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Abstract: [Objective] Leaf is the most important photosynthetic organ in rice. Screening and identification of rice leaf
color mutants are beneficial for exploring the molecular regulatory mechanisms of chloroplast development and
photosynthesis. [Method] A green-revertible yellow leaf mutant 818-6-8 was obtained from the gene-editing lines of
Jingeng 818. Phenotypic identification, genetic analysis, gene mapping, and transcriptome analysis for 8/8-6-8 were
performed. [Results] Compared with the wild type, the mutant showed an obvious yellow-leaf phenotype until the
three-leaf stage, accompanied by a significant decrease in chlorophyll content. As it grew, the mutant turned green and
gradually became indistinguishable from the wild type at the four-leaf stage. Fewer chloroplasts, abnormal thylakoid
morphology and stromal lamellas structure were observed in the mutant. The yellow-leaf trait of 8§/8-6-8 was controlled
by a pair of recessive nuclear alleles. The target mutation site was located within a 2.29 Mb interval on chromosome 5,
and 20 annotated candidate genes were listed. The expression levels of 2090 genes in the mutant were significantly
changed compared to the wild type, of which 1343 genes were up-regulated and 747 genes were down-regulated. Further,
the differentially expressed genes were enriched in biological processes such as chloroplast organization and cellular
components such as chloroplasts. The expression of genes associated with chlorophyll biosynthesis and chloroplast
development of 818-6-8 changed significantly. [ Conclusion] These results support the next studies for cloning target
genes and analyzing chloroplast-development molecular mechanisms, and provide a germplasm resource for ornamental
rice breeding.

Key words: rice; green-revertible yellow leaf mutant; gene mapping; transcriptome analysis
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HARER GIEIEY Lk
Target gene Forward primer (5'-3") Reverse primer (5'-3")
0sCA01 GATCCATACCCGATCGACAT CGAGAGACATCCGGTAGAGC
OsDVR AGCCCAGGTTCATCAAGGT TGATCACCCTCTCGAAGAACT
OsYGLI TGTTGGTGGGTCCTTGCTTT ACTGAAGCCCCAGAGCTCTA
OsPORA ATGGCTCTCCAAGTTCAG TGGCTCACGCTAAGGAAC
OsPORB CCGCAAGGAGGGAGCGGTG CCTCTTGGTGCTAAGGCCG
OsCHLH AACTGGATGAGCCAGAAGAGA AAATGCAAAAGACTTGCGACT
OsCHLD TCCTTTAGCTCACGGCCTTA GTCCAACATCACCGCTCTTT
OsNYCI TTTTGAGCGGTTCTTCTCAGA CCTTTCACAACTCGCATCCT
OsNYC3 TCTATCTAGGTGCCAAAGGC ATTCTGGCACCTGCTGTTTC
OsNYC4 CGTCTATGACCAACTCATGG TGCGTCAGCTCTGTATTGCT
OsNOL TCACAAGCCTTACGACCCAC GCTCCCTCTCCATCATCTGC
OsHEMA CGCTATTTCTGATGCTATGGGT TCTTGGGTGATGATTGTTTGG
OsPAO AAGCCTCCGATGTTACCGAA CGAGGGTTTCCAGAATTTGA
OsRCCRI GGATCGACGATTGATTTCATG GTCGAGGCGTTCAGAAAGAT
Actin TGGCATCTCTCAGCACATTCC TGCACAATGGATGGGTCAGA
rpoA CCATTCCCACAAGCAAAAAT TCTTACCGCCTTCCGTAGAA
rpoB TGGTACATATCCCTTATCTCAA CTCCAGGACCCAAACAACTC
rbeL CTTGGCAGCATTCCGAGTAA ACAACGGGCTCGATGTGATA
rbeS GCTTGGAGTTCAGCAAGGTC AACGAAGGCATCAGGGTATG
PsaA TTAGAAATCCGCCAATCCA TGCTAGGCTCTACAACCATT
PsaD CCGCTCCAAGTACAAGATCA AAGAGCAGCCTGACAGATGA
PsbA ACCCTCATTAGCAGATTCGT GATTGTATTCCAGGCAGAGC

PsbD AAGACAGATTCCGAGGGTGG

TGATTCGCTAGGGATTAAAGAG
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2 : WT -6-8 4

< 8 FESaE
A: BPAEREHE 818 (WT) MR 818-6-8 LhHiRAL: B: WAEREHE 818 (WT) FIRZEIK 818-6-8 (11 3 MHYIRA; C: PFARIGHE 818 (WT)
HERIIERR, $RR=10 cm; D: RAZ(K 818-6-8 HEHHIMEIK, #5)L=10 cm.
A, Phenotypes of wild type Jingeng 818 (WT) and mutant 8/8-6-8 at the seedling stage; B, Phenotypes of wild type Jingeng 818 (WT) and mutant 818-6-8 at

the three-leaf stage; C, Wild type Jingeng 818 (WT) plant at the grain filling stage(bar=10 cm); D, Mutant 8/8-6-8 plant at the grain filling stage(bar=10 cm).

