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Molecular analysis of the extremely rare and high-needs cytoplasmic male sterile
rice plant with sporophytically-controlled indehiscent anthers
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Cxtoplasmic male sterility (CMS; the phenomenon of pollen death due to
incompatibility between the mitochondrial and nuclear genomes) is used in the breeding of F1 hybrid
varieties. In this study, we found that a japonica rice cultivar carrying the mitochondria of an
indica rice variety * Tadukan’ shows CMS and fertility restoration. We have identified a
CMS-causing gene in the mitochondrial genome and proved by employing genome-editing. We have also
identified a nuclear gene responsible for fertility restoration.



B X C—19, F—19—1, Z—19 (@)

1. WFERHE S WD 5

—RMERESLFRIY, F1 DSWEBUC L NEE 2 AEF 2 R THEAFIH LZH 0T, Wil Tnb
FEAEDOHRE, hyEnaL YAHLREITRMEREGETHY | OB E MR
fatt (Cytoplasmic Male Sterility; CMS; X h 2> KU T4 7 ALY 7 AOFEMENE BN
WA DB BEbILTWD,

—RHEEFEA 2 (NA 7Yy KT A4 R) &, BH OMFEE R LT 15~30% DI &I A HiRE X
M. OB HEIIHETIX 58%., ALK TIE 13% %2 HDTWD, VXY R=TD ATV v
RI A4 ZOEMIZIX,. £ T 4 7 5FE Chinsurah Boro IT (1213892 BT AR HEE AR e
(CMS) %if & etk mE R ZRME DIV, A T 4 DA TV v BT A RT3 B8 A
SR WA B CMS M T s, BT B OEA 3B AR o fatkmlE 2~ L. Fr ofEk i
PEIE 50%IZIR T3 503, WA B OSSR TR OFRMERIE Z 7R L, Fi OB iaEE 100% &
2%, O, BERAEE O CMS/RF IZMGAMERTH < . Bix 72 A N U ATMEZ58{ET 5 72912
H, V¥ R=DT BRI ATREZ i A% CMS/RF v AT LD ANLEEN TV 5D,

BB AR CMS OJFRIIAEN B & OBE T DT 2 BB ERR TH L0, —F, 15
® CMS OJFKITZ _— MIROBRENFEKN TH L EEZZNTWS, 2 hayr R 704 1iE
PR IR R N I & i A 2D CMS/RF 0% A 7% @A L, BT A, LD 7, HL A, W1112
A RT98 U, RT102 %, CW A%, EURHAEMToH 5 (Toriyama et al. 2021), fa 7-ARBIZ /358
Xhaboik, WA-CMS & ZzruzEtlL72s o LTD, DA, GA. ID., KE»R#HEIN
TWDH, WL d, CMS JRRE G M & LT orf352 2455 L IR X R BN IERT 5,
(Luo et al., 2013), =LA OHEIT72 <. AR O CMS/RF (34 X2 TlEL 7 Th 5,

2. MHEOBE®

AT 4 i [Tadukan) (&, ¥ AR=H W [HH 65 5] ZEkiR LA L, M1k
RS (CMS) SZ#E(TAA) & FeERIE RF)ZH(TAR) = 57-, PIEEROMIE, =D CMS &t
I, AT U IERE L, RS TR AR EW TH LA, FHIEMEELRY, L
fa AR OFRMERIERAZ R T Z L 2R A LT, MO THiRZA 7 ThY, LML BEROBIS=
— X% 5D CMS/RF R TH D, AL TiE, Z D Tadukan IZHET DM 17-EH > CMS /RF
RIRIZHOWNT, T har R 70O CMS RREBEGFOREE T/ LFErE O TREH, KO 2
PEREEEG T O~ v T _N—R 7 B —= T T, BEEARRS - FarkmIiE O 2 THE 2 B 5 M7
HZLEHEHME LT,

3. WHEDTTE

(1) fER 3 2E5BR & # O REBI 52
Tadukan |2 & H 65 B2 MR LAS
MELUCHREH L7= OMS R#eiL. BRAE
HOERIZT o7 SR L,
R7-BAiI3ET 656 BLRETHD
(1), {ERFEFEARE F21T
HOLBBERENEZH S NCT D
72, BB ORIERER, IO
W o NTRICHE DY B L7=TEH
\ZHEIE - ZHEREN NS DI i
L7z, #5042 ~— MR B 2
A A OFFEREN B RET 5,

