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Abstract: Carbohydrate-binding malectin/malectin-like domain-containing proteins
(CBMs) represent a newly discovered subclass of lectins that participate in various bi-
ological processes across the bacterial, animal, and plant kingdoms. The OsCBM1 gene in
rice enhances reactive oxygen species (ROS) burst, contributing to drought-stress tolerance.
Nonetheless, the functions of OsCBM1 in response to biotic stress remain poorly under-
stood. In this research, we discovered that OsCBM1 was activated by Xoo infection, and
overexpression of OsCBM1 increased rice resistance to bacterial blight, while suppression
of its expression shows the opposite trend. OsCBM1 may influence resistance to bacterial
blight by regulating ROS burst and the SA signaling pathway through RNA-seq analysis.
Overexpression of OsCBM1 increased SA content and enhanced activities of SOD, POD,
and CAT enzymes, whereas knockdown of OsCBM1 exhibited the opposite trend. The
expression of genes associated with the SA and enzyme activity pathways was validated
through quantitative real-time polymerase chain reaction (qRT-PCR). These results fur-
ther clarify the function of OsCBM1 in biotic stress resistance, providing references for
disease-resistant rice breeding.

Keywords: malectin-like domain-containing protein; OsCBM1; Xanthomonas oryzae pv.oryzae;
reactive oxygen species; phytohormones; rice

1. Introduction
Carbohydrate-binding malectin/malectin-like domain-containing proteins (CBMs), as

members of the lectin subfamily, play crucial roles in the biological processes of animals,
plants, and microorganisms [1,2]. In plants, CBMs are malectin-like receptor kinases, a
newly identified subfamily of receptor-like kinases (RLK). They are also referred to as
Catharanthus roseus receptor-like kinase-like proteins (CrRLK1Ls) and play a role in plant
immunity, cell wall completion, and other biological functions [3–5]. The CrRLK1L family of
proteins in plants all possess a malectin-like structural domain, a transmembrane structural
domain, and an intracellular serine/threonine kinase structural domain [6]. FERONIA
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(FER) is the most functional protein in the CrRLK1Ls family, interacting with ROS and Ca2+

to mediate pollen tube signaling in the reception and mechanical signaling of Arabidopsis
thaliana [7,8]. The CBM1 in rice was discovered to contain just one malectin-like structural
domain. and OsCBM1 forms a physical interaction with OsRbohA and OsRacGEF1 to
cooperatively regulate ROS production, thereby controlling the sensitivity to the abiotic
stress of drought [9]. There are currently no reports on whether the OsCBM1 gene in rice
plays a role in regulating the plant’s response to environmental stress.

Rice bacterial blight, triggered by Xanthomonas oryzae pv. oryzae (Xoo), can threaten rice
yields [10]. Throughout the process of natural selection, plants have evolved an inherent
immune response to combat infestations from pathogenic bacteria. Receptor proteins on
plant cell surfaces, known as pattern recognition receptors (PRRs), can detect pathogenic
bacteria and activate immunity. This detection process is called pathogen-associated molec-
ular pattern (PAMP) recognition. The immune response triggered by PRRs recognizing
PAMPs is associated with what is known as PAMP-triggered immunity (PTI) [11]. In
addition, pathogenic bacteria can secrete virulence factors that inhibit plant PTI, and these
factors can infiltrate cells and induce plant disease. Plants have coping strategies against
pathogens, recognizing specific virulence effectors to trigger a distinct immune response
called Effector-Triggered Immunity (ETI), distinct from the Pathogen-Triggered Immunity
(PTI) [12]. While PTI serves as the initial defense, reacting to widely conserved pathogen
molecules, ETI targets specific pathogen proteins. Despite their differences, PTI and ETI
share or intersect in their downstream signaling pathways [13].

Reactive oxygen species (ROS) are important signaling mechanisms that govern plant
development and stress response [14,15]. ROS can be produced and accumulated rapidly
during plant infection by pathogens [16]. Energy or electron transfer generates reactive
oxygen species (ROS); typical examples include hydrogen peroxide (H2O2), superoxide
radical anion (O2

−), hydroxyl radicals (OH−), and singlet oxygen (1O2) [17]. ROS bursts
are essential in rice’s response to various pathogen infections; for instance, the rice heavy
metal transporter OsNRAMP1 significantly contributes to plant immunity by managing the
equilibrium of metal ions and ROS [18]. OsATL32 ubiquitinates the OsRac5-OsRbohB mod-
ule, which produces reactive oxygen species, thereby inhibiting rice immunity [19]. SPL50,
an ARM repeat protein crucial for regulating ROS metabolism and boosting resistance to
blast disease [20]. However, excessive levels of ROS in plants can cause damage to plants.
To balance the outbreak of ROS, the enzymatic systems containing superoxide dismutase
(SOD), catalase (CAT), and peroxidase (POD) play a crucial role. For example, the overex-
pression of OsANN9 led to heightened activities of SOD, POD, and CAT, which helped to
maintain reactive oxygen species homeostasis and improve drought resistance [21]. Similar
to the antioxidant system, the phytohormonal signaling pathways play a significant role in
enhancing host resistance by mediating downstream signal transduction and safeguarding
cells from oxidative damage. Various phytohormones responsive to biotic stress, including
salicylic acid (SA), ethylene (ET), jasmonic acid (JA), abscisic acid (ABA), melatonin, and
strigolactone, are crucial for maintaining the equilibrium of redox processes within plant
cells [14,15,22,23].