1 FHERISHF 818 FRTIK 818-6-8 =AY

Fig. 1. Phenotypes of the wild-type Jingeng 818 and the mutant 818-6-8

*2 FHHREIE 818 7 818-6-8 MTRESE
Table 2. Chlorophyll content in Jingeng 818 and 818-6-8

mg/g

M M4 2 i ML b R HHGREE KN M REE
Material Chlorophyll a content Chlorophyll b content Total chlorophyll content Carotenoid content
WT 2.209+0.228 0.953+0.139 3.162+0.284 0.565+0.067
818-6-8 2.185+0.206 ns 0.147+0.023** 2.332+0.218** 0.038+0.010%**

BHRORERWEE (P<0.01); ns AR LREMEER.

** indicate significant difference (P<0.01) ; ns indicate no significant difference.

BAEE N R A E(0.038 mg/g)B B A (0.565 mg/g)f%
11 93.27%, 753018 B KF-(P < 0.01). XK
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Table 3. Comparison of some agronomic traits between Jingeng 818 and 818-6-8
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fe 2R 4HF 818
Agronomic trait Jingeng 818 81868
¥k Plant height(cm) 96.8+2.3 96.7 £2.4ns
AR BEEL Tiller number per plant 121+£2.6 12.0+2.1ns
i FE M Heading date(d) 90.0+ 1.0 89.0+2.0 ns
AFERI . Number of grains per panicle 103.5+5.8 106.0 = 6.4 ns
4553 Seed-setting rate(%) 95205 94.7+ 1.6 ns
TRi g 1000-grain weight(g) 276+ 14 27.9+0.9 ns

ns LR FEVEE ST

ns indicate no significant difference.

image of the selected area in C. Cp, Chloroplast; Thy, Thylakoid lamellae; OB, Osmiphilic body; Sg, Starch granule. Bars =2 pm.

2 A RIEHE 818 FARATIEK 818-6-8 P ERINEBMLE

: ‘ : S 2 : 4
A: BRI AR A B A B AAEHORIX IR C: R RAER L D: C BIRAHERKX . Cp: MERfk: Thy: KZEfk; OB:
WEEAAR; Sg: VERMIRL. AR=2 pm.
A, Chloroplast ultrastructure in the wild type; B, The magnified image of the selected area in A; C, Chloroplast ultrastructure in mutant; D, The magnified

Fig. 2. TEM images of chloroplast structure in the wild-type Jingeng 818 and the mutant 818-6-8

=4 S8I8-6-8MEEFERMEX R HHESES

Table 4. Segregation of leaf color in F2 populations from the crosses between 818-6-8 and green leaf varieties

RS A HREL 2RI AL TR AL R
Material Total number of plants No. of green leaf plants No. of yellow leaf plants 4
L 818/818-6-8 883 679 204 2.73
Jingeng 818/818-6-8
818-6-8/4:1% 818 858 657 201 1.05
818-6-8/Jingeng 818
818-6-8/9311 1089 836 253 1.72
818-6-8/%]1% 881 1207 876 331 3.65

818-6-8/Shuhui 881

X005 =3.84.
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YLt 4K Chromosome

A: Delta A5 E; B: SAEVDIREE ) SNP-index UA Kl C: BaPEVEIREE M) SNP-index A& . B REARbRFOR QAR AL B BURFosTH A
#| delta SNP-index 1 SNP-index {f; €Lk RRAHR NG AL ERLLETR Loess UGN 99% MBI E LK
A, The delta fitting plot; B, The SNP-index fitting plot for dominant trait samples; C, The SNP-index fitting plot for recessive trait samples. The X axis

represents the position of chromosomes; The scattered points represent the values of delta SNP-index and SNP-index; The black curves represent the

corresponding fitting value; The red dashed lines represent the threshold line with a Loess fitting value of 99%.

