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Wheat powdery mildew
resistance: from gene
identification to
immunity deployment

Shenghao Zou, Yang Xu, Qianqian Li, Yali Wei,
Youlian Zhang and Dingzhong Tang*

State Key Laboratory of Ecological Control of Fujian-Taiwan Crop Pests, Key Laboratory of Ministry of
Education for Genetics, Breeding and Multiple Utilization of Crops, Plant Immunity Center, Fujian
Agriculture and Forestry University, Fuzhou, China
Powdery mildew is one of the most devastating diseases on wheat and is caused

by the obligate biotrophic phytopathogen Blumeria graminis f. sp. tritici (Bgt).

Due to the complexity of the large genome of wheat and its close relatives, the

identification of powdery mildew resistance genes had been hampered for a long

time until recent progress in large-scale sequencing, genomics, and rapid gene

isolation techniques. Here, we describe and summarize the current advances in

wheat powdery mildew resistance, emphasizing the most recent discoveries

about the identification of genes conferring powdery mildew resistance and the

similarity, diversity and molecular function of those genes. Multilayered

resistance to powdery mildew in wheat could be used for counteracting Bgt,

including durable, broad spectrum but partial resistance, as well as race-specific

and mostly complete resistance mediated by nucleotide-binding and leucine

rich repeat domain (NLR) proteins. In addition to the above mentioned layers,

manipulation of susceptibility (S) and negative regulator genes may represent

another layer that can be used for durable and broad-spectrum resistance in

wheat. We propose that it is promising to develop effective and durable strategies

to combat powdery mildew in wheat by simultaneous deployment of

multilayered immunity.
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Introduction

Bread wheat (Triticum aestivum L.) is the most widely cultivated crop worldwide,

providing approximately 20% of the total daily calories consumed by humans (Reynolds

et al., 2012; Appels et al., 2018). Wheat powdery mildew, caused by Blumeria graminis f. sp.

tritici (Bgt), is highly destructive, resulting in nearly 5% of the annual wheat yield loss

globally (Singh et al., 2016; Savary et al., 2019). To combat this disease, researchers have

cataloged over 100 powdery mildew (Pm) resistance alleles at nearly 65 loci in bread wheat
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and its relatives (Table S1) (Mapuranga et al., 2022). Due to recent

progress in large-scale genomic sequencing alongside innovative

gene cloning strategies, more powdery mildew resistance genes have

been cloned, broadening the disease resistance diversity in wheat.

To date, most of the identified wheat powdery mildew

resistance genes encode CNL proteins with nucleotide-binding

sites (NBS) and leucine-rich repeat (LRR) domains (NLR)

associated with coiled-coils at the N-termini, such as Pm1a, Pm2,

Pm3/Pm8/Pm17, Pm5e, Pm21/Pm12, Pm41, Pm60 and Pm69,

which perceive the effectors secreted by Bgt, conferring effector

triggered immunity (ETI) and showing race-specific resistance

(Gupta et al., 2022). Race-specific resistance can mostly provide

complete resistance to specific Bgt isolates when CNL immune

receptors and their cognate effectors, encoded by pathogen

avirulence (Avr) genes, are present. However, the gene-specific

arms race, causing diversification of both immune receptor and

Avr genes, can overcome this type of resistance rapidly, especially in

wheat with a single race-specific immune receptor gene (Brunner

et al., 2011). Apart from the mentioned CNL receptors, recently,

two types of non-NLR immune receptors have also been reported to

trigger race-specific resistance. (Lu et al., 2020; Sánchez-Martıń

et al., 2021; Gaurav et al., 2022). These non-NLR immune receptors

contain (pseudo)kinase domains that may be responsible for
Frontiers in Plant Science 02
detecting invading effectors (Sánchez-Martıń and Keller, 2021).

However, the cognate Avr effectors of these non-NLR immune

receptors have not yet been identified. This discovery suggests that

not only the typical intracellularly localized NLR proteins but also

some non-NLR receptors may play a significant role in activating

race-specific resistance against Bgt (Figure 1, Type 1).

