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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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NILs in the genetic background of Paragon:
Rht-D1, Rht-B1, Rht8, Ppd-B1, Ppd-D1, Lr19, 1BL.1RS, 8 eps QTL, Vrn1, 
Vrn3, 3N, grain shape QTL, QTL from the Watkins collection 
(BBSRC WISP), selected WGIN mutants.

Paragon Library

Subset PL

Paragon x Garcia
Drought Trial

Phenospex
+/- N

Full Library

Phenotyped <2016
Seed ready for yield trials…
Genotype on 35K

WGIN3 Projects: Paragon Library



1. Dissecting UK drought tolerance 
in Paragon x Garcia 

• Drought Trial repeated 2016-2017

• Riverside Field, Church Farm, Bawburgh - field with lighter, sandier 
soil and gentler slope

• Monitoring soil water content

• Will monitor regularly with UAV (and Rothamsted drone!)

• Possibility of spring sowing?





Paragon

Lr19 Kamb1 Alien introgression*

Par Mutant 2316b Staygreen

Ppd 1x Early DTEM

Ppd 2x Early DTEM

Ppd 3x Early DTEM

Ppd KO 2x DTEM

Rht 8 Mara Height

Rht B1 Robigus Height

Rht D1 Alchemy Height

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

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

Subset of Paragon Library



• Subset PL lines drilled under Phenospex (2015-2016)

 Two randomised blocks of 16 

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

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

Paragon

Lr19 Kamb1

Staygreen

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



2. Quantifying agronomic impact of WGIN 
target genes using the Paragon NIL library
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• RhtB1 and RhtD1 give low yield –N but high yield +N
• Rht8 gives high yield –N
• RhtB1/RhtD1 combined with Rht8 could produce more stability



2. Quantifying agronomic impact of WGIN 
target genes using the Paragon NIL library
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• Staygreen mutant gives high yield –N
• Lr19 introgression shows a yield penalty –N
• Ppd 1x results unreliable due to lost seed



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

5

5.5

6

6.5

7

7.5

2.5 3 3.5 4 4.5

Y
ie

ld
 +

N

Yield -N

Paragon

Rht8
Rht1B
Rht1D

Staygreen

Lr19

Ppd 1x

Ppd 2x

• JIC Phenospex Trial 2016-2017
• Drilled on land previously +/- clover
• Repeating +/- Nitrogen (not under Phenospex)



• Reductions in plant height are associated with increase harvest 
index and wheat yields. 

• Largest increase due to development of semi-dwarf wheats through 
introgression of the gibberellic acid (GA)-insensitive, Rht-B1 and 
Rht-D1 alleles. 

• Selection of Rht8C + Rht-B1B or Rht-D1D could facilitate 
development of high-yielding varieties targeting favourable and 
unfavourable environments, such as drought and low N

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



• In addition a ‘winter Paragon’ was produced by crossing in 
VrnA1 + VrnB1 from Malacca 

• Subsequently crossed into Rht8 / RhtB1 / RhtD1 to produce a 
winter, semi-dwarf,  Paragon

• Lines generated to test this:

• RhtB1 x Rht8

• RhtD1 x Rht8

• RhtB1 x RhtD1

RhtB1+RhtD1 Rht8+RhtD1
Rht8+RhtB1 Paragon

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



WGIN3 Projects: Avalon and Cadenza

1. Dissecting UK drought tolerance in Paragon x Garcia
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studying yield stability in the UK
7. Applying WGIN data to breeding by design for UK yield stability 
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WGIN3 Projects: Avalon and Cadenza

• WGIN successfully promoted the AxC DH population as UK 
reference population

• A x C population most densely mapped in the world

• Much phenotypic data also available

• NILs derived from these have validated QTLs

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

5. Understanding genotype x environment interaction in Avalon x 
Cadenza

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



• The BC3 NILs carry selected genetic foreground in the QTL 
regions (height, heading, and yield) 

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

• Plan to tile the whole genome with chromosome segments to 
make recombinant substitution lines for genome. 

