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Table 1. Configuration, sex, age and stickiness scores of panels who participated in the eating tests

in each chapter.

Panel Sex Age 1997" 1999 2005 2006 2007
A male 50s o -0.88,0.47”
B male  20s [ ) -0.88, 0.41
C male  50s o -0.91, 0.53
D male  40s [ -1.08, 0.55 -1.50, 0,52 -1.35,0.49 -1.16,0.38
E female 30s -1.07,0.58 -0.93,0.27 -0.91, 0.29 -1.00, 0.00
G male  40s -1.67,0.62 -1.18, 0.59 -1.27,0.59
H  male 40s -0.81, 0.46 -0.95, 0.48 -1.01, 0.56
F  female 20s -0.92,0.53 -1.17,0.56
G male  40s -1.33,0.49 -1.17,0.46
H male 50s [
I male  30s [
J  female 40s o

Number of test times g 31 13 19 18

Eating test

DHL(Chapter2) DHL(Chapter2) NIL(Chapter2) NIL(Chapter2)

RIL(Chapter3) RIL(Chapter3) RIL(Chapter3)

Y In 1997, panels who participated in the eating tests of DHL were shown as @.

% Stickiness score and standard deviation of Nipponbare compared to Koshihikari at the eating tests of general
breeding programs in Fukui Agricultural Experiment Station. The stickiness scores were given as -2 (much less
sticky than Koshihikari), -1 (less sticky than Koshihikari), 0 (same as Koshihikari) and +1 (stickier than
Koshihikari).
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Table 2. Sequences of primer sets of SSR markers newly developed.

nMa?;l;er Forward primer Reverse primer

KA4 cacacaggcttcgcaattta tttccetecttgtgagecta
KA30 atggtgccccatatgagtgt tgtagttaacacatcgaggagga
KA35 aaactaccgaacggagcctaa tagcgcgtagcaaccttett
KA43 cctttctgaatgec ggaattt gaaatgatggcatgggagat
KA68 ggtgggoatc ggaattaac tgcaatgggctactttcaga
KA70 cagtcctcctccatcctaaaa gcactttcgatgttttgcac
KA80 tactgctcatggeccttete gtactcggtcctccggattt
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Fig. 1. Frequency distributions of traits related to eating quality in DHLs derived from

cross between Akihikari and Koshihikari.

(A) and (B): Appearance in 1997 and 1999. (C) and (D): Stickiness in 1997 and 1999.
(E) and (F): Amylose content in 1997 and 1999. (G) and (H): Glossiness in 1997 and
1999. (H) and (I): Days-to-heading in 1997 and 1999. Arrow heads and bars indicate
the mean value and standard deviation of parents, respectively. A and K indicate
Akihikari and Koshihikari, respectively.
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Table 3. Correlation coefficients among traits associated with eating quality of cooked rice in 1997 and

1999.
Appearance Stickiness Glossiness
Amyl Days-to-
Year of cooked  of cooked Tyiose of cooked ays. © 1997/1999"
. . content . heading

rice rice
Appearance  (1997) 1.00 0.33%*
of cooked rice  (1999) 1.00 ’
Stickiness of  (1997) 0.20* 1.00 0.40%*
cookedrice  (1999) 0.83%#* 1.00 '
Amylose (1997) 0.16* -0.13 1.00 0,36
content (1999) -0.11 -0.12 1.00 ’
Glossiness of  (1997) 0.24* 0.31%** -0.26%* 1.00 0.46%*
cooked rice (1999) 0.59%* 0.57** -0.18* 1.00 ’
Days-to- (1997) 0.36** 0.24* 0.56** 0.07 1.00 0,98+
heading (1999) 0.40%* 0.41%* 0.05 0.39%* 1.00 '

D Correlation coefficient between 1997 and 1999.
* %% Significant at P<0.05 and 0.01, respectively.
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Fig. 2. Correlation between DHLs
cultivated in 1997 and 1999 among traits
associated with eating quality of cooked
rice.

(A): Appearance of cooked rice. (B):
Stickiness of cooked rice. (C): Amylose

content. (D): Glossiness of cooked rice in
a beaker. (E): Days-to-heading.
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Table 4. Putative QTLs for traits associated with eating quality of cooked rice.

1997 1999
Traits Chr. Iljgll(ree:t LoD Ag"” PVE? Tizelz}elgld Chr. I;{Zifr“ LOD AE PVE Thi;ffé’ld
Appearance 2.82 2 OPAJ13 474 036 83 3.20
of cooked 3 R4 4.02 0.26 10.1
rice 3 R2462 7.69 -035 179
4 R2376A 330 -0.19 56
6 R2171 10.54 053 18.1
6 C459 567 025 103
Stickiness 1 G6006 343 -023 73 26l 2.58
of cooked 1 R559 268 -026 44
rice 2 OPAJI3 1773 0.42 120
2 C370 396 023 74
3 Cl402B 436 -026 84
3  R2462 3.81  -032 6.2
6 R2171 1245  0.55 205
Amylose 2 OPAJI3 1491 -199 371 323 2 OPAJI3 880 -2.16 266 291
content 2 M235 375 -076 5.1 2 M235 324 -1.05 6.0
3 C393 6.02 -097 87
5 Cl2o4 336 -0.70 4.6
6 C459 8.97 126 149
Glossiness 2 OPAJI3 365 036 100 2385 2.84
of cooked 2 M235 5.11 033 84
rice 2 Cl137 3.04 025 51
3 R2462 299 -028 6.1
6 Cl1032 373 029 7.0
6 C459 857 046 162
10 Y6866R  3.67 028 5.7
10 S14155 323 026 5.6
Days-to- 3 C721 399 373 25 270 3 C721 738 640 59 331
heading 3 R2462  29.63 -12.05 25.9 R2462 2627 -12.75 232
6 R2171 4297 16.02 43.8 R2171  38.40 1691 38.7

" Additive effects of the Koshihikari allele.

& Percentage of total phenotypic variance explained by each QTL.

