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FHPEERF T A T FEROBEE KRS LR T ey =2 M TEEEM O VAT
RT 7 LT DS, SCHREE ORNLRKE e S EEE DO LD TH D IR
Tury 4 THERE (Far T 4 7) KRESNLTHL, SEXRBELELE, 20
WEray = NI, EOFSIREFNE e E e (N2 - N F v —HJER %
LSRR R, PR 12-16 £ E) ICBITARAT 1 Y= 7 FORBNDMKRIRETH Y |
EOIOFEETHRMELZRNFICEMINTZHEREER EOMERMZAIERTLZ L
T, BEEYOMIAPESANTRT T ) b, TRDOBERESE I b= F U7 O DNA
T AL HEBIEL 22D LTC0nET, L0, Zhonader
MZiX, TAAT R T 57 ) AOBBIZ LY NEOBIC MM EERT 5] &) @il HEE
BB LI TERY | RO E BB & AR LT, BRx 708 s R Y 2 Al
HLESELELE,

I TWIHBERKOBEERIT, eV POMEYK, BARTHIFLEALEE ST
Do T T, Fox DEBBRDHSLIZERRFTNEZBERSLE LD, 2N I07 0V =7 b
HOT2HBIC, N TIIIEREOBE T Y E IR RELND L HIT2Y
F L, INET, xR EHMOLEDICEIREAN Z3BHOR 28R TR, #3003
RS ) DCEAT L Z EERAR, OB 16 FEIC OV TEBICHEBZE GRi) 2G5
WTWEd, b 16 BEOEREOBE FHHEARKIX, PRI EAA—T 53—
VARFBELU R ho bR, FEFSICBESTRRENTOV RSO EENLTNE
TN, SFRIZHOED ~OISH P SN AR ERTREDBZHAVE SN2 LT
RIS BN ET, MM ELELEPUWESNLZOP LEFNTHY, BKH S
M Z FHEOLIFHEREHFH T, EERNLELTAREINA TV RVOPEETIEIHY £
T, BeFESBIOT Y =7 MIBITLERERS, BT, iR BIELERT L
HOENFE Al I ofnE BA L TWET,
AHEETILECRTENDIHNNEL  RBEOSKICIMEL ST T 72 U F oz 83,
NI DR ML ATEL AEEBERICTEZRr> NEMBREHEEF N2 OfEHEML
F9, oS Vel NEBEBIEIE U, TR T EHAEERT AEEEFOT
I H T S OENEME AR OBFSE 72 EBRESY B OFEIZ OV T BTz LET, 23,
RN % IR BRI AT 5720 R RESZ ER 2 03 H 1 5 H (h) ICBfEL.
FNLEDTTr Yz MIXT RO 2 A v M ERFER— LU ~B#l L ET,
BEICRDELEDS, Teve s FETICRAENBFRENMIC, ey FERELT
DL SR L EFET,
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Duke K% Boynton © )3 BLIIERESE Chlamydomonas reinhardtii DZEREE BAK (arpB
KRR ZHWT, THEREOREER] SETHE 20D THICMD LT
O, SHETHE D E204(27:% (Boyntonetal. 1988), E/-F 09 CHITIT., &MY
D F AT EBWN TS EREIGERIE OB S ST 5 (Svabetal. 1990), £
LIk, BERE OB, EREEETORE - FITUESE LA O T 5, BEFE
MOBREZHNLE LV oTe BERIEKOBR S AT HIZET 5 BRIV S,
FOHIEPREINTERL, L LAR L, 0% 10 Fir < O, BEREO I E st
X, ZOEBROELSHOLELSHRTHI3WE LT, ZOERTHEE AV -
HOTN—TDHLDIZE EFE T,

AMAUZAY | BERE O EERICE T 2B TR E I (e g Bogorad 2000) |

ZONETHEYHMENLEY CEMEORBEFREZFEY) OFHEPESEBREIND
Lol ole, BIZIE, EREORME M 4 33Tk, EARBFHRENEELT
BREETPICHERCT D ﬂﬁﬁﬁ@@fﬁw(ww&wmgﬁwﬂo:@*_ . ERRIE OB
RN SR ERICE o, WIHHROBETHEBZAED L AN T 572D DERL
BRFETHDLZELE R LTS, ERERET ) LOEW a2 E—HO BT TEAERE
FOERBPHHEINDZ LI, HRICL > TL, ZOMBIEDIIRERT FAVT
—VEEL, S6A N L LTHEBOBRFE2FRICER S EL 2N TED D

BEFIZT— A L TR SR E T, RIS K BT ORENT
SONRNI ELIERROBSTHBZOAY v FTH D, BIETIL, EREOELET
B ZAEME NE L AEINT D7 O T L¥ et B2 E O E b2 D X
U7 ABRE 722 E3 R e AT 720 T s (e, g Daniell et al. 2005)

O LT, FaTUREER T Ne—T1E, W 17~19 R D 3 H R, TR
NIRRT R i A HE it %%(fm7ﬂ/747ﬁa%%)@ﬁ%% 5 = e
7 TEREWEMANARTOF ) LTS REMBLUEZ, Z0o7ay=r7 M, RESX
BHRFASL RSP PR B B HEE B (A A F v —BFEBA IR 2, ok
12~16 ) BT 2MA T V=7 hOERBIAMERETH Y. Zh o O7EHE%Z
WUT, ZNa3p 8@ OERE O BB FHEZ CREBIICT Yy L P LT,



IHET, xR HOOEOILRIR SN 23 FHO R 28517 % 4 3 2 OERE
FORIEAT DI RS, b 16 HBIC OV THIRZE GRIE) 282 2 &Ik
BLTWwh, Zivh 16 FEOEREO B B2 RZRICE, PREN =T 5 —
TUABRBE Lo L O EEF SRS TR I TN EOLEENLT
WL, EA~OFRE S 2 KO HITF S E D %M1, W< HbRwWiEEhlzZ &
ERFEICET 5, 20 ORBROFMIL, MIGHLE L TARTERD T, KEEEFIC

T RCEET LT TERND, e EI L —T13, SEOEBRERERATO Y 27
FOFMOBETHD T NBORIC T M EMEER T 5] ZE2ERTLLHO

TEOH—F L lpoTm EHA LTV S, AWMEE T, BILEELLIHONE . B
FEOBIZINMEE RS T7 = F o a a) RO, BREDOR M ATHEL LEMERSR
WCIEE FEo NEMEEREES N2 OflZHLIC, ReDdT a7 MBI Dk
EOBBFHBA~OWY AL, TRIZLVBOATKREELDD

(SR
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2. 1. Wiy

PRz, R TE S R <RED DAL D HAE b2, BlZIE, LR
D W R RAEIR T O M IRV, REE BETE, 1RET S To A e 3, Sl T
507 < &b 30-40%D N 2 3 ZIE VB SRKZ OREICH L LfEE ST
L, BlOT TR ZIZE BT TIERGR, 2006, SERZITERLE L
5L, SkRZEMOREMIZE Ui Ax OBITEHRAT20BAZEL, 2A0O4EEL
WEELTWA 0o @ L H 2 (WHO2001), ZOWALRREEBELUET LD,
SRBUAIOBCAN 72 EhR 2 R AN SN TV DA, MWHEROBLE LI, AR EICH
LR CE AT CEE S STEMEIEL ZEBEETHY . 20O L5 EWiT N
OEERZOMBEE R T DT ORWVICESTHEEZ LN D,

AR LR FEC SN2 L EREREERT IRAT I NE TICHITHOILT
BO, EOREEHIT TS (Gotoetal. 1999), FDOEEE/REE L RI-T DR, 7
=2 FUTHD, T Y FUEEY, LR T U TINS5 E TAEMICEERIC
T DX VR ET, ARNCBT 28 FRERBOF—T L —F—Th D, ZO¥
DATBEIZ 2OV T Ay PR BBR ST [T ROEEEL LD, FOHICK
4500 A & OB 2 L2 ThET 5 & ST 5 (hitp:/ghr.nim.nih.gov/handbook/
illustrations/ferritin.jpg) . MWHOHE, ZOBEFIEIES ) Ala— RS TED, £0
BREDN R T vV FXTF R X » CERRICE I, SICER RO CHEEE
TERDLPoTND, TOT7 = Y F UM TRERAEIEIMEIL. ZNETITHND
PTHILTEHEY | FFIZ Goto H D 1999 DGR LT, A XDIEAZF A XD T = UF U %
MBEBIEL, WYL T UFr IR OFENERLELDOT, 2 A0HGEE
B AR L L~ 27 2 M b0 BN SO TH - 72 (Goto et al. 1999),

FITCERMIRE T, 7oV F VBRI AN anIERES ) LIBEAL, 38X

DI EC ORI 28BERERBOICHMSEDL L2 AME Lz, ki,
7= ) FUBIETOWREOMBIE BETFHET S HMCEASHLTYDS) 2V

SRR REOR RIS, 7= U F L AREM SRS = kT, R, B A b L
ATHPE, S O FEREIMTE S 2 BB Ens, £ 2 T7 = F U8

SR ) DS S S T B DR A R e I b AR
L, B, #mzAVESEORRT, kO T8 BR~OIEMEI b AT
FATHHH TH Y . TOEERBE ST, ﬁ:%%ﬁ:@ﬂi%l/ﬁ%ﬁLb‘ié{ﬁif‘%ﬁﬁﬁif/ﬁi%'%%
EH L7 WE B 2 T 5,



2. 2. MBI UY

AR TIHET XA X7 2 JF L DOEEDNAZF AT OERFIKTE L Z33 psbA
TaE— b oppsl6 X — I F—F—lllfE L, TON Ry bR EREBEERASN S ¥
—pPRVIRA ~/ 0 —= 7T 52 8T EREEANOTZAI R AT 7 b
R LU (1), B0 ¥ —t#Eki~— b —& LT aadd BIRF+52F 0T, #
BZEREANRTIF )AL OBETHZENARETH S,

A
=
[:> TpsbA PpshA <:j(j/ 1:?:1 128
D ) M .
16SFDNA | | aadA || |1 | ferritin ﬂ
Tobacco trnV Prrn Trpsl6

chloroplast

H1. ZRalEEEF ) L~D7 =2V FUEBRFEAMIAWET I AIF

RKIZZDOTFZAI Rary A 77 bxEEPICE Tz /N2 (Nicotiana tabacum cv.
Xanthi) O/ S—F 4 7V H 2 (PDS-1000, BioRad) ZHWTELIAALL, BREBR
W= R AN ZRa0EE - B &R ST EARIC Svab & Maliga (1993) @
FiEz ko7,

2. 3. FRKRUEE
FHHE Z AR D5 B2 B S 1
FRETFFIRAIFaLANT T bR ENTOED
BRI B EIAL, AT F ) A VUMt &R
TIBEOY a— e/, TOSDHRAKER 3
RENTOFAEETH- T, UHBROEBIT, Zh Primer * A.
B AEEOMBEZED S B #3 L#25 O 2 fHfich T #25
JedB%A; (T EU T2 #HY) ZHWTT- 7,
X 2 12§ 2 RO DNA % PCRIC L Y fighit U745
RETRT, aadd &7 = ) F BRSBTS
AN HWVHEDICEASINTODOINEHRT L7290,
CadA AR5 <A b FRRZ RO | i pok o bR

W A — LIRS

SANTATTE T D Z N aBEFGERDNA BRI 7514~ | novs

#2 #25

Kby o b ed abedef gh iXaN

Kby mabcd abedef ghixanN

Primer - D




—B DT TPCR #1{T-o1- & 2 A, TR ToOTHEEKT, PHEEIND 3.7Tkb DX
XXOWHEAHEELE (M2a), £/2, 72 ) FUrBGFIBRENR T T4 ~—C &,
B &[RRI AR IR 2 SRk DM LE S 5 7T 4 ~—D OX7 I L % PCR TlE, 1
EAEDREE TSNS 43kb OWI AL (1K 2b),

4 DNA 2 Hl[REER Sac T TWIL L7zt ZnEx T+ 1 a # 425
aUICERE L, DiglEi L7 = F s 7e ke “ e reh g RlmE e N
ST TCALTY FA Bt a v B hTol b 2 A, Ml 50
ZEIZOBE 3.8kb WA WRD B (F3a), £
BEFEAOEMHEE S0 ERE DNA Ve —7 % . B e
o 70 58— a Tt 2RI M TTTTR TR T Xa
3.8kb. EFAETZIE 1.5kb OW T OB B FNFNBIE K
Ao, M2 RICE, 72 ) FUBEF RS TR R

BT ) ANRET TR v 7 ORETHEEL T

w2
ey

fod
pati st

! e,
o VERE (e 3 4

L

o

WBZEpFERE (3b), M3 o= 05 5 a

WA T ORILE RNA LU TN 5 72 | Souther AEAT
RT-PCR & Northern f#T 21T o7, A4 XD 7 =V F V@G FHRMLTI 4 ~—%H
Uz RT-PCR, KW\ aadd ¥ #7279 4 ~— % MW= RT-PCR TiX, WINnoHEH
FLH A R O BUSH SR B R R 2 A T2 RRIKIC DA, FRENDH KR E D DNA B
R L. WRGEEER 2 MA TORWERK, H5VINIHARZ SaDERKIZIL,
BEDIRD Nerole (F—FREBHE)., £/, Er
LI L2 RNA Sug) T 567 = FrEEFS
1 —7 % 72 Northern /~A 7 U # A B33 T,
M X RIZOA, BN T FARBRENT (K4),

B Z R 22 v EORBURN OFREREZK S
BOV6 o33, M ZROENGRR L7 10ug DY
/X7 B % SDS/PAGE CHff L, CBB#aA L= & Z A, B
AR R THBZ R TIEAN Y R Z = BB L TH
D R ZRICEFRA 728 23kDa D8 RABIER Sz

S - - 1 > : s 7
(H5), &£/ 7 = U F k% M7z Western AT 4. 7=V F 2 akko
i MEZRICOD 2Oy RISKHIET D 7 Fas | Northen AT

wobinz ([6),



s 0BG #3 425
[ a d g om o r s Xa
K%%Néfw\ﬁ@i 15
75
R 1 EE #3T1-) &
50
B A & 28 2 (Xanthi) & \
OB TIESRZHELITV,
Fl KO X~7F )~

20

A vt~ £

#25
m

Xa

s

g

DOFER., M Na %z | Ms 7y Fr 2 agiins

WL -2 N HEO

6 7xUFrZ"aBRnh
BB L= 7B D Western

HIZHLDF X, TR SDS-PAGE 43 ¥7

syH

R F ) VR
MEZRL, HEfbL, —F, A EEZBRIZL D

LIETRTARIF /<A v UittEE R L, FBEDOE
FAB R (K7,

Lk FTCORRIE, X1 ADT7 =) F IR
FAZ N DIERIRS ) D ORI AR
WU TELSEASH, MR TlE, xR o%E
KRS ) DINRET T AI v /e oTz Z EERT,

- e
N N

2 #37T,ix & Xanthi

© Xanthi x@'Xanthi  #3T,ix F#3 T, i

2 Xanthi xd #37T,i

FREABEIREENTEY, 72 VF 2N IE

7. 7xUF o230 BpAR
& 33 O IE AT

MNEEIZ

T, 7z UF o2 aTiiEAEGFNMEERETHI L

H % R O BB OO fRAT

%) nﬂiﬁﬂ éh\f&_o

M8 KUFE T, X (kDB ILBIT 5285

600

LRERHLVOREHE (ug/g)

EEBAEM LB LA RE TR, M8 Dr T

/‘ﬂ%lgj(%ODFﬁﬂ%ﬁ&@*E@% ) j"(“ H[7]

FseEEO 1N (F) PELAE LEZRL

FHOTHY ., B LILICP IO EEICLD

FXanlh

@H3TO |

___________

B B A SR X — Ik L T
BI-ETH D, 2B, HYOABLRMEIIHET
Hipn, M8 OF—F TR AS TS0 HEIASE

-fron

+ron

HEHZ Nz, KOFH (Fron EEE) . HHWIX

K8 7xlYFr o abipgs
ARaDEIRBITASERE

50mM @ Fe-EDTA % 5 HEtE L7-% (+lron) |

INHEL =342 AIWCHIIE Lo, BRI O 2 N2 (TR E 1g b

D WTROLEX T



LRI LE 150ug OERE G A TV, M2 RI3Ek
! ] £l 7xUF o alipaiy
BHAE L 7e WA X 375ug. BB G L7285 500pg | RooiEossHE

BOMEERL, 7= FLrOEAICLVEOSSE o .
g7 1) 34

WEMLE, £/2F 1 OMIIMSEREZESTHR Y b -
SEETT Xanthi 10 184

TH T B /IR, ERE 1g b0 | BE
i i #5721 13 304

BTl 184ug, MHEEZ (K TIZ304pug &0, 22T
AL X AR OEDORE BIXBF AT THIML TV,

& AT, AR TH O oM 2 RIT, BFEEED O BRI ERD Do o RE
oLz, TORBMET R, SIRZOMERDO LS BRI &b BH % 4 HTH
DY E . SERBRE BRI ETEMICBH L, R US4 T2 ME T, RIAMDE

9. BEHIOEKIRE DML S B 7 o (@) LHMAE (b)) OLEBEOE(L

THIFE L7zt U, M ZERIIE U 7500 M THAMFRIEETH D Z L3I L7,
B, BREN T BT, M RII X BT
METHE BEO—HTEENEZY, 20
AR D TREAICEA L, RN TEHIRD
DUVNZIERABBWZ (10), F7oH# 2R
DOERFAOIET, FEUMOZ N3 LT
BRBREOREIETLIKE L o7
(B10),DMF Bz k»Trun 7 4 vEH

BAHELZEZA A ZEKD I aa 7 4L

@ﬁéii}z{k@@%ﬁ\#éﬁ}i’Gm/}\bfb\f: (-‘7’—3‘_ AN O (,{:1‘3*&) g)iﬁ‘:a)ééijiij!

7 ARFGH) o



2. 4. Bbviz

K THTA RDT = U F R T2 # 3 ORERERS ) 2D TE AT H 2
ERS U MASHTBEE T, Bl mEs L Tk MBI IKIE T 2 U F
YO mRNA BONY 37 BB RBEICER LT s, F0, B aofidg, BAHR
BAPEARIE G T2 2 &R oRm U, AEFIE T O 7ol 2 (R 23 Lo Sk R oD i
LA HBAETHD Z LB EDT T, ERMENICER LA A X072 F U3, 20
B RIF LTV D EEZEZ O, MR ROEDOSEE Bx BT 33 [k X8, 8
ez m b sz, UL ZOMBAEIT, oy a7 ¢ VO T oMlE OB
E. PHEOGERBREZ R L, 506 2A, THLORBENE ULIREIZDLNE 2N
R AT TR SRR = U F B T 287 7 JMCEF O 2 2 X2 Tk,
ERFEHEAMIBZE I THRNWT &5 (Van Wuytswinkel et al. 1998, Goto et al. 1998,
Deak et al. 1999) , HAGEA T OMIEIIC L 2 BRPR T2V e B2 65, L
L5, SEAWEY A X077 = VFUBEFIE, b7y y EXTF RERE O
SEER O cDNA A TH D AR LEEFE~DBITORICREEND Z X7 HON
KRICHD Z O, 2 T E ORI H D ER L RIF LT D o REME G HEER T
X0, A%, URE—H—OEER LI D RBAEOBIEELTH, hT Yy B
TFREEAGERNT 2 U TF U cDNAARBER AR EDEREITH & T Mo
BREORE (B2 56 (HEWBELS FROPZE) ZWo0T2e  ERELNRDL DL
Bond, EAERICLY, 7= ) FUrlpd 2 EBEN TRBHIED L EDHKS
BEAREDL NN ENT, TOBEBEFERNT, =, AU LY uinld T
WIS TSR OB S FHBZ 21T 23, TREOSKE BEVRM A T2EMOER & T
20, ZoHmICETZ, S6ROMIEDERBTI NS,

2. 5. #iEr

ARG ONR L, MR (B AV ECRERY) ORI LD, FE
T OERE S| XD, RFEERE O KRB RS AT, BHOTF— 2 2RI L TH
e, BUGICEROE RS, 0B, 7= U F O cDNA KOHURE, EH5 R
WO HEREAM L, Sk roMt @I n, miE LT o, X6z, #&
DERLZHEE L T W, R R PR ORI B OB 2 R,

_10_



Mo, g, SR/ Yo BB EIK, b A WIERER, LEmE. KA YYR
/WAAW%W’LOTZFDA%zf%)pﬂ%mz%bxﬁxﬁ%WWKﬁ“%m

VB 2 ¥ o T iR PERE 2 45 1 (LT ROS & 0E9) or o,
B LS5, ROS [FANRMECIEE 2 & & RUS ae —~(yono _ no

L. JCBRROME, Bold, ko n %
BlEf T DT, BEELTA LA L Y %%
DARIAIE S D, YL R D BE e

Ay
NAD(PY NAD(M W

Pl

GssG 4 s
DHA &~
XD AL AD E}T\ Lﬁ i =] }E_% ﬁ4 HZk IRT %{ 7 i APX: Ascocbate pesoxiduse DHAR: Debydroascorbate reductase
MBAR: Monodehydroascorbate reductase SOD: Super oxide dismutase
- 2 - A gy
ANy - A hLRIZLD } L% ROS ;LE éﬁ'} GR: Glutathione reductase 44\ pcoorbicaeid  DHA: Dehydro ascorbate
A = 7 R o - . . MDA: Monodehydro ascorbate ) s
AT R Zkf\ & %?ﬁ@? ) I‘TJ E‘n (7 A ) }\ - J GSSG: Ouidized glutathi GSH: G == ¢ Spontancous
ZFF YA 7)) BELOBRTREIE

i - K1l TAANA— | TFF A YA T
tFxbnL (H11),

BREEOERBIL, LEL O ROS BRAETLHHTLLY , TAALN— ] -
TNEFF A 7 VTEERANICFAET D, ZOBEBIZL D BERANTHEELZA
= H L R AR L R U A LF—F (SOD) OF & T&Eit SR EK
T, BELAKEIIT AL VUL A= (APX) LTI ENT
MELK~NEEWIND, ZOLEXTRAIALVBIEEBILER, /7 Far7 Az
EUlE(MDA) Y7253 MDA IXE /e Fa7 2are gLy s 2 —8 (MDAR).
Fe ka7 Ral gLy 7% —€ (DHAR), JVEFA ¥ 7% —E (GR) @
BEIZL T, bEDREBICEEND (Asada 2000, Asada 2006) . AAFFEIL, Z DOEIE
TEEERICEHL, IO OBERTEGENTERERIELZILICLD, A VA
B EEMT O R HIYE LT,

W OO EATHIZE T, APX, SOD. MDAR, DHAR X IONGR & 22— RT 585 1%,
FAENZ NS 7 LACEA LRSI CICER SR TEY , b D
B ERTIE AT LEA R F AR Y ROS BEEX LR, HOLHEDOR L A
DOHERF B Lz & @i &0 T % (Aono et al. 1993, Gupta et al. 1993, Torsethaugen et al.
1997, Kwon et al. 2003, Badawi et al. 2004, Eltayeb et al. 2007, Lee et al. 2007), & Z TAMF
LTI, BOBE FHEMEZ L AN THEEO 2 W EREROBE T B 2R/ LT,
APX, MDAR ;' DHAR % = — N9 28 E T (LUF apx, mdar O dhar & W5) &35

_11_



AR ) W FE OB s THU 2 ¥ N3 (Nicotiana tabacum) ZVEM L. HEVER+DHE
AL ENBEAE T ORRS - B2 T & O 55 F MR J7iE Tl R 2R IC B 1 5 %
BEROIEMERIE & 2 b U A OFM 21T o 72, EANE T, s/l 2 A L
T HREMR OB T ORI 72 B W TEVERE R DL 2 BN OB B0 T
ST H LW 2 RO T4 4 ) (apx_dhar 2T mdar_dhar) & AZBRIICHEEEL . =
NOOFAN &2 R ARy ) LSBT D 2 B Ui, 2D O 2 IRIZ
DWW, BB OBR THRIEA N UV ATEOT M A2 K& 2 TR0 BRF & BTk
ORI Z AR ANEBRBEZHET 2R Pm < A PV AMER S BIZH ELTND
bOLFHEND, FREEETH, ZhEOERIZONTHERAD,

3. 2. MBEEFHE
3.2.1 im0 HLp
a)apx & dhar

F3aDA br<wBO APX LTODHAR Z2— F§° % cDNA 72—, T TIZED
REEDIBH & 272 - T A (Yoshimura et al. 2002, Chen et al. 2003), F 72 2415 0 cDNA
. MAFRE CTHEE SN GER, BVE) . BEREIBEIREN Y ¥ —TdH 5 pPRVIIZA’IZ
Ja—= 7 ERTWD GFS 2005), ROFFETIE, 203 AT 7 bEAWTH
AN DRI EIRR AT 72,
b) mdar

% /33 (Nicotiana tabacum cv. SR1, AT SR1) DOIEENLFHELL 72 cDNA Z #
mdar R1 (5-CTTGAGTAGAAATACGGGAGATAATC-3") & mdar 5’a
(5°-TCTATTGTCGCGACGTTTC-3") O 7 A ~—~_T7 % T, Ex-Tag (Takara) |
LY RT-PCR 4T > 7o, PCR L 94°C30 BhDOEZENEAR . 94°C45 #b, 55C45 %D, 72°C1 o7
DA T NE IO ETZ L TITo72, PCRICEVHIEL 72 1.8kb ORE S & FD
DNA Wi 285 L. pGEM-T Easy plasmid vector (Promega) (&7 n—=27 L7, &
T4 DD cDNA 7 1 — 22T, K2R T TREO 7T A ~—% H, CEQ2000

A= hy—7 > — (Beckman 2. mdarcDNAZ B> D2 =Y U T RNE T T A v
Coulter) %M/l LT, EIEIC L0 Bkl 20
M13 47 COCUAGUGTTTCCCAGTCATGAC
| }&ﬂ%ﬂ& L=, = - ha L -}j- S @_‘51 pBSIAR s TACGCCAAGE
mdar_SRiirst AFCAGGAGTTTGCCTOTCAC 93.0%
NET S JEBREAMAHEL, Ty o meR AACCACGTCAAATGOATGACAGC 95.6%
' / A mdsr F2 AGCTCTGCATTGTGACCAAAGAGE LU0.0%,
9.5

2 7";31 R /EE\ 3/) Z}/L B /;JE: fﬁﬁ ) w§-~ <~‘ V\] ﬂi‘,‘ & [6) mdar_estR CTCCATTGGAGAT CAGC

mdar_I73 GTATAGAGACAGACACGGTC G03-922 10005

T REEIRN O 3 RBICHITEEEE Y A N D waoRWoAGoAs 1255, (hF2 Py bATF Fadts)
2T T A v & EEF OB RS O R
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EGL2OOT I ERI LI (#3),

DT TAw—_T MW, arky
F3. mda MBI T T A e

AWHIER CT 2 /S e b7 a— BEP— A (537
(pGEM_mdar #7) #$% L LT KOD" Neol_mdar P CTTCCATGGCTAATGAGAATCGAGAG

Sphl mdar R AACGCATGCTTCAGTCTATAAGGAAG

(Toyobo) (2 £ U mdar &> =1 — N ik & POR e e T 37 £ <
\o 50 B U2, 7245, PCR O 4fRIE, 94°C 2 TIOR8 0w 2 IVRIRARRY £+ &y
35y DIENEL, 94°CI5 7, 55°C30 Fb, 68°C1 43 45 B %& 20 A4 7 MICERE LTz, MR L
72 1.3kb @ DNAW 27 A BB L, Neol & Sph 1 CTHIL L2, 2z i~y
4 —pPT (pGEM-T Easy D~/ F 7 2 —= 7 A MIF /3D pshA DT 0T —H —
BQrpsl6 DHF — I FX—F—FBA LRI H—) OwLFra—FA MFEAL,
pPT mdar Z#E% U7, pPT _mdar % 4pa I TiH{L L. KOD (Toyobo) %MW T DNA @
WK A b Licth, 2% Sal I T L7z, b —EHOLH THE L mdar
DFER ¥ v bE pPRVIIZAD Sma 1/ Sal 1 A M7 a—=2 7 L EEROEER
MR+ 522 527 b (pPRVIIZA’ mdar) %#f%7-,

3.2.2 L OfERL
a) apx_dhar
NI BEER O RuBisCO K¥ 7=y MBIET (rbel) DU R Y — LifEEEAL
(5>~ AGTTGTAGGGAGGGATCC-3", LA T RBS) (Staub & Maliga 1995) K UMHIBREESE
Sph 194 Ve ELT 54 v —%@&e Lz, R4 PCRICHAWIZT T A ~— L E AR
i B

*® S SR TR N P of e

pPT_dhar & $FHIIC 04°C3 Sy Zsbkfe, B4 AR olRERnRTIA
S WeslP(s—g)
KOD' & v T 94CI5#,55C30#.,68°C o AAGGATGOAOTIGTAGGAGGGATORNTG

i GCTGITGAAATCTGTGTCAAG
pBS_SK‘_R GTTGTOTGOAATTGTGAGCG

V53 DR % 20 A 7 VAT 5 G T PCR
ZATVN, RBS 24N U7 dhar Wi 28 0 srpod & 0 o 7 sy« L 27
L7, SRS L O TR R e
RO pPT apx & Z L E4Sph 1 CHLLTth, W& E T A 47— 3 > A (Toyobo)
THES U, pPT apx_dhar 27, 2 bRB Ay h%& | pPRVII2A’_mdar DS &
[EEED FNET pPRVII2ANIZ 7 i —= 7 L, pPRVII2A’ apx_dhar Z157-,
b) mdar dhar

pPT_mdar &, RBS Z{TII L7z dhar Z%5A L, pPT_mdar_dhar 25 L7, F7-.
pPT_mdar_dhar 7% pPRV112A’_mdar dhar Z M8 L72, 2B 75 X I FOMEZEIL, B
a)b |/ U HETIT- 7,
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3.2.3 Z R A BERRR O TE B

MS it & Z8e T 0 bRy 7 AT BEPICK 1 AME S8 2853 (SR1)
IR O E GBI Lo, MS- 1T ~IV(V iEEE <) BN a-7 7 FIUEEEE (0.1mg/L) |
6-XUNT 2 7Yy (Img/l), 72 08R (Img/l) 2503 vy — L EORHO
tmﬁ%%%%\&Nz@%%auwyNy%mTQDMLf\W@%@mtmﬁéi

IR RICEE Lo, IV U OHNTHERZ I LT, EOREDEHRICEET L X
L, 25COMHERMADA ¥ 2 —F— T EE Ltgamymjcwﬁb%
GRF (¢1.0mm & L <L ¢0.6mm) DOFEHE 50ul %, 10ug OIERATZE R~
Z—DNA, 10uL OHEALD LD A Q5N0‘2m¢w@vau:s/y 0.1M) & &bz,
4CT30 AT v 7 AL T, &K01I2 DNA 2005 872, DNA W8 L7244
ﬁ%%m&/~»f%%L\ﬁ%%%bk%gmm@m&/ww IR LT,
PDS-1000/He (Bio-Rad) ZHWT, /X—=F 4 J VR N— R A b &EATo 70, SRF0
$1.0mm O & X213 1100 psi, ¢0.6mm D & X{ZIT 1300 psi DT 7 F v —F 4 A7 EF N
FREMA Lz, BEOR EBIZDNA T T A2 EE, BHIATNDEONEL, &R
T3 01.0mm DL EFZIFEEDO T 26 2B H ¢0.6mm O & XTI TFRG3ERHEE L,
THOEFRT6 v ay PERLE (le. #/3aDIE 6 MUY, &R THELIAEN
TR A % 2 _X— & — (257C) 1T &, K9 48 REEIZICIEA BT TR < (Smm
ARE) Y13, AT F /<A (500mg/l) 2&eBKgHICEOREN FA
(LB LD ICEE LT, 25COMMH A % 2 — 7 — (B : 16 B, 85T 8 I
M) TH 3~6 BEORKEIToT2, ks, /=T 4 7 VR /= R A MIHW 3
&R OERET, 3T Bio-Rad O L O THY, IO ERERICNBO~v= 2T VZ
it THEH L7 (Daniell et al. 2001),

324 PCRIZ L 58 N T DA EOMER

B BT R LR OB LI a— BT T U Ry S ASNBE L, 2
NS~ & 5 Tl RIS 72 K& ST o7z & & 30 5 DNeasy plant mini kit
(QIAGEN) #fiff] L, 4 DNA ZflH U7-, fhiH L72 DNA &858 20puL O BUGTK &
T rTaq DNA polymerase (Toyobo) 2 HWTH~2 DT T A4 <v—~_TZ L5 PCR 21T\,
HAYEARF 3 BRI T L DEERIBALI B A STV D gl 272 PCRAC W27 T o
=T IL, pPRVIRA’ B EFDIERRIAF 7 A L ORI O A E T 5, EiEE
DNA SN R7e b O (Tllow : 5°-CCTCATACGGCTCCTCGTTC-3") & EABE T
WREH OO, KU EHR~ — U —aadd \THEB 72 H O (aadA2R
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5-CTTCGGCGATAACCGCTTCACGAG-3") & 8 AR TR L OD 2 TH D

PCR DEFIE, 94°C3 iy OB M#% . B 94°C30 B, 7=—1 > 7 55C30 B, WG
T2C2 53DV AT % 30 MV ETLOTHY, BABETFI LT T4 v—0/ME
WAEREA T, ZOERITHH L7 PCR7 74 v — RO OBEEMINA RS IZE L DT,

®ao. BAME OB BT A v —

Thew & OBEE
HAHE - ST BT 53] B Eh T
apx apxR3 GATTGGCTGGAGAAGTTTCAGTG 1. 7kb
wuefar mdarR3 CCTATATAGCCACCACCAAC #92.1kb
dhar dharR2 CAATAACATCAGAATCAGGGA'IC #91.8kb
apx_dhar apxR3 GATTGGCTGGAGAAGTTTCAGTG #91.7kb
sefar_chia mdarRY COTATATAGCCACCACCAAC ﬁ':"JZ'.lkh
aad AR2E DFRAE
BARGRA  TTAv— RGN 5—3) BT 2
apy apxF2 CGCCGCGTCTGATTICTGATC #41.6kb
mdar mdarF3 GTATAGAGACAGACACGGTC #41.2kb
dhar dharF2  CTAGTGACGGTACTGAGCAG #41.0kb
apx dhar dharF2 CTAGTGACGGTACTGAGCAG #31.0kb
nulut dhar dhark2 CTAGTGACGUTACTGAGCAG #91.0kb

3.2.5 Southern fi#4T

FFEO PCRIZL D, HAUEGFRERAES /) LB ASN TN D 2 EBRER ST
BRI SWTIE, B ZEY ) LIRRET T AI v 7 THLIN, HDVE~T T TR
LI ThLINEERT AT, Southern BT T o7, B LI Z NaDENS
DNeasy plant mini kit (QIAGEN) ZfEH L CTE£ DNA R L, £ 2ug & Sacll THELL
Tt 0.8%0 T H T — A5V CE A K E

| 23kb+a?

L7-, BRIKEI%. DNA & F o o i T
(Biodyne Plus, Pall) CHRE L7z, 7'n s /12

T RN B, EAEETEED e
PPT SV R K57 b, A\ EErAET & Probe: ARADNA

=R TS ghE ~FT e H .
AN O% DNA ZEFRIC PCR Z{77200, 35 12, Southern BT IC W 72—
AR HAWEH R aOEEHEF ) LD DX apx, mdar, dhar, apx_dhar, mdar_dhar
) EIGEEFOF A X (F6)
RERIERAL & & T DNA BT 2 85 U7,

HEOE DNA BT R 2 7 b0 HEMY L . 245 % DIG labeling kit (Roche) DT /& L~
BB VCTHB L, A 7Y F A PesanFa—T L (B12, £6).
B ATV IA L= 3 2 68CTHAEIT22U, NBT/BICP Z IV e EEIC L
VIFNERE LI, N T U EA = ary RAMNATIEAAE— g U R
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TFAORRMBISE, 73T~v==2 7/ (Dig application manual for filter hybridization,
Roche) Fdf o) Hikiz k-7,

S6 . AL £ i X
el [ Ao (A e
3.2.6 RT-PCR apx 488
B 4 A OREGERBEEIEEED T AL O mdur s
4,3z (SRI) DX Y | RNeasy plant mini kit (QIAGEN) (”mf“ (‘iﬁ_
ERHOT ORI e b a— o fEv, 4 RNA 2 fhH L, ];:;w/::u ;,:

TE DNA % DNase I LBIC LV ER Y v =, Zoa
RNA2.4pg A8 HIZ, T F LAF 7. @ oRT-PCRE A7 9 1 =

Fe—2 MO T, HETHE

T G o L5 (5] W
Superscript I (Invitrogen) {2 LY apx Tpsl6R  COTCGCATGCAGAACTAAAG
cDNA Z &R U7z (SRIFIRIRA 7 a ” apxB2 CGOCGCGTCTGATTCTGATC i
ba— LIt o7), 20 cDNA & mdur_Trps16R GTCGCATGCTICAGTCTATAAG ]
PR A R RS T T A e mdarfid TCATTAATTTCCTCACTGGGG o
T G PCR BT T (7). L e TipeleR GTCGCATGCTAACTTCCTGCG ooy
dhark2 CTAGTGACGGTACTGAGCAG

3.2.7 Northern ##HT

ERFIBIC X DR L 72 4 RNA3ug &, 1.25%D T H i — 270 (S%DFN LT T
b REEl) AMOCTERKE LE®, 740 RICEE Lz, 325 TEALEZLOD
EFIUDNA 7 o—7%HNT, 50 CTRENATIFAE—Tar&iThn (DIG
Easy Hyb. Roche) , LumigenPPD (WAKO) % W RGIEIZ L D v 72 Lz,
NATYEAR—Vay, RAMATIZA L= 3 RO 7 F O SIT
F2 T~ = 2 7 /L (Dig application manual for filter hybridization, Roche) (ZFL# S AL72 75
ETIT» T,

3.2.8 7 X R

B E R THEME S N2 D3 (1g) ZASABRTHEL, 77 BNy 7
7—Iml ZMZ T, T V250U, HMH®E 14,000 rpm, 1500, 4CTELL, BJE
UL LT, SDS-PAGE/Western f##T, Native-PAGE/NGMY:f, R OBERIEMERER &
DERIZH W, ZU N0 EOERIT BSA ZAF L — Rz, 7a7Av7 v A%
v b (Bio-Rad) M L TiTo7z, ¥ /X7 EHOHMBICH WSy 7 7 — DR E % 8
el
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3.2.9 SDS-PAGE K U} Western fi#4T
Wi Ul Z o052 2 R Y7

X8, ¥y iR

R g R
7 UNT I RAL (APX & MDAR 1T APX  SDS-PAGE 100mM U BRI MRS (pH 7.0)
12.5%, DHAR {3 15%) Z /il L TRIRE Gl SioM TAZA
. ) mM EDTA
WKL L1 Mold CBB 5 (Bio Safe, S —
MDAR  SDS-PAGE 50mM HEPES-KOH (pH 7.6)
BioRad), b3 1| HHIFTLER (k7 -
A7y b SD. Bio-Rad) & VT, DHAR  SDS-PAGE SOmM Tris-HCt (pH 7.4)
1 SV OBEE NS, = hakilo R 100mM NaCi
2mM EDTA
— A i ( Hybond-ECL . Amersham
ImM MgCl

Biosciences) 1285 L7z, Western fi#4T
DT 1y F L TIES%DAF L INY BT TBS- TS TIT > T2 APX ZIH 2 729
RO LY UEREHEDT AN BT F U F BT D kbR (IS
Japan) % SOng/mL ORE CRISE T2, "4 F v —EaiEa St kg (Bt
¥ 7 A 1gG. AP Biotech) 13 5000 fFIZA R LT L7z, MDAR ORHIIZIZ, =27
UONNAFR Y= ARIOE ) Fe a7 A v BL s 7 5 —20— kR GLE
JESLRFOVEB JeiA K0 5378) % 1000 fHIZFR L TRV, vt %oy —EEfa
SHELEIZREUAE (BT 2w b 1gG, WAKO) 13 5000 AR THEM Lz, Eivdho
BA . MRHIZIE Amersham ECL Western Blotting Detection Reagents (GE Healthcare) %
A, £ BRHEOBEMEVD & X120 &Y | Amersham ECL Advance Western Blotting
Detection Reagents (GE Healthcare) 2 H L7z,

32.10 IHHEGE
a) APX IEMEYL

SDS Z#EERWVWI0%RV T 7 VAT I RFAERNWT, 50ug OF o2 ERE T
UL K720 15mA OMET, 80 4, KIRE TESUKE L, WEHERAO FIEIZX
Mk (Mittler & Zilinskas 1993) 1296V, HefB912 7 /L% NBT & TEMED (2 1Y Befa LTz,
b) DHAR {& 4

S0ug DF I BEREE . 1%DT Ha— X5 VHNT, BRKEEELAE L 2N
5100V T 70 S EvkE Lo, ERKEHOBEIRIZIE 190mM Z U BT,
25mMTris-HCl (pH8.3) %M L7-, BRykEk D7 /L% DHAR OREE %51 100mM

CERTIS MR L, £0#%., S22 0K T L, Be@mIic LT 20 M, m
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BT IC R L 72 (Paciollaet al. 2001)

L BRI o E
a) MDAR OVEVERE

MDAR OJEVEMEIE L, WL U-3310 (A1) #HEH LT, |E Ti{To7, £7
MDAR OB LA AE //F e Fu 7 Xa)L B (MDA) ORERZHE L0,
FUSHIZIMZ AR OF =7V OT7T 2Aale s gAg s v 2 —+E (Toyobo) (Img/mL, 7
BE1E 50mM  HEPES-KOH pH7.6) O & (BuL~5ul) ZLLTFOJETIRE Lz, 2UE
#% ImL (50mM HEPES-KOH pH7.6, 2.5mM 7 2 aA P E) ICHEYEDT Az LE
CEEA LA —EE A, 360nm OWEE OB E T Lit, ZOHETE, Wt

FE 001 ERT 5L 3mM O MDA BEAELTND EEZ B, 0.01 LLETIE MDA JF
T ORI T, M MDA BT 5 L&D, £ 2 CREE S 0.01 ER A=Y
U A B OREMEOEHERDT,

MDAR OIEMEHIEIZLL FOFIEIC X o7, 3 b, 5USHE 1mL (50mM HEPES-KOH
pH7.6. 2.5mM 7 A= E EE. 0.lmM  NADH) (2 10ul OB G.e. # v X7 Eih
HI) 2z, WORENLET 02 LIRS o Thh, WNERHOY v SfliE 21T
o, FRlERTHALNUDE Y RARE LT AV VA 0 7 —8 & RIS
WL, L<HHLUEE, 12 340nm (ea0=6.2uM " em™) DU O & RIEEY I
MET S Z & C. MDAR IC L A USH T O NADH OBU/DEE 2 RE Uz, 28, KIS
WZMZ D& N7 HET, MAEDORDEEIZIS U THBRICL YV #E L, MDAR @
EEA L T OHE Afﬁkﬁbko
(1 231 0 O NADH OB/ EE -6.2uM em™) X BUSIKE X & w30 Bk &
= (AA340min” +6.2uMem™) X 1mL/1000mL X 1000uL/10uL
unit = pmoINADHmin IZHH %, ¥ 2 78 Img 720 OFEEEEH,

3.2.12 2 b L AT ORE

A FeFdars (RTa— ) B

26 RDO<=A 72y A%—71L—F (Iwaki) 2 ATV 05 2 KIERD AR E
(OuM, 0.2uM. 0.4uM, 0.6uM. 0.8uM. 1.0uM, WTIE 0.1%D Tween20 2 &) %
LSl To0E L7, BREGER NI ICHIDHEWTEERE Iem DU —7F 4 A7 & F
WRINZFE L, 7 v~ FEEYHA o Fa—F — l)\] C 62umol m™s™ DL BB T,
25°CT 40 PR, B L7,
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by HiAREE B U v LALER
FR DO AFAEA 1 KR OFFCRSZ | fiEE T U U LOFmPERF] (0mM,
HMM\NmM‘me\%mM\WmM\%h%ﬂ&wwymwﬂﬁéﬁ@) ¥z 1A

¢) SRECALER

% 2 MBI OGN E 7T 2 F Ry 7 AR L, 350umol m?s” (BH 16 RER,
Rl 8 BRI OYeA WS LT, AL v F 2 - H—T 2. 255CTHER L,
dy 7wuwn7 o EEORE

A NVAMEAERALT 2720, a) b FEROFETHE LAV -7 0 A7 &, 3
B O KIENE (0.1%Tween20., 0.1%Tween20+0.5mM A F /L 41 7 0 KON 0.1%Tween20
+20mM HiHEEE S B U U A) FRFIUCE L, 62umol m7s! OV A HEFEE LT, 25C
TAOBEH, BFE LA, TO®%, 1 KOV —T7F 4 A7 % Iml O NN-U A F LRV LT
T RZEL ERLRET, KR 5C) CT—BE LBE Lz, 2O NN-TAFR
AT X RICEHERTZ 7 v a7 4 VOWRHEE 64Tnm, 664nm, 750nm D 3 DD E
THEL, AT OFEN (Porra1988) W/ mur o giefti Lz,
vuana” 4va (ug/mb) = 12 X Ags — 3.11 X Agyy

suaa7 b (ug/mL) = 20.78 X Agr — 4.88 X Aggs

svn” 4vatb (pg/ml) = 712 X (Aggs — Assg) +17.67 X (Aggr — Asso)
AMVAEER) =TT 4 A DG v 7 4 VEOEIGIEI A b u— VTR

(0.1%Tween20) B LY —TF 4 R OEFE/7an 7 4 VE&EOHEMECRLE,

3213 B HE

BEREOEEEIE (apx. mdar) O Ty #REBER Y S (SRI) ZHAWTIEMNZE
MEAITU, %h”ﬂ@ﬁAﬁTF@?%%ﬁo%%htﬁ%%%ﬁmmm@xmﬁ%
S A L hE e MS BRI B A ISR LT,

31mamwuxjmammmﬁﬁﬁﬁ@%%(wx@

pPRVII2ZA® apx D7 mE—4& — (Ppshd) & Z— I F—&— (Trpsl6) OIMBNZNLTE
TOLAMBOT 7 A~—2Re Lz (B9, W 13), 2B, THhH6DT T4 <—IZiL,
FENHIREEREY A4 M BASHTWA, | O T 7 A <—7 T pPRVII2A’ apx
DA Y — MRS PCREEL (K13, F). &5 1HOT T4 ~—<7 (13, )
TRy Z—OEEE S % PCR ¥R LT, W HOWMIEED Z IR T Lk, 7
AT a URISTRAG S, apx_re 2Tz,

_19_



9. apx _retd) BRI T T e Nhe 1 F_insertd Mhe ] B oml

— S N,
FZp e T (S eps7iI2 BpshA Trpsbs  Fren

) | ; -] T P
Nhel F out2 TTGCTAGCGAGC TCGAATTGGCCGCTCTAG ’:l'—* pr | el audi 165 rbNA
Xbai R our2 AATCTAGATGCAGGCATGCAAGETGGOCGE Kb 1 R el Xbu ¥ R_jnsert2
Nbel_F_inserf2 AAGCTAGCGGCAGTTGACAATTGGTGGCGG
Xbal_R_insen2 GATCTAGACCAATTCGAGCTCGGTACCCCG

1ot ALt - A2 s Ppshrn Prew T b
1} AATOAE Yy 7 ENRER Y MR “ b, — —
{0 oapx | 'y-——+ L aadA | 165 rlINA,

trnt’

[
Xbu 1 Nhel

H1 3. apx_reD FEUTIT 27 F v —

3.3.1 MDAR #A{s- D HLEE

BEEL 72 4 DD mdar O cDNA 7/ m— kv —2 o007 LIRS, Zhbind
h 40T X % 32— N5 1,470bp @ open reading frame % & A TV /2, ¢cDNA
MOHEE LD T I/ BEES % Web (http://wolfpsort.org/) @ WoLF PSORT 7’12 /' 5

