
 

 

 

INTRODUCTION 

 

Among the traditional cereal crops, rice is a model plant for 

monocotyledonous and functional gene research in China 

(Kusumi et al., 2000; Zhu 2009). Rice is suitable for growing 

in high intensity light, and warm and humid climates. It has 

been reported that light provides energy for rice 

photosynthesis. Therefore, the level of rice production 

depends on the production of photosynthetic materials and the 

transfer and distribution of photosynthetic products (Kusumi 

et al., 2000). The leaf is an important part of rice for 

photosynthesis. Leaf color variation has a greater impact on 

chlorophyll contents and photosynthesis rate, resulting in a 

decline in rice yield or quality (Lee et al., 2005; Han et al., 

2012; Lv et al., 2007; Zhao et al., 2013). Therefore, the 

absorption and transformation of light energy in rice leaves is 

an important way to increase yield and improve quality. In 

studying the biosynthesis pathway of rice chlorophyll and its 

degradation process and the formation and development of 

chloroplasts in cells, leaf color mutants should be the best test 

materials. 

Leaf color mutations are closely related to functional defects 

of genes involved in pigment metabolism or plastid 

development (Chen et al., 2018; Lu et al., 2019). In the past 

few decades, the genetic characteristics of leaf color 

mutations have been studied through hybridization methods, 

and a series of leaf color genes have been obtained using map-

based cloning (Ma et al., 2017; Li et al., 2013. A bright green 

leaf color mutant controlled by a recessive nuclear gene 

(BGL11) studied by 2013 Wang et al. is located in the 94.7 kb 

region, and a 9 bp fragment is deleted in the coding region. 

2014 Wang et al. (2014) identified a single dominant gene 

BrPur-controlled purple leaf phenotype mutant, and mapped 

the gene to the 54.87kb region, resulting in an abnormal 

anthocyanin accumulation pattern in the mutant (Wang et al., 

2013; Wang et al., 2014). In rice, at least 70 leaf color mutants 

have been identified (Kurata et al., 2014), and some genes 

have been cloned, such as OSDVR, OsChl1, OsCAO1, etc. 

These genes encode key enzymes for chlorophyll synthesis in 

rice leaves. Previous studies reported 7 rice "zebra leaf" 

alleles, and these 7 allelic mutants are all OsCRTISO genes. 

The mutagenesis methods, mutation methods and mutation 

sites for obtaining mutants are all different. These seven 

allelic mutants "zebra leaves" have similar phenotypes, but 

their agronomic traits are different, such as the number of 

tillers. Besides, the functions of CRTISO in these 7 mutants 

were all impaired, including chlorophyll a, chlorophyll b and 

carotenoid contents. Moreover, chlorophyll a, chlorophyll b 

and carotenoid contents were significantly lower than the wild 

type (Zhao et al., 2014). Carotenoid isomerase (CRTISO) is a 
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A stably inherited zebra and semi-dwarf 11 (zsd11) mutant was selected from the Wuyunjing21 mutant library, which was 

perpendicular to the direction of the main leaf vein and alternated between yellow and green. The zebra phenotype of this 

mutant appeared at the seedling stage, and increased to the early tillering stage, then gradually weakened as the growth and 

development reached the late tillering stage to the early booting stage until the leaves completely turned yellow at maturity. In 

the seedling, tillering and maturation stages, the mutant pigment content was significantly reduced compared to the wild type. 

Correspondingly, the net photosynthetic rate and maximum photochemical efficiency in the photosynthesis indicators also 

dropped significantly. After maturation, the plant height, effective panicle number, thousand-grain weight, and the number of 

secondary branches of the mutant were significantly lower than the wild type. Genetic analysis exhibited that the phenotype is 

controlled by a pair of recessive nuclear genes. Through MutMap strategy and gene sequencing analysis, the candidate gene 

encodes carotenoid isomerase on chromosome 11. The first base G of the first intron mutates into A, resulting in the wrong 

splice recognition site during transcription. Comparative analysis of protein sequences showed that the evolutionary 

relationship between rice carotenoid isomerase and wheat, corn, and sorghum was very close.  
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key enzyme in carotenoid biosynthesis (Olson et al., 1995). 