Here, we report that overexpression of OsCBM1 enhanced resistance in rice to the
bacterial blight, reducing the lesion length ratio by approximately 36.2% to 84.6% against
different pathogens. While suppression of this gene exhibited the opposite trend. This
result was due to altered SA content and activity of ROS-related enzymes revealed through
RNA sequencing and assays of enzyme activity. Our research findings provide a theoretical
basis and breeding reference for the involvement of OsCBM1 in rice disease resistance.
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2. Materials and Methods
2.1. Plant and Bacterial Material

Rice (Oryza sativa ssp. Geng) Nipponbare (Nip), OsCBM1-RNAi plants, and OsCBM1-
OE plants were provided by the State Key Laboratory of Crop Stress Biology in Arid
Area, College of Life Sciences, Northwest A&F University [9]. Seedlings were grown in
the paddy field of Hunan Academy of Agricultural Sciences in Changsha under natural
conditions. The study utilized Xanthomonas oryzae pv.oryzae, including two Philippine
strains (PXO99, PXO341) and two Chinese strains (Zhe173 and Fuj23) provided by the
National Key Laboratory of Crop Genetic Improvement, National Center of Plant Gene
Research, Huazhong Agricultural University. All Xoo strains were cultured at 28 ◦C on
nutrient agar medium.

2.2. Pathogen Inoculation

To assess the response of rice plants to Xoo, the plants were infected with the Xoo strains
using the leaf clipping technique during the booting stage (panicle development) [24].
The disease was evaluated by measuring lesion length 14 days after inoculation. Each
bacterial inoculation test was performed at least twice. Furthermore, the disease in some
plants was assessed by analyzing bacterial proliferation counting colony-forming units
as previously described [25]. To assess bacterial growth, a single leaf infected with Xoo
from each plant was used as a single replicate, with three plants in total examined for each
sample. The bacterial proliferation in rice leaves was assessed by counting colony-forming
units [26].

2.3. Measurement of ROS-Related Enzyme Activities

Rice plants (Nipponbare (Nip), OsCBM1-RNAi, and OsCBM1-OE plants) were cul-
tivated in the paddy field until the booting stage, and leaves were collected 12 h after
inoculation with the bacterial blight pathogen and quickly frozen using liquid nitrogen.
The activities of superoxide dismutase (SOD) and peroxidase (POD) were evaluated using
assay kits following the manufacturer’s guidelines (Beijing Solarbio Science and Tech-
nology, Beijing, China). The catalase (CAT) activity was determined using assay kits
according to the manufacturer’s guidelines (Beijing Boxbio Science and Technology, Beijing,
China). All materials were tested in three technical replicates, with WT (Nipponbare) as
the control.

2.4. RNA Extraction, cDNA Library Construction, and Sequencing

Rice leaves of Nipponbare (Nip), OsCBM1-RNAi, and OsCBM1-OE plants were col-
lected in liquid nitrogen at 12 h after inoculation with Xoo at the booting stage. All materials
were tested in three technical replicates, with WT (Nipponbare) as the control. Total RNA
was extracted according to TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The integrity of
RNA was evaluated with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). RNA purity and quantity were verified using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific, Waltham, MA, USA). Transcriptome sequencing and analysis
were conducted by OE Biotech Co. (Shanghai, China), and transcriptome libraries were
constructed using the VAHTS Universal V5 RNA-seq Library Preparation Kit. The libraries
were sequenced using the Illumina Novaseq 6000 sequencing platform, and the raw data
of this paper can be obtained from the GSE288740 database of NCBI.
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2.5. DGEs Analysis and Functional Annotation

DEG analysis was conducted using DESeq2 software (version 1.12.3), with a log2 fold
change greater than 1.5 and a false discovery rate (FDR) below 0.05 as the screening criteria
to filter out the differential genes among the three groups, and the FDR was obtained by
correcting for the significant p-value. Gene ontology (GO) functional annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the genes
were performed using the analysis of the differentially expressed levels of the genes in the
samples. FDR was obtained by correcting the significant p-value.

2.6. qRT-PCR Validation

Seven potential genes were chosen for qRT-PCR analysis to ensure confidence in
the transcriptome data. Reverse transcription was performed using the 5X RT kit (abm
(New York, NY, USA), Cat. No. G592); qRT-PCR was performed using the BlasTagTM 2X
qPCR premix (abm, Cat. Nos. G891, G892), and the procedure was carried out as follows:
The process began with 3 min at 95 ◦C, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C
for 1 min each, and the OsActin gene was utilized as an internal control in all qRT-PCR.
All samples were subjected to three independent replicates, and the results were analyzed
using 2−∆∆Ct.

