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Wilcox & Cavins, 1994; Neeraja et al., 2007

limure et al., 2011

Kihara, Kaneko & Ito, 2008; Xu et al., 2018

DNA limure
et al., 2010; limure, Zhou & Hoki, 2014 Harrington
2H o5H
DNA
Zhou et al. 2012
DNA

Molecular Marker-Assisted Selection MMAS

MMAS



1 3 Drost et al.,
1990

Bamforth, 1999

Maeda, 1999; Takashio & Shinotsuka, 2001

- 2- trans -2-nonenal T2N Drost et al., 1990

Jamieson & Van Gheluwe 1970; Meligaard 1975; Drost et al., 1990;
Lermusieau et al., 1999 T2N
linoleic acid 9-
9-hydroxyperoxide 9-PHOD
Walker, Hughes & Simpson, 1996; Lermusieau et al., 1999;
Kuroda et al., 2003 9-PHOD
trihydroxyoctadecenoic acid THOD Kuroda et al., 2002 THOD
Kobayashi et al., 2002
Kobayashi et al., 2000; Kuroda, Maeda & Takashio, 2003
9-PHOD T2N  THOD

Kaneda et al., 1989; Kaneda et al.,



1990; Bamforth, Muller & Walker, 1993 Maeda,
1999; Takashio & Shinotsuka, 2001
lipoxygenase LOX EC.1.13.11.12
Walker, Hughes & Simpson, 1996 LOX
T2N

Wu et al., 1997; Larsen et al., 2001; Ueda et al., 2001

LOX
Yang & Schwarz, 1995
LOX
Dumoulinm & Boivin, 2001 LOX
LOX
LOX
LOX LOX
4 LOX
Yang et al. 1993; Feussner et al. 1995 LOX
-1  lipoxygenase-1 LOX-1 -2
lipoxygenase-2 LOX-2 2 Yabuuchi 1976;
Baxter 1982; Doderer et al. 1992; Yang et al. 1993
LOX-1 LOX-2 9-HPOD 13-HPOD
Yang et al. 1993 LOX-1 LOX-2 pl



LOX Yang et al. 1993; Yang and Schwarz

1995 LOX-1

Hirota et al. 2005

LOX-1 6
LOX-1 5}
Hirota et al., 2005
LOX-1
Cleaved Amplified Polymorphic Sequence CAPS

Hirota et al., 2005

Hirota et al. 2006a, 2006b LOX-1

T2N THOD

LOX-1 MMAS

1 LOX-1
LOX-1
2 LOX-1

3

LOX-1

4 LOX-1



1 LOX-1 CDC PolarStar

1,100 2017
7 % Food and Agriculture Organization of the United Nations,
2020
17 % 2
Rahr Maltings , 2017
33 % , 2018
Crop
Development Centre CDC CDC Aurora Nijo
CDC Reserve CDC Aurora Nijo

CDC Reserve

CDC
CDC Kendall  Plant breeders’ rights office, Canadian Food

Inspection Agency Web site



T2N

THOD LOX-1

CDC Kendall

MMAS LOX-1



Figure 1 A
Figurel A
1 ;R
1 BC:
Figure 1
MMAS
LOX-1
CAPS MMAS
LOX-1
CAPS LOX-1
DNA DNA
DNA
DNA DNA
DNA
Molecular Marker-Assisted Selection MMAS
MMAS
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LOX-1 CAPS

Robinson et al., 1995; Hirota et al, 2005 LOX-1 cDNA

5’ -CATCAAGGCCATCACGCAGGGCATCCTGCC- 3’

5’-CCAGTCCTTGTACACCACGGCCGACATCCC- 3’

PCR LOX-1 T-100 Bio-Rad
Laboratories, Inc. 98 10 60 5 72 1 x 35
Robinson et al., 1995 Afal
2.5%
CDC Kendall
LOX-1 OUI003 Hirota
et al., 2005 1 2001 2002
CAPS
CDC 2003 CDC
MMAS
MMAS Oul003 LOX-1
LOX-1 LOX-1
LOX-1
CDC Standard Barley Yield Trial

SBYT

11



SBYT

Western Canadian Cooperative Two-Row Barley Registration Test

2R-COOP
Grain Development Committee PGDC
Committee for Oat and Barley PRCOB

Recommending Committee for Oat and Barley, 2016

Table 1

12

The Prairie
The Prairie Recommending

The Prairie



Table 1. Trial sites of Standard Barley Yield Trial (SBYT) and Western Canadian Cooperative Two-Row Barley Registration Test (2RCOOP) in
Canada.

Standard Barley Yield Trial SBYT

Province Site
Alberta Lacombe, Taber
Saskatchewan Goodale, Harris, Saskatoon, Wakaw

Western Camadian Cooperative Two-Row Barley Registration Test 2RCOOP 1st year)

Province Soil type Site
Alberta Black and gray soil zone Beavorlodge, Calmer, Fort vermillion, Lacombe
Saskatchewan Black soil zone Indian Head, Melfort, Regina
Brown soil zone Bieseker, Harris, Lethbridge, Saskatoon, Swift Current, Trochu, Watrous
Manitoba Black soil zone Brandon, Grenlea

Western Camadian Cooperative Two-Row Barley Registration Test 2RCOOP 2nd year)

Province Soil type Site
British Columbia Black and gray soil zone Dowson Creek
Alberta Black and gray soil zone Beavorlodge, Calmer, Fort vermillion, Lacombe
Saskatchewan Black soil zone Indian Head, Melfort, Regina
Brown soil zone Bieseker, Harris, Lethbridge, Saskatoon, Swift Current, Scott, Watrous
Manitoba Black soil zone Brandon

13



1kg

CDC PolarStar

2R-COOP1 2006 2R-COOP2 2007
2R-COOP
American Society of Brewing Chemist ASBC 2R-COOP
Plump Kernel weight
Protein Germination energy
Fine extract Soluble nitrogen Diastatic power a -
Alpha-amylase f3 - Beta-glucan Viscosity
Friability Peeled
2R-COOP
500 g Phoenix Biosystems, SA, Australia
13 10 - 18 - 8 -
12 38 15 96
30 -48 6 48 16 48 66 8 66 10
66 -85 2 85 6 48
Table 2 Triall 4
Table 2
Trial 5 7

14



100 kg

Ogushi et al., 2002

75 1.5

LOX

2005; Hirota et al., 2006a

10

Tween20

0.25 mM

100

14 6 6
14 144
55 5.0 - 60 9.5 - 65 2.0 -
-83.5 4.5 100 % 18.5
LOX Hirota el al.,
400u | 0.1M
pH 5.5 4 30 15000 rpm
2001
10p 1 5pl 40 mM 1.0 % WV
85y | 24
100p | 80 mM 2,6- -t- -p- 25 mM
6 100 mM 90 %
30 550 nm
LOX

PTC-200 Peltier Thermocycler MJ Research
LOX 1g

1 nmol

15



400L

400 L
SouthernStar 2
20 —65 40 —73 3
10.5 8 10
5000L
5000 L
400 L
AC Metcalfe
Kendall LOX-1
CDC Kendall

Ogushi et al., 2002

CDC PolarStar Table 2
50
90 109 111 %
15 x 10° cell/mL
8 8 0 20 25
CDC Kendall
CDC Kendall
LOX-1 CDC
AC Metcalfe
Table 2

16



Table 2. Conditions of pilot and commercial scale brewing trials

Trial Scale Control Beer type Crop  Malt% LOn)];-I: (;)u“ Adjuncts Lé);:[ elyn(;: !
1st Beer 100 O or 100 0 0
2nd Beer 71 Oor71 29 % (Starch/Corn/Rice) 0
Pilot 400 L CDC Kendall 2006
3rd Low malt beer 24 0 76 % (Barley) Oor76
4th Low malt beer 24 Oor24 76 % (Sugar) 0
5th Pilot 5000 L AC Metcalfe Beer 2009 70 Oor70 30% (Starch) 0
6th Commercial 285 hL Commercial mixed malt Beer 2007 74 OQor74 26% (Corn Syrup 0
7th Commercial 1000 hL CDC Kendall Beer 2009 100 0 or 100 0 0

17



1
2001 oul1003 CDC Kendall 2002
2004 4 BCiF1 BCsF MMAS
2004 5 MMAS BCsF
LOX-1 o1 CAPS MMAS
LOX-1 Figure 1 Figure 1
LOX-1
Ou1003 LOX-1 0.7
kb 0.3 kb CDC Kendall LOX-1
0.7kb 0.6 kb
BCsF4 SBYT 2005
BCsF4 SBYT
BCs BCs SBYT 5}
CDC Kendall 12
12 2006 2007 TR06918
2R-COOP Figure 2 Afal-CAPS
2007 TR06918

Western Canadian Two-Row Barley Collaborative Malting Test Collab

PGDC

2008 5

2
1 2008 2
1 PRCOB

CDC PolarStar Interim Registration
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2011 Full Registration Figure 3
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(bp}

1500
1000

500

100

W L He

Figure 1. Examples of DNA band pattern obtained by the Afal-CAPS method for the
selection of heterozygous and homozygous single plants for LOX-1 null gene in the process

of backcrossing.

