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Abstract
Key message  NLR4DS−1 confers stripe rust resistance by enhancing multilayer physical and chemical defenses. This finding 
illuminates strategies for engineering durable resistance in wheat.
Abstract  Wheat stripe rust (Puccinia striiformis f. sp. tritici, Pst) is a major threat to global wheat production. The Yr28 
locus for Pst resistance is derived from Aegilops tauschii subsp. strangulata. NLR4DS−1 has been identified as the stripe 
rust resistance gene at the Yr28 locus, which encodes a coiled-coil nucleotide-binding leucine-rich repeat (NLR) protein, 
however, its molecular mode of action remains largely unknown. Here, we introduced the full-length genomic NLR4DS−1 
into the Pst susceptible wheat ‘Fielder’ by Agrobacterium-mediated transformation. Transgenic plants were resistant to Pst, 
with significantly reduced fungal biomass and elevated expression of pathogenesis-related genes. Integrated transcriptomic 
and metabolomic analysis revealed that NLR4DS−1 orchestrates a multifaceted defense program involving a burst of reac-
tive oxygen species, chlorophyll reduction, lignin accumulation, and the induction of flavonoid and terpenoid phytoalexins. 
In vitro, either the flavonoid quercetin or the terpenoid borneol can suppress spore germination and hyphal growth of Pst. 
Notably, NLR4DS−1 expression did not compromise seedling growth or agronomic performance at the adult stage. Together, 
these findings identify NLR4DS−1 as the stripe rust resistance gene for Yr28 locus, demonstrate its role in activating defensive 
pathways, and highlight its potential for engineering durable Pst resistance through gene stacking.
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NLR4DS−1 enhances wheat resistance to stripe rust by upregulating 
multiple defense responses
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Mingzhu Lyu1 · Heng Tang1 · Jiajie Wu1 · Daolin Fu1,2

model for any durable Yr genes constrains their application 
in wheat improvement.

Of the fifteen cloned Yr genes, Yr36 is one of a few with 
a known mode of action. Yr36 encodes the kinase WKS1 
(Wheat Kinase START1) (Fu et al. 2009). The predominant 
transcript, WKS1.1, phosphorylates multiple downstream 
targets, which are involved in redox regulation, photosyn-
thesis, lipid metabolism, carotenoid biosynthesis, and car-
bohydrate allocation (Gou et al. 2015; Wang et al. 2019; Yan 
et al. 2023, 2025; Chang et al. 2023). These studies estab-
lish that WKS1.1 is a core regulator for multiple metabolic 
and defense processes, and provide a benchmark for func-
tional dissection of Yr genes. In addition, Yr10, Yr15, Yr18 
and Yr46 encode for the NAC transcription factor (Ni et al. 
2023; Dibley et al. 2024), the kinase WTK1 (Klymiuk et al. 
2018), an ABC transporter (Krattinger et al. 2009), and a 
hexose transporter (Moore et al. 2015), respectively, which 
are all noncanonical resistance proteins. In contrast, most 
of the other known Yr genes encode for nucleotide-binding 

1  Introduction

Wheat stripe rust (yellow rust or Yr; Puccinia striiformis f. 
sp. tritici or Pst) is a major constraint on global wheat pro-
duction. Yr resistance in the host is the best method for Pst 
control, but Yr genes are often overcome by the rapid evolu-
tion of Pst populations (Chen et al. 2014). Consequently, 
identifying durable Yr genes and understanding their molec-
ular mechanisms are necessary; Currently the lack of a clear 
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leucine-rich repeat (NLR) proteins, including Yr5, Yr6, Yr7, 
Yr9, Yr28, Yr84, Yr87, YrSP, YrU1, and YrTD121 (Lyu et al. 
2025; Wang et al. 2020; Hu et al. 2025). For example, the 
Yr28 (or YrAS2388) locus harbors the NLR gene NLR4DS−1, 
which produces multiple transcript variants (TV1-TV4), 
among which the full-length transcript TV1 encodes a typi-
cal coiled-coil (CC), nucleotide-binding (NB) and leucine-
rich repeat (LRR) protein (Zhang et al. 2019). Despite 
extensive cloning efforts, the downstream defensive path-
ways activated by most Yr proteins, particularly NLR-type 
genes, remain largely unknown.

