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55/ Al LTCRERELULI b2V FITY 7 A
BEEFSRE, FvERrasRVLEARRLICE
FIEE R & CMS Rtk c+ 1 7% 5 DNA oF
IREESE D HTD REEE £ v < 2 BOBRE® 23fTh
h, CMS & s ba2v ¥ U7y 2 BEREOBEN
PIRE i, KT, ERG Y sBEORENY
BET S, X EENERS, SHIRME OB
YHEUEbhE, #2218, 7777BRETR
CMStE¥ s EEEY DT + 75 2 MRS
nybh, SEOEMRKEEIMELOLTH5, Th
b OMERE DL DNA (cpDNA) #X T4 5 &,
%L DBE, HEHEBTERTRTH LTS bbb
¥, cpDNAWBEEHE 2 1 7 Thotk b, BT
CMS 2 A 7 D¥EFMEY 7 2% L OEEREHIEY
BOETAEARLELIERVWEEhLY, 20X
5 B AEETHIcoh, CMS OG5 FHECH
FIEEL T bav Y 7y A ERNED DS
hat kbinntc,

BEESEYO I Y 2V V) TS ALY O
BEOI FavF )78 ACHNTH A4 XRKE
W (200~2400 kbp), =0k, REESIEH LIS
TFA SFEEBRLEAHBCREITILRIST
isomer SRV 7 ) AGFRELZB IR, Ty
— 7z multi-partite FEEN L LI 559, v+t
IFaRVEYTE AR T 16kbp IBE T,
B &EARF S REER 20T, BETER
FROEELBELETHBY, —77, & bTlbhi
FHEREMRIHEY I b2V VT Y AL EDE R
BRAL, RREROBBCILAT S Z L3BENT
e, BEEY T, CMSE,nddbhb $ b vy
Y 7 DNA (mtDNA) %+ HET 50 F| 0
MFERIRENTER, flzd, tvEeavo
THCMS ik Tit, EEHECMSHED I b+ 2
VEUVThh, ThZhcDNAZHFEEL, “hb
7TV VAT ATS5YV—-DRY Y —
=V I/ BT IR T, THCMS KkTon
ERRBELTCW5F 4503 b2V Y 7EBEF
T-urf I3 WEREhi®, CMSORBBRTH 1
BLEZONEFATDI P2V Y TEETFRS
Fa2=7DCMS THRIEEI LY, &£F, EER
ECMS Bl <72 =7DfTT vt 75 2 VA
2¥Thh, T, RFLP 2 %®B U T CMS #ie
bz CMS B ofsfifsfEo e it S htu
% mtDNA SR B VW I i, ToHEE»S B

Do ted A TBEFILS-pof BT BRID,
roErasD T-wf 13 LEE BEO I b=
VY TRIEFO 2 - VDS RBHER O —
BHCAELEBEYEL T, 20X HiF A
SHBETFE, BEOBETIavy R I TF a0
HRERABRIVETZ L - C, BRECKHFLY
AR IhD, AKOF A 7BETFH S
WIIRIBEE T, F0%, ~vIF AL a0 Y
AF AW F a0 & CMS R#E» D bHEERVT

Hahi,

5 v % A4 (Beta vulgaris L.)D CMS i,
OWEN'™ 12 X » T US 201 ERF R I hic
LDOTHh, REMRENCET S, EFERMKLS
# CMS % # <, mt, cp i DNA OH#IRESR S
Priewsiein o3 L av F Y 7EEZ VA 7BEOR
B nRabh, CMSES v F Y78/ 20
RS R L OB EM»RE S i, —TF, v -}
vz A& Vo OLDEMEYER B 53, XKEE®K
4 (USDA) fiFFoFE Y- thb, BEYR
T 56OCMSRHELXYBEL L oo T BT
GW3HIHED -2 IL A+ KERET L R LLH
X - CRBKER#H (isonuclear line) I2fEb i,
XL AEE AR R BB ETRLLH
AR ERE NI, FOW, P aREREL O
WRBEA2H T 5 1-12CMSQ), <%= & vEFE
v — t D [F12CMS Q) 6 X O E R Bk D
[F12CMS(D 3, wThd ST CMS fifaE & 128
o CMS MilgBE % b 2oL LA RERRILESE
N0 2 mtDNA OHIRER ST 6P b
ETn o,

AR TR, 20X 5 ICEREMESEEL CMS #
HarR L, 5+ A D CMS o5 g omHn
FEThe, K, FTYHARBNTRET R 7T 2
PO B OEHEB SR AREEILIL Ty,
BT, ~Fa2=7 THEAIhRL O ihflilagE
O mtDNA BN %7 v 1 CHEAT 5 &L
Vo —F, BENAFIRICETF L 1988 5 4 H,
EERH L CMS RFEONFT L h mtDNA 7 v — v
Ry REEEL, ibav P Y7 cDNARFAWT
EHEEDEVT 4 77 VY Y e A2 ) —=v I E
BEfTo s LB ES Tl ot ¥,
DEH A7) — =V 7V EBEILCMS RO
BT 5BETFORECIBD TEYHTHHRE, &
DFEILY » THEEERPEE A 2 -V ORKLLE
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BEFERELBAVWZ EERERBCARRIERS
Vo MMz Tryerasy THECMS T T-wf
I3 BEFOREBER L0, FOEFELT
OTHCMSR#HFHED I b2V F U 7SR A
ET5BDs v A 27BRRErabh Tl DY,
T-urf 13 2 — ¥ 237 BE OBV HWEEC
Bots, QTECMS R#EOHEEERELYE L TM
REERERERCERT 2RERERDRED
N, CHHLDEHEE T T-wf 13 BOREMN
BHEIhLYEoEELMRAER LTV &
CRESBITORILEELTIV, ALY ER=
vTh, ZofMBIRZ LV CE CMS ®fie S
B CMS R#FicBiL T3, RZww CMSBEE&REZF
PREZIR TV,

AL T, ETFEOWERERI VAT LLIE
DItV Y TEEF/ n—vE T e — T E
T, EHMEE SEELUPRSEHEIIRM
CMS#ifaE* T h FThET5RAEKERF L
T, RFLP ¥ &l aic. BOhERYE LD
TH2ERrRA~NB, KWTRFLP ¥ RLIBEF
ORTcox I (v+ 7 v sB{LEERY72=9 + 11
BETF), atr A (F-ATP SREEZEY T =2=v +
BEF) I Wat 6 (F-ATP EERY 7= = v
N 6BETF) OIBEFIR —FY T ey FEFE
BUC, &FE 2 — v BRIEERHK & CMS R
HONCRLDZZEVHBELL, £2T, ZThd3
BETF oW TIRIEFE R & CMS REEH CE X
SR BEEYOFMI LRI 2T, 3%
(cox Il BIZTF), FBAE (ap ABET) LUK
#5E (atp 6 BETIL, ThoOBHERELE L
Db DTH B, Th, THHLDEIZE LTI,
CMS e 2B S 1 5 R BRET O REE I
DVTHEEFRINZ T,

F28 E¥HLUCMSRMICHITAI I
kU 7REFOBRLLER

#

P xR 2B RAYH LA a v CRIEER
X U'CMS R# oW HF 22T mtDNA oHH - &
EFHRAER S h, FMEFT RS h T
o FOF— 2R INITEER « CMSEI®E : + =
YEYV T AETEETFORBIIELIRLSY
Do, HIREEEY M P ERIFT, BERLV <L

TOBERIIBDTPE L LRI ndbhb, B
E, F-z_-2LxhicEp t 2 VI T7TER
FoORERYI ZEpER i T 5 &, HETosist
PRWT, FOMEBMEILI%ER LB, KoTT
VA DIEHE S L 0'CMS %D mtDNA #5/~ 5%
B, SvyrAUNOREGD s b2y N ) TEET
% heterologous s 7 — 7L L THWT, ¥ v
Tey bGRERToTHAIANS T VEA L=V a VD

A RPPEL, BEEOEDTEV RFLP &0
Bohso brafiggshs, BRFIRL-TiE, &
DOERYFY ey F oW EREGT, SEOFED
ZleH T, Sy A oA W TORED
THEL e BE b Te vy,

BEEYD I L2y Y 7EREFBEL TR, B
EETELORNABET, # v 7 EEETR
H U tRNA BIEF2RE S, EEETI BT
Shic, RETE, ¥, hboBEETFORN, F
ELDOAFLBRLIEDO I 2V V) TEEF
r—v %7 r—-7HWTRFLP SR % T -1,
Fl, FVHI DI+ av Py TEEFOIR—V
s B THED, CMSEMILE T a— PR
T ORABEHEEEROE L V-2 BETOREZR
Ay

B L UHE
1. #E#E

{3t Sk Kt % Table 2-1 7=+, TK8I-MS & I-
LRCMSR)ESHMERE®EF T 5 CMS R TH
%, [-12CMS(2), I-12CMS(3) % & *I-12CMS
MRBF4Er— RO CMSHIBE Y E T 5 23,
WThb SEE R, S-2, S-3, S4B
B85 2 bR, E¥ERME L T TKSI-MS @
3508 GERTENBD Rft TK81-0 725 Uic
[F12CMS o £ Rt @ T 5 O BLR#E [-12 61L
BT,

2. mtDNA nF38

mtDNA D H X MIKAMI et al'®. o k%K
BL, IBKIBIOFABL A, 200g FF kG L
72 300 mI OFEEIKE A (50 mM Tris-HC1 pH 8.0,
25mM EGTA, 0.44M > =8, 0.1%BSA, 5
mM 2-2Ah 7 =87 —-0) RINLTERL, 4
BEOHN-XE2EDIS 7 » A CEBLIE, BE
% 4 °C, 3000 rpm (KF = — & —FF 107 mm), 10
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Table 2-1. List of sugar beet materials used in the experiment

Line Fertile/Sterile Cytoplasmic type Cytoplasmic source
TK81-0 Fertile N Japanese sugar beet cultivar
TK81-MS Sterile S Japanese sugar beet cultivar
I-12 61L Fertile N American sugar beet cultivar
[-12CMS(R) Sterile S American sugar beet cultivar
I-12CMS (2 Sterile S-2 Wild beet from Turkey
I-12CMS(3) Sterile S-3 Wild beet from Pakistan
I-12CMS(D) Sterile S-4 Wild beet from Manchuria

SEEL L, LiE% 4°C, 15000 rpm (B m —
£ —, NMmm)TI155HEEOLLTEHI FavF
V7B A EER A THUREL, MgCl, KEE
10 mM) #70% T, DNase #13 (REE 50 xg/ml)
YERTIFHT . KB EHE®RB 0mM
TESpH7.2, 0.6 M = a¥, 20mM EDTA) #n
%4°%C, 11000rpm (A= —%—, 71mm) T20
SREECHE, MBEYXLCBRCBEL T, B
DFEOBRER 3EREDRL TS b av VY TR
#7-, TE ##&#w (G0mM Tris-HC1 pH 8.0, 10
mM EDTA) wBBL, 0%¥FLraviérad
7 - K (BRE 100 wg/ml) iz, FETI1H
ML, 08, 7=/ —VABTRE V2
L, CsClL-EtBr F#&#EARE L X b, RNA
¥HRE, B8 DNA #5E L,

3. mtRNA NI

HANSEN and MARCKER?*) D e » TIB A
BEITEL DAL, mDNA HEOHE LE
BOFRC L b BEELLHE: b2y V) 7R E
Mr7=ovEK QMEBR7 7=, 5mM 7
=V b Y T A, 0.5%Fr=oA) TRELL,
BBERZCsCL, iz C.5ml DBEBER R L 1g
® CsCly), CsCl, 7 v &2 v (5.7M CsCl,, 0.1M
EDTA pH7.5) wERB L %, 20C, 23000 rpm

(A2 SRP28SA »— %2 —~) T2UKMELL T,
mtRNA 2 E LCHE L,

4. HIFREEFENIE

1~1.5 ug ® mtDNA = 1~2 £/ (10~20 units) ®
HIRERYM2 2850 ul ORIEEHCELSBL
oo BRIKEZ0.5~2%DKFPFIRT #m -2
NMERGT, 32V T 12~16 BREIFT - fo, BkENER S
A lug/ml =F o0 A7 v~ VIRFPTHREL,

254 nm OESMERAT CEEHE L1

5. Y7oy bR

HIRBEE CUW L/ DNAW A % 0.8%7 &= —
ABEKWKBTHBE LK 0.5M NaOH-1.5M
NaCl B+ 30 rHIEE L, DNAZEM 2 1T- 7%,
Pk SVAT 7 —RBIZOXE, TAHY FFVA
77 —~¥# (0.25M NaOH, 1.5M NaCD X bh—
Be7AnY 7 ey Fa v fTe, B DNA Y
Aervivssv7sag— (Hybond N) iEE
Lico "M 7YV EA -y a vVieMlcoTIE74 4
B—Bhbh Lo A7V EAE— a VEEK
GO%AA AT T F, 50mMY vERF + Y v A
pH 6.5 5XSSC, 5% Irish liquor, 500 gg/m! ®
BEM LIc= v VT DNA) T 427C, 2~3 B
RELH® ®PEZRLLDNA e —-7%N2z,
THRI~0FFHRB| L, ~1 7V &4 ¥~
vavE T a2 —%2XxXSSC L 1% SDS DR E
WT65C, 205 MFo2EEEL, X Hi12).2X
SSC, 1%SDS 8 X 180.16XSSC, 1%SDS < 1 4
FTOWE L, X710 s E8REREY VT
—80C T 1~2 AL X B,

6. /—¥>T7Ov MR

20 ug D mtRNA # 50% v A7 A5 e FRT
65C, 105HBAEML, 7Hr—2EM» v A%
7 # w—2, 20mM MOPS-NaOH pH 7.0, 6%
FAAAT AT e F)RAGCCESRKE L, &kBiE,
Ak I VATZr-BIROE2XSSC BM
NaCl, 0.3M 7 =vEr Vv 2)icdh, —H7
vy F4VvIETV, RNARF vV AVISY
TANEZ—=ZB LI, 74NV EZ—&3~55HUV
BHL, RNARBELL, "M 7 V851 L-v =3
Vi, SHOYF Y T ry P GEOFTELE -1,
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7. DNA 7Oo—-7nEa

25ng DDNAW A IZ50ng D7 v F a5 7 5
A=—=%hz, 95C, 5SMCHMEE, SALT
DNAMWIR & 754 ~—%T7 =L XKk, FD
#, dNTP (dGTP, dATP, dTTP % ¥ E 0.5
mM), DTTER 2 mM), HEPES $2 g (4
B HEPES 90 mM, MgCl, 10 mM) 35 X 025 uCi
(#10.9MBg) ® [«-¥P] dCTP %/H%, 5==v
r @ Klenow BR & v, 37C, 3EBBERICY
Tt BUOBMEML, 1 KBEHI®E T —
7 & LT,

8. 73RIRfrpn—=

mtDNA (Qug) L5ugD75 %I VE2XhFh
BEAHIRER CELSM LI, YKL 7T R $
FOF RME7LH) 71277 42—+ (BAP) ©
iy B L7, mtDNA OHIREESENTA (100 ng) &
250ng D75 A 3 F DNA % TADNA V) #— ¥ i
L9 16C, —HMBERERIEE Tk, Er»rv
7 A CTHRERELRE Lo KB E JM 109 i z,
0C, 405 RBITHELN:, Ri42C, 3 5HELRE
L, 2XTY ®EEHBA 6% 27+ ) 7 v, 1%
MY, 0.5% NaCD B L, 37CT304%
MBERERRT, Sbr7vesr ) vy (REE
50 ug/mi), X-Gal (% ¥ & 200 xg/ml), IPTG
(EEE 200 ug/mD) EL2XTY LEEREH
@XTY, 0.8%EX) #H\T31C, —HEEL
ar=-HRICHBa e = — MMM ZIAL LR
w7

9. AQZ—NA(T7Y¥fHF~ 3>
B Lt-Bfar e =—% 2 XTY ZXEW Lo

o= tuvrre—R74E—-FEZBL, 37C,
125 EL, 2 v =—%HR ¥R, £D 7 4
A —%0.5M NaOH TEMNEE, FRIAEL
WLEESEETTRTC, 2BE~N—%v /%15
Foo N TVEAE - a VEDWTIRSHDO S
v7ay SR OFECRE - T,

10. 73X 3 F DNA %

M zfhz v = — 22X TY BWEEH REE 50
ug/ml 7y v) gT3TC, —HREEEL
72o 8000 rpm THEHELELL, EE LB EEY
BT, WBx 7 ra—28EHK GOmM 7 L 2 —
A, 25mM Tris-HCI pH 8.0, 10 mM EDTA) T
BEBLL, 258071+ VSDSEK (0.2M
NaOH, 1% SDS) #Mnx, 54k L 3M BB
F Vv s (pH4.8) B THAE, KkPFTIb
60 4 BIE L 12, 10000 rpm - 10 & fE-O L Tk
BrERL, EE0A4 VY Ie -2 %L T
—20C B 71, 2041, 12000 rpm T 5 4 8 E
DL, 77 A3 FERiZMI3RF DNA 2% ¢
foo LY % TERZE ML, CsCl-EtBr 5F
s B A0SR O F 7o 12 LiCl #hi © RNA #\C
DNA ZH8 L1,

BRESUEER

1. RFLP &#f
7 v A OEEFRE (TKS1-0, 1-12 61L), SH
(TK81-MS, I-12CMS(R)) s & "£F CMS R
(I-12CMS(2), I-12CMS(3), I-12CMS(7) X b
F8 U % mtDNA @ Hind III, EcoRI % Ik ¢
BamH 1 4 f@% % B\ T RFLP 5t 24T~ 7=, +
Py TV Ef ¥ —va VLT e — 7T

Tahble 2-2. List of gene probes used in the RFLP analysis

Gene  Product Fragment

Source Reference

atp A Alpha subunit of F,ATPase Complex 1.5kbp EcoRI-HindIII Pea

0.7kbp Sty 1
0.7 kbp Xho I-EcoRV Pea

1.6kbp EcoR1

0.4 kbp Sal I-Hind III
1.1kbp EcoRI-PstI
1.4kbp EcoR1

4.4 kbp Sall

2.6 kbp BamH 1

atp 6  Subunit 6 of FobATPase Complex
atp 9 Subunit 9 of FoATPase Complex
cox I  Cytochrome oxidase subunit I
cox I Cytochrome oxidase subunit I
cox III  Cytochrome oxidase subunit III
cob Apocytochrome b

rm 26 265 rRNA

rrm 18 185 rRNA

Morikami and Nakamura (1987)

Schuster and Brennicke (1987)
Morikami and Nakamura (1987)

Sugar beet Senda et al. (1991)
Sugar beet Senda et al. (1991)

Oenothera

Oenothera  Hiesel et al. (1987)
Wheat Boer et al. (1985)
Pea Huh and Gray (1982)
Pea Huh and Gray (1982)
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Table 2-3. Restriction fragment length polymorphisms detected in the normal and CMS
lines. Fragment sizes are indicated in kbp

