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Abstract
Lesion mimic mutants resembling the hypersensitive response without pathogen 
attack are an ideal material to understand programmed cell death, the defence re-
sponse, and the cross-talk between defence response and development in plants. In 
this study, mic, a lesion mimic mutant from cultivar Yunyin treated with ethyl meth-
anesulphonate (EMS), was screened. By map-based cloning, a short-chain alcohol 
dehydrogenase/reductase with an atypical active site HxxxK was isolated and desig-
nated as SDR7-6. It functions as a homomultimer in rice and is localized at the endo-
plasmic reticulum. The lesion mimic phenotype of the mutant is light-dependent. The 
mutant displayed an increased resistance response to bacterial blight, but reduced 
resistance to rice blast disease. The mutant and knockout lines showed increased 
reactive oxygen species, jasmonic acid content, antioxidant enzyme activity, and ex-
pression of pathogenicity-related genes, while chlorophyll content was significantly 
reduced. The knockout lines showed significant reduction in grain size, seed setting 
rate, 1000-grain weight, grain weight per plant, panicle length, and plant height. 
SDR7-6 is a new lesion mimic gene that encodes a short-chain alcohol dehydrogenase 
with atypical catalytic site. Disruption of SDR7-6 led to cell death and had adverse ef-
fects on multiple agricultural characters. SDR7-6 may act at the interface of the two 
defence pathways of bacterial blight and rice blast disease in rice.
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1  | INTRODUC TION

Lesion mimic mutants show a necrotic lesion phenotype in the ab-
sence of pathogen attack. The appearance of a lesion mimic phe-
notype is often, but not always, affected by environmental factors 
including light, temperature, day length, and humidity (Qiao et al., 
2010; Zhu et al., 2016). Given the resemblance to the hypersensitive 
response, lesion mimics provide a tool to unravel the mechanisms of 
programmed cell death (PCD), defence responses (Beaugelin et al., 
2019; Bruggeman et al., 2015; Ke et al., 2019; Lorrain et al., 2003), 
and the interaction between plant immunity and growth (Zhu et al., 
2020). In rice, there are at least 56 lesion mimic genes documented 
in the Gramene database (Yang et al., 2019). The genes encode dif-
ferent functional proteins that participate in various physiological 
pathways, hinting at a complicated regulatory network in rice. Some 
of the genes function as defence-signalling genes and exhibit non-
specific broad-spectrum blast resistance (Li et al., 2020).

The short-chain dehydrogenases/reductases (SDRs) are one 
of the largest superfamilies of enzymes known to date (Persson & 
Kallberg, 2013). They use NAD(H) or NADP(H) as a cofactor and have 
broad substrate spectra involved in primary and secondary metabo-
lism (Moummou et al., 2012; Persson & Kallberg, 2013). The major-
ity of SDRs are oligomeric, mostly homodimers or homotetramers 
(Kavanagh et al., 2008). Persson et al. (2009) used hidden-Markov 
models (HMMs) to classify SDRs into seven groups (classical, ex-
tended, atypical, intermediate, divergent, complex, and unknown). 
Based on this result, Moummou combined HMMs and phylogenetic 
analysis methods to further categorize higher plant SDRs into 49 
families. The SDR110C (C stands for “classical”) family has significant 
diversified function in vascular plants participating in terpenoids, alka-
loids, phenolics metabolism, hormone biosynthesis, and flower devel-
opment. Rice contains 227 SDRs; among them 110 belong to classical 
SDRs and 24 fall into the SDR110C family (Moummou et al., 2012). 
Five of them are induced by chitin and four are involved in the biosyn-
thesis of diterpenoids (Kitaoka et al., 2016). Momilactone A synthase 
(OsMAS) oxidizes 3β-hydroxy-syn-pimaradien-19,6β-olide to phyto-
alexin momilactone A (Atawong et al., 2002; Shimura et al., 2007), 
while OsSDR110C-MS2 has been shown to have an efficient ability 
to catalyse this final step in vitro (Kitaoka et al., 2016; Miyamoto 
et al., 2016). OsSDR110C-MI3 and OsSDR110C-MS3 are involved in 
the biosynthesis of phytoalexin oryzalexins A–C (Kitaoka et al., 2016; 
Miyamoto et al., 2016). RMP8 is a glucose/ribitol dehydrogenase fam-
ily protein, which is a microspore-preferred protein (Nguyen et al., 
2016). Another SDR110C is OsABA2, an abscisic acid (ABA) biosyn-
thetic enzyme, responsible for the conversion of xanthoxin to abscisyl 
aldehyde (Endo et al., 2014). OsABA2 is also a negative regulator of 
cell death and the defence response (Liao et al., 2018).

In this study, a novel lesion mimic mutant, mic, was identified 
from an ethyl methanesulphonate (EMS)-mutagenized japonica rice 
cultivar Yunyin population. The mutant exhibited light-dependent 
necrosis at the seedling stage. By map-based cloning, the causal 
gene was isolated and named as SDR7-6 (the sixth SDR110C family 
protein of chromosome 7). SDR7-6 can form a homomultimer and 

is a rice SDR110C with unknown function. It negatively regulates 
cell death and resistance to bacterial blight, but positively regulates 
resistance to the rice blast pathogen.

