PEALAHL Y 4R . 2020,40(9) : 1617 — 1626
Acta Bot. Boreal. -Occident. Sin.

doi:10. 7606/j. issn. 1000-4025. 2020. 09. 1617 http://xbzwxb. alljournal. net

EHY AR REEART S &AL

& ONLF RV EMAEEAR . RRERFES

PGB RO B2 B 35226 F TS5 BT M & 330200)

M E M BUREPEARF (eytoplasmic male sterility, CMS) Ji 4% 3 A 41 5 20 il 5 3 P 4 22 8] A B3 9] A 3 2K
B — R EEPE S B SR MME 28 B r] DU 2 SR b IE W 45 S0 BRI G, 7E4E )™ |, CMS 2 W 2= 28 I B A )
THMZMEAF I E LR, X CMS 43 F HLHI BT 2 A SR R FR AL — B DR #2058 10 #4m L 2R
HHLHIBF 5 HAH XIS o %SN3 B Cor f5) TE ML RFAE B 43 28, 36 R 5% SR 164 (RNA 45 58 19 45 05 &
5 CMS 195 F S BRI RHAE A3 25 O CMS 136 245 3 /N J7 T 43R T 30 45 6 A 0 ML J5 e 1k AR 3 1) L 1
WFIEHE R U — 2D AR AT 4 F AL 4R AR i 5%

KRR AF R G LB/ T AE s RNA Sl s Bt R 7 T O R P Mk At L B T
FESZES.QI43; Q343.374 X EARERD : A

Cytoplasmic Male Sterility (CMS) and Mitochondria in Plants

LEI Gang, FANG Rong, ZHOU Kunhua, HUANG Yueqin, YUAN Xinjie, CHEN Xuejun"

(Institute of Vegetables and Flowers, Jiangxi Academy of Agricultural Sciences, Nanchang 330200, China)

Abstract: Cytoplasmic male sterility (CMS) is a natural phenomenon caused by the disorder interaction be-
tween the nuclear genome and the cytoplasmic genome, in which the male organs are abnormal and the fe-
male organs can accept the foreign pollen and develop. CMS is a powerful tool for plant hybrid seed pro-
duction and an important way to utilize plant heterosis. Molecular mechanism of CMS, the basis of its ef-
fective use, has been a hot research, but its mechanism research is relatively lagging. In this paper, the
formation, characteristics and classification of mitochondrial chimeric genes (orfs), the characteristics of
post-transcriptional modifications (RNA editing) , their relationship with CMS, and the characteristics and
classification of gene translation products and their relationship with CMS were reviewed in order to pro-
vide theoretical reference for further analysis of its molecular mechanism.

Key words: cytoplasmic male sterility (CMS) ; mitochondrial chimeric genes/open reading frame (ORF);
RNA editing; energy deficiency; cytotoxic protein; programmed cell death (PCD)
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MMIEAS B AL o 7 R 2 2R T T X CMS #Y
RAENURIES AT TR, KE O g R R YL
AR L TR ZH A B A A B R S A 7 A i S R/
FF AR 52 HE Copen reading frame, ORF) , H 45 15 =
Yyid ) £5 BhE X 5E ma Ze R R TE 5 T RE, AT B
CMS R4 . ABFTER AR R 5 SRR A L tE )
CMS W AT 2538 S R AT SE AR IR 22

1 kil & RN (orfs)5 CMS

RRIE R A5 [ 53 A3 Xk A
e PR A A R 1Y) I 1) & A A i Al (R IR A A
A XKL i A B GBE or £ 37 orfs i
AL LR R T RE L, 5 H R S E 4 H
A3 B 4 B L 2R R W 2 ORL A L - 45 38 B Y I R
itig. &5 M1k, B 2L CMS A1 G5 K Bk %,
Ho KR ZHEN 5 Lok Rk L s E AN,
MEEYW 1 (nad?2.nad5.nad9) . EE5WN (coxl,
cox2) ZEWN Catpl.atpd.atpb.atp8.atpI)H
K(E D,

WOEE AW 1 MEE CMS ZEH ., 78
JEHEYEAR T Z (CMS-nap) H,0r f222 5 [ X PFERY
nad5 W 3 AN T T F1FF B I HE or £139 e %
FE L ERIER Y LT nad2 FUHEY or fB 5 H A
B BR T S5O RESE N LR R L KRS CMS-RTYS
) CMS JE 7 or 113 ) 5" M3 51 — 151 & +11
Xk 5 nad9 E"JEJ*IZ@U?W%%*HE\M °

OE5REWN KK CMS KW, KEEH W
orf79(CMS*BT)5’|ZbJC'—? cox1 FEHIARMI, i or-
FH79(CMS-HL) 5 cox1 Fl cox2 JEH RS, &
FEHRG A IEE Pof W& T cox2 4 4 65 )7
I VR CMS K or £725 1 5" 3405 T cox 1
JLFAEREs Y, ERSE T, CMS W G-cox2 &2
— A C W4 T cox2, NFE CMS KA
or f256 Fl or 2607 B& T 5 cox1 78 5 MFE F ] —1
Z —228 Kk ¥ 51 [7] Wi Ah L 38 45 AL S oA
A CMS 1, 0r£456 Fl or f507 5470 T H E i 10
cox 2 FHE I

BOE5EAWVMEM CMS N, FEEZEY
VX IEE S, arp6.atp8 Tl arp9 Hi Z 3 K&
CMS HEH L K., B atpb 25 orfs 5%,
WNAEK ARG CMS-BT,CMS-HL Hil CMS-LD 1, atp6
I T CMS £ orf79 CorfHTO WY ¥, I 5
CMS 2 [H JE 5 37 3 32 or £288 (CMS-haw) 5 1
VR atp6 HEE SR N 2. 3 kb R BE Y &% 5% 7

YR i AE CMS-pol H,0r 224 5 T UiF atp6 4%
7P 2.2 kb R 1.9 kb B XU 5 AN
A sarp6 W5 HA or f5 F54 8% 43 57 ) [5] U8 , a0 &
3 preSatp6™™ | E K atp6-C KM or f456
or 507 Mk atp8 HEEEIEY CMS 3R
MIEA BV X &R, T3 MRS CMS 33
or f125(CMS-Kosena) #1 or f138 (CMS-Ogura) 5
atp8 i 2 A sE CMS-pol #l CMS-nap H7,
orf224 5 or f222 45 79 % B FNAREL, Horp o f224
WETE ap8 FIERSAE N or fB 1Y g 5 X 3k A1
513 ¥ A S Ah, 1 H %5 (CMS-PETL) or-