DNA fragments hybridized with gene probe

Gene probe Line
BamH I EcoR I Hind III

atp A TK$1-0 3.6, 3.1 1.8 3.7
I-12 61L 3.6, 3.1 1.8 3.7
TK81-MS 5.0, 3.6 1.8 2.7
[-12CMS(R) 5.0, 3.6 1.8 2.7
1-12CMS(2) 20.0, 10.5, 3.1 1.8 6.0
I-12CMS(3) 20.0, 10.5, 3.1 1.8 6.0
1-12CMS(7) 20.0, 10.5, 3.1 1.8 6.0

atp 6 TK81-0 28.5, 26.5 4.2 4.2, 1.4
I-12 61L 28.5, 26.5 4.2 4.2, 1.4
TK81-MS 7.4 3.2 4.2, 0.5
I-12CMS(R) 7.4 3.2 4.2, 0.5
I-12CMS(2) 7.4 3.2 4.2, 0.5
[-12CMS(3) 7.4 3.2 4.2, 0.5
I-12CMS(7) 7.4 3.2 4.2, 0.5

atp 9 TK81-0 6.5 1.1 10.2
I-12 61L 6.5 1.1 10.2
TK81-MS 6.5 1.1 7.2
I-12CMS(R) 6.5 1.1 7.2
I-12CMS () 6.5 1.1 10.2
[-12CMS(3) 6.5 1.1 10.2
[-12CMS(7) 6.5 1.1 10.2

cox I TK81-0 2.4 1.6 7.2
I-12 61L 2.4 1.6 7.2
TK81-MS 2.4 1.6 7.2
I-12CMS(R) 2.4 1.6 7.2
I-12CMS(2) 2.4 1.6 7.2
I-12CMS(3) 2.4 1.6 7.2
I-12CMS(D) 2.4 1.6 7.2

cox IT TK81-0 1.8 2.1 5.2
I-12 61L 1.8 2.1 5.2 -
TK81-MS 1.8, 3.2 1.7, 2.1 6.9, 7.4
I-12CMS(R) 1.8, 3.2 1.7, 2.1 6.9, 7.4
[-12CMS(2) 1.8 2.1 5.2
[-12CMS(3) 1.8 2.1 5.2
I-12CMS(7) 1.8 2.1 5.2

cox IIT TK81-0 9.0 5.2 3.7
I-12 61L 9.0 5.2 3.7
TK81-MS 7.0 5.2 3.7
[-12CMS(R) 7.0 5.2 3.7
I-12CMS(2) 9.0 5.2 3.7
I-12CMS(3) 9.0 5.2 3.7
[-12CMS(T) 9.0 5.2 3.7
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Table 2-3. Continued

DNA fragments hybridized with gene probe

Gene probe Line
BamH I EcoR1 Hind III

cob TK81-0 15.0 2.1 2.3, 0.7
I-12 61L 15.0 2.1 2.3, 0.7
TK81-MS 23.5 2.1 3.2, 0.7
[-12CMS(R) 23.5 2.1 3.2, 0.7
[-12CMS(2) 15.0 2.1 2.3, 0.7
I-12CMS(3) 15.0 2.1 2.3, 0.7
1-12CMS(D 15.0 2.1 2.3, 0.7

rrm 26 TK81-0 26.5, 20.5, 8.2 2.1 2.4
I-12 61L 26.5, 20.5, 8.2 2.1 2.4
TK81-MS 25.0, 23.5, 14.5 2.1 2.4
1-12CMS(R) 25.0, 23.5, 14.5 2.1 2.4
1-12CMS(2) 26.5, 22.0, 14.5, 7.8 2.1 2.4
I-12CMS(3) 28.0, 25.0, 14.5 2.1 5.2
I-12CMS(D 28.0, 25.0, 14.5 2.1 5.2

rm 18 TK81-0 5.7 11.5 4.3
I-12 61L 5.7 11.5 4.3
TK81-MS 5.7 11.5 4.3
[-12CMS(R) 5.7 11.5 4.3
1-12CMS(2) 5.7 11.5 4.3
1-12CMS(3) 5.7 11.5 4.3
I-12CMS (D 5.7 11.5 4.3

SN N
25585 $
PETSES S
e e 457
- s e w 437

432
423

407

Fig. 2-1 Southern blot analysis of mtDNAs from the normal and CMS lines. MtDNA was digested with
Hind III and electrophoresed in 0.8% agarose gel. The DNA was transferred onto a Nylon mem-
brane filter and hybridized with radiolabeled probes. The probes were cox III, cob and afp 9 (see
Table 2-2). Sizes of the hybridized fragments are indicated in kbp.
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atp A, atp 6 F9FED It = v VYV THEEF 2
m—vTH5 (Table2-2), Table2-3 1ZRT X 5
Zeoxl & rm18 B TEBOBEBETF vn—7%
Buvieo e T RFLP B & vie, Flz i
atp 6 7 — 7% % RFLPBIEFEH & CMS &
D2 RFH ENB (Table2-3, Fig.5-1), atp A
Ryl % 7 r—7RLIEHBE R, [-12CMS
@2), Q8L CMDORR CMS R % EHERHFK
SEHCMSRHENLSRF LB LR ARH I
(Table 2-3, Fig.4-1), F7fto 4 72—~ (cox
II, cox III, cob BEWatp 9) X BLHHFILEL
THSECMSREMTOLLRRBRE S hic
(Table 2-3, Figs.2-1, 3-3),

RFLP¥#H LA s b2 v F ) 7EEFEOV
TXDEEM % 7 = — VLU HIRER MR %
ERL L7, EERHE LT TKSI-0, SE CMS %
e LTCTTKBI-MS, ##HERBCMSHKEH &L L T
I-12CMS(2) #:E0, FhEh o mtDNA ¥ FHiic
i, bt eracvaaFs oy b=
YFITRETFOBREERT S L coxIl, cox
II, atp Afe bz atp 9 i o\ CTRFESRID B
Mz HindIII 1 * DFEFET B AEE/RD I,
Zoked, Thbo4BEFIZE L Tl HindIII
Wik %z ae—vitli, —7F, alp 6 X=— FNIEKN
HindlI % 4+, cob i X HindIIl, EcoRI ¥
YO BamHI 41 F DS ERBTREELF DT,
atp 6 ¥~ 2\ T EcoRI BT A, cob i3 EcoRI &
Hind Il oWk 2 ZhZhs = —viLl, BEH
MLk, B, 26 o\ Tk Hind 11,
EcoRI, BamHI+ 1 + B BETHECEEFET
50HLE6LY, FYHA TR rm26 4L CHEA
BB PEIL, BHREERE TSN, 7R
IV REB 27 r—VILRBE TRV, Ui
J=FV TRy r TR EZH, EERMS
LU CMS BT, @< A—D0EBEEYHEDL A,
rm 26 & CMS RE & oBEMKEIED THE VL
£z bhte (Fig. 2-2) o, RFLP @#r%175 ik
®, FMBEERITbrsl, 7 7r—v1L
DNAZBWLSWOBRER, coxIl, ap ABI O
atp 6 EIETF B L Tix CMS Rt e i iy ok
EEPBRETFEGCRAB SR 0T, EEEFOR
FELHELVCEESTEZED, ThbHDF - KKD
W, EXHLLOTHRBTHELL, T TR
cox ITII, cob X O atp 9 BETOEIER BN

%,

2. cox III BIEF

TKS81-0 & TK81-MS X Y cox Il 7 m—7F &4
FHBAYTET 5 3.7kbp 38 X 5.7 kbp Hind III
BiAEpUC 752317 v—vikLl, 4IBEEEE
TR & 1F - 72 (Fig. 2-3), cox III @\ TixBk
L=y ad4 /4w, by ETraLi® gL Y
T2 AW Ly PV 3 AF Jp i T A RS
TEERIIVHEIRTEY, WThd =2— FEA
@Ncol, Pvull4 4 + 2870 bp R~ CHE

< 13

7 403

Fig. 2-2 Northern blot analysis of the »m 26
locus from the normal and CMS lines.
MtRNA was electrophoresed in 19 agar-
ose-formamide gel, transferred onto a
Nylon membrane filter, and hybridized
with the pea »n 26 probe (see Table 2-
2). Sizes of transcripts are indicated in
kb.
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TK81-0
NBgN P H

NBgN P H
TK81-MS

Fig. 2-3 Restriction maps of the mtDNA regions containing cox IIl gene from TK81-0 and TK81-MS. The

hatched box represents the coding region.

The polarity of transcription is indicated by horizontal

arrow. Homologous region between TK81-0 and TK81-MS mtDNAs is also indicated by stippled
region. Restriction sites are B, BamHI; Bg, BgllIl; E, EcoRI; H, HindIIf; N, Ncol; and P,

Pvull

T3, Fig. 2-3m3 X577 v A cox Il &
WTHEERY 1 P MRFEIR T3, DT —
RWESTE, SEY A (TKSI-MS) DHEEER
BRAL X cox IIT DFEABU D B X b 1500~2000 bp E
WMepsbLELLND,

3. cobi#IEF

cob BEFOERXEFNIIF 7 £ r 223 a4
FI) v ad S5, R TRERR
7oo WFRIREWVTH = — MM, HindIII 4 1

TK81-0

E H H E

TK81-MS

Fig. 2-4 Restriction maps of the mtDNA regions
containing cob gene from TK81-0 and
TK81-MS. The hatched box represents
the coding region. The polarity of tran-
scription is indicated by horizontal arrow.
Homologous region between TK81-0 and
TK81-MS mtDNAs is also indicated by
stippled region. Restriction sites are Bg,
Bglll; E, EcoRI; H, HindIII; and X,
Xho L

F & EcoRI+H A FBREINTE D, Wy 1 Fid
¥9700bpRaTc s T\ B, 2 & F cob T, EBHIC
Bikza Py BamHI ¥ 1 F BNEET % 5,
oS EHE LRI, ThAHDT -2 EBEIC
LT, v+ 4 TK81-00 2.1kbp EcoRI & X8
2.3kbp HindlIl 7 » — v 72 & Wiz TK81-MS 0
2.1kbp EcoRI 3% X 83.2kbp HindIIl 7 » — v
iz cob ORF o EHEE =y ¥ v 7 L (Fig
2-4), B EZE R X cob D3 TF I 700 bp~1200 bp
DL TR 5TV 5B EHTE I RS,

4. atp 9 BIEF

atp 9 IHIRBEZS AR I h BB ROV Y
1 r&2— FERIEL TRV T, Fig 2-5i1T
RTF vy A4 7e—voPBHR Y hEEa 9
ORF OB HET A LR TH -1,
T, =V Fvap 9 7e—THHYF Y Ty
FOMEEBUT, sr—vYHADap 9 AT YE
4 X T HHEBEEELE TS, BamHI-Xhol
(2600 bp) fHigkiz atp 9 DFEET B Z LALLM
feotrs Ete, XUE et al®® i35 v 9 1 IEE %&# (1
13M4) 2335 atp 9 DEXERIIZHEL TK b
ZoF—sgwBELTHE, atp 91X BamHI ¥4
FBB0bp BN TNEBET A ks, L
BT, SEY A RBH ST 2HBEE R
atp 9 © 5 LI 1000~2400 bp OEICH B & LT X
v (Fig. 2-5), ‘

ThD 3BETFICOWTIIEET RN LR
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TK81-MS

Fig. 2-5 Restriction maps of the mtDNA regions
containing atp 9 gene from TK81-0 and
TK81-MS. The hatched box represents
the coding region. The polarity of tran-
scription is indicated by horizontal arrow.
Homologous region between TK81-0 and
TK81-MS mtDNAs is also indicated by
stippled region. Restriction sites are B,
BamHI; H, HindIll; S, Smal; and X,
Xho L.

DB AELER - Tk b, CMSRHE & 0 E

HdigntEL bR,

FIE cox Il BRF0EEERR

#

v b2 e ABLEERIT b2 v N Y THECES
L, BTEERORGRILLE> BEERHERTH
o TOBRIEBSITIva v F V7Y A%
RER2—VENDLEF T 2=y t DLB/ETHH 3
PRV R TE AT 2=y ] I IO
BETF(cox I, coxII, cox INNEF %, cox Il
2, b Ee o CIERETIARE S TLK,
YIS HO, T AFN, [ RD, =y R )
B AR Rga=7 =y 0T
ROTREFEESRESR, I b2V ¥ ) 7EE
FOBEIHEECHEERES LSRR M R NE
BLTw5,

—77, cox Il OBRBHR I v av Vv 7y s 4R
CEELTEETLH LN, aa2F0E&ETHMLA
TED, cox I N Uiy 7 2 BREOWEENT
BENTW5, Bt 2=7 CMSBHFEI 2+ ¥
Er a2y CECMS R#* ciz, CMS RHE 5
THEEZONDF 2 5EBETH cox I BLF|D—
WrEATEY, CMSEETFRIIOMELZET
LT, ThHTHEKE,, XAETRF V41 DIE

il

HHRHESECMS R L v cox I BIET % Bl
L, T4 THE L EFEEY @ L,
MR LUFE
1 hEMHE
gAML, T vy A EE R (TK81-0, I-12
61L), 5% o CMS % # (TK81-MS, I-12CMS
(R), I-12CMS(2), 1-12CMS(3), I-12CMS(7))
Zmz, Table3-1iwm4, 74 v v v15mfE
F=T A - 8RB - 3 REE
B. maritima, B. adanensis, B. trigyna ® 3 5 4%
BrAvico mDNADOTE, vy¥ v ey 4
#H, 75 A3IF7e—-=v7, mtRNA OFHHEKL
V7 =¥V ey b GROFEIE 2EHEDRL
oo

Table 3-1. List of spinach beet, table beet and fod-
der beet genotypes used in RFLP analy-
sis

Subspecies  English name  Name of variety

cicla Spinach beet KM-1

MD-1

NS-1

Sc-1

YS-1

YS-2

Akane kyona

Hirakuki seiyo ohbakyona
Miyazaki zairai

Natsuna

Nihon hudansou

Seiyo hudansou

Shirokuki hudanna
Shirckuki seiyo ohbakyona
Swiss chard

Boltardy

Detroit dark red

Nero

Rubidus

New globe

esculenta Table beet

Egyptian flat luxor
Monopoly

Motora

MEKA

M.GM

Sugar mangold

rapa Fodder beet
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2. total DNA iEs)
WgoREYHESZEPTHRRZL 10m/
DOREEW C(0.35M = = 85, 50 mM NaCl, 50 mM
Tris-HCl pH 8.0) & 10 m/ O#&2%E#% D (@l C,
2% ¥ A~ 2> A, 40mM EDTA pHS8.0) %0z,
ERTOOTEBEL o FOH, 20m/ D 7 =
7 — B3R (0.5mM NaCl, 100mM Tris-
HCI pH8.0) iz T, 3000 rpm (GKFr — & -2
£ 107 mm) T 10 HEhEG L, EBAERL, 7=
=V EEDIR L., SBOA Y Fuis—n
BIOU/I0ED3IMEEREF + Vv &4 pHT7.0 %0
2T, —20Cw 20 ZHE &, 12000 rpm T 10 5
(A= —%—, 7lmm) &L T, DNA 2I#
@i, Wity TE BERCHERE L CsCl,-EtBr 7
BEEAREE LB X b RNA 2K %, ¥% DNA
w1,

3. MI3%~RIY—ICHAWHDNAZO~Z27

5S4 —va VERIGEE X OB R EEE OB ¥
T, 73AIFNZe—=v 7 tRABECTo. &
w, WS o KBS X-Gal, IPTGx H LE%E
KEHL (1% 7 F Y 7+ v, 0.8% NaCl, 0.8%
EBX) ez, 37C, 12KMEEL, BHS 7 -2
R LCBSLE,

4. M13 RF DNA & & U 1 448 DNA s

M13 RF DNA oz owTix, #£2%E103H
D75 A VDNAORABE K-, T T,
MI31A8DNADOTRE I, 4, MI3x &Lk
BEESERInl 2y v 7V v IrFa—TRBL
8000 rpm T 5 FREL LB, LMo F 2 —
B L, 20%6PEG/2M NaCl % 200 p/ 0 %z &
CEAL, ZRTISSHEEBE L %12 8000 rpm,
S54mMEOLTMI3 2B I, By TERE
BRI ERL, SEOTEf M7=/ —1/s7m R
AAL/L VT INT ARz TlREV A2
PV, EBR=2/ —AWEB L, WY BED
TE EE%icaE L, 1 RKEEDNA ER 2B,

5. EEESIREE

Sequenase® Ver. 2.0 # » + (United States
Biochemical Corporation) @ 7" = b 2 — A ZHELS,
CSFAFTR7VAF BRI VIEERFIZIREL
Foo MI3 0538 L7 1 A8 DNA %W 7 ul (1~2

u M4 754 == (—40 754 =~) 1ul (0.5
pmol) ¥ X OF Sequenase #EH#K (200 mM Tris-HCI
pH 7.5, 100 mM MgCl,, 250 mM NaCl) 2 ul %
Iz, 65C24MMEBL =%, RaxBHLTT
=— Yy v ragk, iz, ANTP (dGTP, dATP,
dTTP £ 1.5uM) EE&¥K 2.5/, 0.1M DTT 1
ul 3 X010 4Ci (0.37 MBq) ® [«-%P] dCTP %
iz, T7 DNA £V # 3% —+ (Sequenase) ¥ F\»
T, 37C, 50T RY Vv IIRIEETT -7 FlD
Fa — 71z ddGTP BE&¥ (8 uM ddGTP, 80 uM
dGTP, 80xM dATP, 80 xM dTTP, 80 M
dCTP, 50 mM NaCl), ddATP & & &, ddTTP
BEW, MACTPREREZ T THh2.5ul ANTE
E NIGKTH® RIGEDOI B35ul & F = —
7B LTC 37C, 05MF - x—va Y RIG
T ot, EHERIGEILBRO5% <1 a7 3 F,
20mM EDTA, 0.05% BPB, 0.05% XC) % 4 ul
Mz TREL, 75C~80CT 2 HRME L 7,
2~3ul S5%EY T2 IAT I FEHFSAVTESR
BB L 7oe BKEVEE, YA EZERL, XE 74
LACRERCy—7 =vR5F—2Bk, EE
o7l ok & T GENETYX w25 A (v
7y = T7HEKK #HERLL.

