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Fig. 1 Frost occurred 9-18 days before anthesis. a. Daily temperature below 2 degree presented in Muresk and Williams sites; b. Different types of frost damage 

occurred in both Williams and Muresk sites. A: Frost impacted on the lower part of spikes and the top of peduncles; B1 and B2 showed Bethlehem frost 

impacted spikes and seed settings, respectively;  W1 and W2 showed Westonia frost impacted spikes and seed settings, respectively; c. Data of days to anthesis

and days between last frost event and anthesis on each parental line and control varieties in two population areas of SpB and BW in Muresk (M) and Williams 

(W), respectively. Numbers represent days for different statistical classes; d: Number of days between the frost event and anthesis on different parental lines and 

control varieties. The vertical bars represent SE; values with the same letter are not different at p = 0.05.
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Parental 

lines 

VrnA1a VrnB1a VrnD1a Rht_B1b Rht_D1b Ppd_D1

a 

Ppd-B1 

ratio 

B7A + - + - + + 1 

B3B -/+(DH) - + - + + 1 

Bethlehem + - + - + + 1 

Westonia + + - - + + 1 

Spitfire - + + - + + 0.3 

Mace - + - - + + 0.4 

Suntop +/-(DH) -/+(DH) + + - + 0.6 

Gregory -/+ (DH) - + + - + 0.3 

Population 

segregation 

SpB; 

Sp7A 

BW; 

SpB; 

Sp7A; 

St3B 

SpM; 

BW 

St3B; 

G7A 

St3B; 

G7A 

 SpB; 

Sp7A; 

G7A; 

St3B 

Fig. 2 Sensitivities of parental lines to frost impact associated with parental line maturity in different population areas in Muresk 

and Williams. a. Sensitivities in G7A, Sp7A and SpB area in both Muresk (M) and Williams (W); b. Sensitivities in SpM, BW 

and St3B area in both Muresk (M) and Williams (W). The vertical bars represent SE; values with the same letter are not different 

at p = 0.05; * represents no replicate. c. summarized table for parental lines with or without mutated VRN1, Rht and Ppd_D1a 

genes; Ppd-B1(Ppd1_2B) copy number ratio and the gene segregated populations.
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Fig. 3 Frost QTL were overlapped with anthesis QTL on the homologous region on 2B in 

five populations of Sp7A, SpB, G7A, St3B and SpM.  The location of Ppd1_2B in High 

Confidence (HC) 1.0 physical map was indicated.
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Fig. 4 Significant frost QTL were detected on the Rht1 and Rht2 regions. a. Frost QTL on Rht1 regions in 

the populations of G7A and St3B while the frost QTL in BW and SpM were on the distal down stream and 

upstream, respectively. A new gene of WSOCI1_4B may close to the frost QTL on 4B in BW population; b. 

Significant frost QTL were detected on the Rht2 regions in the populations of G7A and St3B. 
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Fig. 5 Significant frost QTL were overlapped with anthesis QTL where Vrn1_5A (VPA) tightly linked in 

Sp7A and SpB populations. The frost QTL on SpM_5A was about 25 cM below the Vrn1_5A and 90 cM

above VRN2 loci while it was on the upstream on St3B_5A. 
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Fig. 6 Significant frost QTL were overlapped with anthesis QTL in SpM where Vrn1_5D 

(VrnB1a) tightly linked in SpM. The Frost QTL were linked to Vrn_D4 gene in BW and St3B 

populations.



7AM35175
7AM11486
7AM22966
7AM53271
7AM65447
7AM71949
7AM21158
7AM58414
7AM35591
7AM79291
7AM5838

7AM78662 7AM73283
7AM73134 7AM38728

7AM6665
7AM7720 7AM55374

7AM63645
7AM79290
7AM25937
7AM71146
7AM63607
7AM74123
7AM80502

7AM7092 7AM23401
7AM73257 7AM1110

7AM65448
7AM55137
7AM44787
7AM61392

7AM65863 7AM28886
7AM9336
7AM6832

7AM10368
7AM10367
7AM61171
7AM4505
7AM3927

7AM47685
7AM7445

7AM41940
7AM76500
7AM54331
7AM7063

7AM80470 7AM38593
7AM41945
7AM11165
7AM42200
7AM47013
7AM26974
7AM57019
7AM26552
7AM54948
7AM10386

7AM8059 7AM75917
7AM9603

7AM22377 7AM58667
7AM9904
7AM8783

7AM38357
7AM50065
7AM40094
7AM47104
7AM39758
7AM44791
7AM30443
7AM52245
7AM80618
7AM80619
7AM39676
7AM52818
7AM56953
7AM80608
7AM7554

