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1

DHL doubled haploid line
MAS DNA marker-assisted selection
NIL near-isogenic line
QTL quantitative trait loci
RIL recombinant inbred line
2
BIL backcrossed inbred line
CIM composite interval mapping
RAPD random amplified polymorphic DNA
RFLP restriction fragment length polymorphism
STS sequence-tagged site
CTAB cetyl trimethylammonium bromide
SNP single nucleotide polymorphism

SSR simple sequence repeat
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Table 1 7
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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 19979 1999 2005 2006 2007
A mde 50s . -0.88, 0.47
B mde 20s L -0.88, 0.41
C mde  50s ° -0.91, 0.53
D mde  40s ° -1.08, 0.55 -1.50, 0,52 -1.35, 0.49 -1.16, 0.38
E femde 30s -1.07, 0.58 -0.93, 0.27 -0.91, 0.29 -1.00, 0.00
G mde  40s -1.67, 0.62 -1.18,0.59 -1.27,0.59
H mde  40s -0.81, 0.46 -0.95, 0.48 -1.01, 0.56
F fende 20s -0.92, 0.53 -1.17, 0.56
G mde  40s -1.33,0.49 -1.17, 0.46
H mde 50s °
I mde  30s °
J femde 40s °

Number of test times 3 13 19 18

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

Eating test RIL(Chapter3) RIL(Chapter3)  RIL(Chapter3)

v In 1997, panels who participated in the eating tests of DHL wereshownase .

?) 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).



Table 1

0 -2 1
1992
0.38 -0.85
0
-1.67 -0.88
DHL
NIL
100 g Blabender, Duisburg, Germany 0.15
mm Il Bran+Luebbe, Norderstedt, Germany
3
100 ¢ Blabender, Duisburg, Germany 0.15
mm 450 Bran+Luebbe, Norderstedt, Germany
6
1975 10 g 50 ml
12 ml 30
KT-40 ALP 19.6 kPa 10
30 1
3
5 1 6 6

10



5
DNA
DNA cetyl torimethylammonium
bromide: CTAB Murray and Thompson 1980
PCR
PCR 10 ng DNA 10 mM Tris-HCI(pH8.0) 50 mM KCI 4 p M
1.5 mM MgCl, 2.0 mM dNTPs 0.5 U Taq ExHS DNA
Takara 10 p | PCR
iCylcer Thermal Cycler System BIO RAD USA 94 1
94 30 55 1 72 2 35
PCR 2.5% TBE EtBr uv
DHL
171 DNA Takeuchi et al. 2001
MAPMAKER/EXP ver3.0b Lander et al. 1987
DNA RFLP 135
random amplified polymorphic DNA: RAPD 34
sequencetagged site: STS 2
K osambi
QTL
QTL Windows QTL Cartographer 20 Wang et al. 2004 DHL
composite interval mapping: CIM
CIM
6 5 10 cM QTL

11



2 cM 1000

5% LOD
QTL QTL
LOD QTL
QTL
NIL QTL
NIL QTL 12
simple sequence repeat: SSR Temnykh et al. 2001 McCouch et al.
2002 3 single nucleotide polymorphism: SNP
http://www.pgcdna.co.jp/snps/ MAS
IRGSP http:
/Irgp.dna.affrc.go.jp/E/IRGSP/index.html 7 SSR
7 SSR Table 2
NIL
2004 NIL-1 3 4 6 BC4F4 21
RFLP 3 RFLP
2006
NIL 12 89 SSR

Temnykh et al. 2001 McCouch et al. 2002

12



Table 2. Sequences of primer sets of SSR markers newly developed.

rl\l/la;arr:;er Forward primer Reverse primer

KA4 cacacaggcttcgcaattta tttccctecttgtgagecta
KA30 atggtgccccatatgagtgt tgtagttaacacatcgaggagga
KA35 aaactaccgaacggagcctaa tagcgcgtagcaaccttctt
KA43 cctttctgaatgcggaattt gaaatgatggcatgggagat
KAGS ggtggggatcggaattaac tgcaatgggctactttcaga
KA70 cagtcctcctccatcctaaaa gcactttcgatgttttgcac
KA80 tactgctcatggececttctc gtactcggtcctcecggattt