6. RNase 70727 a>aif

Trans Probe Kit (7 r =2 7) ©OF v b 2—
ARELS, HHID DNA BT A %4 A L 72 Bluescript
Iy, RNAZr—7RER L, £F, HA
DNA @ 3 il % 7 24 /e $I R B & T U ¥ L % Blue-
script #& R T3 241X T7 RNAKY 25 —%
T, 15CC 18R RNA & B RIS %17 v,
RNA7e—7%GH L1, kRiz, RPAIl v
(Ambion, USA) o7 = b = — A c¥HLL, Bk
DRNA F7e—-7%HWT, RNASwF27vav
G & fTote %9, 20 ug ® mtRNA i€ 5%X10°
cpm D RNA e —-F%Mz, ~14 7V 81—
vavIEK B0%+ a7 3 F, 40mM PIPES
pH6.4, 450 mM NaOAc pH6.4, 1mM
EDTA) ¢, —B45C T4 TV 4 ¥~ a v
RiG% 7o, RNase ©37C, 300 MA4E L
7o RNase RIE X Th b, 2K RNA &
THL, 6%EVT 2047 3 VEREFSAXEWT,
BRKE 1T - 7
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- 2 WRELI, Fig.3-1iemdk5i, 2vr7E=a—
B ¥ IR I2 2243 bp 278 D, 1463bp DAV b m v
1. HERS KXo, 382bp D5 =% & 398bp D3 =+

#5585 (TK81-0) @ cox IT iwo\ TR ERTI %

243

1,243

1,283

1,283

1,283

1,243

1,283

1,243

1,243

1,243

Fig. 3-1 DNA sequence of the sugar beet Ncox II(1), Scox II-1(2) and Scox II-2(3) genes.
differences are shown. The predicted amino acid sequences are indicated above Ncox II and below
The putative

AA CCCAACCGGT GATTTCTGAC AAGTCTTTCT TCATTTCTCG AGAGAGCGMAG AATGAACCAA
CC TGAATTGGGA GAGCAAGAAT €
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TAA GCGGAAATGA AAGAATAGGG TGAAGAAGAG AAGCCGCTAA GAAGCTTCGC TCGCTCGCTC TAACGCTCG
GCT _CCG CCT CAG GAT CAG GGG _GCG CTA _CCT GGT CAA GAA GAG GGT AGG _GYA GCA CCT TCT
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GGT TGA TTCAACCAAC CCATTACTGC TACGTAGGCG CGATCGGGCC GTTCGACAGA CTTAAGCATG GTTAG

G

Scox II. The DNA sequence was translated according to the universal genetic code.

ribosome-binding site is boxed. A triangle indicates the intron position.

denote the repeated sequences in the Scox II-2 3 exon.

Horizontal arrows

VYIRS ENDB, RF 2 =7 cox [I* LT
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Only sequence
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SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

: GTGCGCCTCTTCACGAAGGTGATTTAAGTGCAACGAAATGCCTTAAAGTGGAATATAGTTCGCAAAGCATCTGGC

G A T G G

TTACTGGTAATCTCCCATTCCCGTCGTCGAGAGACTTTTCTAACTATAGCATGCCAGAAACGGGGAGTTGATTGA
c Cc

GGTGGTTATACCTATACCCGGAAATGCTCTCAACATAGGAGCCTATGGTTCCATTCTTGTTGTTGCTGGAGGTAC
G c c G

ACATCCCTCTTCTCGGTGTAGAGCGATATACGAGAAATAGATGCTCAGCCTGCAATGTCCGATAACGGCGCTGAA
G A

GTAGTGAATCTAGCGGCACCATAGCAATGGCATACAACTTTGGACCTAACGGCCGGCCCAGTAACCTTTCGGAAT
T T

! GGGGGATCCCCGCTGGCAACAACCACAGTAGTAGTTGCGGAACTACTGGGCCGGGAGAGGACAATAACCTTATTG
T

SUGAR BEET :

PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

SUGAR BEET
PETUNIA

G -ccT G -~

CCTGCTCCTCTTTCTTCGCTTCGGGGACGGAGGTCTACGGTAGGTAACAGCAGGCACAAGCACCTTGACCGAAGG
AG

GGACCAGCGCTTCTACTCTTCCACCGCACCGAGGAGCCGCTCGCAGTGAGAAGCAAGGGATGTCGTGAACGGTGG
c - T -TT C

GAGGTCACAGAGAATTGACCTATTCATAGAGTGATCCTATGATCGATACAGGATATGTACTATCTC-TTTTTTTT
AG A C A

TCTA-~-TAGTTAGG~~TTAAAAAAGAAGGGTGACTCAACTTCTCAGCTAGAGTTGGGGATGGGACCTCTTGGCA
TTC T CT AAAA -T G

TAATGCACGCTGGAACGTGGGAATTCGAGGTCTCATGAACGACCACTAAAAACCAACTTTGTTTTTGTTTTGTT-
G T

——————— CACGATATCCGGTCAGGCCTATGGGTGGATCCTTTTAGATCTACGAG-CTTTATGCCCCGGCCGTTCA
GTGGACAA - c G C GGCCG T

CATGAGCATAGAAAATCTATACTCGAGCGTTCAACTGGGCCCCTGACAGGATAGGTGAGGAATCACTCTGGATCT
[+

: TATTTCTTAGAGCCTACAACTTCGCCGAGCCGACTAGCATCCTTTTCCGCTGCGCATTTATCGAACAAAGAAGAC

SUGAR BEET :

PETUNIA

SUGAR BEET :

PETUNIA

SUGAR BEET :

PETUNIA

SUGAR BEET :

PETUNIA

SUGAR BEET :

PETUNIA

SUGAR BEET
PETUNIA

Fig. 3-2 Sequence alignment of the sugar beet Ncox II intron with the Petunia intron.
differences are shown. Dashes indicate gaps that are necessary to align the two sequences.

o] T T -6 o] A T T

GACTATAAGATAGAATTCGCTTTTCGTGGTGAACTGGTCGTCCCATACCTTCTGCCTGTCCTATGTGTGTGGAAC
AA --A [+ TC A

CAGGTCTTTTTCGGTTACAGCCTTCCCCTCGAATACATAGGGTAGGTAGGGCTGGGTAAGAAGGGGTCCCCTGTT
T CcT GT A T C

GCCAATAAACTTTTCCCHECCTTACTTTTTTAAAAGTAAGTAAGTAGACTTTCGTCGCCATACTTATTCTTCTAA
c

G(MS)
GTGAATTGGCATTACCTTACTCTAAAGAGTCAGTCRATTTCAT TECCTTQRCCTTORATTCCTCTTACTCATAAA
AAC

GGGTCTTACGGTCGGGAGAACTACCTAAAACTAAAGAAAAATAGTGCTCTTTCTAAGAGTAGGCGTGGAGAGCTT
T

TTTGCGGGGAAACTTGCAAGTACAGTTTGGGGGGAGGCGGGCGTCGACCCAAC
T

Only sequence
The

vertical arrows mark the 107 bp insertion sequence in the sugar beet intron. The direct repeats are
boxed. Nucleotides found in Scox II-1 and Scox II-2 which differ from those in Ncox II are in-
dicated above the Ncox IIsequence.
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hezdy vOBEERIIZEVCERALE (94.9%) %
TRlie —F, 1V brvyEonwTd, ThETK
HEINLDOTIHEIRLS, “F2=7D1V}
7y (1353bp) & DI X IUE, 1vimrv 3K
WhERIZ 107 bp OEERFIOBA R A SN S (Fig.
3-2), Eh, BBz VbR X2 Cl4bp Ll
1%, 9-AGCAGTCA-3 Lt wWwHr v A v FAFAL I
(SD) EEFNiz =BT B3FFET 5,

2. SEICMS R#IcHBITS cox IT DiEE
F2ETHR~NRFLPAH B LT, SECMS
R TR cox I N2 av—FET B LENELH
Efete (Fig. 3-3), £ Tl -2 ThZThE
TrEEZbR 5 HndlII¥Fwo\WT 2 e—vqk
BT ofce TOFKRER, Fig. 3-4 @RT L5 2%EE
® Hind Il 7 = — v (6.9kbp, 7.4kbp) &b

Fig. 3-3 Southern blot analysis of mtDNAs from
the normal and CMS lines. MtDNA was
digested with HindIII and electrophoresed
in 0.8% agarose gel. The DNA was
transferred onto a Nylon membrane filter
and hybridized with radiolabeled Ncox I
probe (410bp Sall-Hind III fragment;
probe 1 shown in Fig. 3-4). Sizes of the
hybridized fragments are indicated in
kbp.

Teo W7 r—v &b 5 IR — O HIREESE v
A PRSI LT B A, 3 KM SHEEZEOFAET
B LB BRI oT, 6.9kbp & 7.4Kkbp
Hind Il 2 v — v o cox II ORF (R ZF# Scox
II-1, ScoxII-2 L5410 %) OEERINZREL
7c& A (Fig. 3-1), Scox II-1, Scox II-2 % iz
EMEBAGY =Xy vORFETCHBOEES
RU A, Scox II-2 Tix+2044 DB CHELR
BRIL, TOd Scox -1 XHH 101 =¥ vy
R L7 ORF AL T\~ 5%, 101 = F vl
BFC W TavE a— & —BRERT-7H, #HE
HODHBEFILT — s R~ AR RE I NI -
Tro WEIEERED cox II (Neox I1) & O B
Zteo Scox IT-1 a2 — FEEE & 0N 3 Bk &
BT Neox II S BERL Tfei 4V b e v g 28
B, SD#RECFIM R 1 BT OREBRAL bz
(Figs. 3-1, 3-2), S HICEHKR B B & & iz Scox
II-1, Scox II-2 &£ H i ATGBAfG = ¥ v LIk 50
bp 2B Neox II L 3 R BEEEZFL Tz
(Figs. 3-1, 3-4).

3. EESNW

EH R (TKS1-0) & SH CMS F#Ht (TKS1-
MS) BT cox [T DEE 2 —v BB L, Ncox
II ©5 =%V v&%&ir 800 bp Xho I-BamH I #i K-

(Fm—=72, Fig. 3-) ¥ 7 r— 7T, /—
Frvoey oW kT A, Neox Il DEE
BEYDOr A4 XX1.3kbTH-7e DX L T,
TK81-MS Tix1.6 kb itil4§ 5 F BEEE Y H*
BHXhi (Fig.3-5). ¥, 3=V v%&Y
410 bp Sal I-Hind lIl ¥tk (¥ = — 71, Fig. 3-4)
TR —T LB ARLAEOEENE SR,
cox [T DEFE A2 — v PIEER LS CMS Rt
BICHET 5 2 LML D BRI,

wiz, Scox II-1 & Scox II-2 3¢ b ImEE X h
TWENENYRANRSL 7w, Scox II-1 iR T
HiEE A 7 -7 H W T, TK81-MS © mtRNA
ENATVEAX -2 a vETHT, TDORKE, v
FrrxBEHEEhichot, LEL, /~¥Fv 7
oy PO D ABRHEEREDT < hi- RNase 7' =
F7vavalEREWT, ScoxlI-2EEH0m
ExfTo7E b, RNA v -7 L H5TFHELYE
B L, RNase SExn iz v FIAERAI K,
VERRLEERTLh TV 5 LELD LR
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2 1
HE E B EX BEBXES H
Ll | |

IR TERETZE R

e et

I1kbpI

H XX B X  BEBXES H

L1 L LN

—_—

= ANA probe

H XX B X  BEBXES H

L1l T2

———————— -

Fig. 3-4 Restriction maps of the mtDNA regions containing cox I gene from TK81-0 (Neox II) and
TK81-MS (Scox II-1, Scox II-2). The hatched boxes represent exons, while the bar shows an
intron. The polarity of transcription is indicated by horizontal arrow. The location and extent of
the three probe DNAs (for Southern and Northern blot analysis in Fig. 3-3, 3-5 and 3-7) and the
RNA probe (for the RNase protection assay in Fig.3-6) is indicated over the map. Restriction
sites are B, BamH1I; E, EcoR1I; H, HindIII; S, Sall; and X, Xho L

2
& &
& &£ kb

<16
<13

-=195base

Fig. 3-5 Northern blot analysis of the cox II locus
from the TK81-0 and TK81-MS.
MtRNA was electrophoresed in 1% agar-
ose-formamide gel, transferred onto a
Nylon membrane filter, and hybridized
with the Ncox II 5 exon probe (800 bp
Xhol-BamHI fragment; probe 2 shown
in Fig.3-4). Sizes of transcripts are in- Fig. 3-6 RNase protection assay of Scox II-2 tran-
dicated in kb. script.




404 BERFEERINE L1848 F45

(Flg 3_6)0

4. Scox II LSO HERERT
BT ~Fe X 5 i@ Scox IT BET & Neox IT &
GREEHEE A2 -V ERTH, ThiXEEHHE
2ok 5 5 B oBEECER TS BB EH
bo EE Scox II ERBOREFEXHELMIZTH R
HORBRES T, ¥, Scox II-1 D5 EFRBEK
(2400 bp BamH I-Xho I ¥t K ; # = — 7 3, Fig.
3-4) BSr—7E LT, EHERH (TK81-0, I-12
61L), S & (TK81-MS, I-12CMS(R)) L t8S#H!

-—74
-—6.9

e ~—63
®®w - . 46

Fig. 3-T Southern blot analysis of total DNAs
from the normal and CMS sugar beet
lines, and the related species. The DNA
sources are; Sugar beet (TK81-0, TK81-
MS, I-12CMS(2), I-12CMS(3), I-12CMS
(7)), Spinach beet (YS-1, Hirakuki
seiyo ohbakyona) and B. maritima (SP
581103-0). Total DNA was digested
with HindIII and electrophoresed in
0.8% agarose gel. The DNA was trans-
ferred onto a Nylon membrane filter and
hybridized with the 5 flanking sequence
of Scox II-1 (BamH [-Xho I 2400 bp frag-
ment ; probe 3 shown in Fig. 3-4). Sizes
of the hybridized fragments are indicated
in kbp.

&R O CMS FRft A-12CMS@), ), (7D @
mtDNA 2B873 % RFLP 4% % 17 - 7= (Fig. 3-7),
FDRER, FEERMCINTEAA TV EA LTS
AV EFPRHEIAT, HRFERIEELNLS T
»H%, TK81-MS mtDNA # i\ 7cB&1id Scox
II-1, ScoxII-2, DFhFh & &t Hind Il ¥ A

B.9kbp BX VT 4kbp E LI A~4 TV EAXL
Tehrote, ThieH L TRECMS Rt cd 5 I-
12CMS(D s v~Tid, 6.3kbp Hind I BT R, %
7 1-12CMS(3) 3 L (7)) TiX, 6.3kbp & 4.6 kbp
D2RDAVIFEAATVEAXE—a v TF N
PH S iz, B RFLP 547 (Fig. 3-3) & 9,
BRI CMS _#fic i Neox II & #&EDIB e cox IT

Table 3-2. HindIII fragment length polymor-
phisms detected in B. wvuligaris ssp. cicla
mitochondrial genomes. The DNA
bound to a Nylon membrane filter was
hybridized with the 5’ flanking region of
Scox IT-1 (2400 bp XhoI-BamH I frag-
ment ; probe 3 shown in Fig.3-4). ND
indicates a non-detectable fragment.
Sizes of the hybridized fragments are
indicated in kbp

B. vulgaris Name of Egg}gt
subspecies variety size (kbp)
saccharifera TK81-0 ND
(sugar beet)  TK81-MS 6.9, 7.4
1-12CMS(2) 6.3
I-12CMS(3) 4.6, 6.3
1-12CMS(7) 4.6, 6.3
cicla Hirakuki seiyo chbakyona 4.6
(spinach beet) Swiss chard ND
Miyazaki zairai ND
NS-1 ND
MD-1 ND
YS-2 ND
Natsuna ND
KM-1 4.6, 6.3
YS-1. 4.6, 6.3
Sc-1 4.6, 6.3
Akane kyona 4.6, 6.3

Shirokuki seiyo ohbakyona 4.6, 6.3

Shirokuki hudanna 4.6, 6.3
Nihon hudansou 4.6, 6.3
Seiyo hudansou 4.6, 6.3
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(A) Hindlll 6.3kbp region (I-12CMS(2) and (3) )

H XX B X X H
L 11 B I .

Hindlll 4.6kbp region (1-12CMS(3) )

H XX B H
L 11 I I WL

(B) 1-12cMs(2) coxli gene
H B X BBX H

I I I | I

Hindlll 6.3kbp region (1-12CMS(2) )

H XX B X X H

l |1 | | | 1
Scox/l-1 (TK81-MS)

H XX B X BBX H

L 11 R N I T
(C)

Xhol Start

TTTCTGACAAGTCTTTCTTCATTTCTCGAGAGAGCGCAGCAGTCAAAGAATGAACCAAATGATT
EREFRRERRRRK KRR RERAR AR RS Rk RRRRERRRKK KRR R RERRRRK

GCAAGAATCAGTCTTTCTTCATTICTCGAGQAGAGCACAGCAGTCAAAGAATGAACCAAATGCGA

Fig. 3-8 (A) Restriction maps of the 6.3 kbp-Hind III clone in I-12CMS(2) and I-12CMS(3), and the 4.6
kbp-Hind IIT clone in I-12CMS(3). (B) Restriction maps of the intact cox II clone and the 6.3
kbp-Hind III clone in I-12CMS(2), and the Scox II-1 clone in TK81-MS. The location of 52 bp
homology region (marked with the 'R ’) is also shown. The hatched boxes represent exons, while
the bar shows an intron. Restriction sites are B, BamHI; E, EcoRI; H, HindIII; and X, Xhol.
(C) Sequence alignments of the homologous portions of the cox II gene mitochondrial genome.
The location of the ATG start codon and Xho I recognition site are also presented.

BEFHRLar-—SEh T3 LEBINEN, & WrhZs r—vi{bl, HIRBERIEHRLZIERL -
nwehnx <, Scox I 5 EFOMBRIEIR—4 7 & (Fig. 3-8), HIREFZE 1 + o4 H S,
R &3 1 8RT J-12CMS(2)) ¥ 7o 2 BT 6.3kbp 38X 084.6kbp HindIll 7 = — viZ\L-Fh
d-12CMS(3), (D) FETH L5 TH 5, L Scox I o5 ERBER—DEEYET S L%
2T, 1-12CMS(2) & (3% Scox IT 5 1HHF 25NM5, #D5%, 6.3kbp Hind Il 7 = — v ik
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cox II ORF ©#30bp FifiicfrE+ % Xhol

FOBELTWDZ ESH DT, [-12CMS(2D
D6.3kbp 7 m—v B X Ccoxll 7 v—v (5.2
kbp HindIIl 7 = — v, Fig.3-8) &&->\+T Xhol
4 RLOEHEET R RE LT, £O#RER, Fig.
3-8 mbBbLME 3 ATGBIA = F v XKW &
T % 52 bp OIAEFIB R T hic,

—7, CMS Ao 3@os 4, B. mar
itima (SP581103-0), B. adanensis (Egypt), B.
trigyna (SP753012-0) B3 L U7 £ v v 7 9 Rt
T3 RFLP (Fig. 3-7, Table 3-2) 23&H E iz,
Thbb IBMOFLEEEL 754 Y 7 D1RK

(Hirakuki seiyo ohbakyona) “Ti¥, Scox II :¥i
Wrr—7E 14798435 Hind Il BiH %
4.6kbpiTh DB THoN, ThEHLT, 78V
v v 8% (KM-1, YS-1, Sc-1, Akane
Kyona, Shirokuki seiyo ohbakyona, Shirokuki
hudanna, Nihon hudansou, Seiyo hudansou) T
WR1-12CMS@3), (ME A%, 6.3kbp s X 1U°4.6
kbp HindlII R e ~A 7V £ A4 X¥—>av 7
FABEEh, ThbD 78y y volEs 2
& & S-3, SARERE Y 2 & L DBEUMEAREE X
b,

z =

FYH A DEER LS E CMS R#FirLzhLh
12— (Neox II) b2 =2 — (Scox IT-1,
Scox IT-2) O cox Il BIEFH &5, WERTISHT
DFER, Ncox II & Scox II BEF BB Y v
T 50bp EMAOEENLEREY, BEL
BV EWCELIHEET S LB L, &
1z, MoON et al®iZ=vF oD cox II WwwBL T
Sl = vV /7EREZT, BEHDO Y K s
= F v o iR 285bp & 302bp DIBREY T3
ERHE LI, 0T, TV M OmRHKEICLRS
Rte cox IT 5% & — v ORI X T FBET Iz 7
55 FiREoBEEI X B TREN S ED TELV,
Fl, SECMSR#f L v 27 v—v{b &t Scox
2 BEFIEBNTR2—-FEBEO #1101 =2
VAERELTWwWA, RNase 77 7 v a v &
D Scox II-2 2 ChHENBEROEEY R R
NnTEH, 1%2D BoroBICMS Ziic R & hic
ath 6 BET OB LBELT 5, = 5 Lk Scox
I BEFOL ERES 523 2 — FIROBEE
BE2XCMS ORB LB T A 05012, SEOER
BRoLTIFBHTER G, —F, SE CMS R#E
CEIDcox TBEEODRRE>WTRRERD R
5= 2 B,

ScoxliI-1 cox |/
———— —_—
flip-flop
recombination
—

Scoxll-2
—e -

cox |

Fig. 3-9 Possible mechanism of the generation of the Scox II-2 gene by inverted repeat (hatched box)-

mediated flip-flop recombination.