? Significant threshold LOD value (P <0.05) determined by computing 1,000 permutations.
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Year

1999 | Akihikari X DH92 |
I
| BCiF |12 individuals
MAS (foreground) MAS (foreground)
(1/12)" (2/12)
Backcross Backcross
2000 BCoF |12 individuals
MAS (foreground)
Backcross
2001 BCsF, |4 individuals | BCoF1 |12 individuals
MAS (foreground) MAS (foreground)
Backcross Backcross
2002 BC4F, |20 individuals | BCs;F1 |40 individuals
MAS (foreground) MAS (foreground)
(2/20) (12/40)
2 populations
BGE2 (120 individuals) Backeross
MAS (foreground)
(20/120)
2003 BCsFs |20 fin BCyF, |12 populations
o es 1 |(334 individuals)
MAS (foreground) MAS (foreground)
Selection by DTH’ (80/334)
(15/20)
2004 BC4F4 |15 lines | BCsF2 |80 individuals
f
MAS (foreground and MAS (foreground)
whole genome survey) (20/80)
Selection by DTH
(11/15)
2005 BCsFs |11 lines | BC4F3 |20 lines
MAS (foreground) MAS (foreground)
Selection by DTH Selection by DTH
(4/11) (2/20)
2006 BCsFs |4 lines | BC4F4 |2 lines
Whole genome survey Whole genome survey
2007

BC4F7 |4 lines

NIL-1,3,4,6

Fig. 4. Breeding procedure of NILs.

| BCsFs |2 lines

NIL-2,5

" The numerator and denominator in parentheses stand for the number of individuals or lines
selected, and the number investigated by marker-assisted and days-to-heading selection,
respectively.

) DTH: days-to-heading.
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Fig. 5. Graphical genotypes in the whole genome of NILs and QTL regions for

stickiness of cooked rice and amylose content detected in the DHL population.

(A) Graphical genotypes in the whole genome of NILs. Blocks represent the chromosomes.
The horizontal lines show the positions of SSR markers investigated. To make graphical
representation of the genotypes, the recombination point was arbitrarily determined at the
mid-point between markers, which showed different genotypes. White, black and gray
blocks denote homozygous of Akihikari allele, homozygous of Koshihikari allele and
heterogeneous of both alleles, respectively.

(B) Putative QTL regions for stickiness (ST) and amylose content (AC) detected in the
DHL population. Blocks represent the chromosomes. Bars next to chromosomes show
putative QTL regions.
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Fig. 6. Graphical genotypes of the long arm of chromosome 2 of NILs and QTL regions
for eating quality detected in the DHL population and Wada et al. (2008).

(A) Graphical genotypes of the long arm of chromosome 2 of developed NILs with
statistics for the difference in stickiness score and amylose content between each NIL and
Akihikari. To make graphical representation of the genotypes of NILs, the recombination
point was arbitrarily determined at the mid-point between markers, which showed different
genotypes. White and black blocks denote homozygous of Akihikari and Koshihikari
alleles, respectively. (B) Putative QTL regions for stickiness and amylose content detected
in the DHL population. Arrows at the right side of QTL regions denote positions of the
LOD peaks. Relative positions of RFLP markers used in the QTL analysis are also shown
at left side of QTL regions. (C) Putative QTL region for overall evaluation, glossiness,
taste and stickiness detected by Wada et al. (2008).

Y Physical map distance (kbp) in adjacent DNA markers are shown at left side of DNA
markers.

2 AC: Amylose content.

3 #%. significantly different from Akihikari at 1 % level, *: significantly different from
Akihikari at 5 % level, ns: not significant by multiple comparisons, Dunnett’s test.
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Table 5. Stickiness of cooked rice, amylose content, protein content and agronomic
characters of NILs, Akihikari and Koshihikari.

Lines Stickiness score (-1 to +2) Amylose content (%)
and 2006 2007 5006 2007
cultivars Ave. Var.! ) Ave. Var.
Akihikari 0.08 — 0.08 0.28 — 0.21 19.3 — 17.8 —
NIL-1 0.22 pg? 0.44 0.39 ns 0.25 19.1 ns 18.1 ns
NIL-2 0.17 ns 0.52 0.28 ns 0.26 19.5 ns 18.1 ns
NIL-3 042 * 0.27 0.54 * 0.25 16.7 ** 16.3 **
NIL-4 0.78 ** 0.25 0.56 * 0.26 16.4 ** 14.8 **
NIL-5 0.58 * 0.27 0.61 * 0.25 17.5 ** 16.1 **
NIL-6 0.50 * 0.35 0.67 ** 0.24 16.3 ** 15.6 **
Koshihikari 1.83 ** (.17 1.44 ** 0.49 17.2 ** 16.8 *
. Protein Agronomic characters”
;lllzles cozltent Days-to-  Culm Panicle Panicle

. (%) heading length length number
cultivars

2007 (days) (cm) (cm) (m”)

Akihikari 6.1 — 75 — 84 — 184 — 504 —
NIL-1 6.1 ns 75 ns 83 ns 18.7 ns 469 ns
NIL-2 6.1 ns 74 ns 81 * 18.7 ns 473 ns
NIL-3 6.1 ns 74 ns 83 ns 192 * 455 *
NIL-4 6.1 ns 74 ns 83 ns 18.9 ns 441 **
NIL-5 6.1 ns 75 ns 85 ns 19.0 ns 512 ns
NIL-6 6.2 ns 75 ns 75 ** 18.6 ns 501 ns
Koshihikari 59 = 87 ** 98 ** 19.3 * 492 ns

1 . .
) Unbiased variance.

? **:significantly different from Akihikari at 1% level, *:significantly different at 5% level,
ns: not significant by multiple comparisons, Dunnett's test.

*) Average of 2006 and 2007.
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Fig. 7. Genealogy of Sakihikari.
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Table 6. Difference in genetic background between Sakihikari and Koshihikari.

Chr. 1 2 3 4 5 6 7 8 9 10 11 ASum/
verage

Numbar of

polymorphic 15 25 14 11 8 14 6 7 5 11 6 6 128

SSR markers

Number of

SSR markers 58 104 43 33 34 97 27 27 34 51 33 22 563
surveyed

Percentage of

polymorphic 259 240 326 333 235 144 222 259 147 21.6 182 273 22.7
markers (%)
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Table 7. Phenotypic variations in RILs and parental cultivars, Sakihikari and Nipponbare.