2  | RESULTS

2.1 | Phenotypic characterization of mic mutant

The mic mutant was first identified from an EMS-mutagenized popu-
lation of japonica rice cultivar Yunyin. Reddish-brown lesions were 
initially observed on the leaf blade at the six-leaf stage under natural 
light conditions. As it grew, the lesion number and intensity gradu-
ally increased. Then the lesions spread to the whole plant, including 
leaves, stems, sheaths, glumes, and spikelet branches (Figure 1a,b). 
Under light-deficient conditions, the lesion mimic phenotype did not 
appear or was delayed in appearance. Therefore, we reasoned that 
the lesion mimic phenotype of this mutant may be light-dependent 
like other lesion mimic mutants. To confirm this idea, we performed 
a shade treatment assay. We found that leaf blades wrapped with 
aluminium foil or the stem wrapped by its sheath showed no cell 
death phenotype (Figure 1c), whereas leaf areas exposed to light and 
stems extended out of the sheath exhibited numerous lesions. These 
results showed that the formation of lesions was light-dependent in 
this mutant.

2.2 | The mic mutant showed enhanced 
basal defence

Because many of the reported lesion-mimicking mutants exhibit 
spontaneous strong defence responses (Choi et al., 2019; Wang 
et al., 2017), we evaluated the defence response of the mic mutant 
to a compatible bacterial blight strain GD8988. At 15 days after 
inoculation, the infected part of mic plants was much shorter than 
that of wild-type (WT) plants (Figure 2a). We further investigated 
the expression of pathogenesis-related genes. The expression of 
PR1a and PR1b was elevated in the mutant; these two genes have 
been reported as the markers of rice responses in stress and dis-
ease (Agrawal et al., 2000). It is worth mentioning that PR1a is also 
commonly used as a marker gene for the salicylic acid (SA) signalling 
pathway (Yin et al., 2018). In line with the elevated expression of 
PR1a, the expression of another SA signalling pathway marker gene, 
PR5, was also increased in the mutant compared to WT (Choi et al., 
2019). Meanwhile, PR4, a marker gene in the jasmonic acid (JA) sig-
nalling pathway, also showed significantly higher expression in the 
mic mutant than in the WT (Yin et al., 2018). These results indicate 
that the activation of SA and JA signalling pathways may contribute 
to the enhanced defence response of the mic mutant. PBZ1 and PR10 
not only function as defence-related genes but are also involved in 
the development of lesions (Kim et al., 2008; Takahashi et al., 1999). 
We measured the expression of PBZ1 and PR10 in the WT and mic 
mutant. The results showed that the expressions of PBZ1 and PR10 
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were dramatically up-regulated in the leaves of the mic mutant com-
pared to the WT (Figure 2b). Because the relative expression level of 
marker genes in the SA and JA pathways were elevated in the mu-
tant, we measured total SA and JA contents using LC-MS/MS. The 
results showed that the accumulated content of JA was significantly 
higher in the mic mutant compared to the WT, while the content 
of SA was comparable between the mutant and the WT (Figure 2c).

In addition to playing significant roles in the plant resistance re-
sponse, reactive oxygen species (ROS) are also critical in local lesion 
formation (Qiu et al., 2019; Zhu et al., 2020). We used histochem-
ical marker trypan blue and 3,3′-diaminobenzidine (DAB) to moni-
tor the cellular ROS level in leaves of WT and lesion mimic mutant. 
The results showed that the mutant had more intense blue staining 
spots and DAB stained spots (Figure 2d,e). Consistent with this re-
sult, the H2O2 content was significantly elevated in the mutant com-
pared to the WT (Figure 2f). We further investigated the activities of 
peroxide-scavenging enzymes and the content of malondialdehyde 
(MDA) (Figure 2g–k). The activities of superoxide dismutase (SOD), 
ascorbate peroxidase (APX), and peroxidase (POD) were significantly 
increased in the mutant compared to the WT, indicating that the ex-
cessive accumulation of ROS in the lesion mimic mutant triggered 
the peroxide-scavenging enzyme activity.

2.3 | Genetic analysis and map-based cloning of 
SDR7-6

For genetic analysis of this lesion mimic mutant, the mutant was 
crossed with its WT parent Yunyin. All of the the F1 generation plants 
showed the WT phenotype and in the 271 F2 plants, 60 plants showed 
the lesion mimic phenotype, which matched the 3:1 segregation ratio 

(χ2 = 1.03 < 3.84). This result indicated that the lesion mimic pheno-
type was controlled by a single recessive gene. For map-based clon-
ing, the mutant was hybridized with cv. Lemont (Oryza sativa subsp. 
japonica) to construct the segregating population. Three hundred and 
forty-nine plants with the lesion mimic phenotype were selected as a 
recessive population. The mutant locus was first mapped on the long 
arm of chromosome 7 between markers InDel 142 and InDel 144 by 
using 88 recessive plants. Then the locus was further narrowed down 
to a 26.8 kb region flanked by markers 7-66 and 7-84, which were de-
signed using polymorphism between the parents, with one recombi-
nant at each side. There are five predicted open reading frames within 
this region (Figure 3). Sequence analysis of the promoter and coding 
region of these genes revealed a single base mutation (G-A) was pre-
sent in the 821th nucleotide of Os07g0663900 (LOC_Os07g46860), 
resulting in a glycine (G)274 substituted by a glutamic acid (E)274. This 
gene was designated as SDR7-6.

