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ABSTRACT

Powdery mildew poses a major threat to global wheat production, highlighting the urgent need to iden-
tify resistance genes. In this study, we report the cloning of PmNCAG, a powdery mildew resistance gene
originating from Triticum boeoticum. Using bulked segregant exome capture sequencing (BSE-Seq) and
genetic mapping, we mapped PmNCA6 to a 17-Mb recombination-suppressed interval (680.1-
697.1 Mb) on chromosome 7AL. By applying a mutant exome sequencing (MutExomeSeq) approach,
we analyzed six ethyl methanesulfonate (EMS)-induced susceptible mutants and identified non-
synonymous mutations in a nucleotide-binding leucine-rich repeat (NLR) gene, NLRI. Functional
validation through barley stripe mosaic virus-induced gene silencing (BSMV-VIGS) and transgenic
complementation confirmed that two alternatively spliced NLRI transcripts (NLR1_V1 and NLR1_V2)
confer resistance to powdery mildew. Phylogenetic analysis revealed that PmNCAG6 is orthologous to
the stem rust resistance gene Sr22a. Domain-swapping experiments between PmNCA6 and Sr22a demon-
strated that the leucine-rich repeat (LRR) domain of PmNCA6 is critical for powdery mildew specificity.
Field trials of near-isogenic lines (NILs) and recombinant inbred lines (RILs) indicated that PmNCA6-
mediated resistance does not compromise yield performance. Screening of 553 Chinese wheat cultivars
confirmed the absence of PmNCA6, emphasizing its potential for diversifying resistance sources in
breeding programs. This study establishes MutExomeSeq as a robust tool for cloning genes in
recombination-suppressed intervals and highlights the potential of engineering synthetic NLRs with

tailored LRR domains to combat evolving pathogens.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

lence has intensified with modern agronomic practices, particu-
larly those involving high nitrogen fertilization and intensive

Wheat powdery mildew caused by the fungal pathogen Blume-
ria graminis f. sp. tritici (Bgt), is a destructive disease that dimin-
ishes both yield and grain quality by impairing photosynthesis,
increasing lodging, and hindering grain development. Its preva-
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irrigation, which favor pathogen proliferation [1]. While fungicides
can provide short-term protection, the incorporation of powdery
mildew resistance genes into breeding programs offers a more sus-
tainable and environmentally friendly approach to disease
management.

Over 100 powdery mildew resistance genes and alleles have
been identified to date [2,3]. Several, including Pm2, Pm4, Pm6,
Pm8, and Pm21, have been extensively utilized in wheat breeding
programs [4-6]. However, only 26 powdery mildew resistance
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genes have been cloned. Among these, those originating from com-
mon wheat (Triticum aestivum) include Pmila [7], Pm3b [8], Pm5e
[9], Pm24 [10], Pm38/Lr34[Yr18/Sr57 [11], and Pm46/Lr67|Yr46/
Sr55 [12]. Genes introgressed from closely related species include
Pm2 and WTK4 (Aegilops tauschii) [13,14], Pm12 (Ae. speltoides)
[15], and Pm60 (T. urartu) [16]. Tetraploid wheat contributes sev-
eral cloned genes, such as Pm4 [17], Pm6/Pm52 [18,19], Pm36
[20], Pm41 [21], Pm68 [22-24], and Pm69 [25]. Additional genes
identified in Aegilops species include Pmi3 [26,27] and Pm6SI
[28] from Ae. longissima, Pm57 [29] from Ae. searsii, and PmAeul
[30] from Ae. umbellulata. Other cloned Pm resistance genes from
more distant wild relatives include Pm8 [31], Pm17 [32], and
PmTR1/PmTR3 [33] from rye (Secale cereale) as well as Pm21
[34,35] and Pm55 [36] from Dasypyrum villosum. Despite these
advances, the widespread adoption of powdery mildew resistance
genes in breeding remains constrained by linkage drag associated
with wild donors and the rapid evolution of virulent Bgt isolates
[5,37]. This emphasizes the need to identify novel resistance
sources with minimal agronomic trade-offs.

Conventional map-based cloning is a reliable approach, but
often encounters difficulties in resolving genes located within
recombination-suppressed regions, such as pericentric intervals
or introgressed segments derived from wild relatives. The develop-
ment of advanced sequencing technologies has accelerated gene
discovery through rapid mutant-sequencing strategies, including
mutagenesis and resistance gene enrichment sequencing (MutRen-
Seq) [38], mutant chromosome sequencing (MutChromSeq) [13],
sequencing trait-associated mutations (STAM) [39], and mutagen-
esis and isoform sequencing (MutlsoSeq) [40]. These methods have
successfully enabled the cloning of resistance genes in Triticeae
[7,41-46]. Complementing these approaches, exon capture
sequencing provides high target specificity and uniformity, facili-
tating efficient genotyping and the cloning of functional genes
[47,48].

In this study, we identified and functionally characterized
PmNCA6, a powdery mildew resistance gene derived from wild
wheat T. boeoticum [49]. We applied mutant exome sequencing
(MutExomeSeq), a strategy that allows the detection of causal
mutations even in genomic regions with suppressed recombina-
tion. The function of PmNCA6 was confirmed through virus-
induced gene silencing (VIGS) and transgenic complementation,
and its breeding potential was evaluated using near-isogenic lines
(NILs) and recombinant inbred lines (RILs). This study establishes
MutExomeSeq as a robust tool for cloning genes in
recombination-suppressed regions, offering a general solution for
gene isolation in complex genomes. Furthermore, this work pro-
vides a valuable genetic resource for enhancing resistance against
rapidly evolving powdery mildew pathogens.

2. Materials and methods
2.1. Plant materials

The common wheat line NC96BGTA6 (PI 599036), obtained
from the US National Plant Germplasm System (NPGS), carries
the powdery mildew resistance gene PmNCA®6, introgressed from
T. boeoticum accession PI 427772 [50]. The advanced breeding line
YangYF267, derived from a cross between NC96BGTA6 and
Yangmai 15, exhibits resistance to powdery mildew. For genetic
mapping, an F, population (> 2000 plants) was generated by crossing
YangYF267 with the high-yielding, susceptible line Yang09DPBZ. A
244-line F,.g RIL population from this cross was used to evaluate
the effects of PmNCA6 on agronomic traits. The NIL Yang20M105
was developed through four backcrosses of Yang09DPBZ (recurrent
parent) to YangYF267 (donor). The susceptible cultivar Fielder was
transformed for functional validation. Additionally, PmNCAG6 distri-
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bution was examined in an array of 553 commercial cultivars
(Table S1 in Appendix A), and allelic variation was assessed in
24 T. boeoticum accessions (Table S2 in Appendix A).

2.2. Evaluation of powdery mildew response

Plants were cultivated in a controlled-environment chamber
under a 16-h photoperiod at 22 °C during the day and 15 °C at
night, with 70% relative humidity. Inoculation was performed
using the Bgt isolate BgtYZ01, collected from Yangzhou, Jiangsu
Province, China, by brushing fresh conidiospores onto the leaves.
At least two independent experiments, each including a minimum
of five plants per line, were conducted. Disease symptoms were
evaluated 7-10 days post-inoculation (dpi), when the susceptible
parent Yang09DPBZ exhibited severe infection. Plants were classi-
fied as resistant (R; no or minimal sporulation) or susceptible (S;
extensive leaf sporulation). The resistance spectrum of YangYF267
was further assessed against 18 Bgt isolates (Table S3 in Appendix
A) using a standardized 0-4 infection type (IT) scale [51], where IT
scores of 0-2 represent resistance and 3-4 indicate susceptibility.
These evaluations were conducted at the Institute of Plant Protec-
tion, Chinese Academy of Agricultural Sciences. Additionally, 22
Bgt isolates were employed to evaluate the resistance of PmNCA6
transgenic plants and pmnca6 EMS-induced mutants (Table S4 in
Appendix A).