X

QTL region - Avalon 

Random background - Avalon 

Cadenza Individual 1

Individual 2

Individual 3

i.e. A genome

4. A chromosome segment substitution library 
(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

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

AC105_E92_2_16_7B
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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

AC105_E92_2_16_7D
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A Genome B Genome D Genome

Cadenza background - Avalon random background and QTL region

• Preliminary experiment 18 NILs and 820K array 
• Maps based on Bristol Frame-Map

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

c)

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

Axiom KASP

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



Position 50,000,000   100,000,000   150,000,000   200,000,000   250,000,000   300,000,000  350,000,000   400,000,000   500,000,000 

Chr3A
Gene

CSSL #21
Gene

• Publication and availability of genomic sequence will allow more 
sophisticated presentation of these data in future

• Possible to present these in an interactive format

• Include as part of a searchable genome browser.

• Indication extent of substituted segment.

• Show position of Axiom  and Bristol   markers 

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



Avalon Cadenza

43 lines 46 lines

1A ~80% ~60%

1B ~95% ~90%

1D ~30% ~70%

2A ~80% ~95%

2B ~60% ~90%

2D ~95% ~70%

3A ~95% ~95%

3B ~70% ~95%

3D ~80% ~60%

4A ~80% ~75%

4B ~80% ~85%

4D ~80% ~95%

5A ~90% ~75%

5B ~80% ~90%

5D ~95% ~80%

6A ~95% ~85%

6B ~95% ~95%

6D ~95% ~95%

7A ~60% ~70%

7A or 7D ~40% ~90%

7B ~60% ~90%

7D ~95% ~30%

INCLUDES FOREGROUND

• Genotyping carried out on 94 NILs (+ Av/Cad) 

using Breeders 35K array

• Estimate of % coverage of background 

(+ foreground) for each chromosome

• Have used several methods to generate map

(i.e. based on frame-map, Axiom info and 

pseudomolecules…)

• NILs backcrossed to the recurrent parent to

generate lines where QTL region and random 

segments have been separated

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



5. Understanding genotype x environment 
interaction in Avalon x Cadenza 



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

• All crosses at F2
• Populations in yellow at F3 (-> F5/F6) aiming for ~400 lines each
• * Population very sensitive to mildew (in glasshouse)
• * Will be sown for RAGT to follow up population

*

*

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 



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

• ‘Ideal’ ACDH lines to be crossed were selected by analysis of the QTL data
• These would have three high yielding QTL (GY) alleles

• However most ‘ideal’ lines had unfavourable QTL alleles elsewhere
• Therefore made best selection possible…

• F2 seed is being generated but few F1 seed…

Cross Parent 1 Parent 2

Cross 1 DH109 DH160 DH109 is high yielding parent. DH160 has complementary alleles at all selected loci for achieving target genotype

Cross 2 DH61 DH182 Neither parents carried all favourable GY alleles, but between the parents all favourable alleles were present.

Cross 3 DH27 DH61 Neither parents carried all favourable GY alleles, but between the parents all favourable alleles were present.



WGIN3 Projects: Additional Populations

• 3N alien introgression (from Aegilops uniaristata) into Chinese 
Spring

• Shows aluminium tolerance
• Al toxicity primarily affects the division and elongation of the 

root apex
• 3N line shows prolific root phenotype.
• Crossed to winter elite lines – Cordiale, Napier and Robigus
• Homozygous lines being bulked for autumn sowing



Rothamsted Research
where knowledge grows

Using the WGIN Diversity trial to 
develop drone applications

Andrew Riche



Image collection



Ground control points



Output- point cloud



Image quality - ISO

100 (f4.5)                                    125 (f2.8)                                  160

250                                            400                                          800



Effect on exposure of lack of brightness

10/4/14, 1/1250, f4.5 ISO 100                               1/800, f4.5, ISO 100
2/3 stop slower

3/7/14, 1/500, f8.0, ISO 100                        1/640, 7.1, ISO 100, exp comp -1
1 stop slower



Effect of Altitude on resolution

10m   2mm/pix 20m   4mm/pix 50m   10mm                  120m   23mm
ISO 100, f7.1, 1/500                                     ISO 100, f6.3, 1/500                                ISO 100, f5.6, 1/500                                 ISO 100, F5.0, 1/500

All with Sony 5100, 20mm lens, not mosaiced



Measuring growth – Crop height

Maximum height within 
each quadrat extracted 
and then meaned across 
the quadrats

Ground height data extracted from 
bare ground border adjacent to plot, 
meaned across several data points

Centre of plot divided 
into 1m2 quadrats



Thermal image processing - workflow

• Extract csv files from video
• Convert to integer values (x1000)
• Convert to tif files
• Correct all images for vignetting
• Create orthomosaic
• Extract data (/1000)
• Atmospheric correction