FH522 438 atp8 i 57 bp BIFEHIS, B, atp9

5 CMS R EZZFHIFIE . £EK orf77 5 atp9
(1 2 ) X 0 AR AL L T 5 o £107 S B 7= ) A 3
KuGE) 31 MEIEMIEIE S ATPI 47 84X AHM 5
A or fAS01 FIVER or 725 A& T atp9 HIHR 4>
FEHIN 2 AR A Pef SEHBA T arp9 B 5 I3
J 87) 1 A S 0 B BB XS L A aep 1 CAD AN
atpd )5 CMS 5 H 5 S50 7 A FR Ik 1 5 5% 7= )
(£,

(4) 55 HAth e P58 5K J1 T 51 AR G 1) CMS S A
BR T SRR R L R S W B RR i CMS
FEH A — 28 or £ A3 & HAR IR SR A T 51 . K
i CMS B[ WA 352 (CMS-WA) Fil or 352 (CMS-
RT102) 42 &% 3 A #fE W Ay 26 k0 AR FF ik 1) 152 AE
or £284 ,0r 224 cor £ 288 Fl— B A< 1K U ) 5 2
TEKFE CMS-CW 1, 0r 307 405 orf288 fii T N
A 294 bp FEFI A HKIEF . BN orf463
(CMS-Don) £ %% cox1 HJ 128 bp FF %M1 1 261 bp
F M AN I S AR ROk 1A T BE 5L X B
0 or fs WEUFB AT LS8 CMS 1 & B2, el ke, 8
NI orf138 (CMS-Ogura) M H 7 i CMS %t
orf125 (CMS-Kosena) . £ & #| [7] H % H ¢
FIO AN 8 or fs A HA R IR 9 51 L
17 (CMS-Sprite) ) CMS HH PVS 7 3 A FF
T I8 32 AE or £f98.0r £97 Fll or £239 ,HA orf98 oy
M2k iz RNAGRZETR) N & FIp s,

2 ZRkifk RNA 4% 5 CMS

RNA & 02—~ 52 22 10 5% 55 I 16 1 A0 ] 42 id
e IIREE AR E B R E B, eI Aok
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Table 1 The characteristics of CMS genes (orfs) and their encoding proteins identified in plants
Yy Fh CMS 228 CMS ZE:[H (or f5) 2 B 2 R AT 2% 3k
Species CMS type CMS gene Protein property Reference
CMS-WA rpl5-WA352 X 1 Membrane protein [27]
CMS-BT B-atp6-orf79 (coxl and cox2) 1  FE M H Transmembrane, cytotoxic protein [7]
CMS-HL atpb-or fHT9 (coxl and cox2) #FPEHEH Cytotoxic protein [8, 33]
= "MS-C C
KA » CMS-CW or 307 UK [29]
Oryza sativa CMS-LD L-atpborf79 UK [34]
CMS-RT102 rpl5-or 352 M (3 /I\%H}Eéﬁ #38) Membrane protein with three trans- [28]
membrane domains
A N i ; ; .
CMS-RT98 orf113-atpt-cord (nad9y  AEITCL A BB LG 30 Membrane protein with one trans (6]
membrane domain
CMS-timo pheevi orf25 UK [35]
T. (:JK\S%‘UMHI or f256-cox1 (coxl) 7 kD % H 7 kD membrane protein [12]
CMS-(cr)-CSdt7BS or 2607~ cox 1 UK [13]
. . 26.2 kD M (2 PN EZE M) 26, 2 kD membrane protein .
CMS-pol orf224-atp6 Catp8) with two transmembrane domain (36]
iﬁﬁ:fiflj% CMS-nap or [222-nad5c-or f139 (atp8) 26 kD 1 26 kD membrane protein [4]
' A i ok . .
CMS-ogura or 138 atp8 20 kD B (1 B4 f@ﬁ’j}) 20 kD membrane protein with [21, 37]
one transmembrane domain
IF SR CMS-hau atp6-or[288 # M [ Cytotoxic protein [16]
B. juncea o K h ) y P
B. tournefortii CMS-tourne fortii atp6-orf263 32 kD iR 1 32 kD membrane protein [38]
P CMS-8982-4 orf220 (atpA) 26 kD Hi/K & 1 26 kD hydrophobin [39]
B. juncea UK nad2-orfB (atp8) 18.1 kD Hi/K & M 18.1 kD hydrophobin [5]
CMS-T urfl13-atp4 13 kD F P 1 13 kD cytotoxic membrane protein [40]
Zea mays CMS-C atp6-C UK [19]
CMS-S or f355-0rf77 (atp9) UK [24]
S{”,ghll“jﬁmﬂw CMS-A3 or 107 Catp9) 11.85 kD /K2 4 11. 85 kD hydrophobin [25]
CMS-Owen preSatp6 35 kD i85 H 35 kD membrane protein [18]
E
B it . CMS-G G-cox 2 31 kD 45 %19 COX2 5 H 31 kD truncated COX2 [11]
eta vulgaris
1-12CMS(3) orf129 (cox2) 13 kD & 14 (i A 3 5 ) 31 kD mitochondrial matrix protein [41]
CMS-PET1 atpl-orfH522 Catp8) 15 kD #PEEE 1 15 kD cytotoxic membrane protein [23, 42]
- ooa 11.1 kDCor £288) .6. 7 kD k2 4 (or £231)
CMS-PET2 orf288-orf231 (atp8 and atp9) 11. 1 kD for orf288 and 6.7 kD cytotoxic protein for or f231 [43]
] H 2 orf228 (atp9)
H. annuus orf285 (atp9) UK [44]
CMS-ANN2 or f1197 X2 1 Membrane proteins [45]
CMS-MAX1 orf1287 B H 7 /]\%Hﬁé#*@bﬁ) Membrane protein with seven trans- [16]
membrane domains
A o . . i o : 43 kDU T 5 19. 5 kD) 2 Al i 41k 48 11
P. hybrida CMS-petunia Pcf Catp9/cox2/urfS) 43 kD(19. 5 kD after processing) mitochondrial soluble protein [9, 47]
CMS-Kosena orf125- atp8 17 kD JFi#E 14 17 kD membrane protein [20]
W i Ny ; . : : s
f? l\ - CMS-Don orf463 (coxl) ﬂ;-\Eu’uz I E%Bﬁfn%ﬁ() Membrane protein with 12 trans [30]
R. sativus membrane domains
CMS-Ogura orf138-atp8 20 kD i85 H 20 kD membrane protein [21, 37]
B cox2-or {456 (atp6) 17 kD E#E 1 17 kD Membrane protein [14]
c g CMS-Peterson
ce cox2-0r f507 (atp6) # 1  1 Cytotoxic protein [15, 48]
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%:2% 1 Continued Table 1