13
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1999 1.3 4.0 Fig. 1D
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15.9% 16.2% DHL  13.3 21.2%
17.7% 14.2% DHL  11.2 23.2%
1F
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Table 3. Correlation coefficients among traits associated with eating quality of cooked rice in 1997 and

1990.
Appearance Stickiness Amviose Glossiness Davsto-
Y ear of cooked  of cooked y of cooked A 1997/1999Y
. . content . heading

rice rice rice
Appearance  (1997) 1.00 0.33+*
of cooked rice (1999) 1.00 ’
Stickinessof  (1997) 0.20* 1.00 040+
cookedrice  (1999) 0.83** 1.00 )
Amylose (1997) 0.16* -0.13 1.00 0.36+*
content (1999) -0.11 -0.12 1.00 ’
Glossnessof  (1997) 0.24* 0.31** -0.26** 1.00 0.46+*
cookedrice  (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 )

Y Correlation coefficient between 1997 and 1999.
* *x*: 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
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(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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QTL Table 4 Fig. 3
1997 QTL 3 R44 R2462
R2376A 6 C459 4
R44 C459 QTL
10.1% 10.3%
R2462 R2376A QTL
17.9% 5.6%
1999 QTL 2 OPAJ13
R2171 2 QTL
8.3% 18.1%

1997 QTL 1 G6006 2

C370 3 R2462 3 C370
QTL
7.4% G6006 R2462 QTL
7.3%

8.4%

1999 QTL 1 R559 2
OPAJ13 3 R2462 6 R2171

OPAJ13 R2171 QTL
12.0% 20.5%
R559 R2462 QTL
4.4% 6.2%

19



Table 4. Putative QTLs for traits associated with egting quality of cooked rice.

1997 1999
Treits Chr. '\N/Ij:ra Lo AE’ pvE? Tr\]::gd chr. uﬁf LOD AE PVE Th\;:‘::'d
Appearance 2.82 2 OPAJ3 474 036 8.3 320
of cooked 3 R4 402 026 101
rice 3 R2462 769 -035 179
R2376A 330 -019 5.6
6 R2171 1054 053 181
6 C459 567 025 103
Stickiness G6006 343 -023 73 261 258
of cooked R559 268 -026 44
rice OPAJ13 773 042 120
C370 396 023 74
3 Cl402B 436 -026 84
3 R2462 381 -032 6.2
6 R2171 1245 055 20t
Amylose 2 OPAJI3 1491 -199 371 323 2 OPAJ13 880 -216 266 291
content 2 M23% 375 -076 5.1 2 M23% 324 -105 6.0
3 (€393 6.02 -097 8.7
5 Cl1264 336 -0.70 4.6
6 C459 897 126 149
Glossiness 2 OPAJ3 365 036 100 285 284
of cooked 2 M23% 511 033 84
rice 2 Cusv 304 025 51
3 R2462 29 -028 6.1
6 C1032 373 029 7.0
6 C459 857 046 16.2
10 Y6866R 367 028 5.7
10 S14155 323 026 56
Days-to- 3 Ciza 3.99 373 25 270 Cr21 7.38 640 59 331
heading 3 R2462 2963 -12.05 259 3 R2462 2627 -1275 232
6 R2171 4297 16.0z 438 6 R2171 3840 1691 38.7

Y Additive effects of the Koshihikari alele.