TEVEATL, N BOMBNBETESM A TR L2 s 2 A AREBRIZ L B
7z cDNA 1E, BERMERTER O MDAR 2 — R L T2 D& Fll&Nn/, o7 3
RS ER LYY kb, YA XTFXF A RO MDAR OT I J @RS &
BB L7 & 2 A, N Rl 55 7 2/ BORFEMRS . Z O848 MDAR & ZER K
NES T Yy PARTF REBICHEY T EEZ N, 2, FT oYy MTF
REE A RV T 2 B S % 50 WoLlF PSORT 711 775 A CEOMENT 5 & 3k
EAORIEIETRMENR L IR o o, A Tl mdar O cDNAD S6 FH D 2 Kb,
feib=m Ry (491 FH) FTITMY T 258870 S, Blth= R (ATG) &40
L7 DNABTR & pPT ~7 n—=2 7 L, BTEHKENTE < mdar & L THW,

332/3=F 4 VRN — KA B
ARWFLETIE, apx, mdar O dhar D& ELE T 2R OEREEERR 7 ¥ —
(pPRV112° apx, pPRV112’ mdar, pPR\/HZ’_mdar)\ 2 OF apx_dhar, mdar_dhar D& 4
A RO R E iR X7 ¥ — (pPRV112’°_apx_dhar, pPRV112° _mdar dhar) % .
=T A TR —= R A MELLYD, ZRTOREIIBLIAAL, TOEK, DNA %
A=T 4T HERFORES, BOES, EETORMAZLZ T, EREOEEL
BUROHBMRLHR LT, BROBRERI0ICEL D,
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F10. Ronl—FAL FEBRNELD

BiR VEDIE Vahd MM R Zhapt)
apx 90 10 2 2%
apx_re 12 7 4 33%
mdar 36 7 2 6%
166 20 0 0%
dhar
12 3 2 17%
138 13 0 0%
apx_dhar
42 15 3 7%
36 2 0 0%
mdar_dhar
36 27 5 14%
=EF 568 104 17
INE it T Ay CERR
2) . DITZERIT0.6umE BV T T 7 FRRE R
3.3.3 APX
Thow, apxR3 aadA2R. apxF2

a) BT DO
75 A <—Tllow & apxR3 DAY,

M  Ala Alb A2 W H Ala Alb A2 W H

23kb
KUF T A ~—aadAR2 & apxF2 OHLE P
4.3kb
T PCR Z1Tolb 2 A, £NLENIT 53k
FREND 1.7kb LN 1.6kb DRE XD } : “
PCR 7 28 3 BEICBE Sz (5), [14. PCRIC £ 5 8 AME T (apx) OHAE
Ala, Alb, A2THURZ (E27R9, 2208, ALLAZEMTILT:
Do MIBRL | a&bid-— DO - MO ST T BB
- RIS,
b) Southern g M: ~—— OJHind ) , W: B4 595521 (SR1), H: H,0

AL & & T YER R DNA I % 7
D=7 E L THATENAA T U EAE—2 g o TliE, M Ala KT Alb @ T, iR,
B HO T R, #0848 (SR1) EFEIU 1L.5kb O3 R3Sz, —
7. MHEZAE A2 O Ty RO T RTIE, 208 Rb 30 S o E T
Hole, apx DBET 70 —T 2RO T ol T Y F A ¥t a VT, $_TO
Mz (Ricv 7S (K1s),
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Probe: BEREIKY /L Probe: apx

TR T i Ty T et
M AlaAlb A2 W E 5 ?Ew M AlaAlb A2 W f: 3 gw
23kb e = i
9.4kb
6.5kb - . ke
4.3kb
2.3kb
2 0kb
15. Southern fi##T (APX)
Ala, Alb, A2OFRIZH 42, 1T R DT,
M: =—— (\Hind 1)
W: BpAERIZ 3 (SR1)
¢) RT-PCR —
;;I % ;I
ABBEFEHRAOR T T v —_T 2L 5 RT-PCR T, § e
Rk . ) M £ < < WH
T) RO Z KT XTI FHEND A X (0.9kb) D3 oo
) 6.5kb
v RBEE L (X 16), 43kb
20k
d) Northern fi##T

apx ¥ % 70 —7 &3 % Northern fifT Tk, FH~7 [16. RT-PCR (APX)

i e =z c (% Ala, Alb, A2IZ 1481,
T, RO Z KT Tz, PHREND VA X (K 1.3kb) M: o9y — (qHind L) W+ 8 A

O R EN (K17, ¥ 08B+ —7 #7323 (SR1), H: H,0

1349 2.6kb D RNAIZ BT NA T U XA X LTz, WL AV
Ty ERWTCaedd BT 7T e =74 TV EALE
—a VEITOTERR, 26kb o R ENT (5
— Z RK¥GH) 2661

Ala 1% 1
A2 1% |

o |
<

1 7. Northernfi##t (APX)

Ala, Alb, A2iX[H5, 628,
M: =—H—
W BpAERI% 3 (SR1)
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e) SDS-PAGE K TF Western fE4fT

FAHEZ AR T, SR OB AR 7 Nahbfiil Lz ¥ /37 O SDS-PAGE %0 CBB
s, T, MHIERZ IO 33kDa D3 R Sz (K 18-A), Z4LEFED S
SV % VT2 Western BEAT Tid, Z 0 33kDa D /3> RONEICHIAFEA L, ECL O%k
vt En e (K18-B),

Positive Pogitive
control - § w5 ¢ :_‘g control = H w5 ¢ ""E
cics,-csm’.aézuﬁ g PIREY
SE & J X e RN,
MEREE << 2w < s W
{3578 RubBisCO
250 Large
50  subusit
00
73 53kDa
47 33kDa
A& xW
25 - 3Bk
20
15
16

E118. SDS-PAGEF L U'Westernfi#hi (APX)

Ala, Alb, A2I3 X145,

Positive controliZid, KIGHE CRBE S apxk His# 7 TREL &S
RIEH T M: 55 T AR~ —h—, W BF RIS 2 (SR1)

) IE G

ik o> # o 787 B % Native-PAGEIZ L ¥ /7B L T, APX
DIEVEY B 2T o7& 2 A, MBMAIKD Z 37 B 2K
BL7L— Q3R CEWEES R AN, —F,
AR 2 N a D& R ORE L — U iE, APX TEME
ERTRAINTORVESD, DT BBES D
HTHoT (K19),

Ala_19_1
Alb_I* 1
A2 151

[2119. APX O VEM: e,
Ala, Alb, A2IXX 145 HR,
W: B A RIS 33 (SR1)
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3.3.4. MDAR
a) WA BEF DI

75 A <—T/low & mdarR3 OHAHE,
k75 A <—aadAR2 & mdarF3 DA
HETPCR Z{ToTc & A, ML LTZ2D
Dy a— MIHXTD 4 BET, T T
NPHEIND 2.1kb KT 1.2kb DRE ED
W asHEE L7 (K20,

b) Southern FEAT

T/ow, mdarR3 aadA2R, mdarF3

H

M MlaMlb M2a M2b

MlaMIb M2a M2b w H

[X120. PCRIZ & Bmdari&{5F D18

Mila, M1b, M2a, M2bi3# % (K% 7R,
MI1EM2EEMN Uiy a—MIE$EL, akblii—2 0
Va0 i T RIE

M: = —Hh— (MHindll), W: BFARIZ 32 (SR1),
H: HzO

Probe: 3k FDNA Probe: mdar

HEREE DNA 7 12— 7 % BN CFF i MZESEW M§§§/§W
o 7z Ty AR D Southern HEAT Tid. M st i
B2 AR M2a IZBF AR LR U 1.5kb @ o
Sy RRHBENE, Eh. MRz
EM2bIZh, 2D Rz a0
B Sz, M E Mla KO
Mib (Zid, 2Oy Fize iilis o
nmote, Ty HATE, To AT R iy

M$sdgw MSEEZ W

DTN 472 M2b DEAERID 23k W .
Ay RBRWELE, K. Bk ow -
M2a 1% 114, BFAER O N RART 43K
SE VRO LN, mdar BisT 7 1 -
—7 % A\ 7= Southern AT CIL. B 2o -

AR ZBRS2TOREFIIANL 7 F

ARXC—a T FARBDLN
7= (X21),

X21. Southemf#HT (MDAR)
Mla, Mib, M2a, M2biZE205 M, 1T R &K HT,
M: B — (W Hind ) W- BRA=HLY 21 (SR1)Y

¢) RT-PCR
mdar s BW R 774~ — %2R
RT-PCR TiX, 7T O X (R P X
NnBHY AR (0.9kb) D/ RABEE L7
(1% 22),
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Mlb_1* 1
M2a_ 1% 1
M2b 1% 1

Mia_ 1% 1

H

22. RT-PCR (MDAR)

Mia, M1b, M2a, M2biZ[2058 /&,

M: v —F— (¢x/Hae D), W: BFAR ¥ o
(SR1), H: H;0




d) Northern fEAT

mdar &5+ % 7 11— 7\ Northern fi#4T T,
FAMERS TRTCOEKICNA T I FAE—T g~
T ANBESHTE (B23), o7 ue—T TS
A A X (K 1.5kb) @ RNA Ofth, #) 2.8kb ® RNA e
Wb NNA TV HEA X LT B U AT V&2V T aadA
BEFTO—TICEDNAT IV FAL—=23 2172 | \ia Mib, M2a, M2bI2E20E 8,
- KEF. %9 2.8kb D RNA IoA 7 U #4 R Lje (F— [ M2 W7 6RY

7 AR

e) SDS-PAGE K U Western fE#T

Bp A o8 o Jr O 2 (R 2 R Mla
K OUWM2b) O Ty R OZEH 3 [EIEN
L UNRTEEFTR L 2%, SDS-PAGE
THrHE LT, CBB Y2l L D kBN ¥ —
VEBIER LT, BT &AM X KO
ICBHEEWVIBIE IR R o T, £z,
A A 725 MDAR $ifk i, RuBisCO X
VTazy b EIERRMEEERTZ
& AVHIBH L. Western fi#4T T MDAR 721F
ERITAZ LT TE Ao (K24),

f) MDAR DiF

MDAR Di&{nF 2B A L7 2 7 N
2> MDAR TEEIL, BPAER 2 a3 Z e~
L TR L EEhoTz, M2b 19 2 DL
S DR Z AR S fE & D MDAR IEHILITIE
B UM AR L, M2b 1% 2 7207 3 oo i #2

.....

kDa

250
150
100
75

Mib_1*_1
M2a_t* 1
M2b_1* 1

;1
=

2061b \\\\\\\\\\

1517
1049 -

X23. Northernf#47 (MDAR)

50 i

37

25

20 .
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X]24. SDS-PAGEF & U'Westernfi##t (MDAR)

Mla, M1b, M2a, M2bi3 X205 &,

Positive controllZi, KIEE CHRBE X TomdarHis¥ 7 TR LT
BEX L TE RV,

M: BF P A X —T—, W: B ARIZ )32 (SR1)

unit/mg
(unit=pmoINADH/min)
45 ¢

3 40
40 F %
35 333 3%3__3;{:2— —32-
30 ; S S AL N - N . s .
25 & —— e e —
20 e et o A At e veaemaannn SV st

15 -_—— — —

1.0 I T . . =

05 E03—03—03— v

0.0 C
Ry Ry Ry
T T T
N/ N NP A NG N N/ N7 N
r ' 4 ¥ Y S~
N/ N NS N4 N NS

X25. FHIEZ KR OCBFAR Y S OMDAREM
Mla, M1b, M2a, M2bi3[XI202 1R, SR1: BB & <= (SR1)




3.3.5 DHAR
a) IS T ORI

754 <—T/low & dharR2 D EH., K
75 4 <—aadAR2 & dharF2 O#A T PCR
EiTomb A i Eosniz 2 HiE (DI,
D2) T, FRINHKRXIDOMA (1.8kb K&

U 1.0kb) 23HEEE L7- (IX26),

b) Southern FEAT

R DNA WA 2 7o —7 3%
Southern fi#AT TiL. D1 & D2 @ Ty HEfR D
B RS L 7= DNA @ 4.3kb OPLEIZANA 7
YEAY =2 a7 FARBEsn
Too . ZNHOEEIZEAM LR T
P4 X (1.5kb) O/ REEEO LR H
~72, D1 @ T, #{% Southern fiEHT T
EREFURER T, dhar 7O —7
Z VN TAT - 7= Southern f#HT Tr, H-X
72 Tou Ty HARDMEEZ RO T N TIZ,
43kb ODNAT IV HEAB—a v )
ABBE ST (¥ 27),

¢) RT-PCR

dhar \CFERBBR T T4~ —E T
RT-PCR Ci%, ##fex & (D1 @ Ty {thfR)
W2, TRENAYA X (350bp) DR
DIBEE L7z (X 28),
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T/low, dharR2 aadA2R, dharF2

M DI D2 W H Di D2 W H

[X126. PCRIZ X BEABMBT (dhar) OEIE
D1, D237 LS 2 — MO B R AR 2 1,
M: = —Hh— (MHindII), W: ¥4 %1% ,3a(SR1), H: H,0

Probe: BEHADNA Probe: dhar
M DI W M D2 W M DI W M D2 W
23kb| s = T
9.4kb
6.5Kkb|
4.3kb o
2.3kb
2.0kb|
s
o =
~y i
MAQ W MAa W
§\\\
AN
L
e .
i

[X27. Southernfi##T (DHAR)

M: = —J1— (WHind 1)

DI, D2iXE26% 28, 13 T i{RE =T,
D2DF —F TR DI, W: BFAETIY /32 (SR1)

[28. RT-PCR (DHAR)

D1itX26% &R,

M: v —H— (MHindII), W:
Bf AR 7 2322 (SR1). H: H-.O




d) Northern FEAT

dhar Bin+% 7 0 —7 &3 5 Northern f##T Tid, #i
Wz (D1 O TR DB, ATV EAL B
a I ARBEIRE (K 29), Zo7n—T7k
FRRENDEHFA X (900bp) D RNAIZ/NA T Y XA X
L7y, fhod4 X (92.5kb) @ RNAIWZH A 7Y
BA XL, RICAVT VLU EAWVWT aadd Blnt7
0= EBNATIVEA =g U EITo R,
# 2.5kb DN RIIANA T Y HA X LT (F—F KB

. X29. Northernfi##T (DHAR)
&) o D263 5,
M: v —d—_. W: BF AR & 33 (SR1)

e) SDS-PAGE
A Z (B R OB AR S oNap bRl L7 % v 737 B 0 SDS-PAGE % ¢ CBB Y2 T3,
WX RIC DI, ¥ 26kDa D3y RREE I (K30),

f) E G

ADRDZ X BT Ha—27 XY 5B L T DHAR OIEHREEZITo7o & 2
7, M X R R OB AR X Na b b, FOLOFRIC DHAR EEARTEF OO
RORBD BT, —F, MBXEDOZ X7 BEORE L — 13, FREwy, L0 5
B OEF I, AR S ZiThn, IKKEWA Y FRBESRT (B31),

AT
- P
ST oo AT
b [ - o =
aen 222 - = A
kDa st . - T =, “
—
250 o o o z = =
150 RuBisCO
100 Large
s subunit
s * 53KDa
37
25 4 DHAR
20 26kDa
15
- .
0

30. SDS-PAGE (DHAR)
D165 58,

M5 FH AR =, W: BpA 5l
%32 (SR1)

X31. DHARDEM
D1itX26% 258,
W: Bp AT 2 33 (SR1)
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3.3.6 Ay
a) B AEE T OWR

1) apx_dhar

7T A ~—Tlow & apxR3 OFAH, LT
F A <~ —aadAR2 & dharF2 D& T PCR %
fTofol Z A, MLzl biie 3 ik (ADI,
AD2, AD3) (2, TH S HKE S OHEIER A
(1.7kb XUV 1.0kb) #3547 (B 32-A),
2) mdar_dhar

75 4 <—T/low & mdarR3 D A&, K
7' F A ~—aadAR2 & dharF2 O#AE T PCR
AT L Z A M Bz 5 fEE (MD1

A apx_dhar

T/low, apxR3 aadA2R, dhark2

W

B: mdar_dhar

‘T/low, mdarR3 aadA2R, dharF2

2 g 8 & &
=, Z =2 o= = W

M
o

—MD3) I FREEN D KX X OHEE A (2.0kb
K ON1.0kb) BELTE (K 32-B),

B32. PCRIZEDEAEGF (A~my) O
AD: apx_dharx B A LB Z K,

MD: mdar_dhar’ & AT ZE,

BB BRI TSI BONE Y 2 — bR T,
M: v~ (WHind L), W: 8452 /32(SR1), H: H,O

b) Southern fEAT
1) apx_dhar

BERKR DNA Wik a7 m—7 &9 % Southern
FRNT Tl B EKROBARZ N aD i
(2% 1.5kb D3 RBBEE N, & HISHBEX
TlL 5.4kb D8 FH SR STz, apx KO dhar
DBIEFETR—TETHNATYZAE—
a T, BAREZRSTNTOERFIS 5.4kb
DNATIVEFAX— a7 PaAnkiish
7z (K33-A),
2) mdar_dhar

LR DNA Wi 27 m—7 &9 2% Southern
AT TIE, S IR OMLHE X (K9~ TIZ 5.8kb D3
v BRI, BRI S N 3 LA U 1.5kb
DAY RIFBE IR oo, mdar BTN dhar
ODEBEF T —TERNTENAT I A E—

Az apx_dhar
Probe : 3EFXIEDNA Probe:dhar Probe:apx
— o @ - @
an o oan
M<< <W M<<<W
=
B: mdar_dhar
Probe: JE#kIADN A Probe: dbar Probe :mdar
= @ xw — el o — o o
a0 o0aop o a0 aopag
MZ2Z 232 W MZ22 22 3W M2 33 S35W
N

i

:

B433. SouthernfEAT (A1)
ADEMDIIE32 B R,
M: < — 71— (WHind), W: $F4ER% =1 (SR1)

a Tk, AR T _ToEEIC 7 HFadkitiang (¥ 33-B),
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3.3.7 A b L AMLE

a) A FILE A L AL
BARMAZ Nap U —75 4 A7 L, 0.2uM
DBEEOAF AR S AR LY e
DEE A ERE LTz, - J7 APX KT MDAR
FERAETHEER LW IHEBIED Y —
TT 4 AL D ORE OB TIIR GO E
ETh o T, MBZKRBOLE TIE, MDAR
DY —TF 4 ATDIFHIN AFNEF s
VOBREREL RAICONTEALTHS
HRENRKE L 2ot (K34),

b) BEREEET N U U LALEE

BRI 2 N b APX KUY MDAR % 858 3]
EH T F N OB CIRE ORI 8 8L
Eniinols (1435),

¢) JE AL

ZOMBEIZE Y BARY S OBELEE
B LTz, —J7. MDAR ZH3EBL L= # N
AT, EORIMOELLEE SR>
7= (¥ 36),

SRi1
SR1
APX
APX |
MDAR

MDAR

34 AF A4 m A R

SR1: ¥F A Z32 (SR1)

APX: apx% B AU AR 2 R (A2 2"
MDAR: mdard A U7 2 A (Mia_ 1)

0 10 20 3¢ 40 50 (mM)

APX

APX

MDAR

MDAR
L 8

B35, HEEET S U v L0

SR1: $AERZ 2 (SR

APX: apx% i AL T- % (K (A2 2™)
MDAR: mdar 238 AU ##2  (M1a_1™)

Ba3e. ot
SR1I: Bf R o321 (SR)
MDAR: mdar %8 AU fk(Mla_I")

MDAR SR1
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d)7mnr VTR

AFNALEFa X VA E L) —T7F 0 A O a7 0 VEFREIL. APX ZE%E
BT 2 R B AR # 8o L T 68 17, MDAR % RS EL X 7- f¥a 2 (R1T 47
BThotz (K37-A), —JF, HFEST ) UL E LEY—T7F A0 7an 7

S VBEFEICITEVWRRD o7 (8 37-B),

A AFAEAas

B: HEETEET MDA

100 100
T
90 90
81.3
80 80
70 70
60 540 60
50 — 50
40 s T i —
30 — 30
20 ] 20
10 2 — 10
0 = 0
SR1 APX MDAR

M37. 77 4 AEEE
SR1: BFAERIZ 33 (SR1)

APX: apx% 8 AN LUT-HHIRZ 6 (A2 2™)
MDAR: mdar %38 AUT- ¥ 2 i (Mta_1™)

3.3.8 WA HE

Mz R A B L TEARI 2 Nanith %
T E, BESVEEEAXIF )~ v
AD O MS FEHUCHETES D & B LWL

38-A, C), —F. AR NaziHic, Mk
ZAEOR &80 U2 FFR Tk, T3~ T
ARG F v A v oM ER L, FEMHA
ftL7= (X 38-B, D),

2 APX X 'SR1

£ MDAR X J'SR1

766 797
T
—— g
SRI APX MDAR
B

2SRIX & MDAR

500mg/L Spectinomycin % & TeMSH;HY

(38, M Z A & B AR & 8 a0 B s i
SRI: BRI N, APX: apx 2B A LT-MBZ K,
MDAR: mdarz A LT- M2k, O HESL. 2 M8
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3. 4. &5
3.4.1 H 3 aOIEREA R E i

AT, M2 T T AI RO A LT 7 R A RNaOERKCEAT 20, &
BT S68 /8= 4 Z LR V= N A M AR L (B 10)., OB, BEERRE L
O E L5720, WS OMDOERMERFT LA, £ 10I1RT R, ko
REEZ 1.0um 5 0.6pm BT L 72Hi# CHFENRKIBIZE T, Thbb, &k r
EZPNENLDOIIEH L, ENE2H O LD BH O 2R LT, T oHliz D7 &
A RERFEREPF O, RORMICIEESIE B D050 14 56 Lo/, &HL
FHRPES Loz Z LT ORFBE D ERERNICADLT IR oT2OTIZ W EE X
TWd, BIRENZ L2, RonN— b A bOXBEZEER, A0 2 — FREES
ORI, B<eod, TROBLURDERETIE, Ya— FRBRINLET
2. BN boTL y HML BNbOT2 72 A>T e, LLEBFEZET Ltk

CREDWB O3B T a— FEERT L L0 R o, TSRO RE I/

SLTHZEITHY, Mla~DF A=V PRI, FORBRY 2 — FOEET SR
NEESTOTEHRNNEEZD,

3.4.2. APX

T A=k« TVEFFH AT TAPX (ET AN BEETOMRGRL
L. B0y & MO IZERT D, mSH TIXAPX IS DOT A VA BPFEET D Z
WHLNTND, Tabbh, MIRER (cAPX), vA4 7 2R 7 ¢~ (mAPX), I b
2 YT (mitAPX) , BERMED T T 224 RAL ((APX) RO hua<iH (sAPX) T
o5, cAPX IIRFEH A ~v—TH< 0, A (ChIAPX, tAPX & sAPX O#EFR) 13
F/w—TEH< &V O E WD H S (Shigeoka et al. 2002), S SIZAPX X, 7T AzLE
VEEDRZ UTe Seh T CIEAREE TH D5 FFIZ chlAPX & mitAPX 1X i 2 D APX
CHARLETHD VWD H 5 (Chen & Asada 1989), Z v Z | BEREIRN TsAPX
BB YL, BB EOWEIADTH Y, T L 0Em DO A L ATYE
DBERDEFB XTI cAPX OBE T 28 A L ERE TREL ST 2 & a3,
W, O, RO A L AR LCH o/ b v o #iERH 5 (Torsethaugen et al.
1997, Badawi et al. 2004) , ABF7E TR L7o, APX & SERKIR CORAE T 2 2 ¥ N =
I, AFAET S oREA T COREA M ATHEREE T, Ll s 2
OBz ¥ o33z, RSO A R 2 (NaCl, PEG, Na,SO4, KR &5 2 7-%EB®T
IE PR S N b R BHE e A N VAR OB FIBLEE X e o To GRIBE T — 4 ),

TERD, sAPX BIERETHEI I L L. WAVARARLAD I HLTHEFC
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BRI D & OTHE 2R T O TRBRVNEEZEZ TV, 4%, Z OB (KD
DAL AREHAIA P VA2 R T hE2 RIS TS LERH 5,
BUORTR LN Z & 00, APX & HEFs 8 S 7ol 2
RIL, EICHOWEY A 7 BEE (K 39) 234
C7re ZORBBITHEFERE KD A o F 2
—H ORI ETHR T A ELTHNS
PR SLR PO TER Lz b OIZIEBL s
BTERN o, LE L, KBS ROMR T
b, ISCOMIR THE L - EEORE I ITEF A

DHAR (T,

JEMABATEE B, AD, TOTF  no_ wwn wem ___w

. ] 4 39. HHIRM Y Na RUEARM S S
ATIROENGHY L2V —T7F 0 A7, APX: apx &8 N 5 (A2_2™)
] R B MDAR: mdar8 ALT-## 2 K (Mla_1%)
AR Z RapLHf Lo e L T, A5 DHAR: dhark AL -2 (5 (D1_1%)
SRI: B A A& S (SRI)

e a s kT AMENREE o T, —

Ji. ECHBZ REICHELTH, A 2R ERVED, BAR Y Sapbo L3l
b ETHEIZZEN e oo (F— 2 KB . VA 7 HEERL R T RRIZ, LT
TR0, BV A THREORBRE L APX IEHORE, 50T A b U ATPEIZIZEDOH
BARH A0 LIV, aadd LRI apx & BN LT EREEEEREOERIZ D
FRALTWDOT (R 10)., ZOMBAKELED T, BF A 7Kk E APX EHEOBR
ERETINERD D,

3.4.3 MDAR

MY TIE MDAR ITIRE ., ERAEK ORI b FUTICRIELTWA Z EBbdo
T\ % (Hossain et al. 1984, Hossain & Asada 1985, Obara et al. 2002) , MDAR [ZZEREAE D
A bR AR LTHEELTEBY LT 2 20%E 2 #H T 5, 37205
1 DB, APX QX VB bENT7 AL E g (MDA) &8 & ORIBIZETT 51
& 2O0HIIEAE THD MDA NBRZIRED & &, HBILTELRE 2 DOREL A—N
—A %V NIZT BE% CTh D (Miyake et al. 1998) , MDAR Eis T %27 / LTE AL,
FOEMEZHBE CHRERSBAMBI Y N afT TIERERTEY . 2o 8 ax
Fo RV =F LY a =il amiERm L L L O®EDH D (Eltayeb
et al. 2007), AHFF TiZ MDAR ZEREN THREREIE L2 LT, 7RALVELEBEO
VYA 7 NVhEERR LI ZRIC X VBB E~A NV AR ET D5 2o
7o HEEE, ABETIEH L7 MDAR ZBEH T 2 EREKOR MR FHHEMEZ 7 243, B
EREZ N LN AFAEART VAE KRR DA R RCR LTIt Z R L
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Too S, O R LRI DWT LI TS HERH D,

MDAR & IERRAYT / LICFE O 2 # Sk, M2b 17 210K B A 7 FRO3E
DB STy o ER O BB Lo e o e, B A 7R R T
K> MDAR BV KD 0 L0 35 Famo o, BICEF A 7R OBENELD
AL, APX Z @R BT 25 EpkR O s R 2 Z o a s ERERIZ, 720
T,

3.4.4 DHAR

APX [Z X o THib SN =T XA a v vl (MDA) [FHBIICT X 3L @7 b
Fa7 Azl (DHA) WAEEED, Z0EEA LT DHAZ L EDOT AL
B UBBITETCT AR E N DHAR TH A, DHAR (I DHA # 7 A2 VB UV BIZE T A &
&, BT FFA L (GSH) BEBLA T V2 54 (GSSG) (& #9%  (Nakano
& Asada 1981, Hossain & Asada 1984, Shimaoka et al. 2000, Shimaoka et al. 2003). & i3k
> DHAR %l CHBE ST ¥ 3o, AFredal v H0,, ik, NaCl
CIMPEZ R L7z L @E3H 5 (Kwon etal. 2003), MDAR D4 & Ak, DHAR & 3Efk
FENTHERIELET, TAILEVBO YUY A 7 ARhELRY | FREI
b UAMMED A LT 2 O TRV ETHISN DD, FIREEERORE AT, £
— A BRELR TN,

3.4.5 A b LA

BREHIOHBR Y ThHDH AT AVEA X X BEFER I PLETEEIZETAHD
B END, BB FEBRICE T ZLILEoT, A= "—=F % FORES
REXE D, A= F L FILSODIZ L > THOIZ7 Y . APX 3 2 E H0 10%
L. MRZT R an v BgBaied 5, 7T AaVEVBRET L L. APX ORUL
PEER LR ERM LT O, 2 Sl K Mia 888575, APX. MDAR 283884

DAL R AR Z AN aD Y =T F 4 R B AF AR T TR L 2 A,
APX ZIRFE BT A MM Z RS BT Z R Lie, ZTORENL, APX 7 A1
ANk TN EFF YA T NORET I o T D R SIS, Ll MDAR 9
B UL ARG, AR AF e ol o w T Al B T,
APX e LA ~a B8 L, A2 MBS I BB EERET, 56
R E H0, BT D Z ERFIREIEE B R D,

A5 T, apx_dhar, mdar_dhar DA~ & Z S aBEREITEAT D WD
TREI U7 (R 10, 32.33), 5. Zh O OB ROREO T 2D D L 2§z,
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Eit TR R T OMEEC, 30U LB T ERIT Ao o FRICT 0
Frfon, ARFZETIE, T A B LA % 350umol m™s™ OJEME TIiT-> T\ %, HED
5 H YL IER 2000pmol m7s 12 h 7R A T E ARG TE Y | O S T4 O FEERIZF
WIZEMFEOR S ELL EICbET D, SO D ARRSRN T THEAENEA LA E
ZFTNDDIEH LN TH Y ASRIVEH Lzl z 4 A a Ol HEN AR Fom kT
DIPBEN LT D, Rk, ZALOBEBEFEMOEROIERKY ) MTEAL, A b
L ATV E 2B L2,
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3. 5. BbbiZ

AW T, apx. mdar )2 O dhar D%
A1, apx_dhar K (O mdar_dhar &4
A ERERR S ) SRR 2
NaDlEBIC IO TR LTz, £, BE
FoOary AR 7 &R L THIC
apx re R L, TOILARNT T b E
ZANTCEATHZ LI LE (&
10), &5V DO/ X KiZo0
TiE, BAEREFPELIEE - JiRX
TS0 EBFEROIEHEITLE
IR E BT A DLy - AR R
Tz, (EH SN TR E S O T,
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DHODHETRERNH D, FHiC, BEZNGLHA
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ZET B-carotene (B-HOTY) BEREINS. B-HOTFYEFERTREENTEY I VA
KEBREIND. BRRAOT/ A RESBIKBELS 04 D0&EFE/O—Zv 7L, 20
SHEBDI =TT U IRII—EER LT, hAa 7 VEREY/ LAFEGRAOER%Z HH
fo. ThsOBERFIEMERKTH B, BEREVEOEKS - BIRRZE T 2ERKHT
b, TNoDOEYHNEEERE, ZOEBRENINIOT /A REZ(EUBRMEDOSVNEDIC
BBZENPFTES, WA I VIEEVWTHIDESHRBEBROBGFREEREL WSS, 8-
OFYOEREEFE <KV, ZOBRELT, COSHREOPREATSH HCCPPIE, B-710
FURHTRLS, T4 b7O0LYINLYVYRBEOYBORTRATLE S, B-AOFVD
BEERTRWIENEZ N, L >THAZ VicertBZEAY % Z & Tphytoene,
lycopene, B-caroteneSHIERZEMLTHZENPFTES. AARTRB-HOFVES
RICEE 928G TH%Z, Bl H53\WIANOYELTEALL.

3. MERUAE
31. BE7SZAI RO Y — DR
3.1.1.  crtY in pBluescript, crik in pBluescript, crtB in pBluescript
criB, crikE, crtY cDNAZZEEL 7S5 X RzFh2nXho |, Sall, SmalT
BibU, #0%IREBRBELCEDE 7 TO-ATIVEKKE LT, crtY, criE,
criBOERCDNAZED T E 2R L.
3.1.2. crtlin pKSU211R
NASVERET S/ LDY—T T« TRTI—THHpKSU211RICcrtl
CODNADRBASHTWE 7RI RICDWTH, Clal ZAWV3T1 LEKROA
BETEBACDNAZER U, ECRDIEDTSAY—2ANWTPCRZEITW,
FEUWAYT—hEEDIEERRLUE. O 70T~ —-PrmO LERICH S
Apa |, BamH IZIfElc 7 Z—I)L3 2744 Y—DApa I-BamH | (F)&, —
ZRx—=F=TrbcLO FRICTF Z—INTB 7714 Y—DTrbcl-R(R) @ crtid k
MICHBCla IBPLAOEINNS, crildBEE I R S2088E THROEIICT
Z=NF 2T —DClacrtl-UF) &, crildi&BI Ry & ZD20EE TR
FTOCla IFUEESTEINCT Z—ILT 2T 54 Y—Dcrt-Cla-L(R) @
Forward, Reverse 721 ¥ —& HQ&k D HRENICEEETE N, Cla 1Bz
BWTSAT—DEA&AEDE, cri-F(F)&crt-R(R)
Wb, 98°C 108, 55°C 308, 72°C 22 T35V ILRIER .
3.1.3. crtl-crtB in pKSU211R
Clal&8 & U'Sma ITHIRRERELLL, BROKEZOI YT —MPEFEND
ZEEERUL

3.2. criB, crtE, cril, crtY2RcDNADZHEL
oBluescript Il SK(+)IZ&FE N BertY, crik, criB&RceDNA%Z, 7S5AZR%Z %
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4.

nenxho!l Sall SmalZzRAWTHIRERELTSZETYOHU. B
T 7 AN—ATIVEBRKENC TR, TN ENOcDNAICHEET SR RETIL
MORBRE L pKSU2TIRICY 70—y 73 nferticBBLTIE, 75X
FzClaITRIEULT, ERRICERcDNAZRHR U

33. MY —T T4 v IRT T —DERE

3.3.1.

3.3.2.

crit-crtk-criB in pKSUZ11R

ERAEANTRU DA MOy VICERFRIFRSESEIT, cril&crtBa &
LT, pKSU2TIRFICZ7O—2v T U, #OE®HTH Sertl-criB in
pKSUZ2T1TR& Sal ITHIBREREL L. RBBICT 2%DFHO—-XTIILTE
[ABL, BIELEYTHDZBERIZZAZIRESILDSBE L. Bon/#R
TIAINFmERY VB L ZOERTSIIRNIC, 32THBLEL
crtE cONABTE %2 5445 —> 3 v U, cril-crtE-criBORIEEL Y —7 7+
VING G —m B L., FORIGEVERWT, KBEDHb oz HEEEL
fefglc, JAOZ—PCRICLDEHMODA VI —FEFOTTAIREZRBEL
crtY-crib-crtl-criB in pBluescript

AOF/ A RERRECFHROEYINEEZL DODESHERNS O
IZ, pBluescriptX¥ % —|CcrtB, crtk, crtl, crtY 2R cDNAZEA L, XKBE
RNTOFBEE F9certk in pBluescriptzSma | THIREBRINIELTES
NIcEIRDNAZ ERKEE, 7L oBEL, SAPRIBULL ZO#EIRDNA
& 3. 2T L fzertB& Ligation High DNA ligaseZ AWT ST — 3 >
U, ZOEWERWIKRBEDHS azEEGBRLE. I0Z-PCRICEDEWY
DTZAZREHDODRBEZERUL. BTSRRI R, E5iccrtl,
criYEEROFETIERER L, 4BBEO2RDNADEAE N crtY-crik-
cril-crtB in pBluescript &7z,

34, AAZUNDEAN
crtl in pKSU211R, crtlertB in pKSU2T1IREZE A4 S UANBA LK, IN\—F 17
LA EERWTertl in pKSU2TTR, crtl-crtB in pKSU211RE #1175V DEIE
EFEAL, 2HBICEREICBL, FRTIHSBEERICE L

HBREER
47, BEIJSAIRCEENS T Y —MOER

4.1.1.

criB in pBluescript, crtE in pBluescript, crtY in pBluescript

BRENA 7 OEGHEREYE{ER T 2EHNT, Pantoea ananatis&
DAHOF /A4 REEICED S 4 DOBERRE crif, crtB, crtl, crtYD 2 &EcDNA
HEPCRICE DB, #D 5B 0McrtB, ertE, ertY® 3T D W T idpBluescript
DT T OO T EEZTWS, crtY, crtE, criBOE2RcDNAZ ED
pBluescriptZ % 2hXho |, Sall, Smal#REWTHIEEZEREILETWV Y
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crtY crtk crtB
Y—hZgOHL, 7 M1 - + - 4+ - 4+ M2
AO—AT )VERKED
ckDZz0H 1 X%k
RLlcEl3, #n*
NEKED D1176bp,  3000bp —> |
936bp, 956bPIIES 1 500p, —>
TEREZDT2Y—  1000bp —p
NERD T ERSHS  00P T
= (®2) . &5
iZ, DNAY—2 TV
H—EBWTIEERT
ERELTA Y —K
BRI Rz
4.1.2. crtlin pKSU211R, crtl-crtB in pKSU211R
pKSUZ2TTIRIEH1 S VERFEEZBEN S UL BEFHEBZEVIER DO
BRINLI—T VT IRII—-THD. A lFcrtl@Big, & Uceril&
criBEBRUAROVEUZEPpKSUZ2TTIRICEIAARLE 72X Z REZHE L
fz. crtl, L TertertBEESL 7R REFh?hllal, 8EKTUClal&
Sma I'THIREER TR crtl-crtB in pKSU211R
L. TOEYETAD-A crtl in pKSUZTIR !
TNTERABLTA Mi - Clal - Clal Smal
H—rDH XERHN = '
fe. crtlin pKSU21T1RT
(& 1503bpfhiic, crtl-
criB in pKSUZ2T1RT
(&, Cla FB{bTiEertihiy]
HHEEN1503bpm /Ly
K%, Sma BE{bTldcrtB
IO HEN956bpd /N
Y REELDH, EILE
M%E 7 HO—~AT BRI
LT3, WTheEETFERD
DA DNy RHEESNE (M3) . ThFNOT7ZAIRICONVT, €5
CIBERSIBREL Ty — b ERUL.

X3

42. FRI—T T4 IRNDI—DEREBETFEAN
4.2.1. crtl-crtE-crtB in pKSUZ211R
BFEOcrtl-crtB in pKSURZ2TTRZEWT, AOF /1 REHRRD 3 DO
FHCDNAE S Y TFLICER U — T T v IR Y —Z@EL. 331K
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422

crtl-crtB in pKSU211R
M rtl-crtE-crtB in pKSU211R

Lick DI, crtlertB in
pKSUR211R% Sal I'T3i44k

L, criB&crtlifEcyifian
ITHIR T SR I REERL,

F W3 2THABU feertE
cDNAZBA L. ZHFE 8kb—>
YaryRIGOEYERWTE
BHERULRBEOFNS 5 3kb—>
sn—vEEERL, Tnsh LBk
575X RERBEUBRK

B L7c. cril-crtE-crtB in pKSU211R B4

T—TT AV IRy H— (500-V)

Zertl-ertB in pKSU2TTREEBE L& 3 (M4) ., 3208GFE2ED
AROVEAEEFD cril-crtE-criB in pKSU211RIZ936bpDertEx REHCE
Bieed, WIhd cril-crtB in pKSUZTTIRE D bEoFBEBICHEE N, &
fo, BRIFRLTWEWD, crtl-crtE-crtB in pKSU21 1R%Z #lIBREE R BT
5 &7, crtl (1503bp) , criB (956bp) , & UVcrtE (936bp) HHID H
ENBIEETHO-ATINERKEICL DBERL TS,

crtY-criE-crtl-criB in pBluescript

PKSUZTIRICI A==y T L — 5y Fq Y IRY 5 — BN TEDEE
MEHEHRTBICKII->T, VO—Zv T UEARTF/ A RERFZOBREHLE
BEOL SLEEEYOEES - BRRACBVWTCERER > LETERINZD
MEIN%E, KBETRRBIEZZEICKDANRE. FREFNOBERCDNAR
pBluescriptcrtic 70—V 03 2BIC T SRAI RICEENDlacZBLT &5t
HAlEESHE TEE L. B 5 EertE cDNA, L PertE&ertBOCDNALZ &
OpBluescriptz P HO—RAT BRI KB LI L ZOERTHZDH, ERKED

crtE in pBluescript

ertb-ertB

M l ertE-crtB in pBluescript
M & crtE-crtl-crtB

8kb

3kb
1.5kb
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N =S5 WEDertB cDNABRIO—Z 7 anTWaZ & bhhs.
RiTcrtE-crtB in pBluescriptz #IREBERBE(L L, crtlzBA L. K6IEZ
ORIGEY THEGBELTEONLEIDOXBE/O— VLD TI2XAIRZE
BMUTERAKB UL EZORRTHZ. LS ICWIThbertE-crtB in
Bluescript&E DHERZERYA XD TSRAIRAESNHY, B2DDT X
RicthRT, —BEDTZAIRIETAIDNREL, crth2z26L<IFEN
LU EBASNICTRENHD. FNUND 2 DIXBERIIOETNS, BERE
DicertlZ 1 2L T AIRTH BN DOhofc. crtlz 1 DEFEL TS
AIREBWVWT, FhEHIRBLLLEISICertYEBA LKL, XBEZRERND
Ui IRUz6>0a0
S HBEENKE TSI RO M D ® D 6 O
YA X BRUKEITHRNT.
TDOEIICKESDERD NS
DHMDTZRXIRMBELSN
» @, B, ®ikHEDcrtE-
crtl-crtB in Bluescript& B U 8kb~»
YA XTHo. HFEN
5, @ikertYz 12, O&@ix
crtYZ 2D EEU7S5AI R
ThBEEISNE BRI PP
FIEERIDOBEITH S, @ON
crtY% 1 DR AL END TS =7
A = RertY-crtB-crti-crtB in
pBluescriptT® 6 Z &h\oh > fc.
CDEIICLTHRIEIZRIRE
JL—hETEBSSEIO0—0DK
FEBRU. I8DEIF, crtE-
CcrBZEL /7RI R THEEEL
ERBEOIOZ—TH2. OXKBETIE BAUCERFOEYHIENEZ
B->Tuwhig, farnesyl pyrophosphate® &8 & U TphytoenehEEI N
% phytoeneldEEBDHOF /A RTHDIIcHENMNHIBEOREBE IO
Z—EEUIKEBIETTH S, FRIFcrtE-crt-crtBE 8O ABETH S
INSOBETEYIEENTHNIE, REDlycopeneZz, HfAlldcrtY-crik-
crt-criBZH 25D THEIN IS TERITIIZEEDR-caroteneh'e
BanbdiE3THd. SOEENSEHOMELDSIC, WThodOoZ—5H
FEOOEBEZELTHED, SHI/A—ZVI UI4BEOELRTIIVWTNHE
BENTHD, KBENTERZF > TRRIT B & bhofe. ZORRIZT
NS 4BBEOHOF /1 RERROBERFZ, RREYVYEOEGES - BiRReH

X8
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4.2.3.

DEGERICENTD, BENICEEEZRE52IEERTEDTHS.

HA D A\DEEFEAN

FREOLSICpKSUZ22TRICHOF /1 REFRROEBLTF A BAAICEEED
QVANZOREBTWS, FNFNOIYAMZ I MIOWTEEFEAT
5FETHDD, BEEINOHEZTEHNFTT Ulcertl in pKSUZTTR &crtl-crtB
in pKSUZTIRE/NR—F 4 VL HVERERWT A SV OEICELEFEAL

Jo. BA% 2HBCEREMICBL, FNTTHSETEMICELL E
BRENDBEFOEANZ, RT-PCRICEDIT>TWAD, BERTREADH

TIHAIDFORBETIIECTFEASN BRZTHERAZELIEHNTE
TH, TREBEHELANIVICEBTBICERBE>TWEWL, A1 V0REL
EBESMEROBERELGFOTREHOFREN S 22D EB NS,

_53_






&

HI







e S

et am O

FNBFEE

Yamagishi, H., Nakagawa, S., Kinoshita, D., Ishibashi, A. and Yamashita Y. (2008) Somatic Hybrids
between Arabidopsis thaliana and Cabbage (Brassica oleracea 1..) with all Chromosomes Derived
from A. thaliana and Low Levels of Fertile Seed. J. Japan. Soc. Hort. Sci. 77 (In press)

iEE 1 (2007) NI A 3BT 5ME OB K ORMEEEEE T O M. i
RSBt BRI LR T # 6:41-49.

SENAE, S fE (2007) MIREEBEM I LAFZ2ETINELEBEI PO RUTS ) LAOHA
ERICBT 20178 2. AUEEE SR KRG AN 72T ATk 5: 23-28.

B o6, BPEL (2001 MRFELEICBITIORURTFR N-TEFINATST M3 DB E
SFOMEEE. RORERER R G AR P 5: 101-105.

HiFe 18 GREEL, JIOEE (2006) Brassica BAEWIZH T 5 8ERAF OB A OB L O
RN, TURESERF SRR AN e TR 5:1-10.

W # (2006) i, BAES A I CBILRmMEEA T SR ARMREORKE. &
HARFSE 8 1 107-112.

SR (2006) MRREFRAE U RTF R NTR2FIVH S0 MY I D EBEEROKRERET. 5
SRR AR G VT ZEFT TR 4: 1722

HHBAEZ, S5 L (2006) MIEEERILFAZTTFINELEBEI A RUTY ) LOHE
TERICBET 20198 1. AU ESE R ER G A7 A ATk 4: 23-29.

SEHl M (2005) MBRE B O L FOERFROAIN AT/ L%, BEHE Bk B3R 50
1808-1812.

Guo, C-H., and Terachi, T. (2005} Variations in a hotspot region of chloroplast DNAs among common

wheat and Aegilops revealed by nucleotide sequence analysis. Genes Genet. Syst. 80(4): 277-285.

Ogihara, Y., Yamazaki, Y., Murai, K., Kanno, A., Terachi, T., Shiina, T., Miyashita, N., Nasuda, S,
Nakamura, C., Mori, N., Takumi, S., Murata, M., Futoe, S. and Tsunewaki, K. (2005) Structural
dynamics of cereal mitochondrial genomes as revealed by complete nucleotide sequencing of the
wheat mitochondrial genome. Nucleic Acids Res. 33 (19): 6235-6250.

Imai, T. and Terachi, T. (2005) Cloning and structural analysis of wheat cDNAs encoding Ndr protein

kinase homolog by data mining of the EST database KOMUGI. Breeding Science 55(2): 207-212.
i 1% (2005) Arabidopsis thaliana &3 v XY OEHRMEOENB X OENS DT/ LiEE
FURRRE 3 K Fe B A RS2 . 4:15-19.
Ishikawa, R., Toki, N., Imai, K., Sato, Y. I., Yamagishi, H., Shimamoo, Y., Ueno, K., Morishima, H. and
Sato, T. (2005) Origin of weedy rice grown in Bhutan and the force of genetic diversity. Genetic Res.

and Crop Evol. 52: 395-403.

_55_



HIROE (2005) PMRAPERER & LT O REBAIMEON. FEBE ER R A FINFERT#®) 3:
15-18.

SEHl L (2005) TAC NV H—ET 0T F— LENTE WY A 32 OREEEBRFO O
— U KRR A T AT 3 19-24.

FHLRTITE

Nomura, H., Komori, T., Komori, M., Nakahira Y. and Shiina, T. (2007) Evidence for chloroplast control
of external CaZ+-induced cytosolic Ca2+ transients and stomatal closure. Proc. Natl. Acad. Sci. USA
(in press)

PO - AR - HE R (2007) EERME T U IIRF OMREE Sl EOSEERO Sk
TSHEREZE ST A B A, AL &AW 45: 300-303.

