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Abstract

Background
The cloned avirulence gene AvrLr21 from Puccinia triticina (Pt) enables direct assessment of Lr21
functionality via hypersensitive response (HR). Using this system, we evaluated 25 Chinese wheat
cultivars that were previously identified as Lr21-positive by molecular markers.

Results
Unexpectedly, none of them exhibited HR upon AvrLr21 infiltration, indicating that all these accessions
carry non-functional Lr21 alleles. Sequence comparison further resolved these non-functional alleles into
two distinct haplotypes: H1 (14 cultivars) and H2 (11 cultivars). Comparative sequencing revealed six
polymorphic sites that distinguished functional from non-functional Lr21 alleles, prompting development
of a CAPS marker for functionality and four SSP markers for H1/H2 subtyping. Genotyping confirmed
that all tested Chinese accessions carried only non-functional haplotypes, indicating no historical
deployment of functional Lr21. As a proof of concept for marker utility, we pyramided functional Lr21
with Pm36 in a cross between TcLr21 and ZKPm36, obtaining F2 progenies with the expected 29:9:9:3
segregation. Resistance assays of the pyramided plants revealed an expanded resistance spectrum
(moderate leaf rust, high powdery mildew, moderate root rot) except against crown rot, defining the
scope for deploying this dual-gene stack in breeding.

Conclusions
Collectively, we developed diagnostic markers discriminating functional from non-functional Lr21
haplotypes, and validated their utility in pyramiding Lr21 with Pm36, providing both tools and genetic
materials for marker-assisted selection (MAS) and further improvement of multi-disease resistance in
wheat.

Introduction
Wheat leaf rust, caused by the fungal pathogen Puccinia triticina (Pt), is a typical airborne fungal disease
characterized by a wide dispersal range and high destructiveness. By impairing photosynthesis, the
disease induces the depletion of nutrients in affected plants, thereby disrupting grain filling and typically
causing yield losses of 5–10%, with severe infections leading to reductions of up to 50% [1]. The disease
is globally distributed, with major epidemic regions including Canada, the United States and China [2].
Deployment of resistant cultivars remains the most effective strategy for managing wheat leaf rust. To
date, over 100 leaf rust resistance genes have been identified on wheat chromosomes, among which
Lr85 is the most recently formally designated [3], and 13 genes have been cloned [3–5]. However, the
high virulence variation of Pt frequently results in the breakdown of resistance. In China, genes such as
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Lr9, Lr19, Lr21, Lr24, Lr34, Lr38, Lr47, and Lr67 still confer effective resistance [6–8]. Therefore,
continuous evaluation of the functional status of resistance genes in current cultivars is of critical
importance for guiding rational cultivar deployment and ensuring durable disease control.

The wheat leaf rust resistance gene Lr21 originated from Aegilops tauschii and was transferred into
common wheat via distant hybridization in the 1970s, and was subsequently mapped to chromosome
1D [9]. Using a diploid/polyploid shuttle mapping strategy, Huang et al. successfully cloned Lr21 through
map‑based cloning, and its encoded product was characterized as a typical NBS‑LRR class disease
resistance protein [10]. In natural populations, resistance genes often exhibit multiple haplotypes, which
may differ in functional versus non‑functional alleles. For example, the RPM1 gene in Arabidopsis
thaliana has two haplotypes that differ in their recognition of pathogen effectors [11]. Scherrer et al.
found that the wheat leaf rust resistance gene Lr10 also has two haplotypes: haplotype H1 carries both
the intact Lr10 gene and RGA‑2, whereas haplotype H2 retains only a partial sequence of RGA‑2 [12]. With
respect to Lr21, Huang et al. demonstrated that the wheat cultivars Wichita and Fielder each carry one
haplotype on chromosome 1D, designated Lr21‑w (H1) and Lr21‑f (H2), respectively, both of which are
non‑functional alleles [13]. Corresponding haplotypes highly similar to Lr21‑w and Lr21‑f were also
identified in the Aegilops tauschii population and named Lr21‑1 and Lr21‑2, respectively. Naz et al.
confirmed through population genomics analysis that Lr21‑w and Lr21‑f in common wheat originated
from the introgression of Lr21‑1 and Lr21‑2 from Aegilops tauschii [14]. Given the functional differences
among Lr21 haplotypes in disease resistance, it is imperative to develop molecular markers that can
effectively distinguish functional from non‑functional haplotypes. Such markers would enable accurate
assessment of the actual utilization of Lr21 in Chinese wheat breeding programs, thereby providing a
scientific basis for rational cultivar deployment and the improvement of durable disease resistance.