Plant immunity is mediated by pathogen-associated 
molecular pattern (PAMP)-triggered immunity (PTI) and 
effector-triggered immunity (ETI) (Jones and Dangl 2006; 
Ngou et al. 2022). Although PTI and ETI are initiated by 
distinct recognition events, they converge on shared down-
stream defense mechanisms. Upon pathogen recognition, 
plants activate a suite of defense responses, including 
reactive oxygen species (ROS) production, hormone sig-
naling, programmed cell death (PCD), cell wall reinforce-
ment, and secondary metabolite biosynthesis (Ishihama et 
al. 2021; Ngou et al. 2022; Ortiz-Morea et al. 2022). ROS 
not only exert direct antimicrobial activity but also function 
as signaling molecules that amplify downstream defense 
responses (Yang et al. 2022). For biotrophic pathogens, 
the ROS burst is associated with chlorophyll degradation 
and reduced photosynthesis, thereby constraining pathogen 
growth by limiting nutrients availability; in contrast, local-
ized leaf regions that retain normal chlorophyll content can 
form ‘green islands’, which may provide a favorable envi-
ronment for the pathogen (Walters et al. 2008; Naseem et al. 
2014). In parallel, plant immunity also relies on structural 
reinforcement and metabolic reprogramming. Lignin depo-
sition enhances secondary cell wall strength and impedes 
pathogen penetration (Lee et al. 2019); enhanced lignin 
biosynthesis can confer broad-spectrum resistance in crops 
such as rice and wheat (He et al. 2023; Li et al. 2020). Sec-
ondary metabolites, particularly flavonoids and terpenoids, 
constitute another important defense layer, acting either as 
antimicrobial compounds or as immune signals. Examples 
include monoterpene-mediated resistance in Norway spruce 
(Wang et al. 2025a), kinase-regulated diterpenoid biosyn-
thesis in rice (Wang et al. 2023), and flavonoid accumu-
lation associated with early-stage Pst resistance in wheat 
(Kong et al. 2025). Collectively, coordinated regulation of 
redox signaling, metabolic defense, and cell wall fortifica-
tion underpins effective plant immune responses.

The Yr28 locus, which was introgressed from Aegilops 
tauschii, was proposed to be NLR4DS−1 (Zhang et al. 2019); 
however, the function of NLR4DS−1 and its downstream 
defense pathways remain largely unresolved. By integrating 
transgenic validation with transcriptomic and metabolomic 

profiling, we prove that NLR4DS−1 is a central regulator of 
multi-pathway immunity; this offers a framework for engi-
neering durable Pst resistance in wheat.

2  Materials and methods

2.1  Plant materials and growing conditions

The common wheat ‘Fielder’ control and its transgenic 
plants with a full-length genomic NLR4DS-1 (11,360  bp; 
Supplementary Fig.  1) were used as experimental materi-
als. Seedling agronomic traits were evaluated 14 days after 
germination in Hoagland’s nutrient solution. Field pheno-
typing was performed in an outdoor facility at the Daizong 
Campus of Shandong Agricultural University (Longitude: 
117.117673°E, Latitude: 36.19451°N).

2.2  Stripe rust inoculation and disease assessment

Urediniospores of Pst race CYR32 were heat-activated at 
42 °C for 5 min and then mixed with a tenfold volume of 
inactivated pine spores or talcum powder. The spore mixture 
was evenly brushed onto the leaf surfaces using a soft brush. 
After inoculation, plants were kept in complete darkness 
for 24 h and subsequently transferred to a growth chamber 
under a 16 h light (14 °C) / 8 h dark (12 °C) photoperiod. 
High humidity was maintained by misting the plants with 
water twice daily. Disease response was assessed using the 
0–9 disease scoring scale (McNeal 1971; Hovmøller et al. 
2017) at 10, 11, and 12 days post inoculation (dpi).

2.3  RNA extraction, library preparation, and 
sequencing

To perform RNA-seq, leaf samples of WT and transgenic 
plants were collected at 0 and 24 h post inoculation (hpi) 
with three biological replicates. Total RNA was extracted 
using TRIzol reagent (TIANGEN, DP424). Sequencing 
libraries were constructed by following instructions of the 
KC™ mRNA Library Prep Kit (Wuhan Kangce Biotechnol-
ogy). During library preparation, PCR products between 
200 and 500 bp were enriched and sequenced on the DNB-
SEQ-T7 platform (MGI Tech) using a PE150 (paired-end 
150 bp) sequencing strategy.

2.4  RNA-seq data and analysis

Raw sequencing data were processed using fastp (version 
0.23.0) for quality control. Clean reads were mapped to the 
Fielder genome ​(​​​h​t​​t​p​s​​:​/​/​s​​h​i​​g​e​n​.​n​i​g​.​a​c​.​j​p​/​w​h​e​a​t​/​k​o​m​u​g​i​/​g​e​n​
o​m​e​/​d​o​w​n​l​o​a​d​.​j​s​p​​​​​)​. Gene expression was quantified using 
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Transcripts Per Million (TPM) values (Zhao et al. 2020). 
Differentially expressed genes (DEGs) were identified 
using the DEGseq R package, with significance thresholds 
set at |log₂FC| > 1 and an adjusted p-value < 0.05. Func-
tional annotation of DEG-encoded proteins was performed 
using TBtools, including: Gene Ontology (GO) annotation 
and enrichment analysis and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway annotation and enrichment 
analysis.

