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Abstract: Plant lesion mutation usually refers to the phenomenon of cell death in green tissues before
senescence in the absence of external stress, and such mutants also show enhanced resistance to
some plant pathogens. The occurrence of lesion mimic mutants in rice is affected by gene mutation,
reactive oxygen species accumulation, an uncontrolled programmed cell death system, and abiotic
stress. At present, many lesion mimic mutants have been identified in rice, and some genes have been
functionally analyzed. This study reviews the occurrence mechanism of lesion mimic mutants in
rice. It analyzes the function of rice lesion mimic mutant genes to elucidate the molecular regulation
pathways of rice lesion mimic mutants in regulating plant disease resistance.
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1. Introduction

Plant lesion mutation refers to the phenomenon whereby plants spontaneously form
necrotic spots of different sizes on the leaves, leaf sheaths, stems, and even the grains
without external abiotic stress or biotic stress [1,2]. Related studies have shown that the
generation process of plant lesion traits is very similar to the symptoms of the plant hyper-
sensitivity response (HR) in vivo. The HR in plants is an innate immune mechanism for
fighting against pathogen infection in vivo [3]. Plants further acquire systemic acquired
immunity (SAR) by activating the HR process, thereby enhancing plant resistance. The HR
is also a type of programmed cell death (PCD), and lesion mimic mutant plants generally
exhibit the phenomenon of cell death, which results in premature senescence, consequently
impacting the agronomic traits of some crops [4,5]. In addition, some studies have con-
firmed that most plant lesion mutants can enhance the resistance to plant pathogens. For
example, in plants, reactive oxygen species (ROS) accumulation and the upregulation of
defense genes of related pathogens usually occur in combination to enhance the resistance
of plants to other diseases such as bacterial blight and blast fungus [6,7]. Therefore, such
mutants are ideal materials for studying PCD and plant defense mechanisms.

In this paper, the origin, characteristics, and pathogenesis of rice lesion mimic mutants
were reviewed. According to the biological functions of cloned rice lesion mimic genes, the
molecular pathways involved in regulation were summarized. This is expected to have a
certain impact on the study of rice disease resistance, molecular breeding, and improving
rice yield and quality.

2. Discovery, Excavation, and Classification of Rice Lesion Mimic Mutants

Since the first lesion mimic mutant sekiguchi lesion (SL) in rice was reported in the
mid-1960s [8], researchers have identified a series of other similar mutants. However,
relatively few lesion mimic mutants have been produced under natural mutation, and
most have been obtained by artificial mutation. The first cloned lesion mimic gene in
rice was Spotted Leaf 7 (SPL7), and the mutant spl7, which had small red-brown lesions
distributed on the entire leaf surface, was induced by γ-ray irradiation [9]. The SPL7
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gene encodes a heat shock transcription factor, negatively regulating cell apoptosis under
high-temperature stress after mutation. Subsequently, homologous genes of SPL7 were
found in maize, Arabidopsis, tomato, and other plants, which could produce lesion mimic
traits in the corresponding plants [10]. In the lesion mimic mutants, gene mutation breaks
the metabolic balance in the plant, leading to the appearance of abnormal phenotype and
other damages, such as the lessening of the chlorophyll content, decrease of photosynthesis
and plant height, and the final reduction of crop yield [11]. For example, the leaves of
rice lesion mimic and senescence mutant 1 (lms1) began to appear as russet brown spots at
the late tillering stage, and the disease spots spread to the whole leaves and even stems
with the plant growth. After the heading stage, the plant showed senescence symptoms,
and the stems, leaves, and panicles were significantly dry and rapidly decayed, thereby
affecting important traits such as 1000-grain weight and seed setting rate [12]. Due to the
relative complexity of lesion mimic genes and the lack of in-depth functional analysis of
lesion mimic genes in rice compared to model plants such as Arabidopsis, it is necessary
to further study the function of lesion mimic genes in rice and continuously improve our
understanding of the mechanism of the lesion mimic phenomenon [13].

Most of the lesions appear on the leaves or leaf sheaths in rice and are often brown,
red-brown, dark brown, and dark yellow, among which brown lesions are the most com-
mon [14]. Lesions throughout the whole growth period, from seedling stage to mature seed
stage leaves, always have obvious lesions. At the initial stage of vegetative growth, lesions
appear between one month and two months after sowing. Some lesion mimic mutants
continue to display the characteristics of lesions at the whole growth stage, and some
lesions do not show any longer. Initiation lesions of reproductive growth occur only at the
late stage of growth, and some occur after heading until seed maturation [15]. Therefore,
lesion mimic mutants can be divided into whole life lesion mimics (WLLMs) (such as lrd35,
lrd40), vegetative initiation lesion mimics (VILMs) (such as lrd41, lrd44), and reproductive
initiation lesion mimics (RILMs) (such as lrd27, lrd28, lrd39) according to the occurrence
period of the lesion mimic mutations. Another classification is to classify lesion mimic
mutants into initiation class and propagation class according to their phenotypes [16]. In
addition, lesion mimic mutants can also be divided into environmentally sensitive mutants
and environmentally insensitive mutants according to the environmental sensitivity of the
lesion mimic traits [14].

3. Mechanism of Rice Lesion Occurrence

The mechanism of lesion mimic occurrence in rice is extremely complex and is mainly
regulated by disease resistance mechanisms, death regulation, and related metabolic en-
zymes (Figure 1). The changes in various signaling pathways in rice and the stress of some
external environmental factors are also very important factors in forming a lesion.
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Figure 1. Mechanism of rice lesion mimic occurrence. (The mechanism of plant lesion formation is
varied and complex and mainly regulated by genes such as disease resistance, death regulation, and
basic metabolic enzymes; plant defense signaling molecules and external environmental factors also
play important roles in forming lesions. All the arrows indicated positive regulatory relations).
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3.1. Related Gene Mutation or Expression Change

In rice, if the disease-resistant or stress-resistant genes are mutated, it may cause
disorder of the signaling pathways, resulting in PCD and further causing lesion mimic
phenotype. For example, the rice NLS1 gene encodes a coiled-coil nucleotide-binding
leucine-rich repeat-like (CC-NB-LRR-like) R protein. After the mutation of NLS1, excessive
H2O2 and salicylic acid (SA) accumulated in the mutant, and resistance-related genes were
also upregulated, which led to the spontaneous formation of lesion mimic spots on the leaf
sheath [17]. In addition, the phenotype of the dominant Spl18 mutant was related to the
insertion of the T-DNA activation label, which enhanced the transcriptional level of rice
acyltransferase OsAT1, and caused lesion mimicry of Spl18. Meanwhile, the expression
levels of resistance-related genes were upregulated with the severity of the lesion mimicry
in Spl18 [18]. In addition to rice, such phenomena have also been observed in other plants,
such as with the SSI gene in Arabidopsis. The expression of defense genes in mutant
Arabidopsis plants increased significantly, resulting in the lesion mimic phenomenon [19].