Yy CMS 2 #1 CMS L Cor fs)
Species CMS type CMS genes

i 2 1 REAE 2% SCHK
Protein property References

orf218-atpl

/K (2 2K 3D Hydrophobin with two hydrophobic do-

mains

T S A S R o ¢ i wi .
S. melongena UK or f312-atp1 HEHEH ’(,1 i %ﬁﬁ/u #4138 ) Membrane protein with four trans [49]
membrane domains
orf227-atpl ] %M Soluble protein
W ) orfB (atp8) ATPS8 2K # 4 Similar to ATPS protein [50]
D. carot CMS-petaloid
. carota rrnS-atp9 UK [51]
Al hflm;';_e pa CMS-S orf725 (cox1 and arp6 and arp?) UK [10]
wH CMS1 or fA501 (atp6 and atp9) 18 kD fi& 4 18 kD membrane protein [26, 52]
A. schoenoprasum ’ © ane p ’
or f97 UK
) orf98
P. - [J)‘ . CMS-Sprite (M- 552 RNA 10.9 kD 45 4 10. 9 kD membrane protein [31-32]
- vuegarts Chloroplast tRNA)
or 239 26.7 kD i 1 26. 7 kD membrane protein
1 UK 78 CMS 28 8 sl 4 55 25 11 R 5 — RO or fs 5 FUB e PR L S8 s 435 45 vp i) BE PR 3R OR o fs A 23 LR 43wl £ 98 % 571
Note: UK represents unknown CMS type or encoding protein; — represents that orfs are co-transcribed with other genes; The genes in brackets in-

dicates orfs contains some or all of its sequence

W2 MR R CMS 1 &k A 5 2ok (4 358 R 1 §%
PRI B B R RNA g dE A o6, Helar
TR B 2 ik AL B BE W ) D) R R R T S 3K
CMS iy & B2, BRI AT R P arp6 %
PP RNA SR> 38 CMS, i F, 1 F, 4R
MEMKEE arp6 Hst ARG RNA HifEA
U FLX R RNA a9 53 B 41805 54k
REHEAEL G P, KREAF R NJCMS2A 1y
atp9 BEF YA KA RNA 4 5, 1 76 14 15 R
NJCMS2B i 2 7 A7 F £ 5F X 1Y 2 A G 8 47
ST R IR 22 B R T A8 U K 11 5 AR L TR B
BB M AR . R KRS arp9 5 EAAE
FE 2 RNA i 5807 8, 78 PR FE F v 4 8060 4 20 R
BT AR T AT MAE R atp9 FsEAR
T G 7 RN 1k 5 1, JE vk B3 B AE R T g
M Y, BeAh , B R AR E R (CMS-S) Y
or 17 5 atp9 JFF IRl LEARE RN T arp9
FIEA (R 2 5 07 S 1 & AR T RNA S35, 10 orf77 K
Y 8 o B g L, X LB SRR or ST BRI T 5
ATPY HA TE 4 1Y C-uify 5 15 45 F Sl AR L) 17 A
AL Z K .

SR TE K R EF I AR B R (CMS-WA) Hr, B
ARG or B e SeAT Rk 7] 33 CMS JE A%
B CMS % 5 B MM T K Ji 48 19 or B e AR
R B A ST I CMS M 56 A9 3L 14 1T i
Pidm, (H g E S CMS W & 4 %A 0IR &

FY L AR RNA SR arp 9 .25 2K 1Y 18 5 F0 %
HRAE AR h B R B v 3 AR S8 1 arp 9 Fe 3L A A
WA ET CEAREF M FHEE ., EET 8
ANERBIARIE R Carpl.4.6.8.9 Fl cox1.2.3) TEHR 4L
CMS 45 2 KMk & P RNA 4 841 %5, Suzuki
SR 8 AL PN G BB AT TE 3 A [ i B ) 22
Bk R B E K, I RNA 4ififE CMS
(2% 5 ] B8 I R — 2 & 51 & CMS 1 I [, 9 26
R P RNA g 45 52 4% 5 TR RS i

3 ERAAIRG orfs HEH S CMS

TEAEY) CMS AR AR ik £ 2 I 283608 L RNA
I 4 e 4 R LT BB S RO A L LA B e Rk
PRIIRE , 3F 1M 52 WA B 12 79 7 AR 5 LR, aX 6 2 11 ]
FAT 40 75 1 72 AL 25 20 2020 i (5008 )2 Bl 76 4n
) R S BB R AE 25 kT B Ah SRR Ik
T fE 5 W 1 BE UG M % (reactive oxygen species,
ROS) B3 7. ROS fih % sl B 452 5 5 F 1 HUH R
F/NEF R M SE TS (programmed cell death,
PCD) , 43 51l 7= A8 fil F R B F IR A F (B D,
A FE N BE &R T FEVE A R AR R PCD X
CMS 7= LE LA AT 0 R 2R R .
3.1 BEEFRFRE

FE 24 % B I B R Y RE L 2 i A6 20
YR )2 A0 v AR AR e A D A v Y
RE LT ok LR R Ty R B R L e ATP 7= A4 4 1
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The black arrows represent the content of this review, with dashed lines representing transmembrane transmission;

The grey arrows indicate later studies need to be carried out, with the dotted lines indicating possible interactions

or unknown mechanisms; The frames with solid line represent the CMS models; The dashed frames represent

the signal molecules; The mtETC indicates the mitochondrial electron transfer chain

Fig. 1 Possible mechanism of cytoplasmic male sterility (CMS)

R METERL T AT . ORI A0 M v e T Y it
RE B R AL AN TG 3 90 %0 AU RE B H AR P S
M 31 CH ) B 1, 38 ek H 1% 338 i 0 156 0l 1 1k
PR ATP, A B AR B8P 0 4% 52 6 R oY BB 1Y o
Bk,