2 Percentage of total phenotypic variance explained by each QTL.

K Significant threshold LOD value (P <0.05) determined by computing 1,000 permutations.
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1997 QTL 2 OPAJ13
M 235 3 C393 5 C1264 6
C459 C459 QTL
1.26 14.9% OPAJ13 M 235
C393 C1264 QTL
-1.99 -0.76 -0.97 -0.70 37.1% 5.1%
8.7% 4.6%
1999 QTL 2 OPAJ13
M 235
-2.16 -1.05
26.6% 6.0%
1997 QTL 2 OPAJ13 C1137
6 C1032 10 S14155
QTL
10.0% 5.1% 7.0% 5.6%
1999 QTL 2 M235 3
R2462 6 C459 10 Y 6855R
M235 C459 Y 6855R QTL
8.4%
16.2% 5.7% R2462 QTL
6.1%
1997 QTL 3 c721 R2462
6 R2171 c721 R2171
QTL
3.73 16.02
2.5% 43.8% R2462 QTL
-12.05 25.9%
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1999 QTL
6 R2171
QTL
5.9% 38.7%
-12.75 23.2%
NIL
NIL
NIL Fig. 4
QTL MAS
6 NIL
NIL
NIL
Fig. 5
4 6 10 1
11 NIL-3 5
1 5 NIL-5 5
10 1 NIL-6
6
2

23

3 C721 R2462
C721 R2171
6.40 16.91
R2462 QTL
2
BC4F3
89 SSR
NIL
RFLP
NIL-1 5
2
NIL-2 3 5 9
1 3 4 7 11 NIL-4
3 2 4 7
5 3 4 5 7 11
DHL 1 3 5
QTL
NIL



Year

1999 | Akihikari X_DHO2 |
1
| BC:F; 12 individuals
MAS (foreground) MAS (foreground)
w12)" (212)
Backcross Backcross
2000 | BCaF1 |12individuds
MAS (foreground)
Backcross
2001 | BCsF1 |4 individuds | BCzF1 |12 individuas
MAS (foreground) MAS (foreground)
Backcross Backcross
2002 I BC4F1 I20individueis I BCsF1  |40individuals
MAS (foreground) MAS (foreground)
(2/20) (12/40)
2 populations
BCF2 | (120 individuas) Backcross
MAS (foreground)
(20/120)
. 12 populations
2003 BC4Fs 120 lines BCF | 334 individuals)
MAS (foreground) MAS (foreground)
Selection by DTH’ (80/334)
(15/20)
2004 I BCsF4 |15 lines I BC4F2  |80individuas
MAS (foreground and MAS (foreground)
whole genome survey) (20/80)
Selection by DTH
(11/15)
2005 I BC4Fs Ill lines I BCsFs  |20lines
MAS (foreground) MAS (foreground)
Selection by DTH Selection by DTH
(4/11) (2/20)
2006 I BCsFs |4 lines I BCsFs  |2lines
Whole genome survey Whole genome survey
2007

| BC4F7 I4Iin&s

NIL-1,3,4,6

Fig. 4. Breeding procedure of NILs.

| BC4Fs [2|ines

NIL-2,5

Y 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.

2DTH: 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 genotypesin 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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QTL

NIL QTL Fig. 6
NIL-1 RM3316 RM 8029
NIL-2 S0651
NIL-3 S0299 KAG8 KA80 RM8029 2
NIL-4 KA35 RM 8029 NIL-5 KA68 RM 8029
NIL-6 S0299 KA80
NIL
2006 2007 NIL
2007
Table 5 NIL

Dunnetts’ test

NIL-1 2
NIL-3 4 5 6

NIL
P<0.01
NIL-1 2
NIL-3 4 5 6
NIL-3 5
NIL-4
P<0.05
NIL
P<0.05
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(kbp) ") name
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1011 RM1342
376 KA43
174 KA80 -
50 RM6933
372 KA30
21C KA70
381 S0651
307 RM3316
88¢ KA4 =Y
1,016 RM8029 M235
157C RM5916 Cas -
632 RM3535
445 RM3542 C1445

RFALP
markers

e UMY
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G-1IN

9-1IN

LIy IUSO M

(8002) "2 © epeM

>
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RM5470

Stickiness (2006) - nd ns * *% * EE

Statisticsfor ~ Stickiness(2007) - g pg *x  * ok kx ke

difference 2
from Akihikari AC" (2006) TONS NS xR ek e ek

AC (2007) - ns ns * % ** ** *%* *%x

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.

9 #x: significantly different from Akihikari at 1 % level, *: significantly different from
Akihikari at 5 % level, ns: not significant by multiple comparisons, Dunnett’s test.



