra-GuimarÃes, L.; Rodrigues, C.J. Hypersensitive cell death and post-haustorial defence responses
arrest the orange rust (Hemileia vastatrix) growth in resistant coffee leaves. Physiol. Mol. Plant Pathol. 2002, 60, 169–183. [CrossRef]

134. Torres, M.A.; Dangl, J.L.; Jones, J.D. Arabidopsis gp91phox homologues AtrbohD and AtrbohF are required for accumulation of
reactive oxygen intermediates in the plant defense response. Proc. Natl. Acad. Sci. USA 2002, 99, 517–522. [CrossRef]

135. Cao, H.; Glazebrook, J.; Clarke, J.D.; Volko, S.; Dong, X. The Arabidopsis NPR1 gene that controls systemic acquired resistance
encodes a novel protein containing ankyrin repeats. Cell 1997, 88, 57–63. [CrossRef]

136. Ryals, J.; Weymann, K.; Lawton, K.; Friedrich, L.; Ellis, D.; Steiner, H.Y.; Johnson, J.; Delaney, T.P.; Jesse, T.; Vos, P.; et al. The
Arabidopsis NIM1 protein shows homology to the mammalian transcription factor inhibitor I kappa B. Plant Cell 1997, 9, 425–439.
[CrossRef]

137. Shah, J.; Tsui, F.; Klessig, D.F. Characterization of a salicylic acid-insensitive mutant (sai1) of Arabidopsis thaliana, identified
in a selective screen utilizing the SA-inducible expression of the tms2 gene. Mol. Plant-Microbe Interact. MPMI 1997, 10, 69–78.
[CrossRef]

138. Wu, Y.; Zhang, D.; Chu, J.Y.; Boyle, P.; Wang, Y.; Brindle, I.D.; De Luca, V.; Després, C. The Arabidopsis NPR1 protein is a receptor
for the plant defense hormone salicylic acid. Cell Rep. 2012, 1, 639–647. [CrossRef]

139. Manohar, M.; Tian, M.; Moreau, M.; Park, S.W.; Choi, H.W.; Fei, Z.; Friso, G.; Asif, M.; Manosalva, P.; von Dahl, C.C.; et al.
Identification of multiple salicylic acid-binding proteins using two high throughput screens. Front. Plant Sci. 2014, 5, 777.
[CrossRef]

https://doi.org/10.1038/s41467-023-41833-2
https://doi.org/10.1046/j.1365-313X.1997.11010045.x
https://doi.org/10.1111/j.1469-8137.2006.01829.x
https://doi.org/10.1146/annurev.phyto.45.062806.094325
https://doi.org/10.1023/A:1026577307163
https://doi.org/10.1023/A:1015634617334
https://doi.org/10.18699/VJ19.523
https://doi.org/10.1094/PD-79-1208
https://doi.org/10.1186/s12864-015-1932-3
https://doi.org/10.1111/j.1365-3059.2010.02257.x
https://doi.org/10.3389/fpls.2016.01668
https://doi.org/10.3389/fpls.2015.00478
https://doi.org/10.1038/s41598-020-65907-z
https://doi.org/10.1111/nph.16947
https://doi.org/10.1139/b82-093
https://doi.org/10.1007/s00122-010-1439-x
https://doi.org/10.1007/s00122-013-2256-9
https://doi.org/10.1006/pmpp.2002.0389
https://doi.org/10.1073/pnas.012452499
https://doi.org/10.1016/S0092-8674(00)81858-9
https://doi.org/10.1105/tpc.9.3.425
https://doi.org/10.1094/MPMI.1997.10.1.69
https://doi.org/10.1016/j.celrep.2012.05.008
https://doi.org/10.3389/fpls.2014.00777


