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WGIN3 Projects: Griffiths’ Lab

1. Dissecting UK drought tolerance in Paragon x Garcia
2. Quantifying agronomic impact of WGIN target genes using the 

Paragon NIL library
3. Informing multiple marker assisted selection for yield stability 

using Paragon library
4. A chromosome segment substitution library for Avalon x 

Cadenza
5. Understanding genotype x environment interaction in Avalon x 

Cadenza
6. Foundations for a new generation segregating populations for 

studying yield stability in the UK
7. Applying WGIN data to breeding by design for UK yield stability 
8. Curation and distribution of WGIN germplasm



1. UK drought tolerance in Paragon x Garcia

• Paragon x Garcia (PxG) RIL population produced within WGIN to 
specifically target UK drought

• Paragon (UK spring wheat) x Garcia (grown in southern France and 
northern Spain, adapted to drought stress).

• Looking for drought-tolerant characteristics in non-UK wheat 
varieties highly advantageous -> breeding programme

Weather data courtesy of http://www.buxton-weather.co.uk/weather.htm * Buxton is 13 miles from the John Innes Centre 
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• Single-rep 1m field trial 2014-15
• F6 scored for DTEM, Height, Yield and TGWT*
• QTL mapping (KASP map) using Single-Trait Linkage Analysis 
• QTLs identified for all traits scored
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1. UK drought tolerance in Paragon x Garcia



Yield

QTL effects
Locus Locus %Expl. Add. High value s.e.
no. name Var. eff. allele
55 C6P15_2A 8.468 0.076 Garcia 0.017
97 BS00022730_2D 4.079 0.053 Paragon 0.014
257 BS00022959_7A 4.046 0.052 Garcia 0.014

*

* *

Candidates?

1. UK drought tolerance in Paragon x Garcia



TGWT*

*

*
*

Candidates?

QTL effects
Locus Locus %Expl. Add. High value s.e.
no. name Var. eff. allele
4 BS00102492_1A 11.708 1.528 Garcia 0.296
78 C7P70_2B 14.040 1.674 Garcia 0.379
185 BS00022999_5B 9.784 1.397 Garcia 0.299

1. UK drought tolerance in Paragon x Garcia



• Drought Trial drilled with selected P x Gar lines (Ppd-sensitive)

• Also included subset of Paragon Library in trial

• 2 reps each Irrigated and No Irrigation

• 200 lines/rep, 6 square meter plots

No Irrigation

Irrigated

Slope

1. UK drought tolerance in Paragon x Garcia

with boom



• Will measure stage 31 (P x Gar)
• Will measure DTEM,  Booting, Height, Yield, TGWT and 

calculate  grains/m2

• Monitor/record drought-recovery strategies
• Photo of each plot 
• Periodic imaging of plots during growth to track 

senescence, using UAV

1. UK drought tolerance in Paragon x Garcia



• To correlate the response of the plants to conditions during the 
growing season data will be collected from one irrigated Paragon
plot and one Paragon plot without additional irrigation

• Will measure soil temperature, soil water content and water 
potential

• Weather data for Church Farm plots will also be available

• Using monitoring equipment from DeltaT

• Collaborating with John Foulkes (Uni Nott.) 

• 2D root screening to characterise variation in key root 
architectural traits (including root length, angle, and distribution)

Drought Tolerance



2. Quantifying agronomic impact of WGIN 
target genes using the Paragon NIL library

• Winter-sown, single rep, yield trials of NILs carrying multiple 
alleles of Rht’s, Ppd’s, Vrn’s, eps, grain shape, yield…

• DTEM, Height, Yield and TGWT scored

• 3 rep, spring-sown, yield-trial of subset of Paragon Library

• DTEM, Height, Yield and TGWT scored



Paragon Par Library

Lr19 Kamb1 Par Library 2-15 Alien introgression*

Par Mutant 2316b Par Library 20-9 Staygreen

Ppd 1x Early Par Library 15-12 DTEM

Ppd 2x Early Par library 16-7 DTEM

Ppd 3x Early Par library 16-15 DTEM

Ppd KO 3x Par Library 19-1 DTEM

Rht 8 Mara H14 Nor N Med Irr-9 Height

Rht B1 Robigus Par library 3-20 Height

Rht D1 Alchemy Par Library 3-12 Height

*Leaf rust resistance gene on 7DL, derived from Agropyron elongatum

2. Quantifying agronomic impact of WGIN 
target genes using the Paragon NIL library



• Paragon Library subset yield trial repeated

• Also included in Drought Trial

• Eight lines drilled under Phenospex

 Two randomised blocks of 16 

 One treatment – all plots + nitrogen (40 kg/h)

 Two subsequent treatments +/- additional nitrogen (250 kg/h)

• DTEM, Height, Yield, TGWT etc… will be scored

Paragon

Lr19 Kamb1

Par Mutant 2316b

Ppd 1x Early

Ppd 2x Early

Rht 8 Mara

Rht B1 Robigus

Rht D1 Alchemy

2. Quantifying agronomic impact of WGIN 
target genes using the Paragon NIL library



3. Informing multiple marker assisted selection for 
yield stability using Paragon library

• AFM (in WGIN) made a winter Paragon by crossing in VrnA1 +
VrnB1 from Malacca

• Will cross this into Rht8 / RhtB1 / RhtD1 to produce winter, 
semi-dwarf,  Paragon

• NIL stacking  (SEO)

• RhtB1 x Rht8

• RhtD1 x Rht8

• RhtB1 x RhtD1

RhtB1+RhtD1 Rht8+RhtD1
Rht8+RhtB1 Paragon



A chromosome segment substitution library 
(CSSL) for Avalon x Cadenza

1D EM AC33_E11_5_10_1A

3B YLD AC34_E61_4_13_1A

6A Ht AC43_E55_6_62_1A

6B EM/Ht AC75_E101_2_10_1A

6A Ht AC89_E5_1_37_1A

6B Ht AC101_E81_10_55_1A

1B EM AC104_E96_3_13_1A

7B YLD AC105_E92_2_16_1A

3A Ht AC113_E113_10_72_1A

3B Ht AC160_E28_1_71_1A

2D Ht AC162_E21_8_71_1A

5A YLD AC49_E14_1_11_1A

1D EM AC49_E16_2_19_1A

2D YLD AC51_E43_9_17_1A

3A Ht AC69_E44_6_67_1A

7D YLD AC69_E70_5_18_1A

2D Ht AC148_E47_6_47_1A

1B EM AC195_E13_4_21_1A
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• 18 NILs genotyped on 820K array to determine the amount of 
random background

A chromosome segment substitution library 
(CSSL) for Avalon x Cadenza



• Plan to ‘tile’ the whole genome with chromosome segments 
to make recombinant substitution lines for the whole 
genome, in both Avalon and Cadenza backgrounds. 

X

QTL region - Avalon 

Random background - Avalon 

Cadenza Individual 1

Individual 2

Individual 3

i.e. A genome

A chromosome segment substitution library 
(CSSL) for Avalon x Cadenza



• We needed to generate genetic maps of all the NILs to 
determine the extent and location of the QTL regions and 
random segments

• This has been carried out for the 18 NILs using the Framework 
map (1286 markers) generated by Winfield et al (2015)*

• The maps consist of 1260 Markers for each NIL

• The maps are now available on the WGIN website 
http://www.wgin.org.uk/

*“High-density SNP genotyping array for hexaploid wheat and its secondary and tertiary 
gene pool” Wingfield et al 2015. PBJ

A chromosome segment substitution library 
(CSSL) for Avalon x Cadenza

http://www.wgin.org.uk/


AC105_E92_2_16 7B YLD Cadenza background

AX-94905804
AX-94778893
AX-94625355

AX-94752491
AX-95139456
AX-95167464
AX-94552243

AX-94713267
AX-94532387
AX-95132666
AX-94466102
AX-95107625
AX-94855749
AX-94793862
AX-94901922
AX-95013601
AX-94423004
AX-94466457
AX-94852713
AX-94581035
AX-94637077
AX-95181262
AX-94926933
AX-94421658
AX-94412818
AX-94595423
AX-94861968

AX-94532746
AX-94456297
AX-94841333
AX-95143174
AX-94431963
AX-94458519
AX-94776827
AX-94915371
AX-94826404
AX-94646578
AX-94603312
AX-94521226
AX-94786460
AX-94382781
AX-94949146
AX-94406149
AX-94676999
AX-94414832
AX-95147962
AX-94458307
AX-94395032
AX-94429585
AX-94906765