Table 5. Stickiness of cooked rice, amylose content, protein content and agronomic
characters of NILs, Akihikari and Koshihikari.

Lines Stickiness score (-1to +2) Amylose content (%)
and 2006 2007
cultivars Ave.  vyagl? Ave Var. 2000 2007
Akihikari 0.08 0.08 0.28 0.21 19.3 17.8
NIL-1 0.22 ng? 044 0.39 ns 0.25 19.1 ns 18.1 ns
NIL-2 0.17 ns 052 0.28 ns 0.26 19.5 ns 18.1 ns
NIL-3 042 * 0.27 054 * 0.25 16.7 ** 16.3 **
NIL-4 0.78 ** 0.25 056 * 0.26 16.4 ** 14.8 **
NIL-5 058 * 0.27 061 * 0.25 17.5 ** 16.1 **
NIL-6 050 * 0.35 0.67 ** 0.24 16.3 ** 15.6 **
Koshihikari 183 ** 0.17 1.44 ** 0.49 17.2 ** 16.8 *
_ Protein Agronomic characters®
;rl:jei content Daysto- Cum  Panicle Panicle

. (%) heading length  length number
cultivars

2007 (days) (cm) (cm) (m?)

Akihikari 6.1 75 84 18.4 504
NIL-1 6.1 ns 75 ns 83 ns 187 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 19.2 * 455 *
NIL-4 6.1 ns 74 ns 83 ns 189 ns 441 **
NIL-5 6.1 ns 75 ns 85 ns 19.0 ns 512 ns
NIL-6 6.2 ns 75 ns 75 ** 186 ns 501 ns
Koshihikari 59 * 87 ** 98 ** 193 * 492 ns

D Unbiased variance.

2) wx :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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2
QTL NIL
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Kinuhikari

(Nagoyutaka)

Fig. 7. Genealogy of Sakihikari.
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Table6. Differencein genetic background between Sakihikari and Koshihikari.

Chr. 1 2 3 4 5 6 7 8 9 10 11 S
Average

Numbar of

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

SSR markers

Number of

SSR markers 5 104 43 3B #A 97 2 27 34 51 33 2 563
surveyed

Percentage of
polymorphic 259 240 326 333 235 144 222 259 147 216 182 273 22.7
markers (%)
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RIL

RIL

50

759 m?

Fs 2007

150 ¢
500 ml
1.26

100 ¢

mm

Fi 188

2005 2006 2007 36° 03
4 1 1 50
2006 5 6 2006 5 8 2007 4 26
21.5 m?

RIL 2005 Fs 2006
2
90
ERC-9F
3 Table 1 4
34 48
-2 -1
+1 4
QTL
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100 g Blabender, Duisburg, Germany 0.15
mm Kuo et al. 2001 4.0 ¢
25 ml Newport Scientific, NSW,
Australia PV: peak viscosity HP: hot-paste
viscosity CP: cool-paste viscosity
BD: break down PV HP CO: consistency
CP HP 2
DNA

DNA CTAB Murray and Thompson 1980

PCR
PCR 10 ng DNA 10 mM Tris-HCI pH8.0 50 mM KClI 4 uy M
1.5mM MgCl, 2.0 mM dNTPs 0.25 U AmpliTag Gold DNA
Applied Biosystems CA USA 10 p |
PCR iCylcer Thermal Cycler System BIO RAD USA
95 10 94 30 55 1 72 2
35 PCR 2.0% TBE EtBr
uv
wxCT
Wx
Juliano 1971 Sato et al. 2002 Suzuki et al. 2003 Wx
CT Bligh et al.
1995 Bao et al. (2006 499 CT
(CT)s (CT)22 10

RIL Wx
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CT Wi CT
Oligo 5.0 National

Bioscience, MN, USA wxCT-U 5’ -
TTG CAG ATG TTC TTC CTG ATG-3' ) wxCT-L 5" -CTT TGT CTA TCT
CAA GAC AC-3 ) 2 RIL DNA
PCR PCR R6G-dUTP R110-dUTP Applied Biosystems
Division/Perkin-ElImer CA USA RIL Wx

