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Abstract Wheat stripe rust caused by Puccinia striifor-
mis f. sp. tritici (Pst) poses a great threat to wheat
production worldwide. The rapid change in virulence of
Pst leads to a loss of resistance in currently resistant wheat
cultivars, which results in frequent disease epidemics.
Therefore, a major focus is currently placed on
investigating the molecular mechanisms underlying this
rapid variation of pathogenicity and coevolving wheat
resistance. Limited by the lack of a system for stable
transformation of Pst and the difficulties in wheat
transformation, it is not easy to generate deeper insights
into the wheat-Pst interaction using established genetic
methods. Nevertheless, considerable effort has been made
to unravel the wheat-Pst interaction and significant
progress is being made. Histology and cytology have
revealed basic details of infection strategies and defense
responses during wheat-Pst interactions, identified cellular
components involved in wheat-Pst interactions, and have
helped to elucidate their role in the infection process or in
plant defense responses. Transcriptome and genome
sequencing has revealed the molecular features and
dynamics of the wheat-Pst pathosystem. Extensive
molecular analyses have led to the identification of
major components in the wheat resistance response and
in Pst virulence. Studies of wheat-Pst interactions have
now entered a new phase in which cellular and molecular
approaches are being used. This review focuses on the
cellular biology of wheat-Pst interactions and integrates
the emerging data from molecular analyses with the
histocytological observations.
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1 Introduction

Wheat (Triticum aestivum) is one of the three most
important food crops, along with rice and potato. A large
number of pathogenic microorganisms cause severe
diseases in wheat, leading to significant yield losses and
posing a great threat to the security of wheat production
worldwide. Wheat stripe rust, caused by Puccinia
striiformis f. sp. tritici (Pst), is one of the most devastating
diseases, with the potential to regularly inflict regional
yield losses ranging from 0.1% to 5%, with rare events
reaching 5%–25%, or even total loss[1]. Planting resistant
cultivars is the most effective way to control this disease.
However, the quick emergence of new virulent races of Pst
has led to frequent resistance losses in currently resistant
cultivars, which ultimately results in epidemics of wheat
stripe rust. The pandemics reported in the 1970s were
assumed to be associated with the failure of Yr2 that is
known to be present in the cultivars most affected in North
Africa, the Indian Subcontinent, the Middle East, East
African highlands, and China[2]. In the 1990s, mutation to
virulence for Yr9 precipitated an historical epidemic[3]. In
China, during 1950–2010, virulence mutation of Pst led to
seven large-scale cultivar replacements. Stripe rust epi-
demics have typically been the outcome of interactions
between coevolved host materials and pathogens. The
evolutionary antagonism between wheat and Pst typically
coincides with the gene-for-gene model, based on
coevolved resistance (R) genes in wheat and avirulence
(Avr) genes in Pst.
During the battle against pathogenic Pst, wheat has

evolved a two-layered innate immune system that includes
pathogen-associated molecular pattern (PAMP)-triggered
immunity (PTI) and effector-triggered immunity (ETI)[4].
PTI, the first line of defense, is governed by pattern
recognition receptors (PRRs) in plant cell membranes that
recognize the highly conserved PAMPs of pathogens to
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trigger a relatively weak immune response. ETI, the
second line of defense is initiated by archetypical R
proteins that directly or indirectly recognize highly
variable pathogen molecules called Avr effectors. Com-
pared to PTI, ETI is a rapid and robust response, usually
associated with a hypersensitive reaction (HR).
Owing to its scientific and economic importance, the

antagonistic wheat-Pst pathosystem has been a focus of
research over the past five decades. In the early stages,
histological and cytological studies have driven our
understanding of the infection process and host responses.
Subsequently, the availability of transcriptome and
genome sequences for wheat and Pst has promoted the
understanding of the molecular events occurring in wheat-
Pst interactions. In this review, we demonstrate the
achievements made in the histological and cytological
study of wheat-Pst interactions, and discuss new insights
into wheat immunity and Pst pathogenesis provided by the
sequence resources and advanced genomic technologies.

2 Histochemical and cytological study of
wheat-Pst interactions

2.1 Infection process of Pst

Pst is a heteroecious, macrocyclic rust pathogen having a
complex life cycle involving five different spore forms.
The major phase of the Pst life cycle is the asexual
uredinial stage in wheat. Successful Pst infection appears
as a mass of urediniospores that erupt from pustules
arranged in long, narrow stripes mainly on leaves, as well
as on leaf sheaths, glumes and awns of susceptible wheat
plants. Barberry species were found to serve as alternate
host of Pst[5,6], which solved the century-old mystery of
Pst life history. Wheat serves as the primary host of Pst and
Berberis spp. as alternate hosts, where sexual reproduction
is completed[5,6].
As an obligate biotroph, Pst depends on living wheat

cells for growth and reproduction. The infection process
for Pst urediniospores in wheat plants can be divided into
three major stages, penetration, parasitic/biotrophic growth
and sporulation. Histological observations revealed that
pathogen penetration occurs mostly within the 12 h
following inoculation, during which time the uredinios-
pores germinate, the germ tubes penetrate through stomata
and then subsequently form substomatal vesicles within
the stomatal cavity. Following this, intercellular invasive
hyphae and haustorial mother cells are formed. Studies
using electron microscopy showed that penetration pegs
are formed from these cells, followed by an extension of
the haustorial neck and then further expansion and
maturation of the haustorial body[7]. Upon establishment
of the haustorium, an infection structure unique to
biotrophic pathogens, that makes intimate contact with
the host cell membrane and allows for nutrient uptake[8],

Pst enters the most important parasitic/biotrophic stage.
Unlike the infection processes in other rust fungi, Pst does
not form an obvious appressorium over the stomata[9].

