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Breeding of a New Sweetpotato Variety
“Hoshikogane” Suitable for Steamed and Cured
Sweetpotato Slices ( “Hoshi-imo” ) with High
Yield and Good Quality

Toshikazu Kuranouchr, Akiko Takapa, Yoshiyuki Nakamura, Toshirou Fujra™',

Makoto Nakatant®’, Toru Kumacal, Kenji Karavama

Abstract

Steamed and cured sweetpotato slices, called “hoshi-imo”, are an important local
agricultural product in Japan. More than 10 years ago, improvement of the quality of
“hoshi-imo” became an urgent problem because of increasing quantities of imported
sweetpotato. We released a new cultivar, “Hoshikirari”, in 2009 to address this pro-
blem. An opaque, white defect, known as “shirota”, occurs frequently in “hoshi-imo”
made from cultivar “Tamayutaka”, a leading cultivar for “hoshi-imo” production.

“Shirota” defects were rarely observed in “Hoshikirari”, and the taste of “hoshi-
imo” made from “Hoshikirari” was equal or superior to that made from cultivar “Izumi-
13”7, a high-quality variety. However, the storage root yield of “Hoshikirari” was lower
than that of “Tamayutaka”, and improvement of the yield was an important target.

A new cultivar, “Hoshikogane”, was bred as part of our sweetpotato breeding pro-
gram for “hoshi-imo” production. This new cultivar was derived from a cross between
“Kanto 120”7 and “Quick Sweet” in 2003. Characteristics of “Hoshikogane” are as
follows.

1. The storage root yield of “Hoshikogane” is about 90% of “Tamayutaka”, which
possesses high root yield.

2. “Shirota” defects are rarely detected in “Hoshikogane”.

3. The color of “hoshi-imo” made from “Hoshikogane” is light yellow, and the tast
is somewhat superior to “Tamayutaka”.

4 . The Brix value of storage roots of “Hoshikogane” increases readily when the roots
are stored after harvesting, and “Hoshikogane” is suitable for processing in early
winter.

“Hoshikogane” is expected to increase sales of “hoshi-imo” by making use of its
high yield and good quality.

Key Words: sweetpotato, sugar content, steamed and cured sweet potato slices,
“hoshi-imo”, “shirota” defect.
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WEITHIE,

4) EEZMERECRT ORI X0y EROa T F 2 (Meloidogyne incognita Kofoid et White) @4 B E %
%&Dtﬁ%@%l:*ﬁiﬁ”‘ FISOHZICIE D HL > T, 7OF > UBicraxN=HE LEORE (T—)) OBIRVEE
2L D HE,

5) HETYRAERAT O F aUENLKET LHMBERE (TEREFERN) I2BWT, HEENSOHEOIT—ILD
FEAERRE, SIAROABRER EICX D HE,



filk .2 NFIFTS

SRR M OBAR DR BEFE LR IC R D HEN S
PO THD (F10), KilialREHEAN 7
> & —TORIFHP TR E A5 TP~
HMOEHMETH2 (1D, Znsz2hRaLE
HERIRPIEIIOC®RTH D, ah, 7
571 OEPUEISETH %,

PV A EDSEFRESIEIL. Bovo 0z
DLHENIRE (Fusarium oxysporum Schlecht. f.
sp. batatatis (Wollenw.) Snyd. et Hans.) @
EIRIIRE L THEAMT. F40HBRITHI O ELD .
XOWHRBEEICRXDHENS, PPHETHD
(%10), 2B, 13157 O|EPIEIZO®
HTHh D,

YR A BVMBFEIIEIL. AWE (Stre-
ptomyces ipomoeae (Person et W. ]. Martin)
Waksman & Henrici) 23EL#SAI%ZEE U CHAET
LIEMRE RS EZ R E L. BWEEZX S0
AR EEHS IV FHEEZITT S 2,
FI0H R I D ELD . KR OBEAR O Jp Bt 78 A 12
. MEOHRENEE., EHoEEREZH

w11 RBRHBE

s BN R TENMEOAY)FIN TS Y~ 1 Effl NEL 2% OER

13

BL. RAMICHEL &ML, 89 TH5
(%10), 2B, ¥~y OEFIIEITZOR
55T %,

HYRA XA T F a2 (Meloidogyne
incognita Kofoid et White) EKyifhix. B 14
T IR ERREZ RS R T 2 2 OB EEITXRD
A BRI % D 7o M e [ 5 1R A AT, KI80H
BRI E > T, 7O0F > OBt Nz
WEDREE (I—)) OEKOEEIZLZHE
T3, WThH, —H. BEFYIAEXOT
YO F aUENLET LB MBRE RS (TR
FHHA) ITHBWT, MEERKNSOHEDOI—)L D
FEAREE., BROAMREE R EITKZHE T,
PRMTH D (K10), Hri R EMEN T TERT
WEDH PGB NTHEBEI N YA EX
a7t 2T a URbiERERBR T U
PO~ TH D (K12, INHZE2ha LT
HIE U2 PiiEld, SR~ Th 5. 125,
(<157 OEPUEIIHF~SRRTH %,

BMGEERIS ICH (T 5 BRRIERIEIRERE (20075 ~20085F)

v 2 b AR PEREWH o @ wE
R R - R4 I BRI 2 S I (EY)  wREmeE W HE
(%) (%) (%) (mm?) HE

2007 EFL 2R 23 53 1.6 168 G R
BB 5 (58) 24 19 8.2 65 D5 ORI
B (R) 33 12 2.0 105 o OO
THHE1005 (FR) 26 14 2.2 163 G ORI
Bk o B () 31 5 2.6 128 R0 R0
R4 (95) 32 3 0.8 130 8| 2]
kv (95) 37 11 6.8 223 i KRG

2008 1EL 2234 27 3 0.0 83 SRandii Ui
Bl 5 (98) 32 2 8.3 50 rh RORIR
B 15 (58) 32 0 1.9 53 St
TH#E1005- (F1) 34 1 6.4 114 i H
B2 5 () 34 4 6.0 197 r r
ERl4E (55) 28 0 17.4 247 55 55
T xevn v (89) 36 0 31.8 362 55 55

) EFEE
SAHD 25HD AR N WS D
[ 4% T TEEAE R (%) 9 2R () (%) JP3 B i £ (mm®)
2007 2008 2007 2008 2007 2008 2007 2008

EEd 0~ 30 0~ 30 11~100 11~100  0~2.5  0~5.0 0~100  0~100

H 31~ 40 31~ 40 6~ 10 6~ 10 2.6~4.0 5.1~10.0 101~200 101~200

59 41~100 41~100 0~ 5 0~ 5 4.1~ 10. 1~ 201~ 201~

EHUEE, 599, 99, . el 5RO 5 BRETHIE.



14 TEMIRE e s 55155 (2015. 3)
x12 BEEREERRISEFEUWHMSICE TR YIS ERAT O FaUBRERERE (2007F~20084F)
S ER R T
o R ti F - SR 44 R B AR ¥ | E
2007 FL 2k 1.0 1.0 1.0 G
B 145 (589) 3.1 2.1 2.6 rh
MRS E (58) 1.1 1.0 1.0 G
vty (H) 1.3 1.1 1.2 Gid
2008 F LA 2.2 2.2 2.2 S
B 145 (59) 5.0 3.7 4.3 LR0F
B (5R) 2.2 2.6 2.4 R
yegye () 3.7 2.7 3.2 h
I E L ¢ SO ONT, DR O & 0 HIE,
58 0.0~1.4, 008 : 1.5~2.4, 1 :25~3.4, 0 3.5~4.4, §5: 4.5~5.0,
(5 FEMDYYE) 1E, NFEFL 2] 7136.8%.
6 BrElE (7<% HN11.0%THD. BFEELI0OH T

A AR IR OPGHEICE L 7= & & D, 60
HEPXPIOHBDOEREENSHEL = TZ
LIl OlfiiEidE#cdho., T¥~<14 7]
() X0%5 (F£13), WEZ60H TOREIE

F13 FFEMRERBRKE (2007~20115)

2 NEL 2l 7188.7% ., <% K] N
257% Th 5, 2B, [FEkORERZ RN D IR
JEIZBWTHEML 25512 NEL I O
BRI R s Naho Tz,

2 B L 4
M 4 : -
o FE ZL 2R B~ BP R13%
W o 2007 94.7 25.0 50. 0
J& W == 2008 100.0 46. 7 46. 7
(%) 2009 85.7 0.0 0.0
90 H 1% 2010 83.3 16.7 16.7
2011 80.0 40.0 26.7
NS 88. 7 25.7 28.0
HT ek e 2007 it Hh th
2008 it i h
2009 #E 5 5
2010 a3 LG LR
2011 R0 H ok
- i3 Hh HH

AHRENNEORNICKEBE L= EZ2D, 60HEBLT0HE (20064E13120H % B EM) DISHERE D S HIE,
HIEHAE  WHDEHCRIZONT, IFORIETHE, 5 :0~99%. 5 : 10~19.9%. H : 20~49.9%.
0t 50~79.9%. # : 80~100%.



filk .2 NFIFTS

EN R TEZIUEOR YT I LAY~ B NEL 20 OFK 15

IV IREMRUEERE

T BRMICETSEAE

W) FREMERR LIRS NIEL 24 O
EnHE (1EENOGLEONEDILE) 13,
(<47 0% & bEEn T, IR
1351 ([[40%) XD KRIEIZZW (F1D). HhH
720 EWHEEIZ2.8T ¥4 5] (23) X
DLV, FWHIEEIZ274gT, [ ¥y
711 (349g) XKD EEW, YFAE1330.9%
T <% %) LFEEETHD. TAMEER
RKI320.7% T [~ N1 ERBETH S,

NIV TFEEREICBTS2 EWHHEIZ, (47
a4 7) H90% & HEENTH D, [FR135]
(F138%) &b KEEIZZ W (K15, ¥4/~ 0 L
WHERNI3.3T, ¥~y H] LE%ETH S,
EWnd 1 EEIZ295¢T, [~ F] (3552)
KON, YTFHEIF3T% T 32y
N1 EFERETHS., TAMERRIZ20.6% T,
y<a%7) LHEEETHD. LEEE (B
RO EL T, N:8.31%, P.0s:2.11%.
K.0:25f%) Tid, NZL IHAN#) 3 EnwHE
N HMN, T2y ] WTAHARUITED
5720, I2bb, EENLEEEE T, K
872 2SR THEE 9 2 EINEN AT 5728,
(<% 7] EHgT 5 EREITHALNRN,

2 EAERICBITBEAE

20074F 1T 320 & N 7= &5 IR C O R i s VE E
MBE TIIRIOORTHEME TR SN, L
WHEOEERIT, RN (Y25 7))
DOEBETIE, KRR T76%, BEETS3% &%

DN, EIFET102% CTlR%Z, R T220%.
BB TI95% & KIBICHE > 7= (FI17), fEiE
Al [R135 ] 0BG TR, #MET139%
EES T, RUYTOEKIIHF~ LT, 2K
(2571 KDRRENTH

S A SR & U CakBR 2 ke L 7= kbR
TlE. 2008fE/M 5201 ME X CIREEM A > & —
AR ZE AR I B W T EISIT R TR B Tkl
SN, NMFEFLIN) OFEWHEF (¥ ¥
S HT8% Th->k (%19, BHLD En
BEEIT T¥y~a5 7 ERFETHD., L
LEEE (<247 WiAERIERPEN D
7o RUTOERWKIZIETHD, ¥ T
(b)) K0E-SK, U670 O HE
ERClL. 20084E/n 5201 14F £ THRISITR T Hifd
METHESIN, EWdHEIT ¥~y h]
TI25% THE-> = (200, %4720 EWHEEK
W Iy<xavh) £0%<. FEWbIEER
(<357 K0P EN>TZ, RUTOR
KOS LETHD, T4V LDE-S T,
AR TIX 20104 12 0) et R 26 B 5 12 B W
TRIBITRTHEMEICL OGN, NFL
IR OLEWHHEIT ¥~ 4F] Tl
% EZWNZERUTENARRIZEN -2 (2D,
Fp A LTI 20084E 71 5 20094E 12 T £ 18ITR T
MEMECLZOHEREIN, NEL 2248 X
R135) LD HLZNERL., BRIZEFTH-
7= (3822), BEVR BV TIZ20084E 1 KIS 512
BWTRISIT/RT HHHEMEE I K 0 FE S 1.
NEL Il & Malixtm>) Ko REE
FyE TORINZ > 7= n, BEHEREE T3 N %
R~UTE (3R23),



TEMIBEE A FE S #515% (2015. 3)

K14 ETIIFHEZCBIT2NEMRAERE (2007~20115)

A B ih FE 4
¥ M 4
B ZFL 2R VA= R13E
> A HE 2007 541 535 582
(kg /a) 2008 723 482 485
2009 353 260 242
2010 204 220 201
2011 252 258 229
NS 415 351 348
v E 2007 293 294 101
(kg /a) 2008 359 410 145
2009 378 424 172
2010 335 336 155
2011 316 396 171
) 336 372 149
Al ExtE et 2007 100 100 34
(%) 2008 88 100 35
2009 89 100 40
2010 100 100 46
2011 80 100 43
S 1 90 100 40
s 1fEE 2007 326 314 181
(g) 2008 313 406 162
2009 285 409 192
2010 239 278 158
2011 205 338 151
1 274 349 169
1YY 2007 2.2 2.1 1.4
b fE %k 2008 2.5 2.3 2.1
2009 3.0 2.9 2.1
2010 3.1 2.6 2.2
2011 3.2 2.5 2.4
A5 2.8 2.3 2.0
BT A 2007 30.9 30.5 35. 4
(%) 2008 31.3 30. 8 34.5
2009 30. 8 30. 2 35. 4
2010 30. 7 32.0 37.1
2011 30.9 31.1 36. 2
NS 30.9 30.9 35. 7
TAMBRHE 2007 19. 6 18.3 29.7
(%) 2008 20. 7 21.3 292.8
2009 21.0 21.0 24.0
2010 20. 4 21.6 25.5
2011 21.6 29.3 25.2




R NFIFDS - ENEAFCEINMEORY) TINTHY Y BWfE NZL 22 OF 17

K15 TILFHEBICE(FHINEYRERE (2007~20115F)

A B ~ b TR e R ~ LV F L Fk 5
B ME 4
ERE IZLZRh F~vaxdl R13E 2L 223 =]
D5 2007 616 571 476 - -
(kg/a) 2008 380 265 253 532 514
2009 340 301 241 514 454
2010 229 223 192 369 399
2011 217 193 177 505 576
NIA5) 356 311 268 480 486
W E 2007 363 356 91 — —
(kg/a) 2008 458 521 162 280 280
2009 407 493 217 293 423
2010 330 346 141 346 309
2011 344 399 187 205 226
NIA) 380 423 180 281 310
[F] e HEEE 2007 102 100 26 — —
%) 2008 88 100 31 100 100
2009 83 100 44 69 100
2010 95 100 41 112 100
2011 86 100 47 91 100
S 90 100 38 91 100
g 1EE 2007 327 310 149 — —
(g) 2008 363 468 160 393 494
2009 306 437 198 227 337
2010 237 273 131 274 392
2011 243 289 142 225 360
S 295 355 156 280 396
14 2007 2.9 2.9 1.6 — —
Wb EE 2008 3.2 2.9 2.8 1.9 1.6
2009 3.5 3.0 3.0 3.3 3.1
2010 3.6 3.2 2.8 3.2 2.0
2011 3.5 3.5 3.5 2.3 1.6
N3] 3.3 3.1 2.7 2.7 2.1
UIFHE 2007 32.1 29.5 35. 4 - —
%) 2008 31. 1 31.2 34.9 32.2 30. 4
2009 33. 1 31.5 37.6 32.6 28.3
2010 30.9 33.2 39.0 30. 8 31.2
2011 31.5 31.2 37.3 29. 8 25.1
S 31.7 31.3 36. 8 31.4 28.8
TABHE 2007 19.8 18.4 22.7 — —
(%) 2008 21.4 22.1 24. 1 — —
2009 20. 4 19.9 24. 6 — —
2010 20.0 22.6 26. 4 — —
2011 21.6 20. 7 25.3 — —
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TEMIBEE A FE S #515% (2015. 3)