2.7. Statistical Analysis

Statistical analyses of enzyme activity and lesion length were performed using inde-
pendent samples t-test and one-way variance (ANOVA) using SPSS version 27.0 software
(SPSS, Chicago, IL, USA); p < 0.05 was considered significant.

3. Results
3.1. The Expression of OsCBM1 Was Triggered in Rice upon Pathogen Xoo Challenge

To explore whether OsCBM1 can effectively protect rice against Xoo infestation, we
examined the expression level of OsCBM1 in response to the pathogen Xoo inoculated
at 0 h, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h using a qRT-PCR assay. and it was observed
that the expression of OsCBM1 began to increase significantly at 4 h post-inoculation and
reached the highest expression at 12 h, with the highest induced expression exceeding
7-fold. (Figure 1). The results indicated that OsCBM1 expression is induced in response to
Xoo infestation in rice.
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3.2. OsCBM1 Positively Regulated Rice Resistance to Xoo Infestation

To explore the functional role of OsCBM1 in resistance to the disease caused by Xoo, we
obtained knockdown lines and overexpression lines OsCBM1-RNAi54, OsCBM1-RNAi55,
OsCBM1-OE38, and OsCBM1-OE41 for additional analysis. Expression levels of OsCBM1
were markedly elevated in OsCBM1-OE plants and decreased in OsCBM1-RNAi plants
(Figure 2a). We assessed the disease responses of OsCBM1-RNAi and OsCBM1-OE plants
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to Xoo by inoculation with Xoo during the booting stage. The OsCBM1-OE plants exhibited
significantly enhanced resistance to various Xoo strains from the Philippines (PXO341,
PXO99) and China (Zhe173, FuJ23), with lesion lengths approximately 2.7 to 6.6 cm shorter
than the wild type and reduced Xoo growth rates (Figure 2b–d). However, all the OsCBM1-
RNAi plants showed longer or similar lesion length and Xoo growth rates compared to
wild type after inoculation with Xoo (Figure 2b–d). Taken together, our findings showed
that OsCBM1 was able to trigger plant immunity after Xoo infestation.
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Figure 2. OsCBM1 positively regulates the resistance to Xoo. (a) qRT-PCR analysis of the relative
expression level of OsCBM1 in WT, RNAi, and OE. (b) Measurements of infestation length of four Xoo
strains inoculated with 14d pathogens from WT, OE, and RNAi plants. (c) Images of Xoo infestation
of three strains with measurements of 14d pathogen spot length. (d) Growth graphs of the number of
leaves collected from Xoo-infested OE, WT, and RNAi plants of three strains at 0 d, 4 d, 8 d, and 12 d
plotted on medium after beating and dilution. Data from three biological replicates are shown as
means ± SE (n = 3). Barcodes labeled with different letters represent significantly different (p < 0.05)
values according to a one-way ANOVA to analyze the data.

3.3. Transcriptome Analysis Identifies Genes Regulated by OsCBM1

To gain a deeper understanding of the molecular mechanism through which OsCBM1-
regulated genes enhance Xoo tolerance in rice, we conducted transcriptome analysis of
OsCBM1-RNAi plants and OsCBM1-OE plants, as well as wild-type plants, after Xoo inocu-
lation for 12 h. All materials were tested in three technical replicates, with WT (Nipponbare)
as the control. Differentially expressed genes (DGEs) were identified (Figure 3a,b). Among
the 2125 DEGs, 1217 genes showed increased expression, and 854 genes showed decreased
expression between OsCBM1-OE and WT; there were more DGEs, with 1263 genes up-
regulated and 1416 genes down-regulated, compared to OsCBM1-RNAi and WT (Figure 3c).
Through Venn diagram analysis, it was found that 764 DEGs were differentially expressed
in both OsCBM1 overexpression and suppression plants. Additionally, 1361 DEGs were
differentially expressed only in OsCBM1 overexpression plants, while 1915 DEGs were
differentially expressed in OsCBM1 suppression plants (Figure 3d).
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Figure 3. Transcriptomic analysis of OsCBM1-RNAi, OsCBM1-OE, and WT (Nip) after Xoo inoculation.
(a) Differential gene changes in OE vs. WT. (b) Differential gene changes in RNAi vs. WT. (c) Number
of up-regulated vs. down-regulated expression of differential gene changes in OE vs. WT vs. RNAi
vs. WT. A total of 1317 genes up-regulated and 854 genes down-regulated expression in OE vs.
WT; 1263 genes up-regulated and 1416 genes down-regulated expression in RNAi vs. WT. (d) Venn
diagram analysis of DGEs between OsCBM1-OE vs. WT and OsCBM1-RNAi vs. WT. A total of
764 genes are shared, 1361 DGEs exist independently in OsCBM1-OE vs. WT, and 1915 DGEs exist
independently in OsCBM1-RNAi vs. WT.