2.2 Plant response to Pst

Wheat resistance to Pst can be broadly categorized as all-
stage resistance (also called seedling plant resistance, SPR)
and adult plant resistance (APR)[1]. SPR can be detected at
the seedling stage and is expressed during all stages of
plant growth. However, APR is only expressed during the
later stages. Wheat seedling resistance against Pst can be
very effective, but it is usually race-specific and can be
easily overcome by the rapid evolution of new pathogen
races. Histological and cytological studies show that a
series of defense responses are involved in wheat seeding
resistance against Pst infection. These defenses include
cell wall apposition, papilla formation and accumulation of
several antifungal compounds, such as lignin, callose,
plant hydrolases, reactive oxidative species (ROS), and a
HR[10]. Wheat APR against Pst infection shows similar
responses to seeding resistance against Pst infection, and is
initiated as early as the tillering stage, increasing gradually
as plants grow, and is most effective at the boot stage[11].

2.3 Non-host resistance to Pst

Non-host resistance (NHR), defined as resistance shown
by all genotypes of a plant species against all genotypes of
a given pathogen species, represents the most robust and
durable form of plant resistance in nature. NHR is divided
into two types, type I NHR and type II NHR. Type I NHR
does not produce visible symptoms whereas type II NHR
results in a rapid HR with cell death[12]. There are several
studies about NHR in rice, Arabidopsis, or broad bean
involving attempted Pst infection[13–15]. The results show
that a continuum of layered defenses is involved in NHR
against Pst, including basic incompatibility (Pst germ
tubes fail to recognize the stomata of non-host plants),
structural and chemical strengthening of the cell wall and
induction of several defense-related genes. The leaves of
non-host broad bean and rice showed no visible symptoms,
indicating type I NHR, but HR with cell death in infection
units was also occasionally observed at histological and
cytological levels[13,15]. Thus HR that cannot be detected
as visual symptoms may be observed at the single cell level
in type I NHR, which is probably related to low infection
probability and an extremely rapid HR in non-host plants.
Meanwhile, it is worth noting that all NHR in rice,
Arabidopsis and broad bean against Pst strongly induce
the expression of the salicylic acid (SA) pathway[13–15].
Compared with wild type plants, increased fungal growth
was observed in an npr1-1 mutant and in NahG
transformed plants, which are both insensitive to SA[14].
These results highlight the significance of participation of
SA in NHR to Pst.
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3 A complex and delicate regulatory
network in wheat response to Pst

Histological and cytological studies on the wheat-Pst
pathosystem have revealed the features of host resistance
to Pst, including necrotic reactions of host cells during
haustoria formation, pronounced cell wall apposition in
host cells in contact with intercellularly growing hyphae
and papillae formation adjacent to the penetration sites of
haustorial mother cells[10,16] as well as significant synthesis
and accumulation of lignin and callose[10], plant hydro-
lases[17], and ROS[18]. Moreover, an oxidative burst was
observed to be one of the earliest responses of wheat when
exposed to an avirulent Pst race[18]. Given the broad
variety of resistance responses of wheat to Pst, it is
important to determine the molecular mechanisms respon-
sible for host resistance.
Plant disease resistance and susceptibility are governed

by the combined genotypes of host and pathogen, and
depend on a complex interaction and exchange of signals
and responses occurring under given environmental
conditions. During the long processes of host-pathogen
co-evolution, plants have developed various elaborate
mechanisms to prevent pathogen infection.

3.1 Transcriptome analysis revealed the molecular events
involved in wheat response to Pst

Difficulties of wheat transformation and the lack of a
transformation system for Pst limited the effectiveness of
established genetic and molecular techniques in studying
the underlying mechanism of wheat-Pst interactions. In the
absence of genome sequences for wheat and Pst,
transcriptomics was a powerful approach to interpret the
molecular basis of the stripe rust fungus-wheat interaction
and major efforts and progress have been made in
understanding the transcription profile of host genes
involved in response to Pst.
Through construction of a cDNA library from wheat

leaves inoculated with a virulent Pst isolates, 5793 ESTs
were obtained which gave a set of 2743 unique
sequences[19]. Annotation analyzes revealed that among
the differentially expressed genes, ESTs with putative
functions as enzymes of energy and metabolism accounted
for the largest category. The second was a category of
enzymes with unknown and hypothetical proteins, and the
third category was defense proteins[19]. Using the cDNA-
AFLP technique, the dynamic behavior of gene expression
profiles was investigated over a time course. Huge
amounts of transcript derived fragments (TDFs) of wheat
were obtained during the response to the wheat stripe rust
fungus, and approximately 4% of the total TDFs displayed
altered expression patterns after inoculation with avirulent
or virulent Pst[20,21]. Importantly, more than 80% of the
differentially expressed genes were enriched in the early

and late infection stages of Pst, with a quench in the middle
stage of infection. A series of genes encoding signal
molecules expressed soon after pathogen infection were
identified as early pathogen-responsive and potentially
defense-related genes. A large proportion of the genes in
the early infection stage were involved in metabolism,
energy, disease defense and signal transduction and were
found in both compatible and incompatible interac-
tions[20,21]. Plant responses in compatible and incompa-
tible interactions are qualitatively similar, but despite this,
the reponses of wheat to virulent or avirulent Pst races
were quantitatively different. Comparative analysis of 255
TDFs induced during the incompatible interaction with
those in the compatible interaction showed that 161 TDFs
(63%) were also induced during the compatible interaction,
and thus were classified as basal defense-related, while 94
TDFs were expressed preferentially in the incompatible
interaction.
Like the SPR, APR is also clearly associated with

extensive hypersensitive cell death of host cells and
localized production of ROS[11]. In the APR to the stripe
rust fungus by Kariega � Avocet S wheat derived lines,
histopathological and RT-PCR analyzes detected slightly
stronger induction of pathogenesis-related (PR) proteins,
including PR1, PR2 and PR5. Also they revealed that
lignification and production of chitinases may contribute to
APR[22]. Moreover, using cDNA-AFLP and quantitative
RT-PCR, Mallard et al.[22] found that in the wheat cv.
Camp Remy APR expression of some resistance/defense-
related genes was modified during transition from seedling
to adult plant growth. Meanwhile, Coram et al.[23] using
the wheat Affymetrix Gene Chip, identified 99 induced
transcripts specific to Yr39 high temperature adult plant
resistance with two F7 recombinant inbred lines derived
from an Avocet S � Alpowa cross that differed at the Yr39
locus. Through a suppressive subtractive hybridization,
large numbers of genes involved in defense responses and
signal transduction were identified in association with the
APR in wheat cv, Xingzi 9104. High transcript levels from
some PR protein genes were maintained for longer in adult
plants than in seedlings after Pst infection. For the first
time, concanavalin A-like lectin/glucanase was found to be
involved in plant defense against pathogen infection[24].
Transcriptomics studies of wheat-Pst interactions have

thus provided us with a broad overview of the molecular
events during wheat resistance or susceptible response to
Pst. Moreover, abundant sequence data has been obtained,
which has accelerated the application of reverse genetics to
the study of wheat resistance mechanisms.