Wheat germplasm resources serve as the material foundation for wheat breeding. The exploration and
utilization of elite leaf rust‑resistant germplasm, as well as the development of multi‑resistant wheat
germplasm, are critical for safeguarding wheat production. Yang et al. constructed a multi‑parental
convergent crossing population, and after several generations of selection, obtained 168 F6 lines [15].
Through molecular marker genotyping, field resistance evaluation, and agronomic trait assessment, they
ultimately screened 19 lines with desirable agronomic traits, high resistance to stripe rust, and carrying
the Fhb1 gene. Zheng et al. pyramided the stripe rust resistance gene Yr26, the powdery mildew
resistance gene ML91260, and the high‑molecular‑weight glutenin subunits Dx5 + Dy10 into a dwarf
mutant of Xiaoyan 22, and successfully obtained six pyramided lines with combined resistance to stripe
rust and powdery mildew, as well as superior quality [16]. Wang et al. developed a multiplex KASP
(Multi‑KASP) assay system that enables simultaneous detection of Fhb7 and Pm21, which confer
broad‑spectrum resistance to Fusarium head blight and powdery mildew, respectively, and are derived
from wild relatives of wheat [17]. Phenotypic evaluation demonstrated that pyramiding both genes
enhanced resistance to both diseases. Multi‑resistant wheat can effectively defend against infections by
multiple pathogens, reduce yield losses caused by diseases, and improve yield stability, and has thus
become an important direction for future wheat breeding.
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Based on our previous screening of leading Chinese wheat cultivars (lines) using Lr21‑specific molecular
markers, we identified germplasm accessions carrying Lr21 and validated their resistance to the
prevalent wheat diseases, leaf rust and powdery mildew [18]. In the present study, we aim to further
determine the functional type of Lr21 through recognition with AvrLr21, identify haplotypes via sequence
alignment, and develop diagnostic markers that distinguish functional from non‑functional alleles.
Subsequently, we will pyramid the functional Lr21 allele with wheat materials that exhibit inferior leaf rust
resistance but possess favorable resistance to other diseases, aiming to create novel multi‑resistant
germplasm. This study is designed to elucidate the functional status and haplotype distribution of Lr21
in Chinese wheat, establish a precise identification system, and provide both genetic materials and a
theoretical basis for multi‑resistance breeding.

Results
Functional validation of Lr21 haplotypes through AvrLr21-triggered hypersensitive response

We previously cloned the avirulence gene AvrLr21 from Pt and demonstrated that its gene product
directly interacts with Lr21 to trigger HR [19], and identified 25 germplasm accessions carrying Lr21
using Lr21‑specific molecular markers [18]. To further determine whether the Lr21 alleles present in the
25 wheat cultivars (lines) carrying this gene correspond to functional haplotypes, we infiltrated purified
AvrLr21 protein into the leaves of each of these 25 accessions. As shown in Fig. 1, none of the control
treatments—GST protein, H2O, or buffer—elicited HR in TcLr21 (positive control), Thatcher (negative
control), or any of the 25 Lr21-carrying cultivars (lines). In contrast, the purified AvrLr21 protein induced a
clear HR exclusively in TcLr21, but not in Thatcher or in any of the 25 accessions. These results indicate
that the Lr21 alleles in the 25 wheat cultivars (lines) fail to recognize the AvrLr21 protein, suggesting that
these accessions most likely harbor non‑functional Lr21 haplotypes.