AX-94864348

AX-94570230
AX-94785740

AC105_E92_2_16_1A

AX-94569737
AX-94824007
AX-95227146
AX-94523893
AX-95115385
AX-94424669
AX-94735668
AX-94802588
AX-94714522
AX-94772880

AX-94477262
AX-94555671
AX-94495564

AX-94564661
AX-94741946
AX-94465972
AX-94531278
AX-95137689
AX-94952546
AX-95141383

AX-95123229

AX-95153321
AX-94701585
AX-94564459
AX-94738192
AX-94960802
AX-94535064
AX-94592263
AX-94631087
AX-94604266
AX-94793700
AX-94610897
AX-94521851
AX-94882639
AX-94511149
AX-95107619
AX-94560486
AX-94454136
AX-94490884
AX-94595210

AX-94625433

AX-94848004

AX-94535413

AX-95211039
AX-94674675
AX-94438026
AX-95176936
AX-95214448
AX-94617142
AX-94925370
AX-94762343
AX-94644661
AX-94602066
AX-94520484
AX-94910420
AX-94485041
AX-95088688
AX-94728360
AX-94396543
AX-94517837
AX-94465394
AX-94810461
AX-94908718
AX-94859349
AX-94536174
AX-94483043
AX-94947518
AX-94483464
AX-94665990
AX-94602991
AX-94571080
AX-95085025
AX-94967614
AX-94382196

AC105_E92_2_16_2A

AX-94786923
AX-94604648
AX-94996868
AX-94451379
AX-94872330

AX-95192974

AX-94914422
AX-94684907

AX-94502168
AX-94498487

AX-95229912
AX-94980238

AX-94634572

AX-94905220

AX-95158435

AX-94468152
AX-94743837
AX-94609346
AX-94404286
AX-94435188
AX-95164207
AX-94384118
AX-94492134
AX-94989495
AX-94789875
AX-94499616
AX-94941121
AX-94552167
AX-95076043
AX-94400806
AX-94763063
AX-94464599
AX-94411463
AX-94785235

AX-94396602
AX-94503117
AX-94841160
AX-94916601

AX-95230073
AX-95203473

AX-94448614
AX-95133933

AX-94529341

AX-94822605

AX-94954995

AX-94479717
AX-94420612
AX-94465953
AX-94611743

AX-95009527
AX-94539458
AX-94826520
AX-95133082
AX-94633808

AX-94974499
AX-95079372

AX-94501849

AX-94908575

AC105_E92_2_16_3A

AX-94927426

AX-94437290
AX-94765269

AX-94807329

AX-94455747

AX-94460475

AX-95090477

AX-95249678
AX-94508144
AX-94781481
AX-94795309
AX-94394310
AX-94393859
AX-94737087
AX-94734124
AX-94528587
AX-95021480
AX-94447315
AX-94546215
AX-94386497
AX-94808268
AX-94690342
AX-94413384
AX-94921234
AX-95009583
AX-94503294

AX-94488428

AX-94581303

AX-94519015
AX-94512247

AX-94883867

AX-94999060

AX-94873991

AX-94769296

AX-94465380
AX-94557516
AX-94912024
AX-94948611
AX-94502672
AX-94585896
AX-94782530
AX-95170198
AX-95141150

AX-94452651

AX-94804853
AX-94918531

AX-94535683
AX-95249030

AX-94438151
AX-94591428
AX-94719930
AX-94655275
AX-95217431
AX-94566715
AX-94627067
AX-95175904
AX-94817444
AX-95216729

AC105_E92_2_16_4A

AX-94864707
AX-95114232
AX-94493739

AX-94563149

AX-94780609
AX-94698419
AX-94801450

AX-95186387
AX-94843076
AX-94406590
AX-94920631

AX-94819371

AX-94706157
AX-94556600
AX-94387708
AX-94932303
AX-94789037
AX-94935145
AX-94518685
AX-94435967
AX-95071409
AX-94675521
AX-94391951
AX-95220729
AX-95161447
AX-94913174
AX-94530692
AX-94731678
AX-94874564
AX-94463648
AX-94955528
AX-95124405
AX-94425631
AX-94399725
AX-94789953
AX-95013004
AX-95222660
AX-94936686
AX-94815412
AX-94927881
AX-94438700
AX-95107770
AX-94577029

AX-94396167
AX-94408752
AX-94418483
AX-94472979

AX-94740353
AX-94657447
AX-94534509
AX-94535450
AX-94589819
AX-94432751
AX-95075099
AX-94531685
AX-94800332
AX-94410486
AX-94445381
AX-95176788

AX-95108414

AX-95154512

AX-95232773
AX-94455313
AX-95023582
AX-95088473
AX-94940137
AX-94828633
AX-94428612
AX-94857628
AX-94431840
AX-94409720
AX-94506352
AX-94712311
AX-94439887
AX-94419637
AX-94946956
AX-94767534
AX-94534554
AX-94853899
AX-94754853
AX-94849499
AX-94737971
AX-94854184
AX-94657243

AC105_E92_2_16_5A

AX-94517592

AX-94432079

AX-95102589

AX-94464407

AX-94611292
AX-94463974
AX-95104734
AX-94641494
AX-95146537

AX-94712142

AX-95203238
AX-94659909
AX-94862187
AX-94403208
AX-94510107
AX-94454756
AX-94704850
AX-94696135
AX-94390480
AX-94777125
AX-94685987
AX-94779856
AX-94484815
AX-94415776
AX-94787044
AX-94889521
AX-95206556
AX-94449290
AX-95022356
AX-95117775
AX-94498140
AX-94568610
AX-95198605
AX-94999944
AX-94629993
AX-94535711
AX-94531101
AX-94927271
AX-94614470
AX-94546067
AX-94792173
AX-94770299
AX-94920790
AX-95074292
AX-94413636
AX-94742551
AX-94390261

AX-95097403

AX-94774725
AX-94554119
AX-94701164
AX-94420604
AX-94451936
AX-94717717
AX-94574622
AX-94481958
AX-94627727
AX-94560853
AX-94806297

AC105_E92_2_16_6A

AX-94684856
AX-94658912
AX-94648060
AX-94896795
AX-94507941
AX-95253098
AX-94708419
AX-94796013
AX-94543513
AX-94987369
AX-94903607
AX-94846422
AX-95130217
AX-94774796
AX-94644716
AX-95131059
AX-95256933
AX-95090494
AX-94941145

AX-95021295
AX-94424480

AX-94469427

AX-94601768

AX-94607742

AX-95249973
AX-94465215
AX-94739673
AX-94496109
AX-94984725
AX-94905933
AX-95083969
AX-94922145
AX-94586475
AX-94908459
AX-94799496
AX-94482712
AX-94682492
AX-94580707
AX-94437266
AX-95247320
AX-94934774
AX-94410775
AX-95133592
AX-95100889
AX-95174071
AX-94698211
AX-94605803
AX-94613078
AX-94417618
AX-94965406
AX-94699653
AX-94398361
AX-94837397
AX-94580593
AX-95198448
AX-95241601
AX-94716924
AX-94493875
AX-94803614
AX-94497690
AX-94531661
AX-94772883
AX-94466064
AX-95015749
AX-94785878
AX-94794250
AX-94391066
AX-94848583
AX-94394080

AX-94750196
AX-94792051
AX-94535927
AX-95071279

AX-94396702
AX-95158351
AX-95248570
AX-95213765
AX-95068853
AX-94814569
AX-94460305
AX-94790100
AX-94520504
AX-94525368
AX-94519655
AX-94941565
AX-94786708
AX-94967840
AX-95155649
AX-94632718
AX-94741948
AX-94805946
AX-94520709
AX-94904423
AX-94983372
AX-95257504
AX-94882254
AX-94899731
AX-94938310
AX-94850506

AC105_E92_2_16_7A
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AC105_E92_2_16 7B YLD Cadenza background

AX-95211874
AX-94614966
AX-95015283

AX-94821262

AX-94622117
AX-94900351
AX-95086602
AX-95215485
AX-94779305
AX-94642563
AX-94602619
AX-94834442

AX-94837805
AX-95210948
AX-94778143
AX-94647917

AX-94835306
AX-94629930
AX-94537311
AX-95146219
AX-95166367
AX-95185659
AX-95158773
AX-94879113
AX-94576935
AX-95127477
AX-95098631
AX-94389614
AX-94654722
AX-95078421
AX-94856441
AX-95200654
AX-94689958
AX-94676843
AX-95159553
AX-94543706
AX-94834139
AX-94929640
AX-94428442
AX-94944827
AX-94735746
AX-95232776
AX-94387135
AX-94633266
AX-94481312
AX-94823926
AX-95137321
AX-94438274
AX-94566112
AX-94686644
AX-95085043
AX-94533666
AX-95025932
AX-94481507
AX-95249324
AX-95014058
AX-94502320
AX-94484634
AX-95185443
AX-95016178
AX-94768314
AX-94787798
AX-94721930
AX-94707392
AX-94611571
AX-94580758
AX-94395727
AX-94631107
AX-94541532
AX-95104798
AX-94885216
AX-94774041
AX-94783957
AX-94707438
AX-94524314
AX-94596078
AX-95232646
AX-94403953

