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F1 hybrid rice, which promises high yielding, has been planted in 12% of rice-cultivated
area. For F1 hybrid rice breeding, cytoplasmic male sterility and fertility restoration
system has been widely utilized. We analyzed the occurrence and restoration mechanism of
three kinds of cytoplasmic male sterility in rice. Our finding provides new insights into the
study of F1 hybrid breeding as well as reconciliation of a conflict between nuclear and
mitochondrial genomes.

AT TEHE
(BFEEANL 0 1)
B DRSS & B
2006 FE 18, 000, 000 0 18, 000, 000
2007 FE 22, 000, 000 0 22, 000, 000
2008 4 15, 600, 000 0 15, 600, 000
2009 4 14, 500, 000 0 14, 500, 000
2010 4EJF 14, 500, 000 0 14, 500, 000
woEt 84, 600, 000 0 84, 600, 000

WFgesy sy o B
BIfEO5E - fE - B - B
XD oA - A - HIRVETREME RS - MR - S ha v KU T - 2

1. AFZEBRAA S A DY = T A ERKET RS S, R TON
NAT Yy RTA4 R (—RHEREA %) 1 A7V v KT A4 AEMITRIT 12% & 725 T
15% 05 20% DI EE BTSN D, FET Wb, NAT Uy RTA AOBREIZITHEMEAR
X 16 H~T 2 — )L THES S, A s R R E DI D D, EIRD 95%H WA Bl
MDY 2 5O TND, &5, WET Y PERFRAIE (WA-CMS) #FIHL TW5,



R DA R RFRFFEAE O 1 FHH— O
BITRIFELCWA Z Lice | BEshEssH:
NEEh b, Lnth, WA-CMS I,
AE OJRKE R T, ZEOFtkEIEES 7O
EEBH S EN TR, 4T HAR R
HahWwWE EHbh b, BEEMNEIENE
DOFLARIZ 1T CMS HIEE DR LN LETH
5, F12. %< ORI R 72 HEME AR R
B ERMERIE RO L, A =X 14
DOIFFANLEEN TN D,

2. WFEDOHKY

MR E AL, S b RUT A
LR ) DDOEE DS Y TIEHIR
BEENLE 2HETHDH, &7 /2L b
Ay RUT T AORMICHFEET ST/ L
BEL LB 2D LN TE D, HEMATME
DI hay FY TICEEERRORRK & 72
HXRATBIBTNFHEL, —FH, Ea— Ko
FabEEIE s 135 A 7 B in1ED OE
BATIR o CHEBEZMIREL CWH EEZ DN
TWb, ABFZETIE, 4 RI2BT 5 3FEED
AR HEME A fe SR MERIE B BT
(BT-CMS/Rf1, LD-CMS/Rf2, CW-CMS/Rf17) %
MELE L, i, AT B X
OfetERIEMSEOMA 21T/ Z L2 B
LT 5,

3. WD ik

2 v RY 7T oOEERESERE L, B
D orf & WO T, fetERIEBETFOfR
B > TRIANRNT = NETHI b=
 RY TELTERRZL CEMER &L,
BN BEVX)VTRNT T 5, ZDX XY
BN hay RY T2 588250 C
HET D,
BEETFEI hay R 7EETFORE
T LA RITIC LD MR i U EMER
PR BUE A B S 2T 5,
ZTNZENORMERIEE G T FEMICAE ST
ZHRNA & Ry aRE L., folERliE s
TOERAEL BT 5,

4. WFFERRE:

(1) bz RU 7O CMS FIKEIEF DOfFH
(B D HFSE : BT-CMS OJFRIKE I L B2 D
A5 ORFT9 & /87 B DERE 234 L ORF79
NI hary NI TEICEET S 2ZEE2HL
T LTz,

nad? cox3d

cox?
alpé
Mitochondrial genome

564,186 bp

Mitochondrial genome
434,735 kb

LD-CMS & CW-CMS |2 >W T b= RU T
7 O IES 2 PR E L, DDBJ I8k L
7~ Gk E B AP011076 3 LY AP011077),
CW-CMS 2 bz RUTH J MCHA O&EIR
FAEE L LT, ORF307 % R LT-,