3.2. Accumulation of ROS

Reactive oxygen species are single-electron-reduction products of oxygen in vivo
and mainly include hydroxyl radicals, hydrogen peroxide, and superoxide anion radicals.
When the concentration of ROS in plants is lower than a certain value, the plant defense
system is activated, and the ROS participates in the signal transduction of cells in plants.
However, when the concentration of ROS exceeds a certain level, it will have toxic effects
on cells and can even lead to cell death [20]. It has been found that plant lesion mutants
typically produce a large amount of ROS during the formation of necrotic lesions. These
high concentrations of ROS can destroy the normal structure of the cells and can also be
used as signaling molecules to induce HRs, leading to cell death [20]. For example, the rice
lesion mimic gene SPL5 encodes a hypothetical transcription splicing factor 3b subunit 3
(SF3b3), which makes the mutant accumulate excessive superoxide anion and hydrogen
peroxide, leading to the appearance of the lesion mimic phenotype in the mutant [21]. The
same is true for the nitric oxide excess1 (noe1) mutant in rice. The NOE1 gene encodes a
catalase OsCATC, which is responsible for eliminating hydrogen peroxide. So, the mutation
of NOE1 led to the production of excess hydrogen peroxide in leaves and the excessive
accumulation of nitric oxide in the mutant because of the activation of nitrate reductase,
which ultimately resulted in the exhibition of a lesion mimic phenotype in noe1 [22].

3.3. Effects of Plant Hormones

In the process of plant lesion formation, some plant hormones, including ethylene
(ET), jasmonic acid (JA), and salicylic acid (SA), play important roles in regulating different
defense responses [23,24]. The OsEDR1 gene in rice positively regulates the synthesis of
ET, and the knockout (KO) of OsEDR1 inhibits the ACC synthase genes, which encode
the rate-limiting enzymes of ET biosynthesis resulting in the decreased production of ET.
Meanwhile, the SA and JA contents in the OsEDR1-KO plants were increased, indicating
that when the function of the OsEDR1 gene was missing, the plant hormone level would
be unbalanced, thus inducing necrotic lesions on the leaves at the booting stage [25].
Salicylic acid is one of the key hormones affecting plant resistance. In a study of the OsSSI2
gene in rice, it was found that the transposon insertion mutants of this gene and RNA
interference (RNAi) plants all showed lesion mimic traits, and the resistance of plants to
Magnaporthe grisea was enhanced. Further studies showed that the endogenous SA content
in transgenic plants was significantly increased [26]. In addition, when pathogens invade
plants, the content of JA rapidly accumulates in plants and activates defense responses. As
in lesion mimic mutants oshpl3 and spl29, the JA content was significantly enhanced, and
the expression levels of defense-related genes were upregulated [27,28].
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3.4. Disorder of Plant Metabolic Pathways

In addition to being influenced by plant hormones, plant growth and metabolism are
also regulated by many enzymes and proteins. If these enzymes and proteins are inactivated
in the process of metabolism, they will cause metabolic disorders during plant growth,
resulting in the emergence of lesion mimic phenotypes. The FGL gene of rice encodes a
protochlorophyllide oxidoreductase B (OsPORB), which catalyzes the photoreduction of
protochlorophyllide to chlorophyllide under high light conditions. After the mutation,
the chlorophyll metabolism of fgl mutant was disordered, and the leaf of fgl in color was
rapidly changed from green to yellow and then formed lesions during leaf elongation in
field-grown conditions [29]. The SPL28 gene encodes a grid-associated receptor protein
complex, namely the central subunit µ1 (AP1M1), which participates in the vesicle transport
process of the Golgi body. The mutation of SPL28 disordered the normal material transport
of the Golgi body, and the red-brown spots on leaves of spl28 mutant began to emerge at
the early tillering stage and reach the maximum number at the heading stage [30].

3.5. Uncontrolled PCD

Programmed cell death is a common death mode in the development of organisms
and is determined by genes. In the plant growth process, once the normal PCD in the body
is disordered, it may lead to abnormal growth and development [31]. The appearance of
the lesion mimic phenotype in plants is also one of the manifestations of spontaneous cell
death. In rice, the SPL11 gene encodes an E3 ubiquitin ligase, negatively regulating PCD.
The mutation of this gene led to a change in E3 ubiquitin ligase activity, resulting in the
generation of lesion mimic spots [32]. In addition, in rice, the Oryza sativa accelerated cell
death and resistance 1 (OsACDR1) gene and G-box factor 14-3-3 homologs (GF14e) gene are
also related to PCD reaction. OsACDR1, also named OsEDR1, encodes a putative Raf-like
mitogen-activated protein kinase kinase kinase (MAPKKK), which can inhibit OsMPKK10.2
activity through physical interaction. The mutation of OsACDR1 released the inhibition of
OsMPKK10.2, so the activation of the pathogen-inducible OsMPKK10.2-OsMPK6 cascade
was amplified [33]. Meanwhile, the mutation promoted plant cell death, resulting in the
lesion mimic phenotype, and the defense-related genes were upregulated [25,33]. GF14e,
encoding a 14-3-3 protein, is induced during effector-triggered immunity (ETI) associated
with pathogens. GF14e has a negative regulatory effect on cell death and the defense
response of rice. Therefore, its RNAi plants exhibited the lesion mimic character as well as
increased resistance to bacterial blight and other pathogens [34].

3.6. Influence of the External Environment

When a plant is subjected to abiotic environmental stresses, such as light, temperature,
or humidity, it will elicit a series of immune stress responses to environmental stress. This
process is often accompanied by the accumulation of ROS and the initiation of PCD process,
resulting in the appearance of a lesion mimic phenotype. The rice lesions stimulating disease
resistance 1 (OsLSD1) gene can be induced under light conditions and inhibited under dark
conditions. Moreover, OsLSD1 plays a negative regulatory role in PCD, and so, the lsd1
mutant can produce lesion mimic trait under light [35]. In addition, the mutant lesion mimic
and premature senescence 1 (lmps1) are also affected by light. When part of the leaf was
shaded, the lesion mimic phenotype did not appear on the mutant leaves, but following
the reintroduction of light, the lesion mimic character appeared again on the leaves [36].
A study on six lrd lesion mimic mutants in rice found that high temperature could inhibit
the lesion mimic trait of mutants lrd31, lrd35, and lrd40, while low temperature could
significantly promote the occurrence of lesion mimic traits (except for the lrd31), and at a
normal temperature of 28 ◦C, all lrd mutants produced lesion mimic traits on the leaves [37].
Therefore, environmental factors such as light intensity and temperature also affect plant
lesion mimic production.
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4. Identification, Cloning, and Functional Analysis of Rice Lesion Mimic Genes

With the development of molecular biology, many studies have been conducted
on rice lesion mimic mutant materials. More than 70 lesion mimic mutants have been
identified in rice, and some have been successfully cloned (Table 1). According to the genetic
characteristics of the identified rice lesion mimic mutants, most of them are controlled by
single recessive genes [1]. Function analysis of the cloned lesion mimic genes indicated
that these genes are mainly involved in lipid metabolism, gene transcription regulation,
chlorophyll metabolism, and plant defense responses (Figure 2).

Table 1. Partially cloned 35 rice lesion mimic genes.