®16 RFERERERREFICE T SHIEME

B4 - BRI T 4

B ERESM AR e & fEAFH A IV FEH A
Eeyi'y (cm) (kg/a)
K Ik I f

Eiwa 7 — BRI
2007  ME<LF 100X25  N:O.1, P20s5:1.2, K20:1.0 5 22H 10H 10H

BmERBEKBENE L 7 — (BEHFERT)
2007 M~ ,LF  110X40  N:0.1, P.05:0.8, K.0:1.3 5H14H 10H 16 A

B ) DR S AR B T BF 2R AT (B B B AR )
2007 fE~< LT 90X 30 N:0.74, P.0s:1.66, K».0:2.05 6H12H 104 30H
BAEN: — , P205:0.25, K20:0.25

5l U R AR s
2007 B~ F 110X30  N:0.48, P:.05:1.6, K:0:1.6 57 15H 9H 18H

Ry e & R AR E R Y
2007 ME~ LT 80X30  N:0.6, P:05:0.8, K:0:1.4 5H15H 107 16 H

BREBREREREG T 2 — (KMXH)
2007 B~ bF  80X35  N:0.4, P.0si1.2, K:0:1.2 5H24H 9H 25H

R17T RPMBECHREAREFICEITS NEL I OHBRBIE—E

WA - BRI 4L 55

ABR BRESRME EWbLE O HFEERE wbo AUTo  HE B RF
L (kg/a) (%) S8 Rk

K - BERA T X —EENERT (EERE . ¥~ D)
2007 fE< LT 235 76 s + 2l RIS, HBRDIFRUN, Vo,

BiE - AR GHITE Y o 7 — RS gEET (R . F ~ a2 )
2007 ME~<LF 289 83 0 R e = L IS ASNI 2 NP NI

i o BEEERBASI M AV )Y GEEYE LR - SR135)
2007 ME<LF 421 139 i — B R CRIV B, 2R,

A% - JEERERY (EMERRE . X~ D)
2007 H<nF 159 220 LT ek i LI, HEROR0%, SR,

Ry - A EAERY (YRR ¥~ X h)
2007 IE<)LF 451 102 I ot B ANEED, IR LRI,

EVLE « BERRRAE Y ¥ — (ERELE X~ 5 )
2007 HE~TF 207 195 S S B o (e 2L, WHEE AR L,

sk

CRLWVBH DR,



B ZNAIFIS - E R TEIMEORYIFINTHY Y~ £l NEL 2% OFR

K18 ERIRIERTERE - HEHRFCHIT D HIEGRE

W4 - RBP4 4%

AR EEESM HEmAR R & A H A X HE H H
R (cm) (kg/a)

WKL EEM A o # — e

2008 M~ L F 100 X 25 N:0.1, P20s5:1.2, K20:1.0 5H21H 104 9H
2009 i < )L I 100 X 25 N:0.1, P20s5:1.2, K20:1.0 5H19H 104 13H
2010 i < )L I 100 X 25 N:0.1, P20s5:1.2, K2:0:1.0 5H 18 H 107 6H
2011 e~ )L F 100 X 25 N:0.1, P20s:1.2, K20:1.0 5H19H 10H11H
KO R BB (O 7B 72 0h)

2008 e~ L F 120 X 25 N:0.21, P20s:1.05, K:0:0.35 5H23H 10H 10H
2009 < L F 120X 25 N:0.06, P:05:0.72, K20:0.6 5H25H 10H 19H
2010 i< )L T 125X 25 N:0.21, P.05:1.05, K2:0:0.35 5H27H 10H 15 H
2011 <,  100X25  N:0.21, P.0s:1.05, K»0:0.35 5/ 26H 10/ 14 H
) R s AT L 2 —  (HD i SR )

2010 i < )L T 80 X 40 N:1.0, P205:2.0, K:0:2.4 5H27H 10H 29H
B I DR R AR B AT AF TR AT (GBS £ A )

2008 MM~ L 110X 30 N:1.08, P205:3.33, K20:1.43 6H 16H 10H 30H
2009 MofEfE < JLF 110X 30 N:1.08, P205:3.33, K:20:1.43 — 10H 27H
BREBREBERERBEE X — (KBXH)

2008 HIgE < )L F 80X 35 N:0.4, P20s5:1.2, K20:1.2 4H 25H 8H22H
2008 fEVERE < )L F 80X 35 N:0.4, P20s5:1.2, K20:1.2 6H 4H 11 4H

19



TEMIBEE A FE S #515% (2015. 3)

K19 RWBRRFRHLE LI -—BEMAMICE T HFERERE

R ih FE 4
84 R EFL 2230 =N
W DR, IRER~JRIREE P (3 L)
A4, T b=
2N i T SERGSEIE
K LRK LK
et e~ [
24 fie 1
8 L0k L0k
YT DA =1 JK H
N b kL
ke D% b S
A= T L
L k= 00k
ShHEH 2008 274 214
(kg/a) 2009 504 396
2010 454 546
2011 577 512
S 452 417
Wt E” 2008 274 320
(kg/a) 2009 359 402
2010 292 313
2011 258 317
S 296 338
Al b R e L 2008 86 100
(%) 2009 89 100
2010 94 100
2011 81 100
RIAS] 88 100
UIT4E 2008 31.1 32.2
(%) 2009 34.9 32.7
2010 32.0 31.3
2011 35.0 31.0
RIAS] 33.3 31.8
EH 720 2008 3.2 2.9
AR 3N (EEx 2009 5.0 4.2
2010 2.9 4.0
2011 3.0 3.8
RIS 3.5 3.7
Fg 1 EE 2008 216 276
(g) 2009 182 240
2010 256 194
2011 219 210
RIS 218 230
HIE - ERE 2008 1 BUROAMEIAEN D, ARUTORKEITH DN IR BERAE,

2009 H HEAH Y, HENH L BB,
2010 B XX 0o, AU iR R < Rk B A,
2011 #F Ao Z L0 RREIL, AT H R R < Ak B AT,

WH D A~ 7RY T O BIRIZAER D,
oo NELIM) & T4 h) OFEEIStRE TEEAEL,



filk .2 NFIFTS

R20 ZWBRHER (O ebanmh) ([CEIFB5EERERE

s BN R TENMEOAY)FIN TS Y~ 1 Effl NEL 2% OER

R hh TR 4
e VE 4 -
oy EQ Ui Yo\ = ]
AR N2YE) IREE o [ (] L)
A . B
AR KGR SR P
PN N PN
EST HE~F {5t
245 L L
# HH H
RUITORE T =
A'E RORHh SSeeNe it
Tl HE H 2 L
Bl S Ltk H
D5 2008 402 335
(ke/a) 2009 259 341
2010 350 479
2011 526 622
by 384 444
FE 2008 356 354
(kg/a) 2009 383 350
2010 313 194
2011 371 241
S 356 285
[A]_F i dE b 2008 101 100
(%) 2009 109 100
2010 161 100
2011 154 100
SR 125 100
TR Pl A 2008 32.3 31. 1
(%) 2009 30. 3 32.1
2010 29.5 28.9
2011 32.0 29.0
SEH 31.0 30.3
=y 2008 2.7 2.9
Eud {E% 2009 3.8 2.7
2010 3.0 1.9
2011 2.9 1.6
SR 3.1 2.3
v 1EE 2008 401 464
(2) 2009 300 403
2010 333 324
2011 386 465
DA 355 414
HIE - BERE 2008
2009
2010 WL EFZ~YEZ T LD RRZLIN,
2011 #  FWbLHEFZ~vHZBIEKREL RED,

W DR~ FRY)T O RIKIZ 4 EF DT,

21



TEMIBEE A FE S #515% (2015. 3)

R21 RNRERBEMA LS — (WEHERREARS) CEIFI5EHAERE

il
W 4 ‘ mf v
T L 22 FEoN =
Wb DRt S EYiN AL
S 7 F& HH
TR FAG R FAGSE G PR
KN PR a2 LK
ESi il b 48
B Fii Fiia s
8 G G PR
RYITOH T F& RIR
S S i) Hh ¥
WA D%/ th th th
W 6.6 6.3 5.7
Ent & (kg/a) 211 191 255
[l FxpAEvELE (%) 111 100 133
AdbFE (%) 19 32 57
gy 1HE (g 144 111 186
RS 720 b %L 4.7 5.5 4.4
HE - BERE A DS MEEEE ORI, B0 IR 20,

AR AR FE 13 20104F B2,



B ZNAIFIS - E R TEIMEORYIFINTHY Y~ £l NEL 2% OFR 23

®22 BERERMENHANA GHERME) CHT 5 ERERE
FRUERES  (20084FHE)

b FR 44
ok
etk 2L 223 R13%
RS N)Z) IREE H
Al = oS- =
2N 5 8 ~ R S SESE ~ %)
KN LK th
58 iz A
LB % iz
I S i i
ZAUTORE ficte (FHER) firte (35 H)
SR /¢ LRHK
A D% ok i
Bk s Lk
258 (kg/a) 292 226
b E (kg/a) 329 204
[l B xHFEAELL (%) 161 100
Al %) 85 76
b EE (g) 218 184
R4 720 b E%k 5.5 4.0
BIFHE (%) 32.4 36. 3
HE - ERE 3 2N, AT H R < BWEHEA BV, e (FA) MECHY,
WehiRksE (200948 %)
ih FE 4
oMk
ik A ZL IR R13%5
W DR IRER H
Al Y 0
FEAR S S ~ KG SR TG SREIE ~ kG T
KN K Hh
EST Fii Fii
L5 Fiia Fii
S8l Lk i
AUIT DR T W
W'E Ak A
i AoE 2 th H
Bk S S
Eng & (ke/a) 310 269
[l bt iR AELE (%) 115 100
AfnE %) 97 90
Eny 1HE (2 187 124
RS-0 o fEE 5.5 7.1

HITE R % EREEND IR EE LTI, HR2R < BREHE AN S,




TEMIBEE A FE S #515% (2015. 3)

®23 EBEBREXRRARELA VS — (KBXES) ICHIT25ERERE
LIRS (20084F %)

e ME 4 h T

‘ EJPRaiiY o afxtvrH
W DR SRAL 3=

S o R H

TR S G EER

K~ i Hh

EStH {ize %

el e Flic

I 0k H

R 11.8 10. 4
S5 HE (ke/a) 304 189
EundE (ke/a) 174 198
[A]_ExtiEAELE (%) 88 100
Wb ESE O) 95 95
W IEE (2 181 147
M7= B ik 2.7 3.8
BIFHE (%) 35.7 37.7
TABE ) 21.4 23.2
I - LR 2 aBxrw AL YRREIN, EW S ESAIIRRE, OIS, TAH

HRITORME, EWH MEEITES . BV S EZITO0D 20

FEAEER R (20084 1)

e M 4 o
FL IR afx o H
Wb DR RER HH
S HH E=
TR A EER ~ AL TG SET
Kl X t
ESi A * ORI
el 1 piz
I ek i
bR 12.9 11.2
258 (kg/a) 174 201
Wb E (kg/a) 328 280
[F]_ i aE Ll (%) 117 100
W ESBE O) 98 95
O IEE (9 260 166
R 70 o i3k 3.6 4.7
BIFHE (%) 33.0 37.3
TAARE %) 21.9 23. 1
HE - BERE Hh alxk AL LN, EWSESETEY, UTHRE. TAUMSH

TRV, EWHEIFELS, LWL EEIIO0D 220,




filk .2 NFIFTS

EN R TEZIUEOR YT I LAY~ B NEL 20 OFK 25

V (EREFBICHSEEDOZE

FEHLTIE, RYITF T ORMNCA W S 2 KRl
L. BUARN O TAK O ZED Th 5L
MEMSND, T T, 2012888 K U20134E12
NEXN-BEEZHW, NFL I & ¥
XA T BT LR EEZTEL .
BEARIZ10 A W AT A& £E . BEARHT R IZ THY R
U, 11AHAENTEIE By ekl B 2 B G U 7z, (KR
PR EIZ 8 C & L. AL 2 R (BEAR
By e C 2 SR ET R R 12 BALE) BRI U4 MM &
UZzo thiE LT, BURHTERE GREHIR O
EREEEIZHI8C) TRMRMICHH L 724ENns &

PE L7z, WITNoO RS RIRAEIZE D AN
HPEENRIBIC LR L2, HEL 224 &
<% KOEMETHEENES., 28
RIOMEEULE TH 14 Brix% 28 2. 4 KD
PR TIZ16 Brix%in<ic/z-o7z (K2), 4
YY) 3 4 EORIRALERIT K O BEEEAY |
U7, NFEL I8l I3 kIsn-o 7z,
ZOEDI1T, TELINAK) OEWVWDFEET
(<3157 KORWRHIre&Em< ks &
MHASNERD, FNEFEORMMNTIZHET S Z
EDNTREI N,

@ FL 2D IBETER 418
ol v Ay EIRETER 448 R
—— I Tty {RIRETRER 438
—— 57 LA (RIRETRE 418
- & =iFL Tt {BIETER 286
-p =R i {RIERTER 28R

18 ¢
16 r

Pt 14 B

£

xo 12 r

|4

a

o110 F

i
8 .
6 L 1 J

BAAGHES 2tz

B2 (KEREFECHIEVDOEEDEL

4381%

RIS 7 LN TR (R 8 °C) L ERAT R W B HPEE (K18°C) 1T TH R, Rk 2 EHIKIE, HeAR
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Genetic Studies of Photoperiod Response Genes
and Their Effect on Heading Time in
Japanese Wheat Cultivars

Masako Sexr*

Abstract

Wheat (Triticum aestivum L.) should be harvested before the rainy season in
Japan. Therefore, early heading is one of the most important traits in wheat breeding.
However, shorter growth periods generally result in lower grain yields, and early-
heading wheat cultivars with early apical development and stem elongation are prone
to frost injury. Heading time of wheat is a complex characteristic determined by three
factors: narrow-sense earliness (also termed earliness per se), vernalization response,
and photoperiod response. For fine tuning of heading time in wheat breeding, genetic
factors controlling these characteristics should be combined properly.

In this study, genotypes of the photoperiod response genes, Ppd-Al, Ppd-B] and
Ppd-D1, in 240 Japanese cultivars were determined using PCR-based methods, and the
effect of Ppd-1 genotype on heading time was discussed. In addition, the introduction
of photoperiod-insensitive alleles into Japanese cultivars was discussed.

The distribution of photoperiod-insensitive alleles differed among Ppd-1 genes, as
well as among geographic areas. Most Tohoku-Kyushu cultivars (97.5%) carried Ppd-
Dla, and 10 cultivars, including three commercial extra-early cultivars, carried both
Ppd-Bla and Ppd-Dia, while no cultivars carried Ppd-Ala. Among Hokkaido winter
wheat cultivars, 41.4% and 24.1% carried Ppd-Ala and Ppd-Dla, respectively, and none
of the cultivars carried Ppd-Bla. In contrast, in Hokkaido spring wheat cultivars, only
one experimental line carried Ppd-Dla, and the other cultivars did not carry photoperiod-
insensitive alleles.

The effect of Ppd-1 alleles on heading time also differed among areas. In the
Tohoku-Kyushu region, wheat cultivars carrying the photoperiod-insensitive allele Ppd-
Dla headed earlier by 10.3 days than did photoperiod-sensitive cultivars, and Ppd-Bla/
Ppd-Dia genotype headed earlier by 6.7 days than did Ppd-BI1b/Ppd-Dia genotype. In
the Hokkaido region, photoperiod-insensitive cultivars with Ppd-Ala or Ppd-Dla headed
earlier by 2.5 days than did photoperiod-sensitive cultivars with no photoperiod-
insensitive alleles, although the effect of these alleles was less than that in the Kanto
region. The geographical difference of distribution and the effect of photoperiod-
insensitive alleles in this study may result from the difference of day-length of the
wheat apical spike formation stage.