Expression values (transcripts per kilobase million or 
TPM for transcriptome data) in each sample were nor-
malized using the Min-Max scaling method. This tech-
nique linearly scales expression values to a specified range 
between minimum and maximum values. Specifically, for 
each sample, the expression value was (1) subtracted by 
the sample’s minimum value; (2) divided by the difference 
between the sample’s maximum and minimum values; and 
(3) resulting in data constrained to the [0, 1] range. The nor-
malized data were then visualized as heatmaps using Graph-
Pad Prism 8. Bar graphs represent mean ± s.e.m. Statistical 
significance was determined by two-tailed t-test, exempli-
fied as ns (not significant, P > 0.05), * (0.01 < P ≤ 0.05), 
** (0.001 < P ≤ 0.01), *** (0.0001 < P ≤ 0.001) and **** 
(P ≤ 0.0001).

2.5  Quantitative PCR analysis

Total RNA was treated with DNaseI and reverse transcribed 
using the HiScript III RT SuperMix (Vazyme Biotech, 
R433). The cDNA products were used for quantitative RT-
PCR (qRT-PCR) according to the manufacturer’s instruc-
tions for the ChamQ Universal SYBR qPCR Master Mix 
(Vazyme Biotech, Q312). qRT-PCR reactions were per-
formed on a StepOnePlus™ Real-Time PCR System 
(Applied Biosystems™, Thermo Fisher Scientific). Gene 
expression was determined by the 2−ΔΔCT method (Schmitt-
gen and Livak 2008).

2.6  3,3’-diaminobenzidine staining

After the CYR32 inoculation, wheat leaves were collected 
at 0, 24, 48, 96, and 144 hpi. Leaf segments were vacuum-
infiltrated with a 1% (w/v) 3,3’-diaminobenzidine (DAB) 
aqueous solution and stained for 24 h at room temperature. 
After staining, leaves were rinsed 3–5 times with distilled 
water, wiped with filter paper, and destained in 95% etha-
nol until a complete loss of chlorophyll. Hydrogen peroxide 
reaction was visualized and documented using a brightfield 
microscope (Olympus).

2.7  Staining and quantification of lignin

Histochemical staining: CYR32-infected leaves were sam-
pled at 96 hpi. Samples were soaked in acetic acid: etha-
nol (1:3, v/v) until a complete loss of chlorophyll, rinsed 
for 10 h in distilled water, wiped with filter paper, and then 
stained in 1% phloroglucinol (w/v in 50% HCl) for 5 h. Lig-
nin deposition was visualized and documented using a ste-
reomicroscope (Olympus).

Lignin quantification: Leaf samples (1  g) were col-
lected at 96 hpi, dried at 42 °C, and acetylated by follow-
ing the Lignin Content Assay Kit (Solarbio, BC4200). The 
absorbance of the solution was measured using a spectro-
photometer (Thermo Fisher Scientific). Lignin concen-
tration was calculated using the formula: Lignin content 
(mg/g)=(ΔA×V_assay)/(ε × d×V_supernatant × W/V_acet-
ylation) = 2.184 × ΔA/W(ΔA: Absorbance difference at 
characteristic wavelength; ε: Molar extinction coefficient of 
lignin (23.35 mL·mg⁻¹·cm⁻¹); d: Light path length (1 cm); 
V_assay: Assay volume (1 mL); V_supernatant: Superna-
tant volume (0.02 mL); V_acetylation: Acetylation reaction 
volume (1.02 mL); W: Sample dry weight (g) (Janshekar et 
al. 1981).

2.8  Quantification of chlorophyll content

At 5 dpi with CYR32, wheat leaves (1 g) were homogenized 
in 10 mL 95% ethanol. After filtration, the homogenate was 
adjusted to 50 mL by supplying 95% ethanol. Absorbance 
of the chlorophyll extract was measured at 665  nm and 
645 nm using 95% ethanol as a blank control (Mamrutha et 
al. 2017). Chlorophyll content was calculated according to 
Arnon’s equations: chlorophyll a (µg/mL) = (13.95 × A₆₆₅) - 
(6.80 × A₆₄₅); chlorophyll b (µg/mL) = (24.96 × A₆₄₅) - (7.32 
× A₆₆₅) (Wang et al. 2011).

