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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 
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1. UK drought tolerance in  
Paragon x Garcia 

 

• Single-rep 1m field trial 2014-15 
 
• Weather data 

 

LSP = Seedling emergence to first node detectable 
SEP = First node detectable to anthesis 
GFP = Anthesis to physiological maturity 
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1. UK drought tolerance in  
Paragon x Garcia 

 

• Single-rep 1m field trial 2014-15 
 
• Weather data 
 
• F6 scored for DTEM, Height, Yield and TGWT* 

 
• QTL mapping, using Single-Trait Linkage Analysis (Single 

Environment) in Genstat 16 
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DTEM 

* 

* 

Drought Tolerance 

QTL effects  
 Locus   Locus  %Expl. Add. High value s.e. 
 no.   name  Var. eff. allele  
 80   BS00022350_2B 5.652 1.312 Garcia 0.285 
 98   BS00043985_2D 8.463 1.605 Paragon 0.286 

2B Homologue  
HvCEN? 
2D PpdD1? 
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Height 

* 

Drought Tolerance 

QTL effects 
 Locus   Locus  %Expl. Add. High value s.e. 
 no.   name  Var. eff. allele  
 98   BS00043985_2D* 5.057 2.049 Paragon 0.496 

Close to known  
Height QTL on 2D 

*QTL for DTEM and Ht 



Yield 

Drought Tolerance 
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Yield 

Drought Tolerance 

 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? 



TGWT* 

* Lines selected for drought trial only - Ppd-sensitive 
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TGWT* 

* 

* 
* 

Drought Tolerance 

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 



• 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 

 

Drought Tolerance 
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• 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 

 

No Irrigation 

Irrigated 

Slope 

Drought Tolerance 



• Investigating methods of measuring, soil temperature, 
soil water content and water potential 

• Collaborating with John Foulkes (Uni Nott.) 

• Considering monitoring equipment from DeltaT 

 

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 and Yield scored, TGWT to be measured 

 

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

• DTEM, Height, Yield and TGWT measured 
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Paragon NIL library (subset) 

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 



Paragon NIL library (subset) 

• DTEM 
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Paragon NIL library (subset) 

• Height 
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Paragon NIL library (subset) 

• Yield 
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Paragon NIL library (subset) 

• TGWT 
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Paragon NIL library (subset) 

• Paragon Library subset yield trial being repeated 

• Also included in Drought Trial 

• Eight lines will be drilled under Phenospex 

 Two randomised blocks of 16 +/- additional nitrogen 

Paragon 

Lr19 Kamb1 

Par Mutant 2316b 

Ppd 1x Early 

Ppd 2x Early 

Rht 8 Mara 

Rht B1 Robigus 

Rht D1 Alchemy 



• The BC3 NILs, derived from the A x C DH population, carry 
selected genetic foreground in the QTL regions 

• In addition each line carries ~12.5% random chromosomal 
regions.  

• Anticipated that in 552 NILs* every locus of Cadenza will be 
represented in Avalon, and vice versa 

• Can we ‘tile’ the whole genome to make recombinant 
substitution lines for the whole genome in both Avalon and 
Cadenza backgrounds?  

 

*250 BC2 NILs in Avalon background, 302 BC2 NILs in Cadenza 
background 

 

 

4. A chromosome segment 
substitution library (CSSL) for 

Avalon x Cadenza 



18 NILs genotyped on the 820K array 

CSSL for Avalon x Cadenza 
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selected genetic foreground in the QTL regions 

• In addition each line carries ~12.5% random chromosomal 
regions.  

• Anticipated that in 552 NILs* every locus of Cadenza will be 
represented in Avalon, and vice versa 

• Can we ‘tile’ the whole genome to make recombinant 
substitution lines for the whole genome in both Avalon and 
Cadenza backgrounds?  

 

*250 BC2 NILs in Avalon background, 302 BC2 NILs in Cadenza 
background 

 

 

CSSL for Avalon x Cadenza 



CSSL for Avalon x Cadenza 
e to 

X 

QTL region - Avalon  
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• Full A x C Map (18942 markers) from Bristol* 

• Frame A x C Map (1286 markers) from Bristol 

• Already have 820K Axiom data for 18 NILs 

• Need maps for chosen NILs 

 

• Genotyping of 94 lines on 35K Axiom array 

 

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

CSSL for Avalon x Cadenza 



Frame Map

AX-94905804
AX-94778893
AX-94625355

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

AX-94713267
AX-94532387
AX-95132666
AX-94797172
AX-95107625
AX-94855749
AX-94793862
AX-94395279
AX-95013601
AX-94423004
AX-94466457
AX-94669636
AX-94604756
AX-94531370
AX-95181262
AX-94926933
AX-94421658
AX-94412818
AX-94435216
AX-94849140

AX-94532746
AX-94531046
AX-94847148
AX-95143174
AX-94431963
AX-94458519
AX-94752417
AX-94804624
AX-94826404
AX-94402420
AX-94603312
AX-94521226
AX-94469336
AX-94737740
AX-94949146
AX-94520804
AX-94429552
AX-94414832
AX-95147962
AX-94400729
AX-94395032
AX-94429585
AX-94906765

