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ABSTRACT: Wheat stripe rust, a devastating disease caused by the fungal pathogen Puccinia striiformis f. sp. tritici
(Pst), poses a significant threat to global wheat production. Growing resistant cultivars is a crucial strategy for wheat
stripe rust management. However, the underlying molecular mechanisms of wheat resistance to Pst remain incompletely
understood. To unravel these mechanisms, we employed high-throughput RNA sequencing (RNA-Seq) to analyze the
transcriptome of the resistant wheat cultivar Mianmai 46 (MM46) at different time points (24, 48, and 96 h) post-
inoculation with the Pst race CYR33. The analysis revealed that Pst infection significantly altered the expression of
genes involved in photosynthesis and energy metabolism, suggesting a disruption of host cellular processes. Conversely,
the expression of several resistance genes was upregulated, indicating activation of defense responses. Further analysis
identified transcription factors (TFs), pathogen-related (PR) proteins, and chitinase-encoding genes as key players
in wheat resistance to Pst. These genes likely contribute to the activation of defense pathways, such as the oxidative
burst, which involves the production of reactive oxygen species (ROS). The activities of antioxidant enzymes, including
peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT), were also upregulated, suggesting a role in
mitigating oxidative damage caused by ROS. Our findings provide valuable insights into the molecular mechanisms
underlying wheat resistance to Pst. By identifying key genes and pathways involved in this complex interaction, we can
develop more effective strategies for breeding resistant wheat cultivars and managing this destructive disease.
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1 Introduction

Wheat (Triticum aestivum L.), a globally cultivated food crop, accounts for over 20% of human energy
needs [1]. However, wheat cultivation is threatened by various fungal diseases, including powdery mildew,
Fusarium head blight, wheat rust, and sheath blight. Wheat stripe rust (Chinese yellow rust, CYR), caused by
Puccinia Striiformis f. sp. Tritici (Pst), is a global airborne fungal disease that severely reduces wheat yield and
quality [2]. The high mutation rate of Pst has enabled the rapid evolution of new races with altered virulence
profiles. These new races can evade host plant defense mechanisms, leading to disease outbreaks and yield
losses in wheat [2]. Since 1950, China has endured eight epidemic outbreaks of wheat stripe rust in 1950,
1964, 1990, 2002, 2017, 2019, 2021, and 2022. The first four outbreaks were particularly devastating, leading
to a 13.8 million ton decrease in wheat production [3]. To date, 34 physiological races have been officially
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named in China (CYRI-CYR34). Among them, CYR32 and CYR33 had the highest occurrence frequencies
in the field physiological races from 1997 to 2009 and became the dominant races [4]. Subsequently, the
G22 pathotype physiologic race, which was first discovered in Sichuan Province, China, in 2009, gradually
increased in frequency in the wheat-growing regions of Northwest and Southwest of China, and gradually
became the dominant physiologic race. It was officially named as CYR34 in 2016 [5,6]. Highly effective
fungicides, such as tebuconazole and propiconazole, can be utilized to control wheat stripe rust, and their
application can increase production costs and contribute to environmental pollution [7]. However, the most
sustainable and effective measure for managing wheat stripe rust is the breeding and cultivation of resistant
wheat cultivars [2,3,8].

Plants employ multifaceted defense systems to combat pathogenic infections. Physical barriers, includ-
ing cell walls, provide the first line of defense [9]. In addition, plants have complex immune systems
that help them recognize and fight pathogens, preventing infections from spreading. In plants, pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI)
represent two distinct yet interconnected layers of pathogen-host plant interactions [10-12]. PAMPs induce
immunity by specifically recognizing pattern recognition receptors (PRRs) on the surface of host cells. ETI
can protect PTI-mediated signaling pathways. However, many effectors can target and inhibit PRRs signaling
pathways [13]. To counteract these attacks, plants have evolved nucleotide-binding domains and leucine-
rich repeat (NLR) proteins that protect PRR signaling components from effector recognition, thus enabling
the detection of pathogen-induced ETI in plant cells [9]. PTI and ETI are interdependent and rely on
multiple signaling components to elicit effective immune responses. These components include Ca** influx,
reactive oxygen species (ROS) bursts, activation of mitogen-activated protein kinase (MAPK) signaling
cascades, production of plant cytokines and defense hormones, and expression of a large number of related
immune genes [9,14]. The PTI and ETI exhibit mutually reinforcing relationships. ETT promotes PTI by
upregulating the transcription of PTI signaling components, whereas PTI ensures normal development of
the complete resistance function of ETI through MAPK and NADPH signaling. In the process of plant
immunity, PTI induced by flg22 (flagellin 22) or nlp20 [necrosis- and ethylene-inducing peptide 1 (Nepl)-like
protein 20] promotes the expression of related TNL (Toll/interleukin-1 receptor-nucleotide binding site-
leucine rich repeat) genes and the hypersensitive response (HR) [15-17]. Therefore, studying the complex
immune system that works together with pathogens in plants is important for the prevention and manage-
ment of fungal diseases.