CT ABI3700 Applied

Biosystems Division/Perkin-Elmer CA USA

RIL
113 SSR Temnykh et al. 2001 McCouch et al. 2002
wxCT MAPMAKER/EXP 3.0 Lander et al. 1987
Kosambi
QTL
QTL Windows QTL Cartographer 2.5 Wang et al. 2007 RIL
CIM CIM
6 5 10 cM QTL
2 cM 1000
5% LOD
QTL QTL
LOD QTL
QTL
QTL
30 26.0 27.0 RIL

QTL
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Table 7 Fig. 9
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Table7. Phenotypic variationsin RILs and parental cultivars, Sakihikari and Nipponbare.

Amylographic characteristics

Lines Stickiness AC DH
Yer and Pv HP BD cP CO
cultivars < ore) (%) (RVU) (days)
2006 RILs Ave. -043 17.3 501 200 01 327 127 R
Max. 0.75 210 558 261 A7 24 163 101
Min. -163 132 24 156 24 207 101 87
Sakihikari 0.28 w2 15.0] o 500 200 01 307 107] " R
Nipponbare  -1.25 18.2 484 188 297 326 139 93
2006 RILs Ave. -097 18.7 498 212 287 335 124 95
Max. 0.25 229 561 260 30 409 156 103
Min.  -200 135 426 163 25 29 102 83
Sakihikari -0.1 - 17.2] . 497 221 276 326 105 . 94] .
Nipponbare -1.33 214 487 202 2% Al 14(7] 96
207 RILs Ave. -057 183 470 209 261 334 125 104
Max. 0.38 30.5 47 282 334 452 169 118
Min. -2.00 11.3 373 174 179 284 b 97
Sakihikari 0.13 - 13.4] . 44 202 . 22 315] - ZL'lS] . 104
Nipponbare  -1.73 204 472 187J 285 325 138 104
Total Sakihikari 0.08 - 15.2] - 484 2 . 276 316 108] . 97
&€ Nipponbare -144 20.0 481 12:] 289 331 139 98

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

2 Ggnificance: *: P<0.05, **: P <0.01.
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600
. ey = = = Nipponbare _
Peak viscosity PP 95
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1 85
[y} 400 i \‘\ - .
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Time min

Fig. 8. Schematic diagram of amylographic characteristics of starch of Sakihikari and
Nipponbare measured by Rapid Visco Analyzer.

D Breakdown viscosity: Peak viscosity — Hot-paste viscosity.
2 Consi stency viscosity: Cool-paste viscosity — Hot-paste viscosity.
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Fig. 9. Frequency distributions of RIL derived from cross between Sakihikari and

Nipponbare cultivated in 2005, 2006 and 2007.

(A): Stickinessscore. (B): A mylose content. (C): Consistency viscosity.
White and black arrows indicate the average value of Sakihikari and Nipponbare,

respectively.
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Fig. . Heading date and average temperature during the ripening period (30 days
after heading) of RIL cultivated in 2005, 2006 and 2007.
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QTL

QTL Table 9 Fig. 12
QTL
6 QTL ¢gST1 qST3-1 (ST3-2 (ST6 qST7 qST8
1 3 2 6 7 8 QTL
gqST3-1 3
3 SSR RM 4108
6.2% 20.9% 1 3 6 7
8 QTL 1
7.7% 16.6% DHL QTL
2 RIL QTL
Fig. 13 QTL LOD LOD 1.5
2007 gST1 2005
2006 LOD
Fig. 13A 2006 qST3-2 2005 2007
LOD Fig. 13B 2007
qST6 2006 LOD
2005 Fig. 13C 2006
qST7 2005 2007
LOD Fig. 13D 2006
qST8 2005 LOD
2007 LOD Fig. 13E
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Table 9. Putative QTLs for stickiness of cooked rice, amylose content of unmilled rice,
amylographic characterigtics of starch, and days-to-heading.