AX-94533831

AX-94864348

AX-94570230
AX-94785740

1A

AX-94906104
AX-94824007
AX-94435517
AX-94523893
AX-94840196
AX-94940055
AX-94735668
AX-94802588
AX-94714522
AX-94977674

AX-94477262
AX-94555671
AX-94495564

AX-94564661
AX-94741946
AX-94421537
AX-94531278
AX-95137689
AX-94387676
AX-94684111

AX-94469556

AX-95153321
AX-94701585
AX-95181052
AX-94685098
AX-94560056
AX-94521963
AX-95255275
AX-94695906
AX-94604266
AX-94793700
AX-94610897
AX-94545644
AX-95130050
AX-94929852
AX-95107619
AX-94560486
AX-94464778
AX-94490884
AX-94615689

AX-94399207

AX-94921038

AX-94433820

AX-95211039
AX-94674675
AX-94438026
AX-95176936
AX-95214448
AX-94617142
AX-94419416
AX-95105832
AX-94644661
AX-94907102
AX-95022115
AX-94910420
AX-94671515
AX-95088688
AX-94728360
AX-95137814
AX-94517837
AX-94465394
AX-94756527
AX-94908718
AX-94859349
AX-94581090
AX-95208499
AX-95097278
AX-94483464
AX-94665990
AX-94602991
AX-94774058
AX-95085025
AX-94967614
AX-94535416

2A

AX-94786923
AX-94604648
AX-94755310
AX-95171598
AX-94452673

AX-95192974

AX-94914422
AX-94684907

AX-94763011
AX-95257036
AX-94498487

AX-95229912
AX-94980238

AX-94634572

AX-94819295

AX-95158435

AX-94749892
AX-94743837
AX-95186684
AX-95003735
AX-95078629
AX-94429606
AX-94448886
AX-94940224 AX-94913674
AX-94989495
AX-94789875
AX-94499616
AX-94480950
AX-94488816
AX-95215048
AX-94439666
AX-95205290
AX-94811006
AX-95158141
AX-95135391

AX-94929437
AX-94826238
AX-94919457
AX-94916601

AX-94819194
AX-94706166

AX-94767159
AX-95133933

AX-94382325

AX-94822605

AX-94954995

AX-94479717
AX-94601239
AX-94465953
AX-94611743

AX-94665628
AX-94539458
AX-94826520
AX-95133082
AX-94628933

AX-94974499
AX-94931652

AX-94501849

AX-94863850

3A

AX-94927426

AX-94381780
AX-95200478

AX-94807329

AX-94455747

AX-94936410

AX-95090477

AX-95169143
AX-94508144
AX-94781481
AX-94770583
AX-94860543
AX-94871084
AX-94954853
AX-94734124
AX-94495357
AX-95021480
AX-94649884
AX-94546215
AX-94386497
AX-94920865
AX-94690342
AX-94787190
AX-94656668
AX-95183243
AX-94550414

AX-94629250

AX-94581303

AX-94922183
AX-94706727

AX-94779929

AX-94790436

AX-94834297

AX-94769296

AX-94465380
AX-94557516
AX-94912024
AX-94948611
AX-94883669
AX-94393278
AX-94782530
AX-95170198
AX-95141150

AX-94534633

AX-95158788
AX-94829136
AX-94845733
AX-95249030
AX-94576680
AX-94438151
AX-94591428
AX-94388968
AX-95135167
AX-95138057
AX-95177796
AX-94560584
AX-94627067
AX-95175904
AX-95252267
AX-95216729

4A

AX-94761181
AX-95114232
AX-94493739

AX-94939034

AX-95159818
AX-94871207
AX-94485970

AX-95186387
AX-94843076
AX-94735595
AX-94837514

AX-94819371

AX-94706157
AX-95119354
AX-94806548
AX-94868349
AX-94789037
AX-94495382
AX-94518685
AX-94435967
AX-95071409
AX-94981834
AX-95168342
AX-94603388
AX-95161447
AX-95167089
AX-94530692
AX-94642054
AX-94829315
AX-94462824
AX-94955528
AX-95124405
AX-94425631
AX-94682497
AX-94789953
AX-95013004
AX-94522762
AX-94776019
AX-94963184
AX-95013869
AX-94643463
AX-94801277
AX-94577029

AX-94396167
AX-94674693
AX-94418483
AX-94472979

AX-94958264
AX-95191499
AX-94534509
AX-94535450
AX-94589819
AX-94432751
AX-94440814
AX-94531685
AX-94615356
AX-95210025
AX-94654737
AX-95176788

AX-94850115

AX-94749605

AX-94601066
AX-94449012
AX-95023582
AX-94544888
AX-94940137
AX-94551264
AX-94629896
AX-94995722
AX-94451660
AX-94409720
AX-94737638
AX-94712311
AX-94439887
AX-94419637
AX-94553114
AX-94937753
AX-94885285
AX-94853899
AX-95153190
AX-94754853
AX-94849499
AX-94850056
AX-94854184
AX-94657243