Pedigree analysis of extra-early wheat cultivars showed that Ppd-Bla in three extra-
early commercial cultivars was inherited from °Shiroboro 21° by early-heading
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Chugoku lines, bred at the Chugoku Agriculture Experimental Station. In Japan, except
in Hokkaido, the rainy season starts before the wheat harvest; thus, early cultivars
with Ppd-D]a have been selected to avoid damages such as preharvest sprouting and
Fusarium head blight. Furthermore, it is suggested that the introduction of the Ppd-
Bla accelerated early-maturity wheat breeding in Japan. Three cultivars with Ppd-Bla/
Ppd-Dia genotype are successfully established only in the Chugoku or Kyushu region.
It was considered that such cultivars often suffered from late frost because of early
stem elongation in eastern Japan, like the Kanto region, where the daily minimum
temperature was below freezing in the winter. Besides, heading time of extra-early
cultivars is variable depending on winter temperature, and causes instability of grain
yield. However, heading time of extra-early cultivars can be stabilized by the introduc-
tion of adequate vernalization requirements.

Pedigree analysis of Hokkaido winter wheat cultivars showed that ‘Purple Straw’
and ‘Tohoku 118’ were one of the donor(s) of Ppd-Ala and Ppd-Dia in Hokkaido
wheat cultivars, respectively. Wheat cultivars recently developed in Hokkaido carry
photoperiod-insensitive alleles at a high frequency. For efficient utilization of Ppd-1
alleles in the Hokkaido wheat-breeding program, the effect of Ppd-1 on growth pattern
and grain yield should be investigated.

The results in this study clearly indicated that heading time varied largely even
among the Japanese spring type cultivars except those in the Hokkaido region, in spite
of having the same set of photoperiod response and vernalization response genes. It
was suggested that their heading time is affected by other photoperiod response
genetic factor(s) and other photoperiod insensitive allele(s) of Ppd-1 In addition,
variation in heading time could be partly explained by narrow-sense earliness, since it
is also important for the control of heading time in Japanese wheat cultivars. Further
advancement of molecular genetics of narrow-sense earliness should be expected, and
would make it possible to discuss the significance of this characteristic in Japanese

wheat breeding.

Key Words: wheat, photoperiod response gene, Ppd-1, Ppd-Al, Ppd-B1, Ppd-DI, heading
time, Japanese wheat cultivars
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I Introduction

Wheat (Triticum aestivum L.) is one of the most important crops in the world, its production
was 662 million tons in the year 2012. However, like other crops, wheat production is affected by
the recent global climate change and has become unstable because of frequent drought in various
areas around the world. Furthermore, the rapid growth of world population will lead to severe food
shortage, and, thus, stable production of wheat is required in Japan as well as in the world. In such
circumstances, the Japanese government is making efforts to increase food self-sufficiency and sets
the target of increasing wheat production from 880 thousand tons in 2008 to 1.8 million tons in
2020.

In Japan, wheat should be harvested before the rainy season to avoid damage such as
preharvest sprouting and Fusarium head blight, and before transplanting of rice for double cropping
of wheat and rice. Therefore, early heading is one of the most important traits in wheat breeding.
Since the 1970’ s, early heading cultivars such as ‘Sakigakekomugi’ (Yoshida et al. 1973), ‘Goga
tsukomugi’ (Yoshida ef al. 1975), ‘Shiroganekomugi’ (Yoshida et al. 1977), ‘Asakazekomugi’
(Nonaka et al. 1979) and ‘Abukumawase’ (Ujihara ef al. 1994) have been bred in the Kyushu
region, while ‘Fukuwasekomugi’ (Sumida et al. 1988) and ‘Bandowase’ (Seko ef al. 1997) were
bred in Chugoku and Kanto regions, respectively. However, shorter growth periods generally result
in lower grain yields, and early-heading wheat cultivars with early apical development and stem
elongation are prone to frost injury (Eguchi et al 1984, Hukumoto and Takahashi 1950, Taya 1993).
Taya (1993) proposed the scheme for the breeding of early maturing wheat varieties with higher
grain yield. Following his scheme, early cultivars with high yield like ‘Nishikazekomugi’ (Nonaka et
al. 1987), ‘Daichinominori’ (Ujihara et al. 1991) and ‘Chikugoizumi’ (Ujihara ef al. 1995) have
been successfully bred. However, instability of grain yield is arising from the yearly or regional
fluctuation of the length of each growth stage. Thus, heading characteristics related to the length
of growth stages must be adjusted for the stable production of wheat in each area.

Heading time of wheat is a complex characteristic determined by three factors, narrow-sense
earliness (also termed earliness per se), vernalization response and photoperiod response (Kato and
Yamashita 1991, Yasuda and Shimoyama 1965). For fine tuning of heading time in wheat breeding,
genetic factors controlling these characteristics should be combined properly.

Vernalization response was roughly estimated by the degree of spring growth habit, which was
partly affected by narrow-sense earliness and photoperiod response in earlier studies (Kakizaki and
Szuki 1937), and, thereafter, several methods to evaluate vernalization response have been pro-
posed (Gotoh 1976, Kakizaki and Suzuki 1937, Kato and Yamagata 1988, Yasuda and Shimoyama
1965). Hashimoto and Hirano (1963) hypothesized that early cultivars with winter growth habit
would be available to avoid frost injury, and this hypothesis was confirmed by Fujita et al. (1995)
who compared heading characteristics among winter- and spring-type near-isogenic lines of the
Japanese wheat cultivars. Based on these findings, the early heading cultivar with winter growth
habit, ‘Iwainodaichi’, was successfully bred (Taya et al. 2003). It was reported that photoperiod
response is the major determinant of earliness in autumn-sown wheat in central and south-western
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Japan (Tanio ef al. 2006, Yasuda and Shimoyama 1965, Yoshida ef al. 1983), and it is closely related
to the Ppd genotype but independent of the Vrn genotype, controlling vernalization response (Fujita
et al. 1995, Kato and Yamashita 1991, Tanio et al. 2005). For narrow-sense earliness, Kato and
Wada (1999) indicated that it was a heritable character, in spite of its quantitative nature, and
could be efficiently optimized through artificial selection. It was also indicated that small response
to photoperiod and short narrow-sense earliness should be combined for breeding of early heading
varieties (Hashimoto and Hirano 1963, Yoshida et al. 1983).

Recently, Vrn-1 and Ppd-1 genes, the major genetic factors controlling vernalization response
and photoperiod response in wheat, have been cloned (Beales et al. 2007, Fu et al. 2005, Nishida
et al. 2013, Yan et al. 2003, 2004), and DNA markers for the distinction of variant or mutant alleles
of each gene have been developed. These advances in molecular genetics facilitated genotyping of
a large number of wheat cultivars and, hence, the elucidation of adaptive significance of Vrn-I and
Ppd-1 genes in various areas. Vrn-1 genotype of the Japanese wheat cultivars has been analyzed by
conventional segregation analysis, and it was revealed that most wheat cultivars in the central and
south-western region carried Vrn-D], and spring wheat cultivars in Hokkaido region carried Vrn-Al
(Gotoh 1979, Iwaki et al. 2000). These results have been confirmed by analysis using DNA
markers (Matsunaka ef al. unpublished). On the contrary, little is known about the Ppd-1 genotype
of the Japanese wheat cultivars, except eight cultivars analyzed by the conventional segregation
analysis (Tanio et al. 2005). Therefore, the comprehensive analysis of the Ppd-1 genotype of
Japanese wheat cultivars is required to know the effect of Ppd-1 genes on heading time and the
significance of Ppd-1 genes for Japanese wheat breeding. Such an analysis would bring useful infor-
mation for fine tuning of heading characteristics in breading program.

In this study, the Ppd-1 genotype of Japanese cultivars was determined by PCR-based methods
and the effect of Ppd-1 genotype on heading time was discussed. First, in chapter II, Ppd-BI and
Ppd-D] genotypes were determined and their important role in adjusting the heading time in Japan
except the Hokkaido region was evaluated. Furthermore, the pedigree of extra-early wheat cultivars
was analyzed. In chapter III, Ppd-Al genotype was determined and its effect on the heading time
in Hokkaido region was evaluated. In addition, the introduction of Ppd-Ala and Ppd-Dla alleles into
Hokkaido wheat cultivars was discussed. This report is the revision of the dissertation submitted
to Graduate School of Natural Science and Technology, Okayama University.

II Distribution of photoperiod-insensitive alleles Ppd-Bla
and Ppd-Dla and their effect on heading time

The photoperiod response is a very important physiological character in wheat, as it determines
the earliness of heading with vernalization response and narrow-sense earliness (Yasuda and
Shimoyama 1965). Photoperiod response is controlled mainly by three major genes, namely, Ppd-DI
(previously designated Ppdl), Ppd-Bl1 (Ppd2), and Ppd-Al (Ppd3), located on homoeologous group
two chromosomes (Scarth and Law 1983, 1984, Welsh ef al. 1973). The barley homoeologue Ppd-H]
was identified as a member of the pseudo-response regulator (PRR) gene family (Turner et al.
2005). The orthologous PRR genes of the A, B, and D genomes have been isolated from wheat
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BAC (bacterial artificial chromosome) libraries, and sequence analyses revealed that the photoperiod-
insensitive Ppd-Dla allele is associated with a 2,089-bp deletion upstream of the coding region
(Beales et al. 2007). Recent data show that the photoperiod-insensitive Ppd-Ala and Ppd-Bla
alleles are associated with a 1085-bp deletion and a 308-bp insertion, respectively (Nishida et al.
2013), both of which share the common region with a deletion of Ppd-D]a.

Based on the sequence polymorphism among Ppd-D] alleles reported by Beales et al. (2007),
Yang et al. (2009) determined the Ppd-DI genotype of Chinese wheat landraces and indicated that
Ppd-Dia allele frequency varies among different areas, even within China. The Ppd-Dia allele was
not found in northern China but was found frequently in southeastern China. Most of the European
wheat cultivars with photoperiod insensitivity probably carry Ppd-Dla derived from ‘Akakomugi’
(Worland 1996). This assumption is supported by Guo et al. (2010), who showed that most Italian
wheat cultivars carry Ppd-Dia. Tanio et al. (2005) analyzed the Ppd-1 genotype of Japanese wheat
cultivars by conventional segregation analysis and reported the following results. The very late-
heading cultivar ‘Haruhikari’ does not carry any major photoperiod-insensitive alleles. Medium- to
late-heading cultivars such as ‘Norin 61’ and ‘Saitama 27  carry a single allele for photoperiod
insensitivity. Extremely early-heading cultivars carry two alleles for photoperiod insensitivity.
Lately, it was revealed that the former single allele is Ppd-Dla, and the latter two alleles are Ppd-
Bla and Ppd-Dia by Nishida et al. (2013). However, only eight cultivars were analyzed because the
conventional segregation procedure is labor intensive. On the contrary, genotyping based on the
detection of sequence differences allows for the analysis of many wheat cultivars and a comprehen-
sive analysis of the relationship between the Ppd-1 genotype and the heading time of Japanese
wheat cultivars.

In this chapter, the Ppd-B1 and Ppd-D] genotypes of Japanese wheat cultivars were determined
by a PCR-based method to detect large deletions or insertions in the upstream region of the
respective gene. Heading date in the field was compared among wheat cultivars carrying a sensitive
or insensitive allele of each gene, and the effect of Ppd-1 genotypes on heading time was success-
fully evaluated. In addition, the pedigree of extremely early-heading cultivars was discussed based
on Ppd-1 genotype.

1 Materials and Methods

A total of 263 wheat cultivars, consisting of Japanese commercial cultivars (161 cultivars),
Japanese breeding lines (47 cultivars), Japanese landraces (22 cultivars), and foreign cultivars
introduced for breeding (33 cultivars), were used in the present study. Geographical origins are
summarized in Table 2.

For DNA extraction, all wheat genotypes were grown in a growth chamber maintained at 20 °C
under a natural photoperiod. Genomic DNA was extracted from 2-week-old seedlings using a
modified CTAB method (Murray and Thompson 1980).

Ppd-BI1 and Ppd-DI genotypes were determined using PCR-based methods with the primer sets
designed to identify the deletion of 2089 bp in the upstream region of Ppd-Dla (Beales et al. 2007)
or the insertion of 308 bp in the upstream region of Ppd-Bla (Nishida et al. 2013). Three primers,
namely, Ppd-D1_F1, Ppd-D1 R1, and Ppd-D1_R2 (developed by Beales ef al. 2007), were used for
Ppd-D1, and two primers, i.e., TaPpd-BlproF1 and TaPpd-BlintIR1 (developed in this study), were
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used for Ppd-Bl. The nucleotide sequence of each primer is shown in Table 1.

For the analysis of Ppd-DI, PCR amplification was performed in a 5- /1 mixture containing 10
ng genomic DNA, 0.5 p1 10X Ex Taq buffer (TaKaRa Bio Inc., Otsu, Japan; 20 mM Tris-HCI at
pH 8.0, 100 mM KCI, 20 mM Mg*"), 0.2 mM dNTP, 0.2 uM of each primer, and 0.125 U Ex Taq
Hot Start Version (TaKaRa). The PCR cycle was as follows: an initial denaturing step at 98 °C for
30 sec; 35 PCR cycles at 98 °C for 10 sec, 54 °C for 1 min, and 72 °C for 30 sec; and a final
extension step at 72 °C for 2 min. For the analysis of Ppd-B1, PCR amplification was performed
in a 5-,1 mixture containing 10 ng genomic DNA, 0.5 11 10X Pyrobest buffer (TaKaRa; 50 mM
Tris-HC1 at pH 8.2, 10 mM Mg®*), 0.2 mM dNTP, 0.2 M of each primer, and 0.125 U Pyrobest
DNA polymerase (TaKaRa). The PCR cycle was as follows: an initial denaturing step at 98 °C for
30 sec; 35 PCR cycles at 98 °C for 10 sec, 64 °C for 1 min, and 72 °C for 30 sec; and a final
extension step at 72 °C for 2 min. Amplification reactions were conducted using a GeneAmp PCR
System 9700 thermal cycler (Applied Biosystems, CA, USA). PCR products were electrophoresed
on acrylamide gel. Electrophoresis and polymorphism detection were based on the description by
Hori et al. (2003).

The cultivars were grown in a field at the NARO Institute of Crop Science (36°01°N, 140°06E)
in the Kanto region of Japan and were sown on November 4, November 10, and October 31 for
the 2004/2005, 2005/2006, and 2006/2007 wheat growing seasons, respectively. Each experimental
plot consisted of a single 1.0-m-long row, and the planting distance was 70 cm between rows and
8.5 cm between plants. Heading date was recorded when the tip of the first ear emerged from the
flag leaf sheath in one-half of the plants for each cultivar.

Heading date data were analyzed using statistical software (SPSS Ver. 18.0 J for Windows, SPSS
Japan Inc.).

Table 1. Primers used to determined the Ppd-DI and Ppd-Bl genotypes

Locus Primer name Sequence(5’—3’)

Ppd-B1 TaPpd-BlproF1 ACACTAGGGCTGGTCGAAGA
TaPpd-Blint1R1 CCGAGCCAGTGCAAATTAAC

Ppd-D1  TaPpd-D1_F1 ACGCCTCCCACTACACTG
TaPpd-D1_R1 TGTTGGTTCAAACAGAGAGC

TaPpd-D1_R2 CACTGGTGGTAGCTGAGATT
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2 Results

Expected PCR product sizes, i.e., 288 bp from Ppd-Dia or 415 bp from Ppd-D1b, photoperiod-
sensitive allele without a deletion of 2089bp, were successfully amplified by multiplex PCR in all
of the cultivars tested. For Ppd-B1, 1600 bp from Ppd-Bla or 1292 bp from Ppd-Bib, photoperiod-
sensitive allele without an insertion of 308 bp, were successfully amplified in all of the cultivars
tested. Among 263 cultivars, 221 cultivars (84.0%) proved to carry the photoperiod-insensitive
allele Ppd-Dla (Table 2). Frequency of the Ppd-Dla genotype was different among geographical
groups. Only seven cultivars of winter wheat carried the Ppd-Dla allele in Hokkaido, whereas 196
of 201 Japanese wheat cultivars (97.5%), except those from the Hokkaido region, and half of the
foreign cultivars (51.5%) carried the Ppd-Dla allele (Table 2, Fig. 1). On the other hand, only 11
cultivars (4.2%) carried Ppd-Bla allele (Table 2). Among them, two accessions from the Kanto
and Tokai regions and six accessions from the Kinki, Chugoku, and Shikoku regions included an
extra-early cultivar, ‘Fukuwasekomugi’, and five breeding lines. Two cultivars from the Kyushu
region, i.e., ‘Sakigakekomugi’ and ‘Abukumawase’, and one cultivar from Korea, i.e., ‘Tapdongmil’,
also carried Ppd-Bla allele (Table 2, Fig. 2). All of the cultivars with Ppd-Bla allele carried Ppd-
Dia allele as well; the Ppd-Bla/Ppd-DIb genotype was not found in this study.