Lanes: W, homozygous (wild type gene); L, homozygous (LOX-1 null gene) and He,

heterozygous

20



1500
1000

300

100

Figure 2. DNA band pattern obtained by the Afal-CAPS method for CDC PolarStar (a) and its

recurrent parent CDC Kendall (b).
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CDC Kendall QuI003

LOX-1 + LOX-1 -
I : I
Fy
-2001 —
BC, MMAS Selection of heterozygous single plants
I
|
BC, MMAS Selection of heterozygous single plants
-2002 —
BC; MMAS Selection of heterozygous single plants
I
12003 BC, ————————= MMAS Selection of heterozygous single plants
1
1
i MMAS Selection of heterozygous single plants
1
1
BCsF, i MMAS Selection of homozygous single plants (51 single plants)
| .
2005 | BcF, || BCF, | |  BCFsincreaseinagreenhouse ||  BC,F,SBYT (NZ) |
:l: i
BCF, [-—--- - | BCsF; SBYT 51 lines > 12 lines
12 lines >> TR06918
2006-2007 BC:Fsg 2R COOP Western Canadian Two-Row Malting Barley Registration Test
2007 Collab Western Canadian Two-Row Barley Collaborative Malting Test
2008 | Interim Registration |
|
2011 | Full Registration |

Figure 3. The breeding process of ‘CDC PolarStar’
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TR06918 2 2006
2007 2R-COOP Table 3
CDC PolarStar CDC Kendall
Harrington ~ AC Metcalfe =~ CDC Copeland
Xena 2006
CDC PolarStar 5.29 t/ha CDC Kendall
5.42 t/ha 2006 2007 CDC PolarStar

5.29t/ha 4.93t/ha

AC Metcalfe 5.33 ttha 4.97 t/ha
CDC PolarStar 84.1cm
2006 2007

85.1cm AC Metcalfe

2006

CDC Kendall

CDC Kendall

AC Metcalfe

Table 4

CDC Kendall

2006

2007

CDC PolarStar

CDC Kendall

AC Metcalfe

23

CDC Kendall

CDC PolarStar

2006

AC Metcalfe
2006
80.8 cm CDC PolarStar

84.1 cm

83.1cm 85.9cm

CDC PolarStar

2007

False loose smut; U.nigra

Loose smut; U.nuda

AC Metcalfe



Table 3. Grain yield and agronomic trait data of CDC PolarStar and check cultivars in Western Canadian Cooperative Two-Row Barley

Registration Tests (2R-COOP) during 2006 and 2007.

Year 2006 2007
Variety Harrington Xena AC cbe cbe NUF;‘]P i cbe Xena AC cbe NUF;‘]P i
Metcalfe Kendall PolarStar sites Copeland Metcalfe  PolarStar sites

Grainyield (kg/ha) 5065 6266 5334 5290 5424 16 5084 5629 5071 4933 15
as AC Metcalfe (%) 95 117 100 99 102 100 111 100 97

Days to head (days) 58.0 57.8 58.4 59.2 58.7 13 59.0 56.6 56.6 57.9 11
Days to maturity (days) 86.1 87.5 86.9 86.0 85.6 13 90.0 90.3 89.2 88.1 13
Height (cm) 81.0 83.6 83.1 80.8 84.1 14 87.0 85.6 85.9 85.1 14
Lodging score’ 1-9 6.0 4.8 5.7 6.8 7.3 2 45 3.8 4.2 4.7 2
Test weight (kg/hl) 64.5 67.0 66.2 65.4 64.9 13 63.3 66.2 65.2 64.9 13
Kernel weight (g 1000k™) 42.6 49.8 44.7 43.4 44.1 13 43.8 47.2 42.7 42.9 12
Plump (%) >2.44mm 88.0 93.4 89.9 92.7 91.4 10 88.0 89.0 87.8 92.0 11

1 1=no lodging; 9=completely lodging

24



Table 4. Disease reaction summaries of CDC PolarStar and check cultivars in
Western Canadian Cooperative Two-Row Barley Registration Tests (2R-COOP) during 2006

and 2007.
Year 2006 2007
Variety Harrington Xena Me?:ilfe Kce:r%ill Pocl:a?gtar Coc;:Jlejlind Xena Me?:ilfe Pocl:ggtar
102" 107 10 9 5 5 6 9 9 8
WSNB 858! 10 10 10 9 8 9 10 9 9
857> 9 3 5 3 1 5 5 5 3
MNB 75 2.0 45 15 1.0 2.0 1.0 35 1.0
BSB 75 7.0 5.5 6.5 45 45 5.0 5.0 45
MSB 45 5.0 35 4.0 45 5.0 45 35 4.3
SSB 6.5 5.0 45 4.8 6.0 5.5 45 35 45
WSB 1903° 78 6 6 6 5 6 7 6 4
FHB* 2.3 1.3 2.3 2.5 2.3 1.8 2.2 2.2 2.8
DON* 5.9 3.7 5.6 5.4 5.9 1.9 1.7 5.9 3.1
1998° s° S S S S n.a. n.a. n.a. n.a.
WSS
1493° s° S S S S S S S S
ES Aug. 9 15 25 0.5 2.0 4.0 3.0 2.0 2.0 15
LS 31-Jul 6.5 7.0 6.0 4.0 5.5 4.0 35 35 35
ScCs s¥ S R MR MR MR S R S
U. nuda 29% 81% 0% 81% 81% 94% 89% 0% na.
WS U. hordei 10 3 3 35 0 0.5 0 0 0
U. nigra 22.5 40 7.5 26.5 tr 0 0 0 0
89% 89% 89% 87% 89% 96% 57% 80% 80%
HORR n.a. n.a. n.a. n.a. n.a. st MRMS MS MS

WSNB, Winnipeg seedling net blotch; MNB, Melfort net blotch; BSB, Brandon spot plotch; MSB, Melfort spot blotch; SSB Saskatoon spot
blotch; WSB Winnipeg spot blotch; WSS1998, Winnipeg seedling Septoria 1998; WSS1493, Winnipeg seedling scald 1493; ES, Edmonton

scald; LS, Lacombe scald; SCS, Saskatoon covered smut; WS, Winnipeg smut, LCRR, Lacombe common root rot

1 Pyrenophora teres net-form isolates

2 Pyrenophora teres spot-form isolate

3 Cochliobolus sativus isolate

4 FHB, Fusarium head blight; DON, deoxynivalenol; FHB rating scale=0-5 (0O=best)

5 Septoria passerinni

6 Rhyncosporium secalis isolate

isolate

7 10=very susceptable, 9=susceptable, 7=moderately susceptable, 5=moderately resistant-moderately susceptable,

3=moderately resistant, 1=resistant.

8 0-9 scale: 0=no visible lesions, 4=small, 9=very large, coalescing.

9 R, resistant; MR, moderately resistant; MS, moderately susceptable; MSS, moderately susceptable-susceptable; S, susceptable.

10 I, immune; R, resistant; MR, moderately resistant; S, susceptable; HS, highly susceptable.

11 MR, moderately resistant; MRMS, moderately resistant-moderately susceptable; MS, moderately susceptable.

n.a.: data not available
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TR06918 2 2006 2007

2R-COOP Table 5 CDC
Kendall Harrington AC Metcalfe CDC
Copeland
CDC PolarStar 2006 CDC Kendall
Fine extract CDC PolarStar 80.7 %
CDC Kendall 80.4 % Diastatic power CDC PolarStar
149 L CDC Kendall 150 L B - CDC PolarStar 80 mg/L
CDC Kendall 61 mg/L
2006 2007
AC Metcalfe 2006
2007 CDC PolarStar 80.7 % 80.9 %
AC Metcalfe 80.9% 81.7% CDC PolarStar
149 L 137 L AC Metcalfe 130 L 123 L CDC
PolarStar B- CDC PolarStar 80 mg/L 97 mg/L

AC Metcalfe 81 mg/L 87 mg/L

CDC PolarStar

Table 6 Trial 1-4
CDC Kendall Triall 4  Trial 7
LOX-1
Trial 1 4
CDC PolarStar CDC Kendall LOX 0.3 unit
15.1 unit Figure 2 CDC
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PolarStar Afal-CAPS LOX
LOX-1
Trial 5 Soluble nitrogen CDC

PolarStar
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Table 5. Malting quality of CDC PolarStar and check cultivars in Western Canadian Cooperative Two-Row Barley Registration Tests during 2006

and 2007.
Year 2006 2007

Variety Harrington CDC CDC Number CDC AC CDC Number

Metcalfe Kendall PolarStar  of sites Copeland  Metcalfe  PolarStar  of sites
Plump (%) 93.0 97.3 97.0 95.8 2 94.1 92.8 96.3 3
Kernel Weight (g 1000k'l) 457 47.8 45.2 45.0 2 43.1 42.3 425 3
Protein (%) 11.8 11.9 12.2 12.2 2 10.2 10.7 111 3
Germination 4ml (%) 100 99 100 98 2 97 98 99 3
Energy 8ml (%) 99 93 95 93 2 96 96 94 3
Fine Extract (%) 80.5 80.9 80.4 80.7 2 81.1 81.7 80.9 3
Soluble Protein (%) 5.0 4.8 4.9 5.0 2 4.6 4.8 4.8 3
Diastatic Power (°|__) 108 130 150 149 2 105 123 137 3
Alpha- Amylase (D.U) 58.4 62.3 59.6 60.4 2 52.0 68.0 69.1 3
Beta-Glucan (mg/L) 150 81 61 80 2 80 87 97 3
Viscosity (cps) 1.45 1.43 1.42 1.44 2 1.43 1.42 1.42 3
Friability (%) 89.7 90.0 91.6 92.4 1 98.4 99.4 97.1 2
Peeled (%) 34 2.1 2.6 2.2 1 5.7 4.8 3.0 2

28



Table 6. Malting quality of CDC PolarStar and control malts for pilot and commercial scale brewing trials.