In recent years, the rapid development of biotechnology, particularly transcriptomics, has enabled
comprehensive analysis of gene expression patterns in plants under pathogen attack. This has led to
significant advances in the understanding of plant resistance mechanisms. Li et al. analyzed differentially
expressed genes (DEGs) in two barley cultivars in response to Blumeria graminis f. sp. hordei (Bgh) infection
using transcriptome sequencing [18]. Their analysis revealed the involvement of the MAPK pathway, plant
hormone signal transduction, and six candidate genes (PRI3, glutaredoxin, alcohol dehydrogenase, and
cytochrome P450) that potentially contributed to the ability of the Feng 7 cultivar to mediate resistance to Bgh.
These findings provide important information for understanding the defense of barley against Bgh infection
and the molecular mechanisms underlying the differences in genetic resistance to powdery mildew. Using
transcriptomic sequencing, Tao et al. revealed that phosphatase 2C10 and LRR receptor-like serine/threonine
protein kinases are positively regulated in plants with higher-temperature seedling-plant resistance, possibly
through interactions with different resistance proteins, leading to an HR [19]. Therefore, it is feasible to reveal
the gene expression patterns and molecular mechanisms of wheat defense against stripe rust infestation using
transcriptome sequencing technology. However, the gene regulatory networks, molecular mechanisms, and
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changes in the physicochemical properties of resistant wheat under specific Pst race infestations have not
been elucidated.

Hexaploid wheat (Triticum aestivum L.) has a complex and large genome that is difficult to transform.
Pst is a biotrophic fungus that is binuclear and highly heterozygous [20,21]. The main objective of this
study was to analyze the mechanisms underlying resistance to Pst-wheat interactions. Transcriptomes of the
resistant cultivar Mianmai 46 (MM46) inoculated with Pst-CYR33 were sequenced at 24, 48, and 96 h post-
inoculation (hpi). We identified DEGs and characterized their associated pathways using Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. ROS levels and antiox-
idant enzyme activity were measured. These findings provide novel insights into the complex mechanisms
underlying wheat resistance to stripe rust and will aid in the development of durable resistant cultivars.

2 Materials and Methods
2.1 Wheat Planting and Pst-CYR33 Inoculation

The wheat cultivar Mianmai 46, which is resistant to the currently most prevalent race, CYR33, was
selected for this study as one of the major cultivars in China. Among them, MM46 is provided by Nanjing
Agricultural University, and CYR33 is provided by Northwest A&F University. Thirteen seeds were sown in
plastic flower pots (7 cm x 7 cm x 7 cm). The samples were transferred to iron trays and watered. The wheat
plants were grown in an artificial climate incubator at 18 + 2°C for 16 h of light (8000 to 10,000 pmol-m~2-s7")
and 8 h of darkness. At the two-leaf stage, the seedlings were inoculated with the prevalent Chinese Pst race
CYR33. The uredospores of Pst were mixed with an electronic fluorinated liquid at a ratio of 1:20 (v/v) to
prepare a uredospore suspension. Subsequently, 10 uL of the uredospore suspension was evenly inoculated
onto wheat leaves using a pipette, and the inoculation sites were marked with a pencil. Wheat plants were
divided into four groups with a total of 12 pots, and one group was inoculated with sterile water as a control
group. After inoculation, the seedlings were maintained at 100% humidity and 10°C in the dark for 24 h [22].
Leaves inoculated with Pst were collected at 0, 24, 48, and 96 hpi, MM46 leaves were used as controls at
0 h after inoculation, and the 24, 48, and 96 hpi samples as the experimental groups, with two biological
replicates conducted at each time point. After collection, the samples were frozen in liquid nitrogen and
stored at —80°C immediately.

2.2 RNA Isolation and cDNA Library Construction

Total RNA was extracted from eight biological samples using the TRIzol reagent (Shanghai Sangon,
15596018CN, Shanghai, China) according to the manufacturer’s instructions. The RNA concentration and
purity were assessed using a Qubit 2.0 fluorometer (Invitrogen, Q32866, Carlsbad, CA, USA) and agarose
gel electrophoresis (Beijing Liuyi, 122-3146, Beijing, China), respectively. The mRNA samples were enriched,
purified, and fragmented. First- and second-strand cDNA synthesis was performed using a cDNA Synthesis
Kit (YEASEN, Shanghai, China). The double-stranded cDNA was purified using Hiefft NGSTM DNA
Selection Beads and subjected to end repair, poly-A tailing, and adaptor ligation. The resulting cDNA library
was amplified using PCR (BIO-RAD, 186109, Shanghai, China) and visualized on an agarose gel. Eight high-
quality cDNA libraries were sequenced on an MGISEQ-2000 platform (Shanghai Sangong Bioengineering
Co., Shanghai, China) to generate 150 bp paired-end reads.
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2.3 Sequencing Data Quality Control and Reference Genome Comparison

Raw sequencing data from eight samples were subjected to quality control using Trimmomatic
(Version: 0.36) to remove low-quality reads, including sequences with poly-N, adapter sequences, low-
quality bases (Q < 20), and short reads, thereby obtaining clean reads for subsequent bioinformatics analyses
and minimizing the negative impact of low-quality sequences on the analyses. The quality of the sequencing
libraries was assessed using FastQC (Version: 0.11.2) to evaluate parameters, such as base quality (Q30),
base content distribution (GC content), and repeat correlation (r2). Clean reads were aligned to the IWGSC
RefSeq v1.0, wheat (Chinese Spring) genome using HISAT2 (Version: 2.1.0), and the mapping quality was
assessed using RSeQC (Version: 2.6.1) [23]. Transcripts were reassembled using StringTie (Version: 1.3.3b)
to identify novel transcripts, and redundant genes were removed using the appropriate filtering criteria [24].