Table 2. Distribution of photoperiod insensitive alleles Ppd-Bla and Ppd-Dla in Japanese and
foreign wheat cultivars

Area of origin Total number Fpd-B1 Fpd-DI
of cultivars  prg-Bra  Ppd-Bib Ppd-Dla  Ppd-DI1b

Hokkaido(Winter wheat) 19 0 19 7 12
Hokkaido(Spring wheat) 10 0 10 1’ 9
Tohoku,Hokuriku 47 0 47 43 45
Kanto, Tokai 63 2? 61 63 0
Kinki,Chugoku,Shikoku 43 6° 37 42 1
Kyushu 48 27 46 48 0

Foreign cultivars *

High latitude area 11 0 11 4 7
Low latitude area 22 1€ 21 13 9
Total 263 11 252 221 42

¢ High and low latitude areas are tentatively separated by 40 degrees.

b Carrier of Ppd-Bla; 'Konosu 4’ and ’Shiroboro 21’

¢ Carrier of Ppd-Bla; Chugoku 55, ’Chugoku 81’, ’Chugoku 91’, ’Chugoku 98, 'Chugoku 114’ and
"Fukuwasekomugi’

¢ Carrier of Ppd-Bla; Sakigakekomugi’ and ’Abukumawase’

¢ Carrier of Ppd-Bla; Tapdongmil’

" Carrier of Ppd-Dla; 0S21-5’

¢ Carrier of Ppd-D1b; ’Fultz Daruma’, 'Norin 6’, 'Norin 24’ and ’Norin 38’

" Carrier of Ppd-D1b; ’Eshima’
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Fig. 1. Geographical distribution of Ppd-Dia and Ppd-Dib. Solid and open parts of the circular chart
indicate the proportions of wheat cultivars carrying Ppd-Dia and Ppd-DIb, respectively. Number
of cultivars was also indicated.
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Fig. 2. Geographical distribution of Ppd-Bla and Ppd-BIb. Solid and open parts of the circular charts
indicate the proportions of wheat cultivars carrying Ppd-Bla and Ppd-BIb, respectively. Number
of cultivars was also indicated.

As summarized in Table 3, heading date of wheat cultivars differed significantly among the
three seasons as well as among Ppd-D] genotypes (P < 0.001). As shown in Fig. 3, monthly
average temperatures differed among the three wheat growing seasons. Compared with average
temperatures for the last 30 years, temperatures during the early growing stage of wheat were
higher in the 2004/2005 season and lower in the 2005/2006 season. In contrast, a warm winter in
2006/2007 resulted in higher temperatures for the entire growing season.
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Table 3. Average of heading date of each Ppd-DI genotype

Total Hokkaido Tohoku-Kyushu Foreign cultivars

Growing Ppd-DI Total Winter wheat Total High latitude area’ Low latitude area’
season  genotype

n Heading date® n Heading date n Heading date n Heading date n Heading date n Heading date n Heading date

2004 Ppd-Dia 216  28.2%+0.3 8 36.1f15 7 371%=1.3 192 27.8+0.3 16 28.2*1.2 4 32.0£1.3 12 269*14

/2005 Ppd-D1b 42 35.7£0.8 21 36.3£09 12 37.8*1.1 5 36.0£3.3 16 349*+1.5 7 37.3%28 9 33.0%t1.4

KKk ns ns Kk Kkk ns kokk

2005 Ppd-Dla 216  32.1£0.3 8 40.3+1.9 7 40.7+2.1 192 31.8£0.2 16 326*+1.7 4 383+1.0 12 30.7=1.9

72006 papib 42 43.0409 21 441%1.2 12 438+17 5 418+35 16 418£15 7 433£27 9  40.7%17

skk ns ns skk Hkk ns skok

2006 Ppd-Dla 216 19.9+0.4 8 29.6X1.7 7 30.5k1.6 192 19.5£0.4 16 19.8%£1.6 4 24.0%=14 12 18.4%=19

/2007 Ppd-Dib 42 30.5£0.8 21 316+1.0 12 32.2*1.2 5 322#+3.1 16 284*=1.5 7 30.0£2.7 9 27.1%1.6
sk ns ns sk sk ns sk
F-value of ANOVA ¢
Growing seoson(A) 225.2 kx 34.30 stk 24.70 stk 30.27 sk 38.66 kk 13.33 stk 27.93 swk
Ppd-D1 genotype(t  410.1 *%% 3.133 ns 1.906 ns 80.45 sk 44.84 k% 6.217 * 34.18 *xk
(A)*(B) 4.775 * 0.850 ns 0.311 ns 1.300 ns 0.394 ns 0.018 ns 0.664 ns

¢ Values showed mean * standard error. 1=1st April. sk and 'ns’ indicate significance at 0.1% levels and no significance at 5% level, respectively,
by T-test.

b High and low latitude areas are tentatively separated by 40 degrees.
¢ % and #k indicate significance at 5% and 0.1% level, respectively, and 'ns’ indicates no significance at 5% level.

25

20

C)

15

Temperature (°

Month

Fig. 3. Monthly mean temperature at Tateno, Tsukuba.
e Average of the last 30 years, == ;2004/2005 growing season,

eeess :2005/2006 growing season, - o e ;2006/2007 growing season.
Data by Japan Meteorological Agency

Average heading date of the Ppd-Dla and Ppd-DIb genotypes were 28.2 April and 5.7 May,
respectively, for the 2004/2005 season. A similar genotypic difference was observed in the other
two seasons, indicating that the Ppd-Dia genotype headed approximately 10 days earlier than the
Ppd-DIb genotype. The genotypic difference was not significant in wheat cultivars from the
Hokkaido region, where winter wheat and spring wheat are grown in different areas. For winter
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wheat cultivars in this region, average heading date of the Ppd-Dla and Ppd-DIb genotypes were
7.1 May and 7.8 May, respectively, for the 2004/2005 season. In foreign cultivars from high-latitude
areas, the Ppd-Dla genotype headed 5-6 days earlier than the Ppd-DIb genotype. The genotypic
differences in each season were not significant. However, ANOVA results showed that the Ppd-DI
genotype was significant for heading at the 5% level.

Heading date of the three genotypes detected in the present study, namely, Ppd-Bla/Ppd-Dia,
Ppd-B1b/Ppd-Dia, and Ppd-Bib/Ppd-DIb, are shown in Table 4. Because wheat cultivars of the
Ppd-Bla/Ppd-DI1b genotype were not detected, the effect of the Ppd-B1 gene under the Ppd-DIb
genetic background could not be analyzed. Therefore, heading date was compared between two
genotypes, Ppd-Bla/Ppd-Dla and Ppd-BI1b/Ppd-Dla, to determine the interaction between the Ppd-Bla
and Ppd-Dia alleles. Heading date of Ppd-Bla/Ppd-Dia and Ppd-BIb/Ppd-Dla genotypes were 22.1
April and 28.5 April for the 2004/2005 season, respectively; similar results were obtained for the
other two seasons. Heading date of photoperiod-insensitive wheat cultivars carrying Ppd-Dia was
accelerated by 4.9-8.7 days when combined with Ppd-Bla. Heading time stability among the three
seasons also differed depending on the Ppd-1 genotype. Heading time differences between the
2005/2006 season with a cold winter and the 2006/2007 season with a warm winter was 15.9 days
in the Ppd-Bla/Ppd-Dla genotype and 12.0-12.5 days in the other Ppd-1 genotypes (Table 5).

The Ppd-Bl genotypes of wheat lines in the pedigree of extremely early wheat cultivars carry-
ing Ppd-Bla allele ( ‘Sakigakekomugi’, ‘Fukuwasekomugi’, and ‘Abukumawase’) are summarized
in Fig. 4. Four early-heading breeding lines, ‘Chugoku 55°, ‘Chugoku 81, ‘Chugoku 91, and

‘Chugoku 114°, bred at the Chugoku Agriculture Experimental Station proved to carry Ppd-Bla.

Table 4. Additive effect of Ppd-Dia and Ppd-Bla for heading date

Growing season  FPpd-1 genotype I\Lli;ﬁli)ve;rgf Heading date *
2004/2005 Ppd-Bla/Ppd-Dla 10 22.1+0.8"
Pod-B1b/Ppd-Dla 206 28.5+0.3"
Ppd-B1b/Ppd-D1b 42 35.7+0.8°
2005,/2006 Ppd-Bla/Ppd-Dla 10 27.540.7°
Pod-B1b/Ppd-Dla 206 32.4+0.3"
Ppd-B1b/Ppd-D1b 42 43.0+0.9°
2006,/2007 Ppd-Bla/Ppd-Dla 10 11.640.8"
Ppd-B1b/Ppd-Dla 206 20.3+0.4°
Ppd-B1b/Ppd-D1b 42 30.5+0.8°
F-value of ANOVA ?
Growing seoson(A) 144.4 sk
Ppd-1 genotype(B) 208.7 sk
(A)*(B) 3.380 sk

? Values showed mean * standard error. 1=1st April.
Values with the different letter indicate significant difference (P<0.001)

by Tukey HSD multiple range test, for each growing season.
Y sk and ##* indicate significance at 1% and 0.1% level, respectively.
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The old cultivars ‘Konosu 4’ and ‘Shiroboro 21  also carried Ppd-Bla, whereas the other
cultivars carried Ppd-Bib (Fig. 4). This result indicated that Ppd-Bla of extremely early wheat
cultivars was inherited from ‘Shiroboro 21’ by early-heading Chugoku lines, although the Ppd-I
genotype was not determined for ‘Kinki 14’ because seed was not available.

Table 5. Difference of heading time between 2005/2006
(cold winter) and 2006/2007 (warm winter)

l\lclilrﬁ?j;rsf Difference of heading date *
Ppd-1 genotype
Ppd-Bla/Ppd-Dla 10 15.9£0.5"
Ppd-BIb/Ppd-Dla 206 12.0+0.2°
Ppd-B1b/Ppd-D1b A2 12.540.4"
F-value of ANOVA *
Ppd-1 genotype T.173%%

? Values showed mean = standard error.
Values with the different letter indicate significant
difference (P<0.01) by Tukey HSD multiple range test.

¥ sk indicates significance at 1% level.

1955
ODbanchikomugi —,
1943 —@ Sakigakekomugi
ONorin61 _ Apr.21
Apr.27 1952 '
1935 — @Chugoku 81—
ONorin 20 1942 Apr.22 1958
Apr.24 @ Chugoku 55 @ Chugoku 91
*1— Kinki 14 Apr22  (cChugoku 53 Apr.21

Apr.25 @cChugokul1d __

(Chukei3989)

QO Jessore
F3
Gokuwase
Apr.19
e Kggfg 56 ] O4s
Apr.21 1992

(FUJimika;ruzgi) - @Abukumawase
*1 ’ Apr.16
; 1956
.ShlrobAoFr)?zz?)l O Sirasagikomugi 197
QO Goshu 8 } @ Konosu 4 Apr.24 QO Siroganekomugi_|
~ Apr30 % O Saikai 104 Apr.22 1983

@) Sh'VOSAaSJra;GU Apr.26 — @Fukuwasekomugi

: Apr.18

Chukei4010 -

Fig. 4. Ppd-B1 genotype and heading date of wheat cultivars on the pedigree of extra early wheat cultivars
@ : Carrier of Ppd-Bla. O : Carrier of Ppd-Blb.

Ppd-1 genotype and heading date of ‘Kinki 14 and ‘Chukei4010’ and heading
date of ‘Jessore’ and ’Konosu4’ were not tested. The average of heading date
for three growing seasons is indicated by calendar date.

The year ofregistration was shown in italics. *1 shows the pedigree of ‘Kinkil4’.
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3 Discussion

Examination of the Ppd-DI genotypes of 230 Japanese wheat cultivars by PCR-based analysis
detected a deletion of 2089 bp in the 5” upstream region (Beales et al. 2007), showing that 204
cultivars (88.7%) carried the insensitive allele Ppd-Dia (Table 2). In the Tohoku-Kyushu region,
most of the cultivars (97.5%) carried Ppd-D]a. The predominance of the Ppd-Dia allele was also
found in Chinese improved wheat cultivars (90.6%, Yang et al. 2009) and Pakistani spring bread
wheat cultivars (98.3%, Igbal ef al. 2011). According to Guo et al. (2010), Ppd-Dla was carried in
11 of 12 Italian cultivars and in all 29 Mexican cultivars but was uncommon in Europe and North
America except for Italy and Mexico. For such a geographical difference, Worland et al. (1996)
explained as follows: Ppd-Dia accelerates flowering by 4—8 days, so that only the early genotype
carrying Ppd-Dla is able to fill grain before the hot, dry summer season in southern Europe. The
result in this study also indicated that Ppd-Dia accelerates heading by 8.2-12.7 days in the
Tohoku-Kyushu cultivars (Table 3). In Japan, except in Hokkaido, the rainy season starts before
the wheat harvest; thus, early cultivars with Ppd-Dia have been selected to avoid damage such as
preharvest sprouting and Fusarium head blight.

Ppd-Dia frequency in the Hokkaido cultivars was 27.6%, which was lower than Ppd-Dia
frequency in the Tohoku-Kyushu region (Table 2, Fig. 1). Ppd-Dla also was less frequent in wheat
landraces from northern China than in wheat landraces from southern China (Yang ef al. 2009). In
addition, heading dates of the Ppd-Dla genotype was not significantly different from that of the Ppd-
Db genotype in Hokkaido cultivars, and was similar to that of Ppd-DIb genotype in the Tohoku-
Kyushu cultivars. The lateness of the Hokkaido cultivars is an important trait for adaptation to
longer winters. However, in foreign cultivars from high-latitude areas, heading date differed signifi-
cantly among the Ppd-D] genotype (Table 3, P < 0.05). According to Foulkes et al. (2004) who
analyzed the NILs of United Kingdom cultivars ‘Merica’ and ‘Cappela-Desprez’, differing in Ppd-
D] genotypes, flag leaf unfolding was 12.5 days earlier in Ppd-Dia NILs than in Ppd-DIb NILs.
These findings suggest that the Ppd-Dia genotype of the Hokkaido cultivar has another genetic
mechanism for late heading. Although this mechanism is unknown, foreign wheat cultivars have
been introduced from Europe and the United States for breeding Hokkaido cultivars (Fukunaga and
Inagaki 1985, Hoshino et al. 2001); thus, the genetic background of Hokkaido cultivars is consid-
ered different from that of wheat cultivars in other areas of Japan. Another possibility is the
functional difference among the Ppd-Dia alleles, though Ppd-Dla allele of the Hokkaido cultivars
has not been sequenced. Further study is required to uncover the genetic factors involved in the
control of heading time in Hokkaido cultivars.