(D W W 55 5 A W0 IE % DI RE . I BE A
A4 1 (NADH BLER 2 A9 I Gz BE-40 i R
c WEEH EZAEYN AR aR o Qe AR
M IBE, I0K H 5 3 N BEAME B B H B
ELOHT B ESE AWV (F,F-ATP & ) ik AR
DY IT AR I R 1k & B ATP, 28k 44 3 5 4 & HE ™
A or fs 3B E 5 SRR N I HE E A TR B E 8 )
VR E A S5t g 5 2R 1 T B 5 A2 G AT T R i)
HIE#HIhfe. (K%L BN KR ORFH79 & H
(CMS-HL) wJ #1 il 2K fizs 41 P R0 T B 1) A= 4[] ) A
) ) P I SRR AT 72 0 A 0 S ok
RE AW AR, 5802 BN 6 F o i RS
BEARDS, FERESE . C w4 M COX2 B (H &
YIIV) SEA MR o BALTIE PR T 50%0
B or 507 5 cox2 HHE 56, HARF RGN 1 40 g
% ¢ FALBEIE S [ ORF507 5 ATP6 7
HAESFH ATP & 86 MR RN, LRk FOF -
ATP &k T ATP & B, i A ATP K fif i

PO B Warp6-2 = —A 3 U g A X 4E B TR
atp6-2, FLFEWIM T F,F,-ATP & B v, JE 42
HEATP K% ™, CMS %W orfB 5 atp8 Il
U, H g i F F-ATP & B A9 4% 0 0 3, 10 H 3%
or f522(CMS-PET1) %i 4 # 1 ORF522 5 ORFB
) N I 19 S B AR [H] , H R IK T30 ATP & B G
PERE AR, e 4h. i 3% ORF222 (CMS-nap)'™ |
ORF224 (CMS-poD ", # h ORF125(CMS-Kose-
na)™ L ORF138 (CMS-Ogura)“", [i] H 2% ORF288
(CMS-PET2)" Je3F 3 M % N # 5 ORFB
[ U8, AT REAL J2 30 3 F2 i ATP 4 B35 P (% ATP
K el TR A B CMS & 4.

(2) 5% M) 2 R A P 5 5 3 M 4k AR 1R B 7
M6y ATP & AR I 7 3h Iy, IR 58 % 1
ARIE H B EIE MR A, £k CMS-T 5571
FEH T-ur f13 A% —A> 13 kD, 05 3 485 I 45 4
BB R AN IEE 1 URF13, 5 T % Z HEAEW 1
CMS-T FERZORAAR R 7= A5 5 7K FL T 52 ) Py 119
BEETTY L AN AR 2 CMS JE DN g i AE B B
JREEF IR (R 1), H 5 P BB 45 G 7T B 23 52 ) Py 1Y
S5 K RN R A R DT B KBS P A0 T R R, R
ATP &

3.2 EMEQER
WIS R V2 LBAR orfs HRESME A, I E
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k URF13 (CMS-TOM™ [ i) H %8 ORF5227 [ % |
ORF138 (CMS-Ogura)'™ | i 32 ORF288 (CMS-
haw)"® 7k ORF79(CMS- Boro Il & CMS-BT)'""/
ORFH79(CMS-HL) ™ % %} K iz #T B 5 % £ A 2
Mm (R D, HAEMY PR R S8 CMS &
A FEMHE R Gk 1) H 2% ORF522 £ (orf522)
S B L N A AR R T W orf522 UL
WG NOR F AR B K Y. [ RE B
or fT9CCMS- Boro Il ) [ 7K 8 H ¥k 3¢ B0 I 1 A
FEE ) o G RS R N W R T
A1, TEMHE . E oKk URF13 5 T-toxin 45 & 78
LROBLAAR P 7 A LR S AL AT IR, & 5 Bk
AR B2 Ml | FRL A3 42 2 40 B BT T AR T A A 4 Al
Jorp 3k R RS CMS & A B ML AT SR
KA,
3.3 RE PCDEHE

AT i CMS A 26 35 PR A8 o i 5 30 A0 20k 1A
T RE B R L B 20 T B8 5 B0 H )2 B9 7 i 4i il i
BIF Tt (PCD) . TEAEY) , PCD J2& H £ ki
TARAR 5 ol % B4 2 R L 30 400 200 9 T ) — ol 440
A, ROSHEEMBZSHLERERMEEE c N
27 VR B i ) 40 i B PCD 77 A il {5 5,

A P T 7 AR 24 TP R B RO IRC T iR (1R
T FL TR (L 24 BE) 2Z [8] /) DR L 17 46 24 BE Je )2
P4 28 2 A0 i e o FR B HGE il A PCD
fifp XoF /N 1 % R B R ) R O T
R SAER ) PCD ¥ & S B AT, 1
I H2E CMS-PET1 {625, 4i i 3 o MNZbith R
JHCE AL ik 2 TSR 2 4N i R % 2 PCD,
Bt J5 1 6 24 e 2 41 & GESY . ORF522 % [ 1
CMS-PET1 £ 25t FL RGeS i F, F,-ATP [ Al
M o ST BT P 5 R A 5 g R e 40
R ¢ AL 2O M a2 ¢ BRI, BN ik A2 4R
(1 PCD 1 A BB . 1 22 0 5% 26 B 42 b 1k ) il Bk fq
M H B W I A L R ROS AR
ROS Al IME NG S & 825 PCD s &, 7k
i CMS fb 2y b WA352 1 5% 44 5 1) COX11
(OsCOX1D) B AEBHAS T HAE i S A AR o ) T hg

S X

[1] CHENL T, LIU Y G. Male sterility and fertility restoration
in crops[J]. Annual Review of Plant Biology, 2014,65(1):
579-606.

FEROS WkR K MM AR ¢ BRI, #E1 il & 1
B HEZE PCD S804 T R F . /b
2, PCD Ry # ROMNIE R & 4 5 ROS 1Y sh & 481k
R —E R RN A A L, PCD R 4E R
AR S ROS A8 fE %)

4 A B

LR 3L PR 2] HE AR CMS I Corfs) s
Hog i 2 1 HL A 40 2 4 v 5 80 CMS W kL 1
HUHI AT EE 55— D5 1 or fs HifSE A S5 RiiA R
B R TR, B mE R R kR T RE . (1) B3
ATP & BFEAC, R 05 7 A WAL 2 F 5 (2)
[ B A B ROS 384 7 Az 48000 W 36, 458 0 40 i o st
R H 4% (HROS H Rl (% ¢ BB, ™
4 PCDES . R HH PCD S5 CMS &4 (& 1),
SRTTAR ) 1) FL A 2 ZUR 25 5 R R B B S 3R
S A 2 HLE R 45 CMS 3 [ (9 41 21 (B8 B 5 S
PERIR? BN R BRI A B A7 A A orfs
KA SR A L PR 8 - 2 A 56 PR 91 R SRR T8
FE1 L 33 86 oK 201 7 B AE CMS & A i 7 v i 4
KM, fe e 2R RS AU B 5L R B A
R B FHE S S BN A B R AR L AR T
FL )8 3L DR Bl 2 B0 H ZDAR AR S8 L Hrp b 8 A
SERAIL T A Bl 9 TR 45 5 B0 I A A L R K i HE T
Ao RE R A