Its main function is to catalyze the conversion of cis-lycopene 

to all-trans lycopene. Tomato CRTISO can promote the 

synthesis of lutein(. When CRTISO is deficient, the cells will 

be damaged by photooxidation, which will lead to the 

yellowing of tomato leaves (Isaacson et al., 2002). OsCRTISO 

gene of rice was cloned (Fang et al., 2008;  Zhao et al., 2014). 

The mutation of this gene directly caused the carotenoid 

biosynthesis to be damaged and the physiological function to 

be lost. Lutein is the carotenoid with the highest content in 

photosynthetic organs. Due to the significant reduction of 

lutein in the leaves of phs3, the photoprotection in ph3 is lost, 

resulting in yellowing of the leaves. A large amount of ROS 

accumulation under light conditions can cause leaf color 

changes. Similarly, under periodic light/dark alternation and 

high/low-temperature alternation, the "zebra-like" necrotic 

leaves grow out of the leaf sheath due to excessive 

accumulation of ROS in the yellow area. The synthesis of 

chloroplasts has been damaged to varying degrees (Li et al., 

2010). Leaf "zebra" is often induced by temperature and light. 

In this study, a semi-dwarf zebra leaf mutant was found in the 

field through EMS mutagenesis. The gene controlling the 

mutant is a new allele that regulates carotenoid isomerase. 

The study of this gene provides a new genetic resource for 

probing the molecular mechanism of carotenoid synthesis in 

rice. 

 

MATERIALS AND METHODS 

 

Plant materials: Wuyunjing21 (wildtype, WT) and the 

mutant zsd11 with a zebra-like light green leaf perpendicular 

to the veins were selected. At the same time, after many 

generations by self-crossing at Mianyang and Hainan, the 

zebra leaf phenotype was stably inherited.  

Investigation of agronomic traits: From 2018 to 2019, 5 

individual plants were randomly selected from Wuyunjing21 

and zsd11 in the mature stage to investigate their important 

agronomic traits, such as plant height, tiller number, effective 

panicle number, secondary branch number, grain number per 

panicle, seed setting rate and 1000-grain weight. 

Determination of photosynthetic pigment contents: During 

the whole growth period of the plant growth, three individual 

plants of Wuyunjing21 and zsd11 were selected. First of all 

leaves were cut into small pieces of about 2 mm, soaked in 

80% (v / v) acetone at 4℃ for 48 h, and the concentrations of 

chlorophyll a, chlorophyll b and total carotenoids were 

measured at 470 nm, 646 nm and 663 nm by UV 

spectrophotometer, and then the photosynthetic pigment 

content was calculated. 

Determination of photosynthesis-related parameters: At the 

tillering stage,  Li-6400(LI-COR) was used to determine the 

net photosynthetic rate, stomatal conductance, intercellular 

carbon dioxide concentration and transpiration rate of the flag 

leaf under sunning morning. FMS-2 Portable Pulse 

Modulation Fluorometer (Hansatech) was used to measure the 

chlorophyll fluorescence kinetic parameters. 

Amplification of CDS: Plant RNA Kit (OMEGA) was used 

to extract RNA. Primer was sequenced (F- 

GTCATGTTCGGCTTCTCCGA, R- 

CTGCCTTTGTCAACAAGCCC) through primer premier 

5.0, biosynthesized by Sangon Biotech. 

Construction of targeting groups: By crossing of 

Wuyunjing21 with zsd11, the mutant phenotype of the F1 

population was obtained. The zebra leaf separation ratio was 

investigated in the F2 population. The leaves of mutant 

phenotypes of more than 40 individual plants were selected 

for Mutmap sequencing to carry out localization studies. 

Bioinformatics analysis: To study the homology of 

OsCRTISO distribution in other species, the protein sequence 

encoded by OsCRTISO was used for BLAST comparison in 

NCBI, MEGA7.0 was used for analysis, the Contrast/Test 

Neighbor-joining Tree was used to construct a phylogenetic 

tree. DNAMAN8.0 was used for protein sequence alignment. 

 

RESULTS 

 

Phenotypic identification of zsd11: The zsd11 mutant was 

isolated from the Wuyunjing21 rice mutant library 

mutagenized by EMS. At the seedling stage, the mutant 

showed extremely obvious yellow-green zebra in the leaves 

perpendicular to the veins (Figure 1-A). The zebra phenotype 

was more obvious in the early tillering stage (Figure 1-B) and 

the filling stage (Figure 1-C). At the mature stage, the 

yellowing range expands, and the leaves gradually show an 

overall light yellow (Figure 1-D). Compared to the wild type, 

the grain length of the zsd11 was significantly increased, the 

grain width was significantly shorter, and the grain aspect 

ratio was significantly increased (Figure 2-A, B, C). The 

changes in brown rice showed the same as those in grain 

(Figure 2-D, E, F). 