Lines

Amylographic characteristics

Stickiness AC DH
Year and PV HP BD CpP CcO
Iti
cultivars (score) (%) (RVU) (days)
2005 RILs Ave. -043 17.3 501 200 301 327 127 92
Max. 0.75 21.0 558 261 347 424 163 101
Min.  -1.63 13.2 424 156 234 207 101 87
Sakihikari 028y 15.0 500 200 301 307 107 92
]** 4 ] sk ]**
Nipponbare  -1.25 18.2 484 188 297 326 139 93
2006 RILs Ave. -0.97 18.7 498 212 287 335 124 95
Max. 0.25 229 561 260 360 409 156 103
Min.  -2.00 13.5 426 163 225 279 102 83
Sakihikari -0.18 17.2 497 221 276 326 105 94
Nipponbare  -1.33 214 487 202 286 341 14 96
2007 RILs Ave. -0.57 183 470 209 261 334 125 104
Max. 0.38 30.5 547 282 334 452 169 118
Min.  -2.00 113 373 174 179 284 95 97
Sakihikari 0.13 134 454 202 252 315 113 104
Nipponbare  -1.73 20.4 472 187 285 325 138 104
Total Sakihikari 0.08 152 484 208 276 316 108 97
ave.  Nipponbare -1.44 20.0 481 192 289 331 139 98

Y AC: Amylose content, PV: Peak viscosity, HP: Hot-paste viscosity, BD: Breakdown viscosity, CP: Cool-paste
viscosity, CO: Consistency viscosity, DH: Days-to-heading.

? Significance: *: P<0.05, **: P<0.01.
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Fig. 8. Schematic diagram of amylographic characteristics of starch of Sakihikari and

Nipponbare measured by Rapid Visco Analyzer.

Y Breakdown viscosity: Peak viscosity — Hot-paste viscosity.
2 Consistency viscosity: Cool-paste viscosity — Hot-paste viscosity.
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(A), (C) and (E): Correlation for stickiness score. (B), (D) and (F): Correlation for amylose
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Table 9. Putative QTLs for stickiness of cooked rice, amylose content of unmilled rice,
amylographic characteristics of starch, and days-to-heading.

1 Nearest 2005 2006 2007
Traits QTL Chr. ) 3)
marker LOD AE”PVE”’ LOD AE PVE LOD AE PVE
Stickiness ¢S7/  RMI1003 1 39 0.2 16.6
qST3-1 RM4108 3 46 03 209 31 02 6.2 39 02 8.1
qST3-2 RM4512 3 38 02 113
qST6  wxCT 6 38 02 7.7
qST7 RMS847 7 33 02 8.6
qSTS RM3572 8 37 0.1 8.9
AC qACI  RM6542 1 34 -0.6 9.0 82 -0.8 16.6
qAC2  RM2770 2 3.8 -0.6 11.5
PV qPVI RMA472 1 7.6 -10.1 14.0 8.8 -11.2 19.2 10.5 -16.5 22.9
qPV6 RM7420 6 41 -82 93 52 -83 98
qPV7 RMS82 7 5.8 -10.1 13.9
qgPV8 RM4085 8 33 8.0 10.6 3.7 10.5 14.6
HP qgHP3 RM4108 3 7.7 10.6 26.5 6.8 6.8 11.8 6.8 7.8 29.3
qHP6  wxCT 6 47 -69 11.8 50 -63 99
BD gBDI RM5448 1 8.8 -10.9 183 1.7 -12.1 21.3 87 -17.5 22.8
gBD3 RM2326 3 46 -11.7 21.2
gBDS RM4085 8 43 74 120
CP qCP3 RM4108 3 43 10.2 10.7 42 6.7 7.1
qCP4 RM5473 4 47 2.0 95
qCP6 RM3034 6 48 -11.0 12.2 6.9 -9.8 15.0 6.4 -83 13.5
qCPI12 RM3455 12 45 -7.8 95
CcO qCOl RMA472 1 75 -42 149 133 -49 249 109 -56 26.1
qCO3-1 RM4108 3 43 22 19.7
qCO3-2 RM3525 3 39 -0.1 6.1
qCO6 RM7420 6 4.1 -2.7 189 6.1 -3.6 129 82 -42 13.8
qCO8 RM4085 8 49 -23 14.1
qCO10 RM5147 10 39 20 128
DH gDHI RMS8093 1 42 -0.2 89
gDH6 wxCT 6 21.0 2.0 398 248 24 508 245 2.0 50.0
gDH8 RM4085 8 7.1 -1.5 21.5 79 -1.6 264 94 -13 264

! Abbreviations of traits are shown in Table 7.
? Additive effects of the Sakihikari allele.
Y Percentage of total phenotypic variance explained by each QTL.
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Fig. 14. LOD curves of QTLs for stickiness of cooked rice of the selected RIL which

average temperature during the ripening period was between from 26.000 to 27.00 .

(A): ¢ST1, (B): ¢ST3-1 and ¢ST3-2, (C): qST6, (D): gST7, (E): ¢STS. Detected QTL name is
shown at the peak of LOD curve.
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Table 10. Genotypes of QTLs for stickiness of cooked rice of Koshihikari, Akihikari, Sakihikari
and Nipponbare.

Tais Qiimme cw 000 NEE D e e

Stickiness QTL for stickiness 2 KAG68 A” B A A
QTL for stickiness 2 KAS80 A B B B
qSTI 1 RM1003 A A A B
qST3-1 3 RM4108 A A A C
qST3-2 3 RM4512 A B C D
4ST6 6 RM432") A B A C
qST7 7 RMS5847 A B A C
qST8 8 RMB3572 A B B A

" The nearest marker of ¢ST6 was wxCT, but genotype data of RM4332 is shown in this Table because
genotypes of wxCT of Koshihikari and Akihikari were not analyzed.

2 . . .
)Alleles those increase stickiness are shown with hatches.

