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A5 YT 254575 A Lolium multiflorum Lam.) (2n = 2x= 143 H A Th
LEELEFHEORBMBNED 1 DTH 5. FMEIRMEIZHEMRIC L 2 IH#ED
RAZEMOHE TOEERBETH S, MERETIENBETHS-0BER
WERIZE > THREOREANED L[N H 5, MEREZFEOI1 YU T >
TAT S AR T 5 DICEIREREKRFIC ) FY— I —2FRT 3 &
THERERE Z EMN DEMB TRIKT 2 ENEETH S, LALABNS
AZNT 5405 ANIMFEETY ) LA X RKRENVWIENSHGTLRILT
ODHEZHEDRINTWRN, ZITEARETIICDIC 3 BEOSTFI—
H—ZANWTEEEEFHMMZ/ER L. 1§57 RFLP ¥Y—3—% PCRX—2Z
WZTB7DIT STSLZETTo 7z, T OBRRMERAEOH RN SMEHREICEET 2%
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Bz, LUINICTOERZENT 5,
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ZYERR U7z, HEHHIE LOD i 9.0 O LX)V TER 7T DOESEREN SO, £
K 1244.4 cM. ¥ — 71 —[OVIEEREHL 3.7cM Th 5., T OMEFHHEZEHNT
o157 254077 AEBEHKE L2 ETXLZT IS5 A, a
LAFEDY o F—EWHRELT,
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WE, BOES, BE, HRIEFE. 20 o% MUAILEFME. HEEH.
FRICKSBRMETH 5, TOME. FRICEHBRTIMERS TRTOFE
HIXEREPfZRL, TS OREMICBWTHHENR SN/, QTL @i
CP (cross-pollination) 7 )LV X A(LOD fé 3.0) WX BCy 7)LI 1 X ALOD
fE 1.9ICTA > F =Ny EX TR > TIVRA > M TORM #iT- 72,
ZORER, CP7INTUZXLDA F =Ny B TIZBNTHEE 17 O
IZDWT QTL A E Nz, FAFRAITKSHIREMO QTL X2 WA T/
HE N7z,

4. QTL B THONE 2 DOR—H—2HWTHHEEEZH A, AL
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W5 AAC-CGT14 (FFH5ZHR 25.8%) THh D, HBMEEMERT S /ZDITHIKER
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BRKETHBEMHR S N, EEBOMEBEREFMMEE AL Ekics
WTERBBOATEIINTZ 49 BEIC DN T tp3d21 12k B~ —H — gt 2 it &
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Abstract

Italian ryegrass (Lolium multiflorum Lam.) (2n = 2x = 14) is one of the
most important cool-season forage grasses. Lodging damage reduces both
harvested yield and forage quality. Therefore, lodging resistance is one of
the most important targets in Italian ryegrass breeding. Lodging resistance
is a complex, quantitatively inherited character and it was also easily
influenced by environmental factors, and the expression of lodging
resistance probably varies when cultivated at different locations and years.
To breed lodging resistant Italian ryegrass, it will be possible to select
rapidly and correctly lodging resistant individuals at parent-screening and
individual selection using molecular markers closely linked to lodging
resistance. However, there are only a few studies at the molecular level in
Italian ryegrass, due to its specific characteristics of out-crossing and big
genome size. In the present study, at first, a high-density linkage map was
constructed using three kinds of molecular markers, and the RFLP markers
derived from Italian ryegrass genomic library were converted to STS
markers. Secondly, putative QTLs for lodging resistance and related traits
were detected using a pseudo-testcross Fi population and marker assisted

selection (MAS) was performed. The main results are as follows.

1. A high-density linkage map was constructed using a total of 385
markers including Italian ryegrass genomic RFLP markers (IRG#), oat

anchor markers (CDO#), AFLP and TAS (Telomeric Repeat Associated



Sequence) markers in a two-way pseudo-testcross F; population consisting
of 82 individuals. The map consisted of seven major linkage groups at LOD
9.0 and covered 1244.4 cM of total map length, with the average of 3.7 cM
between the markers. The synteny was identified between Italian ryegrass
and perennial ryegrass and wheat, and our linkage map was compared with

another Italian ryegrass linkage map.

2. To convert RFLP markers of Italian ryegrass to STS markers, 93
previously mapped single or low-copy RFLP probes were end-sequenced. The
results of BLAST search showed that 16 clones matched to the sequences
reported in rice and other plants. STS primers were designed for 95 clones
including two SSR clones, and 67 primer pairs including one SSR primer
amplified single bands with the expected sizes. Twenty-five out of 62 clones

were detected to have polymorphisms within the cultivars.

3. QTL analysis was performed using the F; population mentioned above.
The traits measured were plant height, culm weight, culm diameter, culm
strength, tiller number, culm pushing resistance, heading date and lodging
score. As a result, all traits except for lodging score showed nearly normal
distribution and were correlated with each other. Putative QTLs were
detected in both of CP at LOD > 3.0 and BC; at LOD > 1.9 algorism, using
interval mapping method and single point analysis method of MapQTL,
respectively. A total of 17 QTLs were detected using interval mapping of CP

algorism. QTLs for lodging score were detected in all linkage groups.

<



4. Two markers, tp3d21 on LG5 and AAC-CGT14 on LG6 were found to be
tightly linked to the major QTLs for culm pushing resistance, and these two
QTLs accounted for 37% and 25.8% of total variation, respectively. To
confirm the reproducibility of the correlation between the QTLs and the
selected markers, other 123 individuals, which were not used in QTL
analysis, of the Fi population were evaluated. However, a significant
correlation was found only between tp3d21 and lodging resistance at the
0.01 probability level. In addition, the tp3d21 genotypes of 49 individuals
selected from actual breeding material for lodging resistance were analyzed.
The results showed that 23 out of 49 individuals had lodging resistance
genotype of tp3d21. After three times of phenotypic selections, 30
individuals were finally selected, and 15 individuals of them were found to
have the lodging resistance genotype of tp3d21. The selection-rate of MAS

by tp3d21 was 15/23 (65%).

Key words: Italian ryegrass (Lolium multiflorum Lam.), linkage map,
RFLP, synteny, STS, lodging resistance, QTL analysis, marker assisted

selection
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L BSE (M HIRINAE) OFEEICHEVWEDORZ 2T S &L D REWREI D%
EENODBHOEE D DDH 5. ITWFRFEFELIIHLTCH ML —YEY F
14— (BEEHE) MNRDODSNB2NH LGN, LALANSEAEOEHEOH
FRITME<S, B 75 %ENENSDMAIIE > T3, BSOREEEHOEE
DZEEADBOSERERVICTOFEBETHOENEEICEA TN ZENEE
N5, ZOLOWEFCERUGERMEY (RIChTEOISPVIVHL) O
BEBOWR, TOLODOXIVEALERISBOBEERBEETCHLHEELDS
Nns,

19U T 5405 A (Lolium multiflorum Lam.) (2n=2x=14) 1. &
MEITROBEZHEHEIN TSI RBBMAKED 1 DTH5, 1FUT VT
1 Z7 5 A3 Festuceae 1% Lolium BIZ/HHAS N, FUBAICIZMICAL =7 )b
547 5 A (Lolium perenneL.) 72 EMH %, EPIZHB T DB HHIIHAL M
SHBETEESAMLTHD, MRALLTET TR SFELEZELDOR
BICBAHEIN TS, BINTAIUT > I5A T TADOEBPBIEE > 72D
1955 EN S TH D, LK, TNENORKEHI, FHEEEHWICE > ZEFENTH
NTEk, BEEEEEUTIBIME. L. BURRM. BRI, KR
T B A ML AR ELIKICHEoTE D, BEZTICHE K ORENE
FRENTNS, PTHMEAREITEM TONE O X DK, ZHREHT TO
Mk, E-BFEEOR LICRETAROEESFEHEEL TGE#HINTW S,
UL LA sERITEMAR EDOREOREZZTCT <, £MBEORES
CEDBESTORRMOATEKTL2OERETH S, E-BRITEORS.

BOKS, B, —FREEE O BB OER) 5B ER T D0 REERICE
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EINBWEE L BIENEEN TN S,

B TIEER TR OFRERD DNA ¥—H—Hifiom gy, BREICH
BB EIZIT DNA Y—A—DFIHINE LDz, TOY——FIL#
# (Marker assisted selection; MAS) \3E% TOREAIC K 2 RPN,
SERDBEFEEZTHZERENOBEICDNWTORRIKT S Z &nta]
BETHD, T —H—OEHIZDED DNA NHIUIFRETH S0, Y
KOREZEFED I ER<SHBEOREETH > TU T, #RE2ES I ENHX
%, TOZEMS5 MAS BEBHMZERL., RELEMOZEEZRTLI L
BT D ENHEKRDZBERABFETHDENA D, MAS TORRICITEFS
ROBNI—H—BEHTLHIENEEL Y., TOLORAELEY—A—2H
MR EICBEICEBEL TS ENEETHD, LALRBESBEICEL > TE
BT EEREREZHBICHE DTS ZERFEREVWHIDOHH D,

REICIRRMNRNER TTOEREEEMICERT I &0 %D TERIEHE)
ERBBNEGN) CEHE L2 RIE TR NS 1BV E) 3 5. HIE.
) DB TOMZEDOFRIEN, 4 F THREIC U 2R ks - 72 B/
KEOEETEOBMNTHEITELX DA -, MEREZESDEBEEIL
BEHRE L E-> TREBCEASNS., BIFEICIIELOEETNEEL TH
5ENHNTWASA, QTL (quantitative trait loci) fEHTICE D BHEEICE
54 5 H42 DBEETEOMEBECBEHNREHE TSI ENAIREERD, Mk
RERITE S TRERFMER /2T,

QTL fRATIC ISR & R O ERE RPN LETH D, LA LA SHIE
AT T4 TS ADEBEBEMBKIIERZSNTHAERN, TORKEO 1 D
WBAZ)T I T ADMENETH 5 2 ENEET SN S, WETEREY T 1

S IR E O E R &5 5 THRAMICEE TR AT 0T, E2EET

qQ



DIEENG — 2% < RTRREECTH D 2 &, T BEMICTEME - D5
YEH O 7 FIMENT & EEETIHERENS £ 5 EAEFE D%
G N899 X %3538 95% (inbreeding depression) DEHRNR 515 Z EMEEIT S
N5, MOFEEEL TIEYT / LAY XHWKEN (1C=2000Mb) (Hutchinson
51979) Z&. EEYOEBEROMENET SND, HIEMEYIZEEEAH
<. HENEA TS A, HLEeyF] A E O K W EEMEY 72 & Ol M /EY
WEBL TIRHEOHENBRINTHRENDIEZEETH S, LMLENSET
B2 K5 ICEHEHEY O BiaE R EZ& BIE I3, WEEEM DS ) AL~
TOMRIIFTREERRELIL>TIBTHA I,
CDIZDHAMFTIZILDIC QTL M 2175 2D OE#H MK OER Z1T-
oo ETAMRTEHLEHMMOBEREZ, 1Y AEELI—Ov/8, TAY
ABGRE, A—AFFU7, Za—I—F RTEEINTWEIYUT >
AT SADERETH DIV ZTNITATITA, ACAFREDARY 7 ¢
A% (Festuca pratensis Huds.). b—J)V 7 = A7 (Festuca arundinacea
Schreb.). 1 FEMEH O I LAFADBRIZ DN THIRR,
BLETRAYUT 51475 ZDOHEBEMEDIERKIRLZT I T TS
ADOHBEEDLERE, FNSEALFEDI T Z—, ERFT /Iy 70—
>D STS {b. ROMER LA XN T > F3A4 T TAD STS X—H—DXL 7
WIATIA ARTT LAY, b=V T2 AT ADIEHIIONTIBR=, 52
HMTIEAZYUT 25475 AB T HMERERERE D QTL M kU A
F O E R PEBI I E O QTL fEl & D LT D WT, /2 5FE S N/t RE
B DNA ~— 71— &2 FIH L 72 &R QAT DN TR,

ARWIZELE A B B RV SO B R & e D BRI L 0D B < TIFMEA 88 b 2 mTfE
Y5700 DNAX—h—&2FETLHIEEHNEL TiTH Tz,
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B1E RFLP MUNFOMMD Y —H —I2 & 5 & 5@ o ER & ¢ RFLP
~—H—® STS 1t

E

HE, WS DONDOFEEEMTONTHEHHIBAER SN TS, #EEEE &
IBEFERLOEEDOBRINSTNS DMBEBERRICELEZDBOTH S, &
S OF LTIk THHH, FIAEHBFEEYIIOVNTRELEL XD
ETHLE, HNOREICHET 2BEFZOODOZHEELAR THZOHEK
TICHRSHEEL TWBER—N—2HHAL GER TSI ETHERISAT S &
MHiD, T OBBEHEIETEBOHS ST MOMEY & DI L5 > 5
Z—(synteny) HFECENDRAICHFIAT 2 Z ENHKk B, 2> F=— LR
I TEBOERTFNFEIERF THEE L REBFEEBENBOSNDHETH S,
XDy B TI3EOENEMRHT S -DICEERERTH 5,

HEMNZERT D, £NTNOBEMIZE > MM & BT 5 2 &N
BHETHS. BHELLTEF, KE®RDOHIE 2 {fKH). DH (doubled haploid %
R, BC (RURE) FW<DhdHd, LNLENSMWEEDEES. B
JEMEE B> TERENGE 5 EEGENCEENNBESIARPEANKL 5728
\Z Fo. DH. BCEOHEMITAATERVWEENL N, ZOEOEARPE < OfF
BHRAME O X 5 7 il O E L O ERKITIE pseudo-testeross (Ritter
5 1990 ; Grattapaglia & Sederoff 1994) 2FIH I N5, Z DL T
RN 2 DONTF O E#HITEOE FIEMZ#EHT 5, EEEBEOEE
EES> TRMICT = PFORBEREXXBATODOY—H—. BlEATOXK

BMEREOT—H—I2DOWTHITL., ZNTNOEEOHIKMER NS, Ih

1]



SmE bk 2 Do KIE RFLP (Restriction Fragment Length
Polymorphism) % SSR (Simple Sequence Repeat) DX D7 @BEHDT—H
—ZHVWS ZETREATOXXBEANT OO —H—EEE DTS I & TH
BT BHIENHKD, HE, RLZTNIFTATFTA (2n =2x = 14) IZBWT
AFLP (Amplified Fragment Length Polymorphism). RFLP. SSR #&{'%
L OHFI—HA—nFEIN, BEEMENFERSNTNS (Hayward 5 1998 ;
Bert 5 1999; Forster 5 2001; Jones 5 2001, 2002a. b ; Armstead 5 2002).,

AFLP I3 4 HERH L 6 HEZBOFIRERERZOMERITK DG/ O U
Az, 20 MEREDTY Y 75 —%#E& 3. PCR (Polymerase Chain
Reaction) FUGDEHEL., ZOTHF 75— 0 IKRMIEREDEELE 1~3 fEft
MmUZzES%E751<—E L TPCRTELNDERITHS., BENIEELHOK
£BIIEDEL OBEMNEEETRT. AFLP H3RBOH#GE L L TIIHEE
DLRILVTHD., LEDBRAIKEZDEMOR SN BETFEEHRETE S,
FORRELELT, HEMROERPSY— I —ORRFEITBLHHLNSX IR
572 (Simons 5 1997). FlAIERXLZT7 N T4 T T ATIE 463 v—1—Z2EL
S AFLP S EAER S N7z (Bert 5 1999).

RAPD (Random Amplified Polymorphic DNA ) {J#EMEXEF] T Z 1 < —IC
X 0 PCR IS N5 DNA W P ICBAKRI I NS L TH D, HonzLE
HFEAENEETH S, FRREZEEIET, JZ FHEWV, DNAY T
WIIBDBTED D, I LTIAR—2RANDBID. BN ROEDDE
HEFEREZNEE Lz, LALAAS RAPD METIEHZ I L 29 nn
BEEEA RV, BN~ —71—137 > /1 —(anchor) & L TR T E 721y,
F7738% RAPD 2RI HOBOA TN RARSN, IR HOHETIIRS

NN EMNBEZFD Fo 2B L TR TR AT O RORBA DN 7k



HIE 31> TLED, TORDMEAHEEIC BT B MBI D0,

RFLP (ifiBREE M R 28 (PR 58 0 45 B A YW (8 A O ARE IS & 0 MR
RICEUSER (B0 2, WMFICHKBLTHETS270-T7I2X3 95 2N
ATIVEFA1E—2a > THRIET S, RFLP ¥ —H—13Z E A ENEEETH D,
RAPD ® AFLP ¥ —/— & iE > TZOHKOERITY v B2 TEMMNZED > T
BIBHALSWEWSFIENH 5 (Beckmann & Soller 1986; Helentjaris 1987) .
RFLP I RKEDY /) ADNA ZBLBEEL, %7, K. JA NOETHIR
UTHERNRVWEEIEARWA, FH/ RFLP #EEHIKIZY /) A O ERNT

(Berhan 5 1993) ® DNA Y—H—%&ffio/cA A Fa—- N1 TUF(Y¥
—2a Il B HHREORBAEOYEMBIDIER (Werner 5 1992 ; Wanous
& Gustafson1995) © Y —H—BIKIC K B 1EW D BERME O s SI1IC&L D,
X/ziiEE D RFLP ik~ v E2 T3 T ) ADEILOBRICBIT S EE
TR OEARIRIC BFL D 155 (Ahn & Tanksley 1993; Huang & Kochert 1994) .
Van Deynze 5 (1998) 131 *EHEMICHBT S RFLP X—H—t v h& A7
—Z2JL. ENSRZEOEDYT ) Ay ECTHBRIIBNYTETHERLY
—IERH>TNDS, WSDNDOEEEYTIE, IS RFLP Y—h—t v &
PR U7z g BN ER S T 5, BRI OREFOF TR L =7
WIATITARART T A, b—)V 7 A7 ® RFLP #IKNER S 117z (Xu
5 1995;Chen % 1998;Hayward 5 1998; Armstead 5 2002;Jones 5 2002a;
Alm 5 2003).

SSR 3 2-6 H(EF— 7) D VIR LEAER DENWICK SR T, G5
N—N—3HEBUETH 5, ZHIESNCT . 1 BEFEDHZD O ELET
gy, F72, SSRs iR AR FITA<HIEL TWB Dy J LAekizhizs
it T & BRI & LTI PCRIKZEH WD IO B STk 55,
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=V AR

TOAT Y E= MTREBEYCEEMMIIBNTESREEINTNEEDE
LESI TS (Biessmann & Manson #it 1994). EF IR TEMMTH 5
Arabidopsis thaliana L.® TR “TTTAGGG” 131 % (Oryza satival.) ® ~<
b (Lycopersicon esculentum L.) HFOREMEM THRESN TS, £/- TR %
BORHBEDL—U T2 AL TASs (telomeric repeat associated sequences) &
I3, TAS ¥ —H—I3RBEOKRIFICERT D ENMEINTWVS (Shen
& Zhu 1998). Mao 5 (1997) 13T AF D TAS ICHEMN/R TS 1 ~v—&5F0O
AT E— MR T 47— LOMAERICE>TIALFD TAS ® PCR X
—ATORwET%E{T>7, %72 Shen & Zhu (1998) i3 RM-PCR (RAPD
pmmwnm@mmawmmamﬂw3>%K$914z®7$®%é¢@kﬁ%
P 11D TAS —H—%2<X v EX T Lk, TOX DY @ikn R ESR
L7ZZTAS X—H—IZK> THER L ZHIKRID Y ) L IN—REHR TS T EMNH
*%, RFLP X—Z OB DY ) AFN—FR&2{TR L TH< T &3 QTL it 2
THETEEBIELTHS (Paterson 5 1988). 1 VT 2 F14 75 AP
ZINIA TS AL TIIMIEEEEE L TORBBEREIFETH 5 BEAEL B-A
translocation P REED BRI L EMNELE LISz 0 # 8B & ek DR
PREAKOEN & EMOBANENHERT. 7 AN fET 2-DDE
WD, ZOEDAIIUT T4 T TARRBVWTTAS V—H—DT v ¥
7Y% SR O E L RER L OAEIZDWNTOM SN OEHZE
HONSEREEND 5,
EHEHE O E S IE MEINH B TERINDS, ZIUSERAIEERE 2 R T B4
T, 2 DOBEMETREEARZAEORKROWRFE) SEXINS, 1MIT1EO

I ZN BN T 1 RO ENETE L7220, 1 cMIZ 1/ 100 M TH
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Do LMULIEMSE X —H—I2 X2 BT TIXRINC T — 7 —R o THL#EZ E|
Bl ZHEITTIN—ESTEIND, INSEMRICT S EEI1C T ES)
Mo DEEER) CEART20ERH S, I THIKNBEKZART S, X
BAFUIZ IV < DA(Haldane 5 Kosambi)® %, AW TIIAZEDERNEWNIT
WS TH B ERELZEZITHEAT S Haldane (Haldane 1919) D 3th B % %
FRLZ,

FEEMITB W TR A BEEOY - —NREINT J AHENEATY
B, THUILERTAZUT 24T 5 22BN TIEDFL NI TOHFEIZIEE
IWESNTNWRN, ZNRBESLAYIVT AT ITADYT ) L1 Xt
BRAIOREN I EORBIFAMEOES BERL TS EEbNS, BEXT
IZ Hayward & (1998) ICKOXRVZTINIFGATIAXAZIT >34T TR
DA TV MZEFIALUEEKASER I N, EESIIEEMICE SN /-HE
HHEDIFEEAENAZINT OIA4 T I AHEDOLZELI DD THS EHEL
T, FAXIVT T34 T 7 ARV ZTINIA T T ARREDEEET
HBHART Tz AT OEFEMKIT AFLP. RAPD. SSR ¥—h—KkU1 *FD
T A= O—TMNEIE>THEY (Hayward 5 1998 ; Bert 5 1999 ; Hirata
5 2000 ; Forster 5 2001 ; Jones 5 2001, 2002a. b ; Armstead 5 2002 ; Alm
5 2003), —H r—IL T =AY OEFEHHTIEY /2 v T O0—T O RFLP ¥
—H—=MFEITE- TS (Xu 5 1995 ; Chen 5 1998),

Z I THAMEDH 1= TiE (i) RFLP. AFLP. TAS ¥ —H—I2k %5141
T T4 5 ZAOMEMKOER (1) 1YUT 34T A, XLZTILT
175 Z(PRG). ILFEDET Yy ELTIZDWTHET S, £-AWE TR
1xRO7 o h—T0—TEHEHT ST ETREZWA RN JRE/REHR. £
TZAER U 7= ER D1 # ) 7 > 54 75 AP O & ORIz DN T



bERL,

BE T DR STS (Sequence Tagged Site). SSR ¥ — 7/ —OBFEIZIZ
cDNA @ EST (Expressed Sequence Tag) O —27 L2 A%MMT 5 &M%
W, EST &1 cDNA 541 751 =S MEBIRAELZ /RO 70— D 5H 5
Wik RGNS, —EDOBHIS T TRE TELHEEEOBERZNELZHD
T, EEOMMBSCRIICHKE L TWABEETFOHSHEEIC DN TOBERNES
N5, LNLBMNST /29 7® RFLP X—h—%3—2 T AL THREEL
fa ARG 5315, Van Deynae 5 (1998) 11 %, IZ2NT., AFAFD 152
BoOY > h—70—=TDL =T AEREL. D55 119 # (78%) 134l
DEPEICENWTURICHRS T I NZE8EFDH L IZHERETFEAEICH
LThHd I EZWEMITL. Murray & (2002) LRI~y T3 N1 27 >
RADY /Iy r0—219@&HEL. TDS5 59l (75%) 13hHEY)
RFIZ Arabidopsis thaliana DBLF EMFEITH D, Schlose 5 (2002) BV IL
HLDT )29 T 0—T o~ T ZADK) 56%H GenBank WD —27 T
AlZbey FLEEWRELTNS,

STS&WT /) 2y 7B UL<IFEST > — 2V I AMSEREINEZT LIVE R
TR — o THEINZEWI=Z—I5 )I vy I3 —I I ATHD,
WBEITETDPCR 79147 —ty b&IET., 2OV T4 v—2H0WNE. &4T5
J LR OKEEOMEFTD DNA DWHEELHEIEZI NS, RFLP ¥—H—% STS
N—=H—IIEMT 5T ETPCRAN—A{LEIN., KORFEWTRKEDOY > TILE
KFENTUETELENWDHATAHAMTHY ., £LERKEYIE RN AT
HOICETHERERY =)L E72% (Olson 5 1989) . BITE. 1 % (Inoue © 1994) .
A+ LAF(Blake et al. 1996). Cryptomeria (Tsumura 5 1997) ICHBWTAY

SH—RSTS 52 R —A—MEREN T 5.
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FITHE2QETIE D) EEMKIERLET /2y VREDAZ T 54T
A RFLP X—H—D =7 LU ANSEERTFEHSMZITS, 2) 93 HlD1
Z1)7 25475 A RFLP YX—H—% STS ¥—H—% L<IZ SSR ¥—Hh—IZ
LT D, 3) A YVTIATTAD STS 74 X —MMUDEHETH 5
VZTWIATTA, AR T2 A7, b=V Tz A7 NDIGHMNBJREMNE D
MBI s EZEME LTI .