3 Delta SNP-index 1 SNP-index 7EZ &4 _EHSH

Fig. 3. Distribution of delta SNP-index and SNP-index on chromosomes
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Table 5. Candidate gene
B4 PR L F eI
Gene ID Gene annotation . Slgrpﬁcantly .
differential expression
LOC _0s05g18150 BKRF1 %ifi52% EBNA-1 % [ BKRFI % No
Encodes an EBNA-1-like protein
LOC 0s05g18294 ¥ CRAL-TRIO 4538 E AR C589.09, ZERifdiliAY X4 C589.09, SEC14 4H i /i [Kl 7 No
FHRIEEA, HEW, *&
protein containing CRAL-TRIO domain, mitochondrial isoform X4, SEC14 cytosolic
factor family protein, putative, expressed
LOC _0s05g18470 BEML Slug A, % CRAL/TRIO Zi#IEH, #ik 5 7 No
Random Slug protein 5, Protein containing CRAL/TRIO domain, expressed
LOC _0s05g18660 K% € EH LOC4338253, OsFBDUF24-F-box A4 DUF itk R, #ik % No
Uncharacterized protein LOC4338253, OsFBDUF24-F-box and DUF domain-containing
protein, expressed
LOC _0s05g18670 S ZIRARS Fif@iE SLAH4-like, Cy “RMIIEEA/SH ¥ RRIZEALSHIBER, 75 No
S-type anion channel SLAH4-like, Cs-dicarboxylate transporter/malate transporter
domain-containing protein, expressed
LOC _0s05g18750 50S AxMERET A L25, &bk EE A L25, N, Rk 7 No
508 ribosomal protein L25, Ribosomal protein L25, putative, expressed
LOC _0s05g18790 0s05g0270800 # No

LOC_0s05g18850*
LOC_0s05g18950

LOC _0s05g19150

LOC _0s05g19370

LOC_0s05g19380

LOC_0s05g19390*
LOC 0505519480

LOC 0s05g19954

LOC _0s05g20100

LOC _0s05g17604

LOC_0s05g18274

LOC _0s05g19010

LOC_0s05g19910*

L F2BE Formyltransferase
JKF& DICER #1fUl%E (3K OsDCLIc Rice DICER-like protein gene OsDCLIc

Jt#& Increased

HFIRELE AN EA Atlgl0330, Toik, N, FiE 7 No
Protein containing pentatricopeptide repeat Atlgl0330, Pentatricopeptide, putative,

expressed

0s05g0273800 % No
KRR, B o/ ITERFIELEERR, Rk

Hydrolase, alpha/beta fold family domain-containing protein, expressed

60S WA L15, 60S A RN L15, HEllRE 7 No
60S ribosomal protein L15, 60S ribosomal protein L15, putative, expressed

SHKESFAIMEAR At2gl8940, -4k, Filk, #M, Fik 5 No
Protein containing pentatricopeptide repeat At2g18940, chloroplast, Pentatricopeptide,

putative, expressed

= MR ALK E ST E A OsPPR939; OsPPRI20 Pentatricopeptide repeat protein 7 No
OsPPR939; OsPPR920

B AR L R AR A 2, AR R AR, N, Rk 7 No
Peroxisome biogenesis protein 2, Peroxisome assembly protein, putative, expressed

RNA BRI G Al (RNA BUREF ABE R IRE O, HERE % No
tRNA pseudouridine synthase Al, tRNA pseudouridine synthase family protein, putative,

expressed

FIRERTH-3-BERR AL P AE Tl 3, HM-3-RETRILAL FeRE e, R, ik % No

Probable glycerol-3-phosphate acyltransferase 3, Glycerol-3-phosphate acyltransferase,
putative, expressed

FTRERY LRR S22 5L/ 95 R B A Atlg56130 WA X1, SHRS S FEE,
NS

Probable LRR receptor-like serine/threonine-protein kinase At1g56130 isoform X1
SHRS5 receptor-like kinase, putative, expressed

RAEA, RIEEA

Unknown protein, Expressed protein

0s05g0272300

TIEEA, FIEBAEE A RTREHE

Expressed protein

OsFMT:,

OsATS5 Feruloyl-CoA: monolignol transferase OsFMT; OsAT5

J+i Increased

J+i Increased

J+i Increased

[#{i% Decreased

*EL R A

* Cloned gene.

GO term(F 5). fEAEW)d 2SI+ DEG B#E
EAEM SRR G5 IR A & i 4k
PREI B S PRSI 4l 2 oy 2K
DEG &% & EEH A M-SR, HERAAR

SR AR RBEAR RS X £ T UIRER T DEG
DEEEESE TS S, MARES. RNA 46
LR,

FH KEGG $uda 20 RALRAEF AR DEG
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Red dots indicate significant up-regulated genes; the green dots indicate significant down-regulated genes; Gray dots indicate the genes with no significant

difference in expression levels.
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Fig. 4. Volcano map of DEG, in leaves of Jingeng 818 and 818-6-8
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Rt s s S5 AR A LR A =T E R (R 3).
LAk, F) I AE 28 R 3k (https://ricexpro.dna.affrc.go.
jp/Zapping/)HEAT HE R I 23 SRk 7 Afr, 5055 45 S tn b
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s HREE 2 FIUREE TR G, WALREERT 4-BERRIEE: 3. MHERABEMEA: 40 BT 5 (RNA KL 6 BRI