— ~—
BBV, BOUMEDD AL gew o . ]
S LIIKRMEMRAELT DO TIELR KISt ‘
WhETRL, BOWLEER 7 ® o ®9
L. B E T, £, & @
D RNA*se% %ﬁlj\ FEHNEL L
BB T R LT H1 TadukanfskO X FaA» FU 7%
(2) 3 b= KU 70 oS FIEE EHHDOCMSR#E (TAA) &L 84655 (T65)
=7 OffAT DEE, KENIZHOEEZTT,

Tadukan X bz KU 7 DOLEF
J DERES ERE L, BARKEIC
N orf BT O T, WE L BRI O TRIL TB Y | RMEEEELE N EET D &
FH NS — DAL T D BIB TR RR LT, B OBEFIZOWT, 2 hay RUTH ) Ak
F24 mitoTALEN 2 W T, il %2/ v 7 70 h L, RN EET 202 8+ 5 2 Lok



D . EMEL TS OMS RGBT CHhD Z L2 L2 (X 2),

TN
i )
mitoTALEN S «
ESYA A Bot-E&izFEYIM

orf312 o&’gimz
— 3

sSkavry7? Shavky 7

X2 SraVRUTH ) LIREY—IL mitoTALENZ AWV =Bz FRIENERE

f#fREY — A 7'V » K (Yeast two hybrid) ¥4 FHW T, CMS JRINIK 1 B EAER T 5 % v 237
BHAPFRAE LU, £, OMS JRKRE T 2 PR ZERR L. 2 OHUAZ T OMS JRIAIR 7230
DY ZICERBL TV A EEE L,

(3) FtkmIE IR T DORHT
Tadukan IZHBT 65 B2 R LM T 2IEEICRBWT, Rt d 2K 25K LT, RIERESR
W(TAR) Z{EH Lic, 77 A v~y B 7 el ) NEREESIMNT (Whole Genome Sequencing)
AT R eI B s 1 (RN a4l 2[R E U AR RRER 21T - TR MERIE B S 7 (kD) 2R E LTz,
REVI RNA fE& % v 7X@ PPR (pentatricopeptide repeat protein)Z=a2— KL TWA&F
A U720 RF & 287 B3 OMS JRRDEAG T~ RNA IR BT HE BT 2 02 F vy 7 BT w1 (EMSA)
ECHRE L,

4. WFIEERH

(1) FER 3B & B OTREBIES Ja T AL OB L 720D A 71 = X Lfift B

MO NTENCEY B U 2 I L 2 A, mEEVICHEE LD, fEHIcs
RN DD Z LN o T, BEERRMIZHORBARETHL Z L 2L LTz, B
W OHOU T BER T -T2, FOHBRICEDL BT X LADOXy v TRA LN T2,
F7o, D RNA-seq Z#To7c b 2 A, MREHEEER T, 11 OV 7=y MEETOIHBIMET L
TWe, ZHL Y, ORF312 23X b=y R YU 7T IESHEASIRORREZ R ET 5 2 & CIEERs R
DEMENMEF LT, #HH T e 7T AHBEENE Z 570D RE L & v 9 Gl
NEZ BT,

(2) 2 b=z RU T D CMS JRINE ST DT

I b=y KU TORY ) AFIZRE L, Tadukan 5 100 1
B2 R L, orf312 Lk UT=, orf31213, 920 I
WA 5 OMS JEL PRI 7- WABE2 & @V I %% L7, I 80 ?
B EBEM OB ERH W, —F T ey ME .
FTORE R, RNA SRS OIS AR~ R R 5 7 :
TP LTV = (Takatsuka et al. 2021). orf31278 < 60 o
OMS JRIKEHE T M L B2, 7 MREY — L ﬁ 50 s
mitoTALEN & i\ Corf312% / v 77U M4 %L, # 40
DAL L ORMEDRIER R I (K3), 2k °
V. orf312 7% OMS JRIRNEET T D Z L & L7z 30 ¢
(Takatsuka et al.2022), 20