17



#1# RFLP ROE OO~ — 11— K % @& & S O 1E Rk

1.1 BT E

1.1.1  fEyiitE

FI)I9PIAT I —DORETRAI IV T O IA4 7S AORRME "= F
DEF" NS T AMTEAL 1EENS DNA 2R L. #E L 2.
IR OERIZIE “ZAIYF" EEUCLAFYUT I T T AR
BEE" Moz etn 1EFTOZEZEL. fFonz FEH CIF. NN &
HEEd) ., 82 R EfRK Lz, s “ZATYF" & “BRA" OfFETI
Ea AT L (HAEMBEEFIHREREMAIT) KORHL THEZN
7z

F/-, EEHMNOKEEZ T EOICEEM—K ILTBUEARSE - £MR
e PE RN T B B PE BB 22 7)) 12 K 0 PR & 307 I B M R A e A
H£MH 128 Rk Z ki L 7z,

112 AFUTIATIAT )29 I40 751 —DHE4E

T3 T4 TN —3Y I INA F/RAR/-ITK O ME I NZ. DNA3
ngkAFL—a NEZETH D HREESR Psd THILL . ChromaSpin-400
(rO>Fvr) Ik 0.5~35kb Y1 XOWHEH@E L., pUCII8 7T A=
RAR7 & — ks L%, KIBE JIM109 NEIRI Lz, 12U T 293475
ADA Y= EEGEAETIAIROA-> TS IO — 0@ X-Gal &
IPTG Z&0HZRW Tz, £NFNO 30 —%4E . Sambrook ©

(1989) OHFIEIZHE->TTF A2 F DNA 2l L7z, £415 % RFLP fii#hr o



JO—7ELTHEAT 572912 M13M4 (5-GTTTTCCCAGTCACGAC-3) &
U'M13RV (5-CAGGAAACAGCTATGAC-3) 7714 <¥—%{H L. PCR {7
S, TORMBIEEYZ<TA 700250 (FURT) ICLERL, To—7
ELTz. BB, "FoNzr /Iy 70— Iid@BLES (IRGH) EDIT/-,
INSOHFFITHESEMN LIZHD RFLP X— T —DFESELTHFEHL TN S,

1.1.3 RFLP fi##r

McCouch 5 (1988) DHIEIZHEVY, 2000 FEIZFRHEMIZERT (WA FEHR
AEFHT) ICTHRR SN2 NN £FOER 7S DNA 2t L. HIFREEE Tk
%, VKB TOvTa T EToT.

WUDIINNEHOREZO T EE 4 DERANTTO—TD1RA Y —=
JTRITORe 1V RAV U= D0 OFIREEHRIL 4 ¥ (Hindlll. EcoR
V. Dral. Bglll) ALz, 1 RAZYU—Z 27 THHEOBIZEZRMNE SN
IZHIREERICDWT Fy RHOEBEB 217572, N TUFAE—2a i
ECL system (7Y v L) ZRHWTITo 7/, SRMHIIZA YT 510575
AT 2w 70 =T DiEMIZ McCouch SR {#+ (Cornell University) &0
L TWz/ZWnWiz1 % RZ#) . *FLF (Hordeum vulgare L.) (BCD#).
I 2IND (Avena satival.) (CDO#) O %Fl cDNA T > h—7a—TJZ{HEH
L7z,

1.1.4 AFLP f##r
AFLP AT Pstl/Msel (+3. +3) OBEMAEEZFHL. Vos © (1995)
& Myburg 5 (2001 OHIEIHE> TIr- /. £z Psd 754 < —ix IRD700

KOVIRDS00 (T 71) THOEHEGRS Nz D&M L 7z, AFLP #EMIL 6% 7
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Z7UIT 2 RTIVEMEM L Long Readir 4200 A > —4 >H— (54 H) I
Lo T sz,

1.1.5 TAS ¥ —h—f&kr

TAS ¥ —7—f#Hrid Shen & Zhu (1998) D HEIHES> Tir>7=. HALE
7714 < —#l&HId TP1/D2. TP1/D30. TP1/K12. TP3/D2. TP3/D30. TP4/D2.
TP4/D30 TH 5., T D TP 7 F 4 <% — 0 # & % ¥ TP1,
5-(CCCTAAA)(A/G/T)(A/G)T-3'. TP3, 5-(CCCTAAA);CCCT(A/T)AAAG-3,
TP4, 5-(CCCTAAA);CCCTATAAT-3 TH 5, Z# 513 IRD800 TL> RIN
hanTnwd, FEFERLES Y LT I4—DY— 27 T A D2,
5-GGACCCAACC-3' & K12, 5-"TGGCCCTCAC-3 (Operon Technologies) &
' D30, 5-GAGACTACCGAA-3 (ZvyR>P—2) ThHh3,

1.1.6 fER O O SH AR

X —J1—7—#% 13 JoinMap 3.0 (Stam 1993) DFEFHIZHE> TLsk L 7=, AFLP
KOTAS Y= —IZDWTITERTFEDH#ES 1 7150 T<lmX11>. <nn
Xnp>., <hkXhk>®D 3 %A F T L7z, DBEY 1 7O<Im XU IIREO
AHATAT O, <anXnp>EIKHDOATAT O, <hk Xhk>EWEELIIATOD
BARFEERL TS, RFLP ¥—H—IZBL TId ki 3 1 7z <<abX
cd> (HEILIIANTOOBEEBFETHD 4 DOMIEET). <efXeg> (i
HIZATODBEBETFETHD 3 DOMILERLET) O 2 D051 TITOWTHiL
L7 1 D07 0—=7IZDO0WTEHEON Y Rband) WM SN, BEFEOH
MPNREETdH 2 EXFTEBON Y REZNZNOENSD 1 D 1 DOEMEE

TIEE Uity 1 7 <dmX11>. <nnXnp>. <hkXhk>Ticftl 7=,



B SR ABEOBGRERIEEOHMBEK O S 5 AP TR
Haldane O BRI % FA Uy, CP (cross-pollination) 7))V 1 A A2 T JoinMap
3.0 ZHWTHEMEK Z/ERL =, F/-@E#EIKIEL MapChart 2.0 (Voorrips
2002) 2L TIERR L 7z,



121 AFUTUIATIAT )39 051475 — DY

AGVT AT IADYT )29 0534 TFU—inG 472 foao=—%4#
o7 TOBMBLETIAI RICDWTAIN—YINTIA4 v —%H W
PCR &17 o7z, ZDFER, 323 T PCREMMNY > FVINL RTHB I L&
wllze INSTRTZLSHMITICHER L, TORE, VIV ENEIE
—DNATVEAE—2aXy—nRonzro— 203 239 i (74%) T
Hole (Fig. V. o, BOERLEFNEEATNDERBDNEAAT D/NY —
PINBT ra—2 (11%). MRDEWI T HIVINRSENBH 4 DT XTOHIFRE
BZETHILLTHZRMNASNRWA N AR EBDNS 7 O0—20N 47
(15%) TdH-o7x,

1.2.2 RFLP ¥—/—D%H

PONVKMEOAE—DONA TS AE—2a Ny =057z 239
DAZIVT 25475 A7 0—TEMNWTNN F, £ OEBEEF 7>/, %
DS B 102 O T 0 —T TELEME SN, B5F 200 B OB FEMBRE S N,
DBELL 111101 (B BESY A 7 abXed £zld efXeg) B L IT 1:12:1 (DBEY 17
hk Xhk) OHEHE~Y—H—1240HTH -7 (Table 1). BHTOFER., &5t 161
NN 7 WEEEE Loy Tan/s (Fig.2).

£z, 6TAOA BT > h—70—7 (FIZZ2)N7 D cDNA) IZD0WTH
NN F, £ CHSE Rt 217572, T2 /N7 cDNA D7 O—7 61 HD S5 29 {#
TEMME SNz, £l 2K OFFAFO DNA 7o h—70—T12DO0T
ANt 7°FJ A= a7 FINNELG\No7Z/2 0PI L 7

o
o



11% (37)
e

'

15% [ R 31% (99)
47) , 22 '

43% (140)

Fig. 1. Characteristic of Italian ryegrass Pstl genomic library.
The number of the clones were showing in the
parenthesis.

single copy [7]- low—copies [ : repeat sequence
[l : source from organelles



LG1
0.0 /tp3d301*
5.4\ /tp4d301*
7.6 IRG150* IRG352-1
8.9V, AGC-CAT5
11.8. ]| IRG251
165 |-tp3d305
- e )
17‘6/_\4|RG318 7* AAG-CAG7
IRG441 IRG318-6*
19.3/ /1) {IRG318-3 IRG318-2
pa5/ || \|CDO580-4 IRG362-1
~ NN\ IRG362-2*
30.7 —«\me.zzz-1
31.3 CDO0580-3
36.0 /”\ tp3d221
42.3 AGT-CAC10
58.2 ACC-CTT8
645—1|tp4d307 IRGas2-3
78.5 AAA-CGG11
84.1 IRG303-2
89.6<| | -IRG321-3
91.6—-AGC-CCT7 CDO78-2
93.4°| > IRG321-4
98.9 AAA-TAA1
101.9—1— IRG235-2*
108.1 AGA-AAA32
112.4 AAG-CGA3
1275 |-tp3d23
131.6<] |~ AGG-CCA30
i 137.3 /tp1d21
140.2\"‘/ CD0328
1441 |-tp3d217
144.6”"\ CD0O98

LG2 LG3
0.0 AGT-CAC8 0.0 tp4d21 IRG429-4
"6\ 1P4d306* 26\ | tpad29
16.5 | 1 tp4d308 AGA-CCG10 IRG333-1
18.2 IRG318-4 IRG307-1 71 IRG356-1 IRG356-2
24.2) IRG34 IRG98-1 — /1 IRG400
263\ JjIRG322 10.8, L/ JAGA-CGG10 AGA-AAA4
27.9\{JlIRG179-1 AGT-TAC3 | Viraoos 1rRG436-1
29. IRG99-2 B9 iRrGaess-2
31.4 AGT-AAG2 -
36.2 j/ AGG-CAG21 15.977 SR{HGW tp1d24
420 \[ 1/ |A8a-TAAT0 tp4d216 173 i tp1d25
- /lIRG307-2 18.5//fi\\ IRG296
44.2 IRG28 |-
18.6
46.8\\[ Y/ IRG28r tp3d222*
53‘2\_/ AAAAATIOH 212l \} AAT-TAG10
56.7\\ | /tp4d215 213\ tp3d220
%
59\ {, tpdd213* 219 | tp4d26
so.5. || |IRG358 IRG348-1 27.8 i |AGA-TAT18 IRG327
: IRG348-2 AGC-CCT10 g gll/l
5.4 ) AMG.COAD i tp4d221 tp4ad211
408/l I\ AGC-CAT3
83.5 IRG234-3 i
89.6,\[ |/, IRG234-2 51.7 l‘,, tp3d22
go.s\“‘ / CD0244-1 528/l W\ 1RG39-2
92.6 :¢AAT-AAG1 [ irG226-2 1RG226-3
93,2 |CD0244-2 IRG332-1 55.9'll lRGS?S—T IRG378-2
|IRG332-2 IRG333-2
99.0———CDO59-1 ;’; [l rG392 1RG326
103.3~—-tp3d212* 1 irG200
105.(7:?00059-4 61.5)/8 }li CD0920-4
106.0//\ ' tp4d28 64-5 il tp3d210
08¢ AN tP1k127 cDo244-4  67.1]ff1 {{i CDO920-2
CD0244-3 IRG338 738l |I'tp3d29
111, CDO59-2 CDO345 1l ,
114, AAA-TAT38 765 M tp3d218
) 88.1! IRG121-2
18.1] |4 | AGA-TAAG 910 REi194.3
123. \\AAG-CCAe ’ 2
136.1/ /\\ ACG-CTG15 1091 ATG-CTG7
141.7 | | AGA-TATS
146.7 || N AGA-TAT14
1505”1\ AGG-CAG19
| [\|AAG-CCA5 IRG370
’53';/”“ IRG429-2
157.9/ 1\ tp4d304
159.3 CDO783
165.5 /-\ ' tp4d305
171.4 tp3d214

Fig. 2. Linkage map of the Italian ryegrass (IRG) ‘Nioudachi’ X ‘Nigatawase’” (NN) population. Linkage groups are rcpresemed

s vertical lines, with their numbers indicated at the top and the names of the markers on the right.
%stmnces (cM) between markers are shown on the left. IRG genomic RFLP loci, oat anchor marker loci, and telomeric repeat

24

{}kﬁSSO(’:iated sequence (TAS) markers are indicated as IRGx. CDOXx, and tpx (shown in bold), respectively; the others correspond
- 10 AFLP markers. The markers with an asterisk were those showing significant segregation distortion (p < 0.01).



0.0

18.4

39.2
48.0
50.3
58.3
63.5
87.6
71.3

73.8
74.8
78.9
79.8
83.3

86.7

88.9
89.7
91.1

93.8
101.5
105.3
108.3
113.4
116.5
118.3
119.4
123.6
125.3
126.9
129.5
130.1

134.9
135.7
137.3
140.2
140.9
146.1
154.3
160.3
168.6
173.6
181.2

183.9
188.2
197.6
200.5
201.6
204.5
208.3

209.5

212.7

216.0
2255

LG4

AGT-CGC2

[

L

CD0O1387-1

AGA-AAAT*

/ AAA-TAT2
AGA-AAT2
/ AGT-CCT9

CDO20

tp3d25

AAT-TAC21 tp4d222
CDO1387-3*

IRG109-1

IRG259-3

Ll

IRG259-1

IRG2

tp3d211 rG133-1
IRG133-3

// CDO1387-2

/- IRG123

ARV

IRG133-2 IRG173
—tp3d219

| _1CD01387-4* IRG454-1
L-tp1k121

tp3d223

CDO38

SN\
[ I

—tp4d223 re27
N\ tp4d218

tp1d302

AGT-TAC11
ytp3d303 tp4ad212

IRG39-1 IRG450
ACG-CTG26

AGT-TAC7 tp4d23
tp1d23*

| AGA-TAT19 IRG219-2
IRG35 IRG219-1
IRG219-3 IRG219-4
IRG253-2

AAA-TAT21

tp3d213

IRG44-3
AAG-CGG11
IRG75-3

tp1k123

AGT-AACH

IRG250-1
~ AGG-CAG26
IRG252-3

IRG287 IRG252-2
IRG14-2

CDO118-1*

IRG252-1 AAC-CGT28
IRG250-2 IRG14-1

Aac-caTs tp4d309*

IRG250-3*
AGA-TAA21*

0.0

;//<>;4>>/

LG5

CD0O241-6

IRG56-1

|IRG335-3 IRG383-1

| IRG383-3

.

_—

ot

|
=N

IRG56-5

IRG144-3
IRG56-4
IRG144-5
IRG109-3
IRG37-5*
IRG37-4*
IRG42*

tp4d303

tp4d217 rasa

AAA-TAT36
IRG320

s

CDO459

IRG305 IRG311
CD0202-3 CDO0O202-2
AGG-CAG16

tp3d21 tpad22
- IRG68
ﬂ IRG303-1 CDO0O202-1
AGA-AAAZSZ
AGA-TAA3 IRG442-1
IRG442-2

IRG383-2 IRG383-4
AGG-CGG3 AAA-TAAT4

N tp1d304
||~ IRG292
~~IRG115

\1 IRG29 IRG335-1

IRG335-2

™~ IRG56-6

icoomz

\!RGSG-Z

\mess-s IRG56
“IRG12

IRG144-6

IRG144-4
A IRG23

I~ tp4d3010

I

§ IRG253-5
CDG0C241-5



LG6

0.0 AAG-CAG1
2.3 AGT-AAG6
6.5 AGC-CGC9
10.2 AAT-AAG4
17.0 AAT-TAC20
20.4 AGT-AAG3
25.7 AGT-CAC4
35.0 ACT-CTC13
483 CD0524-6
54.1 \ / AAC-CGC4
575 \| 1/, tp3d302
64.7 ~—4/ AAA-TAAT1
69.7 \\ Y /7 CDO524-1
74.7 AGA-AAA45
76.0 \V/ tp3d24*
76.7 \H / CDO534
80.7 _J/ aaT-TAG1s tp3d216
—1/11RG369-1 IRG369-2
81.4 —F+— CD0524-3
85.5 ~}—— IRG44-2
924\ | ~tp4d3012
1002 ) IRG323 CDO1380
- IRG180
101.1 <= CD0497
105.7 ~J_|AAGT-AAG10 IRG452
107.7 AAA-TAAB* AAA-TATS
113.0 ~|_Atp3d306* AaT-TACS
1146 1=K~ AGG-CCA29
115.7 /j tp1d307*
. :\ tp1d22*
N\ CDO516
N\ AAA-TAT37* IRG144-1
R\ AAA-CGGE
A\ AGA-AATS
A B\ ACG-CTG7
f . \| AAT-CCC9 AAC-CGT14
¥R\ AGC-CGT11

\ IRG144-2

i 1RG4

lIRG3-1 AAT-TAGS1
 AAT-TAG7

' IRG169-4*

I AAA-AAT22
AGA-TAA28
 CDO204-2*

| AAA-TAT39  AAT-AAG11*
l AGT-CAC11
AGC-CAT1*

IRG3-2
CDO204-1* CDO105*
IRG41r*

LG7
0.0 - AGA-TATT
6.0 QQ % AAA-TAT19
96 \—- tp4d302
10.9 - AGG-CCG5
16.1 \ [ | AIRG7-2 IRG454-2
20.6 N\n% IRG26
26.6 \ "/ AAC-CAT9
31.4 \ AGT-AAG12
33.9 \H / IRG253-1*
38.9 \:/ tp3d26
39.8 x %AGT-TAG?G
430 \H/ IRG136-3
47.8 N 7/ IRG136-1
49.9 \ // IRG94
559 N AAA-TATO
59.7 \ / AGA-AAT15
64.6 \——/ IRG60-3
65.1 \ r/ IRG60-2
67.9 // 1RGE0.
70.6 -tp1d306
71.6 —JAGA AAT12 IRG454-3
76.4 _ IRG4-1
77.8 ~ AGT-CAC5
81.0 ~ AAT-AAGO
83.4 QAGA'CGGW
86.0 N IRG253-3
88.5 AAT-AAC4
90.3 tp4d214
912/ H ‘iRG2ss
1019 71 [\ paT-TAG27
111.3 {IRG313-1 IRG313-2
1165 AGA-CCT4
121.5 IRG325
125.8 {IRG91-6 IRGI1-1
137.7 AAA-TAAG
145.7 IRG76
157.4 AGT-CCC7
163.1 tp1d305
168.1 AAA-TAT29
176.6 AGG-CCGS8
181.9 IRG91-5
190.7 ~J_}+— tp4d220
192.9 —T T~ AGG-CGA16
203.9 < |- AAG-CAG3
207.7 ~J |- tp3d27
2116 ~_|— AGT-AAC3
212.3 —] |~ AGA-TAATS
2151 77 tp4d224



Mmolz. BRMOR SN 29 TO—T NS 65 Wi THENBE SN, D559
ESHEEOT—H—TH 0. Gt 41 ~—H—2VEHEE (L) 7&2KB< 6D
OEFEEE LIy TNz (Table 1. Fig.2).

Table 1. The number of RFLP marker loci showing various segregation ratios
n the Italian ryegrass Nioudachi X Nigatawase F, population.

Segregation ratios and types®
Source of probe (No. Total

of probes) 1:1:1:1 1:2:1 1:1 3:1
abxcd efxeg hkxhk ImxIll nnxnp hkxhk
IRG probe (102) 16 22 2 52 99 18 209
Anchor probe (29) 3 6 0 | 23 30 3 65

Total 19 28 2 75 129 21 274

“The segregation types were according to the manual of JionMap 3.0 (Plant
- Research International B. V., The Netherlands)

1.2.3 AFLP fi##r

AFLP f#HT T3 Pstl/Msel 754 < —54 fAETITDOWTHNT L 724558, &5t
867 DL BNl T 7z (Table 2). €D 56 712 {EIZ /B 1:1 2R3 %
XR—=N—THO, TOSHBRBKEEGN RORSN/ZH0OM 380 i, AW
RN FORSNZHOMN 332 HTH o7z, Z3IUTH L THELL 3:1 &R0

JZZE 155 i TdH o7 (Table 3), THNSIIRE, LRHLICNS R &N

o 1 794X —MEEN DY 16 ML MmE S e,




Table 2. The number of total markers and selected markers
for framework map generated by each primer pair using 54
Pstl+3/Msel+3 primer combinations.