3.2 Metabolism

Among the transcriptome dynamics of wheat responses to
Pst, genes involved in metabolism and energy are strongly
represented, indicating the importance of regulation of
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metabolism in wheat responses to the attack of both
avirulent and virulent Pst. To clarify the roles of
metabolism in wheat-Pst interactions, induced genes
participating in different metabolic pathways have been
selected for further research. Xu et al.[25] found that the aci-
reductone-dioxygenase, participating in the methionine
salvage pathway, was induced during compatible wheat-
Pst interaction, abiotic stresses and exogenous ethylene
treatment, thus implying that this enzyme may take part in
the ethylene synthesis pathway and respond to signals
resulting from biotic and abiotic stresses. The ceramidase
gene Ta-CDase, which was induced during the wheat
resistance response to avirulent Pst isolate, may play a role
in regulating the conversion of sphingolipid compounds
involved in defense reactions[26]. TaAlaAT1 encoding an
aminotransferase may function as a regulator of plant
carbon and nitrogen metabolism[27].
Hampered by the difficulty of the wheat transformation

system, the functions of wheat genes were initially
proposed based on their expression patterns. Application
of barley stripe mosaic virus-induced gene silencing
(VIGS) in evaluating the role of Lr21 during wheat-
Puccinia triticinia interaction provided a new approach for
characterizing the function of wheat genes[28]. VIGS has
been successfully used to study wheat-Pst interaction and
has provided much evidence for the function of metabo-
lism-related genes in wheat resistance. Glycerol-3-phos-
phate (G3P) is a proposed regulator of plant defense
signaling in basal resistance and systemic acquired
resistance (SAR)[29]. Increased G3P accumulation accom-
panied by induced SAR was observed in the incompatible
wheat-Pst interaction indicating that G3P-mediated SAR
was present in graminaceous plants[30]. The GLY1-
encoded glycerol-3-phosphate dehydrogenase and GLI1-
encoded glycerol kinase are two key enzymes engaged in
two parallel pathways for G3P metabolism. Silencing them
compromised wheat resistance to Pst, with suppressed SA
accumulation and PR1 expression[30], suggesting that
disruption of G3P synthesis affected the host resistance
to the pathogen.
During chlorophyll catabolism, chlorophyll is degraded

to safe linear tetrapyrroles through a series of reactions
catalyzed by chlorophyllase, magnesium dechelatase, and
pheophorbide A oxygenase (PaO). Disruption of expres-
sion of the PaO homolog TaLls1 resulted in the accumula-
tion of pheophorbide A, which induces further cell death
and enhanced wheat tolerance to Pst, by stimulating H2O2

production[31]. Red chlorophyll catabolite accumulation in
leaf tissues transiently overexpressing TaLls1 also led to
H2O2 production and cell death. The data suggested a close
relationship between chlorophyll catabolites and H2O2

accumulation, and resistance to Pst in wheat.
Due to the ability to maintain high levels of ascorbate in

different cell compartments, the ascorbate-glutathione
cycle is important in protecting the organism against

reactive oxygen species in many organisms. Feng et al.[32]

found that the homolog of monodehydroascorbate reduc-
tase (MDHAR) in wheat, TaMDHAR, which is one key
enzyme in the ascorbate-glutathione cycle maintaining the
reduced sate of ascorbate, was involved in the early stage
of wheat-Pst interaction, which is the key stage for the
ROS burst. Silencing of TaMDHAR in wheat cv. Xingzi
9104 resulted in enhanced wheat resistance to Pst by
inhibiting sporulation, suppressing Pst hypha growth and
increasing necrotic areas in the adult stages. It was deduced
that TaMDHAR could contribute to the APR of Xingzi
9104 through ROS metabolism as regulated by the
ascorbate-glutathione cycle[32].
These limited examples only reveal a small part of the

metabolic regulation in wheat defense responses. Never-
theless, it seems enough for us to get a glimpse of the
potential importance of basal metabolism in maintaining
cell homeostasis and the complicated regulatory roles in
wheat resistance to Pst.

3.3 Defense proteins

Pathogen attack activates all the vital activities responsible
for resistance or susceptibility responses to the pathogens.
Therefore, the defense responses to plant infection by
pathogens have received much attention. Transcriptome
analyses revealed various processes including appearance
of multiple proteins involved in the defense response to the
wheat stripe rust fungus. Defense-related proteins identi-
fied can be divided mainly into the following major
categories: PR proteins, stress-related proteins, cell
death-related proteins, Rproteins, auxin-related proteins,
proteins involved in the phenylpropanoid pathway and so
on[19–21,24].

3.3.1 Pathogenesis-related proteins

Expression profiling analyses have shown that some PR
genes maintain high expression levels in wheat after Pst
infection, and persist for longer in the adult plants than in
seedlings after Pst infection, indicating the involvement of
PR proteins in wheat SPR and APR. Thaumatin like
protein[33] and β-1,3-glucanase[34] were upregulated in
both compatible and incompatible wheat-Pst interactions,
during which they may participate in the basal defense of
wheat against Pst. The higher level of transcription and
greater abundance of protein labeling in the incompatible
wheat-Pst interaction than in the compatible interaction
further suggested their positive role in wheat resistance to
Pst[33,34]. Combined with the induced expression in
response to phytohormones (SA, jasmonic acid and
abscisic acid), it is reasonable to suggest that these two
PR proteins are involved in both SAR and induced
systemic resistance. Another PR protein, TaPR10 was
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shown to participate in the defense responses of APR to
Pst, due to a much higher expression level in the resistant
adult stage than in the susceptible seedling stage[35].
Although the defense role of PR proteins in plants against
rust fungi is far from being fully understood, recent results
indicate their involvement in resistance response of wheat
to the stripe rust fungus. Due to the constitutive role of PR
proteins in wheat defense to Pst, some have been taken as
the marker proteins to evaluate wheat resistance response
to Pst in the following studies.