5A

AX-94945296

AX-94434882

AX-95102589

AX-94434615

AX-94611292
AX-95189798 AX-94697843
AX-95103627
AX-95104734
AX-94641494
AX-95146537

AX-94610041

AX-95203238
AX-94557271
AX-94487735
AX-95248386
AX-95152995
AX-94510107
AX-94981674
AX-94704850
AX-94696135
AX-94390480
AX-94777125
AX-94685987
AX-94779856
AX-94484815
AX-95011165
AX-94787044
AX-94889521
AX-95116351
AX-94449290
AX-94898590
AX-94885675
AX-94741039
AX-94568610
AX-95240640
AX-94999944
AX-94629993
AX-95149411
AX-94830837
AX-94927271
AX-94614470
AX-94548728
AX-94792173
AX-94770299
AX-94920790
AX-95074292
AX-94413636
AX-94755209
AX-94742551
AX-94434367

AX-95097403

AX-94774725
AX-94524166
AX-94689104
AX-94952881
AX-94751548
AX-94451936
AX-94743255
AX-94574622
AX-94481958
AX-94627727
AX-94513045
AX-94806297

6A

AX-94684856
AX-94658912
AX-95125596
AX-94896795
AX-94607469
AX-95002570
AX-94817007
AX-94796013
AX-95246759
AX-94987369
AX-94918237
AX-94821369
AX-95130217
AX-94775503
AX-94978584
AX-95131059
AX-95256933
AX-94603119
AX-94554611

AX-95133172
AX-94424480

AX-94564316
AX-94592454
AX-94648364
AX-95148647
AX-94490413
AX-94464059
AX-94570623
AX-94496109
AX-94984725
AX-95148525
AX-94897117
AX-94922145
AX-94586475
AX-94482222
AX-94461064
AX-94797893
AX-94404836
AX-95076990
AX-94530625
AX-94869965
AX-94934774
AX-94410775
AX-95160087
AX-95100889
AX-95174071
AX-94464995
AX-94605803
AX-94438498
AX-94514547
AX-94965406
AX-94648939
AX-94986092
AX-94837397
AX-94528756
AX-94982049
AX-95241601
AX-94529330
AX-94493875
AX-94592613
AX-94480381
AX-94531661
AX-94621103
AX-94466064
AX-95015749
AX-94809327
AX-95001529
AX-94585038
AX-95200445
AX-94448265
AX-94394080

AX-95252631
AX-94776729
AX-95136970
AX-94817451

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

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

Frame Map

AX-95211874
AX-94745699
AX-94792609
AX-94821262
AX-94758326
AX-94622117
AX-94900351
AX-94753573
AX-94503138
AX-94779305
AX-95008541
AX-94733147
AX-94475186

AX-94837805
AX-95210948
AX-94481455
AX-95004616

AX-94810697
AX-94990715
AX-94537311
AX-95146219
AX-94866347
AX-95185659
AX-94481490
AX-94690978
AX-94576935
AX-95127477
AX-95098631
AX-94389614
AX-94654722
AX-95078421
AX-94830583
AX-94976489
AX-95114544
AX-94676843
AX-94951818
AX-94677043
AX-94834139
AX-94929640
AX-94691247
AX-94944827
AX-94735746
AX-95232776
AX-94387135
AX-94633266
AX-94659248
AX-94872031
AX-95137321
AX-94818840
AX-94524995
AX-94479857 AX-94528404
AX-94686644
AX-95116414
AX-94757270
AX-94609342
AX-95183270
AX-95249324
AX-95247839
AX-94502320
AX-95243483
AX-95108672
AX-95016178
AX-94768314
AX-95154518
AX-94787798
AX-94773205
AX-94707392
AX-95154223
AX-94580758
AX-94959163
AX-94801998
AX-94541532
AX-94588968
AX-95201084
AX-95238420
AX-94907933
AX-94645935
AX-94876500
AX-94596078
AX-94919882
AX-94403953

AX-94547150
AX-95198651
AX-94504996

AX-95199802
AX-94944372

1B

AX-94977248
AX-94530895
AX-94544996
AX-94579864
AX-95146624
AX-94543148
AX-94469616
AX-94858308
AX-94810227
AX-94821789
AX-94920950
AX-94642093
AX-94986190
AX-94565449
AX-95096806

AX-94681457
AX-94889492
AX-94899214
AX-94654099
AX-94850432
AX-94740909
AX-94483901
AX-94852865
AX-94911579
AX-95193730

AX-94681667
AX-94589594
AX-94925601
AX-94689341

AX-94933752

AX-95071885
AX-94901457
AX-94652171
AX-94437617
AX-94639637
AX-94581232
AX-94759165
AX-94587599
AX-95225651
AX-94560891
AX-95213617
AX-94403602
AX-94715499
AX-94538855
AX-95216010
AX-94471620
AX-94405065
AX-94554810
AX-94747013
AX-95084883
AX-94464345
AX-94595598
AX-94754089
AX-94641362
AX-94423339
AX-94740881
AX-94463009
AX-94612389
AX-95014830
AX-95159644
AX-94756049
AX-94663701
AX-94574336
AX-94718406
AX-94664052
AX-94941564
AX-95167889
AX-94683572
AX-94516190
AX-94453359
AX-94745823
AX-95006305
AX-94501650