AX-94547150
AX-95198651
AX-94504996

AX-95199802
AX-94467961

AC105_E92_2_16_1B

AX-94977248
AX-94415921
AX-94668352
AX-94579864
AX-94885706
AX-94543148
AX-95112632
AX-94557300
AX-94810227
AX-94859562
AX-94681867
AX-94642093
AX-94383207
AX-94565449
AX-95096806

AX-94681457
AX-95009540
AX-94906650
AX-94654099
AX-94850432
AX-94740909
AX-94384279
AX-94607622
AX-94911579
AX-94694632

AX-94652634
AX-94402003
AX-94472503
AX-94432295

AX-94933752

AX-94653059
AX-94901457
AX-94656096

AX-94437617
AX-94860010
AX-94581232
AX-94759165
AX-94558636
AX-94686435
AX-94915406
AX-94578116
AX-94403602
AX-94558976
AX-94387177
AX-94471620
AX-94405065
AX-95199286
AX-94972784
AX-94623616
AX-94464345
AX-94595598
AX-95024486
AX-94937695
AX-95074259
AX-94614478
AX-94463009
AX-95250040
AX-95014830
AX-95159644
AX-94400672
AX-94663701
AX-94604156
AX-94529349
AX-94780389
AX-94941564
AX-95167889
AX-95260757
AX-94516190
AX-94453359
AX-95023665
AX-95006305
AX-94501650

AX-94667399
AX-95166280

AX-94678957
AX-94431230
AX-94947172
AX-94399328
AX-94989831
AX-94522134

AX-94907881
AX-95182708

AX-94636101
AX-94674016
AX-95069517
AX-94498732
AX-95121860
AX-94675831
AX-94659845
AX-95173582
AX-95238158
AX-95207412
AX-94415912
AX-95111070
AX-94736650
AX-95075685
AX-94838720

AC105_E92_2_16_2B

AX-94604543

AX-94704670
AX-94649292
AX-95168837
AX-94415818
AX-94394923
AX-95086295
AX-94875385
AX-94796017
AX-94593149
AX-94468489
AX-95245565
AX-94745415
AX-94748385
AX-95013905
AX-94387053
AX-94803899
AX-95190063
AX-94766803
AX-94682688
AX-94761091
AX-94658377
AX-94853252
AX-95075348
AX-94921030
AX-94877799
AX-94499840
AX-94699679
AX-94960425
AX-95222204
AX-94671910
AX-94553177
AX-94594777
AX-95156280
AX-94671810
AX-94675934
AX-95132903
AX-94442632
AX-94622399
AX-94382714
AX-94821919
AX-94908909
AX-94437683
AX-95175238
AX-94504455
AX-95221306
AX-94576480
AX-94794835
AX-95197282
AX-94891356
AX-94734236
AX-94565693
AX-94593326
AX-95145923
AX-94987195
AX-95238001
AX-94433197
AX-94629134
AX-94494298
AX-94467351
AX-95111550
AX-95206671
AX-95150153
AX-94450213
AX-94738181
AX-95092233
AX-94654258
AX-94684556
AX-94968713
AX-94457281
AX-94631238
AX-95075690
AX-94426732
AX-95199993
AX-95244236
AX-94488815
AX-94918847

AX-94843318
AX-94997518
AX-94515653
AX-94628128
AX-94552288

AX-94885667
AX-94989383

AX-95255403
AX-94647273
AX-94527055

AX-94604586
AX-94965697
AX-94799035
AX-94512939
AX-94752977
AX-95025601
AX-94403562
AX-95175089
AX-94959965
AX-95219561
AX-94883895
AX-94663833
AX-94606220

AX-94401378
AX-94549868
AX-94902173
AX-95248765
AX-95132383
AX-94583628
AX-94784606
AX-95136479
AX-94580146
AX-94434664
AX-94462966

AX-94532649

AC105_E92_2_16_3B

AX-95015725
AX-94847128
AX-94457368
AX-94714055
AX-94778362
AX-94764469
AX-94559916
AX-94798484
AX-94446779
AX-94694139
AX-94404950
AX-94683760
AX-94403238
AX-94470240
AX-95085219
AX-94481303
AX-94425495
AX-94693212
AX-94528470
AX-94822952
AX-94412719
AX-94475207
AX-94759097
AX-94986524
AX-95126339
AX-94606541
AX-94533719
AX-94971196
AX-94793289
AX-95246864
AX-95174194
AX-94849165
AX-94434500
AX-94707905
AX-94628488
AX-94596804
AX-94934608
AX-94431014
AX-94536140
AX-94902720
AX-94621931
AX-94938612
AX-95171696
AX-94844112
AX-95007707

AX-94440259

AX-94511099
AX-94606986

AX-95090175
AX-94397362
AX-94436929
AX-94425015

AX-94572741
AX-95148627
AX-94475825

AC105_E92_2_16_4B

AX-94723934
AX-95205468

AX-94711368
AX-94667454
AX-94626912

AX-95091073

AX-94382905

AX-95015210
AX-95072670
AX-94426094
AX-94724286
AX-94414150
AX-95020021
AX-94694996
AX-94420026
AX-94451559
AX-94669487

AX-94399292
AX-94424046
AX-94788721
AX-94994634
AX-94608438
AX-94594516
AX-95252378
AX-94413343

AX-94992921
AX-95231601
AX-94539975
AX-94520860
AX-95007595
AX-95195217
AX-94460498
AX-95019740
AX-94462531
AX-95202253
AX-94528204
AX-94815230
AX-95255650
AX-94700493
AX-94960119
AX-94949817
AX-95007446
AX-94871426
AX-94931497
AX-94539614
AX-94383822

AX-94523513

AX-95074854
AX-94810410
AX-94981576
AX-95126471
AX-94507677
AX-94405167
AX-95083293
AX-94402018
AX-95000127
AX-94433268
AX-94797163
AX-95251997
AX-94608415
AX-94845336
AX-94503658

AX-94486527

AX-94509097

AC105_E92_2_16_5B

AX-94973773
AX-95186979
AX-94916571
AX-94616339
AX-94882861
AX-94837594
AX-94434505
AX-94613462

AX-95094791

AX-94517574

AX-94996081
AX-95118899
AX-94966587

AX-94887472
AX-94802946
AX-95234801
AX-94460492
AX-94590343
AX-94977098
AX-94692612
AX-94522383
AX-94401591
AX-94699925
AX-94668801
AX-94487637

AX-95112866
AX-94822073
AX-94424491
AX-95089337
AX-94636372
AX-94678148
AX-94777811
AX-95220223
AX-94532294
AX-94506771
AX-94916820
AX-94818038
AX-95107471
AX-94584328
AX-94604064
AX-94687929
AX-94898991
AX-94462593
AX-94394698
AX-95154095
AX-95071829
AX-94569915