Trial 1st-4th 5th 7th
Variety CDC CDC AC CDC CDC CDC
Kendall PolarStar ~ Metcalfe  PolarStar Kendall PolarStar

Malt Moisture (%) 8.0 4.3 4.7 4.2 3.9 4.2
Color (°’EBC) 3.9 3.8 3.8 4.5 3.8 35
Boiled Wort Color (°’EBC) 6.9 7.0 7.2 8.7 6.2 6.9
Extract (% d.b.) 79.8 78.2 83.0 82.5 81.8 82.5
Soluble Nitrogen (%) 0.762 0.756 0.785 0.861 0.734 0.736
Total Protein (%) 11.8 11.7 11.6 11.3 11.0 10.5
Kolbach Index (%) 40.4 40.4 42.3 47.6 41.6 43.7
Apparent Attenuation Limit (%) 82.9 82.3 81.0 83.2 82.8 83.4
Diastatic Power (OWK) n.a. n.a. 553 481 n.a. n.a.
Viscosity (mPa S 1.40 1.49 1.50 1.46 1.46 1.46
Friability (%) n.a. n.a. 86.0 86.0 n.a. n.a.
Wort Beta-glucan (mg/L) 50 59 59 39 28 37
LOX activity (unit) 15.1 0.3 n.a. n.a. n.a. n.a.

n.a.: data not available

The malt used for Trial 1-4 was identical.
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CDC PolarStar

Table 7 CDC

PolarStar LOX-1

CDC PolarStar CDC Kendall

Table 2 Triall 4  400L
100 % 71 %

24 % 76 % 24 % 76 %

CDC
PolarStar
Trial 5 5000 L 70 % Trial 6

285 hL 74 % Trial 7 1000 hL
100 % Trial 5 7

CDC PolarStar
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Table 7. Analyses of CDC PolarStar and control worts and beers

Trial 1st 2nd 3rd 4th 5th 6th Tth
Variety CDC CDC CDC CDC CDC CDC CDC CDC AC CDC Commercial CDC CDC CDC
Kendall PolarStar Kendall PolarStar Kendall PolarStar Kendall PolarStar ~ Metcalfe  PolarStar ~ mdedmatt  pojarStar Kendall PolarStar
Wort
Extract (%) 11.36 11.36 1117 1117 10.06 10.14 12.24 12.15 12.27 12.23 n.a. n.a. 12.65 12.69
Final Attenuation (%) 69.3 70.3 72.1 73.3 74.7 73.2 70.1 70.4 na. na. na. na. na. na.
Apparent Attenuation Limit (%) 85.5 86.8 88.9 90.2 92.1 90.3 86.9 87.2 na. na. na. na. na. na.
pH 5.63 5.65 557 554 5.43 5.46 59 5.94 525 5.35 n.a. n.a. 524 522
Color (’EBC) 9.5 9 6.8 6.6 4.8 4.7 3.6 3.7 9.7 10.2 n.a. n.a. 10.5 10.8
BU 36.2 34.2 35.9 34.9 38.6 37.1 335 34.7 34.8 33.7 n.a. n.a. 31.8 31.6
Polyphenol (mg/L) 233 213 183 181 207 194 96 93 178 170 na. na. na. na.
Free Amino Nitrogen (mg/L) 204 197 148 143 93 97 59 59 163 160 na. na. na. na.
Beer

Original Gravity (%) 1111 1111 10.67 10.75 8.33 8.57 12.1 12.01 11.08 11.08 10.71 10.46 11.87 11.87
Final Extract (%) 3.54 3.49 3.05 3.03 2.15 232 3.75 3.68 3.57 343 3.29 3.02 3.57 3.75
Final Attenuation (%) 68.1 68.6 714 71.8 74.2 729 69 69.4 na. na. na. na. na. na.
Apparent Extract (%) 1.68 1.62 12 1.15 0.66 0.81 15 1.72 1.73 1.56 147 121 1.54 177
Apparent Attenuation Limit (%) 84.9 85.4 88.8 89.3 92.1 90.5 85.9 86.3 na. na. na. na. na. na.
Alcohol (vol %) 4.98 5 4.98 5.05 3.97 4.02 552 55 n.a. n.a. 4.86 4.86 5.45 5.34
Alcohol (w/w %) 3.91 3.93 3.92 3.97 3.13 3.17 434 432 na. na. na. na. na. na.
pH 461 4.62 4.55 45 4.63 4.59 3.47 3.47 4.26 424 43 4.26 4.56 4.56
BU 20.7 21.4 233 225 20.3 185 15.3 14.4 19.8 20 19.1 18.3 18.9 20
Polyphenol (mg/L) 201 190 153 146 123 120 88 84 139 129 132 126 192 151
Free Amino Nitrogen (mg/L) 132 118 80 74 25 28 12 11 73 64 na. na. 80 91
Acetoaldehyde (mg/L) 14 2.8 2.8 34 12 11 15 13 23 0.8 12 1.6 0.7 0.4
Acetone (mg/L) 0.7 0.9 1 0.8 0.4 0.6 0.9 0.7 0.6 6 0.6 13 11 0.4
Ethyl Acetate (mg/L) 22 24 23 22 23 24 26 23 17 17 13 13 20 28
Isoamyl Acetate (mg/L) 14 1.6 17 18 18 1.6 15 15 11 13 0.7 0.7 12 1.6
n-Propanol (mg/L) 10 12 11 11 11 12 11 10 12 12 17 12 14 16
Isobutanol (mg/L) 7 9 9 10 9 10 7 7 8 10 14 12 10 10
Isoamyl Alcohol (mg/L) 47 53 55 52 59 81 66 59 52 58 67 69 59 58
Ethyl Caproate (mg/L) 0.14 0.17 0.19 0.23 0.13 0.13 0.17 0.17 0.2 0.21 n.a. n.a. 0.17 0.18

n.a.: data not available
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CDC PolarStar

CDC PolarStar

LOX

1986 Shirasawa et al., 2008

Hildebrand & TeKrony, 1991

2006a; Hirota et al., 2006b

CDC PolarStar

LOX-1

LOX-1

CDC PolarStar CDC Kendall

56 SBYT
CDC PolarStar CDC Kendall
LOX-1
LOX-1
LOX-1 LOX-1
2006b

32

CDC Kendall
AC Metcalfe

Table 3, 4

Kitamura et al., 1982; Davies & Nielsen,

LOX LOX
Pfeiffer,
LOX-1
Hirota et al.,
CDC Kendall
LOX-1
Table
CAPS
Fa
Hirota et al.,
Trial 1 4 CDC PolarStar



CDC Kendall LOX CDC PolarStar

Hirota et al., 2006b

LOX-1 Fa
Triall 4 CDC PolarStar LOX
(1993) LOX 2 LOX-1 LOX-2
LOX-2
Hirota et al. (2006a)
Ooul1003 Fa LOX
LOX-null  LOX-normal
LOX-null LOX
8% LOX
LOX-2
LOX-1 CDC PolarStar
CDC Kendall Triall 4 Trial 7

CDC PolarStar

LOX-1

CDC PolarStar

LOX-1

OulI003

LOX-1

LOX-1
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LOX-1

LOX-1

Yang et al.

LOX-1

LOX-normal

LOX



CDC PolarStar
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2 LOX-1 SouthernStar

1,350 2017
9 % Food and Agriculture

Organization of the United Nations, 2020

Lofty Nijo  Ogushi et al., 2002

Lofty Nijo DMSP

Flagship

McMichael et al., 2001

LOX-1

Flagship MMAS LOX-1

Flagship
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CDC PolarStar CAPS MMAS

Flagship LOX -1

oul1003 1
LOX-1 LOX-1
1
Flagship Flagship
MMAS
LOX-1 LOX-1
Stage 0 Stage 2
Fragship Stage 3
Advanced Yield Trial 8 Stage 4 Advanced Yield Trial 17
Flagship
Stage 3 Stage 4 1 4 3.2mX1.25m 3
Flagship
Table 8
Stage 3 Stage4
Phoenix Biosystems, SA, Australia 250 g
15 5} 7 43.5 %
30¢
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15 139 55 135

100% -65 8 100% 75 3.5
50% 50 % 835 4 50% 50 % 29
2009 Stage 2 33
Flagship 21
400L SouthernStar
Flagship
1

European Brewing Convention EBC

Malt moisture Color Boiled wort color
Fine extract Total nitrogen Soluble nitrogen  KI
Kolbach Index Apparent attenuation limit Diastatic power
VZ 45 Viscosity P - Beta-glucan Friability

In Analytica European Brewery Convention, seventh ed., 2010

400 L

2 1 Flagship
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Joe White Maltings Flagship 400 L
1

71%
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Table 8. Trial sites of Stage 3 Trial and Stage 4 Trial in Australia.
Stage 3 Trial

State Site (Abbreviation)

Brinkworth(BRI), Callington(CAL), Clinton(CLI), Geranium(GER),

South Australia .
Riverton(RIV), Weetulta(WEE), Yeelanna(YEE)

New South Wales Wagga Wagga(WAG)

Stage 4 Trial

State Site (Abbreviation)

Brinkworth(BRI), Callington(CAL), Clinton(CLI), Geranium(GER),

South Australi : o
outh Austrafia Maitland(MAI), Minnipa(MRC), Roseworthy(RAC), Weetulta(WEE)