2.3. Bulked segregant exome capture sequencing (BSE-Seq) analysis

An F, population was inoculated with the Bgt isolate BgtYZ01. A
total of 400 susceptible and 200 resistant plants were selected for
DNA extraction. Equal amounts of DNA from resistant and suscep-
tible plants were pooled to generate two respective bulks, which,
along with the parental lines (YangYF267 and Yang09DPBZ), were
sequenced using the GenoBaits® Wheat Exome Panel (Catalog No.
PHRO106_TaWES; Molbreeding Biotechnology Co., Ltd., China).
This panel targets 304328 exonic regions, covering > 97% of
high-confidence protein-coding genes in the Chinese Spring refer-
ence genome. Raw sequencing data were quality-filtered with
fastp (v0.20.0; parameters: -n 10 -q 20 -u 40) [52] to remove adap-
ters and low-quality reads. Clean reads were aligned to the refer-
ence genome using Burrows-Wheeler aligner maximal exact
matches (BWA-MEM) [53]. Variant calling was carried out
with GATK (v3.5-0-g36282e4; parameters: -dcov 1000000 -
minlndelFrac 0.15 -glm BOTH -1 INFO) [54], followed by filtration
using GATK VariantFiltration (parameters: --filterExpression
“MQO >= 4 && ((MQO / (1.0 * DP)) > 0.1) " --filterName “HARD_
TO_VALIDATE” --filterExpression “DP < 5 || QD < 2” --filterName
“LOW_READ_SUPPORT”).

Single nucleotide polymorphisms (SNPs) were genotyped as 1
(when identical to the resistant parent YangYF267) and 0 (when
identical to the susceptible parent Yang09DPBZ). The SNP-index
was calculated for each bulk, and the A(SNP-index) was obtained
as the difference between the SNP-indices of the R-bulk and
S-bulk. Candidate genomic regions were identified using a 2-Mb
sliding window with 100-kb steps, applying a 99% confidence
threshold based on 1000 permutations [55].

To delineate the T. boeoticum introgression on chromosome 7A,
the exome sequencing data from YangYF267 were aligned to both
the Chinese Spring reference genome (RefSeq v2.1) and the T. boeo-
ticum reference genomes using the BWA-MEM v0.7.17 [53,56,57].
The resulting alignments were sorted and indexed with SAMtools
v1.15 [58]. Genome-wide coverage was calculated using BEDTools
v2.30.0 by partitioning the reference genome into 1-Mb non-
overlapping windows using bedtools makewindows and comput-
ing read counts per window using bedtools coverage [59]. Cover-
age statistics, including mean, median, and standard deviation,



W. Wan, R. Zhao, P. Zhao et al.

were calculated for each chromosome. Coverage distributions were
visualized using two complementary approaches: (D chromosome
ideograms with overlaid coverage heatmaps generated using
RIdeogram v0.2.2 [60], and @ detailed statistical plots including
line plots, faceted comparisons, and bar charts created using
ggplot2 v3.4.0 in R v4.2.0 [61].

2.4. Development of molecular markers

InDel and SNP variants between the resistant parent
(YangYF267) and the susceptible parent (Yang09DPBZ) were iden-
tified through exon capture sequencing. InDel loci (> 10 bp) were
selected for primer design using Primer3, with target amplicon size
<500 bp. Kompetitive allele-specific polymerase chain reaction
(KASP) markers were designed using Polymarker, and primers
were modified to incorporate standard 5’ fluorescent tails (FAM:
GAAGGTGACCAAGTTCATGCT; VIC: GAAGGTCGGAGTCAACGGATT).
All primers were synthesized by Tsingke Biological Technology
(China).

Within the 560-713 Mb target interval, 28 primer pairs (18
InDel, ten KASP) were designed and validated for polymorphisms
between the two parents and their contrasting bulks. Markers that
displayed consistent polymorphisms in both parental lines and
bulks were considered linked to PmNCAG6. Ultimately, 15 markers
were confirmed to be linked to PmNCAG (Table S5 in Appendix A).

2.5. Ethyl methanesulfonate (EMS) mutagenesis

To obtain powdery mildew-susceptible mutants, 5000 seeds of
the resistant line YangYF267 were treated with 0.8% EMS. The trea-
ted seeds were grown in the field, and seeds from 1800 surviving
M; plants were individually harvested. From these, 800 M, families
were advanced for phenotypic screening. In the M, generation, 20
seedlings per line were grown in a controlled-environment cham-
ber along with resistant (YangYF267) and susceptible
(Yang09DPBZ) controls. All plants were inoculated with BgtYZ01
at the seedling stage. Disease responses were assessed once
Yang09DPBZ exhibited severe symptoms. Seedlings showing visi-
ble sporulation were classified as susceptible and subsequently
genotyped using haplotype markers (7AID-621, 7AID-641, 7AID-
667, 7AID-686, 7AID-694, and 7AID-713) located in the PmNCA6
region. Mutants retaining the YangYF267 haplotype were con-
firmed as EMS-induced susceptible lines.

2.6. MutExomeSeq analysis

Six independent EMS-induced susceptible mutants of
YangYF267, along with the wild-type (WT) YangYF267, were sub-
jected to exon capture sequencing. The resulting reads were
aligned to the Chinese Spring reference genome (RefSeq v2.1)
[56]. Genes carrying sequence variation between YangYF267 and
the reference were selected as potential PmNCAG candidates. Com-
parative analysis of coding sequences (CDS) revealed a nucleotide-
binding leucine-rich repeat gene NLR1 (TraesCS7A03G1212700) that
harbored non-synonymous mutations in all six mutants, confirm-
ing it as the candidate of PmNCA6. The exome sequencing results
were further validated through amplification and Sanger-
sequencing of the NLR CDS region across all mutants.

2.7. Barley stripe mosaic virus-induced gene silencing (BSMV-VIGS)
analysis

To verify the function of NLR1, BSMV-VIGS was carried out in
YangYF267. Two fragments corresponding to the nucleotide-
binding sequence (NBS; 1303-1462 bp) and leucine-rich repeat
(LRR; 1997-2166 bp) domains of NLR1 were cloned in reverse ori-
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entation into the pCa-ybLIC vector, generating the pCa-yb-NLR1
construct. Control constructs included BSMV:y-PDS (targeting phy-
toene desaturase (PDS), to induce photobleaching) and BSMV:y
(empty vector). At 10 dpi, the fourth leaves were collected for
quantitative reverse transcription PCR (qRT-PCR) to assess silenc-
ing efficiency. Systemic VIGS was confirmed by chlorophyll loss
in PDS-silenced plants. For resistance assessment, leaves from ten
plants per construct were cultured on a medium containing
6-benzylaminopurine (6-BA) and inoculated with Bgt.

2.8. Gene isolation

Total RNA was extracted from the first and second leaves of
YangYF267 and 24 T. boeoticum accessions at 0, 8, 18, and 24 h
post-inoculation (hpi) with the Bgt isolate BgtYZ01. RNA extraction
was performed using the VeZol-Pure Total RNA Isolation Kit
(Vazyme, China; Catalog No. RC202-01), and first-strand comple-
mentary DNA (cDNA) synthesis was carried out with the HiScript
Il 1st Strand cDNA Synthesis Kit (Vazyme; Catalog No. R312-01).
Coding sequences of NLR genes were amplified from the cDNA
using the primer pair P-exon-NLR and subsequently sequenced
via Sanger sequencing. A 13 516-bp genomic fragment containing
the native promoter and terminator regions of NLR1 was amplified
from T. boeoticum accession PI 427772, the original donor of
PmNCAG6 [50], using the primer pair P-Genomic-NLR. All PCR ampli-
fications were conducted using the 2x Phanta Max Master Mix
(Vazyme; Catalog No. P525-01).

2.9. Design and synthesis of chimeric genes

Sequence alignment between the NLR1 and Sr22a (EBI:
LN883743) revealed a conserved region (1405-1743 bp) spanning
the coiled-coil (CC)-NBS and LRR domains, which was defined as
the recombination site. To investigate this region, two chimeric
genes, NCG1 and NCG2, along with Sr22a, were synthesized
(Tsingke Biological Technology, China). NCG1 contains the CC-
NBS domains (amino acids (aa) 1-470) of Sr22a and the LRR
domain (aa 471-940) of NLR1, whereas NCG2 fuses the CC and
NBS domains (aa 1-470) of NLR1 with the LRR domain (aa 471-
940) of Sr22a (see supplemental sequences in Appendix A).