Primer pairs No. of total markers No. of markers selected
POIMTY AAA/CGG 20 2
POIMI3 AAA/CCA 2 0
POIM15 AAA/CCG 21 1
POIM17 AAA/AAA 16 0
POiIM18 AAA/AAT 24 2
. PO1IM33 AAA/TAA 17 6
PO1M34 AAA/TAT 33 10
P02M0O2 AAT/CAC 1 0
PO2M12 AAT/CGC 3 0
PO2M14 AAT/CCT 5 0
P02M16 AAT/CCC 16 1
PO2M18 AAT/AAG 14 4
P02M20 AAT/AAC 8 1
P0O2ZM35 AAT/TAG 29 6
P02M36 AAT/TAC 22 3
PO3M03 AAG/CAG 14 3
PO3M09 AAG/CGA 4 2
PO3M11 AAG/CGG 13 2
PO3M13 AAG/CCA 7 2
PO3M15 AAG/CCG 11 0
P04MO04 AAC/CAT 12 2
P0O4M10 AAC/CGT 28 2
PO4AM12 AAC/CGC 8 1
PO4M14 AAC/CCT 16 0
P0O4M16 AAC/CCC 2 0
PO7MO7 ATG/CTG 8 1
POSM10 AGA/CGT 8 0
POSM11 AGA/CGG 17 2
PO9IM14 AGA/CCT 6 1
PO9M15 AGA/CCG 23 1
PO9M17 AGA/AAA 36 5
PO9M18 AGA/AAT 16 4
PO9M33 AGA/TAA 27 5
PO9M34 AGA/TAT 22 5
P10MO02 AGT/CAC 14 5
P10OM12 AGT/CGC 11 1
P10M14 AGT/CCT 13 1
P10OM16 AGT/CCC 7 1
P10M19 AGT/AAG 17 5
P10M20 AGT/AAC 4 2
P10M35 AGT/TAG 24 1
P10M36 AGT/TAC 12 3
P11M03 AGG/CAG 28 5
P11M09 AGG/CGA 22 1
P1IMT1 AGG/CGG 12 1
P11M13 AGG/CCA 34 2
P11M15 AGG/CCG 15 2
P12M04 AGC/CAT 27 3
P12M10 AGC/CGT 27 1
P12M12 AGC/CGC 10 1
Pi12M14 AGC/CCT 18 2
P14M06 ACT/CTC 13 1
P15M07 ACG/CTG 30 3
P16M08 ACC/CTT 20 1
Total 867 116
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able 3. The number of loci showing distorted segregations in the Italian
egrass Nioudachi X Nigatawase F, population.

Segregation ratios and types®

1:1:1:1 1:2:1 1:1 3:1 Total (%)
ab x cd ef x eg hk x hk Imx i nn x np hk x hk
(19 (28) (2) (496) (483) (198)
3 (380)b 3(332) 12 (155) 18 (2.1%)
FLP (274) 0(19) 5(28) 0(2) 8 (75) 20 (129) 3(21) 36 (13.1%)
S (85) 4 (41) 3(22) 11 (22) 18 (21.2%)

tal (1226) 5 (17.9%) 15 (3.0%) 26 (5.4%) 26 (13.1%) 72 (5.9%)

*The segregation types were according to the manual of JionMap 3.0 (Plant Research International B. V., The
etherlands)

otal number of markers belong to this segregation type



1.2.4 TAS ~¥— 71 —fi@tf

TAS fRfh T 7 DO T 4 X —MEBEBIZDODWTH 21T >/ (Table 4). %
DOFER, G5t 85 HOZEMEH I N, £D56 70 EIIEEHEE LIy T
N’z (Fig.2). /N2 R85 — 213 AFLP &JRlkk. 7Bk 101 & L <id 3:1 T
TRTEESY—HI—TH2 (Fig.d). 1 7IAX—MEE U0 Y 12 D%
BMABHIN, 1 DOMEETEZNHDT 24, DlandH DT 5 HOLZEDN
Ha e,

; Table 4. The number of total markers mapped by each primer pair using TAS
. primer combinations.

Primer pairs No. of total markers No. of markers mapped
TP1D2 5 5
TP1D30 7 5
TP1K12 7 3
TP3D2 23 21
TP3D30 6 5
TP4D2 24 20
TP4D30 13 1
Total 85 70

1.2.5 HEEOEHIZDONT
RFLP. AFLP. TAS ¥X—h—%2&8 85 1226 ¥X—H—DF—H D55 72
f#l (5.9%) THEEOEHZMNR SN/ (Table 3). $#1Z RFLP, TAS ¥ —h—®

DEEEEDEA (13.1%. 21.2%) (& AFLP v—H—0DOEA (2.1%) L0 @i
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Fig. 3. Profile of telomeric repeat associated (TAS) markers detected by primer combination
TP3/D2 segregating in the ‘Nioudachi’ X ‘Nigatawase’ (NN) Italian ryegrass F, population.
Lane M contains the molecular size markers and lanes P, and P, are the maternal and paternal
parents of the NN F, population, respectively. The other lanes correspond to 40 F; individuals.
The arrows indicate four TAS markers.
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3:1 ® hkXhk ®/8N¥—> (13.1%) Th-olz., EHDOHELNIY—H—DIFE
AENLGI O EERE LG O FEICEHR L T (Fig.2),

1.2.6 &% EEEK OERNK
IZUIZ 867 @D AFLP. 164 fl® RFLP ¥ —H—®OF—4%»5 LOD

(logarithm of the odds) & 9.0 T7 DO/ )L— TGO EHEMHZ1ER L 72,
ZO®%, HEMK EO RFLP ¥ —A—119& 5 > FEIA L (M) RRIZ
72 B EDIBEOH L AFLP ¥ — 7 —116 {# (Table 2). &&t 235 X—H—»
5y T 7 L—ABIER L. TD%, /#7212 RFLP ¥ —7—110 f#. TAS
< —H—85 HEMAT. BAENZHKIL 385 X —H—2ET 7 DD FE/HHE
WSR-S TS, HIEEE (LG1~LGT) DJEHL International Lolum Genome
Initiative (ILGD) DFEFIIHE-7z (Jones 5 2002a). /2P, HHMHX D 2K
it 1244.4 M TY—H—HBIOFHIEREIL 3.7cM TH S (Fig.2).

LG1i339 Y —H—M5R0 . X —H—HOFIHEREZIZIE 3.7 <M T 144.6 cM
EHN—LTWS, LO1L IKIZEE 8D TAS v —A—N<X v 7ENn. £055
4 O (tp3d301. tp4d301. tpld21. tp3d217) LEBEBFORWICAEL. 1 D

(tp4d307) IFHhRiIc<Ty TENZ, LG213 60 X—H—m 50, ¥ —h—[H
DOEIIEEEZ 2.9 ¢cM T 171.4 cM 2 1 N—L TW5,LG2 23 & 12 @D TAS
T—hH—MTwTIN, FOOH 3D (tp4d306. tp4d305. tp3d214) (LHH
HORLEREIITY TaNA, L3I 47T == 6D, ¥ — I —HD¥1
BEEEIT 2.3 cM T 109.1cM Z/N—L T3, LG3 ITIEBEr 13 D TAS ¥—
H—MTy TEN., FOS5E 2D (tpdd21. tp4d29) (TR D ke H K
v T IR, LG43 70 v —H—mBk 0, Y= =B O VL 3.2 <M T

295 5 cM 2 HN— LTS, LG4 ITIEAa 16 D TAS ¥ — 71— v 71,
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FDOHH T OIGEHEBEO R RMIICY Yy TSI N/Z LG5 55 = —M 5D,
< — N —MOFEEEEIZIFIE 3.4cM T 185.9cM ZHNN—LTWa, LG5 IZIE
GEt6 D TAS ¥ —H—0N< v 7Ei. 1D (tpad3010) (FEFEE D AR 1AL
BEL. 2D (tp4d303. tpad217) IFHRASEICAEL /=, LG6 (L 62 ¥—H—
MHRRD. Y —h—OFHEEHITIZIE3.1cM T192.8 c M Z/N—L T3,
LG Iy TENAETAS T—H—T7D20D5 5, 1D (tpdd3012) IXHFEEEDH
SHEICIZT y TENZ, LGT 2 ¥—A—M 50, v —h —OFIgiEREE
124.1cM T215.1cMZHN—LTW3, LGTIZYy TS/ TAS ¥— /1 —8

DDS L., 3D (tp4d302. tp3d27. tpad224) IXHEEE ORI v I N/,

127 AZVT T4 7 7 AQOEERHE LT ORMBEORESNLLS 2 TZ
KFEDHERICBNTA IV T > I4 75 AOEHMK & I AF ORI
ORMICEBOT > h—T0—TIZB8WTHBICMET b0 &2RE L, TO
S5HEM 2 DD —H— (CDO20. CDO1387) FILFDH 4 Bk (wa) T
BRINTWAEMN, 1YV T>I7147 A0 LG4 THiERSINL, £z, 3D
D<—71— (CDO534. CDO1380. CDO497) 1d w6 THEZ 4. LG6 THHE
BRAINTVS, w3 D2 D07 —H— (CDOY20. CDO460) A& U7 T4
7520 LGS ThiRSNz, ERALAFO w1 EIGEBRT > 1—<—7—3
DEOAXYT > I4 0T AMIE AR RITER O LGT 13 NN £H 0O
LG7 &S LT3 (Table 5)s AAFD w1l EA X UT > 5477 AD LG,
ALFOwW2EAXYUT>IATTADLG2 EOMICIZ1I DB L <IE 2 DD
Wi~ —h =R sz,
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Table 5. Relationships between IRG, PRG and wheat linkage groups.

Linkage group
LG1 LG2 LG3 LG4 LGS LG6 LG7
LG1 LG2 LG3 LG4 LG5 LG6 LG7
LG1 LG2 LG3 LG4 LG6
wl)e (w2)° w3 w4h wé w7

a: This study

b: Hirata et al. in preparation

c: Jones et al. 2002b

éd: Data derived from Graingenes (http://wheat.pw.usda.gov)

é& Only few markers common detected between IRG and wheat, see text in

ég%'details.
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1.3 EHR

1.3.1 7/ v 7a—TJOERSR

ERETRT /I 7734750 —BEOBRIZ, AFL— 3 ERZHOH
IREFZETDHD Pstl ZFER Lz, SETICEL OWZEEE (Burr » 1988,
McCouch & 1988, Tanksley % 1988, Xu & 1991) 12k > T Psd TD4 / 3
I IAT IV —TRIINBLLMETIE—DWH MR LLEBsNS &
WO ZENHEEINT NS, 1 FUT>TA4 7T ATHB N CHEBEMENICER
RE72 70— 7 DML 74% T, TRUIAFUT O IATSAES ) hYA
ADFEWRTEDIL (1C=2400 Mb) @ 50.6% (Burr 5 1988) KU/ L
HAZDRINA 2 (1C=430Mb) D 58% (McCouch & 1988) 1T TIL
BAE W (Fig. 1.

AR TIEEE 274 @D RFLP BEFEMEHINZNEDSE 49 A
(17.9%) NHEEHETH 7% (Table 1) TD L DITHBEME~—H —DEIEHK
WELBEHEL TR, W20 TO—-TICBNTEMB LR ERLIZDIC
HEE—H—E L THET2 2 ENHETEBOMS LizEEY—T—&L
THRHLEZDTHLERDNS, ZORORICTO—TTHDaNSKED
DI A —=IZHhNTLEN, BREMICHKEEY D —0ENEP LEEED
N5, 2O 1 20HELTIiE LG1 @ IRG318-2 & TRG318-3 ® IRG3186 &
IRG3187 DY T AH—TdH% (Fig. 2)o LI DL DL FAIUABICHE S
NBEETEZ 1 DOREBEROEERTFEE L TEA S EE#EIK EoEE~
— N —OFIIEF T 70 8l (25.5%) 1272 b, . AEBROMNTER O % 8
WAL 72 4 DOHIREEFELIN D LD 2 < ORIBREE = ] T = U3 ps g

RE/s LB AT A A . B =D — DRGNS <0 WcEEv—



H—DEENME< 25 EBbIN5S,

1.3.2 TAS ¥—H— D&

TOAT Y E— MNP ROEDORBUSNMIOEET D E NS T i@
BB NWT—RBREZTHD, TOEFEAENREROFREIZAEL T
W5 Z ENDMo TS (Mayne 5 1990, Richards % 1991, Cheung 5 1994,
Presting 5 1996), AWZEDOHERE. 13D TAS ¥ —H—2LG6 Zkk< 6 DD
HEHBEOERIICAE L TWzDIZ LT, o 10 D TAS ¥ — 7 — I3 HEHEf
OHRAEICALEL T, ZORRIE Shen & Zhu (1998) DR E—FL
T, LALARRSEEBEORRICAET 5 TAS ¥— I —NERICERE SN
TWBMNEINEERHD TASY—h—%&2/0—=7L, >—JV L A%&T3
N bLBAI YA Fa—-NATIVIAME—2aaT20ERHDERD
N5,

1.3.3 YvT7HA4X

RIRFICHBIT HHEDLET 12444 M T, ZHULTTIIHERSN TS A
LT IVoA 75 ADEAETFHIE (692~930 cM) LD HRKEW (Hayward 5
1998. Bert % 1999. Jones 5 2002a. 2002b), Z DX D RHK DX DiE

WDWTEZONASERFEREL T, AHFICH N TER S N/ B SHHEE 3
ELUTAFLP ¥ —H—M5K5 1000 L EOY—H—ZHL TnbH I & (X
LZT I IA T T AOHBNZANWTS AFLP IZL 5N R EEMN KN
(Bert 5 1999)) MEBAHNSH, TOMOIEH & L THIKBEEOEV (Haldane
M Kosambi 7)) . A& #1X (two-way pseudo-testeross 7 one-way

pseudo-testeross V) 2. I OB R TR OGERT T — L5HbDEHEZS
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N5,

1.34 WOAZUT 547 FAPRLZTIVIA Y 5 ADOUME E D i
SEER LAY VT >4 T T 2AOMRAERNDAY VT T4 T A
(CMS) EHOHIK (&S, KRFER) LobEzidAhl. MERTONWTIH
BOT O —TEZBAWTRFLP T 2175 2 & T2 DMK D LN AIREE 725,
L7z CMS £HOHIKIE S & & LOD4.0. % 300 D AFLP (EcoRl/ Msel;
+3, +4) RU'SSR Y —H—M5m 0D, v—H—ROFEHEEHIIFIE10cM T7
DOEHEBENSK> TS, £/, REHERDOTNTNOMEZRF> TS,
RISV EO 0 —7 & U T NN EFSEITICER L2 48 7O—7 (>
INIDT o H—=TOa—=TEAINTIATIADT ) 2y Tu—7) &ff
MLz, TORER, 7oh—7o—7 20 BickDBINk 47 BEFERN
AFVT I 75 ATa—7 19 Hick DRI Nz 35 B TEN CMS £
Mof, RE@EOmMKIIY Y TI Nz (ZTITEFRL TWARW), #ER. NN
EHOHRKE CMS EFOHIKIZB N TT N TOEBEEIT TN TN ATRET
Ho7z (Table 5). FRAEIERL NN EHOHIK E Jones & (2002b) 1T
Lo THESINEZRLVZTINIA T T AOHREEZRRL THZEIZA, IN
5 2 DOMMOM T DPOEBEFICIHBEOY - —Nbdh ek
ICHBEH ST, WHIKO LG1. LG2. LG3. LG4. LG6 WEWIIHIRT S Z &
NHn-o7z (Table 5),

135 AYVTIATIAETLAFEDY T 2—
AZYT 54575 2BT5Y 7 AT TEEMICSENZ L5 T

HOMBURTH S, By S Ly —2 L2 2% EST (expressed sequence tags)
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DOEH. RFLP % SSR ¥ —H—0OMFEICEHL TIHBNTWa EEbhs, 48
TEAIVT I 77 ADTRERFEFHIK TS AEERIN TV, 1
BT I3A4T T AEZOMA %, bIEODL (Zea mays L) A H LF,

DALFOEITHESHRIN TV S FEHEME DY > F Z— RIS HOA
V)T 54T T ADYT ) LR ORRBIZEIL D EBDNS, Jones 5 (2002b)
IZED. RUZTNIA T FTAD 3 DOEEBEEFNUTHIGT 2 I AFORE
EDMICTERRY T Z—MA 58 (Table 5). ZTNSHEHIK EOHE~Y— 5
—® 80%LA RIS T —DBRICH D ERRL TS, KHEDFERICEN
TOERL7ZA )T 25407 7 AOEEHME EMHREOR SNz LFOR
@ik (Table 5) EOMITTY > H—70—TI2L 50N DM DOIEBEENR 5N
2 (ZZIIRLUTOWARWY), LALBNSEREASY YT I5A4T7F5AE, OA
FHLLEM XX BHEDEAIENE OO > T Z—HE 2T
S7ODEEREDOH LTI —RIHEVDITHDRL, FRIKOELDT H
— 7 O—TICL BB NUETHLEBOND, 51T AFUTIA4T7
ARRVZTWNIATTANEDEST ¥ —H— %A 30 AF QBRI
yETHENEEBA IV T IATITADY > T Z—HFITEILDIES S,
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28 RFLP X—7—® STS {b

2.1 MEIROFHE

2.1.1 ek

REFLZSTS V914 —DA7 Y —Z 7213 8 DDWMEK THR X -
1LDOONFIIEFHLUE. TDOIBED5 D@45 U7 >54 455 A0RG) CL1.
TW59. 11S. 11F &"TU &7 F/N\"T, BAID 4 Did CMS £ OEEET, 7
7 AN L TIEmiRGEN S EERITERH LUz, £OM 3 DMK
AIVTI5ATSADREZGETH DL T I F1 75 A(PRG) (&fE% 7
FAT K KS), ARTTATMF) (&4 :"bEY T ;TS). b
T AV(TF) (&fE%4 :”F>Y a7’ NR) Tha.

¥, RELAETIA4AT—IIDOWTAIUT I3 T T ADRBRNTDELHE
EHERT B0, 16 R THER S NZNNRIVEERLE. Z0/S8%I)VE2 D
OHRGEE =475 F” (ND) &”T&74/)\ (WA) TNEN 8 JETONG
FNTNn5,

2.1.2 RFLP 7O—70O> =42 >

%1 ETHIRNCERLZ 93 D RFLP 7O0—70OILY R —J T2 AL
MegaBACE1000 {2 T7 #+T7— REUN—A, M AHE7N 5 DYEnamic ET dye
terminator kit (Amersham Biosciences. Freiburg. Germany) Zffif L T
5 #1172 (Dragon Genomics) > —%7 >3 > 7. SEQUENCHER™ (Gene Codes
Corporation. Ann Arbor, MI. USA) ZH LTI 5« V2R L. T

S50 —2 LT 2ZEDDBI O M &S AB124671 /5 AB124779 128k SN /-
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(2004 £ 11 H 1 HX D2,

2.1.3 T—H—R—AR%H

ki —2 T2 2% BLAST 7))L U XA (Altschul 5 1997) 12 & % HAE#E
T —5 —R—=2ITTHBR LT, DDBJ &> TSNS BLAST v hY
=Y —E2RBA IV T I 5 A7 0T EBHOBEFOERE S —7
TALDREBRZIHSNIT S7DITHIA L7z, BLASTX %14 2003 4 10 A

15 HIZITWY, E-valueS1X103 OKEZHFEEELEZEL -,

2.14 T4 V—HEEDRE

STS 7*J 1 <—Iid Oligo 6.0 (Molecular Biology Insights. Inc. Cascade.
CO. USA) Z@HERL TEEL/. OB, 7Z—I)VIBEIL 55C. GC 813
40~60%ICRRELTz. 771X —HEHRFHE/ONG T HDICHES
FOEWHRMNBEINSHOERALE, MIFRHEDICHELS T -1
AMFTEITHRE D727 0—2D STS 7514 X —IZ DWW TIEM O E S 1 ERH
IR, ENENOmIENS T4+ T — KRNI N—AT 54— %&i&F L7z,
(AT) » BL<IT (TTA) , OFEDRLEFZEE 2 DO 00— L TR

Primer 0.5 (http://www-genome.wi.mit.edu/ftp/pub/software/primer0.5) % {#i

AL SSR /I 4 v —%&at L7z, §XTDT 51 <—% ESPEC Oligo Service
(I D <IEh) Ik L Gl L 7=,

2.1.5 PCR KOV IVEBLRIKEI DS

L7z,

10



PCR K&t GeneAmp PCR System 9700 (PE Biosystems. Foster City.
CA. USA) ZffML. 20ng®% /I w27 DNAT > 7L —F (1uD. 211D
10 Xreaction buffer. 1.611® dANTP mix (£1Z4 25mM). 0.4121 (8pmol)
DT+ T—=REOIUN=ATF54<—,021l (1 2=v ) ® GeneTaq NT (=
R Y =) EEFUR 201 BRICTIT o7z, 728 PCRIF 94CH 43 1 YA
2. 94°C30 ¥, 55C30 8, 72°C1 53 30 B 7 )b, 72C7 7 1 ¥+ 7))L, 4T
=T 4 2T DEHTH o7z, PCREMIT 3% 7 A0 — A7 )TAE Ny 7 7
=) B LI 1.5%7 HO—AZAF)UTBE Ny 7 7 =N TERIKBI & 17> /2. kB
#% D7 )V ethidium bromide THEEK, UV 71 b THE B L <13 Molecular
Imager FX (Bio-Rad Laboratories. Alfred Nobel Drive Hercules. CA. USA)
EHEAL. AFvy LUk,
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2.2.1 RFLP 7U0—72—27 T ADKH

BIETHRICDO /=G93 O > 7))L H L IEEI ¥ —0O RFLP 70—
7 (Fig. 4) IZDWTIZ Y R —I T A%{To/, Z0O55 87T 7+ 7 —
REUN=AMAFMNSE D —T T2 AT LIEA, BOD 6 @iz T7 47—
FHLSRBUN-ZADEEEMN 1 ARILNS—T T ZAWkiaho 7z (Fig. 5).
‘/BONZ—D T2 2ITDWT Sequencher V7 NI LY —IZTHRLEE S
A, M3 T4 FhgiEn/ (Fig. 5), €036 26z 7+ T7—FT
PRI AEIUNALY RO =T I AN—EE>THO. ED 45
JE7 47 —REUN—AWMARENSFHERII—I LA Nz, £/ 87 @D
D2BAT A TO/SNEMN - 18I ONTR T O—-THHADEINH XD
WKOHRWEDIZERIIY = T AR N 2z, =T AL~ 93 70
=025 270=ZD0W T (AT) » B L<IE (TTA) D DR LESIN
FENTVBZENHS N LSS T,

2.2.2 BLAST %

KRR TDAI VT 2IA TSR ) 290 0—20D =7 L2 ARNICE
FNHHMHOEEETFERDITS729IC BLAST BEZ2T->7-, TOE,
E- 227N FEEE< R4 D07 0—- 2280, &5 16 70— >TDNA
T = N—= ANOE SN OEREE R T EHFEMENR 5/ (Table 6)s T
5127 0—=2ID0WTIEA REFTTLFDT ) 297 o= L ATENEN
nr7o—>.1 70— > THEENES N/ oD 4 70— > TRGI1.IRG129.

IRG179. IRG292 ICOWTIXFNZFNYINHLADOHEL T —T 05414 > F
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@ o—=—mo (1) 26 clones \

A E— |
Qe 1 e
7 clones contigs
@ o @ 45 clones
- |
Or—:::: 11 316 clones /

rC = @ 6 clones

Fig. 5. Characteristics of RFLP probe’'s end—sequence and No. of
RFLP probes sequenced. RFLP probe fragments are indicated as
boxes. The locations of STS forward and reverse primers designed
are indicated by blue and red vertical line, respectively. Arrowed
symbols are indicated end-sequence directions, and the length of
arrows indicate the region end-sequenced. 1) Forward- and reverse—
end sequences overlaped; @ RFLP probes were completely
sequenced in forward and reverse directions; 3 RFLP probes could
not be sequenced completely because their fragments were too long;
RFLP probes could be sequenced in 1 direction.
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IRG 250 IRG 311

Fig. 6. Polymorphisms of STS marker IRG 250 (left) and
IRG 311 (right). The PCR products were
electrophoresed using 1.2 % agarose gel in TBE buffer.