The orientation of the inverted repeat is shown by bold horizon-
tal arrow. The stippled boxes represent exons, while the open boxes show introns.

The polarity

of transcription is indicated by horizontal arrow.
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Scox II © 5" Lo MR IER Rt R
EhighoteorXt L, S-28 CMSRH T I ¢+
AVRYTY s in &b 1R, S-381E
S4B CMS R cR 2 @i aE T h T %, S-2
B CMS Rt et &tz Scox IT 5 EFHABRIB
s Rr—=v 7 L THERANERE L EC A,
Neox I BIZF & 52bp Wiste 5 BEEFINE LT
Shiz, S-2 8 CMS RFiCiiBerE T 5 L5 2
b cox I BETNL 2 —FEL, *0HEE
THIR BRI X 0 HIWT o E Neox IT & R
—ERILEND, Fh, B = Fvick L
152bp HABFILEE I N TVWDH I L EHMD
120 BE5C, Scox -1 S-28oMER 3 r 2 v
F Y75 Ak \T, intact it cox IT BiETF &
Scox II 5 EHEFIME <52 bp £BEFI 2N LA
BEZHPECCEREBE L TTRESEAE V., $75-3
FIXUSABCMSHHH X 51 &P © Scox

duplication

integration

L LLLE el Ll Z

d

Ll smali ORF

|

e

TP TTITIT:
Scoxl/l-2

x11-1

5 EHBAYESATYSN, T DHEBICIT Neox
II £ o 52bp H@EFNI R I N/eh o e, S-3EH
R 5-4 B CMS R#I<@E A D Scox II 5’ LITHRIE
itz gv vy v & 3BT B, maritima, B.
adanensis 33 X O' B, trigyna w2 3B HEET 5,
Lind 78y Y oS\t S-3K8LUS48 &
B U RFLP < % — v &RTRHME, LEIHERE
ERFLP <2 —vEIEFTHRHAPBEL TS D,
S-3S4MEOREYE 2 5 ETHEEE
F—R2 L 2D

—77, Scox II-2 BEFOREIZOWTRET®
£ 572 oDMMAAHETH %, %, BREARS
and LONSDALE?® (3 S # CMS % # © mtDNA #
By RIEL, SMKERTIDOL 22 cox I 3
TRIGEELCHEEL TR D, oMM KERSI%
AL TFREARZPERCGEZ - TW5 2 &2l
EHL 7 Fig. 3-9 cBERMIRT X 51k, T ofifir

Scoxll-1 region

Duplicated region

unknown region

Scox//-2 region

Fig. 3-10 Possible mechanism of the generation of the Scox IT-2 gene by the duplication/integration model

of Folkerts and Hanson (1989).
OREF is indicated by the open box.

The hatched box represents the coding region, and the small
The polarity of transcription is shown by horizontal arrow.
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RE®SH Scox I-10RF Iz EL & T h Ty
% ERETIIE, Scox II-2 13X Scox II-1 D#E#H %
E¥ &% 2 bh, BREARS and LONSDALE ® 7 —
ZEFELR —H, FvH4D Scox [1-2 L [F
B3 wmomELicoxll] 2 — 2 _F2=77T
LREEBINRTVAH, ZoB41E, BEOEEY
fBxtccox II 2%, ETEHELLSE, ¥/ oA
Eh, TAMOBBEULEERINA T B

(Fig. 3-10), 7 v 41 Scox II -2 BEFH, ¥
hoBBIZY > TEAN IO LT3
e, WM RERYE £ oK OB XS %
RETHULERD B,

%%H&%k:/%vfﬁ?ﬂblﬁiﬁiﬂo%ﬁé hic s
Fav KUY TBEFRI NV ER a0 cox I EIE
FThb, £DOH, <~V aAry, as¥, 41X
=V Py, #4R, RFa=7, =V THE
Tcox [ BETFOBEERTILHEE S hi, 2
DF—-EERHLTHRDBE, 1) £14X, =V Iy,
=vaA sl +Dcxll 34V e vE RSO
L, 2) RFa=Tb=avIovRBIOHRTFEEDD
cox IT 12k 794-1353 bp DN ERFINFEET S, 3)
=v v D cox I w3\ ~CTBREID cox IT DA v
FevIIEiz, 1075bp R BB DALY bR Y
REETS, ) #HPBERICTRLbh2 1 v eV D
HiEERE s L THEERS OB ACERL TV
LW EBERBLhE RS, KRR~ T v
A cox I 3 hFTHHINPFTHRIRVA
VeV EETERFa=T cox Il BEF LD
Trrll0bpEWA v b e viEo, FOW 4 X
EORERIZAI Ve v 3 RERIZL SR 107 bp
DIEHEEINOBATH o T, BABRFIOER
Wik 6 bp D REEF (5-GCCTTC-3") »ELE &
htkbh (Fig.3-2), 1%, 2 4%, HHE=
F =T LEEE PTVRRY VL BEARRE
TH7y T Y Vv ELEZLADD, KIE,
VignaBo Vaz P vRBIUH 57 iz T,
cox I b av )77 ahblhiy ) s~ER
LA ERBEZI NI, cox I OF /7 L8R
BICIEGEYOWEE LRE L WO BREVEE &
nTW3BX5TH5,

CDX 5D cox I BIEF OEITIE, %
MO 5 VARV IZLBFA, BVWRKRERIZAH
LR 2 s K SRR B RIS B ¢
WHRREMERE G, &8, ZHIE L DEYT cox

I BEFoBEYHLMLTAILIRE ST, &
FavE Y TEEFOEICETIER MR IE
bhaz ERHFIh%,

BAE atp ABGETOMELRR

&

ATP 4BE# (F,\Fo-ATPase) 412375
VT7IEBWTHEBMRC § 2V F ) 7EREK
Th, Fi EFo D220 F 2 4 v (BEEEA) v H#
BEhs, XY vEBLRIGICBES T 5 /A F Fo-
ATPase T F, FAA VD54 ==y D5
IONERGEY s 2lta—-VEh, FoVA4vD
49 F=2=y FRELTRIONEREY /) b2 —
FTharY, Thics L TBbdy ) vBbE G
B b2 ¥ Y7 FF,-ATPase T, F, F
AAVEEBRTA Y 2=y 6, 9B LOF ¥
AAVDaeHTa=y v 2EFRFha—-FT58&
BFHI LV YV TY I ACEERTWS?D, &
NOEDOBEFOFTay7Ta=y BEF (ap 4)
RERCHABY T, B AFIRFELTE
D, I+av i) 7EBTFOENMEYBETS LCHE
HXh 3%, Ok, bveraH® <va
A4 7 w® = v §F v Nicotiana
plumbaginifolia®®, = & X%, ~ v H & A =2 V8,
L= ) RWT, FOBEEI EKRVTH B M
IxNt, TORE, WThoEHBEOEETFH 1
Vievgdi?d, o— FRcBT s EREFI0H
EEEE <, BRITH%EHLTWBZ LHL
I Ts 5 12,

—H, tvERIY, b=V IUVBLNEAY AL
A 2 v OIEERH & CMS R Tt atp A BEEE
CEEEROELTWB I EABEIhTW5, B
ey s, EHRRHE CMS Rfke D
1T mtDNA oW BRI L g+ 5 &, BEEXR
Wap AFBEZLI»RBINT, ap ATEOER
& CMS FH & ORI M AR & hu 5289, 5 v
1D atp A BRETF S IEF R E CMS REEMT, %
DOBBEMOBENELLRE-TRY, EHERKE
SHESLTIRECMSHFHED I tav Py 7y
LB TNENEESHAERIRE I N,

AECR, ThboF—s2bbdbir, $bavy
VT 5 AATO atp ABEBFOGREEE L LK
BT U T

il
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WRELUFE

L B
7 v IEER# (TK81-0, 1-12 61L) L X U85
& o CMS % # (TK81-MS, I-12CMS(R), I-

12CMS(2), I-12CMS(3), I-12CMS(7)) DFH 7%

HEDIEAR X 0423 10 R N # 7 B mtDNA,
mtRNA 2L, FRHER L, 78V VY o0
1 %# (Miyazaki zairai) =2\ iz, BABRZE
LA, REL Y mtDNAZHEL, 7
v—=v 7 IZluwvic, ¥ 7, total DNA X, %3
BEOFEILE-TTF V41 T Rkofic, 7—-7 1
E—h B E—)F, 78 VY OCOHEE
(Table 3-1) DOREEM AR L, RFLP o#icH
Wiz, ¥ ¥V T my VoW, s —-¥vITery 5
¥, RNase 7’ = 5 7 v av ¥, 75 A3 F 7
v — =V B OEERFIREE IR 2ER IO
SEREERLLAY TH S,

2. HEH SO mtDNA NIER

F v A4 R B, maritima O 1 5% (SP673000-0)
BT, AMSOBAEE T, IEABEAER IR
v, ChoDEHEBZE L Tk HANSON et
al D HEPHRE LT, KEM S mDNA #FHH
L7z, 500 g ORERKE Ui 450 m! © LGB #& &
® 0.3M=< v = b—a, 50mM Tris-HCI
pH 8.0, 3mM EDTA, 0.1% BSA, 1% PVP, 9
mM2-AAh7 =&/ —n) PCERL, 4EBED
H-—HE2EDI 77 ATEBLLE BEYL
4°C, 3500 rpm (KF e — % —, £ 107 mm) T 10
SREL LY, EE%4C, 11000 rpm (EF = —
£ —, XFE 71 mm) T30 5L CERE b
av VY 7HBE20m/ 0 LGB #&HRK BB L,
Hor4c, 3500 rpm T 10 HREEO LR, LE X5
DF2—7BLT, DNase UEB & fTo%e T h
LIRE D3I TRAE AR 5 5 © mtDNA FH8
& 28 witots

3. RT-PCR*

SINGER-SAM et al.’® DGRt » €, mtRNA
MHEBEDNAZERL, BIELL Thbb,
DNase #LE L 72 5 ug ® mtRNA % PCR RIGE&
¥ (10 mM Tris-HCl pH8.3, 1.5mM MgCl,, 50
mM KCI, 0.01% (w/v) £ 3 # v, 200 M

dNTPs, 1uM 75 1 <=—) CHEEL, AMV i
FEEFRE Tag AV A 7—¥kEThthlu 0z,
Yy—=1Y 427 7—FT 500C, SHOBHREL L
%, 95C, 14 —=60C, 24 —~173C, 25308 0
s 30 41 7 V@52 Lwk b cDNA DG
B & I8 24T 5 72, I8 cDNA % Klenow B % T
KIBEHE L, PRI L 72 T EcoRV CHJ# L
t=~27 # — (Bluescript KS+) w#iE Lk, HWEE
BLEKBEDS D, ERNOHADNAXS 2D
PEH 7 v - VEY, TOEEEIIFREL .

4. FS5a7—HE%

754 <=—HEEIZ, SAMBROOK et al®® o Jf
Biftotc, Tihbb, BNETIHEEOT TR
DS L HMHE0nt DA ) TR VAT PR
T4FF —Xick b 5 RKWEHRL, 77 1M~-&L
foo TDT 5 A =—(10"~10% cpm) & 10~20 yg
mtRNA & & S ICRNA-DNA A~ A1 7V & 1 € —
vav i (80%+ &7 3 F, 40mM PIPES
pH8.0, 1mM EDTA pH8.0, 0.4M NaCl ¢
85C, 10 ZrMEmEts, 0CT—B7=-Y v/ X
BEfT, =27 -ABELk, WED%RTK
¥ (50mM Tris-HCl pH 8.3, 50 mM KCl, 4
mM DTT, 8mM MgCl,, 0.8mM dNTPs, 50
ug/ml 779 7 <=4 >vD, 1U/ul RNase 1 v
ez =) CEFEL, AMVUEGRERERY ML C,
45C, 1BMIIG X%, cDNA &R LK, 0.5M
EDTA pH 8.0 T ¢cDNA HRRIGEEE X811,
RNase A ¢ 37C, 30 7 M RNAGBRIG % 1T-
oo —H, B 774 = —% v, AROHEHIRY
BGU—AREDNA L 7=V v/ LCvy—2 =V A
HIe#wF\wv, Rt E cDNAZELI6%T7 2V
NT S PEMS AV CESKIKE L, RNA © 5 Kimk
RELR,

i R

1. IEEEF

=Y NeDapATr—TEEVT, EERHK
TK81-0 X b #iH U 7 mtDNA o Hind lI1 53 f# 4y
EDRITHF VAL TV EAE—a VETH,
FDRER, 3.7kbpMTHICA~AA 7YV E A X~ a Y
v 7 FapBEht (Fig 4-1) oT, oWk icow
T, HIREBERTNMR A ER L (Fig.4-2), ap A
FHOERFEFZHRE L (Fig. 4-3), 2 V& a2 —
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4 3.7
4 2.7

Fig. 4-1 Southern blot analysis of mtDNAs from
the normal and CMS lines. MtDNA was
digested with Hind III and electrophor-
esed in 0.8% agarose gel. The DNA
was transferred onto a Nylon membrane
filter and hybridized with radiolabeled
pea afp A probe (see Table2-2). Sizes
of the hybridized fragments are indicated
in kbp.

-t BFrERrO—BRRERETRAAIL LT H, 1518

bp 25 % atp A ORF R E iz, =v F YD

ap AL B LA, BEEERT v 4 T

94.6% Vo EVCHEREERR L, ¥, BBV

Vb2 T12bp iy, 5-TCTATTCT-3

EwWs v A v EFr s (SD) BEFIPcETIA

BET S,

FVvAsEEI—FTAEY I 2V F ) 7EE

Fix, ZTHhETCEFEARLREED, $~XTRNA =<

Fa4 T4 VITRECTOBT, 754 aip ARE

FO mRNA oW T EEDESZZFT\5 %

ENEELNCTHLED, ap Aa—-FBEEL

cDNA 7 r—v OEXEETIZ kD, ¥/ » DNA

DIEERTI & B LR, CRFL 3BT

T, CoUEEFEIBE I (Fig.4-3), *h

LDOCoU=FsF4viimk-T, 3@EAED

Za—-FIha7I/BERENTr ) vhbe

Table 4-1. Effect of RNA editing on predicted
amino acid sequences of sugar beet
atp A polypeptide

Amino-acid position

Plant species

393 431 472
Sugar beet? P-L P-L P—L
Oenothera® L L P-L
Maize? S P L
Pea? L L L
Radish? S P P
Sunflower? S P L

1 The amino acid sequence was deduced from the
mRNA sequences

¥ The amino acid sequence was deduced from the
gene sequences

v
AGU-CC—AAA (1174-1181)
*kk Kk kkx

AGUACCGAAA (1287-1296)
* ¥ kx kkx

AUU-CC—-AAA (1411-1418)

Fig. 4-4 Short consensus-sequence around the edit-
ing sites of sugar beet afp A gene. Aster-
isks indicate homologous nucleotides.
Numbering of nucleotides is from the
translation start of afp A. Arrowhead
indicates an editing site.

VAL TEY, MOEDEDap AT 2 /B
BLFl & B L A, MHE%2E ET % (Table
4-1), LR IBEHRO=F 417 4 v 7 EARLDE
EEFIZE L cs b, =Fs T4 V7%
F—7 LR BBENZE 2 Vv AT RT
Ehie (Fig. 4-4),

2. CMS RfIZ#173 atp A DIEE

CMS Rffiic ks % atp A RIROEE LT S 2
T hiedi, =V FvHEXRDOap ABGETF T -
7% BT RFLP i & & e, HindIII 5 &4
T BA1TVEAE—> a VEBRBENCHLE
SHCMS R#ET132.7kbp, SE &L 2 EH (S-2,
S-3, S-4 &) o CMS Z#FETidvFhd 6.0 kbp ©
HindI iR e 4 7V EFA - a vl F i
BHE e Fig 4-1), EERT TR, Fid~sie
X513 7kbp D Hind I iwap ARE Eh
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TK81-0 atpA gene (NatpA)
1 RNA probe
H ESCcE S B Sc S E H
l 13
i 1
1z 1
TK81-MS atpA gene (SatpA)
2
E SScHH E S B S¢ S E H 1kbp
sl
1-12 CMS(2) atpA gene (S-2aipA)
3
S B Sc S S S Sc Sc H

H E ScE
| L

atpA pseudocopy
(TK81-0, TK81-MS, 1-12CMS(2))

Fig. 4-2 Organization of the afp A genes from male-fertile (cvTK81-0) and CMS (cv TK8I1-MS and I-
12CMS(2)) lines, and the pseudocopy aligned with their regions of homology. The hatched box
represents the coding sequence and its homology in the pseudocopy. TK81-MS atp A (Satp A)
diverges from the Natp A 47 bp nucleotides 5’ to the start codon (black box) ; the [-12 CMS(2) atp
A (S-Zatp A) diverges from the Natp A 393 nucleotides 3’ to the stop codon (stippled box). Syn-
thetic oligonucleotides A, B, C and D were used for primer extension analysis, and are complemen-
tary to the sense DNA strand. The location and extent of the three probe DNAs (for Southern
and Northern blot analysis in Figs. 4-5, 4-8) and the RNA probe (for the RNase protection assay
in Fig. 4-6) is indicated over the map. Vertical arrows denote the approximate position of the 5

and 3 termini of atp A transcript.
Sacl; and S, Sma l.

b, STCMSH# & L T TK8I-MS, % - B #
CMS%# & LTS2BCMSifaE» A&+ 5 I-
12CMS(D % EATERD SR % 7 v — 1L
L, atp A EIROEERIIRRE L (2 hBLRE,
TK81-0 f13¢ D atp A % Natp A, TK81-MS H 3k
Datp A% Satp A, I-12CMSQOHE K D atp A%
S-2atp A ¥, Fig. 4-3 @RT X dic=— Fik
ZonWTinThd Natp A LR—oEEERYITH
5, Lo LBERCIBEERERL LN, Nap A
L Satp A L DRITEEEE 2 F v BB 2 T47bp
I hEomos e HAE XRS5, LA,

Restriction sites are B, BamH1I; E, EcoR1; H, Hind III ; Sc,

S-2atp ACBIL T 3L 2 F v o 3 T 393 bp
o DOEKRGI Natp A & Rig- T 7o (Figs.
4_2y 4—3)0

3. EESMH

Satp A X UNS-2atp A 135 E i3 3 BT
HMEERPELTEY, ChboEENEEEFD
BERCEELYRETENYRTEIR 5,
TK81-0, I-12 61L, TK81-MS ¥ X (*I-12CMS
(2)D 4 R L b mtRNA #FH&E L, Natp A ORF
DHL A 5% % 720 bp EcoRI-BamHI ¥ i (7
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LB AR RE F 18K H45

183
2
183
2
1,283
1,283

1,283

1,283
1,283
1,283
1,283
1862

Fig. 4-3 Nucleotide and derived amino acid sequences of Natp A1), Satp A(2) and S-2atp A(3) genes.
Natp A sequence is aligned with Safp A and S-2atp A sequences.
the predicted translation start of atp A. Three editing events (marked with arrowhead) were
found in the coding region, all being C to U transitions.
amplification are overlined. The putative ribosomal binding site is boxed. Vertical arrows indi-

cate the points of sequence divergence. Horizontal arrows denote fthe location of inverted repeats

GOCATGAANGCTCT TCAGCAGRACTT TCTGACGGATRCCTACTATGATGTGATGT TATG TAGCACTCATAGT TABAGATEOGAGGAGCTCC
TCTAAATGTCTATGGOCT TTATTAAATATTCAGTTTTTACTTTOGT TTTAGTTOCTTGATCTGCGAGCAGGTCTACOGTCATATTGATCT

TGAATTTCCTGGATCTAATCAACTATTCT IG\TCT(!}IXIEAT{ZT TC-WATI‘CT(XI!TT TI'I'ITGMTC
CCTAGRREGATICACTTGTAGGAGT TAGTARCTCACTCATCRGC TATORGCAGOSRCATTCTOCCTT) ATTTTTGAATC

ATGGAATTCTCTOCCAGAGC TACGBAACTAACGAATC TATTAGAAAGTAGAAT TACCAACTTTTACACGAATT TTCAAGTGGATGAGATC
MEFSPRAAELTNLLESRITNFYTNFQVDE!