2.4 | SDR7-6 negative regulates cell death and 
participates in the defence response

To confirm the mutation of SDR7-6 is causal to the lesion mimic 
phenotype in the mutant, the complementary vector of pSDR7-
6::SDR7-6, including 2164 bp upstream of the start codon, the cod-
ing region, and 517 bp downstream of the termination codon, and 
p35S::SDR7-6 were constructed and transformed into mutant callus, 
and CRISPR/Cas9 technology was used to construct a SDR7-6 knock-
out vector and transformed into the callus of the WT. The SDR7-6 
gene was highly expressed in complementation and overexpression 
lines, while the expression level of this gene in mic and CRISPR/Cas9 
lines was comparable to the WT (Figure S1). The phenotypes of the 

F I G U R E  1   The mic mutant showed a significant necrotic phenotype. (a) Phenotypes of the whole plant. Image of wild type (WT) and 
mutant mic at heading stage. Necrosis can be seen on the leaf, stem, sheath, and glumes of the mic mutant. Scale bar = 10 cm. (b) Necrosis 
on leaf (left), panicle (middle), and sheath (right). Red arrows indicate the necrosis on stem, glumes, and spikelet branches. (c) The impact of 
light on the necrosis phenotype. The area between the red dotted lines indicates the wrapped portions of leaf and stem
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F I G U R E  2   The mic mutant showed enhanced basal defence. (a) The resistance of the mic mutant to rice bacterial blight. The flag leaves 
of wild type (WT) and mutant mic were inoculated with bacterial blight strain GD8988 and photographed at 15 days after inoculation. 
Scale bars = 1 cm. (b) The relative expression levels of PR genes. The reverse third leaves of WT and mic with necrosis were pooled as one 
biological replicate (n = 5). The experiments were conducted with four technical replicates and three biological replicates. The experiment 
was repeated twice with the similar results. (c) The total content of salicylic acid (SA) and jasmonic acid (JA). The values represent the 
mean ± SD of three biological replicates from one independent experiment (n = 5). (d) Trypan blue staining of leaves from WT and 
mutant mic. (e) 3,3′-diaminobenzidine (DAB) staining. mic-DAB, the leaf stained with DAB; mic-EtOH, the leaf decoloured by ethanol. (f) 
H2O2 concentration in the mic mutant. FW, fresh weight. (g–k) Antioxidant enzyme activity and malondialdehyde (MDA) concentration 
determination. Student's t test was used to generate the p values. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate the significant difference 
between WT and mic mutant. Data represent mean ± SD
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complementation and overexpression lines showed that expression 
of the WT version of the SDR7-6 gene in the mutant background 
fully rescued the lesion symptom of the mutant. When the WT gene 
was knocked out in the CRISPR/Cas9 T0 lines, the plants showed the 
lesion mimic phenotype (Figure 4a,b). These results confirmed that 
the lesion mimic phenotype is caused by the mutation in SDR7-6. 
After inoculation with the compatible Xanthomonas oryzae pv. oryzae 
(bacterial blight) strain GD8988, the knockout lines also exhibited an 
elevated resistant phenotype like that of the mutant (Figure 4c,d). 
Meanwhile, the overexpression lines driven by the native promoter 
or the 35S promoter showed enhanced susceptibility to the patho-
gen compared to the WT (Figure 4e,f). This result further indicated 
that SDR7-6 is involved in the defence response to bacterial blight.

Many lesion mimic mutants show an enhanced immunity response 
to both rice bacterial blight and rice blast disease (Qiao et al., 2010). 
To investigate whether the mutation of this gene results in enhanced 
immunity to rice blast disease, we sprayed the WT, the mutant, and 
two homozygous knockout lines with compatible Magnaporthe ory-
zae 43-ZB-15-68. To our surprise, the mutant line and knockout lines 
showed more susceptibility to 43-ZB-15-68 than the WT (Figure 4g). 
To confirm whether the appearance of the lesion mimic necrosis con-
tributes to the immunity response, we used the punch inoculation 
method to inoculate after the lesion mimic appeared (Park et al., 2012). 
The punch inoculation results showed that the lesion was larger in the 
mutant and knockout lines compared to the WT (Figure 4h). We fur-
ther calculated the relative fungal biomass (Park et al., 2012). The re-
sults showed that the relative fungal biomass was significantly greater 
in the mutant and knockout lines than in the WT (Figure 4i). These re-
sults show that the mutant and knockout lines demonstrate a reduced 
resistance to rice blast pathogen, suggesting that SDR7-6 plays differ-
ent roles in plant immunity to bacterial blight and rice blast diseases.

2.5 | The mutation of SDR7-6 has an adverse effect 
on agronomic traits in rice

Because many lesion mutants have unfavourable side effects on 
plant growth, we investigated the agronomic traits of the WT and 

two knockout lines (9-1-9, 4-1-4) to evaluate whether the mutation of 
SDR7-6 had an impact on the yield. Under field conditions, the grain 
length of the two knockout lines did not show significant differences 
from the WT. However, the grain width and thickness of two knock-
out lines were significantly lower than in the WT (Figure 5a–c). The 
setting rate of the two knockout lines was 81% of that in the WT 
(Figure 5d). The 1000-grain weight, grain weight per plant, panicle 
length, and plant height were also reduced as compared to the WT 
(Figure 5e–h). These results show that mutation of SDR7-6 has ad-
verse effects on agronomic traits including plant height, grain yield, 
and grain width and thickness.

Under field conditions, we found that the density of the necrotic 
lesions in the mic mutant were less than in the CRISPR/Cas9 lines 
(Figure S2a). As in many lesion mimic mutants, the spots can lead to 
a reduction in photosynthetic pigments (Ma et al., 2019; Zhu et al., 
2016). We then determined the content of chlorophyll in WT, mic 
and two CRISPR/Cas9 lines with the lesion mimic phenotype. The 
chlorophyll content was decreased in mic and CRISPR/Cas9 lines 
compared to the WT. In addition, the chlorophyll content was less 
in the CRISPR/Cas9 lines than in the mic mutant (Figure S2b). The 
same phenotype also occurred at the seedling stage. Twenty-five 
days after sowing, the bottom leaves of CRISPR/Cas9 lines were 
withered or had small lesions while the mutant had no cell death 
symptom (Figure S2c,d). This situation might be because this gene 
in the mutant merely has a G to A substitution with a single amino 
acid change while in the CRISPR/Cas9 strain, 4-1-4 is a −8 bp/+3 bp 
mutation and 9-1-9 is a −1 bp/+1 bp mutation (Figure 4b), both of 
which result in frame-shift mutation. Therefore, we speculated that 
the mutated sdr7-6 might still be partially functional.