3.3.2 Cell death related genes

The HR is a robust defense response frequently associated
with R gene mediated resistance, and includes the death of
plant cells local to the site of infection. As a form of
programmed cell death (PCD), HR is believed to help
plants defend themselves against pathogens by limiting
their growth. One of the earliest events in HR is the rapid
accumulation of ROS and nitric oxide[36]. The develop-
ment of HR involves a cascade of signaling, during which
the earliest changes are generation of reactive oxygen
intermediates and rapid intracellular ion fluxes. Subse-
quently, the downstream protein components involved in
cell death execution are activated.
Hypersensitive-induced reaction (HIR) genes are a

novel group of plant defense genes associated with the
HR. In wheat, two HIR genes, TaHIR1 and TaHIR3, have
been identified and found to be upregulated after infection
with Pst. Downregulation of TaHIR1 and TaHIR3 reduced
resistance in wheat cv. Suwon 11 against the avirulent Pst
pathotype CYR23 with reduced area of necrotic cells
neighboring the infection sites[37]. By virtue of the known
PCD mechanism in animals, a series of key components in
the cell death pathway of plants have been identified and
characterized. BAX inhibitor-1 (TaBI-1)[38], defender
against apoptotic death (TaDAD2)[39] and monodehydroas-
corbate reductase (TaMDAR6)[40] act as negative regula-
tors of PCD in wheat triggered by the Bax gene and Pst.
TaDAD2 is presumed to function as a suppressor of cell
death in the early stages of wheat-Pst interaction.
However, it is dispensable for or has an opposite function
in HR or cell death triggered by an avirulent race of Pst at
late-infection stages[39]. TaBI-1 and TaMDAR6 were
significantly upregulated during a compatible wheat-Pst
interaction, indicating their contribution to plant
susceptibility. Suppression of TaBI-1 or TaMDAR6
enhances wheat resistance to Pst. Notably, the suppression
of TaMDAR6 during an incompatible interaction induces a
change in the morphology of stomata, which leads to poor
stomatal recognition and as a consequence to reduced
infection efficiency[40].
Caspases are key components in the animal PCD

pathway as the executer of cell death. To date, although
no functional homologs of animal caspases have been

identified in plants, a family of cysteine-dependent
proteases named metacaspases was found in plants,
fungi, and protozoans. Metacaspases are cysteine-depen-
dent proteases, which share a complex regulation system
with other cell death proteases, such as vacuolar processing
enzyme and subtilisin-like serine proteases due to their
mutual substrates and related signaling pathways. Meta-
caspases are divided into two types (type I and type II)
according to the structural feature of the linker between the
P20-like and P10-like domains[41]. The specific roles of
different types of metacaspases in plant resistance to a
pathogen are largely unknown and debatable. In wheat, a
type II metacaspase, TaMCA4, failed to induce PCD
directly, but enhanced cell death triggered by Bax or a
candidate Pst effector. TaMCA4 accumulates in the
incompatible wheat-Pst interaction and functions in the
HR triggered in host plants infected by Pst, with a reduced
necrotic area at infection sites and enhanced susceptibility
of wheat cv. Suwon 11 to an avirulent race of Pst in
TaMCA4 knockdown wheat seedlings[42].
Numerous studies have indicated that the actin cytoske-

leton is important in plant basal defense and non-host
resistance to various pathogens. Inhibition of actin may
suppress plant defense-related responses, such as papilla
formation and accumulation of antifungal compounds at
fungal penetration sites and allow successful pathogen
penetration and the formation of haustoria in non-host
plants[43]. In wheat, an actin-depolymerizing factor
TaADF7 was shown to be significantly induced in
incompatible wheat-Pst interaction and suppression of
TaADF7 reduced resistance of wheat to avirulent races of
Pst with decreased ROS accumulation and HR. Hetero-
logous overexpression analyses revealed that TaADF7
regulates the actin cytoskeletal dynamics by depolymeriz-
ing actin in yeast cells and accelerates the cell death
triggered by Bax in tobacco cells. It seems that TaADF7
mainly modulates the dynamics of the actin cytoskeleton to
affect ROS accumulation, and then alters subsequent
defense responses[44].

3.3.3 Lesion mimic mutants

In addition to the HR-induced cell death, a class of lesion
mimic (Les/les) mutants is ubiquitous in plants, which
develop cell death lesions resembling those of pathogen-
induced lesions even in the absence of the pathogen, and
thus provide a platform to unravel PCD signaling pathways
in plants[45]. Lesion mimics are sometimes associated with
enhanced disease resistance, including elevated expression
of PR genes and other markers of defense system
activation. TaLSD1 encoding an altered zinc finger protein
gene producing a wheat lesion-simulating disease, was
able to suppress Bax-triggered PCD in wheat cells,
whereas silencing of TaLSD1 enhanced wheat resistance
against Pst. This indicates that TaLSD1 negatively
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regulates both hypersensitive cell death response and plant
resistance to Pst[46]. Wheat TaLls1, the homolog of PaO
that is responsible for the lesion mimic phenotype in
maize[47], was presumed to execute a rheostat role in cell
death regulation by controlling a delicate threshold to
maintain cell homeostasis in adaption to various stress.
Downregulation of TaLls1 in wheat did not change the
disease symptoms but enhanced tolerance to Pst via a
significant increase in H2O2 generation, causing elevated
cell death and upregulation of PRs.