Mutant Gene Mutant Type Accession Number Protein Function Analysis Reference

SPL7 RILM Os05g05304 Heat shock transcription factor [9]
SPL11 RILM Os12g05700 E3 ubiquitin ligase [32]
LSD1 VILM Os08g01595 C2C2 zinc finger protein [35]

OsNPR1(NH1) VILM Os01g01943 Transcriptional coactivators [38]
SPL18(OsAT1) WLLM Os10g01956 Acyltransferase [18]

OsPti1a VILM Os05g01358 Rice protein kinase [39]
XB15 VILM Os03g60650 Protein phosphatase [40]

OsACDR1
(OsEDR1,SPL3) RILM Os03g01601 Mitogen-activated protein kinase [33]

OsSSI2 RILM Os01g09199 Fatty acid dehydrogenase [26]
OsPLDβ1 VILM Os10g38060 Phospholipase [41]

SPL28 RILM Os01g07036 Subunits of grid-related receptor
protein complexes [30]

OsSL(ELL1) RILM Os12g02680 Cytochrome P450 monooxygenase [42,43]
RLIN1 WLLM Os04g06108 Porphyrin III oxidase [44]
GF14e WLLM Os02g05803 14-3-3 protein [34]
NOE1 RILM Os03g03910 Catalase [35]
NLS1 RILM Os11g14380 CC-NB-LRR type R protein [17]
SPL5 RILM Os07g02037 Splicing factor 3b subunit [45]

OsHPL3 VILM Os02g01102 Hydroperoxide lyase [28,46]
OsLMS WLLM Os02g06390 RNA binding protein [47]
CslF6 VILM Os08g01605 Cellulose-like synthase F [48]
RLS1 VILM Os02g10900 NB-ARM domain protein [49]

FGL VILM Os10g35370 OsPORB protein, involved in
cytochrome synthesis [29]

SPL29 WLLM Os08g02069 Acetylglucosamine
pyrophosphatase [27]

LMR RILM Os06g01300 Adenosine triphosphatase [50]

EBR1 VILM Os05g19970 E3 ubiquitin ligase in RING
domain [51]

OsPLS1 RILM Os06g45120 Vacuolar proton ATPase subunit [52]

SPL32 VILM Os07g06584 Ferroxin-dependent glutamate
synthase [53]

SPL33 WLLM Os01g01166 eEF1A-like protein [54]
OsCUL3a VILM Os02g07460 Cullin protein [55]

LML1 WLLM Os04g06599 Eukaryotic Release Factor 1
Protein [56]

SDS VILM Os01g57480 SD-1 receptor-like kinase [57]
SPL35 WLLM Os03g02050 CUE domain protein [58]
SPL40 WLLM Os05g03120 Ribosome structural components [59]

LMM24 VILM Os03g24930 receptor-like cytoplasmic kinase [60]
OsRLR1 RILM Os10g07978 CC-NB-LRR protein [61]

The lesion mimic mutants can be divided into whole life lesion mimics (WLLMs), vegetative initiation lesion
mimics (VILMs), and reproductive initiation lesion mimics (RILMs) according to the occurrence period of the
lesion mimic mutations.
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Figure 2. Part of the regulation pathway of lesion mimic genes in rice. (The regulatory pathways
involved in rice lesion mimic genes mainly include lipid metabolism and chlorophyll synthesis
metabolism in plants, transcription pathways of plant cell death, defense pathways of plants, intercel-
lular transport pathways, and ROS signal transduction pathways).

4.1. Plant Lipid Metabolism Pathway

Fatty acids and their derivatives play important signal transduction roles in plant
defense responses. The rice OsSSI2 gene encodes a fatty acid dehydrogenase, which is
responsible for the dehydrogenation of stearic acid(18:0) to oleic acid(18:1). Knockdown (kd)
of the OsSSI2 gene reduces the oleic acid level, increases the stearic acid level in plants, and
the OsSSI2-kd plants showed a lesion phenotype, increased endogenous free SA content,
and significant upregulation of resistance-related genes such as WRKY45. Compared with
the wild type, the resistance of OsSSI2-kd plants to Magnaporthe grisea and Xanthomonas
oryzae pv. oryzae was also significantly enhanced, indicating that OsSSI2 could reversely
regulate the defense stress response of rice [26]. In addition, the rice OsPLDβ1 gene encodes
a phospholipase D, including an HKD motif and a C2 domain. The RNAi plants of this
gene exhibited a lesion mimic phenotype on the leaves without the interference of external
pathogens, and the accumulation of ROS and some plant antitoxins also occurred in the
plants at the late development stage. In addition, RNAi plants spontaneously activated
plant defense responses and significantly enhanced resistance to other pathogens such as
rice blast [41].

The OsHPL3 gene encodes a hydroperoxide lyase, whose insertion mutation leads to
the functional inactivation of the product, resulting in the appearance of the lesion mimic
phenotype in the mutant. The JA and SA contents in the mutant plant were significantly
higher than those in the wild type, and thus, the defense signaling pathway was activated.
Compared with wild-type plants, mutant plants showed enhanced resistance to bacterial
blight, while OsHPL3 overexpression transgenic plants showed enhanced resistance to the
brown rice planthopper [27].

4.2. Gene Transcription Regulation Pathway

In rice, SPL7 was the first cloned lesion mimic gene that encodes a heat stress tran-
scription factor. A single base mutation in the SPL7 gene, namely a change in an amino
acid in the binding domain from tryptophan to cysteine, resulted in the change of the target
protein domain, which resulted in the loss of function of the target protein and ultimately
the lesion mimic phenotype [9,10]. In addition, the rice SPL5 gene can encode a splicing
factor subunit 3b, which negatively regulates the defense stress response and cell death
mainly by splicing the mRNA precursors of genes related to plant cell death or immune
responses [45].

The OsLMS gene encodes a negative regulator related to the stress response in rice,
which has a carboxyl-terminal domain (CTD). The domain of CTD is related to RNA poly-
merase II (RNAP II), and RNAP II is the core component of the transcription complex,
which can catalyze mRNA synthesis. Thus, it can participate in various mRNA matura-
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tion processes or gene transcription regulation. The RNAi lines showed a lesion mimic
phenotype when OsLMS gene expression was inhibited, which confirmed that the OsLMS
gene mutation was the cause of the lesion mimic phenotype. OsLMS is homologous to
the FIERY2/CPL1 gene in A. thaliana, which controls many plant growth processes, such as
the stress response and growth and development. The lms mutant showed sensitivity to
low-temperature stress at the early growth stage, indicating that OsLMS is related to the
rice stress response [47].

4.3. Chlorophyll Metabolism Pathway

The RLIN1 gene encodes a porphyrinogen III oxidase, which is involved in the
tetrapyrrole biosynthetic pathway. Tetrapyrrole pigments are the largest and most widely
distributed pigments in nature. The molecular structure of tetrapyrrole derivatives is
contained in chlorophyll. The mutant rlin1 can produce a lesion mimic phenotype [44],
which indicates that the metabolic pathway of chlorophyll synthesis is also involved in
the formation of rice lesions. The FGL gene must maintain chlorophyll light-dependent
synthesis during leaf development, especially under strong light irradiation. Under con-
stant light or strong light irradiation, the new green leaves of the fgl mutant rapidly turn
yellow and form lesion mimic spots. Further studies have found that the FGL gene encodes
OsPORB, which is necessary for chlorophyll synthesis and metabolism [29]. The rice lesion
mimic gene ELL1 is also related to chloroplast development. In the mutant ell1, the contents
of photosynthetic pigments such as chlorophyll a, chlorophyll b, and carotenoids were
significantly decreased, the endocytic structure of the chloroplast was degraded, and the
photosynthetic protein activity was significantly weakened [42].

4.4. Plant Defense Response Pathway

OsLSD1 encodes a protein with three conserved zinc-finger domains, which has an
antagonistic effect on the PCD process. Studies have demonstrated that the antisense
inhibition of OsLSD1 could produce a lesion mimic phenotype in transgenic plants, and
the expression of defense-related genes was upregulated, indicating that OsLSD1 may
negatively regulate the defense response of rice [35].

Oryza sativa Pto-interacting protein 1a (OsPti1a), a plasma membrane protein kinase-
related protein, acts as a negative regulator of innate immunity and signal transduction
defense in rice. Therefore, the OsPti1a-overexpression transgenic plants were more suscepti-
ble to bacterial blight and other pathogens than wild-type plants [62]. When the expression
of the RAR1 gene was inhibited, the resistance of the mutant was also inhibited, which
indicated that OsPti1a might negatively regulate the RAR1-mediated defense mechanism
of rice disease resistance [39].