Khan, MS., Hameed, W., Nozoe, M. and Shiina T. (2007) Disruption of the psbA gene by the copy
correction mechanism reveals that the expression of plastid-encoded genes is regulated by
photosynthesis activity. J Plant Res. 120: 421-430.

HITRESD - HE BE (2006) BERGTMEES) - AHUEYMOMBA N XL —. TI2FI AT
v 7 A NTS iR

Ishii, T., Arimura, S., Tkeda, N., Kamijima, O. and Mori, N. (2006) Mitochondrial microsatellite
variability in common wheat and its ancestral species. Genes and Genetic Systems 81: 211-214.

Ohta, S., Mori, N., Ozkan, H. and Iwasaki, R. (2006) A brief report on a collection by a field survey of
wild wheat relatives in southern Turkey in 2005. In: A preliminary report of ‘Fukui Prefectural
University Agro-Ecological Exploration in Southwest Eurasia in 2005 (FASWEQS5)’. No.1. Turkey
and Greece, edited by S. Ohta and H. Ozkan, pp1-27.

Iwasaki, R., Ozkan, H., Mori, N. and Ohta, S. (2006) Morphological variation and geographical
distribution of Aegilops umbellulata in southern Turkey revealed by the field researches from 2003 to
2005. In: A preliminary report of ‘Fukui Prefectural University Agro-Ecological Exploration in
Southwest Eurasia in 2005 (FASWEOQS)’. No.1. Turkey and Greece, edited by S. Ohta and H. Ozkan,
pp28-37.

Ohta, S., Iwasaki, R., Mori, N. and Ozkan, H. (2006) Geographical distribution of two varieties of
Aegilops neglecta and Ae. columnaris in southern Turkey revealed by the field researches from 2003
to 2005. In: A preliminary report of ‘Fukui Prefectural University Agro-Ecological Exploration in
Southwest Eurasia in 2005 (FASWEQS)’. No.1. Turkey and Greece, edited by S. Ohta and H. Ozkan,
pp38-43.

Iwasaki, R, Ozkan, H, Mori, N. and Ohta, S. (2006) Morphological variation and geographical
distribution of Secale species collected in southern Turkey in 2004 and 2005. In: A preliminary report

of ‘Fukui Prefectural University Agro-Ecological Exploration in Southwest Eurasia in 2005

_56_



(FASWEQS)’. No.1. Turkey and Greece, edited by S. Ohta and H. Ozkan, pp44-55.

Ishizaki, Y., Tsunoyama, Y., Hatano, K., Ando, K., Kato, K., Shinmyo, A., Kobori, M., Takeba, G,
Nakahira, Y. and Shiina, T. (2005) A nuclear-encoded sigma factor, Arabidopsis SIG6, recognizes
sigma-70 type chloroplast promoters and regulates early chloroplast development in cotyledons. Plant
1. 42:133-144.

Shiina, T., Tsunoyama, Y., Nakahira, Y. and Khan, MS (2005) Plastid RNA polymerases, promoters and
transcription regulators in higher plants. Int. Rev. Cytology 244: 1-68.

Toyoshima, Y., Onda, Y., Shiina, T. and Nakahira, Y. (2005) Plastid transcription in higher plants. Crit.
Rev. Plant Sci. 24: 59-81.

Gahdhi, H. T., Vales, M. 1., Watson, C. J., Mallory-Smith, C. A., Mori, N., Rehman, M., Zemetra, R. S.
and Reira-Lizarazu, O. (2005) Chloroplast and nuclear microsatellite analysis of Aegilops cylindrica.
Theor. Appl. Genet. 111: 561-572.

Matsuoka, Y., Mori, N. and Kawahara, T. (2005) Genealogical use of chloroplast DNA variation for
intraspecific studies of Aegilops tauschii Coss. Theor. Appl. Genet. 111: 265-271.

P - R BR (2005) ERMADORDIZ BT . BHE Mk B3R 50: 1918-1920.

Nozoe, M., ishizaki, Y., Tsunoyama, Y., Tsubokura, Y., Kato, K., Shinnmyo, A., Nakahira, Y. and Shiina,
T. (2005) Characterization of a plastid sigma factor AtSIGS responsible for psbD lightresponsive
transcription. In “Photosynthesis: Fundamental Aspects to Global Perspectives” pp731-733.

Ishizaki, Y., Tsunoyama, Y., Hatano, K., Ando, K., Kato, K., Shinmyo, A., Nakahira, Y. and Shiina, T.
(2005) A nuclear-encoded sigma factor, AtSig6, plays a key role in early chloroplast development in
cotyledons. In “Photosynthesis: Fundamental Aspects to Global Perspectives” pp733-735.

Umeda, T., Nakahira, Y., Takeba, G. and Shiina, T. (2005) The plastid targeted GTP-binding protein,
AtOBGI is essential for embryo development in Arabidopsis. In “Photosynthesis: Fundamental

Aspects to Global Perspectives” pp680-682.

(&)
IR R - KRR - SFH @ PATE - B NEE - ME R - A FIRED
HERgEAEwFETF AU X DEERF B 1E, 1 38R LFERA

_57_



D il 1 REF REEEROY 1O EEE oRE BAFEYSE 113HE
HiES 20084 3 H

D M WM WEE FTEROTVAINE CEECESE (DHAR) BILTEZERKYT /LI
FOMMETHIRA YN TOEE HAHFBEH®2HE 113 FiE2 200843 A

3) mARK - BHIET - AR - SFl B R B NS A O BT SRR ERIE
BEEFICHEET S DNAY— O —OME HATEYZE 113 BaERs 200844 3 A

4) EBRT - FEEZE - BT e B AFaoTVBICERMEEEERRY NODT
O 75 A MEERICKDMYEEME DARBERERE 113 MEES 20084 3 H

5) ARASFREN - AR - TFH M- LR B RIERIEEERTIOEHET S DNA YA —0ON
YA D EANDBEH AAFEEARE 13 0EES 200843 A

6) AOfth - Pk - BAESR - EIHE - FH R WREBHOLFICASNSI MO
PRUY cox BETHOBEER TN BETFRAELZDOMT HEAEFRERE 113
mlEgEs 2008 £ 3 H

>

7) Terachi, T. Transplastomic tobacco plants as models for improving agronomic characters of leafy
vegetables International Symposium on Chloroplast Genomics and Genetic Engineering (China),
p-20, Decenber, 2007

8) Chang-Hong, Guo. Qiu-yi, Cai. Li-na, Xu. Ohno, K. and Terachi, T. Expression of soybean ferritin in
tobacco chloroplast genome result in increased iron content International Symposium on
Chloroplast Genomics and Genetic Engineering (China), p.22, December, 2007

9) Nozoe, M. Suguchi, A. Hayashi, S. and Terachi, T. Transplastomic tobacco plants expressing the
glutathione reductase, showing the resisitance to oxidative stress International Symposium on
Chloroplast Genomics and Genetic Engineering (China), p.25, December, 2007

10) Hayashi, S. Tujimura, M. and Terachi, T. Characterization of transplastomic tobacco plants with the
genes encoding for the ROS-scavenging enzymes International Symposium on Chloroplast
Genomics and Genetic Engineering (China), p.27, December, 2007

11) Chang-Hong, Guo. Dian-si, Yu. Wen-yan, Mao. Rong-wei, Guan. and Terachi, T. Enhanced
formaldehyde resistance by overexpression of formaldehyde-fixing enzyme gene in tobacco
chloroplast genome International Symposium on Chloroplast Genomics and Genetic Engineering
(China), p.55, December,. 2007 ‘

12) AT - BIEEY - EAE - VB - ZF S BEREST - BR L €757+
v 3l B DR R ) GalNAc R EE R OFETY, R UMREERRAT 55 30 M H A T2EH)#
B BIORHBAEMFRRE 200712 A

13) BPMED - SHE- - FEEML - PAES - B OOU ISR Z B W7 R A
UDP-GalNAc: polypeptide N-acetylgalactosaminyltransferase DHEEEFEAT 545 30 M H A0 F4Y)

_58_



PR B0 EHASLFERRSE 20074 12 H

14y i - FBT 2o X FXFEFe XY OEKMMREICE TS ) LGB I U
Thet: Bk 19 EEME RS, 0 179, 20074 9 A

15) SEIEHEE, Aofath, BEAGER. Fi# . 2AFROCIF O 72O Fa > RU T
orf260 IZT O FRIMHT, HABREYSRE 112 BEgES. po o4, 200149 A4

16) REFERM, 28 B, S . Y1 X072 UF o 2E DNA ZEREFETHRIERT L5 IN
IOBETRBEOEEH 277 2 U TF MM AEROIEL, HAETEYSE 112 FRlES,
p. 159, 200749 A

17) FEAMT. TPReRt, SPEAT., KBEHEE. BWET, Bk Ob g B S Bl B
ROBETFHRBPAINILELDFRY NV BORBEEORA L. BIVD 2, BEAEES
28 112 B2, po 1600 2007 4 9 A

18) BFiRERME. ADRRE. M IEE. R B VY TFA DLy Y —EERERET 2 ERE
BHEERY NIOER. BAFESERE 112 EilEs. p. 1610 20074 9 A

19) ¥ 7B, AR OB FH M. B/ TERO7AINVECBBOER (MDAR) EETE
TERAT ) L DB BTG YNNI OO, HARTREY2E 112 BEEES. p. 162,
200749 A

200 FAAFREI, ZAREAN, LR . REEEEETEEDNIS A IIIBTD orf687 ©
Genotyping, HARBMEPRE 112 FEEES. p 214, 00749 H

21) HARK, FHET. IARKE, Fii . LR B BESY 13 ICB 2 EORMEEE

22) i 1, ARk, VAT, TE)NHE, S O P BEERICS T A S T MM BT
THREREEETOAMBIOLR, BAFTEFERH 112 BEEES. p. 216, 20074 9 A

23) Nakamura, N., Tawara, M., Nishimura, K., Hachiga, K., Miyake, A_, Itoh, N. and Kurosaka A.
Developmental roles of brain-specific polypeptide GalNAc-ransferases in zebrafish. 19th
International Symposium on Glycoconjugates (Cairns, Australia.) July, 2007.

24) Toba, S., Nakamura, N., Nishimura, K., Satoh, T. and Kurosaka A. Roles of brain-specific
UDP-GalNAc: polypeptide N-acetylgalactosaminyltransferases in neural development of embryonal
carcinoma cells. 19th International Symposium on Glycoconjugates (Cairns, Australia.) July, 2007,

25) Yasumoto, K., Terachi, T. and Yamagishi, H. Structural and sequence variations among the fertility
restorer genes for Ogura male-sterility in the wild and cultivated radishes. International Congress on
Plant Mitochondrial Biology (Nara, Japan), p.05, 2007

26) Horikawa, A., Nakanishi, K., Taniguchi, K., Matsuzaki, J. and Terachi, T. Molecular analyses of
alloplasmic lines of common wheat having Aegilops mutica cytoplasm. International Congress on
Plant Mitochondrial Biology (Nara, Japan), p.47, 2007

27y HRER. AR, HEIHE. Sl W BEEARRERT degilops mutica WIS H &L D

_59_



LFICHEATLMERI a2 RU T ATPY OFBENT. HAFEZERE 111 HEEES. p. 46,
200743 H

28) AR, FH B LR . o687 BEFLISWNY Y A DI KB AT T B E
ToHEMRERE SR, AAFEERE 1] R, p. 47, 20074 3 A

29) Rurbime, & RBA T BHEE T E B SF L A7 S B R RIS SRR
HEBLETFONY AT A OG- RENCBIT 2R, OAFESA2E 11 ERER, . 48,
20074 3 A

30) FEJIHZE, BRI R, ZARK R 1, 5100 ORERIZKL S EEFMEDRERN
R, HAFMEYERE 1] BEREES. p 97, 200143 A

31) RE&ES. 2 BRI Sl ML 7o U FCBETEEREY / LR DY N E A
OERARORHOV. HABFEZLE 1] FREES. p 1230 200046 3 A

32) e B AR ZARK N1 OUICBITHERREEEEE T OB I VE
B, OAEREY2E 11 BEEES, p 132, 200043 A

33) feAM T, ORI KESGE. BRET. BIOL FE B Pl M BV CERT
TERARMET ) LCF DR N IBRROKFE DT HABEFERHE 1] FEAH 2. p. 256,
200743 H

34) Ak vEE. dAER. ADMSE. S ML EEBRREERBRERT EERES ) LT
DINIOHYOT, HAFEFARE 111 SRS, p 2570 200743 A

35) Yang, S. J., Terachi, T. and Yamagishi, H. Inhibition of flavonoid biosynthesis in Raphanus sativas
having the Ogura male-sterile cytoplasm. 27™ International Horticultural Congress (Seoul, Korea)
August, 2006

36) ALt REVES. B, IR M. BRBERY T T OEEER. BEY
2Rk I8 SEEMB R, p. 514, 20064 9 1

37) WARK, P L LR B BES T2 BT AT Y RIS DTtk EE
BIET orf687 D43 Ae. BABREZESE 110 MRS, p. 67, 2006009 H

38) HRMKT. BME T, FHAES. WE B PR A7 SRRERRIINT N
FA A REEEEETEDT /) LHEEELR. T.PPR AN—HOUT L A R H
AFE R 110 FlEEE. p. 68, 2006 9 A

39) BB, JIEERT. KRR, Tl B JLF 22K Y1007 LA ZRWE degilops
muticafMEBRBILFCHITSLI a2 RUYT L haJL— FHEOMT. HAERE 2
% 110 EEEE=. p. T4, 20064 9 A

40) # WET. EMER, FH f. TAINECENSA-FF Y —EBET (apx) EERE
R DMMA NI DI SRV, HAFEREFEEE 110 BEEES, p 147, 200649 A

41) BAMT. FH . =2 2 (Daucus carota LYD BHEBEEHICIET 2 #0791,
EFRET ) LORITERT 7 — R, HAFREFERE 110 BREEE, p 148, 20064 9 A

_60_



42) AREE. BEHET. LR & HEOY 1 I 0&EREE M XIV. BdER RS O HE
WZE, AARFRESSE 110 mEEEe, p. 248, 20064 9 A

43) iy W, BAOY 1 a2 OREFE S M. XV, i, BAREREEEE 110 EEERE. p. 249,
20064 9 H

44) Terachi, T., Yasumoto, K. and Yoshimi, M. Production of transgenic tobacco lines which
overexpresses a fertility restorer genme for Ogura male-sterility from the radish. 20th TUBMB
International Congress of Biochemistry and Molecular Biology and 11th FAGBMB Congress (Kyoto,
Japan) June, 2006

45) Toba, S., Nakamura, N., Oki, S., Hirai, M., Mikami, T., Konishi, M., Itoh, N. and Kurosaka A.
Expression and functional characterization of brain-specific UDP-GalNAc: polypeptide
N-acetylgalactosaminyltransferases. 20th IUBMB International Congress of Biochemistry and
Molecular Biology and 11th FAOBMB Congress (Kyoto, Japan) June, 2006

46) Nakamura, N., Tawara, M., Toba, S., Wakahara, T., Miyake, A., Itoh, N. and Kurosaka A. The
developmental role of brain-specific novel polypeptide GalNac-transferases in zebrafish hindbrain.
20th TUBMB International Congress of Biochemistry and Molecular Biology and 11th FAOBMB
Congress (Kyoto, Japan) June, 2006

47) Aki Saeki, A., Tenno, M., Fujishima, K. and Kurosaka, A. Study on lectin-activity of UDP-GalNAc:
polypeptide N-acetvlgalactosaminyltransferase 1 (GalNAc-T1) 20th IUBMB International Congress
of Biochemistry and Molecular Biology and 11th FAOBMB Congress (Kyoto, Japan) June, 200.

18) e . 1 3 REVOREMCCHT G - FREENIIE,. ARFEERE 109
[ElE#EE 2, p.o2-3. 2006 4 3 H

49) SENHEZ. FH #L N> T LF ntNA OB EEFVIERICE D < degilops muiica 3 b
ORUTY/ LOREES. BAGRERE 109 BEE. p. 28, 200643 A

50) HFRMKT. HO F, SHES. BEIPRM T, ZARK LR B FH O f AU oM
BEARICHTONY YA 30 OREEREERTEDY /) LEEEER. AAFREFRE
109 [mlE@E=. p. 29, 20064 3 H

S1) % EE FH OB LE B YO0 T I MMEEE RIS T S8 1 REK
RIBETORAVES TS5, BAFESE 109 FEHES. p 300 2006463 A

52) wAEK, FHOBL LRE B T Y SRR EEE AR T 2N YA O 2 RIR IR
BART D Brassica BEFEAOEAN, HAFEZEEH 109 FEHES. p. 2260 2006 4 3 H

h3) i 18, BT, LT, HAOY A a2 oRFELHe XTI NTF1 I IB1T
23 PO RUT cox JEBOBEORMAM, EFNER, HAFEYEE 109 HFERS.
p. 248, 20068 3 A

54) AKGEL. g B S a2 RUTO cox IEEOEERFNLEZR NNV YA
BEIUOOEDY A 2B T 50N E,. HAEESESE 109 BEEEES. p 249, 2006 4 3

_61_



H

0h) SENIEHEE. N . MR E. SR ML MIREEH O LT EE W degilops mulica
DI RIAZRYTY ) LOMERN, 828 EHRSTFEYTFRESR 20004 124

56) wARA, BEFEE, HFRMAT. IR M S ML PRRY NNV EEI-RT LSS A
I REMEEET O TEE AN, %8 28 BIHAS TFHEDFRHED. 20004 12 A

BT W fEEE. FH f R . Yo ichia Y Mg EARROREICED
DT OMBRE, BEPRER ITEEMEKLS, p638, 20004 10 A

58) iyt . K RES. (WP, FrAvEsOf XF R T OKMBMEICS TSI
25T LOKEE, EEFETR ITEEME A2 po644. 20054 10 A

59) miENEF, i 1, T B Y13 0Ty A ML AT I a CBEEEET O BE
II.GSHI RN GS EinT. HBAFHEHERE 107 - 108 BlEEs. b 103, 200048 A

60) IMERXR, MiEE. BANT. EHRET. T B YNNI OEERRINERMERET
O B & SRR BRI N T & — DR, QAT ESE 107 - 108 EFEES, p 104, 2000
8 A

61) HRMKF, RA&ARA R FH M A7 IEBEARICET AN RSO
R EEET OMGER, AT ARE 107 - 108 [E3EES, p. 115, 2005 48 7

62) ZAFK., HRMAT, Tl 8. dFE E AT IREERRICET 5 CRALT AR
FEEEFOR. HAFBEERE 107 - 108 EEES, p 1160 200648 H

63) Filidhim], FF EEE, B W, FH B WS, PR, BEE. 7R PRI F
FF—EEETOWD BB RN FE ZHE T 2HERERT OB, HATETRH
107 - 108 [BIE&E <, p. 133, 20004 8 R

64) YEIMEHZ, BT, FH OB JL4F - DX T XBATELZI P FUT 1plh
BFORT J LNOBIT, HABEYASE 107 - 108 FEEHES, p. 144, 2000 8 H

65 AEEE R H ALY oRBEEME X S FIRUT O alph HBIH
RNV I A ERAROS 1O OEERAER, AREREYSEE 107 108 FIEEHER,
p. 306, 2006 8 H

66) RIREET. GEE. LR B BE05 132 oRBEESMe XL 51 O 2 w3k
WIZBT D trol 05 pshG T HEBOEREFISA, HAFHETSE 107 - 108 H#EE=
p. 307, 2000 # 8 A

67) e 18, BUNES, OEEE. BRET. > — 0 T2 ACH DT ERMEKY /) L@ PCR-RFLP
WD A0 ORBEOHE, HABFEERE 107 - 108 BEEES, p. 308, 20008 H

68) i . NOEE. ABEE. Brassica BYEWNZ BT HERIED (roF/ndh BEATFRHIHE
BHOEHARFNCEET 2 M - BNAR, BAFEERE 107 - 108 F3EES, p. 349, 2005 4
§ A

69) THIRNET. F#1 B Y NIERET /LD T4 FFL—F 2 (PO HEEZELUCADPC

g

_62_



BRERTEAORA, HAEYMIL) 7Y, p 71, 2005F 8 A

70) & RBRAF. S ML RMEEEEE TS LU THEET S A 2 OFM PPR ¥ NV EBEE
FOMIBZ 7 NI OEH, HABEYHE S TEMFS, p163, 20054 8 1

71 EAER M EE BART. ERIET. Sl B YNIERET LA OGRS
ERBZBETEAORS. OAWMPMIE > FEYF 2. p182. 20054 8 A

72) Nishizuka, J. and Terachi, T. Isolation of radish genes involved in phytochelatin synthesis and their

possible use in phytoremediation via transplastomic technology. XVII International Botanical

Congress (Vienna, Austria) June, 2005

_63_






O —"F"ﬁﬁ?ﬁi . %% . f@gﬁﬁg






Published online 31 October 2005
doi:10.1093/nar/gki925

Structural dynamics of cereal mitochondrial genomes
as revealed by complete nucleotide sequencing of
the wheat mitochondrial genome

Yasunari Ogihara, Yukiko Yamazaki', Koji Murai®, Akira Kanno®, Toru Terachi®,
Takashi Shiina, Naohiko Miyashita®, Shuhei Nasuda®, Chiharu Nakamura®, Naoki Mori®,
Shigeo Takumi®, Minoru Murata’, Satoshi Futo® and Koichiro Tsunewaki®*

Facuity of Agriculture, Kyoto Prefecture University, Sakyo-ku, Kyoto 606-8522, Japan, 'National Institute of Genetics,
Misima 411-8540, Japan, “Faculty of Bioscience and Biotechnology, Fukui Prefectural University, Matsuoka,

Fukui 910-1195, Japan, ®Faculty of Life Sciences, Tohoku University, Aoba-ku, Sendai 980-8577, Japan,

“*Faculty of Engineering, Kyoto Sangyo University, Kita-ku, Kyoto 603-8047, Japan, *Graduate School of Agriculture,
Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan, SFaculty of Agriculture, Kobe University, Nada-ku, Kobe
675-0013, Japan, "Research Institute for Bioresources, Okayama University, Kurashiki, Okayama 710-0046, Japan
and ®FASMAC Co. Ltd, Atsugi, Kanagawa 243-0041, Japan

Nucleic Acids Research, 2005, Vol. 33, No. 19 62356250

Received July 7, 2005; Revised September 5, 2005; Accepted October 7, 2005

ABSTRACT

The application of a new gene-based strategy for
sequencing the wheal milochondrial genome
shows its structure to be a 452 528 bp circular mole-
cule, and provides nucleotide-leve! evidence of intra-
molecular recombination. Single, reciprocal and
double recombinant products, and the nucleotide
sequences of the repeats that mediate their formation
have been identified. The genome has 55 genes with
exons, including 35 protein-coding, 3 rBNA and 17
tRNA genes. Nucleotide sequences of seven wheat
genes have been determined here for the first time.
Nine genes have an exon-intron structure. Gene amp-
lification responsible for the production of multicopy
mitochondrial genes, in general, is species-specilic,
suggesting the recent origin of these genes. About 16,
17, 15, 3.0 and 0.2% of wheat mitochondrial DNA
{miDNA) may be of genic (including introns), open
reading frame, repetitive sequence, chloroplast and
retro-element origin, respectively. The gene order
of the wheat mitochondrial gene map shows litile
synieny to the rice and maize maps, indicative that
thorough gene shufiling occurred during speciation.
Almost all unique miDNA sequences of wheat,
as compared with rice and maize miDNAs, are redun-
dant DNA. Features of the gene-based strategy are

DDBJ/EMBL/GenBank acceession no. AP008982

discussed, and a mechanistic mode! of mitochondrial
gene amplification is proposed.

INTRODUCTION

The mitochondrial genome is important in plant development,
as well as in productivity (1-3), and extensive studies have
been done on its functions (4). Although the complete nucle-
otide sequence has been determined for seven land plant
species (5-11), the genomic makeup is not well understood
(11-13) because of the multipartite structure of the genome
(14-16). With a new gene-based strategy for sequencing the
wheat mitochondrial genome, we obtained a number of
recombinant molecules, analyses of which for the first time
have provided proof, at the nucleotide sequence level, of the
mechanism that produces muitipartite molecules in the mito-
chondrial genome. Moreover, we demonstrate by gene map
comparison that thorough gene shuffling cccuwrred during
the speciation of three cereals (wheat, rice and maize),
leading to remarkable changes in their mitochondrial genome
structures, as previously shown by the restriction fragment
mapping of maize mitochondrial DNA (mtDNAs) (17) and
by MultiPipMaker analysis of several sequenced plant mito-
chondrial genomes (10). Based on this information, we pro-
pose a new method for quantifying genome-wide molecular
changes in mitochondrial genomes, which result in onto-
genetic as well as phylogenetic variability of the cereal
mitochondrial genomes.
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In the wheat complex, Triticum (wheat) and Aegilops (goat
grass). inter- as well as intra-specific molecular diversity of
both the chloroplast and the mitochondrial genomes were
studied in order to clarify the phylogenetic relationships of
various taxa of the complex, including the origin of wheat
(18,19). Diversity among plasmons of their phenotypic effects
on various wheat characters also was investigated [for review
see (20)]. However, we have not studied the functional rela-
tionships between molecular variation and differential pheno-
typic effects. We determined recently the complete nucleotide
sequence and gene conlent of the wheat chloroplast genome
(21). Here we report those of the mitochondrial genome. The
information obtained provides a basis for future studies on the
linkage of molecular diversity and phenotypic variability in
the wheat complex.

MATERIALS AND METHODS
Plant material

The common wheat, Triticum aestivum cv. Chinese Spring,
was the source of the mtDNA studied here, that was obtained
from mitochondria of 14-day-old etiolated seedlings (22) and
was purified before use (23).

MtDNA library construction and clone sequencing

An mtDNA library was constructed by the SuperCosl in vitro
packaging method (Stratagene, Lajolla) from partially digested
wheat mtDNA with Sau3AlL From this library, 232 clones
were randomly selected and dot-blotted with 32 mitochondrial
genes as probes (24). All probe genes, except rps/3, hybrid-
ized with 7 or morc clones, from which 23 clones were

selected to cover 31 probe genes and were sequenced by the
shotgun method. Sequenced fragments were aligned using
BLASTn (23) to determine the entire sequence of each clone.

Sequence assembly and gene analysis

Alignment of the 23 clones gave two linear molecules of ~350
and 76 kb. Two additional clones, #194 and #204, whose
ends hybridized to one end cach of the two lincar melecules,
were selected and sequenced. Phrap (http://www.genome.
washington.edo/UWGC/analysistools/phrap htm), BLASTn
and blast2sequences programs were used for the primary
assembly of all the clones. Manual fine tuning was done to
generate the final master circle (MC). Repeat sequences were
analyzed by in-house script, window size 8 bp, and represented
as a dot-plot image. Open reading frames (ORFs) were iden-
tified by a Genome Gambler (Xanagen Co.) and ORFfinder
(http/fwww.ncbi.nlm.nih.gov/projects/gort/). tRNA genes were
searched for by tRNAscan-SE (26). The aanotated rice and
maize mitochondrial genes, BAQUOO029 and AY506529,
respectively, as well as individual wheat mitochondrial génes
submitted to the DNA databank, were compared with our
sequence data to annotate all the genes. Sequences homolog-
ous to known cereal transposable elements were searched for,
referring to the TIGR grass transposable elements database
after Clifton et al. (10).

Gene nomenclature and nuclectide position

The nomenclature of Clifton ef al. (10) for maize mitochon-
drial genes was adopted, except for the designation of exons,
for which ex-7 to ex-5 of a given gene are indicated by ¢ to ¢,
affixed to its gene symbol. Positions of a forward-strand

Table 1. Wheat mtDNA clones sequenced, showing their size, type, marker genes used and genes other than probe genes identified by sequencing

Clone Size (bp) Type® Probe genes used” Additional genes found by sequencing®

#1 37129 R(S) nadla, nad?. rin3/18 maB, rnfM, onP, trns

#5 33266 1 cemtF C, rrn2o(p) trnk. trnQ

#6 38445 1 nad4, nadSde wnP

F24 35670 R(D) cob. rps7, renS/ 8, rrn26 trad, trnfM, raM, oraS

#27 15896 R(S) nadla cemtC

#31 35843 R(S) cox2, nad3, nad9, nadlede, rpsi2 orfl73, orf349, rps2, raD, trnS; trnY

#39 16661 1 cox2, nad2ede, nad9, atpd orf349, rps2, trnD, irn¥

#51 34 696 R(S) rps7, rensilS, rin26 raf, irnfM . irnS

#63 35769 1 coxl, 26 trakK, tri?

#66 36206 1 nad7 naddL. rpsl9p}, trnD. trafM, tal, troK, trnM, traN, trnS
#74 34458 1 nadla, nadld, nad3ab, nad6, rrnS/18 mpl2(ph, rpsd. rnfM. P

#75 35217 R(S) atpb, nadlbe, nad5de cemFCa, orfl94, orf359, rpsi3. rpll6, rpsl, rps3, trnC
#92 37038 1 atph, cox3, matR, nadibe, nadle, nadSc, nad/ rplS. rpsl3, trakl

#94 27319 R(S) nadld, nad6, rra26 rpl2(p), rpsd, trnk. emQ

#96 44 184 R(S) atp®, cob, cox3, rrasil8 cemEN, trnE. rnfM

#102 37709 1 atp6, nadSde cemBFCa, cemFCh, orfl94, orf359, rpll6, rps3, trnC, trnP
#110 39360 I atp6, cob, comFN. rrn5i18, rpsl trufM

#126 34832 I cob. cox/, cox2, aip8 trnl>

#146 36595 1 cob, matR, nadle, nadie, ccmFN, 15118, rpsi rplS, trufM

#160 36135 I nad2ab. nad2cde, nad9, atpd comB, orf349, ik, trnQ, tra¥

#162 38872 R(S) atpl, atp6, atp9, nadibe cemFCa, cemFCh, orf194, 0rf359, rpsi3, rpll6, rps3, traC
#190 39803 I coxZ, nad3, arp8, ipsi2 mitB, trnS

#194 38416 i (None) aipl, naddlL, rpsi9(p), trnD, trofM, trad, trnK, traM, traN, traW
#204 34585 I rps7, rrn26 ok, rns

#224 381351 R(D) cob, cox3, nadla, rrn5118 mtiB, rplS, trnfM, trnP

Total 872455 (Average size = 34 898 bp)

“I: intact clone; R(S): single-recombinant clone; S(D): double recombinant clone.

"Underlined: probe genes not detected by scquencing.
“(p): partial gene.

_66_



nucleotide in the MC molecule and in a gene or repeat
sequence, respectively, are shown as the ‘MC coordinate’
and ‘gene or repeat coordinate’.

RESULTS
Sequencing of individual clones and their alignment

Twenty-five wheat mtDNA clones were sequenced (Table 1).
Their sizes ranged from 27 to 44 kb, except for two (#27 and
#39) ~16 kb in size. The average size was 34 898 bp, and
the total size was 872455 bp. Alignment showed a single
452528 bp MC molecule (Figure 1). Fifteen clones occupied
single locations in the genome (‘intact clone’), while the
remaining 10 were split into two or three segments located
in different parts of the genome, tentatively called the ‘recom-
binauat clone’. Quetier ef al. (15) estimated size of the wheat
mitochondrial genome to be ~430 kb, based on its Sall restric-
tion map. Their estimate is very close to the size, 452 528 bp,
determined by the present sequencing work.

Intra-molecular recombination and site of
recombination

Of the 10 recombinant clones, 8 were split into two segments.
The other two (#24 and #224) were cleaved into three seg-
ments, Without exception, there was a pair of direct repeats

Nucleic Acids Research, 2005, Vol. 33, No. 19 6237

(DRs) or inverted repeats (IRs) at the split site (Figure 1).
All the recombinant clones carried a completely or nearly
identical copy of the same repeat at the recombination site
(details in the next paragraph). DRs connected split fragments
head-to-tail, whereas IRs connected them head-to-head or tail-
to-tail. These facts indicate that the split clones were produced
by intra-molecular recombination between the relevant
repeats. In sum, nine repeat pairs, R1 to R9, were responsible
for the production of all of the recombinant clones (Table 2).
The production of clones #24 and #51 was mediated by
the same R7 repeats, whereas #75 (#162 as well) and
#96 were reciprocal products of recombination of R8 repeats
(Figure 2A). Two clones, #24 and #224, were double recom-
binants (Figure 2B and C). The former was produced by
recombination between two DR pairs, R3 and R7. and the
latter recombination between two IR pairs, R2 and R6.
Seven additional repeats, R10 to R16, larger than 100 bp
were present in the genome (Table 2). Three repeats, R,
R7 and R10, shared a 1634 bp sequence in common, contain-
ing a part of rrn26. Similarly, three other repeats, R2, R3 and
R4, shared a 4430 bp common sequence that carried 1rnfM,
rrul8 and rrnS. In addition, small repeats of 30-100 bp in size
were detected in a dot-matrix image, of which 35 were the
direct and 38 were the inverted types. All those repeats are
shown in Figure 3, in which R1 to Ri6 are marked by
We need to search for whether all of them serve as

arrows.

310

D0
b sy

o ABIES

R
i

Figure 1. Alignment of 25 mtDNA clones in the 452 528 bp MC molecule of the wheat mitochondrial genome. Broad. light-green bar shows the MC molecule
cleaved between MC coordinates 452 528 and 1. Numbers on the MC molecule show the MC coordinates of the ends of all the clones, their segments and
repeat sequences. Rectangle with projection in the broad bar: R1-R9 repeat pairs involved in recombinant clone formation. DRs are dark green, IRs dark brown.
The projection shows the direction of each repeat copy. Slender bar: individual clones; Jight blue, yellow and orange represent intact, single recombinant and
double recombinant clones, respectively. L, C or R affixed to clone numbers: Left, central and right segments of a recombinant clone. Note that L and R segments of a
single-recombinant clone have the same repeat copy at the end connecting two segments; head-to-tail for DRs, and head-to-head or tail-to-tail for IRs. The double-
recombinant clone has a copy of one repeat pairat one esid each 6f its L and C segments and a copy of another repeat pair at the other end of C and at one end of R that,
respectively, connect the L and C segments and the C and R segments by recombination.
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Table 2. Repeats involved in intra-molccular recombination, and other repeats larger than 100 bp found in the wheat mitochondrial genome

No. Type®  Size (bp)  Gene in repeats” MC coordinates” Dilfereace Kecombioant clone/

belween copies fragment
Copy-1 Copy-2 Copy-3
R1 DR 0882 rrr26(py-trnQ-trnK - 170632-180313 262529-272409  — copy-2 1op def. HO4R/L,
2 R 6064 rnS-rend 8-vrnfM 3462360686 304973-298910 — Ibp mismatch #224C/R

R3 DR 5469 53 584-59052 390552-396 020  — identicul #24C7L

R4 IR 4430 304 973300 544 — 1bp ousmatch

RS DR 2463 159 586-162048 358 521-360983  — identical

RO IR 2045 No gene 3286934913 326 589324 545 —— identical #2

R7 DR 1634 rrn26(p) 170632172 265 262529-264 162 374267-375900  idenrical #24C/R; #511L/R®

R3 DR 1341 atpt 19042-20382 34 918-86257 — copy-2 1bp def.  #73L/R; #O6L/R;
+7 bp mismatch — #162L/R

RY DR 197 No gene 204888225084 340161-340357  — 1 bp mismatch #3IL/R

Ri0 DR 7035 Frn2o 57 128-264 162 368866-375900  — identical None

Ril DR 493 atpd 233393233885 338 884-339376 — 5 bp mismatch Nong

RiZ DR 385 trak 178 466-178 850 270362-270746 442527442911 copy-3 1 bp dif.  None

R13 DR 207 No zene 6373763943 233154-233360 — 1 bp mismatch None

R14 DR 190 P 117643117832 305046-305235  — 4 bp mismatch None

R15 DR 186 truly 222071-222256 429332429517 — identical None

R16 DR 104 No gene 20239-20342 86 115-86218 197109-197212  identical Nong

*DR and IR: direct and inverted repeats.

Prrn26(p): panial 422 bp seguence of rra26.
“Roldface: TR copy.

neluded in cox2e.

“Both recombinations occurred between copy-1 and -3.

recombination sites or not, although our results showed that
a repeat pair as small as 197 bp in size (= R9) mediated
recombination.

We tried to identify the recombination site in each repeat
pair. Four, R3, R5, RO and R7. had identical copies. Four
others, R1, R2, R4 and R9, had only 1 nt difference between
the two coptes, located at the extreme end of the repcat
(Table 2). Identification of the recombination site therefore
was informative only for repeat pair R8, which was involved in
the production of three recombinant clones; #75, #96 and #162
(Figure 4). Two copies of this repeat, R8-1 and -2, which
carried atp6-1 and aip6-2 at the same R¥ coordinates, 91—
1251, had 8 nt differences; one at R8 coordinate 6, the others
between coordinates 1301 and 1316 (Figure 4A). Nucleotide
sequences of the two RE copies and their 5'- and 3'-flanking
segments were compared with those of the three recombinants.
As for the 5'-flanking sequence and sixth nucleotide of R8, #75
and #162 were the same as the R8-1 copy, whereas #96 was the
same as RE&-2. As for the 3'-flanking sequence and seven
variable nucleotides at R8 coordinates 1301-1316, #75 and
#162 were the same as the R8-2 copy, whereas #96 was ident-
ical to the R8-1 copy. These findings indicate that all three
recombinant clones were produced by recombination in the
same 1294 bp segment of the R8 repeat (Figure 4A). Previ-
ously, Bonen and Bird (27) sequenced wheat mtDNA seg-
ments flanking arp6, and found that there are two molecular
forms at both the 5 (‘downstream’ in their designation) and 3’
(‘upstream’) borders of the gene. Their nuclectide sequences
were in complete agreement with ours, except for a 1 bp
deletion in our R8-2 copy between MC coordinates 86217
and 86218, Their sequences 3 and 2 correspond fo the 5/
and 3’ borders of the R8-1 copy, and the sequences 4 and 1
to the 5’ and 3/ borders of the R8-2 copy (Figure 4B). They
located a 6 bp insertion in sequence 3, extending the homo-
logous region between sequences 3 and 4 by 22 bp down-
stream (toward the 5 end), which was confirmed by our

findings. The sequence comparison (Figure 4B) indicated
that the three recombinant clones were produced by recomb-
ination in the same 1291 bp segment (3 bp smaller, comparing
with the alignment in Figure 4A). Because this segment
occupies ~93% of the RE repeat, it is not surprising that
three independent recombination events occurred within this
scgmeiit.

Bonen and Bird (27) also reported the presence of short DRs
in three of the above four sequences, corresponding to the
present 5" and 3’ borders of the R8-1 copy and the 5 border
of the R8-2 copy (Figure 4B), where ‘border’ means the
boundary between a repeat end and its flanking sequence.
We examined 60 bp sequences around the 5 and 3’ borders
(30 bp on both sides of each border) of all repeats shown
in Table 2. The complete border sequences are given in Sup-
plementary Table 1. Of 70 border sequences of the 35 repeat
copies, 22 contained straight, DRs (no gap, no mismatch) of
3-7 bp while additional 24 possessed aberrant 4-10 bp DRs,
having a mismaiched nucleotide or a few nucleotides inter-
vening between the repeats, and the remaining 24 did not
have short DRs (Table 3). Fourteen repeats had short DRs
at both ends, which did not show any sequence similarity,
homologous or complementary, to each other. Thus, we
conclude that the majority of the repeat ends are associated
with short DRs, although their functional role is unknown.

Stern and Palmer (28) indicated that 77n/ & and rrn26 often
are contained in recombination sites of the wheat mitochon-
drial genome. Qur results confirmed this because 6 of the 12
recombination events detected are mediated by repeat pairs
containing those genes (Table 2).

Genes and the genetic map of the wheat
mitochondrial genome

In all, 55 genes and their exons were identified (Table 4) and
mapped on the MC molecule (Figure 5). All the protein-,
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Figure 2. Origins of four recombinant clones obtained by recombination
mediated by different repeat pairs. Rectangle: MC molecule. Arrows: DR or
IR pairs. Broken line: fusion of separate segments hy recombination. Thick and
thin lines: cloned DNA segment and remaining part of the recombinant mo-
fecule not included in the clone. Numbers on MC molecules: MC coordinates at
the ends of repeats and the cloned molecule. Note: DRs should be drawn ini the
same direction by folding the MC molecule with a 1807 twist. This was omitted
to simplify the figurc. (A) Clones #75 and #96 as reciprecal products of R8-
mediated recombination. They are part of two subgenomic molecules: (B) clone
#24 is the product of double recombination at two DR pairs, R3 and R7;
(C) clone #224 is the product of double recofnbination at two IR pairs, R2
and RE.

fRNA- and tRNA-coding genes known for wheat (24), rice (8)
and maize (10) were present, i.e. 9 Complex [ genes, 1 Com-
plex Il gene, 3 Complex IV genes. 5 Complex V genes,
4 cytochrome ¢ biogenesis genes, 11 ribosomal protein genes,
2 other protein-coding genes, 3 tRNA genes and 17 tRNA
genes. Nucleotide sequences of seven wheat genes, rpil6,
rps3, rpsd, maB, trnA, trad and trnM, were determined here
for the first time. Three genes, rplZ-p, rpsi9-p. and rra26-p
(the third rrr26 copy), were truncated. The first two are func-
tional in rice but missing in maize (10). Nine genes, nadl,
nad?, nadd. nads, nad?, cox2, cemFC. rps3 and trnA (chloro-
plast origin), had the exon-intron structure. The chloroplast
counterpart of trnA also has an intron (21). All exons of nadd
(exons a-d), nad7 (a-e), cox? (a,b), ccmC (a,b), rps3 (a,b)
and onA (5'-3'-ex) were cis-spliced, whereas some exons

Nucleic Acids Resedrch; 2005, Vol. 33, No. 19 6239

of nadl, nad? and nad5, were trans-spliced (the slash
indicating frans-spliced exons) as follows: nadlafnadib,c/
nadl dinadle; ned2a binadZc-e¢;, and nad5a,binad5c/nad5d.e.

Ten genes were present in multi-copy: aipb, aips, rrm26,
trnD and traP were duplicated and rrnS, rrnl8, trofM, trnK
and Q) triplicated. In addition, three 71§ genes were found,
but they greatly differed each other in nucleotide sequence and
therefore were considered different genes, confirming the
results of two previous works (29,30).

Restriction fragment analyses of wheat mtDNA revealed the
presence of seven molecular forms of the rrnl8-rrnS cluster
(31,32). We identified three copies, Copy-1, -2 and -3, of a
three-gene cluster, trufM-rrnl8-rrn3, in the MC molecule, all
of which were included in three repeats, R2, R3 and R4
(Table 2). Figure 6 illustrates the production of two recom-
binant forms of this gene cluster from recombination
between Copy-1 and -2 (pathway [A]) and Copy-2 and -3
(pathway [B]). Because recombination also occurs between
Copy-1 and -3, six recombinants are expected altogether. We
obtained three of them, which were produced by recombin-
ation between Copy-1 and -2 (#1L/R), Copy-1 and -3 (#224C/
R) and Copy-2 and -3 (#24C/L) (Table 2). None of their
reciprocal products was obtained, probably as a matter of
chance owing to the small number of the clones examined,
because the fourth recombinant molecule is reported by
Lejeune er al. (32). As for rruZ6, two molecular forms of
its 5’ end, and three forms of the 3’ end had been predicted
previously (15,32). This prediction was verified by the present
findings confirming two complete and one partial copy (422 bp
3" end) of rra26.

Two copies of afp8 had five mismatched nucleotide pairs
scattered within the 471 bp gene region. Sequence analyses of
recombinant molecules supposedly produced by recombina-
tion between the R11 repeats containing this gene (Table 2)
might be useful in specilying recombination site(s) within the
repeat.

In addition to those genes, 179 ORFs larger than 300 bp
were found (Supplementary Table 2). Their total size
amoutited to 75465 bp, occupying ~16.7% of the entire gen-
ome. This number greatly exceeds the 121 ORFs of compa-
rable size reported for maize (10), in spite of the fact that
the wheat mitochondrial genome is much smaller than the
maize genome. Functional analysis of those ORFs will be
an important problem in the future mitochondrial genomics.

MtDNA sequences homeologous (o ctDNA

Homology search using the blastZsequence program revealed
that the wheat mitochondrial genome has 55 sequences
homologous (mostly with 80% or higher homology on the
nucleotide basis) to the corresponding sequences of the wheat
chloroplast genome (Table 5). Exceptions were nine sequences
questicn-marked in the last column of Table 5, which were
mosaic of highly conserved and variable sequences, showing
scgmental differentiation of the sequences. Sizes of individual
sequences vary between 27 bp for the smallest and 4239 bp
for the largest. The total size, 26 264 bp, corresponds to 5.80%
of the entire genome.

Of the above 55 wheat mtDNA sequences, 8 carried native
(not chloroplast-derived) mitochondrial genes, atpf, rrnl8-1,
-2, -3, rrn26-1, -2, -p and trnM, whase total size amouated to
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Figure 3. Dot matrix of the MC molecule of wheat mitochondrial genome, showing direct (blue) and inverted (orange) repeat pairs of farger than 30 bp. Sixteen repeat

pairs, R1-R 16, of larger than 100 hp are marked by arrows (Table 2).

12 809 bp. They showed homology to the ctDNA sequences
carrying the corresponding chloroplast genes, atpA, rrnl6,
rrn23 and traM (marked by circles in Table 5). Each of the
gene pairs, atpl fatpA, rrnl8/rrnl6, rrn26/rrm23 and mt-trud/
ct-trnM, is assumed to have originaled from a common
prokaryotic gene, being homoeclogous to each other (evidence
will be reported elsewhere). The total size of the mtDNA
sequences of real chloroplast origin therefore was estimated
as 13455 bp; 2.97% of the wheat mitochondrial genome,
compared with 22593 bp (6.3%) and 25281 bp (4.4%)
reported, respectively, for rice and maize (8,10). Thus, both
the total size and proportion of the chloroplast-derived
sequences relative to the entire genome were smallest in
wheat, comparing with rice and maize.

Gene shuffling in the cereal mitochondrial genonie

We compared mitochondrial gene maps of wheat, rice (8) and
maize (10), excluding tRINA genes, pseudogenes and ORFs
(Figure 7). Five exons of nad7, nad7a to e, showed a common
arrangement in the three cereals. This gene was used to mark
the common map origin, and the arrangement of nad’a
to nad7e to mark the common map direction. A syntenic

gene/exon arrangement, then, should appear as a row
of genes/exons parallel to either diagonal line. Only a few
gene/exon clusters of the three cereals showed synteny.
One 5-gene cluster, ccmFN-rpsi-matR-nadle-nadSe, and
five 2-gene clusters, rpsi3-nadlbc, rrnl&-rrns, rps3-rplic,
nad9-nadZcde and nad3-rpsl2, showed synteny. The third
and fourth ones are shown as 3-geve clusters in Figure 7,
because maize has an extra copy of both rps3a and nadlde
and, for this, rps3a and rps3bed, and nad2c¢ and nadZde were
shown separately. Similarly, nad4abc and nad4d were shown
as a 2-gene cluster because rice has two extra copies of nad4d.
In addition, three 2-gene clusters, rps{9{pj-naddl, ccmB-
nad2ab and nadSab-rpi2(p), of wheat and rice conserved syn-
teny. and two 2-gene clusters (coxI-rrn26 and nad6-rps4) of
wheat and maize preserved synteny. No synteny was detected
for any other gene combinations, indicative that frequent
gene shuffling occurred during cereal speciation, resulting
in remarkable structural differences in the cereal’s mitochon-
drial genomes. Fauron ¢t al. (17) showed by the physical map
comparison that mitochondrial genome restructuring has taken
place between three maize cytotypes, and Clifton ef al: (10)
demonstrated by MultiPipMaker analysis that little sequence
similarity exists between mitochondrial genomes of six plant
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Figure 4. (A and B) Recombination site in R8 repeats which produced the three recombinant clones, #75, #96 and #162. Nucleotide sequences in pink, light green and
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deficient nucleotide.

species. Those results agree with ours of the above cereal gene
map comparison.