3.3.4 Pattern recognition receptors

Plant PRRs are represented by transmembrane receptor
like kinases (RLKs) and receptor-like proteins (RLPs).
RLKs typically contain extracellular leucine-rich repeat
(LRR) domains and intracellular kinase domains, whereas
RLPs lack the kinase domain but possess a small
cytoplasmic tail[48]. Together, the RLK and RLP families
comprise a large repertoire of cell surface receptors that
recognize a wide variety of activating ligands (including
lipids, proteins, nucleic acids and carbohydrates) from
various exogenous sources. Due to the availability of
genome sequences, many PRR genes have been identified
from model species, with 57 predicted RLP genes
distributed at 33 loci in Arabidopsis, and 90 RLP genes
distributed at 38 loci in rice[49].
In wheat, an important group of light-regulated RLK

genes have been identified, including TaRLK-R1, TaRLK-
R2 and TaRLK-R3 and their homologous WLRK family
members, that appear to encode novel proteins that are
vital for enabling wheat plants to cope with stress
conditions. Reducing the transcript levels of TaRLK-R1,
TaRLK-R2 or TaRLK-R3 individually or simultaneously
compromised the HR of wheat cv. Suwon 11 to the
avirulent races of Pst, suggesting that the three wheat RLK
genes share a basic function of aiding in the protection of
wheat cells against Pst[50]. From an applied point of view,
the identification of TaRLK-R1, TaRLK-R2 and TaRLK-R3
as positive regulators of the wheat HR response to the
stripe rust fungus may provide molecular targets for the
development of durable resistance to a pathogen that
causes serious losses in wheat crops worldwide.
A novel RLP gene, TaRLP1.1, was characterized as

important for defense against Pst, and resulted in
suppressed HR and increased susceptibility to Pst in
TaRLP1.1-knockdown plants. Moreover, transformation of
TaRLP1.1 into the susceptible wheat cv. Yangmai 158
promoted resistance to Pst, and HR was enhanced at the
infection sites[51]. It was proposed that TaRLP1.1contri-
butes greatly to HR during pathogen-host interaction.
Characterization of TaRLP1.1 may facilitate breeding for
stripe rust resistance and lead to a better understanding of
the evolution of the RLP genes in wheat.

3.3.5 Heat shock proteins

ETI expression in higher plants is known to be mediated by
recognition of R genes and Avr genes. Many R proteins
have been found to be functionally dependent on cytosolic
Hsp90s. The Arabidopsis R protein RPM1 mediating the
hypersensitive resistance response to Pseudomonas syr-
ingaepv. tomato strain DC3000 was identified as a client of
cytosolic Hsp90s[52]. Furthermore, cytosolic Hsp90s have
been found to interact with two co-chaperones, SGT1 and
RAR1, that are major regulatory components of disease
resistance triggered by many R proteins in both dicotyle-
donous and monocotyledonous plants[53]. In wheat, three
Hsp90 genes have been identified, among which
TaHsp90.1 genes exhibited higher transcript levels in the
stamen than in the leaf, culm and root, and TaHsp90.2 and
TaHsp90.3 were more ubiquitously transcribed in the
vegetative and reproductive organs examined. Decreasing
the expression of TaHsp90.1 genes by VIGS caused
pronounced inhibition of wheat seedling growth, whereas
the suppression of TaHsp90.2 or TaHsp90.3 genes
compromised HR of the wheat cv. Suwon 11 to Pst[54].
The first systematic determination of wheat genes encod-
ing cytosolic Hsp90s provides useful evidence for the
functional involvement of cytosolic Hsp90s in the control
of seedling growth and disease resistance in common
wheat.

3.3.6 SNAREs

SNAREs (soluble N-ethylmaleimide-sensitive factor
attachment protein receptors) are key components of
vesicle trafficking in eukaryotic cells[55]. Several SNARE
genes in plants have been shown to be involved in plant
resistance against various pathogens by mediating traffick-
ing of defense-responsive compounds. For example,
HvSNAP34 in barley (Hordeum vulgare) participates in
callose deposition during non-host resistance to powdery
mildew[56]. A family of SNARE genes that have no
homologs in mammalian or yeast genomes was found to
exist in plants, called the Novel Plant SNARE (NPSN)
genes. AtNPSN11 was reported to be involved in one of
the two KNOLLE-containing tetrameric SNARE com-
plexes, which jointly mediate membrane fusion during
cytokinesis[57]. In wheat, three NPSNs (TaNPSN11,
TaNPSN12 and TaNPSN13) and three plant defense-related
SNARE homologs (TaSYP132 , TaSNAP34 and
TaMEMB12) have been identified. Owing to the reduced
resistance toward Pst in TaSYP132-knockdown plants and
its ability to interact with TaNPSN11, TaSYP132 was
predicted to function as a complex with TaNPSN11 in the
host response to pathogens. The primary localization of
TaNPSN11 on vesicle structures near the plasma mem-
brane facing the Pst infection sites and the subsequent
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activation of vesicle transport to the infection sites
indicated a role for TaNPSN11 in vesicle trafficking
between the Golgi apparatus and plasma membrane,
possibly involving the transport of plant defense-related
materials[58].

3.4 Signaling pathway

Plants have evolved multiple signaling pathways to
establish arrays of physiological and biochemical pro-
cesses to overcome various biotic and abiotic stresses,
including cold, drought, salinity and pathogen infection.
Upon infection by Pst, ion exchange takes place from the
wheat cell plasma membranes, with release of calcium
ions, production of a large quantity of reactive oxygen
species and phosphorylated proteins, and activation of a
series of defense-related genes. All these activities have
been shown to be closely interlinked by signal transduction
pathways.
Calcium is a ubiquitous and essential secondary