SSR 252

Fig.7. Polymorphism of SSR marker SSR 252.
The PCR products were electrophoresed
using 3 % agarose gel in TAE buffer.



INFIVEFHWT STS RUNSSR 7' T4 ¥ — D@k E1To 7. TORER. > > 7L
N ROHESNZER 67O STS USSR 751X —D 55 PRG, MF. TF
B TENZEN T (85%). 47 il (70%). 55l (82%) @ STS K UXSSR
TIA X —THBNR 5N (Table 7). TO# IRG O 5 flEWLTNMNITHB WL
THRDOR SN2 67 BD STS KX SSR 7' 74 ¥ —IZDNWTIL 2 ffl 16 @
ZEOHD 1 DO ERWTEMHALEZT> /=, /2. IRG O 5 EHATIX
BIENESNBMN M PRG & TF OELELHMN 1 DTEHORSNE 3 ED
STS 74— (IRG12. IRG356. IRG358) IZDWT HEEKIC 2 ffE 16 (&
FEIO/NRINERANTEUFAEZIT> . TOHE. 61D STS 7I1<—
E1EDSSR 7oA X —IZDWTIIDR< &EH 1 RN THEIENRE S NZNE
D 8fED STS 751 v —TidEiEEMIBmE SN/ >z (Table 7). 62 D
STS KU SSR 774X —D5 5 25 il (40%) TAHE<EH 1 DDOHEITHN
THENZE IR I N (Fig. 8). €D 55 9D STS 771 ¥ —"TII/\ >
ROBEICEBLREIM, KD 16 D STS 774 v—TIIEIDEWNIILSE
B SNz, L 62D STS KUSSR 74 ¥ —TldzNn s 2 %K
PTE DL D e B RS EIIHERT 5 Z Nk ho 7z,



IRG 250

Fig. 8. Polymorphism of STS marker IRG 250 detected in
intra- cultivars. The PCR products were electrophoresed
using 1.2 % agarose gel in TBE buffer.



2.3 E&

2.3.1 BIETORE

AHFEOFERTIT 16 > — 7 T2 A (14.7%) OAHNEHAIDOBLEFD—I T
A EHEMEMNR 57 (Table 6) . Z DT & THK L Michalek 5 (1999)
DA T LAFIZBNWTHHNOBRTFOL— I I ALFERMALUMNA S NZDIF
T2 0= %DHBTHolzENIFEREM TS, —H, Schloss
5 (2002) % Murray 5 (2002) OXITVIVHLRDA 2T 2RADYT J 2
v 7 70— 2D 56% & T5% THEAIOBEFD L — 7 T ALHEENR SN
WO HEHH D, TOEZEBMEICEST /AT AIXDENIZESZHDT
HdEEOND, —RINZYT ) AP A ZOREVWEBILEERTUADEIEDOE
G232 (Barakat 5 1997), FE, FFLFEAFUT IS4 T FADT
LY X (4800Mb K Tf 2000Mb /C) &V VAL EA 5 < A (690Mb TR
637Mb /C) DF ) LH A XX DIEBMTKEW (Hutchinson 5 1979,

Arumuganathan & Earle 1991).

232 AFUTIATIFTAEARBDY 5 Z—

BLAST MR OFERNS 12O ZY VT > IA T I ADT ) 2wy r0—>
MAZDY =2 T AEHEENRSNZDN, TOIBEAY VT IA4TTA
® LG3 125 5 IRG290. IRG333. IRG341 131 +DE 1 BBKITHET S 7 0
— > CHRIMENR SNz, £72 LG4 I0H 5 IRG2T & IRG252 131 +DH 3 #
RICAIBY 527 0— 2 &, LG2 @ IRG338 & IRG348 1T NEN1T R DH 7
ROV 4 BRI fET 2 70— > EMEEPE SN, ZORRIEIAYIT

o
CIATITADLEIEA FTOE 1. LG4 I FOE 3. LG21E 1+ DH 4 N

54



BTREREL DT =TI T ORIRICH B LHEI S . Jones 5 (2002b)
o TRENEZZEERUTH S, TOMOrO—>, LG1 LD IRG235 &
IRG352. LGT7 £ IRG286 {31 * D% 4. 10 KU 1 REBKINET S0 O
— 2 EHEENR SN, 0 3 DD/ O— 2 OkRIE Jones 5 (2002h)
DFER LIERIZ > TW iz,

233 AFUVTIA47TASTS X—H—DiEHENDIEH

WL DMDIFEIZBWT STS 714 ¥ —ZMOBENEHT 2 & EITHE 2 —
DI ADHEBIZKBLUIZENWSW|END > 72 (Talbert & 1994, 1996.
Erpelding 5 1996, Mano 5 1999). RHETIEIA Y VT >S4 T T ADYT /
Sy 7a—T7Mm5 67O STS KUNSSR 7 I v — &ML, EmiEICHL
TIBRATEBNEIDNER L /2. £ OFER. PRG.MF. TF TZNZ4159(88%) .
47 (710%) . 56 (84%) 774 ¥ —OHEEN R 5N/, £/ I OHEEX Erpelding
5 (1996) DA F LFEMS TLAFAD STS ¥—H—OEAMRITIFIE T0%TH
SEENIRERLEFERILCTH S, £/ TF S MF AD SSR ¥ — NI — D5

Zh# (Saha 5 2003) IZBWVWTHREBKDOHERDHESN TN D,

2.3.4 RFLP YX—H—»5® SSR ¥ —H—DfEH

SSR ¥—H— DR A T T —MMEDAT ) —Z 2 TR T A
TS5Y—OFRICEDZHONEZ N, LMALABRSINSOHEIR 2 HL<IE 3
HHOWE@ DR UE S EHE -7 SSR Y= =& < B 6. £EMZEL. 77
HENZ HBOIHNDHEFETH S, Schloss B (2002) VELAFGHZY v T L7z 789
HDVIWHLDRFLP JO—T %L =7 L2 AT 5 EIZE- T69Ed RFLP

TO—TMS 74l SSR ¥V — 1 — & E O, i1 60 SO H B SSR ¥ —

o
ot



H—ZBFE LTz, AEBRIZBWTH 93O RFLP 70—T =7 T2 AMN5 2
DD SSR =V T AZWHSMIL. 1{HT SSR ¥ — N —DEHITRIYIL 7z,
SSR X — /1 —{3EITBE AN H 571, STS. CAPS (cleaved amplified polymorphic
sequence) ¥— N —ICHREBHAEICBNTIONENTH S, £l /Iy
0= MSBRHEINSSSRIY— VI ARBHRD T A TS5 —A 7 —
Z2U. BT T I TGS NRN 3 HEL EORVELEF—T0H
ENTVBEIENEZNAH LRV (Schloss 5 2002) LA ED Z &S H RFLP
IVR—=JITAESSRY—H—BFICBITEHD 1 DOHIKERDES
ENTR I N,

2.3.56 MmENTOZEM T
2 fhfE 16 EREFE S RENTOLEBAEORKR, HMiIgOR SN/ 62 #EHO
STS RUNSSR 7914 <—D5 5 25 D STS KX SSR 754 v — (40%) T
FA®LLIImADORETHENLE S S N/z, Mano 5 (1999) 1344
LAFITBNWTAIEDSTS 7914 =D 5 4D STS T4 7 — (9.8%) T
BB ED L <IN ROAEICK AT ERBB TOLRNA SN LW
HEL TS, ZOREN SHMFEMEIEY O BB FETEEY I L IEIEE R O&E
WIZKAZROBEBEENSWHEERDNS,
72 Mano 5 (1999) 12 HOHREREZHNWTAA LF D 37 HO STS
R—H—Mm5 14 HO CAPS ICL 2 EHBEOL R ZHmE L. Taylor 5
(2001) (& 3 FEDOHKIRERELHNWTAXLZTIVIA T T AD 13 @D STS ¥
—f1—5 11 fHD CAPS OZ Mt Lz, STS ¥ —H—® CAPS ¥ —71—
ANOEHIZE DL OELRERNTH2DIHNETFETHD, ZOROAEMNR

IZBWTHAY I T o IFATTADSTS ¥—H—"5LK D% < DR ZEL)ZRN



ICREDHHI 720134 HB N D OFIRE#RZHH L. STS ¥— 51— % CAPS
=N~ THENRETHHEEDODNS,

B £ TICIRG L PRG TE L4 50,000 LA LD ESTs AMESINTN S8,
FNSIEFRZEAEEN TR (Spangenberg 5 2003, Ikeda 5 2004) . Taylor
5 (2001) (3 PRG @ 13D STS 7' I 4 v —idA A LF., T2/, PRG
SEEIINZEREL TS, Lem & Lallemand (2003) (&0 U & A1 78
DIEFFEN S 42 HD STS ¥ —H—ZEH Lz EWMEL TWD. RFFITTE
R N7 67 D STS RN SSR ¥ — 11— BLAST MR OERMN S, Bl
Taylor 5(2001)% Lem & Lallemand (2003)® STS ¥ — /A — &IZEEL T/
WZEEHRBLTWS, ZN5 67O STS KO SSRY¥—H—IZIRGD 7D
DEBEHT XTI LTS, HROERTCEBELERGREALEEZ
Iy EITTBBICHOERTOT > R —7 L L TRILDERDN S,

1
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208 MHENRTEBE B E O QTL b R OMER L 72 ¥ — H — I & B &k D
il

EURDE A — IR K UK IC K B I DRER DO TEE B % KIFT,
TOREDMBREZA ZY VT > IATITAOEBMIBNWTROEELEED 1
DTHD. LOLERS TR EWSBHEIZBMBE TV DD T 774
—BEEL TWAHEMAEETH D, TLBEORELZZITLTL, ANICE
STHEIERIEIND, FLECRICEEL LT THREASHERICE>TH
BIIRDESWIEIHEL., EFLNCEHE. TEOOL I AMOERTHEHEEZ
V5720 B35 TORIRDEFHEIZKZE S L V) (Brady 1934 ; Pinthus 1973; Easson
5 1993 ; Crook & Ennos 1995 ; Milczarski 2002 ; Sanchez 2002) .

BS TOMEIREDCZ 27 U > 73T UHEET B HD TR, s
SERIZHE O EDREEMTHEINELL, L LBEISHVLMABL
NENNS5THS (Atkins 1938), DO KRMEICER SN ITHHEIRIEZ
i 2 HEEHLT S EBEMFEIIEITEHEICB N TE (Heyland 1960).
INETIHONLERDOIFE A CIIBRYE S AHBEBREZ RTHEENILE 2
ROFE2ETHHOTHD. ZRNBIMESREE L CIIFERTES, LML
RIS EREICEE L T —RIITEEENE W SN SNz R ECRE
T— T, O — 1 —FI AR K ERME OB BicB W TERER
FRLELDIEA D, MEIRTEICEE T % QTL OWFEid ¥ 1 X (Mansur 5 1993 ;
Lee 5 1996). F 4 LAF (Backes 5 1995 ; Hayes 5 1995 ; Tinker % 1996).

1 % (Champoux & 1995), I AF (Keller 5 1999 : Borner & 2002). k7



o3 (Flint-Garcia % 2003b ; Sherry 5 2003a. b) L2 K (Taran
5 2003) OXDBEBEEMIIBNVTHEINTHD, TOIEEALEDHIENS
SEIRMEICEET 2 QTL EELICRT 2 QTL Y >/ LTWwa b L IER R
WICHBETSEND ZEARINTNS,

ERIZ QTL MM 217 5 BRI 2 20 BEHRIZIX Fy. Foo BCi. DHZEX
BOEMSY A TINEFREL .. 2N ENORY) OB (B FENE K& OMMAETE) it B )
IREWE > THEEHERZERLT 2. 1Y UT 4T 5 ADEE. MiEERD
T pseudo-testcross {EIC K D Fi1 1 T OB ZEHT 2,

QTL EHTIC K DG SN RIIODNWTERBEEFNREREZIT O OICER
R (FRmZhE. ENRR. TEAFIR) 2HETHENEEELS, H
nzhR(additive effect) i3FI 2 1EH 2 HUBEBRFITDONWTHHHOBLEFRNEN
TN AIAL AsAs DX DTIZREHRBDEE, AAs D 1 D% AVICEEHA
FEEQBRMBEICELCBEMRBOIEEND, T2 AJAIXAA D Fi. AjAs
MO MHOBEFREOFEE 25 W EEHBIIZ BN D 572 0%F L <13k
5720) 2 B %N B (dominance effect) £V D, TE A 2 Alepistasis) & IR 7R
LEEFEICBWTREERANH 25850 TDELETFHRIOMEEZN D, KL
DFE. AT 7475 AMIEHEO/ZORHOBEFRIINTOTH O,
EREFETH D ENSHEMEZ RNBMER I 5 2 ENRERZD, RER
ENT OB ROBACE O AN SR HIN RN B OME P20 3 HE 7 HH R Ta by,
UL L7AS BC, 7V 3 ) XA TO QTL AR TSI RIIEE I ENTE S,

HL<MSITONTELFRIIEBHBICISHOT, EBRIHEY 2@ KICHEL
7= e S () 2 VR o T (R 1 oD 3 PRV BRI & 7= I B AE D) = TR L s
FUE7R 5, B O 20 O G Z SR BTN OBUE ITI3WE, &
DR, BE. SOz ORFIRBGE S 282 5 2 EIZH RO T A S &t



L TER, TR S N BRI DN TR EBRBE ORI T RE 722V H B
BICHTH5EBEFEDD B ENNERITERINZON, TOEETFHEITEE
EDMANTOABOMIDNWTIEARHATH 5, 8L THS BIEROFMIC
MESDRENVETH D, TIUHART DNA ¥ — 71 —FI @ (MAS) I3
KL 2 9 OB BT DNA &, i 5 2 & THR E T 5 BEICBREITHEH
T2 DNA X—H—IZDNTH J ALV TORKETD DT, HED DNA
== DONTOAERETEKITNEIRL, BHROBFZERDS I L bR Z
BRI EHMERR, FEFMOREVEEE THERNH L W E T4 e
W2 E)DBIKICES> TIERTH O, HoNleT - IIREOREEZZITSH
E K HEEFTEADRN D, ZOZENS D MAS ILEHGEROERHEPCIA b
KT EOEREHOM LICKEERHBEFETH S,

T, EMNIC BT 2B E ORIKIC MAS ZFIAL KD LA IRHZEN G E
NTHED, ZOFDNL DINT MAS EHERDRBEUEIZ K 52K & DLBICZD
WTHRERDIBEDELRRICERE DD ENDIWMEN/LEIN TS (van
Berloo & Stam 1999. Fazio © 2003. Flint-Garcia © 2003) ., EZ#®

(heritability) EIZFHNBICEIZEEWERTHGIET, HRICH T 5%
DG ERTEELL THVWSNS, BEEN 1 ITEWZEZTDOREDEKI
METHD. 0IGEWIFERHEREIZE D, £ T TH 2 B TIEMEREREE~Y — 7
—DEE. RUBENS OREEZEFTV., £z MAS OFER EEOBEEREE DM
WZDONWTHEREL
¥ 1 ETRWEERETH B YU T > 74 7 5 AOMEHRMEICEI T 2 3ok
FOEBEHSNIT BHIC 8§ DOBE - HEIH, B, ROoES, HBE
i, 2O R LB LI R OEES TOEIRYE O & two-way

pseudo-testcross Fy B ZE MW TIT > /2. F/2MHEHRIEICBET 2B E OHEE
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QTL DL EFHGRIZOVTRAR, TOFR EMOEY TOmMEIRIED QTL
DFEFRE 2L T,

2 BTRIO—EHOHANSHESNIHREEMEORKBNTH S 1Y
V7 >4 I ABRANFRTBHDICBET—H—DROH L. KOZD%
REBET 72D OBEMER A BEORBRZT> 72,
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B1E MEAERE R E O QTL M

1.1 MR RO

1.1.1 MY
AZVT oA 75 AR "2 A TS F" (ND ; BURICTMENS 2 R &
THREREAT (NW; BHIIRLSTWRE) SOBREMNSERLE twoway
pseudo-testcross Fi1 &M (NN £H) 220 B EREREICHA L=, QTL &
FZIZE D35 D 82 [l ZMEH L 7z, BREICH W NN £HO# i3 ND
S ERTED &R BIRWEKZ NW 2 STEIREO R H 35V EKZRBAT.

1.1.2 BET—FDINE

NN £H &R EE 32 BURIENEDZ S F EHOERICH A L - FEETik
TSNS EBHEYI R FERT (5 AR 78 AR BFHT) I TR S 4, 2000 D 4 AMS 5
RIZPT TSN, 15 UT7 2540575 A3MEEOERAfEETE -
BEESD NS RABGHHIIRKEELO 1 BERED ELE, TXTOMEHZ
1999 £ 9 A 15 HITIREAN D R—/S—1Rw MIEREL. 1999 4 10 A 15 B ICH
B ~BERE] 80 cm. AR 60 cm THME L7z, FEARIZ 100 m2 /-0 EFE, U, f
VI LEETNETN1kg T D757,

BRICHERSINZ@wmL (KILEGR 1986, #£155 1989a. b) & ARBIFED T
HEBMDEER (Gao SRFER) &6 EITHEL X)L TWEIREIC DWW THES
BN R S N E 2 M BRI OO DOBE &L GRAR, BARMIZIEE
L (PH; plant height) . FROFE X (CW: culm weight) . F{E (CD: culm diameter) .

PriaikhitE (CS; culm strength) . 20 D8 (TN tiller number) ., #L £ UK
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#itt (CPR; culm pushing resistance). H#iH (HD; heading date) 12D T
AL, MLEILEREZRLS 6 BEIRWINHHBEICHE L2, 68
RE (LS. 1=HE. 9=IR) 139 OEMAEE MV, Bl &%
il 7z, sPEMEHIZ4 H 22 H. 5 A 2. 3. 13, 14, 15. 21. 25 H. 6 A 25
H®&t 9 [El (Table 8).

- FHEVE IS BT Table. 8 T R7z, FBEFIEEOFHENIT ¥ IV 7 +
— AT =2 FGX-0.5 (AARBED REASH) 20, BanrsdnER-7-
ZIZDWTRTMZEE L. BEESDS 20 cm OALE TEZS - E > TENH
NizEEDT (gf) ZFHAIL 7z, PriBEHMEE L 1 EHEES O 10 ZicDNT
atEIL. TOEEEE Uiz, #LUE UGB I N R B R B S DIK-7401

(KL TEKNEH) ZAW, HREANCEHRIU 2. SHINIEY & O HEEH
520 cm OALEICHBREEZ Y T, EMEE 45° ITHLZEZDES (g) Z&t
AU 7z, Fo BUBIUEFMHEMEIE 100 24720 0BES ICHEL 2.
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Table 8. The traits related to lodging resistance evaluated in the F, mapping
population.

Trait Ot':sel‘fvatson Evaluation method

criteria ;
Culm diameter Measured in The average of five basal culms per plant,
(cD) mm measured two time at cross direction per plant
Culm pushing Measured in Degree of the clum’s strength for whole plant,
resistance gram see methods
(CPR)
Culm strength Measured in Degree of the individual clum strength, the
(CS) gf average of 10 culms per plant, see methods

Culm weight Measured in The average of five culms weight per plant
(CW) gram

Heading date Days The days to panicle emergence from April 1
(HD)

Lodging scores 1 erection — Scored 9 times

(LS) 9: lodging

Plant height Measured in Measured the distance from the ground to the
(PH) cm top of the panicle

Tiller number The number of all tillers

(TN)
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1.1.3 7 — % fi#fh
FTNTNOEDOE A NI T AR EMBIT StatView V7 M L7 —
(SAS Institute Inc. Cary. NC. USA) (CX->THEHL .

E = AWIFE TN D QTL M N Al e/ 7 b7 L7 —(MAPL %
MapQTL)D D BMEHRIED K D78/ IS A N w V&= E 45 QTL
FREATICEF T 1% MapQTL (van Ooijen & Maliepaard 1996) Z#HW/z, 7=
BEODHICBNWTEREBEUMNMIERSAORONIZIRTORBEIIDOWNT
WEX < w E > 7 (interval mapping)ikic kD 75 > F > /< —f1—(flanking
marker) & U7z, IERSH OF S s> ZBHREEICDOWTIZY 7 LR
- > M(single point)fBHTIC L O ¥ — 1 —HLI T QTL Ot 7o/, £E6556H
CP 7T XLk B QTL M &f7-o 7. A&/ QTL OMfEL LT LOD &
B0LLEEHAL. O, LODED—1 OHiFZEBEXHEE Lk,

KITHHH S N7z QTL DA % 81 5 7= DI U7 T — % OB EE T
(FBE 1DICDWT, ERL7ZEa K Z B R ORI, BCL 7I)Ld
ALDKRE< Y B2 TFEICTHE QTL @i Z2frh, CP 7IIVIU XALIZE D
5372 QTL &R UEEIC QTL NEFoNH0iER Lz, TO&EEO LOD fED
MEZ 1.9 LLE (van Ooijen 1999) & L7z,

QTLs D FEEEIE McCouch 5 (1997) IZX > TEMNLHEICHEL =,



1.2 fERRELR

1.2.1 HEOHHH &M

BIRBEZER< 7 DOBEICDOWT Fi £EMAROCF0OHD 2 @ (ND KO
NW) ORMREZT-72 (Fig. 9. FIEMICBWTIZ 7T D0OTRTOREIZ
DWTIERAfiZRLUz, FEHEHCBWTIIERAZBR TRTORET
IERA %R L 72, Fig. 9 D & S ITBEFICE W THH DEAYE W OB
BONTORICELDDTHDEEZ NS, £/-HBE, BE. FEEHE,
LEILEIME TR A VY F EHBREAEDDRICHSARENR SN, F
KEHONATIEIRE, BE, FRIEAEIHEREESTHICFED ., MUSLEHR
WR=FV Y F. FRBESAOMIIOH LT,

Fig. 10 TId Fi RHOBRBEEDFEROM % AMIEIC R U 13 EAEDHE
HRITBNWTA4H22 HEDY 5 A 2 HTREIRAR SN TV, LA LRATSK
DHOD 5 A 3 BITIIAHEEDEIR L. 5 A 13 BEREIZIZRER S O THEHR A
Roiniz, Fig. 10 DS HERIT 2 BB TORIRICK 508N R SN=0i3 5 A
3H»bZDZERDbNS,

RICHEBTOMBAICDOWTRZEZ A, BIIREEZR 7 DOFEIZON
THEA BE, BB MUE URPE, BB BE. 20 O%  BE,
DD BEXERS TRTOMRGEICBWTHERMEENE SN/ (Table 9).
FTHRWHBEZ R U /- OBy R, BRI R, BE PRI
EThoiz,

BURFMZ LML 72 7 H TR TICB W TERBRERM THEERMEN R 5N
1Zo FIZEMRAREMNICE W THEIRRE QM S N/ B L 225 12N o
A TITH B OB R I N,
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Fig. 10. Frequency distribution
of lodging score (LS, see
Methods) of F, mapping at nine
evaluated times. Vertical line is
the number of individuals, and
horizontal line is the values of
lodging score, 1- resistant,

9- susceptible.