3.4. Analysis of DGEs in GO

To ascertain the potential functions of DEGs, we conducted GO enrichment analysis
to investigate the pathways and biological processes involved with OsCBM1. The genes
that were up-regulated in OsCBM1-OE vs. WT were most abundantly represented in the
biological processes categories of response to stress and response to biotic stimulus. Other
highly enriched categories included cell in the category of cell components and sequence-
specific DNA binding transcription factor activity, oxygen binding, transporter activity, and
DNA binding in the category of molecular function (Figure 4a). However, the GO terms for
OsCBM1-RNAi vs. WT indicated that up-regulated genes were predominantly concentrated
in protein modification processes, response to stress, plasma membrane, kinase activity,
and nucleotide binding were significantly enriched (Figure 4b).

The most abundant terms for OsCBM1-OE vs. WT down-regulated genes were
metabolic process and secondary metabolic process in the biological processes categories,
and plasma membrane in the cell component category, as well as catalytic activity and
oxygen binding in the molecular function category (Figure 4c). Compared with down-
regulated genes in the OsCBM1-OE vs. WT, the OsCBM1-RNAi vs. WT had unique GO
terms, including photosynthesis, generation of precursor metabolites and energy, thylakoid,
and plastid (Figure 4d).

3.5. Analysis of DGEs in KEGG

Comparison of DGEs in OsCBM1-OE vs. WT and OsCBM1-RNAi vs. WT. OsCBM1-OE
vs. WT up-regulated genes were primarily concentrated in amino sugar and nucleotide
sugar metabolism, phenylpropanoid biosynthesis, and diterpenoid biosynthesis, as well
as plant hormone signal transduction (Figure 5a). The pathways enrichment for OsCBM1-
RNAi vs. WT up-regulated genes mainly included plant–pathogen interaction, phenyl-
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propanoid biosynthesis and diterpenoid biosynthesis (Figure 5b). OsCBM1-OE vs. WT
down-regulated genes were concentrated in several metabolic pathways, including starch
and sucrose metabolism, biosynthesis of diverse plant secondary metabolites, phenyl-
propanoid biosynthesis, and glutathione metabolism (Figure 5c). The most differentially
enriched pathways in OsCBM1-RNAi vs. WT down-regulated genes included photosyn-
thesis, carbon fixation in photosynthetic organisms, phenylpropanoid biosynthesis, and
glycolysis/gluconeogenesis (Figure 5d). These differences in pathway enrichment may
result in altered disease resistance of OsCBM1-OE and OsCBM1-RNAi lines.
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3.6. OsCBM1 Regulates the Resistance of Rice to Xoo Through the SA Pathway

To explore the downstream regulatory pathways of OsCBM1 functions, we focused on
the genes involved in the phytohormone signaling pathways. The SA-mediated disease
resistance pathway has several DGEs affecting related pathways, such as NPR1, TGA
transcription factors, and protein-related (PR) genes (Figure 6a). In addition, we screened
for fifteen DGEs related to SA synthesis and metabolism, which collectively regulate SA-
mediated immune processes (Figure 6b). To further verify whether the OsCBM1 affects Xoo
resistance by regulating the content of SA, we determined the levels of SA in rice after Xoo
infestation for 12 h in OsCBM1-OE, OsCBM1-RNAi, and WT. It showed that the content of
SA was importantly elevated in OsCBM1-OE plants compared to WT, while the opposite
result was obtained for OsCBM1-RNAi plants (Figure 6c). These results suggest that the SA
signaling pathway is essential for the disease resistance function of OsCBM1.
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Figure 6. SA content assay and expression levels of DGEs in OE, WT, RNAi. (a) Involvement of SA in
plant hormone signal transduction pathways for disease resistance SA. (b) Analysis of SA-related
differential genes. The expression data in the heatmap are derived from changes in FPKM values of
genes related to the SA signaling pathway. (c) Relative amount of SA in WT (nip), OsCBM1-RNAi55,
OsCBM1-OE41. Data from three biological replicates are shown as mean ± SE (n = 3). Error bars
indicate SE. Barcodes marked with different letters indicated significantly different (p < 0.05) values
according to a one-way ANOVA to analyze the data.
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3.7. OsCBM1 Regulates the Resistance of Rice to Xoo Through ROS Burst

Within the plant–pathogen interaction pathway, ROS is crucial for inducing plant
disease resistance. Phosphorylation of Ca2+-regulated CDPKs upstream of ROS in the
plant–pathogen interactions pathway plays an important role (Figure 7a). In addition, we
screened ROS synthesis, metabolic regulation, and related enzyme genes in DEGs, which
also included glutathione peroxidase, glutathione sulfurtransferase, and intercellular redox
balance (Figure 7b). OsCBM1 participates in ROS production of plants with OsCBM1-OE
plants containing higher levels of ROS (H2O2 and O2−) than OsCBM1-RNAi plants [9]. It
showed that ROS burst could be crucial in conferring resistance against Xoo mediated by
OsCBM1. Elevated ROS levels were also accompanied by elevated activities of related scav-
enging enzymes. Therefore, we analyzed the concentration of SOD (superoxide dismutase),
POD (peroxidase), and CAT (catalase) in leaves of OsCBM1-RNAi plants and OsCBM1-OE
plants together with wild type. Both relatively higher SOD, POD, and CAT concentrations
in OsCBM1-OE plants than in the wild type, irrespective of whether they are inoculated
with Xoo or not, while the trend is reversed in OsCBM1-RNAi plants (Figure 7c–e). These
findings indicate that the increasing enzymatic activities of SOD, POD, and CAT could
be involved in regulating the ROS burst in OsCBM1-OE plants, resulting in enhanced
resistance against Xoo infection.
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Figure 7. Determination of ROS-related enzyme activities and analysis of DGEs in three plants of
OE, WT, and RNAi before and after Xoo infestation. (a) ROS-involved pathways of plant–pathogen
interactions. (b) Heatmap analysis of ROS-related DGEs. The expression data in the heatmap are
derived from changes in FPKM values of genes related to the ROS signaling pathway. (c) Determina-
tion of SOD enzyme activities. (d) Determination of POD enzyme activities. (e) Determination of
CAT enzyme activities. Data from three biological replicates are shown as mean ± SE (n = 3). Error
bars indicate SE. Barcodes labeled with different letters represented significantly different (p < 0.05)
values according to a one-way ANOVA to analyze the data.
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3.8. qRT-PCR Analysis of Related Genes