DISCUSSION

Features of the gene-based strategy for sequencing
plant mitechondrial genomes

Two principal strategies have been used to sequence plant
mitochondrial genomes; the physical map-based (5,7-9),
and the genome shotgun strategies (6,10,11). We used a
new gene-based strategy for wheat, facilitated by the fact
that many wheat mitochondrial genes are available as probes
(24) for selecting wheat mtDNA clones for sequencing. Use of
this strategy gave a complete picture of the wheat mitochon-
drial genome by sequencing the 872.5 kb mtDNA, less than
twice the genome size, 452 528 bp. Comparative values for the
genome shotgun strategy are ~4, & and >20 times for Ara-
bidopsis, tobacco and maize (6,11,10), indicating apparent
high genome sequencing efficiency of the gene-based strategy.

However, application of this strategy requires construction of a
cosmid mtDNA library and selection of mtDNA clones cov-
ering known mitochondrial genes by dot hybridization. The
overall efficiency of the gene-based strategy, compared with
that of the genome shotgun strategy, is not clear.

The advantage of the gene-based, compared with the physi-
cal map-based strategy, is that no physical map construction
is required. This is ditficult with some plants because of the
multipartite structare of the mitochondrial genome. Based on
the physical map of the mitochondrial genome of a common
wheat cultivar, Capitole (15), Lejeune and Quetier [cited from
(24)] constructed the first gene map of the wheat mitochondrial
genome. to which 36 genes were allocated. Their map
completely matches ours for five local gene maps:
0y  rralSirrnS—cob—atp6-nadSde-naddabed-nad2 ab—orf25
(= atpdy-nad2cde—nad9—cox2ab-coxl-rrn26, (i) rps7—
rrnl 8/rruS—nad7 abede—atp I-aip9-nadi be-rpsl 3—atpb-cox3,
(iit) nadl a—rrnl 8/rrmS—nadSab-nadl d-nad6-+rn26, (iv) nad3
—rpsi2—orfl56 (= ap8) and (v) matR—nadle-vad5c. The
arrangement of these five gene groups within the genome,
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Table 3. Short DRs found in the 5'- and ¥’ -borders of 16 repeats, R1-R16, in the
wheat mitochondrial genome

Repeat 5'-Border 3'-Border

Ri-1 — TGGHgg

R1-2 C/ICCCHcece —

R2-1 e AA/Aaaa

R2-2 AGGTagglt AA/Gaag

R3-1 TTT/TCT4+++tttet -

R3-2 CCC/T++ceet —

R4-1 — AA/Gaag

R4-2 ACATA+++acata/ e

R5-1 ACCTAa/ccta —

RS-2 CCTA+/ceta —

R6-1 GCAA/gcaa ATTTCH++att/tc
R6-2 CAAc/an CTTGC/ATCH++cttgetic
R7-1 AT/CCCaccce TATTTCA+tatttan
R7-2 C/CCCHecee TATTTCA+atttaa
R7-3 CHCCCHecee —_ N
R&-1 ATCTACA/stetaca ACGAAac/gaa
RE-2 ATCT/atet —

R9-1 — —

R9-2 —_— —

R10-1 TGCTTTCTTCHH/tetttctte TATTTCA+t/atttaa
R10-2 /TCTTTCTtetttet — B
R11-1 TCA/tca AAG/Aaaga

RIT-2 - AAATAAG/+aaasaag
RI2-1 AGATCaga/tc
R12-2 - AGATCagal/tc
R12-3 AlGTagt —

RI13-1 — —

R13-2 e TAT/TC+tatte
R14-1 GCGCTgel/ggt —

R14-2 GGT/ggt AGGCagglc

RI15-1 AAGA/aaga T/ATAtam

RIS-2 GAAGA+g/aaga TTTCTT et
R16-1 [AATAGCA+++aatagea GAAAGga/a*g
R16-2 /AATAGCA-+++aatagea /GA*CTgatct
R16-3 /AATAGCA+++aatagea GAAAGgu/a*g

Slash, border: plus, intervening nucleotide between short repeat sequences;
asterisk, deficient nucleotide: capital and lower-case letters, short DR
sequences; underlined, mismatched nucleotide; sequences of R&'-1 and -2,
first identified by Bonen and Bird (27), and confirmed here.

Table 4. Genes in the wheat mitochondrial genome

however, differ both in order and direction. Their order in
Lejeune and Quetier’s map is that shown above, whereas in
our map itis (1)—(iii, reverted )—(iv, reverted)—(ii)—(v, reverted).
Whether this discrepancy is due to the different mtDNA
sources, or to problems in the physical map they relied
upon, needs to be clarified.

The gene-based strategy for complete mitochondrial gen-
ome sequencing can not achieve its goal by itself if the genome
contains large gene-free region(s) of >35 kb (average insert
size of the vector) when Cosmid mtDNA clones are used in
sequencing. To cover such regions of the genome, we need to
perform sequencing of some additional clones which do not
carry any probe genes. In fact, it was necessary for us to
sequence a probe gene-free clone, #194, to complete sequenc-
ing the wheat mitochondrial genome. The MC molecule
obtained successfully integrated all sequenced mtDNAs in
it without leaving any pieces out.

Blast search on the sequence homology between the present
wheat and previously reported rice and maize mitochondrial
genomes (8,10) provided supporting evidence that the present
MC molecule represents the wheat mitochondrial genome.
The rice and maize mitochondrial genomes were divided
into successive 30 kb sections (sizes of the end sections

Gene" Size MC coordinates  Strand” No. of  Previous
(bp) amino  accession no.”
acids
From To
I. Complex 1 genes
nadla 386 306315 306730 + — X57968
nadlb 82 17602 17683 — — X57967
nadlc 192 15988 16179 — - X57967
nadld 282341 - - X57966
nadle 43652 -~ — X57965
nadl — X 325 -
nad2a 182513 — - Y14433
nad2b 181546 — - Y14433
nadZc 161 210083 210243 - — Y14434
nad2d 375 207093 207665 — - Y14434
nad2e 188 205502 205689 — — Y14434
nad2 1467 — — - 488 -
nad3 357 341099 341455 — 118 X59153
nadda 461 135541 136001 + — X57164
nad4b 515 137026 137540 + — X57164
naddc 23 140981 141403 + - X57164
nad4d 89 143059 143147 + - X57164
nad4 1488 — - + 495 —
nad4L 303 421629 421931 100 AJ295996
nadsa 231 295842 296072 — - M74157
nadsh 1216 293764 294979 — M74157
nadSe 21 43010 43030 - — M74158
nadSd 395 111614 112008 + - M74159
nadse 150 112942 113091 + - M74159
nads 2013 — — X 670 -
nads 744 280549 281292 — 247 X62100
nad7a 143 409840 409982 + - X75036
nad7b 69 410796 410864 + — X75036
nad7c 467 412177 412643 + - X75036
nad7d 244 413642 413885 + - X75036
nad7e 262 415585 415846 + — X75036
nad7 1185 — — + 394 —
nad9 864 211710 212573 — 287 X69720
II. Complex Il & 1V genes
cob 1197 63122 64318 -~ 398 X02352
coxi 1575 245285 246859 + 524 Y00417
cox2a 390 224812 225200 - - X01108
coxZb 393 223200 223592 — — X01108
coxZ 8% — — - 260 -
cox3 798 28053 28850 — 265 X15944
1iL Complex V genes
atpl 1530 6832 8361 + 509 X15918
atpd 579 196584 197162 — 192 X54311
aip6-1 1161 19132 20292 — 386 M24084
atp6-2 1161 85008 86168 — 386 M2z4084
atp§-1 471 338884 339354 — 156 X59153
atp8-2 471 233393 233863 — 156 X59153
atp9 243 8824 9066 + 80 X15919
IV, Cytochrome ¢ biogencsis gencs
cemB 621 185578 186198 — 206 AFO82025
cemC 723 156937 157679 + 240 X79609
cemFCa 755 99514 100268 + — AY500223
cemFCh 559 101280 101838 + — AY500223
cemd ' C 1314 — — + 437 -
conk N 1776 30112 51881 — 5389 X69205
V. Ribosomal protein genes
rpi2-p 169 283450 283618 — 36+1/3  AJ295995
rpls 570 29778 30347 189 AJ535507
rpll6 558 90tes 80725 — 185 Mew
rpsl 525 49341 49865 — 174 X69205
rps2 1083 215091 216173 + 360 Y13920
rpsia 74 93925 93998 — — New
ips3b 1612 90574 92185 — — New
psd 1686 — - - 561 -
rpsd 1074 273386 274659 - 357 New
rps7? 447 379580 380026 — 148 X67242
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Tabie 4. continued

Gene® Size MC coordinates  Strand® No. of  Previous
(bp) amino  accession no.’
acids
From To
rpsiZ 378 340677 341054 — 125
rpsl3 351 18628 18978 — 116 0 (
rpsl9-p 198 422830 423027 — 66 AJ295996
VI. Gther protein coding genes
matk 2037 44172 46208 — 678 X57965
mith 816 314992 315807 + 271 New
VIL tRNA gencs
rrn5-1 122 302049 303070 + — 714078
rrn5-2 122 393494 393615 — — 714078
rrn3-3 122 36526 56647 - — 714078
rrnl8-1 1955 300880 302834 + - 714078
rrnd8-2 1955 393730 395684 — — 714078
rrnl§-3 1955 56762 58716 — — 714078
rrn26-1 3467 371222 374688 — - 711889
rTn26-2 3467 259484 262950 - - 711889
rrn26-p 422 170632 171053 — — 711889
VII (RNA genes
trnA §'-ex* 38 74738 74775 + — New
irnA 3'-ex* 35 75581 75615 + - New
traA* 73 — - + - -
trnC* 71 97420 97490 + — X15119
traD-1 74429341 429414 — — X15379
trnD-2 74222080 222153 -~ - X15379
trnk 72 27050 27121 - - X14698
ok 73 382956 383028 — — X15118
trnfM-1 74 300805 300878 + — 714078
trafM-2 74 395680 395759 -~ - 714078
trufM-3 74 58718 38791 — - Z14078
trnl 74 430118 430191 - — New
trnK-1 73 270336 270608 + - X15236
trnk-2 73 442701 442775 + — X15236
k-3 73 178640 178712 + — X15236
trnM 73 436154 436226 — — New
traN* 72 428634 428705 — - X15379
trnP-1 75 305095 305169 + - Z14078
trnP-2 75 117692 117766 + — 714078
truQ)-1 72 266806 266877 + - X15140
tru(}-? T2 174909 174980 + — X15140
traQ)-3 72 193282 193353 4 — 06902
trnS-1 88 341968 342035 — - X13245
frnS-2 87 408505 408591 + - X15118
trnS-3% 87 383444 383330 — — X15118
trnW* 74 445613 445686 + - X03602
trnY 3 210880 210962 - - Y14434

“Boldface, sum of all exons; lower-case letters. exons of a protcin-coding gene:
hyphenated, copies of the same gene: asterisk: probable chloroplast origin.
PPlus and minus, coded by the forward and reverse strand; x, frans-spliced gene.
“New, gene or exon whose nucleotide sequence is first reported for wheat.

were somewhat different), and sequences homologous to
wheat mtDNA were investigated for each section (Table 6).
All the sections contained homologous sequences of ~3 kb or
larger (up to 15 kb) to wheat mtDNA. MtDNA sequences
conserved between wheat and rice, and between wheat and
maive were distributed all over the rice and maize genomes,
with no large conserved sequence-free regions (larger than
10 kb; detailed data omitted) in the genomes. This fact indi-
cates that rice and maize mitochondrial genormic scquences are
well represented in the wheat MC molecule.

The most essential feature of the present gene-based strat-
egy is that it facilitated the recovery of recombinant molecules.
Restriction fragment mapping of plant mtDNA shows a
multipartite structure of the mitochondrial genome, consisting

Nucleic Acids Research, 2005, Vol. 33, No. 19 6243

of isomeric as well as subgenomic molecules produced by
intra-molecular recombination (12,14-17.33). None of the
previous works on complete sequencing of flowering plant
mitochondrial genomes, by use of either the gecnome shotgun
or physical map-based strategies, has recovered recombinant
molecules. This is why recombination events have not been
analyzed at the nucleotide sequence level. By virtue of the
gene-based strategy, we obtained 10 recombinant clones
among 25 examined, determined their nucleotide sequences,
and identified repeat sequences responsible for their
formation.

Structural features of the wheat mitochondrial genome

The wheat mitochondrial genome was assumed to be a
452 528 bp MC molecule (Figure 1), that was ~92 and 79%
the size of the rice and maize mitochondrial genomes, and
possessed all the protein-, tRNA- and tRNA-coding genes
known to be present in rice and maize (8,10). These facts
indicate that wheat has the most compact mitochondrial
genome among the three cereals.

Multicopy mitochondrial genes were compared between
wheat, rice and maize (Table 7). Gene amplification in general
was species-specific. All of the multicopy wheat genes were
located in the repeated sequences (Table 2). With the excep-
tions of atpd and trnQ, multicopies of all the wheat genes had
identical nucleotide sequences. As for rruQ, two copies were
identical, whereas the third copy differed from them by a
single nucleotide. These facts suggest their recent amplifica-
tion, comparing with the divergence time of three cereals. One
alternative possibility is copy correction through homologous
recombination, which is known to occur in the case of chloro-
plast IRs (34).

To account for the observed species-specific gene ampli-
fication, a mechanistic model can be proposed. Recombination
between the same repeat sequences in two subgenomic mole-
cules produced by recombination between different repeat
pairs will give rise to an aberrant MC molecule having a
duplicate segment. Figure 6 illustrates an example, using a
simplified MC molecule, in which only three copies (Copy-1,
-2 and -3) of the trafM-rrnl &-rrn5 cluster and two repeat pairs,
R5 and R6, are shown. Recombination between the R6
sequences in two subgenomic molecules, 1T and 11, which
are produced in pathways [B] and [C], gives a new MC mole-
cule with an extra copy of the rraufM-rrniS-rrad cluster and
RS repeat together with their flanking regions. The size of
the duplication corresponds to the sum of two segments,
one between the recombination breakpoints in Copy-Z and
one R5 copy, and the other between those in Copy-3 and
the other R5 copy.

Search for transposable element sequences in the wheat
mitechondrial genome revealed presence of five sequences,
three of which were different partial sequences of the wheat
Sabrina retrotransposcn. and two others were a part of a rice
Tos-14 retrotransposon and wheat Tarl retrotransposon. Total
size of the five sequences was 805 bp, being ~0.2% of the
mitochondrial genome. Comparable figures for rice and maize
were 20 sequeiices (total size 7003 bp, 14.3% of the genome)
and 4 sequences (total size 641 bp, 0.1% of the genome),
respectively (8,10). In this respect, wheat mitochondrial gen-
ome is similar to maize than to rice mitochondrial genome.
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Figure 5. Genetic map of the wheat mitochondrial genome showing the location of all the genes and their exons in the outer-most circle, of ORFs larger than 300 bp in
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repeat pairs, R1-R9, that mediate production of all the recombinant clones and an additional 7035 bp repeat pair, R10, are shown. Genes and exons coded by the
forward and reverse DA strands are shown outside and inside the MC molecule, respectively.

It is important to know what kinds of sequences were
involved in the observed mitochondrial genome differentia-
tion. For this purpose, the MC coordinates of all unique wheat
sequences larger than 100 bp, comparing with both the rice and
maize mtDNA sequences were enumerated (Supplementary
Table 3). In total, 227 unique sequences distributed throughout
the genome were identified. Comparison between their posi-
tions and those of all mitochondrial genes in the genome
indicated that almost all unique sequences corresponded to
intergenic spaces. The exceptions were nine sequences carry-
ing partial sequence of a gene. Of those, six sequences carried
3-97 bp of the highly variable 3’ end of the sense strand of
cob, nado, rpl2-p, rrn5-1, rrn5-2 and rru5-3. Two sequences
contained a 324 bp segment of aip6-1 and -2, that is located
in the 3'-terminal region of these genes. The last sequence
carried a 28 bp 5 end of nad9, that is variable among the
three cereals. These facts taken together demonstrate that the
miDNA sequences diversified in the three cereals are mostly
redundant DNAs.

In a summary, the wheat mtDNA sequences were parti-
tioned into six categories, genic (including introns), ORF,
repetitive, chloroplast-derived, rétro-element and unique

sequences (Table 8). This partition was not orthogonal,
because some sequences were enumerated in more than one
category. Sizes of the genic, ORF, repetitive, chloroplast-
derived and unique sequences were obtained from the data
presented in Table 4, Supplementary Table 2, Table 2, Table 5
and Supplementary Table 3, respectively.

Structural dynamics of the mitochondrial genome
in ontogeny

Atrieta-Montiel er al. (35) reported on the structural dynamics
of the common bean mitochondrial genome, which was
revealed by studying a single mtDNA segment carrying the
cms-associated pvs-orf239 sequence. Using the gene-based
strategy, we isolated 10 recombinant mtDNA molecules,
and determined the repeat sequences responsible for their pro-
duction. Many other repéat pairs also were characterized
(Table 2 and Figure 3), which are potential sites for additional
recombination. Based on the entire wheat mitochondrial
genome sequence (DNA Database accession no. APO08982)
and the map positions of all repeat pairs larger than 100 bp
(Table 2), we may prepare DNA primers for the sequences
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Figure 6. Production of various molecular forms from the MC molecule by intra-molecular recombination between different repeat pairs. Copy-1, -2 and -3 are three
copies of the rrufM-rrnl&-rrnd gene cluster. Copy-2 and -3 arc inverted relative to Copy-1. RS and R6 represent a DR and an IR pair, respectively. A/B, C/D and
E/F are PCR primer pairs to mark the 5'- and 3'-flasking regions of Copy-1, -2 and -3, respectively, [A]: production of an isomer (flop form) of the MC molecule
(flip form) by recombination between an IR pair, Copy-1 and -2. [B] and [C]: production of two complementary subgenomic molecules by recombination between
a DR pair, Copy-2 and -3, and two RS copies, respectively. [D]: production of an aberrant MC molecule having extra copies of the three-gene cluster (Copy-3/2) and
RS repeat by recombination between R6 repeats in two subgenomic molecules, 1T and TIL

flanking both ends of those repeats. Their use in long-range
PCR will allow efficient screening of recombinant molecules
produced by recombination between the marked repeat pairs
and quantification of isomeric as well as subgenomic mole-
cules, as proved by Sugiyama et al. (11} in tobacco. They also
demonstrated that long-range PCR works for a distance as long
as 23 kb between two primers, which is sufficient to cover all
repeats present in the wheat mitochondrial genome (Table 2).
The same method may also facilitate finding the difference in
recombinational activity among various repeat pairs as well as

the equality or inequality of the reciprocal recombination
products.

The methodological details for such stadies are as follows:
recombination between an IR pair will produce an isomer (flop
form) of the MC molecule (flip form; Figare 6, pathway [A]).
This event is detected by long-range PCR using four primer
pairs, A/B, C/D, A/D and C/B. If either the A/B or C/D primer
pair gives an amplified product in PCR, the template clone is
regarded as the original MC molecule, whereas if either the
A/D or C/B pair gives an amplified product, the template clone
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Table 5. Wheat mtDNA sequences showing homology to ¢tDNA sequences

MIDNA sequence Homologous ctDNA sequence Nucleotide sequence
MC coordinates” Size (bp) Mt gene located® CiDNA coordinates Size (bp) Ct gene located® homology (%)¢
995-1157 163 No 6205762218 162 psbE* 92.0
O 73097889 581 atpl* 33 143-35696 354 arpA* (copy-3) 7
53841-54550 1110 No 3603734918 1120 atpA# (copy-4) 97.2
5517955205 27 No 48 (09%-48072 27 trnf* 100.0
Q 5676958700 1932 rrni8-3 925 a1 061 1472 rrrl6(copy-1) ?
74 17176003 1833 No 932 5305 1834 tnf 3'-ex, trnA, rrn23* 99.8

79301-79405 105 No 6344163 336 106 petL 95.3
97417-97542 126 trnC 18 754~18628 127 trnC 91.3
97 77997 861 83 No 1836718282 86 No 81.4
98 764-99 133 370 Ne 77 395-77024 372 rpll4# 81.6
9925499373 120 No 7683376715 119 1ps§* 86.7
117697117760 64 trnP-24# 64 131-64 069 63 tranP# 82.8
119524-120 020 497 No 3554236072 531 atpA* (copy-5) ?
146 989-147 055 67 No 109 596109526 71 ndhG* 84.5
154 459-154.512 54 No 84 016-83 963 54 No 98.1
157714-157745 32 trnl-p 82 976-82945 32 traf* 96.9
162458-162515 58 No 34 309-34 366 38 atpF 3'-ex* 96.6
O 170827-170 895 69 rrnl6-p* 95 063-94 995 69 23 {copy-3) 79.7
174918-174971 54 rnQ-2# 6749-6696 54 trn(* 83.3
242709243 106 398 No 110973-111387 415 ndhA 3 -ex# ?
249 838-249 890 33 No S51175-51225 51 irnV 3'-ex* 88.7
O 259648262792 3145 rrn26-2 97 615-94 995 2621 rrn23(copy-1) ?
266 815-266 868 54 trnQ-1# 6749--6696 54 Q¥ 83.3
294 426-294 490 65 nadSb* 102531-102 595 65 ndhF* 81.5
O 300896302827 1932 rrni8-1 91061-92532 1472 rrul6(copy-2) ?
304 391-304417 27 No 4807248098 27 trnf* 100.0
304 646-304973 328 No 34918-35245 328 atpA* (copy-1) 95.7
305 100-305 163 64 trnP-1# 64131-64 069 63 trnP# 82.8
316034-316102 69 No 21268-21343 76 rpoB* 86.8
324 416-324 550 135 No 75643-75509 135 rpsl]* 94.1
343 407-343 573 167 No 111872-111403 170 No 88.4
349 029-349 064 36 No 33284-33319 36 aipF 5'-ex* 91.7
358 (176-358 521 446 No 41098-40633 446 psaA* 99.8
¢} 371386-374530 3145 rrn26-1 97 615-94995 2621 rrn23(copy-2) ?
378941-379028 88 No 44 149-44 062 88 No 94.3
379044-379 150 107 No 44039-43932 108 No 88.0
380703-380 885 183 No 68 074-68 256 183 clpP* 95.6
382951383089 139 wrnF 48 13347995 139 trnF 94.2
383203-383278 76 No 4785147776 76 No 82.9
383342-383422 81 No 4770247621 82 trnk 3'-ex 91.5
383409-383 603 195 wnS 45 160-44 967 194 rns 90.8
388 154-388182 29 No 34485-34513 29 alpF 3'-ex . 100.0
390809391918 1110 No 36037-34918 1120 atpA* (copy-2) 97.2
392 147-392173 27 No 48 (098-43072 27 trnf* 100.0
O 393737395668 1932 rrnl8-2 92532-91061 1472 rrnlé(copy-3) ?
400 525400 556 32 No 4904148072 32 ndhJ* 96.9
408 510408 585 76 trnS-24# 11655-11579 77 trnS# 80.5
417240-421478 4239 No 89 049-84 780 4270 ndhB, rps7, rpsI2 ex-2, -3 ?
421513421 558 46 No 84736-84711 46 No 97.8
428633-428718 86 N 98 89698811 86 aN 98.8
O 436 153-436225 73 trnM 52 107-520335 73 trnM 94.5
445372445416 45 No 64290-64 246 45 No 88.9
445455-445 488 3¢ No 64 08464051 3: triP* 100.0
445 6(9-445 690 82 rnW 63927-63 846 82 rnW 96.3
452 168452356 189 No 6184462032 189 psbF*, psbE* 88.4
Total 26264 e —_ — “— —

Total excluding O-marked sequences: 13455 bp

CtDNA sequences present inone IR, IRy, are shown, omitting thase in the other copy (IR, ), because of the same gene set present in two coples. Total size of 26 264 bp
is 14 bp smaller than the sum of all the segments because a 14 bp sequence overlaps between two segments of the miDNA coordinates 383 342383422 and
383 409--383 603.

20: native mtDNA sequence.

4 and asterisk: genes, of which a large portion and only a small portion are located in the respective DNA sequences. Gene in boldface: complete or nearly complete
gene sequence included in the respective DNA sequences. No: po gene present.

°?: undetermined because of segmental differentiation of the sequence within the gene.
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Table 6. Rice and maize mtDNA sequences homologous to wheat mtDNA in
different sections of the genome

Rice mtDNA Maize mtDNA

Gepome  Section Homologous  Genome  Section Homologous

section®  size (bp)  section (bp)®  section®  size (bp)  section (bp)”
1 30000 12778 1 30000 6518
2 30000 7676 2 30000 12814
3 30000 15569 3 30000 12460
4 30000 13001 4 30000 12185
3 30000 5465 5 30000 16010
6 30000 10057 6 30000 6241
7 30000 10989 7 30000 7782
8 30000 12804 8 30000 4308
9 30000 8527 9 30000 14730
10 36600 6881 10 30000 9739
11 30000 14 898 11 30000 11500
12 300600 10985 12 30000 8014
13 30000 13182 13 30000 4667
14 30000 11009 14 30000 5216
13 30000 11748 15 30060 7642
16 40520 8112 16 30000 2842
Total 490520 173691 17 30000 50679
18 30000 4233
19 29630 6776
Total 569630 152756

“Rice and maize mitochondrial genomes are divided irito successive 30 kb
sections, the last one being the remaining part of the respective genome.
YTotal size of wheat mtDNA sequences of larger than 30 bp which arc homo-
logous to the rice or maize mtDNA sequences.

Table 7. Copy numbers of mitochondrial genes that differ in number in wheat,
rice and maize: gene fragments, pseudogenes and chloroplast-derived genes are
excluded

Gene Wheat Rice® Maize®

(1) Protein-coding gene
atpl
atpd
atpb
atp8
cox3
nadla
nad2c
nad2d, e
naddd
nadSa,b
nad9
pl2
rpls
rps2
ps3a
ps7

(2) RNA gene
rrnS
rrnl8
rrn26
trnD
trn&
trofM
trnd
trnkK
frnM
trniN
trnP
trnQ?

[ IR

o b D e e i b e e et B3R
D bt s e
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e i
— by —

“After Notsu et al. (8) for rice and Clifton et al. (10) for maize.

is regarded as the flop configuration of MC, so far as the
marked IR is concerned. The ratio of the latter to the former
clones in number gives the molar ratio of the recombinant
to the non-recombinant clones. Similarly, recombination
between a DR pair will produce two subgenomic molecules
{(Figure 6, pathway [B]), whose production is detected by
successful DNA amplification by use of the C/F or E/D primer
pair. Quantification of the subgenomic molecules over the
non-recombinants is achieved in the same way as described
above. Such studies targeted to different repeat pairs enumer-
ated in Table 2, using Cosmid clones of wheat mtDNA
extracted from different organs or different ages of the
plant as the template, will disclose structural dynamics of
the mitochondrial genome in plant development.

Evolutionary change in the mitochondrial genome
structures of cereals

The chloroplast genomes of rice, maize and wheat have ident-
ical gene arrangements (36,37,21), evidence of the structure’s
evolutionary stability. In contrast, the mitochondrial genome
structure differs markedly in the three cereals (Figure 7)
although the kinds of genes present essentially are the same
[(8,10), present findings]. We showed that a variety of mtDNA
molecules are produced in somatic tissues by intra-molecular
recombination mediated by different repeat pairs. The struc-
tural differences of several mitochondrial genes in wheat and
rice are suspected to be caused by short repeat pairs (data to be
published elsewhere). We postulate that the same mechanism
operates in germ cell lines, creating structural diversity in the
mitochondrial genomes of different plant phylogenies.

Another possible factor for high phylogenetic variability
of the mitochondrial genome, compared with the chioroplast
genome, is high DNA redundancy in the former than in the
latter genome. The ratio of the genic sequences, including all
exons and cis-introns, and excluding the sequences of chloro-
plast origin and pseudogenes, to the total mitochondrial gen-
ome size is 18.0% forrice (8), 11.7% for maize (10) and 15.9%
for wheat (Table 8). Comparable valucs for the chloroplast
genome are 58.8% for rice (36) and 60.4% for wheat (21),
indicative of the presence of a much larger amount of redun-
dant DNAs in the mitochondrial than in the chioroplast
genome.

The MC molecule may represent the intact wheat
mitochondrial genome

All previons works on complete sequencing of flowering plant
mitochondrial genomes are based wpon the MC molecule
hypothesis (6-11). Because of the mmltipartite structure of
the genome and the lack of direct electron-microscopic evi-
dence, however, the existence of the MC molecule is still a
matter of debate (11-13). After Andre eral. (12), we suspected
reality of the MC molecule in wheat and upon this suspicion
we adopted the gene-based sequencing strategy. It turns out,
hewever, that analysis of the 10 recombinant clones obtained
has given support to the existence of the MC molecule.

If we consider the MC molecule to be a flip configuration of
the genome, then recombination between either of the three IR
pairs (Table 2) will produce its flop. (= isomeric) molecule, as
shown in the pathway [A] of Figure 6, whereas recombination
between either of the DR pairs produces two complementary,
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Table 8. Classification of wheat mtDNA sequences into different categories

Category No. sequences Total size (bp) Proportion (%) Source

Entire genome - 452528 100.0 Figure 1

Genice, including introns 76 71848 15.9 Table 4

ORFs (larger than 300 bp), including those in repeats 179 75465 16.7 Supplementary Table 2
Repetitive (repeat sequences larger than 100 bp) 26 68 960 15.2 Table 2

Chloroplast origin 47 13455 3.0 Table 5

Rewro elements 5 805 1.2 Text

Unique (larger than 100 bp), comparing with rice and maize 277 257762 57.0 Supplementary Table 3

Classification of the sequences is not orthogonal, because some sequences are enumerated in more than one category.

Table 9, Expected and actual products of recombination when the mitochondrial genome has alternative configurations

Type of aff: Actual recombinant

Alternative genome configuration ted repeat” Expected product of

Case Configuration Recombination Repeat Before After recombination at the produced (clone obtained)®
site” recombination recombination affected repeats®
1 Flop configuration at B2 R2 (IR) RS DR IR Double-flop configuration at R2 and RS Subgenomic molecule (#27)
2 Flop configuration at R2 R2 (IR} R7 DR R Double-tlop configuration at R2 and R7 Subgenomic molecule (#24%)
3 Flop coufiguration at R4 R4 (IR) R6 1R DR Subgenomic molecules Flop configuration at R6
(#224%)
4 Flop configuration at R6 R6 (IR) R4 IR DR Subgenoric molecules Flop configuration at R4 (#1)
5 Subgenomic molecules  R1 (DR) RY DR Separated Present MC configuration Subgenomic moloenle (#31)
6 Subgenomic molecules R3 (DR) R3 DR Separated Present MC configuration Subgenomic molecule
(#75, #96, #162)
7 Subgenomic molecules  R7 (DR) R4 iR Separated Double-flop configuration at R7 and R4 Flop configuration at R4 (#1)
8 Subgenemic molecules  R3 (DR R2 iR Separated Double flop configuration at R2Z and RS Flop config. at R2 (#224%)

“Repeat mediating recombination that results in respective genome configuration. DR and IR, direct and inverted repeats.

®One of several repeat pairs. of which type is changed by altered genome configuration. Separated, two repeat sequences are separated to different subgenomic
molecules.

“The present MC molecule is considered as the flip configuration of the genome. Single- or double-flop configuration is caused by single or double recombination

at the indicated repeats.
Y Asterisk: double recombinant clone.

subgenomic molecules (pathways [B] and [C] in Figure 6),
where ‘complementary’ means that a complete gene set is
shared by two or more molecules (15). The origin of eight
recombinant clones can be explained by a single recombina-
tion event, while the remaining two double-recombination
events occurred in the MC molecule. However, if the genome
were in any other configuration, most of the recombinant
clones obtained could not have been produced by simple
recombination events (Table 9). Consider the following: if
the genome cxisted in the flop configuration of MC
(Table 9. Case 1-4). then recombination between any pair
of the present DRs should produce double-flop configurations
of the genome {Case 1 and 2), and rccombination between IRs
should produce two subgenomic molecules (Case 3 and 4).
Similarly, if the genome consisted of two subgenomic mole-
cules (Case 5-8), recombination between the repeal sequences
in two separated molecules should produce the MC molecule
(Casc 3 and 6), or its double-flop configuration (Case 7 and 8).
fn all eight postulated cases, the expected recombination
products do not match the ones we actually obtained. This
fact supports the hypothesis that the MC molecule serves as the
basic wheat mitochondrial genome structure.

A possible alternative is that the wheat mitochondrial gen-
ome contains all kinds of isomeric as well as subgenomic
molecules (13). Lonsdale er al. (16) and Fauron et af. (17)
showed that 5-14 subgenomic molecules are produced from
the MIC molecule of sugar beet and maize by inira-molecular
recombination. In our study we prepared wheat mtDNA
from 2-week-old seedlings. Now, if a seedling consists of

~10% cells, it means that 19 successive cell divisions, on
the average, occurred before DNA extraction. We do not
know how many replication origins exist in the wheat mito-
chondrial MC molecule. An electron-microscopic study of
mtDNA replication in Chenopodium indicates only a few, if
not just one, origins in its mtDNA (38). Considering this fact,
together with information on the single replication origin of
bacterial chromosomes, it is hard to believe that all kinds of
subgenomic molecules have replication origins necessary for
their maintenance through many cell cycles. This is further
support for the presence of the MC molecule.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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The second largest BamHI fragment (B2) of the chloroplast DNA in Triticum
(wheat) and Aegilops contains a highly variable region (a hotspot), resulting in
four types of B2 of different size, i.e. B2] (10.5kb), B2m (10.2kb), B2 (9.6kb) and
B2s (8.4kb). In order to gain a better understanding of the molecular nature of
the variations in length and explain unexpected identity among B2 of Ae. cvata,
Ae. speltoides and common wheat (7. gestivum), the nucleotide sequence between
a stop codon of ¥bel, and a HindI site in cemA in the hotspot was determined for
Ae. ovata, Ae. spelioides, Ae. caudaia and Ae. mutica. The total number of nucle-
otides in the region was 2808, 2810, 3302, and 3594 bp, for Ae. speltoides, Ae.
ovate, Ae. caudaia and Ae. mutica, respectively, and the sequences were compared
with the corresponding ones of Ae. crassa 4x, T. aestivum and Ae. squarrosa.
Compared with the largest B2l fragment of Ae. mutica, a 791bp and a 793 bp dele-
tion were found in Ae. speltoides and Ae. ovata, respectively, and the possible site
of deletion in the two species i1s the same as that of T\ aestivum. However, a
deleted segment in Ae. ovata i1s 2 bp longer than that of Ae. spelioides (and 7. ces-
tivum), demonstrating that recurrent deletions had occurred in the chloroplast
genomes of both species. Comparison of the sequences from Ae. caudata and Ae.
crassa 4x with that of Ae. mutica revealed a 289 bp and a 61 bp deletion at the
same site in Ae. coudota and Ae. crassa 4%, respectively. Sequence comparison
using wild Aegilops plants showed that the large length variations in a hotspot are
fixed to each species. A considerable number of polymorphisms are observed in a
loop in the 3 of rbcL. The study reveals the relative importance of the large and
small indels and minute inversions to account for variations in the chloroplast
genomes among closely related species.

Key words: Wheat, Acgilops, Chloraplast DNA, hotspot region, length variation

INTRODUCTION

Genetic variations among chloroplast genomes of wheat
(Triticum) and its close relatives (Aegilops) have been
studied extensively for mors than two decades (e.g. Vedel
et al. 1878, Ogihara and Tsunewaki 1982, Bowman et al.
1983, Tsunewaki and Ogihara 1383, Ogihara and
Tsunewaki 1988, Miyashita et al. 1984, Wang et al.
1897). This is partly because wheat is one of the most
important crops in the world, and partly because wheat
evolution with allopolyploidy provides an attractive model

Hidited by Yoshio Sano
* Corresponding author. E-mail: terachi@ce.kyoto-su.acjp

to study the maternal lineages and the process of crop
establishment. The complete nucleotide sequencing of
the chloroplast DINA molecule of a common wheat, 7. aes-
tivum cv. Chinese Spring (Ogihara et al. 2002) provides
an immense step toward more understanding of this
subject. Through these studies, inter- and intraspecific
variations among chloroplast genomes of the two genera,
as well as the molecular nature of the chloroplast DNA,
has been clarified, and our knowledge on the picture of
the maternal lineage of allopolyploid species in Triticum
and Aegilops has been expanded. However, some prob-
lems remain; including the apparent identity of a partic-
ular chloroplast fragment (the second largest BamHI
fragment, ‘B2’ hereafter) observed among Ae. ovaia, Ae.
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speltoides and T. aestivum. The B2 fragment (Fig. 1)
contains an otherwise highly diverged region, *hotspot
between the genes rbel, and petA in the wheat chloroplast
genome, and BamIl digestion of chloroplast DNAs from
various Triticum and Aegilops species yiclds four types of
fragment differing in size, i.e. B21 (10.5kb), B2m (10.2kb),
B2 (8.6kb) and B2s (9.4kb) (Ogihara et al. 1988). Many
of the diploid species in the genera, such as Ae. mutica,
Ae. bicornis, Ae. sharonensis, T. monococem and Ae.
comosa, contain the B2l fragment, whereas Ae. caudaia,
Ae. speltoides and Ae. squarrosa harbor the smaller frag-
ments B2m, B2 and B2s, respectively. Restriction frag-
ment pattern analysis revealed that most of the polyploid
species in the genera exhibit an identical ‘B2’ to their pos-
sible maternal dipleid ancestor, whereas Ae. ovata con-
tains a B2 fragment (9.6kb) similar in size to that of Ae.
speltoides and polyploid wheats. Ae. ovaia is a tetraploid
species in the section Polyeides, and contains a UM®
nuclear genome. The origin of the B2 in Ae. ovate, there-
fore, can not be traced back to that of Ae. speltoides (S
genome diploid) which is classified to the section Sitopsis.

In previous studies, we have made comparative
sequence analyses among B2l, B2 and B2s {ragments of
Ae. crassa 4x, T. aestivum and Ae. squarrosa, respectively
(Ogihara et al. 1991, Ogihara et al. 1992), revealing the
nature of length mutations in the hotspot of the chloro-
plast genome of Triticum and Aegilops. With these stud-
ies, we proposed the hypothesis that a pair of direct
repeats mediates a deletion of chloroplast sequence via
intra-molecular recombination. Here we present the
nucleotide sequences of the corresponding region of Ae.
ovata and Ae. speltoides, as well as Ae. caudaia and Ae.
mutica, in order to gain a better understanding of the
molecular nature of the variations in length in the chlo-
roplast genomes of the genera. We also investigated
whether observed length variations are fixed to the cor-
responding species or not, by using multiple samples for
each species.

Since previous cytogenetic and molecular genetic stud-
ies definitely show that Ae. speltoides is the most likely
candidate for the donor of both the B genome and plas-
moen to 7. aestivum (Sarkar and Stebbins 1956, Riley et
al. 1958, Ogihara and Tsunewaki 1988, Dvorak and
Zhang 1990, Miyashita et al. 1994, Sasanuma et al. 1996,
Wang et al. 1997), a sequence comparison among BZ frag-
ments of the four species may provide new insight into
the origin of the chloroplast genome of 7. aestivum, and
clarify why Ae. ovate harbors a similar B2 to T.
aestivum. In addition, the present sequence analysis on
the other ‘B2’ fragments will reveal how B2m in de. cau-
data was created at the molecular level.

MATERIALS AND METHODS

Plant materials Tablc 1 shows eu- and alloplasmic

lines of common wheat used a;

the sources of chloroplast
DNAs. The table alsc lists wild Aegilops accessions of
which intraspecific variations, or polymorphisms, were
surveyed. 'Total DINA was isclated from four Ae. cau-
dote, six Ae. squarrosa, 51 Ae. mutica, six Ae. speltoides
and five Ae. ovaia plants, and used as the template for a
Total DNA was also
isolated from $wo alloplasmic lines of common wheat, C14
and C18 (Table 1).

polymerase chain reaction (PCRJ.

DNA manipulation Chloreplast DNAs were isclated
from young sesdlings of alloplasmic lines of common
wheat (J02, C04, C13, C17, £31 and €35, in Table 1) by

ds (Ogihara and Tsunewaki 1882). The

o

standard me

wraV atpBlE

wrpl23 ’/"/
Yrples

<
L/

IG1

|
|
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| G2
CDl o2 CD3 Ch4

Fig. 1. Gene organization of the second largest BomHI frag-

ment (B2) of wheat chl 8

(in parentheses) are f ;

(tRNA-Met(CAU)), aipB/E (ATPase beta and epsilon subunits),

rbel (Rubisco large subunit), psal (PSI small peptide), ycf4

{(unknewn protein), cemA (emvelope membrane protein), and

petA (cytochrome ). A pseudogene for ribosomal protein L23 is

3. Th

!
|
i

marked as wrplZ partition of a sequenced region is
shown in an enlarged m The position, size and direction of
the gene are shown by black and white arrows.

Ae. caudata

A

/XN |
™ RN fi >

Wrpll3 psal vefd V cemA
C

Ae. crassa 4x

Lion of a pair of short direct repeats producing
the large length variat v Triticum and Aegilops species.
The relative position ¢ epeat (see text) is indicated by ver-
tical arrows in the B2l fragment of Ae. mutica. The
large length variations are marked as A~D.
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Table 1. Eu- and alloplasmic lines of common wheat and Aegilops plants used as the sources of DNA

a. Alloplasmic lines of common wheat

Code Cytoplasm donor Nuclear donor”  Note?
Species Bection Type of B2

J02 Ae. caudata Cylindropyrumr B2m Cmp -
Co4 Ae. squarrosa Vertebrata B2s Cs

C19 " " " " c

Ci3 Ae. mutica Amblyopyrum B2l " a

C14 N " N " ¢

C17 Ae. spelioides Sitopsis B2 " a

C31 Ae. ovata Polyeides " "

35 Ae. crassa 4x Vertebrata B2l "

b. Euplasmic lines

Abbr. Species Section or group  Subspecies or variety Origin Accession number”
7031;—51 Ae. caudaita 7 Cylindropyrum Polyathera Iraq KU-5482
edt-b " " - - KU-5851
edt-c " " Polyathera Turkey KU-5852
cdt-d " " Typica ! KU-5864
sqr-a Ae. squarrosa Vertebrata Typica - 20-2

sqr-b " " Strangulata Iran 20-9

sqr-c " ! Typica Pakistan KU-2002
sqr-d ! ! " Afghanistan KU-2013
sqr-e " " " - 1558

sqr-f " " Strangulata - 1557
mic-a Ae. mutica Awmblyopyrum - Turkey KU-12003
mte-b ! " - " KU-12004
mte-¢ ! " - " KU-12005
mte-d h N - " KU-12006
mibc-e " " - " KU-12007
mte-f " " - " KU-12011
spl-a Ae. speltoides Sitopsis Typica Turkey K1J-2228B
spl-b " “ " " KU-2229A
spi-c ! " " " KU-2231C
spl-d ! " " KU-2238
sple ! " " " KU-2239
spl-f i " ! " KU-2241B
ovt-a Ae. ovata Polyeides Vulgaris Jordan KU-6006
ovt-b " " ! Syria KU-6014
ovi-c " B " Turkey K1J-6031
ovi-d " " " Greece KU-6067
ovt-e " " " Italy KU-6070
cs T. aesiivum Dinkel Chinese Spring -

CS

Y Cmp: Triticum compacium cv. No. 44, CB: Triticum aestivum cv. Chinese Spring.

2)

a: Nucleotide sequence was determined in this report, b: The sequences were obtained from Ogihara et al. (1991),

but minor corrections were made by re-sequencing the problematic regions. ¢: A PCR fragment instead of eloned
chloroplast fragment was used for the analysis.
¥ For the accessions with KU number, more information is available at the data base Komugi (http://
www.shigen.nig.ac.jp/wheat/komnugi/top/top.jsp) funded by National BioResource Project.
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second largest BamHI fragments, originally cloned inte a
BamHI site of a plasmid vector, pBR322 or pUC119, were
used as a starting material for the sequencing study. A
HindIll/Pst] fragment in each of the B2 fragments was
sub-cloned into a HindIIl/Pst] site of pUC119, and both
strands of a cloned fragment were sequenced by the cycle
sequencing procedures described below. As for the two
alloplasmic lines (C19 and C14) and wild accessions, total
DNA was extracted using a DNeasy Plant Mini Kit
(Qiagen) according to the manufacturer’s instructions.
For these samples, the chloroplast fragment containing
the regions between rbeL and cermA was amplified by PCR
with the primers, BZ/F (5-TGAGTGTCTACGTGGTG-
GAC-3) and B2/R (F-CAAGCGAAGGAGATAGACGG-
3. The amplification was performed in a GeneAmp sys-
tem 9600 (Perkin Elmer) under the following conditions;
30 cycles of denaturation (94°C, 1 min), annealing (60°C,
1 min) and extension (72°C, 3 min), followed by an exten-
sion (72°C, 10 min). PCR products were purified with a
Suprec-02 filter (Takara Shuzo), and subjected to direct
sequencing with a series of primers based on the corre-
sponding chloroplast sequences of 7. agestivum and Ae.
crassa 4x (DDBJ accession nos. X62117 and X62118).
Information on the sequencing primers is available upon

C.-H. GUC and T. TERACHI

request.
cycle sequencing procedures using a2 Thermo Sequenase

The nucleotide sequence was determined by

kit (Amersham) with an ALE express autosequencer, or
using a dye terminator cycle sequencing with quick start
kit (Beckman Coulter) and a CEQ2000 autosequencer.
The sequence data were analyzed with the software Gene-
‘Works and MacVector (Oxford Molecular Group). The
nucleotide sequences are deposited in the DDBJ/EMBIL/
the numbers

GenBank databases under accession

AB180925 to AB180928.

RESULTS

Overall structure of a holspot region in the chiore-
plast genomes of Triticum and Aegilops Using a clo-
ned fragment of chloreplast DNAs from alloplasmic lines,
comnplete nuclestide sequences of a hotspot region in Ae.

speltoides (C17), Ae. ovata (C31), Ae. caudata (J02) and

Ae. mutica (C13) were determined. In this paper, the
sequence from immediately after a stop codon of the gene
rbek. to a Hindill site in the gene cemA was analyzed in
detail (Fig. 1). The total number of nucleotides in this
region was 2808, 2810, 3302, and 3594 bp, for Ae. spel-
toides, Ae. ovata, Ae. caudain and Ae. mufica, respec-

Table 2. Nucleotide substitutions in the intergenie (IG) and coding (CI3) regions of a hot

spot in the chloroplast genomes of Trificum and Aegilops

Gz

(1088)
207 262 469 694 852 864
¢ C A T T G
B - - T A
T _ - _ -
C T Cc ¢ T G
C — - - - ~
c T ¢ T G ¢
c , _ - _
55 132 211 302 304 249 353 468
- - - - 2T g A
¢ ¢ T T € ¢ T G
¢ A C T A T G A
A G C A A T G A
A G C A A T G A
g & - T A T G A
G ¢ ¢ T A T G A

Species 161 ot
307" yrpl23
709 104 175 196

Ae. caudata € T G A

Ae. squarrose C C -

Ae. speltoides A C G G

Ae. mutica C C G G

Ae. ovata C C G G

Ae. crassa 4x C C G G

T. aestivum A C A G

Speciésri 7CD? G4
yef4(558) (475
255 264 478 18

Ae. caudc;‘,a\r T A A\ *i(}

Ae. squarrosa G A C G

Ae. speltoides G A A G

Ae. mutica T A A G

Ae. ovata G G A G

Ae. crassa 4x G A A A

T. aestivum G A A G

¥ Numbers in parentheses indicate the total number of bases in the longest sequence.