Pattern-triggered immunity (PTI), in contrast to ETI, is the

other tiered innate immune system that is activated by the

recognition of pathogen-/damage-derived molecules via cell

surface-localized pattern-recognition receptors (PRRs) (Jones and

Dangl, 2006). PRRs mainly include receptor-like kinases (RLKs)

and receptor-like proteins (RLPs). RLKs, found in plants, are a

diverse family of proteins with an ectodomain (ECD), a single-pass

transmembrane domain, and a cytoplasmic kinase domain, while

RLPs lack the intracellular kinase domain (Tang et al., 2017). The

ECDs of RLKs and RLPs are highly variable, encompassing leucine-

rich repeat (LRR) domains, lysine motifs (LysMs), lectin domains,

malectin-like domains, epidermal growth factor (EGF)-like

domains, and others, allowing them to recognize a wide range of

ligands, including steroids, peptides, polysaccharides, and

lipopolysaccharides (Tang et al., 2017). Recently, several types of

RLKs (such as TaRLK, LecRK-V, TtdLRK10L-1, HvLEMK1, and

RLK-V) that trigger resistance in wheat have been identified, but the
FIGURE 1

Schematic representation of models for wheat powdery mildew resistance gene function in an epidermal cell. Type 1: NLR-, TPK- and Pm4b-
mediated resistance. NLRs and several non-NLRs, such as TPK and Pm4b, mediate race-specific resistance after recognizing cognate effectors
secreted by Bgt, leading to the induction of cell death and resistance to powdery mildew. TKP: tandem kinase proteins; Type 2: RLK-mediated
resistance. Plasma membrane-localized RLKs detect PAMPs of Bgt, triggering downstream signaling events such as mitogen-activated protein kinase
(MAPK) cascades, calcium (Ca2+) flux, and reactive oxygen species (ROS) bursts, ultimately providing defense against powdery mildew; Type 3:
hexose transporter- and ABC transporter-mediated resistance. Membrane-localized transporters create a hostile environment for pathogen growth,
resulting in resistance without requiring specific recognition of Bgt. NBD: nucleotide binding domain; Type 4: susceptibility/negative regulator gene-
mediated resistance. Loss-of-function mutations in these genes, such as EDR1 and MLO, enhance powdery mildew resistance in wheat. EDR1
negatively regulates key components of plant innate immunity, including MAPK, EDS1 and PAD4. MLO, on the other hand, modulates PEN1-
associated vesicle fusion and exocytosis processes to support pathogenesis.
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corresponding pathogen-associated molecular patterns (PAMPs) or

ligands are yet to be identified. However, their conferred powdery

mildew resistance is believed to be mainly activated through the

recognition of the Bgt-associated molecular pattern (Figure 1,

Type 2).

Unlike resistance genes that activate ETI or PTI, certain wheat

powdery mildew resistance genes, such as Pm38 and Pm46, do not

require the perception of Bgt (Figure 1, Type 3). Intriguingly, both

Pm38 and Pm46 encode membrane-localized transporter proteins

(Krattinger et al., 2009; Moore et al., 2015). The powdery mildew

resistance, conferred by either PTI or these two transporters, is

mostly partial and quantitative, in contrast to the race-specific

complete resistance. Notably, partial and quantitative resistance

tends to be durable and broad-spectrum, providing protection

against all races of the pathogen species (Moore et al., 2015;

Sánchez-Martıń and Keller, 2021).