Plants 2023, 12, 3996 20 of 21

140. Ding, Y.; Sun, T.; Ao, K.; Peng, Y.; Zhang, Y.; Li, X.; Zhang, Y. Opposite Roles of Salicylic Acid Receptors NPR1 and NPR3/NPR4
in Transcriptional Regulation of Plant Immunity. Cell 2018, 173, 1454–1467.e15. [CrossRef]

141. Gaffney, T.; Friedrich, L.; Vernooij, B.; Negrotto, D.; Nye, G.; Uknes, S.; Ward, E.; Kessmann, H.; Ryals, J. Requirement of Salicylic
Acid for the Induction of Systemic Acquired Resistance. Science 1993, 261, 754–756. [CrossRef] [PubMed]

142. Vlot, A.C.; Dempsey, D.M.A.; Klessig, D.F. Salicylic Acid, a Multifaceted Hormone to Combat Disease. Annu. Rev. Phytopathol.
2009, 47, 177–206. [CrossRef] [PubMed]

143. Hartmann, M.; Zeier, T.; Bernsdorff, F.; Reichel-Deland, V.; Kim, D.; Hohmann, M.; Scholten, N.; Schuck, S.; Bräutigam, A.;
Hölzel, T.; et al. Flavin Monooxygenase-Generated N-Hydroxypipecolic Acid Is a Critical Element of Plant Systemic Immunity.
Cell 2018, 173, 456–469.e16. [CrossRef] [PubMed]

144. Chen, Y.C.; Holmes, E.C.; Rajniak, J.; Kim, J.G.; Tang, S.; Fischer, C.R.; Mudgett, M.B.; Sattely, E.S. N-hydroxy-pipecolic acid is a
mobile metabolite that induces systemic disease resistance in Arabidopsis. Proc. Natl. Acad. Sci. USA 2018, 115, E4920–E4929.
[CrossRef]

145. Conrath, U. Systemic Acquired Resistance. Plant Signal. Behav. 2006, 1, 179–184. [CrossRef]
146. Mou, Z.; Fan, W.; Dong, X. Inducers of plant systemic acquired resistance regulate NPR1 function through redox changes. Cell

2003, 113, 935–944. [CrossRef]
147. Kinkema, M.; Fan, W.; Dong, X. Nuclear localization of NPR1 is required for activation of PR gene expression. Plant Cell 2000, 12,

2339–2350. [CrossRef]
148. Tada, Y.; Spoel, S.H.; Pajerowska-Mukhtar, K.; Mou, Z.; Song, J.; Wang, C.; Zuo, J.; Dong, X. Plant immunity requires conforma-

tional changes [corrected] of NPR1 via S-nitrosylation and thioredoxins. Science 2008, 321, 952–956. [CrossRef]
149. Zhang, Y.; Fan, W.; Kinkema, M.; Li, X.; Dong, X. Interaction of NPR1 with basic leucine zipper protein transcription factors that

bind sequences required for salicylic acid induction of the PR-1 gene. Proc. Natl. Acad. Sci. USA 1999, 96, 6523–6528. [CrossRef]
[PubMed]

150. Zhou, J.M.; Trifa, Y.; Silva, H.; Pontier, D.; Lam, E.; Shah, J.; Klessig, D.F. NPR1 differentially interacts with members of the
TGA/OBF family of transcription factors that bind an element of the PR-1 gene required for induction by salicylic acid. Mol.
Plant-Microbe Interact. MPMI 2000, 13, 191–202. [CrossRef] [PubMed]

151. Després, C.; DeLong, C.; Glaze, S.; Liu, E.; Fobert, P.R. The Arabidopsis NPR1/NIM1 protein enhances the DNA binding activity
of a subgroup of the TGA family of bZIP transcription factors. Plant Cell 2000, 12, 279–290. [CrossRef] [PubMed]

152. Zhang, Y.; Goritschnig, S.; Dong, X.; Li, X. A Gain-of-Function Mutation in a Plant Disease Resistance Gene Leads to Constitutive
Activation of Downstream Signal Transduction Pathways in suppressor of npr1-1, constitutive 1. Plant Cell 2003, 15, 2636–2646.
[CrossRef] [PubMed]