- Nearest 2005 2006 2007
Traits QTL Chr.
marker LOD AE2 pvE® LOD AE PVE LOD AE PVE
Stickiness qST1 RM1003 1 39 0.2 16.6
gST3-1 RM4108 3 46 0.3 209 31 02 6.2 39 0.2 81
qST3-2 RM4512 3 3.8 0.2 113
gSTé  wxCT 6 38 02 7.7
gqST7  RM5847 7 33 0.2 8.6
gST8 RM3572 8 3.7 0.1 89
AC gACl RM6542 1 34 -06 9.0 8.2 -0.8 16.6
gAC2 RM2770 2 3.8 -06 115
PV gPV1l RMA472 1 7.6 -10.1 14.0 8.8 -11.2 19.2 105 -165 229
gPV6 RM7420 6 41 -82 93 52 -83 938
gPV7  RM82 7 5.8 -10.1 139
gPV8 RM4085 8 3.3 8.0 106 3.7 105 14.6
HP gHP3 RM4108 3 7.7 10.6 26.5 6.8 6.8 11.8 6.8 7.8 29.3
gHP6  wxCT 6 47 -6.9 118 50 -63 9.9
BD gBD1 RM5%48 1 8.8 -109 183 11.7 -121 21.3 8.7 -175 228
gBD3 RM2326 3 4.6 -11.7 21.2
gBD8 RM4085 8 43 7.4 120
CcpP qCP3 RM4108 3 4.3 10.2 10.7 42 6.7 7.1
qCP4 RM5%473 4 47 2.0 95
qCP6 RM3034 6 4.8 -11.0 12.2 6.9 -9.8 15.0 6.4 -83 135
qCP12 RM3455 12 45 -78 95
CO qCO1 RMA472 1 75 -42 149 133 -49 249 109 -56 26.1
qCO3-1 RM4108 3 43 2.2 197
gCO3-2RM3525 3 39 -01 6.1
gCO6 RM7420 6 41 -2.7 189 6.1 -3.6 129 82 -42 138
qCO8 RM4085 8 49 -23 141
gCO10 RM5147 10 3.9 20 128
DH gDH1 RM8093 1 4.2 -0.2 89

gDH6  wxCT 6 210 20 398 248 24508 245 20 500
gDH8 RM4085 8 7.1 -15 215 79 -16 264 94 -13 264

Y Abbreviations of traits are shown in Table 7.
2)Additive effects of the Sakihikari alele.
¥ Percentage of total phenotypic variance explained by each QTL.
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Fig. 12. Sakihikari x Nipponbare linkage map and positions of putative QTLs for stickiness of
cooked rice, amylose content of unmilled rice, amylographic characteristics of starch and days-

to-heading.

Symbols indicate the peak of LOD. ST: Stickiness. AC: Amylose content. PV: Peak viscosity. HP:
Hot-paste viscosity. BD: Breakdown viscosity. CP: Cool-paste viscosity. CO: Consistency viscosity.
DH: Days-to-heading. CEN: Approximate position of centromere.
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Fig. 13. LOD curves of QTLs for stickiness of cooked rice.
(A): qST1, (B): qST3-1 and qST3-2, (C): qST6, (D): qST7, (E): gST8. QTL name is shown at

the peak of LOD curve. Thesignificant threshold LOD value (P<0.05) of QTL for stickiness
in 2005, 2006 and 2007 was 4.38, 3.09 and 3.65, respectively.
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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 26.0 to 27.0

(A): gST1, (B): qST3-1 and qST3-2, (C): qST6, (D): qST7, (E): qST8. 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.

Stickiness QTL for stickiness 2 KAG68 A? B A A
QTL for stickiness 2 KAS80 A B B B
gST1 1 RM1003 A A A B
gST3-1 3 RM4108 A A A C
gST3-2 3 RM4512 A B C D
qST6 6 RM4332) A B A C
qST7 7 RM5847 A B A C
gST8 8 RM3572 A B B A

Y The nearest marker of qST6 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

qST8
LOD

QTL
QTL

2005
RIL

QTL

qST7
2007

1985

0.2

-1.44
0.5 2 NIL
MAS
QTL STl (@ST3-2 (ST6
qST8 QTL
Fig. 13 QTL
1 qST1
LOD

QTL

qST3-2 qgST6

QTL
QTL  gST3-1

Fs 10.9%
2007

2006

2006
qST3-1
2007 gST1

RIL

qST6
Fs

gST8

1.5%

2007 1

Fig. 11
Asaoka et al.