AX-94667399
AX-94568948

AX-94678957
AX-94811061
AX-94947172
AX-95146487
AX-94989831
AX-94655622

AX-94907881
AX-95182708

AX-95069226
AX-94674016
AX-95069517
AX-95099703
AX-95121860
AX-95205955
AX-94435332
AX-94991460
AX-94796115
AX-95207412
AX-94457040
AX-94668969
AX-94619068
AX-95075685
AX-95000534

2B

AX-94604543

AX-94704670
AX-94649292
AX-95152594
AX-94415818
AX-94512726
AX-95086295
AX-94875385
AX-94687017
AX-94593149
AX-94468489
AX-94890312
AX-94745415
AX-95148341
AX-95013905
AX-94387053
AX-94803899
AX-95190063
AX-94604805
AX-94682688
AX-94761091
AX-94658377
AX-94853252
AX-95075348
AX-94551344
AX-94877799
AX-94499840
AX-94651997
AX-94960425
AX-94744821
AX-94938775
AX-94888907
AX-94553177
AX-94594777
AX-95156280
AX-95023420
AX-94675934
AX-95132903
AX-95252336
AX-94622399
AX-94382714
AX-94464742
AX-94821919
AX-94908909
AX-94460537
AX-95087661
AX-95108425
AX-94763472
AX-94662060
AX-94441602
AX-94981372
AX-94780517
AX-94734236
AX-94565693
AX-94593326
AX-95145923
AX-95126352
AX-95119187
AX-94549442
AX-94776246
AX-95183055
AX-94920016
AX-94422776
AX-95206671
AX-94683734
AX-95082231
AX-94738181
AX-94425642
AX-95175203
AX-95191291
AX-94968713
AX-94457281
AX-95090966
AX-94396916
AX-94407797
AX-95199993
AX-94709560
AX-94694782
AX-94918847

AX-94779824
AX-94997518
AX-95199941
AX-94628128
AX-94552288

AX-94885667
AX-95074739

AX-95255403
AX-94857684
AX-94456841

AX-94461426
AX-94965697
AX-94799035
AX-94803247
AX-94970873
AX-94752977
AX-95025601
AX-94736452
AX-95175089
AX-94661694
AX-94910981
AX-94883895
AX-94663833
AX-94841241

AX-94401378
AX-94691739
AX-95144270
AX-94481015
AX-95132383
AX-94583628
AX-94784606
AX-94459741
AX-94899989
AX-94968583
AX-94433970

AX-94683277

3B

AX-95015725
AX-94551270
AX-95227888
AX-94445487
AX-94507652
AX-94582590
AX-94559916
AX-94857456
AX-95084128
AX-94694139
AX-95229334
AX-94683760
AX-94926956
AX-94601523
AX-95085219
AX-95006406
AX-94687478
AX-94693212
AX-94528470
AX-94822952
AX-94523120
AX-94475207
AX-94759097
AX-94986524
AX-95126339
AX-94964988
AX-94533719
AX-94694360
AX-94793289
AX-94807699
AX-94808766
AX-94901118
AX-94434500
AX-94584643
AX-94696518
AX-94730655
AX-95151773
AX-94431014
AX-94536140
AX-94902720
AX-94621931
AX-94384276
AX-94642279
AX-95089119
AX-94953208

AX-94440259

AX-94542156
AX-94501706

AX-95090175
AX-94400346
AX-94570076
AX-94456025

AX-94794444
AX-95148627
AX-94475825

4B

AX-94863235
AX-94744286

AX-94383843
AX-94667454
AX-94666011

AX-94878241

AX-95014318

AX-94779496
AX-94647352
AX-94700030
AX-94699655
AX-94559061
AX-94647018
AX-94694996
AX-94420026
AX-94857741 AX-94702042
AX-94669487

AX-94743104
AX-95007411
AX-94788721
AX-94994634
AX-94608438
AX-94594516
AX-94804741 AX-94873932
AX-95138970

AX-94992921
AX-95259052
AX-94523405
AX-94395148
AX-95007595
AX-95094238
AX-94460498
AX-94722876
AX-94462531
AX-95083200
AX-94528204
AX-94815230
AX-95255650
AX-95220542
AX-95099717
AX-94728772
AX-94883891
AX-94871426
AX-94931497
AX-94539614
AX-95005670

AX-94523513

AX-95138596
AX-94810410
AX-94537318
AX-94715563
AX-94507677
AX-94694693
AX-95222920
AX-94756240
AX-94426993
AX-94433268
AX-94797163
AX-94884289
AX-94608415
AX-94845336
AX-95160146

AX-94486527

AX-94782654

5B

AX-94973773
AX-95186979
AX-94626862
AX-94616339
AX-94882861
AX-94655260
AX-94434505
AX-94613462

AX-95094791

AX-94517574

AX-94996081
AX-95118899
AX-94966587

AX-94887472
AX-94802946
AX-94952060
AX-94469207
AX-94590343
AX-94977098
AX-94692612
AX-94522383
AX-94401591
AX-94699925
AX-94668801
AX-94896162