Bk —/ A 7' VU v K (Yeast two hybrid) 5% H» 10 *
T, OMS KRN 7 L HEAEHT 22 X0 Baxa—
T2 cDNA # A2 U —=2 7 LIk 25, 5EOEM 0 Y
BUR T4 DA o 72, £ OTO—DRBEHORME % % %
[FHEIR T RF2 L AR % 5 /32 B RIF2 % = — %
RFLTWe (Fujii et al. 2014), WA-CMS (38T <
I E. WA352 % > /R N MR B AR TV D COX11 & #H
HEH L, BT mEaAET L2 LT — Milao 3 mitoTALENT orf312%

Tu 77 s eslE R IFLERESATVD REIFF-TAADREER



(Luo et al. 2013), ORF312 & FHEANEH T A HEAK -1 icmulznﬁifvcw@ﬁnoﬁj;w
HR DTN MLETHD EEZE 2N, KIGE TREL S W72 ORF312 & RV B2k D hiik %
TERLL, @i LizZ v g %%mf?:x&/7u/%Mﬁ%ﬁotﬁxowmz&y
NRIBEHRHETDIEEL oz, FNLI hary FUITEBRL Ty AX Ty ME
MEATOMERNSH D EEZ LT,

(3) Rtk B is T DOfENT

Tadukan x T65 BC:F, 2% H 18,572 19,134
Wi B E . RAfE B10RER ] —
R ———— ,
19’ 134 kb (E|$H%E$Hﬂ:!|)/\& ...............................

B IAATE, Tadukan DL ) <arrrao7 (1)

LM FECF) & PacBio THE L 4a PPR796(21)

oo AHBEEICIE, 2 < D OMS 4 PPR782 (21)

JRNIXRT B REBIETFE LT PPR794(21) mp

W & & L T v % PPR683 (1)
pentatricopeptide repeat PPR762(21)8p

(PPR) # v XV B Ha— 95 PPR777(21) B
LTS ﬂﬁLTK%ﬁ‘ 10 fiEAF PPR506 (13)Ep
FLTW:= (K4), ZOHT, PPR341 (1) B
S harRUTH ) A':P@%‘: PPR513(9)5
T 72 Bl A 2 78k A DT

mLEZLND 10 ﬂﬁlui@ K4 EHERICELETSPPRERIGTF

PPR EF— 7 2 A 5 5T () IFFAENEPPREF—IDE

PPR796,  PPR7S2,  PPR794,

PPR6S3,  PPR762,  PPR777, 100.00 ;
PPR506D T C & - 7=, PPR506

/L. Chinsurah Boro II/T65- 80.00
CMS (BT-CMS) » X h=x K
T E T orf79 \HERT A
Rflb (Wang et al., 2006) &
AN —F L T2 72 ol
NHERSELT-, 6l PPR i&fx
TENENEEGTT ) LT 20.00
% PCR CHIME LT/ F U — ¢l |
Ry A —|\Z7a—=7 1. 0.00 $ ] ) ® . ° R
CMS BN BT EHA LT, £ By R R Ry N A A B
DYER, PPR796 %8N L 1= i% 2 e e g, P By 07

DI, FPHF L TREFE LT X
( 5) :ﬂj‘: D P;Rzgé' Z)§ 5 PPRJE"E%@%"T/L\%H‘EEALT:’(*@-%E%Z&

RHEBISRIE T Ch 5 = & % TAA, CMSH#f: TAR, EIBRAL: T65, 8655

BH 52T L=,

k%if%ﬁéﬁtwm%§/ﬂﬁ L in vitro#z5 U7~ orf312 RNA O— % FWTH
W T NT weA{TolE 2 %\FA%T?/ﬁfwﬂ%%h‘mﬂ&MA&WW%&/A?
BPNFEERT S Z L 2VRE ST,

60.00

FEEE(%)