COTCGAGTAGTCTCAGT TGRAGATGOGAT TACACGTGT TTATGGAT TGAACGAGAT TCAAGC TROGGAAA TAGTGRAATT TGOCAGCGGT
GRYVSVGEGDGIARVYGLNEIQAGEMVEFASG

GTGAAGGAATAGCCTTAAATC TTGAGAATGAGAATGT AGGGATTG T TGTCTT TAGTAGTGATACCGCTATTAAAGAGGRAGATCTTGTC
VKGIALNLENENVGIVVYFGSDTAIKEGDLY

AAGOGCACTGGATCTATTGTGRATGT TOCTAOGAGAAAGHCTATGC TAGGGOGT GTGGTCGACGCGT TRGGAGTACCTATTGATRGAAGA
KRTGS I VDVPAGKAMLGRVYVDALGVYVPIDGR
GOGECTCTAAGDGATCACGAGCGTUGACGT GTOGAAGT GAAAGOOCO0GGGAT TATTGAACGTAAATCTGTRCACGAGOCTATGRCAANCC
GALSDHERRRVEVKAPGI!I!IERKSVHEPMAQT

GOGTTAAAGGOGGET AGAT AGCCTGGT TCCTATAGGOOGTGGTCAACGAGAACTTATAATOGGGGACOGACAACGRGAAMMACAGCTATT
GLKAVDSLVYPIGRGQRRELI 1 GDRQTGKTAI

GCTATCGATACCATAT TAAACCAAMAGCAACTGAACTCAANGROCACCTC TGAGAGTGAGACATTGTATTGTGTCTATGTAGORGT TGGA
AIDTILNQKQLNSKATSESETLYCVYVAYG

CAGAAOGTTCAACTGTGRCACAATTAGT TCAAAT TCT TTCAGAAGOGAATGC TTTGRAATATTCCATTC TTGT AGCAGOCACORCTTOG
QKRSTVAQLVQILSEANALEYSILVAATAS

GATCCTECTCCTCTTCAATTTCTAGCCOCATATTCTARGTGTGCT/ ATWATATTTWTMTWATMTTMTMTC
DPAPLQFLAPYSGCAMGEYFRDNGMHALI I

TATGATGATC T TAGTAAAGAGGOGGTGRCATATCGACAAATGTCATTATTGT TAOGOCGACCACCAGRCCGTGAGGCT TTOCCAGGOGAC
YDDLSKQAVAYRQMSLLLRRPPGREAFPGD

GTTTTCTATTTACATTOCCGTC TCT TAGAAAGAGOCGC TAAACGATOGGACCAGACAGGCACAGGT AGCT TGACCGOCCTACCOGTCATT
VFYLHSRLLERAAKRSDQTGAGSLTALPV

GAAACAGAAGCTRGAGACGTATCRACCT, ATATTWCGMTGTMTC’I’CCATTMTGATGE&CMATCTGTTT GGAAACAGAGCTCTTT
ETQAGDVSAY PTNVISITDGQI CLETELTF

TATCGCGGAATTAGACCTGCTATTAACGTCARCT TATCTGTCAGTCA0GTORAGTCTBOOGCTCAGT TGAAAGCTATGAACAAGTCTGC
YRGIRPAINVGLSYSRVGSAAQLKAMKAQYVYC

v
GATAGTOCAAAACTGGAAT TRRCACAATATORCGAAGTAGOCAOCTTTACTCAATT TGGGTCAGACCT TGRATGCTROGACTCAGRCATTA
GSPKLELAQYREVAAFAQFGSDLDAATQAL

CTCAATAGAGGTGCAAGGCT TACAGAAGT ACCGAAAGAACCACAATATGCACCACTTCCAATTGAAAMCAARTTCTAGTCATTTACGCA
LNRGARLTEVYPKQPQYAPLPIEKQILYVYIYA

v
CCTGTCAATGGAT TCTGTGATCGAATROCACT AGATAAAATT TCTCAATA TGAGOGAACCATTCCAAATAGTGTAMACCAGAATTATTA
AVNGFCDRMPLDKISQYERTIPNSVKPELL

CAATOCCTTAAGGGEIAGT TAACTAACGAAAAAAAGATGGAACTAGAT TCCTTCTTAAMGAATACGCTTTGAATTACTAATTCTTCTAA
CSLKGGLTNEKKMELDSFLKECALNY?®

CTTTCTATTTATATTGAGATTAGATGTAATTAAGAATAAAGGCTAATATCT TRCOGAAAGICGRGAGEGT W

GGTCTTCCCATCATGATAGACT AAMGGEAAAGTCCCTCRGAGATAT TAGT TCGAATCCAAT TCATCATTCCAGTTCATAAGGCCTTCATT
CAATAGAAGT T TAGGATGGAGCTATCACTAATAGACGGATRAGATTGT TTACAACAAAGTGTCTATATAGCAAGGACTCTTAAMCTATA
TATATCCTATAGAATAGGGACTCGACCAAAGGCTCAGCOGAAAGAGAAAC TGAATTCAAATCTCAC TTGAAGACGRTTATTAGCCGTCTC

AGTAAGGGTAGTGAACAAGTTTAACGAAGACTCAAACCTAAT TCACTCGOGGAGTCTT TTTGCATCCATRROOGAATGCT TAAAGDGOGA
AGTAPGBTAGTMAGTCTTTFWMATMI TCTTTTTAGGAAGCGACAAGACCTCTTCTCTTTROGTGACTCCTTCTTAG

which could form stems necessary for a putative stem/loop structure.

-91
-91

-1
-1
80
160
27

360

450

830
2
810
900
980
1080
1mn
1260
1350
1440
1530

1620
1710
1800
1890

1980
1980

Numbering of nucleotides is from

The 5 and 3’ primers used for RT-PCR
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Fig. 4-5 Northern blot analysis of the a# A locus
from the TX81-0, TK81-MS (S cyto-
plasm), [-12 61L and I-12CMS(2) (S-2
cytoplasm). MtRNA was electrophor-
esed in 1% agarose-formamide gel, trans-
ferred onto a Nylon membrane filter, and
hybridized with the sugar beet aip A
probe (720bp EcoRI-BamH! fragment;
probe 1 shown in Fig.4-2). Sizes of
transcripts are indicated in kb.

m—71, Fig4&-D %7 e —7 BT/ —¥v7
w v b W RTT - 7z (Fig. 4-5), EEFRSED TKS1-
0Ti22.2kb & 1.8kb D 2 BOBREFEEY M X
HicDOER LT, SE CMS R TKSI-MS %
U I-12CMS(R)D atp A mRNA i%2.3, 2.0, 1.9
kb D 3FETH -7z, '
ZDXSKREFEAZ —vOEENE UL H
LT 5k, RNase 7 r5 7> a v 3L 7
T4 =—fREELL Y mRNAD5, 3 BRKE®
FELi, T, 3 RWEF &EFHHLRNA 7= —
7 (500bp Sau3AI-EcoRI; Fig. 4-2) ®#ER L,
mtRNA & 5FHEBE PR I -, RNase A
IOTIC1ARERNA XS MEL /o, Fig.4-6 L b

. <=2p0base

Fig. 4-6 RNase protection assay of atp A tran-
script. Continuously labeled Sau3AI-
EcoRI antisense riboprobe (approximate-
ly 500 base shown in Fig. 4-2) was
hybridized with TK81-0, I-12 61L,
TK81-MS and I-12CMS (2) mtRNAs,
followed by treatment with RNase A and
TI.

BB a7 X 5 1z TK81-0, TK81-MS D' hicks
W4 260 base D RNA v F 2B H & h, &Ik
a Fv6#110bp TIROMBLABEEY O 3 Kk
RN B EAHBE L, Th, 3 RMHIE2
HoUMNKERFINEESh, AT s4—7H21HE
BiS 2 REBEYH Z LpTES (Fig.4-3), &
i, =724 7yOap AR cox 1% H 5\ ik
A4 XD cox 1% OEFITELL T 5,

— 7, Natp A mRNA DB WA IR 5 1o b,
ATGBA= F v O LR DEFIR S L2207 v
FhVvATI54<=— [Fig.4-2; 751 =—A (—65
b 5 —94, 5-ATAGTTGATTAGATCCAG-
CAAATTCAGGAG-3'), 75 14 =—B (—478 »»
5—507, 5-GAAGAAAGACTTGTCGGAAAT-
CACCGGTTG-3)]&#HEL, 771 ~—fhEE%
A &t Figd-Texwm$ X 5 ©—573, —557,
—556, —206, —159 DS EETD 5 W xR E L 7
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-159=+GC
CcaG
TA
TA

TA
CG

(C)

GATC

>>=-O>

“-er-odan--i-4re-

-238=>
237~
236

«234~

P>O-PQA>PQO>

Fig. 4-7

Primer extension analysis of a#p A transcripts.

>
—AO0—3~4->

-368—>

—AR-H>»>0

i

-364

> o6 -1
—HOQ>P>>O> -

(B)

>HPP-HOO-QA>>>n
OOOP-H-HEO44-10010-044>0>r0> 4440

@

QORI >PON>>>00>

GATC

GATC

The 5 termini of the Natp A transcripts (Panels A

and B) and the Sap A transcripts (Panels C and D) were mapped by extension of mtRNA primed

with synthetic oligonucleotides A-D (positions indicated in Fig.4-2).

Primer extended mtRNA

reaction products were electrophoresed adjacent to synthetic oligonucleotide-primed sequencing
Oligonucleotides A, B, C and D were used for panels A, B, C and D respective-

reaction products.
ly.
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PREED=y BV IDFEREEZHERENE, /-
v7ey P GTTRHENR2.2kb EEH D 5
1%~573, —557, —556 iILRIGL, 1.8kbE&EEHD
5 Witk —206 & —159 KT 5 &L AT L\ RIT,
Sath AT DN TH20DT7VFEVATST A =—
[Fig.4-2; 75 4 =—C (=174 » »—203, 5 —
ATTTAGAATGTTAATAAAGTAGTCACT-
CTC-3), 77 4 =—=D (—407 » 5—499, 5~
TCGAAAGAATGAAGCCTAACCCGAAT-
GAGA-3)] &ML TEEYD 5 MERE L2k
R, 2.3kb mRNA © 5 # 13—642, 2.0kb
mRNA © 5 ¥ 13 —368 & —364, % 7#21.9kb
mRNA @ 5" 3% 1x—238, —237, —236% X O
—2URERENEL TS LB L Fig
4-7), 753, Nath A D—573:8 8 Satp A ©
—642 ABEELAAD I 2 v P ) 7THEEFOEER
BB BRI RS 9 EED 2 v v v 4 BT
(5-AAATnnCRTAAGAGAAGAAAG-3) ¢ &
CHEEERYTL, BERRSOTRERENELTY,
Fig. 4-5 i £E CMS Rt ¢ H % [-12CMS(2)
Datp AGBEHPZD>NTOAL T Y F L E—a
VAL -V HRTRLI, ZhHDEE 2 —v
i, wWihd, FAURKERETFEYE TR
I-12 61L D atp A DIEEFE A EZ — v EFE—TH -7
f-T, S-2atp A DY BEHRRVWIEIhicEE
BRIGEAZ — VLA » B RIEL TR
WERERL T v, 7278, TK81-0 & 1-12 61L i
HERCHREZE T L b b, BEAL
2—VHERR-TRY, BBREFHCI»HELE
z bhi- (Fig. 4-5),

4. atp A DBRET
Satp A ¥ L OV S-2atp A BEF AN 7s 5 B8
X o TELIh 2D, ThERERNRT
BFIRFIHBLT e —F2 L, 7v¥14D7REK
(TK81-0, I-12 61L, TK81-MS, I-12CMS(R),
I-12CMS(2), I-12CMS(3) % X ' I-12CMS(D) X
H i L 7= mtDNA o Hind Il 5@ 33+ %
¥ ey b RTol, Satp A RN LA
% (400 bp Hind III-EcoR I W7k ; 7 = — 7 2, Fig.
4-DFE T e —FEACERE, B P W
hOoRHeB - ThE BHEIhighs, B,
maritima < B. trigyna EORNHETEESHEL T
LARBRIIRY ST, i, F-2_-ROBREKI

Fig. 4-8 Southern blot analysis of mtDNAs from
the normal and CMS lines. MtDNA was
digested with Hind III and electrophor-
esed in 0.8% agarose gel. The DNA
was transferred onto a Nylon membrane
filter and hybridized with radiolabeled S-
Zatp A-specific probe (1700 bp EcoRI-
Hind III fragment ; probe 3 shown in Fig.
4-2). Sizes of the hybridized fragments
are indicated in kbp.

IoTH B EFNEZRBRETE Do DT,
Satp A DS BEBOBFEIARETH B, Zhicx
LT, S-2atp ABGEFOEIEBE L CER
FTREF -2 2B, Thbd, S-2ap A CER
B 75 3 B2 (1700 bp EcoRI-Hind LI T K- ; 7
v —7 3, Figd-2) %7 v — 7T RFLP %7
FRALEDH, TIRER L TRERB TR
B L C3.6kbp HindII K e~ 7V & 4
¥—vav e/ FArRBE R ki (Fig 4-8),
TKS81-0D $ b= v F U 7%/ 55 53.6kbp
Hind I Wik % 7 » — v{LL, HIRERDNHMR A
ER LI & T B, S-2atp A T LA UEETDH
B EATRER I N (Fig. 4-2), EEETIZHIRD
R TK81-0 ® 3.6kbp Hind III ¥7 K = 0 i,
Natp A ORF 3’38 (11bp) 256 3 BRI T
DAWEhp EFINFEELTEERD Z EAHBPLE
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e t——

B —
GAACTAGATTCCTTCTTAAAAGAATGCGL TTTGAATTACTARTTCTTCTAACTTTCTATT
%k %k * * * e Akkkhkkkhkhkhkkhkkkhkkhkhkhkkkkikk %k %k

TAATTCACTCGCGGAGTCTTTTTGCATCEATTGAATTACTAATTCTTCTAACTTTAGATT

TATATTGAGATTAGATGTAATTAAGAATAAAGGCTAATATCTTGCCGAAAGGCGGGAGGG
k  kkkkkhkkkhkkkkkkhhkhkkhhhhhhhkhhhhkhhhhhhhdhdhhhkkkhhdhhkhhk

T—-ATTGAGATTAGATGTAATTAAGAATAAAGGCTAATATCTTGCCGAAAGGCGGGAGGE
Sm

TGCCGAGACCCGGGGCAACGGGGTCTTCCCATCATGATAGACTAAAGGGAAAGTCGCTCG
L R L T Ty T Iy ]

TGCCGAGACCCGGGGCAACGGGGTCTTCCCATCATGATAGACTAAAGGGAAAGTCGCTCG

GAGATATTGGTTCGAATCCAATTCATCATTCCAGTTCATAAGGCCTTCATTCAATAGAAG
Y T e T e e T T T T T 2

GAGATATTGGTTCGAATCCAATTCATCATTCCAGTTCATAAGGCCTTCATTCAATAGAAG

TTTAGGATGGAGCTATCACTAATAGACGGATGGGATTGTTTGCAACAAAGTGTCTATATA
T T T Y P eI I T T T2

TTTAGGATGGAGCTATCACTAATAGACGGATGGGATTGTTTGCAACAAAGTGTCTATATA

GCAAGGACTCTTAAAACTATATATATCCTATAGAATAGGGACTCGACCAAAGGCTCAGCC
Fhkrkkhkhkhhhhhkkkhkhkhkkhhkhkkhhkkhkkkkhkhkkkkkkkkkkkhhkkkkkkkrkkkk

GCAAGGACTCTTAAAACTATATATATCCTATAGAATAGGGACTCGACCAAAGGCTCAGCC

E
GAAAGAGAAACTGAATTCAAATCTCACTTGAAGACGGTTATTAGCCGTCTCAGTAAGGGT
Thkkhkkhhhkhhhkhkhhkhrkhhkhhdkkdhkhhkkhhhhhkhhhhkhkkkkkhxkhkkkkhkhk

GAAAGAGAAACTGAATTCAAATCTCACTTGAAGACGGTTATTAGCCGTCTCAGTAAGGGT

L —
AGTGAACAAGTTTﬂKGGAAGACTCAAAQCTAATTCACTCGCGGAGTCTTTTTGCATCCAT
dkkkkkikkkkk %K * * * % * *

AGTGAACAAGTCTAGTTTTAGGAATAGGAATTCTTTTTAGGAAGCGACAAGACCTCTTCT
E

Fig. 4-9 Nucleotide sequence comparison of the Nafp A gene (top line) and pseudocopy (bottom line).
Only the 3’ end and the adjacent flanking region of Na#p A (nucleotides 1480-1959) and the corre-
sponding sequence of pseudocopy are shown. Asterisks indicate homologous nucleotides. A 406 bp
homolology region is boxed. Horizontal arrows denote the imperfect inverted repeat sequence.
The location of the TAA stop codon and Smal (Sm) and EcoRI (E) recognition sites are also
presented.