AX-94942005
AX-95185037

AX-94614625
AX-94434901
AX-94562544
AX-94849484
AX-94858675

AX-95168303
AX-95006998

AX-94424664
AX-95189788

AX-95096407

AX-94577715
AX-94530641
AX-94576933
AX-94571384
AX-95117924
AX-94499484
AX-95117165

AC105_E92_2_16_6B

AX-95254812
AX-94770939
AX-94501008
AX-94859161
AX-95146411
AX-94771345
AX-95025537
AX-95190395
AX-94460387
AX-95146882
AX-94632052
AX-94485276
AX-94749840
AX-94525919
AX-94467581
AX-94404953
AX-94392543
AX-94444575
AX-94496718
AX-94848105
AX-94582074
AX-94463979
AX-95195126
AX-94803120
AX-94820712
AX-94433746
AX-94678160
AX-94816700
AX-94640080
AX-94908451
AX-94883961
AX-94978857
AX-94589382
AX-94709340
AX-94385394
AX-95078974
AX-95114986
AX-94414759
AX-94668602
AX-95182911
AX-94398131
AX-95093160
AX-94796657
AX-94624899
AX-95199326
AX-94861078
AX-95246418
AX-94570504
AX-94542236
AX-94878591
AX-94845101
AX-95103189
AX-94578298
AX-94498540
AX-94404962
AX-94596410
AX-94810070
AX-94936573
AX-94999423
AX-94840052
AX-95148320
AX-94615981
AX-94690744
AX-94537587
AX-94489377
AX-94684729
AX-94608030
AX-94409804
AX-94397806
AX-94544611
AX-94616771
AX-94384167
AX-94817305
AX-94505099
AX-94956034
AX-94530175
AX-94467461
AX-94465240
AX-94507922
AX-95232109
AX-94634240
AX-94716438
AX-94710747
AX-94650088
AX-94411348
AX-94474958
AX-95020220
AX-94489811
AX-95190628
AX-94482271
AX-94835572
AX-94569002
AX-94809552
AX-94537857
AX-94951335
AX-94700882
AX-95178159
AX-94489237
AX-94811562
AX-94517269
AX-95178394
AX-94435803
AX-95244644
AX-95196784
AX-94638774
AX-94493112
AX-95087555
AX-94823072
AX-94535772
AX-94872930
AX-94826288
AX-94606531
AX-94426964
AX-94531423
AX-94647729
AX-94493518
AX-94536248
AX-95248379
AX-94626250

AX-94611745

AX-95220232

AX-94884315
AX-94569809
AX-95101970
AX-95023072
AX-94989051

AX-94992027
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AC105_E92_2_16 7B YLD Cadenza background

AX-94540853
AX-94490662
AX-95139360
AX-94393474
AX-94972911
AX-94919500
AX-94672824
AX-94667932

AX-94603514

AX-94685643
AX-94478409
AX-94862906
AX-94555547
AX-95069958

AX-94596631

AX-94990862
AX-94974317

AX-94546280
AX-94796264
AX-95247030
AX-94528348
AX-94683720
AX-94491903
AX-94587529
AX-94881152
AX-94592227
AX-94606913
AX-95216543
AX-95199484
AX-94992370
AX-94495992
AX-95089281
AX-95017670
AX-94846537
AX-94785117

AX-94675637
AX-94604254
AX-94712972
AX-94997690
AX-94573445
AX-94906077
AX-94773373
AX-94521319
AX-94769043
AX-94402128
AX-94435276
AX-94445219
AX-94788925
AX-94529863
AX-94888009
AX-94470601

AC105_E92_2_16_1D

AX-94684492
AX-94554516

AX-94421823
AX-94539708
AX-95119079
AX-94682380
AX-94891089
AX-94794029
AX-95186755
AX-94859872
AX-94544295
AX-94560846
AX-94471646

AX-95217264

AX-94582505
AX-95168029
AX-94523846
AX-94652914
AX-94393403
AX-95236295
AX-94804673

AX-94707708
AX-94637828
AX-94736814
AX-95087247
AX-94428875
AX-95138710
AX-94858499
AX-94580285

AX-94468908

AX-94929863

AX-94389356
AX-94765313
AX-94480089
AX-94550514
AX-95227288
AX-95166360
AX-95176145
AX-94492833
AX-94718985

AX-94472288

AC105_E92_2_16_2D

AX-95109082

AX-95221231

AX-94550177

AX-94644467

AX-95234432
AX-95213381
AX-94534357
AX-94734712
AX-94919791
AX-94667914

AX-94805692

AX-94748732

AX-95174931
AX-94524011
AX-94648333

AX-94594920

AC105_E92_2_16_3D

AX-94428252
AX-94612791
AX-94836308
AX-94612210
AX-94823904
AX-94697679
AX-95091834
AX-94778462

AC105_E92_2_16_4D

AX-94819368
AX-94725014
AX-94431816
AX-94458906
AX-94759630
AX-94701178
AX-94467164
AX-94460707
AX-94745275
AX-95216795
AX-94542611
AX-94743674
AX-95254344

AX-94650693
AX-95022057
AX-94449742
AX-94680531

AX-94640140
AX-94812528

AX-94821932

AX-94733228

AC105_E92_2_16_5D

AX-94613678
AX-94803211
AX-94382080

AX-95174281
AX-94618490
AX-94768784

AX-94620411
AX-94721491
AX-95175160

AX-94735798
AX-94820097

AX-94542637
AX-94939475

AC105_E92_2_16_6D

AX-95175228
AX-94607183
AX-94648761
AX-94968923
AX-94727587
AX-94806392
AX-94992421
AX-95252571

AX-94403622
AX-95122045
AX-94485469
AX-94630484

AX-94789382
AX-94577532

AX-94680045
AX-94384220
AX-94936677

AX-94390031
AX-94696367
AX-94420021
AX-94478084
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A Genome B Genome D Genome

Cadenza background - Avalon random background and QTL region

4. A chromosome segment substitution 
library (CSSL) for Avalon x Cadenza



AC148_E47_6_47 2D Ht Avalon background

AX-94905804
AX-94778893
AX-94625355

AX-94752491
AX-95139456
AX-95167464
AX-94552243

AX-94713267
AX-94532387
AX-95132666
AX-94466102
AX-95107625
AX-94855749
AX-94793862
AX-94901922
AX-95013601
AX-94423004
AX-94466457
AX-94852713
AX-94581035
AX-94637077
AX-95181262
AX-94926933
AX-94421658
AX-94412818
AX-94595423
AX-94861968

AX-94532746
AX-94456297
AX-94841333
AX-95143174
AX-94431963
AX-94458519
AX-94776827
AX-94915371
AX-94826404
AX-94646578
AX-94603312
AX-94521226
AX-94786460
AX-94382781
AX-94949146
AX-94406149
AX-94676999
AX-94414832
AX-95147962
AX-94458307
AX-94395032
AX-94429585
AX-94906765

AX-94864348

AX-94570230
AX-94785740

AC148_E47_6_47_1A

AX-94569737
AX-94824007
AX-95227146
AX-94523893
AX-95115385
AX-94424669
AX-94735668
AX-94802588
AX-94714522
AX-94772880

AX-94477262
AX-94555671
AX-94495564

AX-94564661
AX-94741946
AX-94465972
AX-94531278
AX-95137689
AX-94952546
AX-95141383

AX-95123229

AX-95153321
AX-94701585
AX-94564459
AX-94738192
AX-94960802
AX-94535064
AX-94592263
AX-94631087
AX-94604266
AX-94793700
AX-94610897
AX-94521851
AX-94882639
AX-94511149
AX-95107619
AX-94560486
AX-94454136
AX-94490884
AX-94595210

AX-94625433

AX-94848004

AX-94535413

AX-95211039
AX-94674675
AX-94438026
AX-95176936
AX-95214448
AX-94617142
AX-94925370
AX-94762343
AX-94644661
AX-94602066
AX-94520484
AX-94910420
AX-94485041
AX-95088688
AX-94728360
AX-94396543
AX-94517837
AX-94465394
AX-94810461
AX-94908718
AX-94859349
AX-94536174
AX-94483043
AX-94947518
AX-94483464
AX-94665990
AX-94602991
AX-94571080
AX-95085025
AX-94967614
AX-94382196

AC148_E47_6_47_2A

AX-94786923
AX-94604648
AX-94996868
AX-94451379
AX-94872330

AX-95192974

AX-94914422
AX-94684907

AX-94502168
AX-94498487

AX-95229912
AX-94980238

AX-94634572

AX-94905220

AX-95158435

AX-94468152
AX-94743837
AX-94609346
AX-94404286
AX-94435188
AX-95164207
AX-94384118
AX-94492134
AX-94989495
AX-94789875
AX-94499616
AX-94941121
AX-94552167
AX-95076043
AX-94400806
AX-94763063
AX-94464599
AX-94411463
AX-94785235

AX-94396602
AX-94503117
AX-94841160
AX-94916601

AX-95230073
AX-95203473

AX-94448614
AX-95133933

AX-94529341

AX-94822605

AX-94954995

AX-94479717
AX-94420612
AX-94465953
AX-94611743

AX-95009527
AX-94539458
AX-94826520
AX-95133082
AX-94633808

AX-94974499
AX-95079372

AX-94501849

AX-94908575

AC148_E47_6_47_3A

AX-94927426

AX-94437290
AX-94765269

AX-94807329

AX-94455747

AX-94460475

AX-95090477

AX-95249678
AX-94508144
AX-94781481
AX-94795309
AX-94394310
AX-94393859
AX-94737087
AX-94734124
AX-94528587
AX-95021480
AX-94447315
AX-94546215
AX-94386497
AX-94808268
AX-94690342
AX-94413384
AX-94921234
AX-95009583
AX-94503294