(2) HEVERTRTBIMAE SOV T O FHE
BRI D# 2 VT T LA @i 2170, Th
FNDO OMS IR 2RI T 0 7 7 A V&R
TR, LET DA T BT E LB
HNMZ LTz, CW-CMS OREMEAR TR ELZ B 59
7T AT 7 AT 7 X —EEMLET DCWIL
R EERBELMNI L, SFEFED CMS ZRHEDTE
FyERE, 2 h = RV 75+ RFLP, B X
O, Bl TFREOT LA BT 2 i+ 5 2
LT, 2 v RUTH I AOMEPENE
fRTFDRBAZ — v LT RE DFELLE (2
MOTELBEHELTWAZ LA RL, 2 bz
U RU TR OEMEREL TWD EEE
fm L7,

(3) FMEIRITEHEHE DMEAT : BT-CMS D Fak[RI1E
WA RFI X RNA aty o 7 %@L T
ORF79 OFREZFLET D Z L #BH LM LT,
CW-CMS D FaPEEIE 1, HEEERH OB
RUS DFBC LD L E2R LT, RUS X
acyl—-carrier protein synthase FAA L ®
— W EFFOMEBERHO X v X H e a— K
LCWz, RUS 13 b RU TIhBEEA~D
WATY 7l (v ka7 L— RHEED
kDM EZZ T D ENRBEINT0,
RETROGRADE-REGULATED MALE
STERILITY  (RMS) &4k LTz, RUS DFEBLIN
N Lo CTRMEIEZFIEEZT L), fill
fraddTinEF Mo TN =—
IR MERIE Y AT A ERAT LI ENT
=7,

LD-CMS DFetERIiE &R T RF2 1%, 152 7 2
BN RDBZ TV ) v TFHE NI E
a—RKLTWD I EEHLNIZ L, RF2 X
RNA fEAEF— 7 ZFfl=7, RFL &3R5S
B U WM A O Fe M B EFERE DN AFTET D 2
EEWHLMT LT,

BREIETR (vs) BEESOIO05(T

BT-CMS Rf1 LD-CMS Rf2 CW-CMS Rf17

JaE—4—
i RMS REBHIH

m I—RJZ A-)T' N7

Al AT Sakr7AD X spavkyzmso
I"‘ag n2 RELTFLBE
TEY
atp6-orf79

BEA PPR

GRP
Totvd

CMSREZH %

orf307?
CMSREZELEZHSD  CMSREEMRT S

(4) <FLESF, A7 b, SRORLE>
ARBFFRIC L0 | HEVEARFRFE B & FatElel1E



HWiEEZI ha L R ThbE~DL b s
L— R 7 F Vo T CHEET A&
DTETe, A FOMIEHEM:AT & FatkR1E
DA B = RALH TR %5 25 D78
L3, I hary R TIBGFS L e s
L— R 7 F U v I B S BRI A i 42
Lot
BT-CMS/Rf1 1L CMS JRIK 2 il 9-2 & A ),
LD-CMS/Rf2 1% ICMS IR Z 72720 B 2 A 7).
CW-CMS/Rf17 1% TCMS JRIK % 425 % A 7
EWVW)ETIILERIE LT, AR, BiE R
Far RUT DY ) LEREL S BT
WCHALMNITBEEBIZ, N TV v RTA
ADBFHIZHRT 2D TH D,

5. ERRERLE
(RFFEAREESE . WFZE 038 M O HERFZE 3 12
X THR)

UesERmsC) (B 21 14)

1. Itabashi E, Iwata N, Fujii S, Kazama T,
Toriyama K (2011) Fertility restorer gene, Rf2,
for Lead Rice-type cytoplasmic male sterility of
rice encodes a mitochondrial glycine-rich protein.
Plant J 65: 359-367 (&#HiA V)

2. Fujii S, Kazama T, Yamada M, Toriyama K
(2010)  Discovery  of global  genomic
re-organization based on comparison of two
newly sequenced rice mitochondrial genomes
with cytoplasmic male sterility-related genes
BMC Genomics 2010, 11: 209. (&4 V)