2003 Umemoto et al. 2003 Yamakawa et al. 2007

QTL
26.0 27.0 RIL
QTL 2005 2006 2007
QTL 3 gqST3-1
Fig. 14 QTL
2 0.2 0.3
0.25x 2=0.5

57

0.3

0.08
qST3-1

qST7

qST7

2005

RIL

qST3-2

2006

2006

Asaoka et al.

1985 Jiang et al.

2005



QTL

NIL
gST6  wxCT Takeuchi et
al. 2007 Tan et al. 1999 Li et al. 2003a Fan et al.
2005 QTL 2 DHL
QTL gqST6 WX
gST1 1 RM 1003 Wada et
al. 2008 1 RM8133 QTL
gqST1 qST3-2
qST7 qST8 3 RM 8208 7
RM5847 8 RM3572
QTL
QTL
2 QTL 1 2 3 6
QTL 1 3 QTL
2 6 QTL
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RIL QTL NIL 2
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Table 10
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QTL ¢CO3-1 Table 8
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qsTS QTL 2006
2007 RIL
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1965
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1
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DNA
DNA Monna et al. 2002 10 mM EDTA 1 M
KCI 100 mM Tris-HCI pH8.0

PCR
PCR 10 ng DNA 10 mM Tris-HClI pH8.0 50 mM KCI 4 p M

1.5 mM MgCl, 2.0 mM dNTPs 0.25 U AmpliTag Gold DNA

Applied Biosystems CA USA 10 p |

PCR iCylcer Thermal Cycler System BIO RAD USA

95 10 94 30 55 1 72 2 35
PCR 2.0% TBE EtBr
uv
407 SSR
MAPMAKER/EXP 3.0
Lander et al. 1987
Kosambi

QTL

QTL Windows QTL Cartographer 25 Wang et al. 2007 F,
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30 2003 24.9
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Table 11. Kernel and other traits of Hanaechizen, Niigatawase, F, population cultivated in paddy fieldsin
2003, and F; population cultivated in paddy fields and a greenhouse in 2004.

2003 2004
Traits tionl Hana- Niigata- F, Hana- Niigata- F;
echizen® wase!? Ave. Max. Min. echizen wase Ave. Max. Min.
Whi k Pad
iteback o, ady o0 48+ 6 3 0 00 154* 11 48 1
kernds fields
Basal-whit Pad
asd-white Ay 07 1742 8 a0 78 M8* 20 39 0
kernds fields
White-back Green
plusbasd- % - - - - - 516 86* 74 100 32
. house
white kernels
Days-to- Paddy .
)
heading ays fidlds 56 58Bns? 57 61 4 59 60ns 60 66 54
Green-
days - - - - - 60 60ns 61 64 57
house
Panicl Padd
\ce gplant Y 587 245+ 287 398 17.1 - - --
weight fields
Weight of
Padd
1,000 gplant y 206 185** 19.9 21.8 182 - - - - -
fidds
kernds

Y 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  lines.

Traits DhF, DhF; WbF, BwF, WbF; Bw F3 Gh TwF, PwF,
Daysto-heading of 1.00

Fz2 (Dh R2)

Days-to-headingof ~ 0.37 **?  1.00

Fs (Dh Rs)

White-back kernels  0.08 -0.07 1.00

of R (Wb F2)

Basd-white kernels ~ 0.08 -0.02 060 ** 1.00

of B (Bw R)

White-back kernels  -0.02 -0.13 046* 038* 1.00

of B (Wb F3)

Basd-whitekends 017 * 020 032* 032* 052" 100

of B (Bw B)

White-back plus 0.14* 0.06 024 017* 0.36* 0.39** 1.00
basal-white kernels

in Green-housel)

(Gh)

Weight of 1,000 -0.29 **  -0.09 027* 024* 0.27* 023** 022* 1.00
kernels of 2

(Tw R)

Panicle weight of  -0.11 0.01 0.02 0.07 -0.01 -0.09 -0.33 0.16* 1.00
F2 (Pw R)

& White-back plus basal-white kernels occurred under high temperature stressin the Fs popul ation grown in the greenhouse.