Also measured: 
• Temp of calibration targets
• windspeed
• Air temperature at ground and on UAV
• [light level]



Thermal image processing - calibration

Black card 450C

Aluminium -200C

Black wood 450C

Ground control point –
aluminium foil and black 
paint on wood

Polystyrene 100C

Wooden board 310C

Bituminous roof felt 450C

Black wood 460C



Thermal image pre-processing - vignetting

Two sources – real 
(optical) and apparent

Reflection from 
soil and cropJust from crop

Stack of all images

Filter



Thermal image processing – data extraction



Vegetation classification – measuring canopy cover

ExGR (Excess green  – excess red) 
ExGR =      (2xG-R-B)     – (1.4 x R-G)

Diversity 08/04/15



Vegetation classification – take-all



NDVI Workflow

Raw Photo

Raw conversion

Correct vignetting

Correct exposure

Correct for ambient light

Mosaic – in Agisoft

Overlay Plot shape file - ArcMap

Extract NDVI data ArcMap

Workflow needs following for 
both RGB and NIR images

NDVI = (NIR – visible Red) / (NIR + visRed)



Variable light conditions



Issues with colour extraction

Banding – caused by camera angle?



NDVI



Conclusions

Crop height – can be accurately measured by UAV, workflow in place

Canopy temperature – can be measured by UAV, workflow in place

Canopy/green cover – can be measured by UAV, needs testing and workflow automating

Crop Indices – can be measured by UAV, image pre-processing needs developing

Lodging can be identified and estimated – method needs automating
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Utilizing spatial data 

Soil type          Soil EMI        Historical yield             Soil N                  NDVI              DSM/DEM     Canopy temp

Overlay 
experimental layout

For better interpretation of results

Spatial data
Co-factors:                                                                              Experiment data

Extract data
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Screening germplasm for 
resilience to aphids  (WP2.3) 

Lesley Smart



• Crosses of T. monococcum lines made by Mike Hammond-
Kosack: MDR037 (susceptible) x MDR045, MDR049 and MDR657 
(all showing evidence of partial resistance)

• F1 and F2 generations of these crosses have been tested in the 
phenotyping screen against both aphid species. MDR037 x 
MDR049 looked most promising.

• F3 generations of MDR037 x MDR049 are now being tested in 
the screen against both aphid species.

Screening germplasm for resilience to aphids  (WP2.3) 
Information to establish the likely genetic basis of resistance to cereal aphids 
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Screening germplasm for resilience to aphids  (WP2.3) 
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Aphid response on some 
parental lines differed from 
original findings. MDR049 
consistent reduction in nymph 
weight gain
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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
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Number nymphs/weight range at 7 days (mg)
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MDR037 (susceptible) x 
MDR045, MDR049 and 
MDR657 (all showing partial 
resistance)

Partial resistance (reduced 
weight gain) showing in F2 
generation of MDR037 x 
MDR049, particularly for S. 
avenae the grain aphid.

Screening germplasm for resilience to aphids  (WP2.3) 
Response to F2 generation of T. monococcum crosses



Screening germplasm for resilience to aphids  (WP2.3) 
Response to F3 generation of T. monococcum crosses MDR037 x MDR049

X4(3) MDR037 (1) x MDR049(1)
X5(1) MDR037 (1) x MDR049(2)
X11(3) MDR037 (1) x MDR049(1)
X17(1) MDR037 (2) x MDR049(1)

15 seeds of each selected F3 line 
sown and seedlings tested against 
target aphid species in phenotyping 
screen, compared to Solstice 
standard.
Number of surviving nymphs 
recorded and then weighed in their 
batches to get an average nymph 
weight. Weights then allocated to 
weight ranges for comparison.



Screening germplasm for resilience to aphids  (WP2.3) 
Response to F3 generation of T. monococcum cross X4(3) MDR037 x MDR049
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Screening germplasm for resilience to aphids  (WP2.3) 
Response to F3 generation of T. monococcum cross X5(1) MDR037 x MDR049
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Screening germplasm for resilience to aphids  (WP2.3) 
Response to F3 generation of T. monococcum cross X11(3) MDR037 x MDR049
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Screening germplasm for resilience to aphids  (WP2.3) 
Response to F3 generation of T. monococcum cross X17(1) MDR037 x MDR049
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• F3 generations of T. monococcum MDR037 x MDR049 crosses, with 
the best partial resistance and sufficient seed, are being tested in the 
phenotyping screen against both aphid species. 