Victria Birchip(BIR), Murrayville(WUR), Swan Hill(SWA), Tarranyurk(TAR)
New South Wales Burcher(BUR), Moombooldool(MOO), Narrandera(NAR)
Western Australia Corrigin(COR), Grass Patch(GRA)
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1
2005 LOX -1
Flagship 2005 2007
BC.:F1 BCsFy MMAS
2007 12 BCsF 1200
BCsF2
MMAS LOX-1 115
2008 BCsFs  LOX-1 112
Stage 0
33 2009 33 Stage 1
Stage 2 1
S) 2010
Stage 3 8 2
2011 Stage 4
17 1 Figure 4
Afal-CAPS 2012
SouthernStar
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100

Figure 4. DNA band pattern obtained by the Afal-CAPS method for SouthernStar (a) and its

recurrent parent Flagship (b).
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CDC Kendall 0ouI003
LOX-1 + LOX-1 -
CDC Kendall Tilga CDC Kendall F
LOX-1 + LOX-1 - LOX-1 + !
I—I_I I—II_I
Flagship F
LOX-1 + !
| T
2005
MMAS Selection of heterozygous single plants
MMAS Selection of heterozygous single plants
MMAS Selection of heterozygous single plants
MMAS Selection of heterozygous single plants
MMAS Selection of heterozygous single plants
MMAS Selection of homozygous single plants (115 single plants)
2008 | Stage0 (Line selection and increase) | 112 lines > 33 lines
2009 | Stage2 (Line selection) | 33 lines > 5 lines
2010 | Stage3 (Advanced Yield Trial 1st year) | 5 lines > 2 lines
2011 | Stage4 (Advanced Yield Trial 2nd year) | 2 lines > 1 line
2012 | Variety Registration |

Figure 5. The breeding process of ‘SouthernStar’.
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Stage 3 Table 9 SouthernStar 3.39 t/ha
Flagship 3.28 t/ha
Height SouthernStar 63 cm Flagship 60 cm
Plumpness SouthernStar 945 % Flagship
94.9 %
Lodging score
2 SouthernStar 7.8 8.5  Flagship 7.7 8.5
Maturity
pre-harvest sprouting; PHS SouthernStar Flagship
Stage 3
Scald Spot-form net blotch Net-form net
blotch
Stage 4 Table 10 Stage 4 17
SouthernStar
3.17 t/ha Flagship 3.23 t/ha
Plumpness SouthernStar 92.3% Flagship
95.2 % Test weight SouthernStar 718 g/l Flagship
716 g/l Maturity
Lodging score
Stage 3 Powdery mildew
Leaf rust SouthernStar
3.1 Flagship 3.1 SouthernStar 6.0
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Flagship 6.5 Stage 3 Scald

Spot-form net blotch
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Table 9. Grain yield, agronomic performance and disease resistance of SouthernStar and Flagship in the Stage 3 Trial in 2010.

Grain Yield Plumpness Height"
(t/ha) (%) >2.5 mm
Variety\Location BRI CAL CLI GER RIV WAG WEE YEE Ave. BRI BRI CAL WAG WEE
SouthernStar 3.06 357 495 3.85 2.31 2.37  3.93 3.07 3.39 94.5 m mt 63 m-mt
Flagship 3.18 351 451 3.80 2.53 210 3.69 2.88 3.28 94.9 m mt 60 m-mt
o Growth Lodging s Straw i
Establish 3 4 Maturity 6 Sprouting
Score Score Break
(0-20) (0-9) (1.0-9.0) (1.0-9.0)
Variety\Location CAL GER RIV WAG WEE WAG GER WEE BRI GER RIV
SouthernStar 17 16 17 8 18 6 7.8 8.5 m-me 8.3 yes
Flagship 17 16 17 8 18 6 7.7 8.5 m-me 8.2 yes
Leaf Rust Scald SFNB’ NFNB®
9 9 9 9
Variety\Location 0 9 o 10 0 o HOR™ HOR 10 10 10 o HOR® HOR 1
t BRI° cAL’ GeErR’ RIV caAl® RIV® STR 1609 12710 BRI CAL" GERY RIV* L L
SouthernStar 5 2 1 1 1 1 6/7 3.0 5.0 30 20 1 5 5 P
Flagship 4 2 2 1 1 1 6 3.0 5.0 3 20 2.0 1 4 4 P
" s=short; m=middle; t=tall or (cm) ! Spot Form Net Brotch

? 0=0%; 20=100%
: 0=poor; 9=ecellent
*1.0=flat; 9.0=upright
5 .

e=early; m=medium; I=late
®1.0=100%; 9.0=0%

® Net Form Net Brotch
® 1=resistant; 9=susceptible
" 1=resistant; 5=susceptible

" p=petter than Keel; 5=equal to Keel; 7=susceptible; 7/9=very susceptible
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Table 10. Summary of grain yield, agronomic performance and disease resistance of SouthernStar and Flagship in the Stage 4 Trial in 2011.

Grain S— e Maturi Boron Powdery 1 Leaf scald
Yield P Weight ty Toxity Mildew SFNB Rust
(tha) (%) >25mm  (g/l) (3,5, 7)° (1-9)* (1-9)° (1-9)° (1-9)° (1-9)°
Varlety\Nu_mber of 16 3 1 4 1 3 5 5 1
Location
SouthernStar 3.17 92.3 718 5.4 9 3.1 3.0 6.0 5
Flagship 3.23 95.2 716 5.0 9 3.1 1.0 6.5 4

! Spot Form Net Brotch

? 3=late; 5=medium; 7=early
* 1=flat; 5=upright

* 1=tolerant; 9=intolerant

® 1=resistant; 9=susceptible
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2010 2011 Stage 3

Staged SouthernStar

Flagship Tablell
Stage 3 Fine extract SouthernStar 83.0%
Flagship 82.2 % SouthernStar Soluble
nitrogen SouthernStar 0.557 % Flagship 0.584 %
B - SouthernStar
8 mg/L Flagship 9 mg/L Stage 4
Stage3
DP; Diastatic power Stage3 Staged
SouthernStar TN;
Total nitrogen Protein 6.25
DP TN SouthernStar 2
Table 12
1 SouthernStar  81.5%
Flagship 82.4 % SouthernStar Flagship
0.718 % B - SouthernStar 11 mg/L  Flagship 20 mg/L
SouthernStar 255 WK  Flagship 240 WK
1 SouthernStar Flagship

a7



LOX 1.1 unit 11.6 unit 0.5 unit 3.2 unit
Figure 4
SouthernStar Afal-CAPS LOX

LOX-1
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Table 11. Malting quality of SouthernStar and Flagship in the Stage 3 and the Stage 4 Trials during 2010 and 2011.

v Steeping Cast Boiled Fine Total Soluble Kolbach
Variety ea_r Time Moisture Color wort extract  Protein  nitrogen nitrogen  Index
Location color
(hr) (%) (EBC) CEBC) (% d.b) (%) (%) (%)
SouthernStar 2010 44 43.4 3.7 6.0 83.0 7.9 1.26 0.557 44.0
Flagship WEE 44 43.4 4.3 6.1 82.2 8.3 1.33 0.584 44.0
SouthernStar 2011 45 43.3 3.9 5.9 79.2 12.2 1.95 0.730 375
Flagship CAL 44 43.4 3.3 5.5 79.6 11.9 1.90 0.681 35.8
Diastatic Appare_nt . - Wwort
Variety Yea_r power DP/TN attenuation 45°C Viscosity  Friability beta-
Location limit glucan
(CWK) (%) (%) (mPa_s) (%) (ma/l)
SouthernStar 2010 207 164 84.5 35.9 1.50 92.4 8
Flagship WEE 229 172 84.4 38.2 1.47 91.1 9
SouthernStar 2011 315 161 83.4 50.8 1.50 36.2 32
Flagship CAL 356 187 83.8 48.8 1.50 45.2 42
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Table 12. Malting quality of SouthernStar and Flagship for pilot-brewing trials.

Boiled Fine Total Soluble Kolbach Diastatic
Variety Malting Trial Color wort extract  Protein  nitrogen nitrogen  Index power DP/TN
color
(’EBC) (EBC) (% d.b.) (%) (%) (%) (CWK)
SouthernStar Pilot 1st 4.9 8.5 81.5 9.5 1.520 0.718 47.0 255 168
Flagship 3.0 8.0 82.4 9.5 1.520 0.718 47.4 240 158
SouthernStar Pilot ond 4.8 8.3 81.9 9.4 1.504 0.719 48.0 239 159
Flagship Commerical 4.5 8.0 82.2 9.5 1.520 0.695 45.8 274 180
Apparetnt R o - Wort beta- LOX LOX
Variety Malting Trial atterlua}tlon V745 °C Viscosity  Friability glucan activity activity
limit barley malt
(%) (%) (mPa_s) (%) (mg/l) (Unit)
SouthernStar Pilot 1st 81.8 40.3 1.48 81.1 11 1.1 0.5
Flagship 83.0 41.7 1.49 83.6 17 11.6 3.2
SouthernStar Pilot ond 82.1 40.3 1.48 78.2 8 - -
Flagship Commerical 83.3 41.3 1.48 90.1 20 - -
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400 L 2 1

Flagship SouthernStar
2
Joe White Maltings Flagship
1 2
Table 13
Extract SouthernStar 1 2 1148% 11.43%
Flagship 1141 % 11.34 % Apparent Attenuation Limit

SouthernStar 86.8% 85.1%  Flagship 87.0% 86.8%

Original gravity SouthernStar 10.78 % 10.97 %
Flagship 11.22 % 10.82 Alcohol SouthernStar
4.92\ol % 4.93 Vol % Flagship 514 Vol % 4.89 Vol %
Ethyl acetate SouthernStar 22.7
mg/L 21.0 mg/L Flagship 24.1 mg/L 19.4 mg/L Isoamyl
acetate SouthernStar 1.3mg/L 1.2mg/L  Flagship 1.5mg/L 1.4 mg/L
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Table 13. Wort and beer analysis of SouthernStar and Flagship at pilot scale brewing.