To verify the accuracy of RNA-seq, several ROS and SA-related genes were chosen
for qRT-PCR analysis. Overall, the gene expression results from the qRT-PCR aligned
with the RNA-seq findings, suggesting a comparable pattern between the qRT-PCR and
transcriptome data. (Figure 8a). The relationship among the fold change in qRT-PCR
and RNA-seq (FPKM) data for the seven differentially expressed genes (DEGs) was
analyzed using Pearson correlation and linear regression, revealing a notably positive
correlation (Figure 8b).
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DGEs and qRT-PCR fold change ratio, and the red dotted line indicates the correlation coefficient
with an R2 of 0.8224.

4. Discussion
4.1. OsCBM1 Enhances Rice Resistance to Bacterial Blight

In a previous study, OsCBM1 was validated to be solely a malectin-like structural
domain [9]; CBMs in plants are Catharanthus roseus receptor-like kinase-like proteins (Cr-
RLK1Ls), which are also part of a subclass within the receptor-like kinase (RLK) family.
Every protein in this family exhibits a malectin-like structural domain and is involved in
cell wall integrity, plant immunity, and other processes [4,6,7]. The transcript of OsCBM1 is
primarily expressed in leaves, and the gene is localized to the endoplasmic reticulum and
plasma membrane. It can be stimulated for expression by a broad spectrum of biotic hor-
mones and abiotic stress factors. These features suggest that OsCBM1 is a stress-responsive
protein [9]. In this study, OsCBM1 positively controls the resistance of rice to bacterial blight.
Firstly, OsCBM1 showed increased expression against Xoo infection (Figure 1). Secondly, the
OsCBM1-OE plants exhibited markedly enhanced resistance to different Xoo strains from
the Philippines (PXO341, PXO99) and China (Zhe173, FuJ23), whereas the OsCBM1-RNAi
plants showed significantly reduced resistance (Figure 2b,c). Third, the growth rate of
bacterial blight in OsCBM1-OE plants showed a marked reduction compared to the wild
type (Figure 2d).

4.2. ROS Bursts Are Essential in the Positive Regulation of Rice Bacterial Blight Resistance
by OsCBM1

ROS possess multiple antimicrobial functions in plants, including directly killing
pathogens, triggering phytochelatin synthesis, inducing programmed cell death, and



Biomolecules 2025, 15, 287 11 of 15

activating defense genes [16,27,28]. However, excessive ROS can be toxic to cells, so plants
have innately evolved to maintain ROS balance through enzymatic and non-enzymatic
scavengers. Enzymatic scavengers like SOD, POD, CAT, APX, and others modulate ROS
homeostasis [16]. Here, we believe that OsCBM1 may confer resistance by regulating the
burst of ROS. First, the differentially expressed genes from the transcriptome are enriched in
ROS-related pathways through KEGG pathway analysis (Figure 4). Some genes in the ROS-
related pathways are validated by qRT-PCR, which is consistent with the transcriptomic
data (Figure 8). Third, through enzymatic activity assays, it was found that the OsCBM1
gene positively regulates the enzymatic activity changes in SOD, POD, and CAT both before
and after inoculation with Xoo (Figure 7). Furthermore, Rbohs are crucial for plant stress
tolerance. During rice infestation with M. oryza, OsRbohA and OsRbohB in rice are activated
for expression [29]; OsCBM1 directly engages with OsRbohA, enhancing ROS levels and
improving drought tolerance in rice [9]. OsRacGEF1 was identified as a ROP nucleotide
exclusive to plants exchange factor (PRONE)-type GDP/GTP exchange factor (GEF) family
gene. It is activated by chitin at the plasma membrane, engages with OsCERK1, and has
its S549 phosphorylated by OsCERK1. Together, they co-regulate resistance to rice blast
disease [30]. OsCBM1 physically interacts with OsRacGEF1 to positively regulate ROS
production [9]. These results demonstrate that OsCBM1 may promote the burst of ROS
and thereby boost rice defense against bacterial blight through interaction with OsRacGEF1
and OsRbohA.