2.10. Genetic transformation of wheat

Three NLR1 splice variants (NLR1_V1, NLR1_V2, and NLR1_V3)
were cloned into the overexpression vector pLGY-OE3 under the
control of the maize Ubiquitin promoter using BamHI and Sacl
restriction sites. A 13516-bp genomic fragment encompassing
NLR1 along with its native promoter and terminator was inserted
into pLGY-OE3, replacing the Ubiquitin promoter. The chimeric
genes (NCG1 and NCG2) and Sr22a were likewise cloned into
pLGY-OE3 driven by the Ubiquitin promoter. All resulting con-
structs were introduced into the powdery mildew-susceptible
wheat cultivar Fielder through Agrobacterium tumefaciens-
mediated transformation.

2.11. Transgenic assays

The functions of the NLR1 splice variants (V1-V3), the native
genomic NLR1 fragment, the chimeric genes (NCG1 and NCG2),
and Sr22a were evaluated through transgenic complementation
in the wheat cultivar Fielder. Transgenic T and T; plants were ini-
tially screened for the presence of the transgene using the
construct-specific primer pair P-GM-NLR for Ubiquitin promoter-
driven constructs, while the diagnostic marker FM-NLR verified
the integration of the native NLRI1 genomic fragment. For each
independent transgenic event, at least ten PCR-positive seedlings
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were inoculated with the powdery mildew isolate BgtYZ01. Dis-
ease responses were subsequently assessed, with non-
transformed Fielder plants serving as susceptible controls.

2.12. Evolutionary analysis of PmNCAG6 and related NLR proteins

To elucidate the evolutionary position of PmNCA6, a phyloge-
netic tree was constructed together with NLR-type resistance pro-
teins from wheat, related species and T. boeoticum. Full-length
protein sequences were retrieved from the NCBI and WheatOmics
databases. Multiple sequence alignment was performed using
ClustalW in MEGA7. The phylogenetic tree was reconstructed
using the Neighbor-Joining method and Poisson correction model.
Final visualization and annotation were carried out using the Inter-
active Tree of Life online tool. Synteny analysis of the PmNCA6
interval between the Chinese Spring genome and T. boeoticum
was performed using the Triticeae-GeneTribe website.

2.13. Evaluation of agronomic performance and yield effects

During the 2021-2022 growing season, four key agronomic
traits—plant height, spike length, spikelet number per spike, and
grain number per spike—were assessed in YangYF267,
Yang09DPBZ, and an RIL population. The experiment was con-
ducted at the Yangzhou Experimental Farm with two replicates,
sowing 40 seeds per row for each line. Fungicide was applied to
control powdery mildew. In each replicate, fifty resistant and fifty
susceptible RILs were randomly selected, and 20 plants per RIL
were evaluated for main stem traits. Data were analyzed using
analysis of variance (ANOVA) with multiple comparisons in SPSS
(v20.0; IBM Corporation, USA).

To assess yield effects, the NILs Yang24M105 and YangO09DBPZ
were grown in 3.3 m x 2.0 m plots during the 2022-2023 and
2023-2024 seasons, with three replicates at a density of
300 seedlings-m~2 and fungicide protection. All plants in each plot
were harvested, and the final yield was determined as the mean
across replicates.

3. Results
3.1. PmNCAG confers powdery mildew resistance in YangYF267

Wheat line YangYF267, which carries PmNCAG6, exhibited high
resistance to powdery mildew at both the seedling and adult-
plant stages. Upon inoculation with Bgt isolate BgtYZO01,
YangYF267 displayed no visible disease symptoms, whereas the
susceptible control YangO9DPBZ developed extensive conidial
sporulation (Fig. S1 in Appendix A). To evaluate the resistance
spectrum, YangYF267 and 37 wheat lines harboring known
powdery mildew resistance genes were tested with 18
distinct Bgt isolates, with YangYF267 demonstrating multi-isolate
resistance (Table S3).

Genetic analysis of 15 F; and 200 F, progeny from a cross
between YangYF267 and Yang09DPBZ indicated that resistance is
controlled by a single dominant gene. All F; plants and 158 F,
plants were resistant to the Bgt isolate BgtYZ01, while 42 F, plants
were susceptible, consistent with a 3:1 segregation ratio
(x?3:1 = 1.71, P-value with 1 degree of freedom (P;4r) >0.05). These
findings confirm that PmNCAG6 underlies the resistance observed in
YangYF267.

3.2. PmNCAG is localized to a 17-Mb recombination-suppressed
interval on chromosome 7AL

Resistant (R) and susceptible (S) bulks were constructed from
600 F, plants derived from a YangYF267 x Yang09DPBZ cross for
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BSE-Seq analysis. A(SNP-index) analysis (threshold > 0.8) identi-
fied 501 candidate SNPs, with 479 SNPs mapped to a 583-
699 Mb region on chromosome 7A (Figs. 1(a) and (b)), indicating
that this region is associated with PmNCA6-mediated resistance.

To further delimit the PmNCAG6 locus, ten InDel and five KASP
markers (Table S5) were developed and used to genotype 1500
F, plants. Initial flanking markers, 7AK-560 and 7AID-713, detected
only 25 recombinants, suggesting strong recombination suppres-
sion in this region. Combined genotyping and phenotyping local-
ized PmNCA6 to a 17-Mb interval (680.1-697.1 Mb) between
markers 7AID-680 and 7AK-697 (Fig. 1(c)).

3.3. MutExomeSeq identifies an NLR gene as the candidate for
PmNCAG6

Six independent EMS-induced susceptible mutants were identi-
fied from 800 M, families of YangYF267 (Fig. 2(a)). Whole-exome
capture sequencing of these mutants and the WT YangYF267
revealed 4977 SNPs within the target 17-Mb interval on WT when
compared to the Chinese Spring reference genome. Among the 107
annotated genes in this region, 16 contained coding sequence
mutations in at least one mutant. Notably, only TraesC-
S7A03G1212700, designated NLR1 and encoding an NLR
protein, harbored non-synonymous mutations in all six mutants
(Figs. 2(b) and (c), Table S6 in Appendix A), confirming it as the
likely causal gene for PmNCA6. Sanger sequencing of the NLR1
CDS in these mutants using P-exon-NLR confirmed the exome
sequencing results.

The NLR1 gene, amplified from YangYF267, spans 9012 bp and
comprises four exons and three introns (Fig. S2(a) in Appendix
A). Three alternatively spliced transcripts were identified: NLR1_V1
(2823 bp; 940 aa), NLR1_V2 (2808 bp; 935 aa) containing a 15-bp
deletion, and NLR1_V3 (2142 bp; 713 aa) with a 681-bp deletion
relative to NLR1_V1 (Fig. S2 in Appendix A). Expression analysis
revealed no significant differences in transcript abundance among
the three splicing variants, and none were induced upon powdery
mildew infection (Fig. S3 in Appendix A).

3.4. NLR1 confers powdery mildew resistance as PmNCAG in transient
and stable transgenic assays

BSMV-VIGS was performed to specifically silence the NBS and
LRR domains of NLR1 (BSMV:NLRI1_ngs and BSMV:NLR1_;gr) in
YangYF267 seedlings to assess whether NLR1 is required for the
resistance conferred by PmNCAG. Plants with silenced NLR1 exhib-
ited markedly reduced transcript levels and increased susceptibil-
ity to powdery mildew, while plants carrying the empty vector
remained resistant (Figs. 3(a) and (b)), confirming that NLR1 is
essential for immunity.