AX-94488428

AX-94581303

AX-94519015
AX-94512247

AX-94883867

AX-94999060

AX-94873991

AX-94769296

AX-94465380
AX-94557516
AX-94912024
AX-94948611
AX-94502672
AX-94585896
AX-94782530
AX-95170198
AX-95141150

AX-94452651

AX-94804853
AX-94918531

AX-94535683
AX-95249030

AX-94438151
AX-94591428
AX-94719930
AX-94655275
AX-95217431
AX-94566715
AX-94627067
AX-95175904
AX-94817444
AX-95216729

AC148_E47_6_47_4A

AX-94864707
AX-95114232
AX-94493739

AX-94563149

AX-94780609
AX-94698419
AX-94801450

AX-95186387
AX-94843076
AX-94406590
AX-94920631

AX-94819371

AX-94706157
AX-94556600
AX-94387708
AX-94932303
AX-94789037
AX-94935145
AX-94518685
AX-94435967
AX-95071409
AX-94675521
AX-94391951
AX-95220729
AX-95161447
AX-94913174
AX-94530692
AX-94731678
AX-94874564
AX-94463648
AX-94955528
AX-95124405
AX-94425631
AX-94399725
AX-94789953
AX-95013004
AX-95222660
AX-94936686
AX-94815412
AX-94927881
AX-94438700
AX-95107770
AX-94577029

AX-94396167
AX-94408752
AX-94418483
AX-94472979

AX-94740353
AX-94657447
AX-94534509
AX-94535450
AX-94589819
AX-94432751
AX-95075099
AX-94531685
AX-94800332
AX-94410486
AX-94445381
AX-95176788

AX-95108414

AX-95154512

AX-95232773
AX-94455313
AX-95023582
AX-95088473
AX-94940137
AX-94828633
AX-94428612
AX-94857628
AX-94431840
AX-94409720
AX-94506352
AX-94712311
AX-94439887
AX-94419637
AX-94946956
AX-94767534
AX-94534554
AX-94853899
AX-94754853
AX-94849499
AX-94737971
AX-94854184
AX-94657243

AC148_E47_6_47_5A

AX-94517592

AX-94432079

AX-95102589

AX-94464407

AX-94611292
AX-94463974
AX-95104734
AX-94641494
AX-95146537

AX-94712142

AX-95203238
AX-94659909
AX-94862187
AX-94403208
AX-94510107
AX-94454756
AX-94704850
AX-94696135
AX-94390480
AX-94777125
AX-94685987
AX-94779856
AX-94484815
AX-94415776
AX-94787044
AX-94889521
AX-95206556
AX-94449290
AX-95022356
AX-95117775
AX-94498140
AX-94568610
AX-95198605
AX-94999944
AX-94629993
AX-94535711
AX-94531101
AX-94927271
AX-94614470
AX-94546067
AX-94792173
AX-94770299
AX-94920790
AX-95074292
AX-94413636
AX-94742551
AX-94390261

AX-95097403

AX-94774725
AX-94554119
AX-94701164
AX-94420604
AX-94451936
AX-94717717
AX-94574622
AX-94481958
AX-94627727
AX-94560853
AX-94806297

AC148_E47_6_47_6A

AX-94684856
AX-94658912
AX-94648060
AX-94896795
AX-94507941
AX-95253098
AX-94708419
AX-94796013
AX-94543513
AX-94987369
AX-94903607
AX-94846422
AX-95130217
AX-94774796
AX-94644716
AX-95131059
AX-95256933
AX-95090494
AX-94941145

AX-95021295
AX-94424480

AX-94469427

AX-94601768

AX-94607742

AX-95249973
AX-94465215
AX-94739673
AX-94496109
AX-94984725
AX-94905933
AX-95083969
AX-94922145
AX-94586475
AX-94908459
AX-94799496
AX-94482712
AX-94682492
AX-94580707
AX-94437266
AX-95247320
AX-94934774
AX-94410775
AX-95133592
AX-95100889
AX-95174071
AX-94698211
AX-94605803
AX-94613078
AX-94417618
AX-94965406
AX-94699653
AX-94398361
AX-94837397
AX-94580593
AX-95198448
AX-95241601
AX-94716924
AX-94493875
AX-94803614
AX-94497690
AX-94531661
AX-94772883
AX-94466064
AX-95015749
AX-94785878
AX-94794250
AX-94391066
AX-94848583
AX-94394080

AX-94750196
AX-94792051
AX-94535927
AX-95071279

AX-94396702
AX-95158351
AX-95248570
AX-95213765
AX-95068853
AX-94814569
AX-94460305
AX-94790100
AX-94520504
AX-94525368
AX-94519655
AX-94941565
AX-94786708
AX-94967840
AX-95155649
AX-94632718
AX-94741948
AX-94805946
AX-94520709
AX-94904423
AX-94983372
AX-95257504
AX-94882254
AX-94899731
AX-94938310
AX-94850506
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AC148_E47_6_47 2D Ht Avalon background

AX-95211874
AX-94614966
AX-95015283

AX-94821262

AX-94622117
AX-94900351
AX-95086602
AX-95215485
AX-94779305
AX-94642563
AX-94602619
AX-94834442

AX-94837805
AX-95210948
AX-94778143
AX-94647917

AX-94835306
AX-94629930
AX-94537311
AX-95146219
AX-95166367
AX-95185659
AX-95158773
AX-94879113
AX-94576935
AX-95127477
AX-95098631
AX-94389614
AX-94654722
AX-95078421
AX-94856441
AX-95200654
AX-94689958
AX-94676843
AX-95159553
AX-94543706
AX-94834139
AX-94929640
AX-94428442
AX-94944827
AX-94735746
AX-95232776
AX-94387135
AX-94633266
AX-94481312
AX-94823926
AX-95137321
AX-94438274
AX-94566112
AX-94686644
AX-95085043
AX-94533666
AX-95025932
AX-94481507
AX-95249324
AX-95014058
AX-94502320
AX-94484634
AX-95185443
AX-95016178
AX-94768314
AX-94787798
AX-94721930
AX-94707392
AX-94611571
AX-94580758
AX-94395727
AX-94631107
AX-94541532
AX-95104798
AX-94885216
AX-94774041
AX-94783957
AX-94707438
AX-94524314
AX-94596078
AX-95232646
AX-94403953

AX-94547150
AX-95198651
AX-94504996

AX-95199802
AX-94467961

AC148_E47_6_47_1B

AX-94977248
AX-94415921
AX-94668352
AX-94579864
AX-94885706
AX-94543148
AX-95112632
AX-94557300
AX-94810227
AX-94859562
AX-94681867
AX-94642093
AX-94383207
AX-94565449
AX-95096806

AX-94681457
AX-95009540
AX-94906650
AX-94654099
AX-94850432
AX-94740909
AX-94384279
AX-94607622
AX-94911579
AX-94694632

AX-94652634
AX-94402003
AX-94472503
AX-94432295

AX-94933752

AX-94653059
AX-94901457
AX-94656096

AX-94437617
AX-94860010
AX-94581232
AX-94759165
AX-94558636
AX-94686435
AX-94915406
AX-94578116
AX-94403602
AX-94558976
AX-94387177
AX-94471620
AX-94405065
AX-95199286
AX-94972784
AX-94623616
AX-94464345
AX-94595598
AX-95024486
AX-94937695
AX-95074259
AX-94614478
AX-94463009
AX-95250040
AX-95014830
AX-95159644
AX-94400672
AX-94663701
AX-94604156
AX-94529349
AX-94780389
AX-94941564
AX-95167889
AX-95260757
AX-94516190
AX-94453359
AX-95023665
AX-95006305
AX-94501650

AX-94667399
AX-95166280

AX-94678957
AX-94431230
AX-94947172
AX-94399328
AX-94989831
AX-94522134

AX-94907881
AX-95182708

AX-94636101
AX-94674016
AX-95069517
AX-94498732
AX-95121860
AX-94675831
AX-94659845
AX-95173582
AX-95238158
AX-95207412
AX-94415912
AX-95111070
AX-94736650
AX-95075685
AX-94838720
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AX-94604543