7AM35407
7AM39614
7AM78098

7AM64358 7AM52779
7AM76519
7AM76520

7AM20735 7AM10719
7AM78097 7AM13801

7AM6927
7AM77119
7AM31571
7AM40479
7AM48661
7AM1817

7AM77979
7AM75587 7AM53683

7AM43386
7AM79580
7AM7519
7AM8647

7AM56168
7AM59328

7AM11124 7AM53382
7AM5246

7AM59669
7AM59304
7AM39103
7AM64444

7AM39099 7AM81019
7AM42688
7AM75835
7AM52783
7AM81015
7AM77975

7AM65691 7AM51810
7AM78727
7AM78175
7AM80622

7AM6701 7AM78187
7AM51323
7AM79991

7AM59123 7AM35606
7AM38722 7AM21282

7AM12655
7AM78445
7AM75823

7AM7547 7AM8935
7AM34535
7AM65986
7AM25582
7AM81030
7AM7503

7AM71633
7AM80572
7AM78945
7AM78944
7AM80771

7AM81116 7AM53308
7AM25155
7AM53017
7AM12038
7AM1874

7AM50024
7AM6450

7AM7644 7AM78254
7AM43533
7AM72691
7AM9555

7AM11349 7AM71048
7AM30144 7AM9554

7AM79481
7AM20258

7AM29354 7AM41825
7AM28483
7AM19694

7AM10118 7AM39301
7AM58998
7AM35043
7AM25121
7AM40424
7AM78329
7AM56649
7AM70292
7AM1277

7AM78598
7AM23038
7AM34095
7AM61498
7AM27947
7AM45057
7AM39743
7AM58299
7AM7435

F
ro

s
tW

1
_
7

A
Q

T
L

0
 

2
 

4
 

6
 

8
 

1
0
 

SpM_7A

7AM40553 7AM38728
7AM7636

7AM69539 7AM34132
7AM63645
7AM25937

7AM4524 7AM1110
7AM67908 7AM74123
7AM58414 7AM73134
7AM6832 7AM28886

7AM44787
7AM38593

7AM59812 7AM81220
7AM26552

7AM44377 7AM75917
7AM65343 7AM10386
7AM11001 7AM7349

7AM10757
7AM9603
7AM1855
7AM8783

7AM75201 7AM21468
7AM11012 7AM34347

7AM12691
7AM6895

7AM80618
7AM34499 7AM8448

7AM39676 7AM44791
7AM40094 7AM117

7AM72200 7AM12385
7AM3609 7AM30443

7AM56953 7AM80608
7AM11739
7AM20735

7AM76519 7AM52779
7AM78097 7AM78098
7AM50526 7AM40479
7AM35407 7AM39614

7AM64358
7AM8445 7AM52421

7AM1817
7AM81160

7AM1849 7AM4462
7AM75587 7AM81002

7AM34298
7AM18841 7AM73952
7AM75548 7AM8159

7AM72165 7AM11002
7AM24194 7AM1764
7AM9443 7AM8438

7AM74033 7AM7736
7AM70260

7AM23720 7AM33936
7AM3193 7AM80486

7AM65578 7AM12655
7AM11363 7AM25757
7AM32677 7AM60947
7AM20600 7AM77090
7AM41165 7AM75670
7AM79580 7AM33984
7AM65563 7AM1125