To further assess NLR1’s function, four constructs were trans-
formed into the susceptible cultivar Fielder: a 13 516-bp genomic
fragment containing NLR1 with its native promoter and terminator
(Pnrr1:NLR1), and three splice variants driven by the maize (Zea
mays) Ubiquitin promoter (Ubi:NLR1_V1, Ubi:NLR1_V2, and Ubi:
NLR1_V3). Agrobacterium-mediated transformation yielded at least
three PCR-positive Ty plants per construct. In the T; progeny, resis-
tance to isolate BgtYZ01 co-segregated with transgene presence in
plants expressing Pyyr;:NLR1, Ubi:NLR1_V1, and Ubi:NLR1_V2
(Figs. 3(c)-(e)). In contrast, plants expressing the truncated variant
Ubi:NLR1_V3 remained susceptible (Fig. 3(f)), indicating that the
681-bp deletion in NLR1_V3 disrupts resistance function.

To verify that NLR1 confers resistance to multiple isolates, we
inoculated T; progeny from both the NLRI1 overexpression and
native promoter-driven transgenic lines in the susceptible Fielder
background with 22 Bgt isolates (Table S4). All positive transgenic
plants exhibited resistance to every isolate, whereas the Fielder
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Fig. 1. Physical mapping of PmNCAG6 in YangYF267. (a) Genome-wide A(SNP-index) plot. Blue and red lines indicate the 95% and 99% confidence intervals, respectively. The
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Fig. 2. Nucleotide and amino acid variations in PmNCA6 among EMS-induced susceptible mutants. (a) Powdery mildew responses of WT (YangYF267) and mutant plants
(M1-MS6). (b) Schematic representation of PmNCA6 nucleotide mutations in PmNCAG. (c) Corresponding amino acid substitutions. Mutation positions are numbered relative to
the coding sequence. *: stop codon.
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Fig. 3. Functional validation of PmNCA6 via silencing and transgenic assays. (a) Disease symptoms in PmNCA6-silenced YangYF267 seedlings following BSMV-VIGS. (b)
PmNCAG transcript levels in silenced leaves. Data represent mean + SD; **P < 0.001 (two-sided t-test). BSMV:y (empty vector) was used as the control. (c-f) Disease responses
of T; transgenic lines expressing (c) Pyir;:NLR1 (native promoter/terminator), (d) Ubi:NLR1_V1, (e) Ubi:NLR1_V2, or (f) Ubi:NLR1_V3 (maize Ubiquitin promoter). “+" and “~"

indicate the presence or absence of the transgene, respectively.

control remained susceptible, confirming that NLR1 alone is suffi-
cient to confer resistance. To confirm that NLR1 is necessary for
the multi-isolate resistance observed in the donor line YangYF267,
six independent pmnca6 EMS mutants were inoculated with the
same set of 22 Bgt isolates (Table S4). All mutants lost resistance
and displayed susceptibility comparable to the recurrent parent
Yang09DPBZ, indicating that resistance in YangYF267 was entirely
dependent on functional NLR1.

By integrating MutExomeSeq, VIGS, and transgenic comple-
mentation, we conclusively demonstrate that NLR1 is PmNCAG,
the gene responsible for powdery mildew resistance in YangYF267.

3.5. PmNCAG originated from T. boeoticum

Phylogenetic analysis of PmNCAG6-like sequences across wheat
genomes and their wild relatives placed PmNCAG in a clade with
Tm.TA299.r1.7AG0168310 from T. boeoticum accession TA299
(Fig. S4 in Appendix A), confirming its origin from T. boeoticum.
Subsequently, we extracted all NLR genes from the T. boeoticum
(TA299) reference genome and constructed a comprehensive phy-
logenetic tree including PmNCAG, Sr22a, TraesCS7A03G1212700, and
these T. boeoticum NLRs. This analysis showed that PmNCAG6, Sr22a,
and TraesCS7A03G1212700 form a distinct, well-supported clade,
strongly indicating their orthologous relationship (Fig. S5 in
Appendix A). To further substantiate orthology, synteny analysis
was performed on the 17-Mb resistance region harboring PmNCA6
in the T. boeoticum (TA299) genome and the corresponding region
containing TraesCS7A03G1212700 in the Chinese Spring (v2.1) gen-
ome (Fig. S6 in Appendix A). The analysis revealed a clear, con-

321

served syntenic relationship, confirming that PmNCA6 and
TraesCS7A03G1212700 occupy orthologous genomic positions.

Exome sequencing data revealed an ~80-Mb T. boeoticum intro-
gression in YangYF267 spanning 623-703 Mb on chromosome 7A
(Fig. S7 in Appendix A). Using RT-PCR, ten PmNCA6 alleles
(PmNCAG6a-j) were identified. PmNCAGa and PmNCAG6b, which differ
by 12 aa, were present in six and five resistant accessions, respec-
tively, while PmNCAG6c was unique to resistant accession P 272519
(Fig. S8 in Appendix A). PmNCAG6d occurred in both resistant and
susceptible accessions, suggesting potential loss of function,
whereas allelic PmNCAGe-j were exclusive to susceptible accessions
and are likely non-functional (Table S2).

3.6. The LRR domain determines functional specificity of PmNCA6

TraesCS7A03G1212700/PmNCAG6 is a homolog of the wheat stem
rust resistance gene Sr22a [38]. Sequence alignment showed 97%
nucleotide and 95% protein identity between the PmNCA6 and
Sr22a. Despite this similarity, transgenic wheat expressing Sr22a
remained susceptible to the Bgt isolate BgtYZ01 (Fig. 4), indicating
that the two genes have distinct pathogen recognition specificities.

Comparative analysis revealed 50 aa differences between
PmNCAG6 and Sr22a, with 78% (39/50) of these differences located
in the LRR domain (Fig. 4(a)). To investigate the role of the LRR
domain, two chimeric genes were engineered: NCG1 (fusing Sr22a’s
CC-NBS with PmNCA6’s LRR) and NCG2 (fusing PmNCAG’s CC-NBS
with Sr22’s LRR) (Fig. 4(b)). Transgenic plants expressing NCG1 con-
ferred resistance to BgtYZO1, whereas those expressing NCG2
remained susceptible (Fig. 4(c)). These results demonstrate that
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the LRR domain of PmNCAG is both necessary and sufficient for the
recognition of powdery mildew.

3.7. PmNCAG and its diagnostic marker demonstrate breeding
potential

To evaluate the agronomic performance of PmNCAG6, an F,.g RIL
population derived from the YangYF267/Yang09DPBZ cross was
analyzed. Resistant and susceptible lines showed comparable plant
height, spike length, and grain number per spike. However, suscep-
tible RILs produced significantly more spikelets per spike than
resistant RILs (Table S7 in Appendix A). The NIL Yang24M105, car-
rying PmNCA6 in the Yang09DPBZ background, exhibited grain
yield comparable to the recurrent parent Yang09DPBZ (Table S8
in Appendix A), indicating that PmNCA6 does not impose a yield
penalty.

We also developed the diagnostic marker FM-NLR for PmNCA6
and screened 553 wheat varieties, including 435 commercial culti-
vars from the Huang-Huai Winter Wheat Region (HWWR) and 118
cultivars from the Middle and Lower Yangtze River Wheat Region
(MLYRWR) (Table S1). None of these varieties carried PmNCAG,
highlighting its potential to broaden the genetic basis of powdery
mildew resistance in breeding programs.

4. Discussion

We identified and cloned PmNCA6 from the advanced breeding
line YangYF267. This gene confers effective resistance to prevalent
Bgt isolates in the MLYRWR region without affecting yield or other
agronomic traits, thereby overcoming a key limitation in resistance
gene deployment. Using the MutExomeSeq approach, we cloned
PmNCAG6 and validated its function through VIGS and stable trans-
formation in Fielder. The gene PmNCA6 encodes an NLR protein
orthologous to the stem rust resistance gene Sr22. Domain-
swapping experiments revealed that the LRR domain determines
pathogen recognition specificity.

We developed a diagnostic marker, FM-NLR, to facilitate the
deployment of PmNCAG in breeding programs. Screening a diverse
array of wheat varieties revealed that PmNCA6 has not been previ-

CC domain

NBS domain
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ously used in current germplasm, demonstrating its potential to
diversify resistance resources. The absence of yield penalties in
NILs and the gene’s effectiveness against regional Bgt isolates posi-
tion PmNCA6 as a prime candidate for wheat improvement.