H CMS B4 & 8 Lok, & Az HL 8 BF 58
BT E A0 L 4R T A K O 2 D GOk AR Ry
AR MERAR IR S or fs S E | TEIE [ 3638 %5 Ok 4
N CMS KAENS., HARER. KEZERN S5
CMS 4 & Az 3t B L [ I DNA G Ab 455 2 1% i 28
5 CMS A3 5677 SR #% L R DNA 3%k 75 A8
Y CMS & A o 78 vb i 7 AL 4TS A 15 2 — 20
75, CMS REIEMT S5 EA/E . 2RSS 5 28
B HLH L FAE 2R . B Ml E gl 22 AR W
P& JE 255 A 2 20 22 B0 s R TR RNA L 2R
F IR 4, 35 = DNA &1 (FF 324k  RNA &1 |
E MBS 2 2w xE CMS 1 & L HLE 1T &R 5 IR
A SR A BT B B CMS & AR 09 40 F AL .

[2] BOHRA A, JHA U C, ADHIMOOLAM P, et al. Cytoplas-
mic male sterility (CMS) in hybrid breeding in field crops [J].
Plant Cell Reports, 2016,35(5): 967-993.

[3] CHASE C D. Cytoplasmic male sterility: a window to the



9 3

GNP ik 7/E ) U050 S N T E o TR

1623

[4]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

world of plant mitochondrial-nuclear interactions [J]. Trends
in Genetics, 2007,23(2) . 81-90.
L'HOMME Y, STAHL RJ, LI X Q. et al. Brassica nap cy-
toplasmic male sterility is associated with expression of a mtD-
NA region containing a chimeric gene similar to the pol CMS-
associated orf224 genel ]J]. Current Genetics, 1997, 31(4):
325-335.
YANG J H, ZHANG M F, YU J Q. Mitochondrial nad 2 gene
is co-transcripted with CMS-associated orfB gene in cytoplas-
mic male-sterile stem mustard (Brassica juncea)[]]. Molecu-
lar Biology Reports. 2009,36(2); 345-351,
IGARASHI K, KAZAMA T, MOTOMURA K, et al. Whole
genomic sequencing of RT98 mitochondria derived from Oryza
rufipogon and northern blot analysis to uncover a cytoplasmic
male sterility-associated gene [J]. Plant and Cell Physiolo-
gy, 2013,54(2) . 237-243.
WANG Z H, ZOU Y J, LIX Y, et al. Cytoplasmic male ste-
rility of rice with Boro II cytoplasm is caused by a cytotoxic
peptide and is restored by two related PPR motif genes via dis-
tinct modes of mRNA silencing [J]. The Plant Cell , 2006.18
(3): 676-687.
YI P, WANG L, SUN Q. et al. Discovery of mitochondrial
chimeric-gene associated with cytoplasmic male sterility of HL-
rice [J]. Chinese Science Bulletin, 2002,47(9) ; 744-747.
YOUNG E G, HANSON M R. A fused mitochondrial gene
associated with cytoplasmic male sterility is developmentally
regulated [J7. Cell, 1987.50(1); 41-49,
KIM S, LEEE T, CHO D Y. et al. Identification of a novel
chimeric gene, or 725, and its use in development of a mo-
lecular marker for distinguishing among three cytoplasm
types in onion (Allium cepa L.) [J]. Theoretical and Ap-
plied Genetics, 2009,118(3) : 433-441.
DUCOS E, TOUZET P, BOUTRY M. The male sterile G
cytoplasm of wild beet displays modified mitochondrial respir-
atory complexes [J]. The Plant Journal, 2001,26(2): 171-
180.
SONG J S, HEDGCOTH C. A chimeric gene (orf256) is
expressed as protein only in cytoplasmic male-sterile lines of
wheat [ ] ]. 1994, 26 (1):
535-539.
ZHU Y, SARAIKE T, YAMAMOTO Y, et al. orf260cra,

Plant Molecular Biology ,

a novel mitochondrial gene, is associated with the homeotic
transformation of stamens into pistil-like structures (pistill-
ody) in alloplasmic wheat [J]. Plant and Cell Physiology s
2008,49(11): 1 723-1 733.

KIM D H, KANG J G, KIM B D. Isolation and characteriza-
tion of the cytoplasmic male sterility-associated orf456 gene
of chili pepper (Capsicum annuum 1..)[J]. Plant Molecular
Biology » 2007.63(4); 519-532.

GULYAS G, SHIN Y, KIM H, et al. Altered transcript re-
veals an Orf507 sterility-related gene in chili pepper (Capsi-

cum annuum 1..) [J]. Plant Molecular Biology Reporter,

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

2010,28(4): 605-612.

JING B, HENG S P, TONG D, et al. A male sterility-asso-
ciated cytotoxic protein ORF288 in Brassica juncea causes
aborted pollen development[]]. Journal of Experimental
Botany, 2012,63(3): 1 285-1 295.

SINGH M, BROWN G G. Characterization of expression of
a mitochondrial gene region associated with the Brassica
“Polima” CMS: developmental influences [J]. Current Ge-
netics, 1993,24(4) . 316-322.

YAMAMOTO M P, KUBO T, MIKAMI T. The 5'-leader
sequence of sugar beet mitochondrial azp6 encodes a novel
polypeptide that is characteristic of Owen cytoplasmic male
sterility [J]. Molecular Genetics and Genomics, 2005, 273
(4): 342-349.

DEWEY R E, TIMOTHY D H, LEVINGS C SIII. Chimer-
ic mitochondrial genes expressed in the C male-sterile cyto-
plasm of maize[ J]. Current Genetics, 1991,20(6) ; 475-482.
IWABUCHI M, KOIZUKA N, FUJIMOTO H, et al. Iden-
tification and expression of the kosena radish (Raphanus sa-
tivus cv. Kosena) homologue of the ogura radish CMS-asso-
ciated gene, orf138[J]. Plant Molecular Biology, 1999,39
(1): 183-188.

KRISHNASAMY S, MAKAROFF C A. Organ-specific re-
duction in the abundance of a mitochondrial protein accompa-
nies fertility restoration in cytoplasmic male-sterile radish
[J]. Plant Molecular Biology . 1994.26(3): 935-946.
HANDA H, GUALBERTO J M, GRIENENBERGER ] M.
Characterization of the mitochondrial or fB gene and its deriv-
ative, orf224, a chimeric open reading frame specific to one
mitochondrial genome of the “Polima” male-sterile cytoplasm
in rapeseed (Brassica napus L.) [J7. Current Genetics.
1995,28(6) : 546-552.