2.4 Statistical Analysis of Gene Expression Levels

The level of gene expression was positively correlated with the abundance of transcripts. In RNA-seq
analysis, the level of gene expression was mapped by the number of sequences (reads) localized to genomic
regions or exonic regions. Additionally, read counts were positively correlated with gene length and depth.
The transcripts per million (TPM) values indicate the proportion of a given transcript in the total RNA pool.
The TPM value accounts for the effect of both sequencing depth and gene length on the number of reads and
is commonly used to estimate gene expression levels [25]. The formula is as follows:

TPM; = & x ! x 10° 1)
L,
]

exon length
KB

DESeq (Version: 1.26.0) was used to analyze the DEGs, and the criteria for determining significant
differences in gene expression were Q-value < 0.05 and |log2FoldChange| > 1.

X; = total exon fragment/reads L; = (2)

2.5 GO Term and KEGG Pathway Enrichment Analyses

Functional enrichment analysis of the DEGs was performed using the GO database (http://www.
geneontology.org), and metabolic pathway enrichment analysis of the DEGs was performed using the KEGG
database (http://www.kegg.jp). Genes were analyzed for enrichment using the hypergeometric distribution
test, and significant enrichment was considered when the corrected Q-value was <0.05.

2.6 Measurement of Physiological and Biochemical Indicators

Leaves were sampled at 0, 24, 48, and 96 hpi posttreatment, immediately frozen in liquid nitrogen, and
stored at —80°C for subsequent analysis. The contents of H,O,, superoxide anion (O,"~), and malondialde-
hyde (MDA) were determined using spectrophotometric methods. The activities of superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) were measured according to the methods described by Zainy
etal. and Liu et al. [26,27]. Three biological replicates were analyzed at each time point.

2.7 qRT-PCR Analysis

Total RNA was extracted from MM46 leaves at 0, 24, 48, and 96 hpi post-inoculation to observe dynamic
gene expression in response to Pst-CYR33 over time. Three biological replicates were used at each time
point. RNA extraction was performed using the aforementioned method. Gene-specific primer sequences
were designed using Primer Premier 5.0 software, as listed in Table S1. qRT-PCR was performed on a Light
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Cycler® 96 (Roche, 05815916001, Basel, Switzerland) according to the manufacturer’s guidelines with TB
Green” Premix EX Taq™ II (TaKaRa, No. CN830A, Wuhan, China). Each qRT-PCR was performed in a total
volume of 20 pL, which included 10 uL of TB Green® Premix Ex Taq™ II (T1li RNaseH Plus) (TaKaRa, No.
RR820A, Wuhan, China), 0.8 puL each of forward and reverse primers (10 uM), 2 pL of cDNA, and ddH,O
(6.4 uL). The expression of the ACTIN (TaEF) gene was measured as a negative control, and each reaction
was repeated three times. Three biological replicates were performed at each time point. The 2722¢T relative

quantification method was used to analyze the experimental results.

3 Result
3.1 Transcriptome Data Quality

To clarify the molecular response mechanisms underlying the resistance of MM46 to Pst infection
at the seedling stage, total RNA was extracted from each sample, and cDNA libraries were constructed.
RNA-seq analysis was performed to clarify gene expression patterns at the transcriptome level. Approx-
imately 220.80 Gb of raw reads with a paired-end length of 150 bp were obtained. After excluding the
connector and low-quality sequences (Q < 20), 311.641 million clean reads were screened from the 365.255
million raw total reads, accounting for 85.321% of the total reads. Clean reads were mapped to the genome of
the wheat cultivar Chinese Spring (IWGSC RefSeq v1.0), and the alignment efficiency ranged from 91.09% to
92.66%, indicating that the majority of the expressed genes were captured by sequencing. The proportion of
Q30 in each library was between 91.26% and 92.71%, and the proportion of GC content ranged from 54.26%
to 57.19%, indicating that the transcriptome data of each sample were suitable for DEG analysis (Table S2).

3.2 Identification of DEGs

To identify significant DEGs, the filter thresholds were set to a Q-value < 0.05 and [log2Fold
Change| > 1. The wheat cultivar MM46 was inoculated with Pst-CYR33 and examined at 0 hpi as a control
(MO0) and at 24 hpi (M1), 48 hpi (M2), and 96 hpi (M4) in the experimental groups. The experimental groups
were compared to the control group. As shown in Table 1, compared to plants inoculated with Pst-CYR33 at
0 h, the number of DEGs in the resistant wheat cultivars 24 h after Pst inoculation was significantly greater.

Table 1: Statistics of the number of differentially expressed genes (DEGs)

Group DEGs Up-regulated Down-regulated

Mlvs. MO 21,948 11,989 9959
M2vs. MO 8880 4769 4111
M4 vs. MO 9516 4962 4554

Note: DEGs: Differentially expressed genes.

The Venn diagram illustrates the overlapping and unique sets of DEGs identified at different time points
during the Pst-wheat interaction. A total of 3844 DEGs were co-expressed across all four time points (0, 24,
48, and 96 hpi), with 1972 upregulated genes and 1872 downregulated genes (Fig. 1).