‘AjoAnjoadsas ‘Juesyiusis Jou pue [aAs] A3ljiqeqold | (0 ‘GO0 U3 3B JUBDYIUBIS SU PUB ok %

*x%8GE'0 *%[BC0 *kxETP'0 *kQLY'0 *x006°0 *kLTEO0 *PL1'0 *191°0
+xbP8'0  **G6L'0 #kbZL0 #k0L90 *x16E0 G0  *29L0
*kP8L°0 *kOLL'O #%L10°0 *+TEC0 #0020 *£91°0
k| 180 #kB899°0 *#kZEE0 H¥PST0 V020
*k16G0 H4CVE'0 H*6220 HkCP10
k[P0 #kL1E0 *%9220
**C 190 FkEVYO
*%(09°0
0ge=u
§¢/8 12/6 G1/8 v1/6 €1/8 €/8 ¢/8 (4744
ST

*x102°0
**8EE0
**QPE'0
*k01€°0
**+92€°0
**x6GE0
%0680
kL8170

*%9G62°0

NL

*kLL10
**£0¢°0
LA Ay
**xEEE0
*+082°0
#0280
SupGo'0-
*GE1'0~
SugzL'o-

SUzZelLo

Hd

SupO | 0-
SuzgL0-
SUQ60'0-
SUBOL'0-
suz|1°0-
SUG800-
*61°0-
SUGHO'0-
SugL0’0
k02 0-

*x0G¢°0-

aH

Sugz00
*Ly1'0-
SUZ60°0-
SUp90'0-
SuglLO'0-
su1zZ1o-
Suzzo0
Suy 00—
*GE10
sugL{0-
**£8E0

su/01'0

MO

SUgzZo0-
*xb0E 0
(YT 0-
#0820
suLgl’o-
*x[ 8¢ 0~
#6970~
*%G92°0—
SugeLo-
#1920~
*¥692°0
*9€1°0

*%€GL°0

SO

Supp0'0-
#9280~
*|1G10-
**x[610-
*891°0~
*%[GC°0-
**E6E°0-
*+99¥°0~
*%8BE0-
*%G81°0~
**ZGE'0
SugLo'0-
k1270

#0210

ddO

SUge00-
L A
*%[61°0-
**112°0-
*0L1°0-
**£620~
#7620~
**ppe'0-
**+0G2'0-
*%Z20€0-
*kLGE°0
SUZ60'0
*%989°0

*x[1GL°0

6Z/9 ‘(24098 uiBpo) S
6Z/S ‘(94098 3uiSpo) S
12/6 ‘(3400s FuiSpo) 7
G1,/G ‘(24098 3udpoT) S
#1,/5 ‘(84008 BuiBpo) S
£1/6 ‘(84095 BuiBpo) ST
£/6 (21095 BuiBpoT) S
2/6 ‘(34098 SuiBpoT) S
22/ ‘(e400s BuiBpoT) S
(NL) 4equinu Jajjt |

(Hd) Wday jueld

(QH) =3ep Buipesy

(MD) 3YStam wny

(SD) Yyiduaais wny

*xQEP'0 ‘MdD) @oueisisas Sulysnd wing

ao

ADOV d93aulelp winyp

‘uone|ndod Suiddew !4 ayy ui pajen|eAs s}ieJ} [jB U9aM]a] SIUSBIDIYI0D UOIIR|ALI0YD "6 2|gRL

69



7TOOBEDS EREEHFIART6 A 25 HOBIRBEZRS ITXTORE
MTOMBEDIZFEAETHEENRD SNz, ZHUTTLFITDNT Keller 5

(1999) 2%, A FUT 24T T ACDNTIIRIES (1989a) MFELR LM
FiE BRI & ORICIIE BRSNS S E VWO R ERIL D,

1.2.2 QTL fi#th

BEZBIRTOFEICEL T LOD & 3.0 LI ETAF 17 @D QTL %
MapQTL D > &=\ B ZI2THRI U7 (Table 10, Fig.11). £D 5
S LUA LD 6 D0 QTL 28 LG1. LG4. LG5. LG6 D 4 HFHEE T
TN, FNSOFSROEHMIT 23.8%M5 49.9% TH o7, XLEELD 5 DD
QTL 7' LG1, LG4. LG5. LG7 @ 4 EEHTHRIHIN, TINS5 OHFELOHH
1 15.8% M5 39.1% TH o7z, FTF DD 2 DD QTLIZ LG2 & LG7 THEHE
N, FERIFITNTN 44.3% & 17.9% TH o, HEEHD 2 DO QTL & LG6
ELGT TR I, FEH5RIIZNTN28.9%& 24.3% TH o7z, BESHFER
MO QTLIZ LG4 TENTN 1 D9 o, FEH5ERIENEN 17.0% &
18.8% THh o7z, F-BAEICOWVWTITAE L QTL IIMH I N> 7=,

mitiEnsz 17 @O QTL O T qPHS, qPH7. qCPR4 D 3 DD QTL D7 7
>F 27T —H—iE MapQTL @ CP 7V TU XAZ & B 2 > FIVRA > Mt

(Kruskal-Wallis test) T3 ZEPHER I N72h o 2(F —F I3 E TH7aW),
CP 7)Y Z L& > TRIBSN/ZTXTO QTL BAYICEET HME S
MERT B OIS U SR 2 i = & O MEEIC Y. BC1 7L
2T & > THERTZT-o 72, UL 0AE 13 Mo QTL Akt h:

(Table 10), 2D S5O 11 fIE CP 7L ZATHRIE SN/ 6O &6 Ul

THitEN/, qCPR5-2 & qCPR5-3 1dRE, QM HHIBIC B WL TR E 1.
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17 D0 QTL IR EL MR AOHOEHE K TOABE SN, DT DED 2D
® QTL. qTN7-2 KT qTN7-3 13 BC1 7V T ZAIZ &> TOBMIL SN, CP
TIdY X ATEBHEI NG, CP 7T ZATIRAEBENRE SN M,
7z qPH5., qPH7. qCPR4 ® QTL ®7 5 >F >/~ —H—IiZ BC1 7L
AL E > THABESHR I Nz 7z,

BURRBEICEL TR EA MY I ANERSHERI BN 22 DIC BRI E
D QTL #HITIiZ / > /8T A MU w7 Kruskal-Wallis test D& %7572, B
IKYE 1%IC THESR S Nz I % Fig. 11 1T;RL 7=, BfHEICR TWS & 4 A 22 H
WZofil, 5 H2 HIC18fE8l. 5 H3HIC7{#. 5 H13 HIC14f. 5 H 14 HIZ 8
. 5 A1 HIC12M8. 5 H21 HIC 2. 5 A 25 BIC3fA. 6 A 25 HIC 15
fE D QTL T iz, BURIEED QTL O\ < DA (FlZ1d qPHL-2 (LG1)
 qPH7 (LG7) fED QTL) IO HED QTL &R L & 2 AIMEL T
WD ZENHEREINZ. BIRIEED QTL DIZEAEN LGS THRHE N/, LG3
WCBNWTA =)Ly E2 T TIIMOEED QTL 13 S nsh-> 728,
ZUUNRA Y MEF TRV ONERRBR Y -2 R I Nz (F—213#
/TR,

1.2.3 MBI R HE & 25 0o M BB 15

Z< OB NTHEREEELOQTLIZY > 7 % L <idFE CHEEIfrE L
THEENDHENREINTNS (Mansur 5 1993, Backes » 1995, Hayes
5 1995, Lee 5 1996. Tinker 5 1996. Keller % 1999, Bérner » 2002, Tar’an
5 2003). AWEDORERTSH LG1. LG4. LG5. LGT7 TERERE® QTL M 5L
LD QTL A THR SN TS (Fig 1D . F 7241 L H LRI O QTL $ LG 1.
LG4, LG THEL O QTL EEHMICHEE> TS EH L <IEZOFMTIcE 5 &



D I ENHR S NI,

1.2.4 ARUFFERER SMMOEWIZ BT SR IEREE QTL & Dbk

AHVT T4 TZ BT BT ) AR —I—OBFEZT T < QTL
FEFTICHE VW THOEBEEM LD O REENEESO TS, LALERNSERIA
DFEICBNWTA YU T I IAELETLF, A FBDY O FZ—I1ZDT
DN/ I N7z (Jones et al. 2002), DX D BHFEICELDILF, MIED
a3, A FXDEIRBRFEBEYP THREINTNS QTLIEREZ/ KA F U T > 51
75 AD QTL M DREIZENL T TWITF 5755,

Borner 5 (2002) {Z3ALFICBWTHERMEICET S 3 DD QTL 25 2 Bfa
ET 2D, FE6REKT1IDHHLTVS, AHKOREENS HHLE LK
D QTL. qCPR6 SO LFDHE 6 Btk > FZ—DRLENS LG IZT v
TEINTNW5B,

WMOMBEBEOEESHEREZRZELTY /RN F5N 5 (Moore &
Hatfield 1994) 2%, UV EBRIIZEOR I LEENH 5D TidnnEnd
CEMNEWEIREINTERZ, NYEDOIT SO brown midrib mutants (251
THITZ LR OFDPEREIN., FNSEELZORS OFDITHIEUD
WTW/z (Kuc & Nelson 1964, Kuc © 1968. Gentinetta © 1990). Cardinal
5 (2003) I hUEOOSOU Y = HEEMHEICBIRT 5 65 O QTL %4
MU, TD5 B8 5 RAMKIZALIET 5 acid detergent lignin @ QTL D 1 D
AT R TRH SN2 LGe O UE LIKPIED QTL O Th > 7. At
FATHW TN E N QTL MMBOEY THRIES /2 QTL & Z& kT 5121
TNEND QTL KN DX DFEMAL s > T Z— MM E LD, T DD

5% E0E < OB/ RFLP CEST DY — =D v E VN ETH S

~1
e}



ERbNns,

ABBIZBWTHRHESNEZEE 17 O QTL @55 9 DO QTL(qCPRI1.
qCPR5-2. qCPR5-3. qHD6. qHD7. qPH1-1, qPH1-2. qTN2. qTN7-DiZ
BIL Tid BC1 7)Y ALIZ& B2 > 7 IViRA > MEh THRE Uil QTL
N INTVS, INSDQTLD T I >F o/ —h—31 57 > I347
S ADMERMEIZDONTOY—H—FHBKICBWTSBRANEY——L7R
5 EMHHEEIND,

76



HoEwE {ERRLI=Y—h—Ic k59RO E A
2.1 MEIRUHE

2.1.1 MR

ABFFRIT BN TESFHHIRIERRICE A L 7z NN £ 220 BiEO 5 6 #IBERIC
AL TWEWED 123 ke~ —h—OBEBEERBRICERA L. £/ <v—
H—DHEREICDONTORRETI 20 E4 KFEL S (AAFEMBERE T
SEFEHEYEIMIC K DR S NZMBEIRESR R 27 R KD ERE N7ZH
RIEBIRER L D 1 KBRS N2 49 A ZHR L7z, £ OEAITHAR
W ERE T = REMISIRT (FARIREIRAEE) 12T 2002 0 10 A5
2003 FED 5 AITMMNT THEG THIE I N, WBEHREICDO W TIHMES Nz, FHisk
IR 75 em. #RfE 40 em. SEAEIZ 100 m2 Bz D EHE, U, AU T LEE
NEN0.8kg 921707,

2.1.2 TAS. AFLP fgfr

McColich 5 (1988) D AIEIZHEVY, BRI N7z 1 KBIKEARDZER 5 DNA
Zit U, TAS RN AFLP @t 2175 72(56 1 48 1 . MEL R HiEZS ),
F 72 AFLP f@HTICEA L= 7 51 v~ —flE&1d P04M10 Td % (Table 2). TAS
R—N— IR L7z 754 < — &3 TP3D2 Tdh %(Table 4).

213 #HHLEY——KOY——0OHBEMHEOHE
T—h—OERERRICHW - 2BEO~Y—h—05H 1 Didgn Ay v o<

— 71 —tp3d21 T LG5 IZFEF L, L UIPIE QTLqCPR53 D7 5 2 F 27

~3

~3



R—=N—THHFGRIZ3T%TH5 (Fig. 12), tp3d21 ¥ —H—{HIIZIEHID 2 D
DOFF L # Uitk QTLqCPR5-1 & UX qCPR5-2 MWF(EL . (Fig. 122N END
LOD f#ild 4.84. 559, FHRIIETNETN 23.8% KT 31.8% TH%. qCPR5-3
HNODO Y —H—IZIZLOD fE 6.66 37 5-22 49.9% D IRG68 ¥ — H —INEF £N Tz,
ZDY—=H—IERFLP Y—H—TH 0. KWHIED STS{LOIERTRLZ2DD
SSRY—H—DIBED1DTHEMNRATLET T4V —TIEPCREIEAR SN
T (Fig. DEAT B ENHREMNo7272D, IRGE8 ¥ —H—75 1.4 cM HEN
TW5 tp3d21 ¥—H—%2FHA L7z, 728, qCPR5-3 A DEZIT13.1 <M T
H 5,

H5 1 DId AFLP ¥— 75 —AAC-CGT14 T LG6 IZFEFEL. #L & LKk
QTLqCPR6 ODFEBMAND Y —H—THEHEIL 25.8% TH %, AAC-CGT14 LISHZ
H 2 DO —H—AAT-CCC9 & AGC-CGT11 AE UHAr. AU LOD {#(3.11)
DECHE5H(25.8%) TEFEL TV, TIN5 3 Iv—H—|dEBENTROFGE
DENWI—H—TH 5,

X —H—F7 =13 tp3d21. AAC-CGT14 &BITImXU>TrReFklL 7z, W~
—H—EBENET - —TH 2 I &, KT O RSBELIZIZIE 11112725 Z
&L QTL fEFT OFER. /N> RAVEEWERIZHE LB L IEHIEO@AEIN S 2 =i
BIRHETH B I NS, MY —H =BT 5 EHFEDEEDOHMEIREZE
R EBEZXEND,

R—=N—F—% KOWET — % OaHiENTId Excel #igtic k> TUM S N/,

2.1.4 BIBFITHT Dk
LM BRI B0 248 U3 U Bt O 8 28 b b B A 1 N e R ) IR R 45
DIK-7401CKEMAL TR DD 2 0T 7268 2 5855 1 55, MR RO
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(contribution 25.8%)

Fig. 12. The position and the contribution of the markers used for MAS. Red ones were
actually used for MAS. tp3d21 and AAC-CGT14 were TAS and AFLP markers, respectively.
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2.2 FERKRUVEBL

2.2.1 X—H—OHEBEMERER

NN £H? 123 EFEIC OV THEERBK 21T/, Table 11 TIIZhFND
R—HN—DHREI—H—HBDON ROFEICLS CPREDENEEREL TS,
TAS fEfr OFER. 123 EED S B tp3d21 X—H—DN> RORSNEMN -T2
60 EEICDONTI LA U EPIMEE OIS 13.49g TH - /=(Table 11). F/=N
YRORSNZ 63 EEOILH LEREEOFEEIL 11.52¢ THo/=. £/-
AFLP O#5%. AAC-CGT14 X—H—D)N> RO RS NAh - /=T 123 E
Frh 63 fEAT, TD & EDM LB UEHIMEDOFEMEIT 12.49g. £z RAE
SN EDIWLUE LIEHIMEDOTI9EIT 12.47g TdH > /2. QTL BHT DFERMN 5,
tp3d21 BELUWAAC-CGTI4 MK DY —H—THB I ENBNY RBENDH D
BRIV, DEOMLUA UIEFIMEENE < 25, SEOEE T tp3d21 I
DNTENENRHE2HDEMNDODEHEIIZ 1%DHEBEKETHEEENR
S5, AAC-CGT14 TIIAEREEEIR SN -7z, Ko T tp3d2l ¥—7H
— W DOWTIEIHEENRH S Z MR I NE,

81



Table 11. Reproducibility of the flanking markers (tp3d21 and AAC-CGT14) of
QTL for CPR.

Marker
Band pattern
tp3d21™ AAC-CGT14
- 13.49° 12.49°
+ 11.52° 12.47°
Linkage Repulsion Repulsion

**. Significant at 0.01 probability level.

% Measured in gram

2.2.2 Y—H—0OHFMERER

MR R E R & 08 1 KAl S 117z 49 BRSO W T tp3d21 ¥ —H—T
FENT BT o Too T OFER. 49 BHET 23 ik (47%) TN RIZRSsNaho
(Table 12), € D4 REKITEL > T 49 BN S KERITK O 30 fEEZ#KL
fzo TORER. BIEINZ 30 BEDD BN RBNESNEWEEDN 156 EF
(50%) & ENTW/=(Table 13). WA 1 RFHETN > FOR NN
23 RO S5 15 il (65%) 1& 3 KB E TEIKS NI &IZR%, Lol
S NS OBFIIEEENGERICASNZICHMND ST E o 2B RITK
< X—H—BHEOHEMND F D R SNLMN> 7. Flint-Garcia 5(2003)1d =
TO0 32 OMEHREICET 2 HE D MAS ICBWTHEMBSkO~Y — 71 —ZHH

LizEEDHMAS OFMNEBMIC LD BILEIDENTWEEREL TS, K
MRICBOWTHEHAMEE WO NS HET S E tp3d2] FEMMEDH S Emh
RN SN WAHEEN D D Z EARB SN,
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Table 12. Result of phenotypic selection vs MAS in lodging resistance
breeding population.

Sample name Lodging resistance in field tp3d21 (LOD 5.59)
1 R +
2 R +
3 R +
4 -
5 —
6 R +
7 -—
8 R * -~
9 R * -
10 -
11 +
12 R * -
13 R * -
14 R +
15 R +
16 +
17 R % -
18 +
19 -
20 +
21 -
22 R * -
23 R +
24 R +
25 +
26 +
27 R +
28 R +
29 R * -
30 +
31 +
32 +
33 R +
34 R * -
35 R +
36 R +
37 R +
38 +
39 +
40 R +
41 R * -
42 R * -
43 -
44 R * -
45 -
46 R *x -
47 R * -
48 R * -
49 R * =

* results of phenotype in field agree with that of MAS
R: lodging resistance
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ZOEEEL TS DMEZRSND Z &, A U@ B mE R
MDA 1998 M SITHONTH Y, H DEEMEIRIEDREEEDN N> T
%, ZOEOMEREELETOL0EHEY—H— T EBETE R0 alaeE
NdH5, tp3d21 IXFLBILEYIE QTL 075> F I —N—THDMN. F
B LB U ERFICK O REICEET 57— —2EH T 20 E D H 5,

E-MEUREISBHRBE TH D . BE OBECBERSEMITHEA G > T
ETWS0, HLALEFEICET S22 1 DOY—A—TREKREZLTHF
TR THBEND ZENEZSND, MEHREICED ST XTORED QTL A
BN ZENBETH DM, TIUTHE 4 RRE T A SEROHAN TE
HORMEFAE R QTL B 217 D /s EM AR DI R BB E LTS5 TS D,

F77 tp3d21 ¥ A —I3EHE—H—TH 570, EHANEDD LFEEL AW
BanbsT ENEZLND, TOEHAIC tp3d21 OF LIVINEWR &M
Kl TH 5, bLEBHEDOT—H—NHNUTNONDT LILD DL ENH
THRTMNTRETH 5. T DI 5B & /2 QTL BN & X U FERTICA#T L.
EH R EEOY— N — 2 EH T2 I EARETH S LBONS,

D 1 DEALNDIERPEOBBFEY - —LOBTHBADNEZ -
TWBBEETH D, AN ZEMKE 2o —h—"HEl O —7—IC
125, TOEDHEONROEOERKL TLE D ATREENHTLS %,
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Table 13. No. of lodging resistant individuals selected based on phenotype and
marker tp3d21.

1st selection 3rd selection .
in phenotype (in marker type) in phenotype (in marker type) Final No. & % of selected for MAS
(15)/(23)
49 (23) 30 (15)
65%

2.2.3 WHEOELEEEL MAS DHRIIDNT

—IRANC BRI EISENBE IR TEBEMEVNEE 1993). £L2RF
BohTHE ERCRERE) ICHTIREITERENS <, & Q KRS
1 BRI &) ICBT A IEILEEERMME N, —HRIIC MAS I3EEFEOKNE
HITLH & BT 5 IR TH 5 BN TS, ZOMRERTEREN
< DMdH 5 (Lande & Thompson 1990, Schneider 5 1997, Moreau 5 1998.
Flint-Garcia ©» 2003), FYEO I OEOMRIDIEE L7 5 Rind
penetrometer resistance (RPR) I3#mEMNE <., #id Lz 3RHDS 5 2%
HHCPBWTIZEBRMIC L SRIKO AN MAS LD HE-> TWeEHELTWDS

(Flint-Garcia % 2003), ¥7- van Berloo & Stam (1999137 JE R 7 A D
BIAEINIC DT MAS %175 7245, MAS & HBUIC & 28 ik TIHIZIEIR Uk %
MNESNEZEMELTWS, ZOEEORENOBERTHNI EN/ON-T
o,

it G 1 O Z R IZOWTREIES Q98I ¥ U T > 74 7 7 AZBIT 50



BIRME OB ERIT T 7 AV 0.263, 7T E AU 0.220 & LBV E
ERLEEBELTVNS, ZOZENSESBOMBEOERICEIOAIFTUT T
155 AOTMERIEICBET 2 MAS SRS ENZOTRIEVMNEND TEMN
HEEET NS,
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NG ECE

ERFRNEIA T U T > T4 7 5 2B 2 MEREREEED DNA v—h—
ORFEEBEE L TIT o7z, BUEE TICA FRHEMIC B W Tl s i B
fErk. HRIEED QTL fi#fh. 21U 0D HMN > TEZ DNA Y —H— DML L
WO —HOHRIIDONTOWMEN N DNHBH, (Willcox 5 2002, Prasad
5 200)AMKEDRE/LEBENVRZAIIT 2314 T T ANMEETH B7-0D1C
BN TOEICEBRRLRESH D, 7 AEANTOESETHEEND T
ETHBH, THROLDEITRTOERTFETHREILRS XD RBLENLHR(pure
line)#H#2 Z 1122 F (recombinant inbred line) WEE L 72y, 2D K 5 788 mhk
KRR DMEMEEN IOV TEERBN 21T O 56, EFEICEELROIIMENTER
DEHTH S EBDND, BRARICEROBEBOREVERAZEHL., £2Ih5
ENVEBHBOR SN BERIZ BRI ENAKUTH S, MENRESHNIUTEM
YR OB BN EREOERETS 2 ENHES,

KRR TIER L #EERIE A YU T 254 75 ATIEWHTD RFLP v —
H—R—AEHMH TH 2. RFLPIIEAT 5 DNAB H L < B £ TORRH,
BHOETHMOY — I —ERFERICHRETF LGN H D EMNE. Ty TR
—AELLUTRFLP X—A—ZHT5ZEI3HFE0E a0, L LAENGE
537z RFLP X—h—3 o > 52—, ¥ L LD Ry—2E0LTH
THTELZENSERLZHRIZMEOHHHDIEER > TS, AT
WECIZNIDT 2= —=N—=DEEL., 1 3+O7 > H—TO—TNESE
L7gmolzl L3R ETH S, B THLINLZTINIAT T ABWTE
BOA T 20— —— %Ml LR R £<o~v—h =2
L7z &0 HENDH H(Sim 5 2003). AMATEMEH LIz T > h—T7 00—
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T ORIV EBFED 1 DTHSEEALNS,

SEICE LTI BRI TREOZEZZ TP TWEESRE TH 505,
BENWS DO TR INTH D, NS FENErEy O EHR M %K
RIDWAERY, TOWEMICE > IRFEREREEZRANVTT 5 ZIE L f#
il TW5, QTL TOFER. ¥~ —H—OFLHENE T INUIED QTL OEHE
PEILE <72 %(Lee et al. 1996, Flint-Garcia et al. 2003a. b, c. Tar’an et al.
2003. Kashiwagi & Ishimaru 2004). W< DMNDOBE DA TIERED T RT
AT ST L WA, DR EHMBIREEZREXRTSHED QTL &L T
MEDH HHERZ/D Z EANHKS,

EIFZEIR 5 N7z h . BEEOHIROFP TITON/ZHDTH BN, T8N
<OMOMETICLBEME AW THERED QTL f#MT 2 L. RFFETH SN
UMD QTL 27w B2 7T 5 EMERNE, F5N/29XTD DNA ¥—

N—FEBDAIVT 254 T I ARVDEDLBETOEMICKE<EILDT
H59,

WAEETTAYIT > 74077 ADMWEURMEICBI T 5 E O QTL i D
WA, AWIZEE 8 L CAGETEREY) O BRI B AR O N & A 5 28
HBTERTABEND ZENASMEIE> -, SHRITEHMME. Mtk bD
THo SBASHIEMTOND ZEZE> TWD, £25BIOKDITEMLE
& O TR E U TIZER D s hiud, #lAid QTL v v B2 Vi
FE =T 4 2T, £z MAS ICX 28R ET / LBCIAFERENSED
DD B AT LRk 2 RN OISR E NS, eI ns TN
TOBERIIZEROEMERZ RNVICHEESE S I LIEEEVAWLEHREL TW
%,
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Construction of a high-density linkage map of
Italian ryegrass (Lolium multiflorum Lam.) using
restriction fragment length polymorphism,
amplified fragment length polymorphism, and
telomeric repeat associated sequence markers

Maiko Inoue, Zhensheng Gao, Mariko Hirata, Masahiro Fujimori,
and Hongwei Cai

Abstract: To construct a high-density molecular linkage map of Italian ryegrass (Lolium multiflorum Lam.), we used a
two-way pseudo-testcross F; population consisting of 82 individuals to analyze three types of markers: restriction frag-
ment length polymorphism markers, which we detected by using genomic probes from Italian ryegrass as well as
heterologous anchor probes from other species belonging to the Poaceae family, amplified fragment length polymor-
phism markers, which we detected by using Pstl/Msel primer combinations, and telomeric repeat associated sequence
markers. Of the restriction fragment length polymorphism probes that we generated from a Psrl genomic library, 74%
(239 of 323) of randomly selected probes detected hybridization patterns consistent with single-copy or low-copy ge-
netic locus status in the screening. The 385 (mostly restriction fragment length polymorphism) markers that we se-
lected from the 1226 original markers were grouped into seven linkage groups. The maps cover 1244.4 ¢M, with an
average of 3.7 ¢cM between markers. This information will prove useful for gene targeting, quantitative trait loci map-
ping, and marker-assisted selection in Italian ryegrass.