(Fig. 4-9), X b, I-12CMSQ)i, Z Z TR 1
It atp A BEBET & S-2atp A BETFHTHA
HOoDEEVIBEREIET L EAHEIR L
Fro A AZTVFT 7 — O THEL R I-12CMSQ)

mDNA D7 v~ 5475 )b S-2ap A3 X
BHER 7 m — IR T 5B 2 v — v AEREED
HL, HIRBERGEBRYES e, Fig 4-10 K5
T REEIOREX IH6.5kbp LHEEEH —
b, Ele, REBRFIZHFOHEBHEROEERTINR
KBAED 7 v —v e TBLh I b, T0O

Fig. 4-10 Restriction maps of the four different
genomic environments of the 6.5kbp

REEF N Lo FRE s FRIER 2 NER
TR 2T B ERT I,

—7, Bioap ABBREFEEZONDETIA
TEYVODIbavE YTy ) AhRARAEIR
72o B. vuigaris OHBETH ST — 7 E— b (ssp.

repeat in [-12CMS (2) (5-2 cytoplasm)
mtDNA. The hatched box represents
aftp A coding region, while the stippled
region shows the 6.5kbp repeat. The
polarity of transcription is indicated by
horizontal arrow. Restriction sites are
S, Sall; and X, Xhol.
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esculenta), Bl E— b (ssp.rapa) BIFv g£v v
v (ssp. cicle) X & 26 &% (Table3-1) #EA
T, total DNA ##itH L, HindIll T4 EHE = v
FoapA7w—7LDETRFLP i {172

(Fig. 4-11)s F—7 A E— b Lk E— + OHER
gfETr, WTthid 7414 (TK-81-00LHELT 3.7
kbp Hind I ¥R ~1 7Y &4 X LR L,
78 vy Py TEO 3.7 kbp Hind III ¥ iz
> 7 F DR &5 & (Swiss chard, Hiraku-
ki seiyo ohbakyona @ 2 ) @ [-12CMS(2)%& &
F#6.0kbp Hind Ul ¥R w7+ Ak & h
%enfE (YS-1%8 &%) winz, @6.0kbp & 5.4
kbp @ 2> Hind NI K iz atp A A BT % &

Fig. 4-11 Southern blot" analysis of total DNAs
from the B. vulgaris strains. The DNA
sources are; Sugar beet (TK81-0,
TK81-MS, I-12CMS(2)), Spinach beet
(Swiss chard, YS-1, Miyazaki zairdi),
Fodder beet (Sugar mangold) and
Table beet (Detroit dark red). Total
DNA was digested with HindIII and
electrophoresed in 0.8% agarose gel.
The DNA was transferred onto a Nylon
membrane filter and hybridized with
radiolabeled pea afp A probe (see Table
2-2). Sizes of the hybridized fragments
are indicated in kbp.

LrinfE (Miyazaki zairai &5 &) ARHE IR

(Table4-2), @D I/ A—7DOREBIH LN D atp
A DEEER YT~ 5 1%, Miyazaki zairai 7 &
vV v DRIEHNL mtDNA HHiH L, 6.0kbp X
U'5.4kbp D2 >0 HindII WA %27 n—v{LL
T, HIRRBERIMHR 2 FR L7z, Fig. 4-1212 %
E®Icr 51 6.0kbp Hind III BrhA ik S-2atp A 8
WeA—DBELRTORMLC, 5.4kbp Hind
Ik idatp A © 5 BEEEH S = — Fid @ Sac
IV T S-2atp A LHIRBEEY 1 + &3t
BTHH, ¥ BESCIRLBHRESE Y1 LR
WIEEh, BEEROEZ - TWB I ENNTEIH
2o FE, BEERBAYESULEFEEI RS Sacl-
BamH I 818 (450 bp) izo\ T, BERFIEREL

Table 4-2. Hind III fragment length polymor-
phisms detected in B. vulgaris ssp. cicla
mitochondrial genomes. The DNA
bound to a Nylon membrane filter was
hybridized with the sugar beet afp A
probe (720bp EcoRI-BamH 1 frag-
ment ; probe 1 shown in Fig. 4-2). Sizes
of the hybridized fragments are indicat-

ed in kbp
B. vulgaris Name of g;%crlnlglt
subspecies variety size (kbp)
saccharifera TK81-0 3.7
(sugar beet)  TK81-MS 2.7
[-12CMS(2) 6.0
I-12CMS(3) 6.0
I-12CMS(D) 6.0
cicla Swiss chard 3.7
(spinach beet) Hirakuki seiyo ohbakyona 3.7
Miyazaki zairai 6.0, 5.4
NS-1 6.0, 5.4
MD-1 6.0, 5.4
YS-2 6.0, 5.4
Natsuna 6.0, 5.4
KM-1 6.0
YS-1. 6.0
Sc-1 6.0
Akane kyona 6.0
Shirokuki seiyo ohbakyona 6.0
Shirokuki hudanna 6.0
Nihon hudansou 6.0
Seiyo hudansou 6.0
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1-12CMS(2)
H EScE S B Sc SEES S Sc Sc H

Y

1kb
Miyazaki zairai (Spinach beet)
H JESgE S B Sc SEES S ESc Sc H
AMTTNNN.
H EScE S8 B S¢ B ScH
! 1D

atp A copy diverges from S-2atp A 1455 nucleotides 3’ to the start codon (black box).
tion sites are B, BamH 1 ; E, EcoRI; H, Hind Il ; Sc, Sacl; and S, Smal.

Sac !
GAGCTCTTTTATCGCGGAATTAGACCTGCTATTAACGTCGGCTTATCTGTCAGTCGCGTC
AEEKERRKERRKKRKERRRRRERRE KR IR IRk KRR IRk kkkkkk kR RkRkk Kk k kK k%

GAGCTCTTTTATCGCGGAATTAGACCTGCTATTAACGTCGGCTTATCTGTCAGTCGCGTC

GGGTCTGCCGCTCAGTTGAAAGCTATGAAACAAGTCTGCGGTAGTCCAAAACTGGAATTG
*kkkkkkkRkkRRRkkRkRbkkkR kR RRkRk Rk kkRk kR kRhekk bk bk Rk kX KRR KK

GGGTCTGCCGCTCAGTTGAAAGCTATGAAACAAGTCTGCGGTAGTCCAAAACTGGAATTG

GCACAATATCGCGAAGTGGCCGCCTTTGCTCAATTTGGGTCAGACCTTGATGCTGCGACT
kxkkkkkkkkkkkpckkkkkkkkkkkkkkkrkkkkkkRkRkkkpkkxkkkkk Rk kR kR k¥

GCACAATATCGCGAAGTGGCCGCCTTTGCTCAATTTGGGTCAGACCTTGATGCTGCGACT

CAGGCATTACTCAATAGAGGTGCAAGGCTTACAGAAGTACCGAAACAACCACAATATGCA
kkkkkkkkkkkkkokskokdkkokkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

CAGGCATTACTCAATAGAGGTGCAAGGCTTACAGAAGTACCGAAACAACCACAATATGCA

CCACTTCCAATTGAAAAACAAATTCTAGTCATTTACGCAGCTGTCAATGGATTCTGTGAT
P 212 3313322322132 32 T332t it s

CCACTTCCAATTGAAAAACAAATTCTAGTCATTTACGCAGCTGTCAATGGATTCTGTGAT

CGAATGCCACTAGATAAAATTTCTCAATATGAGCGAACCATTCCAAATAGTGTAAAACCA
FkkRk kR kR Rk kR kR Rk kR kR kKT R kR Rk kK F kR bk xhbk Rk khkkkhkk% *

CGAATGCCACTAGATAAAATTTCTCAATATGAGCGAACCATTCCAAATAGTGTAAAACAA

GAATTATTACAATCCCTTAAGGGGGGGTTAACTAACGAAAAAAAGATGGAACTAGATTCC
¥kkkkkkkkkkkkkkkkkkkkk¥k *k¥ * ¥ * *% *

GAATTATTACAATCCCTTAAGGGAATCATAAGTCATATCGTTTCTACTTTTTCGGAAAAC

TTCTTAAAAGAATGCGCTTTGAATTACTAATTCTTUTAACTTTCTATTTATATTGAGATT
* * * * * BamHi
CGGTCTTCGGGTATCTAGGCATGGTTATGCCAGGATCC

Fig. 4-12 Organization of afp A gene and pseudo-atp A copy isolated from a spinach beet line, Miyazaki
zairai. The hatched box represents the coding sequence and its homologous pseudocopy.

Pseudo
Restric-

Fig. 4-13 Nucleotide sequence comparizon of the Natp A gene (top line) and the pseudo-afp A copy of the

spinach beet, Miyazaki zairai (bottom line). Asterisks indicate homologous nucleotides. The

TAA stop codon and Sac I and BamH I recognition sites are also presented.
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el A, atp A TAAKIE= N v 52bp LIk
DML WV BEERABI LT3 EA¥BEL,
BBEFLL T BAEEM 2SS (Fig. 4-13),

Z =

HEE IS %8 C ¢, TK8I-0 & TK81-MS
MHOHBBELT atp ABET (Nap A, Sap A) 3E
WIZBRIE 2 Vv DT 47bp B DO TFHEER
BRETs2 0¥, ik, S-2B CMSR#tT
5 1-12CMSQ)BXD atp A BETF (S-2atp A)
BEVX Natp ABEL B LBE, RiE=aFvod
TH393bp 1 LRBEERERILCWV5, 7/ —F
v7 ey 3 X hif TK81-0 & TKSI-MS &
DEEARZ -V IIELLREREN, BEEHD D,
IMARME 751 ~—HBEEELRNase 7 v 5 7
vavVHMETRIELEER, Corabhiap
ABE 2 —vOREIETRECEHLS 5 LR

O
,(Of TK 81-0
&S

¥ H
DA [

BoOEERIIOHEECERT A L8R TE L, &
72, SEGH Uz RNA BB AR £ I alE X
DAL -bDoTHh, CMS OFEE L OEEEME Y
B+ 5 I3 ABER D RNAER OB 52,
ATP AR 8 v A 7 BOBBST B SBELET
HH5, —F, SEERREFO S-2 F CMS Rtz
BT, ToMEFEREJ-12 61 EET ap 4
BE Az —-vpiBbhi, Fhig, 3 BEgcsT
TBEERENEECHEY RIEL T\ -5 RS
DHTEN, ¥, ALMRERZEL T3 b 00
53, TK81-0 & I-12 61L D iR T i atp
ABE g —vOENRBE I A, ThEKE
EFENI b av ) THEFOBEZLES TS
EERTTF -2 EELZ T, AFEOMRE, v
EravDex ] BEFIVRAVIEAL 2D
atp ABETFO cbBEIRTCEY, BEEREE
EFOMEEER %25 5 L THRIRR,

probe

H
l

. e H2cMs()

Smg H
N/ 3.7K
latpé]
— R1
HSmEESm H
SMEESmM H

1 6.0 K

%8 e e

m%////% 3.6 K

[
HSmEESm H

7 NN\

}

Fig. 4-14 Organization of the afp A 3’ flanking regions in TK81-0 and I-12CMS(2) (S-2 cytoplasm)
mtDNAs. The 3.7 kbp Hind III clone (TK81-0) was found to contain a homology with 5’ termi-
nus of the 6.5kbp repeat (R1). (Left) Southern blot analysis of mtDNA. DNA was digested
with Hind IIl, and hybridized with 3’ flanking region of afp A (250 bp Sma I-EcoRI; shown in
right panel). (Right) Restriction maps of the four Hind III clones. Open boxes indicate afp A
coding region. Restriction sites are E, EcoR1; H. Hind Il ; and Sm, Sma L.
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Satp A BEFEEM ST 5 BEROEROK
REBEO» TS, ZO—FHT, S-Zap A
BEEORRE 2V TRTRBREDL T — 2 2871,
S2BCMSRHD I b v ¥ Y747 a3, e
LI S-2atp ABIBLTFH 1 2 —FT 5 LERAR
IZatp A3 KR E L O OB OMERES %
7 ADFOBFIZ Y|, vV Y TRy bOHTK
ThE, ap A=a—VIEDCERRKTIAEE 5#6.5
kbp OB Y/ sRERELCEET R, Thic
MLT, EERHKTE, S-2ap A THREREIX
12 —-DRTHDH, SMALL et al.”? 4%, + 7V =
VT ENULERERFIOBRS I Fa v F Y7y
7 b DEMKERLREREC - 3REE 2R
L, COEHOELL, OHER Y 228
DEGRERFIR]L, ROVEFICEEILTV5,

D
O C TK81-0
O F

Q#%&E Yy 7 ATERL & R2 X FRFhAN LicH
By, BREOY Ty L5FH
7Y eV FELTCELABEERDS, @7V v
SFoOf: OER, HER Y/ sk TRLE
REFKENTVWHEBROEREL o~ R £ —Ffifk
BEFICRETHEIEDTH B, RIWIEE
(TK81-0) B s b2 v F YT H /7 2438528
(I-12CMS(2)) # 7 s DER T, +7 Y =V
FTENLERZENELTCS28 Y 7 206.5
kbp REERFI SR E iz & +hiE, 6.5kbp K
EFI oA & HRME D B 58\ RERFINEER
CENRFREERTWBZ LD, HEOF ISR
~f-ffiz, TK81-0 mtDNA it} 3 6.5 kbp ELFl
DY FERBEZOCCHEMBN A To0E B
(Fig. 4-14), 406 bp 0 EE % A Lk Fig.

L
S H Bg BgBg B H
L ] 1800 L 1 | 9.3 K
R2
—fp
2.9 K
[ 1 .
Hsix 1500 gx |
I-12 CMS (2)
probe
H SI X Bg Bg B H
%/1300' L | 74K
"//1//500 rT | 29K
HSI X | EX H

Fig. 4-15 Organization of the afp A 3 flanking regions in TK81-0 and I[-12CMS(2) (S-2 cytoplasm)
mtDNAs. The 9.3 kbp Hind III clone (TK81-0) was found to contain a homology with 3’ termi-

nus of the 6.5kbp repeat (R2).

(Left) Southern blot analysis of mtDNA. DNA was digested

with Hind ITI, and hybridized with 3’ flanking region of S-2a#p A (1300 bp Xhol-BglII; shown in
right panel). (Right) Restriction maps of the four Hind III clones. The hatched region indicates

the 6.5 kbp repeat in [-12CMS(2).
HindIII; and SI, Sall; and X, Xhol.

Restriction sites are B, BamH1I; Bg, Bglll; E, EcoRI; H,
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4-9),

—77, 6.5kbp EiFID 3’ #BRIK % &1y Xho I-Bgl
II (1300 bp) Wik (Fig. 4-15) %7 v — it T,
TK81-0 mtDNA @ Hind Il 84 & o ¢+ &
v7ry P RET oM, FOBER, IERBLO
HREZI %St 9.3 kbp Hind III B A 28 H L 7,
BERIISTC X hid, KBEFX Fig. 4-16 105
FTIXO5RTopThote, 172D alp 6 ThiITh
Tbhp DRBEERFIAFEEE LAt E 2 bR BHEE LM
HBEZN TR D, 6.5kbp BFI0 3 BRIRCEE
EnizTbp OREEFI b ELOBET, T Fh
CELHHEB 2 OEMEIC VB2 LHEI RS,

XHRRIERCIAELZEDHR YTV 2V S
FELCEETBIEIRFAD I, R1IESID
— A& BT 250 bp Sma I-EcoRIMi % 7 v —7
CAWTYF Y T ry t S 2B, TORER,
Fig. 4-17 @73 X 5 6.0kbp & 1.3kbp C#H4
TAHRBIAERLEOBD TR AL TV £ £
vavAVEERRHEL, 7Y EVHFOFETS
TR ATRB I i, H-C, EFROMER v
2V YT AEBWT YTV EVENLRE
6.5kbp IO EE & T, £ DOBRET406bp K
BRI vEEL M T HHEAARBRLITLD
S-2atp A BGETFHECKAEELRSCE LN

3’ junction

¢
XBg1300 GGAAGC GGTCAGGAAAAGC I-12CMS(2)
kkkdkkkkkkkkkkkkkFk
XE1500 GGAAGC GGTCAGATCCCCG I-12CMS(2),TK81-0
kkkkkkk
BgBg1800 CTCAAACCCCOGGGTCAGGAAAAGC TK81-0
7bp repeat

Fig. 4-16 Sequence alignment of the homologous portions of 1300 bp Xho I-Bgl II subclone (XBgl300) from
I-12CMS(2) (S-2 cytoplasm), 1500 bp Xho I-EcoR I subclones (XE 1500) from I-12CMS(2) and
TK81-0, and 1800 bp BglII subclone (BgBg 1800) from TKS81-0. The 7bp sequence common to
all three sequences is boxed.

G
S0 ey
s 3.7K
- —= R1
— | 36K

|

H SmE H
R1-mediated recombination
i

H SmE H
' L | 60K
" — R1 (sublimons)
—r1] 13K
H SmE H

Fig. 4-17 Detection of Hind III fragments corresponding to the predicted products of recombination across
the R1 repeats. TKS81-0 and I-12CMS(2) (S-2 cytoplasm) mtDNAs were digested with Hind III
and hybridized with the 250 bp Smal-EcoRI fragment. Sizes of the hybridized fragments are in-
dicated in kbp.
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X5, Ef, 7Hx VY ODRZXapADa—-F
BoY AU CTHEEERYBEIL T35 ap ABTID
BRI N, &8, ZoOkkicap ABEEFIM
R EEICL VE C ey EET o0, RIE
BFORMEEL V7Y Vv GFD 7 v — vk X 0%
BT RED, TV IRETD ap ABEBFD
LI OWTRARDLEND B,

SESE atp 6 BIRFOBELRR

&

atp 6 BBET LATP AREBRESETF, ¥ 24
VDV T2z y b2 —FFTEHIPaVEYTHE
BFTHB, HHWTELYERr 22D alp 6 BEF
DEENRACHREEhi™, BRENZ i, &
DEEFO=—FRAREERS 122bp BEFIA b
vewnayexll OFEBEROHD, L5 E
Wit v Er s THCMSREi L v Bl E h
I A SBEF T-uf I3 D LR REL CEE
ThH, ERELA X022 —0 alp 6 BEFH
7 r—vibIhihn, AR BOFYMHIZZTh
Ehcox Il B\~ atp 9 BEFEOEHBER
FINRHE E ™, ap 6 BETF L mtDNA BIRK
L OFERBEENERET 5 T — 2 IMLoEPET
PBOLNTB, B ap 6 BIEFEELEEBETE
ENRCMS ORBHEL TW5Z &2, FvEw
2 THE LI OCCEHCMS REH X T D, »
T hEA VO g RO g L g 21279 CMS R
MTHEINTED, CMS 05 FEELERT S
LorHIND, ABECTRF VIS IOEEERKES
BRIUS2HCMS R L b atp 6 BET L BB
L, 205 FEE L BEEREY BB LI,

TR E L UFE

T v 1 OIEERS (TK81-0, 1-12 61L) s X
5% © CMS % # (TK81-MS, I-12CMS(R), I-
12CMS(2), 1-12CMS(3), I-12CMS(7)) D& 7%
MORKR L b & 2 E w755 C mtDNA,
mtRNA 1L, ERIHER L, DNAFR L O
RNABWEGE2E, #E3FCHER L.