¥ The numbering starts from the first base in each region.
¥ _ denotes a missing base due to large length variations in the corresponding region.
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tively. As expected from the data on T\ aestivum (DDBJ
accession no. AB042240, coordinate 58344~59150), three
chloroplast genes, psal, yef4, and cemA, are present in
For conve-

1oq

this region with a pseudogene, yrpl23.
nience’s sake, the sequence is divided into four intergenic
(1G1-1G4) and four coding (CD1-C134) regions (Fig. 1).
The overall A+T content of this region is slightly higher
than that for the entire chloroplast genome of T\ aestivum
(61.7%), ranging from 67.7% for both Ae. speifoides and
Ae. ovata to 66.6% for Ae. caudaia.  The A+T content var-
ied depending on the region; CD3 (coding region for yefd)
gave the lowest value (60.1%), wheresas IG1 (intergenic
region between rbelf, and wrpi23) showed the highest
(78.1%). In general, the A+T content of the intergenic
regions (71.8% on average) i3 higher than that of coding
regions (64.8%), as already reported for 7. gestivum and

Table 3. Insertions/de
seven: Trilicum and Aegilops species

two other Aegilops species (Ogihara et al. 1992). When
the nucleotide sequences of the four Aegilops species were
compared with those of T. gestivum (2807 bp, obtained
from DDBJ accession no. AB042240), 4e. crassa 4x (3540
bp, DDBJ accession no. X62118 with minor corrections)
and Ae. squarrosa (2568 bp, DDBJ accession no. X62119
with minor corrections), different types of mutations,
including base substitutions, insertions/deletions (indels)
and inversions, were detected as described below. Nucle-
otide sequences of the coding region of psal (CD2) and
cemA (CD4) are identical with each other among the
seven species compared.

Large length variations found in the intergenic
regions of a hotspot Relatively large (61bp-793bp)
length variations were detected in three (IG1, IGZ and

letions found in the intergenic regions of a hot spot of chloroplast genomes from

Species IG1

22726 138-141Y 245 264 293
Ae. caudala ~ACAAGY cT +ATGATC
Ae. squarrosa ~-AGAAG TTTTCT +AATAAAAT  A295-
Ae. speltoides AGAA
Ae. mutica ~AGAAG AGAAA +ATGATC
Ae. ovata ~-AGAATG AGAAAAA +GTATA +ATGATC
Ae. crassa 4x ~-AGAAG TTCT +AATAAAAT  +ATGATC
T. aestivim TICT
Spccies 1G2

157 159 160 232 943 982-986

Ae, cduc’iﬁam 7 -T =T +T
Ae. squarross A-764
Ae. speltoides A159-943
Ae. mutica
Ae. ovata A1B7-943 —CAATA
Ae. crassa 4x =T
T. gestivum A159--943
Species 7 IG3 o 7 jte;

110 42 176 178 238
Ae. caudato A42-368
Ae. squarrosa +4
Ae. speltoides +T
Ae. mutica
Ae. ovate +T
Ae. crassa 4x A176-236

7. aestivum

D A region fo
2~ and +

and 1G4) or Ae. mutica (1G2).

ing a'loop in the 3 of the gene réck (see Table 4 for detail).
te a deletion and an insertion of the sequence relative to 7. asestivum (IG1, IG3
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Table 4. Inter- and intraspecific variations of the nucleotide scquence found in the loop of a stewm-loop in the 3" rbel. Varied

sequences arc indicated by boldface letters

Species Accession

Sequencé ) 7 o Typ

Ae, caudm,;;z C02, cdt-a, -b, -¢, -d

TCGGCTCAATCTTTTTT — — — — -

CCTAAAAAACATTGAGCCCGA 1

Ae. squarrosa €04, C19, sgr-a, ¢, -d TCGGCTCAATCTTTTTT - -TTTTCTAAAAAAGATTCGAGCCGA 2

sqr-e TCGGCTCAATCTTTTTTAGAAAA--AAALAAGCATTGAGCCGA 3
sqr-b, sqr-f TCGGCTCAATCTTTTTT - - -TTTCTAAAAAAGATTGAGCCGA 4
Ae. mutica mtc-a,-d TCGGCTCAATCTTTTTT -~ -TTTCTAAAAAAGATTGAGCCGA 4
C13, C14, mtc-h, ¢, e TCGGCTCAATCTTTTTTAGAAA - - ~AAAAAAGATTGAGCCGA 5
mte-f TCGGCTCAATCTTTTTTTTTTTYICTAAAAAAGATTGAGCCGA ¢
Ae. speltoides spl-b, -¢ TCGGCTCAATCTTTTTT - - - -TTCTAAAAAAGATTGAGCCGA 7
C17,spla,-d,-e,-f[ TCGGCTCAATCTTTTTTAAGA -~ ~--AAAALAAGATTGAGCCGA 8

Ae. ovata ovt-b, -d, -e TCGGCTCAATCTTTTTT - -TTYTTCTAAAAAAGATTGAGCCGA 2
ovt-¢ TCGGCTCAATCTTTTTTAGAAAA - ~AAAAALGATTGAGCCGA 3
C31, ovt-a TCGGCTCAATCTTTTTTAGAAAAA-AALAAMAAGATTGAGCCGA 9
Ae. carassa 4x C35 TCGGCTCAATCTTTTTT - - ~--—TTCTAAAAAAGATTGAGCCGA 7
T. aestivum  CS

TCGGCTCAATCTTTTTT -~ - - - TTCTAALAAAGATTGAGCCGA 7

I1G4) of four intergenic regions among the seven chloro-
Compared with the largest B2l frag-
ment of Ae. mutica, a 791bp and a 793 bp deletion were
found in the IG2 of Ae. spelivides and Ae. ovata, respec-
tively (Fig. 2, marked as A). The possible deletion site is
exactly the same as that of T\ aestivum, where a pair of
direct repeats, “CAT,” was found, relative to the B2] of Ae.
crassa 4x. The sequence correspond to “sequence A” in
Ogihara et al. (1988). However, a deleted segment in Ae.
ovata is 2 bp longer than that of 7. gestivum and Ae. spel-

plast sequences.

toides, since the remaining sequence at the site is 2 bp
shorter in Ae. ovate than T. aestivum and Ae. speltoides.

Similarly, comparison of the 1G4 sequence (between the
vef4 and cemA genes) from Ae. caudata with the corre-
sponding sequence of Ae. mutica revealed a 289 bp dele-
tion in Ae. caudata (Fig. 2, marked as B). At this site, a
pair of direct repeats, “A,GAAGAA”, was present in Ae.
mutica and in the other five species. Furthermore, a 61
bp deletion (Table 3, A176-236), relative to all species
except Ae. caudata, was detected in the 1G4 of Ae. crassa
4x (Fig. 2, marked as C). A pair of direct repeats,
“TYAT”, was found at the site of this deletion.

Interspecific variations and polymeorphisms Table
2 summarizes a total of 22 base substitutions found in
both intergenic and coding regions of a hotspot in the
chloroplast genome. Three base substitutions were
observed in each of CD1 (wrpl23) and CD3 (vcf4), whereas
two, five and nine were detected in IG1, IG2 and 1G4,
respectively. Table 3 shows all small indels observed in

the regions analyzed. Apart from the variations in the 8
of the gene rbcl (to be described separately), a total of 11
small indels were observed only in the intergenic
regions. Five of the 11 indels were 5-8 nucleotides long,
and they were concentrated in IG1 and IG2. Among
these five indels, four occurred at short direct repeats,
and the remaining one at an inverted repeat.

In order to check whether the large length variations
are specific to the species or not, further sequence analy-
sis was conducted by uvsing multiple samples of wild
Acgilops plants (Table 1). Only the sequences relevant
to the large lenpgth veriations and to the 3’ rbel were
determined for all plants with the selected sequencing
primers. The sequence analysis of the deletion borders
showed that all large length variations found in the allo-
plasmic lines of common wheat with Ae. speltoides, Ae.
ovate and Ae. caudata cytoplasms are fixed to the corre-
sponding speecies (data not shown). The results also
revealed that a considerable number of polymorphisms
are present in a loop of a stem-loop structure of the 3 of
the gene rbck (Table 4). In conirast, the sequence adja-
cent to the loop, including a pair of 17 bp inverted repeats
(i.e. a stem), was monomorphic and highly conserved in
all the accessions.

BISCUSSION

Recurrent deletions occurring at the same site
resulted in the similar B2 fragments of Ae. ovata
and Ae. spelloides Ansalysis of the restriction frag-
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ment patterns of chloropiast DNAs revealed unexpected
identity among the B2 {ragment (9.6 kb) of Ae. ovata and
Ae.  speltoides (and polyploid wheats including 7.
aestivum). Since the diploid Ae. spelivides is classified
into the section Sitopsis, it is difficult to consider Ae. spel-
toides as a maternal ancestor of the tetraploid Ae. ovata
which belongs to the section Polyeides. This observation
prompted us to study why B2 is shared among these
species. The data presented here clearly demonstrated
that an independent deletion which had cccurred at the
same site in the chloropiast genome of Ae. ovagia and Ae.
speltoides resulted in & B2 fragment of the same
ced by a “footpriat” which
remains at the site of a possible deletion in the two spe-
cies; they differ from each other by two bases, t.e. “CAT”
in Ae. speltoides (and 7. aestivum), whereas “CATg” in Ae.

size. The conclusion is evider

ovata. Recently, Ogihara and Ohsawa (2002) investi-
gated various length mutations in the chloroplast geno-
mes of Triticum and Aegilops species, mainly using
alloplasmic lines of common wheat, and proposed as a
possible molecular mechanism for the deletion, illegiti-
mate recombination mediated by short direct repeats.
The reported deletion in Ae. vvaia (Del 4, in their paper)
is 2 bases shorter than that found by us. The reason of
this incongruity is not clear, but a fact that the six acces-
gions of wild Ae. ovaia have a completely identical
deletion (A157-943, Table 3) at this site tc that of an allo-
plasmic line (C31) supports our sequence data. Although
the same conclusion can be drawn for the target sequence
in Ae. ovala, it should be emyphasized that occurrence of
the deletion in wild Ae. ovaic was first proved in this
report, showing a possibility that the delelion can be used
as a molecular marker for distinguishing Ae. ovata from
other related species in the section Polyeides.

The present study also showed that the size and posi-
tion of a large deletion in Ae. speltoides (A159-943, Table
3) is completely identical to that of 7. aestivum. The fact
that all wild Ae. speltoides analyzed here also possess an
identical deletion to this indicates that the origin of B2 of
T. aestivum can be traced back to that of Ae. speltoides.
This result strongly supports the previsus conclusions
that Ae. spelioides is a donor species of a chloroplast
genome to common wheat (Ogihara and Tsuncwaki 1988,
Miyashita et al. 1994, Wang et al. 1997). The fact that
the other Aegilops species in the Sitopsis (e.g. Ae. bicor-
nis) have B2l (not B2) fragment also supports this conclu-
sions, though further work is nesded to reveal the nature
of B2l in Sitopsis at the sequence level.

Compared with the B21 fragment of Ae. mutica, a 61 bp
deletion (A176-236) was found in the 1G4 of Ae. crassa
4x. The 61 bp deletion had not been studied in detail in
previous studies, but it appeared that the deletion
occurred in the same region as that of Ae. caudata, ie.
Del6 in Ogihara and Ohsawa (2002). The results sug-
gest that more variations will be disclosed among other

B2l fragments by sequencing, although they could not be
discriminated from each other by the previous studies
using the restriction {ragment patterns. The B2l of Ae.
mutica, the longest fragment sequenced so far, therefore
carries four pairs of short direct repeats, “CATY”,
“ATTAT”, “A,GAAGAAT” and “T4AT”, and each repeat
which was present in the prototype sequence contributed
to a deletion, resulting in B2, B2s, B2m and Ae. crassa’s
B21, respectively (Fig. 2). Our previous model proposing
that the direct repeats mediate a deletion of the chloro-
plast sequence via intra-molecular recombination (Ogi-
hara et al. 1988) can be applied in all cases.

Other interspecific variations and polymorphisms
found in the hotspot region of chloroplast genome
Four base substitutions were observed among ycf4 genes
from seven Triticum and Aegilops species. The A/G tran-
sition in Ae. ovaia (+264) is synonymous, but the G/T
transversion in Ae. caudata and Ae. mutica (+255) and A/
C transversion in Ae. squarrosa (+478) are non-synony-
mous. With these changes, the deduced amino acids in
YCF4 should be changed from Leu to Phe (at position 85)
in Ae. caudata and Ae. mutice and from Lys to Gln (at
position 160) in Ae. squarresa. The yef4 gene is required
for assembly and/or stable accumulation of the PSI com-
plex (Boudreau et al. 1997). Further studies are requ-
ired to see if these amino acid changes affect the function
of these polypeptide in the PST complex or not.

Apart from the relatively large deletions described
above and those occurring in the stem-loop of 8 rbel, a
total of 11 indels are found in the intergenic regions of a
hotspot of the seven chloroplast genomes. Five of the 11
indels are multi-nuclestide indels (5-8 bases long), and
four of them occurred in IG1. IG1 includes the region
where the terminator sequence for the gene rbel, is
located, and the region is quite A+T rich (78.1%). The
region alsc contains various short tandem and inverted
repeats, suggesting that the sequence composition itself is
the source of variations. The correlation between the
sequence composition and the fidelity of chloroplast DNA
polymerase (Gaikwad et al. 2002) is worthy of further
study. Including the multi-nucleotide indels, more than
half of the variations in the intergenic regions were
caused by small indels. Morton and Clegg (1993) have
already pointed cut that RFLP data derived from noncod-
ing regions of the chloroplast genome should be used with
caution in studies of intraspecific or intrageneric relation-
ships. Close examination of the sequence, however,
shows that some indels seem to be informative for the
phylogenetic inference. For example, an insertion of
“AGAAG” and a dcletion of “ATGATC” in IG1 are shared
by Ae. spelioides and T. aestivum. This may provide fur-
ther evidence of the origin of the chloroplast genome of T'
aestivum. Similarly, an insertion of “AATAAAT” in IG1,
which is shared by Ae. squarrosa and Ae. crassa 4x, may
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represent a common history of their chlorcplast genomes,
since both species contain the nuclear genome D. More
systematic studies on the pattern and frequency of indels,
especially in the context of comparing the evolutionary
rate with a simple base substitution, will help to include
this type of variation of chloroplast genomes in the phy-
logenetic study of closely related species.

In this study, polymorphisms in the chloropiast genome
were surveyed by direct sequencing, but data were avail-
able only for the limited regions. Nevertheless, a consid-
erable number of polymorphisms are detectable in the
sequence for a loop in the 3’ region of the gene rbcL (Table
4). The sequence is highly polymorphic; three types
were found in each of Ae. mutica, Ae. squarrosa and Ae.
ovata, and two types in Ae. spelioides, and a total of nine
types were found in the samples. Close examination of
the sequence shows the variations can be easily explained
by an inversion of a loop sequence followed by a change
in the number of mononucleotide repeats (Table 4). In
general, the stem-loop of a chloroplast gene is a process-
ing signal of the RNA 3-end, and determines mENA sta-
bility (Rott et al. 1998). Because it is difficult to imagine
that the stability of rbel, mRNA differs considerably
within or between closely related species, the data sug-
gest that the sequence in a stem is more important for
function than that in a loop. There are 75 protein-coding
genes in the wheat chloroplast genome (Ogihara et al.
2002) and the stem-loop structure is frequently found in
the 3" of the genes. We propose that a minute inversion
in a loop sequence is one of the mechanisms producing
polymorphisms in the chloreplast genome.

Historically, inter- and intraspecific variations of the
chloroplast genomes in Triticum and Aegilops have been
studied using restriction fragment patterns. In this
study, we determined the nucleotide sequence to reveal
the nature of variations in a hotspot region of the chloro-
plast genome. The study reveals that the variations
resulted not only from a simple base substitution but also
from large and small indels and minute inversions. Tur-
ther sequencing with many more Aegilops plants will
reveal the nature of the chloroplast genome’s evolution
between and within closely related species.
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Cloning and Structural Analysis of Wheat ¢cDNAs Encoding Vdr Protein Kinase

Homolog by Data Mining of the EST Database KOMUGI

Takehiro Imai and Torn Terachi®
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In order to gain a better understanding of the nature of nuclear dhfrelated (MNdr) protein kinase homologs in
monocots, three cDNA clones were isolated from common wheat (Trificum aestivum) by data mining of ex-
pressed sequence fag (EST) databases, and their primary structare was determnined by reverse transcription-
polymerase chain reaction (RT-PCR), 5'-rapid amplification of cDNA ends (RACE}, and nucleotide sequenc-
ing. Deduced amino acid sequences of the ¢DNA clones contaired all 12 highly conserved subdomains of
the eukaryotic Ser/Thr protein kinase, including the ATP-binding site {in subdomain 1-1) and the Ser/Thr
protein kinase active-site (in subdomain VI}. The sequences also contained an insert of 56 amino acids be-
tween subdomains VII and VIIL and three conserved Ser/Thr residues, being characteristic of the Nay family
of eukaryotic protein kinases. A sequence comparison among ¢DNAs from wheat and those from ancestral
diploid species (T. boeoticum, Aegilops speltoides and Ae. squarrosa) revealed that at least three homeolo-
gous genes were expressed in hexaploid wheat. The results confirmed the usefulness of current EST data-
bases including KOMUGH for gene cloning of wheat, since the use of specific primers designed with infor-
mation about EST sequences has considerably facilitated the cloning of rare cIiNAs such as Ndr.

Key Words: wheat, homeologous genes, Ndr, protein kinase, AGC group, EST.

Introduction

Although common wheat (Triticum aestivum) is one of
the world’s most important crops, molecular cloning and
functional analysis of wheat genes have been hampered by
the large genome size, polyploidy, and a lack of molecular
tools such as ESTs, ordered genomic clones, and gene-
tagged lines. In addition, due to the difficulty in obtaining
transformants, wheat is not a suitable material for molecular
studies. However, the recent development of wheat EST data-
bases such as KOMUGI (http://shigen.lab.nig.ac.jp/wheat/
komugi/top/top.jsp) has dramatically changed the situation;
presently, the number of EST sequences deposited in data-
bases has grown to a point where it is comparable to that of
ESTs for the model plant Arabidopsis thaliana, and now
wheat can be considered to be a primary source for gene
cloning.

We have recently cloned and characterized three
¢DNAs encoding novel protein kinases in the ‘AGC’ group
from radish, to gain a better understanding of the nature of
plant protein kinases in the group (Imai ef a/. 2003). Based
on the sequence and structural similarity, we concluded that
the protein kinases are plant homologs of the fungal coti-
like (Yarden ef al. 1992) and animal Ndr protein kinases
(Millward et al. 1995) (hence we designated the radish genes
Communicated by N. Tomooka
Received October 4, 2004, Accepted November 24, 2004.
*Corresponding author (e-mail: terachi@cc.kyoto-su.ac.jp}

as RsNdrs). The results also showed that RsNdrs consist of a
small multi-gene family in radish. However, no information
is available about the Ndr family of protein kinases in mono-
cots. The main purpose of the present study was to examine
for the first time the gene encoding Ndr protein kinase in
monocots. Ndr is a conserved and widely expressed nuclear
protein kinase, first isolated and sequenced in humans,
D. melanogaster and C. elegans (Millward et af. 1995). Al-
though an entire signal transduction cascade in which Ndr is
involved has not vet been elucidated, Ndr is considered to be
important for the regulation of cell growth, cell division and
cell morphology (Millward ef ol. 1999, Tamaskovic et al.
2003). In the present study, three ¢DNA clones encoding a
Ser/Thr protein kinase which is homologous to Ndr, were iso-
lated by data mining of the wheat EST database KOMUGI,
and the primary structure of these ¢DNAs was determined
by RT-PCR and the 5-RACE method. The results showed
the presence of at lzast three homeologous genes in common
wheat, each of which was expressed in young seedlings.
The usefulness of the current wheat EST databases for gene
cloning was also examined.

Materials and Methods

Data mining and primary R1-FCR

The database KOMUGI, developed within the frame-
work of the National BioResource Project in Japan, and the
GenBank database were searched using the sequence of a
radish Nari ¢cDNA (DDBJ accession no. AB105045) as an
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electronic probe, and 19 homologous EST sequences were
selected. Figure 1 shows the selected EST sequences and
their alignment into a contig for the construction of a
hypothetical cDNA sequence. Although some heterogeneity
was present among the sequences, the existence of several
conserved regions allowed us to synthesize a primer pair,
FOl (=5-GGTGCTATCATGTATGAAATGC-3') and RO
(=3-TTGTAATACACATGCTCGTCAG-3"), to be used in
the initial RT-PCR to amplify the last half (~1kb) of a hypo-
thetical cDNA (Fig. 1). Total RNA was isolated from young
seedlings of the wheat cv. Chinese Spring, using an RNeasy
plant mini-kit (Qiagen), and RT-PCR was performed. The
RT-PCR products of an expected size (ca. 0.95 kb) were
cloned into a plasmid vector, pGEM-T Easy (Promega), and
their nucleotide sequences were determined using either an
AL Fexpress (AP Biotech) or a CEQ2000 (Beckman coulter)
DNA sequencer.

5“RACE and sequence analysis of full-length ¢cDNAs

Since few EST clones were located in the predicted 5'-
region of the cDNA (Fig. 1), RACE was performed with the
primers S'RACE] (=5-TGCAGGTCGACATTGAACC-3")
and 5’RACE2 (=5"-GCATTTCATACATGATAGCACC-3")
designed from the DNA sequences of the initial RT-PCR
products. A primer, 5’UTR1 (=5-GCTATTGACCGCTTCA
GAGC-3"), which is specific to the 5'-end of cDNA, was de-

signed from the consensus sequence of the RACE products.
Putative full-length ¢cDNAs were then amplified in wheat by
RT-PCR using S"UTRV and another primer, 3'UTRI (=5'-
TTCAATTGTAATACACATGCTCG-3"), whose sequence
was taken from a consensus sequence of distal EST clones.
Complete nucleotide sequences of the putative full-length
cDNAs were determined afior cloning of the RT-PCR prod-
ucts into a plasmid vecior as previously described. The
sequences of a full-length ¢DNA for Ndr were also deter-
mined for the ancestral diploid species, Le. T boeoticum,
Ae. speitoides and Ae. squarrosa, by cloning of the RT-PCR
products. The cIXNA sequences were deposited in the DDBJ
database under accession nos. AR179753-AB179755 and
AB180739-AB180741, The nucleotide and deduced amino
acid sequences of the cIINAS were analyzed using the soft-
ware GeneWorks (Oxford Molecular Group), Clustal W at
Genomenet (http://clustalw.genome jp/), PAUP* version4.0
(Swofford 2002}, and the BLAST program at NCBI (hitp://
www.ncbinlmnih.gov/BLAST/).

Results and Discassion

Primary structure of cDNAs encoding putative wheat Ndr
A single fragment of expected size {~2kb) was ampli-

fied by RT-PCR with the primer pair 5'UTRI and 3'UTR1

(Fig. 2a). The size of this fragment was similar {o that of a

A hypothetical cDNA

mEm B o oh M W4 W B B M W BN R By aR A BB MR % mE

BI243654 2
BI271019 b
BFA484292. smermsan b
BF472966 b
BI270158 b
BE444872 p
BI269734 5
BI274605 b
BEA22823 .
BQ579365 d
BI2T2505 comrmeemirmermrmimen b
BI267556 —
A BI2TI660 emmeom o
SRACE clone B rol e
168 emmmmmsaeon b
$= SUTRI SRACE2 < —
SRACE] <~ BI27I0387  mmemnmmarcomen b
s BI2TOIST  mmmmsmrnarnen 1
300 bp BIZAGTOD  maremsmemmcmecmmemmcmenns
RO a5
FUTRI @

Fig. 1. Alignment of EST sequences selected from the databases KOMUGIH (lines with the prefix
BJ, followed by a six-digit number) and GenBank (others). cDMA fibruries from which
each EST clone was isolated are indicated as follows; a, spike at flowering time; b, pistil at
heading tiroe; ¢, etiolated seedling root, d, dormant embryo; e, endosperm. A hypothetical
c¢DNA and the region covered by a 5'-RACE clone are denoted by 2 dotted and 2 bold line,
respectively. Arrowheads indicate the position and the direction of the primers used for RT-
PCR and RACE.
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Fig.2. A full-length ¢cDNA fragment amplified by RT-PCR. Total
RNA was prepared from wheat (a) and three diploid species
(b). Letters above the lane indicate nuclear genome formulae
of each species, i.e. ABD, A, S and D for Triticum aestivum,
T. boeoticum, Aegilops speltoides and Ae. squarrosa, respective-
ty. -+ and — denote the presence and absence of the reverse tran-
scriptase in the reaction. PCR was performed in a System 2400
programmable ncubator (PE Biosystems) using ExTaq DNA
polymerase (TaKaRa) under the following conditions: initial
denaturation (94°C, 3 min), 30 cycles of denaturation (94°C,
30 sec), annealing (55°C, 30sec) and extension (72°C, 1 min).
M: Mixture of the A HindIIl and $X174 Huelll digests used as
molecular size standards.

hypothetical cDNA obtained by the assembly of EST se-
quences. Three clones with a putative full-length ¢DNA
were selected and their complete nucleotide sequences were
determined. Two of the clones (1-7 and 1-9) contained an
RT-PCR product with 2094 bp. The remaining clone (2-3)
contained a 2093 bp product (Fig. 3). All three clones con-
tained a single ORF with 1674 bp encoding a protein with
557 amino acids and a calculated molecular mass of 64 kDa.
Although the overall DNA sequences for the three clones
were quite similar, three, 15 {14 synonymous and one non-
synonymous) and seven nucleotide differences were ob-
served in the 5'-UTR and 3'-UTR coding regions, respec-
tively (Table I). Three insertions/deletions were also found
in the 3'-UTR region of the cDNAs. The deduced amino acid
sequences of the three cDNA clones were nearly identical,
only one amino acid difference (Gly vs. Ser, at position 539)
was present between clone 2-3 and the others (Table 1). The
deduced amino acid sequences of the three clones contained
all 12 highly conserved subdomains of the eukaryotic Ser/
Thr protein kinase (Hanks and Hunter 1995), including the
ATP-binding site (in subdomain I-I1) and Ser/Thr protein
kinase active-site (in subdomain VI) (Fig. 3). The sequences
also contained an insert of 56 amino acids between sub-
domains VI and VIII, and three conserved Ser/Thr residues
(Fig. 3), being characteristic of the Ndr family of eukaryotic
protein kinases (Tamaskovic ef al. 2003).

Relationship of wheat Ndrs among plant protein kinases

In order to determine the relationship of the wheat Ndrs
among plant protein kinases, a phylogenetic analysis was
carried out using the deduced amino acid sequences. Since
more than 1,000 genes may encode an eukaryotic protein
kinase in Arabidopsis (Wang et al. 2003), and the ‘protein
kinases’ consist of highly diverse families of proteins that
differ in structure and function, a limited comparison was
made for this purpose. Using the BLAST program, closely re-
lated sequences, including eight hypothetical protein kinases
in Arabidopsis, and putative protein kinases in tobacco
(NTPKTL7), ice plant {(MCPRTKINA) and spinach
{SOPRTKINA) (GenBank accession nos. X71057, 230329
and 230330, respectively) as well as radish RsNdrs, were se-
lected from the databases. Some plant protein kinases which
had been classified into the *AGC group’ were also included
in the analysis, as well as AK 1 {GenBank accession no. NM
120569) (Harper ef al. 1993) which belongs to the calcium-
dependent protein kinase {CDPK). The latter was used as an
outgroup. Figure4 shows a tree for the phylogenetic rela-
tionships among the selected plant protein kinases. The tree
indicated that the deduced amine acid sequences of wheat
Ndrs formed a cluster with the aforementioned putative pro-
tein kinases, and that they could be clearly distinguished
from those of other “AGC” protein kinases such as PVPK1
(Lawton er al. 1989). Tt is interesting to note that the wheat
Ndr sequences were more similar to some Arabidopsis se-
quences {e.g., At2g20470) than those of RsNdrl and its
Arabidopsis homolog At5g09890, though the RsNdrl se-
quence was used for selecting wheat ESTs from the data-
base. In Arabidopsis, probably eight genes encode protein
kinases homologous to Ndv. The presence of a small multi-
gene family for Ndr is also expected in other plant species.
The three different ¢cDNA clones characterized in this report
should be considered to be the products of homeologous
genes in hexaploid wheat (see section ‘three cDNAs are de-
rived from homeologous genes i the A, B and D genomes
of wheat’). Therefore, other members of a Ndr family are
tikely to be found in wheat with the accumulation of more
data.

Three cDNAs are derived from homeologous genes in the A,
B and D genomes of wheat

Wheat is a hexaploid species consisting of A, B and
D genomes, and 14 out of 15 nucleotide differences in the
coding region of the ¢cDNAs are synonymous, This obser-
vation prompted us to determine whether each of the three
¢DNAs was derived from homeologous genes of wheat.
RT-PCR was performed with total RNA isolated from the
ancestral diploid species, i.e. T, boeoticum, Ae. speltoides
and de. squarrosa containing the A, 5 and D genomes, respec-
tively, and the corresponding cDINAs were cloned after PCR
(Fig.2b). Table2 summarizes the nucleotide differences
among each of the wheat ¢cDNA clones and each of the
cDNA clones isolated from the ancestral species, while
Figure 5 depicts a iree showing the relationship among the
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WheatNdrlinu.1-9 B - 074
WheatNedr1/no.2-3 2073
WheatNdrifno.1-7 204
Wheatldrlino.1-9 2094
WhearNdrlino.2-3 2003

¢DNA (upper) and deduced amino acid (lower, one lefter code) sequences of wheat Ndrs. Nucleotides of ciones 1-9 and 2-3 identical with
those of clone 1-7 are denoted by dots (. ). A different amino acid in clone 2-3 is indicated by a one letter code after the slash (/). Gaps
are represented by dashes. Conserved catalytic subdomaing are denoted using bold underlines with Roman numerals. The three Ser/Thr
residues conserved in Ndrs are circled. The ATP-binding site and Ser/Thr protein kinase active-site are denoted by shaded and obliquely
striped boxes, respectively. The primers used for the amplification of a full-length ¢cDNA are indicated by two underlines,
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Cloning and structural analysis of wheat Ndr cDNAs 211
Tablel, Location of the nuclectide differences among three cDNA clones of wheat!
i 5UTR Coding region
Clone - — - —-
—40 —32 =26 102 144 420 501 6438 663 708 819 828 1104 1155
1-7 c g g C T T c C T i C C A A
-9 g a a G C C T A A A T T A G
2-3 ¢ g g C T T C C A T T T G G
7 Coding region %’U?k -
Clone . : .
1443 1449 1515 158% 1689 1728 1729 1806 1817 1823 1592 1916 1949 1952
1-7 A C T A a — c a ¢ E c t t
-9 G G C A 3 a H a i £ c - t
2-3 A G T G g — t c 1 g £ t c

NTPKTL7
MCPRTKINA
Al1g03920
Ar3g23310

- At4g14350

wol- At2g20470

WNdr (1-7)
g WNdr (1-9)
WNdr (2-3)

69 me ------ At1g30640
— A2g19400

SOPRTKINA

100 ooy RsNdr2a

100 [ RsNdr2b

b At4g33080
— At5g09890
RsNdri

ATHPKS

100

ATHATPK64

GliA

100 — — PVPKI

100

ATHATPK

PsPKS

~ AK1
———— (.05 changes

¥ig.4. Tree showing the relative relationship of wheat Ndrs among
selected plant protein kinases in the AGC group. The bootstrap
percentage of each clade after 1000 replications is indicated
above the branch. The source of the protein kinases not referred
to in the text is as follows; ATHPKS5 (Hayashida et al. 1993)
{DDBJ accession no. D10909), ATHHATPK64 (Mizoguchi er
al. 1992) (DDBJ accession no. 210937), GI1A (Lawton ef al.
1989) (GenBank accession no. J04556), ATHATPK (Hayashida
et al. 1992) (DDBI accession no. D10910) and PsPKS (Lin ez
al. 1991) (GenBank accession no. M92989).

icated that clones 2-3, 1-9 and
v to those of 7. boeoticum,
, respectively, suggesting that
they are homeologous gen the A, B and D genomes of
wheat, respectively. Analysis using nulli-tetra-somic lines of
comrmon wheat will provide further evidence for this as-
sumption. Since all the homeclogous Ndrs were expressed
in wheat, functional differentiation among the three genes
requires further studies.

EST databases as an essentiad source for the cloning of
wheat genes

The wheat genome (16,600 Mb) is much larger than the
genome of the model plant Arabidopsis (125 Mb) or another
important crop, rice {430 Mb}, for which the genome se-
quence has been deterrained almost completely. Although a
wheat genome project such as IGROW (Gill 2003) has been
proposed, the task is extremely challenging and will take a
long time. Among the current sctivities undertaken to con-
struct the infrastructure for the molecular study of wheat, the
development of several EST databases is one of the most
successful, and has already provided useful information for
the cloning of wheat genss. When we started the present
study, the number of EST sequences deposited in KOMUGI
was 116,232, being comparable to or exceeding that of
Arabidopsis and rice. The number of ESTs deposited in pub-
lic databases is 555,472 and still mcreasing.

In the present study, the complete cDNA sequence of
Ndr was revealed in monoeots. Our previous stady showed
that the level of mRNA for Ndr was very low in radish
leaves (data not shown), and a low level of mRNA accumu-
lation is also expected for wheat seedlings. The absence of
EST in a ¢cDNA library from seedlings supports this assump-
tion, though the high semsitivity of the RT-PCR method
enabled us to obtain 2 cDNA fragment from total RNA
prepared from seedlings. Specific, not degenerate, primers
designed with information about EST sequences, has con-
siderably facilitated the cloning of rare cDINAs such as Ndf.
It should be noted that 13 out of 19 EST clones were derived
from a cDNA library constructed with the RNA from a pistil
at heading time (Fig. 1), suggesting the existence of a specific
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Imai and Terachi

Table2. Pairwise nucleotide differences between ¢cDNA clones!)

Clone? -9 spl 2-3 bic sqr -7
1-9 — 0.00721 0.00866 0.00818 0.00866 0.00866
spl 15 — 0.00915 0.00867 0.00915 0.00817
2-3 18 19 — 0.00431 0.01012 0.00672
bte 17 18 9 — 5.00915 3.00817
sqr 18 19 21 19 — 3.00335
1-7 17 14 17 7 —

18

U The numbers below a diagonal indicate the absolute base differences between cDMNA
those above a diagonal show the distance estimated by Kimura’s 2+

s, whereas
ter method,

2 1-7, 1-9 and 2-3 denote the cDINA clones isolated from wheat, whereas spl, bic and sqr represent
those from Ade. speltoides, T. boeoticum and Ae. squarrosa, respectively.

1-5 (ABD)
53

2-3 (ABD)

L hie(A)

sqr (D)
95

1x10° substitutions/site

L 1-7(ABDj

Fig.5. Tree showing the relative relationship among six Ndr cDNAs.
1-7, 1-9 and 2-3 denote the cDNA clones isolated from wheat,
whereas btc, spl and sqr indicate those isolated from
T. boeoticum, Ae. speltoides and Ae. squarrosa, respectively.
The bootstrap percentage of each clade after 1000 replica-
tions 1is indicated above the branch. Letters in the parentheses
indicate the nuclear genome formulae of the species from
which ¢cDNA clones were isolated.

pattern of Ndr expression. Due to the availability of se-
guence information, it will be easy to search for other Ndr
homologs in wheat and other monocots including rice and
maize. More studies on Ndr at the protein level will provide
further insight into the possible important functions of this
protein kinase in planta.
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Abstract

We obtained somatic hybrids between Arabidopsis thaliana, ‘Columbia’, and a cabbage
variety, ‘Chusei Succession’ (Brassica oleracea 1.} , in addition to our previous success using
the cabbage variety ‘Fujiwase’. All the hybrids of the two combinations possessed the
chloroplast genome of cabbage, while the mitochondrial genome was recombined. PCR
primers specific to each of the five chromosomes of A. thaliana were designed and used to
analyze the hybrids. It was found that the hybrids had all five chromosomes of 4. thaliana.
The somatic hybrids between ‘Columbia’ and ‘Chusei Succession’ flowered and showed
extremely low pollen fertility, producing no seeds by spontaneous self-fertilization.
Whereas, seeds were obtained by crosses between the somatic hybrids and three cultivars of B.
oleracea. The seeds could be useful materials for the transfer of genes of A. thaliana to

cabbage and for establishment of cabbage lines with novel mitochondrial genomes.

Key words: Arabidopsis thaliana, Brassica oleracea (cabbage), chromosomes,

seed fertility, somatic hybrids
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Introduction

Arabidopsis thaliana has been utilized worldwide as the model plant in plant genetics and
molecular biology. Especially after the accomplishment of the genome sequencing projects
{The Arabidopsis Genome Initiative, 2000), the genome information of A thaliana
accelerated comparative genomics for genetic mapping and the identification of various
useful genes in related species (Lan et al., 2000; Sillito et al. 2000). Whereas, attempts to
use the genes clarified in the A. rhaliana genome for breeding of crop plants are restricted in
spite of the fact that 4. thaliana is a member of family Brassicaceae to which a lot of useful
crops belong. One main reason is that 4. thaliana can not be cross-hybridized with any
crops. The only method to obtain the hybrids between 4. thaliana and crop plants is cell
fusion.

Gleba and Hoffmann (1980) had the first success in producing Arabidobrassica, somatic
hybrids between A. thaliana and B. campestris, but the hybrids neither established as plants
nor produced progenics. Though a few groups reported asymmetric somatic hybrids
thereafier (Bauer-Weston et al. 1993; O’ Neill and Mathias, 1995; Siemens and Sacristan,
1995), most of them failed to obtain offsprings from them. The single exception was the
hybrids between UV-irradiated A. thaliana and non-treated B. napus produced by Forsberg et
al. (1998 a, b). Because the hybrids produced seeds by back-crosses with B. napus, the
progenies were selected for resistance to Leptoshaeria maculans to use for the breeding of B.
napus (Bohman et al. 2002). One reason for the scarcity of research work on cell fusion
using 4. thaliana is that the protoplast culture and regeneration of plants were much more
difficult in 4. thaliana than in other plants. Another reason is that 4. fhaliana belongs to a
different tribe (Sisymbrieae) from Brassiceae, which contains many kinds of crops cultivated
around the world, even though they are in the same family.

However, an efficient protoplast culture system for 4. thaliana was established (Yamagishi
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et al. 2002), by which more than a 50% shoot regeneration rate was achieved. Using this
system, we produced successfully somatic hybrids with B. napus (Yamagishi et al. 2002), R.
sativus (Yamagishi and Glimelius, 2003), and B. oleracea (Yamagishi and Nakagawa, 2004).
Among them, the hybrids with R. sarivus and B. oleracea were the first reports of these
combinations. Furthermore, though UV treatment was used with B. napus to obtain
asymmetric hybrids in the cell fusion with B. napus (Yamagishi et al. 2002) for the purpose of
overcoming the phylogenetic remoteness, somatic hybrids were produced without such a
treatment in the two latter combinations (Yamagishi and Glimelius, 2003; Yamagishi and
Nakagawa, 2004).

In the previous paper we reported somatic hybrids between ‘Columbia’ (4. thaliana) and
cabbage variety ‘Fujiwase’ (B. oleracea) (Yamagishi and Nakagawa, 2004). Though the
hybrids are growing in a glasshouse, they have not flowered yet, and progenies have not been
obtained. Thus, in order to increase the hybrid materials, somatic hybrids using another
cultivar of cabbage ‘Chusei Succession’ were produced. The hybrids are expected to be
useful as breeding materials for cabbage by introducing genes from A. thaliana. DNA
markers for each of the five chromosomes of 4. thaliana were designed and the presence of
them in the hybrids was investigated by PCR. Furthermore, because the hybrids of
‘Columbia’ and ‘Chusei Succession’ flowered, the flower morphology and pollen fertility
were observed. The hybrids were crossed with B. oleracea as pollen parents, and the seed

fertility was examined.

Materials and Methods
Plant materials for cell fusion and the regeneration of somatic hybrids.
The ecotype ‘Columbia’ of A. thaliana and the cabbage variety ‘Chusei Succession’ (Nihon

Nosan, Japan) were used for cell fusion. Both the parental species were cultured aseptically
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and protoplasts were isolated from hypocotyls and leaves of 2-week-old seedlings of 4.
thaliana, whereas the true leaves were used for protoplast isolation in the cabbage. The
enzymes, isolation procedure, and cell fusion treatment were as described in the previous
paper (Yamagishi and Nakagawa, 2004). The fused protoplasts were cultured under the

same media and culture conditions as mentioned in Yamagishi and Nakagawa (2004).

Investigations of the genome structure of the somatic hybrids.

Because various kinds of PCR primers to detect the chloroplast and mitochondrial genomes
were designed and utilized previously (Yamagishi and Glimelius 2003, Yamagishi and
Nakagawa, 2004), we applied them also to the somatic hybrids obtained here. For the
chloroplast genome, two intergenic regions of frnF and ndhJ, and trnH and psbA were studied.
While, PCR patterns were investigated in afp/ and cox/ regions for the mitochondrial genome.
On the other hand, for the nucleus genome, only polymorphisms in the Tpi gene were
examined previously by PCR (Yamagishi and Nakagawa 2004), and it was not clarified
whether the hybrids had all five chromosomes of 4. thaliana. Thus, DNA markers specific
to each of the five A. thaliana chromosomes were designed. The chromosomes, gene names
deposited in the databases (EMBL etc.), and the sequences of the primers for the PCRs are
shown in Table 1. Using these primers, the PCR patterns of the hybrids were compared with

those of the parents.

Cross hybridization of the somatic hybrids with B. oleracea

The somatic hybrids of ‘Columbia’ and ‘Fujiwase’ continued vegetative growth and did not
flowered. On the other hand, somatic hybrids of ‘Columbia’ and ‘Chusei Succession’ were
propagated by meristem culture, and the hybrid plants grew to flowering stage. Thus, the

flower morphology and pollen fertility of the latter hybrids were observed. The pollen
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fertility was determined by counting the pollen stained with acetocarmine using a microscope.
For the each plant, more than 500 pollens were observed. Thereafter, the hybrid plants were
crossed with three cultivars of B. oleracea, ‘Fujiwase’ (Cabbage; B. oleracea var. capitata),
‘Kairan’ (B. oleracea var. alboglabra), and ‘Purple Bird’ (Kohlrabi; B. oleracea var.
gongylodes). In the crosses, B. oleracea plants were used as the pollen parents. The

number of seeds were counted after maturation,

Results

Regeneration of somatic hybrids between ‘Columbia’ and ‘Chusei Succession’

After the fusion treatment of the protoplasts isolated from ‘Columbia’ and ‘Chusei
Succession’, the protoplasts were cultured in modified 8P medium and the colonies were
transferred to the medium for callus development. After proliferation on the medium, 127
calli were transplanted onto the regeneration medium. Thirty-three calli differentiated to
form shoots, but most were judged to be the shoots of 4. thaliana from observation of their
morphology because the shoots showed bolting soon after regeneration, which is the typical
feature of A. thaliana different from that of the cabbage. While nine shoots had the
morphological traits of the somatic hybrid, only the two of them developed roots and were
established as somatic hybrid plants (Table 2).  The number of hybrid plants was the same as
our previous report in which ‘Fujiwase’ was used as the fusion parent (Yamagishi and
Nakagawa 2004), but the efficiency of shoot regeneration and hybrid plant establishment was

improved.
Presence of the five chromosomes of A. thaliana in the somatic hybrids.
As mentioned previously, we had developed PCR markers for various sites in the

chloroplast and mitochondrial genomes (Yamagishi and Nakagawa, 2004), and these markers
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were tested in the somatic hybrids. The somatic hybrids showed the identical characteristics
to those of the hybrids between ‘Columbia’ and ‘Fujiwase’. Namely, the two somatic hybrid
plants of *Columbia’ and ‘Chusei Succession’ possessed only the chloroplast genome derived
from the cabbage parent, while they had hybrid traits in the mitochondrial genome. The
PCR patterns of the hybrids and their parents are shown in Table 3 and Fig. 1.

By PCRs with the primers designed for genes specific to each of the five chromosomes of
A. thaliana, DNA fragments with the expected molecular sizes were clearly amplified from
‘Columbia’. Whereas, DNA fragment pattern of the cabbage parents either had different
fragment sizes or produced no amplification (Table 3). In the former case, the DNA marker
was expected to work as a codominant marker, whereas in the latter it may function as the
dominant marker (Table 3). All the somatic hybrids of the two combinations using
‘Fujiwase’ and ‘Chusei Succession’ produced DNA fragments identical to ‘Columbia’ (Table
3). The results indicated that the somatic hybrids contain the whole genome of A. thaliana.
Interestingly, a difference in the DNA amplification between the two cabbage parents was
observed in the two DNA markers. For example, in PCR for the gene MZN1.16 in
chromosome five, ‘Fujiwase’ produced a DNA fragment of a different size to ‘Columbia’.
However, ‘Chusei Succession’ failed to amplify any fragment. The differences between the

parental varietics were exactly reflected in the PCR patterns of the hybrids (Table 3, Fig. 1).

Flower morphology and pollen and seed fertility of the somatic hybrids between
‘Columbia’ and ‘Chusei Succession’.

Since the somatic hybrids between ‘Columbia’ and ‘Chusei Succession’ flowered in the
greenhouse, their flower morphology and pollen fertility were observed. The flower size
was quite different between the parental species (Table 4), and the two hybrid plants had petal

sizes that resembled cabbage more closely than 4. thaliana.  On the other hand, the hybrid
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possessed white petals like 4. thaliona (Fig. 2). Though the flower morphology was
intermediate between the two parents, pollen fertility was drastically lower than the two
parental species (Table 4). Whereas both the parental species showed the pollen fertility
levels higher than 90%, those of the somatic hybrids were below 10%. This fact meant that
the hybrids were practically male sterile.

The somatic hybrids were crossed with three variaties of B. oleracea (Table 5). Except
for the combination of ‘A+S-1° and ‘Kairan’, at least one seed was obtained by the
pollinations. The seed fertility expressed by the proportion of the seed number to the number
of flowers pollinated ranged from 0% to 1.67%. As a whole, cabbage parent ‘Fujiwase’

provided slightly higher seed fertility than ‘Kairan’ or ‘Kohlrabi’ (Table5).

Discussion

Following the first success in somatic hybridization between A. thaliana and cabbage
{Yamagishi and Nakagawa, 2004), this second report used another variety of cabbage.
Cabbage is one of the most important vegetables in the world, having the oldest history of
cultivation (Chiang et al., 1993). Because of this, breeding work on cabbage has been
conducted on a range of traits and by various breeding methods. Not only intra-specific
crosses but interspecific and intergeneric hybridizations have been applied for the genetic
improvement of this vegetable. Recently, somatic cell fusion, especially to obtain
intergeneric hybrids, was attempted with Moricandia arvensis and Raphanus sativus (Kameya
et al., 1989; Motegi et al., 2003; Toriyama et al., 1987). This report is another example of
intergeneric and intertribal somatic hybridization. The somatic hybrids are useful materials
for genetic improvement of cabbage and other kinds of vegetables belonging to B. oleracea.
In another aspect, the somatic hybrids are also useful for genetic and molecular studies on the

effects of nuclear and organellar genes on various traits of cabbage, because 4. thaliana is a
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model plant for genetics and molecular biology and whose genome has been completely
sequenced (The Arabidopsis Genome Initiative, 2000).