7AM19819 7AM78022
7AM3817

7AM5819 7AM75504
7AM16172 7AM3612
7AM55408 7AM7503
7AM66146 7AM7519

7AM59328 7AM76908
7AM78445
7AM56168
7AM78727
7AM53382
7AM11124
7AM8647

7AM21459 7AM76941
7AM80613

7AM51323 7AM8935
7AM64444 7AM25388
7AM21282 7AM52135

7AM38722
7AM81019 7AM39103
7AM52783 7AM59304
7AM78175 7AM34535
7AM65986 7AM80943
7AM39099 7AM8361

7AM81015
7AM35606 7AM75835
7AM71633 7AM10092
7AM81140 7AM75823
7AM7547 7AM77975

7AM81030 7AM34054
7AM65691 7AM51810
7AM47004 7AM77004

7AM5246
7AM80572
7AM72494
7AM12214
7AM70689

7AM7435 7AM78945
7AM78944
7AM58299

7AM39743 7AM80771
7AM78712

7AM45057 7AM27947
7AM1277 7AM23038

7AM34095
7AM70292

7AM31273 7AM28064
7AM37059 7AM28062
7AM23414 7AM2670

7AM50567 7AM74465
7AM19694
7AM35043

7AM50024 7AM46162
7AM9554 7AM79481

7AM48466
7AM72691 7AM9555

7AM41825 7AM20258
7AM78329 7AM1874
7AM6450 7AM79679

7AM10212 7AM10118
7AM71048 7AM11349
7AM5828 7AM29354
7AM26782 7AM7644

7AM78254
7AM64079 7AM80259
7AM42280 7AM58706
7AM65192 7AM64076

7AM81409

F
ro

s
tW

1
_
7

A
Q

T
L

0
 

2
 

4
 

6
 

8
 

1
0
 

SpB_7A

7AM10367 7AM47685
7AM79290 7AM57997
7AM58087 7AM10368
7AM80470 7AM81220
7AM59812 7AM7063
7AM76500 7AM3927

7AM26974
7AM74123 7AM7092
7AM7720 7AM78662

7AM80502 7AM11368
7AM79864 7AM65448
7AM1110 7AM63645

7AM4524
7AM12610 7AM6018

7AM12369 7AM22879
7AM45156

7AM75917 7AM10386
7AM65343 7AM44377
7AM7349 7AM11001

7AM10757
7AM8513
7AM1855
7AM9904

7AM34347 7AM11012
7AM21468 7AM12691
7AM75201 7AM6895

7AM12198 7AM40094
7AM8374 7AM44791

7AM12197
7AM6718

7AM39676
7AM77102 7AM25505
7AM80608 7AM40479
7AM11739 7AM50526

7AM56953
7AM52421

7AM81002 7AM75587
7AM1849

7AM34298 7AM73952
7AM72165 7AM18841
7AM74033 7AM70260
7AM7736 7AM24194
7AM8159 7AM75548
7AM11002 7AM4462
7AM9443 7AM1764

7AM8438 7AM60947
7AM11363
7AM25757
7AM12655
7AM32677

7AM3612 7AM78157
7AM78451 7AM3817
7AM4828 7AM65563

7AM19819 7AM78360
7AM80486 7AM78022
7AM34227 7AM24311
7AM55408 7AM25411
7AM20600 7AM76290

7AM41165
7AM78187 7AM1125
7AM53382 7AM8647

7AM16172 7AM46119
7AM8361

7AM52135 7AM80613
7AM6701 7AM77975

7AM11124 7AM51810
7AM35606 7AM80943

7AM70689
7AM35861

F
ro

s
tW

1
_
7

A
Q

T
L

0
 

1
 

2
 

3
 

4
 

BW_7A

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

195

200

205

210

215

220

225

230

235

240

245

250

255

260

265

270

275

280

285

290

295

300

305

310

315

320

325

330

335

340

345

350

355

360

365

370

375

380

385

390

395

400

405

410

415

420

425

430

435

440

445

450

455

460

465

470

475

480

485

490

495

500

FrostW1_7AQTL
FrostM1_7AQTL
FrostM2_7AQTL
FrostmeanM_7AQTL
AnthesismeanW_7AQTL
AnthesismeanN_7AQTL

FrostW1_7AQTL
FrostW2_7AQTL
FrostmeanW_7AQTL
FrostM2_7AQTL
FrostmeanM_7AQTL

FrostW1_7AQTL
FrostmeanW_7AQTL

(TaVRT-2_7A)

(TaVRT-2_7A)

(TaVRT-2_7A)

Fig. 7 Significant frost QTL were linked to TaVRT-2_7A gene in SpB and BW populations.  One 

of the frost QTL in SpM were linked anthesis QTL on 7A while TaVRT-2_7A closely linked two 

anthesis QTL.
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Fig. 8 Significant frost QTL were linked to VRN_B3 and  TaVRT-2 genes. a. Significant frost QTL were linked to VRN_B3 and  TaVRT-2_7B gene in 

SpM and BW populations, respectively; b. Significant frost and anthesis QTL were linked to TaVRT-2_7D gene in Sp7A and SpB populations.  



Fig. 9 The proportion of mutated VrnA1a, VrnB1a, VrnD1a, and 

Rht1 and Rht2 gene utilization in historical lines collected in 

Australia.
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