56



RM4108 DD ODUOUODODDODOOUODDODDODOOUODODDOUOUOD 0200 030000
gooboooobobooooobobbodobboddobbooUobboooboboo
dodooogooooobbbbbobobobooooooogg-144000 00800
000000000000 05000000000%00 NILOOOO ¢8T3-1
oddoogogogoooobooMASOUOD Do oogogoogooooo

1000000000000 000 QTL O ¢S8TIO ¢ST3-20 ¢ST6U ¢ST7 O O O
qSTS 0O 0O 0DO¢gST3-20¢ST6 D OO ¢STS UUQTL DO ODODUODUOUOUOOOGU
LOD UDDODOUOU0O0ODbOD0O0O0ODFg 3MOUOU0OD QTLOOUOUODDOOO
o000 100 b0oouob0b0o0uob0b0uuuobgSTionon gST70
QTL U0l uououooboobobb robuododoooooooobbbbobobooOoO
QTL OO0 D0O00OD0DDOOOD0D QTLO OO0 DODODOoOoOoDDobOOoOoooDoOod
O0000O0oDoOoOO0QrTLO 0O DODbOoOOoDoDbOoOooDoDbOOoOd

2005 0000000000000 QTL O ¢ST3-1 0o gog2o05000
dd RILOOODO FsOOQOOOOGOOoQooooo 1w9%o0o0o0ooood
goooboobooogoboboobouoguoboboogogoobooUoouoboooOoo
QTLOUUOUODbDbU0OuUbUDbbUOouboDboDb20060000 2007000000 RIL
U0000o0obobU0o0ouobobbUOoUOn ¢ST3-10b0bogo2006000 ¢ST3-20
gST7 000 ¢STS O DO2007 000 ¢STIO0D0OD0O ¢gST6 0D OOODODO2006000
02007000000 RILOOODODODODODO FgODODO FoOODODODDOODODODOO
gogoboooobbooobboono 1s%[hOooobboooobobooooboo
oo ooooooooboboooooboobooDbDbDbDb2006 OO0
0400000000000 DO0O0DODO0OO0207000O010D00DO0DODOO
O00d0o0odddi0Fg 110000000 0OODODOOODODODOOO Asaoka et al.
19850 0 00000000000 0O0D0O0OONO Asaoka et al. 19850 Jiang et al.
20030 Umemoto et al. 20030 Yamakawa et ¢/. 20070 00 0D 00 0O0OOODOOOO
0000000 bOOooDOooDOoDOoo0Do0O0bOO0bOO0oDbOOobOooDooDoooog
QTLODDbU0UOuobobboobobbooooD

oo0ooooooo2e000d27000000000 RILODODOODOOOODOD
OO0 QTLOobboogooo2005 0020060000 2007 000000O00ODOO
OO0 QTLODDOO3000000Db000On0DOg ¢S13-1 0 200500000
O00000Fig. A0 0000O0O0O0OOOOOOO QTLOODODDODOODODODODO
000000 DoDoO0o0o0oDbObOO0oO0o0DbObOoO0ooODDbODbOOoOoo0DDODDbOoOoooDOoo
000000 DoDoOo0o0oooDbObOO0o0o0DbODbO0oO0oo0DDbObOOoOoo0DDbODDbOoOoooDOOoo

zgbboooobboooboboobo2bbo3nboOoOobDDbDOO
gbobooooboboooobobbooobbOgo2sx2=0500000

57



gbobooooobbooooob QrILobboooobboooobbogod
oooOooObOo00 NILODDDDOOoOooooooooooopobboboooo
udoooooooobobbbobibbodoooooooooaooooobbob
uooooogao
qST6 U wxCTOOUOOODDOOOODOOOODOOODODOOUO Takeuchi et
al. 20070 000000000000 Tan ef al. 19990 Li et al. 2003a Fan et al.
200500000 QTLOODbOOOO0OO0DbDO 2000 DHLODOOOODOOOO
Ub0o0ooobDbo00 QTLobbbi00oo0obDbO0 ¢STe 0 DDOO0 wxOO
goobooooboooooobbooobbooobbooobbooobboo
UO0gST/I00 1000000000 RMI1003 0000000000000 Wada et
alO2000 0000 10000 RMS8I133 000000000 QTLooonOOO
uobbooobboooooobioooboiogibgSTI OO O0O000400gST3-20
qgST7 OO0 ¢STS D OOOO0OO0O 300000000 RM820800 7 0000
RMS8470 0000 8§ 000D0D0OO0O000O0 RM35720000000000040
gbobooooobbooooobboo0 QT uouooobbobooobbboo
oboogQrTrooooobbuogoobboooobobooobboooobbod
2000000000 QTLOD 10203000 e0OOO0ODODOOOODODO
OQTLO U000 100030000 QrroobobooobobboooboD
uoouoooooboobbbobbbdodoooooooooooooboooboob
goobog 2000 60000 QTLODOOODDOOUODLDDOOODO
goooboooobboooobobHLDOOODODO 2000000 QTL
UOORILOO QTLOOOO0DOOOOOONILDODOODODDOOOD 20
goooooooobobbobbibo0oo0ooooooon kKaesooO
goooooooobobbobbDD KA OO O OouooooooooooDoDOo
OOTable 100 00000000000 DO0OO0O0O0O00O0O0O0O0O0O0O0O0O0OO0
UooduootoibRILO QTL OO0 O0DO0OO0OO0O0oOoOooooooobbboboDb
gobbogooooboboooobbooobbooobbooobboooo
UegSTI DUODODDOOOODOOOODOOOODDOOOO0ODDO QTL O
UO0000¢ST3-10¢STe OO0 ¢STS UDDODOOO0DOOO QTL O OODO
oooDboooobbOo0o0 QTLObLDbOO0O0DbLDbOO0O0ODnDOTable 80
gob RILOODODOOODODOOO0OOOODDODO0OO0O0ODDODO0OO0O0oDODbOOO0
RILOOOOOOOODODODODOODDDOOO0OO0O0oOoooooooooooon
U
g
0

(|

O ooooo0oogoogoodg
O oo o0oo0oooogoooogogdg
o oooo0oo0oogogoooo b

O o o O

gboooboooboobDbobbobbo0obo0obOobDDbesST3-1 DOO
gHP3 0 3 0000000000000 000000O0O0O0O0O0O0OOODODOODO
gbooboooobooooobbooobbooobbooobbooobbo