153. Zhang, Y.; Cheng, Y.T.; Qu, N.; Zhao, Q.; Bi, D.; Li, X. Negative regulation of defense responses in Arabidopsis by two NPR1
paralogs. Plant J. For. Cell Mol. Biol. 2006, 48, 647–656. [CrossRef] [PubMed]

154. Fu, Z.Q.; Yan, S.; Saleh, A.; Wang, W.; Ruble, J.; Oka, N.; Mohan, R.; Spoel, S.H.; Tada, Y.; Zheng, N.; et al. NPR3 and NPR4 are
receptors for the immune signal salicylic acid in plants. Nature 2012, 486, 228–232. [CrossRef] [PubMed]

155. Liu, Y.; Sun, T.; Sun, Y.; Zhang, Y.; Radojičić, A.; Ding, Y.; Tian, H.; Huang, X.; Lan, J.; Chen, S.; et al. Diverse Roles of the Salicylic
Acid Receptors NPR1 and NPR3/NPR4 in Plant Immunity. Plant Cell 2020, 32, 4002–4016. [CrossRef] [PubMed]

156. Wang, X.-d.; Bi, W.-s.; Gao, J.; Yu, X.-m.; Wang, H.-y.; Liu, D.-q. Systemic acquired resistance, NPR1, and pathogenesis-related
genes in wheat and barley. J. Integr. Agric. 2018, 17, 2468–2477. [CrossRef]

157. Cantu, D.; Yang, B.; Ruan, R.; Li, K.; Menzo, V.; Fu, D.; Chern, M.; Ronald, P.C.; Dubcovsky, J. Comparative analysis of
protein-protein interactions in the defense response of rice and wheat. BMC Genom. 2013, 14, 166. [CrossRef]

158. Wang, X.; Zhang, H.; Nyamesorto, B.; Luo, Y.; Mu, X.; Wang, F.; Kang, Z.; Lagudah, E.; Huang, L. A new mode of NPR1 action via
an NB-ARC–NPR1 fusion protein negatively regulates the defence response in wheat to stem rust pathogen. New Phytol. 2020,
228, 959–972. [CrossRef]

159. Prasad, P.; Savadi, S.; Bhardwaj, S.C.; Kashyap, P.L.; Gangwar, O.P.; Khan, H.; Kumar, S.; Kumar, R.; Patil, V. Stage-specific
reprogramming of defense responsive genes during Lr24-mediated leaf rust resistance in wheat. J. Plant Pathol. 2019, 101, 283–293.
[CrossRef]

160. Doke, N. Involvement of superoxide anion generation in the hypersensitive response of potato tuber tissues to infection with
an incompatible race of Phytophthora infestans and to the hyphal wall components. Physiol. Plant Pathol. 1983, 23, 345–357.
[CrossRef]

161. Auh, C.K.; Murphy, T.M. Plasma Membrane Redox Enzyme Is Involved in the Synthesis of O2- and H2O2 by Phytophthora
Elicitor-Stimulated Rose Cells. Plant Physiol. 1995, 107, 1241–1247. [CrossRef]

162. Grant, M.; Brown, I.; Adams, S.; Knight, M.; Ainslie, A.; Mansfield, J. The RPM1 plant disease resistance gene facilitates a rapid
and sustained increase in cytosolic calcium that is necessary for the oxidative burst and hypersensitive cell death. Plant J. For. Cell
Mol. Biol. 2000, 23, 441–450. [CrossRef] [PubMed]

163. Ali, M.; Cheng, Z.; Ahmad, H.; Hayat, S. Reactive oxygen species (ROS) as defenses against a broad range of plant fungal
infections and case study on ROS employed by crops against Verticillium dahliae wilts. J. Plant Interact. 2018, 13, 353–363.
[CrossRef]