4.3. OsCBM1 May Regulate Rice Resistance to Bacterial Blight by Increasing Salicylic Acid
(SA) Content

Salicylic acid (SA) is regarded as a vital hormone for plant defense, enhancing resis-
tance to biotrophic and semibiotrophic pathogens. It is integral to the fundamental defense
mechanisms, the intensification of localized immune reactions, and the development of
systemic acquired resistance [31]. In this study, we propose that OsCBM1 confers disease
resistance because overexpression of this gene increases the content of SA. The reason is that
through transcriptomic KEGG enrichment of hormone signaling pathways, variation in the
expression of SA-associated genes and changes in SA content were confirmed by qRT-PCR
and hormone assays (Figures 4, 7 and 8). SA mediates oxidase reductase activity to regulate
wheat immunity against glume blight (Septoria nodorum) [32]. It also promotes resistance
against Pseudomonas syringae in Arabidopsis thaliana [33]. Furthermore, SA is involved in
regulating colonization of the root by particular bacterial families to mediate plant pathogen
resistance [34]. The NPR1 protein plays a crucial role within the SA signaling cascade, and
the level of NPR1 expression can influence the expression level of downstream PR-1 [35].
The differential expression of NPR1-related genes in OsCBM1-OE plants in this study
may represent a pathway through which OsCBM1 is involved in regulating SA-mediated
disease resistance.

4.4. The Immunity of Rice Against Bacterial Blight Potentially Regulated by OsCBM1 Might Also
Involve Other Mechanisms

In this study, we found that in the disease-resistant OsCBM1-OE plants, some disease-
related genes are expressed, for example, OsPR1a, OsWRKY71, ROD1, OsCYP71Z2, and
OsPep3 (Figure S1). Quick activation of the OsPR1a protein is crucial for Xa21-dependent
defense against Xoo [36]. OsWRKY71 is crucial for the defense mechanism in rice. Elevat-
ing the expression of the OsWRKY71 gene boosts rice resistance to virulent leaf blight by
stimulating OsNPR1 and OsPR1b at an earlier stage in the defense signaling pathway [37].
OsPep3 enhances rice’s resistance to Xoo. Hormonal and transcriptomic analyses of Os-
Pep3-treated leaves showed that JA biosynthesis, lipid metabolism, and phenylpropanoid
metabolism may contribute to immunity triggered by OsPep3 [38]. OsCYP71Z2 can en-
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hance rice resistance to pathogenic bacteria by regulating the synthesis of plant antitoxins,
thereby [39]. Here, there are also some genes that are down-regulated in disease-resistant
plants, such as NRR, OsGLIP1, OsBON3, OsCaML2, RH1, RH2, RH3, OsMPK17, OsWRKY76,
and others, NRR acts as a negative regulator of disease resistance in rice and interacts
with NH1 in rice. Overexpressing NRR plants showed increased sensitivity to Xoo [40].
OsGLIP1 and OsGLIP2 are lipases involved in the hydrolysis of lipids and adversely affect
the defense response of rice against bacteria and fungi [41]. OsBON3 promotes rice growth
but negatively regulates leaf blight resistance. Pathogen infestation altered the subcel-
lular localization of OsBON1 and OsBON3, which could represent an initial reaction to
pathogen invasion [42]. OsCaML2, a target of Osa-miR1422, adversely affects rice resistance
to Xoo, and the microRNA Osa-miR1422 improves rice disease resistance by suppressing
OsCaML2 [43]. RH1, RH2, and RH3 are three NRR homologous proteins. RH1, RH2, and
RH3 can effectively inhibit NH1-mediated transcriptional activation and suppress natural
immunity [44]. OsMPK17 negatively regulates Xa21-dependent defense against Xoo in
rice [45]. Overexpression of OsWRKY76 reduces defense against leaf blight in rice [46].

5. Conclusions
Our results suggest the possibility that OsCBM1 positively regulates rice defense

against Xoo through altering SA levels and enzyme activities of SOD, POD, and CAT.
Among them, OsCBM1 is up-regulated following Xoo infection, and its overexpression
boosts defense against bacterial blight in rice, whereas knockdown OsCBM1 leads to
decreased resistance. OsCBM1 likely affects the plant’s defense by regulating the ROS
burst and SA signaling pathways, as indicated by RNA-seq data. Enhanced expression of
OsCBM1 raises SA levels and enhances the activity of enzymes like eSOD, POD, and CAT,
while reduced OsCBM1 expression results in reduced enzyme activities. Gene expressions
linked to SA and enzyme activity were confirmed using qRT-PCR. These results further
clarify the function of OsCBM1 in enhancing biotic stress resistance and offer insights for
developing disease-resistant rice strains.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom15020287/s1, Supplementary Figure S1, heatmap analysis
of resistance DGEs in OsCBM1-OE vs WT; Supplementary S1, primer sequence.