Although ‘Chinese Spring’ carries the photoperiod-insensitive allele Ppd-B1 (Law et al. 1978,
Scarth and Law 1983), a 308-bp insertion was not detected in the 5 upstream region, and this
result shows that ‘Chinese Spring’ carried an allele that was different from Ppd-Bla (Nishida et
al. 2013). In the present study, 11 cultivars were proved to carry Ppd-Bla with the 308-bp inser-
tion, as well as Ppd-Dia. Among them, ‘Fukuwasekomugi’ and ‘Abukumawase’ were already
confirmed to have Ppd-Bla by conventional segregation or molecular genetics analysis (Nishida et
al. 2013, Tanio et al. 2005). The results of this study were consistent with those of previous stud-
ies. However, the effect of Ppd-Bla could not be determined, because cultivars with the Ppd-Bla/
Ppd-D1b genotype were not found in the Japanese improved cultivars. Tanio and Kato (2007)
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analyzed ‘Haruhikari’ NILs with different Ppd-1 genotypes and revealed that photoperiodic
response was smallest in the Ppd-Bla/Ppd-Dia genotype followed by the Ppd-Bla/Ppd-Dib, Ppd-BI1b/
Ppd-Dia, and Ppd-BI1b/Ppd-Dib genotypes. The result, summarized in Table 4, also showed that the
Ppd-B la/Ppd-DIa genotype headed 4.9—-8.7 days earlier than the Ppd-BIb/Ppd-Dla genotype, indicat-
ing a significant effect of Ppd-Bla in the genetic background with Ppd-Dia and suggesting that
early-maturity wheat breeding in Japan has been accelerated by the introduction of the Ppd-Bla
allele.

Although the Bangladeshi cultivar ‘Jessore’ was considered the donor of the Ppd-Bla allele in
extremely early cultivars in Japan (Tanio and Kato 2007, Yoshida et al. 1983), the Ppd-1 genotype
proved to be Ppd-Blb/Ppd-Dla. Therefore, as summarized in Fig. 4, it was concluded that the old
Japanese cultivar ‘Shiroboro 21° was the Ppd-Bla donor. Ppd-Bla probably had been introduced
from ‘Kinki 14’ for the breeding of early-heading wheat at the Chugoku Agriculture Experimental
Station during the 1940s—1950s. As shown in Table 1, one of the introduced cultivars, ‘Tapdong
mil’, also carried Ppd-Bla. Although ‘Tapdongmil’ is a Korean cultivar, ‘Chugoku 81, bred at
the Chugoku Agriculture Experimental Station, was used as one of the cross parents (Sung et al.
1987). Therefore, Ppd-Bla in ‘Tapdongmil’ must be inherited from ‘Chugoku 81’ .

Using near-isogenic lines of ‘Haruhikari’ with different Ppd-1 genotypes, Tanio and Kato
(2007) showed that NILs carrying the photoperiod-insensitive allele Ppd-Bla started floral develop-
ment and stem elongation earlier than the other NILs. Three cultivars confirmed to carry Ppd-Bla
are successfully grown in the Chugoku or Kyushu regions of Japan, where the average daily
minimum temperature from 1971 to 2000 was above freezing all year (Japan Meteorological
Agency, 2014). In contrast, in the north Kanto region, where the average daily minimum tempera-
ture was below freezing for 2—3 months, the cultivars suffered from late frost because of early
stem elongation and poor adaptability (Inamura ef al. 1958). Reflecting such a climatic difference,
no cultivars carried Ppd-Bla in eastern Japan.

Taya (1993) reported that yield decreased with the advancement of heading time because of
the decrease in spikelet number. The photoperiod-insensitive allele Ppd-1 genes also reportedly
shortened the duration of spikelet initiation (Gonzalez et al. 2005, Scarth ef al. 1985, Tanio and
Kato 2007). In the present study, heading date of cultivars carrying two genes, namely, Ppd-Bla/
Ppd-Dia, were earlier than those of the other Ppd-1 genotypes. In addition, heading date differences
between two crop years, 2005/2006 (cold winter) and 2006/2007 (mild winter), were larger in the
Ppd-Bla/Ppd-Dla genotype than in the other genotypes (Table 5). These results suggest that grain
yield of early-heading cultivars carrying the two photoperiod-insensitive genes Ppd-B la/Ppd-Dla will
be lower, especially in warm-winter seasons. However, Fujita et al. (1995) and Seki et al. (2007)
reported that the yearly fluctuation of heading time is smaller in the winter-type NILs of ‘Abuk
umawase’ carrying Ppd-Bla/Ppd-Dla. The fluctuation of heading time due to early sowing is also
estimated to be smaller in winter type wheat (Fujita et al. 1995). Therefore, to breed early-heading
cultivars adaptable to the Kanto region, Ppd-Bla and Ppd-Dla genes should be introduced with
adequate varnalization requirement.

The previous genetic analysis indicated that spring type cultivars originated in the Tohoku-
Kyushu region carry the vernalization response gene Vrn-D] (Gotoh 1979, Iwaki et al. 2000), and
the present study showed that most of the cultivars in the Tohoku-Kyushu region carried the
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photoperiod-insensitive gene Ppd-Dia. These results indicate that most of the Japanese spring type
cultivars, except those in the Hokkaido region, have the same set of genes for both the vernali-
zation response and the photoperiod response. However, heading time varies between cultivars.
Therefore, to refine heading time, further study is required to determine the genetic factors
involved, including Ppd-Al (Nishida et al. 2013), the FT-like gene known as the photoperiod
response gene in barley (Kikuchi ef al. 2009), and other QTLs for photoperiod response and earli-
ness per se.

4 Summary

The genotypes of photoperiod response genes Ppd-B1 and Ppd-DI in Japanese wheat cultivars
were determined by a PCR-based method, and heading times were compared among genotypes.
Most of the Japanese wheat cultivars, except those from the Hokkaido region, carried the
photoperiod-insensitive allele Ppd-Dia, and heading was accelerated 10.3 days compared with the
Ppd-Dib genotype. Early cultivars with Ppd-Dia may have been selected to avoid damage from
preharvest rain. In the Hokkaido region, Ppd-Dia frequency was lower and heading date was late
regardless of Ppd-D] genotype, suggesting another genetic mechanism for late heading in Hokkaido
cultivars. In this study, only 11 cultivars proved to carry Ppd-Bla, and all of them carried another
photoperiod-insensitive allele, Ppd-Dia. The Ppd-B la/Ppd-Dia genotype headed 6.7 days earlier than
the Ppd-BI1b/Ppd-Dia genotype, indicating a significant effect of Ppd-Bla in the genetic background
with Ppd-Dla. Early-maturity breeding in Japan is believed to be accelerated by the introduction of
the Ppd-Bla allele into medium-heading cultivars carrying Ppd-Dia. Pedigree analysis showed that
Ppd-Bla in three extra-early commercial cultivars was inherited from °Shiroboro 21’ by early-
heading Chugoku lines bred at the Chugoku Agriculture Experimental Station.

Il Distribution of photoperiod-insensitive alleles Ppd-A la
and their effect on heading time

Heading time of wheat is a complex character controlled by narrow-sense earliness (also
termed earliness per se) and is modified by vernalization response and photoperiod response (Kato
and Yamashita 1991, Yasuda and Shimoyama 1965). Photoperiod response is controlled mainly by

three major genes, namely, Ppd-Al, Ppd-BI, and Ppd-D] (Scarth and Law 1983, 1984, Welsh et al.
1973). Recently, these genes have been cloned (Beales et al. 2007, Fu et al. 2005, Nishida et al.
2013, Yan et al. 2003, 2004,) and DNA markers for the distinction of variant or mutant alleles of
each gene have been developed.

There are some investigations about geographical distribution of Ppd-Dla before. Based on the
sequence polymorphism among Ppd-D | alleles reported by Beales et al. (2007), Yang et al. (2009)
determined the Ppd-D1 genotype of Chinese wheat landraces and indicated that the frequency of
Ppd-Dia allele varies among areas. Guo et al. (2010) showed that most Italian wheat cultivars carry
Ppd-Dla. As for Ppd-Al and Ppd-B1, little is known about the distribution of photoperiod-insensitive
alleles because the critical sequence polymorphism among alleles has not been detected until
recently by Nishida ef al. (2013).
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In Chapter II, the Ppd-B] and Ppd-D] genotypes of Japanese wheat cultivars were determined,
and it was revealed that most of the cultivars in Tohoku-Kyushu region carried Ppd-Dia and extra-
early cultivars in southwestern Japan carried Ppd-Bla and Ppd-Dla. Ppd-Bla showed a stronger
effect on accelerating heading compared with Ppd-Dla (Chapter II, Tanio and Kato 2007).
Therefore, it was suggested that introduction of the Ppd-Bla allele enabled breeding of early maturity
wheat cultivars required for avoiding preharvest sprouting and Fusarium head blight during the
rainy season (Chapter II, Tanio and Kato 2007). The photoperiod-insensitive allele Ppd-Dla has
also been found in Hokkaido wheat cultivars, though its effect on heading time was insignificant
under the genetic background of Hokkaido wheat cultivars. In addition to these two alleles, another
photoperiod-insensitive allele Ppd-Ala was found in a Hokkaido cultivar ‘Chihokukomugi’ by
Nishida et al. (2013). They compared the heading time among DH lines differing in Ppd-1 geno-
type, and showed that the effect of Ppd-Ala was weaker than that of Ppd-Bla or Ppd-Dla.
However, since an insensitive allele of Ppd-Al had not been previously reported, very little is
known regarding the effect of Ppd-Ala and its distribution in Japanese wheat cultivars.

In this chapter, the Ppd-Al genotype of Japanese wheat cultivars was determined by PCR-based
method to detect the deletion in the upstream region of this gene. Thereafter, the Ppd-Al genotype
of wheat cultivars and breeding lines present in the pedigree of Hokkaido winter wheat cultivars
was determined to reveal the origin of Ppd-Ala allele and to discuss the effect of Ppd-Ala and Ppd-
Dia on heading time in Hokkaido wheat cultivars.

1 Materials and Methods

A total of 280 wheat cultivars consisting of Japanese commercial cultivars (164 cultivars),
Japanese breeding lines (54 cultivars), Japanese landraces (22 cultivars), and foreign cultivars
introduced for breeding (40 cultivars) were used in the present study. The geographical origin of
these cultivars 1s summarized in Table 7.

For DNA extraction, all wheat genotypes were grown in a growth chamber maintained at 20 °C
under a natural photoperiod. Genomic DNA was extracted from 2-week-old seedlings by using a
modified CTAB method (Murray and Thompson 1980).

The Ppd-1 genotypes were determined using PCR-based methods with the primer sets designed
to identify the deletion of 1085 bp in the upstream region of Ppd-Ala, the insertion of 308 bp in
the upstream region of Ppd-Bla (Nishida et al. 2013), or the deletion of 2089 bp in the upstream
region of Ppd-Dia (Beales et al. 2007). Three primers, namely, TaPpd-AlprodelF1, TaPpd-
AlprodelR3, and TaPpd-AlprodelR2 (developed by Nishida et al. 2013) were used for Ppd-Al, and
two primers, namely, TaPpd-BlproF1 and TaPpd-BlintIR1 (developed in this study) were used for
Ppd-B1. Three primers, namely, Ppd-D1_F1, Ppd-D1 RI, and Ppd-D1 R2 (developed by Beales et
al. 2007) were used for Ppd-D]. The nucleotide sequence of each primer is shown in Table 6.
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Table 6. Primers used to determined the Ppd-1 genotypes

Locus Primer name Sequence(5’—3’)

FPpd-Al TaPpd-AlprodelF1 CGTACTCCCTCCGTTTCTTT
TaPpd-AlprodelR3 AATTTACGGGGACCAAATACC
TaPpd-AlprodelR2 GTTGGGGTCGTTTGGTGGTG

Fpd-B1  TaPpd-BlproF1 ACACTAGGGCTGGTCGAAGA
TaPpd-Blint1R1 CCGAGCCAGTGCAAATTAAC

Fpd-DI  TaPpd-D1.F1 ACGCCTCCCACTACACTG
TaPpd-D1_R1 TGTTGGTTCAAACAGAGAGC
TaPpd-D1_R2 CACTGGTGGTAGCTGAGATT

For the analysis of Ppd-Al and Ppd-DI, PCR amplification was performed in a 5- ;1 mixture con-
taining 10 ng genomic DNA, 0.5 11 10X Ex Taq buffer (TaKaRa; 20 mM Tris-HCI1 at pH 8.0, 100
mM KCl, 20 mM Mg*"), 0.2 mM dNTP, 0.2 ©M of each primer, and 0.125 U Ex Taq Hot Start
Version (TaKaRa). The PCR cycle for Ppd-Al was as follows: an initial denaturing step at 98 C
for 30 sec; 35 PCR cycles at 98 °C for 10 sec, 57 °C for 30 sec, and 72 °C for 30 sec; and a final
extension step at 72 ‘C for 2 min. The PCR cycle for Ppd-DI was as follows: an initial denaturing
step at 98 °C for 30 sec; 35 PCR cycles at 98 °C for 10 sec, 54 °C for 1 min, and 72 °C for 30
sec; and a final extension step at 72 ‘C for 2 min. For the analysis of Ppd-Bl, PCR amplification
was performed in a 5- 1 mixture containing 10 ng genomic DNA, 0.5 u1 10X Pyrobest buffer
(TaKaRa; 50 mM Tris-HCI at pH 8.2, 10 mM Mg*"), 0.2 mM dNTP, 0.2 M of each primer, and
0.125 U Pyrobest DNA polymerase (TaKaRa). The PCR cycle was as follows: an initial denaturing
step at 98 °C for 30 sec; 35 PCR cycles at 98 °C for 10 sec, 64 °C for 1 min, and 72 °C for 30
sec; and a final extension step at 72 C for 2 min. Amplification reactions were conducted using
a GeneAmp PCR System 9700 thermal cycler (Applied Biosystems). PCR products were separated
by electrophoresis on a 13% polyacrylamide gel. Electrophoresis and polymorphism detection were
based on the description by Hori ef al. (2003). For 263 cultivars, the Ppd-B1 and Ppd-D] genotypes
have been analyzed in chapter II, and their genotype data was used in this chapter.

Among 280 wheat cultivars, 23 cultivars and breeding lines appeared in the pedigree of ‘Kita
honami’, the latest registered winter wheat cultivar cultivated in Hokkaido, were tested in the field
at the NARO Institute of Crop Science (Tsukuba, Ibaraki, 36°01°N, 140°06" E) in the Kanto region
and the HRO Kitami Agricultural Experiment Station (Kunneppu, Hokkaido, 43°47"N, 143°42" E) in
the Hokkaido region of Japan. The details are summarized in Table 8.

At Tsukuba, they were sown on November 6 and November 5 in the 2008/2009 and 2009/2010
wheat-growing seasons, respectively. Each experimental plot consisted of a single 1.0-m-long row;
the planting distance was 70 cm between rows and 8.5 cm between plants. At Kunneppu, they
were sown on September 21, September 20, and September 19 for the 2007/2008, 2008/2009, and
2009/2010 wheat-growing seasons, respectively. Each experimental plot consisted of six 4.5-m-long
rows; the planting distance was 20 cm between rows and 255 seeds per square meter. Heading
time was recorded when the tip of the first ear emerged from the flag leaf sheath in one-half of
the plants for each cultivar.
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Heading date data were analyzed using statistical software (SPSS Ver. 18.0 J for Windows,
SPSS Japan Inc.). The effective day-length at Tsukuba and Kunneppu was calculated according to
methods presented by Gotoh (1977). According to Gotoh (1977), effective day-length should
include predawn time with light intensity over 20 lux and twilight time with light intensity over 10
lux, which was 26 and 23 min at Fukuyama (34°30"N), respectively. The calculation formula was
as follows:

(effective day-length in minutes at O degrees latitude) = (astronomical day-length) + 49 (cos
34°30°/ cos 0).