164. Mhamdi, A.; Van Breusegem, F. Reactive oxygen species in plant development. Development 2018, 145, dev164376. [CrossRef]

https://doi.org/10.1016/j.cell.2018.03.044
https://doi.org/10.1126/science.261.5122.754
https://www.ncbi.nlm.nih.gov/pubmed/17757215
https://doi.org/10.1146/annurev.phyto.050908.135202
https://www.ncbi.nlm.nih.gov/pubmed/19400653
https://doi.org/10.1016/j.cell.2018.02.049
https://www.ncbi.nlm.nih.gov/pubmed/29576453
https://doi.org/10.1073/pnas.1805291115
https://doi.org/10.4161/psb.1.4.3221
https://doi.org/10.1016/S0092-8674(03)00429-X
https://doi.org/10.1105/tpc.12.12.2339
https://doi.org/10.1126/science.1156970
https://doi.org/10.1073/pnas.96.11.6523
https://www.ncbi.nlm.nih.gov/pubmed/10339621
https://doi.org/10.1094/MPMI.2000.13.2.191
https://www.ncbi.nlm.nih.gov/pubmed/10659709
https://doi.org/10.1105/tpc.12.2.279
https://www.ncbi.nlm.nih.gov/pubmed/10662863
https://doi.org/10.1105/tpc.015842
https://www.ncbi.nlm.nih.gov/pubmed/14576290
https://doi.org/10.1111/j.1365-313X.2006.02903.x
https://www.ncbi.nlm.nih.gov/pubmed/17076807
https://doi.org/10.1038/nature11162
https://www.ncbi.nlm.nih.gov/pubmed/22699612
https://doi.org/10.1105/tpc.20.00499
https://www.ncbi.nlm.nih.gov/pubmed/33037144
https://doi.org/10.1016/S2095-3119(17)61852-5
https://doi.org/10.1186/1471-2164-14-166
https://doi.org/10.1111/nph.16748
https://doi.org/10.1007/s42161-018-00199-x
https://doi.org/10.1016/0048-4059(83)90019-X
https://doi.org/10.1104/pp.107.4.1241
https://doi.org/10.1046/j.1365-313x.2000.00804.x
https://www.ncbi.nlm.nih.gov/pubmed/10972870
https://doi.org/10.1080/17429145.2018.1484188
https://doi.org/10.1242/dev.164376


Plants 2023, 12, 3996 21 of 21

165. Lamb, C.; Dixon, R.A. The oxidative burst in plant disease resistance. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1997, 48, 251–275.
[CrossRef]

166. Montillet, J.L.; Chamnongpol, S.; Rustérucci, C.; Dat, J.; van de Cotte, B.; Agnel, J.P.; Battesti, C.; Inzé, D.; Van Breusegem, F.;
Triantaphylidès, C. Fatty acid hydroperoxides and H2O2 in the execution of hypersensitive cell death in tobacco leaves. Plant
Physiol. 2005, 138, 1516–1526. [CrossRef]

167. Levine, A.; Tenhaken, R.; Dixon, R.; Lamb, C. H2O2 from the oxidative burst orchestrates the plant hypersensitive disease
resistance response. Cell 1994, 79, 583–593. [CrossRef]

168. Suzuki, N.; Miller, G.; Morales, J.; Shulaev, V.; Torres, M.A.; Mittler, R. Respiratory burst oxidases: The engines of ROS signaling.
Curr. Opin. Plant Biol. 2011, 14, 691–699. [CrossRef]

169. Nathan, C.; Cunningham-Bussel, A. Beyond oxidative stress: An immunologist’s guide to reactive oxygen species. Nat. Rev.
Immunol. 2013, 13, 349–361. [CrossRef] [PubMed]