AX-95112866
AX-94822073
AX-94424491
AX-95089337
AX-94636372
AX-94678148
AX-95196556
AX-95220223
AX-94635441
AX-94915542
AX-94761192
AX-94818038
AX-94452757
AX-94584328
AX-94600092
AX-94687929
AX-94502062
AX-94413829
AX-94584921
AX-94660761
AX-94999646
AX-94632344

AX-94942005
AX-94480718

AX-94614625
AX-95138149
AX-95239950
AX-94686023
AX-94733018

AX-95168303
AX-95006998

AX-94424664
AX-95189788

AX-95096407

AX-94577715
AX-94530641
AX-95237291
AX-94571384
AX-95117924
AX-95199062
AX-95117165

6B

AX-95254812
AX-94805178
AX-94955721
AX-94874074
AX-95146411
AX-95166590
AX-94953949
AX-95195772
AX-94412241
AX-95146882
AX-94642481
AX-94485276
AX-94749840
AX-94525919
AX-95108214
AX-94473308
AX-94823229
AX-94444575
AX-94944652
AX-94495748
AX-94970909
AX-94531443
AX-95195126
AX-94757818
AX-94796071
AX-94433746
AX-94430584
AX-94421612
AX-94931476
AX-94908451
AX-95220177
AX-94743070
AX-94589382
AX-95128409
AX-94385394
AX-94676850
AX-95114945
AX-94678945
AX-94668602
AX-94868319
AX-94866968
AX-94725145
AX-94903200
AX-94624899
AX-95001803
AX-94910266
AX-94708173
AX-94570504
AX-94878782
AX-94896047
AX-94845101
AX-95103189
AX-94578298
AX-94776503
AX-94419277
AX-94839681
AX-94810070
AX-94936573
AX-95149871
AX-94761146
AX-94772604
AX-94616079
AX-94503667
AX-94842061
AX-94442128
AX-94684729
AX-94853963
AX-95147082
AX-94746322
AX-94544611
AX-94420814
AX-94570195
AX-94817305
AX-94628471
AX-94956034
AX-94564572
AX-94589843
AX-95124502
AX-95138925
AX-94825089
AX-95171526
AX-94786548
AX-94882914
AX-95111941
AX-94831244
AX-94645894
AX-95020220
AX-94489811
AX-95190628
AX-94612603
AX-94835572
AX-94569002
AX-94809552
AX-94537857
AX-94951335
AX-94700882
AX-95178159
AX-94489237
AX-94811562
AX-94815778
AX-94602950
AX-94435803
AX-94718892
AX-95116206
AX-94638774
AX-94493112
AX-94400392
AX-95142397
AX-94535772
AX-94872930
AX-95129775
AX-94606531
AX-95229615
AX-94531423
AX-94457155
AX-94967328
AX-94536248
AX-94969393
AX-94626250

AX-94611745

AX-95220232

AX-95201974
AX-94794437
AX-95101970
AX-94817832
AX-94989051

AX-94992027
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Frame Map

AX-94785295
AX-94778633
AX-95139360
AX-94901851
AX-94972911
AX-94597454
AX-94672824
AX-94667932

AX-94603514

AX-94796739
AX-94949507
AX-94862906
AX-94555547
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AX-94491903
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AX-94881152
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AX-94554516
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AX-95119079
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AX-94794029
AX-95186755
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AX-95207371
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AX-94643083
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AX-94819368
AX-95226266
AX-94431816
AX-94732284
AX-94600429
AX-94759630
AX-94902572
AX-94467164
AX-94725628
AX-94434867
AX-95216795
AX-94577877
AX-94743674
AX-94412319

AX-94889374
AX-94650693
AX-95021622
AX-94449742
AX-94680531

AX-95000122
AX-94812528

AX-94821932
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AX-94613678
AX-94803211
AX-94757955

AX-94627287
AX-94581816
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AX-94615671
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AX-95175160

AX-94859959
AX-95078347

AX-94542637
AX-94688101
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Frame AxC Map (1286 markers) 
 

CSSL for Avalon x Cadenza 



• Full AxC Map (18,942 markers) from Bristol* 

• Frame AxC Map (1,286 markers) from Bristol 

 

• 820K Axiom data for 18 NILs  

• Maps based on Frame AxC map (1,260 markers) 
 

 

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

CSSL for Avalon x Cadenza 



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
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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 

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
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Avalon background - Cadenza random background and QTL region 

CSSL for Avalon x Cadenza 



• Chromosomal coverage in the NILs genotyped 
on the 820K… 

• Is there sufficient coverage without further 
genotyping? 

• Unfortunately not! 