messenger in eukaryotic signal transduction pathways.
Calcium binding protein is an important component of the
signal transduction pathways and plays various roles in
plant response to biotic and abiotic stresses, as well as in
plant developmental processes. A recent report showed
that TaCab1, encoding a calcium binding EF-hand protein,
is upregulated in wheat leaves treated with various
phytohormones (abscisic acid, benzyl adenine, ethylene,
methyl jasmonate and SA) or under different stress stimuli
(wounding, low temperature, polyethylene glycol or high
salinity)[59]. More importantly, TaCab1 was shown to be
important in regulating wheat basic resistance to the stripe
rust fungus with similar induction and expression pattern
in both compatible and incompatible interactions. Tran-
scription analyses suggested that TaCab1 is involved in
plant-pathogen recognition, and that basal tolerance to
biotic and abiotic stresses is accomplished mainly through
the SA signaling pathway[59].The majority of the Ca2+

sensor proteins contain a conserved calcium-dependent
membrane-targetingmodule (C2 domain). TaERG3, a
novel C2 domain protein, is upregulated by applied
CaCl2 and assumed to be involved in wheat defense
responses against the stripe rust fungus involving an
abscisic acid-dependent signaling pathway, due to the
dramatic induction of its expression by Pst and exogenous
abscisic acid[60]. Thus, it seems that wheat deploys diverse
sensors to perceive the Ca2+ signals and then activates the
appropriate downstream defense pathways.
Small GTP binding proteins are monomeric G proteins

constituting a superfamily consisting of at least five
families (Ras, Rho, Rab, Sar1/Arf and Ran). The Rab
proteins, belonging to the small guanosine triphosphatases
(GTPases) superfamily, are thought to act as molecular
switches, which play an essential role in both endocytic
and exocytic traffic in eukaryotic cells. Rab7 is regarded as
a key regulator in endo-lysosomal trafficking, which

mediates the regulated internalization and degradation of
nutrient transporters and triggers nutrient starvation that
facilitates cell death[61]. In Arabidopsis, overexpression of
the Rab7 homolog RabG3b leads to expanded HR upon
pathogen infection and accelerated leaf senescence[62]. A
wheat Rab7 homolog TaRab7 was identified and observed
to be upregulated in response to salt and drought stress, and
infection by the stripe rust fungus, indicating that TaRab7
has a role in plant response to various biotic and abiotic
stimuli[63]. Reduced resistance of wheat to avirulent Pst
race CYR23 in TaRab7 knockdown plants further proved
the involvement of TaRab7 in wheat defense against
Pst[63].

3.5 Transcription

Transcription factors (TFs) bind to specific regulatory sites
upstream of genes in a regulatory network by direct
physical interaction or in combination with other proteins
to respond to developmental or environmental stimuli to
regulate gene expression in response to a signaling
cascade. In plants, more than 50 families of TFs have
been identified based on sequence analysis in Arabidopsis
and rice. Among these TFs, members of the NAC, WRKY,
C2H2-type zinc finger, Apetala2/ethylene-responsive ele-
ment binding protein (AP2/EREBP) and MYB families
have been well characterized for their regulatory roles in
plant stress and defense responses[64].
NAC proteins constitute one of the largest families of

plant-specific TFs and are known to possess diverse roles
in plant development and responses to environmental
stimuli. In recent years, increasing evidence has implicated
some NAC genes in plant defense response to pathogen
infection and environmental stimuli, particularly the genes
in the ATAF subfamily. Overexpression of OsNAC4
resulted in HR cell death, and in OsNAC4 knockdown
lines, HR cell death was markedly decreased in response to
avirulent bacterial strains (Acidovorax avenae N1141)[65].
In wheat, two novel NAC transcription factors TaNAC4[66]

and TaNAC8[67] were isolated from a wheat-Pst cDNA
library and both were upregulated upon infection by an
avirulent Pst race, suggesting that they may be involved in
wheat defense to Pst infection. Also, expression of the two
transcription factors was induced by exogenously applied
methyl jasmonate and ethylene, and environmental stimuli
including high salinity, wounding, or low-temperature.
These results indicate that these two NAC protein genes
function as a transcriptional activator involved in wheat
response to biotic and abiotic stresses.
MYB proteins are key factors in the regulatory networks

of a number of processes, including the determination of
cell shape and organ development. More than 20 years ago,
the first plant MYB gene C1 encoding a c-MYB-like
transcription factor, was identified in maize (Zea mays) and
was found to be involved in anthocyanin biosynthesis[68].
The wheat MYB gene TaMYB4 was shown to be induced
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by various phytohormones or under different stimuli[69]. It
is significantly upregulated in the early stage at 48 h after
inoculation with an incompatible Pst race. Furthermore,
silencing of TaMYB4 enhances the susceptibility of
wheat cv. Suwon 11 to an avirulent Pst race, indicating
that TaMYB4 has a role in the wheat response to
biotic stress[69]. A novel bZIP gene from wheat, designated
as TabZIP1,was rapidly and strongly induced during
an incompatible wheat-Pst interactions[70] and by
exogenously applied methyl jasmonate and ethylene.
Treatment with both of these, but not SA, could induce
TabZIP1 expression, indicating that the TabZIP1 may be
involved in defense response to stripe rust fungus infection
through the jasmonate/ethylene-dependent signal transduc-
tion pathways[70].
In recent years, increasing evidence has implicated EIN3

family genes in defense responses to pathogen attack and
environmental stimuli. EIN3 is a key TF in the ethylene
signaling pathway, which also functions as positive
regulators of a subset of jasmonic acid responses, including
PR gene expression, plant resistance to necrotrophic fungi
and root development. These results suggest that EIN3/
EILs participate in stress responses not only via ethylene
signaling, but also via jasmonate signaling. A recent report
showed that EIN3/EILs are also involved in the regulation
of plant innate immunity via the SA signaling pathway[71].
In wheat, the TaEIL1 transcript level was upregulated in
wheat leaves challenged by virulent Pst race CYR31 but
reduced under SA treatment[72]. Furthermore, knockdown
of TaEIL1 enhanced wheat resistance to Pst, indicating that
TaEIL1 might serve as a negative regulator in the wheat
defense response through the suppression of the SA
pathway[72].