AX-94704670
AX-94649292
AX-95168837
AX-94415818
AX-94394923
AX-95086295
AX-94875385
AX-94796017
AX-94593149
AX-94468489
AX-95245565
AX-94745415
AX-94748385
AX-95013905
AX-94387053
AX-94803899
AX-95190063
AX-94766803
AX-94682688
AX-94761091
AX-94658377
AX-94853252
AX-95075348
AX-94921030
AX-94877799
AX-94499840
AX-94699679
AX-94960425
AX-95222204
AX-94671910
AX-94553177
AX-94594777
AX-95156280
AX-94671810
AX-94675934
AX-95132903
AX-94442632
AX-94622399
AX-94382714
AX-94821919
AX-94908909
AX-94437683
AX-95175238
AX-94504455
AX-95221306
AX-94576480
AX-94794835
AX-95197282
AX-94891356
AX-94734236
AX-94565693
AX-94593326
AX-95145923
AX-94987195
AX-95238001
AX-94433197
AX-94629134
AX-94494298
AX-94467351
AX-95111550
AX-95206671
AX-95150153
AX-94450213
AX-94738181
AX-95092233
AX-94654258
AX-94684556
AX-94968713
AX-94457281
AX-94631238
AX-95075690
AX-94426732
AX-95199993
AX-95244236
AX-94488815
AX-94918847

AX-94843318
AX-94997518
AX-94515653
AX-94628128
AX-94552288

AX-94885667
AX-94989383

AX-95255403
AX-94647273
AX-94527055

AX-94604586
AX-94965697
AX-94799035
AX-94512939
AX-94752977
AX-95025601
AX-94403562
AX-95175089
AX-94959965
AX-95219561
AX-94883895
AX-94663833
AX-94606220

AX-94401378
AX-94549868
AX-94902173
AX-95248765
AX-95132383
AX-94583628
AX-94784606
AX-95136479
AX-94580146
AX-94434664
AX-94462966

AX-94532649

AC148_E47_6_47_3B

AX-95015725
AX-94847128
AX-94457368
AX-94714055
AX-94778362
AX-94764469
AX-94559916
AX-94798484
AX-94446779
AX-94694139
AX-94404950
AX-94683760
AX-94403238
AX-94470240
AX-95085219
AX-94481303
AX-94425495
AX-94693212
AX-94528470
AX-94822952
AX-94412719
AX-94475207
AX-94759097
AX-94986524
AX-95126339
AX-94606541
AX-94533719
AX-94971196
AX-94793289
AX-95246864
AX-95174194
AX-94849165
AX-94434500
AX-94707905
AX-94628488
AX-94596804
AX-94934608
AX-94431014
AX-94536140
AX-94902720
AX-94621931
AX-94938612
AX-95171696
AX-94844112
AX-95007707

AX-94440259

AX-94511099
AX-94606986

AX-95090175
AX-94397362
AX-94436929
AX-94425015

AX-94572741
AX-95148627
AX-94475825

AC148_E47_6_47_4B

AX-94723934
AX-95205468

AX-94711368
AX-94667454
AX-94626912

AX-95091073

AX-94382905

AX-95015210
AX-95072670
AX-94426094
AX-94724286
AX-94414150
AX-95020021
AX-94694996
AX-94420026
AX-94451559
AX-94669487

AX-94399292
AX-94424046
AX-94788721
AX-94994634
AX-94608438
AX-94594516
AX-95252378
AX-94413343

AX-94992921
AX-95231601
AX-94539975
AX-94520860
AX-95007595
AX-95195217
AX-94460498
AX-95019740
AX-94462531
AX-95202253
AX-94528204
AX-94815230
AX-95255650
AX-94700493
AX-94960119
AX-94949817
AX-95007446
AX-94871426
AX-94931497
AX-94539614
AX-94383822

AX-94523513

AX-95074854
AX-94810410
AX-94981576
AX-95126471
AX-94507677
AX-94405167
AX-95083293
AX-94402018
AX-95000127
AX-94433268
AX-94797163
AX-95251997
AX-94608415
AX-94845336
AX-94503658

AX-94486527

AX-94509097

AC148_E47_6_47_5B

AX-94973773
AX-95186979
AX-94916571
AX-94616339
AX-94882861
AX-94837594
AX-94434505
AX-94613462

AX-95094791

AX-94517574

AX-94996081
AX-95118899
AX-94966587

AX-94887472
AX-94802946
AX-95234801
AX-94460492
AX-94590343
AX-94977098
AX-94692612
AX-94522383
AX-94401591
AX-94699925
AX-94668801
AX-94487637

AX-95112866
AX-94822073
AX-94424491
AX-95089337
AX-94636372
AX-94678148
AX-94777811
AX-95220223
AX-94532294
AX-94506771
AX-94916820
AX-94818038
AX-95107471
AX-94584328
AX-94604064
AX-94687929
AX-94898991
AX-94462593
AX-94394698
AX-95154095
AX-95071829
AX-94569915

AX-94942005
AX-95185037

AX-94614625
AX-94434901
AX-94562544
AX-94849484
AX-94858675

AX-95168303
AX-95006998

AX-94424664
AX-95189788

AX-95096407

AX-94577715
AX-94530641
AX-94576933
AX-94571384
AX-95117924
AX-94499484
AX-95117165

AC148_E47_6_47_6B

AX-95254812
AX-94770939
AX-94501008
AX-94859161
AX-95146411
AX-94771345
AX-95025537
AX-95190395
AX-94460387
AX-95146882
AX-94632052
AX-94485276
AX-94749840
AX-94525919
AX-94467581
AX-94404953
AX-94392543
AX-94444575
AX-94496718
AX-94848105
AX-94582074
AX-94463979
AX-95195126
AX-94803120
AX-94820712
AX-94433746
AX-94678160
AX-94816700
AX-94640080
AX-94908451
AX-94883961
AX-94978857
AX-94589382
AX-94709340
AX-94385394
AX-95078974
AX-95114986
AX-94414759
AX-94668602
AX-95182911
AX-94398131
AX-95093160
AX-94796657
AX-94624899
AX-95199326
AX-94861078
AX-95246418
AX-94570504
AX-94542236
AX-94878591
AX-94845101
AX-95103189
AX-94578298
AX-94498540
AX-94404962
AX-94596410
AX-94810070
AX-94936573
AX-94999423
AX-94840052
AX-95148320
AX-94615981
AX-94690744
AX-94537587
AX-94489377
AX-94684729
AX-94608030
AX-94409804
AX-94397806
AX-94544611
AX-94616771
AX-94384167
AX-94817305
AX-94505099
AX-94956034
AX-94530175
AX-94467461
AX-94465240
AX-94507922
AX-95232109
AX-94634240
AX-94716438
AX-94710747
AX-94650088
AX-94411348
AX-94474958
AX-95020220
AX-94489811
AX-95190628
AX-94482271
AX-94835572
AX-94569002
AX-94809552
AX-94537857
AX-94951335
AX-94700882
AX-95178159
AX-94489237
AX-94811562
AX-94517269
AX-95178394
AX-94435803
AX-95244644
AX-95196784
AX-94638774
AX-94493112
AX-95087555
AX-94823072
AX-94535772
AX-94872930
AX-94826288
AX-94606531
AX-94426964
AX-94531423
AX-94647729
AX-94493518
AX-94536248
AX-95248379
AX-94626250

AX-94611745

AX-95220232

AX-94884315
AX-94569809
AX-95101970
AX-95023072
AX-94989051

AX-94992027
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AC148_E47_6_47 2D Ht Avalon background

AX-94540853
AX-94490662
AX-95139360
AX-94393474
AX-94972911
AX-94919500
AX-94672824
AX-94667932

AX-94603514

AX-94685643
AX-94478409
AX-94862906
AX-94555547
AX-95069958

AX-94596631

AX-94990862
AX-94974317

AX-94546280
AX-94796264
AX-95247030
AX-94528348
AX-94683720
AX-94491903
AX-94587529
AX-94881152
AX-94592227
AX-94606913
AX-95216543
AX-95199484
AX-94992370
AX-94495992
AX-95089281
AX-95017670
AX-94846537
AX-94785117

AX-94675637
AX-94604254
AX-94712972
AX-94997690
AX-94573445
AX-94906077
AX-94773373
AX-94521319
AX-94769043
AX-94402128
AX-94435276
AX-94445219
AX-94788925
AX-94529863
AX-94888009
AX-94470601

AC148_E47_6_47_1D

AX-94684492
AX-94554516

AX-94421823
AX-94539708
AX-95119079
AX-94682380
AX-94891089
AX-94794029
AX-95186755
AX-94859872
AX-94544295
AX-94560846
AX-94471646