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 

CSSL for Avalon x Cadenza 
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 Cadenza background = 11 

 Avalon background = 7 

A genome 

CSSL for Avalon x Cadenza 
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B genome 

CSSL for Avalon x Cadenza 
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 Cadenza background 

 Avalon background 

D genome 

CSSL for Avalon x Cadenza 



• Genotyping of 94 lines on 35K Axiom array 

• Need markers in 820K array also in 35K for maps 

• 47 Avalon+b allele and 47 Cadenza+a allele lines 

• Representing all the AxC QTLs (EM, Ht, YLD) 

 

 

 

 

 

 

 

 

 

 

 

 

Background Chromosome Trait Allele # of lines Background Chromosome Trait Allele # of lines 

Avalon 1B EM b 5 Cadenza 1B EM a 5 

Avalon 1D EM b 3 Cadenza 1D EM a 5 

Avalon 2A Ht b 2 Cadenza 2A Ht a 5 

Avalon 2D Ht b 5 Cadenza 2D Ht a 6 

Avalon 2D YLD b 3           

Avalon 3A Ht b 5 Cadenza 3A Ht a 6 

Avalon 3B Ht b 5 Cadenza 3B Ht a 5 

          Cadenza 3B YLD a 5 

Avalon 5A YLD b 5           

Avalon 6A Ht b 5 Cadenza 6A Ht a 5 

Avalon 6B Ht b 5           

          Cadenza 6B EM & Ht a 5 

Avalon 7B YLD b 1           

Avalon 7D YLD b 3           

CSSL for Avalon x Cadenza 



• Lines growing in glasshouse – have been 
vernalized 

• Will be backcrossed to Avalon or Cadenza 

• F1 ready early spring 

 

• DNA not yet ready but not limiting factor 

CSSL for Avalon x Cadenza 



Rothamsted Research 
 where knowledge grows 

Rothamsted Research 
 where knowledge grows 

WGIN3 Management Meeting 
28th October 2015 

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

 
 Fewer 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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Nymph weight on Triticum monococcum (MDR) lines 
in aphid screening assay (WISP) 

S. avenae R. padi

• Focus on Triticum monococcum lines  



Reduced feeding by R. padi in EPG bioassays in WISP 
Behaviours: np: not probing, C: pathway phase, E1: salivation, E2: phloem ingestion 
(feeding) , F: derailed stylet mechanics, G: xylem ingestion (drinking) 

0

10

20

30

40

50

60
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Cumulative nymph production 

Solstice

MDR657

MDR049

MDR037

Reduced fecundity 
of R. padi  
no nymphs produced on MDR045 

 



Metabolomic Analysis showed differential changes in plant 
chemistry with and without aphid damage 



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 x MDR045, 
MDR049 and MDR657 

 

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

 



• F1 generations of crosses, MDR037 x MDR045, MDR049 and 
MDR657, tested in the phenotyping screen against both aphid 
species 

 Replicate 1 Replicate 2  

 WV1    WV17 WV1    WV17 Row 1 

 WV2    WV18 WV2    WV18 Row 2 

   ...  C1   ...  C1 Row 3 

     C2     C2 Row 4 

 Tray 1 Tray 2 Tray 3 Tray 4 Tray 5 Tray 1 Tray 2 Tray 3 Tray 4 Tray 5  
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Solstice MDR037 MDR045 MDR049 MDR657 37x45 37x49 37x657

Plants =10, 10, 10, 10, 10, 9, 8, 10 
Aphid batches =10, 7, 10, 10, 10, 7, 8, 10 

Rhopalosiphum padi mean nymph weight (mg) after 6 days on T. 
monococcum parental lines and F1 crosses  

Nymphs produced on MDR045 and MDR657 – plants older? 
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Solstice MDR037 MDR045 MDR049 MDR657 37x45 37x49 37x657

Plants =10, 10, 10, 10, 10, 8, 8, 10 
Aphid batches =9, 2, 10, 8, 9, 7, 7, 10 

Sitobion avenae mean nymph weight (mg) after 7 days on T. 
monococcum parental lines and F1 crosses  



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

 

• F2 generations and backcrosses to MDR037 have been 
generated, or are in progress, and will be screened against both 
aphid species in the near future 

 

Summary 
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Rothamsted Research 
 where knowledge grows 

Rothamsted Research 
 where knowledge grows 

WGIN 3 
Resistance to take-all and foliar diseases 

 
Vanessa McMillan 

Kim Hammond-Kosack 

Kostya Kanyuka  

WGIN MM October 2015 



Objectives: 

 

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

 

Glasshouse seed multiplication of two T. monococcum mapping 
populations carried out in 2015: 

 

MDR031 (R) x MDR043 (S) 

MDR043 (S) x MDR046 (R) 

 

Now at F5, taking forward to F6 in 2016 with enough seed to be 
multiplied for future field experiments 

Resistance to take-all and foliar diseases 



Objectives: 

 

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

Pursuing three strategies  
 

 

 

No 1    Take the  F1 Paragon (ph-1) x Tm MDR grain, excised embryos, 
grow to young plant stage, wash out root systems, cut roots and treat 
roots with colchicine for 7hr, repot seedlings.   We should be able to 
identify the plants with successfully doubled chromosomes because of 
their faster rates of growth and development. 
     

Resistance to take-all and foliar diseases 

620 F1 seed available  



Objectives: 

 

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

  

Pursuing three strategies  

 

No 2    Take Tm MDR grain of the key lines of interest, grow to 
young plant stage, wash out root systems, cut roots and treat 
roots with colchicine for 7hr, repot seedlings. Then cross the 
amphidiploid Tm plants  to the Paragon (ph-1) mutant.    