In addition to the three types of resistance genes mentioned

above, susceptibility genes such asMlo and negative regulator genes

such as EDR1 provide a distinct form of powdery mildew resistance

through loss-of-function, which is recessively inherited, with

varying levels of resistance depending on the specific

susceptibility gene’s function (Figure 1, Type 4) (Wang et al.,

2014; Zhang et al., 2017; Sánchez-Martıń and Keller, 2021). MLO

is a membrane-localized protein, while EDR1 is a cytoplasmic Raf-

like mitogen-activated protein kinase (MAPK) kinase kinase

(MAPKKK) (Büschges et al., 1997; Frye et al., 2001). Each of

them plays a distinct role in wheat cell signaling pathways, and

the extent of resistance conferred by knocking out them is

determined by their intrinsic physiological and biochemical

functions in plants. Overall, multilayered resistance to wheat

powdery mildew has been identified in recent studies, and

combining all the layers simultaneously and strategically would

shed light on wheat resistance breeding, even though the molecular

mechanism underlying some of the resistance remains to be

fully understood.
The phytopathogen causing wheat
powdery mildew

Blumeria graminis, a fungal plant pathogen, is responsible for

powdery mildew (Savary et al., 2019). Based on their host

specificity, multiple formae speciales are defined within the

species, such as Blumeria graminis f. sp. tritici (Bgt), which

specifically infects wheat and causes wheat powdery mildew. For

typical images of the disease and pathogen, readers are referred to a

previous review (Jankovics et al., 2015). To survive harsh

conditions, Bgt can form chasmothecia and undergo a sexual life

cycle (Jankovics et al., 2015). Bgt originated in the Fertile Crescent

during wheat domestication, and historical human migration and

trade facilitated its worldwide spread (Sotiropoulos et al., 2022). For

the global races of Bgt and their spread, readers are referred to a

recent review (Sotiropoulos et al., 2022). The sequencing and

assembly of the 166 Mb Bgt genome, consisting of 11

chromosomes, revealed approximately 844 candidate effector
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genes (Müller et al., 2018). Hybridization of globally spread

mildew isolates has further complicated the genome, accelerating

adaptation to new wheat hosts (Müller et al., 2021).
NLR and several Non-NLR immune
receptors activate race-specific
resistance via effector recognition

An increasing number of race-specific resistance genes,

providing efficient resistance to the rapidly evolving Bgt, have

been identified in wheat and its wild relatives (Table 1). During

molecular identification, most of the cloned race-specific resistance

genes encode CNL immune receptors, with some identified as

orthologous genes, such as Pm12/Pm21 and Pm8/Pm3 (Hurni

et al., 2013; Zhu et al., 2023). Pm60, Pm60a and Pm60b are

functional allelic variants found in different Triticum urartu

accessions. Compared with Pm60, Pm60b contains a 240-

nucleotide insertion, and its protein has two additional LRR

motifs. In contrast, Pm60a has a 240-nucleotide deletion and two

fewer LRR motifs in its protein, which narrows its Bgt resistance

spectrum, whereas insertion of the two LRR motifs in Pm60b has

comparatively little influence (Zou et al., 2022). Pm3b, Pm3a and

Pm3d proteins are also allelic variants differing by a few amino acid

(aa) point mutations, mainly in the NBS and LRR domains, which

are responsible for recognizing different Bgt strains. The cognate

Avr effectors of Pm3a, Pm3b and Pm3d were isolated, which belong

to a large group of proteins with low sequence homology but

predicted structural similarity (Bourras et al., 2019). In addition

to AvrPm3b, c, and d, several other avirulence genes have been

isolated (Table 1). However, the identification of Bgt avirulence

effectors and the downstream pathways following perception still

lags behind resistance gene cloning. Nonetheless, it is believed that

there might be a direct interaction between CNLs and their

corresponding effectors, resulting in the activation of the

hypersensitive response and resistance, as seen with Pm1a and

Pm3b (Bourras et al., 2015; Bourras et al., 2019).

Pm24 and WTK4 are tandem kinase proteins (TKP) composed

of two tandem kinase domains, one of them is a pseudokinase

domain, which are reported to confer resistance to Bgt (Table 1) (Lu

et al., 2020; Gaurav et al., 2022). In addition to Pm24 andWTK4, the

barley stem rust resistance gene Rpg1 and the wheat yellow rust

resistance gene Yr15 encode TKPs as well, which have been

considered cytosolic localized and race-specific (Brueggeman

et al., 2002; Klymiuk et al., 2018). Thus, although Pm24 is

resistant to all of the tested 93 Bgt isolates collected from China

and no virulent isolates have been discovered, by now, it suggests

that Pm24 and WTK4 might confer race-specific resistance, similar

to other reported TKPs. Furthermore, it has been hypothesized that

the pseudokinase domain in these TKPs is the target of Bgt effectors

and that the interaction activates either TKPs to phosphorylate

downstream components or NLRs that guard the TKPs,

consequently resulting in resistance (Sánchez-Martıń and Keller,

2021; Fahima and Coaker, 2023).
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Pm4b is a novel race-specific wheat powdery mildew resistance

gene (Figure 1, Type 1). Functional analysis has revealed that both

protein variants resulting from alternative splicing are essential for

the resistance function. These two protein isoforms share a kinase

domain with serine/threonine specificity. However, in their C-

terminus, one isoform has a single C2C domain, while the other

contains a C2D domain coupled to a phosphoribosyl transferase C-

terminal domain with two transmembrane domains. (Sánchez-

Martıń et al., 2021). Moreover, the two protein variants have the

ability to form an ER-anchored heterocomplex. In this complex, the

C2C/D or kinase domains may recognize the cognate effector,

leading to the activation of kinase activity and subsequent disease

resistance (Sánchez-Martıń et al., 2021). Additionally, several

functional allelic variants have been discovered in the Pm4 locus,

suggesting a diverse range of resistance capabilities.