• F3 generations of the very best lines from the T. monococcum
MDR037 x MDR045 and MDR037 x MDR657 crosses will be tested 
against both aphid species. 

• Once screened, plants will are being vernalised and will be taken to 
F4.

Summary WGIN3 (WP2.3)
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T. monococcum

wheat ear

• The diploid wheat, T. monococcum (Am Am) was widely 
cultivated during early cereal farming on poorer soils

• After the Bronze Age T. monococcum cultivation
diminished

• Am genome not directly involved in the generation of 
modern durum wheat (tetraploid)
common bread wheat (hexaploid)

Exploiting Triticum monococcum as a novel source of 
genetic diversity for improvement of hexaploid wheat



Genotyping Triticum monococcum collection

35K wheat breeders array at Bristol University

• 202 Tm genotypes from RRes collection

• MDR037 x MDR046 mapping population (79 lines, take-all resistance)

• MDR037 x MDR229 mapping population (85 lines, root strength)



Genotyping Triticum monococcum collection

Polymorphic SNPs (after visual checking of cluster plots) = 1124 = 3.2%

Chromosomal location of SNPs in T. aestivum

Majority of SNPs are monomorphic

A GENOME 38.61%

B GENOME 31.81%

D GENOME 29.58%



Triticum monococcum collection (n = 202)
Principal Coordinates Analysis

T. boeoticum = wild einkorn wheat

T. monococcum = domesticated einkorn wheat

T. sinskajae = free threshing natural mutant of Tm

Tb

Tb

Tb

202 Tm genotypes, 1124 markers 

MDR308 
(DV92)



Genotypic diversity is not closely 
associated with Tm variety/subspecies

Excluding Triticum boeoticum



Genotypic diversity is partially associated 
with country of origin

Triticum boeoticum from Turkey



Genotypic diversity is partially associated 
with country of origin

AlbaniaTurkey Spain

Triticum boeoticum from Turkey



Comparison with DArT marker diversity

DArT

20 Tm accessions genotyped with 
1041 DArT markers in 2011

Wheat Breeder Array SNPs

MDR298

MDR232

MDR040

MDR037

MDR024

MDR044

MDR002

MDR218
MDR286
MDR280

MDR308
MDR043

MDR050

MDR650
MDR217

MDR049
MDR046

MDR031
MDR229

MDR217
MDR040

MDR037

MDR232

McMillan et al. (2014) BMC Plant Biology 14: 212



Previous selection of Tm genotypes for take-all phenotyping

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

• 34 T. monococcum genotypes (AA diploid genome) tested over 5 years

• Originally chosen to cover range of countries of origin, subspecies, growth habit  

McMillan et al. (2014) BMC Plant Biology 14: 212

P = 0.002Control 
species



Take-all phenotyping strategy

Phenotyping strategy 
worked well – we have 
covered a range of 
genetically dissimilar 
genotypes from within 
larger collection



Take-all Index – combined analysis field trial data 2006, 2008-2011

Genotypic diversity not strongly associated with 
take-all susceptibility
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Summary and next steps

• Preliminary evidence that Tm genetic diversity partially associated with 
country of origin

• Population structure now to be investigated in more detail using STRUCTURE 
software

• Aim to carry out association analyses with phenotyping data

• Yellow rust
• Take-all root disease
• Eyespot
• Septoria (Kostya Kanyuka)
• Aphid resistance (Lesley Smart and Gia Aradottir)
• Root penetration (Yaoxiang Ge and Richard Whalley)



F6 mapping populations:

MDR037 (S) x MDR046 (R) – 79 lines (take-all resistance, 3 field 
seasons 2014-2016)

MDR037 x MDR229 – 85 lines (root strength, laboratory screen)

MDR031 (R) x MDR043 (S) (take-all resistance – currently being 
phenotyped, drilled in 3rd wheat field trial autumn 2016)

Triticum monococcum mapping population 
development



Summary of 3 experiments
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Can root penetration be improved?