The rlr1 mutant showed premature senescence and a lesion mimic phenotype under
natural growth conditions, which was accompanied by the large accumulation of ROS,
and the rlr1 mutant also enhanced the resistance to rice blast and bacterial blight. Studies
have shown that the transcription factor OsWRKY19 can activate the immune response
of OsPR10, and the OsRLR1 gene-encoding protein can interact with the transcription
factor OsWRKY19. Therefore, the rice defense mechanism associated with OsRLR1 may be
mediated by the transcription factor OsWRKY19 [61].

In addition to the above regulatory pathways, lesion mimic genes in rice are also
involved in regulating inter-cellular transport pathways and ROS systems in plants. For
example, SPL28, mentioned above, encodes an AP1M1 protein located in the Golgi ap-
paratus, and the AP1M1 protein participates in the vesicle transport process of the Golgi
apparatus [30]. The SPL5 and NOE1 genes are related to the regulation of the ROS signaling
pathway [21,22].

5. Disease Resistance of Rice Lesion Mimic Mutants

Currently, according to the reported results, most rice lesion mimic mutants show
enhanced resistance to pathogens. For example, compared with the wild type, the lsd1
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mutant significantly improved the resistance to bacterial and fungal pathogens [35]. The
rice lesion mimic mutant spl28 significantly increased resistance to bacterial blight and rice
blast due to the accumulation of large amounts of callose in the plants [30]. In addition,
spl10, cdr3, and other mutants showed enhanced resistance to rice blast; spl21, lmes1, hm83,
and other mutants exhibited enhanced resistance to bacterial blight, and the mutant lmm1
was resistant to both sheath blight and blast [1]. These studies showed that the lesion
mimic mutant gene might activate the immune stress response in plants due to the loss
of function, thereby enhancing the resistance to pathogens. Therefore, it also shows that
the lesion mimic mutant of rice is a good material for studying plant PCD procedures and
disease resistance and defense mechanisms.

5.1. Lesion Mimic Genes Involved in Plant Hormone Regulation

While many rice lesion mimic mutants enhance disease resistance, the content of plant
hormones in them usually changes, among which salicylic acid (SA) is a key hormone
affecting the acquired resistance of plant systems. When plants are subjected to some
biological stress, some plant tissues will have an allergic reaction, which leads to the accu-
mulation of SA content, activating some PR protein expression and ultimately enhancing
the disease resistance of plants. Jasmonic acid (JA) is also an important plant hormone.
When pathogens invade plants, JA accumulates rapidly in plants and activates defense
stress response pathways to prevent pathogen invasion [63]. The content of SA and JA
in many lesion mimic mutants is often changed when the disease resistance is enhanced.
NahG gene is the key gene for the decomposition of SA, and the phenotype of lesion mimics
in some mutants is inhibited to varying degrees by hybridization with its transgenic plants
and various lesion mimic mutants, indicating that SA plays a crucial role in the formation of
lesion mimics [64]. Salicylic acid content was significantly increased in the HM47 mutants
of rice, and the resistance of HM47 to bacterial blight was significantly increased. The
experimental results showed that the increase of resistance of HM47 to bacterial blight was
achieved by regulating the metabolic pathway of salicylic acid [65]. Another example is
OsNPR1 in rice. OsNPR1 is a key regulator in the SA-mediated disease resistance pathway,
and OsNPR1 may be involved in the antagonistic interaction between the SA and JA signal-
ing pathways in rice [38]. Recent research found that OsNPR1 upregulated the expression of
the indole-3-acetic acid (IAA)-amide synthase gene (OsGH3.8) by interfering with the auxin
signaling pathway, ultimately affecting the normal growth and development of rice [66].
Silencing of OsEDR, a lesion mimic gene in rice, resulted in significantly increased contents
of SA and JA in the RNAi plants, thereby initiating defensive responses [25].

5.2. Lesion Mimic Genes Involved in ROS Signaling Pathway

For plants, ROS has strong biochemical activity, which can cause oxidative damage
to some intracellular functional substances such as proteins, DNA, and lipids. Therefore,
a series of relatively perfect antioxidant mechanisms have been developed in plant cells
to protect cells from ROS invasion, such as the system for scavenging ROS by enzymatic
reactions such as superoxide dismutase (SOD) and catalase (CAT) [67]. Studies have shown
that the accumulation of ROS near the lesion can be detected in most rice lesion mimic
mutants, which indicates that ROS may play a very important signal transduction role in
forming a lesion. For instance, OsAPX2, encoding an ascorbate peroxidase, can scavenge
ROS to protect seedlings from abiotic stress. While the loss function of OsAPX2 leads to
decreased ascorbic acid peroxidase activity and the excessive accumulation of hydrogen
peroxide and malondialdehyde in cells, and finally, in the mutant Osapx2, the rice leaves
show lesion mimic traits [68]. A study of the rice lesion mimic gene GF14e found that
when the expression of the GF14e gene was interfered with by RNAi technology, lesion
mimic spots of different sizes were produced in the leaves of the transgenic plants, and
ROS accumulated in the lesion, and the resistance to related pathogens was enhanced [34].
However, some lesion mimic genes may be directly involved in the resistance mechanism of
plants through the metabolism of peroxides. For example, the rice lesion mimic gene NOE1
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can encode a catalase. In the noe1 mutant, excessive H2O2 is produced in its leaves due to
the loss of the gene function, resulting in the appearance of the lesion mimic phenotype in
the noe1 mutant, but the resistance of the mutant is also enhanced [22].

In addition, some studies have found that there is not only ROS accumulation in many
rice lesion mimic mutants but also endogenous SA levels in mutant plants will change.
Subsequent studies confirmed a certain interaction between SA and ROS, and ROS was
involved in SA-induced signal transduction pathways. On the one hand, SA can activate
the activity of ROS-producing enzymes (such as NOX) to promote the accumulation of
intracellular ROS. On the other hand, SA slows down the ROS scavenging by inhibiting
the activity of ROS scavenging enzymes (such as CAT and APX) to a certain extent [69,70].
Further studies have found that catalase is one of the targets of SA, suggesting that SA
may inhibit intracellular ROS accumulation by inhibiting CAT activity [71]. In the CAT-
deficient transgenic plants, the H2O2 content was increaseed with the increase of light
intensity, and the production of SA was stimulated, resulting in lesion mimic mutants
and leaf wilting [72]. For example, the content of defense hormone SA in the ebr1 mutant
was significantly increased, and the content of hydrogen peroxide in the plant was also
significantly increased, which improved the disease resistance of the mutant [51]. The nls1
mutant accumulates excessive hydrogen peroxide and SA, and the upregulated expression
of defense-related genes enhances the resistance to bacterial diseases [17].

6. Research Prospect

As a major food crop, rice is important in ensuring global food security. Therefore, it
is particularly important to address the issues of rice diseases and insect pests. There are
many factors affecting the generation of rice lesion mimic mutants. In addition, a certain
relationship exists between the generation of lesion mimic mutants and increased pathogen
resistance in rice. Most of the lesion mimic mutants improve the resistance to rice blast and
bacterial blight. Still, at the same time, they also affect the agronomic traits of rice, such as
the plant height, panicle length, grain number per panicle, and seed setting rate because of
PCD; thus, striking a balance between disease resistance and PCD is still an urgent issue to
be considered. The cloning and functional study of lesion mimic genes in rice have become
particularly relevant. However, the molecular mechanisms associated with rice lesions
are not fully understood, and thus, greater in-depth research should be carried out in the
future

In addition, as rice is a model plant for genomics research, exploring the mechanism
of cell death and disease resistance in rice plants is a popular research avenue. Since the
generation of plant lesions can lead to the upregulation of defense gene expression and
the enhancement of plant resistance to pathogens, lesion mimic mutants in rice are also
ideal materials for studying the mechanism of PCD and disease resistance. This research
also plays an important role in rice breeding and production practice. Therefore, cloning
and functional analysis of rice lesion mimic genes can further elucidate the resistance
mechanism of rice and provide a more powerful theoretical basis for the breeding of highly
resistant rice.