Given the complexity of the enormous genome of wheat and its

close relatives, it is predicted that more race-specific resistance

genes, whether encoding NLR or non-NLR proteins, will likely be

isolated in the future.
Putative powdery mildew resistance
proteins responsible for
recognizing PAMPs

Several RLKs were identified as conferring wheat powdery

mildew resistance, such as RLK-V and LEMK1 with an LRR-
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malectin domain, LecRK-V with an L-type lectin domain, and

TtdLRK10L-1, TaRLK1, and TaRLK2 with an LRR domain (Chen

et al., 2016; Rajaraman et al., 2016; Hu et al., 2018; Wang et al., 2018;

Xia et al., 2021). These RLKs may be responsible for recognizing

PAMPs, as known in PTI, although the corresponding ligands have

not yet been isolated (Figure 1, Type 2). Additionally, RLK-V has

been shown to be required for resistance mediated by Pm21,

supporting the model that ETI and PTI mutually potentiate and

interdepend on each other (Yuan et al., 2021).
The powdery mildew resistance
proteins that function independently
of perceiving Bgt

Pm38 and Pm46 are two powdery mildew resistance proteins

that confer protection against the pathogen without directly

perceiving effectors or PAMPs originating from Bgt (Figure 1,

type 3). Pm38 shares structural similarities with adenosine

triphosphate-binding cassette (ABC) transporters of the

pleiotropic drug resistance subfamily, which includes the well-

known nonhost resistance protein PEN3 in Arabidopsis. Recently,

it was reported that abscisic acid (ABA) is the substrate of the ABC

transporter Pm38 and that ABA redistribution, mediated via the

transporter, might contribute to resistance against not only Bgt but

also multiple fungal pathogens in wheat (Krattinger et al., 2019;

Bräunlich et al., 2021). On the other hand, Pm46 functions as a
TABLE 1 List of cloned genes conferring race-specific resistance to Blumeria graminis f. sp. tritici in wheat and their corresponding avirulence (Avr)
genes cloned in the pathogens.

Gene Gene Product Donor species Cognate Avr

Pm1a (Hewitt et al., 2021) CNL a Triticum aestivum AvrPm1a.1, AvrPm1a.2 (Hewitt et al., 2021; Kloppe et al., 2023)

Pm2 (Sanchez-Martin et al., 2016) CNL Aegilops tauschii AvrPm2 (Praz et al., 2017; Manser et al., 2021)

Pm3b (Yahiaoui et al., 2004) CNL Triticum aestivum AvrPm3b (Bourras et al., 2019)

Pm3a, d (Srichumpa et al., 2005) CNL Triticum aestivum AvrPm3a, d (Bourras et al., 2015; Bourras et al., 2019)

Pm5e (Xie et al., 2020) CNL Triticum aestivum –

Pm8 (Hurni et al., 2013) CNL Secale cereale –

Pm12 (Zhu et al., 2023) CNL Aegilops speltoides –

Pm17 (Singh et al., 2018) CNL Secale cereale AvrPm17 (Müller et al., 2022)

Pm21 (He et al., 2018; Xing et al., 2018) CNL Dasypyrum villosum –

Pm41 (Li et al., 2020) CNL Triticum turgidum ssp. dicoccoides –

Pm60, 60a, 60b (Zou et al., 2018) CNL Triticum urartu –

Pm69 (Kim et al., 2023) CNL Triticum turgidum ssp. dicoccoides –

Pm24 (Lu et al., 2020) TPK b Triticum aestivum –

WTK4 c (Gaurav et al., 2022) TPK Aegilops tauschii –

Pm4b (Sánchez-Martıń et al., 2021) MCTP kinase d Triticum carthlicum –
aCNL, coiled-coil (CC), nucleotide binding site (NBS), leucine rich repeat (LRR) protein.
bTKP, tandem kinase protein.
cWTK, wheat tandem kinase.
dMCTP kinase, multiple C2-domains and transmembrane region kinase protein.
"-" is that no cognate gene has been reported there.
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plasma membrane-localized nonfunctional hexose transporter,

leading to an increased hexose/sucrose ratio in the leaf apoplasm

due to its blocking of apoplastic hexose retrieval in epidermal cells

(Figure 1, Type 3)(Moore et al., 2015). Consequently, the altered

sugar ratio triggers a sugar-mediated signaling response, creating a

more hostile environment for pathogen growth (Proels and

Hückelhoven, 2014). Notably, this type of resistance exhibits

partial, durable, and broad-spectrum characteristics, similar to

PTI, which stands in contrast to race-specific resistance.