Key words: linkage map, molecular markers, synteny, Italian ryegrass, Lolium multiflorum Lam.

Résumé : Afin de construire une carte génétique 2 haute densité chez I'ivraie multiflore (IRG, Lolium multiflorum
Lam.), les auteurs ont employé en double pseudo-testcross une population F; de 82 individus. Trois types de marqueurs
ont été employés sur cette population : des marqueurs RFLP (polymorphismes de longueur de fragments de restriction)
détectés a I'aide de sondes génomiques de 'ivraie multiflore de méme que des sondes d’ancrage hétérologues prove-
nant d’autres espéces de la famille des graminées ; des marqueurs AFLP (polymorphismes de longueur de fragments
amplifiés) obtenus 4 1’aide des combinaisons d’amorces Pstl/Msel ; et, finalement, des séquences répétitives associées
aux télomeres (TAS). Parmi les sondes développées a partir d’une banque de fragments génomiques Pstl, 74 % (239 de
323) des sondes choisies au hasard ont révélé des motifs d’hybridation suggérant des locus 4 copie unique ou 2 faible
nombre de copies. Les 385 marqueurs (principalement des RFLP), choisis parmi la collection initiale de 1226 mar-
queurs, ont formé sept groupes de liaison. Les cartes s’étendent sur 1244,4 ¢M avec une distance moyenne de 3,7 cM
entre les marqueurs. Cette information sera utile pour le ciblage génique, la cartographie de caractéres quantitatifs
(QTL) et la sélection assistée chez 1'ivraie multiflore.

Mots clés : carte génétique, marqueurs moléculaires, synténie, ivraie multiflore, Lolium multiflorum Lam.

[Traduit par la Rédaction]

Introduction and is the most widely cultivated annual forage grass in Ja-

pan. A closely related species, perennial ryegrass (PRG)

Italian ryegrass (IRG) (Lolium multiflorum Lam.) 2n = 2x = (Lolium perenne L.) (2n = 2x = 14), is cultivated mainly in
14) is one of the most important cool-season forage grasses the British Isles, Europe, the United States, Australia, and
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New Zealand. IRG is an out-crossing species and has a rela-
tively large genome (1 C = 2000 Mb) (Hutchinson et al.
1979). In recent years, many molecular markers, including
amplified fragment length polymorphism (AFLP), restriction
fragment length polymorphism (RFLP), and simple se-
quence repeat (SSR) markers, have been developed for PRG
(Hayward et al. 1998; Bert et al. 1999; Forster et al. 2001;
Jones et al. 2001, 2002a, 2002b; Armstead et al. 2002).
However, there are only few studies at the molecular level in
IRG, and no molecular linkage map of IRG has been re-
ported, probably because of its lesser economic perfor-
mance. Hayward et al. (1998) constructed a linkage map
using a PRG x IRG hybrid and assumed that most of the
linkage groups obtained were derived from polymorphism in
the IRG parent.

To construct linkage maps of out-crossing species that in-
clude most forage grasses and forest trees, F, progeny gener-
ated from the cross between unrelated multiple heterozygous
individuals could be used (two-way pseudo-testcross; Ritter
et al. 1990; Grattapaglia and Sederoff 1994). In this ap-
proach, two linkage maps from parents are generated and the
two parental linkage maps can be joined into a consensus
map based on the use of the CP algorithm in JoinMap 3.0
(Stam 1993) using codominant bridging markers such as
RFLP and SSR.

The detection of RFLPs in plants has permitted genetic
mapping at the molecular level. The advantages of RFLP
markers over other types, such as random amplified poly-
morphic DNA (RAPD) and AFLP markers, include their
codominant nature and the ease with which map information
can be transferred to a different mapping population (Beck-
mann and Soller 1986; Helentjaris 1987). Although RFLP
analysis requires a large amount of genomic DNA and is
time consuming and costly, an informative RFLP linkage
map is useful in analyzing the structural organization of
genomes (Berhan et al. 1993), generating physical maps of
specific chromosomes through in situ hybridization using
DNA markers (Werner et al. 1992; Wanous and Gustafson
1995), and improving the agronomic attributes of crop plants
by marker-assisted selection. In addition, comparative RFLP
mapping of related species has the potential of providing im-
portant insights into the evolution of plant genomes (Ahn
and Tanksley 1993; Huang and Kochert 1994)., The RFLP
marker set for the Poaceae family that Van Deynze et al.
(1998) screened provided a very useful tool for comparative
genome mapping. As a result, detailed linkage maps have
been constructed for several important crops. Among forage
grass species, RFLP maps of PRG, meadow fescue (Festuca
pratensis Huds.), and tall fescue (Festuca arundinacea
Schreb.) have been constructed (Xu et al. 1995; Chen et al.
1998; Hayward et al. 1998; Armstead et al. 2002; Jones et
al. 2002a; Alm et al. 2003).

The AFLP technique provides a marker system that allows
the rapid detection of a large number of polymorphic loci
through relatively modest levels of experimental activity.
Consequently, it has been used widely in linkage map con-
struction and marker development (Simons et al. 1997). For
example, a high-density AFLP linkage map consisting of
463 markers has been constructed for PRG (Bert et al.
1999).
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Telomeric repeat sequences are highly conserved among palysi
animals and higher plants (reviewed by Biessmann and Man{BMﬁ
son 1994). The consensus sequence of the telomeric fepea’?AGGf
of the model dicot species Arabidopsis thaliang 1|
(TTTAGGG) is conserved in higher plants, including i
(Oryza sativa L.) and tomato (Lycopersicon esculentum |,
Mao et al. (1997) performed polymerase chain reac
(PCR) amplification-based mapping of wheat (Trificy,
aestivum L.) telomeric repeat associated sequences (TASs" The |
by using primers complimentary to wheat TASs in combing-f,ch
tion with telomeric repeat specific primers. Shen and Zhyy
(1998) mapped 11 rice TASs on the distal position of seyey
chromosome arms by using the RAPD primer media
asymmetric PCR method. Knowing the degree of genope,:
coverage of an RFLP map is important for the analysis
quantitative trait loci (Paterson et al. 1988). Wej.
characterized genetic stocks, including aneuploid, B*:‘g![I) v
translocation, and chromosome substitution lines, are Uy ea
available for IRG and PRG. For this reason, the mapping of,
TAS markers in IRG may give some information about they
completeness of the linkage maps. Lradic

The objectives of our study were to (i) construct a Einkag"‘
map of IRG by using RFLP, AFLP, and TAS markers and g
(ii) use anchor probes for comparative mapping of IRGS

PRG, and wheat. The comparison of the resulting map wit iCDx),

another IRG map is discussed also. S Dr
?ere us

Materials and methods ?
AFLP 2

Association, Forage Crop Research Institute, Tochigi, J&j
pan). - PID3C
Another pseudo-testcross full-sib F; population consistingP/D3(

made by Mr. S. Sugita (National Institute of Livestock an
Grassland Science, Tochigi, Japan) was also used. #D800

Construction of the IRG genomic library
The IRG genomic library was constructed by TaKaRa Incithnolc
(Kusatsu, Shiga, Japan). Briefly, 3 ug of total DNA from on¢ CGA,
individual selected from cultivar Nioudachi was digest¢d
with the methylation-sensitive restriction enzyme Psil. 8¢
digested DNA was size fractionated using ChromaSpin"f The m
(Clontech, Palo Alto, Calif.), and the 0.5- to 3.5-kb fractioff Joinn
was bulk ligated into the pUC118 plasmid; Escherichia (]|, q
IM109 cells were transformed with the resulting plfflsmld
Colonies of cells containing plasmids with IRG inserts wer2ygou
selected by using X-Gal and IPTG screening procedures- 1 nts.
dividual colonies were isolated and plasmid DNA was "
pared according to Sambrook et al. (1989). Inserts for

© 2004 NRC CW"%
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\mopgglysis were prepared by PCR amplification using the
| Mangji3M4 (5-GTTTTCCCAGTCACGAC-3) and MI3RV (5-
repeaEAGGAAACAGCTATGAC -3) primers. Random genomic
_.qes were given consecutive numbers (IRGx) as they were
g ricezpared. The same numbers were then used to designate
m L)y in the genome as detected by genetic mapping.
acﬂo&
mcungmi’ analysis
TA ASs) the NN population was grown at the Forage Crop Re-
Nbina. ych Institute, and young leaf tissues were sampled for
d Zh%t:\ extraction. DNA extraction, digestion, electrophoresis,
seveny Southern blotting were performed according to the
diated,pods described by McCouch et al. (1988). For polymor-
m survey, the DNA from two parents of the NN popula-
(or the CMS population) and their four F, individuals
Wen‘wsted with four enzymes (Hindlll, EcoRV, Dral, and
B*Ag]{[) was used. After the polymorphism survey, the DNA
€ Un-yy each parental line and 82 F, progeny was digested with
ing Of;enzyme showing polymorphism between the two parents.
ut theys  hybridization was carried out using the
_gradivisotopic  ECL  system (Amersham Int., Little
nkageylfont, Buckinghamshire, U.K.). The IRG probes de-
& andsped in the above section and the Poaceae anchor probes
IRGig (DNAs of rice (RZx), barley (Hordeum vulgare L.)
p thﬁgcm) and oat (Avena sativa L.) (CDOx), kindly provided
iDr. S. R. McCouch (Cornell University, Ithaca, N.Y.),
e used in the polymorphism survey.

ILP analysis
AFLP analysis was carried out as described by Vos et al.
1 IRG#5) and Myburg et al. (2001) by using the enzyme com-
nic li-gtion Pstl/Msel (+3, +3). The Pstl primer was labeled
-#IRD700 or IRD800 fluorescent dye (LI-COR, Lincoln,
tom a#r). The AFLP products were analyzed on a 6% denatur-
1 IRG: acrylamide gel and a Long Readir 4200 LI-COR se-
lividu-gncer.
ictions.
»videdi§ marker analysis
> Seed [AS marker analysis was carried out as described by Shen
i, Ja-d Zhu (1998). Primer combinations used were TP1/D2,
D30, TP1/K12, TP3/D2, TP3/D30, TP4/D2, and
sisting#D30. The sequences of the TP primers used are as fol-
analy=ss: TP1, 5'-(CCCTAAA),(A/G/T)(A/G)T-3; TP3, 5-(CCC
lation)4A),CCCT(A/T)AAG-3; TP4, 5-(CCCTAAA),CCCT
k aﬁéﬁ)AAT 3. The TP primers were end-labeled with
D800 dye (LI-COR). The sequences of the random prim-
“iused are as follows: D2, 5-GGACCCAAC C-3; K12, 5-
GCCCTCAC-3 (both D2 and K12 are from Operon
2a Inc.#nologies, Inc., Alameda, Calif.); D30, 5-GAGACT-
m onf;CGAA -3 (Nippon Gene, Tonya, Toyama, Japan).

L Th® scoring and linkage analysis
The marker data were scored according to the definition
linMap 3.0 (Stam 1993). For AFLP and TAS markers,
%I, nn x np, and hk x hk were used to score the segrega-
types of locus heterozygous in female parent, locus het-
Ygous in male parent, and locus heterozygous in both
s, For RFLP markers, in addition to the above three
RFLE%S another two types, ab x cd (locus heterozygous in
parents, four alleles) and ef x eg (locus heterozygous in
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both parents, three alleles), were also scored. In the case of
the allelism of multiple loci detected by one probe that is
difficult to recognize, we scored it as a separate dominant
loci segregating from one parent or another.

The linkage map construction was performed using
JoinMap 3.0 under the cross-pollination model, and a
Haldane (1919) map function was used. The linkage map
was drawn using MapChart 2.0 (Voorrips 2002)

Results

Characterization of the IRG genomic library

Of the 472 clones that we picked from the IRG genomic
library, 323 supported PCR amplification of a single prod-
uct. All of these 323 single-insert clones were used for the
polymorphism survey. Of them, 239 clones (74%) showed
single- or low-copy hybridization patterns, 37 clones (11%)
probably contained repetitive DNA sequences, as they gener-
ated smear patterns following Southern hybridization to the
total genomic DNA, and 47 clones (15%) may be organelle
clones because they showed very strong hybridization sig-
nals but no polymorphism after digestion with any of the
four tested restriction enzymes.

Polymorphism of RFLP markers

We randomly selected 102 of the single- and low-copy
IRG probes for the analysis of the NN F, population. Of the
209 loci detected, 40 were codominant and segregated as
1:1:1:1 (segregation types are ab x cd or ef x eg) and 1:2:1
(segregation type is hk x hk) (Table 1). Finally, 161 were
mapped on all seven linkage groups.

We also used 67 Poaceae anchor probes (mostly oat
¢DNA) to screen the polymorphism of the NN F, popula-
tion. Of the 61 probes from oat cDNA, 29 showed polymor-
phism; the rice and barley cDNA probes were difficult to use
because they showed very weak hybridization (data not
shown). Of 65 loci detected by these 29 oat anchor probes,
nine were codominant (Table 1) and 40 were mapped on six
linkage groups except LG7.

AFLP analysis

We analyzed a total of 54 Pstl/Msel AFLP primer combi-
nations (Table 2), which identified a total of 867
polymorphisms. Of these, 380 and 332 are dominant mark-
ers segregated as 1:1 and were present only in the maternal
or paternal line, respectively; 155 polymorphisms were 3:1-
segregating bands present in both parents. The average num-
ber of polymorphisms per primer combination was 13.

TAS marker analysis

We analyzed seven primer combinations (see Materials
and methods) (Fig. 1). A total of 85 polymorphisms were
detected, and 70 were mapped on the IRG linkage map. In a
fashion similar to that described for AFLP analysis, the
number of polymorphisms per primer combination ranged
from 5 to 24, with an average of 12.

Segregation distortion
Among all of the 1226 markers including RFLP, AFLP,
and TAS markers that we scored, 72 (5.9%) showed segrega-

© 2004 NRC Canada
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Table 1. Number of RFLP marker loci showing various segregation ratios in the Italian ryegrass (IRG) ‘Nioudachi’ x ‘Nigatawase’ p
. 1

population.
Segregation ratio and type® S
1:1:1:1 I:1
Source of probe (no. of probes) ab x cd ef x eg 1:2:1, hk x hk Im x 1l nn x np 3:1, hk x hk Totals
IRG probe (102) 16 22 2 52 99 18 209
Anchor probe (29) 3 6 0 23 30 3 65
Total 19 28 2 75 129 21 2774

“The segregation types were according to the JoinMap 3.0 manual (Plant Research International B.V., Wageningen, The Netherlands).

Fig. 1. Profile of telomeric repeat associated sequence (TAS) markers detected by primer combination TP3/D2 segregating in the
‘Nioudachi’ x ‘Nigatawase’ (NN) ltalian ryegrass F| population. Lane M contains the molecular size markers and lanes P, and P, are
the maternal and paternal parents of the NN F, population, respectively. The other lanes correspond to 40 F, individuals. The arrows

indicate four TAS markers.
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Table 2. Total number of markers and selected markers for the framework map generated by each primer pair
using 54 Psrl/Msel (+3, +3) primer combinations.

-" Primer pair Total no. of markers No. of markers selected
POIMI1 AAA/CGG 20 2
- POIMI3 AAA/CCA 2 0
otal. POIMIS AAA/CCG 21 1
209 - POIM17 AAA/AAA 16 0
65 POIM18 AAA/AAT 24 2
274 POIM33 AAA/TAA 17 6
PO1M34 AAA/TAT 33 10
PO2MO2 AAT/CAC 1 0
PO2M12 AAT/CGC 3 0
re & PO2M14 AAT/CCT 5 0
vs PO2M16 AAT/CCC 16 1
: PO2M19 AAT/AAG 14 4
P0O2M20 AAT/AAC 8 1
PO2M35 AAT/TAG 29 6
PO2M36 AAT/TAC 22 3
PO3MO3 AAG/CAG 14 3
PO3MO09 AAG/CGA 4 2
PO3M11 AAG/CGG 13 2
PO3M13 AAG/CCA 7 2
PO3MI15 AAG/CCG 11 0
P04MO4 AAC/CAT 12 2
P04M10 AAC/CGT 28 2
P04M 12 AAC/CGC 8 1
PO4M 14 AAC/CCT 16 0
PO4M16 AAC/CCC 2 0
PO7MO7 ATG/CTG 8 1
POIM10 AGA/CGT 8 0
POIMI11 AGA/CGG 17 2
POSM 14 AGA/CCT 6 1
PO9M 15 AGA/CCG 23 1
PO9M 17 AGA/AAA 36 5
PO9M18 AGA/AAT 16 4
PO9M33 AGA/TAA 27 5
PO9M34 AGA/TAT 22 5
P10MO2 AGT/CAC 14 5
P10M12 AGT/CGC 11 1
P10M14 AGT/CCT 13 1
PIOM16 AGT/CCC 7 1
PIOM19 AGT/AAG 17 5
P10M20 AGT/AAC 4 2
P10M35 AGT/TAG 24 1
P10M36 AGT/TAC 12 3
P11MO03 AGG/CAG 28 5
P11MO09 AGG/CGA 22 1
PIIM11 AGG/CGG 12 1
P1IM13 AGG/CCA 34 2
P1IMI5 AGG/CCG 15 2
P12M04 AGC/CAT 27 3
P12M10 AGC/CGT 27 1
PI2M12 AGC/CGC 10 1
PI2M14 AGC/CCT 18 2
P14M06 ACT/CTC 13 1
P15SMO7 ACG/CTG 30 3
P16M08 ACC/CTT 20 1
Total 867 116

nadd © 2004 NRC Canada
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%g;e 3. Number of loci showing distorted segregations in the Italian ryegrass ‘Nioudachi’ x ‘Nigatawase’ F, population.

223 S Segregation ratio and type®
gggg; 1:1:1:1 11
Ed o o ’ .
}%}’3:& =» of marker ab x cd (19) ’ ef x eg (28) 1:2:1, hk x hk (2) lm x 11 (496) nn x np (483) 3:1, hk x hk (198) Total (%)
%é{ (867) 3 (380) 3 (332) 12 (155) 18 (2.1%)
izz'?.*‘yj {274) 0 (19 5(28) 02 8 (75) 20 (129) 32D 36 (13.1%)
NN g (85) 4 (41) 3(22) 11 (22) 18 (21.2%)

(1226) 5 (17.9%) 15 (3.0%) 26 (5.4%) 26 (13.1%) 72 (5.9%) .

of markers belonging to a segregation type is given in parentheses.

sqdistortion (Table 3). Especially RFLP and TAS markers
~owed high frequencies of loci showing segregation distor-
o (13.1% and 21.2%) compared with AFLP markers
11%). Among the four types of segregation ratios, the dis-
ion percentage of the hk x hk type segregating as 3:1
mostly higher (Table 3). Most distorted markers were
uted on the top of LG1 and the bottom of LG6.

truction of high-density linkage map

ing the data from 867 AFLP and 164 RFLP markers,
onstructed a linkage map containing seven groups at an
“arithm of the odds (LOD) threshold value of 9.0. To gen-
e a simple framework map, 235 markers (including 119
gpped RFLP markers and 116 AFLP markers) were se-
«ed to cover intervals of approximatelt 5 ¢cM. We then
dled 110 newly analyzed RFLP markers and 85 TAS mark-
alo this analysis. The final map included 385 markers,
“iich were separated into seven major linkage groups. The
=mbers for the linkage groups (LG1 to LG7) were assigned
«wording to the International Lolium Genome Initiative des-
ion (Jones et al. 2002a). The total map length was
4 ¢cM, and the average interval between markers was
1M (Fig. 2).

LGI comprised 39 markers covering 144.6 cM at approxi-
-#ely 4.3-cM intervals. Of the eight TAS markers mapped
LG, four (tp3d301, tp4d301, tpld21, and tp3d217) were

ed at distal positions, and one (tp4d307) was mapped to
~entral position. LG2 had 60 markers covering 171.4 ¢cM
an average interval of 3.4 cM. Of the 12 TAS markers

“pped to LG2, three (tp4d306, tp4d305, and tp3d214) were
“%pped to its most distal regions. LG3 was composed of 47
“ukers covering 109.1 ¢cM with an average interval of 3.3
1. Of the 13 TAS markers mapped to LG3, two (tp4d21
41p4d29) were mapped to its most distal regions. LG4
~mprised 70 markers covering 225.5 cM at an average in-
Ml of 3.3 ¢cM. Of the 16 TAS markers mapped to LG4,
fien were mapped toward the central region of LG4. LG5
“Huded 55 markers that covered 185.9 cM at approximately

M intervals. Of the six TAS markers mapped to LGS,

% (tp4d3010) was mapped to a distal position, and two
Hd303 and tp4d217) were located near the center. LG6
“Mprised 62 markers covering 192.8 cM at an interval of

Mroximately 3.3 cM. Of the seven TAS markers mapped to
;% one (tp4d3012) was located near its center. LG7 had
' fmarkers covering 215.1 ¢cM at an interval of 4.4 cM on
Mage. Of the eight TAS markers mapped to LG7, three

#4302, 1p3d27, and tp4d224) were mapped to distal por-
s of LG7.