Resistance to take-all and foliar diseases 



Objectives: 

 

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

  

Pursuing three strategies  
 

No 3    Take Tm MDR grain, grow to young plant stage, wash out 
root systems, cut roots and treat roots with colchicine for 7hr, 
repot seedlings. Then cross the amphidiploid Tm plants to a 
durum wheat.   We will also try direct Tm to durum crosses. 

Then cross F1 Tm x T. durum plants to Paragon (+/- the ph-1 
locus).   

Resistance to take-all and foliar diseases 

Q – Which durum wheat ? 



Objectives: 

 

3.   Examine the resistance of T. monococcum to yellow rust  

 

• Non-host/highly resistant across whole collection in 2015 
inoculated field trial  - outcome - no yellow rust despite very 
high disease pressure (n ~ 200 accessions) 

 

• Whole collection still to be genotyped to provide fully 
characterised genetic resource for future studies 

 

• Will now focus on more promising Watkins lines for analysing 
yellow rust disease resistance (see objective 4) 

 

Resistance to take-all and foliar diseases 



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 



5/10 Watkins lines show some resistance to yellow rust 

Watkins 733  
No disease symptoms 

Watkins line Field response 
203 MR 
231 M/MR 
610 M/MR 
733 0 
786 MS (May), MR (June) 

cv. Fielder                                       
Flag leaf = 100% S 

Summer 2015  



Watkins field crossing with cv. Fielder 

 

 

 

Crossing carried out by Mike Hammond-Kosack 

Watkins line Yellow rust resistance Ears crossed F1 Grains 

18* MS 7 70 

203 (India) MR 8 31 

231 (Hungary) M/MR 8 54 

495* MS 6 13 

610 (Yugoslavia) M/MR 6 35 

733 (Iran) 0 6 46 

Totals 41 249 

* Included in crossing as low disease severity in May 
 



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  

Possible opportunity :Watkins 231 x Paragon population could be  
field sown  in spring  2016 and then phenotyped   



• 5/10 lines very susceptible to yellow rust – escaped disease in 
2008 or different YR races? 

 

• 5/10 lines show some resistance:  

 1/5 = no disease response, 4/5 = M or MR 

 

• Field crossing carried out between Watkins and cv. Fielder 

 

• Plant samples taken on 13th July to be assessed for take-all 

–  evidence for an induced  resistance response  or not?  

 

Watkins foliar disease trial summary 



• Plant samples to be assessed for take-all disease over winter months and data 
to be fully statistically analysed 

 
• Watkins lines were hand harvested in August 2015 and repeat  trial drilled for 

2015/2016 field season 
 
• Foliar diseases will be scored in spring and summer 2016 
 
• Mapping populations to be sown in glasshouse and progressed to F2                                                                  

    203 (India) x Fielder 
    610 (Yugoslavia) x Fielder 
    733 (Iran) x Fielder 
 
•  231 (Hungary) x Paragon  field sow the available mapping population if at an 

appropriate generation  
 

 

 
 

 
 

 

Next steps – Watkins foliar disease 



Kim Hammond-Kosack 

Gail Canning 

 

PhD students  

Sarah-Jane Osborne 

Joseph Moughan 

 

Undergraduate summer students                     

Erin Baggs 

Eleanor Leane 

Tessa Reid 

 

Mike Hammond-Kosack – crossing and introgression 

Lucy Nevard – seed preparation 

 

Rodger White - statistics 

 

RRes farm and glasshouse staff 

 

Sarah Holdgate (NIAB) 

 

Simon Orford (JIC) 

 

Many thanks to 



5/10 Watkins lines very susceptible to yellow rust 

1st wheat 3rd wheat 
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5/10 Watkins lines show some resistance to yellow rust 

1st wheat 3rd wheat 
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Exome Capture  

Ann Harbor, Michigan, USA  

Kim Hammond-Kosack 

28th October 2015 



Exome capture (WP 4.2, 4.4 and Milestones 18) 

A designated group of WGIN scientists will interact with the company 

MYcroarray to decide on the best  way to represent wheat genes on the 

20,000 bit array.  

 

Exome Capture  

The overall goal is to use exome capture to identify genetic variation  in 

candidate or known genes that are responsible for the desired trait (s)  

Focus : promoter analysis  



Custom  bait libraries for target sequencing  
Mybaits is a fully customisable liquid-phase DNA capture system  

for targeted sequencing  



Summary of exome capture discussions  

@ WGIN Stakeholder meeting 16th April 2015 

Focus : promoter sequences  (~1kb) – NOVELTY  

 

    A, B and D genome sequences to be  

              individually captured  

  

        - Bioinformatics will be quite challenging  to 

                    ID the 3 homoeologous promoters   



Summary of exome capture discussions  

@ WGIN Stakeholder meeting 16th April 2015 

Design: 120-mers across each promoter,  

               each overlapping by 60 bp (i.e. 2-fold coverage) 

               16 probes per  promoter  (960 bp) 