Remarkably, the perception of Bgt is not required for the

activation of this type of resistance.
Modification of susceptibility/negative
regulator genes for resistance to
wheat powdery mildew

EDR1 is well conserved and is expected to function similarly in

different plant species (Frye et al., 2001). In Arabidopsis, EDR1

negatively regulates PTI modulated by the RLP53-associated

immune complex (Chen et al., 2022). Notably, EDR1 physically

interacts with MKK4/MKK5 and negatively affects MPK3 and

MPK6 protein levels and kinase activity (Zhao et al., 2014; Gao

et al., 2021). Moreover, EDR1 directly associates with PAD4 and

EDS1 and interferes with the heteromeric association of PAD4 and

EDS1, which are key components of ETI (Neubauer et al., 2020)

(Figure 1, Type 4). As a result, EDR1 acts as a negative regulator in

innate immunity. Simultaneous modification of three homoeologs

of EDR1 in common wheat via genome editing relieves

the suppression of EDR1 to immunity and significantly enhances

powdery mildew resistance, although the resistance remains partial

(Zhang et al., 2017). MLO encodes a transmembrane protein. The

C-terminal domain in MLO is responsible for Ca2+-dependent

binding with calmodulin, which is associated with the negatively

regulating ability of MLO to resistance (Kim et al., 2002).

Furthermore, resistance mediated by knockout of MLO requires

PEN1, suggesting that powdery mildew fungi may enlist MLO to

regulate vesicle fusion and exocytosis processes for successful

pathogenesis (Figure 1, Type 4)(Kusch and Panstruga, 2017;

Jacott et al., 2021). Intriguingly, in mlo mutants, the development

of powdery mildew is terminated at the stage of cell wall

penetration, a phenomenon reminiscent of nonhost resistance

mechanisms (Jacott et al., 2021). The mlo mutants also exhibit

undesired pleiotropic phenotypes, including growth penalties and

yield losses, which have hampered their widespread use (Consonni

et al., 2006). However, a recently identified mutant, with a 304-

kilobase pair targeted deletion in the MLO-B1 locus of wheat,

retains crop growth and yields while conferring robust powdery

mildew resistance, although the precise mechanism by which to

revert the growth penalties is not fully understood (Li et al., 2022;

Najafi and Palmgren, 2022). Thus, disruption of this type of gene

emerges as an attractive resistance breeding strategy in wheat.
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Prospect

In race-specific powdery mildew resistance, some interactions

between NLRs and cognate effectors have been subject to

investigation, but the downstream signaling pathways resulting

from these interactions remain to be fully understood. In contrast

to NLR, the molecular analysis of non-NLR-based race-specific

resistance is in its early stages, and the corresponding avirulence

genes have not yet been identified. In addition, the ligands

recognized by the RLKs for activating PTI to Bgt are also

unknown. On the other hand, the characterization of resistance

conferred by membrane-localized transporters, which do not

require the perception of effectors or PAMPs from Bgt, has been

more extensively studied. Although the resistance provided by these

transporters is partial, similar to PTI triggered by RLKs, it tends to

be more durable and broad-spectrum compared to race-specific

powdery mildew resistance. Notably, resistance facilitated by

genome modification of the susceptibility gene MLO is complete,

durable, and broad-spectrum. Moreover, the undesirable growth

penalties observed in mlo mutants can potentially be overcome by

implementing additional precision genome editing to stack

genetic changes.

Resistance to powdery mildew in wheat can be classified into

different layers based on their specific characteristics. However, it is

important to note that these layers of resistance should not be used

individually to combat rapidly evolving Bgt. Studies have shown

that even on mlo plants, powdery mildew isolates with enhanced

virulence can emerge (Schwarzbach, 1979). The combination of

multilayered resistance is necessary to create a high barrier,

preventing Blumeria graminis f. sp. tritici from adapting to and

overcoming (Dracatos et al., 2023). Thus, constant efforts are

required to identify and understand various resistance genes in

wheat and its close relatives, as well as analyze their molecular

mechanisms. This ongoing research is essential for laying the

foundation to develop effective and durable strategies to combat

wheat powdery mildew.
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