3. Fujii S, Yamada M, Fujita M, Itabashi E,
Hamada K, Yano K, Kurata N, Toriyama K
(2010) Cytoplasmic-nuclear genomic barriers in
rice pollen development revealed by comparison
of global gene expression profiles among five
independent cytoplasmic male sterile lines. Plant
Cell Physiol 51: 610-620 (##HA V)

4. Kojima H, Kazama T, Fujii S, Toriyama K
(2010) Cytoplasmic male sterility-associated
ORF79 is toxic to plant regeneration when
expressed with mitochondrial targeting sequence
of ATPase gamma subunit. Plant Biotechnology
27:111-114 (&FA V)

5. Fujii S, Toriyama K (2009) Suppressed
expression of RETROGRADE-REGULATED
MALE STERILITY restores pollen fertility in
cytoplasmic male sterile rice plants. Proc Natl
Acad Sci USA 106:9513-9518 (##iA V)

6. Fujii S, Yamada M, Toriyama K (2009)
Cytoplasmic male sterility-related protein kinase,

OsNek3, is  regulated  downstream  of
mitochondrial protein phosphatase 2C, DCW11.
Plant Cell Physiol 50: 828-837 (##if Y )

7. Itabashi E, Kazama T, Toriyama K (2009)
Characterization of cytoplasmic male sterility of
rice with Lead Rice cytoplasm in comparison
with that with Chinsurah Boro Il cytoplasm.
Plant Cell Reports 28: 233-239 (#HiA V)

8. Fujii S, Torivama K (2008) Genome barriers
between nuclei and mitochondria exemplified by
cytoplasmic male sterility. Plant Cell Physiol 49:
1484-1494 (&FiA V) (FfFkeeL)

9. Kazama T, Nakamura T, Watanabe M, Sugita
M, Toriyama K (2008) Suppression mechanism
of mitochondrial ORF79 accumulation by Rfl
protein, in BT-type cytoplasmic male sterile rice.
Plant J 55: 619-628 (##ifT Y)

10. Fujii S, Toriyama K (2008) DCW11,
Down-regulated gene 11 in CW-type cytoplasmic
male sterile (CMS) rice, encoding mitochondrial
protein phosphatase 2C is related to CMS. Plant
Cell Physiol 49:633-640 (##HiH V)

11. Fujii S, Komatsu S, Toriyvama K (2007)

Retrograde regulation of nuclear gene expression

in CW-CMS of rice. Plant Mol Biol 63: 405-417
(EHAY)

12. Okuzaki A, Shimizu T, Kaku K, Kawai K,
Toriyama K (2007) A novel mutated actolactate
synthase gene conferring specific resistance to
pyrimidinyl carboxy herbicides in rice. Plant Mol
Biol 64: 219-224 (&HiH V)

13. Kawanabe T, Ariizumi T, Kawai-Yamada M,
Uchimiya H, Toriyama K (2006) Abolition of the
tapetum suicide program ruins microsporogenesis.
Plant Cell Physiol 47:784-787 (&#iA V)

(F=yER) (Bt 109 1)

1. Toriyvama K, Fujii S, Itabashi E, Kazama T
(2010) Molecular comparison of fertility restorer
genes, Rfl, Rf2 and Rf17, for cytoplasmic male
sterility in rice. 3" International Rice Congress.
Nov. 8-12 2010, Hanoi, Vietnam. (0 ZE%83%)

2. Toriyama K, Fujii S (2009) A new resource for
hybrid rice breeding---cloning of fertility restorer
gene Rf17 for CW-CMS. 6™ International Rice
Genetics Symposium 2009, 16-19 Nov 2009.
Manila, Philippine (8% %)



3. Toriyama K, Fujii S, Toda T, Itabashi E,
Yamada M, Kazama T (2009) Molecular analysis
of CW-type cytoplasmic male sterility and
Rf17-mediated fertility restoration for hybeid rice
breeding. The 14" Australian Plant Breeding
Conference and 11™ Society for the Advancement
of Breeding Research in Asia and Oceania
(SABRAO) Congress 2009, 10-14, Aug., 2009,
Cairns, Austlaria, (P JEFEFR)

4. Toriyama K (2009) Comparative study on BT-,
LD, and CW-type CMS/fertility restoration in
rice. International Conference for Plant
Mitochondrial Biology. May 9-14, 2009 Lake
Tahoe, USA  (JA7Faf 1)