2.6 | SDR7-6 encodes an atypical short-chain alcohol 
dehydrogenase/reductase protein and is polymerized 
as a homomultimer

The open reading frame of SDR7-6 is predicted to encode a short-
chain dehydrogenase/reductase family protein of 288 amino acids in 
length according to the rice annotation project database. According 

F I G U R E  3   Map-based cloning of 
SDR7-6. SDR7-6 was mapped between 
markers 7-66 and 7-84 on the long 
arm of chromosome 7 by using 349 
recessive plants. The number below 
the marker means the number of F2 
recombinants detected by the marker. 
Black squares indicate candidate genes 
between markers 7-66 and 7-84. Arrows 
indicate the target gene and the G to A 
substitution of sdr7-6
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to Persson and Kallberg's (2013) nomenclature methods (http://
www.sdr-enzym​es.org/), SDR7-6 encodes a short-chain alcohol de-
hydrogenase belonging to the SDR110C “classical” subfamily. The 
protein contains a conserved TGxxxGxG coenzyme binding site and 
an Asp residue around position 60, preferring NAD(H) as cofactor 
over NADP(H) (Kitaoka et al., 2016; Tanaka et al., 2001). However, 
YxxxK, a typical conserved active site in this family, is replaced by 
HxxxK in SDR7-6 (Figure S3). Comparing the SDR7-6 sequence with 

the other 22 SDR110C in rice (Moummou et al., 2012), we found that 
this atypical active site only exists in SDR7-6 (Figure S4). We then 
constructed a phylogenetic tree of all the rice SDR110C subfamily, 
in which SDR7-6 resided in the same clade of OsSDR110C-MI3 and 
OsSDR110C-MI4 (Figure S5). OsSDR110C-MI3 has catalytic activ-
ity for the synthesis of labdane-related diterpenoid phytoalexins, 
while the function of OsSDR110C-MI4 has not been determined 
(Kitaoka et al., 2016; Miyamoto et al., 2016). Comparison of the 

http://www.sdr-enzymes.org/
http://www.sdr-enzymes.org/
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amino acid sequence of SDR7-6 against the National Center for 
Biotechnology Information (NCBI) predicted it to be a momilac-
tone A synthase-like protein. In addition, SDR7-6 was in the same 
clade as OsSDR110C-MI3, which could also convert 3β-hydroxy-
syn-pimaradien-19,6β-olide to momilactone A. We conducted an 
enzyme activity determination assay using OsMAS as a positive con-
trol. The results showed that OsMAS could convert 3β-hydroxy-syn-
pimaradien-19,6β-olide to momilactone A, while SDR7-6 and sdr7-6 
could not catalyse this reaction (Figure S6).

Because most SDRs form homomultimer structures, we used 
yeast two-hybrid (Y2H) and co-immunoprecipitation (Co-IP) assays 
to test whether SDR7-6 or sdr7-6 could interact with itself. The full 
lengths of SDR7-6 and sdr7-6 were used to construct bait and prey 
proteins. Interactions were examined using SD medium lacking Ade, 
His, Leu, and Trp. The results revealed that SDR7-6 or sdr7-6 could 
form a homocomplex (Figure  6a). To validate the interactions, we 
fused SDR7-6 and sdr7-6 with green fluorescent protein (GFP) and 
FLAG tags. The Co-IP result was consistent with the Y2H assays. 
In addition, we noticed that the sdr7-6 had slower migrating bands 
than SDR7-6 in SDS-PAGE (Figure 6b). To further examine the ho-
momultimer formation, we separated the proteins by native PAGE. 
Full-length SDR7-6 or sdr7-6 was inserted into pCAMIA2300-3FLAG 
vector digested with SalⅠ and then transformed into rice protoplasts. 
The results showed that SDR7-6 or sdr7-6 formed homomultimers. 
Meanwhile, sdr7-6 had slower electrophoretic mobility than SDR7-6, 
which was in line with the Co-IP result (Figure 6c). These results in-
dicate that SDR7-6 can form a homomultimer. The mutation of (G)274 
to (E)274 in sdr7-6 did not affect the ability to form a homomultimer 
but influenced its electrophoretic mobility.

2.7 | SDR7-6 was localized at the 
endoplasmic reticulum

To investigate the subcellular localization of SDR7-6 and whether 
the mutation of sdr7-6 would affect its localization, we generated 
GFP fusion proteins p35S::SDR7-6-GFP and p35S::sdr7-6-GFP. We 

transiently expressed them with endoplasmic reticulum (ER) marker 
mCherry-HDEL in rice protoplasts. The fluorescent signals were 
observed under confocal microscopy. The results showed that both 
SDR7-6-GFP and sdr7-6-GFP were colocalized with the ER marker 
(Figure  7). The mutation of the glycine (G)274 to the glutamic acid 
(E)274 did not affect the subcellular localization of sdr7-6.