3.3 GO Enrichment Analysis of DEGs

GO enrichment analysis was performed using the GO.db 3.3.0 package to identify the biological
functions and molecular mechanisms associated with the DEGs. The DEGs were analyzed using three GO
categories: biological processes, cellular components, and molecular functions. The results indicated that
the most significantly enriched terms in the biological process category were responses to stimuli, cellular
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processes, metabolic processes, and biological regulation. Membranes, cellular components, and organelles
were the predominant terms in the cellular component category. Finally, the most likely terms were catalytic
activity, binding, antioxidant activity, and transport activity (Fig. 2). The above GO enrichment results
suggest that the key pathways enriched by differentially expressed genes are closely related to the activation

of the plant immune system, signal transduction, and defense metabolism.
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Figurel: Venn diagram of differentially expressed genes (DEGs) at different time points after MM46 is inoculated with
Pst-CYR33. MO0: Control group, M1, M2, and M4 represent 24, 48, and 96 h after MM46 inoculation with Pst-CYR33
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To further understand the functional categories that were significantly enriched during Pst infection,
the 30 most significant GO terms were selected based on the criteria count > 10 and Q-value < 0.05.
For the MM46-Pst interaction, only the membrane (GO: 0016020) was consistently enriched in both the
M1 vs. MO and M2 vs. MO comparisons. Altogether, five terms were co-enriched in the M1 vs. M0 and
M4 vs. MO comparisons: membranes (GO: 0016020), thylakoids (GO: 0009579), plastids (GO: 0009536),
photosynthesis (GO: 0015979), and chloroplasts (GO: 0009507). Finally, seven terms, including stress
response (GO: 0006950), response to stimulus (GO: 0050896), response to chemical (GO: 0042221), response
to acid chemical (GO: 0001101), response to abiotic stimulus (GO: 0009628), membrane (GO: 0016020), and
response to oxygen-containing compound (GO: 1901700), were significantly enriched in both M2 vs. M0
and M4 vs. MO comparisons. Notably, the membrane (GO: 0016020) was the only term co-enriched at all
three time points (Fig. 3A-C, Table S3). These results indicate that photosynthesis, energy metabolism, small
molecule synthesis, and transporter activity play essential roles in wheat defense against Pst.

A M1 vs. MO GO Enrichment Top 10 B M2 vs. M0 GO Enrichment Top 10
- | .
organellesubcompartment -Log10_Qvalue membrane | O Log10_Qualue
organelleenvelope . gg - response to oxygen-containing compound . 20
. 15
envelope . 1(53 response to stimulus ° 10
i o 5 5
plastidstroma ° — plasma membrane 0 —
chloroplaststroma . response to acid chemical
Count Count
plastidenvelope . o 1000 cell periphery g 500
® 2000 oF 1500
thylakoid . ® 3000 response to biotic stimulus @ 2500
chloroplastenvelope . @ <o response to external biotic stimulus @ 00
cytoplasm . . 5000 response to chemical . 4500
plastidthylakoid ) response to stress
O H o v o b o o NoO N Ly oo 6w
& Y G 0 > & X 5
F o F Y SE oS Q.Q.;‘gé‘/g&\ o
C M4 vs. MO GO Enrichment Top 10
thylakoid part! -Log10_Qvalue
chloroplast thylakoid membrane| g gg -
} 5 16
thylakoid 1
chloroplast thylakoid 0 8 —
plastid thylakoid |
Count5 "
plastid thylakoid membrane‘ o 380
photosynthetic membrane| . ® 650
. @ 90
thylakoid membrane| .
. . 1250
plastid]| @
1
chloroplast ( ] . 550
NERJFIFTP PSS
QOO ENENES o

Figure 3: Gene Ontology (GO) functional enrichment analysis of differentially expressed genes (DEGs). (A) to (C)
represent 24, 48, and 96 h after MM46 is inoculated with Pst-CYR33, respectively. The size of the circle represents
the number of genes annotated under this GO term. The color represents the significance level (Q-value < 0.001). The
horizontal coordinate (GeneRatio) represents the ratio of the number of genes annotated under this GO term to all
differentially expressed genes (DEGs). Only the top 10 are shown

3.4 KEGG Pathway Analysis of DEGs

To further investigate the metabolic pathways in which the DEGs identified in each comparison group
were involved, KEGG database annotation enrichment analysis was performed. Using a Q-value < 0.05
as the screening threshold, this analysis revealed 136 (24 hpi), 53 (48 hpi), and 61 (96 hpi) significantly
enriched pathways for the upregulated DEGs and 37 (24 hpi), 19 (48 hpi), and 26 (96 hpi) significantly
enriched pathways for the downregulated DEGs in MM46 plants inoculated with Pst-CYR33. We conducted
an intersection analysis of significantly annotated pathways across different time points to investigate the
metabolic pathways involved in stripe rust infection. The analysis identified 24 co-enriched pathways with
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upregulated DEGs and six co-enriched pathways with downregulated DEGs at 24, 48, and 96 hpi in MM46
plants infected with Pst.