Caﬂfida*

segregation types were according to the manual of JoinMap 3.0 (Plant Research International B.V., Wageningen, The Netherlands). The total num-

Conserved synteny between the linkage groups of IRG
and the homeologous groups of wheat

In our results, the common location of some anchor
probes between IRG linkage map and the homeologous
groups of wheat were detected. Of them, two markers
(CDO20 and CDOI1387) identified on chromosome 4 of
wheat (w4) occurred in IRG LG4, three (CDO534,
CDO1380, and CD0497) of those on w6 were found in IRG
LG6, and two (CD0920 and CDO460) on w3 occurred in
IRG LG3. In addition, IRG LG7 of the CMS population,
which is the comparable linkage group of LG7 of the NN
population, had three anchor markers in common with those
in wheat. We detected only one or two markers in common
between w2 and wl of wheat and IRG LG2 and LGI.

Discussion

Efficiency of genomic probe generation

In this study, we used the methylation-sensitive enzyme
Pstl during the construction of the IRG genomic library. As
noted by many authors (Burr et al. 1988; McCouch et al.
1988; Tanksley et al. 1988; Xu et al. 1991), the PstI genomic
library efficiently yielded single- or low-copy fragments.
The efficiency of single locus detected for IRG was 74%,
which was relatively high compared with those of maize
(50.6%, genome size 1 C = 2400 Mb; Burr et al. 1988),
which is similar in genome size to IRG and rice (58%, ge-
nome size 1 C = 430 Mb; McCouch et al. 1988).

In Table 1, a total of 274 RFLP loci were detected; how-
ever, only 49 (17.9%) were codominant. The major reason
for the low ratio of codominant markers was that there were
clusters of closely linked loci generated from the same probe
that were detected as multiple dominant loci opposed to
codominant loci, and allelism could not be recognized. One
example is a cluster of IRG318-6, IRG318-7, and IRG318-3
on the LGI; if those loci are included, the number of
codominant markers would be 86 (31.4%). In this study, we
used only four restriction enzymes to survey the polymor-
phism of mapping population; the use of more restriction en-
zymes will be useful to recognize more codominant loci and
reduce the percentage of multiple dominant loci.

Position of TAS markers

The interstitial localization of telomeric repeats is a com-
mon phenomenon in animals and plants, and interstitial-
localized telomeric repeats are found mainly near
centromeric regions (Meyne et al. 1990; Richards et al.
1991; Cheung et al. 1994; Presting et al. 1996). In our re-
sults, 13 TAS markers were located at distal positions in six

© 2004 NRC Canada
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of the seven IRG linkage groups (except LG3), whereas an-
other 10 TAS markers were located near central regions.
Our results agree with those described by Shen and Zhu
(1998). Whether the TAS markers located at distal positions
of linkage groups truly detected telomeric sequences still
needs to be confirmed by cloning and sequencing of the
TAS markers and their use in in situ hybridizations.

Map size

Our total map size is 1244.4 cM, which is larger than
other published PRG genetic maps (692-930 cM; Hayward
et al. 1998; Bert et al. 1999; Jones et al. 20024, 20025b). This
difference may be because we used more than 1000 markers
(mostly AFLP markers) to generate a linkage map; in other
PRG maps, AFLP maps have the longest length also (Bert et
al. 1999). Other factors such as map function (Haldane, our
paper vs. Kosambi, other paper), the nature of the cross
(two-way pseudo-testcross in our paper versus one-way
pseudo-testcross in other papers), and genotyping errors
should be considered.

Comparison with other IRG and PRG maps

To compare our IRG linkage maps with another map gen-
erated in the same species, we used the CMS population,
from which seven major groups carrying about 300
EcoRU/Msel (+3, +4) AFLP markers and SSR markers at
aprroximately 10-cM intervals were constructed at an LOD
of 4.0 (M. Fujimori et al., in preparation). We analyzed 48
RFLP probes used in the NN population and ultimately
mapped 47 loci detected by 29 anchor probes and 35 loci de-
tected by 19 IRG probes across the parental genetic maps of
the CMS population (data not shown). All linkage groups
were comparable between the NN and CMS maps. In the
comparison of our NN maps with the PRG maps reported by
Jones et al. (2002b), our groups LG1, LG2, LG3, LG4, and
LG6 were comparable, although the markers common be-
tween the PRG and IRG maps were few in some linkage
groups.

Synteny between IRG and wheat

The genomic study of IRG has lagged behind that of other
major crops, particularly with regard to the genomic se-
quence, compilation of expressed sequence tags, and devel-
opment of markers such as RFLP and SSR markers.
Currently, there is no complete genetic linkage map for IRG.
Synteny studies of IRG with other well-defined species of
the Poaceae such as rice. maize (Zea mays L.), barley, and
wheat will facilitate the progress of IRG genome analysis in
the future. Jones et al. (2002b) noted that three linkage
groups of PRG showed complete synteny with correspond-
ing chromosomes of wheat and that, overall, 80% of markers
common to the PRG and wheat maps were syntenic. Our re-
sults also showed some common locations of the anchor
probes between the IRG linkage map presented here and the
homeologous groups of wheat. However, the number of rele-
vant markers was very low for the study of the detailed
synteny between IRG and wheat or other well-studied spe-
cies such as rice; therefore, analysis of a much larger num-
ber of anchor probes is needed. In addition, mapping
expressed sequence tag markers from IRG or PRG on the

Genome Vol. 47, 200@01

rice or wheat linkage maps will be useful for the sy, ti
studies of IRG. il

We identified seven linkage groups at LOD = 9.0, byt thgg K
relationships between our linkage groups and the IRG ¢y, !
mosomes are not yet clear. Because cytological genetié‘m
stocks are not yet available, in situ hybridization using [rg. E
specific genomic probes will be useful for determining gy *
relationships between linkage groups and chromosomes. The! -
information provided by the high-density RFLP-based Jipj.;
age map of IRG that we report here, unlike AFLP-bageg

high-density linkage map likely will be useful for gene ta.
geting, quantitative trait loci mapping, and marker-assisted

selection in IRG. < g
Jof
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Abstract Italian ryegrass (Lolium multiflorum Lam.) is
~ the most widely cultivated annual forage grass in Japan.
* Lodging damage reduces both harvested yield and forage

quality. To identify the chromosomal regions controlling
~ lodging resistance in Italian ryegrass, we analyzed seven
quantitative characters—heading date, plant height, culm
- weight, culm diameter, culm strength, tiller number, and
~ culm pushing resistance—and evaluated lodging scores in

the field in a two-way pseudo-testcross F, population.

Significant correlations between most combinations of the

mraits examined were found. Seventeen QTLs for all traits
~except culm weight were detected on six of seven linkage

groups by simple interval mapping using cross-pollination

(CP) algorithm, and 33 independent QTLs were also

detected by composite interval mapping from both male
~and female parental linkage maps. In addition, up to 18

QTLs for lodging scores evaluated at nine different times
- were detected on all linkage groups. The flanking markers

of those QTLs will serve as a useful tool for marker-

assisted selection of lodging resistance in Italian ryegrass.

Introduction

lalian ryegrass (Lolium multiflorum Lam.) is the most
widely cultivated annual forage grass in Japan. Lodging
damage reduces both yield by machine harvest and forage
quality due to the pre-harvest sprouting of lodging culms.
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Therefore, lodging resistance is one of the most important
goals in Italian ryegrass breeding. However, lodging is
difficult to evaluate in the field, because not only is it a
complex trait related to several factors, it is also caused by
a combination of wind and rain and can be enhanced by
pathogens and pests, affecting culms or roots. Other
factors such as high nitrogen fertilization, high sowing
density, and drought can also affect lodging (Brady 1934;
Pinthus 1973; Easson et al. 1993; Crook and Ennos 1995;
Milczarski and Masojc 2002; Sanchez et al. 2002).

Scoring for lodging resistance in the field can be
inconsistent, as incidents causing lodging can occur at any
stage of plant development or not at all (Atkins 1938).
Therefore, it has always been a major aim of research to
establish methods to assess lodging resistance independent
of weather conditions (Heyland 1960). Most of the studies
conducted so far have tried to find morphological traits
that are correlated with lodging and could be used as
indirect selection parameters. However, no single trait, or
group of traits, has proven to be generally reliable as an
index of lodging resistance. Therefore, marker-assisted
selection could be an important tool to improve lodging
resistance in cereals. Studies of QTLs for lodging
resistance have been conducted on soybean (Mansur et
al. 1993; Lee et al. 1996), barley (Backes et al. 1995;
Hayes et al. 1995; Tinker et al. 1996), rice (Champoux et
al. 1995), wheat (Keller et al. 1999; Borner et al. 2002),
maize (Flint-Garcia et al. 2003), and field pea (Tar’an et al.
2003). Most studies have found that QTLs for lodging and
plant height are linked or located in the same chromo-
somal region or regions.

In this paper, we describe the chromosomal positions
and the contribution of putative QTLs affecting lodging
resistance and related traits in Italian ryegrass, an out-
breeding forage grass, and compare our results with the
results obtained from QTL analysis of lodging resistance
in other crop plant species.



 Materials and methods

- plant materials

A two-way pseudo-testcross F; population derived from a
pair cross between single individuals selected from the
Ilian ryegrass cultivars Nioudachi (ND, resistant, as

- female parent) and Nigatawase (NW, susceptible, as male
_parent), consisting of 220 individuals, was used for
 linkage map construction and QTL analysis. The seeds

of ND and NW were provided by Dr. T. Sasaki (Japan
Grassland Farming and Forage Seed Association, Forage

Crop Research Institute, Tochigi, Japan).

- Phenotypic data collection

The F; mapping population and 32 individuals (not the

~individuals used for making F; population) of each

—
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parental cultivar were cultivated and evaluated at the
Forage Crop Research Institute in April and May 2000. In
the F; mapping population, however, only one individual

1577

Table 1 The traits related to lodging resistance evaluated in the F,
mapping population. CD Culm diameter, CPR culm pushing
resistance, CS culm strength, CW culm weight, HD heading date,
LS lodging scores, PH plant height, TN tiller number

AT AR A

Trait Evaluation method

CD (mm) Basal diameter of a culm measured two times at cross
direction, the average of five culms per plant

CPR (g) Degree of the culm strength for a whole plant, the
value was the average of 100 culms (see text)

CS (gh Degree of the individual culm strength, the average of
ten culms per plant (see text)

CW (g) The average weight of five culms per plant

HD (days)  No of days to panicle emergence from April 1

LS (score) 1 (erect) — 9 (lodging), observed at nine different
growing stages

PH (cm) Distance from the ground to the top of the flag leaf

N Number of tillers per plant
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Fig. 2 Frequency distribution of lodging score of F; mapping
population on nine dates. Lodging score (LS): 1 = resistant to 9 =
susceptible

was evaluated for each genotype, because Italian ryegrass
is a self-incompatible annual species, and no genotypic
replications were available. All materials were sown on 15
September 1999 in paper pots in a greenhouse and
transplanted into the field on 15 October 1999 at a density
of 80x60 cm. A total of 1 kg each of nitrogen, phosphorus,
and potassium per 100 m” was supplied.

On the basis of the results of previous published studies
(Ohyama and Ishiguro 1986; Suginobu et al. 1989a, b) and
our preliminary study (Z. Gao et al., in preparation), we
selected the following traits that showed significant
correlation with lodging resistance at the cultivar level
for evaluation of lodging resistance: plant height (PH);
culm weight (CW); culm diameter (CD); culm strength
(CS); tiller number (TN); and culm pushing resistance
(CPR). All these traits except for CPR were evaluated after
heading. In addition, heading date (HD) was recorded.
Lodging scores [(LS) 1 = erect to 9 = lodged] were
evaluated nine times, immediately after rainy or windy
days after the stage of internode elongation on 22 April, 2,
3, 13-15, 21, and 25 May, and 25 June.

Evaluation methods are briefly given in Table 1. The CS
value was shown by the force required to break the basal
part of a culm measured using a digital force gauge (FGX-
0.5, Shimpo, Kuzetonosiro, Kyoto, Japan). CPR value was
measured before heading with a Prostrate Tester (DIK-
7401, Daiki Soil and Moisture, Nishiogu, Tokyo, Japan)
set 20 cm from the ground against an unlodged plant.
Reading of the tester when the plant was pushed to an
angle of 45° was recorded.

Data analysis

Trait correlations and distribution histograms for each trait
were calculated by StatView, version 5.0 (SAS Institute,
Cary, N.C., USA).

We previously constructed a consensus linkage map
including 385 (mostly RFLPs) markers on seven linkage
groups at an LOD threshold value of 9.0 by using 82
individuals of the same mapping population (Inoue et al.
2004). From the map information and trait data in the
present study, we determined putative QTL locations by
using the simple interval mapping (SIM) method of
MapQTL (van Ooijen and Maliepaard 1996) with the
cross-pollination (CP) algorithm. We used LOD>3.0 as a
probability threshold for a significant QTL, and the one-
LOD support region as a confidence interval for the
location of a QTL on the genetic map.

To confirm the presence of putative QTLs, we separated
the consensus map into two maps of the parents using only
the markers with a segregation ratio of 1:1 and reanalyzed
the QTL with the BC, algorithm of Windows QTL
Cartographer, version 2.0 (Wang et al. 2004), using
composite interval mapping (CIM). Both minimal LOD
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Table 3 Putative QTLs related to lodging resistance detected by simple interval mapping under cross-pollination (CP) algorism of MapQTL
and composite interval mapping under backcross algorism of Windows QTL Cartographer in the F; mapping population

Traits QTL Origin Flanking markers Linkage group LOD score Explanation (%)  Additive effect
CD qCD4 Ccp tpl k123-IRG252-2 4 3.2 17.0

qCD-f1.1 BC, female tp3d301-IRG318-6 1 3.1 12.7 0.23

qCD-f1.2  BC, female AAA-CGG11-CDO78-2 1 24 9.0 0.19

qCD-f3.1 BC, female IRG5-4-IRG56-5 5 3.1 11.7 0.22

gCD-5.2  BC, female IRG37-5-tp4d303 5 2.5 15.0 -0.30

qCD-ml BC, male tp3d301-tp4d301 1 23 6.9 0.17

qCD-m3 BC, male tp3d29-CD0O460-3 3 2.6 10.7 -0.21

qCD-m4 BC, male AGA-TAA211-AAC-CAT8 4 24 8.8 -0.19

qCD-m7 BC, male IRG26-AGT-AAG12 7 3.0 10.8 0.21
CPR  gCPRI CP tp4d307-IRG303-2 1 3.1 33.9

qCPR4 (Y tp3d303-tp1d302 4 34 27.3

qCPR5-1 CP tp4d303-IRG320 5 4.8 23.8

qCPR5-2 CP CD0459-CD0202-2 5 5.6 31.8

qCPR5-3  CP tp3d21-AGG-CGG3 5 6.7 49.9

gCPR6 Cp AGA-AAT8-AAT-TAG7 6 3.1 25.8

gCPR-f] BC, female AAA-CGGII-AGC-CCT7 1 4.4 13.9 3.88

qCPR-4 BC, female tp3d303-tp1d302 4 2.0 6.1 —-2.60

qCPR-f6 BC, female AAT-CCC9-AAT-TAG31 6 3.6 11.0 —-3.63

gCPR-m4  BC, male CDO20-tp3d211 4 2.1 85 -2.99

qCPR-m5  BC, male tp4d217-IRG305 5 6.5 29.4 6.05

qCPR-m7  BC, male tp3d27-tp4d224 7 3.9 19.3 -4.95
Cs qCSs4 CpP IRG252-1-1RG250-2 4 36 18.8

qCS-f1.1 BC, female tp3d301-IRG318-6 1 3.7 16.3 67.14

qCS8-f1.2 BC, female tp3d221-AGT-CAC10 1 2.4 9.6 65.87

qCS-f1.3 BC, female tp3d23-tp3d217 1 2.1 8.1 46.98

qCS-ml BC, male IRG150-IRG318-3 1 2.7 11.5 57.76

qCS-m35 BC, male AGG-CGG3-IRG115 5 23 11.3 -57.12
cw qCW-f1 BC, female tp3d221-AGT-CAC10 1 22 7.8 1.26

qCW-f3 BC, female tp4d29-1RG296 3 2.3 8.3 1.03

qCW-f7.1  BC, female IRG60-2-AGA-AAT12 7 3.0 15.0 -2.09

qCW-f7.2  BC, female AGA-CGG17-IRG286 7 3.1 12.1 —-1.61

qCW-ml BC, male tp3d221-AGT-CAC10 1 32 14.1 1.67
HD gHD6 Ccp CDO516-IRG144-1 6 42 28.9

gHD7 CpP tp3d27-tp4d224 7 32 243

gHD-f4 BC, female IRG27-IRG39-1 4 3.0 17.8 1.78

gHD-f6 BC, female tp1d307-tp1d22 6 22 7.3 1.17

gHD-f7 BC, female tp4d220-tp4d224 7 4.1 12.6 1.49

gHD-m3 BC, male IRG39-2-1RG226-2 3 2.1 6.7 —-1.08

gHD-m4 BC, male CDO38~-AGT-TAC11 4 33 11.1 1.37

qHD-m6 BC, male AGT-AAG10-tp1d307 6 5.7 17.7 1.74

gHD-m7.1 BC, male IRG91-6-tp1d305 7 39 14.3 -1.57

gHD-m7.2 BC, male tp3d27-tp4d224 7 3.6 17.2 1.84
PH qPHI-] cp IRG303-2-IRG321-3 1 5.8 39.1

qPHI-2 Ccp tp3d23-AGG-CCA30 1 3.0 17.3

gPH4 CP IRG123-IRG173 4 3.0 15.8

qPHS5 CP IRG37-5-1RG37-4 5 5.5 36.4

gPH7 Ccp IRG4-1-AAT-AAGY 7 39 28.0

gPH-ml BC, male IRG321-4-IRG235-2 1 2.6 16.6 —-8.67

qPH-m4 BC, male tp3d211-tpl k121 4 3.7 13.1 21.68

qPH-m6 BC, male CDO1380-tp3d306 6 2.6 9.0 5.81
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Tits  QTL Origin Flanking markers Linkage group LOD score  Explanation (%) Additive effect
™ qTN2 Cp CDO345-AAG-CCA6 2 3.7 443
gTN7-1 Cp IRG136-3-IRG%4 7 34 17.9
qTN-f2 BC, female CDO244-4-tp4d27 2 2.4 8.6 —-30.55
gTN-3 BC, female CD0920-4-CD0920-2 3 23 12.9 38.61
qTN-f6 BC, female tp1d307-tpl1d22 6 2.1 9.1 -32.34
gTN-m7.1  BC, male AGT-AAGI12-IRGY% 7 3.1 12.6 -39.18
qTN-m7.2  BC, male IRG313-1-1RGY1-1 7 3.6 15.4 72.30

threshold of 2.0 and the LOD threshold generated by 300
times permutation tests at a 0.05 significant level (from 3.1
to 4.1 depends on the trait) were used to detect putative

- QTLs.

The QTL nomenclature followed the rules described by
McCouch et al. (1997).

Results and discussion

Distribution and correlation of traits

~Figure 1 shows the frequency distribution of the parent

cultivars and the F, population in the seven traits other
than LS. Two parent cultivars, ND and NW, that differ in

mean values particularly in CW, CD, CS, and CPR,
showed a nearly normal distribution within each cultivar
except for HD. This might be due to the high heterozy-
gosity of Italian ryegrass, which is an open-pollinated
species. F, populations showed also nearly normal
distributions in all traits. The mean value of the F,
population tended to approach to that of one parent, NW,
in CD, CS, and CW, but intermediate between the two
parents in CPR.

Figure 2 shows the lodging scores in evaluation date
order in F, population. Most individuals were erect on 22
April and 2 May. About half were lodging on 3 May, and
most were lodging on and after 13 May.

As shown in Table 2, the seven traits supposedly related
to lodging were mostly correlated with each other, except
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dotted line with a name gXX~fx. The QTLs underlined were detected
also by a permutation test of CIM at a 0.05 significant level.
Supported intervals for each QTL are indicated by vertical bars.
QTLs for LS detected by the Kruskal-Wallis test are marked on the
left side of each LG. Numbers 1-9 are the evaluation dates: [ 22
April, 2 2 May, 3 3 May, 4 13 May, 5 14 May, 6 15 May, 7 21 May,
8 25 May, 9 25 June

Fig. 3 Genetic linkage map of Italian ryegrass showing QTLs for
seven traits and LS distributed over seven linkage groups (LGs). The
QTLs for the six traits detected by simple interval mapping of
MapQTL are given on the right side of each LG, indicated by an
grrow. The composite interval mapping (CIM) QTLs detected from
the male parent are indicated by solid line with the name gXX-mx
and the CIM QTLs detected from the female parent are indicated by



1582

123456789
ERRERNL

qCPR-m4

IRG133-3
/ CDO1387-2
/s

N G123
FHIRG133-2 IRG173 I.(_qPH4

~ tp3d219
L1CDO1387-4 IRG454-1
L~ k121
—1p3d223

- CDOo38

1p4d223 IRG27
tpad218
AGT-TAC11
\1tp3d303 tpad212
A tp1d302
IRG39-1IRG450
PACG-CTG26

qPH-m4

l gHD-m4

qHD-f4
l(_ qCPR4 | 4CPR-f4

' AGT-TAC71p4d23
| & ip1d23
I {BAGA-TAT191IRG218-2
fIRG35 IRG218-1
40. 38 MRIRG219-3 IRG219-4
I\ IRG253-2

AT21

Fig. 3 (continued)

that HD was not always related with others. The
correlations of CS/CD, CW/CD, and CW/CS were high-
est. Correlations between LS recorded at seven different
dates were all significant. The correlation coefficients
between LS evaluated at later dates were higher than the
others. Most correlations between all LS (except 25 June)
and the examined traits except CW and HD were
significant. This result agrees with the results of Suginobu
et al. (1989a). General absence of correlations between
HD and lodging resistance observed in the present study
differs from the results reported by Keller et al. (1999) in
wheat and Suginobu et al. (1989a) in Italian ryegrass, who
reported significant correlations between HD and LS.

QTL analysis

Seventeen QTLs for all traits except CW were detected at
LOD>3.0, using the SIM method of MapQTL (Table 3;
Fig. 3). Of them, six QTLs for CPR were detected on four
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linkage groups (LGs), LG1, LG4, LGS, and LG6, and
explained 23.8-49.9% of total variance, five QTLs for PH
were detected on four linkage groups (LG1, LG4, LGS,
and LG7) and explained 15.8-39.1% of total variance; two
QTLs for TN detected on LG2 and LG7 explained 44.3%
and 17.9% of total variance, respectively; two QTLs for
HD detected on LG6 and LG7 explained 28.9% and
24.3% of total variance; and one QTL for CD and one for
CS detected on LG4 explained 17.0% and 18.8% of total
variance. No significant QTLs for CW were detected. The
results of SIM by QTL Cartographer were almost same
with that detected by MapQTL.