AX-95217264

AX-94582505
AX-95168029
AX-94523846
AX-94652914
AX-94393403
AX-95236295
AX-94804673

AX-94707708
AX-94637828
AX-94736814
AX-95087247
AX-94428875
AX-95138710
AX-94858499
AX-94580285

AX-94468908

AX-94929863

AX-94389356
AX-94765313
AX-94480089
AX-94550514
AX-95227288
AX-95166360
AX-95176145
AX-94492833
AX-94718985

AX-94472288

AC148_E47_6_47_2D

AX-95109082

AX-95221231

AX-94550177

AX-94644467

AX-95234432
AX-95213381
AX-94534357
AX-94734712
AX-94919791
AX-94667914

AX-94805692

AX-94748732

AX-95174931
AX-94524011
AX-94648333

AX-94594920

AC148_E47_6_47_3D

AX-94428252
AX-94612791
AX-94836308
AX-94612210
AX-94823904
AX-94697679
AX-95091834
AX-94778462

AC148_E47_6_47_4D

AX-94819368
AX-94725014
AX-94431816
AX-94458906
AX-94759630
AX-94701178
AX-94467164
AX-94460707
AX-94745275
AX-95216795
AX-94542611
AX-94743674
AX-95254344

AX-94650693
AX-95022057
AX-94449742
AX-94680531

AX-94640140
AX-94812528

AX-94821932

AX-94733228

AC148_E47_6_47_5D

AX-94613678
AX-94803211
AX-94382080

AX-95174281
AX-94618490
AX-94768784

AX-94620411
AX-94721491
AX-95175160

AX-94735798
AX-94820097

AX-94542637
AX-94939475

AC148_E47_6_47_6D

AX-95175228
AX-94607183
AX-94648761
AX-94968923
AX-94727587
AX-94806392
AX-94992421
AX-95252571

AX-94403622
AX-95122045
AX-94485469
AX-94630484

AX-94789382
AX-94577532

AX-94680045
AX-94384220
AX-94936677

AX-94390031
AX-94696367
AX-94420021
AX-94478084

AC148_E47_6_47_7D

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

A Genome B Genome D Genome

Avalon background - Cadenza random background and QTL region

4. A chromosome segment substitution 
library (CSSL) for Avalon x Cadenza
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Complete SNP map of NIL 
With QTL for 1D DTEM

Chromosome 1A 
Section of Chromosome 1A
Showing the Axiom® SNP markers 
and the BS KASP markers from the 
University of Bristol Genomics Facility

4. A chromosome segment substitution 
library (CSSL) for Avalon x Cadenza

Axiom KASP



• The next stage involves genotyping another 94 lines 
representing the QTLs in the AxC NILs (DTEM, Ht, YLD)

• The 18 + 94 NILs are being backcrossed to the recurrent 
parent twice to generate lines in which the QTL region and 
random segments have been separated.

Background Chromosome Trait
QTL 

Allele
# of 
lines Background Chromosome Trait

QTL 
Allele # of lines

Avalon 1B EM Cadenza 5 Cadenza 1B EM Avalon 5

Avalon 1D EM Cadenza 3 Cadenza 1D EM Avalon 5

Avalon 2A Ht Cadenza 2 Cadenza 2A Ht Avalon 5

Avalon 2D Ht Cadenza 5 Cadenza 2D Ht Avalon 6

Avalon 2D YLD Cadenza 3

Avalon 3A Ht Cadenza 5 Cadenza 3A Ht Avalon 6

Avalon 3B Ht Cadenza 5 Cadenza 3B Ht Avalon 5

Cadenza 3B YLD Avalon 5

Avalon 5A YLD Cadenza 5

Avalon 6A Ht Cadenza 5 Cadenza 6A Ht Avalon 5

Avalon 6B Ht Cadenza 5

Cadenza 6B EM & Ht Avalon 5

Avalon 7B YLD Cadenza 1

Avalon 7D YLD Cadenza 3

A chromosome segment substitution library 
(CSSL) for Avalon x Cadenza



• Update on backcrosses to recurrent parents

• Will genotype BC1 progeny, with parent line, to confirm crosses 
before proceeding

• 94 DNAs ready for genotyping 

• Arrays and reagents already at Bristol

• These data will allow prioritization of future crosses

4. A chromosome segment substitution 
library (CSSL) for Avalon x Cadenza

Avalon Background Cadenza Background

Crosses done 23 28

Crosses successful 8 BC1 12 BC1

Previous crosses
(CJM)

7 BC1 3 BC2



WGIN3 Projects: Griffiths’ Lab

1. Dissecting UK drought tolerance in Paragon x Garcia
2. Quantifying agronomic impact of WGIN target genes using the 

Paragon NIL library
3. Informing multiple marker assisted selection for yield stability using 

Paragon library
4. A chromosome segment substitution library for Avalon x Cadenza
5. Understanding genotype x environment interaction in Avalon x 

Cadenza (AFM)
6. Foundations for a new generation segregating populations for 

studying yield stability in the UK
7. Applying WGIN data to breeding by design for UK yield stability 

CROSSES & SEED BULKING UNDERWAY (SEO)
8. Curation and distribution of WGIN germplasm ONGOING
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Female Male
RL value Diversity 

target
RL value Diversity 

target
RL value Diversity 

target

DTEM HT 
LODGE GS31 

YLD

Grafton x Conqueror lodging mildew eyespot y

Grafton x Revelation heading brown rust fusarium y

Beluga x Cordialle protein hagberg TGW

Scout x Denman lodging y

Revelation x Gallant heading fusarium y

KWS Sterling x Alchemy height y

KWS Santiago x Scout yield eyespot y

KWS Santiago x Solstice yield y

KWS Santiago x Gallant hagberg market share

KWS Kielder x Scout yield y

KWS Kielder x Einstein yield y

KWS Gator x Gallant

KWS Gator x Revelation septoria tritici

KWS Croft x Scout lodging y

Icon x Skyfall

Horatio x KWS Gator GS31 y

Grafton x Solstice height eyespot y

Gallant x Invicta heading market share y

Gallant x KWS Kielder market share

Einstein x KWS Santiago yield y

Cougar x Claire yield untr y

Cordialle x Revelation heading brown rust y

Cordialle x Crusoe GS31 market share y

Cordialle x Alchemy height y

Cordialle x Invicta heading y

Conqueror x Scout lodging eyespot y

Claire x Revelation yield untr y

6. Foundations for a new generation 
segregating populations for studying 

yield stability in the UK 
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Screening germplasm for 
resilience to aphids  (WP2.3) 

Lesley Smart



The Target Pests

Rhopalosiphum padi Sitobion avenae



Screening germplasm for resilience to aphids  (WP2.3) 
Information to establish the likely genetic basis of resistance to cereal aphids 

• Focus on some Triticum monococcum lines as these provided 
the most promising leads for partial resistance to cereal aphids 
from work in WISP

 Fewer if any nymphs were produced compared to hexaploid varieties

 Reduced weight gain by the nymphs over time – disrupted feeding 
patterns

 Slower development and population increase

 Differential changes in plant chemistry in response to aphid damage
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Screening germplasm for resilience to aphids  (WP2.3) 
Information to establish the likely genetic basis of resistance to cereal aphids 

• Crosses made by Mike Hammond-Kosack: MDR037 (susceptible) 
x MDR045, MDR049 and MDR657 (all showing partial resistance)

• F1 generations of these crosses have been tested in the 
phenotyping screen along with parental lines against both aphid 
species

• Differences observed between responses of aphid species to F1 
generations in phenotyping screen, but data limited. Aphid 
response on some parental lines differed from original findings. 
MDR049 consistent reduction in nymph weight gain.

• F2 generations have now been tested in the phenotyping screen



• F2 generations of crosses, MDR037 x MDR045, MDR049 and 
MDR657, tested in the phenotyping screen against both aphid 
species

Where germination sufficient, 30 plants per cross in each trial with 20-30 
Solstice plants. 4 crosses each for MDR037 x MDR657 and MDR049 and 3 
crosses for MDR037 x MDR045



0

2

4

6

8

10

12

14

16

18

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

R. padi T. monococcum crosses F2s
Number of nymphs surviving/range

MDR037 x MDR657 MDR037 x MDR049 MDR037 x MDR045 Solstice

0

5

10

15

20

25

30

35

1 2 3 4 5 6 7 8 9 10

S. avenae T. monococcum crosses F2s 
Number of nymphs surviving/range

MDR037xMDR657 MDR037xMDR049 MDR037xMDR045 Solstice

Little evidence of effect on nymph 
production for MDR037 x 
MDR657 or MDR045 as compared 
to parental lines where few if any 
nymphs produced by either 
species in previous trials.