HANS KOHLER R, HORN R, LOSSL A, et al. Cytoplas-
mic male sterility in sunflower is correlated with the co-tran-
scription of a new open reading frame with the atpA gene
[J]. Molecular and General Genetics, 1991, 227 (3):
369-376.

WEN L Y, CHASE C D. Pleiotropic effects of a nuclear re-
storer-of-fertility locus on mitochondrial transcripts in male-
fertile and S male-sterile maize[ J]. Current Genetics, 1999,
35(5): 521-526.

TANG H V, PRING D R, SHAW L C, et al. Transcript
processing internal to a mitochondrial open reading frame is
correlated with fertility restoration in male-sterile sorghum
[J]. The Plant Journal, 1996,10(1); 123-133.

ENGELKE T, TATLIOGLU T. A PCR-marker for the CMSI
inducing cytoplasm in chives derived from recombination
events affecting the mitochondrial gene atp9[J]. Theoretical
and Applied Genetics, 2002,104(4) . 698-702.

LUODP, XUH, LIUZL, et al. A detrimental mitochon-
drial-nuclear interaction causes cytoplasmic male sterility in

rice[J]. Nature Genetics, 2013,45(5); 573-577.



1624

mode Moy oF

Eird 40 %

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

OKAZAKI M, KAZAMA T, MURATA H, et al. Whole
mitochondrial genome sequencing and transcriptional analysis
to uncover an RT102-type cytoplasmic male sterility-associat-
ed candidate gene derived from Oryza rufipogon [J]. Plant
and Cell Physiology, 2013,54(9): 1 560-1 568.

FUJII S, KAZAMA T, YAMADA M, et al. Discovery of
global genomic re-organization based on comparison of two
newly sequenced rice mitochondrial genomes with cytoplasmic
male sterility-related genes[J]. BMC Genomics, 2010, 11
(1. 209.

PARK J Y. LEEY P, LEE ], et al. Complete mitochondrial
genome sequence and identification of a candidate gene re-
sponsible for cytoplasmic male sterility in radish (Raphanus
sativus L.) containing DCGMS cytoplasm [ ]J]. Theoretical
and Applied Genetics» 2013, 126(7): 1 763-1 774.

JOHNS C, LU M Q, LYZNIK A, et al. A mitochondrial
DNA sequence is associated with abnormal pollen develop-
ment in cytoplasmic male sterile bean plants[J]. The Plant
Cell, 1992,4(4): 435-449.

CHASE C D, ORTEGA V M. Organization of ATPA coding
and 3’ flanking sequences associated with cytoplasmic male
sterility in Phaseolus wvulgaris 1.. [J]. Current Genetics ,
1992,22(2): 147-153.

PENG X J, LI F H, LI S Q. et al. Expression of a mito-
chondrial gene orfH79 from the CMS-HongLian rice inhibits
Saccharomyces cerevisiae growth and causes excessive ROS
accumulation and decrease in ATP[]J]. Biotechnology Let-
ters, 2009, 31(3): 409-414.

ITABASHI E, KAZAMA T, TORIYAMA K. Characteriza-
tion of cytoplasmic male sterility of rice with Lead Rice cyto-
plasm in comparison with that with Chinsurah Boro II cyto-
plasm [J]. Plant Cell Reports, 2009,28(2): 233-239.
BONEN L D, BIRD S, BELANGER L. Characterization of
the wheat mitochondrial orf25 gene[J]. Plant Molecular Bi-
ology ., 1990,15(5); 793-795.

SINGH M, BROWN G G. Suppression of cytoplasmic male
sterility by nuclear genes alters expression of a novel mito-
chondrial gene region [J]. The Plant Cell, 1991,3(12):
1 349-1 362.

TANAKA Y., TSUDA M, YASUMOTO K, et al. A com-
plete mitochondrial genome sequence of Ogura-type male-
sterile cytoplasm and its comparative analysis with that of
normal cytoplasm in radish (Raphanus sativus L.) [J].
BMC Genomics, 2012,13(1): 352.

LANDGREN M, ZETTERSTRAND M, SUNDBERG E, et
al. Alloplasmic male-sterile Brassica lines containing B.
tourne fortii mitochondria express an ORF 3’ of the atp6
gene and a 32 kDa protein [J]. Plant Molecular Biology »
1996,32(5) : 879-890.

ZHANG M F, CHEN L P, WANG B L, et al. Characteriza-
tion of atpA and orf220 genes distinctively present in a cyto-

plasmic male-sterile line of tuber mustard[J]. The Journal

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

of Horticultural Science and Biotechnology . 2003, 78(6):
837-841.

DEWEY R E, TIMOTHY D H, LEVINGS C S. A mitochon-
drial protein associated with cytoplasmic male sterility in the
T cytoplasm of maize[ J]. Proceedings of the National A-
cademy of Sciences of the United States of America, 1987,
84(15). 5 374-5 378.

YAMAMOTO M P, SHINADA H, ONODERA Y, et al. A
male sterility-associated mitochondrial protein in wild beets
causes pollen disruption in transgenic plants [J]. The Plant
Journal , 2008,54(6): 1 027-1 036.

LAVER H K, REYNOLDS SJ, MONEGER F, et al. Mito-
chondrial genome organization and expression associated with
cytoplasmic male sterility in sunflower ( Helianthus annuus)
[J]. The Plant Journal, 1991,1(2): 185-193.
REDDEMANN A, HORN R. Recombination events invol-
ving the atp9 gene are associated with male sterility of CMS
PET?2 in sunflower[ J]. International Journal of Molecular
Sciences s 2018, 19(3): 806.

MAKARENKO M S, KORNIENKO 1V, AZARIN K V, ez
al. Mitochondrial genomes organization in alloplasmic lines
of sunflower (Helianthus annuus 1..) with various types of
cytoplasmic male sterility [J]. Peer Jowrnal, 2018, 6:
€5266. doi:10. 7717 /peerj. 5266

MAKARENKO M S, USATOV A V, TATARINOVA T
V., et al. Organization features of the mitochondrial genome
of sunflower (Helianthus annuus L.) with ANN2-type male-
sterile cytoplasm[J]. Plants, 2019, 8(11): 439.
MAKARENKO M S, USATOV A V, TATARINOVA T
V., et al. Characterization of the mitochondrial genome of the
MAXI1 type of cytoplasmic male-sterile sunflower[ J]. BMC
Plant Biology» 2019, 19(SD); 51.