2.9  Liquid chromatography-mass spectrometry and 
data analysis

Metabolomics were based on the ACQUITY UPLC I-Class 
Plus ultra-high-performance liquid chromatography sys-
tem coupled with a Q Exactive™ Plus high-resolution 
mass spectrometer (LC-MS/MS). Separation was per-
formed on an ACQUITY UPLC HSS T3 column (1.8 μm, 
2.1 × 100 mm) under both positive and negative ionization 
modes. Raw LC-MS data were processed using Progenesis 
QI software (v2.3, Nonlinear Dynamics, Newcastle, UK). 
Compound identification was based on the Human Metabo-
lome Database (HMDB), LIPID MAPS (v2.3), METLIN, 
and an in-house database (based on: Precise mass-to-charge 
ratio (m/z); secondary fragmentation patterns; isotopic dis-
tributions). Variable Importance in Projection (VIP) values 
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derived from Orthogonal Projections to Latent Structures-
Discriminant Analysis (OPLS-DA) models ranked the 
contribution of each variable to group discrimination. Sta-
tistical significance of inter-group metabolite differences 
was assessed using two-tailed Student’s t-tests. Differen-
tially accumulated metabolites were selected with VIP > 1.0 
and p-value < 0.05.

2.10  In vitro antimicrobial activity assay of 
quercetin and borneol against Pst

To assess the anti-Pst activity of differential metabolites, 
fresh Pst urediniospores were incubated with quercetin and 
borneol solutions, using water as control, and incubated at 
room temperature for 24 h. Spore germination and hyphal 
growth were observed under an optical microscope.

Seedlings of wild-type Fielder were inoculated with 
CYR32, and were sprayed with water as control, 100 µM 
quercetin (Aladdin, Q111273, purity ≥ 98.5%) or 100 µM 
borneol (Macklin, B794507, purity ≥ 99.0%). Pst infection 
was evaluated at 14 dpi.

2.11  Subcellular Localization of NLR4DS-1

Each of the four NLR4DS-1 transcript variants was cloned 
into a vector driven by the CaMV 35  S (35  S) promoter, 

with a GFP tag fused in-frame at the 3′ end. The resulting 
constructs were transformed into Agrobacterium tume-
faciens strain EHA105 and subsequently infiltrated into 
tobacco leaves. After 2–3 days, subcellular localization was 
observed under a fluorescence microscope (LSM 880 NLO, 
Zeiss). The excitation and detection wavelengths were 
approximately 488 nm and 509 nm for GFP, and approxi-
mately 587 nm and 610 nm for mCherry, respectively.

3  Result

3.1  NLR4DS−1 transgene confers stripe rust 
resistance in wheat

A full-length genomic allele of NLR4DS−1 (11,360 bp), from 
Ae. tauschii accession ‘PI511383’, was introduced into 
common wheat Fielder, which resulted in 21 independent 
transgenic lines. Fifteen of the T0 plants were resistant to 
CYR32. The T1 lines PC1334-1, -15, -16, -18, and - 27, 
which were positive for the NLR4DS−1 transgene both in 
integration and transcription (Fig. 1a), were used for further 
studies.

With CYR32 infection, the NLR4DS−1 plants had lower 
infection types (ITs 0–5) than those in the wild-type (WT) 
Fielder (ITs 7–9) (Supplementary Table 1). At 12 dpi, 

Fig. 1  Transgene NLR4DS−1 confers Pst resistance and activates PR 
gene expression in wheat. a, Phenotypes of the T1 lines and the WT 
Fielder control at 12 dpi with CYR32. The integration and tran-
scription of NLR4DS−1, either positive (‘+’) or negative (‘–’), were 
determined with genomic DNA (gDNA) and complementary DNA 
(cDNA), respectively. Disease responses were scored as either 
resistant (R) or susceptible (S). b, Relative Pst biomass in CYR32-

infected leaves was quantified by qRT-PCR using relative quantities of 
PstEF1α and TaEF1α. c–e, Quantitative expression of pathogenesis-
related (PR) genes TaPR1 (TraesFLD7D01G187700), TaPR2 (Traes-
FLD3B01G594800), and TaPR5 (TraesFLD5A01G020900) in the WT 
Fielder and transgenic T1 plants at 0, 16, 24, and 32 hpi. TaEF1α is an 
internal gene control in wheat. Error bar represents ± standard error of 
the mean (s.e.m.)
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NLR4DS−1 plants were resistant with only localized necrotic 
lesions and few pustules, whereas extensive sporulation 
occurred in WT Fielder (Fig. 1a). Within leaves, NLR4DS−1 
plants also had less CYR32 biomass than the Fielder control 
(Fig. 1b). As a result, CYR32 infection upregulated patho-
genesis-related (PR) genes, such as TaPR1, TaPR2, and 
TaPR5 in PC1334-1 (Fig.  1c-e). Thus, NLR4DS−1 alone is 
sufficient to activate multiple resistance pathways for stripe 
rust.