Variety SouthernStar Flagship SouthernStar Flagship
Trial 1st 2nd

Wort

Extract (%) 11.48 11.41 11.43 11.34
Final Attenuation (%) 69.9 70.2 69.0 70.2
Apparent Attenuation Limit (%) 86.8 87.0 85.1 86.8
pH 5.37 5.50 5.39 5.45
Colour (°EBC) 7.9 6.4 7.7 6.5
BU 40.5 39.7 37.7 39.2
Polyphenol (mg/L) 253 251 236 255
Free Amino Nitrogen (mg/L) 158 155 139 127
Beer

Original Gravity (%) 10.78 11.22 10.97 10.82
Final Extract (%) 3.28 3.39 3.46 3.35
Final Attenuation (%) 69.6 69.8 68.5 69.0
Apparent Extract (%) 1.44 1.48 1.63 1.52
Apparent Attenuation Limit (%) 86.6 86.8 85.1 86.0
Alcohol (Vol %) 4.92 5.14 4.93 4.89
Alcohol (w/w %) 3.86 4.04 3.87 3.85
pH 4.28 4.27 4.28 4.24
Colour (°EBC) 5.7 4.8 5.6 4.6
BU 24.3 24.8 19.3 21.7
Polyphenol (°EBC) 207 215 199 216
Acetoaldehyde (mg/L) 1.3 1.7 1.3 3.5
Acetone (mg/L) 0.8 0.8 0.7 0.6
Ethyl Acetate (mg/L) 22.7 24.1 21.0 194
Isoamyl Acetate (mg/L) 1.3 1.5 1.2 1.4
n-Propanol (mg/L) 115 11.7 134 125
Isobutanol (mg/L) 12.7 13.2 115 9.2
Isoamyl Alcohol (mg/L) 55 60 54 60
Ethyl Caproate (mg/L) 0.26 0.30 0.29 0.34
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SouthernStar 2
Flagship Table 9, 10
SouthernStar Flagship Flagship
SouthernStar
LOX-1

Davies & Nielsen, 1986;

Kitamura et al., 1982; Shirasawa et al., 2008 CDC PolarStar
Flagship Hills et al., 2009
Flagship SouthernStar
Table 9 Flagship SouthernStar
Flagship Hills et al., 2009
Table 11,
12 DP TN
SouthernStar
CDC PolarStar 2
LOX-1
1 SouthernStar
Flagship LOX Table
12 LOX-1 SouthernStar

Hirota et al., 2006a
CDC PolarStar

SouthernStar Flagship
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Table 13 SouthernStar
oul1003
LOX-1
Flagship
MMAS
LOX-1
SouthernStar 8
SouthernStar Flagship
SouthernStar
LOX-1
LOX-1
LOX-1
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15

24

1930

LOX-1

1876

10 %

37

55

500 ha

22

28

31

44
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al., 1990

20

23

20

LOX-1

LOX-1
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Sato et



MMAS LOX-1
LOX-1
4
2
2013
t
2 CDC Kendall CDC PolarStar DNA
1 DNA
CTAB Murray & Thompson, 1980
DNA Diversity Array Technology http://www.diverisity
arrays.com Dr. Andrzej Kilian Diversity Array Technology Jaccoud
et al., 2001 1H 7H 1,500
5

57



100 No2

17

33

33

2012

400 L

400 L

2

35 24

n=2 45 mL

120

LOX

LOX 1

71%
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oul1003
Figure 5
BCxF1 CAPS
BC7F1
1,200 BC7F;
44 2010 44
18
CDC PolarStar
98.1 %
8 BC7F4
1101 2011
2013 2
BC7F7 Figure 6
Afal-CAPS

LOX-1

2004

2004 2008 7

MMAS
BC:F2 2009
MMAS LOX-1

30

Table 14

96.7 99.8 %

CDC Kendall

C42-7-3;99.8 %

2013

2016

59

18

BC7Fs
2012

BCFs



Table 14. Genotyping of Satuiku 2 go, Ryohfu and other varieties

Number of

Number of Concordance

Comparison total markers valid markers rate
Ryohfu vs Satuiku 2 go

C42-1-2" 1477 1468 97.3
C42-1-3 1477 1470 98.3
C42-2-2 1477 1470 98.2
C42-2-3 1477 1461 97.1
C42-3-2 1477 1461 97.3
C42-3-4 1477 1460 98.3
C42-4-2 1477 1447 98.2
C42-4-5 1477 1469 98.2
C42-5-1 1477 1456 97.9
C42-5-4 1477 1452 97.7
C42-5-5 1477 1459 98.5
C42-6-2 1477 1458 98.4
C42-8-6 1477 1464 97.6
C42-7-2 1477 1469 99.3
C42-7-3 1477 1470 99.8
C42-7-4 1477 1473 99.8
C42-8-2 1477 1457 96.7
C42-8-5 1477 1466 97.4

CDC Kendall vs CDC PolarStar 1675 1630 98.1
Ryohfu vs CDC Kendall 1675 1629 68.7

*ID for each selected line
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(bp)

1500
1000

500

100

Figure 6. DNA band pattern obtained by the Afal-CAPS method for Satuiku 2 go (a) and its

recurrent parent Ryohfu (b).
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2004

2009

2010

2011

2012

2013

2013

2016

Ryohfu
LOX-1 +

oul003
LOX-1 -

C

Application for

variety registration
I

| variety registration |

MMAS Selection of heterozygous single plants

MMAS Selection of heterozygous single plants

MMAS Selection of heterozygous single plants

MMAS Selection of heterozygous single plants

MMAS Selection of heterozygous single plants

MMAS Selection of heterozygous single plants

MMAS Selection of heterozygous single plants

MMAS Selection of homozygous single plants (44 single plants)

Line selection

Genotyping

30 lines > 18 lines

18 lines > 1 line

Seed increase from 8 single plants of selected line |

Cooperative Malting Barley Trials | Fukei 1101

Cooperative Malting Barley Trials Satuiku 2 go

Figure 7. The breeding process of ‘Satuiku 2 go’
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2011 2013
Stem length 3
83.4 cm 2 2cm
/ 557 /
weight 2 46.7 g
3 2
Table 16 2

33

63

2 81.4 cm

panicle number

48.4 ¢

102 %

Table 15

584

1000 kernel



Table 15. Agronomic performance of Satuiku 2 go and Ryohfu in the Cooperative Malting Barley Trials during 2011-2013.

Heading Maturing  Stem Ear  Panicle Spikelet Sterile Lodging  Grain test Kernel T Grain % as
Variety Year date date length  length number number  rate score! yield  weight  weight P yield>  Ryohfu

(M/D)  (M/D) (cm) (cm) (Im?) (fear) (%) (0-4) (kgla) (g/L)  @ookeme) (%) >2.5mm  (kg/a) (%)

Fukei 1101 n 82  87.2 5.7 500  19.5 5.1 00 424 694 442 93.2 394 102
Ryohfu 2ot 6/30 8/1  87.9 5.9 571 198 5.0 05 418 694 457 93.4 392 100
Satuiku 2 go po1 6/30 8/4 839 5.9 645  21.0 25 04 493 727 452 96.3 474 105
Ryohfu 6/29 8/4 876 6.0 613  20.9 2.0 04 468 728 473 97.2 456 100
Satuiku 2 go po1 6/30  7/30 747 6.0 531 209 45 06 356 706 50.0 959 344 101
Ryohfu 6/30  7/30  76.4 6.0 502 204 48 07 354 704 513 96.0 342 100
Satuiku 2 go 2011 6/30 8/l 814 5.9 584 214 4.1 04 419 709 467 95.2  40.0 102
Ryohfu aﬁé’éze 6/30 8/1 834 6.0 557 211 4.0 05 409 708 484 956  39.2 100

1 1=no lodging; 4=completely lodging

2 screened by 2.5 mm sieve

2011 trial grown at 4 sites (Kamikawa Agr. Exp. Sta., Kitami Agr. Exp. Sta., Abashiri and the Tokyo Univ. of Agr.)

2012 trial grown at 4 sites (Kamikawa Agr. Exp. Sta., Kitami Agr. Exp. Sta., Abashiri and the Tokyo Univ. of Agr.)

2013 trial grown at 5 sites (Kamikawa Agr. Exp. Sta., Nakafurano, Kitami Agr. Exp. Sta., Abashiri and the Tokyo Univ. of Agr.)
The average values of every trial sites in each year are shown (n=13).
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Table 16. Pre-harvest sprouting tolerance of Satuiku 2 go and Ryohfu during 2012 and 2013.