58



gboboboooboooobbboooobbobooobbooobbooobboon
gbobobooobooooboobboooobboboobbbooobbooobboon
qST3-1 JO0oouobooobooobbooboooboboooboboboboobd
QTLOg¢Co3-100000000Table 8 U0 DODDODDODDODOOOOODODDOOOOO
gooboooooboobooooobbooobbooobbooobboooboboo
b QrLobooooboboooobonb

2006 0000000 ¢gSTS00D0OO0O00DODO0O0ODODO QTLO ¢gPV8U ¢BDS
ogboo0 gcos00DD0O 2006 000000000000 QTLODOOOODDOOO
gobobooooboooooobbooobbooobbooobbooobboo

gbobooooboooooobbg 20006 00000000000 0O0O00ODOO
ggdg gogaogoogivetonbbbbobbbibiboooooooooonn
gooboooooboobooooobbooobbooobbooobboooboboo
gooboooooboobooooobbooobbuooobbooobbooooboboo
goobooooboobooooobbooobbooobbooobbooooboboo
gobobooooboobooooobbooobbooobbooobbooobboo
Ub0o0o0ooo0obD0O00 19920 Okamoto et o/ 200900 00000 O00O0DODOO0O
gooboooooboooooobbooobbooobbooobbooobboo
gooboooooboooooobbooobbooobbooobbooobboo
gooboooooboboboooobboobobbooobbooobboo

gSTS U0 D0DDO0OO0O0OD0DOO0O00 QrTrLooboboooobobbOz2006 ODOOO
2007 U0obOO0oO0oo0obDbO0o0oOooObOoOooobOoooobOo0og RILODDOO
goooooooouooooooooobHL 0000000 oooooooao
gooooog QrLooooouououooobb NNLOOOooooooooDo

oooooooooooboobobbobon

59



oo 000

gboobooobobooboobobOoobRILOISSOOOOOU
U RILO 20050 200600 DO 20070 0 00000000000 0000OAO0
gooooobobbbobbobbioooooooooooooooboon
uboobooboobouooobooboobobobooboboobd
oobDooQrTLoooonbnn
UobDo0ooooobebIQTLL O 1030200 M 60700 DI OTIODO
goobooboooobobooooobbooobbooobbod
30000000gST3-/00300000000000DO0OO0O0O0ODODO
gooooooobbobobbbioooooooooooooonn
goooooobobobbo20b0Qrrtbiobbo20000oooogd
UoooooblooQTLh O 1d3d4d e 70080 100001200 000
ggd
ORILOOODOOODODDOOODDODDODOOOOOOOO0OO0OO0OOOOOODODDD
0ooQTLO 00000 oQTLO 00000 uouououoooboboDbDbDRILO
gobobogooobooboooobbooobbooobbooobboooDb
goooog

O
I A O I A O i

O
O

60

O O

O 0o O



o oo o0oo0oooogogooo Qo

O

O
0
0
0
0
0
0
0
O
O
O
O
0
0
0
0
0
O

oo bDoooooobooerLo

2000040 3guooooooooboobobobbioiboooooooooonn

o ooo0oooogoooooogooOogod

O

ggdg
oggdg
ggdg
goo
oggo

g
g
g
0
U

200700

goo
goo
goo
oond
goo
goo
goo
goo
goo
goo
goo

0
O
O
O
O
0
0
0
0
O

O

ooboboooobbooobbooobobooono
oooboooobooooboboooboboooobobooooobo
oobooooboooobbooobbooobboooonb
oobooooboooobbooobbooobboooobonb
godoooooooooobobobobDbDbDbDbDbODbbOO0O00 19650
oobDogoestoogoboboooz20020 0000000000
oobooooboooobbooobbooobboooobnb
oooobooooboboooobbooobboooboboooonb
ooboooooboboooobbooobboooboboooobnb
oo 19610000 20000000 200000 000 20020000
uooooooobobobboobbbioboogod 20060000
oobooog 2060000000000 0000 20080000
oobooooboooobbooobbooobboooobnb
U 1% e1ooboogoobbooobbooobboooobb
oobooooboooobbooobbooobboooobnb
O

Uobo0oo0obboo0o0obbO QTLO0 00D D OOUUHe et al.

oo b bzyQUU U oooooooIXi7mmoooobbbbbooooo
UDHLODDOOOODODOOOODOD QTLOO 8000 120000000000
UoboDD0ODb0DO00000O0bDDbDD chalkiness DO OO QTL DO DODDODOOOO
chalkiness U0 00000000 D0D0OD0OO0OO0OODODDODDODOO0OOODODOOO0OO
oooooooooobbbbibobibbi0o00000ogdXu et all200000
gobbooobboobobooboboobobo0o0oobO0odbOShanyou63l

60000000 chalkinessO OO0 QTLUO O D O OO Li et al.0] 2003b0 O

O
O
O
Uo0o0o000zho700 0Minge30 00D 0OO0O00O FROFOO0OO RILOODOO
O
0

O0/Kasalath/OOOGOOODOOODOO F,OOODODOODO 6000000
chalkiness D O OO QTLOOOOOO

00000000000 oDbOoO0oO0o0DODbOoO0o0DDODbOOoOooDDODDbOoOooooOag
oodoooooooobobbboooD o0 wxdoooooooooOOoOoOo
0000000000000 0DDOO0O00 QTL U0 UODDbODbhOoOooDoODbOOg
000000 oDoOo0o0odoDbObO0o0o0DbObObOo0ooODbbOOoOoo0DDODDbOoOooooDOoo
0ol dooououoguogoooooooooooooobDbDb QTL

61



oboDooooboooo
gbboooobooboooobbobooobboooboooobbon0 F,O000 F;
ggoooobbobobooooouooboobbboooooooon QTL O
uoooogag