2),

** and *: significant at 1% and 5% levels, respectively.
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407 SSR 64 15.7%

56
13 13 Fig. 17 1
2 3 4 5 6 7 8 10 11 8
QTL
CIM QTL
Table 13 Fig. 17 5% LOD 3.64 4.38
QTL
QTL LOD Table 14 single marker analysis
QTL
F2
2003 F» 5%
LOD 3.93 F, 3 6 QTL
QTL 3 RM4512 6
RM 3034 25.9% 31.2%
F3
2004 Fs 5% LOD
3.96 Fs 4 6 QTL
QTL 4 RM 3288 6
RM 3034 15.2 59.6%
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Table 13. Putative QTLs for white-back and basal-white kernels and weitht of 1,000 kernels.

Popul- . Nearest Threshold
Y ear U Traits Chr. - LOD APBY PV E?

ation marker vaue®

2003 F, White-back kernels 3 RM4512 460 -0.73 259 393
6 RM3034 680 -0.84 312
Basd-white kernels 6 RM3034 808 -1.58 141 4.02
Weight of 1,000 kernels 3 RM4512 498 -0.17 12.3 4.09
2004 F; White-back kernels 4 RM3288 436 -0.53 152 3.96
6 RM3034 1339 -1.14 59.6
White-back plus basal- 6 RM3034 780 -0.19 75.1 364
white kernelsin
greenhouse

Y Additive effects of the Hanaechizen allele. Numbers expressed in italics indicate additive effects based on arc sine
transformation of the percentage of white-back or basal-white kernels.

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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Fig. 18. LOD curves of QTLs for white-back kernels.
(A): Chromosome 3. (B): Chromosome 4. (C): Chromosome 6. QTL Name is shown at the
peak of LOD curve. The significant threshold LOD value (P<0.05) of QTL for white-back

kernels of F, population (2003), F3; population (2004) and white-back plus basal-white
kernels in greenhouse was 3.93, 3.96 and 3.64, respectively.
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Table 14. Markers linked to QTLs detected by single marker analysis.

Year ;?g;:l- Traits Chr. Marker ?;:121) AE?
2003 F, White-back kernels 11 RM552 * -0.21
Basal-white kernels 11 RMS552 * -0.19

Days-to-heading 12 RM2197 * 0.35

2004 F;  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

Y Markers linked to QTL at 5% and 1% significant levels areindicated by * and **, respectively.

2 Additive effects of the Hanaechizen allele. Numbersin 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 sdlected by MAS.

Nearest Koshi-  Aki- Ski-  Nippon-  Hana-  Niigatas  Objective

Trats QL Chr. arker  hikai  hikari  hikai ¥ echizen wase  genotype’
Eaing  Stickiness 2 KAG68 A B A A A A A
quality
Stickiness 2 KAS80 A B B B B B A
qST1 1 RM1003 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
qST6 6 RM4332° A B A C A B A
qsT? 7 RM5847 A B A C D C A
qsT8 8 RM3572 A B B A A A B
Heat- Whiteback 3 RM4512 A B C D B E
induced
quaity  Whiteback 4 RM3288 | A B B A A B A
. 1)
decline )
Whitebackand g 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 gST6 waswxCT, but genotype data of RM4332 is shown in this Table because genotypes of
wXCT of Koshihikari, Akihikari, Hanaechizen and Niigatawase were not analyzed.

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

X 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
guality and resistance to heat-induced quality decline is difficult because both are
guantitative 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, | 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

qguality 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 allelesin 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, | 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, gST3-1 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
gST3-1 was ranged from 6.2 % to 20.9 %. | 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

| 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 K 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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