Sequence polymorphisms distinguishing functional and
non-functional haplotypes
To determine whether the Lr21 alleles present in the 25 wheat cultivars (lines) correspond to
non‑functional haplotypes, we performed PCR amplification using the markers Sta3 and D14‑R [13].
Agarose gel electrophoresis revealed that all 25 cultivars (lines), as well as the positive control TcLr21,
amplified a specific band of approximately 1,700 bp, whereas this band was absent in the negative
control Thatcher (Fig. 2a). Sequencing of the PCR products confirmed that the expected Lr21‑specific
fragments were obtained. Sequence alignment using DNAMAN software revealed that the sequences of
14 cultivars (lines) were identical to the non‑functional H1 haplotype (Fig. 2b), accounting for 56% of the
tested lines. These 14 cultivars include Shijiazhuang 11, Jingdong 23, Zhongmai 175, Jingdong 11,
Jingdong 20, Baofeng 104, Jingdong 22, Tang Y958, Jingdong 12, Jingdong 18, Jing 9428, Lunxuan 987,
Luyuan 205, and Yaomai 16. The remaining 11 cultivars (lines), including Hongmai 15‑1, Aifeng 8,
Gaoyou 2018, Jimai 21, Tang Y959, Luyuan 502, Tang Y2, Heng 4399, Tang Y605, Jinan 17, and Jimai 4,
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showed sequences consistent with the non‑functional H2 haplotype (Fig. 2b), representing 44%. None of
the 25 cultivars (lines) carried a functional Lr21 allele.

To distinguish functional Lr21 from its two non‑functional haplotypes (H1 and H2), we aligned partial
sequences of the three alleles using SnapGene. Sequence alignment revealed that H1 and H2 each
contained a BstE II recognition site at positions 734 bp and 719 bp, respectively, which was absent in the
functional Lr21 sequence (Fig. 3a). After BstE II digestion, the functional Lr21 fragment remained uncut
as a single 1,700 bp band, whereas both non‑functional fragments were cleaved into 1,000 bp and 700
bp bands (Fig. 3b), as confirmed by sequencing (Table S1). A CAPS marker was thus developed to
discriminate functional from non‑functional Lr21 alleles. To validate this marker, we digested the
corresponding fragments from the 25 Lr21‑carrying wheat cultivars (lines) with BstE II. All 25 accessions
produced the two diagnostic bands (1,000 bp and 700 bp) (Fig. 3c), indicating that they uniformly carried
non‑functional Lr21 alleles. These results were verified by sequencing, confirming the utility of this CAPS
marker for discriminating Lr21 functionality in wheat germplasm.

To discriminate between the two non‑functional Lr21 haplotypes (H1 and H2), we aligned their partial
sequences and identified five polymorphisms (two single nucleotide substitutions and three deletions),
based on which we designed four sequence‑specific primer (SSP) markers: SSP‑H1‑1, SSP‑H1‑2,
SSP‑H2‑1, and SSP‑H2‑2 (Fig. 4a). Validation with known H1 and H2 templates showed that SSP‑H1‑1
and SSP‑H1‑2 specifically amplified 319 bp and 150 bp bands, respectively, only from H1 DNA, whereas
SSP‑H2‑1 and SSP‑H2‑2 produced 621 bp and 682 bp bands exclusively from H2 DNA (Fig. 4b, c; Table
S1). When applied to the 25 Lr21‑carrying cultivars, 14 accessions (including Tang Y958, Luyuan 205,
Zhongmai 175, Jingdong 22, Shijiazhuang 11, Jingdong 20, Jingdong 11, Baofeng 104, Lunxuan 987,
Jingdong 18, Jingdong 12, Jing 9428, Yaomai 16, and Jingdong 23) yielded the H1‑specific bands (Fig.
S1a, b), while the remaining 11 accessions (Jimai 4, Tang Y2, Gaoyou 2018, Aifeng 8, Heng 4399, Luyuan
502, Tang Y605, Jimai 21, Jinan 17, Tang Y959, and Hongmai 15‑1) showed the H2‑specific bands (Fig.
S1c, d). Together, these four SSP markers enable unambiguous discrimination between the
non‑functional H1 and H2 haplotypes in wheat germplasm.