To study the influence of the zebra phenotype on the 

agronomic straits of zsd11, we investigate the plant height, 

effective panicle number, thousand-grain weight, panicle 

length, grain number per panicle, seed setting rate, number of 

secondary branches (Figure 2). The results showed that the 

plant height, effective panicle number, panicle length, grain 

number per panicle, thousand-grain weight, and secondary 

branch number of zsd11 were all significantly reduced. We 

further investigated the length, width and aspect ratio of grain 

and brown rice of WT and zsd11. The length of grain and 

brown rice of zsd11 was significantly longer than WT, while 

the width of grain and brown rice were significantly shorter 

than WT. In summary, the plant height of zsd11 was reduced, 

the panicle length was shortened, and the yield-related traits 

(effective panicle number, grain number per panicle, seed 

setting rate, thousand-grain weight, and secondary branch 

number) were all significantly reduced. These results should 

reduce yield may be the consequence of the low pigment 
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content during the growth period and further the low 

photosynthetic product synthesis. 

 
Figure 1. Phenotype of wild type and zsd11. Among them, the 

left side of (A), (B), (C), (D), (E), (H) is wild type, and 

the right side is zsd11. (A) Under field conditions, wild 

type and zsd11 at seedling phenotype. Bar= 4cm. (B) 

Phenotypes of wild-type and zsd11 in early tillering. The 

red arrow indicates zebra type yellowing. Bar=14cm. (C) 

The phenotype of wild-type and zsd11 at the filling stage. 

(D) The phenotype of wild type and zsd11 at the mature 

stage. Bar=14cm. (E) Wild-type and zsd11 leaves at the 

filling stage. The yellow phenotype is shown in the dotted 

red frame. Bar= 6cm. (F-G) The phenotype of grains and 

brown rice in wild-type and mutant. The upper part of the 

figure is wild-type, and the lower part is zsd11. Bar=2cm. 

(H) Panicle traits of wild type and zsd11 in early maturity.  

 

Photosynthesis-related physiological analysis of mutants 

of zsd11: To further explore the zebra leaf phenotype, we 

measured the photosynthetic pigment content at three 

different stages (Figure 3-A, B, C). Compared to the wild 

type, the total chlorophyll, chlorophyll a, chlorophyll b and 

carotenoids were significantly decreased in the zsd11 at the 

seedling stage, early tillering stage and mature stage. From 

the picture, we conclude that the zsd11 zebra phenotype was 

caused by the decrease in leaf pigment content. Subsequently, 

we investigated the pigment contents of zebra yellow and 

green parts in flag Leaves of wild type and zsd11 at the 

tillering stage (Figure 3-D). The results showed that the 

pigment content of the green part had no significant 

difference, but the yellow part showed a very significant 

difference in zsd11. To determine whether the decrease in 

pigment content affects the photosynthesis of zsd11, we 

determined the chlorophyll fluorescence dynamic parameters 

and photosynthetic efficiency-related indicators of WT and 

zsd11 (Fig. 3 E-K). zsd11 showed lower maximum 

photochemical efficiency (Fig. 3-F). Besides, the net 

photosynthetic rate of zsd11 decreased significantly, and the 

stomatal conductance, intercellular CO2 concentration and 

transpiration rate did not change significantly (Figure3-H, I, 

J, K). 

 
Figure 2. Agronomic traits of wild type and zsd11. (A-C) are 

the length, width and aspect ratio of the grain 

respectively. (D-F) are the length, width and aspect ratio 

of brown rice. (G-L) agronomic traits. 