& R

il

1. E&REZ
OBl o=yl SV ap 6 T —

7 (Table 2-2) #H\C7 v %1 E¥R#H (TK81-
0) © mtDNA @ EcoR I &4 & DEITHH v~ 4
TV FA4 €~ avEfT5 & 4.2kbp BT L OFET
STTFHEEIER IS (Fig.5-1, Table2-3), &
OMhFE s r—vibl, BEREIITREL &
Figs.5-2, 5-3 R T X 5, 750bp B 785 alp
6 BNEEE NI, TVHA alp 6 R hECIRERE
Ehicatp 6 DNTHARBFELHNE L, T4
atp 6 L F A2 alp 6 RGO R 7 vAF N
MTHBRLIEHE 5. 2%E I BV ERAEEZRL
oo 72, A=Y v BE LT, 14bp LRI
%, 5-TCCATTCT-3 &\~5 SD#HREFIHFLET
B0, ThiFvyM1ap ADERCRVIZEh
7= SD ##E %] (5-TCTATTCT-3") (Fig. 4-3) & B
LT3,

2. CMS ZifI=HBIT3 atp 6 DIEE
Fig.5-l1iemRT X5k, =vaAf s yap6 7
r—713S, $2, S3IBLVSABCMSHBH X

q 4.2
< 3.2

Fig. 5-1 Southern blot analysis of mtDNAs from
the normal and CMS lines. MtDNA was
digested with EcoRI and electrophoresed
in 0.8% agarose gel. The DNA was
transferred onto a Nylon membrane filter
and hybridized with radiolabeled QOenoth-
era atp 6 probe (see Table2-2). Sizes
of the hybridized fragments are indicated
in kbp.
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b #iH L7 mtDNA @ 3.2 kbp EcoRIMrH & -~ 1
TYEARXT B, CMS R#fiicsiF 5 atp 6 BETF
HIEW T 57, 3.2kbp EcoRIMI A & = h o
d—R"—=F v v rPstl¥i A % SE CMS % #
(TK81-MS) % X 0% S-2 #l CMS %# (I-12CMS
@) Xhrze—viblL, GWET-7 (ZhLIE,
TK81-0 51 3% @ atp 6 % Naitp 6, TK81-MS i 3k
Datp 6 & Satp 6 7 b I I-12CMS(2D D atp 6
% S-2atp 6 LEWE), HIRBERUN MR % ETh
i, 3R oL TiTh Natp 6 LRGN
LZLWIHEEERZOIERLT, 5 LR Tk
Satp 6 BX O S-2atp 6 b= — VEITELK
B THEERIIEI - TWB T ENRE AL
(Fig.5-2), WEB IS O RE%® T L B C Fig
5-31IR T, 2— FIRIBIL Tk Satp 6 D435 F
B C B (Natp 6 OXIGMEIT) L,
¥t S-2atp 6 210 FHE M G B (Natp 6 OXF
IGAZEET) LTuiedd, WiFholEEBER =2 F
YOINFRICELTED, 73 2 BEIIOLTI
Hich e, RS L T, 5 BT, Sap
6% S-2atp 6 bFHBE= VO EH41bp 205
DRGSR RIL - T\ B,

3. CMS® atp 6 nLEFIZEH&E NIz ORF
XUE and THOMAS (RBAf5) iw X 3, %4 S

EH BHP
[

B CMS Rl I\ Ti atp 6 BET O LI 525
bp ® ORF (Sorf 1) BMELEL, atp 6 LXEEZh
HEVS, ARBTIRS2HCMS Ritic2o\T
atp 6 LRIRDOEXEFIZHEEL, ORF 0RER %
AT, ST CMS REED atp 6 LI (XUE and
THOMAS FAB) L HlT % &, EEBHBLH bp ©
RED B BRI, Sorf 1M 55 LE i flts
ERELY, ZORY, floT7 I JBE -7
% ORF (S-20f L5%) BREEZ iz (Fig.5-2),
Sorf 1 LB LA, BEREREFITILE6%, 73
/ BELTI T 4% DR LIIR E Mt BRI,
Sorf 1&S-20f OWEFERZDVCTEHREY O
hydropathy ##M L TAa % &, W bBEARED
RELHRVELTCHI Ty, BrEdL TREET
v HAOBEMRHEL VB, TDX D Y
i, roErasTHRCMSRHD T-wf 137,
A~y BAA 2y CMS RFiD orf 105'0 B X O F £
F CMS R D orf 2249 S OBIFREY b RH X
nTW 5%, 73 ST CMS RHD Sorf 1 LT &
S-2 T CMS R# D S-20f LU 1w\~ T HI R B
FUWHR AR Lict oAb, Pt batp6 D
FR#1.3kbp b DREENREVICELLE RS D
LAV L (Fig. 5-2),

HPB E
1Ll |

[ atpé I’

TK81-0

—— Probe

PBS SX E
1 1|

H HPB E
1 111 |

TK81-MS

Isortd |_atws |A

Xh HBBHE H
L1l I

E HHHPB E
i |

[-12CMS (2)

| 8-2ort || atpé I‘

Fig. 5-2 Restriction maps of the mtDNA regions containing afp 6 gene from TK81-0, TK81-MS (S cyto-

plasm) and I-12CMS(2) (S-2 cytoplasm).

The open boxes show ORFs. The transcribed

sequences are also indicated by arrow. The location and extent of the probe DNA for Northern
blot analysis in Fig.5-4 is indicated over the map. Restriction sites are B, BglIl; H, Hind III; P,

PstI; S, Sma I; X, Xbal; and Xh, XhoIL.
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1

TGTTTATTACGATTACGTCCCAAbAGCCCACTTGAGCAATTTICCATTCTCCCATTGATTCCT -1
AATCCAGCAGCGGGACGGATCCCCAGCCCCCTAGAGCAATTT[TCCATTCTICCCATTGATTCCT -1

ATGAAAATAGGAAACTTGTATTTCTCATTCACAAATCCATCTTTGTTTATGCTGCTAACTCTC 63
GNLYFSFTNPSLFMLLTIL

AGTTTGGTCCTACTTCTGCTTCATTTTGTTACTAAAAAGGGAGGAGGAAACTCAGTACCAAAT
s LV LLLLHFVTIKI KT GS®GGNSVPN

126
GTTTGGCAATCCTTGGTAGAGCTTATTTATGATTTCGTGCTGAACCTGGTAAACGAACAAATA 189
VWQ@Q@SsSLV ELTIVYDTFVLNLVNEAS QI

GGTGGTCTTTCCGGAAATGTTAAACAAAAGTTTTTCCCTTGCATCTTGGTCACTTTTACTTTT
L v T FTF

252

TTGTTATTTCGTAATCTCCAGGGTATGATACCCTATAGCTTTACAGTTACAAGTCATTTTCTC
PY S F TV TSHFL

315

ATTACTTTGGGTCTTTCATTTTCCATTTTTATTGGCATTACTATAGTGGGATTTCAAAGAAAT 378
VG F Q R N

C(Satp6)
GGGCTTCATTTTTTAAGCTTCTCATTACCTGCAGGAGTCCCGCTGCCGTTAGCACCTTTTTTA 441
G LHFULSFSL®PAGVYVYPLPLAPTFIUL

G I T 1

GTACTCCTTGAGCTAATCCCTCATTGTTTTCGCGCATTAAGCTCAGGAATACGTTTATTTGCT 504
PHCFRALSSGTIRLTFA

AATATGATGGCCGGTCATAGTTCAGTAAAGATTTTAAGTGGGTTCGCTTGGACTATGCTATGT 567
LSS GF AWTMLOC

ATGAATGATCTTTTATATTTCATAGGAGATCTTGGTCCTTTATTTATAGTTCTTGCATTAACC 630
G DLGPLFTIUVLALT

GGTCTTGAATTAGGTGTAGCTATATTACAAGCTCATGTTTTTACGATCTTAATCTGTATTTAC 693
L@ AHV FTTIILTICTIY

TTGAATGATGCTACAAATCTCCATCAAAATTCTTTTTTCTTTTTATTAGAATTTTTATAATTG 756
LNDATNILMHQNSTFTFFTLLTETFL *

2&3
1&28&3

M K I
1&2&3
1&2&3

G(S-2atpé6)

1&2&3

G G L S G NV KQKTFFZPTCI
1&2&3

L LFRNULAOQGQGWMTI
1&2&3

I T L GL S F S I F I
1&2&3
1&2&3

vV L L E L I
1&2&3

N MM AGH S SV K I
1&28&3

M N DL LY F I
1&2&3

G L E L GV A I
1&2&3

Fig. 5-3

Natp 6 sequence is aligned with Satp 6 and S-Zafp 6 sequences.

Nucleotide and derived amino acid sequences of Natp 6(1), Satp 6(2) and S-2aip 6(3) genes.

Numbering of nucleotides is from

the predicted translation start of a#p 6. The predicted amino acid sequences are translated accord-

ing to the universal code.
the point of sequence divergence.

The putative ribosome binding site is boxed. Vertical arrow indicates
Nucleotides found in Safp 6 and S-Za#p 6 which differ from

those in Na#p 6 are indicated above Nafp 6 sequence.

4. EEX W

&h, BERELLIBED alp 6 IO TEDE
B,z —-v & IE Lk, TK81-0, I-12 61L,
TK81-MS, I-12CMS(R), I-12CMS(2), I-
12CMS) B L O I-12CMS(D DB AR & v AR L
TmRNARF A vy 2y 7SV s g —¢L
SvATZ7r—L, /—FvIuy b BHETo
HAuwit7Te—-7 Satp6 7 vn—vhDatp 6
= — P % &t 450 bp Hind III #74 (Fig. 5-2) T

%, Fig.5-4 iwrt X 5 R IEER#H (TK81-0, I-
12 61L) T 0.95kb, SH CMS* # (TK81-MS,
I-12CMS(R)) ©2.3kb, £ E CMSH # (I-
12CMS(2), I-12CMS(3), I-12CMS(7) Tix2.2
kb YT 2 L EEEEY IR I his,

% =

ERRHE SHEB L OS2HECMS Rt £ h B
BEL7: atp 6 OREILERAT - 7o, HIIRBER UM
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-—23
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-—0.95

Fig. 5-4 Northern blot analysis of the afp 6 locus
from the normal and CMS lines.
MtRNA was electrophoresed in 1% agar-
ose-formamide gel, transferred onto a
Nylon membrane filter, and hybridized
with the sugar beet atp 6 probe (450 bp
Hind III fragment shown in Fig. 5-2).
Sizes of transcripts are indicated in kb.

Ric#EShE, 3 BEROBERE VB EE 2
bhd, ThicRl T, 5BERc3SsERLabh
Tro Satp 6 & S-2atp 6 3 ~Thd Natp 6 & b~
B, = — FERIGTEL SR CHREFRYRE S
L% b XUE and THOMAS ©F — & (FLE) ¢
2%, Satp 6 O LWiX Sorf 1 BFHET B EFHE
Ehb, 5, S-2atp 6 O LHwix Sorf 1 &3EE
EYRETH S-20nf BSERH LI, ZDOZ &R
atp 6 EWHIF DO ORF AACMS REL L BA/R D 5 & T
U, CMS o4RBENSH L S2HcRRBE
EERTRBTH, Lind, Satp 6 & S-2atp 6 T
BAfG = v D LM 1.3kbp Bk ELERREET
TV B FTREMEA R

XUE and THOMAS (BAf8) Wi hif, Fv 4
atp 6 BEY O I IHIIEFE BB L S HE CMS &
&b ap 6 OTFH 100-200 bp OEEEAA I < »
v rsd3hsivi, 5 XUE bk, SECMS

FEE T alp 6 15 EFICHERET B Sorf 1 &4k
BExnbZ b BEH LA, ThZGEfT2/ —F
v7ry bHHITOLHENID R, Nap 6 & Satp 6
DEFEBBRMAIERRBEXTIV, £, S$-2
BCMSR#ED atp 6 05 LRI BB I i S-
20f oW Thatp 6 LEBEIRTW5L5T
BB, Sorf 1 & S-2orf EFHEHCIT oo v 7
vy b OHTICESCRY, EERMOI P2 Y
TY 7 AFEERTE LY, CMSH#H & D&
M ERN b eh b, CMS Rficis\Tatp 6 ©
LRz ORF »EECEEL, HEFIhT5L
WOBEGIRAY HE A =0 P F g I 0 CMS
FHECTIBEZT T B, 7, 2hbD ORFH
ARSI B - EEERRLAT, EtD
BRELTHOTETHD, 4K, SHLEFELVEER
B HR Y v VO RT, TV Akl
% CMS %3 & OB#E XA LEND B,

F6E BEWB

BEEYO I+ 2V F Y75 7 A1, rRNA
BETF, tRNABGTF, VAV —azv 78y
T2y b EBEF FF-ATPAREZ Y 7=
=yt a 6BIVIOERET, ¥F7rsBLER
FFa=y ], IBICUEETF >v+7ra
THRz 7 BYEET, NADH BiKRBRY 7
2=y b1, 2 3, ARIVHHEBFEFN=2—-FZ
RT3, WFhORETF b FRABICLERT
RCehh, thbDOBRETFRETIRRTREOE
REFEN & THEEh S, €T, BEEHTIHS
SETCHEFTREMERLARKD, It=2vy
) 7T RETORRERGHEDLRIZ Vv FDRT
CMS iz b+ 72w 20 NCS (non-chromosomal
stripe) TRARER™ PHREMBRIHEERS & &
bR AT, FEERFEEDO I L 2V K ) TERETFR
RERI V3> EHTESD, CMSHEHD $ b2 v
FU7abix LELESERIRATREETHRE
R3hs, thonZREGFTE, OBERHER
DFEFFIMFOBF LB E B> RBETF (MY
2w avDCHBCMSHERKD cox I, atp 6, atp
9, QMO rav P Y THREF2 - FREE
Tz DER, £ 2 3EETF (bveea
sTHCMSEZMD T-urf 139, R Fa=7
CMS %t D S-pcf® . v A~ # & CMS R # O cox
I 5 2 % CMS RFED orf 22419, W T RedE
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Bk s > e EERERRICL Y EL I e
# ORF (v # & 1 2 CMS REED orf 105 ;
b=7 ) CMSRHD orf H522°9 KB+ 5Z &
NTEL, WThOERBETFRIBL T30
BEROFENMEEBRIZI S oTCRRSELEL
THBEZCESS HJTH D, ThIEEBERERD
EB L > THEILLTEREIRLEY: + 2V
Y75 7 AEEFBREE V- TV,
KFFETILT v 91 CMS D5 FEEHERR A 0
ELT, 9D I rav P ) THEFOEBEYIEE
Rt & CMS REBEITHE L, ZORE, cox
I, ap ABIXOD atp 6 D3OI+ =2v F Y 78
BTFELR T, ¥/ 2 BREOEDELET IS
EREEXRBH LI, Iz, cox Il D4, SE
CMS A5 5 BEROBRRIC X v ERBEHHE
WOBFEALL 7o Scox IT-1 72 b 02 = — F IR 3 Wi b
SEETELYE Lic* 2 7 8ETF Scox I1-2 3R
EEhic, RERARICERLZ IR D, Thhlg
BEg v bBEYRELTCWAERBEEFR
ap ARatp 6 BIEFECI R 3hi, i
atp 6 1B \Tix, XUE and THoMAS (FAE) @
F— 2 HhBETTIIESatp 6, S-2alp 6 D5 LK
B 3# 7o 7z ORF " & h, Satp 6, S-2atp 6
LHEEEINRTEY, ap 6B CEEI RS
Natp 6 BLZEL S BRD T LYo, ThiT,
tveeaxy TEHCMS Rkt s T-uf 13
Eorf 25%, ~ v A F A4 2 CMSFKR D orf
105 L atp 6™, & =7 ) CMSRHE Dap A &
orf H522%% 2 B\ i3 _F 2 = 7 CMS e k1
% S-pef & ndh 3, nps 1282 @ k 5 iz CMS B &
BETFIWESCMBETS I b av P Y 7REFLRE
UBFEEMAPER L TV 5EM L BERT 5, 20k
3 ICARE T, T4 CMS oRBicB5T5
THEEOD B I b2V ¥ ) TEEF ¥ cox Il, atp
A, alp 6 O IBIHE - 1o L CEN RED T,
CMSEEFRREREZRGET ELXFLLS
B, TDBEES A —VvHIELTEI LA ETTEL
bhb, EFISHMREHT 5 MEEHE R X
D mtRNAZ M L, coxIl, atp A, ¥ X Kap
6 BETF r—T DT/ -y Fay r R
Autc, FREROER I 1T, RENERERE
Fix, WTho it =v ) 7EBEFOBEFECLE
EBERIERIRVEOTH D, ok, RERERET
RERV SACIERT 2R LS E2DRED

T, in vitro BIRERP Y = X8V T ey b GHE
EAL, &V A7BL_ATOEMSEN 2T %
EXpHd, PYERIIRNF 2 =T TOHRSY
T, CMSBF 2T 21013, KD X 5 72i]
BMENEEIRTW5, 2 X HANSONY 8L
ek 5, CMS B TRETAHETH Y,
WM, BFEBCE TS mDNAOREERL : + av
MU 7BRETFOERT « BFBESARANL RIS
e, EEREN EOREX® L ITEE A LB
EATHIRRGCOBBERTH S, Fhe, s bav Y
7TRIGFORKER L TEHRILEE & ORRBER
DV, RV P Y TAHERA L TELEBEN
Vv BILORBERIGOBEICZDORERR Y RD 5
FORDE and LEAVER D{RE & 5\ ik CMS F#Hf
HRPNELZLRE I b3V F ) 7TEFEEE-R
¥ (alternative oxidase pathway) DOIEMHE T iciE
H L7 HANSON DESHY AREIR TV 55, v
ThLBMIHBARS CREOHE LB TV v, &
DE, TvHADatp 6 OEFRERCRIINAL)
Z, MBI b av ¥ YTy AR RBETSHD
ORF e bFEthTuvwb ETHRER S,
-7, CMS = — VEEFOETEICIEZ, —FHT?3
FEVEY TS ADe—RIBEEORENRBTH
Lithie, $rav iy 7RENLT A ERRR
EHLVENFEOMRENE TS,

—7J, ABIREZBULTI b2V F V75 a0%
RERBEFOLEBEBBSIELEERT S LT, &
Wi e T — 2 M8 b hi, SEMEYHESHA
Scox I © 5 B %D < BRI L OFH &
W2 B, BIBRERLAWML, Scox II 5 BB
EOMRBINEFELEETH B B. maritima
(SP581103-0), B. adanensis (Egypt), B.
trigyna (SP753012-0) D& FR_ff iz b RH I hi- (4.6
kbp Hind Il ¥t &, Fig.3-7), & D E %% S-3,
S4BoMBRECIIERLTEETL T2,
S-3, S4BomYy /a2 hizinzg T, &bzl
=2 — (6.3kbp Hind Il ¥k, Fig.3-7) o Scox
IIs BEsARRsxET 5, 77, S-28#EkR
B2 BIirS-3S-4% + 3£8 0 6.3kbp HindIII
M & Eh 3 EREFNOANRVWIEI i, Lr
% 6.3 kbp Hind ITI Bik-"r > Scox I 5 BEEHER AL
FIDOEKME Scox II © ATGBB = F v OuBrd
D, FOtd S-28y ) adhd cox I (Neox II &
BT EBENEL ) LOMT52bp KE 5ETIH
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(4 6kbp HindlIl region)

= 52bp

= Scoxl/l 5'flank Faz;zazca,«:zaa]

Integration of reverse-transcribed mRNA

i duplication

(6.3kbp Hindlll region)
[I]lll]l]lllll]]]]]llll]l]]lll]]* Scoxl! 5'flank m

(4.6kbp Hindlll region)

%8 Scoxll 5'tlank m
(6.3kbp Hindill region)

[[l]I[I]]]]ll]]]]]]]ll]]]]]]]]]d Scoxll 5'nanjm

l homologous

Progenitor

enome
ﬂﬂﬂllﬂllﬂlll§m g
S'3sS'4
genome
¢ deletion of one copy
S-2
genome
recombination
S genome

ﬂ]ﬂ]ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂd Scoxll 5'flank

Scoxll -1

Fig. 6-1 Model for the generation of Scox II-1 gene.