Mendelian segregation validates marker utility in Lr21-Pm36 pyramiding population

To introduce functional Lr21 into Chinese wheat background, we crossed TcLr21 (functional Lr21 donor,
highly resistant to leaf rust, moderately susceptible to powdery mildew and crown rot, and susceptible to
root rot) with ZKPm36 (carrying Pm36, highly resistant to powdery mildew, moderately resistant to root
rot, and highly susceptible to leaf rust) (Fig. 6a–d; Table S2). Two F₁ hybrids were obtained and
confirmed to carry both functional Lr21 (positive for Lr21‑linked markers, uncut by BstE II, and positive
for haplotype‑specific primers) and Pm36 (positive for the Pm36‑linked marker) (Fig. 6e–g). From the
self‑pollinated F1, 50 F2 progenies were genotyped, yielding 29 plants carrying both genes, 9 carrying

only Lr21, 9 carrying only Pm36, and 3 carrying neither, fitting a 9:3:3:1 segregation ratio (χ2 = 0.0622, P > 
0.05) (Fig. S4a–e). Resistance evaluation of the F2 progeny showed that they exhibited moderate
resistance to leaf rust (IT = 2), high resistance to powdery mildew (no visible lesions), moderate
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susceptibility to crown rot (rotting length < half of plant height), and moderate resistance to root rot (26–
50% lesion coverage) (Fig. 6h-i; Table S2), indicating that pyramiding of Lr21 and Pm36 confers a
broad‑spectrum resistance profile while the F₂ population segregates as expected for two independently
inherited genes.

Disease resistance genes in wheat often give rise to different haplotypes through single nucleotide
polymorphisms, resulting in distinct functional consequences. Singh et al. reported six haplotypes of the
leaf rust resistance gene Lr9, designated Hap‑� through Hap‑Ⅵ [21]. Scherrer et al. found that Lr10 has
two haplotypes: H1 contains both the intact Lr10 gene and RGA‑2, while H2 retains only a partial RGA‑2
sequence [12]. For Lr21, two non‑functional haplotypes, H1 and H2, have been identified [13]. However,
the currently available markers Sta3 and D14‑R can only detect the presence or absence of Lr21, but
cannot distinguish functional from non‑functional haplotypes, nor discriminate between the H1 and H2
haplotypes.

Given the sequence differences among haplotypes, various SNP‑based genotyping methods have been
developed. Traditional gel‑based approaches include CAPS and allele‑specific PCR (AS‑PCR). For
instance, Gonzalez‑Cendales et al. developed the CAPS7774 marker targeting allelic variation in the
tomato I‑7 Fusarium wilt resistance gene [22]. After restriction digestion, resistant cultivars produced two
bands of 612 bp and 196 bp, whereas susceptible cultivars showed a single uncut band of 808 bp,
enabling accurate discrimination of resistant and susceptible genotypes. Guan et al. identified five
haplotypes of the soybean salt‑tolerance gene GmSALT3, developed two CAPS markers and three InDel
markers, and genotyped 1,242 accessions to reveal the selection dynamics of salt‑tolerant haplotypes in
Chinese soybean breeding, providing a tool for molecular identification of salt tolerance in soybean [23].
In this study, based on the sequence differences among the functional Lr21 haplotype and the two
non‑functional haplotypes, we developed one CAPS marker capable of distinguishing functional Lr21
from non‑functional haplotypes, and four specific markers (SSP‑H1‑1, SSP‑H1‑2, SSP‑H2‑1, and
SSP‑H2‑2) that precisely discriminate between the non‑functional H1 and H2 haplotypes. Collectively,
these five molecular markers enable accurate identification of different Lr21 haplotypes, significantly
improving detection efficiency and accuracy. This study demonstrates that the development of
functional markers has become an important direction for precision selection in disease resistance
breeding.