3.2  NLR4DS−1 drives transcriptome reprogramming 
upon Pst infection

To study NLR4DS−1-specific defense pathways, we con-
ducted mRNA sequencing in the WT Fielder and the 
NLR4DS−1 plants (PC1334-1, n = 3) at 0 and 24 hpi with Pst 
(CYR32). In total, 970,510,328 clean and high-quality reads 
(~ 143.55 Gb) were obtained, for which Q30 values were 
> 98.10%, GC content ranged from 55.48% to 57.58%, and 
the mapping rates were > 96.95% (Supplementary Table 2).

A total of 3,798 differentially expressed genes (DEGs) 
were identified between PC1334-1 and Fielder. 64.51% of 
the DEGs (2,450) were detected at 24 hpi; in comparison to 
22.43% of the DEGs (852) at 0 hpi, 13.01% of the DEGs 
(496) were conserved between 0 and 24 hpi (Supplemen-
tary Fig. 2a, b). At 24 hpi, 2,323 DEGs were upregulated, 
and 623 were downregulated; Pst infection enhanced the 
NLR4DS−1-specific transcriptomes. qRT-PCR also validated 
the RNA-seq result (R² = 0.8489; Supplementary Fig. 3).

Both GO and KEGG analyses revealed a functional 
divergence at 24 hpi. Upregulated DEGs were uniquely 

enriched in 280 GO terms and 54 KEGG pathways at 24 
hpi, whereas downregulated DEGs were associated with 
124 GO terms and 30 KEGG pathways (Supplementary 
Fig.  2c-f). Thus, Pst infection induces NLR4DS−1-driven 
transcriptome reprogramming.

3.3  NLR4DS−1 causes more ROS, and less chlorophyll 
and senescence at the Pst infection site

Among GO terms of the NLR4DS−1-upregulated DEGs at 
24 hpi, ten are ROS-related (Fig. 2a). In the RNA-seq data, 
many ROS-related genes were upregulated in the NLR4DS−1 
plant than the ones in Fielder at 24 hpi (Supplementary 
Fig.  4a). The induction of four genes in NLR4DS−1 plants 
wereas validated by qRT-PCR (Fig.  2b-e). Importantly, 
more ROS accumulated at the Pst-infection sites in the 
NLR4DS−1 plants than in the WT Fielder at 24, 48, 96, and 
144 hpi (Fig. 2f).

In contrast, the NLR4DS−1-downregulated GO terms at 
24 hpi were predominantly related to chlorophyll metabo-
lism and chloroplast function (Fig.  3a); this was further 
supported by the KEGG enrichment of photosynthesis-
related pathways (Supplementary Fig. 5a). In Pst-infected 
plants with NLR4DS−1, many genes for chlorophyll biosyn-
thesis and photosynthesis were suppressed (Supplementary 
Fig. 4b); this result was validated by qRT-PCR (Fig. 3b-e). 
Thus, whereas the chlorophyll a and b contents were com-
parable between the NLR4DS−1 plants and Fielder at 0 dpi 
(Fig. 3f), at 5 dpi, the NLR4DS−1 plants had significantly less 
chlorophyll a and b than Fielder (Fig. 3g).

Fig. 2  NLR4DS−1 indirectly activates ROS production and signaling during wheat-Pst interaction. a, ROS-related GO terms from the NLR4DS−1 
plant (PC1334-1) at 24 hpi. b–e, Transcription of four ROS-related genes as revealed by qRT-PCR. f, DAB staining of ROS (10× magnification)
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Approximately 12 days post the CYR32 inocula-
tion, the NLR4DS−1 plants developed chlorotic or necrotic 
lesions at the infection sites (Fig.  1a), which is a sign of 
tissue senescence. In fact, multiple senescence-associ-
ated genes (SAGs), including TraesFLD4B01G081000, 
TraesFLD5B01G128000, TraesFLD5D01G140100, 
TraesFLD5A01G059800, TraesFLD5B01G068700 and 
TraesFLD5D01G074400, were significantly upregulated 
in the NLR4DS−1 plants (PC1334-1) than those in the WT 
Fielder at 24 hpi (Supplementary Fig.  6a-f). Thus, at the 
infection site, NLR4DS−1 causes ROS accumulation and 
chlorophyll reduction, and upregulation of genes associated 
with tissue senescence.