Author Contributions: Design experiments, R.H. and D.Z.; perform experiments, S.B., Y.X., L.Z.
and R.H.; formal analysis, S.B., R.H., Y.X., L.Z., X.H., J.P., H.X., Y.G., X.L., X.T. and Y.L. writing, R.H.
and S.B.; funding acquisition, D.Z., Y.L. and R.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (32302373),
Hunan Provincial Natural Science Foundation (2023JJ40394), Changsha Municipal Natural Science
Foundation (kq2208139), Hunan Provincial Agricultural Science and Technology Innovation Fund
(2023CX40), and Hunan Provincial Natural Science Foundation (2023JJ30356).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated are included in this article and its Supplementary
Materials. The raw RNA-Seq data supporting the conclusions of this article are available in the
GSE288740 database of NCBI.

Acknowledgments: We thank Kunming Chen from the State Key Laboratory of Crop Stress Biology
in Arid Area, College of Life Sciences, Northwest A&F University, for providing the transgenic rice
materials OsCBM1-OE plants and OsCBM1-RNAi plants. We thank Yu Zhang, Zhuo Zhang, and
Weimin Ning for their suggestions on data analysis. We are very grateful to Hunan Plant Protection

https://www.mdpi.com/article/10.3390/biom15020287/s1
https://www.mdpi.com/article/10.3390/biom15020287/s1


Biomolecules 2025, 15, 287 13 of 15

Institute, Hunan Academy of Agricultural Science for providing us with experimental equipment.
Thanks to all authors for their hard work on this manuscript. We are grateful to Shanghai OE Biotech
Co., Ltd. (Shanghai, China), for assisting in the RNA-seq and bioinformatics analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Bellande, K.; Bono, J.J.; Savelli, B.; Jamet, E.; Canut, H. Plant lectins and lectin receptor-like kinases: How do they sense the

outside? Int. J. Mol. Sci. 2017, 18, 1164. [CrossRef]
2. Schallus, T.; Jaeckh, C.; Fehér, K.; Palma, A.S.; Liu, Y.; Simpson, J.C.; Mackeen, M.; Stier, G.; Gibson, T.J.; Feizi, T.; et al.

Malectin: A novel carbohydrate-binding protein of the Endoplasmic reticulum and a candidate player in the early steps of protein
N-glycosylation. Mol. Biol. Cell 2008, 19, 3404–3414. [CrossRef] [PubMed]

3. Boisson-Dernier, A.; Kessler, S.A.; Grossniklaus, U. The walls have ears: The role of plant CrRLK1Ls in sensing and transducing
extracellular signals. J. Exp. Bot. 2011, 62, 1581–1591. [CrossRef] [PubMed]

4. Galindo-Trigo, S.; Gray, J.E.; Smith, L.M. Conserved roles of CrRLK1L receptor-ike kinases in cell expansion and reproduction
from algae to angiosperms. Front. Plant Sci. 2016, 7, 1269. [CrossRef] [PubMed]

5. Nissen, K.S.; Willats, W.G.T.; Malinovsky, F.G. Understanding CrRLK1L function: Cell walls and growth control. Trends Plant Sci.
2016, 21, 516–527. [CrossRef] [PubMed]

6. Franck, C.M.; Westermann, J.; Boisson-Dernier, A. Plant malectin-like receptor kinases: From cell wall integrity to immunity and
beyond. Annu. Rev. Plant Biol. 2018, 69, 301–328. [CrossRef] [PubMed]

7. Feng, W.; Kita, D.; Peaucelle, A.; Cartwright, H.N.; Doan, V.; Duan, Q.; Liu, M.-C.; Maman, J.; Steinhorst, L.; Schmitz-Thom, I.;
et al. The FERONIA receptor kinase maintains cell-wall integrity during salt stress through Ca2+ signaling. Curr. Biol. 2018, 28,
666–675. [CrossRef] [PubMed]

8. Kessler, S.A.; Lindner, H.; Jones, D.S.; Grossniklaus, U. Functional analysis of related CrRLK1L receptor-like kinases in pollen
tube reception. EMBO Rep. 2015, 16, 107–115. [CrossRef]

9. Jing, X.Q.; Li, W.Q.; Zhou, M.R.; Shi, P.T.; Zhang, R.; Shalmani, A.; Chen, K.M. Rice carbohydrate-binding malectin-like protein,
OsCBM1, contributes to drought-stress tolerance by participating in NADPH oxidase-mediated ROS production. Rice 2021,
14, 100. [CrossRef] [PubMed]

10. Wang, X.; Ju, Y.; Wu, T.; Kong, L.; Yuan, M.; Liu, H.; Chen, X.; Chu, Z. The clade III subfamily of OsSWEETs directly suppresses
rice immunity by interacting with OsHMGB1 and OsHsp20L. Plant Biotechnol. J. 2024, 22, 2186–2200. [CrossRef] [PubMed]

11. Couto, D.; Zipfel, C. Regulation of pattern recognition receptor signaling in plants. Nat. Rev. Immunol. 2016, 16, 537–552.
[CrossRef] [PubMed]

12. Dodds, P.N.; Rathjen, J.P. Plant immunity: Towards an integrated view of plant-pathogen interactions. Nat. Rev. Genet. 2010, 11,
539–548. [CrossRef]