DEGs were selected based on KEGG pathway enrichment, with screening criteria set at
llog2FoldChange| > 2 and Q-value < 0.001. Although some potentially interesting genes were excluded
by these criteria, this approach helped to identify disease resistance-related target genes more accurately
(Table S4). Pathways such as phenylalanine biosynthesis (KO00940), cytochrome P450 exogenous substance
metabolism (KO00980 and KO00982), glutathione metabolism (KO00480), MAPK signaling, amino acid
biosynthesis (KO04016), and peroxidase activity (KO00030) were upregulated following infection with Pst
(Fig. 4 and Table S5). Conversely, the pathways related to energy metabolism (photosynthesis and sugar
metabolism), carotenoid synthesis, and linoleic acid metabolism showed an increase in the number of
downregulated DEGs after Pst infection. Among them, the phenylpropanoid-glutathione-MAPK signaling
pathway, which is continuously activated during disease resistance, is closely related to core aspects of plant
immunity, such as pathogen recognition and signal transduction.
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Figure 4: KEGG co-enrichment pathway and gene screening. The horizontal coordinate represents the number of genes
in this pathway. The vertical coordinate shows the top 20 metabolic pathways, up: Upregulated, down: Downregulated

3.5 DEGs in the Plant-Pathogen Interaction Pathway

The KEGG pathway revealed 59, 19, and 27 upregulated DEGs and 49, 41, and 36 downregu-
lated DEGs involved in the plant-pathogen interaction pathway in MM46 at 24, 48, and 96 hpi with
Pst-CYR33, respectively (|log2FoldChange| > 2 and Q-value < 0.001). These DEGs were associated with
various biological processes, including the HR, apoptosis, stomatal closure, and induction of defense-related
genes. A comparative analysis of DEG expression patterns at 24, 48, and 96 hpi highlighted 24 hpi as the
most critical time point, with a notably higher number of DEGs involved in wheat defense regulation than
at other time points (Table S5). Wheat initiates multiple defense pathways to defend against Pst, including
the PTT and ETI pathways.

At 24 hpi, key genes such as flagellin-sensitive 2 (FLS2), respiratory burst oxidase homolog (RBOH), and
calmodulin/calmodulin-like (CaM/CML) were significantly upregulated, although some CaM/CML genes
were downregulated. Overall, most genes were upregulated in MM46 after Pst infection, indicating that
MM46 triggers PTI by mediating the activation of HR via ROS and nitric oxide (NO) signaling pathways.
Moreover, the assay revealed that the expression of genes such as MKK1/2 (mitogen-activated protein kinase
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kinase), WRKY25/33, and WRKY22/29 was markedly upregulated at 24 hpi, suggesting the involvement of
the MAPK signaling cascade in defense. In addition, the genes NHOI (non-host 1) and PRI (pathogenesis-
related protein) were significantly upregulated, contributing to wheat defense mechanisms. However, genes
related to the CNGC (cyclic nucleotide-gated ion channel) proteins were notably downregulated at 24 hpi,
potentially mitigating excessive apoptosis caused by prolonged Ca’** influx. By 48 hpi, only genes encod-
ing MKK1/2, NHOL, and PRI remained upregulated, whereas FLS2 and CaM/CML were downregulated
(Table S6). At 96 hpi, only NHOL1 and PRI were upregulated, whereas CDPK (calcium-dependent protein
kinase), RHOB, and FLS2 were significantly downregulated, affecting the ROS and NO signaling pathways.

In addition, fungal cell wall chitin significantly activated wheat chitin elicitor receptor kinase 1(CERKI)
at 24 hpi. Genes such as RIN4, SGTI (a suppressor of the G2 allele of SKP1), and RARI (required for
Mlal2 resistance) were also activated and upregulated, whereas HSP90 (encoding a heat shock protein) was
moderately upregulated. However, the number of downregulated genes exceeded that of upregulated genes.
Thus, ETI was activated by the combined action of RIN4, SGT1, RAR1, and HSP90. However, nearly all ETI-
related genes had ceased expression by 48 hpi, with the exception of HSP90, which continued to exhibit
downregulated expression until 96 hpi (Fig. S1).

3.6 Transcription Factor (TF)-Related Genes

Transcription factors (TFs) play important roles in regulating plant disease resistance and defense
responses at the transcriptional level. Functional annotation and statistical analysis of DEG-encoding
transcription factors (criteria: [log2FoldChange| > 1 and Q-value < 0.05) showed that the key TFs involved
in the defense response included WRKY, MYB, bZIP, AP2/ERF, and NAC (Table 2). DEGs encoding the five
types of TFs showed a positive response to wheat defense regulation against Pst-CYR33 at 24 hpi, with a
higher number of DEGs observed at 24 hpi than at 48 and 96 hpi. DEGs encoding WRKY TFs were the
most abundant, with the number of upregulated genes exceeding those downregulated by more than two-
fold. Moreover, the genes encoding AP2/ERE, MYB, and NAC were significantly upregulated in response to
Pst infection. At 48 and 96 hpi, the number of genes encoding AP2/ERF, WRKY, and MYB TFs decreased
slightly but maintained high expression levels. Interestingly, the number of upregulated AP2/ERF TFs genes
was consistently lower than that of the downregulated genes from 24 to 96 hpi, suggesting that these genes
may play a role in the negative regulatory response of wheat.

Table 2: Analysis of transcription factor-related genes

Categories bZip AP2/ERF WRKY MYB NAC

Up Down Up Down Up Down Up Down Up Down

M1 vs. MO 13 13 32 33 71 30 36 28 4 —
M2 vs. MO 5 8 21 34 26 25 10 13 — 1
M4 vs. MO 4 3 22 38 44 6 20 16 4 —

Note: Up: Up-regulated; Down: Down-regulated; —: None.