62



O oo o O

O

oo 00

ggoogao

gogogag
gogogag

1999010
gooo

O 0o oo o o

uooogag

ooooog

ggoogao

uogoooooooobbooboobobobbbobioooooooao

goooooooooooboooboobobobobobobDbDbDbDbDbDbD

ggadg
19920

obobogoooboobogogoobogogooobo* o bbb ooo” 00

ooobogoo 2070000000000 000D0DOO0O0

gomooog 2060000000000 0O0 199900000000

uogoooogoooobobooobobobbbobioooooooao

g 1983000 2002000000 20500000000 ooo0O0n
ugboboooboooobobbooobboooboboooobobouooobobodd
1999011

gboooooboooobboo

2002 Jj00oOoooOoobObOboO0ooooooOobObboooo0o0bODbDbOF O

rROOODOOz2003 00180000 FLOODODOOO 400000005
O0O000 2070 m?00000000 36°03 0000000000
ONDD 6.0 gm”0000000000D020400F00000000

U0 /0000002000000 000000000FKR0ODOO0O0ODOO

gooobobbooooo00 HOoooobooboOooooooooooDooo
goooooobnoog 3soogu0oobooooobboooobooooon

U
g

O 0o o d

gooogaog
180 0 OO
gooogd

gooo

gooogaog
gooogaog
gooogg
gooogaog
goooog

goooooooooooobobobbbobob
F,OOO 180000 F0 1000000000 300000
oogooooooooboobobn

uoboooobogoooboboon

gsoooogoooobobobobobobobobDb20010000000
ooooooggo 23000000 bb0b0o00 1714000
goooooogoooooboobobob /sboooogoooo
gooogogdgz2e4 0000000000 FsO000000
gobogoobobooobooboboobobboooboboon

63

goo
gono
ggadg
oggdg

g

oo
oo
oo
180
0o
ud
oo

O oo oo o d

god

gud
gud
ud
ud
oo

O o oo o



goboooooboooobbooobbooobbooobboooobob
goooooooogouoouooooooooooooooboboQrr 0od
uooooooobobbbobbbidodoooooooooaooooooboob
gooogogooooobooobobobbn
googglieesonnbbbobobobboododoooooooooobon
goooooobobbbobobbbiooododooooooooooobon
goboboooobboooooboooobooooboooobogo
0
0

O oo d

gooobooogooooboboogooooobDDb F,O0000000
100bo00o0ooboooobobooobbooobobooobDboon
gobooooo oboooobobooon

O o oo o O
O oooooooogod
O ooooo o

O O oo d

uooooog oooooao

UOO0ODNAODO
U DNA O 0O Monna et /020020 0000000010 mM EDTADODOO 1 M
KClOOODO 100mM Tris-HCIO pHE.OU OO DO OOODOOOOO

O0o0PCR

PCR O 10 ng DNAO 10 mM Tris-HCIO pH8.01J 50 mM KCIO 4 p M OO 0O0O
O001.5mM MgCl,O 2.0 mM dNTPs O O O 0.25 U AmpliTaq Gold DNA O 0O 0O O
U O O Applied Biosystemsld CAOUSAO O OODO 10 p1lOO0O0D0ODO0OOODODOO
O0dgd PCRODODODO iCylcer Thermal Cycler SystemJ BIO RADUO USAD O 0O O
osh1obbopboOogOoebsogpoossgirgob702b0b0000ononO 350
oobooopPCRUOUDDO20% 0 00000TBEODODUOODODOUOERBrOOO
oo uvooooooooobobobobooooooo

obooooooboooo
oboboooboboooobbooobobooobbOo40700 SSRODODOO
gbooooooobooboboobooboobobob0o0dMAPMAKER/EXP 3.0
O Lander er /. 19870 0000 00000O0O0O0O0O0O0O0OOO0O0O0O0O0O0O0ODO
Uo0oooooooobibibib KesambiOOOOOOUO

O0O0QTL OO
QTL O O O Windows QTL Cartographer 2.50 Wang et «/. 20070 0 O O O F, O O

64



U /00b0bgdo cMOUobooooooobgoeceMoboouobobbgooobog
ooobooobobooo ebO0UO0O SOOUbDDbOO 10cMODOOODDOO
godogogQTLbbbobo 2cMUiTOOoonoooobOO 10000000000
oooobooooogon s%»iobooooouoobbooooogoooooo
oo robpdodooooooobbo QTLoooooobobbobooood
O QTLOibbibUiUbUduUUduU robdddddoogogooobobboooon
UOQTLUUU0DbbUiOoUubbuouoobDb QTLObboouobobbouooobobo
ooboooboboouoboboouooobooo
ooodobooouogobbobobouo0ouobooouooboboouogOgoD Single
markeranalysis 0 0 0 0000000000

ood oo

gbooogo bODoOoooobboooob

oboooooon

udooooguoooboboboobobobboboonoz2003 0000ooooon se
googssgbe04000000000Os000060000DODOO200400
goboooobooogo eoboobbz2o030 F,UDDDOODODO 54061 00
20040 /0000000 540660000000 570640000000000
Uo0ooooodonaD Table 110 Fig. 1500

oooooooooo

gooooboooooobbobo0o 33000000000002003 00 24900
200400000 27200000 3120000002003 00000000000
goboooboboooobobbooobb200b0b00000b200400000
gooooooooooooooobbob208bbbDDOOOOOO0O 270
gooooooooooooooobbobbobobbbobbz2o0500000 150
2000000000 202000 00000000000000000000O0
gobobogd2004 D000 O0OD0O000O0O0O0DOD0OD0O0ODOO0O0DbOObO0O0DOOD
oooooooooo

65



Table 11. Kernel and other traits of Hanaechizen, Niigatawase, F» population cultivated in paddy fields in
2003, and F3 population cultivated in paddy fields and a greenhouse in 2004.

_ 2003 2004
Traits E(?I?dl_ Hana- Niigata- F> Hana- Niigata- F;
echjzenl) wasel) Ave. Max. Min. echizen wase Ave. Max. Min.
White-back Padd
Heback o, Y 00 48% 6 38 0 0.0 154% 11 48 1
kernels fields
Basal-whit P
asabwite o, addy 0 174w 8 a4 0 78 348% 20 39 0
kernels fields
White-back Green
plus basal- % - - - - - 5.6 8.6* 74 100 32
. house
white kernels
Days-to- Padd
ays-io days 24w 56 58nd 57 61 54 59 6ns 60 66 54
heading fields
days  OTECT" ; ; .- 60 60ns 61 64 57
house
Panicl P
ane’e gpint DAY oo ois e 287 308 17.1 ; - A
weight fields
Weight of
P
1,000 gpint DAY 0 6 g5 e 109 218 182 ; ; -
fields
kernels

" Value for Hanaechizen and Niigatawase is the average of 10 plants.