5. JARIEE - BEHHK - BILERER (2009)
R HEVE R Fe A R DT D B2 TE -
D, % 50 Bl A AR AR FESESY T T4 b
=T 4T B EREMAN TR T T —
vav”/ GEHEBERFE AGTE.3H20H)
(FAAF 3

6. Torivama K, Fujii S, Itabashi E, Kazama K
(2008) Molecular Studies on BT-, LD- and
CW-types of cytoplasmic Male Sterility in Rice.
Frontiers in Sexual Plant Reproduction Ill, Oct
17-19, 2008, Tucson, Arizona, USA  ([IHHZE
)

7. Toriyama K (2008) Toward understanding the
molecular mechanism of cytoplasmic male
sterility/fertility ~ restoration in rice. Rice

mini-symposium July 23" 2008, Cornell
University, Ithaca, NY, USA (4% :#7#)

8. JAMAEZ - B E (2008) A %
DAE I AR IZ B4 % PPR & s + O fi# #7 .
PS4 p. 88, 49 Ml H AN A HE R
2 (fg= v a k& —, fLig, 3
A 21 B) (AFFHER)

9. BLgkEk (2008) o wFetElaliEE D7
0 —= 7 L BEBERENT, BRI 10 (B 2)
p. 28, HABMPEL VRI YL (RIS
K%, EZR, 10 A 11 H) (B

10. Toriyama K (2007) Molecular analysis of BT,
LD, CW-type cytoplasmic male sterility in rice.
The 5" International Symposium of Rice
Functional Genomics. Oct. 15-17, 2007 Tsukuba
Japan (FEE¥EH)

11. Toriyvama K, Kazama T, Fujii S, Itabashi E,
Iwata N (2007) Toward understanding genome
barriers between nuclei and mitochondria

exemplified by cytoplasmic male sterility in rice.
International Congress on Plant Mitochondrial
Biology. Nara, Japan June 25-29, 2007 (AfF:#
i)

12. Toriyama K (2006) Molecular study on
cytoplasmic male sterility in rice The 100"
Anniversary of Tohoku University, International
Symposium Frontiers in Rice Science— from
Gene to Field. Nov. 6-8 Sendai (A4 1#)

(XEF) GF41F)

1. BILgREk. MMIc & > TORBT LA v
WHEDLNCDEE 3 HixREmR< D2

{LZRAN PR H AW AERSS
s HYoT AEHE (2008)

2. Fujii S, Kazama T, Torivama K(2008)
Molecular  studies on cytoplasmic male
sterility-related genes and restorer genes in rice.
In Rice Biology in Genomics Era, Biotechnology
in Agriculture and Forestry 62, 205-215,
Spriger-Verlag Berlin Heidelberg, Germany

(PE & PEAE]
ORI (Gt 5 1)

L ZFR A3 COW BUREME AR IR (2%
DM B AR T L OFePERIE 51k

FEUEE - BILERER - FEHRR

MR« S ILERER - FEHHK

FEEA : HEF

FE o KFE 2008062879

HFE4EHA A - 2008 4 3 A 12 A

EWNs DR EHN

2. ZFR AR OW BUHEM AT E 1S %9
DRI B AR 1 & OFetERIE 77k

FEUEE - SILERER - R

MR« B ILERER - FEHHK

FEYE « R5FF

8- . PCT/JP2009/000753

HFEEEA A 2009 4 2 A 21 A

EWNA DR [EFh

ORI (Gt o 1)

(& D)
R— L= U5
http://www.agri.tohoku.ac.jp/bioadp/Pukiwiki/
index.php?FrontPage

F Lt {EHoREEALMEH] HAAK
Hox THAERZFo#F i) 2007 4F 12 A 3

H T — 7 A 7 URL
http://www. tohokul00-tv. jp/thisweek/071



203/index. html

6. AFFERERR

(D) W7 Rz
Bl #kEk (TORTYAMA KINYA)
WAL K « KRBTSR « 2%
W78 3% 5 © 20183882

Q) WrFepHE ML

(3) HHEAF IR
A 22 (KAZAMA TOMOHIKO)
WAL KT « KEPLEEIERL - Bh#
WF7eE% 5 30431464