3.7 Pathogenesis-Related Protein-Encoding Genes

Pathogenesis-related (PR) proteins are essential defense proteins produced by plants in response to
pathogen attacks. Analysis of the DEGs encoding PR proteins revealed 37, 22, and 26 upregulated DEGs in
MM46 leaves inoculated with Pst-CYR33 at 24, 48, and 96 hpi, respectively, and only one downregulated
DEG at 24 hpi. The identified PR proteins were primarily PR1, PRBI-3, PRB1-2, and PR4 (Table 3).
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3.8 Chitinase and Glucanase Genes

Chitin and glucan are major components of fungal cell walls and are recognized by plants as typical
fungal PAMPs that activate downstream immune responses. Therefore, chitinases and glucanases are likely
to play crucial roles in wheat defense against stripe rust infection. Analysis of DEGs encoding chitinases and
glucanases revealed that genes encoding chitinases were significantly upregulated, whereas those encoding
glucanases were downregulated at different time points (24, 48, and 96 hpi) after inoculation with Pst-CYR33
in MM46 compared to the control (Fig. 5).

Table 3: Identification of pathogenesis-related proteins

Groups  Expressed Number Pathogenesis-related protein
Up 38 PR1*19, PRB1-3*10, PRB1-2*6, PRBI-4*1
MIvs MO pown 1 PRARB_02861
* % 2% *
M2 vs MO Up 22 PR1*9, PRB1-2%5, PRB1-3*6, PR4*2
Down 0 —
2t % * *
M4 vs MO Up 26 PRBI1-3*6, PRB1-2*6, PR4*2, PR1*12
Down 0 —

Note: Up: Up-regulated; Down: Down-regulated; —: None; *: Subsequent numbers
indicate quantity.
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Figure 5: Statistics on the number of genes encoding chitinase (left) and glucanase (right) in MM46 during Pst-CYR33
infection

3.9 Analysis of Reactive Oxygen Species Content

Based on the GO functional enrichment and KEGG pathway enrichment results, the accumulation
of ROS may play a crucial role in wheat response to Pst, and MDA serves as an important indicator of
membrane lipid peroxidation in plants under stress conditions. Therefore, the levels of H,O,, O,"”, and
MDA were determined at different time points after infection with Pst-CYR33 (Fig. 6). The results showed
significant changes in the levels of these substances in MM46 plants as Pst-CYR33 infection progressed. First,
the level of H,O,, a representative ROS, was consistently higher in MM46 plants than in control plants (0 hpi)
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throughout the infection period. The H,O, content increased sharply (approximately 1.5-fold) at the onset of
infection (24 hpi) and then gradually decreased. Second, the level of O,"~, another major ROS component,
initially increased in MM46 plants, peaked at 96 hpi at approximately 2.2 times the level in uninoculated
plants, and then began to decline. Finally, compared to the uninoculated MM46 plants, the MDA content
peaked at 48 hpi and subsequently declined.
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Figure 6: Changes in the content of some substances in MM46 at different times during Pst-CYR33 infection.
(A) Hydrogen peroxide, H,O;; (B) Superoxide anion, O,'~; (C) Malondialdehyde, MDA; Hpi: Hours post inoculation.
The different letters ‘a-d’ in the figure indicate significant differences between treatment times for the same variety, as
determined by the Duncan test, with p < 0.05

3.10 Analysis of Antioxidant Enzyme Activities

POD, SOD, and CAT are the major antioxidant enzymes in plants, and the antioxidant enzyme system
helps prevent excessive accumulation of ROS, which can cause serious damage to plants. In MM46 plants
inoculated with Pst-CYR33, POD and SOD activities initially increased and then decreased compared to
those in uninoculated plants. POD activity peaked on the first day, whereas SOD activity peaked on the
second day. In contrast, CAT activity (reaching 12.5% of control by 96 hpi) may sustain H,O, accumulation
to potentiate hypersensitive response (HR), representing a trade-off between ROS signaling and oxidative
damage control (Fig. 7).
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Figure 7: Changes in antioxidant enzyme activities in MM46 at different times during Pst-CYR33 infection.
(A) Peroxidase, POD; (B) Superoxide dismutase, SOD; (C) Catalase, CAT; Hpi: Hours post-inoculation. The different
letters ‘a—d’ in the figure indicate significant differences between treatment times for the same variety, as determined by
the Duncan test, with p < 0.05
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3.11 Analysis of qRT-PCR

To verify the accuracy and confidence of the transcriptomic data, six candidate DEGs whose expression
changed significantly were selected for QRT-PCR, and the ACTIN gene was used as the internal reference
gene. Based on gene function annotation analysis, these six genes were shown to be chitinase 8-like
(LOCI123181558), basic endochitinase A-like (LOCI23187038, LOCI123070508), pathogenesis-related pro-
tein PRB1-3-like (LOCI23169904), serine/threonine-protein kinase SAPK2-like (LOCI23044161), probable
calcium-binding protein CML22 (LOCI123049548). The correlations between the RNA-Seq and qRT-PCR
results are shown in Fig. 8. The trends of the qRT-PCR results and RNA-Seq data for the six genes were
basically consistent; however, the upregulation and downregulation trends of the related genes remained the
same in all periods, although the fold change factor varied. Therefore, the reliability of the transcriptomic
data was confirmed.
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Figure 8: Relative expression level changes of DEGs in MM46 inoculated with CYR33 by RNA-seq and qRT-PCR.
TPM values from RNA-seq (blue) are scaled on the right vertical axis, with qRT-PCR relative expression levels (red) on
the left vertical axis