3.6 Resistance genes (Yr10, Yr18 and Yr36)

During the coevolution of plants and pathogens, plants
have acquired a repertoire of R genes to protect them from
diseases. Although numerous disease resistance genes
have been recently isolated in dicots, only a few have been
reported in monocots. More than 50 stripe rust resistance
genes have been documented in wheat, but only three of
them have been obtained using the map-based cloning. The
stripe rust resistance gene Yr10 is the first R gene cloned
from wheat, encoding a CC-NBS-LRR protein and
locating on chromosome 1B in Moro and originates from
the Turkish line PI 178383[73]. Lr34/Yr18 has supported
resistance to rusts and powdery mildews for more than
50 years, and is now shared by wheat cultivars around the
world. In 2009 the Lr34/Yr18 gene was cloned and shown
to encode a protein that resembled adenosine triphosphate
binding cassette transporters of the pleiotropic drug
resistance subfamily. The Lr34/Yr18 gene stimulates
senescence-like processes in the flag leaf tips and edges,
and confers resistance on adult wheat plants[74]. Yr36
(WKS1) confers broad-race resistance to stripe rust at

relatively high temperatures (25–35°C). The protein
contains a kinase domain and a putative START lipid
binding domain. Analysis of five independent mutations
and transgenic complementation confirmed that both
domains are necessary to confer resistance to the wheat
stripe rust fungus[75]. Yr36 is present in wild wheat but
absent in modern bread wheat cultivars, and therefore, can
now be used to improve resistance to the stripe rust fungus
in a broad set of cultivars.

3.7 Role of microRNA in wheat defense to Pst

MicroRNAs (miRNAs) have emerged as important post-
transcriptional regulators in plant stress responses. At
present, RNA sequencing, microarrays and RNA gel blot
analysis have been used to detect novel miRNAs. More-
over, degradome sequencing and cotransformation tech-
nology in tobacco leaves have been used to identify the
targets of plant miRNAs[76]. Accumulation of the wheat
miRNA tae-miR408 following Pst infection leads to
negative regulation of plantacyanin-like (basic blue)
protein TaCLP, which results in reduced resistance of
wheat to Pst[77].The wheat miRNAtae-miR159a can
cleavage mRNA for TaMyb3 transcription factor from
the MYB subfamily of wheat, which is important in
regulation of wheat resistance to Pst[78]. In addition, two
novel wheat miRNAs (1136-P3 and PN-2013) were
isolated and identified as cleaving mRNA from a
monodehydroascorbate reductase gene TaMDHAR, an
important gene in the ascorbate-glutathione cycle[79].
However, only accumulation of PN-2013 downregulated
the expression of TaMDHAR in Xingzi 9104 and further
resulted in enhanced resistance of wheat to Pst at adult
stages[79]. The specific role of miRNAs in wheat resistance
to Pst is still largely unknown, but the examples above
indicates that wheat possesses a regulatory network that
integrates miRNA function to regulate immunity against
Pst.

4 Varying pathogenicity of Puccinia
striiformis

4.1 Genomic and transcriptomic tools for analyzing the
pathogenicity of Pst

To date, no stable transformation system has been
established for Pst and other Pucciniales. The obligate
biotrophic nature further hampers molecular and genetic
studies of the important fungus, resulting in narrow and
limited knowledge of genomes and genes involved in the
biology and pathogenicity of the pathogens. To overcome
this limitation, transcriptomic tools has been applied to the
dissection of pathogenicity of these types of pathogens. A
series of cDNA libraries were developed from different
stages of Pst development, including ungerminated and
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germinated urediniospores and haustoria. In 2007, a full-
length cDNA library, consisting of 42240 clones was
constructed using urediniospores of race PST-78 of Pst,
from which 51 different genes encoding proteins that are
involved in amino acid metabolism, cell defense, cell
cycle, cell signaling, cell structure and growth, energy
cycle, lipid and nucleotide metabolism, protein modifica-
tion, the ribosomal protein complex, sugar metabolism,
transcription factors, transport of metabolites, and viru-
lence/infection were identified[80]. In a germinated uredi-
niospores cDNA library, a total of 4798 ESTs were
sequenced to generate 1118 unisequences, among which
several fungal pathogenicity or virulence factors were
identified, such as HESP767 of the flax rust and PMK1 of
the rice blast fungus[81]. Importantly, the haustoria of Pst
were isolated successfully, which enhanced the identifica-
tion of the pathogenicity genes during the infection
process. From this library, 15 genes encoding putative
secreted proteins and six genes induced during the
infection process were obtained, which provided candi-
dates for further studies to determine their functions in
wheat-Pst interactions[82]. Gene sets obtained from these
different libraries appeared to be remarkably different,
suggesting drastic reprogramming of the transcriptome
during these different processes[83]. Genes upregulated in
germinated spores were involved in processes involving
cell proliferation, such as cell cycle control and DNA and
cell wall metabolism, whereas in haustoria were more
engaged in energy production and biosynthetic processes.
The ability to determine the sequence of fungal

genomes, together with transcriptomics, has enabled
unprecedented insights into genome composition, struc-
ture, and plasticity as well as genome evolution and
adaptation of Pst. Next generation sequencing with its high
efficiency has allowed rapid advances in the study of rust
genomes. Cantu et al.[84] used Illumina sequencing to
assemble a draft genome of Pst isolate 130 consisting of
about 29178 contigs (64.8 Mb), covering an estimated
minimum of 88% of Pst genes, and annotating 22815
putative coding sequences. Pst is a dikaryotic rust fungus
and Zheng et al.[85] used a fosmid-to-fosmid sequencing
strategy to generate a significantly improved draft genome
(about 110 Mb) of a Chinese Pst isolate CYR32. This
strategy combined the use of a fosmid library and Illumina
sequencing, which have a great advantage over older
sequencing strategies for analyzing dikaryotic genomes.
Genomic features compared to those of other saprotrophic
and symbiotic fungi indicated that the Pst genome, like
those of Puccinia graminis f. sp. tritici (Pgt) and
Melampsora larici-populina (Mlp), have a large expansion
of effector-like small secreted proteins and amino acid
transporters. However, it lacks genes for sucrose transpor-
ters, and nitrogen and sulfur assimilation pathways. This
deficiency might be one reason for their obligate biotrophic
lifestyle. In addition, resequencing of six isolates from
different continents suggests that genetic recombination

may contribute more to Pst virulence variation than
geographical origin[85].