3.4  NLR4DS−1 enhances lignin biosynthesis and 
accumulation

7 GO terms associated with lignin biosynthesis were 
enriched in the NLR4DS−1 plant (PC1334-1) at 24 hpi 
(Fig.  4a). Upregulation of the lignin biosynthesis genes 
(Supplementary Fig. 4c) was partially confirmed by specific 
qRT-PCR of selected genes (Fig. 4b-e). Lignin content was 
comparable between the NLR4DS−1 and Fielder plants at 0 
hpi, but lignin content was significantly higher in NLR4DS−1 
plants than in WT Fielder at 96 hpi (Fig. 4f-g). Thus, after 
Pst infection in a resistant interaction, NLR4DS−1 upregulates 

Fig. 3  NLR4DS−1 suppresses photosynthesis and chlorophyll metabo-
lism during the wheat-Pst interaction. a, Photosynthesis- and chloro-
phyll-related GO terms from the NLR4DS−1 plant (PC1334-1) at 24 hpi. 
b–e, Transcription of 4 photosynthesis-related genes as revealed by 

qRT-PCR. f, Chlorophyll content (a and b) in the NLR4DS−1 transgenic 
(PC1334-1) and Fielder at 0 dpi. g, Chlorophyll content (a and b) in the 
NLR4DS−1 transgenic (PC1334-1) and Fielder at 5 dpi
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lignin biosynthesis, which presumably enhances cell wall-
based defense.

3.5  NLR4DS−1 activates flavonoid and terpenoid 
biosynthesis during Pst infection

Metabolomic profiling was performed to understand the 
NLR4DS−1-mediated Pst resistance. In total, there were 
1,237 differentially accumulated metabolites (DAMs) in the 
NLR4DS−1 plants when compared to the Fielder control, of 
which 654 DAMs were specific at 0 hpi, 397 at 24 hpi, and 

186 at both 0 and 24 hpi (Supplementary Fig. 7a). Notably, 
NLR4DS−1 upregulated 273 and 324 metabolites at 0 and 24 
hpi, respectively, but downregulated 567 and 259 metabo-
lites at 0 and 24 hpi, respectively (Supplementary Fig. 7b). 
Thus, when Pst infects, NLR4DS−1 causes broad-spectrum 
metabolic reprogramming.

Of the 259 NLR4DS−1-specific DAMs at 24 hpi, some 
flavonoids were differentially accumulated, including 
4’-O-methyldavidioside, broussinol, catechin 5-O-beta-
D-apiofuranoside, kaempferol 3-(2’’-p-coumaryl-alpha-
L-arabinopyranoside), leucodelphinidin, quercetin 

Fig. 4  NLR4DS−1 activates lignin biosynthesis during wheat-Pst inter-
action. a, Lignin-related GO terms. b-e, Transcription of lignin bio-
synthesis genes as revealed by qRT-PCR. f-g, Lignin content in leaves 

of 5 T1NLR4DS−1 lines (PC1334 -1, -15, -16, -18 and − 27) and WT 
Fielder at 0 (f) and 96 hpi (g). Statistical significance was determined 
by two-tailed t-test
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3-galacturonide, SCHEMBL15543426, sigmoidin G, topa-
zolin hydrate, and trans-anhydrotephrostachin (Fig.  5b). 
Similarly, GO and KEGG analyses indicated an enrichment 
in the flavonoid biosynthetic pathways in the NLR4DS−1 
plants at 24 hpi (Fig.  5a, Supplementary Fig.  5b). The 
NLR4DS−1-specific upregulation of flavonoid biosynthesis 

genes (Supplementary Fig. 4d) was partially confirmed by 
qRT-PCR (Supplementary Fig. 8a-e).

Coincidentally, in Pst-infected transgenic NLR4DS−1 
plants (PC1334-1), terpenoid biosynthesis was markedly 
induced. At 24 hpi, 12 terpenoid-related GO terms were 
enriched among upregulated DEGs (Fig. 5c), and mono-
terpenoid biosynthesis was the most significantly enriched 

Fig. 5  NLR4DS−1 activates flavonoid and terpenoid biosynthesis upon 
Pst infection. a, Enrichment of the flavonoid-related GO terms in 
NLR4DS-1-upregulated DEGs at 24 hpi. b, Heatmap of differentially 
accumulated flavonoid metabolites. c, Enrichment of terpenoid-related 

GO terms. d, Heatmap of differentially accumulated terpenoid metab-
olites. Metabolite abundance was normalized using the max–min 
method (n = 3) (Vafaei et al. 2022)
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KEGG pathway (Supplementary Fig. 5b). The upregulation 
of terpenoid biosynthetic genes was confirmed by qRT-PCR 
(Supplementary Fig. 8e-h). Consistent with these transcrip-
tomic signatures, metabolomic analysis also identified 19 
NLR4DS−1-specific terpenoids, including [(1 S,2 S,4 S)-1,7,7-
trimethylnorbornan-2-yl] propanoate, 25-acetylvulgaroside, 
2-hydroxycampholonic acid, 3,4-dihydrocadalene, 8-acetyl-
neosolaniol, armillaribin, borneol, cis-methylbixin, dehy-
drovomifoliol, deoxyloganic acid, elatine, esculentoside J, 
ingenol 3,20-dibenzoate, isorenieratene-3, lamiide, myxol, 
plantarenaloside, scabioside E, and triptofordin B2 (Fig. 
5d). Thus, NLR4DS−1 activates flavonoid and terpenoid bio-
synthesis, which apparently contributes to a broad-spectrum 
metabolic defense response against Pst.