4 Discussion

Wheat stripe rust is the most destructive fungal disease in wheat and seriously affects the safety of
wheat production. RNA-seq analysis is one of the fastest and most effective methods for unraveling plant-
pathogen interactions at the transcriptional level, such as those of genes, regulatory networks, and TFs [28].
In the present study, RNA-seq analysis was performed on the resistant cultivar MM46 after inoculation
with Pst-CYR33. The wheat cultivar MM46 is widely planted in China. Conducting RNA-seq analysis on
this cultivar is helpful for understanding the activation and expression patterns of genes related to stress
resistance in wheat plants and for analyzing the molecular mechanisms that can protect plants from biotic
and abiotic stresses.

During wheat infection by Pst, the expression of a large number of wheat defense genes is induced. In this
study, following the inoculation of MM46 with CYR33, the number of DEGs at 24 hpi was more than double
that at 48 and 96 hpi. These results indicated that the expression of a large number of genes was immediately
activated after wheat was infected with Pst, which is a critical period for the wheat plant to defend itself
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against Pst infection. This finding has also been confirmed in transcriptome analyses of varieties with all-
stage resistance (SM126, Zhong 4) and varieties with adult plant resistance (XZ9104, XY6) [19,24,29,30].
Some studies have shown that this phenomenon might be related to host invasion through the formation of
haustoria in Pst [13,30].

GO enrichment showed that after CYR33 infection, the DEGs in MM46 were mainly grouped into four
modules: photosynthesis, small-molecule metabolism, transmembrane transport, and energy metabolism.
Among these, lignin metabolism genes were markedly up-regulated, whereas the synthesis of the chlorophyll
precursor uroporphyrin III was down-regulated. This suggests that wheat first thickens its cell wall to
physically block the pathogen [31], and then restricts the carbon supply by suppressing photosynthesis,

27

thereby limiting pathogen expansion [32,33].

Corresponding KEGG pathway enrichment further supports these findings. The phenylpropanoid-
phenylalanine biosynthesis pathway (KO00940) was activated at all three post-inoculation time points,
promoting the synthesis of the secondary metabolite lignin [29,34]. Meanwhile, the photosynthesis pathway
(KO00195) was significantly inhibited, indicating that photosynthesis not only serves energy metabolism
but also plays an important role in immune regulation induced during the plant’s response to pathogen
infection [35].

Plants have developed robust immune responses to resist pathogens through long-term natural selection
and coevolution [36]. At 24 hpi, the fungal Pst-CYR33 PAMPs are first perceived by the pattern-recognition
receptors CERKI and FLS2; the interaction between the two receptors enhances wheat resistance. Although
FLS2 is traditionally regarded as a receptor for bacterial flagellin [37], our study and the reports by Zhang and
Yuan both confirm that it can also be induced under fungal stress, indicating that FLS2 has cross-kingdom
PAMP-recognition capability. Subsequently, FLS2 activates WRKY25/33 through the MEKKI-MKKI1/2-
MAPK cascade, directly up-regulating the expression of the defense genes PR1 and NHO1 [24,38,39].

Meanwhile, CDPK is activated by calcium signals and regulates the accumulation of extracellular ROS,
cell-wall thickening, and stomatal closure, laying both an oxidative and a physical barrier for later defense.
Bacterial flagellin and fungal PAMPs together trigger a rapid ROS burst that further amplifies the immune
signal [40].

Plant resistance involves the coordinated expression of various defense genes, with TFs playing a
significant regulatory role. In this study, five major transcription factors, namely bZIP, MYB, AP2/ERF,
WRKY, and NAC, were identified. In MM46 plants infected by CYR33, WRKY TFs upregulation enhanced
wheat stripe rust resistance. Previous studies have shown that TaWRKY49 enhances high-temperature
seedling resistance to stripe rust in wheat by regulating the SA, JA, and ET signaling pathways [23].
In addition, MYB TFs contribute to systemic acquired resistance, a positive regulator of wheat disease
resistance, by enhancing SA and ROS accumulation [41-43]. MYB-related genes played a positive role
in the interactions between wheat and Pst. NAC TFs are induced to regulate wheat’s immune response
upon Pst infection, although some NAC TFs, like TaNAC30 and TaNACI, are negative regulators, with
silencing TaNAC30 inhibiting Pst colonization [44] and overexpression of TaNACI suppressing SA and JA
signaling pathways, thereby reducing disease resistance [45]. Additionally, AP2/ERF and bZIP TFs have
been confirmed to be positive regulators of wheat stripe rust resistance [46-48], although bZIP-related gene
expression was slightly lower than that of other TFs, optimizing energy use in wheat plants. In this study, the
number of downregulated genes of the transcription factor AP2/ERF at 48 and 96 hpi was higher than that of
the upregulated genes, showing a greater tendency towards negative regulation. In a study on the molecular
mechanism of wild winter wheat resistance to stripe rust, Ren indicated that the transcription factors WRKY
and AP2/ERF play decisive roles in the early stage of infection (24 hpi), whereas in the later stage of infection
(72 hpi), they rely on MYB, NAC, and bZIP. In this study, although the expression of the transcription factor
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NAC was irregular, the other four transcription factors all played key roles in the early stages of infection.
WRKY, AP2/ERF, and MYB actively respond to wheat disease resistance [49].