Wheat leaf rust and powdery mildew often occur simultaneously in the field, resulting in substantial yield
losses and quality deterioration. A single resistance gene is insufficient to cope with diverse pathogen
races, and gene pyramiding has proven to be an effective strategy for enhancing the durability of disease
resistance. Yang et al. constructed a multi-parental convergent crossing population using MAS to
pyramid the major Fusarium head blight resistance gene Fhb1 with the adult-plant stripe rust resistance
genes Yr18, Yr28, and Yr36, obtaining 168 F6 lines [15]. Among these, 19 lines with high stripe rust
resistance, carrying Fhb1, and exhibiting excellent agronomic performance were selected, some of which
can be directly used as breeding parents, providing core germplasm for durable and broad-spectrum
wheat disease resistance breeding. Pan et al. introduced the powdery mildew resistance gene Pm60 and
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the stripe rust resistance gene YrU1 from Triticum urartu into common wheat through distant
hybridization combined with marker-assisted tracking, creating novel hexaploid wheat germplasm with
combined resistance to powdery mildew and stripe rust, which can serve as intermediate materials for
disease resistance breeding [24].

Conclusions
In this study, we systematically evaluated the functional status of the leaf rust resistance gene Lr21 in
Chinese wheat germplasm using the AvrLr21-triggered HR assay. Our results revealed that functional
Lr21 is universally absent in the tested Chinese wheat cultivars, all of which carry either the H1 or H2
non-functional haplotypes. Based on sequence polymorphisms between functional and non-functional
alleles, we developed a CAPS marker for discriminating functional vs. non-functional Lr21, and four SSP
markers for precise H1/H2 subtyping. These diagnostic markers provide efficient tools for tracking Lr21
haplotypes in breeding programs. Furthermore, we successfully pyramided functional Lr21 with the
powdery mildew resistance gene Pm36, and the resulting F2 progenies exhibited an expanded resistance
spectrum against multiple pathogens, demonstrating the potential of this gene combination for multi-
disease resistance breeding. Our findings not only clarify the deployment status of Lr21 in Chinese
wheat but also provide both molecular tools and genetic materials for future resistance improvement.

Materials and methods

Plant materials and fungal isolates
The wheat near‑isogenic line TcLr21 (carrying Lr21) and its susceptible recurrent parent Thatcher, along
with the fungal isolates Bipolaris sorokiniana (Bs), Fusarium pseudograminearum (Fp), and Blumeria
graminis f. sp. tritici (Bgt), as well as the Pt race PHNT, were maintained at the Wheat Leaf Rust
Laboratory of Hebei Agricultural University. The 25 wheat cultivars (lines) carrying the Lr21 gene were
provided by the Wheat Research Institute, Tangshan Academy of Agricultural Sciences. The wheat line
ZKPm36 was kindly provided by Professor Zhiyong Liu from the Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences. Eight wheat mini‑core germplasm accessions, including
Fengkang 2, Youbao, Lovrin 10, Beijing 8, Yumai 49, Xiaoyan 6, Xinong 6028, and Lumai 1, were
generously supplied by Professor Xiaodong Wang from the College of Plant Protection, Hebei
Agricultural University.

Validation via infiltration of purified AvrLr21 protein
The purified GST and AvrLr21 proteins stored in the laboratory were adjusted to a concentration of 0.1
mg/mL. To verify the Lr21 haplotypes in the tested wheat cultivars, the purified AvrLr21 protein, GST
protein, H2O, and buffer were separately infiltrated into leaves of TcLr21, Thatcher, and the 25 Lr21-
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positive cultivars, with H2O and buffer serving as negative controls. HR was scored at 48 h post-
infiltration.

Sequence analysis of functional and non-functional Lr21 haplotypes

Genomic DNA of the 25 Lr21-carrying wheat accessions was extracted from young leaves using the
CTAB method. To determine whether the Lr21 alleles present in these accessions are functional or non-
functional, the haplotype-specific primers Sta3 and D14-R (Table S1) were used for PCR amplification.
The PCR products were resolved by 1.5% agarose gel electrophoresis, purified, and subsequently
sequenced. Sequence alignment was performed using SnapGene and DNAMAN software to identify
polymorphic sites between functional and non-functional haplotypes.

Development of a functional CAPS marker for the Lr21 gene

To identify restriction enzyme recognition sites specific to the functional Lr21 allele and the two non-
functional haplotypes (H1 and H2), the corresponding gene sequences were aligned using SnapGene
software. Candidate restriction endonucleases were tested by single digestion of each haplotype, and
the digestion products were resolved by 1.5% agarose gel electrophoresis to select the enzyme capable
of discriminating the functional haplotype from the non-functional ones. The selected restriction enzyme
was then used for single digestion of the amplified fragments from the 25 Lr21-carrying wheat
accessions. All digestion products were confirmed by Sanger sequencing.