The Pst-infected WT Fielder were treated with the flavo-
noid quercetin or the terpenoid borneol to test their efficacy 
towards Pst resistance. Both quercetin and borneol sup-
pressed the density and biomass of Pst than water controls 
(Fig. 6a, b). In vitro, Pst spores exhibited impaired germina-
tion and hyphal growth when cultured in aqueous solutions 
with quercetin or borneol, but appeared normal in water 
controls (Fig. 6c). Thus, quercetin and borneol can directly 
suppress Pst development, mediating the NLR4DS-1-based 
Pst resistance.

4  Discussion

4.1  NLR4DS−1 with multiple transcript isoforms 
confers Pst resistance in wheat

Here we show that NLR4DS−1, driven by its native promoter 
from Ae. tauschii, is sufficient to confer excellent resistance 
to Pst in wheat. The NLR4DS−1 gene, one of the functional 

genes in the 39-kb region, is the stripe rust resistance gene 
at the Yr28 locus (Zhang et al. 2019). Previously, only the 
cDNA sequences of the TV1 and TV2 transcripts, which are 
specific to the first 3′UTR of NLR4DS−1, were transformed 
into wheat (Zhang et al. 2019), and neither conferred Pst 
resistance. Athiyannan et al. (2022) later showed that trans-
genic wheat expressing NLR4DS−1 with only the first 3′UTR 
exhibited weak resistance to Pst. In the present study, 
transformation with the full-length genomic sequence of 
NLR4DS−1, which contains duplicated 3′UTRs (3′UTR1 and 
3′UTR2; Supplementary Fig.  1a), conferred robust resis-
tance, further confirming that the complete gene structure is 
necessary for full function. Based on the distinct expression 
patterns of the four transcript isoforms, it is also plausible 
that these isoforms are not functionally equivalent and that a 
complex interaction among them may be required for effec-
tive Pst resistance. Subcellular localization analysis showed 
that all four protein isoforms of NLR4DS−1 localize to the 
plasma membrane, cytoplasm, and ER membrane without 
obvious differences (Supplementary Fig. 9), indicating that 
they share overlapping subcellular compartments and likely 
cooperate in signal perception and immune execution.

Many NLR proteins couple with other NLRs for dis-
ease resistance; examples include: RPS4/RRS1 (Huh et al. 
2017) and CHS3/CSA1 (Yang et al. 2024) in Arabidop-
sis; RGA4/RGA5 (Cesari et al. 2013), Pik1/Pik2 (Takagi 
et al. 2013), PigmR/PigmS (Deng et al. 2017) in rice, and 
RXL/Pm5e (Guo et al. 2025), TdNLR1 and TdNLR2 (Hu et 
al. 2025) and TdCNL1/TdCNL5 (Zhu et al. 2025) in wheat. 
These protein partners collectively implement effector rec-
ognition and downstream signaling. NLRs can be divided 
into sensor NLRs, which perceive pathogen-derived signals, 
and helper NLRs, which oligomerize to execute immune 
responses after activation (Wang et al. 2025b; Contreras 

Fig. 6  The effect of a selected 
flavonoid or terpenoid on Pst 
growth. a, Two-week-old Fielder 
seedlings were inoculated with 
CYR32. Experimental groups 
were foliar-sprayed with either 
100 µM quercetin, 100 µM bor-
neol, or 1% (v/v) DMSO in water 
controls (CK). Leaf phenotypes 
were recorded at 12 dpi. b, Pst 
biomass in inoculated leaves 
was quantified by qRT-PCR. 
c, CYR32 urediniospores were 
incubated for 24 h in water, 100 
µM quercetin, or 100 µM borneol 
solutions. Spore germination and 
hyphal growth were observed 
under 10× magnification
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et al. 2023). For example, perception of ADPr-ATP by the 
EDS1–SAG101 complex leads to activation of the helper 
NLR NRG1A, thereby triggering ETI signaling (Huang et 
al. 2025; Xiao et al. 2025). Whether NLR4DS−1 requires a 
partner NLR in common wheat and its D-genome progenitor 
remains unknown. It is possible that the distinct NLR4DS−1 
isoforms function as sensor and helper among themselves; 
whether this occurs can be answered in the future.