3  | DISCUSSION

3.1 | SDR7-6 is an SDR110C with undefined 
function

In this study, we isolated a new lesion mimic gene SDR7-6, which en-
codes a short-chain alcohol dehydrogenase/reductase family protein. 
In classical SDRs, catalytic activity relies on the highly conserved cat-
alytic tetrad N-S-YxxxK. The Tyr and Lys residues in this tetrad are 
crucial for coenzyme binding. In addition, the tyrosine residue is the 
central acid-base catalyst that donates or accepts a proton to or from 
the substrate (Buysschaert et al., 2013). Although SDR7-6 belongs to 
the SDR110C family, it has an atypical active site HxxxK. In recent 
years, some atypical active sites have been identified in SDRs that 
lose their enzyme activity but play a role in RNA metabolism and tran-
scriptional regulation (Link et al., 2012). For example, MxxxK in NmrA, 
PglF and CapE (Miyafusa et al., 2013; Riegert et al., 2017; Stammers 
et al., 2001), LxxxK in HCF244 (Link et al., 2012), TxxxR in Q9HYA2 
(Huether et al., 2010), VxxxK in ROQH1 (Amstutz et al., 2020), and 
CSP41 and SDRvv, which lack the catalytic tetrad (Baker et al., 1998; 
Buysschaert et al., 2013). In PglF, MxxxK does not act as a catalytic 
base like YxxxK; it is Thr 395 and Asp 396 that function together to 
remove the proton (Riegert et al., 2017). NmrA, devoid of conserved 
catalytic tyrosine, shows a nonenzymatic function in transcriptional 
regulation (Stammers et al., 2001). HCF244 is essential for Arabidopsis 
psbA mRNA translational initiation and stabilization (Link et al., 2012). 
In this study, although SDR7-6 falls into the SDR110C family, it has 
an atypical active site HxxxK different from the other 22 SDR110C 
family members in rice. Phylogenetic analysis of all rice SDR110C 

F I G U R E  4   SDR7-6 negatively regulates cell death and participates in the defence response. (a) The phenotype of complementary lines, 
overexpression lines, and knockout lines of SDR7-6. COM, complementary line transformed with pSDR7-6::SDR7-6; OE, overexpression 
line transformed with p35S::SDR7-6; CR, knockout lines using the CRISPR/Cas9 system. (b) The deleted/inserted sequences of three T0 
knockout lines. WT, wild-type sequence; CR-1, CR-2, CR-3, three T0 knockout lines; CR-1-1, CR-1-2, the heterozygous sequence of CR-1; 
CR-2-1, CR-2-2, the heterozygous sequence of CR-2; CR-3-1, CR-3-2, the heterozygous sequence of CR-3. The dotted line means deleted 
base. Characters in red indicate inserted bases. The number on the right is the total number of deleted/inserted bases. (c) Disease symptoms 
of WT, mic, and two homozygous knockout lines inoculated with Xanthomonas oryzae pv. oryzae GD8988. The leaves were photographed 
at 15 days after inoculation. 4-1-4, homozygous line of CR-1-1; 9-1-9, homozygous line of CR-2-1. Scale bar = 1 cm. (d) Lesion length of 
WT, mic, and two knockout homozygous lines. The values represent the mean ± SD of three biological replicates from one independent 
experiment (n = 5, ***p < 0.001, Student's t test). The experiments were repeated three times with similar results. (e) Disease symptoms 
of WT, complementation line, and overexpression line. Scale bar = 1 cm. (f) Lesion length of WT, two complementation lines, and two 
overexpression lines. The values represent the mean ± SD of three biological replicates from one independent experiment (n = 5). Student's 
t test was used to generate the p value. (g) Disease symptoms of WT, mic, and two homozygous knockout lines inoculated with Magnaporthe 
oryzae 43-ZB-15-68 using the spraying method. Images were photographed at 6 days after inoculation. Two independent experiments were 
conducted with similar results. (h) Disease symptoms of punch inoculation with M. orzyae 43-ZB-15-68. Images were taken at 9 days after 
inoculation. (i) Fungal biomass of punch inoculation. Data represent mean ± SD with three biological replicates. **p < 0.01, ***p < 0.001, 
Student's t test
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family members showed that SDR7-6 resides in the same clade as 
OsSDR110C-MI3 and OsSDR110C-MI4. Although OsSDR110C-MI3 
has weaker activity to convert 3β-hydroxy-syn-pimaradien-19,6β-
olide to momilactone A than OsMAS1 and OsMAS2, it is reported to 

be an oxidase of 3β-hydroxy-syn-pimaradien-19,6β-olide and oryz-
alexin D (Kitaoka et al., 2016; Miyamoto et al., 2016). We found that 
neither SDR7-6 nor sdr7-6 were able to catalyse the conversion of 
3β-hydroxy-syn-pimaradien-19,6β-olide to momilatone A. Therefore, 

F I G U R E  5   Agronomic traits of wild type (WT) and two knockout lines. (a–c) Phenotypic data for the grain length, grain thickness, and 
grain width of the WT and two knockout lines (n = 30). The data were measured with three individual plants. (d–h) Phenotypic data of seed 
setting rate, 1000-grain weight, grain weight per plant, panicle length, and plant height (n = 5). Student's t test was used to generate the p 
values. *p < 0.05, **p < 0.01 indicate significant differences. Data represent mean ± SD. Scale bars = 1 cm
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SDR7-6 may have different functions to OsSDR110C-MI3. The cata-
lytic activity and mechanism, substrates, and the upstream regulator 
of SDR7-6 remain to be elucidated. In our study, we also observed 
that a single base substitution in sdr7-6 could slow down the protein's 
electrophoretic mobility, but did not affect homomultimer formation 
and subcellular localization. When GST-tagged SDR7-6 and sdr7-6 
were expressed in Escherichia coli BL21, the electrophoretic mobility 
of these two proteins were almost the same (unpublished results), so 
we hypothesize that SDR7-6 might be posttranslationally modified in 
rice. The mutated amino acid might affect this posttranslational mod-
ification in SDR7-6. Because the density of necrosis of CRISPR/Cas9 
lines were higher than that in the mic mutant, we deduced that sdr7-6 
mutant protein may still have partial function. The reason for the 
slower electrophoretic mobility of sdr7-6 remains to be elucidated.