2 Results

Expected PCR product sizes, i.e., 338 bp from Ppd-Ala or 299 bp from Ppd-Alb, a photoperiod-
sensitive allele without deletion of 1085 bp, were successfully amplified by multiplex PCR in all of
the cultivars tested. For Ppd-BI, 1600 bp from Ppd-Bla or 1292 bp from Ppd-B1b, a photoperiod-
sensitive allele without an insertion of 308 bp, and for Ppd-DI, 288 bp from Ppd-Dla or 415 bp
from Ppd-DI1b, a photoperiod-sensitive allele without deletion of 2089 bp, were successfully ampli-
fied in all of the cultivars tested. Among 280 cultivars, only 14 cultivars (5.0%) carried the Ppd-
Ala allele (Table 7), i.e., 12 Hokkaido winter wheat cultivars and two foreign cultivars, ‘Purcam
(U-11)" and ‘Purple Straw’ (Table 7 and Fig. 5). The Ppd-Ala allele was not found in Hokkaido
spring wheat cultivars or Tohoku-Kyushu cultivars. As reported in Chapter II, most of the cultivars
in the Tohoku-Kyushu region and eight cultivars in the Hokkaido region carried the photoperiod-
insensitive allele Ppd-Dla, and 11 cultivars, including three extra-early commercial cultivars, carried
the two photoperiod-insensitive alleles Ppd-Bla and Ppd-Dla. The other genotypes with two or
three photoperiod-insensitive alleles, i.e., the Ppd-Ala/Ppd-Bla/Ppd-D1b, Ppd-A la/Ppd-B1b/Ppd-DIa,
and Ppd-Ala/Ppd-Bla/Ppd-D]a genotypes, were not found in this study.

Among the 23 genotypes in the pedigree of ‘Kitahonami’, 10 carried Ppd-Aja and five carried
Ppd-Dla as a photoperiod-insensitive allele, while the others did not carry insensitive alleles of
Ppd-1 (Table 8). The heading date examined at Tsukuba and Kunneppu was compared among three
Ppd-1 genotypes, namely, Ppd-Ala/Ppd-Bib/Ppd-DIb, Ppd-A1b/Ppd-Bib/Ppd-Dia, and Ppd-Alb/Ppd-B1ib
/Ppd-D1b (Table 9). Genotypic difference of heading date was significant at the 0.1% level at
Tsukuba and 5% level at Kunneppu. At Tsukuba, the average heading date of the Ppd-Ala/Ppd-BIb
/Ppd-D1b, Ppd-A1b/Ppd-BIb/Ppd-Dia, and Ppd-AI1b/Ppd-BIb/Ppd-DIib genotypes was 28.4 April, 25.0
April, and 5.3 May, respectively, for the 2008/2009 season. A similar genotypic difference was ob-
served for the 2009/2010 seasons, indicating that the Ppd-A1b/Ppd-Bib/Ppd-DIb genotype headed
6.9-9.8 days later than other genotypes with a photoperiod-insensitive allele. Among the genotypes
with a photoperiod-insensitive allele, the Ppd-Ala/Ppd-B1b/Ppd-DIb genotype headed 2-3 days later
than the Ppd-AIb/Ppd-B1b/Ppd-Dia genotype, though the difference was not significant. At
Kunneppu, the Ppd-AIb/Ppd-B1b/Ppd-DIb genotype headed 2.5 days later than other genotypes with
a photoperiod-insensitive allele, though the difference was less than at Tsukuba.
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Table 7. Result of genotyping of Ppd-1

Area of origin Total number FPpd-Al Ppd-B1 Fpd-D1
of cultivars Ppd-Ala  Ppd-Alb FPod-Bla  Ppd-Blb FPod-Dia  Ppd-DI1b

Hokkaido(Winter wheat) 29 12 17 0 29 7 22
Hokkaido(Spring wheat) 10 0 10 0 10 17 9
Tohoku,Hokuriku 47 0 47 0 47 43 45
Kanto, Tokai 63 0 63 2? 61 63 0
Kinki,Chugoku,Shikoku 43 0 43 6° 37 42 17
Kyushu 48 0 48 27 46 48 0
Foreign cultivars 40 24 38 1°¢ 39 18 22
Total 280 14 266 11 269 222 58

“ Carrier of Ppd-Ala; 'Purcam(U-11)" and 'Purple Straw’
Y Carrier of Ppd-Bla; 'Konosu 4’ and "Shiroboro 21’

¢ Carrier of Ppd-Bla; Chugoku 55°, "Chugoku 81, "Chugoku 91°, ’Chugoku 98, ’Chugoku 114" and
"Fukuwasekomugi’

@ Carrier of Ppd-Bla; ’Sakigakekomugi’ and ’Abukumawase’

¢ Carrier of Ppd-Bla; Tapdongmil’

" Carrier of Ppd-Dla; 0521-5’

¢ Carrier of Ppd-D1b; "Fultz Daruma’, "Norin 6’, "Norin 24’ and "Norin 38’
" Carrier of Pod-D1b; *Eshima’

Table 8. Cultivars tested in fields

Ppd-1 genotype Heading date
Prd-Al  Fpd-BI Fpd-DI _Tsukuba ’ Kunneppu ©

‘ b ¢ 2008/2009  2009/2010 Av. 2007/2008 2008/2009 2009/2010 Av.
Kitakei 221 a b b May 2 May 7 May 4 — — — —
Kitakei 497 a b b Apr. 22 May 1 Apr. 26 — — — —
Kitakei 1354 a b b May 1 May 6 May 3 June 14 June 10 June 15 June 13
Kitakei 1463 a b b May 3 May 10 May 6 June 13 June 11 June 16 June 13
Kitami 19 a b b May 2 May 7 May 4 June 13 June 9 June 15 June 12
Kitami 33 a b b Apr. 22 May 1 Apr. 26 June 9 June 4 June 12 June 8
Takunekomugi a b b Apr. 22 May 2 Apr. 27 June 6 June 1 June 8 June 5
Chihokukomugi a b b May 1 May 8 May 4 June 13 June 10 June 17 June 13
Kitamoe a b b Apr. 30 May 6 May 3 June 12 June 10 June 15 June 12
Kitahonami a b b Apr. 29 May 5 May 2 June 11 June 8 June 14 June 11
Kitakei 1093 b b a May 2 May 8 May 5 June 12 June 12 June 17 June 13
Kitami 27 b b a Apr. 22 May 2 Apr. 27 June 10 June 5 June 13 June 9
Kitami 35 b b a Apr. 20 Apr. 29 Apr. 24 June 6 June 4 June 12 June 7
Tohoku 118 b b a Apr. 19 Apr. 28 Apr. 23 — — — —
Horoshirikomugi b b a May 2 May 8 May 5 June 14 June 11 June 16 June 13
Kitakei 320 b b b May 2 May 8 May 5 — — — —
Kitakei 1409 b b b May 7 May 12 May 9 June 14 June 11 June 15 June 13
Kitakei 1660 b b b May 8 May 15 May 11 June 17 June 13 June 18 June 16
Kitami 18 b b b May 6 May 16 May 11 — — — —
Kitami 53 b b b May 10 May 18 May 14 June 17 June 12 June 17 June 15
Hokuei b b b — — — June 16 June 11 June 17 June 14
Mukakomugi b b b — — — June 11 June 9 June 15 June 11
Hokushin b b b Apr. 29 May 5 May 2 June 10 June 7 June 13 June 10

7 “a” and “b” indicate Ppd-Ala and Ppd-Alb, respectively.

b “3” and “b” indicate Ppd-Bla and Ppd-B1b, respectively.

¢ “a” and “b” indicate Ppd-Dlia and Ppd-DI1b, respectively.

? Heading date at Tsukuba, 21 cultivars were tested; ‘Hokuei’ and ‘Mukakomugi” were not tested.

¢ Heading date at Kunneppu, 18 cultivars were tested; ‘Kitakei 221°, ‘Kitakei 497", ‘Tohoku 118", ‘Kitakei 320”, and ‘Kitami 18” were not tested.
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Fig. 5. Geographical distribution of Ppd-Ala and Ppd-Alb. Solid and open parts of the circular charts
indicate the proportions of wheat cultivars carrying Ppd-Ala and Ppd-Alb, respectively. Number
of cultivars was also indicated.
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Table 9. Effect of Ppd-1 genotype on heading date in cultivars on the pedigree of ‘Kitahonami'

Tsukuba Kunneppu
Growing season  Fpd genotype n Heading date ? n Heading date *
2007/2008 Pod-Ala/Ppd-B1b/Ppd-D1b - 8 11.4£0.9°
Ppd-Alb/Ppd-B1b/Ppd-Dla - 4 10.5+1.7°
Ppd-Alb/Ppd-B1b/Ppd-D1b - 6 14.2+1.2°
2008/2009 Ppd-Ala/Ppd-Blb/Ppd-D1b 10 98.4-+1.4% 8 7.9%0.9"
Ppd-Alb/Ppd-Blb/Ppd-Dla 5 25.0%+2.9° 4 8.012.0°
Pod-A1b/Ppd-B1b/FPpd-D1b 6 35.3+1.7° 6 10.5+0.9°
2009/2010 Ppd-Ala/Ppd-B1b/Ppd-D1b 10 35.3+0.9° 8 14.0£1.0°
Ppd-Alb/Ppd-Bib/Pod-Dla 5 33.0+2.1° 4 14.5+1.2°
Ppd-Alb/Ppd-B1b/Ppd-D1b 6 42.342.0 6 15.8+0.7°
F-value of ANOVA”
Growing seoson(A) 25.03 ik 17.57 sk
genotype(B) 14.47 sk 4.228 %
(A)*(B) 0.053 ns 0.201 ns

? Values showed mean £ standard error.
1=1st April in Tsukuba, and =1st June in Kunneppu.

Values followed by the different letters in same growing season are significantly different(P<0.05)
by Tukey HSD multiple range test.

? % and #%* indicate significance at 5% and 0.1% level, respectively, and 'ns’ indicates no
significance at 5% level.

As shown in Fig. 6B, monthly average temperature differed among the three wheat-growing
seasons. At Tsukuba, compared with the average temperatures over the last 30 years, temperatures
in winter were slightly higher during the 2008/2009 and 2009/2010 seasons. In the 2009/2010
season, temperatures were lower in April, which is just before heading. According to meteorological
data from Sakaino, near Kunneppu, and the end of continuous snow cover on the test field at
Kunneppu, in the 2007/2008 season, snow melted very early after that, temperatures were warmer
during March and April. In the 2008/2009 season, the temperature after snow melted was warmer
until heading time. In contrast, the temperature after snow melted was lower until 2 or 4 weeks
before heading time in the 2009/2010 season. These differences in temperature conditions resulted
in a significance difference in heading time between test years.

The Ppd-1 genotypes of wheat cultivars and breeding lines in the pedigree of Hokkaido winter
wheat cultivars are summarized in Fig. 7. Pedigree analysis showed that Ppd-Ala in the three
cultivars, ‘Takunekomugi’, ‘Kitamoe’, and ‘Kitahonami’ was inherited from ‘Purple Straw’ thro
ugh ‘Purcam (U-11)" and ‘Hokkai 240’ . Ppd-Dla was inherited from ‘Tohoku 118" to ‘Kitami
27" and ‘Kitami 35’ . However, the source of Ppd-Ala of ‘Kitami 19’ could not be identified.
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Fig. 6. A. Effective day-length at two sites.

=== : Tsukuba,

eeees : Kunneppu.
Lines flanked by circles indicate the range of heading date at each
site. Solid and thick lines indicate the effective day-length two
months before heading.

B. Monthly mean temperature.
- : Average temperature over the last 30 years,
=== :2007/2008 growing season,
eeeee 1 2008/2009 growing season,
=e=:2009/2010 growing season.
a: Tateno (in Tsukuba), b: Sakaino (near Kunneppu).
Data were taken from the Japan Meteorological Agency.
Arrows indicating the start and the end of continuous snow cover
duration during each season at Kunneppu.
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Fig. 7. Ppd-1 genotypes of wheat cultivars in the pedigree of Hokkaido winter wheat

@ :Carrier of Pod-Ala. (O :Carrier of Ppd-Alb.
A :Carrier of Ppd-D1a. /\:Carrier of Ppd-D1Ib.
Cultivars with no symbols were not tested for genotyping of Ppd—1 .

Some cultivars were tested for genotyping of Pina and Pinb using the method of
‘Marker assist selection in wheat’ project
(http://maswheat.ucdavis.edu/protocols/Hardness/index.htm).

In a previous report, Japanese hard wheat cultivars were classified as one of three
genotypes, Pina-D1b/Pinb-D1a, Pina-D1a/Pinb-D1b and Pina-D1a/Pinb-D1c (Ikeda
et al. 2005). In this pedigree, cultivars enclosed rectangles were Pina-DIa/Pinb-
D1Ib or Pina-Dla/Pinb-Dlc, showing these cultivars hard wheat. Cultivars with
underlines were not the three genotypes classified as Japanese hard wheat
cultivars, suggested that these cultivars were soft wheat.

The year of registration is shown in italics.

3 Discussion

The combination of Ppd-1 alleles is important for the control of photoperiod response and hence,
for the fine tuning of heading time. The introduction of photoperiod-insensitive alleles of Ppd-1 is
indispensable for breeding early-heading wheat cultivars that enable stable wheat production in
Japan. To investigate the Ppd-1 genotypes of Japanese wheat cultivars using the Japanese cultivars,
including 164 commercial cultivars, 22 landraces, and 54 breeding lines, the Ppd-Bl and Ppd-DI
genotypes were determined in Chapter II; the Ppd-Al genotype was analyzed in this chapter.
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Most Tohoku-Kyushu cultivars (97.5%) carried Ppd-Dla; extra-early cultivars (5.0%) carried
Ppd-Bla as reported in Chapter II. However, no cultivars carried Ppd-Ala (Table 7). In contrast,
among Hokkaido cultivars, none of the cultivars carried Ppd-Bla, and the frequency of the Ppd-Ala
and Ppd-Dia alleles generally differed between winter wheat and spring wheat. Among winter
wheat cultivars, 41.4% and 24.1% carried Ppd-Ala and Ppd-Dia, respectively (Table 7). In contrast,
in spring wheat cultivars, most (90%) did not carry photoperiod-insensitive alleles (Table 7).

As shown in a chapter II, in Tohoku-Kyushu cultivars, heading times differed depending on
their Ppd-1 genotypes, i.e., cultivars without photoperiod-insensitive alleles headed late, those with
Ppd-Dila headed early to middle, while those with Ppd-Bla and Ppd-Dia headed very early.
Consequently, the importance of photoperiod response in controlling heading time was confirmed,
indicating the possibility of adjusting the heading time by altering Ppd-I genotypes in the Tohoku-
Kyushu region. In contrast, in Hokkaido cultivars, an effect of Ppd-Dia on heading time was not
observed, indicating the involvement of other factors in controlling heading time. In this chapter,
the heading date was investigated at Tsukuba in the Kanto region and at Kunneppu in the
Hokkaido region using 23 Japanese cultivars and lines in the pedigree of ‘Kitahonami’. The head-
ing date was significantly different between the Ppd-1 genotypes (Table 9), indicating acceleration
of heading due to the photoperiod-insensitive alleles Ppd-Ala or Ppd-D la, and the effect of Ppd-1
was lower at Kunneppu than at Tsukuba (Table 9). According to Gotoh (1977), the effective day-
length at the spike formation stage, two months before heading, is approximately 14 h in Hokkaido
winter wheat and 15 h in Hokkaido spring wheat, while it is shorter (approximately 12 h) in the
southwestern region, which includes Kanto. Based on these data, Gotoh (1977) suggested that
photoperiod sensitivity is less important for the earliness of heading in the Hokkaido region
compared to in the southwestern region that includes Kanto. Analysis of photoperiod-sensitive and
-insensitive wheat cultivars clearly showed drastic heading time difference between two types under
8—12 h day-length, while the difference was small or negligible under 14—24 h day-length (Evans
1987, Klaimi and Qualset 1973, Ormrod 1963, Slafer and Rawson 1996). These results also support
the conclusion of Gotoh (1977). In this study, effective day-length two months before heading of
cultivars of the pedigree of ‘Kitahonami’ is approximately 14 h at Kunneppu and similar to that
shown by Gotoh (1977) (Fig. 6A). Therefore, the regional difference in the day-length could
explain the geographical difference of the effect of Ppd-1 on the heading time.