Historically, powdery mildew resistance in the MLYRWR was
largely conferred by Pm2a and Pm4a in cultivars like Yangmai 12
and Yangmai 13. By the 2010s, however, these resistance genes
were rendered ineffective due to the evolving virulence of Bgt
[5]. Resistance subsequently relied on Pm21, introgressed via the
wheat-D. villosum translocation T6VS-6AL [62]|, which now
accounts for 95.9% of resistant lines in regional trials [63]. This
widespread dependence has resulted in genetic uniformity and
increased vulnerability to resistance breakdown. PmNCAG, derived
from T. boeoticum, is not affected by regional Bgt isolates and lacks
linkage drag, offering a more sustainable alternative.

Gene cloning in recombination-suppressed regions, such as
chromosome 7AL, has long posed challenges for conventional
map-based approaches. To address this, several advanced
mutagenesis-sequencing strategies have been developed [64].
These methods, often target specific chromosomes or gene classes,
minimize genomic interference, and operate independently of
genetic maps. For instance, MutRenSeq efficiently isolates NLR
genes but is unsuitable for other gene types. Methods based on
transcriptome sequencing, such as MutlsoSeq and STAM, are not
limited by gene type, but require detectable expression. Mut-
ChromSeq is independent of both expression and gene type, yet
it necessitates flow-sorting of the target chromosome. In contrast,
MutExomeSeq overcomes these limitations, functioning indepen-
dently of gene type, expression level, or chromosome sorting. Its
main constraint is that the target gene, or a close homolog, must
be present in the reference genome, making it unsuitable for clon-
ing genes absent from the reference.

The LRR domain of PmNCA6 determines its functional diver-
gence from Sr22. Domain-swap assays showed that replacing
Sr22’s LRR with PmNCAG6’s LRR (chimera NCG1) conferred powdery
mildew resistance, whereas the reciprocal chimera (NCG2) did not,
demonstrating the LRR’s critical role in pathogen recognition speci-
ficity. This reflects a broader pattern of NLR functional diversifica-
tion driven by structural variation. For instance, Yr87/Lr85 (NLR)

LRR domain

Protein length

NCG1 Sr22a_CC-NBS o PmNCA6IRR |
NCG2 INrRNCACICCINES . Sr22a_LRR
(b)
Ubi:Sr22a Ubi:NCG1 Ubi:NCG2
Line 1 Line 2 Line 3 Line 1 Line 2 Line 3 Line 1 Line 2
1 2 3 3 1 3
- + — +

3 3
+ + o+ o+ + + + -+ + + + +
(c)
Fig. 4. Functional analysis of chimeric proteins NCG1 and NCG2. (a) Protein sequence alignment of PmNCA6 and Sr22a. (b) Domain architectures of the chimeric proteins:

NCG1 (Sr22a_CC-NBS + PmNCAG6_LRR) and NCG2 (PmNCA6_CC-NBS + Sr22a_LRR). (c) Powdery mildew responses in T; transgenic plants expressing Sr22a, NCG1, or NCG2. “+”
and “-" indicate the presence or absence of the transgene, respectively.
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confers dual resistance to yellow and leaf rusts [65], while non-NLR
genes such as Pm38/Lr34/Yr18/Sr57 (ATP-binding cassette trans-
porter) and Pm46/Lr67/Yr46/Sr55 (hexose transporter) confer resis-
tance to multiple fungal pathogens [11,12]. Allelic variants of
homologous genes, including Pm57/Lr9 [29,40], Pm24/Rwt4
[10,66], and Sr33/Mla [67], further illustrate how functional diver-
sification enables pathogen-specific recognition, highlighting the
evolutionary plasticity of resistance gene families.

The distal region of chromosome 7AL exhibits structural com-
plexity and harbors multiple documented powdery mildew resis-
tance genes [68]. These include Pmla [7], Pm59 [69], and mIRD30
[70] from T. aestivum; PmTb7A.1, PmTb7A.2 [71], and MIm80 [72]
from T. boeoticum; Pm37 [73] and MIAG12 [74] from T. timopheevii;
Pm60 from T. urartu [16]; MIUM15 [75] from Ae. neglecta; and
MIWE18 [76], MIIW72 [77], MlIW172 [78], HSM1 [79], and PmG16
[80] from T. dicoccoides. Additionally, MIm2033 [71], PmNCA4, and
PmNAG11 [81] were identified from T. monococcum.

To clarify the relationship between PmNCA6G and these genes,
we compared their physical intervals on chromosome 7A. Among
them, Pmla, Pm60, and MIWE18 have been cloned, with Pm60
and MIWE18 confirmed as allelic [82]. Pm1a is located at 732 Mb,
while Pm60/MIWE18 resides at 733 Mb. Eleven of these genes,
including Pm59, mIRD30, MIUM15, MIim2033, MIm80, PmTb7A.2,
MIAG12, MIIW72, MIIW172, HSM1, and PmG16, are distributed
between 713 and 745 Mb. Only PmNCA4, PmNAG11, PmTb7A.1,
and Pm37 exhibit genomic intervals that overlap with or are phys-
ically close to PmNCAG.

5. Conclusions

This study cloned PmNCA6 using the MutExomeSeq strategy
and validated its function through BSMV-VIGS and stable trans-
genic assays. We demonstrated that PmNCA6 encodes an NLR pro-
tein orthologous to the stem rust resistance gene Sr22, with its LRR
domain being critical for pathogen recognition specificity. The
absence of yield penalties in NILs, combined with effective resis-
tance against multiple isolates, positions PmNCA6 as a valuable
resource for wheat breeding. The diagnostic marker FM-NLR devel-
oped in this study enables efficient marker-assisted selection for
this gene. Our findings not only provide an immediate solution
to powdery mildew threats in the MLYRWR but also establish a
framework for the development of multi-resistant wheat cultivars.

Availability of data and material

The genomic sequence and three transcripts of PmNCAG and its
alleles from different T. boeoticum accessions have been deposited
in GenBank under the accession numbers PQ667754-PQ667767.

CRediT authorship contribution statement

Wentao Wan: Writing - review & editing, Writing - original
draft, Funding acquisition, Formal analysis, Data curation. Renhui
Zhao: Writing - review & editing, Writing - original draft, Funding
acquisition, Formal analysis, Data curation. Peize Zhao: Formal
analysis, Data curation. Qiulian Tang: Formal analysis. Guofeng
Lv: Funding acquisition, Formal analysis. Tiantian Chen: Formal
analysis. Ling Wang: Formal analysis. Shujiang Zang: Formal anal-
ysis. Ronglin Wu: Formal analysis. Zunjie Wang: Formal analysis.
Shulin Chen: Formal analysis. Zongkuan Wang: Formal analysis.
Xu Zhang: Formal analysis. Jinghuang Hu: Formal analysis.
Hongya Wu: Formal analysis. Datong Liu: Formal analysis. Yong
Zhang: Formal analysis. Derong Gao: Formal analysis. Hongjie
Li: Writing - review & editing, Formal analysis. Huagang He: Writ-

323

Engineering 63 (2026) 316-325

ing - review & editing, Formal analysis. Tongde Bie: Writing -
review & editing, Writing — original draft, Formal analysis.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This research was supported by the grants from the Zhongshan
Biological Breeding Laboratory (ZSBBL-KY2023-02-2), the National
Natural Science Foundation of China (32201808 and 32472102),
and the Natural Science Foundation of Jiangsu Province
(BK20231321). The authors are grateful for the contribution of Pro-
fessor Yilin Zhou (Institute of Plant Protection, Chinese Academy of
Agricultural Sciences) in identifying the resistant spectrum of
YangYF267.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.eng.2026.02.027.

References

[1] Bennett F. Resistance to powdery mildew in wheat: a review of its use in
agriculture and breeding programmes. Plant Pathol 1984;33(3):279-300.

[2] McIntosh RA, Dubcovsky ], Rogers W], Morris C, Xia XC. Catalogue of gene
symbols [Internet]. Mishima-shi: National BioResource Project (NBRP); [cited
2026 Mar 6]. Available from: https://shigen.nig.ac.jp/wheat/komugi/genes/
symbolClassList.jsp.