170. Dubiella, U.; Seybold, H.; Durian, G.; Komander, E.; Lassig, R.; Witte, C.P.; Schulze, W.X.; Romeis, T. Calcium-dependent protein
kinase/NADPH oxidase activation circuit is required for rapid defense signal propagation. Proc. Natl. Acad. Sci. USA 2013, 110,
8744–8749. [CrossRef] [PubMed]

171. Gilroy, S.; Suzuki, N.; Miller, G.; Choi, W.G.; Toyota, M.; Devireddy, A.R.; Mittler, R. A tidal wave of signals: Calcium and ROS at
the forefront of rapid systemic signaling. Trends Plant Sci. 2014, 19, 623–630. [CrossRef] [PubMed]

172. Lee, D.; Lal, N.K.; Lin, Z.-J.D.; Ma, S.; Liu, J.; Castro, B.; Toruño, T.; Dinesh-Kumar, S.P.; Coaker, G. Regulation of reactive oxygen species
during plant immunity through phosphorylation and ubiquitination of RBOHD. Nat. Commun. 2020, 11, 1838. [CrossRef] [PubMed]

173. Nühse, T.S.; Bottrill, A.R.; Jones, A.M.; Peck, S.C. Quantitative phosphoproteomic analysis of plasma membrane proteins reveals
regulatory mechanisms of plant innate immune responses. Plant J. For. Cell Mol. Biol. 2007, 51, 931–940. [CrossRef] [PubMed]

174. Zhang, J.; Shao, F.; Li, Y.; Cui, H.; Chen, L.; Li, H.; Zou, Y.; Long, C.; Lan, L.; Chai, J.; et al. A Pseudomonas syringae effector
inactivates MAPKs to suppress PAMP-induced immunity in plants. Cell Host Microbe 2007, 1, 175–185. [CrossRef]

175. Doke, N.; Miura, Y.; Sanchez, L.M.; Park, H.J.; Noritake, T.; Yoshioka, H.; Kawakita, K. The oxidative burst protects plants against
pathogen attack: Mechanism and role as an emergency signal for plant bio-defence—A review. Gene 1996, 179, 45–51. [CrossRef]

176. Mellersh, D.G.; Foulds, I.V.; Higgins, V.J.; Heath, M.C. H2O2 plays different roles in determining penetration failure in three
diverse plant-fungal interactions. Plant J. For. Cell Mol. Biol. 2002, 29, 257–268. [CrossRef] [PubMed]

177. van Kan, J.A. Licensed to kill: The lifestyle of a necrotrophic plant pathogen. Trends Plant Sci. 2006, 11, 247–253. [CrossRef]
178. Heller, J.; Tudzynski, P. Reactive oxygen species in phytopathogenic fungi: Signaling, development, and disease. Annu. Rev.

Phytopathol. 2011, 49, 369–390. [CrossRef]
179. Plotnikova, L.Y. The involvement of reactive oxygen species in defense of wheat lines with the genes introgressed from Agropyron

species contributing the resistance against brown rust. Russ. J. Plant Physiol. 2009, 56, 181–189. [CrossRef]
180. West, J.S.; Holdgate, S.; Townsend, J.A.; Edwards, S.G.; Jennings, P.; Fitt, B.D.L. Impacts of changing climate and agronomic

factors on fusarium ear blight of wheat in the UK. Fungal Ecol. 2012, 5, 53–61. [CrossRef]
181. Miedaner, T.; Juroszek, P. Climate change will influence disease resistance breeding in wheat in Northwestern Europe. Theor.

Appl. Genet. 2021, 134, 1771–1785. [CrossRef] [PubMed]
182. Asseng, S.; Ewert, F.; Martre, P.; Rötter, R.P.; Lobell, D.B.; Cammarano, D.; Kimball, B.A.; Ottman, M.J.; Wall, G.W.;

White, J.W.; et al. Rising temperatures reduce global wheat production. Nat. Clim. Chang. 2015, 5, 143–147. [CrossRef]
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