3.2 | SDR7-6 negatively regulates cell death and 
participates in the defence response

Complementation assays revealed that the expression of SDR7-6 
in the mutant could rescue the lesion mimic phenotype and knock-
out of SDR7-6 in the WT could cause the necrosis phenotype. The 
knockout lines also showed increased resistance to bacterial blight. 
These results indicated that impairment of SDR7-6 could lead to cell 
death and a spontaneous strong defence response to rice bacterial 
blight. ROS are important for initiation of local lesion formation, 
which can be erased by treatment with exogenous antioxidants (Qiu 
et al., 2019). In addition, ROS also act as a signal to activate defence 
and acclimation mechanisms to abiotic stresses. In this study, by 
staining and measuring the content of H2O2, ROS was confirmed to 

F I G U R E  6   SDR7-6 and sdr7-6 can form a homomultimer. (a) Interaction between SDR7-6 and sdr7-6 in yeast. The full lengths of SDR7-6 
and sdr7-6 were inserted into pGADT7 and pGBKT7 to construct SDR7-6-AD, SDR7-6-BD, sdr7-6-AD, and sdr7-6-BD. (b) Interaction 
between SDR7-6 and sdr7-6 in a Co-IP assay. SDR7-6-3FLAG mixed with SDR7-6-GFP and sdr7-6-3FLAG mixed with sdr7-6-GFP were 
transformed into rice protoplasts. Total proteins were extracted and samples were immunoprecipitated with anti-GFP antibody. Input 
proteins and immunoprecipitated proteins were blotted with corresponding anti-FLAG or anti-GFP antibodies. The numbers on the left 
represent molecular weights. (c) Verification of the homomultimer between SDR7-6 and sdr7-6 by native PAGE. The left gel is native PAGE; 
the right gel is SDS-PAGE. 3FLAG, pCAMBIA2300-3FLAG; SDR7-6, SDR7-6-3FLAG; sdr7-6, sdr7-6-3FLAG. The numbers represent protein 
molecular weights (kDa)
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accumulate more in the mic mutant than in the WT. Because the anti-
oxidant system strictly regulates the ROS content, we measured the 
antioxidant enzyme activities. SOD, POD, and APX activities were 
significantly elevated in the mutant. Although H2O2 accumulates in 
many lesion mimic mutants, the activity of antioxidant enzymes var-
ies in different lesion mimic mutants. For example, in spl36, the ac-
tivities of POD and SOD are reduced (Rao et al., 2021). In spl40, the 
activities of CAT, SOD, and POD increase (Sathe et al., 2019). This 
implies that the ROS scavenging system may be regulated differently 
in different lesion mimic mutants. Whether the spontaneous necro-
sis formation and activation of defence response in mic mutant were 
due to excessive ROS accumulation remains to be elucidated.

The up-regulated expression of PR5, PR10, and PBZ1 is a com-
mon feature of the lesion mimic mutants (Chen et al., 2013). PBZ1 
and PR10 not only function as defence-related genes, but their ex-
pression is also correlated with development of lesions (Kim et al., 
2008; Takahashi et al., 1999). In our study, we observed the expres-
sions of PR5, PR10, and PBZ1 were elevated in the mutant with a 
lesion mimic phenotype. The expressions of PR1a, PR1b, and PR4 
were also elevated in the mutant. Because PR1a and PR5 are marker 
genes in the SA signalling pathway and PR4 in the JA signalling path-
way, we deduced that the SA and JA pathways may be involved in 
the spontaneous activation of defence response in the mic mutant. 
In many lesion mimic mutants, the SA and JA pathways have been 
proved to participate in the formation of the lesion and defence 
response (Beaugelin et al., 2019; Miao et al., 2019). To our surprise, 
by measuring the total contents of SA and JA, we found that JA 
accumulated significantly, while SA did not, in the mutant. In lesion 
mimic mutants, the necrosis formation can be SA-dependent or SA-
independent (Miao et al., 2019). In ssn and GbTRP1 knockout lines, 
although the relative expression of marker pathogenicity-related 
(PR) genes for the SA response is up-regulated, the content of SA is 
not elevated (Miao et al., 2019; Sun et al., 2014). The lesion mimic 
formation and up-regulated expression of the PR genes in the mic 

mutant may be SA-independent or the SA signalling may be induced 
but not the level of SA due to the higher basal level of SA in rice (Yin 
et al., 2018).

Studying lesion mimic mutants sheds light on their relationship to 
the defence response. Some mutants increase resistance to multiple 
pathogens, while others are resistant to certain diseases or pathogen 
races (Qiao et al., 2010). SPL11 interacts with SPIN6 to transduce 
the defence signal to OsRac1 (Liu et al., 2015). Disruption of SPL11 
displays nonrace-specific resistance to both rice blast disease and 
rice bacterial blight (Zeng et al., 2004), while cdr1, cdr2, and Cdr3 
are only resistant to a single blast isolate (Takahashi et al., 1999). 
Both OsSPL7 overexpression and knockout plants might enhance 
resistance to rice blast disease and rice bacterial blight through 
OsWRKY45 overexpression (Hoang et al., 2019). MoSM1-OE plants 
confer broad-spectrum resistance against rice blast and rice bacterial 
blight disease, but not increased resistance to sheath blight disease 
(Hong et al., 2017). In this study, the mic mutant showed increased 
resistance to rice bacterial blight but a reduced defence response to 
rice blast. This indicates that SDR7-6 might function at the interface 
of the two defence pathways of bacterial blight and rice blast disease 
in rice. How SDR7-6 regulates the defence response remains to be 
studied.