By assessment of the somatic hybrids with DNA markers specific to each chromosomes of
A. thaligna, it was found that all the four hybrid plants of the two combinations contain all
five 4. thaliana chromosomes. Because of the phylogenetic remoteness of A. thaliana and
Brassica species, the previous experiments sought to obtain asymmetric hybrids rather than
symmetric ones (O’ Neill and Mathias, 1995; Siemens and Sacristan, 1995). As a result,
there have not been any investigations in which all the chromosomes of A. thaliana were
observed in somatic hybrids except the report by us with the combination of 4. thaliana and R.
sativus (Yamagishi and Glimelius, 2003). This is another example of somatic hybrids with
all the chromosomes of 4. thaliana. We did not examine the presence of the chromosomes
of B. oleracea and we do not know whether the hybrids are symmetric or not. However, the
hybrids possessed DNA bands of the same size as those of cabbage, when the cabbage parents
had a unique fragment. Thus, it was suggested that the somatic hybrids also contain cabbage
chromosomes in which the counterpart genes of A. thaliana are present. Furthermore,
progenies of the hybrids will possess the whole chromosome set of cabbage after recurrent
back-crosses with cabbage. By this method, we will obtain progenies that have part of the
genome of A. thaliana in addition to the complete genome of cabbage. We have obtained
the first back-crossing generation, which is the basic material to establish such chromosome
addition lines by the back-crosses undertaken hereafter.

While seeds were obtained from the crosses of the somatic hybrids with cabbage etc., the
hybrids generally showed low seed fertility with B. oleracea. The poor seed fertility could
be derived either from low female fertility of the hybrids or from the remote crosses between
the hybrids and B. oleracea, or both. Observation of the changes in seed fertility and the

genome structure along with the continuous back-crosses with cabbage will help to clarify the
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genetic mechanisms affecting the seed fertility.

The most interesting trait of the hybrids from the view point of plant breeding is the male
sterility. The frequencies of pollen stained with acetocarmine were around 5%, but the
hybrids did not produce any seeds at all by spontaneous self-fertilization (Data not shown).
Thus, the hybrid plants were estimated to be practically male sterile, even though the pollen
function for fertilization was not examined strictly. Furthermore, the genetic causes of the
low pollen-fertility are uncertain at present similarly to the low seed fertility. However, it
could be noteworthy that all the somatic hybrids with the two combinations were
recombinants or hybrids for the mitochondrial genome (Table 3, Fig. 1). It is well known
that mitochondrial genes, especially chimeric one, cause male sterility in various plants
(Hanson and Bentolila, 2004). Therefore, recombination in the mitochondrial genomes
between A. thaliana and cabbages may have induced the male-sterility. Because the
cytoplasmic male-sterility used in Brassica is restricted to that of Ogura so far, the new
mitochondrial genome produced by cell fusion could provide us with a new male-sterile
cytoplasm for Fy hybrid breeding, which is highly effective in Brassica and Raphanus. On
the other hand, the hybrids obtained by us contain solely the chloroplast genome of cabbage.
This means that after the accomplishment of the back-crosses with cabbage, we could
establish cabbage plants with a recombined mitochondrial genome together with the nuclear
and chloroplast genomes of cabbage. If male-sterility is kept in such plants, they could be
important materials for Fy hybrid breeding of cabbage and other B. oleracea vegetables.

In conclusion, we obtained the new somatic hybrids between A. thaliana and cabbage
(‘Chusei Succession’).  Since the hybrids flowered, they were pollinated with three cultivars
of B. oleracea and produced the seeds though the hybrids were practically male sterile. The
progenies of the hybrids by the back-crosses with cabbage could be useful materials for

breeding of cabbage, especially for the cytoplasmic male-sterility.
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Figure legends

Fig. 1 PCR patterns of somatic hybrids of 4. thaliana and cabbage for the chloroplast,
mitochondrial, and nuclear genomes. (A): Inter-genic region of irnF and ndhJ of chloroplast.
(B): Aipl gene of mitochondria. (C), (D): Nuclear genes present in chromosome I (C;
F17F8.14) and chromosome V (D; MZN1.16)

A; A thaliana (*Columbia’). F; Cabbage ("Fujiwase’)

S; Cabbage (‘Chusei Succession’), A+F; Somatic hybrids of ‘Columbia’ and ‘Fujiwase’,

A+S; Somatic hybrids of ‘Columbia’ and ‘Chusei Succession’

M; Molecular weight marker { ¢ X174/Hae Hlldigest)

Fig. 2 Flower morphology of somatic hybrid (Center) between A. thaliana (Left) and

‘Chusei Succession’ (Right).
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No. 1

Table 1. PCR primers and their sequences used to detect the five chromosomes of 4.

thaliana.
Chromosome  Gene name  Primer Sequence (5°—3’

I F10A5.13 F GGAGGAGAAATCCAAGTCAAG
R, CTGTGTTCCTGCAAGCTTGT

I F17F8.14 F, GCTCAGCAACCATATCATGC
Ry CAAGCCTACTCTCTGAGATCC

I F16P2 Fy TGGATTCTCTCGTTGAATCCG
R, GTCGAGCAATGCATTTTCCCT

I T20F21 Fy GGAACAAAGCAGAGTTCAACG
R, CCATTGAGTTATATGCCCCG

il F15B8.130 Fy ACATACAACACCTGATGGACGT
Ry CTGTTCCATTAGATCGTCGAG

HI MXC7.10 F CCAACTACTGTCACGAAGAAG
R, AAGCTCATAACTGACACCTC

v F18AS5.110 Fi TGAAAGGGCTTCCTGGTATG
R, GTACCATCATCTGTCTGGAAC

v T12G13 F, GGATATGCAGGCATGTACATC
R, GCTATGAGAAGACGGCAATG

Vv MZN1.16 F AAGCGATGGCTGCTTATAAGG
R, TCACTTACACTATCGCTGACTC

\% MQD19.17 F, GATAGCTCTGAGACTCACTTAG

Rz TGGTAAAACCCACACCATGA
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No. 2

Table 2. Development of calli, shoots, and hybrid plants by culture after cell fusion

treatment.
Developmental stages of culture Number %
Calli transplanted to the regeneration medium 127 100
Calli with regenerated shoots 33 26.0
Hybrid shoots regenerated 9 7.1
Hybrid plants established 2 1.6
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No. 3
Table 3. PCR patterns of somatic hybrids between 4. thaliana and cabbage for DNA

markers in the nuclear, chloroplast, and mitochondrial genomes”.

Genome Site? Par;nts“ ; 1 A+F" 5 1 A+S* ;
Chloroplast trnFindhJ S L L L L L L
trnH/psbA L S S S S S 5

Mitochondria atpl S L L S+L S+L S+L S+L
coxl (57) ~ + + + + + +
coxI (37) + - — + + + +
Nucleus 1F10A5.13 + - — + + + +
IFI17F8.14 + - - + + + +

HF16P2 L S S L+§8  LA4S L+S  L4S8
HT20F21 + - — + + + +

HIF15B8.130 L S s I+S 1+S L+S  L+S
I MXC7.10 + — — + + + +

IVF18A5.110 S L L S+L S+L S+L  S+L

IV T12G13 S - L S S S+L  S+L
V MZN1.16 L S - +5 I4S L L
V MQD19.17 + — - + + + +

z. The PCR pattern was classified into + (presence) or — (absence) of the DNA fragment,
and L (large) or S (small) DNA size.

y. The nurnbers for the nuclear genes (I~V) indicate the chromosomes where the genes are
present.

X. A, F, S, A+F, A+S: See Figure 1.
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No. 4
Table 4. Flower size and pollen fertility of the somatic hybrids between 4. thaliana

(*Columbia’) and cabbage (‘Chusei-Succession’).

Hybrids and parental species Petal length Petal width Pollen fertility

(mm) (mm) (%)
A+S-1 8.6 54 4.0
A+S-2 8.8 59 6.5
A. thaliana (*Columbia’) 1.2 0.8 93.1
B. oleracea (‘Fujiwase”) 10.8 8.4 94.8
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No. 5

Table 5. Seed fertility of crosses between the somatic hybrids and B. oleracea.

?ybrids as Pollen parents No. F)f ﬂower;; No. Qf seeds B/ﬁ’j&
emale parents pollinated (A) B) (%)
A+S-1 Fujiwase 119 1 (.84
A+S8-2 Fujiwase 60 1 1.67
A+S-1 Kairan 148 0 0

A+8-2 Kairan 313 3 0.96
A+S-1 Kohirabi 1671 9 0.54
A+S-2 Kohlrabi 469 3 0.64
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No. 6

(A) B)

© (D)
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No. 7

Fig. 2
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F—7—

Raphanus, F&E0Al, # 7 7F8MIYE, ¥4 av, ~n<ef 42y, 3 bV RFYTH A

BFLwic

#4000 FEHIO T FDEF I 0 FOBECHERT
WAHZEETFRINA LA, £A4 2y OREORERITE
DTHV (Crisp 1995). 2 O HE 7okl O FESR & [
LG, BHIC SR a2 1 T DX A a0 v OFFENET L7
FOFRIL, BV YERERETARY VMU 2R
oo b7 795 XM avinEnEgEEThs,. £
WrafETrRBILR-ThH, Homeflb i
AR TR EECEEES TR, O
BCHRNTE LA 2 iR E L iz, BEoPT
RADEFEEAHERL TEe (GRE 1956). O ABIT
HWotd, BECEETLT, BRRULFRERLSE
ELToOFIH®, Flzo uvbh| 2142yl T
OFAE, BRADBRLERZEEL THRBICHEEL T
Xl OB CEES I A O 7Rk R 2
HaNh2—05C, 2ENREATES YT T 5FMN -
Fheds LiomErERE AT E

PR ool TR, B0 EErdk
FThHEFHHE 2 BOFAER ORI HKT L TS
BAAH D (Yamane et af. 2005), WM E CTARHD E £ TH
5. Fio Raphanus BT 6 FOEMNH S L b
2y, FRSIIMEACAMEITETH Y, FITREC L - T
RENLEP—BICOETAHELH5 ik 1958).
BIREE & 1 2 v ORI DI BB ORI E T
RAWCEITS, X4 a2y osiEiREasit &y
oTE, S HE TS RRBEA T E R T,

—HEEOF 4 a2y THEAREARE SRR SR
(Ogura 1968), FHBC LA TH 7 7 BME 20
T B, FEMEE, o 7 SHE OB E AT
WEREHBEINEh -7 LALZOMBEILs —

&
%
R=N
=

200647 H 5 B HABEZSESE (H105%5)
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Wy N BARN, A4 a2V Ol BRICAEING L&
B (Bomnet 1977) , + 7 ZHMBAE - 2hiexT 55
WEEEETINEBARE T L - T Brassica [BTEY 8
AXIt (Heyn 1976). T o 7 7 B 4 By i
Brassica JBTE8 O 7 TEMR RO ST L Do O R
P ded, FhbLAEMAsORHMH k-T2
1ol X (Pelletier er of. 1983), I DEETFRHDE
B RERRMII I DL E -7 (2 OWRieouw
TR BT 21 - 48 (2003) O CESIZ I
Twb )., IhbEMMcE G -lisohe, 758
AR DOIEINEEG-FTHEDL T ~a v KU 7D orfl38
MEE X NS (Bonhomme ef af. 1991) — 5T, Z DMk
Flexii saEEEET L EEE NS Brown e dal
2003, Koizuka ef al. 2003) &\ 5, BAE 7o T AR
Wi ohi., TonBEoTrse s BED L1
2 v Brassica BYTSE O F BRI A 7 5 RN E 2~ F1 1
THEEPARLCE TS, LnLAanE, PMEK
Lo THRE I OMIBEL, Vi A R
L, EDX57KFA4 0 ST AL 00T i
fEhTxi.

ZOX5KE, HORRRTa £ 2ok, L
REMBCEEC B B RERMED LR b, eb T
A7 ST AROHBAHER LA 1 2 v itk s
MiE oo, WIh SRR TSRS R T
Wil CRB OB R E R - BEEN R b T
B &, XA avE AEOMORLELOBEY L
PETHECIBEYRD, TR a v o
BT, fEROERIZR T BEENSHEROFIHEZE TS
WBEE Sz 2L D EH/BIAE. DL BENLE
ek iy, 4 7 5 AMRE ORI & o ow
TS, i v & A o v, #gL( 2y o’
FEBADXA 2 v ORI BE, RG, GLsravo
HElbeoWTHLE Tl b h MR a2 E0 T 5.
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F S ERERRE ORE &N

B R %TB“I&J;F%K%< OEROMYTHRREZ
N, FEBICHAES TS BHUNRY N N et
5?@@( I&Mﬁmiof aémmmMmm%>
7 7B A RO RESE LT & UTRIE S hie 3
YEY T D orfi38 emi%%mmﬁﬁ@%éﬁm%
DE o7 R E TS5 (Bonhomme ef al. 1992), F
7o Z DFBEAOREBEL CEREBP I, &
5L7T, ZOBETOT 7S RHES ISV BT

K%%ﬂKL,fﬁﬂﬁ@%%@ét@L,W%S@@ﬁ
%Eﬁ<ﬁ*Lt BEROKR, - OBEFIRBEL A
I VB NTEL <~*ﬁ|7(/)m57+zgisﬂ*m THALL 0T
HMUTC, BEXRUDETHIRT O T ICHET AR
Ay (HETE e Ay ERTRIATVWD) I,
40% LA ED B & TR M5 & }ﬁm%ﬁh/
7z (Yamagishi and Torachi 1994a, 1996).
BOBLETH B R raphanistrum 3 L OV R. maritimus V2
LIFTET B —0 T, Raphanus BLASN D 7 75 + BHFAE
oy, COERTIBEEI R - (Yamagishi and
Terachi 1997, 2003) . = O Z Lk, #+ 7 5 Bk E
Raphanus [FREW 73837 U, A R 2R H
G L > THEFNRALSDTHLI EHRL TS
LUl e, orfi38 B D8P X1 2 vz T,

5 V. Ruphanus

%W%ﬁm%wﬁ%wﬁ@otCﬁﬁﬁh&b F T,
orfI38 FRIEF OGS MH MR LBt L 0%, FB

2 A 1 v S8 R raphanistrum ?ﬁmﬂ@ﬁﬁ ELCRHER
TV, EEETREEO LB OBLEEE L. T O/KE,
2RO E XA 2 v O TREMCTHRIZH 1 2
E DRSNS I, T OB HEERER IS (A 2 H
H U7z (Yamagishi er al. 1993, Yamagishi and Terachi
1994b, 1997). & Dizav NEIRIC X %4 7 5 B AR
IHDFERE ORIV, BRBRCEET I N~

A2y EREE R A o v ORI TEBRI BRI S - T
W DML, ZORMRICHENAREENAHE L C
ERINCL O LHEES AL

Z D orfl38 WMIRTICHONT, ThEfpofkss, 44
A1 143 R O ERFS A T CHRE L e (Yamagishi
and Terachi 2001). F DR orf138 PV 6 T DIGHE
Wr 1 I REA REBIbp) FLEL, TREBIZ L
T, BB, DEX A 20D orfI38129 21 70y EE R

el

7= (A U Z D5 R raphanistrum W42 2 A7, N
FA isa%zit&mﬂ4g/ E I
ﬁ'ﬁib/& N B A CREWCELSHEECAD D

n, hoflox A7 P@f%mfmi@ﬁ%#omﬂ%
OHER L EZNL 217 (M1 DB x4 7) i, R
SBIZ IR, 25 LlENLD,
orf138 vt Raphanus BE 1T }i';p TN TH A0
YBELT, N d T a0 v B OEEBETHOERE
ERL7ADEE2z LS. BRUEEERE FOT4LTT

raphanistrum 1% %

L3294
A
)
\__/
B 1. TR ARG T 0rfi38 1o 381 D YGRS 25 4«
MABATR (Yarnagishi and Terachi 2001 %240
MO 7 7 7 =y Mk orfl38 2 A Thft 247
RO RER O 5 5, FE P TIRE R L. £
fe TEO TR L/\ﬁ//uilﬁ'U_TI EFRITL LR
.
VX orfi38 1T H VT H EBREMITERER }“FT"\/ B 5,
ERMETADERS N~ £ A 2 v CRENCEIE Lo

b ED 2 = A WL R
XA A VIAHTET B 8 24 T D5 B On,

BEOBT X A 2 v oI —HoREcdtiL Thbh
L. ZO5 by (1986) 1 I - CHALHT oAk E
VB CER SR EETRERE C, ol N8R
TPNorfi2s AR BRI & A4 7 (Twabuchi ef af. 1999)
m,m%ﬁyﬁﬁ%%mﬁvﬁ\ﬂvwﬁmmaﬁﬁb
h(%l@kﬁ%i}.zmb%d NEZE Wk
TofBEoFE L CHBRNSE, o nr[x@@ﬂfir%}’tﬁ
ETHEBRFENS @ AN /Z) —7, BEOEIES A 2
vicER LTI, BHCHES W TWD#
47 (1D xA P & TR E R
TN, SO XA T DA R ﬁ#;vib et AHE
BlOWhk s 2 vic kN TBET A TR B DR
MTHD

ST TOWEr L, EHIAL
B, 52 A TEB AR E R A
DT T B ([Z1). BY D421 7k HHEET
fott O L e HIFREmER O BE O
BEMAT R ES TN 5 LrLERD ke, Lot
S BHERTCGIn v orfI38 BT HED L 5 el
DERIC L » T Rophanus BYEW O I v 2 v B U 7k
Uicddy, FhEDIohArhaX bl laoTHEA 2y
T LD &ET DT 77T FHEIT ﬁﬁ$A*$ﬁf
MR E, OB R & B EAER RTINS ﬁ-ﬁﬁﬂf’\
POV RO SR

HERD RN A Fe D R OFIL,

D orfl38 WET LM DOFMEFE B A

W F
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HEE EE A A 3 s AR s

Wt A) OMIEFATRES. LI CHEAA VIS
5 R OHEAY KEBRRGEERC X - TRELC
(Yamagishi 1998). % DR R, raphanistrum &>~ 5 A
2 VL REDE < 95T 5 OCH LT, KRS A E R I
OMPTE TH HHEE L A 2 v im B TiE, RE R E N E
EER VBRSPS TR L. S DS B RERHF
DRy ROV H R A TV ERED A 2
i Bhh, BARORERE CRILEY L D i
B 2> 41 TPz, Koizuka ef af. (2003) WX - THEES e
Rf (orf887) WL D5 bR A 4 2 v AL O TH D
FHMPPRE=F— 7 HFO 2 VAV BOBETTCHS
EAB i T D, PPR T — 7 2 v o2 Hi A
AHF F O mRNA O 7y vy 7SRRI 5
T 5HHEEER D (Small and Peeters 2000). BL7T PPR % v
N7 ﬁv’:@gﬁ'ﬁ'ﬁf%‘ﬂi,ﬁ@kﬁﬁﬁ%l/‘(i’o n, FTORBER
BRI 7@ LS e 205 % (Lurin ef al. 2004).
BF DY R raphanistrum, N AL 2V Ny 9 F A 2
VICHEIET A REIZDOWT b, orf687 & DIEHERLSI D [LEL
PBRE T OB IOBE O 2D TS, Z O
b 1E, Rophanus BT RWT I b a vy KU 757 4
WoorfI38 MR Lo o YD XS L L T, i
orf687 R LT B REVE T hico, gt s L
Ty dh 240y FILDERHEoREMc{REI
fﬁ\iomamﬂ%W@%KﬁWEE&M@&Agﬂ
R D RERA D LD E, Br7 ak i
v R YT AOHEBIGRIC T 2 ELLORRITAR S
picTe B o E D EIFR R U5 (Hanson and Bentolila 2004,
FOF bt Budar (1998) 25T 2 X 9 o Tl
FEMBEFE L OBEBSNNETHEA S, L IATAH I T
KT % REGBAE E CD & 25 Raphanus )&
LIS TR SR Twinngy, S5 (2006)
ORI S E L Bo, A v @ v iR B ARENE (He
etal, 1995) FFAPIL 7= A = X A TR AT 5 8E
FOREESTHC LR L. COEERETFZEbIC
T A kL, T IIRHES O F v Y
TR T D orfl38 DWREMD L THRE S L,

tX B, rapa

INTH A O ORRE

TFRBs L7 27 KEERO
trum & b RIBX A a v LA R B R 28 2 A 2 v
PO LTWA, RETIIIOFLE A S a2 vy NeH
{1y EBBEILTGWABR, SO~ Z A4 a2y OfE
oW THL 2 D DE 2 T H - 72, 1 2k Makino (1909)
miEE D [HE 41 2 v aNEH LB 4 Lot ©
BAH ] ETAHHETHD, 51 oEE (1989 O [K
@ﬁoﬁmﬁﬁmﬁ%b%ﬁ¢ﬁ4vvwﬁﬁ\&?5
BTk B, Eod 7o BANE & Fruoad A5k
@ﬁE¥KMﬁ@@mm,h75437®@ﬁu0M1@

giteslr 52 5. Thbbav AL aviBLTTE

MY, R raphanis-

75 BUEE AR B O iR 169

A 75 R EMFARIAT & RO DA AT 2 0 L
T, REORE L 1 0 v O KT 7 7 MRS RS
Lo, Efca—nm oy S, TREOEEE S A 2 vl
ﬁf’%f'f‘*% 7{Z<I}\H’ Rf zh? TEIHHLDD, &
SRRBE L AEBICER LTALR AL, 13EA
C?memmﬁﬁoTM“M DT EDBEEDOR
B oy elRe P, MRS A v nlkE L TR
FehOP AT H A AV THD LT BELXFEIL LI,
Wi —I Rt 7 o8l PROLORD L, h
DA L FRRL B (T 3 163 B BP2E D R, raphanistrum
DFFDAT LAV TCHEEELDDIEHRTHS.
oSy DRIEE IO AN BHEET D20

i, A7 5 M *Hi%ﬁb?f%ﬂvFUTKﬁ&L
o 75 B BB T orf138 L FEERE X

% orfB BIE T2 CHEERAXHEE L. 20/BR, &
DFEEF A 7 7 8 8 EFREADRERTID 5 A Ih
5T, BN 25D x A VORERFINEETSH 2
LAVHIBA U s (Terachier of. 2001). £ 0°C, 20320
B AT D onfB DR, EFAMNSMERELA 2 BLT
N B D TR LT R A, BERRIOS k1D
DAL FTEHELCHBEDEILTC, ~ed1arDf
MNPz 2 27 Lit 2205 1 SHBIg sk, ok
HDERNI 2D A ST ThEA TN (\amaomh!
2004). S X 9 feARIE I I A il - RRAINS B A
EXOMEELE, N A 2 VR E T o v DB

WAV X s THA LIS DTN E & d s 51D
DIFHLTH 5.

ABRBREORS X 0 vy, TofEBcEL T2
O a4 T EESTEENAR RS L X ST D7ER
Sl MBS 3 oox A FTRTRELELVLE
P& R LT, 2o YNESE oMivEoNmrneH
'miSL:ywu7@wﬁmyﬁ@KﬁH@%guo
WL ERE XN TV % ([ 2; Yamagishi and Sasaki 2004)
Rk oy X 50 VINEESE 1Tk orf138 OREFLTCH D orfl 25
HEOMGAREE TEET LS, LoMgaAvH AT
YL EHENE ZhabofEz UhEFE o
AR E LR LN Thsr o LERL
Tug (LR 2003). —0, WENNERTT OCRRET
R SO RENAR A L OFEOHIIREDWT
HIEF TR~ F Eéﬂ ST, AR orf138 RO L
Mozt Lol o hofEivThd EE
ﬁ%%%ﬁLTM* Tt kB

L

S

oz, onNwEA

VAT L’B{E#’T fﬁf}ﬁ:’:ﬁkﬂ (EAF{fJ -G vTJ]O
EHEEE R F D EFITOVTERD, AT A AT UR
HE LN h 5 100 LTEIHNE, IEAH

/] N v

DIEF % FHa e ilE LT, T T & )
DEH, BERCES ST =1 2 PRS0
AN HRERIADAEE DS, = XA aviddk
HEOREE S 1 2 vk T 2 RENEROEGED 1 T
H5.
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5 2.

IRV L T gps DY HEIBICBEEI D YNEE A
BB omENSE

ITERAL R R 5 1 w12 L B PCRIZ X -
T, DNA B R OB EOER L & 41, #9E DNA ©
F A RZoWT L EEAERNAEDLRE. M 5 FE
v H = (px174—Hae T digest), N: FHTF 4 72y b

o —

HELA A OSTHERBEOR T AVORILD

Fehis, BAEL A a2 vkt s TEFEH] flaEosk
NIV R DT D orfB BILTFHERTHSE T -
By SR EREEO [EFEE] w200, vy o
W X D R raphanistrum DTEMNZESR L U THENCBIE X
AT W7 (Yamagishi and Terachi 1997). Z D7z, #ES,
Whrfavesds I vavy R 745 20EER
L) RN LA S T Ao, IEEAME
BB\ T orfB I Hifg 3kbp D & & ABET 5 cox 178
BT L, WARECIGE TS ofB AEDic Pa v N
72 A DB O % 1T -7z (Yamagishi and Terachi
2003). FENTOHE, R raphanistrum DFENC S X A4 7D
AMHERNELET A &, BIUEDIH 4 24713 R
maritimus 1% 3B L THET L EVRHL T 7.
IhB2OOFEBEILE b CERNCEOER YA
L, BHEToOMEOMLERE L > Thin EEZ bR
fo. —H, BREEBCEETD L,
VHAAAVELIUFEOXA 2 v IV R D 2 A
FRHEALTRBENREDEHN LT, HADK A 2 v iC
i, REISREDOX A a v EF—D& A FEHERD K
A AVEIHEEDO R A 7D ODFEERx A FHREINE R
7o, TOXSIEMIRIC X o TR A 1 2 v OfilE O 2
A SRR LR D L, BIBX A 2 v RS TTRY
WAL L o EaaR L Tw5D, Tihbhbolb UicilaE
BEROSTE £ 4 a2 vpy, RO < op 0 Mg T
RIS EERL TS, 20T L,
SREET T ORT, B F A o v OTSRRE OB
LA A RE S BRS2 Eo, &LBRMENT
HBELELHELTESD, CDX S REAMCETS
HilaE & E s b 2 % 2035 ORBERO % TAY T

e E oy NDN

32—y

i

i, ERGOEEEIIERDOEFC L - THEST B A
T % (D 2005).

HADEREF 4 313 2 20 & 4 7oK,
F0D 5 b—aRE I L RSO L 4 2 v
ER—ox 4 7 THHEOCR LT, b5 1 o0xE R
A FpERECEZ ARSI hTCuion. SHOHR
OXA 2 s A FENERIL AoRE, "
B, HIE D3ABETHELEEIRAD FE198), &

NnH3REDI L HE, WE BEoxM g
¥h, IHhie BER, TET-HE BEFohLI

WL EEFES Zox A 7 Thb. Zhiw LohE
WLz A avy bIdiT505—H02A 7y, &
EREHO S L AORE BEENBH, RS
TARTHADIEREECHDENT VA, DI b
REOTE R 24 2 v DR onT, BTFoks
o EEEVRET S L LTS, 0% phEILEY
LR U ATER G, B, Mok s UCER
LCh20s LT, chimfofilagafiox( o
VOBERELZLR, FRLPTEOTENEL L T4
B hs ekt tELbRS

IO LS HEOBRMEY O —HERSITA A A F e
FTHLRDLNTVDH L ETHL (&S - B 1955,

=

H
#1961, &6 1965, WM 1978). LL, ZhbOEY

A TEIEEAD o THEEAR] &wv 5K E Lo
DEXFRTOENLT, £42vofsgir EEPNEE
GREE D N THOBESERE] v o R A AR
Behd co—HTHRERBEOPIL, 2 20FEF A
FOWTheEE LS 0o, MBERTIhb 2
DDA T OERELL OBBAIRTWE. Zhb
BEBx o JHEOBRMN M L -, BEMEOR
L&A oy @@ERAEREREER TRV EEZD
b,
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Abstract

In Bhutan, weedy rice (Oryza sativa L.) was grown together with cultivated rice on terraced paddy fislds
lower than 2620 m above sea level. Seeds of cultivars and weedy strains were collected at 22 collection sites
located from 1000 to 2620 m above sea level. Cultivars with round seeds were frequently found in fields
higher than 2250 m, and those with slender seeds in fields lower than 1630 m. All cultivars and weedy strains
were divided into indica or japonica types by isozyme (multi-locus) and morpho-physioiogical (multi-
character) analyses. Japonica cultivars predominated in highland; Indica cultivars predominated in lowland,
Plastid type was confirmed by the length polymorphism for the ORF100 region. The japonica cultivars
carried non-deletion type ORF100. The indica cultivars carried deletion type ORF100. In contrast, weedy
strains showed discrepancy in the combination of the nuclear and cytoplasm types. An intermediate type was
found in weedy strains for isozyme genotypes. A recombinant type, which has indica genotypes for isozyme
analysis with japonica cytoplasm, and vice versa, was frequently found in weedy strains, These findings
suggested that weedy strains would be generated by natural hybridization between indica and japonica.
Further, they might fail to recombine their prior genotypes sets for isozyme and cytoplasm. Morpho-
physiological characters did not show such a tendency. Morpho-physiological analysis of highland plants,
in particular, showed indica cultivars and weedy strains with japonica cvtoplasm. Hypervariable nuclear
microsatellite analysis was then used to compare cultivars and weedy strains. Identical alieles were shared
between indica and japonica, and also between cultivars and weedy strains. This suggested that there was
gene-flow resulting from natural hybridization.

Introduction to South-East Asia. In contrast, japonica strains

are cultivated in insular regions, mountain areas,
Asian cultivated forms mainly show two types, and northern countries (Sato et al. 1986; Sato 1991;
referred to as subspecies indica and japonica Sano and Morishima 1992). Oryza rufipogon, is
(Kato et al. 1928; Oka 1953). Indica strains are regarded as the ancestral origin of both types of
predominantly distributed in countries in South the cultivated forms in Asia. The two types reveal
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distinct characters in all traits except for cultivated
traits. In general, they are cultivated in separate
fields, though on the Himalayan foot hills and
South-Asian mountain areas they are cultivated in
closely located fields (Sanc and Morishima
1992; Ishikawa et al. 2002a). In these areas, hetero-
zygotes and intermediate types on isozyme analysis
were frequently found. Weedy strains were
detected in Bhutan in such fields. It is suggested
that weedy forms have been generated by the follow-
ing three processes, (1) parallel evolution indepen-
dent of wild and cultivated forms, (2) hybrids
between wild and cultivated forms in natural hybri-
dization, and (3) abandoned or escaped cultivated
forms (Baker 1974; de Wet and Harlan 1975). In a
previous study of rice weedy forms, at least the latter
two possibilities were confirmed by Suh et al. (1997).
In contrast, there was no wild form in Bhutan.

In a recent study, certain Japanese cultivars reve-
aled a rearrangement of the nuclear-cytoplasmic
constitution. It was suggested that they originated
from a particular ecotype in India. This suggests
that natural hybridization is widespread, resulting
in the generation of weedy forms and particular
ecotypes. In this paper, we used molecular markers
in addition to morpho-physiological markers to
clarify the origin of weedy forms in Bhutan and
the mechanism that generates bio-diversity in rice
plants.

Materials and methods
Plant materials

In a field exploration of Bhutan done in 1989, the
seeds of local rice cultivars were collected and the
altitude at which they were collected was recorded
(Figure 1). In the same paddy fields, the seeds of
plants differing in plant height, hull color, hull size,
and maturation from cultivars were also collected
as weedy strains, In total, the ORF100 region and
isozyme genotypes were examined with 31 cultivars
and 68 weedy strains.

Morphological and physiological character
combinations

Some strains carrying enough seeds were examined
for other characters. In total, 31 cultivars and 68

weedy strains were examined. Apiculus hair length
was measured by using a microscope. Ten apiculus
hairs on three hulls were averaged. Length and
width of 10 hulls were measured for each cultivar,
Each length was averaged and the ratio of hull
length to width was calculated as L/W ratio. Hulls
were soaked in 1.5% phenol solutien for 3 h and
dried. Cultivars whose hulls turned black were
scored as positive for phenol reaction (PhV).
Cultivars of the alternative type that showed
unchanged color of hulls were scored as negative
for phenol reaction (P47). A Ph gene on chromo-
some 4 regulates this character. Ten secdlings at the
third leafl stage were soaked in 1.5% KCIO; to
measure their resistance. Resistance was exhibited
as percent rate of surviving plants.

Isozymes

Genotypes were examined for the nine loci Aepl,
Amp2, Amp3, Catl, Esi2, Pgd, Pgil, Pgi2, and
Pox2, in order to classify them into indica or
Japonica. Seeds were germinated at 30 °C in the dark.
Crude extracts of 3-day-old seedlings were used for
isozyme analysis described by Sano and Morishima
(1992). Based on the discriminate scores, plants
were classified into indica or japonica types. Plants
with D scores from 0.0 to 0.4 were indica type, and
those from 0.6 to 1.0 were japonica type.

PCR and DNA sequencing

Total genomic DNA was isolated by the CTAB
method from leaf tissues (100 mg). A deletion
in ORF100 region of 31 cultivars and 68 weedy
type strains was checked by PCR reactions.
Genotypes of plastid DNA were characterized
by PCR amplification using a primer set, #3
(AGTCCACTCAGCCATCT) and #4 (CTCGG-
CCATCATTTTCTTCTTTAG) which amplifies
the ORF100 region in rice plagiid DNA (Kanno
et al. 1993). The PCR cycle comprised pre-heat
(3 min, 94 °C), 40 rounds amplification (10 s,
95 °C; 30 s, 55 °C; 1 min, 72 °C), and post-heat
(5 min, 72 °C). Most indica cultivars possess a 69 bp
deletion in this region, while most japonica culti-
vars do not. This region has been considered to be
an effective marker for indica—japonica differentia-
tion (Chen et al. 1993). After PCR amplification,
the products were electrophoresed in 1.5% agarose
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 Figure 1. Collection sites of cultivated and weedy rice in Bhutan. O: Collection site, = road, -~ river, gesee: contour border.

gel. Takara Tag DNA polymerase (Takara Co.,
Tokyo, Japan) was used with the company’s sup-
plied reaction buffer, 0.2 mM dNTPs, and 5 mM
MgCl,. High Mg concentration inhibited amplifi-
cation of additional bands for unknown reasons.

Rice microsatellite

At each location sampling was restricted to a max-
imum of 10 strains of cultivar-weedy type and plas-
tid type. Hypervariable rice microsatellite marker,
RMI1, was used to examine the population struc-
ture. Forward primer; gcgaaaacacaatgcaaaaa and
reverse primer; gegttggttggacctgac, recommended
by gramene (http://www.gramene.org/microsat/),
was used to amplify the target site. PCR products
were electrophoresed by 8% polyacrylamide gel

with 1x TBE buffer at 120 V for 1 h. Other RM
markers were used to confirn: the population struc-
ture with silver-staining methods to distinguish
minor differences. RM7 (chromosome 3), RM21]
(chromosome 11}, and RM314 (chromosome 6)
were chosen for the purpose. Based on the basic
protocol of the supplier (Promega Co.), sequencing
gels were used with the silver-staining methods.

Results
Variation of morpho-physiclogical characters
Hull width and length showed an extremely large

variation. Hull length of cultivars ranged from
7 to 10.2 mm (average I standard deviation;
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Table 1. Wuclear—cytoplasmic combinations found in Bhutan.

Isozyme-Jap® Isozyme-M* Isozyme-Ind®

Type Altitude(m) NDP Db ND® Do ND® pP
Cultivar

2200-2620 24 0 0 a Y 0

12001630 3 0 0 0 0 4
Weedy

22002620 48 1 0 0 H g

12001630 3 0 2 2 5 6
Total 78 1 2 2 ¢ 10

*Isozyme-Jap, Isozyme-M, and Isozyme-Ind indicate that these strains are classified as japonica, intermediate, and indica, respectively.

8.24 * 0.70, n = 31), and hull width from 2.4 o
3.8 mm (3.07 £ 0.32). Hull length of weedy strains
ranged from 6.9 to 8.9 mm (8D, 7.81 £ 0.41, n == 68),
hull width from 2.5 to 4.0 mm (SD, 3.09 £ 0.25).
There was no significant difference in the variation
between cultivars and weedy strains. This means
that a mixture of plants carrying different hull
shapes was observed at each collection site.
Variation of hull width tends to be consistent with
altitude. Cultivars showed r = 0.61117" (df = 29,
0.01 > p) as a correlation between aliitude and
width. Narrow grains were found more frequently
in lowland (1250-1630 m) than highland (2250~
2620 m) areas. In contrast, weedy strains showed
r==0.11 (df = 66, 0.1 < p). No significant correla-
tion was found in weedy strains.

Cultivars and weedy strains showing a Ph™ were
frequently found in lowland areas, KClO;-sensitive
cultivars and weedy strains were also frequently
found in lowland areas, but a few weedy strains
from highlands showed sensitivity to the KClO,
treatment. The apiculus hair length of cultivar
type ranged from 0.18 to 0.71 mm and that of
weedy strains ranged from 0.31 to 0.48 mm. The
variation in gpiculus hair length did not show any
significant trend between lowland and highland
strains.

Multi-locus analysis for isozymes and
cytoplasmic genotypes

Multi-locus analyses for isozymes were diagnosed
to distinguish indica and japonica. Length poly-
morphism of amplicon for ORF100 region were
also used to distinguish indica and japonica plastid
types. The combined data for 31 cultivars and 68
weedy strains were summarized in Table 1. The

indica cultivars predominated in the lowlands and
the japonica cultivars predonunated in the highland
area, All of them revealed well-suited combination
of these markers. Although the japonica weedy
strains were also predominant in highland areas,
two strains carried the opposite type of cytoplasm.
One japonica cultivar discriminated by isozymes
carried the indica-specific deletion type ORF100.
Similarly, the indica cultivar carried the non-
deletion (japonica) type ORF100. Such nuclear—
cytoplasmic substituted strains were frequently
found in lowland fields. In addition, the interme-
diate type between indica and japonica showed both
deletion and non-deletion types of ORF100 region.

Half the indica weedy strains discriminated by
isozymes carried japonica type ORF100. Five of the
11 indica weedy strains carried the non-deletion
type ORF100 in lowland fields. One weedy strains
in the highlands carried japonica type ORFI100.
PS-ID sequence was also determined using differ-
ent materials, which can tell us the cytoplasmic
origin, These sequences did not suggest that cyto-
plasm of weedy strains originated from that of wild
strains (data not shown).

Comparison of multi-locus and multi-character
analysis

Next we examined multi-character analysis by
morpho-physiclogical trajts in order to know the
relation between various characters. The data were
then combined with multi-locus analysis by iso-
zymes and plastid types as shown in Tables 2 and 3.

Five cultivars discriminated as japenica by multi-
locus analysis were discriminated as indica by the
multi-character analysis (Table 2. Only one culti-
vation highland carrying indica cytoplasm was seen
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Table 2. Frequency distributions of P and Z scores for
cultivars.

Isozyme-Jap®  Isozyme-M"  Isozyme-Ind"

Altitude(m)/
Z-score” J I J I J 1
2250-2620

ND* 19 5 0 0 0 0

D° 0 0 0 0 0 0
12001630

ND¢ 2 i 0 0 0 0

De 0 0 0 0 0 4

Total 21 6 0 0 0 4

*Isozyme-Jap, Isozyme-M, and Isozyme-Ind indicate that these
strains are classified as joponica, intermediate, and indica,
respectively.

57 and 1 indicate that these strains are classified as japonica and
indica, respectively.

‘ND and D mean non-deletion and deletion type ORF100,
respectively.

Table 3. Frequency distributions of D and Z scores for weedy
strains.

Isozyme-Jap®  Isozyme-M*  Isozyme-Ind®*

Altitude(m)/
Z-score® J I J I ¥ 1
2250-2620
ND* 40 9 0 0 0 0
D* 1 0 0 0 0 0
1200-1630
ND 2 2 0 1 1 4
D° 0 0 0 2 0 6
Total 43 11 0 3 1 10

*Isozyme-Jap, Isozyme-M, and Isozyme-Ind indicate that these
strains are classified as japonica, intermediate, and indica,
respectively.

by and 1 indigate that these strains are classified as juponica and
indica, respectively.

ND and D mean non-deletion and deletion type ORF100,
respectively.

to belong to the same category by the multi-
character analysis. Weedy strains also revealed such
discrepancy (Table 3). Nine (18%) of the 49 weedy
strains carrying japonica cytoplasm were discrimi-
nated as indica from highland. Two weedy strains
carrying japonica cytoplasm were discriminated as
indica type by the multi-character analysis. All
intermediate strains were discriminated as indica,
although they carried either non-deletion or dele-
tion cytoplasm., One indica strain discriminated
by the multi-locus analysis was discriminated as
Japonica by the multi-character analysis and carried

399

Jjaponica cytoplasm. Overall much discrepancy was
found in both cultivars and weedy strains,

Gene-flow

All cultivars and weedy strains from lowland and
the five groups carrying various combinations of
multi-loci and multi-characters were examined for
their genotypes for RM1 locus (Figure 2. Sample
size in each location, cultivar-weedy type, and plas-
tid type, were restricied {0 a maximum of strains.
Five allelic types were detected in both cultivars
and weedy strains for RM1. The same allele pre-
dominated in both highland cultivars and weedy
strains, as shown in Table 3. In contrast, higher
genetic diversity was found in lowland cultivars.
The same tendency was observed in each SSRs.
Each predominated allele in RM1, RM7, RM21,
and RM314 could be seen in all locations and types
of rice plants {(Tables 4-7). Some cultivars and
weedy strains with deletion type cytoplasm also
carried the same predominant allele in each SSR.

Discussion

Crops are often accompanied by weedy forms,
which are genetically related (de Wet and Harlan
1975). There are several categories of weedy
strains; (1) those from wild colonizing plants
through selection toward adaptation to contin-
uous habitat disturbance, along with the evolution
of domestication, (2) those derived from hybrids
between wild and cultivated races, {3} those from
abandoned domestication through selection toward
a less intimate association with man. Such weedy
forms found arcund cultivated fields were thought
to play some role in the genetic diversity of culti-
vated forms (Harlan 1965).

In rice, weedy forms are defined as plants resem-
bling the cultivars but slightly different from the
cultivars and with a high degree of seed shattering
and other characters (Arashi 1974; Heu 1988; Oka
1988; Tang and Morishima 1988; Subh and Ha
1994). Such weedy rice has been found in rice fields,
especially where different ecotypes or subspecies
are cultivated nearby. Recently, such weedy rice
plants are frequently found. Because they inhibit
rice harvest. They are assumed to have spread to
tropical and temperate areas through propagation
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123458

Figure 2. Allelic polymorphisms found in rice microsatelite markers. (A) RM1, (B) RM7, (C) RM21, (D) RM314. Lane definitions

corresponding to allelic numbers.

by direct seeding and by mechanical means
(Oka 1988; Diarra et al. 1994; Suh and Ha 1994,
Catala-Forner 1995).

Thus, what are the probable mechanisms that
generate the weedy rice? One of the above three
processes to generate weedy rice forms was con-
firmed when a particular isozyme allele was found
specific to a wild relative in weedy rice (Suh et al.
1997). However, weedy strains were also found in
USA where there has been no wild relative. In such
a case, old cultivars were thought to have reverted

to a weedy form, Weedy strains that have appeared
in Bhutan were totally different from landraces.
Furthermore, there has been no wild relative. In
this report, we proposed another process to gener-
ate a weedy form, which has resulted from hybri-
dization between discrete types of cultivars.

In the previous paper (Ishikawa et al. 2002a), we
reported heterozygotes in Laos where primitive
cultivars were cocultivated in single fields. Also
strains intermediate between indica and japonica
could be seen. These data suggested that there
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Table 4. Distribution of RM1 alleles in cultivars and weedy
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Table 6. Distribution of RM21 alleles in cultivars and weedy

strains. strains,
RM]1 R#21
Total Total
Location  Type ORF100* plants 1 2 3 4 5§ Location ORFI00* plants 60 1 2 3 4 5 2/3
Highland Cultivar ND 10 0 ¢ 10 6 0O Highland ND 10 6181000
D 0 0 0 0 0 O D 0 60000000
Weedy ND 10 01 9 0 0 ND 0 00829000
D 0 0 0 0 0 O ) i Co00000
Lowland  Cultivar ND 3 01 1 0 1 Lowland ND 3 00200160
D 4 I 1 2 0 0 D 4 g 004000
Weedy ND 9 01 3 3 3 ND i0 01420360
D 8 0 1 5 ¢ 2 D & 1613111

*ND and D mean non-deletion and deletion type ORF100,
respectively.

Table 5. Distribution of RM7 alleles in cultivars and weedy
strains.

*ND and D mean non-deletion and deletion type ORF100,
respectively.

Table 7. Distribution of RM314 alieles in cultivars and weedy
strains.

RM7 RM314
Total Total -~

Location Type ORF100* plants 0 1 2 3 4 5 1/3 Location Type ORFI00* plants 1 2 3 4 5 6
Highland Cultivar ND 10 0108100 Highland Cultivar ND 19 g 01 06 90
D 0 0000O0CO0CO D g g 0 06 0 0 ¢

Weedy ND 10 1118001 Weedy ND 10 5 0 01 9 0

D 0 00000CO0CO D 0 0 0 0 00 0

Lowland Cultivar ND 3 02010600 Lowland Cultivar ND 3 g 0 1 ¢ 2 0
D 4 020002%90 D 4 1 06 060 3 0

Weedy ND 10 050302090 Weedy ND 1o g 11 0 7 1

D 3 0510110 D 8 0100 70

*ND and D mean non-deletion and deletion type ORF100,
respectively.,

were many cases of hybridization between these
discrete types of cultivars. These hybridizations
generated partial sterile plants and different com-
binations of various characters. Such progeny
would become the source of weedy strains.
Further evidence was found in Japan. Nuclear
and cytoplasm genotypes enabled us to find a par-
ticular cultivar form carrying a different set of
nuclear and cytoplasm types (Ishikawa et al
2002b). A particular lowland cultivar in Japan
was classified as japonica type by multi-locus ana-
lysis for isozymes, but carried indica cytoplasm. In
another case, indica cultivars in Japan were found
to carry japonica cytoplasm (Ishikawa et al. 2002b).
Based on the unique isozyme allele and the histor-
ical record, the origin of indica cultivars was con-
cluded to be India. The cultivars were found to
belong to the Aus ecotype in the Bengal district

*ND and D mean non-defetion and deletion type ORF100,
respectively.

fitted to summer cultivation before the possible
heavy flood occurred in the Ganges. Based on
the genetic characters, it was concluded that out-
crossing between indica and japonica cultivars near
the Bengal region might generate the ancestral
cultivars.

Bhutan is adjacent to the Bengal district where
Aus cultivars are grown. Weedy strains were fre-
quently found in field surveys. Thus, we examined
their nuclear—cytoplasmic genetic components to
investigate the origin of these weedy strains.
Isozyme genotypes have been known to be consis-
tent with altitudinal cline in Himalayan hilly areas
by multi-locus analysis for isozymes (Sano and
Morishima 1992). Also in Bhutan, the jndica—
Japonica classification discriminated by nyulti-
locus analysis well fitted the altitudinal cline. No
indica cultivars could be collected in Thimphu
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valley located at higher than 2250 m above sea
level. In lowland fields where indica cultivars prefer
to grow, genetic diversity was higher than that in
highland areas. Although indica—japonica cultivars
coexisted, indica predominated in lowland. Such
tendency was distinct in a weedy population,
Further, so-called intermediate and recombinant
types can be seen as a weedy form. It would be
rare to find such intermediate or recombinant cul-
tivars as a domesticated form. Multi-character ana-
lysis for morpho-physiological traits showed more
discrepancy between indica and japonica than alti-
tudinal cline. It implies that such character combi-
nations used for the multi-character analysis were
rearranged somehow, but not so much in isozyme
genotypes. It may result from the segregation after
natural hybridization between alternative types for
such character combination.

Sano and Morishima (1992) also reported that
isozyme genotypes were well correlated to the alti-
tudinal cline, but morpho-physiological characters
were not. It is easily estimated that there is tight
linkage disequilibrium between particular isozyme
loci and traits, which is necessary to adapt to the
altitudinal cline and for domestication, but not iso-
zyme loci and morphological and physiological
characters. The above hypothesis is supported by
QTL analysis. Some isozyme loci were more closely
linked to loci related to domestication, but morpho-
physiological characters were not (Cai and
Morishima 2002).