40.00

bb.-.... o O o o awe
.b

PLED X 912, MHIOFEEY . Tadukan (& H3ET 2 MIREHEMEARFR (CMS) /FatE[E11E (RF %
FIZHOWT, 2 har KU T O CMS JRKE s T DORIE E 7 ) AREE A WZEA, RO, etk
FIEES T ORFEZT T L, S HIT, HEEARR - fetEmiE 05 T O —RE2 oI T 5 2 &
INTE T,

51 SCk

Fujii et al. 2014 Doi:10.1186/s12284-014-0021-6

Luo et al. 2013 Doi: 10.1038/ng. 2570

Takatsuka et al. 2021 Doi: 10.1007/BF00712968

Takatsuka et al. 2022 Doi 10.1111/tpj. 15715

Toriyama et al. 2021 Doi:10.5511/plantbiotechnology. 21.0607a



5 5 0 4

Ichida Hiroyuki Kazama Tomohiko Arimura Shin-ichi Toriyama Kinya 40

The mitochondrial and plastid genomes of Oryza sativa L. cv. Taichung 65 2023

Plant Biotechnology 109 112
DOl

10.5511/plantbiotechnology.22.1213a

Takatsuka Ayumu Kazama Tomohiko Arimura Shin- ichi Toriyama Kinya 110

TALEN- mediated depletion of the mitochondrial gene orf312 proves that it is a Tadukan- type 2022

cytoplasmic male sterility- causative gene in rice

The Plant Journal 994 1004
DOl

10.1111/tpj .15715

Takatsuka A, Kazama T and Toriyama K 14

Cytoplasmic male sterility-associated mitochondrial gene orf312 derived from rice (Oryza sativa 2021

L.) cultivar Tadukan

Rice 1-11
DOl

10.1186/s12284-021-00488-7

Toriyama K 38

Molecular basis of cytoplasmic male sterility and fertility restoration in rice 2021

Plant Biotechnology 285-295

DOl
10.5511/plantbiotechnology.21.0607a




27

orf312
89
2023
Tadukan
2023
2023
Tadukan

40

2023
Tadukan
144

2023




Ayumu Takatsuka, Tomohiko Kazama, Shin-ichi Arimura, Kinya Toriyama

Mitochondria-targeted TALEN-mediated gene knockout and reorganization of mitochondrial genome in Tadukan-type cytoplasmic
male sterile rice

65

2024

Takatsuka A, Kazama T, Arimura S, Toriyama K

MitoTALEN-mediated mitochondrial gene knockout and mechanistic analysis of Tadukan-type cytoplasmic male sterile rice

JSPS core-to-core meeting in France

2023

Takatsuka A, Kazama T, Arimura S, Toriyama K

Gene identification and mechanistic analysis of cytoplasmic male sterility derived from Oryza sativa cv. Taduka

6th Plants and People Conference Exploring Plants

2023

Takatsuka A, Kazama T, Arimura S, Toriyama K

Identification of a mitochondrial gene causing Tadukan-type cytoplasmic male sterility by the mitochondrial genome
reorganization mediated by TALEN

15th International Association for Plant Biotechnology Congress

2023




Takatsuka A, Kazama T, Arimura S, Toriyama K

Mitochondrial gene knockout and mechanistic analysis of Tadukan-type cytoplasmic male sterile rice

6th International Rice Congress

2023

88

2022

Tadukan

39

2022

Tadukan

142

2022




Ayumu Takatsuka, Tomohiko Kazama, Hiroyuki Ichida,Tomoko Abe, Kinya Toriyama

Exploration for a restorer of fertility gene for cytoplasmic male sterility derived from Oryza sativa cv. Tadukan

17

2022

45

2022

Tadukan

10

RNA

2022

orf312

Tadukan

64

2023




TALEN Tadukan
6
2021
—CRISPR-Cas9 TALEN
3
2021
2021

2021




mitoTALEN Tadukan
2021
TA-CMS TALEN
140
2021
TALEN

16

2021
Tadukan mitoTALEN
44

2021




Tadukan

141

2022

Takatsuka A, Kazama T, Arimura S, Toriyama K

Identification of a cytoplasmic male sterility causative gene in Oryza sativa cv. Tadukan with mitoTALEN-mediated
mitochondrial gene-knockout

Plant Biology 2021

2021

2021

142

(Takatsuka Ayumu)




(Kazama Tomohiko)