4.2 Secretome

Effectors are of special importance to obligate biotrophs,
such as the rust fungi. Generally, protein effectors are
secreted via the conventional endoplasmic reticulum-Golgi
apparatus route, which requires the N-terminal secretion
signal. Based on this feature, a total of 2092 proteins
encoded by the Pst genome were predicted by SignalP,
TargetP and TMHMM computer programs, which
accounts for 8.3% of the total number of proteins[85,86],
and similarly the genomes of Pgt and Mlp were predicted
to encode 1459 and 1178 secreted proteins, respectively. In
comparison to non-rust fungal pathogens, Pst, Pgt andMlp
appear to have a relatively larger (higher percentage)
secretome. The availability of genome sequences of these
three rust fungi has enabled the prediction and identifica-
tion of large sets of effector, and Saunders et al.[87]

described the informatics analysis of putative rust
effectors. No systematic screening for effectors in cereal
rusts has been undertaken, however, and with such a large
number of secreted proteins, it is a major challenge to
identify effectors in the wheat rust fungi without a
transformation system.
To date, only six effector proteins have been identified in

three different rust species: AvrM, AvrL567, AvrP123, and
AvrP4 in the flax rust fungus Melampsora lini[88,89], RTP1
in the bean rust fungus Uromyces viciae-fabae var. viciae-
fabae[90], and PGTAUSPE-10-1 in the wheat stem rust
fungus Pgt[91]. All of these proteins are thought to be
translocated from haustoria to the host cell. The four flax
rust effectors were identified by their avirulence function to
the corresponding flax R gene. Indirect evidence has
confirmed that AvrL567 and AvrM could translocate to the
plant cell and are active intracellularly during the infection
in the absence of the pathogen. The AvrL567 genes are
expressed in rust haustoria but their corresponding proteins
are recognized inside the plant cells. A hydrophobic
surface patch is required for entry into plant cells by AvrM,
whereas the C-terminal coiled-coil domain mediates
interaction with the resistance protein M through multiple
contact points[92]. Immunocytological and biochemical
studies indicated that RTP1 is a member of a new class of
structural effectors, which are capable of forming filamen-
tous structures in vitro and in vivo[93]. Due to the induction
of cell death in the host line carrying the resistance gene
Sr22, PGTAUSPE-10-1 was considered as a candidate
AvrSr22[91].
Apart from the six rust effectors, only a few secreted

proteins have been cloned as candidate effectors on the
basis of expressed sequence tags and cDNA library from
Pst. Dong et al.[94] cloned three Pst-specific genes
encoding secreted proteins with much higher expression
levels in infected leaves than in germinated and ungermi-
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nated urediniospores, and these may be good candidates
for effectors. In addition, Gu et al.[95] reported that the
Ps87 gene from Pst encodes a secreted protein that is
conserved in diverse fungal pathogens. Ps87 contains an
RXLR-like motif and could utilize similar translocation
machinery to those of oomycete and fungal pathogens in
plant cells. However, no direct suppression activity of plant
defense responses was detected for Ps87.

4.3 Pathogenicity-related genes

In recent years, some Pst genes have been identified
because of their effects on pathogenicity. Guo et al.[96]

identified and characterized the first Pst MAPK gene
PsMAPK1. Using heterologous systems, they confirmed
that PsMAPK1 may contribute to the penetration and
colonization of Pst. Host-induced gene silencing (HIGS) is
a newly developed RNAi technology to indirectly silence
parasite genes by expressing an RNAi construct in vivo in
the host. Yin et al.[97] developed a barley stripe mosaic
virus-based HIGS approach for identifying gene function
in Pst. Zhang et al.[98] identified and characterized the
calcineurin genes PsCNA1 and PsCNB1 that contribute to
morphogenetic differentiation and the production of
urediniospores by HIGS. Cheng et al.[99] reported an in
planta highly induced PK gene PsSRPKL that is specific to
cereal rust fungi. By using HIGS and heterologous
expression, PsSRPKL was shown to be an important
pathogenicity factor responsible for fungal growth that
responds to environmental stresses. Recently, an adenine
nucleotide translocase, PsANT, was shown to contribute to
the growth and development of Pst due to its role in energy
supply. And furthermore, PsANT was observed to be
involved in the regulation of apoptosis in the wheat stripe
rust fungus[100].

5 Conclusions

During the coevolution of wheat and Pst, challenged by the
rapid change in the virulence of Pst, wheat has acquired
many traits to defend itself against new virulent Pst races.
Obligate parasitic fungi, such as Pst, have adapted to
colonize new hosts and different tissue types, and to
overcome host defense responses. This review has
summarized recent discoveries in the pathogen’s invasion
strategy and the host’s defense responses through
histological and cytological studies. Moreover, advances
in understanding the molecular events that underlying the
resistance of wheat and the pathogenicity of Pst were
discussed. Understanding these mechanisms is instrumen-
tal for designing novel management strategies for wheat
stripe rust disease. The extremely sophisticated regulatory
networks in wheat defense responses and the expanding
reservoirs of effectors will require us to identify the most
essential targets for genetic resistance or chemical controls.

(1) Wheat interaction with the rust fungus, Pst, which
threatens global food security, is a good model for
understanding the mechanisms of the pathogen virulence
and host resistance to rust fungi.
(2) The obligate parasitic nature drives the rapid

variation in virulence of Pst and the evolution of wheat’s
defenses against the pathogenicity of the fungus.
(3) During the coevolution, host plants acquire various

biological processes, such as the metabolism, signal
transduction, transcription regulation, activation of defense
response, and microRNAs molecules, to form complicated
and delicate regulatory networks to defend against
pathogens.
(4) To survive and reproduce, rust fungi form a

specialized infection structure, the haustorium, to absorb
nutrients and energy from host cells, and to secrete many
effectors to inhibit PTI and/or ETI to promote their growth
and development. It should be a priority to elucidate why
highly specialized haustoria are needed in this pathosys-
tem.
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