Author Contributions: D.X. and Y.F. managed this project; D.X., Y.F. and J.Y. wrote and revised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Zhejiang Provincial Natural Science Foundation of China
(LY21C130007; LY20C140003; LY19C130001), Hangzhou Scientific and Technological Major Program
(202203A01), Zhejiang Science and Technology Major Program on Agricultural New Variety Breeding
(2021C02063-6), and Open Foundation of State Key Laboratory of Rice Biology (20190103).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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



Plants 2022, 11, 2169 10 of 12

References
1. Jiao, R.; Xu, N.; Hu, J.; Song, Z.L.; Hu, J.Q.; Rao, Y.C.; Wang, Y.X. Research progress on traits and molecular mechanisms of rice

lesion mimic mutants. Chin. J. Rice Sci. 2018, 32, 285–295.
2. Matin, M.N.; Pandeya, D.; Baek, K.H.; Dong, S.L.; Lee, J.H.; Kang, H.; Kang, S.G. Phenotypic and genotypic analysis of rice lesion

mimic mutants. Plant Pathol. J. 2010, 26, 159–169. [CrossRef]
3. Xia, C.Y.; Yan, B.Y.; Cai, Y.F.; Wang, H.H.; Gong, Y.H. Advances in programmed cell death in plants. Lett. Biotechnol. 2008, 19,

296–298.
4. Huang, Q.N.; Yang, Y.; Shi, Y.F.; Chen, J.; Wu, J.L. Research progress on spot leaf variation in rice. Chin. J. Rice Sci. 2010, 24,

108–115.
5. McGrann, G.R.; Steed, A.; Burt, C.; Paul, N.; Brown, J.K. Differential effects of lesion mimic mutants in barley on disease

development by facultative pathogens. J. Exp. Bot. 2015, 66, 3417–3428. [CrossRef] [PubMed]
6. Dangl, J.L.; Dietrich, R.A.; Richberg, M.H. Death Don’t Have No Mercy: Cell Death Programs in Plant-Microbe Interactions. Plant

Cell 1996, 8, 1793–1807. [CrossRef]
7. Durrant, W.E.; Dong, X. Systemic acquired resistance. Annu. Rev. Phytopathol. 2004, 42, 185–209. [CrossRef]
8. Liu, G.; Wang, L.; Zhou, Z.; Leung, H.; Wang, G.L.; He, C. Physical mapping of a rice lesion mimic gene, Spl1, to a 70-kb segment

of rice chromosome 12. Mol. Genet. Genom. 2004, 272, 108–115. [CrossRef]
9. Yamanouchi, U.; Yano, M.; Lin, H.; Ashikari, M.; Yamada, K. A rice spotted leaf gene, Spl7, encodes a heat stress transcription

factor protein. Proc. Natl. Acad. Sci. USA 2002, 99, 7530–7535. [CrossRef]
10. Hoang, T.V.; Vo, K.T.X.; Rahman, M.M.; Choi, S.H.; Jeon, J.S. Heat stress transcription factor OsSPL7 plays a critical role in reactive

oxygen species balance and stress responses in rice. Plant Sci. 2019, 289, 110273. [CrossRef]
11. Bai, J.T.; Zhu, X.D.; Wang, Q.; Zhang, J.; Chen, H.Q.; Dong, G.J.; Zhu, L.; Zheng, H.K.; Xie, Q.J.; Nian, J.Q.; et al. Rice TUTOU1

encodes a suppressor of camp receptor-like protein that is important for actin organization and panicle development. Plant
Physiol. 2015, 169, 1179. [CrossRef]

12. Lin, Y.; Chen, Z.J.; Tian, D.G.; Yang, G.K.; Yang, S.H.; Liu, H.Q.; Chen, S.B.; Wang, F. Identification and gene mapping of a lesion
mimic and senescence mutant lms1 in Rice. J. Fujian Agric. Sci. 2014, 29, 29–34.

13. Han, X.Y.; Yang, Y.; Yu, C.L.; Zhang, W.H.; Ye, S.H.; Chen, B.; Chen, C.; Cheng, Y.; Yan, C.Q.; Chen, J.P. Proteomics study of an
enhanced disease-resistant mutant of rice. Chin. J. Rice Sci. 2014, 28, 559–569.

14. Wu, C.; Bordeos, A.; Madamba, M.R.; Baraoidan, M.; Ramos, M.; Wang, G.L.; Leach, J.E.; Leung, H. Rice lesion mimic mutants
with enhanced resistance to diseases. Mol. Genet. Genom. 2008, 279, 605–619. [CrossRef] [PubMed]

15. Wang, J.J.; Zhu, X.D.; Wang, L.Y.; Zhang, L.H.; Xue, Q.Z.; He, Z.H. Physiological and genetic analysis of rice lesion mimic mutants.
J. Plant Physiol. Mol. Biol. 2004, 30, 331–338.

16. Wang, Z.H.; Jia, Y.L. Induction and preliminary analysis of rice lesion mutant lmm1. J. Nucl. Agric. Sci. 2006, 20, 255–258.
17. Tang, J.; Zhu, X.; Wang, Y.; Liu, L.; Xu, B.; Li, F.; Fang, J.; Chu, C. Semi-dominant mutations in the CC-NB-LRR-type R gene, NLS1,

lead to constitutive activation of defense responses in rice. Plant J. 2011, 66, 996–1007. [CrossRef]
18. Mori, M.; Tomita, C.; Sugimoto, K.; Hasegawa, M.; Hayashi, N.; Dubouzet, J.G.; Ochiai, H.; Sekimoto, H.; Hirochika, H.; Kikuchi,

S. Isolation and molecular characterization of a Spotted leaf 18 mutant by modified activation-tagging in rice. Plant Mol. Biol.
2007, 63, 847–860. [CrossRef]

19. Shirano, Y.; Kachroo, P.; Shah, J.; Klessig, D.F. A gain-of-function mutation in an Arabidopsis Toll Interleukin1 receptor-nucleotide
binding site-leucine-rich repeat type R gene triggers defense responses and results in enhanced disease resistance. Plant Cell 2002,
14, 3149–3162. [CrossRef]

20. Danon, A.; Miersch, O.; Felix, G.; Camp, R.G.; Apei, K. Concurrent activation of cell death-regulating signaling pathways by
singlet oxygen in Arabidopsis thaliana. Plant J. 2005, 41, 68–80. [CrossRef]

21. Jin, B.; Zhou, X.; Jiang, B.; Gu, Z.; Zhang, P.; Qian, Q.; Chen, X.; Ma, B. Transcriptome profiling of the spl5 mutant reveals that
SPL5 has a negative role in the biosynthesis of serotonin for rice disease resistance. Rice 2015, 8, 18. [CrossRef] [PubMed]

22. Lin, A.; Wang, Y.; Tang, J.; Xue, P.; Li, C.; Liu, L.; Hu, B.; Yang, F.; Loake, G.J.; Chu, C. Nitric oxide and protein S-nitrosylation are
integral to hydrogen peroxide-induced leaf cell death in rice. Plant Physiol. 2011, 158, 451–464. [CrossRef] [PubMed]