4.2  NLR4DS−1 likely causes multilayered defense 
responses

NLR proteins are core receptors in effector-triggered immu-
nity (ETI) (Yuan et al. 2021). After Pst infected, NLR4DS−1 
transgenic wheat was associated with nutrient deprivation 
of Pst, structural enforcement and defense chemical accu-
mulation upon Pst infection, which formed a multilayered 
immune strategy. Therefore, NLR4DS−1 can motivate many 
defense pathways during the wheat-Pst interaction. ROS 
have antimicrobial effects and are defensive signaling mol-
ecules (Wang et al. 2022; Kong et al. 2024; Wu et al. 2023). 
For example, ROS induces lignification (Denness et al. 
2011; Qian et al. 2023; Zhang et al. 2025). In this study, the 
NLR4DS−1 transgenic wheat showed ROS burst at 24, 48, 96, 
and 144 hpi, and lignin deposition at 4 dpi. The lignin depo-
sition then reinforces the cell wall to be a physical defense 
barrier against pathogen. Upon pathogen infection, plants 
can promote lignin deposition at infection sites, thereby 
reinforcing physical barriers to restrict further pathogen 
spread (Kadota et al. 2015; Tan et al. 2026). In this study, 
NLR4DS−1 apparently promoted secondary metabolic path-
ways, particularly flavonoid and terpenoid biosynthesis. 
These metabolites together with lignification form a high-
level defense barrier. The biotrophic pathogen Pst tends to 
suppress host cell death and maintain metabolically active 
“green islands”, which are characterized by localized chlo-
rophyll accumulation and sustained nutrient supply (Walters 
et al. 2008; Kabbage et al. 2017; Thanthrige et al. 2020). 
However, NLR4DS−1 appeared to counteract Pst’s strategy 
by reducing chlorophyll and inducing senescence, which 
would limit the carbon and energy resources for pathogen 
growth.

4.3  NLR4DS−1 upregulates defensive metabolites, 
which might provide candidates for green pesticides

Plants often use secondary metabolites as antimicrobial 
compounds and signaling molecules for defense (Erb and 
Kliebenstein 2020; Divekar et al. 2022). Flavonoids and 
terpenoids are important in disease resistance in plants. 
For example, the SlbHLH95-based flavonoid accumula-
tion enhances tomato resistance to Botrytis cinerea (Su et 

al. 2025); flavonoids and flavonols suppress wheat powdery 
mildew (Xu et al. 2023). In addition, the terpenoid-based 
phytoalexins and defense volatiles play roles in rice and 
tomato immunity (Cao et al. 2022; Lin et al. 2025). How-
ever, whether flavonoids and terpenoids enhance Pst resis-
tance in wheat remains largely unknown. In this study, the 
NLR4DS−1 transgenic wheat accumulated more flavonoids 
and terpenoids during a resistant wheat-Pst interaction than 
in the susceptible interaction.

However, the reallocation of carbon skeletons and reduc-
ing power to secondary metabolism may affect grain fill-
ing or stress tolerance under certain conditions (Zhang et 
al. 2022; Kumar et al. 2021). In addition, limited metabo-
lites of one or a few types in planta may compromise their 
group effect as for antimicrobial compounds. Currently, 
the endogenous concentrations of quercetin and borneol 
in Pst-infected wheat leaves remain unknown. If the exog-
enous level of 100 µM proves to be substantially higher 
than that attained in planta, the observed antifungal effects 
may largely reflect a pharmacological effect rather than a 
direct functional role of these metabolites at endogenous 
levels. Targeted quantification of quercetin and borneol in 
planta will therefore be necessary to determine whether 
they reach antifungal-effective concentrations in situ, and 
to fully assess their independent contribution. Thus, it is 
important to study synergistic interactions among multiple 
metabolites, as multiple compounds together often exhibit 
stronger and broader-spectrum antimicrobial activity than a 
single component. In the future, wheat defense metabolites 
might be used to develop green pesticides for sustainable 
agriculture.

5  Conclusion

The Yr28 gene confers durable Pst resistance in Ae. tauschii. 
Here, we prove that the NLR4DS−1 alone represents the Yr28 
gene. Multiple transcript isoforms of NLR4DS−1 are essential 
for its full functionality in Pst resistance. Mechanistically, 
NLR4DS−1 regulates multiple immune response by: (1) Lim-
iting pathogen nutrient acquisition by preventing a “green 
island” and causing programmed cell death; (2) Reinforc-
ing physical defenses via lignin deposition; and (3) Activat-
ing flavonoid- and terpenoid-based chemical defenses. In 
the future, the full-length NLR4DS−1 will be used to develop 
durable Pst resistance in common wheat.
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