Pedigree analysis of Hokkaido winter wheat cultivars suggested that Ppd-DIa in Hokkaido
cultivars has been introduced from several Tohoku cultivars, among which ‘Tohoku 118’ is
thought to be one of the donors (Fig. 7). In Hokkaido, artificial cross-breeding of wheat has been
performed since 1919 to develop hard wheat cultivars. Tohoku cultivars were used as cross-parents
as well as foreign cultivars, resulting in introduction of the Ppd-Dla allele. For Ppd-Ala, pedigree
analysis showed that ‘Hokkai 240’ inherited the allele from a US wheat cultivar ‘Purcam (U-11)’,
for which Ppd-Ala could be traced back to an old US cultivar ‘Purple Straw’ (Fig. 7). ‘Hokkai
240", which is tolerance to leaf rust and lodging (Iriki et al. 1985), should have contributed to
introduction of Ppd-Ala into Hokkaido cultivars. Since the 1980s, soft wheat cultivars suitable for
the Japanese noodles have been developed in Hokkaido. Thereafter, no commercial cultivar with
Ppd-Dia was developed except for ‘Kitanokaori’, a hard wheat cultivar for bread. ‘Chihokuko
mugi’, a soft wheat cultivar with Ppd-Ala, was registered in 1981. This cultivar possessed high
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quality for Japanese noodle and was frequently crossed in wheat breeding. The shift of breeding
target from hard wheat to soft wheat was considered the turning point, and then the frequency of
Ppd-Ala increased in Hokkaido cultivars.

Hokkaido cultivars carried insensitive alleles of Ppd-1, although the photoperiod-insensitive
alleles have a less effect on heading time under long day conditions. A possible explanation would
be the pleiotropic effects of Ppd-Dia detected under the growing conditions in Europe, high latitude
area such as Hokkaido (Borner et al. 1993, Worland et al. 1988, Worland 1996). According to these
reports, the Ppd-Dia allele reduced the number of spikelets per ear, resulting in increased spikelet
fertility. These studies demonstrated that the photoperiod-insensitive allele Ppd-Dia is advantageous
for increasing grain yield. The effect of Ppd-I on the growth pattern and grain yield in the
Hokkaido region should be investigated to clarify the reason for higher frequency of photoperiod-
insensitive alleles in recently developed Hokkaido cultivars. Another possibility could be the genetic
linkage between Ppd-1 and other genes. Tolerance to lodging and diseases, particularly leaf rust,
has been one of the main targets since the beginning of wheat breeding in Hokkaido. According to
the previous reports, the Ppd-D]a allele reduced the plant height independently of the semi-dwarf
gene Rht (Borner ef al. 1993, Worland et al. 1988). The possibility cannot be excluded that the
introduction of the lodging tolerance from ‘Hokkai 240" resulted in the introduction of Ppd-Ala
into Hokkaido cultivars. On the contrary, there is no previous works showing close linkage
between Ppd-1 and genes for disease tolerance or flour quality, while some QTLs were reported
on homoeologous group two chromosomes on which Ppd-1 loci are located (Chhuneja et al. 2006,
Roncallo et al. 2012, Watanabe ef al. 2006). Additionally studies examining the relationship between
Ppd-1 and improvement of tolerance to lodging and diseases or flour qualities in wheat breeding
will reveal details of Ppd-Ala introduction into Hokkaido cultivars.

In this study, no Tohoku-Kyushu cultivar carried Ppd-Ala. Cultivars carrying Ppd-Ala such as
Chihokukomugi’ and ‘Kitamoe’ have been used as cross parents in Tohoku-Kyushu wheat breed-
ing; however, these cultivars carried genetic factors of late heading such as vernalizarion genes, so
that only one cultivar, ‘Nebarigoshi’, was developed successfully in Tohoku. Introduction of Ppd-
Ala into Tohoku-Kyushu cultivars has not been carried out so far. A photoperiod-insensitive allele
Ppd-Ala analyzed in this study was first found by Nishida et al. (2013), and thus the effect of this
allele on heading time has not been extensively investigated. According to Nishida et al. (2013),
who analyzed the heading time of a DH population segregating for three Ppd-1 genes, the Ppd-Ala
/Ppd-B1b/Ppd-DIb genotype headed two days later in Okayama, Chugoku region, compared to the
Ppd-A1b/Ppd-Bla/Ppd-DIb or the Ppd-Al1b/Ppd-Bib/Ppd-Dia genotypes, though the difference was not
significant. Consistent with these data, our results demonstrate that cultivars carrying Ppd-Ala
headed 2-3 days later in the Kanto region than those carrying Ppd-Dla, though the difference was
insignificant (Table 9). Although early heading is important to avoid various damages in the rainy
season, shorter growth periods generally result in lower grain yields; early-heading cultivars with
early apical development and stem elongation are prone to frost injury (Hukumoto and Takahashi
1950, Taya 1993). Thus, heading characteristics must be adjusted for the stable production of
wheat in each area. Ppd-Ala may be useful as a unique gene source for fine-tuning heading time
in the Tohoku-Kyushu region. Nishida et al. (2013) developed DNA markers to determine Ppd-Al
genotypes, making it possible to introduce Ppd-Ala into Tohoku-Kyushu -cultivars by MAS.
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However, the interaction between Ppd-Ala and other photoperiod-insensitive allele(s) is not clear.
Furthermore, Eagles ef al. (2010) indicated that the effect of Ppd-Dla depended on the genotype
of vernalization genes. The additive effects and the interactions between Ppd-1 genes and those
between the Ppd-1 and Vrn-1 genes should be investigated to elucidate the usefulness of Ppd-Ala.

4 Summary

The Ppd-Al genotype of 240 Japanese wheat cultivars and 40 foreign cultivars was determined
using a PCR-based method. Among Japanese cultivars, only 12 cultivars, all of which were
Hokkaido winter wheat, carried the Ppd-Ala allele, while this allele was not found in Hokkaido
spring wheat cultivars or Tohoku-Kyushu cultivars. Cultivars with a photoperiod-insensitive allele
headed 6.9-9.8 days earlier in Kanto and 2.5 days earlier in Hokkaido compared to photoperiod-
sensitive cultivars. The lower effect of photoperiod-insensitive alleles observed in Hokkaido could
be due to the longer day-length at the spike formation stage compared with that in Kanto. Pedigree
analysis showed that ‘Purple Straw’ and ‘Tohoku 118" were one of the donor(s) of Ppd-Ala and
Ppd-Dia in Hokkaido wheat cultivars, respectively. Wheat cultivars recently developed in Hokkaido
carry photoperiod-insensitive alleles at a high frequency. For efficient utilization of Ppd-1 alleles in
the Hokkaido wheat-breeding program, the effect of Ppd-1 on growth pattern and grain yield should
be investigated. Ppd-Ala may be useful as a unique gene source for fine tuning of heading time in
the Tohoku-Kyushu region since the effect of Ppd-Ala on photoperiod insensitivity appears to differ
from the effect of Ppd-Bla and Ppd-Dla.

IV Conclusion

Heading characteristics must be adjusted to the growing conditions in each area for the stable
production of wheat. Heading time of wheat is a complex characteristic, determined by three
factors: narrow-sense earliness (also termed earliness per se), vernalization response and
photoperiod response (Kato and Yamashita 1991, Yasuda and Shimoyama 1965). Fine tuning of
heading characteristics 1s achievable by combining these genetic factors in wheat breeding.
Genotyping of wheat cultivars, established in each area, is one of the promising approaches for
discerning the best combination of these genetic factors and would bring useful information for fine
tuning of heading characteristics in breeding programs.

In this study, the Ppd-1 genotypes of 240 Japanese wheat cultivars were examined and
photoperiod-insensitive alleles of three Ppd-1 genes were successfully detected. The distribution of
photoperiod-insensitive alleles differed among Ppd-1 genes, as well as among geographic areas
(Table 2, Table 7, Fig. 1, Fig. 2, and Fig. 5). Almost all cultivars in the Tohoku-Kyushu region
carried the photoperiod-insensitive allele Ppd-Dla (Table 2, Table 7, and Fig. 1), and 10 cultivars
including three commercial extra-early cultivars carried both Ppd-Bla and Ppd-DIa (Table 2, Table
7, and Fig. 2), while no cultivars carried Ppd-Ala (Table 7 and Fig. 5). Of 29 winter wheat
cultivars in the Hokkaido region, 12 cultivars carried Ppd-Ala (Table 7 and Fig. 5), and 7 cultivars
carried Ppd-Dia (Table 2, Table 7, and Fig. 1), while no cultivars carried Ppd-Bla (Table 2, Table
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7, and Fig. 2). Of 10 spring wheat cultivars in Hokkaido region, only one experimental line carried
Ppd-Dia (Table 2, Table 7, and Fig. 1) and the other cultivars carried no photoperiod-insensitive
alleles. The effect of Ppd-] alleles on heading time also differed between areas (Table 3, Table 4,
and Table 9). In Tohoku-Kyushu region, wheat cultivars carrying the photoperiod-insensitive allele
Ppd-Dia headed earlier by 10.3 days than did photoperiod-sensitive cultivars (Table 3), and Ppd-
Bla/Ppd-Dia genotype headed earlier by 6.7 days than did Ppd-B1b/Ppd-Dia genotype (Table 4).
These results support the hypothesis that early-maturity wheat breeding in Japan has been acceler-
ated by the introduction of Ppd-Bla (Tanio and Kato 2005). In the Hokkaido region, among wheat
cultivars on the pedigree of ‘Kitahonami’, photoperiod-insensitive cultivars with Ppd-Ala or Ppd-
Dla headed earlier by 2.5 days than did photoperiod-sensitive cultivars with no photoperiod-
insensitive alleles, although the effect of these alleles was less than that in the Kanto region
(Table 9). Gotoh (1977) suggested that the importance of photoperiod sensitivity for the earliness
of heading is less in the Hokkaido region than in the Kanto region based on the day-length of two
months before the wheat heading time, which is equivalent to the wheat spike formation stage, and
2-3 hours longer in the Hokkaido region than in the Kanto region. The geographical difference of
distribution and effect of photoperiod-insensitive alleles in this study may be result from the differ-
ence of day-length of wheat apical specializing time.

Fujita (1997) indicated that photoperiod-insensitivity of ‘Abukumawase’ was traced to ‘Chugoku
114’7, ‘Chugoku 91’ and ‘Chugoku 81 on the pedigree. Hashimoto and Hirano (1963) mentioned
that ‘Chugoku 81° was one of the best cross parents for breeding early maturing wheat cultivars.
By the pedigree analysis of extra-early cultivars in central to south-western regions of Japan, it was
clearly demonstrated that the Ppd-Bla allele of three extra-early cultivars was inherited from ‘Shir
oboro 21’ by these Chugoku lines (Fig. 4). The pedigree analysis in this study confirmed the
adequacy of the above two reports. Three cultivars with Ppd-Bla/Ppd-Dia genotype are successfully
established only in the Chugoku or Kyushu region. It was considered that such cultivars often suf-
fered from late frost because of early stem elongation in eastern Japan where the daily minimum
temperature was below freezing in the winter. Furthermore, heading time of extra-early cultivars
is variable depending on winter temperature (Table 5), causing instability of grain yield. However,
according to Fujita ef al. (1995) and Seki et al. (2007) who compared heading time among spring-
and winter-type NILs, heading time of extra-early cultivars can be stabilized by the introduction of
adequate vernalization requirements.

Fujita (1997) also mentioned that photoperiod-insensitivity of the early cultivar ‘Asakazeko
mugi’ was traced to ‘Hiyokukomugi’, ‘Junreikomugi’ and ‘Norin 26° . Yoshida et al. (1983) also
suggested that photoperiod-insensitivity of extra-early breeding lines ‘Gokuwase 2’ and ‘Gokuwase
4-15" was inherited from ‘Jesssore’. However, none of these cultivars carried Ppd-Bla (Table 2,
Fig. 4) and no cultivars in the Tohoku-Kyushu region carried Ppd-Ala (Table 7, Fig. 5). These
results clearly indicated that heading time varied largely even among the Japanese wheat cultivars
of Ppd-Al1b/Ppd-B1b/Ppd-Dia genotype, suggesting that their heading time is affected by other
photoperiod response genetic factor(s) such as the FT-like gene reported in barley (Kikuchi et al.
2009) and other photoperiod-insensitive allele(s) of Ppd-1 like Ppd-Bl allele of Chinese Spring
(Law et al. 1978, Scarth and Law 1983).

A photoperiod-insensitive allele Ppd-Ala was first found in a Hokkaido cultivar ‘Chihokukomu
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gi’ by Nishida et al. (2013), and no cultivars carried this allele in the Tohoku-Kyushu region
(Table 7 and Fig. 5). According to Nishida et al. (2013), the effect of Ppd-Ala on photoperiod in-
sensitivity was smaller than those of Ppd-Bla and Ppd-Dla. Therefore, Ppd-Ala may be useful as
a unique gene source for fine tuning of heading time in the Tohoku-Kyushu region.

The Ppd-1 genes have a strong effect on heading time and, thus, also affect the growth and
yield of wheat cultivars, as reported by Borner ef al. (1993), Foulkes et al. (2004) and Worland
et al. (1988, 1998). However, as to the Japanese wheat cultivars, the effect of Ppd-1 genes on
growth and yield has not been investigated, although the effect of V»n-1 vernalization response
genes on growth and yield in the south-western region of Japan was recently clarified (Seki et al.
2007). For the identification of the Ppd-1 alleles which can be utilized for fine tuning of heading
time in the south-western region of Japan, the effect of Ppd-1 genes and interactions of Ppd-1
genes and Vrn-1 genes on growth and yield of the Japanese wheat cultivars should be investigated.

The significance of Ppd-1 in Hokkaido region was also discussed. It was clarified that ‘Purple
Straw’ and ‘Tohoku 118 are one of the donor(s) of Ppd-Ala and Ppd-Dla respectively of
Hokkaido wheat cultivars (Fig. 7). As mentioned above, the effect of these alleles on heading time
in the Hokkaido region was less than in the Kanto region. Additionally, studies examining the
relationship between Ppd-1 and improved tolerance to lodging and diseases or flour qualities in
wheat breeding, will reveal details of Ppd-Ala introduction into Hokkaido cultivars. Although the
frequency of wheat cultivars carrying a photoperiod-insensitive allele is increasing in Hokkaido
(Appendix Table, Fig. 7), the reason is unknown, and, thus, the effect of Ppd-1 on growth and
yield in Hokkaido should be also studied.

Although most of the Japanese spring wheat cultivars except those in the Hokkaido region have
the same set of Ppd-1 and Vrn-1 genes, heading time varies largely between these cultivars. The
variation of heading time could be partly explained by narrow-sense earliness, since it is also
important for the control of heading time in Japanese wheat cultivars (Fujita 1997, Hashimoto and
Hirano 1963, Kato and Wada 1999). The narrow-sense earliness genes (Eps: earliness per se
genes) have been identified on different wheat chromosomes, and some of them have been mapped
as QTLs for heading time (Kato et al. 2002, Kucheul et al. 2006, Scarth and Law 1984, Sourdille
et al. 2000, Worland and Law 1986). The Eps-A”1 was mapped on chromosome 1AmL of diploid
wheat Triticum monococcum L. (Lewis ef al. 2008). Further advancement of molecular genetics of
narrow-sense earliness should be expected and would make it possible to discuss the significance
of this characteristic in Japanese wheat breeding.
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Appendix Table. List of wheat cultivars tested.