23. Dong, X. SA, JA, ethylene, and disease resistance in plants. Curr. Opin. Plant Biol. 1998, 1, 316–323. [CrossRef]
24. Turner, J.G.; Ellis, C.; Devoto, A. The jasmonate signal pathway. Plant Cell 2002, 14 (Suppl. 1), S153–S164. [CrossRef] [PubMed]
25. Shen, X.; Liu, H.; Yuan, B.; Li, X.; Xu, C.; Wang, S. OsEDR1 negatively regulates rice bacterial resistance via activation of ethylene

biosynthesis. Plant Cell Environ. 2011, 34, 179–191. [CrossRef]
26. Jiang, C.J.; Shimono, M.; Maeda, S.; Inoue, H.; Mori, M.; Hasegawa, M.; Sugano, S.; Takatsuji, H. Suppression of the rice fatty-acid

desaturase gene OsSSI2 enhances resistance to blast and leaf blight diseases in rice. Mol. Plant-Microbe Interact. 2009, 22, 820–829.
[CrossRef]

27. Tu, R.; Wang, H.; Liu, Q.; Wang, D.; Zhou, X.; Xu, P.; Zhang, Y.; Wu, W.; Chen, D.; Cao, L. Characterization and genetic analysis
of the oshpl3 rice lesion mimic mutant showing spontaneous cell death and enhanced bacterial blight resistance. Plant Physiol.
Biochem. 2020, 154, 94–104. [CrossRef]

28. Wang, Z.; Wang, Y.; Hong, X.; Hu, D.; Liu, C.; Yang, J.; Li, Y.; Huang, Y.; Feng, Y.; Gong, H. Functional inactivation of UDP-N-
acetylglucosamine pyrophosphorylase 1 (UAP1) induces early leaf senescence and defence responses in rice. J. Exp. Bot. 2015, 66,
973–987. [CrossRef]

http://doi.org/10.5423/PPJ.2010.26.2.159
http://doi.org/10.1093/jxb/erv154
http://www.ncbi.nlm.nih.gov/pubmed/25873675
http://doi.org/10.2307/3870230
http://doi.org/10.1146/annurev.phyto.42.040803.140421
http://doi.org/10.1007/s00438-004-1040-6
http://doi.org/10.1073/pnas.112209199
http://doi.org/10.1016/j.plantsci.2019.110273
http://doi.org/10.1104/pp.15.00229
http://doi.org/10.1007/s00438-008-0337-2
http://www.ncbi.nlm.nih.gov/pubmed/18357468
http://doi.org/10.1111/j.1365-313X.2011.04557.x
http://doi.org/10.1007/s11103-006-9130-y
http://doi.org/10.1105/tpc.005348
http://doi.org/10.1111/j.1365-313X.2004.02276.x
http://doi.org/10.1186/s12284-015-0052-7
http://www.ncbi.nlm.nih.gov/pubmed/26029330
http://doi.org/10.1104/pp.111.184531
http://www.ncbi.nlm.nih.gov/pubmed/22106097
http://doi.org/10.1016/1369-5266(88)80053-0
http://doi.org/10.1105/tpc.000679
http://www.ncbi.nlm.nih.gov/pubmed/12045275
http://doi.org/10.1111/j.1365-3040.2010.02219.x
http://doi.org/10.1094/MPMI-22-7-0820
http://doi.org/10.1016/j.plaphy.2020.05.001
http://doi.org/10.1093/jxb/eru456


Plants 2022, 11, 2169 11 of 12

29. Sakuraba, Y.; Rahman, M.L.; Cho, S.; Kim, Y.; Koh, H.; Yoo, S.; Paek, N. The rice faded green leaf locus encodes protochlorophyllide
oxidoreductase B and is essential for chlorophyll synthesis under high light conditions. Plant J. 2013, 74, 122–133. [CrossRef]

30. Qiao, Y.; Jiang, W.; Lee, J.; Park, B.S.; Choi, M.S.; Piao, R.; Woo, M.O.; Roh, J.H.; Han, L.; Paek, N.C. SPL28 encodes a clathrin-
associated adaptor protein complex 1, medium subunit micro 1 (AP1M1) and is responsible for spotted leaf and early senescence
in rice (Oryza sativa). New Phytol. 2010, 185, 258–274. [CrossRef]

31. Broker, L.E.; Kruyt, F.A.; Giaccone, G. Cell Death Independent of Caspases: A Review. Clin. Cancer Res. 2005, 11, 3155–3162.
[CrossRef] [PubMed]

32. Zeng, L.R.; Qu, S.; Bordeos, A.; Yang, C.; Baraoidan, M.; Yan, H.; Xie, Q.; Nahm, B.H.; Leung, H.; Wang, G.L. Spotted leaf 11, a
negative regulator of plant cell death and defense, encodes a U-box/armadillo repeat protein endowed with E3 ubiquitin ligase
activity. Plant Cell 2004, 16, 2795–2808. [CrossRef] [PubMed]

33. Ma, H.; Li, j.; Ma, L.; Xue, Y.; Yin, P.; Xiao, J.; Wang, S. Pathogen-inducible OsMPKK10.2-OsMPK6 cascade phosphorylates
the Raf-like kinase OsEDR1 and inhibits its scaffold function to promote rice disease resistance. Mol. Plant 2021, 14, 620–632.
[CrossRef] [PubMed]

34. Manosalva, P.M.; Bruce, M.; Leach, J.E. Rice 14-3-3 protein (GF14e) negatively affects cell death and disease resistance. Plant J.
2011, 68, 777–787. [CrossRef]

35. Wang, L.; Pei, Z.; Tian, Y.; He, C. OsLSD1, a rice zinc finger protein, regulates programmed cell death and callus differentiation.
Mol. Plant-Microbe Interact. 2005, 18, 375–384. [CrossRef]

36. Xia, S.S.; Cui, Y.; Li, F.F.; Tan, J.; Ling, Y.H. Phenotypic identification and gene mapping of premature senescence mutant lmps1 in
rice. Acta Agron. Sin. 2019, 45, 46–54. [CrossRef]

37. Wang, J.J.; Zhang, L.X.; Wang, L.Y.; Zhang, L.H.; Zhu, C.N.; He, Z.H.; Jin, Q.S.; Fan, H.H.; Xin, Y. Induced responses of rice Lesion
Resembling Disease mutants to light and temperature. Sci. Agric. Sin. 2010, 43, 2039–2044.

38. Yuan, Y.; Zhong, S.; Li, Q.; Zhu, Z.; Lou, Y.; Wang, L.; Wang, J.; Wang, M.; Li, Q.; Yang, D.; et al. Functional analysis of
rice NPR1-like genes reveals that OsNPR1/NH1 is the rice orthologue conferring disease resistance with enhanced herbivore
susceptibility. Plant Biotechnol. J. 2007, 5, 313–324. [CrossRef]

39. Takahashi, A.; Agrawal, G.K.; Yamazaki, M.; Onosato, K.; Miyao, A.; Kawasaki, T.; Shimamoto, K.; Hirochika, H. Rice Pti1a
negatively regulates RAR1-dependent defense responses. Plant Cell 2007, 19, 2940–2951. [CrossRef]

40. Park, C.J.; Peng, Y.; Chen, X.; Dardick, C.; Ruan, D.; Bart, R.; Canlas, P.E.; Ronald, P.C. Rice XB15, a protein phosphatase 2C,
negatively regulates cell death and XA21-mediated innate immunity. PLoS Biol. 2008, 6, e231.