4  | E XPERIMENTAL PROCEDURES

4.1 | Plant materials and growth conditions

Yunyin rice is a japonica cultivar and is a landrace of Yunnan prov-
ince. The mic mutant was isolated from the WT treated with EMS 
and the necrosis phenotype was stably inherited. Lemont is a japon-
ica cultivar in the USA. All plants were grown under natural paddy 
fields in Fuzhou city in the Fujian province of China and in Sanya city 
in the Hainan province of China.

F I G U R E  7   SDR7-6 and sdr7-6 localized in the endoplasmic reticulum (ER). SDR7-6-GFP or sdr7-6-GFP was cotransformed with mCherry-
HDEL in rice protoplasts. mCherry-HDEL is the ER marker. Merge is the combination image of GFP, mCherry, and chloroplast fluorescence. 
Scale bar = 8 µm
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4.2 | Shading treatment

To test whether the lesion mimic phenotype was light-dependent, a 
shading assay was performed. Before necrosis was initiated, the mu-
tant leaves were wrapped with 3-cm wide aluminium foil. The phe-
notypes in the wrapped areas of the leaf and stem were observed 
when lesion spots appeared in the unwrapped parts.

4.3 | Pathogen inoculation

Xanthomonas oryzae pv. oryzae GD8988 was used in this study. For the 
leaf blight test, GD8988 was cultivated on YEB medium (sucrose 5 g, 
tryptone 10 g, yeast extract 5 g, MgSO4.7H2O, agar 8 g per litre) at 
28℃ for 3 days, then scraped with sterile water to OD600 = 0.5. The 
fully expanded leaves were inoculated by the leaf-clipping method and 
investigated 15 days after inoculation. For the rice blast disease resist-
ance assay, M. oryzae 43-ZB-15-68 was used. Spraying, punch inocula-
tion, and relative fungal biomass calculation were conducted according 
to Park et al. (2012). Three punched leaves were pooled as one biologi-
cal replicate to calculate the relative fungal growth (Park et al., 2012).

4.4 | Gene expression analysis

The reverse third leaves of five plants of the WT and the mutant 
with the spotted phenotype were pooled as one biological repeat 
and ground in the liquid nitrogen. Total RNA was extracted using 
TransZol Up reagent (Transgen). One microgram of RNA was used 
for first-strand cDNA synthesis using the ReverTra Ace qPCR RT 
Master Mix with gDNA Remover kit (FSQ-301; Toyobo). Reverse 
transcription-quantitative PCR (RT-qPCR) was performed with four 
technical replicates and three biological replicates using FastStart 
Universal SYBR Green Master (ROX) reagent (Roche) on QuanStudio 
6 Flex (Thermo). Relative expressions were calculated using the 2−ΔCt 
method. The primer sequences are listed in Table S1.

4.5 | Histochemical assay, H2O2, and antioxidant 
enzyme activity measurement

Fresh leaves of WT and the mutant with necrosis were selected in 
the staining experiments. The trypan blue and DAB staining was per-
formed as described by Qiao et al. (2010). The content of H2O2, MDA, 
and antioxidant enzyme activities were measured with three biological 
replicates following the corresponding assay kit instructions (Solarbio).

4.6 | Population construction and map-
based cloning

To construct the genetic analysis population, the mutant was crossed 
with the WT. The ratio of lesion mimic phenotype plants was calculated 

in the F2 population and analysed using the χ2 test. To construct the 
mapping population, the mutant was crossed with cv. Lemont (O. sativa 
subsp. japonica), 10 WT individuals and 10 lesion mimic phenotype in-
dividuals were pooled, then bulked-segregant analysis was carried out. 
Plants with the lesion mimic phenotype were applied to recessive class 
analysis (Zhang et al., 1994). Two hundred and thirteen InDels, designed 
by the differential between 9311 and Nipponbare, almost evenly dis-
tributed on the 12 chromosomes, were selected to screen the differen-
tial between the parents. The polymorphism primers were screened for 
further linkage analysis. To fine-map the causal gene, the InDels were 
designed based on the polymorphism between the japonica and indica 
sequence (http://www.grame​ne.org) and the polymorphism mark-
ers between the parents were designed by using Primer3 (Koressaar 
& Remm, 2007; Untergasser et al., 2012). The primers in Figure 3 are 
listed in Table S1.

4.7 | Complementation test

To confirm the putative causal gene, pSDR7-6::SDR7-6 and 
p35S::SDR7-6 vectors were constructed. The full length of SDR7-6, 
including 2164  bp upstream of the start codon, the coding region, 
and 517 bp downstream of the termination codon, was amplified and 
inserted into pCAMBIA1300 digested with EcoRⅠ and BamHⅠ to con-
struct pSDR7-6::SDR7-6. The coding region of SDR7-6 was amplified 
and inserted into pCAMBIA1302 digested with NcoI and BstEII to con-
struct p35S::SDR7-6. Then the vectors were transformed into mutant 
calli by the Agrobacterium-mediated method. The primers for con-
structs of pSDR7-6::SDR7-6 and p35S::SDR7-6 are listed in Table S1.

4.8 | Knockout vector construction

SDR7-6 knockout lines were obtained using the CRISPR/Cas9 system  
(Xing et al., 2014). Two 20-bp sequences (5′-GTTCCTGATGAACTC  
CGCGG-3′ and 5′-GTGGATTCTCCACGGCGGCG-3′) were selected 
by searching the target sequence on CRISPR-PLANT (https://www.
genome.arizo​na.edu/crisp​r/CRISP​Rsear​ch.html). After self-crossing, 
two homozygous genotype lines (4-1-4 and 9-1-9) with different de-
letions were selected for further study. The primers SDR7-6-CR for 
construction of the CRISPR/Cas9 lines are listed in Table S1.