Ripening 5 days

Variety Year stage after

(%) (%)
Satuiku 2 go 1 7
Ryohfu 2012 8 13
Hokuiku 33 go 76 92
Satuiku 2 go 3 2
Ryohfu 2013 3 11
Hokuiku 33 go 88 96
Satuiku 2 go 2012- 2 5
Ryohfu 2013 3 11
Hokuiku 33 go average 82 94

conducted at the Tokyo Univ. of Agr.
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2 2011 2012

Table 17
Fine extract 3 2 82.4 %
82.5% Diastatic power 2 252 WK
237 WK B - 2 37 mg/L
43 mg/L 2 Soluble nitrogen 3
0.726 % 0.759 %
5%
400L 2
1
2
Table 18 1
2 81.2 %
81.9 % 2 0.789 %
0.780 % 2 276 WK 255 WK B -
2 33 mg/L 85 mg/L
LOX 1 2 0.2 unit
26.4 unit 2 2
28.4 unit Figure 6 2
Afal-CAPS LOX

LOX-1
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Table 17. Malting quality of Satuiku 2 go and Ryohfu in the Cooperative Malting Barley Trials during 2011 and 2012.

Cast  Steeping Boiled Fine Soluble Kolbach Diastatic Appare.nt . . N Wort
. i i Color wort . . attenuation Viscosity Friability  beta-
Variety Year moisture time extract  Protein nitrogen Index power .

color limit glucan

(%) (hr) (CEBC) (°EBC) (% d.b.) (%) (%) ("WK) (%) (mPa s) (%) (mg/l)
Fukei 1101 2011 43.3 54 3.5 6.0 82.8 10.3  0.733 44.6 284 85.5 1.47 90.9 44
Ryohfu 43.4 52 3.6 6.4 82.8 10.5  0.777 46.3 264 85.5 1.46 92.2 47
Satuiku 2 go 2012 44.6 58 3.3 55 82.1 104  0.720 43.5 220 84.9 1.48 94.0 30
Ryohfu 44.4 57 3.2 55 82.5 10.6  0.741 43.8 210 84.6 1.49 93.2 39
Satuiku 2 go 2011-2012  43.9 56 3.4 5.7 82.5 103 07267, 44.0 252 85.2 1.48 92.5 37
Ryohfu average 43.9 54 3.4 5.9 82.6 10.6  0.759 45.0 237 85.0 1.48 92.7 43

2011and 2012 trials grown at 4 sites

(Kamikawa Agr. Exp. Sta., Kitami Agr. Exp. Sta., Abashiri and the Tokyo Univ. of Agr.)
The average values of every trial sites in each year are shown (n=8).
* Significantly different at the 5 % probability level.

67



Table 18. Malting quality of Satuiku 2 go and Ryohfu for pilot brewing trials.

cast Boiled Fine Soluble Kolbach Diastatic Appare_nt . . S Wort LOX
. . . : Color wort . . attenuation Viscosity Friability  beta- o
Variety Malting Trial moisture extract Protein nitrogen Index  power L activity
color limit glucan
(%) (CEBC) (°EBC) (%d.b.) (%) (%) (CWK) (%) (mPa s) (%) (mg/l)  (Unit)
Satuiku 2 go Pilot Ist 45.1 3.5 6.5 81.2 111 0.789 44.3 276 84.6 1.48 96.0 33 0.2
Ryohfu 44.4 3.2 5.3 81.9 10.6 0.780 46.0 255 84.4 1.51 94.1 85 26.4
Satuiku 2 go Pilot ond 44.8 3.3 5.6 81.2 11.2 0.780 43.4 304 85.0 1.47 94.5 31 n.d.
Ryohfu Commerical 473" 2.8 4.8 82.1 10.6 0.744 44.0 310 86.2 1.48 96.5 56 28.4

*maximum moisture content after spraying in germination box.
*n.d.: not detected
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Table 19

Apparent Attenuation Limit

86.7% 87.6% 86.5% 88.5%
Original gravity 2 11.07% 10.77 %
11.01 % 10.80 Alcohol 2 5.07 Vol %
4.98 Vol % 5.03Wol % 5.02 Vol %
Ethyl acetate 2 24.9 mg/L
23.3 mg/L 25.8 mg/L 23.4 mg/L Isoamyl acetate
2 1.6 mg/L 1.5 mg/L 1.7mg/L 1.5 mg/L

2
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Table 19. Wort and beer analysis of Satuiku 2 go and Ryohfu at pilot scale brewing.

Variety Ryohfu  Satuiku2go Ryohfu  Satuiku 2 go
Trial 1st 2nd

Wort
Extract (%) 11.45 11.39 11.35 11.38
Final attenuation (%) 69.4 69.6 71.2 70.5
Apparent attenuation limit (%) 86.5 86.7 88.5 87.6
pH 5.35 5.34 5.32 5.39
Colour (°EBC) 5.6 5.8 4.8 5.1
BU 39.7 39.5 39.1 37.0
Polyphenol (mg/L) 216 222 200 215
Free amino nitrogen (mg/L) 166 158 155 158
Beer
Original gravity (%) 11.01 11.07 10.80 10.77
Final extract (%) 3.34 3.34 3.12 3.16
Final attenuation (%) 69.7 69.8 71.1 70.7
Apparent extract (%) 1.47 1.45 1.26 1.30
Apparent attenuation limit (%) 86.6 86.9 88.4 87.9
Alcohol (ol %) 5.03 5.07 5.02 4.98
Alcohol (W/w %) 3.95 3.99 3.95 3.92
pH 4.35 4.33 4.30 4.28
Colour (°EBC) 3.7 4.0 3.5 3.7
Bitter unit 21.7 21.8 20.1 19.6
Polyphenol (°EBC) 176 183 n.a. n.a.
Acetoaldehyde (mg/L) 1.1 1.2 1.0 1.0
Acetone (mg/L) 0.5 0.5 0.6 0.6
Ethyl acetate (mg/L) 25.8 24.9 23.4 23.3
Isoamyl acetate (mg/L) 1.7 1.6 1.5 1.5
n-Propanol (mg/L) 10.6 10.9 10.6 10.7
Isobutanol (mg/L) 8.0 7.9 7.2 7.0
Isoamyl alcohol (mg/L) 52 51 50 48
Ethyl caproate (mg/L) 0.26 0.26 0.27 0.27
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Table 15, 16

CDC PolarStar

2
LOX

et al., 2005 LOX-1

SN
PolarStar SouthernStar
CDC PolarStar

5
98.1 %
1
1

LOX-1

LOX-1

Hirota et al., 2005, 2006a, 2006b

SouthernStar

LOX-1

Table 17, 18 Hirota
CDC PolarStar SouthernStar
2
CDC
LOX-1
2
Table 14
CDC Kendall
2 7
CDC PolarStar CDC Kendall

98.4 % 99.6 %
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CDC PolarStar SouthernStar LOX-1 CDC

Kendall Flagship

LOX-1
5
CDC Kendall
CDC PolarStar CDC Kendall 98.1 %
2
2
99.8 % 1
2
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Table 19 CDC

PolarStar SouthernStar 2

2013 LOX-1

2 2016

LOX-1
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4 LOX-1

LOX-1
LOX-1
LOX

LOX-1
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CDC PolarStar SouthernStar 2

NIBEM
NIBEM NIBEM foam stability tester type

NIBEM-T/haffmans BV, Venlo, Holland

T2N THOD
T2N THOD Kobayashi et al., 2002; Hirota et al., 2006a; Hirota et al.,
2006b
THOD
0.3 mL 0.5% A
B A B=3565 0 5:95 30
Asymmetry Ne 106005; C18, 3.5 p
m 2.1X150mm 50 1100
S ML
ZQ ES 329
THOD
T2N 8 mL
3g NaCl 20 L 20ppm1
SPME
40 15

Hewlett Packard HP6890/MSD5972A
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g m

225

0.5

T2N

Shimizu et al., 2002

J&W

1 mL

76

DB 1 30 mXx0.25 mm

m z 70

T2N

2013
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1 THOD
LOX-1
THOD NIBEM
CDC PolarStar Table 20a  SouthernStar Table 20b 2
Table 20c THOD CDC PolarStar
CDC PolarStar THOD 0.1 1.1mg/L THOD
0.3 2.2mg/L CDC PolarStar SouthenStar THOD
0.8 0.9 mg/L 1.4 1.8 mg/L 2
1.0 1.2 mg/L 3.2 mg/L
LOX-1
THOD
NIBEM CDC PolarStar 96 105 %
SouthernStar 1 2 99 % 101 % 2 1
2 9% 104 % LOX-1
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Table 20a. THOD concentrations and NIBEM values of beers made with CDC PolarStar and control malt.

Trial 1st 2nd 3rd 4th 5th 6th 7th

THOD (mg/L) CDC PolarStar 1.1 1.0 0.6 0.1 0.3 0.3 0.8

Control 15 14 15 0.3 0.7 0.9 2.2

NIBEM % as CDC PolarStar 100 96 99 98 96 101 105
(%)

CDC Kendall Control 100 100 100 100 100 100 100

Table 20b. THOD concentrations and NIBEM values of beers made with SouthernStar and Flagship malt.

Trial 1st 2nd

THOD (mg/L) SouthenS_tar 0.8 0.9
Flagship 1.4 18

NIBEM % as Flagship (%) SouthenStar 99 101
Flagship 100 100

Table 20c. THOD concentrations and NIBEM values of beers made with Satuiku 2 go and Ryohfu malt.