 

Cloning of candidate genes: Through the hybridization of 

Wuyunjing21 and zsd11, we found that the leaves of the 

plants of the F1 population were normal, while the separation 

was shown in the F2 population (Table 1). Further 

investigation revealed that the number of normal single plants 

was 383 and 427, and the number of single zebra leaf mutants 

was 138 and 151, respectively, and the ratio between them 

was 3: 1 ( χ2 = 0.202 < 𝜒0.05
2 = 3.84  and 𝜒2 = 0.125 <

𝜒0.05
2 = 3.84). This showed that the zebra leaf trait in mutant 

zsd11 was controlled by a pair of recessive nuclear genes. 
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Figure 3. Photosynthesis-related and agronomic traits 

analysis. (A-C) the leaf pigment content in the seedling, 

early tiller, and maturity stage. Total Chl, total 

chlorophyll. Chl a chlorophyll a. Chl b, chlorophyll b. 

Car, carotenoids. (D) Pigment content in the "zebra-like" 

yellow and green parts of wild-type flag leaves and zsd11 

flag leaves during the peak tillering period. (E-G) 

chlorophyll fluorescence dynamic parameters. ΦPSII, 

Photosystem II effective quantum yield. Fv/Fm, Potential 

maximum photosynthetic capacity. ETR, Electron 

transfer rate. (H-K) Photosynthesis parameters. Pn, net 

photosynthetic rate. Gs, stomatal conductance. Ci, carbon 

dioxide concentration intercellular. Tr, transpiration rate.  
 

Table 1. Chi-square test of wild type and zsd11. 

Hybrid 

combination 

Wild 

type 

Mutant Separatio

n ratio 

χ²(3:1) (χ²0.05 < 

3.84 

WT×zsd11 383 138 2.78:1 0.202 

zsd11×WT 427 151 2.83:1 0.125 

 

To obtain candidate genes, 40 leaves of individual plants with 

the same phenotype as zsd11 were selected from F2, 

thoroughly mixed and extracted DNA, and then the whole 

gene combination and sequencing were performed (Figure 4-

A), and wild-type DNA was extracted at the same location 

and the same time. From the sequencing results, we obtained 

the SNP-index on each chromosome and found that the SNP-

index value on chromosome 11 reached 1, and there was a 

peak value. Further analysis revealed that the mutation was 

located on the gene encoding carotenoid isomerase on 

chromosome 11, and the first base of the first intron mutated 

from G to A. In the National Rice Data Center database, we 

found that LOC_Os11g36440 has been annotated as the 

OsCRTISO gene encoding carotenoid isomerase, which 

contains 13 exons and 12 introns, encoding 587aa protein. 

The mutated site of zsd11 was the cleavage recognition site of 

the gene, resulting in the occurrence of shear during the gene 

transcription process. To further validate the candidate genes, 

we first performed mixed pool sequencing on the ZSD11 of 

all mutant phenotype plants in F2, and compared with the wild 

type, it was found that all mutants had the same mutation at 

this gene locus. Then, we sequenced and compared the genes 

of mutant zsd11, and found that the mutation from G to A did 

occur (Figure 4-D). Therefore, the gene zsd11 causing the 

mutant phenotype was the OsCRTISO. 

 
Figure 4. Sequencing analysis. (A) SNP-index value after 

sequencing WT and zsd11 whole-genome MutMap. (B) 

The candidate area includes 10 ORFs. (C) The gene 

structure of the candidate gene LOC_11g36440. The red 

arrow indicates that zsd11 at position 391 in 

LOC_11g36440 is mutated from G to A. (D) Sequencing 

to identify the ZSD11 in zsd11 and WT. 

 

OsCRTISO allelic mutation: At present, OsCRTISO gene 

has been widely reported in rice research. mhz5-1 was 

reported that its mutated site was located in the 11th exon, the 

A at position 3114 of the nucleotide sequence was converted 

to T, resulting in a 4bp deletion in CDS, which eventually 

caused premature translation termination (Figure 5); mhz5-2 

showed its 313th G converted to C, causing Gly to Arg during 

translation; mhz5-3 missed 26bp from 383bp to 409bp, 
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resulting in abnormal mRNA splicing (Cui-cui Yin et al., 

2015). The zebra2, its G at position 413 in the 9th exon was 

transposed to T, which causes Glu to become a stop codon, 

which maked translation stop prematurely (Zhao et al., 2014). 

phs2-2 was reported that the 1.7 kb base deletion from intron 

3 to exon 7; phs3-1, the G was converted to C at 1995, 

resulting in splicing errors; phs3-3, 1bp was deleted in the 

sixth exon; phs4-1, 1bp was deleted at 1314; phs4-2, 25bp 

was deleted at 473bp to 497bp (Fang et al., 2008). zl2 was 

reported that A was converted to T at 3050, a 4bp deletion, a 

splicing error and a frameshift, leading to 395 amino acid 

termination prematurely (Cheng-lin Chai et al., 2011). In this 

study, the zsd11 mutation occurred at the first base of the first 

intron, which caused splicing recognition errors. So the result 

lead to the CDS length of ZSD11 in mutant zsd11 shows 

longer than the wild type. 