NIVISON H T, HANSON M R. Identification of a mito-
chondrial protein associated with cytoplasmic male sterility in
Petunial])]. The Plant Cell, 1989, 1(11): 1 121-1 130.
L1J J, PANDEYA D, JO Y D, et al. Reduced activity of
ATP synthase in mitochondria causes cytoplasmic male steril-
ity in chili pepper [J]. Planta, 2013,237(4): 1 097-1 109.
YOSHIMI M, KITAMURA Y, ISSHIKI S, et al. Variations in
the structure and transcription of the mitochondrial atp and
cox genes in wild Solanum species that induce male sterility
in eggplant (S. melongena) [J]. Theoretical and Applied
Genetics, 2013,126(7): 1 851-1 859.

NAKAJIMA Y, YAMAMOTO T, MURANAKA T, et al.
A novel orfB-related gene of carrot mitochondrial genomes
that is associated with homeotic cytoplasmic male sterility
(CMS) [J1. Plant Molecular Biology, 2001, 46 (1)
99-107.

SZKLARCZYK M, SZYMANSKI M, WOJCIK-JAGLA M,
et al. Mitochondrial atp9 genes from petaloid male-sterile and
male-fertile carrots differ in their status of heteroplasmy, re-

combination involvement, post-transcriptional processing as



9 3

GNP ik 7/E ) U050 S N T E o TR

1625

[52]

[53]

[59]

[60]

[61]

[62]

[63]

well as accumulation of RNA and protein product[J]. Theo-
retical and Applied Genetics, 2014, 127(8) . 1 689-1 701.
ENGELKE T, TATLIOGLU T. The fertility restorer genes
X and T alter the transcripts of a novel mitochondrial gene
implicated in CMSI1 in chives (Allium schoenoprasum L.)
[J]. Molecular Genetics and Genomics, 2004, 271 (2):
150-160.

GRAY M W, HANIC-JOYCE P J. COVELLO P S. Tran-
scription, processing and editing in plant mitochondria[ ] ].
Annual Review of Plant Physiology and Plant Molecular
Biology . 1992, 43(1); 145-175.

BONEN L D, BROWN G G. Genetic plasticity and its conse-
quences: perspectives on gene organization and expression in
plant mitochondrial J]. Canadian Journal of Botany. 1993.
71(5): 645-660.

HOWAD W, KEMPKEN F. Cell type-specific loss of atp6
RNA editing in cytoplasmic male sterile Sorghum bicolor[]J].
Proceedings of the National Academy of Sciences of the
United States of America, 1997, 94(20) . 11 090-11 095.
KEMPKEN F, HOWAD W, PRING D R. Mutations at spe-
cific atp6 codons which cause human mitochondrial diseases
also lead to male sterility in a plant[J]. FEBS Letters, 1998,
441(2): 159-160.

JIANG W, YANG SP, YUDY, et al. A comparative study
of ATPase subunit 9 (Azp9) gene between cytoplasmic male
sterile line and its maintainer line in soybeans[]J]. A frican
Journal of Biotechnology, 2011, 10(51): 10 387-10 392.
WEI L, YAN Z X, DING Y. Mitochondrial RNA editing of
FO-ATPase subunit 9 gene (azp9) transcripts of Yunnan pur-
ple rice cytoplasmic male sterile line and its maintainer line
[J]. Acta Physiologiae Plantarum , 2008,30(5): 657-662.
GALLAGHER L, BETZ S, CHASE C. Mitochondrial RNA
editing truncates a chimeric open reading frame associated
with S male-sterility in maize [J]. Current Genetics, 2002 ,42
(3): 179-184.

CHAKRABORTY A, MITRA J, BHATTACHARYYA J,
et al. Transgenic expression of an unedited mitochondrial
or fB gene product from wild abortive (WA) cytoplasm of
rice (Oryza sativa L.) generates male sterility in fertile rice
lines [J]. Planta, 2015,241(6): 1 463-1 479.

STAHL R, SUN S, L'HOMME Y, et al. RNA editing of
transcripts of a chimeric mitochondrial gene associated with
cytoplasmic male-sterility in Brassica[J]. Nucleic Acids Re-
search y 1994, 22(11): 2 109-2 113.

HERNOULD M, SUHARSONO S, LITVAK S, et al. Male-
sterility induction in transgenic tobacco plants with an unedit-
ed atp9 mitochondrial gene from wheat[]J]. Proceedings of
the National Academy of Sciences of the United States of
America, 1993, 90(6): 2 370-2 374.

SUZUKI H, YU ] W, NESSS A, et al. RNA editing events
in mitochondrial genes by ultra-deep sequencing methods: a

comparison of cytoplasmic male sterile, fertile and restored

[64]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

genotypes in cotton[ J]. Molecular Genetics and Genomics ,
2013, 288(9) . 445-457.

HUJ H, YIR., ZHANG H Y, et al. Nucleo-cytoplasmic in-
teractions affect RNA editing of cox2, atp6 and atp9 in allo-
plasmic male-sterile rice (Oryza sativa L.) lines[]J]. Mito-
chondrion, 2013, 13(2) . 87-95.

CONLEY C A, HANSON M R. Tissue-specific protein ex-
pression in plant mitochondria[[J]. The Plant Cell, 1994
85-91.

WARMKE H E, LEE S L J. Pollen abortion in T cytoplas-
mic male-sterile corn (Zea mays): A suggested mechanism
[J]. Science. 1978.200(4 341): 561-563.

DING X, CHEN Q S, BAO C M, et al. Expression of a mi-
tochondrial gene orfH79 from CMS-Honglian rice inhibits
Escherichia coli growth via deficient oxygen consumption
[J]. SpringerPlus, 2016, 5: 1 125.

WANG K, GAO F, JI'Y X, et al. ORFH79 impairs mito-
chondrial function via interaction with a subunit of electron
transport chain complex IIl in Honglian cytoplasmic male
sterile rice [J]. New Phytologist » 2013,198(2) ; 408-418.
J1JJ, HUANG W, YIN C C, et al. Mitochondrial cyto-
chrome ¢ oxidase and F,F -ATPase dysfunction in peppers
(Capsicum annuum 1..) with cytoplasmic male sterility and
its association with or 507 and Watp6-2 genes [J]. Interna-
tional Journal of Molecular Sciences, 2013,14(1): 1 050-
1 068.

CABEZON E, BUTLER P J G, RUNSWICK M ], et al.
Modulation of the oligomerization state of the bovine F1-AT-
Pase inhibitor protein, IF1, by pH[J]. Jowrnal of Biologi-
cal Chemistry, 2000, 275(33): 25 460-25 464.