Detection of specific markers for the two non‑functional Lr21 haplotypes

Based on the sequences of the non-functional H1 and H2 haplotypes obtained, sequence alignment was
performed using DNAMAN software, and specific primers were designed based on the polymorphic sites
between the two haplotypes (Table S1). PCR amplification was conducted using wheat DNA templates
carrying either the H1 or H2 haplotype, and the primers that could stably and specifically amplify the
expected bands were selected through agarose gel electrophoresis. The selected specific primers were
then applied to PCR detection using DNA from the 25 Lr21-carrying wheat cultivars to determine whether
these markers could effectively discriminate between the H1 and H2 haplotypes.

Haplotype analysis of Lr21 in wheat mini‑core germplasm

To trace the origin and distribution of the Lr21 gene, pedigrees of the Lr21-carrying wheat cultivars were
established through literature review. Based on pedigree information and documented breeding records,
eight wheat mini-core germplasm accessions carrying the Lr21 gene were identified. Genomic DNA was
extracted from young leaves using the CTAB method. The Lr21 haplotypes in these mini-core accessions
were then determined using the CAPS marker (for digestion-based detection) and the four SSP markers
(for PCR-based genotyping) developed in this study. The results were resolved by 1.5% agarose gel
electrophoresis.

Development and characterization of Lr21-Pm36 pyramiding population
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To develop multi-resistant wheat germplasm pyramiding functional Lr21 with Pm36, TcLr21 (as the male
parent) was crossed with ZKPm36 (as the female parent) at the flowering stage to obtain F1 seeds [25].
The F1 plants were grown, and genomic DNA was extracted from leaf tissues. PCR detection was
performed using molecular markers linked to Lr21 and Pm36, together with the Lr21 haplotype-specific
markers developed in this study, to identify individual plants simultaneously carrying functional Lr21 and
Pm36. Self-pollinated seeds were harvested from the double-positive F1 plants and sown to generate an

F2 population. The F2 plants were subjected to the same genotyping assays

Disease resistance evaluation
Disease resistance evaluations were conducted in a greenhouse under controlled conditions. At the one-
leaf-one-heart stage, plants were inoculated with Pt, Bgt, Fp, and Bs, respectively. For leaf rust and
powdery mildew inoculations, plants were incubated in darkness at 22°C with high relative humidity for
14–18 h post-inoculation; for root rot inoculation, the incubation period was extended to 48 h. All
inoculated plants were subsequently transferred to a greenhouse maintained at 25°C for routine
cultivation. Infection types for leaf rust were recorded 14 days post-inoculation using the 0–4 scale
described by Roelfs [26]. Powdery mildew resistance was evaluated following Ben-David et al. [27]. For
crown rot, a grain-based inoculum was prepared and mixed with seeds at sowing, with a secondary
inoculation performed at the one-leaf-one-heart stage; disease assessment followed Zhuang [28]. For
root rot, a spore suspension (> 105 spores mL− 1) was sprayed onto seedlings, and resistance was
evaluated according to Kokko et al. [29]. The susceptible controls were Thatcher (leaf rust), Mingxian
169 (powdery mildew), and Zhengzhou 5389 (crown rot and root rot). All experiments were performed
with two independent replicates.All experiments were performed with at least three independent
biological replicates, and representative results are shown in the figures.

Abbreviations
Pt
Puccinia triticina
AvrLr21
Avirulence gene corresponding to Lr21
Bgt
Blumeria graminis f. sp. tritici
Bs
Bipolaris sorokiniana
CAPS
Cleaved amplified polymorphic sequence
Fp
Fusarium pseudograminearum
HR
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Hypersensitive response
MAS
Marker-assisted selection
NBS-LRR
Nucleotide-binding site leucine-rich repeat
Pm36
Powdery mildew resistance gene Pm36
SSP
Sequence-specific primer
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Figure 2
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Figure 3
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Figure 6
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