Trial 1st 2nd

THOD (mg/L) Satuiku 2 go 1.2 1.0
Ryohfu 3.2 3.2

NIBEM % as Ryohfu (%) Satuiku 2 go 99 104
Ryohfu 100 100
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T2N

CDC PolarStar T2N
Table 21a
T2N CDC PolarStar
CDC PolarStar 0.02 0.17 ppb 0.02 0.14 ppb
T2N CDC PolarStar
CDC PolarStar T2N 0.05 0.37 ppb
0.10 0.44 ppb CDC PolarStar
Trial 1
Off-flavor Stale taste
CDC PolarStar
CDC PolarStar
Trial 1 CDC PolarStar 09 19
2.7 LOX-1
Triall 4
Trial 3 Triald CDC PolarStar T2N
SouthernStar Flagship CDC PolarStar
T2N 37 1
Table 21b
T2N SouthernStar Flagship
37 1 1 SouthernStar
Flagship 0.16 ppb 2 SouthernStar 0.07 ppb
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Total staleness

Trial 1
1.2
T2N
30 2
0.10 ppb
0.11 ppb



2 20 1
LOX-1
30 1
CDC PolarStar
20 5 SouthernStar
2 T2N
Table 21c
T2N 2
T2N 2
37 1 30 1
37 1 1 2 0.10 ppb
0.13ppb 2 2 0.08 ppb 0.11 ppb
30 1 1 2 0.11 ppb
0.16 ppb 2 2 0.04 ppb 0.06 ppb
2
30 1 1
2
30 1
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Table 21a. T2N concentrations and sensory evaluations of beers made with CDC PolarStar and control malt.

T2N (ppb) Sensory evaluation (0-4)
Number
Trial Fresh beer Stale beer Off-flavor Stale taste Total staleness of
panelists
Test Control Test Control Test Control Test Control Test Control
1st 0.08 0.08 0.32 0.33 1.6 1.7 ns. 1.6 1.6 ns. 1.1 11 n.s. >11
2nd 0.07 0.07 0.22 0.23 14 2.0 * 1.6 2.1 * 1.6 2.2 * >11
3rd 0.08 0.1 0.08 0.19 1.7 2.3 ns. 1.8 2.6 * 1.9 2.7 * >11
4th 0.02 0.02 0.37 0.44 1.7 1.9 * 15 2.0 * 1.7 2.2 * >11
5th 0.05°  0.08" 0.1° 0.25° - - - - - - 16 23w 7
6th 0.14 0.17 0.18 0.27 1.6 2.2 * 2.0 2.4 il 1.9 2.4 il 11
7th 0.04 0.06 0.05 0.10 - - - - - - 0.9 1.2 * 6

The T2N analyses and the sensory evaluations were conducted for the beers stored at 36C in 1 month except Trial 5.

*5°C at mor° 37°C at 14 days
* Significantly different at the 5 % probability level.

** Significanly different at the 1 % probability level.

n.s.: not significant
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Table 21b. T2N concentrations and sensory evaluations of beer made with SouthernStar and Flagship malt.

T2N (ppb) Total Staleness (0-4)
37°C 30°C 37°C 30°C 20°C 30°C 20°C 20°C Number
Trial Fresh beer of
1 Week 2 Weeks 1 Week 2 Weeks 1 Month 1 Month 3 Monthes 5 Monthes panelists
SS Fl SS Fl SS Fl SS Fl SS Fl SS Fl SS Fl SS Fl SS Fl
1st 003 005 010 016 009 011 [ 10 11 ns. 11 11 ns. 11 11 ns. 17 15 ns. 1.3 14 ns. 18 1.7 ns. >15
2nd 004 005 007 011 006 008 [ 1.1 17 ** 10 15 ** 10 11 ns. 14 19 ** 16 19 * 17 22 *=* 316

SS: SouthernStar FI: Flagship

* Significantly different at the 5 % probability level.

** Significanly different at the 1 % probability level.
*** Significanly different at the 0.1 % probability level.

n.s.: not significant
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Table 21c. T2N concentrations and sensory evaluations of beers made with Satuiku 2 go and Ryohfu malt.

T2N (ppb) Sensory evaluation (0-4)
Trial Fresh beer Stale beer Off-flavor Stale taste Total staleness Nurr}ber
ria 0
37°C 1 Week 37 °C 1 Week panelists
S2 Ryo S2 Ryo S2 Ryo S2 Ryo S2 Ryo
1st 0.03 0.03 0.10 0.13 1.0 11 ns. 11 11 ns. 11 1.3 ns. 8
2nd 0.03 0.05 0.08 0.11 0.6 1.0 * 0.9 11 ns. 0.9 1.2 ns. 7
T2N (ppb) Sensory evaluation (0-4)
. Stale beer Off-flavor Stale taste Total staleness Number
Trial . . of
S2 Ryo S2 Ryo S2 Ryo S2 Ryo
1st 0.06 0.07 0.8 0.8 ns. 0.7 0.8 ns. 0.7 0.8 ns. 8
2nd 0.03 0.04 0.8 0.9 n.s. 0.9 0.9 n.s. 0.9 0.9 n.s. 10%
T2N (ppb) Sensory evaluation (0-4)
) Stale beer Off-flavor Stale taste Total staleness Number
Trial . . of
S2 Ryo S2 Ryo S2 Ryo S2 Ryo
1st 0.11 0.16 1.3 1.8 ** 1.2 1.8 ok 1.2 1.8 ** 9
2nd 0.04 0.06 15 1.7 ns. 1.3 1.6 * 15 1.7 * 11°

S2: Satuiku 2 go Ryo: Ryohfu

*Stale taste = 9 "Stale taste =10

* Significantly different at the 5 % probability level.

** Significanly different at the 1 % probability level.

*** Significanly different at the 0.1 % probability level.

n.s.: not significant
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THOD

al. 2002 Kobayashi et al. 2002

Hirotaet al. 2006a

THOD

LOX-1

Kobayashi et al. 2002

FDE

THOD

THOD

THOD

CDC Kenadall

THOD

Flagship

THOD

LOX-1

Foam Damaging Effect
LOX-1
NIBEM

LOX-1

NIBEM

0.0082 mol/m® 2.7 ppm

LOX-1
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THOD

Kuroda et

THOD

FDE

LOX-1

THOD

0.02 mol/m® 6.6 ppm

Hirotaetal. 2006

THOD

Hirota et al., 2005



THOD

a
lipid
transfer protein (LTP1)
LTP1 Sorensen et al.,
1993; Bech et al., 1995; Lusk, Goldstein & Ryder, 1995 Van Nierop et al. 2003
LTP1
LTP1
Evans & Hejgaard, 1999
LTP1
THOD LTP1 THOD
THOD
THOD
LOX-1
THOD
LOX-1

Bamforth, 1999; Vanderhaegen et al, 2006

Kaneda et al., 1999
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T2N

LOX-1 T2N

T2N

Larsen et al., 2001

CDC PolarStar

13, 19

LOX

T2N

LOX-1

Maeda, 1999; Takashio & Shinotsuka, 2001

Drost et al., 1990

9-HPOD LOX
T2N LOX-1
LOX-1
SouthernStar 2 LOX-1
Table 7,
LOX-1 LOX-1
T2N
CDC PolarStar
CDC PolarStar T2N
Table 21a
LOX
LOX-1
CDC PolarStar
T2N
CDC PolarStar
LOX-1
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SouthernStar 2 T2N

SouthernStar Flagship Flagship
Table 21b CDC PolarStar CDC Kendall
SouthernStar 1
20 1
37 1 1
SouthernStar T2N 0.10 ppb 2 Flagship T2N
0.11 ppb Table 21b  T2N 0.11 ppb
Meligaard, 1975 1 SouthernStar 2 Flagship T2N
T2N
LOX-1
CDC PolarStar SouthernStar
20 3 5
Table 21b CDC PolarStar Table 21a 30
1 37 2
SouthernStar Table 21b 37
30 2 1
LOX-1
2 30 1 1
2 T2N 0.05 ppb 2
0.02 ppb Table 21c  T2N 0.11 ppb
Meligaard, 1975 2 30 1 T2N
0.11 ppb 1
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T2N 0.11 ppb

T2N
1
400L
30 1
2
21c
T2N
LOX-1
LOX-1
LOX-1
LOX

2 0.11ppb

LOX-1

30
CDC PolarStar Trial 2 2
T2N
T2N Table 213,
LOX-1
T2N THOD
T2N
LOX-1
LOX-2
LOX-2
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Google patent,



- 2- trans -2-nonenal T2N

Walker, Hughes & Simpson, 1996; Lermusieau et al., 1999; Kuroda et al., 2003

lipoxygenase LOX

LOX

LOX

Hirotaetal. 2005
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LOX-1 6 LOX-1

5
Hirota et al., 2005 LOX-1
CAPS
Hirota et al., 2005 LOX-1
trihydroxyoctadecenoic acid THOD T2N

Hirota et al., 2006a; Hirota et al., 2006b

LOX-1
DNA Molecular
Marker-Assisted Selection MMAS
CDC PolarStar ~ SouthernStar 2
1 3
CDC
LOX Kitamura et al., 1982; Davies & Nielsen, 1986
Shirasawa, 2008 LOX LOX
Pfeiffer, Hildebrand &
Tekrony, 1991 LOX-1

Hirota et al., 2006a; Hirota et al., 2006b
LOX-1 LOX-1

LOX-1
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LOX-1

Flagship Hills et al., 2009 Flagship
SouthernStar
Flagship SouthernStar Flagship
Kolbach Index Hills et al., 2009
MMAS LOX-1
LOX-1
SouthernStar Flagship
SouthernStar LOX-1
LOX-1
LOX-1
LOX-1 CAPS
LOX-1 LOX-1 Fa
Hirota et al., 2006b LOX-1
2 SN
SN
LOX-1 SN
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CDC PolarStar SouthernStar LOX-1
SN
LOX-1 LOX
Hirota et al., 2006b LOX-1 LOX-1
Fa
LOX LOX LOX-2
LOX-1
LOX-1 LOX-1
NIBEM T2N THOD
LOX-1
LOX-1
LOX-1
LOX-1 MMAS
LOX-1
4 LOX-1 CDC PolarStar ~ SouthernStar
2 LOX-1
THOD Kobayashi et al., 2002
Hirotaet al. 2006a LOX-1 LOX-1
THOD
THOD
Kobayashi et al. 2002 THOD