41. Yamaguchi, T.; Kuroda, M.; Yamakawa, H.; Ashizawa, H.; Hirayae, K.; Kurimoto, L.; Shinya, T.; Shibuya, N. Suppression of a
phospholipase D gene, OsPLDβ1, activates defense responses and increases disease resistance in rice. Plant Physiol. 2009, 150,
308–319. [CrossRef] [PubMed]

42. Fujiwara, T.; Maisonneuve, S.; Isshiki, M.; Mizutani, M.; Chen, L.; Wong, H.L.; Kawasaki, T.; Shimamoto, K. Sekiguchi lesion gene
encodes a cytochrome P450 monooxygenase that catalyzes conversion of tryptamine to serotonin in rice. J. Biol. Chem. 2010, 285,
11308–11313. [CrossRef] [PubMed]

43. Cui, Y.; Peng, Y.; Zhang, Q.; Xia, S.; Ruan, B.; Xu, Q.; Yu, X.; Zhou, T.; Liu, H.; Zeng, D.; et al. Disruption of EARLY LESION LEAF
1, encoding a cytochrome P450 monooxygenase, induces ROS accumulation and cell death in rice. Plant J. 2021, 105, 942–956.
[CrossRef]

44. Sun, C.; Liu, L.; Tang, J.; Lin, A.; Zhang, F.; Fang, J.; Zhang, G.; Chu, C. RLIN1, encoding a putative coproporphyrinogen III
oxidase, is involved in lesion initiation in rice. J. Genet. Genom. 2011, 38, 29–37. [CrossRef] [PubMed]

45. Chen, X.; Hao, L.; Pan, J.; Zheng, X.; Jiang, G.; Yang, J.; Gu, Z.; Qian, Q.; Zhai, W.; Ma, B. SPL5, a cell death and defense-related
gene, encodes a putative splicing factor 3b subunit 3 (SF3b3) in rice. Mol. Breed. 2012, 30, 939–949. [CrossRef]

46. Liu, X.; Li, F.; Tang, J.; Wang, W.; Zhang, F.; Wang, G.; Chu, J.; Yan, C.; Wang, T.; Chu, C.; et al. Activation of the Jasmonic
Acid Pathway by Depletion of the Hydroperoxide Lyase OsHPL3 Reveals Crosstalk between the HPL and AOS Branches of the
Oxylipin Pathway in Rice. PLoS ONE 2012, 7, e50089. [CrossRef]

47. Undan, J.R.; Tamiru, M.; Abe, A.; Yoshida, K.; Kosugi, S.; Takagi, H.; Yoshida, K.; Kanzaki, H.; Saitoh, H.; Fekih, R.; et al. Mutation
in OsLMS, a gene encoding a protein with two double-stranded RNA binding motifs, causes lesion mimic phenotype and early
senescence in rice (Oryza sativa L.). Genes Genet. Syst. 2012, 87, 169–179. [CrossRef]

48. Vega-Sánchez, M.E.; Verhertbruggen, Y.; Christensen, U.; Chen, X.; Sharma, V.; Varanasi, P.; Jobling, S.A.; Talbot, M.; White, R.G.;
Joo, M.; et al. Loss of Cellulose synthase-like F6 function affects mixed-linkage glucan deposition, cell wall mechanical properties,
and defense responses in vegetative tissues of rice. Plant Physiol. 2012, 159, 56–69. [CrossRef]

49. Jiao, B.B.; Wang, J.J.; Zhu, X.D.; Zeng, L.J.; Li, Q.; He, Z.H. A novel protein RLS1 with NB-ARM domains is involved in chloroplast
degradation during leaf senescence in rice. Mol. Plant 2012, 5, 205–217. [CrossRef]

50. Fekih, R.; Tamiru, M.; Kanzaki, H.; Abe, A.; Yoshida, K.; Kanzaki, E.; Saitoh, H.; Takagi, H.; Natsume, S.; Undan, J.R.; et al. The
rice (Oryza sativa L.) LESION MIMIC RESEMBLING, which encodes an AAA-type ATPase, is implicated in defense response. Mol.
Genet. Genom. 2015, 290, 611–622. [CrossRef]

51. You, Q.; Zhai, K.; Yang, D.; Yang, W.; Wu, J.; Liu, J.; Pan, W.; Wang, J.; Zhu, A.; Jian, Y.; et al. An E3 Ubiquitin Ligase-BAG Protein
Module Controls Plant Innate Immunity and Broad-Spectrum Disease Resistance. Cell Host Microbe 2016, 20, 758–769. [CrossRef]
[PubMed]

http://doi.org/10.1111/tpj.12110
http://doi.org/10.1111/j.1469-8137.2009.03047.x
http://doi.org/10.1158/1078-0432.CCR-04-2223
http://www.ncbi.nlm.nih.gov/pubmed/15867207
http://doi.org/10.1105/tpc.104.025171
http://www.ncbi.nlm.nih.gov/pubmed/15377756
http://doi.org/10.1016/j.molp.2021.01.008
http://www.ncbi.nlm.nih.gov/pubmed/33450368
http://doi.org/10.1111/j.1365-313X.2011.04728.x
http://doi.org/10.1094/MPMI-18-0375
http://doi.org/10.3724/SP.J.1006.2019.82022
http://doi.org/10.1111/j.1467-7652.2007.00243.x
http://doi.org/10.1105/tpc.106.047142
http://doi.org/10.1104/pp.108.131979
http://www.ncbi.nlm.nih.gov/pubmed/19286937
http://doi.org/10.1074/jbc.M109.091371
http://www.ncbi.nlm.nih.gov/pubmed/20150424
http://doi.org/10.1111/tpj.15079
http://doi.org/10.1016/j.jcg.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21338950
http://doi.org/10.1007/s11032-011-9677-4
http://doi.org/10.1371/journal.pone.0050089
http://doi.org/10.1266/ggs.87.169
http://doi.org/10.1104/pp.112.195495
http://doi.org/10.1093/mp/ssr081
http://doi.org/10.1007/s00438-014-0944-z
http://doi.org/10.1016/j.chom.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/27978435


Plants 2022, 11, 2169 12 of 12

52. Yang, X.; Gong, P.; Li, K.; Huang, F.; Cheng, F.; Pan, G. A single cytosine deletion in the OsPLS1 gene encoding vacuolar-type
H+-ATPase subunit A1 leads to premature leaf senescence and seed dormancy in rice. J. Exp. Bot. 2016, 67, 2761–2776. [CrossRef]

53. Sun, L.; Wang, Y.; Liu, L.L.; Wang, C.; Gan, T.; Zhang, Z.; Wang, Y.; Wang, D.; Niu, M.; Long, W.; et al. Isolation and characterization
of a spotted leaf 32 mutant with early leaf senescence and enhanced defense response in rice. Sci. Rep. 2017, 7, 41846. [CrossRef]

54. Wang, S.; Lei, C.; Wang, J.; Ma, J.; Tang, S.; Wang, C.; Zhao, K.; Tian, P.; Zhang, H.; Qi, C.; et al. SPL33, encoding an eEF1A-like
protein, negatively regulates cell death and defense responses in rice. J. Exp. Bot. 2017, 68, 899–913. [CrossRef] [PubMed]

55. Liu, Q.; Ning, Y.; Zhang, Y.; Yu, N.; Zhao, C.; Zhan, X.; Wu, W.; Chen, D.; Wei, X.; Wang, G.L.; et al. OsCUL3a negatively regulates
cell death and immunity by degrading OsNPR1 in rice. Plant Cell 2017, 29, 345–359. [CrossRef] [PubMed]

56. Qin, P.; Fan, S.; Deng, L.; Zhong, G.; Zhang, S.; Li, M.; Chen, W.; Wang, G.; Tu, B.; Wang, Y.; et al. LML1, encoding a conserved
eukaryotic release factor 1 protein, regulates cell death and pathogen resistance by forming a conserved complex with SPL33 in
rice. Plant Cell Physiol. 2018, 59, 887–902. [CrossRef] [PubMed]