Cross-hybridization between indica and japonica
led to collapse of gene-combinations to maintain
domesticated traits following segregation. It was
also suggested that such loci participating in
domestication would be different between indica
and japonica. Once segregation happened, a large
number of segregates could keep domesticated
traits, but a small number of those could not.
Only segregates keep the domesticated traits,
should their isozyme genotypes closely fit either
indica or japonica,

Then, why are there two types of cultivars such
as indica-japonica in Q. sativa Wild rice
(O. rufipogon) 1s known as the direct origin of the
cultivated form. This species was grown from
South China to South-East Asian countries.
Isozyme loci reveal that wild rice consists of
primitive indica—japonica types (Morishima and
Gadrinab 1987). Thus, some scientists proposed

di-phylogenic origins of distinctive cultivated
forms such as indico—japonica. Based on this idea,
indica—japonica type cultivars should produce dif-
ferent combinations of QTls for domestication.
Then, once indica—japonica cultivars are out-
crossed, the progeny plants must breakdown
gene-combination {or their domestication. Weedy
strains in Bhutan may be such descendants, which
could not reassemble the QTLs of their parental
strains properly. Some cultivars would be the pro-
geny that succeeded in reassembling proper com-
ponents. These kinds of cultivars would explain the
source of genetic diversity found in South and
South-East Asian couniries. The idea of such a
generation of bio-diversity will open the way to
clarify rice evolution when we accumulate
nuclear—cytoplasm genetic mformation.

Another aspect of these generations in bio-
diversity, is that the recent iniroduction of modern
varieties into local fields will lead fo awful con-
tamination of modern genetic components by the
genetic background of local landraces. Even in
Japan, direct seeding acceleraies such awful con-
tamination. Rice breeders must take care of their
cultivation systems and bio-diversity of cultivars in
single fields.
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UDP-GalNAc:polypeptide  N-acetylgaluctosaminyliransferases  {GalNAc
transferases), which initiate mucin-type O-glycan biosynthesis, have broad
acceptor substrate specificities, and it is still unclear how they recognize
peptides with different sequences. To increase our understanding of the cat-
alytic mechanism of GalNAc-T1, one of the most ubiguitous isozymes, we
studied the effect of substituting six conserved aromalfic residues in the
highly conserved Gal/GalNAc-glycosyitransferase motif with leucine on
the catalytic properties of the enzyme. Our results indicate that substitu-
tions of Trp302 and Phe325 have little impact on enzyme function and that
substitutions of Phe303 and Tyr309 could be made with only limited
impact on the interaction(s} with donor and/or accepior substrates. By
contrast, Trp328 and Trp316 are essential residues for enzyme functions, as
substitution with leucine, at either site, led to complete inactivation of the
enzymes. The roles of these trypiophan residues wers further analyzed by
evaluating the impact of substitutions with additional amino acids. All
cvaluated substitutions at Trp328 resulted in enzymes that were completely
inactive, suggesting that the invariant Trp328 is essential for enzymatic
activity. Trp316 mutant enzymes with nonaromatic replacements were
again completely inactive, whereas two mutant enzymes containing a differ-
ent aromatic amino acid, at position 316, showed low catalytic activity.
Somewhat surprisingly, a kinetic analysis revealed that these two amino
acid substitutions had a moderate impact on the engyme’s affinity for the
donor substrate. By contrast, the drastically reduced affinity of the Trp316
mutant enzymes for the acceptor substrates suggests that Trp3l6 is impor-
tant for this interaction.

Mougcin-type O-glycosylation of proteins is an important
posi-translational modification in cells. The initial
biosynthetic step in this process is catalyzed by a
large family of UDP-GalNAc:polypeptide N-acetyl-
galactosaminyltransferascs (EC 2.4.141) {(GalNAc
transferases) that transfer GalNAc¢ from UDP-GalNA¢
to serine/threonine residues on proteins [1-3]. To date,
15 members of the mammalian GalNAc transferase
family have been identified, and all these enzymes have

Abbrevistions

common structural features: an N-terminal cytoplasmic
tail, followed by a transmembrane region, a stem
region, a putative catalytic domain, and a C-terminal
lectin domain that consists of three tandem (QXW),
repeats (Fig. 1A} [4-21]. In the catalytic domain, there
are two subdomains, the glycosyliransferase 1 (GT1)
motif and the Gal/GalNAc-glycosyitransferase (Gal/
GalNAc-T) motif, both of which are highly conserved
sequences in the GalNAc transferase enzyme family,

Gal/GalNAc-T, Gal/GaiNAc-glycosyltransferase; GalNAc transferase, UDP-GalNAc:poiypeptids M-acetylgalactosarminvitransferase;

GT1, glycosyltransferase 1.
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Structure-function relationship of GalNAc-T1

A ‘Transmembrane domain
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aT KIEly F[E Y]I GS YDIEEME | wa 510
w4 KIK|Y Flo YL G T Y D MEVYWG 3K
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w6 AK|s|Y F{E 01 G T Y D ME W ale
W7 R|E|F F{F[E _ G[L]y D L[] w K
w8 R|A[F[L G Gs|tp miL] ! [V K
WY RIE|Y Fla G o ML v[Y|e 5
110 R|K W] Fjw ala[V D LEIW R
hTEL |R|Q|Y Fju a|lely b MD 1 W K
W2 IR (IK]Y FE Gs YD ME VWG Giv
a3 [Ruly FlE ST YD MDIWGG N
T4 [K]A W] F|D GfKly MDIWGG afs
wTis [R]o[Y FlQ ajr. rpimiem e v[¥la o s

Gal/GalNAe-T Motif

Fig. 1. Schematic representation of GalNAc-T1 and P-T1/AN42,
and sequence comparison of the Gal/GalNAc-T motif among iso-
zymes. (A) Schematic representation of GalNAc-T1 and P-T1/AN42.
(B} Amino acid alignment of the Gal/GalNAc-T motif. ldentical
amino acids are boxed. Closed circles indicate acidic residues previ-
ously shown to be essential for the activity of GalNAc-T1. rT1, rat
GaiNAG-T1; hT2, human GalNAc-T2; hT3, human GalNAC-T3; hT4,
human GalNAc-T4; T5, rat GalNAc-TH;, hi16, human GalNac-T8;
hT7, human GalNAc-T7; hT8 human GalNAc-T8; hT2, human Gal-
NAC-TG; rT10, rat GalNAcG-T10; KT11, human GalNAc-T11; hT12,
human GalNAc-T12; hT13, human GaiNAc-T13; hT14, human Gal-
NAc-T14; hT156, human GaiNAc-T15.

and thus are proposed to be important for catalytic
function [22].

GalNAc transferases are wunigue among glyco-
syltransferases in that they transfer a monosaccharide
to polypeptide acceptors with significant variations in
the sequencc. A considcrable amount of work has
been done to elucidate the acceptor substrate speci-
ficity of the GalNAc transferases [1]. These studies,
however, have not identified any consensus sequences
to date, but instead have shown that the enzymes
have a wide substrate specificity, with each isozyme
having partly overlapping but distinct specificities.
Moreover, attempts, most of which have included
site-directed mutagenesis, have been made to reveal
the structural features essential for acceptor substrate
recognition [8,22-26]. A recent crystaliographic study
of GalNAc-T1 successfully demonstrated the overall
structure of the enzyme and its interactions with a
manganese ion, thereby substantiating the catalytic
roles proposed for some amino acid residues identi-
fied in mutational studies [27]. However, although
a computational model structure of the enzyme
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complexed with substrates was presented, the reported
crystal structure did not include the sugar donor or
the peptide acceptor subsirates [27]. Thus, the spe-
cific location of the acceptor substrate-binding sites
of this isozyme remains to be elucidated. More
recently, X-ray crystal structures of GalNAc¢-T2 and
GalNAC-TI0 were deternmned [28,29]. These studies
showed that the relative orientations of the catalytic
and lectin domains are different between the two iso-
Zymes, Ssugge smgf the poessibility of each isozyme
having a distingt mechanism for substrate peptide
recognition.

To elucidate the catalvtic properiies of GalMAc-
T1, we previcusly mvestigated the function of the
GT1 motif and the C-terminal lectin domain in this
enzyme, and we identificd amsino acid residGues in
both domains that were important for the binding
to UDP-GalNAc and the glycopeptide-glycosylating
(follow-up) activity, respectively [8,22-26]. To obtain
{further information on the structure—function rela-
tionships of GallNAc-T1, we examined the funciion
of the Gal/GalNAc-T wmetif. The imporiance of this
motif for catalytic function has been demonstrated
with the PB4-galactosyltransferases. Certain aromatic
residues in the Gal/GalNAc-T motif, in this closely
related family of enzymes, are essential for substrate
binding [30], and some of these residues are also
involved in catalysis-related conformational changes
of the enzymes [311. It has been reported that the
Gal/GalNAc-T motif in GalNAc-Tl containg car-
boxyl groups essential for the enzymatic activity [22].
However, the specific function of this motif in
catalysis is not clearly understood for any GallNAc
transferase. As in the PBd-galactosyliransferases, the
Gal/GalNAc-T motif in the GalNAc transferases
contains  several conserved  aromatic  residucs.
Although these residues are different from those con-
served in [4 galactosyltransferases, this nonetheless
suggests that these residues may play important roles
in the enzymatic function of the GalNAc transfer-
ases. Io this study, we have investigated the role of
the conserved aromatic amine acid residues in the
Gal/GalNAc-T moufl of GalNAc-T1, using site-direc-
ted mutagenesis, together with kinetic analysis of the
resulting mutant enzymes. Our results suggest that
some of the aromatic residues in the Gal/GalNAc-T
domain are involved in interactions with both
the sugar donor and the polypeptide acceptor sub-
strates. In particular, the invariant residue Trp328
was found to be ecssential for enzymatic activity.
Moreover, we have ideniified Trp316 as a residue
important in the inferaction with the acceptor poly-
peptide.
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Results

Mutagenesis of the conserved aromatic residues
in the Gal/GalNAc-T motif

An amino acid sequence alignment of the mammalian
GalNAc transferase isozymes (Fig. 1B) shows that the
Gal/GalNAc-T meotifs contain six highly conserved
aromatic amino acid residues: Tyr302, Phe303, Tyr309,
Trp316, Phe325 and Trp328 in GalNAc-T1. Of the six
residues, only Trp328 is strictly conserved in all Gal-
MNAc transferases cloned to date. The other five posi-
tions, although highly conserved, contain substitutions
in some of the isozymes. However, the substitutions
are, in most cases, quite conservative; that is, a specific
aromatic amino acid is substituted by another aro-
matic residue, such as phenylalanine, tryptophan, or
tyrosine. This suggests that aromatic residues at these
sites are of functional importance.

In order to evaluate the role of the conserved aro-
matic residues in the Gal/GalNAc-T motif, we carried
out site-directed mutagenesis analysis on recombinant
rat GalNAc-T1. The recombinant enzyme was con-
structed by deleting the cytoplasmic tail and the trans-
membrane region from the rat isozyme and by fusing
an insulin signal sequence and a protein A IgG-bind-
ing domain to the resulting N-terminus of the trun-
cated sequence (Fig. 1A). The recombinant GalNAc-
T1 thus prepared was expressed in COS7 cells, and the
secreted fusion protein (P-T1/AN42), which lacks the
42 N-terminal amino acid residues of the native
enzyme, was purified from the culture medium on
IgG-Sepharose. As reported previously, P-T1/AN42 is
fully active and has kinetic properties essentially identi-
cal to those of full-length GalNAc-T1 [24].

In the first set of experiments, we prepared mutant
enzymes with single amino acid substitutions such that
each of the six conserved aromatic residues in the
Gal/GallNAc-T motif of P-T1/AN42 was replaced by
a leucine residue. Although leucine does not contain
an aromatic ring, it is as hydrophobic as the aromatic
amino acids, thereby making it possible to evaluate the
specific functional role of the aromatic side chains.
Native P-T1/AN42 and the single-point P-T1/AN42
mutants were expressed in COS7 cells, and the secreted
fusion proteins were recovered from culture medium.
The amount of secreted fusion protein was determined
by western blotting, and the enzymatic activities of the
mutant enzymes were assayed using apomucin, which
is an efficient substrate for GallNAc-T1 [32], as accep-
tor. The measured enzyme activities were corrected for
the level of recombinant protein and expressed relative
to that of P-T1/AN42.
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Fig. 2. Expression and enzymatic activity of GalNAC-T1 mutant
enzymes. The P-T1/AN4Z and mutant P-T1/AN42Z enzymes were
expressed in COS7 cells, and the secreted recombinant proteins
were recovered from the medium on igG-Sepharose, as described
under Experimental procedures. The ameunt of secreted protein
was determined by densitornetric scanning of western blots {lower
panel). The enzymatic activity secreted into the medium was deter-
mined using apomucin as acceptor, corrsctad for the amount of
mutant enzyme in the mediurm, and expressed relative to that of
the wild-type P-T1/ANAZ enzyme. The solid bars show the percent-
age enzyme activity rsfative to that of P-T1/AN4Z (white bar. Data
are means = SD of three separate experiments.

Figure 2 shows that the expression levels of all six
leucine mutant enzymes were roughly comparable to
that of P-TI/AN42, although ¥F325L and W328L
exhibited somewhat lower expression. By contrast, the
enzymatic activities of all the mutant enzymes differed
significantly. The activities of the mutants, W316L and
W328L, were decreased almost to background levels,
suggesting a critical importance of these residues for
enzyme function, whereas the other four mutants,
Y302L, F303L, Y3091, and F325L, exhibited more
moderately reduced activities, to levels that were
40-80% of that of the parent enzyme.

Kinetic analysis of leucine mutant enzymes

In order to evaluate the catalytic roles of the aro-
matic residues in the Gal/GalNAc-T motif, we first
investigated the kinetic properties of the four leucine
mutant enzymes that were moderately affected by the
mutations (Fig. 2). First, the K, values for the donor
substrate, UDP-GalNAc, were determined (Table 1).
The affinity of F303L and Y309L was most signifi-
cantly affected, with an approximately three-fold
increase in the K, values. On the other hand, less
significant changes were observed for the mutant
enzymes, Y302L and F325L, which retained more
than 60% of the parent P-TI1/AN42 activity levels
(Fig. 2). The affinities of the mutant enzymes for the
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Table 1. Kinetic analysis of the leucine mutant enzymes. K, values
for UDP-GalNAc and apomucin were determined as described in
Experimental procedures. Values represent averages of three sepa-
rate reactions.

UDP-GalNAc Apornucin

Kn = SD Fold Kn = SD Fold
Mutant {mm} change (mg-mbl™ change
P-T1/ANAZ 51 +08 1.0 4.7 + 0.1 1.0
Y302L 52+ 01 1.0 5.0+£02 1.0
F303L 142 11 2.8 136+19 28
Y309L 160+ 03 32 7104 15
F325L 6.2 = 0.6 1.2 8.7 1.7 1.4

acceptor substrate, apomucin, were also investigated
{Table 1). Only F303L was significantly affected, with
an approximately three-fold increase in the K, for
the acceptor. Insignificant or merely modest changes
in the apomucin K, values were observed for the
other mutants. Taken together, these results suggest
that Phe303 may have a function in the interaction
with both UDP-GalNAc and apomucin, whereas
Tyr309 appears to be predominantly involved in the
nteraction with UDP-GalNAc.

Mutagenesis of Trp316 and Trp328 in the
Gal/GalNAc-T motif

To further evaluate the impact of amino acid substitu-
tions at positions 316 and 328, we prepared several
additional mutants. We first generated three mutants
with mutations at position 328: W328Y, W328F, and
W328A. These were all completely inactive. Moreover,
the expression levels of the mutant proteins depended
on the substituting amino acid (Fig. 3A). Substitution
with alanine seriously affected the expression levels of
the resulting mutant enzyme, indicating that the pro-
tein may be folded incorrectly. By contrast, the expres-
sion levels of the W328Y and W328F mutants were
not seriously affected. Nonetheless, the complete loss
of activity of all the position 328 mutants indicates
that a tryptophan at this position is essential for the
activity of GalNAc-T1. The results are consistent with
Trp328 being strictly conserved among all known iso-
zymes, and suggest that this residue has a crucial func-
tion that is common to all members of the enzyme
family.

Similarty, four mutants, W316Y, W316F, W316A,
and W316H, were generated by mutations at posi-
tion 316 (Fig. 3B). Of these, W316Y and W3I6F, in
which tryptophan was replaced by the aromatic
amino acids tyrosine and phenylalanine, respectively,
retained significant enzymatic activity (approximately
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Fig. 3. Expression and enzymatic activity of enzymes mutated at
Trp316 and Tp328. Quantification of P-T1/AN42 and mutant
P-T1/AN42 was carried out as described in the legend to Fig. 2.
The solid bars show the percentage enzyme activity relative to that
of P-T1/ANA4Z (whits bar}. (A} and {B) show the activity of enzymes
with mutations at Trp328 and Trp318, respectively. Data are
means = SD of three separate sxperiments.

40% and 20% of the activity of native P-T1/AN42,
respectively). The preference for tryptophan and tyro-
sine over phenylalanine may suggest a requirement
for a polar aromatic residue at this site, as trypto-
phan and tyrosine are significantly more polar than
phenylalanine becavse of the nitrogen of the trypto-
phan indole ring and the tyrosine hydroxyl group
[33]. W316H, which contains a polar imidazole group
but no aromatic ring structure, was completely inac-
tive. Moreover, W316A was inactive, probably due
to the loss of the aromatic ring and/or the polar
functionality provided by tryptophan and tyrosine.
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Consequently, an amino acid with large aromatic side
chain appears to be essential at position 316, and an
aromatic residue with a polar functional group
appears to be most favorable.

Kinetic analysis of the Trp316 mutant enzymes

To investigate the role of Trp316 in the catalytic
function of the enzyme, we carried out a kinetic eval-
unation of the W316Y and W316F mutant enzymes
(Table 2). Both mutants exhibited modestly decreased
affinity for UDP-GallNAc. By contrast, their affinity
for apomucin was affected more significantly, and the
reduced affinity for apomucin correlated well with the
reduced activity (Fig. 3B and Table 2); W316F, which
had lower activity than W316Y, exhibited a drastic
reduction in affinity for apomucin, with a 9.1-fold
increase in K. This indicates that Trp316 has a sig-
nificant function in the interaction with the acceptor
substrate. Moreover, a polar group at this position
appears to be required for efficient interaction with
the acceptor, as demonstrated by the low affinity of
W316F,

To further evaluate the acceptor-binding affinity
of the W316Y and W3I6F mutants, glycosylation
of two synthetic peptides, PPDAATAAPL and
GVVPTVYVPG, both of which are efficient acceptors of
GalNAc-T1 [1,23], was performed. The two mutant
enzymes showed drastically reduced activities with
both peptides (Fig. 4). Interestingly, kinetic analysis
showed that the impact was approximately four times
more pronounced with PPDAATAAPL than with
GVVPTVVPG (Table 3). The data also indicate that
most of this activity can primarily be ascribed to
reduced affinity of the mutant enzymes for the accep-
tors (Table 3), because the affinity for UDP-GallNAc
was only moderately reduced in the mutant enzymes
(Table 2). These results suggest that Trp316 in Gal-
NAc-T1 plays an important and, at least in some
cases, discriminating role in the interaction with accep-
tor substrates.

Table 2. Kinetic analysis of the Trp316 mutant enzymes. Ky, vaiues
for UDP-GalNAc and apomucin were determined as described in
Experimental procedures. Values represent averages of three sepa-
rate reactions.

UDP-GaiNAc Apomucin

K. = SD Fold K £ SD Foid
Mutant (mm} change (mg-mL™ change
P-T1/ANAZ 5.1+08 1.0 47 £ 01 1.0
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Fig. 4. Enzyme activity of P-T1/7AN4Z and Trp316 mutant
P-T1/4NAZ determined using synthetic peotides. White, solid, and
gray bars indicate the enzyme activity of P-T1/AN42, W318Y, and
W316F, respectively. Dafa are means £ 8D of three separate
expariments.

Table 3. Affinity of the Trp318 mutant erzyrres for acceptor psp-
tides. K, values for synthetic pegtides with a single acceptor site
{underlined) were determined as described in Experimental proce-
dures. Values represent aversgas of thres separate reactions.

PPOAATAAPL GWETWPG

Km # SD Fold Km = 8D Fold
Mutant {rmm changs {m} change
P-T1/AN42 035 + Q.05 1.0 1.74 % 0.3 1.0
W316Y 136 = 0.7 385 160203 3.2
W3156F 156 = 0.8 44.8 7.6 % 0.8 101
Discussion

In this study wc have demonstrated that the Gal/Gal-
NAc-T motif is involved in binding to both the sugar
donor and acceptor peptide substrates, using a combi-
nation of site-directed mutagenesis and kinetic analy-
sis. We have also identified some of the conserved
aromatic residues in the motif as being important for
enzyme function. The overall impact of the mutations
introduced in this work was dependent on the specific
positions of the mutated aromatic residues (Fig. 2, and
Tabies 1 and 2).

W318Y 9.0+01 1.8 174 + 38 36 . p . E
1302 Phed Ve, 2 -
W316F 91507 18 430+ 38 o1 Muf;atmns at- }"y:?i(,_ and 1 hed25 revealed that cpn
servative substitutions could be made at these sites
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without affecting substrate binding. On the other hand,
the mutations at Phe303 and Tyr309 indicated that the
former residue might interact with both the donor and
acceptor substrates, and the latter with the donor sub-
strate. However,, the effects of mutations at these posi-
tions were rather modest when compared to those of
the tryptophans at positions 316 and 328. It appears
likely that the mutations at Phe303 and Tyr309, which
are located mear the putative substrate-binding site
{271, could bring about local conformational changes
that affect the subsirate binding.

In contrast, mutation of Trp328 has a drastic effect
on enzyme activity. All evaluated substitutions at this
position (W328L, W328A, W328Y, and W328F)
resulted in complete inactivation of the enzyme, irre-
spective of the expression levels of the mutant pro-
teins (Figs 2 and 3). This indicates the absolute
requirement for the tryptophan at position 328 for
correct enzyme function. The faci that Trp328 is
strictly comserved among all known isozymes alse
supports this conclusion. In the clarified three-dimen-
sional structure of GalNAc-T1, the invariant Trp328
is located at a site opposite to the active site of the
enzyme, where it forms a patch with other invariant
residues [27]. This location suggests that the trypto-
phan at position 328 is less likely to be directly
involved in catalysis, Nevertheless, it is apparently
crucial for enzyme function and may instead play a
role in the correct positioning of the substrate(s)
and/or enzyme folding and stability.

The effects of mutations at position 316 were depen-
dent on the type of substituted amino acid. Substitu-
tions with leucine, alanine or histidine resulted in a
complete loss of enzymatic activity, whereas substitu-
tions with a different aromatic residue, such as tyro-
sing or phenylalanine, generated mutant enzymes with
reduced but significantly retained activity (W316Y and
W316F) (Figs 2 and 3). These results, together with
the dramatically decreased affinity of the mutant
enzymes for thc acceptor substrates (Fig. 4 and
Table 3), suggest that a polar aromatic residue is
required at this position and that Trp316 has an
important function in interacting with acceptor pep-
tides during the glycosylation reaction.

As the GalNAc transferases, in general, are capable
of utilizing a variety of peptide sequences as acceptor
substrates, it appears likely that they contain a reper-
toire of amino acid residues at the substrate-binding
site (subsite) that can interact with these molecules
[1,34,35], Conceivably, multiple combinations of the
interactions between substrates and the substrate-bind-
ing sites on the enzyme could occur, and the specific
ensemble of substrate—substrate-binding site combina-
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tions formed for an individeal acceptor would deter-
pune its affinity for the enzyme. This notion is
supported by crystallography data for GalNAc-T2,
which demonstrated several interactions between an
acceptor peptide and amino acid residues in a catalytic
pocket [28]. Nonetheless, the results presented in this
article suggest that Trp316 is 2 subsite with a key func-
tion in the interaction(s) between the enzyme and the
acceptor substrate(s). Interestingly, although the bind-
ing of all evaluated acceptors was affected by the
mutation of Trp316, there was a clear difference in the
extent of the effect between the different acceptors.
Notably, whereas the &, for GYVPTVVPG increased
about 10-fold, the increase in K, for PPDAATAAPL,
at approximately 40-fold, was more pronounced. This
is consistent with the obscrvation discussed above that
several amino aclds are mvolved in acceptor binding,
and indicates a differential importance of individual
amino acids involved in subsiraie binding for different
acceptor peptides (Fig. 4, and Table 3),

It has been reported that some aromatic residues in
the Gal/GalNAc-T motil in B4-galactosyliransferases
are azlso important for enzyme function. Apparently,
Trp31Zin B4-galactosvitransterase |, which corresponds
to Trp3l6 in GalNAc-TI, is an essential residue, as
mutation of this amino acid to glycine abrogates the
enzyme activity [30]. Possible involvement of two other
aromatic residues, Tyr309 and Trp310 in accepior sub-
strate binding was also reported [30]. Although these
two aromatic residuss are not conserved in the GalNAc
transferases, their close proximity to Trp312. suggests
that the segment in the Gal/GalNAc-T motif contain-
ing these residues has an important role in acceptor
substraie binding. Moreover, the recent crystallo-
graphic studics on P4-galactogyitransferases, GalNAc-
T2, and GalNAc-T10, suggest an important role of the
tryptophan residues corresponding to that at posi-
tion 316 in GallNAc-T1 {28,29,31]. It was reported in
these studies that the corresponding tryptophan resi-
dues are located in a small, mobile loop structure in the
absence of subsirates. Upon the binding of substrates
to the enzymes, these tryptophan residues move to the
catalytic pocket and interact with both the donor and
the acceptor substrates. It should be noted that, in the
crystal of GalNAc-T1, no electron density correspond-
ing to a putative loop (residues 347-358) and the side
chain of Trp316 is observed in the absence of substrates
[27], indicating that they are part of a mobile, flexible
structure on the enzyme molecule. These observations
together with the results from our kinetic study
(Tables 2 and 3), suggest that, in the absence of sub-
strates, Trp316 and the loop may be in a fiexible con-
formation, and that the binding of substrates may
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cause conformational changes that enhance substrate
interactions.

We report the involvement of the aromatic residues
in the Gal/GalNAc¢-T motif of GalNAc-T1 in the
interactions with both UDP-GallNAc and acceptor
peptides. Our present and previous studies demonsirate
the roles of the GallNAc-T1 domain structures in catal-
ysis [23 25]. However,, important characteristics of the
enzyme are not clear. In particular, questions remain
about how the enzyme binds to acceptor substrates
with different sequences. Further investigation of this
will require generation of additional mutant enzymes
and continued kinetic analysis. In addition, the crystal-
lization of GalNAc¢-T1, and possibly of some mutant
enzymes, in complex with both substrates, will proba-
bly help to clarify remaining issues regarding the sub-
strate recognition of this enzyme.

Experimental procedures

Site-directed mutagenesis of soluble recombinant
rat GalNAe-T1

Rat GalNAc-T1 ¢cDNA was obtained as outlined by Hagen
et al. [36]. The plasmid, pInsProAAN42, containing a
cDNA for soluble, tagged rat GalNA¢-T1, was prepared by
deleting the coding sequence for the cytoplasmic tail and
the transmembrane domain from full-length GalNAc-T1
c¢cDNA and by fusing a ¢DNA for an insulin signal
sequence and a protein A IgG-binding domain to the
resulting 5"-end of the truncated GalNAc-T1 sequence, as
described previously [24]. Site-directed mutagenesis on
plnsProAAN42 was performed [24] using the primers listed
below. Nucleotides altered to introduce mutations in the
GalNAc-T1 sequence are underlined: Y302L, ATT
TCCTGAAAGAGATCTCT; F303L, ATTTCCTGAAGG
TAATCTCT; Y309L, TTCCAGCATCAGCTGTTCCA;
W316Y, TTICTCCTCCATAAATATCCA; W3I6F, TT
CTCCTCCGAAAATATCCA; W316L, TICTCCTCCGA
GAATATCCA; W316A, TICTCCTCCCGCAATATCCA;
W3ioH, TTCTCCTCCGTGAATATCCA; F325L, CTGC
CAAATCCTAAGGGAAA; W328L, CACACTGCAGAA
TCCTAAAG; W328A, CACACTGCGCAATCCTAAAG,
W328Y, CTGATAAATCCTAAAGGAAA; and W328F,
CTGGAAAATCCTAAAGGAAA. The nucleotide
sequences of - the cloned mutant enzymes were verified by
DNA sequencing using ALFEXPRESS I (Amersham Pharma-
cia Biotech, Uppsala, Sweden).

Expression of P-T1/AN42 and mutant P-T1/AN42
in CO87 cells

The fusion protein P-T1/AN42, containing a protein A
IgG-binding domain at the N-terminus, and rat GalNAc-T1

Structure~function relationship of GalNAc-T1

lacking the N-terminal 42 amino acid residues were
expressed in COST cells and purifisd Trom the conditioned
medium as described previously [24]. SDS/PAGE and
western blotting of the recombinant molecules were carried
out as described previously {74]. The protein bands on the
irnmunoblots were scanned and guantified Hnearly regarding
the chemiluminescence respouse using & Luminoimage
Analyzer LAS-1000 PLUS (Fujifilm, Tokyo, Japan). The
activities of P-T1/AN42 and mutant P-T1/AN42 were deter-
mined as described below, and the activity levels were cor-
rected for the enzyme protein conventration in the medium.

GalMNAc transferass assay

GalMAc transferase assays using deglycosylated bovine sub-
maxillary mucin (apomucin), prepared according to the
method of Hagopian & Hylar [37], and synthetic peptide
acceptors, were carried out as described in [24] and [23],
respectively. Kinetic sualysis of parent P-T1/AN42 and the
P-TI/AN42 mutants was algo carried out as described pre-
viously [24]. The K, for UDP-GalNAc was obtained by
varying the concentration of UDP-GalMAc from 1.5 to
435 uM in the presence of 188 mpmL ™ of apomucin. To
determine the K, for apomucin and peptides, the GalNAc
transferase activity was assayed in the presence of 7.5 um
UDP-GalNAc, and 0625875 mgml ™! of apomucin, or
0.05-30 mM acceptor peptide, respectively. Kinetic pararme-
ters were obtained using g Linewecaver-Burk plot.
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with newrons, but not with glial cells. Analysis of the rat embryos also demounstrated that vat pt-GalNAe-T was

expressed in the nerveus system, including in the diencephalons, cereheliar

glion. However, recombinant human pt-GalNAc-T, which

primordiom, and dorsal root gan-
was expressed in insect csils, did not glycosviate several

peptides derived from mammalian mucins, suggesting that it may have a steict substrate specificity. The brain-

specific expression of pt-GalNAc-T suggested its involvement in brain development,

proteins in the neurouns.

Key words
drorae

Mucin-type O-glycosylation is one of the most important
post-iranslational modifications of proteins in the cell, and a
UDP-GalNAc:  polypeptide  N-acetylgalactosaminyltrans-
ferase (GalNAc-transforase) catalyzes the initial step in the
biosynthesis of mucin-type oligosaccharide by transferring
GalNAc from UDP-GalNAce to a hydroxy! amino acid on a
polypeptide acceptor™ This enzyme is biochemically im-
portant because it determines the number and positions of O-
linked sugar chains in a protein. Recent studies on the molec-
ular cloning of GalNAc-transferascs revealed a large gene
family, with 15 isozyme genes cloned to date.*'® The large
number of isozymes in the family suggests that O-glycosyla-
tion in the cell is regulated through distinctive sets of
isozymes expressed in each tissue. Of the GalNAc-trans-
ferase family, GalNAc-TY, previously isolated by us, is par-
ticularly interesting in that it is specifically expressed in the
brain.'? Although several proteins in the brain are reported
to carry mucin-type carbohydrate chains, the involvement of
brain-specific isozymes in vive O-glycosylation has not been
reported.

Here, we report the cloning of a brain-specific putative
GalMNAc-transferase (pr-GalNAc-T gene from human and rat
that is most homologous to GalNAc-T9. We also found that
human pt-GalNAc-T is identical to the gene, WBSCRI7, lo-
cated in the critical region of patients with WBS,'? which is
characterized by a neurodevelopmental disorder caused by a
haploinsufficiency of multiple genes in this region.”” Al-
though WBSCR17 is most abundanily expressed in brain,
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N-aeetylgalactosaminyltransferase; mucin; O-glycosylation; brain;
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through G-glycosviation of

in siti hybridization, Williams—Bewren syn-

with a significant amount also present in heart,' the expres-
sion of its mRNA in the brain still remains to be investigated
in detail. Also its gene product has not been biochemically

characterized. We,
GalNAz-T in the bra
situ hybridization analys
ity of the recombi

ned the expression of pt-
whucting Northern blot and in
an f} :saved the transferase activ-
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MATERIALS AND METHOD
GalMAc-Transferase from
Humaﬁ ‘md iw& based PCR, in combination
with 5’ and 3/-RA{ /‘ vas carricd out using the human
GalNAc-T9  sequence, whmuurﬂg the fuil-length rat pi-
GalNAc-T from brain. Based on the nucleotide sequence
found in the NCBI da a flﬂdengtﬂ human pt-GalNAc-
T cDNA was amplified tﬁom rat and human ¢cDNAg
were cloned into pGEM- ecton

T ensy
Construction of 2 Heco mbma 1t Baculovirus
fragment for a baculovirus polvhedrin promoter and a signal

A cDNA

sequence for the m}e secretory protein, glycoproteing?,
was isolated by digesting Ms plasmid vector p4cGPG7
(Pharmingen) with £coRY BumHI Synthetic sense and
antisense oiwmumeem uwmé for the FLAG and 6xHis
tags were 5 -phosphorylated and izAcubmpd fogether at 60 °C
for 2 min to obtain a duplex. pFastBac™ 1, 2 transfer vector
for the Bac-to-Bac system (Invitrogen), was digested with
Accl and blunt-ended with Blunting High (TOYOBO), and
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the product was digested with Sach. All cDINA fragments
thus obtained were mixed together and ligated by T4 ligase
(Promega), obtaining pfastFHGPS7 that codes for the GP67
secretion signal and the FLAG/His tags. Human pt-GalNAc-
T ¢DNA deleted of the sequence for the cytosclic domain
and the transmembrane region was prepared as cutlined pre-
viously,?" and inserted into the Notl and Xbal sites of
plastFHGPG7. The isolated clone was used for transforma-
tion of the host strain £. coli DIH10Bac™. The amplification
of recombinant baculoviruses and expression of the recombi-
nant pt-GalNAc-T were carried out according to the instruc-
tions described in the manual of the Bac-to-Bac® Bac-
ulovirus expression system (Invitrogen).

Assay for Transferase Activity Three days after the
transfection of High Five cells with the recombinant bac-
uloviruses, the conditioned medium was recovered, dialyzed,
and mixed with Ni-NTA agarose. After incubation overnight,
recombinant pt-GalNAc-T was eluted with 25 mw Tris—-HCI
buffer (pH 7.2), containing 100 nmuv NaCl and ,)00 mu imida-
zole. The enzyme activity was determined as described pre-
viously.”V

Morthern Blot Analysis  For the analysis of the human
clone, human brain Multiple Tissue Northern blot 1T (Clon-
tech) was hybridized with a digoxigenin-labeled probe of
fuman pt-GalNAc-T, and detected as previously described.!?

the analysis of the rat clone, five micrograms of rat total
RINA (Origene) was electrophoresed on a 1% agarose gel.

RMA was, then, transferred to a positively charged nylon
membrane (Roche), and hybridized with a digoxigenin-ia-
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rat pt-GaNAC-T o b
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Fig. 2.

(a) Northern blot analysis of human pt-GalNAc-T. (b) Northern blot analysis of rat
pt-GalNAc-T. (¢} #n situ hybridization analysis of pt-GalNAc-T in the rat embryo of
E19.5. d, diencephalon; CP, cerebellar primordium; DRG, dorsal root ganglion.

Expression of Human and Rat pt-GalNAc-T

gion. They had several characteristics commonly found in
the GalNAc-transferase family: 1} a glycosyliransferase }
(GT1) motif, a conserved sequence commonly found in gly-
cosyltransferases,” 2) a DXH sequence in the GT1 motif, a
putative binding site for a sugar donor and/or a metal ion,™?
3) a Gal/GalNAc-T motif consisting of about 40 amino acid
residues,” 4) conserved acidic, histidine, and cysteine
residues, ™ and 5) (QXW), repeats, a C-terminal lectin-
like domain.””

We, then, investigated the expression of pt-GalNAc-T.
First, the expression of human pt-GalNAc-T in the brain was
examined by Northern blot analysis. Figure 2a shows that it
was strongest in cerebral cortex. The level of expression in
cerebellum, occipital pole, frontal lobe, temporal lobe, and
putamen was moderate. This is in contrast with human
GalNAc-T9, which is expressed most abundantly in cerebel-
lum, and to a lesser extent in cerebral cortex.'”

The mRNA expression of rat pt-GalNAc-T was also inves-
tigated in adult rats. Figure 2b shows that two distinct tran-
scripts of rat pt-GalNAc-T (a major 2.0-kb transcript and
minor 5.0-kb transcript) were exclusively expressed in the
brain. It should be noted that a significant amount of human
orthologue mRNA is found in the heart as well.'” It may be
possible that more sensitive methods such as RT-PCR may
detect a small amount expression of rat pt-GalNAc-T in the
heart, although Northern blot analysis did not reveal any
transcripts. To examine the mRNA expression in rat em-
bryos, sagittal sections of E19.5 embryos were analyzed (Fig.
2¢). A strong discrete hybridization signal was detected in
the diencephalon (thalamus), cerebellar primordium, and
dorsal root ganglion. This demonstrates that the expression
of rat pt-GalNAc-T mRNA in rat embryos as well as adult
rats was confined to the nervous system. Rat pt-GalNAc-T
expression was, therefore, initiated at least by the late embry-
onic stage, and the rat brain may require continuous pt-
GalNAc-T expression in the embryonic and adult stages.

To examine the mRNA expression in the rat brain in more

431

f)

€)

Fig. 3. In Situ Bybridization of Rat pt-GalNA¢-T

Rat brain coronal sections were hybridized with ¥S-cRNA antisense rat pt-GalNAc-
T probe. (a) Adult cerebral cortex, (b) aduit cerebellum. {¢) and (d) Hippocampus
(%25); (e) and () cerebellum (X25). (c) and (e} Light field images, and (d) and {f) dark
field images. Cx, cerebral cortex; CAL, CAl region of hippocampus; CA2, CAZ region
of hippocampus; CA3, CA3 region of hippocampus; DG, dentate gyrus; t, thalamus;
GrDG, granular layer of dentate gyn DG, molecular layer of dentate gyrus; GrCL,
granutar cell layer; MoL, molecular layer.

detail, coronal sections of the adult brain were analyzed by in
situ hybridization with a °S-labeled antisense or sense cRNA
probe. Rat pt-GailNAc-T was preferentially expressed in
CA1, CAZ, and CA3 in the hippocampus, intermediate layers
of the cerebral cortex, and thalamus (Fig. 3a). It was also
strongly expressed in the cerebellum (Fig. 3b). We, then, ex-
amined microautoradiographic tmages of rat brain sections
subjected to in sifu hybridization. In these sections, cells in
the tissues were located by Nissl staining. Strong expression
of rat pt-GalNAc-T mRINA was observed in CA3 and the
granular layer of the dentate gyrus in the hippocampus (Figs.
3¢,d), and the granule cell layer in the cerebellum (Figs.
3e, ). Figure 4 shows high magnification images of the in
situ hybridization sections. With Nissl staining of brain sec-
tions, glial cells appeared as small intensely stained (dark)
celis. In contrast, neurons were generally larger and less in-
tensely stained {lighter) owing to their volume.”® Analysis of
the sections clearly revealed that the grains of the hybridized
antisense probe were exclusively associated with neurons
(Figs. 4a,b). These observations demonstrated that rat pt-
GalNAc-T was expressed in neurons, but not in glial cells, in
certain regions of the brain.

Finally we assayed the catalytic activity of human pt-
GalNAc-T. For this, a truncated pt-GalNAc-T, which lacks
the cytoplasmic tail and transmembrane region, but has
FLAG and 6xHis tags at the N-terminus, was expressed in
insect cells. The recombinant proteins in the culture medium
were tecovered and purified with Ni'-agarose, and then as-
sayed for the activity. Recombinant pt-GalNAc-T, however,
did not glycosylate peptides derived from mammalian
mucins, such as MUCla (AHGVTSAPDTR), MUCSAC
(GTTPDPVPTTG), and MUCT7 (TTAAPPTPSAG), while re-
combinant rat GaiNAc-T1 did {(data not shown). Judging
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Fig. 4. High Magnification (X40) of in Situ Hybridization of Rat pt-
GalNAc-T in Hippocampus

Arrowheads and arrows indicate neurons and glial cells, respectively. (a) Sense
probe; (b) antisense probe.

from its restricted distribution in neurons, pt-GalNAc-T may
not glycosylate typical mucin-type molecules, but catalyze
brain-specific O-glycosylation.

DISCUSSION

We cloned ¢DNAs from human and rat, which are most
homologous to GalNAc-T9. These clones (pt-GalNAc-Ts)
contained the structural features characteristic of GalNAc-
transferases. Hence, it is expected that they encode active
GalNAc-transferases, but they did not exhibit biochemical
transferase activity when assayed using peptides with typical
mucin polypeptide sequences. The failure to detect the cat-
alytic activity of pt-GalNAc-T may result from several
causes. First of all, pt-GalNAc-T may be a member of so-
called follow-up type isozymes, which requires partial glyco-
sylation of the acceptors in order to recognize them as sub-
strates. In fact, prior glycosylation of the acceptor peptides
was reported to be a prerequisite for glycosylation by
GalNAc-T4, -T7, and -T10.7'%'® Secondly, the transmem-
brane region of pt-GalNAc-T may be involved in the activity.
Expression of the recombinant soluble molecules, therefore,
may have generated inactive enzymes. Thirdly, pt-GalNAc-T
may belong to other glycosyltransferase families involved in
the transfer of different monosaccharides. It is, however, un-
likely that pt-GalNAc-T catalyzes reactions other than
GallNAc transfer, since it has motif structures of GalNAc-
transferase families, exhibiting very high homology (77%) to
GalNAc-T9. Finally, judging from their restricted expression
in the brain, pt-GaiNAc-T may have a narrow substrate
specificity for catalyzing brain-specific glycosylation. Pep-
tides containing typical mucin-like sequences may not func-

Vol. 28, No. 3

tion as acceptors.

In fact, there are several examples of O-glycosylated gly-
coproteins in the brain. Tenascin-R is a brain glycoprotein
with a disialylated core-1 structure, Siao2—3Galfil—
3(Siao2--6)GalNAc, as a major carbohydrate chain, and is
expressed in the spinal cord, cerebellum, hippocampus, and
olfactory bulb, colocalizing with rat pt-GallNAc-T except in
the olfactory bulb.”®*® Chromeogranin A (CgA) is also found
in the brain and spinal cord, as well as in the endocrine and
immune systems.’ In sifu hybridization of CgA mRNA in
rat brain sections revealed the expression to be strongest in
the pyramidal cell layer of the hippocampus and the subicu-
lum, ! where rat pt-GalNAc-T is abundantly expressed as
well. f-Amyloid precursor protein (APP) is another example
of an O-glycosylated protein in the brain,*® Both CgA and
APP are known to accumulate in extracellular S-amyloid
plaques in Alzheimer’s disease ' CgA is also reported to
accumulate in patients with Parkinson’s disease and Pick’s
disease. > % 0-Glycosylation of a-synuclein is reported as
well?” o-Synuclein is a major component of intracellular
fibrillary aggregates and implicated in the pathogenesis of
Parkinson’s disease.’® Aberrant O-glycosylation may cause
the conformational change in o-synuclein, resulting in the
deposition of abnormal filaments. Although the relationship
of pt-GalNAc-T with these pathological conditions is not
clear, it is possible that the deposition of these proteins in the
brain is related to altered O-glycosylation. Some of these
glycoproteins colocalize with pt-GaiNAc-T in the brain, thus
raising the possibility that they might be endogenous sub-
strates of pt-GalNAc-T. Studies using synthetic peptides de-
rived from the potential O-glycosylation sites of these glyco-
proteins are in progress.