Among the 17 QTLs detected above, flanking markers
of three QTLs (gPHS5, qPH7, and qCPR4) were not
significant by single-point analysis of variance by the CP
algorithm of MapQTL (the Kruskal-Wallis test), though
data were not shown. To confirm whether those QTLs
detected by the CP algorithm were truly present, W€
separated the consensus linkage map into two parental
linkage maps and re-analyzed those QTLs by the BC,
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Fig. 3 (continued)

algorithm, using the CIM methods of Windows QTL
~ Cartographer. A total of 33 independent QTLs were
~ detected from both male and female parental maps (20
each) at an LOD=2.0 level for all seven traits explaining
6.7-29.4% of total variance (Table 3; Fig. 3). Nine of them
were detected in the same region as detected by the SIM
method of MapQTL; some QTLs detected by SIM method
could not be detected by CIM, for example, gPHI-2,
4CD4, qCS4, gCPRS5-2, gCPR5-3, and gPH7. On the other
hand, QTLs such as gCD-fI.] and some others were
detected only by CIM, probably because some QTLs—
especially groups with similar magnitude in tight repulsion
linkage—are only resolved by CIM. The flanking markers
of gPHS5 and gPH7, which were not significant by the CP
algorithm, were also not significant by QTL Cartographer.
In addition, 12 QTLs from two parental maps were
detected when the LOD value was set to the values
~ generated by a 300 times permutation test at a 0.05
significance level. Of them, five QTLs were located on the
~ same or very close region of the QTLs for the same trait
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detected by MapQTL. The interactions between QTLs
detected were not found at this analysis.

Because the LS distributions were not normal, we
conducted only the nonparametric Kruskal-Wallis test to
find the QTLs affecting LS. Regions showing significance
at the 1% level are shown in Fig. 3. Eight QTLs were
detected in samples collected on 22 April (1), 18 on 2 May
(2), 7 on 3 May (3), 14 on 13 May (4), 11 on 14 May (5),
17 on 15 May (6), 2 on 21 May (7), 3 on 25 May (8), and
15 on 25 June (9). Some QTLs for LS were located in the
same regions as QTLs for other traits, for example, at
gqPHI-2 (LG1) and gPH7 (LG7). It should be noted that
most QTLs for LS were detected on LG3. On LG3, SIM
detected no QTLs for other traits, but CIM and single-
point analysis (data not shown) identified some significant
markers for other traits.
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Correlation between lodging resistance and plant
height

A number of studies have found that QTLs for lodging
resistance and QTLs for plant height are linked or located
in the same regions (Mansur et al. 1993; Backes et al.
1995; Hayes et al. 1995; Lee et al. 1996; Tinker et al.
1996; Keller et al. 1999; Bormer et al. 2002; Tar’an et al.
2003). Our results also showed QTLs for LS are nearly
located to QTLs for plant height on LG1, LG4, LG5, and
LG7. In addition, QTLs for CPR and QTLs for plant
height were near or overlapped on LG1, LGS, and LG6.

Comparison between our results and QTLs related to
lodging resistance in other crops

The genomic studies of Italian rye grass, not only marker
development but also QTL analysis, have lagged behind
that of other major crops. The synteny among Italian rye
grass, wheat, and rice was pointed out by several studies
(Jones et al. 2002; Inoue et al. 2004). QTL information
published in other major crops such as wheat, maize, and
rice will facilitate the progress of Italian rye grass QTL
analysis in the future. Borer et al. (2002) detected three
QTLs related to lodging in wheat, two on chromosome 2
and one on chromosome 6. In our results, although the
heterologous anchor probes used were limited, the QTL
region for CPR, gCPR6, was mapped to LG6, which
shows synteny with chromosome 6 of wheat (Inoue et al.
2004).

Lignin is an important constituent of plant cell walls
(Moore and Hatfield 1994). It has long been proposed that
lignin synthesis might be related to stem strength. Reduced
lignin levels have been observed in brown-midrib mutants
of maize (Kuc and Nelson 1964; Kuc et al. 1968;
Gentinetta et al. 1990) and are associated with reduced
stem strength. Cardinal et al. (2003) detected 65 QTLs
related to fiber and lignin content in maize. A QTL of acid
detergent lignin reported by Cardinal et al. (2003), found
near umc34 on chromosome 5, was near the QTL region of
CPR on LG6 in our result. To collect more detailed
information of synteny between the QTLs we detected
with those in other crops, mapping of more common
markers such as RFLP or expressed sequenced-tag
markers will be needed.

In this study, we detected a total of 17 QTL for six traits
related to lodging resistance and HD by the SIM and 33
independent QTLs from male and female parents by CIM.
Among them, the QTLs, qCPRI, qCPR5-1, qHDSG,
qCPR6, and gHD7 were detected in both SIM and CIM
and had higher LOD values. The flanking markers of those
QTLs will serve as a useful tool for marker-assisted
selection of lodging resistance in Italian ryegrass.
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To convert RFLP markers of Italian ryegrass to
sequence-tagged site (STS) markers, we end-sequenced
93 previously mapped single or low-copy RFLP probes.
Eighty-seven clones gave acceptable results from both
forward and reverse directions, and 71 contigs were de-
tected, while other clones could not be sequenced com-
pletely because their fragments were too long. BLAST
search results showed that 16 clones matched sequences
reported in rice and other plants. STS primers were de-
signed for all the 93 clones by using Oligo software, and
66 primers amplified a single band with the expected
size. Of the 2 SSR primers designed from the 2 clones
containing (AT), or (TTA), repeats, 1 amplified an SSR.
Fifty-seven (85%) of the 67 STS (and SSR) primer pairs
could amplify products in perennial ryegrass, 47 (70%)
in meadow fescue, and 55 (82%) in tall fescue—species
closely related to Italian ryegrass. Forty percent of the
STS primers detected within-cultivar length or presence
fabsence of polymorphisms.

Key Words: Lolium, Festuca, molecular markers,
sequence-tagged site (STS), SSR markers,
BLAST search.

Introduction

Italian ryegrass (IRG, Lolium multiflorum Lam.) is one
of the most important cool-season forage grasses, and is the
most widely cultivated annual forage grass in Japan. A
closely related species, perennial ryegrass (PRG, L. perenne
L), is cultivated mainly in the British Isles, Europe, USA,
Australia and New Zealand. In recent years, many molecular
markers, such as amplified-fragment-length polymorphism
{AFLP), restriction-fragment-length polymorphism (RFLP)
and simple sequence repeat (SSR) markers, have been devel-
oped for PRG and IRG (Hayward er al. 1998, Bert et al.
1999, Hirata er al. 2000, Forster et al. 2001, Jones et al.
2001, 2002a, 2002b, Armstead et al. 2002, Inoue et al.
2004).

RFLP markers are highly reproducible and transferable
Communicated by K. Okuno
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among different laboratories. The advantages of RFLP
markers over other types, such as random amplified poly-
morphic DNA (RAPD) and AFLP markers, include their co-
dominant nature and the ease with which map information
can be transferred to a different mapping population
(Beckmann and Soller 1986, Helentjaris 1987). RFLP analy-
sis, however, requires a large amount of genomic DNA and is
time-consuming and costly. In PRG and its relative meadow
fescue (MF, Festuca pratensis Huds.), genetic linkage maps
are based on anchor probes and other markers such as AFLP,
RAPD and SSR markers (Hayward er al. 1998, Bert et al.
1999, Forster er al. 2001, Jones et al. 2001, 2002a, 2002b,
Armstead et al. 2002, Alm et al. 2003). Linkage maps of
IRG (Inoue er al. 2004) and tall fescue (TF, Festuca
arundinacea Schreb.) (Xu er al. 1991, 1995, Chen et al.
1998) are based on RFLP of genomic probes.

Sequencing genomic RFLP markers is an alternative
method for the identification of genes and development of
sequence-tagged site (STS) markers and SSR markers to ex-
pressed sequence tags (ESTs) (van Deynze et al. 1998,
Michalek er al. 1999, Murray et al. 2002, Schloss et al.
2002). Van Deynze et al. (1998) searched the sequences of
152 anchor probes and detected 119 clones (78%) that
showed a significant similarity to previously characterized
genes or putative genes in other organisms. Murray ef al.
(2002) searched 79 previously mapped bean (Phaseolus
vulgaris L.) genomic clones and found that 59 (75%) were
homologous with genes from other plants, especially
Arabidopsis thaliana. Schloss et al. (2002) reported that
56% of the sorghum genomic RFLP probe sequences fitted
to sequences in GenBank.

An STS is a short, unique genomic sequence that is am-
plified by using allele-specific primers designed from ge-
nomic or EST sequences. STS markers have an advantage
over RFLP markers in that a large number of samples can be
handled economically and easily, and they are very impor-
tant tools for converting a genetic linkage map to a physical
map (Olson ez al. 1989). Standard STS landmarks have been
generated for rice (Inoue et al. 1994), barley (Blake et al.
1996) and Cryptomeria (Tsumura ef al. 1997).

The objectives of our study were 1) to identify genes
from the sequences of mapped genomic IRG clones, 2) to
convert 93 IRG RFLP markers to STS markers or SSR
markers, and 3) to examine the possibility of transferring
STS primers from IRG to other closely related species, PRG,
MF and TF.
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Materials and Methods

Plant materials .

We screened working STS primers in 8 plants. Five of
the plants consisted of IRG, with 4 (CL1, TW59, 118 and
11F) being used as parents in the mapping of cytoplasmic
male sterility by Mr. S. Sugita (National Institute of Live-
stock and Grassland Science, Tochigi, Japan) and 1 being
randomly selected from the commercial cultivar ‘Waseaoba’.
The remaining 3 plants represented the closely related spe-
cies PRG (cv. ‘Kiyosato’, KS), MF (cv. ‘Tomosakae’, TS)
and TF (cv. ‘Nanryou’, NR).

To detect within-cultivar polymorphism in IRG using
the working primers, we selected 16 plants, § each from 2
commercial cultivars, ‘Nioudachi’ and ‘Waseaoba’.

Sequencing of RFLP probes

Ninety-three IRG RFLP probes previously mapped in
a 2-way pseudo-testcross F, population (NN population,
Inoue er al. 2004) were end-sequenced. The probes were
generated from a Pstl genomic library, and the insert sizes
ranged from approximately 500 to 3,500 bp. The sequences
were obtained on a MegaBACE 1, 000 DNA sequence ana-
lyzer using a DYEnamic ET dye terminator kit (Amersham
Biosciences, Freiburg, Germany) in both forward and re-
verse directions at the Dragon Genomics (Yokkaichi, Mie,
Japan). Then the DNA sequences were edited and aligned
with Sequencher software (Gene Codes Corporation, Ann
Arbor, MI, USA). These sequences were deposited in the
DDBJ under the accession numbers AB124671-AB124779.

Database searches

The above sequences were searched against the nucle-
otide databases using BLAST algorithms (Altschul er al.
1997). The BLAST network service provided at the DDBJ
was used to identify the relationships between the IRG
probes and protein sequences for known genes. BLASTX
searches were run on 15 October 2003, and an E-value=1 x
10-° was considered to be significant.

Design of primer pairs

STS primers were designed with Oligo 6.0 (Molecular
Biology Insights, Inc. Cascade, CO, USA). The annealing
temperature was set at 55°C and the GC content at 40%—60
%. The primer pairs were selected so as to generate frag-
ments that were as long as possible. For the clones that could
not be sequenced completely because their fragments were
too long, the STS primers were designed from forward and
reverse end-sequences. For 2 clones containing (AT), or
(TTA), repeats, SSR primers were designed with Primer 0.5
(http://'www-genome.wi.mit.edu/ftp/pub/software/primer0.5).
All the primer pairs were synthesized by ESPEC Oligo
Service (Tsukuba, Japan).

Conditions for PCR and gel electrophoresis
Genomic DNA was extracted from young leaves by the

CTAB method (Murray and Thompson 1980).

PCR reaction was carried out in a GeneAmp PCR
System 9700 (PE Biosystems, Foster City, CA, USA) in a
20-pL volume containing 20 ng genomic DNA template
(I'uL), 2 ul 10 reaction buffer, 1.6 uL of ANTP mix (each
25mM), 0.4 pL (8 pmol) of each primer and 0.2 uL (1 unit)
of GeneTaq NT (Nippon Gene, Tonya, Toyama, Japan).
The STS and SSR markers were amplified under the follow-
ing PCR conditions: 1 cycle of 94°C for 5 min; 30 cycles of
94°C for 30s, 55°C for 30s, and 72°C for 1 min; 1 cycle of
72°C for 7min; and a 4°C holding step.

The PCR products were electrophoresed in 3% agarose
gel in TAE buffer or in 1.2% agarose in TBE buffer. The gel
was stained with ethidium bromide and visualized by illumi-
nation with UV light or scanned with a Molecular Imager
FX (Bio-Rad Laboratories, Hercules, CA, USA).

Results

Characterization of RFLP probe sequences

Ninety-three single- or low-copy RFLP probes previ-
ously mapped (Inoue et al. 2004) were end-sequenced.
Eighty-seven of them gave acceptable results in both for-
ward and reverse directions, and 6 could be sequenced in 1
direction. Sequencher software detected 71 contigs. In 26 of
them, the forward- and reverse-end sequences overlapped;
the other 45 were completely sequenced in forward and re-
verse directions. Sixteen clones could not be sequenced
completely because their fragments were too long. Two of
the 93 clones contained (AT), or (TTA), repeats.

BLAST searches

To determine which genes with known functions were
included in our sequenced IRG clones, we conducted
BLAST searches. Sixteen clones matched sequences in the
DNA database, although 4 showed only moderate E-values,
Twelve clones matched 11 rice genomic DNA sequences
and 1 barley genomic DNA sequence. The other 4 clones,
IRG91, IRG129, IRG179 and IRG292, matched sorghum
putative receptor protein kinase (AF466199), rice SS300
gene (D21289), maize ligulelessl protein (Ligulelessl)
mRNA (U89496) and wheat PEPC gene (AJO07705), re-
spectively (Table 1).

Development of STS and SSR markers

We designed 95 primer pairs, including 93 STS primers
and 2 SSR primers (Table2). Sixty-six STS primers ampli-
fied a single band with expected size (an example is shown
in Fig. 1, left) in IRG. Although we changed the PCR condi-
tions, the other 27 STS primers did not amplify any prod-
ucts, indicating the need for redesigning the primers. Among
the 66 STS primers that were amplified in 5 IRG plants, 39
could amplify products in all 5 plants, but (probably owing
to the heterozygosity of IRG) the other 27 primer pairs could
amplify products in only 1 to 3 plants. In addition, 9 primef
pairs amplified product length polymorphism in 5 IRG
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Table 1. High scoring matches against the DDBJ databases by BLAST search
" Clone Matched clone  Putative identification ' k E value
IRG27 ACI131175 Genomic sequence for Oryza sativa (Nipponbare), cloneOSINBa0030D15 from chromosome 3 2e-38
IRG76 AP000559 Oryza sativa (japonica cultivar-group) genomic DNA, chromosome 6, clone:P0493C11 4e-30
IRG91 AF466199 Sorghum bicolor putative receptor protein kinase 2e-39
[RG129  D21289 Rice mRNA for MCM3 (gene name SS300) le-27
IRG179  U89496 Zea mays liguleless1 protein (liguleless1) mRNA le-05
IRG235 AL731589 Oryza sativa genomic DNA, chromosome 4, BAC clone:OSINBa0039G19 S5e-19
IRG252 AC096687 Oryza sativa chromosome 3 BAC OSINBa0010E04 genomic sequence le-41
IRG286  AP003217 Oryza sativa (japonica cultivar-group) genomic DNA, chromosome 1, BAC clone:OSINBa0094H06 2e-07
IRG290  AP003332 Oryza sativa (japonica cultivar-group) genomic DNA, chromosome 1, BAC clone:B1097D05 3e-09
IRG292 AJ007705 Triticum aestivum PEPC gene 2e-09
IRG333 AP003269 Oryza sativa (japonica cultivar-group) genomic DNA, chromosome 1,PAC clone:PO504E02 e-143
IRG338  AP004380 Oryza sativa (japonica cultivar-group) genomic DNA, chromosome 7, PAC clone:P0594D10 3e-13
IGR341 AP003368 Oryza sativa (japonica cultivar-group) genomic DNA, chromosome 1, BAC clone:B1100D10 8e-15
IRG348 AL731582 Oryza sativa genomic DNA, chromosome 4, BAC clone:OSJNBa0022H21 le-27
IRG352  ACO079888 Oryza sativa chromosome 10 BAC OSJNBa0078001 genomic sequence 6e-32
IRG452  Al234742 Hordeum vulgare genomic DNA fragment; clone MWG2061 .rev 1e-70

plants. Of the 2 SSR primers, IRG252SSR amplified an SSR
and showed polymorphism between 5 IRG plants (Fig. 1,
right).

Transfer of the IRG STS primers to other related species and
polymorphism survey within IRG cultivars

We screened all the 67 STS (and SSR) primer pairs in 5
IRG plants, 1 PRG, 1 MF and 1 TF. Fifty-seven primer pairs
(85%) amplified products in PRG, 47 (70%) in MF and 55
(82%) in TF. In addition, we examined the 16 plants of the 2
cuftivars of IRG to search for polymorphism by using the
above 66 STS and 1 SSR primers, and 3 STS primers
{(IRG12, IRG356 and IRG358) that could not amplify prod-
ucts in the 5 IRG plants but could amplify them in PRG or
TF. Sixty-one STS and 1 SSR primers amplified products,
while the other 8 primers did not amplify products. Twenty-
five out of 62 STS (and SSR) primer pairs (40%) detected
intra-cultivar polymorphism in either one or both cultivars.
Nine of them detected the presence/absence of polymor-
phism, and the other 16 detected length polymorphisms

(Table?2). Differences between these 2 cultivars could not be
detected when the above 61 STS and 1 SSR primer pairs
were used.

Discussion

Gene identification

Only 16 sequences (14.7%) matched known sequences.
This frequency which is very low, is similar to the results re-
ported by Michalek ef al. (1999) in barley (9%). On the other
hand, Schloss ef al. (2002) and Murray et al. (2002) reported
that about 56% and 75% of genomic clones matched known
sequences in sorghum and bean, respectively. This differ-
ence may be ascribed to the difference in the genome size
between these species, because generally species with a
larger genome size exhibit a larger proportion of non-gene
regions (Barakat e al. 1997). Barley and IRG have a larger
genome (4, 800 Mb and 2, 000 Mb/C) than sorghum and
bean (690 Mb and 637 Mb/C) (Hutchinson et al. 1979,
Arumuganathan and Earle 1991).

M1 2 3 4 5 6

7 8

6 7 8 M

1 2 3 4 5

Fig.1. Polymorphism of STS marker IRG400 (left) and SSR marker IRG252 (right). The PCR
products were electrophoresed in 3% agarose gel in TAE buffer. M: 100-bp size marker;
1: CLI(IRG); 2: TW59 (IRG); 3: 118 (IRG); 4: 11F (IRG); 5: WA (IRG); 6: KS (PRG);

7: TS (MF); 8: NR (TF)
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Svateny between IRG and rice

Based on the results of BLAST searches, 12 IRG ge-
nomic clones matched the rice sequences. Clones IRG290,
IRG333 and IRG341 in the IRG linkage group (LG) 3
matched the clones located on chromosome 1 of rice; IRG27
and IRG252 in IRG LG4 matched the clones on chromo-
some 3 of rice; and IRG338 and IRG348 in IRG LG2
matched the clones on chromosomes 7 and 4, respectively.
These facts suggest that IRG LG3, LG4 and LG2 may be
syntenous with rice chromosomes 1, 3, 4 and 7, as indicated
by Jones et al. (2002b). Three other clones—IRG 235 and
IRG 352 in IRG LG, and IRG 286 in IRG LG7—matched
clones on rice chromosomes 4, 10 and 1, respectively, but
these results did not agree with those of Jones ez al. (2002b).

Transfer of STS markers of IRG to closely related species

In several studies it was reported that some of the STS
primers failed to amplify homologous sequences when
transferred to other species (Erpelding er al. 1996, Talbert et
al. 1994, 1996, Mano et al. 1999). We screened 67 STS (and
SSR) primer pairs developed from IRG genomic probes to
examine the possibility of transfer to closely related species.
Fifty-seven (85%) could amplify products in PRG, 47 (70%)
in MF and 55 (82%) in TF. Yet the frequencies were almost
similar to those reported by Erpelding et al. (1996), who
showed that approximately 70% of the STS markers could
be transferred between barley and wheat. The frequency
which we obtained was also similar to the transfer ratio of
SSR markers from TF to MF, tetraploid fescue and ryegrass
(Saha et al. 2003).

Identification of SSR markers from RFLP probes
Development of SSR markers, either by traditional
library screening methods or library enrichment, is laborious
and expensive. Schloss et al. (2002) found 74 SSR markers
from 69 RFLP probes by sequencing 789 previously mapped
sorghum RFLP probes, and developed 60 new SSR markers.
We also identified 2 SSR sequences from 93 RFLP probe se-
quences and succeeded in converting 1 SSR marker. Al-
though the number of SSR markers is very limited, SSR
markers are more efficient tools in polymorphism surveys
than STS or cleaved amplified polymorphic sequence
(CAPS) markers. In addition, the SSR sequences detected in
genomic clones may have a larger proportion of multiple nu-
cleotide repeat motifs which are not generally used in tradi-
tional library screening or library enrichment (Schloss ef al.
2002). Therefore, we expect that RFLP end-sequencing will
become an alternative method for identifying SSR markers.

Within-cultivar polymorphism

In the polymorphism survey of 16 plants from 2 culti-
vars of IRG, we found that 25 out of 62 primers (40%) de-
tected within-cultivar polymorphism in 1 or both cultivars.
Compared with the frequency found in self-pollinating
crops, the frequency of length polymorphism detected was
high. Mano er al. (1999) reported that only 4 out of 41 prim-

ers showed length or presence/absence of polymorphism i

barley. Conversion of the STS markers to CAPS markers
may enable to detect polymorphism more efficiently, since
Mano ez al. (1999) detected 14 CAPS polymorphisms from
37 STS primers of barley by using 12 endonucleases, ang

Taylor et al. (2001) detected 11 CAPS polymorphisms from

13 STS primers of Lolium perenne by using 3 endonucleases.

To detect more polymorphisms efficiently by using ST§

markers in IRG, it may be necessary to convert STS markers
to CAPS markers.

Until now, more than 50,000 ESTs had been generated
from PRG and IRG, but they are not available for public use
(Spangenberg et al. 2003). Taylor et al. (2001) reported 13
STS primers in PRG designed from barley, oat and PRG,

Lem and Lallemand (2003) reported 42 STS markers from k

Lolium and related species. The 67 STS (and SSR) markers

generated in our study did not duplicate the STS markers de-

veloped in the above 2 studies, based on the results of the
BLAST searches. Because these 67 STS (and SSR) markers
are distributed across all the 7 IRG linkage groups, they

could become useful landmarkers for different populations

in mapping new genes and agriculturally important traits.
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