Yaoxiang Ge and Richard Whalley



Summary of 3 experiments
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Yaoxiang Ge and Richard Whalley



Penetration of strong layers by roots

Yaoxiang Ge and Richard Whalley

Mapping population data
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MDR037 (poor root penetration) x MDR229 (strong root penetration) mapping population 

Comprehensive data set to search for QTLs including root number, 
root angle, root diameter and root penetration



Penetration of strong layers by roots

MDR037 (poor root penetration) x MDR229 (strong root penetration) mapping population 

85 lines, 278 markers 



Take-all mapping population development

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

• 34 T. monococcum genotypes (AA diploid genome) tested over 5 years 

McMillan et al. (2014) BMC Plant Biology 14: 212

P = 0.002Control 
species

Mapping population 
parents



3rd wheat field trials 2014, 2015 and 2016

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

• Plant samples taken at GS 75 for take-all assessments

Take-all root resistance
MDR037 (S) X MDR046 (R)

PhD student Sarah-Jane Osborne
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2013-2014
Moderate disease pressure 
P = 0.064
SED = 0.253
Grand mean = 37.78

2014-2015
Low disease pressure 
P = 0.001
SED = 0.250
Grand mean = 25.27

Severe winter flooding 2013-2014
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Take-all root resistance
MDR037 (S) X MDR046 (R)

PhD student Sarah-Jane Osborne

Weak but significant 
correlation between 
the two field trials
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Take-all root resistance
MDR037 (S) X MDR046 (R)

PhD student Sarah-Jane Osborne

2014 2015

Take-all QTLs identified on different linkage groups between the two years

79 lines, 132 markers 
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• MDR037 (poor penetration) x MDR229 (strong penetration) – root strength –
preliminary analyses reveal multiple QTLs

• MDR037 (take-all susceptible) x MDR046 (take-all resistant) – QTLs different 
between field seasons – perhaps exacerbated by flooding of 2013-2014 field 
trial

• SSR genotyping to be carried out to improve linkage maps

• MDR031 (take-all resistant) x MDR043 (take-all susceptible) F6 take-all 
phenotyping trial drilled autumn 2016, population still to be genotyped

• Strategies for introgression into hexaploid wheat being tested – using durum 
wheat as a bridging species

Summary and next steps
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T. monococcum  source genotypes

MDR 308 (DV92)   - TmStb1 locus mediated resistance to Zymoseptoria tritici 

MDR 031 - Seedling and adult plant root resistance to the take-all fungus 

(Gaeummannomyces

MDR 049 - Seedling and adult plant resistance to two aphid species

o Bird cherry-oat aphid Rhopalosiphum
o Grain aphid Sitobion avenae

Tm introgression into durum and hexaploid wheat



Towards introgressing TmStb1 into bread wheat

Current strategy (so far not very successful)
cross T. monococcum (Tm) to T. aestivum cv. Paragon ph-1
embryo rescue in F1

backcross the hybrid to T. aestivum cv. Paragon 

Trying two alternative strategies
Strategy #1

colchicin treat Tm to produce autotetraploid
cross Tm autotetraploid directly to wild-type hexaploid and 
durum wheat

Strategy #2
use tetraploid durum wheat as a bridging species
cross Tm with durum wheat
backcross this hybrid to hexaploid wheat



Wheat ExomePromotome Capture 

A sub-contractor project of WGIN 3

Michael Hammond-Kosack (WGIN PA)

Update for WGIN3 MM @ KWS

January 12th 2017





Funding & Design

 Defra’s WGIN 3 funding for this sub-contractor project allowed 

for the use of 20,000 MYbaits probes and 96 “Reactions”

(which equates to 96 Wheat Cultivars genomic DNA)

 Every 1000bp of promoter sequence/gene requires 

16 overlapping probes for twofold coverage:

 3 wheat homoeologues (A, B, D)      48 Mybait probes / gene.

 Thus Defra’s funding will allow for the capture of 

416 promoter sequences.

-1000 -1promoter gene

120mer MYbait probes



Summary of collected genes







1. January 16-20: aim to check all 66 ‘problem’
promoters against latest
Wheat sequences with Decypher and Genious

2. January 23-27: 
compile ONE FASTA file with ALL sequences

3. January 27: send file to MYcroArray
approx. 6 weeks to make all 20,000 MYBaits

4. February 2017: chromosomal DNA extraction



Seed collection







Timeline

1) December 2016: obtain remaining gene-lists

2) December 2016: obtain seed for all 96 cultivars

3) January 2017: make chromosomal DNAs

4) January 2017: send FASTA file to Mycroarray for them to 

design Mybaits

5) February 2017: send chromosomal DNAs to Mycroarray to 

conduct the Promotome Capture Experiment.

6) March 2017: Next Generation Sequencing

7) April 2017: Sequences returned and analysed at RRes

8) Summer 2017: Data & Analysis released to Wheat 

Community