 
Figure 5. OsCRTISO allelic mutation. 

 
Figure 6. Phylogenetic analysis of ZSD11 and ZSD11 related proteins. (A) Neighbor-joining phylogenic phylogeny analysis 

was performed using MEGA 5.0. ZSD11 related proteins are divided into two clades. The green and blue bars represent 

different clades, indicating homologous proteins of ZSD11 in dicots and monocots, respectively. The ZSD11 protein is 

highlighted by the red box. The number on the node represents the bootstrap value. (B) Amino acid sequence alignment of 

ZSD11 and its homologs in other plant species. The red box indicates the location of the ZSD11. 
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The picture shows the structure of the OsCRTISO gene. The 

red arrows indicate mutations as dots, and the red scissors 

indicate deletions. The blue scissors indicate the site where 

the mutation of zsd11 in this study caused the wrong splicing 

recognition. The dark gray picture shows the CDS 

electrophoresis results of the gene from the first exon to the 

fifth exon. 

Carotenoids isomerase: To further study carotenoid 

isomerase, we performed sequence BLAST on carotenoid 

isomerase on NCBI. We found that wheat, corn, sorghum and 

other evolutionary relationships are very close in terms of 

evolutionary relationships, and are farther from poplar, 

soybean, pomelo, arabidopsis, and rapeseed in 

dicotyledonous plants (Figure 6-A). Through the comparison 

of the amino acid sequence of ZSD11, we found that 

carotenoid isomerase has high homology and high 

conservation in these species (Fig. 6-B). 

 

DISCUSSION 

 

Previous studies have found zebra leaf mutant phenotypes in 

many plants, which were often accompanied by 

environmental factors such as light and temperature. So far, 

the mechanism leading to this phenotype is still not fully 

understood. In 1999, Niyogi found that many mutants were 

sensitive to high light intensity, that is, under low light 

conditions, the color of mutant leaves was almost normal, 

while under medium or high-intensity light, the leaves 

appeared necrosis or yellowing (Niyogi, 1999). The "zebra 

leaf" mutant ZEBRA LEAF 2 (zl2) obtained from the japonica 

rice variety Asominori was yellow-green at the seedling stage 

and gradually turned to light yellow at the heading stage. Its 

gene was located in a region of about 164.3 kb on 

chromosome 11. Sequencing analysis showed that a 

frameshift mutation occurred in the 3050th base of the 

OsCRTISO gene, leading to premature translation 

termination. In the seedling stage, it showed a "zebra leaf" 

phenotype, the number of effective tillers, thousand-grain 

weight, plant height and seed setting rate decreased, which 

was consistent with our research results (Liu et al., 2013). The 

leaf behavior of MHZ5 was similar to that of zsd11. Its roots 

were less sensitive to ethylene and the coleoptile is 

hypersensitive to ethylene (Yin et al., 2015). This may 

indicate that OsCRTISO is involved in the plant's response to 

ethylene, and its mutation positions are located at both ends 

of the gene. phs2-1, phs2-2 and phs3-1 showed overall 

yellowing at the seedling stage, and the whole leaves 

appeared light green at the mature stage, and their mutation 

positions were all in the middle and front part of the gene (Jun 

et al., 2008). The leaf phenotype of zb2 was similar to that of 

zsd11, but it was regulated by temperature and light intensity. 

As the temperature increases, the area of yellowing on the 

leaves decreases, and as the light intensity increases, the area 

of yellowing on the leaves gradually decreases (Chai et al., 

2011). The mutation site is located at the back of the gene, 

and the mutation causes premature termination, leading to the 

truncation of the polypeptide chain.  

Conclusion: 

In this study, a new rice OsCRTISO allele was found, and its 

phenotype is similar to MHZ5, zb2, etc. The mutation mode 

of zsd11 is similar to that of phs2-2. Some mutations cause 

splicing recognition errors, but unlike phs2-2, the mutation of 

zsd11 causes mRNA growth. 
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