The open box represents Scox II 5 flank sequence,

while the stippled box shows the cox I coding region. The black box indicates the 52bp
homology sequence. The explanation is based upon the data shown in Figs. 3-7 and 3-8.

#tExhs (Fig.3-8). DEnEREYS LitTh
W, kDX 5 f Scox IT EED > ) A (Fig. 6-1D
R ZENTEL D, ThbbT v 1HERD
SravEYVTE s ABCT T, Scox 5
BB ARRFIOEENEC Y, TOoEHE 2 -
A, BR2bp B L CRE X i (53
S-4Ry ) a) EEZBRS, TOH, FlZiEloop
out B4 FHMHB 2 Ew X b, 4.6kbp Hind III ¥
Frignidedoh (S-2 8% 7 &), EH12S-28 cox I

& Scox II 5 BEEHRIR O T 52 bp KBRS %/
Liciiz pSE S o 7o fER, Scox IT-1 34U (S
By a) E0S5ORBETH D,

R, ANDRE et al® BEH I +=2v Fy 74
7 AR LIELERR I h 28V RERSIORE &
ZOHEMERCEL THEETREEEL2 N W
%, FOmECINE BVCRERFE b v
Y 7EBETFmMRNAD Y vy v v S EY IR
BFG, ¥ ACHAIRLZIERE - THURE
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HEEXND, RERFIOE X ILEF], 6~689bp &
FooTohi i LicHEEE: OREIES UK
wEBBREhLR, EroRVGERIE, 5Lk
7o HRIAE 2 ORI DBR DB - B v,
BRERTICHS Mz ofER, BERFI0%
Be7cFRE# 2 (shuffling) 24T, Zhnd7 ) =
VATFRERLTI b av R Y 7Y afELOES
J1& 7t -t &35 ANDRE et al. DIREII—EE
T5B, FUHFAEECTE, cox I 5 BEH D 52
bp KEE I whn 2 C, S-2atp A BEEI D 406
bpEFld s b2V F Y75 sRICEE LTEE
L, HE#H#BEz 2BWH 52 LR E i (Fig
4-14), 52 bp EL %% X U 406 bp ELF| & BEF 0¥
BEHEBRNCETh TV 2TEENE L, FEREEY
CHELLCEL TR RELORD, ¥, FRF
1o RERFIECHERME 25 & 52 bp BB
LCik 1 EOREER, 406bp BEFIIZDVTik 4
BEOEEBEHELRH I N, SRR IMEV-CHIT
FERIIFED 2 ¢ —EESEI T B fod o 1o
T EN3 b B, Fig 6-11ER LT cox I
BTFOEETFAZFESTE, Z kR L4
o CMS MfaE xE B0 R & 7 & - Tk
LCEERBIDLT LA, S-3F, S4REHL
S2HAETLBEL, RTS28HL SH R
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CMS fifsE o B L AROL A BET 5124, &
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2000 F B2 HRECEELRO7 A vy vod
i, EEHREOMN i S-3, S4B ED
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P R w2 hi, BOUTIN et al® k & ¥
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B b S L REFOME ¥+ %5 CMS B4
BELTWAE WS, 20 X5 sk 286R
L, £ mtDNA #ET 5 &ic - TCMS #
REOREENHBEIhA b0 LS h B,

) E:3

1. KPR T, 7 v+ oMaErE RS
(CMS) DG FRBKELX B T 57D, EER
# (TK81-0, I-12 61L), S & CMS %# (TKS81-
MS, I-12CMSR)) s X 0'SE & 12 0 S-2,

S-3, S-4E CMS % # (I-12CMS(2), ¥ X
(NDIE>WT I+t av iy 7TEGTFOBE L RBE
BE9 % LSRR 24T - 72,

2. EHE & X 04 8 oDCMSH mtDNA %
BamH 1, EcoRI % 3\ ik Hind Il T=&S@EL,
9D 3 b2 v VY TEETF (cox I, cox II, cox
III, cob, atp A, atp 6, atp 9, rm 26, rrm 18) %
e~ FERBTH Y ey T ERT ok, £
ORER, coxI L ym18 XBHL THBOTn—7%
BB SR iRl hics,

3. ZHoOBHBENTEDOI P2V F Y 7EETF
D5, 26 BELTIE, /—¥FvFiey s
Wit > TEER LI OCMS R & b it —D&EE
=R L, CMS L oBERA v EE LD
nit. ¥, atp 9, cox IlI, cob D 3 BEF % 7
v =7k LieEait, ST CMS RfioL i 8#
3% REFLP &a S hiedd, IEHRH(TKS1-
0) & SE CMS ®# (TK81-MS) X b £MihH #
zr—v{bl, HIRERTMHREERLIcE S
B, WTFROBEFEE AT E V7B a2~ Fig
b, B hBREENCEEEROBE TWB
Ebnh, ThbOERIECTFRACKEYR
EIARER - EHEIhS, Thikyl T,
coxII, atp AR I atp 6 O I BEFITDONTUE,
CMS R T = — FEBTE L R C i ET R
DEEXTVLIENEMEREDOT, ThbDER
FrBL T, XHLTEERINEEESH RS
7o

4. IEHT mtDNA @ cox II (Ncox II) 31— =
E—Thbh, U3bpD A Vvt rviLks-T, 5=
Fvv (382bp) &3 =%V (398bp) ML
NTB, Zhicx LT SHE mtDNA 2B, cox
II 7= — v 2 @¥E (Scox -1, Scox II-2)Ebh
Too BWHEBIISHOER, “hbd Scox II-1 5 &
O Scox II-2 43 Neox IT L HXT, BAfR= N v D5
L 50 bp 25 OBHEFISHEFEIRE T & Ko Ty
DT EMRHBLY, ZOEBIIBERECH» D
LEZLNDD, FBE, Neox II OEEH21.3kb
THHBDIERNLT, SEHibtav Yy 7n56131.6
kb DAy —BEY L 2FO~A T —EYHED
Nie —H, Scox H-2 @B\Tit, ¥ =+vvH
HE 2 AR b, TOFKHREORF 23 iz 101 =
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FYa R LTG5 2 & bdeho i,

5. Scox II-11xS-2 8 (I-12CMS(2)) # 1 7Dl
R b2V K Y TH 7 2B cox I BIEET
& Scox I1-1 » 5 EfAEFIK DR < 52 bp DAHFIA
Flaf Liclfiz B 5 LIk » TELU TR
MEAE N F o Scox IT-2 % Scox I1-1 BEww U 1z
v/ 2RI (flip-flop BM# %, ¥ A EEES]
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1 1518bp 2 HE Y, = - VAN 3IHEFHOC—
U=5F474v7#RHULELRN WwThi, 7=
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LT\ 5%, fbF, S-Zatp Aco\wTiE, 5 LK
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k=2 ¥ 0T 393bp) CEBRZIMEEEH
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B5LIADBKENSTS,
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Summary

Cytoplasmic male sterility (CMS) is character-
ized by a failure to produce functional pollen and
has been reported in over 140 different plant species
(LASER and LERSTEN 1972). This trait enables the
plant breeder to produce F, hybrid varieties without
time-consuming emasculation and under conditions
of controlled pollination. The CMS genotype is in-
herited viz the maternal line and a range of evi-
dence now exists implicating the mitochondrial
genome as the location of the CMS determinant(s)
in several species (HANSON 1991). The first CMS-
correlated loci were identified in maize T-CMS and
Petunia CMS lines. In these case, CMS is associat-
ed with mitochondrial DNA (mtDNA) rearrange-
ments, which result in expression of chimeric genes
(e.g. maize T-urf 13 and Petunia S-pcf) whose
protein products are thought to interfere with nor-
mal pollen development (DEWEY ef al. 1986;
Younc and HansonN 1987). Even though genes
believed to cause CMS in both maize and Pefunia
have been identified, the molecular mechanisms of
CMS remain undefined. It is also evident that
mutations of different mitochondrial genes can
cause CMS.

In sugar beet (Befa wvuigaris L.), cytoplasmic
male sterility was first discovered and studied by
OWEN in the 1940s (OWEN 1945). This type of
CMS, called S or OWEN CMS, is currently the only
cytoplasm that is being utilized exclusively in sugar
beet breeding programs. Molecular studies have
shown that the OWEN CMS cytoplasm differs from
the male fertile (N) cytoplasm with respect to the
number of minicircular DNA species present in the
mitochondria (POWLING 1982, MIKAMI ef al. 1984)
and in-organello translation products of mitochon-
dria (BOUTRY ef al. 1984). A survey of mitochon-
drial genomes from OLDEMEYER’s collection, der-
ived from wild beets and constructed in an isogenic
nuclear background, revealed three new forms of
CMS genomes (designated S-2, S-3 and S-4) char-
acterized by their DNA digestion patterns (MIKAMI
et al. 1985). However, little is known about the
causal mechanism of the CMS trait in sugar beet.

The author has studied the organization and
expression of the mitochondrial genes from CMS
cytoplasms of sugar beet, and compared them with
those of normal genotype to identify alterations
that might be involved in cytoplasmic male sterility.
The results are presented in this article.

I. Organization of mitochondrial genes in
CMS sugar beet

In order to determine structural changes in the
sugar beet mitochondrial genomes, which may be
causally related to the CMS trait, the author has
carried out Southern hybridization analysis with
heterologous mitochondrial gene probes. Restric-
tion fragment length polymorphisms (RFLPs) were
found among the mtDNAs of normal (cv TK81-0
and I-12 61L) and CMS (TK81-MS, I-12CMS(R),
I-12CMS(2), 1-12CMS (3) and [-12CMS(7)) lines
that were hybridized with the cox II, cox III, cob,
ath A, atp 6, atp 9 and rrn 26 probes; no polymor-
phisms were detected when these DNAs were
probed with the cox I and »rn 18 sequences.

The polymorphic restriction fragments were
cloned into plasmid vector pUC119 for fine map-
ping. Interestingly, rearrangement endpoints were
mapped in close proximity to the genes, cox II, atp
A and atp 6. These three genes were also shown
to exhibit altered transcript patterns in CMS
genotypes compared with normal plants. There-
fore, the three genes seemed worthy of further char-
acterization to examine the effect of DNA re-
arrangements of gene expression and CMS.

II. Rearrangements and transcriptional
alterations in cox Il gene .

The cox I gene encodes a polypeptide of complex
IV (cytochrome oxidase) which is located in the
inner mitochondrial membrane. The author has
isolated and sequenced the cox II gene (named Ncox
II) from mitochondria of male fertile sugar beet.
This gene was found to be located 1491 bp upstream
from the cox I gene on the same DNA strand and
to have a 1463 bp intron which split the coding
sequence into two exons (382 and 398 bp) . A plas-
mid clone containing the Ncox II 3’ exon was used
as a hybridization probe against mtDNAs from nor-
mal and CMS genotypes. Hybridization analysis
suggests a difference in the copy number and
genome organization of the cox II gene between
both cytoplasms: a single copy of the gene in N
cytoplasm and two copies in CMS.

The two copies of the cox I gene from CMS
genome have been isolated and sequenced. These
two genes were designated Scox II-1 and Scox II-2,
respectively, and they were found to diverge com-
pletely from the Ncox II gene 50bp 5 to the
presumed start codon. This change in the 5 flank-
ing region probably results in a difference in the
promoter region for the Scox /-1 and Scox II-2
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genes compared with the Ncox II gene. Based on
Northern blot analysis and RNase protection assay,
this rearrangement proves to significantly alter the
cox II transcriptional pattern in CMS.

Moreover, the Scox II-1 and Scox II-2 sequences
could be readily discriminated from each other by
the 3’ end and the immediately adjacent flanking
sequences of the gene: the 3’ divergence led to a
101 codon extension of the Scox II-2 ORF. The
physical map of CMS sugar beet mtDNA (BREARS
and LONSDALE 1988) demonstrates the cox II locus
to reside adjacent to a member of the 1 kbp invert-
ed repeat sequence, across which recombination
occurs. If the recombination repeat is entirely in-
cluded in the Scox II-1 ORF, a repeat-mediated
“flip-flop ” inversion could cause the Scox II-1 cod-
ing region to be fused in-frame to a small ORF
(hypothetical ORF) immediately adjacent to
another member of the inverted repeat. This
fusion could extend the Scox IT-1 ORF with an addi-
tional 101 codon, thus creating Scox I1-2. How-
ever, we can not eliminate the possibility that the
truncated cox II copy may be generated by a dupli-
cation of the usual cox II gene and a subsequent
integration event in the same genome (FOLKERTS
and HANSON 1989). Interestingly, the Scox I7-1 5
flanking sequences were also found to be present in
S-2, S-3 and S-4 CMS mtDNAs. These sequences
contain a stretch of 52 nucleotides identical to the
Ncox II (and cox II from the S-2 genome) 5 flank,
suggesting that the 52 bp repeated sequence may be
implicated in recombination events, generating the
Scox II-1 locus.

III. Rearrangements and transcriptional
alterations in alp A gene

In fungal and animal cells, all five subunits of the
F,-ATPase are encoded in the nuclear genome
(NEwTON 1988). This situation contrasts with that
in higher plants where the alpha subunit of F,-
ATPase is encoded by the mitochondrial gene.
Here the author has isolated mitochondrial afp A
gene from the male-fertile sugar beet (cv TK 81-0)
by heterologous hybridization using afp A probe
from pea. The gene is 1518 bp long and encodes
polypeptides of 506 amino acids. The nucleotide
sequence shares 94.6% homology with the pea afp
A. To investigate whether RNA editing occurs in
the sugar beet aip A locus, the complete region of
the gene was amplified by RT-PCR, and subse-
quently sequenced. The atp A mRNA sequence was
found to be modified by three C-to-U RNA editing

events, all of which alter the encoded protein
sequences.

In order to examine the genome organization of
the atp A locus in CMS sugar beet, afp A containing
clones were isolated from the Owen CMS (TKS81-
MS) and the S-2 CMS (I-12CMS(2)) cytoplasms
respectively. The sequences of a#p A coding region
from TK81-MS and [-12CMS(2) are identical to
each other and the corresponding TK81-0 sequence.
However, the TK81-0 and TK81-MS loci diverge
completely 47 bp upstream of the ATG initiation
codon indicating that a rearrangement occurred at
or after nucleotide -46. On the other hand, the
point of divergence between the TK81-0 and I-
12CMS(2) atp A genes was found to occur after 393
bp 3’ to the TAA stop codon.

These results raise the question whether or not
the genome rearrangements may affect the tran-
scription of the atp A gene. Primer extension
experiments and RNase protection assays were car-
ried out to identify the 5 and 3’ transcript termini
of the atp A genes from the TK81-0, TK81-MS and
1-12CMS(2). The data indicate that the 5 re-
arrangement results in different 5’ transcript termini
(and different transcript patterns) for the TK81-0
and TK81-MS afp A genes; the 3’ rearrangement
was shown to have no significant effect on the afp A
transcript patterns. The present investigations also
show the 3’ flanking sequence of I-12CMS(2) atp A
to be present elsewhere in the mitochondrial
genomes of TK81-0, TK81-MS and I[-12CMS(2).
This 3’ flanking region shares a common sequence
of 406 nucleotides with the TKS81-0 a#p A gene.
One can thus postulate that the 406 bp homology
region was implicated in the homologous recom-
bination events, leading to the generation of I-
12CMS(2) afp A arrangement in the progenitor
genomes.

IV. Rearrangements and transcriptional
alterations in atp 6 gene

Sequences of the atp 6 (F,-ATPase subunit 6)
gene seem unusual in that they have been found in
conjunction with mtDNA rearrangements in CMS
plants. This is best exemplified in CMS-T maize
where a portion of the afp 6 5 flanking sequences
is located adjacent to the CMS-associated chimeric
gene, T-urf 13 (DEWEY et al. 1986). In this
study, the Oenothera atp 6 probe was used to screen
mtDNA clone libraries from TKB81-0, TK81-MS
and I-12CMS(2), and as a result, the afp 6 harbor-
ing clones were obtained from the three genotypes
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respectively.

Each clone was found to contain an open reading
frame of 750 bp which was subsequently identified
as mitochondrial afp 6 by searching the EMBL data
base. The sugar beet afp 6 encodes a protein of
250 amino acids, the shortest plant ATP 6 polype-
ptide reported so far. Sequence comparison of the
TK81-0, TK81-MS and [-12CMS(2) atp 6 genes
shows the coding regions to be virtually identical
(one nucleotide difference). Moreover, the
sequences 3’ to the three genes indicate identical
restriction patterns for approximately 1.5kbp with
the enzymes, Bgl II and EcoRI. However, the
TK81-MS and 1-12CMS(2) ai#p 6 loci can be distin-
guished from each other and from the TKS81-0
locus, by their 5’ flanking sequences. XUE and
THoMAS (personal communication) have identified
an open reading frame (named Sozf 1) capable of
encoding a hydrophobic polypeptide of 20kDa,
which is co-transcribed with the a#p 6 gene in the
Owen CMS genotype. This was confirmed by the
present investigation. Additionally, the author
found that the sequence divergence between I-
12CMS(2) and TK81-0 afp 6 genes begins at posi-
tion -41 5 to the ATG start codon. This re-
arrangement resulted in the creation of a new open

reading frame (named S-207f) which is co-tran-
scribed with the [-12CMS(2) atp 6. S-20#f shares
86% homology with So7f I in terms of nucleotide
sequence. It remains to be seen whether S-207f
and Sorf I transcripts are translated. Further
experiments, including those designed to detect the
S-20¢f and So»f 1 polypeptide, are required to
establish whether these two genes are expressed in
vitro and their role, if any, in the inheritance of
CMS in sugar beet.

The present investigation indicates the correlation
of the altered transcript patterns in cox II, atp A
and a#p 6 loci with the expression of CMS in sugar-
beet. While considerable progress has been made
in understanding CMS, many intriguing questions
remain about the cause of pollen abortion, the regu-
lation of events that produce the mitochondrial
alterations associated with CMS, and the mecha-
nism of fertility restoration. It is also relevant to
emphasize that none of the detailed molecular anal-
ysis of CMS has been done on the affected anther
during microsporogenesis. The development of a
successful transformation system for mitochondria
will open new avenues to understanding the molecu-
lar basis of CMS.