92



FDE NIBEM

THOD 0.0082 mol/m® 2.7 ppm 0.02 mol/m® 6.6 ppm
THOD THOD
THOD
LOX-1
THOD
Hirota et al., 2006
THOD
LTP1
LTP1
Sorensen, et al., 1993; Bech, 1995; Lusk, Goldstein & Ryder, 1995
Van Nierop et al. 2003 LTP1
LTP1
Evans & Hejgaard,
1999 LTP1
THOD
LTP1 THOD THOD
THOD
LOX-1
THOD Hirota et al., 2006a;

Hirota et al., 2006b
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CDC PolarStar  SouthernStar 2

T2N
LOX-1 T2N
LOX-1 T2N
CDC PolarStar 30 1 T2N
CDC PolarStar 0.05 0.37 ppb 0.10 0.44 ppb
CDC PolarStar CDC PolarStar
T2N
LOX
LOX
T2N LOX-1
CDC
PolarStar T2N

LOX-1
Maeda, 1999; Takashio &

Shinozuka, 2001 CDC PolarStar

T2N LOX-1

SouthernStar 1 2

T2N 1
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20 1

T2N
CDC PolarStar
LOX-1
2 1 2
2 1 0.11 ppb 2
PolarStar 400L
Trial2 CDC PolarStar T2N
T2N
T2N
LOX-1
T2N
30 1
T2N
T2N
LOX-2
LOX-2
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20 5

0.04 ppb

0.22 ppb

LOX-1

LOX-2

30

T2N

CDC



CDC PolarStar  SouthernStar

2 LOX-1
LOX-1
LOX-1
LOX-1 LOX-1
CDC PolarStar
T2N LOX-1
LOX-1
CDC PolarStar
CDC Copeland CDC PolarStar
LOX-1 CDC PlatinumStar
CDC PolarStar CDC PlatinumStar
10,000 30,000
SouthernStar 1,500 5,000
2019
2 1,500
5,600
2
LOX-1
LOX-1
CDC PolarStar AC Metcalfe CDC Kendall
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CDC Copeland

AAC Synergy CDC Bow

CDC Kendall
CDC Copeland
CDC PolarStar CDC PlatinumStar
LOX-1
LOX-1
CDC PolarStar CDC PlatinumStar
LOX-1
LOX-1
SouthernStar 2 LOX-1 Flagship
SouthernStar Flagship
LOX-1
oul1003
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LOX-1

CDC PolarStar

LOX-1

MMAS

LOX-1
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SouthernStar

LOX-1

LOX-1

LOX-1

LOX-1



LOX-1

MMAS
LOX-1 CDC PolarStar
MMAS LOX-1 CDC PolarStar
CDC
Kendall LOX-1
LOX-1
LOX-1
LOX-1
LOX-1
LOX-1
LOX-1 SouthernStar
MMAS LOX-1
SouthernStar
Flagship
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SouthernStar

LOX-1
LOX-1
LOX-1
MMAS LOX-1
LOX-1
20
2
LOX-1
LOX-1
LOX-1
LOX-1 CDC PolarStar
2
THOD -2- T2N
THOD
LOX-1
LOX-1
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Flagship

SouthernStar



T2N

LOX-1 30 1

CDC PolarStar

LOX-1 LOX-1
T2N LOX-1
SouthernStar T2N LOX-1
20 5
LOX-1
LOX-1 LOX-1
LOX-1

LOX-1

MMAS

LOX-1 LOX-1
LOX-1
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SUMMARY

BREEDING OF LIPOXYGENASE-1 NULL MALTING BARLEY VARIETIES

AND STUDY OF THEIR CHARACTERISTICS.

Trihydroxyoctadexenoic acid (THOD) and trans-2-nonenal (T2N) are substances that negatively
affect beer quality such as foam and flavor stabilities, respectively. These substances are generated
in the brewing process and during storage by enzymatic and non-enzymatic oxidation of linoleic
acid. Enzymatic oxidation of linoleic acid is catalyzed by lipoxygenase in malt. Therefore, it is
expected that breeding lipoxygenase-1 null (LOX-1 null) malting barley could be one of the
effective measures to improve beer quality.

The objectives of the study are to develop LOX-1 null malting barley varieties adapted to the
major barley-producing areas of the world and to evaluate the value of LOX-1 null barley varieties

based on their agronomic performance, malting quality, and brewing performance.

Breeding the lipoxygenase-1 null malting barley variety CDC PolarStar
suitable for cultivation in North America

CDC PolarStar was developed by successive backcross and molecular marker-assisted selection
(MMAS).

The yield potential, agronomic performance, and general malting quality of CDC PolarStar were
equivalent to those of the recurrent parent CDC Kendall, which is one of the well-accepted
two-rowed malting barley varieties in North America. Several brewing trials were performed
through a pilot and commercial brewing process to evaluate the effects of the LOX-1 null trait on
beer quality. The analyses of products brewed with CDC PolarStar indicated that the LOX-1 null
trait did not affect the wort and beer quality. This is the first time that the LOX-1 null trait has

been introduced to a barley variety that is commercially cultivated in North America.
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Breeding the lipoxygenase-1 null malting barley variety SouthernStar suitable
for cultivation in Australia

Flagship is a two-rowed malting barley variety cultivated in Australia, and its malting quality has
been well evaluated. The LOX-1 null trait was introduced into Flagship by successive backcross
and MMAS to develop a LOX-1 null malting barley variety adapted for cultivation in Australia.
Thus, SouthernStar was successfully developed as the first LOX-1 null malting barley variety in
Australia.

The yield potential, agronomic performance, disease resistance, and general malting quality of
SouthernStar and Flagship were almost identical. Brewing trials were conducted using a
pilot-scale brewing apparatus to evaluate the effects of the LOX-1 null trait on beer quality. The

wort and beer quality of SouthernStar and Flagship were similar.

Breeding the lipoxygenase-1 null malting barley variety Satuiku 2 go for
Hokkaido, Japan

Ryohfu is the only spring-sown malting barley variety cultivated in Hokkaido, located in the
northern part of Japan, and it has been used in the Japanese brewing industry for >20 years.
Satuiku 2 go was successfully developed as the first LOX-1 null malting barley variety in Japan
by successive backcross and MMAS to introduce the LOX-1 null trait into the recurrent parent
Ryohfu.

The agronomic performance and general malt quality of Satuiku 2 go were almost equivalent to
those of Ryohfu. Wort and beer analyses of the pilot-scale brewing trial indicated that the LOX-1

null trait had little effect on the general characteristics of wort and beer.

Foam and flavor stabilities of beer made with LOX-1 null malting barley
varieties

Beers made with the LOX-1 null malting barley varieties showed a lower level of THOD and
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T2N compared with those made with the control malt including the recurrent parents. Although
the THOD content of beers brewed with LOX-1 null varieties was lower than that of the control
beers, the foam stability of those beers did not improve.

The T2N content of beers brewed with LOX-1 null varieties stored in various storage conditions
was generally lower than that of the control beers. The sensory evaluation of well-trained panelists
showed significant superiority of the beers made with the LOX-1 null varieties in terms of
staleness. Thus, the positive effects of the LOX-1 null trait for the reduction in T2N and the
suppression of beer staleness were verified. It was the most obvious for beers stored at 30°C for 1
month.

In the trials for CDC PolarStar, several brewing trials were conducted under several brewing
conditions at various facilities. The sensory evaluations showed significant superiority of CDC
PolarStar beers in terms of staleness in almost all the trials, and the positive effect of the LOX-1
null trait was more apparent in low malt beer conditions. Moreover, the present study showed that
the LOX-1 null trait can contribute to the reduction in T2N and staleness in beer produced at
commercial-scale breweries, and the LOX-1 null trait is industrially practical and applicable.

In the SouthernStar trials, the positive effects of the LOX-1 null trait for the reduction in T2N
and the suppression of beer staleness were also verified for beer stored at 20°C for 5 months. To
date, the effects of the LOX-1 null trait on staleness for beer stored at a relatively lower
temperature, such as 20°C, has not been reported. Thus, the LOX-1 null trait may help to retain
the freshness of beer in a wider range of storage conditions, which is more likely to happen with

the commercial distribution of beer.

The results of the present study indicate that the LOX-1 null trait can function within different
genetic backgrounds of the recurrent parents used for the development of LOX-1 null malting
barley varieties. The breeding of LOX-1 null barley varieties for multiple barley-producing areas

can contribute to the secure procurement of LOX-1 null malt from different sources.
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The strategy for breeding the LOX-1 null malting barley variety with a combination of successive
backcross and MMAS s practical and effective for developing lines with the LOX-1 null trait and
other traits, such as agronomic performance, malting quality, and brewing quality. Presently,
traditional crossbreeding using the developed varieties in this study as parents is in progress in
various barley-producing areas such as Canada, Australia, Europe, and Japan. It is expected that
superior LOX-1 null varieties with higher agronomy and quality will be developed and used in the

near future.
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