2)**, * and ns: t-test significant at 1%, 5% levels and not significant, respectively.
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Fig. 15. Frequency distribution of days-to-heading, percentage of the white-back and
basal-white kernels and weight of 1,000 kernels in the F, and F; population cultivated
in 2003 and 2004, respectively.

(A) and (B): Days-to-heading. (C) and (D): Percentage of white-back kernels. (E) and (F):
Percentage of basal-white kernels. (G): Weight of 1,000 kernels. (H): Percentage of white-back
plus basal-white kernels under greenhouse conditions. Arrow heads and bars indicate the
average value and range of the parent plants, respectively. H and N indicate Hanaechizen and
Niigatawase, respectively.
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Table 12. Correlation matrix between measured traits of F; individuals and Fs lines.

Traits Dh F; Dh F3 Wb Fz Bw Fz Wb F3 Bw F3 Gh Tw F2 Pw F2
Days-to-heading of  1.00
F2 (Dh F2)
Days-to-heading of (.37 ***  1.00
F3 (Dh F3)
White-back kernels (.08 -0.07 1.00
of F2 (Wb F2)
Basal-white kernels (.08 -0.02 0.60 ™ 1.00
of F2 (Bw F2)
White-back kernels -(0.02 -0.13 046 ™ 0.38™ 1.00
of F3 (Wb F3)
Basal-white kernels  0.17 * 020  032* 032* 052" 1.00
of F3 (Bw F3)
White-back plus 0.14 * 0.06 024 0.17* 0.36 ™ 0.39*  1.00
basal-white kernels
in Green-house
(Gh)
Weight of 1,000 -0.29 **  -0.09 027 * 024™ 027" 023* 022" 1.00
kernels of F»
(Tw F2)
Panicle weight of  -0.11 0.01 0.02 0.07 -0.01 -0.09 -0.33 0.16* 1.00
F2 (Pw F2)

" White-back plus basal-white kernels occurred under high temperature stress in the F3 population grown in the greenhouse.

Dk gng *: significant at 1% and 5% levels, respectively.
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Fig. 16. Correlations between F, individual and average of F3 lines for the

percentage of white-back and basal-white kernels.

(A): Percentage of white-back kernels. (B): Percentage of basal-white
kernels.
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Table 13. Putative QTLs for white-back and basal-white kernels and weitht of 1,000 kernels.

Year P(.)pul- Traits Chr. Nearest LOD AE" pPVE? Thresh(;}d
ation marker value
2003 F, White-back kernels 3 RM4512 460 -0.73 25.9 3.93
6 RM3034 6.80 -0.84 31.2
Basal-white kernels 6 RM3034 8.08 -1.58 14.1 4.02

Weight of 1,000 kernels 3 RM4512 498  -0.17 12.3 4.09

2004 Fs White-back kernels 4 RM3288 436 -0.53 15.2 3.96
6 RM3034 1339 -1.14 59.6

White-back plus basal- 6 RM3034 7.80 -0.19 75.1 3.64

white kernels in
greenhouse

" Additive effects of the Hanaechizen allele. Numbers expressed in italics indicate additive effects based on arc sine
trans formation of the percentage of white-back or basal-white kemnels.

2 Percentage of total phenotypic variance explained by each QTL.
¥ Significant threshold LOD value (P <0.05) determined by computing 1,000 permutations.
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Table 14. Markers linked to QTLs detected by single marker analysis.

R Signifi-
Year P(.)pul Traits Chr. Marker g 1 AE”
ation cance
2003 F»> White-back kernels 11 RMS552 * -0.21
Basal-white kernels 11 RMS552 * -0.19
Days-to-heading 12 RM2197 * 0.35
2004 F3 White-back kernels 1  RM3440 * 0.26
2  RM5654 * -0.21
Basal-white kernels 12 RM2197 ** 0.15
White-back plus basal-
12 RM2197 * 0.01
white kernels in Greenhouse
Days-to-heading 12 RM2197 ** 0.40

D Markers linked to QTL at 5% and 1% significant levels are indicated by * and **, respectively.

2 Additive effects of the Hanaechizen allele. Numbers in italics indicate additive effects based on arc
sine transformation of the percentage of white-back and basal-white kernels.
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Table 15. Genotypes of QTLs for stickiness of cooked rice and heat-induced quality decline of the cultivars
used in this study and the objective genotype to be selected by MAS.

Nearest Koshi- Aki- Saki- Nippon- Hana-  Niigata-  Objective

Tratts  QTL CM arker  hikari hikari  hkari  bwe  cchizen  wase  gnotype!
Eating  Stickiness 2 KA68 A” B A A A A A
quality
Stickiness 2 KAS0 A B B B B B A
qSTI 1 RMI003 A A A B A A A
qST3-1 3 RM4108 A A A C A B A
qST3-2 3 RM4512 A B C D B E 0
qST6 6 RM4332° A B A C A B A
qST7 7 RM5847 A B A C D C A
gST8 8 RM3572 A B B A A A B
Heat- White-back 3 RM4512 A B C D B E O
induced
quality ~ White-back 4 RM3288 | A B B A A B A
)
decline )
White-backand ¢ RM3034 A B B A C B C
basal-white

Y Tolerance to deterioration in the apparent quality of unmilled rice caused by high temperature during the ripening period.

? The nearest marker of ¢ST6 was wxCT, but genotype data of RM4332 is shown in this Table because genotypes of
wxCT of Koshihikari, Akihikari, Hanaechizen and Niigatawase were not analyzed.

3 . .. . .
) Alleles those increase stickiness or decrease occurrence of white-back kernels are shown with hatches.