[3] Zhang JD, Yang H, Han GH, Xu HX, Liu RS, Yu NN, et al. Fine mapping of Pm71, a
novel powdery mildew resistance gene from emmer wheat. Crop ] 2025;13
(1):62-8.

[4] Purnhauser L, Béna L, Lang L. Occurrence of 1BL.1RS wheat-rye chromosome
translocation and of Sr36/Pmé6 resistance gene cluster in wheat cultivars
registered in Hungary. Euphytica 2011;179(2):287-95.

[5] Bie TD, Zhao RH, Zhu SY, Chen SL, Cen B, Zhang BQ, et al. Development and
characterization of marker MBH1 simultaneously tagging genes Pm21 and PmV
conferring resistance to powdery mildew in wheat. Mol Breed 2015;35
(10):189.

[6] Wu N, Lei Y, Pei D, Wu H, Liu X, Fang ], et al. Predominant wheat-alien
chromosome translocations in newly developed wheat of China. Mol Breed
2021;41(4):30.

[7] Hewitt T, Miiller MC, Molnar I, Mascher M, HoluSova K, Simkova H, et al. A
highly differentiated region of wheat chromosome 7AL encodes a Pmla
immune receptor that recognizes its corresponding AvrPmila effector from
Blumeria graminis. New Phytol 2021;229(5):2812-26.

[8] Yahiaoui N, Srichumpa P, Dudler R, Keller B. Genome analysis at different
ploidy levels allows cloning of the powdery mildew resistance gene Pm3b from
hexaploid wheat. Plant ] 2004;37(4):528-38.

[9] Xie], Guo G, Wang Y, Hu T, Wang L, Li ], et al. A rare single nucleotide variant in
Pmb5e confers powdery mildew resistance in common wheat. New Phytol
2020;228(3):1011-26.

[10] Lu P, Guo L, Wang Z, Li B, Li J, Li Y, et al. A rare gain of function mutation in a
wheat tandem kinase confers resistance to powdery mildew. Nat Commun
2020;11(1):680.

[11] Deppe JP, Rabbat R, Hortensteiner S, Keller B, Martinoia E, Lopéz-Marqués RL.
The wheat ABC transporter Lr34 modifies the lipid environment at the plasma
membrane. ] Biol Chem 2018;293(48):18667-79.

[12] Moore JW, Herrera-Foessel S, Lan C, Schnippenkoetter W, Ayliffe M, Huerta-
Espino |, et al. A recently evolved hexose transporter variant confers resistance
to multiple pathogens in wheat. Nat Genet 2015;47(12):1494-8.

[13] Sanchez-Martin J, Steuernagel B, Ghosh S, Herren G, Hurni S, Adamski N, et al.
Rapid gene isolation in barley and wheat by mutant chromosome sequencing.
Genome Biol 2016;17(1):221.

[14] Gaurav K, Arora S, Silva P, Sanchez-Martin ], Horsnell R, Gao L, et al. Population
genomic analysis of Aegilops tauschii identifies targets for bread wheat
improvement. Nat Biotechnol 2022;40(3):422-31.

[15] Zhu S, Liu C, Gong S, Chen Z, Chen R, Liu T, et al. Orthologous genes Pm12 and
Pm21 from two wild relatives of wheat show evolutionary conservation but
divergent powdery mildew resistance. Plant Commun 2023;4(2):100472.

[16] Zou S, Wang H, Li Y, Kong Z, Tang D. The NB-LRR gene Pm60 confers powdery
mildew resistance in wheat. New Phytol 2018;218(1):298-309.


https://doi.org/10.1016/j.eng.2026.02.027
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0005
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0005
https://shigen.nig.ac.jp/wheat/komugi/genes/symbolClassList.jsp
https://shigen.nig.ac.jp/wheat/komugi/genes/symbolClassList.jsp
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0015
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0015
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0015
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0020
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0020
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0020
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0025
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0025
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0025
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0025
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0030
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0030
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0030
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0035
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0035
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0035
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0035
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0040
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0040
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0040
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0045
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0045
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0045
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0050
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0050
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0050
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0055
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0055
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0055
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0060
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0060
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0060
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0065
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0065
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0065
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0070
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0070
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0070
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0075
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0075
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0075
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0080
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0080

W. Wan, R. Zhao, P. Zhao et al.

[17] Sanchez-Martin J, Widrig V, Herren G, Wicker T, Zbinden H, Gronnier ], et al.
Wheat Pm4 resistance to powdery mildew is controlled by alternative splice
variants encoding chimeric proteins. Nat Plants 2021;7(3):327-41.

[18] Wang Z, Xie ], Zhang H, Zhang ], He F, Cui B, et al. Pm6 from Triticum
timopheevii encodes an NLR receptor that directly recognizes AvrPm6 to confer
powdery mildew resistance in wheat. Mol Plant 2025;18(12):2040-4.

[19] Qiu D, Dong L, Jiao C, Hu J, Liu Y, Zhu K, et al. Wheat powdery mildew
resistance gene Pm52/Pm6 from Triticum timopheevii encodes an NLR protein
with an integrated PRK domain. Plant Commun 2025;6(12):101569.

[20] Li M, Zhang H, Xiao H, Zhu K, Shi W, Zhang D, et al. A membrane associated
tandem kinase from wild emmer wheat confers broad-spectrum resistance to
powdery mildew. Nat Commun 2024;15(1):3124.

[21] Li M, Dong L, Li B, Wang Z, Xie ], Qiu D, et al. A CNL protein in wild
emmer wheat confers powdery mildew resistance. New Phytol 2020;228
(3):1027-37.

[22] He H, Tang Q, Zhang Q, Zhu S, Lv S, Bao Y, et al. An NLR pair in the Pm68 locus
confers powdery mildew resistance in durum and common wheat. Nat
Commun 2025;16(1):9039.

[23] Yang Z, Liu N, Xie X, Wei W, Bai Y, Sun J, et al. Two complementary NLRs from
wild emmer wheat confer powdery mildew resistance. Nat Commun 2025;16
(1):9041.

[24] Zhang H, Li M, Wang G, Zhu K, Guo G, Fu H, et al. Paired NLRs originated from
Triticum dicoccoides coordinately confer resistance to powdery mildew in
wheat. Nat Commun 2025;16(1):9040.

[25] LiY, Wei ZZ, Sela H, Govta L, Klymiuk V, Roychowdhury R, et al. Dissection of a
rapidly evolving wheat resistance gene cluster by long-read genome
sequencing accelerated the cloning of Pm69. Plant Commun 2024;5
(1):100646.

[26] He H, Chen Z, Fan R, Zhang ], Zhu S, Wang ], et al. A kinase fusion protein from
Aegilops longissima confers resistance to wheat powdery mildew. Nat Commun
2024;15(1):6512.

[27] Li H, Men W, Ma C, Liu Q, Dong Z, Tian X, et al. Wheat powdery mildew
resistance gene Pm13 encodes a mixed lineage kinase domain-like protein. Nat
Commun 2024;15(1):2449.

[28] Ma C, Tian X, Dong Z, Li H, Chen X, Liu W, et al. An Aegilops longissima NLR
protein with integrated CC-BED module mediates resistance to wheat
powdery mildew. Nat Commun 2024;15(1):8281.

[29] Zhao Y, Dong Z, Miao ], Liu Q, Ma C, Tian X, et al. Pm57 from Aegilops searsii
encodes a tandem kinase protein and confers wheat powdery mildew
resistance. Nat Commun 2024;15(1):4796.

[30] He H, Wang J, Liang J, Zhang Q, Xue M, Chen Z, et al. An integrated pipeline
facilitates fast cloning of a new powdery mildew resistance gene from the
wheat wild relative Aegilops umbellulata. Plant Commun 2024;5(11):101070.

[31] Hurni S, Brunner S, Buchmann G, Herren G, Jordan T, Krukowski P, et al. Rye
Pm8 and wheat Pm3 are orthologous genes and show evolutionary
conservation of resistance function against powdery mildew. Plant ] 2013;76
(6):957-69.