Eéz 7. RIEAEHL,; 8. HMILS; 9: DNA fﬁ%ﬁ%iﬂil‘m)ﬁ}“ﬁ: 10: HARESE: 11 whgd; 12: hERARIRrT: 13 Mg 14: m4t
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M 21 SRE TS 22 MARSE; 23 RNA 456 24: BIRTFFAERGETE; 25 SULEIRERETE: 26: ZWLSG; 27: NS
Th; 28: WEEEHE (RNA &8F (BEBEOKFD WGk 29: SRETHE: 30: FAEHRERTE.
1, Chloroplast organization; 2, Isopentenyl diphosphate biosynthetic process, methylerythritol 4-phosphate pathway; 3, Protein targeting to chloroplast; 4,
Plastid transcription; 5, tRNA metabolic process; 6, rRNA processing; 7, Thylakoid membrane organization; 8, Oxidation-reduction process; 9, Positive
regulation of transcription, DNA-templated; 10, Protein refolding; 11, Chloroplast; 12, Chloroplast stroma; 13, Chloroplast envelope; 14, Chloroplast thylakoid
membrane; 15, Cytoplasm; 16, Chloroplast thylakoid lumen; 17, Glutamyl-tRNA(GIn) amidotransferase complex; 18, Plastid large ribosomal subunit; 19,
Integral component of thylakoid membrane; 20, Chloroplast nucleoid; 21, Iron ion binding; 22, Heme binding; 23, rRNA binding; 24, Pseudouridine synthase
activity; 25, Oxidoreductase activity, acting on paired donors; 26, Polysaccharide binding; 27, Monooxygenase activity; 28, Glutaminyl-tRNA synthase
(glutamine-hydrolyzing) activity; 29, Metal ion binding; 30, Oxidoreductase activity, acting on paired donors.
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Fig. 5. GO functional classification of differentially expressed genes in leaves of Jingeng 818 and 818-6-8
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Metabolism Genetic Information Processin Environmental Information Processing

1: ZwEEWE R 2: VERRIRERERS: 3. RIREWER: 40 RNERNAU: 5. MRENBEDER: 6. el 7. EEREWER: 8:
SURPEARZ A TR 9 AT IRAHE: 10. AR 11 MBSRAEWER: 12 FUEZIERMAH: 13 BRI : 14 20
A 15: FEEBEEE (RNA AW)GHG 160 RNA FEfE: 17 BEEVIBRMESE: 18: EBAEMEHEEYEK: 19: JEFRVEREGERE: 20: Y MAPK
{5518,

1, Diterpenoid biosynthesis; 2, Starch and sucrose metabolism; 3, Phenylpropanoid biosynthesis; 4, Phenylalanine metabolism; 5, Brassinosteroid biosynthesis;
6, Pyrimidine metabolism; 7, Betalain biosynthesis; 8, Amino sugar and nucleotide sugar metabolism; 9, Glutathione metabolism; 10, Tryptophan metabolism;
11, Monoterpenoid biosynthesis; 12, Cyanoamino acid metabolism; 13, Taurine and hypotaurine metabolism; 14, Ribosome; 15, Aminoacyl-tRNA biosynthesis;
16, RNA degradation; 17, Base excision repair; 18, Ribosome biogenesis in eukaryotes; 19, Non-homologous end-joining; 20, MAPK signaling pathway-plant.

6 Ik 818-6-8 SEHFE 818 M A hEFRFRIZER KEGG BEEE D
Fig. 6. KEGG pathway enrichment analysis of differentially expressed genes in leaves of Jingeng 818 and 818-6-8

A 4.0 *%
351 B 25 g
£ 50 g 20 0 WT
2 1 2 154 ==
gll%ﬂ 525_ 1 o] f =31 818-6-8
S 201 2230 .
z2 Ko2s
mE 1.5 ko 95 N
= .2 20
= m s k%
2 101 < s 15 * Hk
05 2 10 -
b 0.5
0.0
\ rpoA rpoB rbcL rbeS PsaA PsaD PsbA PsbD
oscA 050 10”\ Ogﬁo‘gfcﬂgfc s* ﬁ* ﬂ“ Os?f‘ «*

Ax R A B SGEE R MRE & B: AR & SO B AE AR M ik B .+ FR ZR MR E K (P<0.01); *FRERBFHRF (P<0.05);
ns FRLRFLER.

A, The expression levels of genes related to chlorophyll synthesis; B, The expression levels of genes related to chloroplast development and photosynthesis.
** indicate significant differences at 0.01 level; * indicate differences at 0.05 level; ns indicate no significant difference.
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Fig. 7. Expression levels of chlorophyll synthesis, chloroplast development and photosynthesis related genes in the wild-type

Jingeng 818 and its mutant 818-6-8
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