57. Fan, J.; Bai, P.; Ning, Y.; Wang, J.; Shi, X.; Xiong, Y.; Zhang, K.; He, F.; Zhang, C.; Wang, R.; et al. The Monocot-Specific Receptor-like
Kinase SDS2 controls cell death and immunity in rice. Cell Host Microbe 2018, 23, 498–510.e5. [CrossRef]

58. Ma, J.; Wang, Y.; Ma, X.; Meng, L.; Jing, R.; Wang, F.; Wang, S.; Cheng, Z.; Zhang, X.; Jiang, L.; et al. Disruption of gene SPL35,
encoding a novel CUE domain-containing protein, leads to cell death and enhanced disease response in rice. Plant Biotechnol. J.
2019, 17, 1679–1693. [CrossRef]

59. Sathe, A.P.; Su, X.; Chen, Z.; Chen, T.; Wei, X.; Tang, S.; Zhang, X.B.; Wu, J.L. Identification and characterization of a spotted-leaf
mutant spl40 with enhanced bacterial blight resistance in rice. Rice 2019, 12, 68. [CrossRef]

60. Zhang, Y.; Liu, Q.; Zhang, Y.; Chen, Y.; Yu, N.; Cao, Y.; Zhan, X.; Cheng, S.; Cao, L. LMM24 Encodes Receptor-Like Cytoplasmic
Kinase 109, which regulates cell death and defense responses in rice. Int. J. Mol. Sci. 2019, 20, 3243. [CrossRef]

61. Du, D.; Zhang, C.; Xing, Y.; Lu, X.; Cai, L.; Yun, H.; Zhang, Q.; Zhang, Y.; Chen, X.; Liu, M.; et al. The CC-NB-LRR OsRLR1
mediates rice disease resistance through interaction with OsWRKY19. Plant Biotechnol. J. 2021, 19, 1052–1064. [CrossRef]
[PubMed]

62. Matsui, H.; Fujiwara, M.; Hamada, S.; Shimamoto, K.; Nomura, Y.; Nakagami, H.; Takahashi, A.; Hirochika, H. Plasma membrane
localization is essential for Oryza sativa Pto-interacting protein 1a-mediated negative regulation of immune signaling in rice. Plant
Physiol. 2014, 166, 327–336. [CrossRef] [PubMed]

63. Li, X.; Wang, X.; Shu, X.; Wu, D. Research progress on signal pathways and disease resistance of plant lesion mutants. J. Nucl.
Agric. Sci. 2009, 23, 631–638.

64. Yoshioka, K.; Kachroo, P.; Tsui, F.; Sharma, S.B.; Shan, J.; Klessig, D.F. Environmentally sensitive, SA-dependent defense responses
in the cpr22 mutant of Arabidopsis. Plant J. 2001, 26, 447–459. [CrossRef]

65. Feng, B.H.; Yang, Y.; Shi, Y.F.; Shen, H.C.; Wang, H.M.; Huang, Q.N.; Xu, X.; Lü, X.G.; Wu, J.L. Characterization and genetic
analysis of a novel rice spotted-leaf mutant HM47 with broad-spectrum resistance to Xanthomonas oryzae pv. oryzae. Chin. Bull.
Bot. 2013, 55, 473–483. [CrossRef]

66. Li, X.; Yang, D.L.; Sun, L.; Li, Q.; Mao, B.; He, Z. The systemic acquired resistance regulator OsNPR1 attenuates growth by
repressing auxin signaling through promoting IAA-Amido synthase expression. Plant Physiol. 2016, 172, 546–558. [CrossRef]

67. Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.
Biochem. 2010, 48, 909–930. [CrossRef]

68. Zhang, Z.; Zhang, Q.; Wu, J.; Zheng, X.; Zhang, S.; Sun, X.; Qiu, Q.; Lu, T. Gene knockout study reveals that cytosolic ascorbate
peroxidase 2(OsAPX2) plays a critical role in growth and reproduction in rice under drought, salt and cold stresses. PLoS ONE
2013, 8, e57472. [CrossRef]

69. Tian, M.; Rao, L.B.; Li, J.Y. Active oxygen species in plant cells and their physiological functions. Plant Physiol. Commun. 2005, 41,
235–241.

70. Torres, M.A.; Dang, J.L.; Jones, J. Arabidopsis gp91phox homologues AtrbohD and AtrbohF are required for accumulation of
reactive oxygen intermediates in the plant defense response. Proc. Natl. Acad. Sci. USA 2002, 99, 517–522. [CrossRef]

71. Dat, J.F.; Lopezdelgado, H.; Foyer, C.H.; Scott, I.M. Effects of Salicylic Acid on Oxidative Stress and Thermotolerance in Tobacco.
J. Plant Physiol. 2000, 156, 659–665. [CrossRef]

72. Chamnongpol, S.; Willekens, H.; Moeder, W.; Langebartels, C.; Sandermann, H.; Montagu, M.V.; Inze, D.; Camp, W.V. Defense
activation and enhanced pathogens tolerance induced by H2O2 in transgenic tobacco. Proc. Natl. Acad. Sci. USA 1998, 95,
5818–5823. [CrossRef] [PubMed]

http://doi.org/10.1093/jxb/erw109
http://doi.org/10.1038/srep41846
http://doi.org/10.1093/jxb/erx001
http://www.ncbi.nlm.nih.gov/pubmed/28199670
http://doi.org/10.1105/tpc.16.00650
http://www.ncbi.nlm.nih.gov/pubmed/28100706
http://doi.org/10.1093/pcp/pcy056
http://www.ncbi.nlm.nih.gov/pubmed/29566164
http://doi.org/10.1016/j.chom.2018.03.003
http://doi.org/10.1111/pbi.13093
http://doi.org/10.1186/s12284-019-0326-6
http://doi.org/10.3390/ijms20133243
http://doi.org/10.1111/pbi.13530
http://www.ncbi.nlm.nih.gov/pubmed/33368943
http://doi.org/10.1104/pp.114.243873
http://www.ncbi.nlm.nih.gov/pubmed/24958714
http://doi.org/10.1046/j.1365-313X.2001.2641039.x
http://doi.org/10.1111/jipb.12021
http://doi.org/10.1104/pp.16.00129
http://doi.org/10.1016/j.plaphy.2010.08.016
http://doi.org/10.1371/journal.pone.0057472
http://doi.org/10.1073/pnas.012452499
http://doi.org/10.1016/S0176-1617(00)80228-X
http://doi.org/10.1073/pnas.95.10.5818
http://www.ncbi.nlm.nih.gov/pubmed/9576968

	Introduction 
	Discovery, Excavation, and Classification of Rice Lesion Mimic Mutants 
	Mechanism of Rice Lesion Occurrence 
	Related Gene Mutation or Expression Change 
	Accumulation of ROS 
	Effects of Plant Hormones 
	Disorder of Plant Metabolic Pathways 
	Uncontrolled PCD 
	Influence of the External Environment 

	Identification, Cloning, and Functional Analysis of Rice Lesion Mimic Genes 
	Plant Lipid Metabolism Pathway 
	Gene Transcription Regulation Pathway 
	Chlorophyll Metabolism Pathway 
	Plant Defense Response Pathway 

	Disease Resistance of Rice Lesion Mimic Mutants 
	Lesion Mimic Genes Involved in Plant Hormone Regulation 
	Lesion Mimic Genes Involved in ROS Signaling Pathway 

	Research Prospect 
	References