A. Hokkaido cultivars

Registraion year

Ppd—-1 genotype

Cultivar Reference Ppd-Al Ppd-Bl Ppd-DI1
Winter Wheat

Akakawa—aka Japanese landrace b b b
Norin 8 commercial cultivar 1933 1 b b b
Norin 62 commercial cultivar 1944 1 b b a
Hokuei commercial cultivar 1954 2 b b b
Mukakomugi commercial cultivar 1969 1 b b b
Horoshirikomugi commercial cultivar 1974 1 b b a
Takunekomugi commercial cultivar 1974 1 a b b
Chihokukomugi commercial cultivar 1981 1 a b b
Taisetsukomugi commercial cultivar 1990 1 a b b
Hokushin commercial cultivar 1995 1 b b b
Kitamoe commercial cultivar 2001 1 a b b
Kitanokaori commercial cultivar 2003 1 b b a
Kitahonami commercial cultivar 2006 1 a b b
Hokkai 195 breeding line b b a
Hokkai 240 breeding line a b b
Kitakei 221 breeding line a b b
Kitakei 320 breeding line b b b
Kitakei 497 breeding line a b b
Kitakei 1093 breeding line b b a
Kitakei 1354 breeding line a b b
Kitakei 1409 breeding line b b b
Kitakei 1463 breeding line a b b
Kitakei 1660 breeding line b b b
Kitami 18 breeding line b b b
Kitami 19 breeding line a b b
Kitami 27 breeding line b b a
Kitami 33 breeding line a b b
Kitami 35 breeding line b b a
Kitami 53 breeding line b b b
Spring Wheat

Norin 3 commercial cultivar 1930 1 b b b
Norin 29 commercial cultivar 1938 1 b b b
Norin 35 commercial cultivar 1938 1 b b b
Norin 75 commercial cultivar 1948 1 b b b
Haruhikari commercial cultivar 1965 1 b b b
Haruminori commercial cultivar 1969 1 b b b
Haruyutaka commercial cultivar 1985 1 b b b
Harunoakebono commercial cultivar 1994 1 b b b
Haruhinode commercial cultivar 2001 1 b b b
0S21-5 breeding line b b a
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B. Tohoku cultivars

TR FERT e i

#1565 (2015. 3)

Registraion year

Ppd—-1 genotype

Cultivar Reference  Ppd-Al Fpd-Bl1 Ppd-DI
Furutsudaruma Japanese landrace b b b
Norin 1 commercial cultivar 1929 1 b b a
Norin 2 commercial cultivar 1929 1 b b a
Norin 6 commercial cultivar 1932 1 b b b
Norin 10 commercial cultivar 1935 1 b b a
Norin 14 commercial cultivar 1935 1 b b a
Norin 15 commercial cultivar 1935 1 b b a
Norin 17 commercial cultivar 1936 1 b b a
Norin 18 commercial cultivar 1936 1 b b a
Norin 22 commercial cultivar 1936 1 b b a
Norin 24 commercial cultivar 1937 1 b b b
Norin 27 commercial cultivar 1937 1 b b a
Norin 31 commercial cultivar 1938 1 b b a
Norin 33 commercial cultivar 1938 1 b b a
Norin 38 commercial cultivar 1938 1 b b b
Norin 39 commercial cultivar 1939 1 b b a
Norin 40 commercial cultivar 1939 1 b b a
Norin 54 commercial cultivar 1943 1 b b a
Norin 55 commercial cultivar 1943 1 b b a
Norin 58 commercial cultivar 1944 1 b b a
Norin 66 commercial cultivar 1944 1 b b a
Susonokomugi commercial cultivar 1950 1 b b a
Mutsubenkei commercial cultivar 1950 1 b b a
Aobakomugi commercial cultivar 1951 1 b b a
Nanbukomugi commercial cultivar 1951 1 b b a
Yukichabo commercial cultivar 1952 1 b b a
Hikarikomugi commercial cultivar 1952 1 b b a
Myokokomugi commercial cultivar 1952 1 b b a
Hitsumikomugi commercial cultivar 1953 1 b b a
Kokeshikomugi commercial cultivar 1953 1 b b a
Okukomugi commercial cultivar 1955 1 b b a
Sakyukomugi commercial cultivar 1956 1 b b a
Furutsumasari commercial cultivar 1956 1 b b a
Kitakamikomugi commercial cultivar 1959 1 b b a
Shimofusakomugi commercial cultivar 1963 1 b b a
Miyaginokomugi commercial cultivar 1964 1 b b a
Hachimankomugi commercial cultivar 1973 1 b b a
Hanagasakomugi commercial cultivar 1974 1 b b a
Wakamatsukomugi commercial cultivar 1982 1 b b a
Koyukikomugi commercial cultivar 1988 1 b b a
Akitakko commercial cultivar 1992 1 b b a
Nebarigoshi commercial cultivar 2001 1 b b a
Haruibuki commercial cultivar 2001 1 b b a
Yukichikara commercial cultivar 2002 1 b b a
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B. Tohoku cultivars (continue)

Registraion year Ppd-1 genotype

Cultivar Reference Ppd-Al Ppd-Bl1 Ppd-DI
Tohoku 71 breeding line b b a
Tohoku 101 breeding line b b a

Tohoku 118 breeding line b b a
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C. Kanto and Tokai cultivars

Registraion year Ppd—1 genotype

Cultivar Reference Ppd-Al Ppd-Bl Ppd-DI1
Akabozu Japanese landrace b b a
Akadaruma Japanese landrace b b a
Akakomugi Japanese landrace b b a
Igachikugo Oregon Japanese landrace b b a
Shiroboro 21 Japanese landrace b a a
Shirochabo Japanese landrace b b a
Shirodaruma Japanese landrace b b a
Shirosanjaku Japanese landrace b b a
Norin 7 commercial cultivar 1932 1 b b a
Norin 9 commercial cultivar 1935 1 b b a
Norin 12 commercial cultivar 1935 1 b b a
Norin 13 commercial cultivar 1935 1 b b a
Norin 16 commercial cultivar 1936 1 b b a
Norin 28 commercial cultivar 1937 1 b b a
Norin 30 commercial cultivar 1938 1 b b a
Norin 41 commercial cultivar 1939 1 b b a
Norin 42 commercial cultivar 1939 1 b b a
Norin 44 commercial cultivar 1939 1 b b a
Norin 48 commercial cultivar 1942 1 b b a
Norin 50 commercial cultivar 1942 1 b b a
Norin 53 commercial cultivar 1943 1 b b a
Norin 57 commercial cultivar 1944 1 b b a
Norin 64 commercial cultivar 1944 1 b b a
Norin 67 commercial cultivar 1944 1 b b a
Norin 68 commercial cultivar 1946 1 b b a
Norin 69 commercial cultivar 1946 1 b b a
Norin 70 commercial cultivar 1946 1 b b a
Yuyakekomugi commercial cultivar 1950 1 b b a
Fujimikomugi commercial cultivar 1960 1 b b a
Mikunikomugi commercial cultivar 1962 1 b b a
Omasekomugi commercial cultivar 1969 1 b b a
Zenkojikomugi commercial cultivar 1969 1 b b a
Kobushikomugi commercial cultivar 1969 1 b b a
Toyohokomugi commercial cultivar 1975 1 b b a
Fukuhokomugi commercial cultivar 1979 1 b b a
Shiranekomugi commercial cultivar 1986 1 b b a
Airakomugi commercial cultivar 1988 1 b b a
Bandowase commercial cultivar 1990 1 b b a
Shunyo commercial cultivar 1995 1 b b a
Ayahikari commercial cultivar 2000 1 b b a
Kinuhime commercial cultivar 2000 1 b b a
Kinunonami commercial cultivar 2000 3 b b a
Kinuazuma commercial cultivar 2001 1 b b a
Yumeseiki commercial cultivar 2001 1 b b a
Tamaizumi commercial cultivar 2002 1 b b a
Fusetsu commercial cultivar 2004 1 b b a
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C. Kanto and Tokai cultivars (continue)

Cultivar

Registraion year
Reference

Ppd—1 genotype

Ppd-Al Ppd-BI Ppd-DI

Kankei w361
Kankei w364
Kanto 101
Kanto 107
Kanto 66
Kanto 79
Kanto 82
Kanto 87
Kanto 95
Kanto 99
Kitakanto 44
Kitakanto 48
Konosu 4
Saitama 29
Tosan 18

breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line

Tosan 38(Yumeasahi) breeding line

Tosan 40(Hanamanten) breeding line

ST -ttt v o ™™
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D. Kinki, Chugoku and Shikoku cultivars

Registraion year Ppd—-1 genotype

Cultivar Reference Ppd-Al Ppd-Bl Ppd-DI1
Eshima Japanese landrace b b b
Hirakikomugi Japanese landrace b b a
Hiroshimashipuree 3  Japanese landrace b b a
Sanin 1 Japanese landrace b b a
Shinchunaga Japanese landrace b b a
Shinrikikomugi Japanese landrace b b a
Yushoki 347 Japanese landrace b b a
Norin 4 commercial cultivar 1931 1 b b a
Norin 11 commercial cultivar 1935 1 b b a
Norin 19 commercial cultivar 1936 1 b b a
Norin 21 commercial cultivar 1936 1 b b a
Norin 23 commercial cultivar 1936 1 b b a
Norin 25 commercial cultivar 1937 1 b b a
Norin 26 commercial cultivar 1937 1 b b a
Norin 32 commercial cultivar 1938 1 b b a
Norin 37 commercial cultivar 1938 1 b b a
Norin 43 commercial cultivar 1939 1 b b a
Norin 46 commercial cultivar 1940 1 b b a
Norin 47 commercial cultivar 1940 1 b b a
Norin 51 commercial cultivar 1943 1 b b a
Norin 52 commercial cultivar 1943 1 b b a
Norin 56 commercial cultivar 1944 1 b b a
Norin 59 commercial cultivar 1944 1 b b a
Norin 63 commercial cultivar 1944 1 b b a
Norin 65 commercial cultivar 1944 1 b b a
Norin 71 commercial cultivar 1948 1 b b a
Norin 72 commercial cultivar 1948 1 b b a
Norin 73 commercial cultivar 1948 1 b b a
Norin 74 commercial cultivar 1948 1 b b a
Iyokomugi commercial cultivar 1950 1 b b a
Akatsukikomugi commercial cultivar 1951 1 b b a
Shirasagikomugi commercial cultivar 1956 1 b b a
Junreikomugi commercial cultivar 1957 1 b b a
Ushiokomugi commercial cultivar 1967 1 b b a
Fukuwasekomugi commercial cultivar 1983 1 b a a
Sanukinoyume 2000  commercial cultivar 2000 4 b b a
Fukusayaka commercial cultivar 2002 1 b b a
Chugoku 53 breeding line b b a
Chugoku 55 breeding line b a a
Chugoku 81 breeding line b a a
Chugoku 91 breeding line b a a
Chugoku 98 breeding line b a a
Chugoku 114 breeding line b a a
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E. Kyushu cultivars

Registraion year

Ppd-1 genotype

Aki 9
Chogokuwase
Fukuokakomugi 18
Gokuwase 2
Gokuwase 4-15
Saikai 77

Saikai 87

Saikai 95

Saikai 98

Saikai 104
Saikai 113

Cultivar Reference Ppd-Al Ppd-Bl1 Ppd-DI1
Eshimashinriki Japanese landrace b b a
Hayakomugi Japanese landrace b b a
[gachikugo Japanese landrace b b a
Shirokomugi Japanese landrace b b a
Sojukuakage Japanese landrace b b a
Norin 5 commercial cultivar 1931 1 b b a
Norin 20 commercial cultivar 1936 1 b b a
Norin 34 commercial cultivar 1938 1 b b a
Norin 36 commercial cultivar 1938 1 b b a
Norin 45 commercial cultivar 1940 1 b b a
Norin 49 commercial cultivar 1942 1 b b a
Norin 60 commercial cultivar 1944 1 b b a
Norin 61 commercial cultivar 1944 1 b b a
Hatamasari commercial cultivar 1950 1 b b a
Ebisukomugi commercial cultivar 1952 1 b b a
Yutakakomugi commercial cultivar 1956 1 b b a
Danchikomugi commercial cultivar 1956 1 b b a
Hayatokomugi commercial cultivar 1961 1 b b a
Nichirinkomugi commercial cultivar 1964 1 b b a
Hiyokukomugi commercial cultivar 1969 1 b b a
Sakigakekomugi commercial cultivar 1972 1 b a a
Shiroganekomugi commercial cultivar 1974 1 b b a
Gogatsukomugi commercial cultivar 1974 1 b b a
Setokomugi commercial cultivar 1976 1 b b a
Chikushikomugi commercial cultivar 1977 1 b b a
Shirowasekomugi commercial cultivar 1977 1 b b a
Asakazekomugi commercial cultivar 1978 1 b b a
Minaminokomugi commercial cultivar 1979 1 b b a
Nishikazekomugi commercial cultivar 1984 1 b b a
Daichinominori commercial cultivar 1989 1 b b a
Abukumawase commercial cultivar 1992 1 b a a
Kinuiroha commercial cultivar 1994 1 b b a
Chikugoizumi commercial cultivar 1994 1 b b a
Nishihonami commercial cultivar 1995 1 b b a
Iwainodaichi commercial cultivar 2000 1 b b a
Nishinokaori commercial cultivar 2000 1 b b a
Minaminokaori commercial cultivar 2004 1 b b a
b b a
b b a
b b a
b b a
b b a
b b a
b b a
b b a
b b a
b b a
b b a

breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
breeding line
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F. Foreign cultivars

Ppd-1 genotype

Cultivar Origin Pod-Al Ppd-Bl Ppd-DI
Alsen USA b b b
Ardito [taly b b a
Aroona Australia b b a
Arrino Australia b b b
AUS1408 Australia b b b
Combine [taly b b a
Corringin Australia b b b
Creopatra Mexico b b a
D6899 USA b b a
Dawson 1 Canada b b b
Eradu Australia b b b
Geurumil Korea b b a
GK Szemes Hungary b b a
Goshu 13 Australia b b b
Goshu 8 Australia b b a
Hope GB b b b
[A7T873 Mexico b b a
Ibis Nederland b b b
Jagger USA b b b
Jessore Bangradesh b b a
Kanred USA b b b
KS831957 USA b b a
Martin USA b b b
Michigan Amber USA b b b
Newthatch USA b b b
Norman GB b b b
Olgrumil Korea b b a
Pampa INTA Argentina b b a
PI 173438 Turkey b b b
Purcam(U-11) USA a b b
Purple Straw USA a b b
Reeder USA b b b
Rieti [taly b b b
Roblin Canada b b a
Rosella Australia b b b
Suweon235 Korea b b a
Tapdongmil Korea b a a
Tordo Mexico b b a
Victoria INTA Argentina b b a
Wichita USA b b b
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Breeding of “Koshihikari Kanto BL1",
a Near Isogenic Line of “Koshihikari”
with Blast Resistance Gene Pi9
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Tsuyu Axpo*', Norikuni Saka*’, Yoshifumi Nacavosu™'’, Nobuko Yasupa*?,

Nobuya Kosavasui, Akitoshi Goro, Makoto Kuroki, Tokio Imee*"

Abstract

To improve the resistance of rice cultivar “Koshihikari” to blast, resistance gene
Pi9 was incorporated from “IRBL9-W”, an international blast resistance differential line,
into “Koshihikari”. As a near isogenic line of “Koshihikari”, a selected line was desig-
nated as “KantoIL9” in 2009. Backcross breeding and DNA marker-assisted selection
were employed to develop “KantoIL9”. Characterization of “KantoIL9” as an isogenic
line of “Koshihikari” was performed as part of a collaborative observation program.

After confirmation of isogenicity with “Koshihikari”, “KantolL9” was registered by
the Ministry of Agriculture, Forestry and Fisheries as “Koshihikari Kanto BL1” in
2014. All morphological traits of “Koshihikari Kanto BL1” were almost the same as
“Koshihikari”, and these two varieties are essentially indistinguishable. All physiological
traits of “Koshihikari Kanto BL1” were the same as “Koshihikari” except for blast resis-
tance caused by P:i9. In the presence of Pi9, the field resistance of leaf and neck blast
of “Koshihikari Kanto BL1” was masked and could not be estimated. The eating quality
of “Koshihikari Kanto BL1” was nearly equivalent as that of “Koshihikari”.

“Koshihikari Kanto BL1” is a near isogenic line of “Koshihikari” and can be used
as a new blast resistance source in multiline cultivation of “Koshihikari”.

Key Words: rice, Koshihikari, blast resistance, P:i9, near isogenic line, DNA marker,
multi lines, Koshihikari Kanto BL1
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