     48 probes  to cover A, B and D promoters / gene 

     416  x 3  promoters 

           Or some only evaluated for 1 homoeologue 

 

  

Need to remove  

MITEs - miniature inverted-repeat transposable elements 

from the probe sets developed   

Need to include published  positive controls 

               to validate the technology 

               For example  - ppd1, vrn1A   



Summary of exome capture discussions  

@ WGIN Stakeholder meeting 16th April 2015 

 Developing the list of 96 cultivars  

Need to relate to ongoing / previous  wheat projects  

     (WGIN and beyond) 

Avalon 

Cadenza 

Paragon 

Chinese Spring 

Kronos  (tetraploid) 

Diploids 

Alchemy, Hereward, Rialto, Robigus, Savannah and Xi19 
   - Wingfield et al (2012) PBJ study  

Generic Resources  Specific traits  

Garcia 

Watkins 777  



Summary of exome capture discussions  

@ WGIN Stakeholder meeting 16th April 2015 

 Developing the  promoter – gene list – 416 x 3 genomes  

Traits  

1. Yield resilience 

2. Grain quality 

3. Biotic stress – fungi and insects 

4. Abiotic stress – drought, high temp 

5. Nutrient use efficiency 

6. Canopy development 

7. Flower biology 

8. Root architecture 

50 nominated promoters per trait category  



Who  to be involved ?  

* BBSRC BBR wheat tilling project  and exome capture 

Yield resilience    Cristobal Uauy*, need a 2nd  

Grain quality    Peter Shewry, Kay Trafford (NIAB), 

     Rowan Mitchell (RRes) 

Biotic stress – fungi and insects  Kim H-K (RRes), Brandt Wulff (JIC),  

     Matthew Moscow (SL), insects ??  

Abiotic stress – drought, high temp John Foulkes, need a 2nd 

Nutrient use efficiency   Malcolm Hawkesford and Nottingham 

Canopy development / whole plant architecture) Simon Griffiths,   

                                                  

    Allison Bentley (NIAB), Andy Phillips* 

Flower biology    Zoe Wilson, need a 2nd 

  

Root architecture   Malcolm Bennett, need a 2nd  

Breeding community  - nominations?  



Taken a short pause  - Why ?  

• Considerably more Chinese Spring sequencing data  

to be released into the public domain in Nov 2015 

• To be uploaded into ENSEMBL (EBI)  

• Transfer annotations from any public source onto this  

    new  genome release once a quarter   

• EBI contacts are  Paul Kersey  and Dan Bolser  



WGIN Promoter capture  experiment  

Focus : promoter sequences  (~1kb) – NOVELTY  

 

    A, B and D genome sequences to be  

              individually captured  

  

        - Bioinformatics will be quite challenging  to 

                    ID the 3 homoeologous promoters   

• Nominators just need to identify the correct locus ID in ENSEMBL wheat   

     and enter this into the Excel sheet and also view the promoter sequence. 

  

• Homoeologous promoter identification should be easier, because of the  

     wheat chromosome maps in ENSEMBL 

  

• The RREs  bioinformatician can directly use the ENSEMBL software  

     to pull back the correct 1kb  promoter sequences using the locus ID number.  

Advantages  going  forward will be  



Exome capture – next steps  

4-6 individuals interested in taking this WP forward 

 

  - finalise the  oligo design method 

 

  - select the wheat gene list 

 

  - select the 96 wheat genotypes  

Interact with the BBSRC funded BBR project  which include  

some exome capture for wheat  (Uauy and Philips) 

Series of 

Skype calls 

/ WORKSHOP 

 





Exome capture (WP 4.2, 4.4 and Milestones 18) 

A designated group of WGIN scientists will interact with the company MYcroarray to decide on 

the best  way to represent wheat genes on the 20,000 bit array.  

 

This will be done via a series of Skype meetings held during months 1-3.  

 

A workshop will be held to priorities the gene list and the 96 wheat genotypes to be tested. 

 

A pilot experiment will be done to ensure the DNA  is of the correct quality to ensure success. 

 

 The full sample set will be sent for the capture using the most appropriate secure carrier. 

WGIN3 project  

The overall goal is to exome capture to identify genetic variation  in 

candidate or known genes that are responsible for the desired trait (s)  



A wheat  example from Andy Phillips@RRes  

MYcoarray helped design the oligo array for ~1700  wheat genes and made the oligos, 
 
The array “design“ was very simple – 120-mers across the whole of each CDS, each 
overlapping by 60 bp (ie 2-fold coverage).  But this naïve design resulted in some 
variation in capture efficiency . 
 
Used a single set of oligos for each gene, based on a single homoeologue. The on-
target homoeologue represented ~50% of all reads, with the other two homoeologues 
having ~25% each, on average. 
 

A minimum of 20,000 baits – corresponding to ~1200 coding sequences of average 
length 1kb.  

You will achieve a more comprehensive capture by using genomic sequence not CDS 
for oligo design (we lost small exons in our captures) so that you can add some 
flanking intron sequence (and promoter, probably important for surveying natural 
variation).  
 

Additional comments  