J1JJ, HUANG W, LI D W, et al. A CMS-related gene,
Watp6-2, causes increased ATP hydrolysis activity of the mi-
tochondrial F;F -ATP synthase and induces male sterility in
pepper (Capsicum annuum 1..)[]]. Plant Molecular Biolo-
gy Reporter, 2014, 32(4) ; 888-899.

SABAR M, GAGLIARDI D, BALK J, et al. ORFB is a
subunit of F1F(O)-ATP synthase: insight into the basis of
cytoplasmic male sterility in sunflower [J]. EMBO Reports.
2003,4(4) . 381-386.

LEVINGS C S, SIEDOW ] N. Molecular basis of disease
susceptibility in Texas cytoplasm of maize []J]. Plant Molec-
ular Biology, 1992,19(1) . 135-147.

RHOADS D M, KASPI CI, LEVINGSCS, et al. N, N-di-
cyclohexylcarbodiimide cross-linking suggests a central core
of helices II in oligomers of URF13, the pore-forming T-tox-
in receptor of cms-T maize mitochondrial J]. Proceedings of
the National Academy of Sciences of the United States of
America, 1994, 91(17): 8 253-8 257.

RHOADS D M, LEVINGS C S III, SIEDOW J N. URF13,
a ligand-gated, pore-forming receptor for T-toxin in the inner
membrane of cms-T mitochondrial J]. Journal of Bioener-

getics and Biomembranes, 1995, 27(4); 437-445.



1626

mode Moy oF

Eird 40 %

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

DEWEY R E. SIEDOW J N, TIMOTHY D H, et al. A 13-
kilodalton maize mitochondrial protein in E. coli confers sen-
sitivity to Bipolaris maydis toxin []J]. Science, 1988,239
(4 837): 293-295.

NAKAI S, NODA D, KONDO M, et al. High-level expres-
sion of a mitochondrial orf522 gene from the male-sterile
sunflower ( Helianthus annuus) is lethal to E. coli [J].
Breeding Science, 2010,45(2) : 233-236.
DUROC Y. GAILLARD C. HIARD S, et al. Biochemical
and functional characterization of ORF138, a mitochondrial
protein responsible for Ogura cytoplasmic male sterility in
Brassiceae [J]. Biochimie. 2005,87(12): 1 089-1 100.
KAZAMA T, NAKAMURA T, WATANABE M, et al. Sup-
pression mechanism of mitochondrial ORF79 accumulation by
Rf1 protein in BT-type cytoplasmic male sterile rice [J]. The
Plant Journal ., 2008,55(4); 619-628.

NIZAMPATNAM N R, DOODHI H, KALINATI NARASIM-
HAN Y, et al. Expression of sunflower cytoplasmic male
sterility-associated open reading frame, orfH522 induces male
sterility in transgenic tobacco plants[ J]. Planta, 2009, 229
(4): 987-1 001.

NIZAMPATNAM N R, DINESH KUMAR V. Intron hair-
pin and transitive RNAi mediated silencing of or fH522 tran-
scripts restores male fertility in transgenic male sterile tobac-
co plants expressing or fH522 [J]. Plant Molecular Biolo-
gy, 2011,76(6); 557-573.

KOJIMA H, KAZAMA T. FUJIT S, et al. Cytoplasmic male
sterility-associated ORF79 is toxic to plant regeneration when
expressed with mitochondrial targeting sequence of ATPase ¥
subunit [J]. Plant Biotechnology, 2010,27(1); 111-114.
WISE R P, BRONSON C R, SCHNABLE P S, et al, The
genetics, pathology, and molecular biology of T-cytoplasm
male sterility in maize [J]. Advances in Agronomy, 1999.
65: 79-130.

VIANELLO A, ZANCANI M, PERESSON C, et al. Plant
mitochondrial pathway leading to programmed cell death[J].
Physiologia Plantarum , 2007,129(1) . 242-252.

MA H. Molecular genetic analyses of microsporogenesis and
microgametogenesis in flowering plants[J]. Annual Review

of Plant Biology, 2005,56(1): 393-434.

[86]

[87]

[88]

[89]

[90]

[91]

[92]

93]

[94]

LUO XD, DAIL F, WANG S, et al. Male gamete develop-
ment and early tapetal degeneration in cytoplasmic male-ster-
ile pepper investigated by meiotic, anatomical and ultrastruc-
tural analyses[J]. Plant Breeding , 2006, 125(4): 395-399.
LIUZH, SHIX Y, LIS, et al. Oxidative stress and aber-
rant programmed cell death are associated with pollen abor-
tion in isonuclear alloplasmic male-sterile wheat[J]. Fron-
tiers in Plant Science, 2018, 9. 595. doi: 10. 3389/fpls.
2018.00595.

BALK J, LEAVER CJ. The PET1-CMS mitochondrial mu-
tation in sunflower is associated with premature programmed
cell death and cytochrome c release[ J]. The Plant Cell,
2001,13(8): 1 803-1 818.

LIUZ H, SHIX Y, LIS, et al. Tapetal-delayed programmed
cell death (PCD) and oxidative stress-induced male sterility of
Aegilops uniaristata cytoplasm in wheat[ J]. International
Journal of Molecular Sciences, 2018,19(6): 1 708.

LIS Q, WAN C X, KONG J, et al. Programmed cell death
during microgenesis in a Honglian CMS line of rice is correla-
ted with oxidative stress in mitochondria [ ] ]. Functional
Plant Biology» 2004,31(4) ; 369-376.

WAN C X, LI S Q, WEN L, et al. Damage of oxidative
stress on mitochondria during microspores development in
Honglian CMS line of rice[J]. Plant Cell Reports. 2007 .26
(3): 373-382.

DU K, XIAO Y Y. LIU QE, et al. Abnormal tapetum de-
velopment and energy metabolism associated with sterility in
SaNa-1A CMS of Brassica napus 1. []J]. Plant Cell Reports ,
2019,38(5): 545-558.

ZHANG M, GUO L P, QI T X, et al. Integrated methyl-
ome and transcriptome analysis between the CMS-D2 line
ZBA and its maintainer line ZB in upland cotton[]J]. Interna-
tional Journal of Molecular Sciences, 2019,20(23): 6 070.
LIUZ W, LIU Y F, SUN Y H, es al. Comparative tran-
scriptome analysis reveals the potential mechanism of abor-
tion in tobacco sua-cytoplasmic male sterility[ J]. Interna-

tional Journal of Molecular Sciences s 2020,21(7): 2 445.

(8. KT )