4.9 | Pigment measurement

To measure the content of chlorophyll, the reverse third leaf of the 
WT and the mutant with lesion mimic phenotype were detached. 
The leaves were cut into pieces then soaked in 10 ml of ice-cold 80% 
acetone and extracted in the dark at 4℃ for 36 h to decolour the 
leaf. Chlorophyll a was measured at 662 nm and chlorophyll b was 
measured at 646 nm by the spectrophotometer (MULTISKAN GO; 
Thermo Scientific) (Arnon, 1949). The measure was conducted in 
three technical replicates and three biological replicates.

http://www.gramene.org
https://www.genome.arizona.edu/crispr/CRISPRsearch.html
https://www.genome.arizona.edu/crispr/CRISPRsearch.html
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4.10 | Agronomic traits measurement

The WT and two knockout lines (4-1-4 and 9-1-9) were grown in a 
paddy field at Sanya city, Hainan province. Seed setting rate, 1000-
grain weight, weight per plant, panicle length, and plant height were 
measured for five individual plants. Grain length, grain width, and 
grain thickness were calculated for 30 grains of three individual 
plants.

4.11 | Subcellular localization of SDR7-6 and sdr7-6

To determine the subcellular localization of SDR7-6 and sdr7-6, the 
coding regions of SDR7-6 and sdr7-6 without a stop codon were 
amplified and inserted into pBIN: GFP plasmid digested with SalⅠ. 
The constructed vectors were cotransformed with an ER marker 
(mCherry-HDEL, Nelson et al., 2007) into the rice protoplast (Bart 
et al., 2006). After incubation at 28℃ for 16  h, fluorescence was 
detected under confocal laser scanning microscopy (DMi8; Leica).

4.12 | Y2H assay

The coding region of SDR7-6 and sdr7-6 was cloned into pGBKT7 and 
pGADT7 vectors digested with EcoRⅠ separately to construct bait 
plasmids and prey plasmids. The Y2H assay was performed accord-
ing to the Yeast Protocols Handbook (Clontech Laboratories, Inc.).

4.13 | Co-immunoprecipitation assay

For homomultimer test, the coding region of SDR7-6 and sdr7-6 was 
amplified and inserted into pCAMBIA2300-3FLAG vector digested 
with SalI to construct SDR7-6-3FLAG and sdr7-6-3FLAG vectors. 
SDR7-6-3FLAG was cotransformed with p35S::SDR7-6-GFP into rice 
protoplasts. The sdr7-6-3FLAG was cotransformed with p35S::sdr7-
6-GFP into rice protoplasts. The total proteins were extracted with 
extraction buffer (50 mM Tris-HCl pH7.5, 150 mM NaCl, 0.1% NP-
40, 5 mM MgCl2, 2 mM CaCl2, 10% vol/vol glycerol) and separated 
by 10% SDS-PAGE. Anti-GFP antibodies were obtained from Abmart 
(M20004m); anti-FLAG antibodies were obtained from Proteintech 
(20543-1-AP). Primers are listed in Table S1.

4.14 | Phylogenetic analysis of rice SDR110C

According to Moummou et al. (2012), except for LOC_Os07g46900, 
which cannot be achieved, the amino acid sequences of the other 
23 rice SDR110C were retrieved from the Rice Genome Annotation 
Project (http://rice.plant​biolo​gy.msu.edu/index.shtml) and aligned 
by ClustalX v. 1.83. The neighbour-joining tree of rice SDR110C was 
constructed using MEGA 4 with a bootstrap value of 1000 replicates.

4.15 | Enzyme asssay

The full lengths of OsMAS, SDR7-6, and sdr7-6 were subcloned into 
pGEX-6P-1 to construct recombinant proteins tagged with glu-
tathione S-transferase (GST). The vectors were transformed into 
E. coli BL21. As a control, pGEX-6P-1 was transformed into E. coli 
BL21. The recombinant proteins and GST control were purified using 
glutathione sepharose 4B according to the manufacturer's instruc-
tions (GE Healthcare) and confirmed by western blot. The enzyme 
assay was conducted according to Shimura et al. (2007) using 3-hyd
roxy-9H-pimara-7,15-dien-19,6-olide as a substrate.

Two microlitres of each sample of the solution and momilactone 
A authentic sample were subjected to high performance liquid chro-
matography (HPLC) using a Xevo TQ-S mass spectrometer (Waters). 
Liquid chromatographic separation of the analytes was achieved with 
an ACQUITY UPLC HSS T3 column (1.8 µm, 2.1 × 100 mm; Waters 
Co.) with a binary gradient of 5  mM ammonium acetate including 
0.1% aqueous formic (solvent A) and 100% MeCN (solvent B) with 
a flow rate of 0.4 ml/min at 40°C as follows: 80% vol/vol A (0 min), 
30% vol/vol A (2 min), 5% vol/vol A (3 min), 5% vol/vol A (5.8 min), 
80% vol/vol A (6 min), 80% vol/vol A (8 min). Samples were analysed 
by ESI-MS/MS in the MRM mode with 8  min retention time. The 
electrospray capillary was set at 3.59 kV and the source temperature 
was 600℃. The products were determined with m/z combinations 
(precursor/product ions) of 315/271 for momilactone A.

4.16 | Detection of phytohormones

The reversed third leaves of five different plants with necrotic phe-
notype were pooled as one biological replicate. Phytohormones 
contents were detected by MetWare (http://www.metwa​re.cn/) 
based on the AB Sciex QTRAP 6500 LC-MS/MS platform.
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