Replication
37x657 = 118
37x49 = 113
37x45 = 90
Solstice = 49

Nymph Production/ Survival



0

5

10

15

20

25

0.1-0.15 0.15-0.2 0.2-0.25 0.25-0.3 0.3-0.35

R. padi T. monococcum MDR037 x MDR657 F2s
Number nymphs/weight range after 6 days (mg)

Cross1,4 Cross2,1 Cross10,1 Cross12,2

0

5

10

15

20

0.1-0.15 0.15-0.2 0.2-0.25 0.25-0.3 0.3-0.35

R. padi T. monococcum MDR037 x MDR049 F2s
Number nymphs/weight range after 6 days (mg)

Cross4,3 Cross5,1 Cross11,3 Cross17,1

0

2

4

6

8

10

12

14

16

0.1-0.15 0.15-0.2 0.2-0.25 0.25-0.3 0.3-0.35

R. padi T. monococcum MDR037 x MDR045 F2s
Number nymphs/weight range after 6 days (mg)

Cross14,3 Cross19,1 Cross20,1

0

20

40

60

80

100

120

140

160

180

0.1-0.15 0.15-0.2 0.2-0.25 0.25-0.3 0.3-0.35 0.35-0.4

Plant no. 37x657 = 117; 37x49 = 113; 37x45 = 79; Solstice = 49

R. padi T. monococcum crosses F2s
Number nymphs/weight range after 6 days (mg)

Solstice

MDR037 x MDR045

MDR037 x MDR049

MDR037 x MDR657

Frequency of R. padi nymphs
in different weight ranges after 
6 days on T. monococcum
crosses at F2. (Nymphs 
produced over 24h period).



0

1

2

3

4

5

6

7

8

9

10

0.1-0.15 0.15-0.2 0.2-0.25 0.25-0.3 0.3-0.35 0.35-0.4 0.4-0.45 0.45-0.5

S. avenae T. monococcum MDR037 x MDR657 F2s
Number nymphs/weight range at 7 days (mg)

Cross1,4 Cross2,1 Cross10,1 Cross12,2

0

2

4

6

8

10

12

<0.1 0.1-0.15 0.15-0.2 0.2-0.25 0.25-0.3 0.3-0.35 0.35-0.4 0.4-0.45

S. avenae T. monococcum MDR037 x MDR049 F2s
Number nymphs/weight range at 7 days (mg)

Cross4,3 Cross5,1 Cross11,3 Cross17,1

0

2

4

6

8

10

12

0.1-0.15 0.15-0.2 0.2-0.25 0.25-0.3 0.3-0.35 0.35-0.4 0.4-0.45 0.45-0.5

S. avenae T. monococcum MDR037 x MDR045 F2s
Number nymphs/weight range at 7 days (mg)

Cross14,3 Cross19,1 Cross20,1

0

10

20

30

40

50

60

70

80

90

Plant no. 37x657 = 118; 37x49 = 113; 37x45 = 89; Solstice = 49

S. avenae T. monococcum crosses F2s 
Number nymphs/weight range at 7 days (mg)

Solstice

MDR037xMDR045

MDR037xMDR049

MDR037xMDR657

Frequency of S. avenae
nymphs in different weight 
ranges after 7 days on T. 
monococcum crosses at F2. 
(Nymphs produced over a 48h 
period).



• F2 generations have been screened against both aphid species

• Some MDR037 x MDR049 F2s showing reduction in nymph 
weight gain, particularly for S. avenae. Little evidence of effects 
on nymph production.

• Plants currently in vernalisation for F3 generation

Summary
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Objectives:

1.   Complete development of Triticum monococcum mapping 
populations for genetic analysis of resistance to take-all

2.   Continue the introgression of resistance to take-all from T. 
monococcum to the BC1 stage

3.   Examine the resistance of Triticum monococcum to yellow 
rust 

4.   Characterise hexaploid wheat germplasm previously shown 
to exhibit a high level of resistance to multiple foliar diseases

Resistance to take-all and foliar diseases



Resistance to take-all in Triticum monococcum

• 3rd wheat field trials 2006-2011 (WGIN 1 and 2)

• 34 T. monococcum accessions tested over 5 years 

McMillan et al. (2014) BMC Plant Biology 14: 212
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F6 populations:
MDR037 (S) x MDR046 (R) – 79 F6 lines (started with ~180 F3 plants) 
MDR037 x MDR229 – 85 F6 lines

Parentage Estimated F3 progeny 

number

MDR031 (R) x MDR043 (vS) 31 ears from 3 plants 450

MDR031 x MDR229 16 ears from 1 plant 320

MDR031 x MDR650 48 ears from 3 plants 900

MDR043 (vS) x MDR031 (R ) 48 ears from 3 plants 960

MDR043 (vS) x MDR046 (R) 36 ears from 3 plants 750

MDR229 x MDR031 94 ears from 6 plants 2000

Now at F5, taking forward to F6 for field trialling 

F2 Tm cross progeny numbers:

Objective 1: Complete development of Triticum 
monococcum mapping populations



2013/2014 field trial (3rd wheat situation): 

• Randomised block design (2-5 replicates/genotype) 

• F₆ mapping population of 72 lines + parental lines 

• Plant samples taken at GS 75

Field trial screening MDR037 (S) X MDR046 
(R) T. monococcum mapping population 

PhD student Sarah-Jane Osborne
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MDR037 (S) x MDR046 (R) mapping population
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=  possible transgressive 
segregants
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Correlations between take-all severity and above ground phenotypes

MDR037 (S) x MDR046 (R) mapping population

Spearman’s Rank 
Correlation

Plant height (cm) 
Days to anthesis 
from 1st May

Days to leaf senescence 
from 1st July

Rs 0.117 0.017 -0.321

P 0.319 0.982 0.005

• Earlier senescing lines had more severe take-all root infection

• Repeat field trial 2014/2015 – currently being assessed

• Population currently being genotyped at Bristol
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3.   Examine the resistance of T. monococcum to yellow rust 

• Non-host/highly resistant across whole collection in 2015 
inoculated field trial (n = 216 accessions)

• Collection to be genotyped to provide fully characterised 
genetic resource for future studies

• Will now focus on more promising Watkins lines for 
characterising foliar disease resistance (see objective 4)

Resistance to take-all and foliar diseases

Spring habit 172

Winter habit 37

Country of origin 29



4.   Characterise hexaploid wheat germplasm previously shown 
to exhibit a high level of resistance to multiple foliar diseases

Resistance to take-all and foliar diseases

Background Watkins 2008 Field Trial

Watkins 2008 field trial – 10 Watkins accessions with a high degree of 
resistance to all 4 foliar pathogens

Also a high take-all disease year with root infection early in the season

Was the foliar disease resistance an induced plant response?



• 10 Watkins lines + controls sown in both 1st wheat (no take-all) 
and 3rd wheat (high take-all) field trials in autumn 2014 (1 or 2 
replicates per line in each trial)

• No fungicides applied to allow natural disease to develop

• Score for foliar diseases + take-all

WGIN 3 Watkins foliar disease experiment 2015



10 Watkins accessions with high degree of 
resistance to all 4 foliar pathogens

Accesssion Growth habit Country of Origin Yellow rust Brown rust Septoria Mildew Mapping population at JIC

18 Spring India 0 0 T T

137 Spring Australia T T 0 T

203 Winter India 0 0 0 T

231 Spring Hungary 0 0 T 0 YES - with Paragon

262 Spring Canary Islands 0 0 0 0

399 Spring China T 0 T 0

495 Spring Morocco 0 0 T 0

610 Spring Yugoslavia 0 0 T T

733 Spring Iran T T T T

786 Spring USSR 0 T T 0

2008 Disease assessments

0 – no disease , T = trace 



Watkins foliar disease field trial 2015

26th June 2015 1st wheat Long Hoos 4

Yellow rust dominant disease that developed across 2015 field trials



Evidence of resistance to yellow rust

• Evidence of induced response due to take-all?
• Take-all disease assessments and full statistical analyses to be completed



Watkins 203 Watkins 733

Repeat field trial drilled in autumn 2015
Powdery mildew, Septoria leaf blotch and yellow rust already visible on farm

Evidence of resistance to yellow rust



Watkins mapping population development

Accession 
Number

Growth habit Country of Origin Ears crossed F1 grains

203 Winter India 8 31

231 Spring Hungary 8 54

610 Spring Yugoslavia 6 33

733 Spring Iran 6 49

786 Spring USSR N/A N/A

Field crossing with cv. Fielder Summer 2015

• Mapping populations have been sown in glasshouse to generate F2 and for 
backcrossing to cv. Fielder

• Watkins 786 x Fielder crossing to be carried out in glasshouse 

• F1 grain also to be included in a spring field trial 2016 to study inheritance
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