[32] Singh SP, Hurni S, Ruinelli M, Brunner S, Sanchez-Martin ], Krukowski P, et al.
Evolutionary divergence of the rye Pm17 and Pm8 resistance genes reveals
ancient diversity. Plant Mol Biol 2018;98(3):249-60.

[33] Han G, Liu H, Zhu S, Gu T, Cao L, Yan H, et al. Two functional CC-NBS-LRR
proteins from rye chromosome 6RS confer differential age-related powdery
mildew resistance to wheat. Plant Biotechnol ] 2024;22(1):66-81.

[34] He H, Zhu S, Zhao R, Jiang Z, Ji Y, Ji ], et al. Pm21, encoding a typical CC-NBS-LRR
protein, confers broad-spectrum resistance to wheat powdery mildew disease.
Mol Plant 2018;11(6):879-82.

[35] Xing L, Hu P, Liu J, Witek K, Zhou S, Xu ], et al. Pm21 from Haynaldia villosa
encodes a CC-NBS-LRR protein conferring powdery mildew resistance in
wheat. Mol Plant 2018;11(6):874-8.

[36] Lu C, Du J, Chen H, Gong S, Jin Y, Meng X, et al. Wheat Pm55 alleles exhibit
distinct interactions with an inhibitor to cause different powdery mildew
resistance. Nat Commun 2024;15(1):503.

[37] Singh RP, Singh PK, Rutkoski ], Hodson DP, He X, Jargensen LN, et al. Disease
impact on wheat yield potential and prospects of genetic control. Annu Rev
Phytopathol 2016;54(1):303-22.

[38] Steuernagel B, Periyannan SK, Hernandez-Pinzén I, Witek K, Rouse MN, Yu G,
et al. Rapid cloning of disease-resistance genes in plants using mutagenesis
and sequence capture. Nat Biotechnol 2016;34(6):652-65.

[39] NiF, ZhengY, Liu X, Yu'Y, Zhang G, Epstein L, et al. Sequencing trait-associated
mutations to clone wheat rust-resistance gene YrNAM. Nat Commun 2023;14
(1):4353.

[40] Wang Y, Abrouk M, Gourdoupis S, Koo DH, Karafiitova M, Molnar 1, et al. An
unusual tandem kinase fusion protein confers leaf rust resistance in wheat.
Nat Genet 2023;55(6):914-20.

[41] Marchal C, Zhang ], Zhang P, Fenwick P, Steuernagel B, Adamski NM, et al. BED-
domain-containing immune receptors confer diverse resistance spectra to
yellow rust. Nat Plants 2018;4(9):662-8.

[42] Hewitt T, Zhang ], Huang L, Upadhyaya N, Li ], Park R, et al. Wheat leaf rust
resistance gene Lr13 is a specific Ne2 allele for hybrid necrosis. Mol Plant
2021;14(7):1025-8.

[43] Upadhyaya NM, Mago R, Panwar V, Hewitt T, Luo M, Chen J, et al. Genomics
accelerated isolation of a new stem rust avirulence gene-wheat resistance
gene pair. Nat Plants 2021;7(9):1220-8.

[44] Yan X, Li M, Zhang P, Yin G, Zhang H, Gebrewahid TW, et al. High-temperature
wheat leaf rust resistance gene Lr13 exhibits pleiotropic effects on hybrid
necrosis. Mol Plant 2021;14(7):1029-32.

324

Engineering 63 (2026) 316-325

[45] Zhang ], Hewitt TC, Boshoff WHP, Dundas I, Upadhyaya N, Li ], et al. A
recombined Sr26 and Sr61 disease resistance gene stack in wheat encodes
unrelated NLR genes. Nat Commun 2021;12(1):3378.

[46] Dracatos PM, Bartos ], ElImansour H, Singh D, Karafidtova M, Zhang P, et al. The
coiled-coil NLR Rph1, confers leaf rust resistance in barley cultivar Sudan. Plant
Physiol 2019;179(4):1362-72.

[47] Xu YB, Yang QN, Zheng HJ, Xu YF, Sang ZQ, Guo ZF, et al. Genotyping by target
sequencing (GBTS) and its applications. Sci Agric Sin 2020;53:2983-3004.
Chinese.

[48] Mascher M, Jost M, Kuon JE, Himmelbach A, Asfalg A, Beier S, et al. Mapping-
by-sequencing accelerates forward genetics in barley. Genome Biol 2014;15
(6):R78.

[49] Miranda LM, Perugini L, Srnic G, Brown-Guedira G, Marshall D, Leath S, et al.
Genetic mapping of a Triticum monococcum-derived powdery mildew
resistance gene in common wheat. Crop Sci 2007;47(6):2323-9.

[50] Murphy JP, Leath S, Huynh D, Navarro RA, Shi A. Registration of
NC96BGTA4, NC96BGTA5, and NC96BGTA6 wheat germplasm. Crop Sci
1999;39(3):883-4.

[51] An D, Ma P, Zheng Q, Fu S, Li L, Han F, et al. Development and molecular
cytogenetic identification of a new wheat-rye 4R chromosome disomic
addition line with resistances to powdery mildew, stripe rust and sharp
eyespot. Theor Appl Genet 2019;132(1):257-72.

[52] Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 2018;34(17):i1884-90.

[53] Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 2009;25(14):1754-60.

[54] McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al.
The Genome Analysis Toolkit: a MapReduce framework for
analyzing next-generation DNA sequencing data. Genome Res 2010;20
(9):1297-303.

[55] Zhao R, Liu B, Wan W, Jiang Z, Chen T, Wang L, et al. Mapping and
characterization of a novel adult-plant leaf rust resistance gene
LrYang16G216 via bulked segregant analysis and conventional linkage
method. Theor Appl Genet 2023;136(1):1.

[56] Zhu T, Wang L, Rimbert H, Rodriguez JC, Deal KR, De Oliveira R, et al. Optical
maps refine the bread wheat Triticum aestivum cv. Chinese Spring genome
assembly. Plant ] 2021;107(1):303-14.

[57] Ahmed HI, Heuberger M, Schoen A, Koo DH, Quiroz-Chavez ], Adhikari L, et al.
Einkorn genomics sheds light on history of the oldest domesticated wheat.
Nature 2023;620(7975):830-8.

[58] Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The
sequence alignment/map format and SAMtools. Bioinformatics 2009;25
(16):2078-9.

[59] Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics 2010;26(6):841-2.

[60] Hao Z, Lv D, Ge Y, Shi ], Weijers D, Yu G, et al. RIdeogram: drawing SVG graphics
to visualize and map genome-wide data on the idiograms. Peer] Comput Sci
2020;6:e251.

[61] Wickham H. ggplot2: elegant graphics for data analysis.
City: Springer-Verlag New York; 2016.

[62] Chen PD, Qi LL, Zhou B, Zhang SZ, Liu DJ. Development and molecular
cytogenetic analysis of wheat-Haynaldia villosa 6VS/6AL translocation lines
specifying resistance to powdery mildew. Theor Appl Genet 1995;91(6-
7):1125-8.

[63] Wan W, Zhao R, Chen T, Wang L, Zhang X, Li H, et al. Rapid development of
wheat-Dasypyrum villosum compensating translocations resistant to powdery
mildew using a triple marker strategy conducted on a large phib-induced
population. Theor Appl Genet 2023;136(7):148.

[64] Bettgenhaeuser ], Krattinger SG. Rapid gene cloning in cereals. Theor Appl
Genet 2019;132(3):699-711.

[65] Sharma D, Avni R, Gutierrez-Gonzalez ], Kumar R, Sela H, Prusty MR, et al. A
single NLR gene confers resistance to leaf and stripe rust in wheat. Nat
Commun 2024;15(1):9925.

[66] Arora S, Steed A, Goddard R, Gaurav K, O’'Hara T, Schoen A, et al. A wheat kinase
and immune receptor form host-specificity barriers against the blast fungus.
Nat Plants 2023;9(3):385-92.