* The objective genotype to be selected by MAS system.
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Summary

‘Koshihikari” was bred by Fukui Agricultural Experiment Station in 1956. It is the
leading rice cultivar in Japan. Koshihikari is cultivated on about 603,700 ha of
paddy fields, accounting for about 37% of the paddy area in Japan in 2008.
Koshihikari is of superior eating quality and is widely preferred by Japanese
consumers. But Koshihikari has a few undesirable agronomic traits, such as poor
lodging resistance and susceptibility to rice blast. Deterioration in the apparent
quality of unmilled rice caused by high temperatures during the ripening period
(heat-induced quality decline hereafter) has been identified as an increasing
problem in rice cropping in Japan. The proportions of white-back and basal-white
kernels are especially increased by high temperatures during the ripening period,
and Koshihikari’s resistance to heat-induced quality decline ranges from medium to
slightly weak. Rice breeders have attempted to breed new cultivars with excellent
eating quality and strong resistance to heat-induced quality decline. ‘Hanaechizen’,
bred by Fukui Agricultural Experiment Station, is an early maturing cultivar with
strong resistance to heat-induced quality decline. However, breeding for both eating
quality and resistance to heat-induced quality decline is difficult because both are
quantitative traits controlled by multiple genes. These traits have been selected
from advanced generations, and sometimes need to be evaluated for a few years
because they are affected by environmental conditions. Therefore, selection using
DNA markers (marker-assisted selection: MAS) is needed to contribute to the
efficiency and effectiveness of rice breeding.

As a contribution towards the development of an MAS system, I genetically
analyzed the desirable traits of Koshihikari and Hanaechizen that lead to the
former’s excellent eating quality and the latter’s strong resistance to heat-induced

quality decline. The study comprised three components.

1. Detection of quantitative trait loci (QTLs) for eating quality using a
population derived from a Koshihikari x Akihikari cross and verification of
QTLs for stickiness of cooked rice and amylose content of milled rice by
developing near isogenic lines (NILs)

I mapped and analyzed QTLs for eating quality by using doubled haploid

lines derived from a cross between two japonica rice cultivars, Koshihikari and
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Akihikari. Eating quality was evaluated from stickiness of cooked rice determined
by sensory tests and amylose content of milled rice. Putative QTLs for stickiness
were detected on chromosomes 2 and 6. Koshihikari alleles in these QTLs increased
the stickiness value. Putative QTLs for amylose content were detected on
chromosome 2. The Koshihikari alleles in these QTLs decreased amylose content.
The result suggests that QTLs detected on the long arm of chromosome 2 are
closely associated with the strong stickiness of Koshihikari. The percentage of total
phenotypic variance explained by the QTL was ranged from 7.4 % to 12.0 %. The
effect of the QTL for eating quality on the long arm of chromosome 2 was analyzed
using NILs. Six NILs with an Akihikari genetic background were developed, in
which different segments of chromosome 2 were introduced from Koshihikari.
Significant differences in the stickiness and amylose content between these NILs
were observed. These results clearly showed that a chromosome 2 segment
introduced from Koshihikari increased stickiness and decreased amylose content in
the NILs, and supported the results obtained using the doubled haploid lines.
Comparison of the introduced segments revealed that the candidate genomic region

of chromosome 2 associated with stickiness lay between 515 and/or 773 kbp.

2. Detection of QTLs for stickiness of cooked rice using recombinant inbred
lines (RILS) derived from a Sakihikari X Nipponbare cross

I mapped and analyzed QTLs for eating quality using 188 RILs derived
from a cross between two japonica rice cultivars, Sakihikari and Nipponbare.
Sakihikari has excellent eating quality with strong stickiness, whereas Nipponbare
is less sticky, but both are late maturing cultivars. For RILs grown in 2005, 2006
and 2007, I evaluated the stickiness of cooked rice by sensory tests and measured
three properties that may affect stickiness—amylose content of milled rice,
amylographic characteristics of starch, and days-to-heading—and used them for
QTL analysis. Six QTLs for stickiness were identified, one each on chromosomes 1,
6, 7 and 8 and two on chromosome 3. Of these six QTLs, ¢S73-/ on the short arm
of chromosome 3 was detected in each of the three years, but the other five were
detected in only one year. The percentage of total phenotypic variance explained by
qST3-1 was ranged from 6.2 % to 20.9 %. I also mapped two QTLs for amylose
content, 19 QTLs for amylographic characteristics, and three QTLs for days-to-
heading. In the RILs, stickiness was significantly correlated with amylographic

characteristics and several QTLs for amylographic characteristics were detected in
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the same QTL regions in which QTLs for stickiness were found. These results
suggest that amylographic characteristics are important contributors to stickiness of

RILs.

3. Detection of QTLs for white-back and basal-white kernels caused by heat
stress using F, and F; populations derived from a Hanaechizen X Niigatawase
Cross

I identified several QTLs associated with resistance to heat-induced quality
decline. QTL analysis was carried out using F, and F; populations derived from a
cross between two japonica rice cultivars, Hanaechizen and Niigatawase.
Resistance to heat-induced quality decline was evaluated based on the percentage of
white-back and basal-white kernels. Three putative QTLs associated with white-
back kernels were identified, one each on chromosomes 3, 4 and 6. One putative
QTL associated with basal-white kernels was identified on chromosome 6. One
putative QTL associated with white-back plus basal-white kernels was identified on
chromosome 6 in the F; population grown in a greenhouse. QTLs on the short arm
of chromosome 6 contributed the most to resistance to heat-induced quality decline.
The percentage of total phenotypic variance explained by the QTLs on chromosome
6 was ranged from 14.1 % to 75.1 %. The QTLs identified on chromosomes 3 and 4
that also affected resistance to heat-induced quality decline were detected in either

the F, or F; population.

This study revealed the presence, chromosome map positions, and
percentage of total phenotypic variance explained by each QTL that make an
important contribution to determining the eating quality of cooked rice and the
resistance to a decline in the apparent quality of unmilled rice caused by high
temperatures during the ripening period. Identification of the genetic basis of these
traits should increase the efficiency and effectiveness of breeding strategies for
eating and grain quality of rice. An MAS system using these findings should

provide a substantial boost to rice breeding programs in the near future.
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