PR proteins are essential for plant defense against pathogen invasion [50]. In this study, DEGs encoding
PR proteins were identified, and 24 h after the inoculation of MM46 with CYR33, all PR genes were
upregulated, except for the gene encoding the PRARB gene, which was downregulated. The PR proteins
implicated in defense included PR1, PRBI-2, PRBI-3, PRBI-4, and PR4 (Table S6); Pst infection significantly
upregulated PR protein-encoding genes, suggesting that PR proteins play a positive role in wheat defense
against stripe rust.

Chitin and glucan, crucial fungal cell wall components, are recognized by chitinase and glucanase,
respectively, during Pst infection in wheat. These antibacterial hydrolytic enzymes degrade fungal cell walls
and contribute to plant defense mechanisms [51]. In the present study, chitinase genes were highly activated
in the resistant MM46 plants following Pst infection, thereby enhancing the ability of wheat to withstand
fungal pathogens.

During pathogen invasion or abiotic stress, plants generate substantial reactive oxygen species (ROS),
activating defense responses; however, excessive ROS accumulation is detrimental. As key ROS compo-
nents, elevated hydrogen peroxide (H,O,) and superoxide anion (O,"”) oxidize cellular membranes and
proteins, damage DNA, and ultimately trigger programmed cell death [52]. In this study, inoculation with
Pst-CYR33 induced a significant increase in H,O, content in MM46 wheat leaves by 24 h post-inoculation
(hpi), followed by a significant rise in O,"~ levels by 96 hpi, with early ROS accumulation contributing to
enhanced stripe rust resistance. Malondialdehyde (MDA), a byproduct of ROS formed either enzymatically
via lipoxygenase (LOX) activity or non-enzymatically during oxidative stress [53], serves as an indicator of
stress-induced damage. Reduced MDA accumulation in Pst-CYR33-infected MM46 suggests an attenuation
of the biomembrane system damage, potentially aiding resistance.

Stress-induced ROS accumulation prompts plants to synthesize antioxidant enzymes like superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD) to scavenge ROS [54]. SOD and POD constitute
a crucial defense system. Here, both POD and SOD activities were rapidly induced early during Pst-CYR33
infection. POD activity peaked at 24 hpi, likely responding immediately to reduce ROS by decomposing
H,O, [55], while SOD activity peaked at 48 hpi, catalyzing the dismutation of O,*” into H,O, and O,,
thereby mitigating its toxicity and providing substrate for POD [26]. This synergistic action helps maintain
ROS homeostasis, preventing oxidative damage and enhancing resistance [52]. Surprisingly, CAT activity,
also involved in H, O, decomposition [56,57], continuously decreased post-inoculation, plummeting to one-
eighth of control levels by 96 hpi. This indicates that MM46 prioritizes POD and SOD mobilization for ROS
scavenging, potentially at the expense of CAT function, or suggests pathogen interference with antioxidant
enzyme regulation [13]. Supporting this, TaCAT3 overexpression reduces stripe rust resistance [58]. Never-
theless, the observed CAT decline may not be entirely detrimental, as it could facilitate H,O, accumulation,
potentially triggering the hypersensitive response or activating other defenses.

SOD is generally regarded as the first line of defense in the plant antioxidant response, with CAT
subsequently responsible for decomposing the resulting H,O,. However, this study found that in wheat
leaves inoculated with the stripe rust pathogen CYR33, CAT activity was higher than SOD at 0 and
24 h post-inoculation. This observation aligns with findings in salt-stressed soybean mutant ko-2 during the
germination stage, where CAT activity was also significantly higher than SOD [59]. These results suggest
that CAT may play a more efficient role in scavenging hydrogen peroxide at early stages, thereby protecting
cells from oxidative damage. Such differences could be closely associated with the plant’s physiological state,
environmental conditions, and the regulation of gene expression.
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Alterations in ROS levels and enzyme activity were consistent with the gene expression profiles obtained
from transcriptome sequencing (Table S7). Thus, a significant link likely exists between the dynamic changes
in H,O, content and disease resistance in wheat, with H,O, homeostasis requiring the involvement of
multiple enzymes.

Overall, MM46 establishes an early Pst barrier by reinforcing cell walls with lignin while activating
POD/SOD and repressing CAT. In the present survey, the transcriptome also revealed a significant response
from numerous immune-related genes. This finding aligns with Hossein Sabouri’s conclusions regarding
multi-disease resistance genes [60]. In subsequent research, further exploration through molecular markers
can be conducted, providing new insights into the mechanisms of stripe rust.

5 Conclusion

In summary, MM46 employs a biphasic defense strategy. At 24 hpi, rapid initiation of the FLS2/CERKI-
MAPK-PRI signaling cascade occurs concurrently with upregulated lignin biosynthesis and ROS-mediated
signaling, establishing early-phase cell wall fortification. Transcriptomics analysis further reveals that the
defense network is coordinately amplified through the synergistic action of WRKY/MYB transcription
factors, PR proteins, and chitinases, enabling swift containment of the pathogen. Concurrently, significant
surges in peroxidase and superoxide dismutase activities, coupled with selective suppression of catalase,
collectively maintain ROS homeostasis; this balance effectively curbs Pst proliferation while minimizing
oxidative damage to host tissues.
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