13. Tsuda, K.; Katagiri, F. Comparing signaling mechanisms engaged in pattern-triggered and effector-triggered immunity. Curr.
Opin. Plant Biol. 2010, 13, 459–465. [CrossRef] [PubMed]

14. Khan, M.; Ali, S.; Al Azzawi, T.N.I.; Saqib, S.; Ullah, F.; Ayaz, A.; Zaman, W. The Key Roles of ROS and RNS as a Signaling
Molecule in Plant-Microbe Interactions. Antioxidants 2023, 12, 268. [CrossRef]

15. Khan, M.S.S.; Ahmed, S.; Ikram, A.U.; Hannan, F.; Yasin, M.U.; Wang, J.; Zhao, B.; Islam, F.; Chen, J. Phytomelatonin: A key
regulator of redox and phytohormones signaling against biotic/abiotic stresses. Redox Biol. 2023, 64, 102805. [CrossRef] [PubMed]

16. Gogoi, K.; Gogoi, H.; Borgohain, M.; Saikia, R.; Chikkaputtaiah, C.; Hiremath, S.; Basu, U. The molecular dynamics between
reactive oxygen species (ROS), reactive nitrogen species (RNS) and phytohormones in plant’s response to biotic stress. Plant Cell
Rep. 2024, 43, 263. [CrossRef] [PubMed]

17. Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Zulfiqar, F.; Raza, A.; Mohsin, S.M.; Mahmud, J.A.; Fujita, M.; Fotopoulos, V. Reactive
oxygen species and antioxidant defense in plants under abiotic stress: Revisiting the crucial role of a Universal defense regulator.
Antioxidants 2020, 9, 681. [CrossRef]

18. Chu, C.; Huang, R.; Liu, L.; Tang, G.; Xiao, J.; Yoo, H.; Yuan, M. The rice heavy-metal transporter OsNRAMP1 regulates disease
resistance by modulating ROS homoeostasis. Plant Cell Environ. 2022, 45, 1109–1126. [CrossRef] [PubMed]

19. Yan, Y.; Wang, H.; Bi, Y.; Wang, J.; Noman, M.; Li, D.; Song, F. OsATL32 ubiquitinates the reactive oxygen species-producing
OsRac5-OsRbohB module to suppress rice immunity. J. Integr. Plant Biol. 2024, 66, 1459–1480. [CrossRef]

20. Ruan, B.; Wu, H.; Jiang, Y.; Qiu, J.; Chen, F.; Zhang, Y.; Qiao, Y.; Tang, M.; Ma, Y.; Qian, Q.; et al. SPL50 Regulates Cell Death and
Resistance to Magnaporthe oryzae in Rice. Rice 2024, 17, 51. [CrossRef]

https://doi.org/10.3390/ijms18061164
https://doi.org/10.1091/mbc.e08-04-0354
https://www.ncbi.nlm.nih.gov/pubmed/18524852
https://doi.org/10.1093/jxb/erq445
https://www.ncbi.nlm.nih.gov/pubmed/21252257
https://doi.org/10.3389/fpls.2016.01269
https://www.ncbi.nlm.nih.gov/pubmed/27621737
https://doi.org/10.1016/j.tplants.2015.12.004
https://www.ncbi.nlm.nih.gov/pubmed/26778775
https://doi.org/10.1146/annurev-arplant-042817-040557
https://www.ncbi.nlm.nih.gov/pubmed/29539271
https://doi.org/10.1016/j.cub.2018.01.023
https://www.ncbi.nlm.nih.gov/pubmed/29456142
https://doi.org/10.15252/embr.201438801
https://doi.org/10.1186/s12284-021-00541-5
https://www.ncbi.nlm.nih.gov/pubmed/34874506
https://doi.org/10.1111/pbi.14338
https://www.ncbi.nlm.nih.gov/pubmed/38587024
https://doi.org/10.1038/nri.2016.77
https://www.ncbi.nlm.nih.gov/pubmed/27477127
https://doi.org/10.1038/nrg2812
https://doi.org/10.1016/j.pbi.2010.04.006
https://www.ncbi.nlm.nih.gov/pubmed/20471306
https://doi.org/10.3390/antiox12020268
https://doi.org/10.1016/j.redox.2023.102805
https://www.ncbi.nlm.nih.gov/pubmed/37406579
https://doi.org/10.1007/s00299-024-03343-3
https://www.ncbi.nlm.nih.gov/pubmed/39412663
https://doi.org/10.3390/antiox9080681
https://doi.org/10.1111/pce.14263
https://www.ncbi.nlm.nih.gov/pubmed/35040151
https://doi.org/10.1111/jipb.13666
https://doi.org/10.1186/s12284-024-00731-x


Biomolecules 2025, 15, 287 14 of 15

21. Jia, Y.; Gu, X.; Chai, J.; Yao, X.; Cheng, S.; Liu, L.; He, S.; Peng, Y.; Zhang, Q.; Zhu, Z. Rice OsANN9 enhances drought tolerance
through modulating ROS scavenging systems. Int. J. Mol. Sci. 2023, 24, 17495. [CrossRef] [PubMed]
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