Human pt-GalNAc-T was found to be located in the WBS
critical region, and defined as WBSCR17." There are several
genes in this region, and concomitant deletion of several
WBSCR genes, not a single gene, is possibly involved in the
pathogenesis of WBS.2%¥ It is also reported that in WBS pa-
tients, the brain is significantly smaller, and the cerebellum is
enlarged relative to the cerebrum.*® The strong expression of
both rat and human pt-GalNAc-Ts in these regions, together
with the continual expression of the rat clone throughout the
embryo and adult brain, suggests essential roles in the nor-
mal development of the brain. Therefore, the deletion of pt-
GalNAc-T together with other WBSCR genes may be related
to the developmental disorder found in WBS.
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ST LAFOBITBATLE, BUEAREICD LT84 o RFEMOBLBEE SN S, 2O T,
Ae. mutica DHFZE T /7 L33 A LR ITE 2 ZRFAOE IR D&, BT AS &4 TH
&, MBI Al ER I T T AEO 2EICAEINDS, ThETOMEER,2S, TR L T
BCBU A AHARXTY /LADENII NIV FYTY ) AOGFRROBENILS I ERENT

BO, A7uv s MY, HHWECRRBOBEKE XS v ay P 78EFORTEHNE LT
Vh, WEEEOWHECE, SRR VIR EAI P P TOF ) LAREERBEORMRE R L 72,

%@Wfﬁ@ﬁjwﬁﬁywmiWM+5@30@meﬁuwm%ﬁ B e B RGRET AT
HIEEWEbIIL, Thb#REBETORNAEME ZA50LBN A D T3 T8 Em LT,
“ﬁyﬁé%@%%ﬁ@%ﬁ%ﬁ%ﬁ%ibijUTWmefv»FM@ FThbb/Aya LY
DI FYT L0 e mutica DEDIZFEBDHLE T LI2KD, BEETORENED LS

“ TiE, AHEE SN T EL o7z, T THEE, TLF 2K/ 2707 14
VT, Ao mutica MIIWEERRIRICA SN 2 EETORBALE 4 ERNICHEL -, DIV 2oD

VR A AR B
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24 W EBER D AXEETFT AL UL P ay FY 7o ) 2 OMAEEMIZE S 3638

MREMET S,

2. M#EBUF*
2.1, REYIADR

BRI O & # L I0RT, BR824 F Chinese Spring (LT C52 2H) &,
Chinese Spring D12 de. mutica O T EITE 4 FA L 72 28 8L F CI3 88, B L < Chin
SmmﬁﬁQIW@mwg%ﬁkbt%%ﬁfﬁQA%Wﬂ% BHEE UTHNW, &k CI3 AR
13, C52 RN Cl4 R & LN THFERBLE A7 L, Cl4 RBIGHEARA R TI E8H» T
W3,

F 1 EBICHGEAR

Alloplasmic and euplasmic lines of common wheat

Cytoplasm donor

Code  Plasma type” Nuclear genome? - - —
Group or Section Species Pleidy
C13 T Cs Amblyopyrum Ae. mutica Zx
Cl4 T 4 ’ a 2%
Ch2 B 7 Dinkel T aestivum 5%

Y After Tsunewaki (1996)

2 Triticum aestivum cv. Chinese Spring
2.2. FEBTHE

FRELM D O WEEIICH 722 SR ORP 5 RNA #HEEL, v bo— b UTHWLS CB2 4
MO RNA % Cy3 ¢, £H8T5 CI3RUCL4 RZMD RNA & Cyb T, ThZhE#H L T cBNA
HEOR U7, SHOEBRICEZ I LFEST 7F— 4 R— A5 BITMER Sz, 28y 2o oA

a7 LA 0Tz, C52 & C13, €52 & Cld RO cRNA & 2 N2 R & I 1 7 544
&, T REEER, BMUGEETEEH LB 2 PR ER Lz, ¥, w4507

VA OEERIALEE Y AT AV A4 LY AR L T, 20O TR ENERIZIERICLD
To7z,

3. BRRUEE
3.1. Ae mutica MITEER I L X ORIEFRATa 7 74 v 7

vAra7T v EROENAA T ALY -0 g VERIZEWT, C13, Cld R THEELN 2150
EENUEEBETFRER2IORT, C2R/ME L T, 2B EREANEH U #5713 CI3 4
MTHETUVAIZZER Y P ERTOHEETEED 1.5%, Cl4RMTIE5.4% 2k b, Ci3RMe LR
LTCIRHET, J0ELOBETOREPEHL TWEI N o b/, Ch2RME HE
LT, CI3 RUCIA R THRBRIZENRONZ LM 108E 42K 3 IIR T, BEEAFE L8
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MMmEERILFELEFNE LB E I by VYT AOBAFERICHET 4158 25

F2 MRBEEEAR THEERIESARLNEE TR

Up-regulated genes Down-regulated genes Differentially
2-3 35  >5  Total 2.3 35 >5 Total expressed genes (%)
ChZ2vs. 013 114 46 38 198 68 21 38 127 1.5
Ch2vs, G4 347 196 148 685 291 132 73 496 54

%

3 MR EIRRR THBERIIENR SN DAL 10 85T

” G\ld ) Probe name  Description (BLASTx search result) Fold Probe name  Description (BLLASTx search result)
change change
C13 up-regulated C14 up-regulated
44 w2525 matR 79 w9393 17 kDa class I small heat shock
32 rwhi5o10 Mo hits found protein
- - o . . 77 w2656 putative 22.0 kDa class IV heat shock
b wl13328_2 Serine/threcnine-protein kinase protein
24 w2825 No hits found 54 w2595 matR
23 whii0o05 Mo hits found 50 w446 Helix-turn-helix ~ family protein,
21 rwh31n06 expressed protein expressed
19 w1783 Glycosyl hydrolase family 1 protein 45 w9951 putative heat shock protein, hsp40
19 wl2692 expansin EXPB4 cell wall protein 42 w2200 Hsp70 protein
17 w1047 Ne hits found 41 w7940 putative 16.9 kDa class T heat shock
3 o famil protein
17 wi12955 Pectinesterase family protei
v ectmesterase 1 protem 37 w2h59 expressed protein
C12 down-regulated ; ) .
79 11073 N hock . HSPZ6 34 wh71 putative heat shock protein, hsp40
A wi LU{ at sh rotein
’ e eat SHock proten 34 w2515 No hits found
54 w2656 putative 22.0 kDa class 1V heat shock
protein precursor C14 down-regulated
33 w12683 putative 16.9 kDa class I heat shock 19 wld735 putative RAFTINT protein
protein 15 rwhh?2j05 putative eytochrome P450
28 wi3 small heat shock protein HSP17.8 12 w563 S-locus receptor-like kinase RLK14
28 w3609 Chain D, Crystal Structure And 11 whifl370 putative protease inhibitor/
Assembly Of ¥
) ood st TP . .
An FEukaryotic Small Heat Shock seed storage/L TP family protein
Protein 10 w10075 No hits found
28 whE60 putative 16.9 kDa class I heat shock 10 wi0133 expressed protein
protemn 10 rwhh26i19  cytochrome P450-dependent
25 w844 heat shock protein 16.8. . . R
“ whid2 tshock protein 16 fatty acid hydroxylase-like protein
24 w2625 sutative 16.9 kDa class I heat shock . . .
24 i .};é‘:zl;; 6.3 kDa class T heat shock 9 w5495 subtilase family protein
71 wAD4 anak protein, expressed 9 w14068 putative serine protease
26 w1877 dnaK protein, expressed 9 w4643 NAD dependent epimerase/

FrORALET B EST 20— Y45 V¥ L8 L, Y7024 4 RT-PCRIZ& D mRNA @
HEET I A, vA a7 VA LHRORBHAH P RO o, T4 OEHEZHETSZ L
BCE, CI3EBTIE, S FPIVFPYTHF /L2 FENTNS maR BEFABELEVLRELE
HAHERL, BREE AR L ETEETOREAEDRA ML ZAZ YN0 EEI—-FT58DTH -7z,
1A RRETIE, B DA ML AL VS BBETFORAN LR L, & 512 CI3RHAM, I b
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26 WMMEERILAXA T T LAKEI by FY 7Y AOMEERIZE T 2%

IV FY T maR BIEFORREELL LR LT, £72Cl4 R4 Tid, BURP F A4 Vv Ak a—

N3 2% RAFTIN BBIZTFORBEPREMLT L T2 (19 BEOREEFH LR L),

B41id, C52RMEILEL T, CI3RMTAMGLLL, /42 Cl4 RRTEFLULEDRREFHZRL
IR T AR HED X ML 8O TH S, CI3AMTHES LR L 287, R, &4
BB D 2 BETRMME, SEOHE, P FPMEBEIIBDLIBETAENEENTED, BELK
TULBETICE, AL 240 BERELRBO 6Nz, PTEEEKFNDIE, T 4 FOTERFE
BIET C®H D FLOWERING LOCUS T (FT)BIaTORFEN/KRELL T LTI & TUTHFORBEE
), ZhH Cl3REONFRIEDOEEN LHKTH 2N E 2 6h b, 5%, FT BIEZFEH
0% O TERABBIZ T ORBUI DL THE ATV 20,

—%, CARETREAN LR L-BETOEIE, AL AR VYN0 EET-F458DTh-

A B

Biosynthesis and
metabolism (10%) Unknown
(14%)

Structural
development  oppers 2 . Stress
) (14%) 4 _"= response

- 63%
e . ‘ ) ( Yo

. ///’g Signal
//% X transduction
o
_ ~
/ - Biosynthesis and
Others (10%) metabolism (9%)

Biosynthesis and

Unknown metabolism (21%)

)
Structural
development
(7%)
Signal
transduction
Biosynthesis and (5%)
metabolism (5%)
L Transport (4%)
Nucleic acid
binding (3%) Others(8%)
Othets (9%) Transcription

(3%)
X1 FRBEZEZRLZEET ORI D < 5
A : C13 up-regulated ; B : C13 down-regulated
C : C14 up-regulated ; D : C14 down-regulated
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nadsc

nadle \

D X-nadle-nadsc

€52 €13 Cl4

matR

D Xenadle-nadsc

mature nadl -,

GAPDH [
B2 MiEESERRIC ﬂ’%‘o matR l_;{l:—f@%—@%

Poo FRFBAMMET U2BEFICE, B, LoREBE, SEOREP Y /T EE, MERRLE
KRS 220880, CI3RMEINE L TRA LBZFORRABK T ARD o iz, Th oG,
EEBBIECEETORINE, BEREe TV PV T2 VESBICELSBETNEERTED,
PRI BIE T Ch % RAFTIN MR TR, RAFTIN LTHFRIZBURP F A A V&3 — R 58ETD
HFESPELIETL TR LSRN TH -7z, BB IDRAFTIN &, 4 33 &X DIERFE
RS ¢, &~ — bl & IR & & OWE £ TE8 MR 5 720 I R BEF LB A5
NTC 5, L7 - T Cl R TR A KT 5 20 DR EAWER F i S hang &,
FIBIADREL T BTN EA SN 5, BURP FAA V&I~ FT238EFIEWDR
ORI 6 HEEE T3R8, BB/ Y — VidkAe Th D, FENLERILFAE Sh iy, 4,
RAFTIN LIAVIZE, BURP F A v&EFES Cl4 R TH L WRIURT 278 L85 72 RE e,
IhEDBIETOBEIIDOWTESHMBNEZED T PETH S,

32 ABREBBRABEIIBITAI I Y R Y7 muR B TORBELS
SOG4 a7 VAERT, 3 FYTY LT - FERTV D maR BETORED,
<

Ci3, CHUMPBHTEL EH LTV A Z BB h 72, 20 maR EIZTIE, "BEMEHO
PV UT S LD =T 24 Y P YNICEBEICRFENTED, RNAZXT 74 v v 272
54 58RTEELONTVS, TRAEYEZDERZTFORESMEEERZETCER L z0», JEE
ICBR A o, 2 TETY, VTAAA LPCRICKD maR BIEF I -BOEREIT -7,
FORE, T IVOME L - VIZKREEEIRDENT, BRREBOZEE mak Bz —

BOZIGEET 2 8O TII AW EOEE S E7 (F— 2 RiE#H) ,
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28 WEEBR I LFATFNELEBEI VI FY 77 20MEARIZET 285

EZAT, ZDmaR B0~ FiEEid, RTFALYEDX P A4 VICLORERENE, £
BRI - PEBNICE T E -4 - 2MEEL, JOMEMA S 2 MEDETEY hatk, DXnadl
e-nadSc) WELC B EENB, TITIMOESEM TN ThE S~y PEULERT-PCR 247572
T A, matR EFEMTOL S 3 5% LEERRARE CREEIE N
33 LF EMEERBRT, naR BiiT 5T 0T - 5 - EBROEREICEGIIRA &k
WOT(F - 2 KB, SROBERPL, ZERTRUD XK A4 V3D pak GEEHOL,
MIEBERRR THRAR LR L T30 b6k o7, ThESHOMERETH S,

¥ B (3 2)

4 BbUil

ShEID T, v 4 a7 v BheliBEERARICERTS 28T, CI3RUC
BIZLIZED 2 PN BEBE T2 0 DA 0 Y2V I T BT ENTER
AT VRIS — v ERAETHILEYRD S, F 2 RITTEXKENC LB 70 T A — LA
HEEEOGENS, RNA KU X VST B L N TERBAE WL 5 B8 ETEL T

(w

5. BiE

REFOFTITNE, UK (R T2 RAVEY TS5t 1), Pl (1 D) o
ﬁ%%to:zw%%ﬁﬁéﬁﬁoi%ﬁﬁ%?ﬁwkﬁA$ESP74ﬁm7v{t
HEHIo Lo EREh7z, NBRP, RUSYA 707 v A4 DO E 2 - KRR,
(BT S R AR AR 7 ) 1B 5
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SEBaAFEET AL LIEEI bV YT
w7 s O BEVER BT AP

wmoow =
S it

1. BUsi

MR UGS LD ERSRICES O C L, MRREBESRIE X5, HER LacEE s iy
REBRTCHY, COFETHERS hCHREBERAFIL, A v FAORKENOBRERED 1A
ELUTHESL 2 v A (Co Correns) 1 X D, BEICHEYMIE OBZFIPRCHV bR, A
AT B ESEY T, B & () WHFET 2BEFERIIEE, ¥ 5 T oRRANELD
Na, —F, HHEL &< 0B4REEETADT, FLCFETHRERR WhEy 7 o, 7
5xxy) LRFOEBBFHEANEZ DR, Licts - CTRElL OFEfR UMY ETHER S cM
FTEBIAHE T, P9 H b LT, MESRYORRCHE VB (HRREREE) o DwE
T L BRORBEIC T - Tl D, MIBEERAR S ERE L R T 5 & T, ME ORI

DRV R T 70D ORIFOME L L CHRA S T &7,

2 AFEBNTE, 3 AF (Titicum) JBEFOTBRITEETH D ¥ 0 7 A (Aggilops) BIEY D
IR A o5 v o A F B A L MBEB AT, SEER I TR, MEEYD 7 7 Xt v iE
HOEBRE X0 L5 B8R E 2 500, BRMCHEIR TV Y, Zhb 77 e ORI,
F B O RHEL OB BE RS L (&, $RRE Y I XYL D v aAFOR
B O, SRR A R FEROBREIC LRI DL S A S REE I R
Lt EAAEEE LR OBEN & U CH BSOS, FOFTE < 3 Ao mutica D]
BB L, A muticg 1T, Foa, ) Tl FdERcEETL 2G0T AE T, Mo
< D Aegifops LR W HIEMETH B, ZOWMPO T T XL, KEETAT )T OPEEC L
D, FRERBITICAY 2 AFCBEASRES, bEbEAUBCERT 2L hbLT, RO
B BB T v 2 A X 2 AR K E TRV R AR LD bR, HEEEY LT B TE
AR R AR R LT T RO 2 o AR AR E e, HETciThbhvio v % 7 DNA
DEIREESE ST, THE TPHOERMOFE T P a v F )7 DNAGTORROBE WL B T
ERFEI TS, FOBEOBMIEEEB ST nY, 2L TAT R Y22 b TR, S

DR R TR A
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24 MREBMR D 2 F L E=F AL LIcke 3 s a v KU 77 2 2 O BRI 2075

v A FEERBOEAE S Fr b e mulica® 3 F 3 v F ) 7 L 0REBRET OBERY 3,
7 O FHEWENER LTS, SHERTOE—HL LT, #MENyF e Xy s+ &
A, BEERLIRTBEETORERIIV S DB L o — v T LA RO REE AT
oo DT OREREZEET 5,

2. MEBRUAE
2.1 HEWMR

R R AR LT, HalRS Y 3 s ¥ (T aestivum) O 1
(LAF C52 %#k) &, Chinese Spring D8 Ae. mutica © T A E A L
U < Chinese Spring O#%ic T B E 2B A LA (DIF C14 560 %%
feds, CI3 R C52 A/, Cl4 AL HATIENERIET 5 & &, Cl4 R
DL T B,

i Chinese Spring

N
i ;@'ﬁﬁ))

BAE & LTV,

2.2. FEIE

EE AL OFEMLR OTEL DY, vV VIR T ORI o e, Tk 082, €13, Cl4 %
BB o4 DNA # 10 g HHIBRIEESE FeoRl, Hindill, Psil, Seliw L D54, b
A7 He—AFABEEKE LE, Sl v A v T v REE L, PCRICI Dy o a®F 3 b
GV P 7 ORMEETAE Y0 — 7T, YN T Y - g VR, Dig v A
FADRENRIZ I v T AREE Lt Tl — Y ML, BETERT oMY 0 R s b JE S
LEeRNARERA L, CHBOEBREYEY, 7u—=v ), v—J Xy vy 2 EOhFEYs
HIEBL, — BRI X o T,

3. BRAUEER
31, RNy aaF¥Firav Py TRET T e — T B lEr v ST
FESE, v o A (T aestivum cv. Chinese Spring) @ 3 Fa v VU 7 & /7 s O ERANEESR

Fe 1 FERcHV YRR

a) Alloplasmic and euplasmic lines of common wheat

Cytoplasmu donor

Code Plasma type! Nuclear genotypez) - - -
Group or Section Species Ploidy
C13 T CS Amblyopyrum Ae.mutica Zx
Cl4 T2 ” 7 Ve 4%
C52 B ” Dinkel T aestivum 6%

U After Tsunewaki (1996)

2 Priticum aestivim cv. Chinese Spring
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MpEER 2 F 2T AL LEEE S v a vy P 770 2 0MEER BT 505 25

N, S0 AR 4R 528 bp DB DNA ST CH S L, FOT B EHO s v R s B a—F
T BT, 3O RNARETF, 170 RNABETHEER TV L EBBELh LY, Z
b, SCiotvaaFE Cl3, CUMAMOI rav R T F 2 A0 ED L S Ik
EDBENPEET LSO, L UEMICHENS L ENEEE s T B, T TANETIRE T, v
S AFGI RV R TR AT AL v A B2~ P ABETFD, BIFETCr R L
A MR AT, RO I ay WY T A0SR I REEICE L 7,
DT T a— T BT, YFEYNA T Y A E— g VTSR YR,
-TEBWTELRIY 7 bR, RRETH U A A 4m3 iR
CERETL, BhhicERyE EnE L, C13, CURMDOI ra v P77
EL 7 CB2 Rt h &0 C 3 R/ il 7B R TR, C13, C14 SRiTH
Rl LB BRI, C13 & C14 R TG O R 2 2 RS TET 5 2 L VR
P2 08 ned? BETie X Cir, C13 & Cl4 BRER, 7 €52 & C13, Cld RftHlowv-Fhic
EFRLENT A, Lo TIOBEETEEL Y 7 28R, 3R/ C
A EEMIR B, —C, atpl, coxl, rrnl8+5 Bin TR T, Ch2 & C13, Cl4
B, C13 8 CH4 ORI L BEF 2 ¥ —HOE A RET AFEE A T ) £
Homis g v S H OB CRRED b (F—2KBE) . 2T, KPR O 3 EETEE
HEHL, FofEloEs - ARSI A & R H e Ui,

3.2, aipl, coxi, wul8+5 B TFHEEROY—~2s v v T
FHEEOBEOBEAK LTI, apl, coxl, rrul8+5 BiE T OB O E I

ENW Lo t, 1) Cld RO atpl BT TR D aip9 BInT, CL3 RO
FHRICEE A ERBINDOGIE S H D, Fl SR RF>R T, iR i gyl
P =T ST v —a (orf) BRL S EINTE D, 2) Ae mutica D coxl SRR T D
S L F LR 0260 BIETAEAET A ek, 24k €13, Cl4 Bfticdtdm U TR
CUA SRR D yrnd8+5 BT HEIGE, 3 Mo b oRA] L& & o TR 7o rml8

BaTHEM O I oy Py 72 A R, BREo rav Y T EEF

WP A M G, AR E A SBETHAFET 5. 85I, b v Er a0 NCS FRERED

EERFEL, b oy PV 7EETORE, Tkt 4 7EETICL 5 EHEEE T ORFHENR
WEE2LRTHY, P Fav ey 7RETOBSER LT RBIUS OB LRI L o#E R

Ha b, Lich->ToZ03BETRROBEER I X DA UHof 3, HEETREOH
FORIEZ 5| & o TR T OB Jafif £ & 2 b,
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CIORIG BEORIE ‘Bd p 4 UPEF U HE TI®WF N E

L P oAb B L~ £ LGB L (A AT
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1

g
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TS5y 7

97744

5qeoqe
H q

gepv Ippo gHROH ppppH  F7Sdl -Lpp

oqeaqe
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A

3]

B2

MEEEBR2 22X 2T T AL LT E I P2 v N Y

cra . atpl atp9
C13/C14 = et — ~| C13/C14
B
T e —— €14
H 1 3,
1kb
o S ir:_m ]_“m,i C()xj F
£ g | c13/C14
& a %0:";‘2’«'}@ e 12
kb

trnfid rrul8 rrns

atpl, coxi, rrnl&+5 BT HIBOBEE
AL I, Bltcoxl, CiLrmi8+58n
Pliti- zC(L EcoRl,

Fo BWMI o NI TE

7o s O AFRCREET B HE 21

33, EEERTEBO / —v W
mﬁQ%WV%ﬁ&y~&;yyyf@%%,@n

[N SR/ P AN o & A G o (a5 <
A BEOF 2 FRETIHEET D LD T
WhhEkotc, ChbORERBEEHCHFET S
ETORRAYRET S0, ERMHORE L 724
RNA & B\ — VRl 247 - 72 (K 3) . £ DRSE,
alpl B3 P rml8 BIEF T, ~ A7V X
V7 Mz BRI AT, TEEFERCE
FET2F 25 BETHREL VWD 8, F25
BETFOFENEFUEEFORI N2 — v
2 OIS IR T, T, coxd SEBIET
B L T, MfEERRR T, Sy 2 A F L
mRNA DEBENPEZLET LTSI Ehbno
7o 0rf260 BT ORI A2 — v EDRE LY,

wmitica D 3

A AR

(B 7 m— 7 % o R O RS B

Common fragments (%)

Common fragments (%)

Probe Prohe
Ci3vs, Cl4 ChZvs. (C13,C 14) Cl3vs.Cl4 C52vs. (C13,C 14)

nadla 100 100 alpe 100 31

nadle 100 100 atp8 100 25
nad2b 100 100 cemC 100 80
nad2d 100 50 cemFCa 100 100
nad3-rhsiz 100G 50 cembCh 100 0
#nadde 100 100 cem N 100 100
naddh 160 160 rpl5* - -
nadde 100 100 rpl16 100 0
nadsh 106 100 ¥psl 100 100
nadsd 100 100 rps2 106 100
nads 100 50 rps3b 106 4]
nad7c 100 100 ¥psd 160 0
nadd 160 100 ¥ps7? 100 25
cob 160 25 7psi3 100 100
coxd 55 0 matR 100 100
coxz 80 90 mitB 100 0
coxd 100 0 yrnl8-rinb 46 25
atp1-athy a7 0 26 160 70
aipd 166 0
#0013, CUBRM T v 7 A BB S hod, Ae mutica TlInpls BTy 7 A~BA L5 SIS RS
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28 MREER o 2 F BT A8 LcBke s b2y PO 77 AOMEFRCET 535

. leaf spike
probe o 521314 5213 14
aipl +9
rrnl8
coxl
orf260

cox2 {control)

0.8Kb

M3 BREETHERO, —F v N4 TV T4 €~ a v
EENIEBEFADOSE S%, 5215 C52, 1311 C13, 141k Cl4 R a7,

BB B HSR M Tk coxd SEET O _ERICHELET 5 orf260 Bl T O 7 v e — % — 38, ¢ O T IRIZEET S
cox] BIEFORBLIH L TS HEEEAE 2 b D, ol L 20880, C13, Cl4 OlRf s iz
EUL DT, TRENORMOERA L ED L 5 TiE 00 O, BB Clabr b, 4%
VL, cox]l BEF DR VR BLSATONE, FRESEN (ox] BETORREYNY 7229 b
D—ERE T H) OIEROBI T E &7, cox] BIET ERAME OBEYE L TV FETH S,
7rds, C13, Cl4FRHD cox]l BT EMICER I i o260 BIE T, Vv 2 o FIOBEETRE
AAETHEIETMLND T timopheevi FIFAE D I b 2 v ¥V 7 DRENEEF, 69256 ©AE 0 7T
Bb, 0rf260 BILF DELEMIHEME RO C13, HERFRO Cl4 MAMOT T ICEE Xy,
REYOFMILEETHLN T T, T2 09256 O k% v FIL, Ae mutbica 120 Ciiiz {, Lo

(oD aaF e ¥ u S RABEWCLEET LM, T timopheevi & 1 < i1 Ae. spelloides FRIRE 2F50
HEETRRR 2 A F D orf256 ZRITE, IR LEEI A, b L IEEFER I A0 RS e s
EREBITED, oA ¥ 0805 of256/260 BT L HEEARIVE L 0BERBEN RS X h s Y
LBt C, A B oD i THEE T 23 Cld R D 5 0260 B LT ORIERED I HEET A 06
WRB D, S, v AXVBENTLE £ 2B RADFERMNIEEE L T D,
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B oA F AL LI E S P2 v U 7Y a0 ERICET BB 29

S OB E RS (24 F) PR H e, de mutica &% 1 A

DIy YT ORRS ) AR O—AERE Ui, Ao mutica 13EVIRBEEDTHD, O
VB RED I Py VY 7 mDNA RS 2 L1y, BEEARRETH L, MREERR

MOER S A TS T, ZOEYD I ravy N 77 ana=—7 REEAEE L L 2 ik &
L0, b LIAhLOMBEBRESHENETIE Ae mutica D F v K Y T OWMERHRL HED
5o FEYA W T U AR E B R THIB L 720,
Yy —ATue s b (NBRP) OB ZE D C, HMETRLRT C14 R
CORBOBT AR HREECE, TuT A 2 20T S a—g il

g1

SR (RSIEFERE, TP Rty TEE PR 18 57, RIGHER
BHEM THHBOER 16 B T) OB LM LORBRE &, ARECH - MlE
BEHR A BETCRE L O R W BRE—RE L, o, EEFROGEREL o 2nT

% NBRP @@

S

1) Tsunewaki K, Wang GZ, Matsuoka Y (1996) Plasmon analysis of Triticum (wheat) and Aeggilops. 1. Production of allo-
plasmic common wheats and thelr fertilities. Genes Genet Syst, 71: 293-311
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Abstract

Cytoplasmic male sterility and pollen fertility restoration ability against it are crucial character-
istics for B, hybrid breedings of various important crops. In this report [ examined the distribution
of the mitochondrial gene (07138} inducing the Ogura male sterility and the restorer gene in

Japanese and Koresan wild radishes.

N A was isolated individually from 259 radish plants coliected in 15 Japanese and two Korean
tations. By the PCR with the DNA, the presence of 077138 was detected. For the plants having
8, pollen fertility was observed and the plants showing normal fertility were }udp‘ed to
hav& the restorer gene. On the other hand, the plants with normal cytoplasm were crossed as the
pollen parent with the Ogura malesterile variety, ‘MS - Gensuke’. Based on the ohservation of the
pollen fertility of the hybrids, presence of the restorer gene and the genotype were determined for
each pollen parent.

While 39% of the wild radishes possessed the 0#/138, most of them (97%) showed normal
polien fertility and were judged o contain the restorer gene. Among the radishes with the normal
cytoplasm, 16% lacked the restorer gene, whereas 34% were estimated as homozygotes for the

gene. There was no correlation between the frequency of 0138 and that of the plants with fertility

sens in the pepulations. The origin of the restorer gene and mechanisms keeping its high

frequency i wild radish populations should be clarified further,

1. U

VEBROHRT, ftRICHEBE SR ERERERR, BEAREEDTRE
A A F DY EERE 20BN D504 H T2.46t/ha (1948
25 860t ha (20004F) ~EMBSFIZHML 208, COFLHEREF,EEOLER

Wb, SOILALRERHICLL8NsRIZ, Py roaize&Eod, {4, ¥4, &
Y, A, b, FVRE, Fy_XULEEESTEROBIERTRED LN TNE k

—-170-



42 N F A DA BT AN E 0SB L RS EEEETOS
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felktd, #7432 MUT 79 RO Brassice BUEICH BA ST, ¥ %, Fv
N NIHAREZCOBREGEP TR EFRICHCON TS, ZOF 75 AR

BEMREEZRECHAHE TS 72, LALEELO—EOBFRICL T, 57 9 BETE
HoOBRKBET (S bary FUT0uf38) &, ¥4 2 Y BOBEM (Raphanus raphanistrim)
THEL, ENFHERONT A 2 VIUEB L0 THLBEPEH s Y,

MBEEEAREERBRIIBVWTHELFETORESL L0700 THE, L Lads

By FEZMETAERICBWTZIOREZHATIHE I, RREQO0L 53— OH
THLHERBIRENERETFERE SECHLEND L, 3D 2T, Fy YL AEN N T
ERETRTLO0, 2BEEPEEARLRZY, FTEEBRIS(NRTCE 2V 2L L, 2O
e, BLOTTIFRAERO S B TH, BRI L LCHRBICEE R ¥ £ (B
napus) 72 ETCZOWEEFAHT A0, RMRICEMEEEREF AV LWL ELE
bo EIAVHAEE T, &7 7 EBEAREITT A RERSEETR. FRASALELENE
Brassica BAE TR ER SN TWwiz v,

FE I 7T BEERREICT A REEERE T OGN . R - BEY A o Tl
Ll FOBE ZOBETFIVR raphanistrum B L UINTF A 2 DWEEY 4 2060
RH—Ty NBLUREORE YA 2 BB ERE—7T, BROHKY 1 2 Tzt A
ERDLNBWIERPHLPII LAY, COX) ELIBEORE, BEY A/ oV IFEEY
LBEEREEEFOEVORE, BIUEhLOF A 2 I8 5MBEOHLERERES
EFOFEOHMONGEEFATHLPICTAZ LI, TORBETFOEANHHEORMP LS, ¥
B RE IS BT A ATEA R OB A, 0 D IEFITHREF R S,

ZITAME TR, REBLUBETHE ST Y[ avicow T, $9REICHiE
HBoafbzRE L. RIS, ThOOERRELBE T L LB I0, BEERZTIC &L
DREEEEETOREFHOLNCI LA, ThOoOKRICILTE, n"e¥ {1 ar0&FiICE
T5\$3/FU7@ﬁ@T%@@¥‘Wﬁ%)& BoREBERETOSHONGHEEL
BHL LS & L7
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Abstract

In order to analyse the inter- and intraspecific variations of chloroplast genome in Bressica
crops, DINA sequences of about 2000bp in the region ranging from fral to psbG of chloroplast were
determined. Twenty varieties or lines belonging to B. vapa, B. nigra and B. oleracea were used,
and total DNA was isolated from young leaves of the individual seedlings. The DNA sequences
were determined directly with the CEQ2000XL Auto-sequencer. Sequence variations including
nucleotide substitutions and lnsertion/deletions were observed and the degree of differentiations
were evaluated among the plants.

Compared with the regions within the genes (fvul, fruF and ndhJ), much larger variations
were found in inter-genic sites, such as trrl/fraF and trufF/udh]. Especially, the latter site con-
tained not only interspecific but also intraspecific nucleotide sequence variations. While the varia-
tion between 8. rapa and B.oleracea was rather small, B. nigra possessed far larger differences
with both of B rape and B. oleracea. In B. rapa, which shows large morphological variations in the
species, being used as vegetables, oil seed rape and fodders, differentiations among the varieties
were found. It is considered that the variations in B. rapa would be useful for the detailed phyloge-
netic studies of this species and the amphidiploid ones, B. juncea and B. napus, originated from the

hytridization between B. rapae and B. nigra or B. oleracea.

1. @B

T TG RO & Y DT Brassica BAEWIIE, WREMICEEE ST AEHoREFEE
TOBEWPERETN TS, Brassica BOVET 2 BEEE 2h o0
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®1. Brassica BICE I NAEPHB LT ERL OFEMIZ BT 4440

B 575 2 Ve (%)
B rapa A 10 Toria (‘7%{?)‘ Sarson (R . oA (BE). v P (Erg).
7 OESE SR, SR GiED
B. nigra B 8  rukvy (FER. WE)
B.oleracea C 9 EFa~y BE). TOvay— (BE). B TS

a- T e (HHR). AFry /ﬁlﬁa) b
a4y (B3R

B, juncen AB 36 AT GWEL BE). Fahr (B

B. napus AC 38 TEEFS A QEED. vyoNd (B &R

B. carinata  BC 34 TEIYZTHI Y QR FEE. 539

S D& 7 Brassica B O LEBHEREL B 2 BEROFEIE, T4t
OVEM I ORBABICE T 2 BIRZIPA TV, SHITORL LB S OWRICL - T,
BoRBED S BB juncea (ABY J k) EAY 7 M MREREHE LT, /28 caringta
(BCH /&) WBY . ARERMBEREHEE LRI LZZEFAL PR Tws, E610,
3D 2EHFEDI L, B rapal B oleracea I VIZEB L /HIBE Y & (EREB LU
PV EYTHE L) EEOORMLT, B aigali IO IR L IHBE Y &
DI EFHELPIIC ST WS Y, —TF, B mj)ai’o'“i B, oleracea DFWIZIZ EEO LS4
B WRNERPFEAEL TS, ChomEicB I 2MRE Y / H ORGSO TiEE
EETCEFNBLENT R, LW T, 72E2ITABRY / ADE juncea A 7 HIE
DY BED XS LY A BAL UTRY L2, H2 BREORRIZOWTOER
R ELZRBICH S, 0L LHMBESY ) LOBNEBROSITIZIE, B/Ey 7 o0l
FIERETLIEENTHL 0.

F T, AEI BT Brassica B0 2B 3TIC BT A BBRIEY S & Dail
BT AIEFENE LT, 3HICBTAEHORE - Y AT, BEREOm
D5 pshGITEHEY 2 ,000bp DEMOEERMN B L. TORR, A B, 377 AEHO
HEENERSFLPICELEEDIZ, &7/ L CBTBNEROHFELRAD LN, Th
BOI b, Brasice BIEMOMILE DL % AW OB T 5 20 DR ) 5
Bohi,
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2. 1 EYEE
IR LI Brassica B0 2 BB 3 HIZE T 5 2000 - RE AV Thoo) b
WPCAR L7 “Toria’, ‘Sarson’ B L OB aigra® 3 BRI EGKFEL Y, FASTRLE
SRHEES T o5 FMIZARERT (BENARE LhoELZTUL0THY, 20
- HSE Ly, $EmBRFERBALLZLOTHS.
O REOBTRIRENTHEEL, £F L YEORED S Total DNA L HEE
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2. Brassica B ERAOEIERYI OB I 72 H B

s

1 FHE - fffa
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RBiEED 7T (S, EH/AAHT (S, WEREFEHDT (9.
hh T (8. BELT (S
HETAEE, ~NrvA Wige2E, BEAT. AT7xF
7 wigre (B) Ni-108 (T). Ni-110 (D). Nii35 (D
B olevaces () Foxy ‘BHREA . AUT7ST— BERE. A4F, TOval)-—
Fya, e FHES-V . BES-V 0169
a (D) WEibkELh, ) BEPEFEHIVEALLZZEERT,

s

(e

2. 2 HEREOEEEFIOBNR

BB ONTEORLDNATRSHA L LT, B 1ICRLBRED uTH 5 psbGIZE L H
BRI LT3/ HOTPCRETo7%. BHNPCREMZHLE LT, PCRIZIE
T T4 vk VA2 Bl o THRER ZE Lz, BERS ORE
w7 L (Beckman coulter) %72, T:PCROZODT T
TN Avabidopsis thaliana TH O P2 3N TV L ERBOEEES]
AR OWTE LR EERFIC RS S, BEERIC B 2EERNERED

W Er ey R

B, BEEBRIEL /RECPELTW20OHEBT LT Lnb E L2, BEREMNE
ROBEBIUBENERORREL FORE SLFEM L.
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3. BRBIUEE

3. 1 BEEESCSYIEE0TE

WAEEEO S B, traF (GAA) & ndhf OBZEFHERICB VT, WEETFHO TS 4 v -
FHWAPCRIZE T, HRALE - BB CTPCREYOY A XnEsmiisnss ({2). &
HENF A ADRIIHEBEEOATLR{ENERDBSE SN, Thbb, B orapa AV
J AHE) IZBWTE, ‘Toria504’, ‘ABEEAER BIU W 2T FE-OTA ArRd
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LTE) O2FMD I H, Nill0 5B oleracea I V) S HITNS VY A AOMERIF 2 EL 5
HC, Ni+135 1ZB. rapa EEROKESOPCREM#H- T/ &R, H2oERLy,
=S Brassica BAEY O Z OBEBIZ BV AEERTNE, b Arabidopsis & R B A A
THAHIEDFROLNT,
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ik, ALY ORBBIIBT A reF L ndhj OBEFEEEIC, Biohp D Lo
ICEBEEZONIMEERPFET LI LR TS EHESNIZ. Lbd, TOERY

T

F
AR

HMECTHBEINZOARATER L, 3BOVWTLIZIBWTLEROBRETEE N2 2, &
OEBICBELHERNEEAEBENTCOLTNBENS LI L RB L Twi LD HEE

iz, —HIHSH LT, trmlhoimFIlELBBIIBNTE, TOLSGPCRTRIBTES
PEE BRI B OEIFE Lo 7.

F T, 3HOS LWRBEEREO P h o /2B nigra 2T, AERM E RO B
%5 L CHBEROPCRE T » 72, 2OfR (B3), 'Nill2', 'Nil08 & L0F Nilsg
B ith b 2B Nille ER—03% A XOPCREY »F-> TWwWi-dlli LT, N3y
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e H-nk #5000 % 5

BHRAELZAEETCEINL Y REVT A XODNADOHIELZ R L. TOZEPHEB
nigro IEORE L UTIX, troF/adh] BRI BWTB. oleracea £ 1) b 8 HITEERR B
Wh OO, FOPET N3 OO rOHEHTE. rape L RO A XD PCREW % &
VAR NP5 M=F (AR ‘

A C B
& .
5 8 A o 8
g 5 E H B % baj o
LG IR EE
i - N -y
MEE s hk ks EEE

F2. BERADnE & ndhf OB T-HEBIZB T L PCRED DY A ADHE

4] Mi-110 Ni-135 Ni-112 Ni-108 Ni-138

B 3. B nigrallB) % truF/ndh[ 85T BHEBO T 4 X0 RHZE
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6 Brassice BYEWIZ BT 5 B OIRARN OB M B L HERER

3. 2 EREOBETASIVEEFHEBECSU ZEEENER

AR B W THEERN 2T L2884y 22k, sBEOBET (ral, traF, adh))
BXO3IHhFTOBEFHES (tral/truF, truF/ndh], adhj/pshG) PET-Cn5b, E51C
LBV, BEETFRICEF Y VEA VMO YPEEET 2 PO TG, £ 0T
KLU EERICBT A EERNEROSFZ Th OB CREL, SERIIBTSE
ROKxSIEL7.

FORE (E3), TNENBbpBLBPS0bp B %D trnl DELF Y V5B LU irmF (74bp)
OEETHEHICBN TR, AFHOERIBIESL Y, I TOREAEOERIRFIH AL
L7z —F, ndif ORIEETFHTE, B aigra® 28 (Nil08', ‘Ni-l10') L0$T<ToH
HEEOMT, 1HEZEOBBIFBEShzDINE, BERVIERIFE Lz Tk
LT, BEFEEEBLI Vol A v o vy CREEREANEEOFESR SN L L
BHFNLOEROBEIEBICL > TRE T, Thbh, ndhj/sshGE T 2 B0
RERDPBRSNLORTH oD LT, tral/trnF BB X FtrmF/mdh BT, HEER
ﬁiUﬁA/k%WTE# WHEEL. & bIFBE0ER I, FEEERII 2 Tk

FiER 12#?}?0):@)\/%%#5{’&) &N, Brassica BRI BT I OFEBSEICIERRERE
BRUIBEGCEMREIN:., ZOL) CREFEEABICB) SEERFERORE &I, HE
BeESRO LN, @fL L THLPICEETHICHE L TREVESRPEE SN, &
9 L7ABERNISRERMOBPETHMO N T ARERE —F L.

23, RO LY b pshGIZE LB BT AEERNER O

FHIR F4 X (bp) BEER A/ R ot
trunl 5 L 35 0 0 0
twl 4 > b0 312,313 7 i 8
a3 L E 50 0 O o
tral/trak 343,344 13 1 i4
e 74 0 0 0
truk/ndhf 588~729 22 12 33
ndhf 477 1 G 1
ndhj/pshG 103 2 0 2

3. 3 EREGISUAEERNOEEELIVERAER
BRI OWTHRE Lo traL h 6 psbGIZEHEBOEER o, AEEEE s 2o
O 7 EEh (Fd), $2R510EF, chenyusy 4 TEHOE

REofrirl7z.
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W -oREB &k EE 7

4. BEREORERFNCED A0 28

yA4T REE-BK (FJL) E - B (L)
1 NE108 (B) Ni-110 (B)
3 Iy 7 (A) Toria-504 (A). &HI/ANA 7 (A, A7 (A,

WERTHEDT (A, BAEH T (A, HETEE (A).
B 25 (A), A%+ (A). Ni-135 (B),
FE -V (C)

3 BiEHN 7 (A

4 Sarson C-665 (A)

5 EHEE (O WigRE (). A45» (C). Fyra (O, 6169 (O
TG, BRI L/ psbCHEBICBIT A Y A THOBERR () LEA/XRYE )

BHEY 7 ikt Sarson EiRE
Ni-108 40-13 40-14 43-13 40-13
BRE 0-1 3-3 2-3
ok o 3-3 2-3
Sarson (665 5-4

SOAEFA T VIR aigra® 2 2B0E T, ¥4 7 2I0EE rapa DB ORFE - B
AT, CNE138 (B omigra) & CEIHEA -V (B oleracea) BEITNTW EHIL8 A4
ABLAE, FRENE vapa® RBEH T BLU ‘Sarson G665 DA THEE I T
oo BOOB S 100475103 FHAI -V RBROTSTDB. oeracea D - Ffi
BEEN, LoXAin, BENICIEE usigra®d A7, B orapas 35 A 72, 728 oler

ea S F AT BICABEN, Brassica BO 3O 2 BEEPER TERAEEENOERAR
PEHBICEE L. 2095, B oaigraDBT55 4713, MOI A TEORTROTELD
FERELYELCRBY, BN BrassicaBOMD 2L II RS B2 AMREPE O BT
L (5.

L Lais, CoX5RBEERIIER L 2WRE - 28D, B nigra & B. olevacea 2%
NE L DEFELE. F4h0BOP2E 310205 2 B - BHOBEETIL, B rape®
KEGOREFEINE I AT 2OEREEN T2 —-% L. 209 BB nigre® ‘Ni-135
HEERZETRESATVLRRTH L. 72 FHHEI - BFF/EEIOHHRINT
WhES D LRETHA, FIBOL IR nigra B rapa DT, BETHREHE T2
2B RHEDEB juncea WL LTS, SOIENPSEETLE, ‘Nil3S 3B nigra T3k
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8 Brassica BVEWC BT 5 BiFEOEENTI OB B L OHNE R

¢, B rapellHET HERELIFOB juncea® 1 FH TR LW VI THEREFEL AL, =
DDV TRFERKEOPNEOREIZT TEPOIEZ - TRETALE L EEZ0NE. B
BIC CFWHHE A -V 1XB oleracea BT B =D 1 B TH Y A6, B rapa DIBRBE ¥
FotHbrashs, ChhBEETHNE, FEHEIZB rape & B oleracea DE OTERMEICH
ELASE, BREICL - THENIZE, —VERABOBELRTIIE-b 0 ELLRS,
CORERED L) HEEOREILL - TR L7223 OPI0ow TR B Rz
PEOIHICHBEEFSHEOORL—FT, B rapallB Tl ‘Sarson C665° » "HES
7N, R 2REBLTHMOLLOKME - REL BR L ZMEOEERN B LT
Wi, E5ICE, BEENOS 208 4 THOERRELEREBRLBA AT OR L
%%, ‘Sarson C-665° Id BEHA YT L r iz 3 onlEBRE 3o0BA L REDCE 8 DO
EREZATLHOH LT, "miEh 7 & RBELIY ZESZBROME - RFLoHILE e
Fio@A REEEPRADONLIDATH 72, COERPFHET LN, B6IRLAZLS
WZtrnF & ndh] DBEFEEBOS B, ¥ h¥ ¥ (O PV ELTEET 5 Simple Sequence
Repeat (SSR) #HIRTH 5. ZOFERIIBNT RS T BHOY A S ICHT 195D
CRALTWR, 20X RSSREBIZEBYAHEERFNOBNER IOy CLEIEEN,
BHNSLOBHICFH IR TED ™, 8B rapal BT GENEROREIER T A2 &28
E5Hhb LNk,

6. trul/ndh] BETHEBICST S SSREE

FAE ot HEERHY
Ni-108 TT-ACCCTCCCCCC—-AT
FHHEAL T TTAACCC-CC CCCC—AT
it 77 7 TTAACCC-CCCCICCCAT
Sarson C-665 TTAACCC-CCCCC—-—-]AT
BELEAE TTAACCC-CCCC———AT

fiF, ‘Sarson C-665 PMEDB. rapa DM - R OMTRIERO S &, B4 5T
truFBIETE 203 FEBICBIT AV ELENORICHET 2 ERNEE shiz, $hbh,
Z OHEBICAHAET B babp DIEEEFIAS, ‘Sarson C-665° Tid 3 HLE S DIZH LT,
DOF. vapaTOHRYRELIZ2ETHY, X0IIB nigrad LB, oleraceallB ik, 1HELD
FELRV., ZOX)LBETHLEETFHICELP2HBEHRVGEERFOR Y L LEBICHE
THLERDFEREIRENL ZAFHTH L. LAL, WERFAOREIZL-T, M2l Eh
728 BPCRUNUVTHRI SN BETHNEBORBEEZERECT 2 HREAFH OIS E
3, TOLUREEOBRRERESL ETENIELb0LEZ LMD,
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i -/l BE 0 BE 9

trad (74bp)
DE— 1 Gabp)l YUY~ F2 (Bdbp) | Y E—F+ 3 (Bdbp) ————

JE— bR L
g Sarson C-665
9 TOWMDAY /L
1 By 724, CF /A

Bla, imF b tO3HIBIZBT A0 ELEFOBICHET AR

B orapa® 5t ‘Sarson’ BEELTET7T V7 TEEINLMEBEOENTHY, OB
rapa & OE LT LOLHENARFE L hvEERTwA,. $22 RBiEEH 7 UEEORE
PO WE TR Lo TREESNL AT T, FEICEOREOELZHsTwLEELONT
Wh, IORTERETERE SN TWAMRO N 72y r FRELEL T, RE~DEZEROEDR
RS E CRRAMBEESBR I TwEY. SEBLMISNIZB rapa DFEF T O SSRE
BOFEE, ) LEREONT, VBB AREMEE R LOOWBE L DS,
Tz, SHOGHEREED T, 6B rapall BT HEREY /) A OBRERPHL P RN
W, B orape W HIIRER L LCHRILL, 7YV T7ORWHIBITEER L OMRED & LTS
NWCWEE juncea DIEPFE R, SETCLDEIPCEMICHELPICTLUBENELSL. 200

N W
D DOWTESHE IR L

4. £&&

1. Brassica BOA, B, C37/ 2HOHEW20BEEICOWT, B0l b psdbGIlES
¥ 2kbp OB ORI F B L7z
2. AR, BEREERRVNEESEE LY, T0S B nigrn BY/ A) 2
WERZLOT, A-CFr/ LBOERIZNS L, Brassica BNEY ORRE OB ERIC
BT 5 EROBPETT LT,
B AFCY S AL UTEA - SR LS D R (NS, HEITRS )
B, AT LORGEOBEELF—-OEFEZRL, £h0 ORBICEIRS R 2T,
4ﬁAf/éﬁ?@%mmﬁ@&%&éﬁ%%ﬂ%%b,it‘ﬁﬁﬁ?’m%ﬁ&&%ﬁ
EaxmEhni, —HACY LTI, ko1 mEREE, BERNERIBEs L
R A

[
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7)
8)
9)
10

Brassica B B B EARAE ORI ORM 5 & AL R
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Arabidopsis thaliona & % v < @ﬁir{@ﬁ@%ﬁ@@@ﬁ&@
TN D AR

T 2
SURREE RS A M T R

Abstract

Homatic hybrids were produced in the combinations of A. thaliana and two varieties of

cabbage (Fujiwase’ and ‘Chusei-Successior’). Protoplasts isolated from aseptically grown

seedii of the two parental species were fused under polyethylene glycol(PEG). The

protoplasts were cultured in modified 8F liquid medium, and the micro-calli were trans-
fered io callus development medium. After the transplanting of calli onto regeneration
medium, shoots were regenerated with the frequencies of 12.4% (A. ihaliana + ‘Fujiwase’)
and 26.0% {A. thaliona + ‘Chusei-Succession’).

Morphological observation and molecular studies demonstrated that the somatic hybrids
were produced in both the combinations. The somatic hybrids between A. thaliana and
Fujiwase’ showed hybridity in the nucleus and the mitochondrial genomes, while those
between A, thaliana and ‘Chusei-Succession’ possessed hybrid characteristics in the mito-
chondria. In contrast, all the hybrids contained only cabbage genome for chloroplasts.

The hybrids are expected 1o be useful materials for breeding of cabbage.

i. FC®IC

TR 2 AERTINSE T U Arabidopsis thaliang (a4 %9 X 57)

CEBTAEF S E L TRDTERTHS. FEY TH LI N EE
S HEE S ) AR X o THEOEY T RERE S, AP LG TR
Bic gt ool Tl o0, AREY TCOBEERENERICHE L Tk s iR bxhn s

Thwinh, —H, oA RFRFTCET Liey s MBI, Y DR T, I bhav
FU T RLODERECEA AN R TS A RSV RN, S0 Lk, TOEBOr s AER
CRIOFBEEELEC S . EHERITAK, I hav Yy T, BEED 3 Y A0/MTI,
EYE OB TY ) 2 FOBETFOMHEOBRTIEL - TkD, $&yr/ o LOEEFD

ﬁﬁmﬁtﬂ,ﬁbmﬁﬁﬁmﬁﬁLﬁé%ﬁfoﬁ%%LT?ku;QJ LN 1)

P

MEERYEE-T 5 BT, 557 Liny ) 2BHOBRIIBH THERATH 5.
D 2o ATF T iy, BEEEELPECES T 5E8EFRE{FREL, ©
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