[67] Periyannan S, Moore ], Ayliffe M, Bansal U, Wang X, Huang L, et al. The gene
Sr33, an ortholog of barley Mla genes, encodes resistance to wheat stem rust
race Ug99. Science 2013;341(6147):786-8.

[68] Jaegle B, Voichek Y, Haupt M, Sotiropoulos AG, Gauthier K,
Heuberger M, et al. k-mer-based GWAS in a wheat collection reveals novel
and diverse sources of powdery mildew resistance. Genome Biol 2025;26
(1):172.

[69] Tan C, Li G, Cowger C, Carver BF, Xu X. Characterization of Pm59, a novel
powdery mildew resistance gene in Afghanistan wheat landrace PI 181356.
Theor Appl Genet 2018;131(5):1145-52.

[70] Singriin Ch, Hsam SLK, Zeller F], Wenzel G, Mohler V. Localization of a novel
recessive powdery mildew resistance gene from common wheat line RD30 in
the terminal region of chromosome 7AL. Theor Appl Genet 2004;109
(1):210-4.

[71] Chhuneja P, Kumar K, Stirnweis D, Hurni S, Keller B, Dhaliwal HS, et al.
Identification and mapping of two powdery mildew resistance genes in
Triticum boeoticum L. Theor Appl Genet 2012;124(6):1051-8.

[72] Yao G, Zhang ], Yang L, Xu H, Jiang Y, Xiong L, et al. Genetic mapping of two
powdery mildew resistance genes in einkorn (Triticum monococcum L.)
accessions. Theor Appl Genet 2007;114(2):351-8.

New York


http://refhub.elsevier.com/S2095-8099(26)00132-3/h0085
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0085
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0085
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0090
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0090
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0090
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0095
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0095
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0095
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0100
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0100
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0100
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0105
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0105
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0105
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0110
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0110
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0110
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0115
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0115
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0115
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0120
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0120
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0120
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0125
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0125
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0125
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0125
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0130
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0130
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0130
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0135
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0135
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0135
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0140
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0140
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0140
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0145
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0145
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0145
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0150
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0150
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0150
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0155
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0155
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0155
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0155
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0160
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0160
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0160
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0165
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0165
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0165
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0170
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0170
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0170
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0175
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0175
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0175
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0180
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0180
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0180
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0185
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0185
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0185
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0185
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0190
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0190
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0190
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0195
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0195
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0195
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0200
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0200
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0200
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0205
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0205
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0205
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0210
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0210
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0210
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0215
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0215
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0215
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0220
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0220
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0220
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0225
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0225
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0225
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0230
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0230
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0230
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0235
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0235
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0235
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0240
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0240
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0240
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0245
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0245
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0245
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0250
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0250
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0250
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0255
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0255
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0255
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0255
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0260
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0260
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0265
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0265
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0270
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0270
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0270
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0270
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0275
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0275
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0275
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0275
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0280
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0280
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0280
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0285
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0285
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0285
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0290
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0290
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0290
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0295
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0295
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0300
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0300
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0300
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0305
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0305
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0310
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0310
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0310
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0310
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0315
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0315
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0315
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0315
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0320
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0320
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0325
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0325
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0325
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0330
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0330
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0330
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0335
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0335
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0335
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0340
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0340
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0340
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0340
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0345
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0345
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0345
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0350
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0350
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0350
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0350
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0355
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0355
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0355
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0360
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0360
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0360

W. Wan, R. Zhao, P. Zhao et al.

[73] Perugini LD, Murphy JP, Marshall D, Brown-Guedira G. Pm37, a new broadly
effective powdery mildew resistance gene from Triticum timopheevii. Theor
Appl Genet 2008;116(3):417-25.

[74] Maxwell JJ, Lyerly JH, Cowger C, Marshall D, Brown-Guedira G, Murphy JP.
MIAG12: a Triticum timopheevii-derived powdery mildew resistance gene
in common wheat on chromosome 7AL. Theor Appl Genet 2009;119
(8):1489-95.

[75] Worthington M, Lyerly ], Petersen S, Brown-Guedira G, Marshall D, Cowger C,
et al. MIUM15: an Aegilops neglecta-derived powdery mildew resistance gene
in common wheat. Crop Sci 2014;54(4):1397-406.

[76] Han ], Zhang LS, Li GQ, Zhang HT, Xie CJ, Yang ZM, et al. Molecular mapping of
powdery mildew resistance gene MIWE18 in wheat originated from wild
emmer (Triticum turgidum var. dicoccoides). Acta Agron Sin 2009;35
(10):1791-7. Chinese.

[77] Ji XL, Xie CJ, Ni ZF, Yang TM, Nevo E, Fahima T, et al. Identification and genetic
mapping of a powdery mildew resistance gene in wild emmer (Triticum
dicoccoides) accession IW72 from Israel. Euphytica 2008;159(3):385-90.

325

Engineering 63 (2026) 316-325

[78] Ouyang S, Zhang D, Han ], Zhao X, Cui Y, Song W, et al. Fine physical
and genetic mapping of powdery mildew resistance gene MIW172
originating from wild emmer (Triticum dicoccoides). PLoS One 2014;9(6):
€100160.

[79] LiN, Wen ZR, Wang ], Fu BS, Liu JJ, Xu HH, et al. Transfer and mapping of a gene
conferring later-growth-stage powdery mildew resistance in a tetraploid
wheat accession. Mol Breed 2014;33(3):669-77.

[80] Ben-David R, Xie W, Peleg Z, Saranga Y, Dinoor A, Fahima T. Identification and
mapping of PmG16, a powdery mildew resistance gene derived from wild
emmer wheat. Theor Appl Genet 2010;121(3):499-510.

[81] Srnic G, Murphy JP, Lyerly JH, Leath S, Marshall DS. Inheritance and
chromosomal assignment of powdery mildew resistance genes in two
winter wheat germplasm lines. Crop Sci 2005;45(4):1578-86.

[82] Wu Q, Zhao F, Chen Y, Zhang P, Zhang H, Guo G, et al. Bulked segregant CGT-
Seq-facilitated map-based cloning of a powdery mildew resistance gene
originating from wild emmer wheat (Triticum dicoccoides). Plant Biotechnol ]
2021;19(7):1288-90.


http://refhub.elsevier.com/S2095-8099(26)00132-3/h0365
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0365
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0365
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0370
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0370
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0370
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0370
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0375
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0375
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0375
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0380
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0380
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0380
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0380
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0385
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0385
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0385
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0390
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0390
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0390
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0390
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0395
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0395
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0395
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0400
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0400
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0400
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0405
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0405
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0405
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0410
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0410
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0410
http://refhub.elsevier.com/S2095-8099(26)00132-3/h0410

	MutExomeSeq Accelerates the Cloning of PmNCA6 Conferring Powdery Mildew Resistance from Triticum boeoticum
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 Evaluation of powdery mildew response
	2.3 Bulked segregant exome capture sequencing (BSE-Seq) analysis
	2.4 Development of molecular markers
	2.5 Ethyl methanesulfonate (EMS) mutagenesis
	2.6 MutExomeSeq analysis
	2.7 Barley stripe mosaic virus-induced gene silencing (BSMV-VIGS) analysis
	2.8 Gene isolation
	2.9 Design and synthesis of chimeric genes
	2.10 Genetic transformation of wheat
	2.11 Transgenic assays
	2.12 Evolutionary analysis of PmNCA6 and related NLR proteins
	2.13 Evaluation of agronomic performance and yield effects

	3 Results
	3.1 PmNCA6 confers powdery mildew resistance in YangYF267
	3.2 PmNCA6 is localized to a 17-Mb recombination-suppressed interval on chromosome 7AL
	3.3 MutExomeSeq identifies an NLR gene as the candidate for PmNCA6
	3.4 NLR1 confers powdery mildew resistance as PmNCA6 in transient and stable transgenic assays
	3.5 PmNCA6 originated from T. boeoticum
	3.6 The LRR domain determines functional specificity of PmNCA6
	3.7 PmNCA6 and its diagnostic marker demonstrate breeding potential

	4 Discussion
	5 Conclusions
	Availability of data and material
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References




