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The challenge of exploiting and 
 understanding genetic diversity

Elite
hexaploids

Landraces
& old varieties

Induced
allelic variation

Wheat
relatives

Avalon x Cadenza AE Watkins and 
Grdiflux

EMS and gamma
mutation

T monococcum
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Success of WGIN resource 
 development

1. The hidden work‐

 
Seed 

 stock/DNA maintenance , 

 curation, and distribution 

 for Avalon x Cadenza, 

 Paragon EMS, Paragon 

 gamma, Gediflux, and 

 Watkins.

2. Added value of research 

 which then facilitates the 

 exploitation of these 

 resources.

Temperature +1.5oC
Relative humidity 7-10%RH
Shelf life 25 yrs +



Avalon x Cadenza

Mapping



Avalon x Cadenza

•
 

Doubled haploid population of 204 individuals

•
 

Major effects: Vrn‐A1 and Rht‐D1

•
 

Other factors: 5B‐7B translocation 



CHROMOSOME 5B CHROMOSOME 7B

HEXAPLOID WHEAT
CULTIVAR CADENZA

NORMAL CHROMOSOMES 

OBSERVED BY C-BANDING KARYOTYPE
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Long arm
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Long arm
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HEXAPLOID WHEAT
CULTIVAR MARIS PLOUGHMAN

CHROMOSOME 
5BS/7BS

CHROMOSOME 
5BL/7BL

TRANSLOCATED CHROMOSOMES, DETECTED 
BY C-BANDING KARYOTYPE

The 2 chromosomes show a chromosome rearrangement called a 
“translocation”. The short arm of chromosome 5B is pairing with the 
short arm of chromosome 7B. The same happens with the long arms.

JW Snape, John Innes Centre
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10
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Accounting for the presence of 5B‐7B translocation in Avalon



Cytogenetic analysis of Avalon x 
 Cadenza population

• C-banding carried out by Adam Lukaszewski 
(Riverside)

• 87 of 204 lines contain 5B-7B

• Some surprises- DH4 appears to be 1BL-1RS!

• In the process of remaking map with 
translocation + and – lines separated.



Gene based markers
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Gene based markers on Avalon X Cadenza map



Single Strand Conformation 
Polymorphism is now a high throughput 

technique

Conventional SSCP ran on
non-denaturing acrylamide

ABI3730 capillary electrophoresis
(modified polymer)



More Gene Based Markers from Tools and 
 Resources Project

•

 
So far, 830 primer pairs screened on Avalon x Cadenza and 

 Opata

 
x Synthetic. A further 110 will be tested after next 

 mapping phase.

•

 
High quality, low copy, amplification in over 95% of cases.

•

 
Polymorphism lower than expected based on WGIN 

 acrylamide set.  

•

 
10% in A x C and 15% in O x S.

•

 
Project will deliver ~100 new mapped genes in both 

 populations.

•

 
Sufficient funds to search for more in extra populations. 



Two new SSD populations now up F3
Paragon x Chinese Spring and Paragon x JIC synthetic



Avalon x Cadenza

Phenotyping and QTL analysis



Recent improvements in UK yield and quality have 
occurred against a background of stable N application



WORLD WHEAT YIELD TRENDS 
(5 Year Moving Average - tonnes/ha)
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Average Wheat Yield of countries producing 
more than 300 000 tons 

< 2 2-2.5 2.5 -3 3-4 4-6 6-8 >8



Average Wheat Yield of countries producing 
more than 300 000 tons 

< 2 2-2.5 2.5 -3 3-4 4-6 6-8 >8

2008: 2.9 t/ha

2020: 3.6 t/ha = 22% yield increase =1.6%/year 



Identification of genetic variation for grain 
yield potential deployed by UK wheat breeders

Grain yield

Grains m2 Grain weight

Grains spike-1 Spikes m2

Grains 
spikelet-1

Spikelets 
spike-1

Spikes
Plant-1

Plants m2

All these components available for Avalon x Cadenza population for

three years.



Importance of floral development and plant architecture for 

 resource capture and utilisation

Light

Water

Cold temps

High 

 temps

Drought

(after Slafer & Rawson, 1994)



Summary of data using consensus map and meta analysis, ear
emergence example:



Where do we go with our QTL?

• Within very recent pedigrees MAS will work well.

• Cloning genes is essential for MAS to really 
work ie selecting directly for the functional 
polymorphism and understanding how the gene 
works.

• WGIN has put tools in place to facilitate 
dissection of QTL. 



Location of 3B height effects identified in three DH populations



• 94 Paragon gamma deletion lines.

• 13000 features on the high density array.

• 554 clear deletions detected in replicated (x2) hybridisation.

• Represents 4.3 % of all DArT features.

• Would 2500 approach good genome coverage?

Characterising deletions using DArT



We can dissect QTL and produce physical maps
using the WGIN gamma deletion set.



Novel genetic variation from 
Watkins and Gediflux material



GEDIFLUX Collection

•
 

510 Northern European varieties deemed 
 important from 1940 –

 
2000

•
 

Genotyped for an EU diversity project using 
 SSR microsats, retrotransposons elements and 

 NBS (disease resistance gene analogues) 
 profiles  

•
 

Seed, DNA, genotypic and phenotypic data 
 available 

 www.jic.ac.uk/science/CropGen/GEDIFLUX/index.htm

 simon.orford@bbsrc.ac.uk

http://www.jic.ac.uk/science/CropGen/GEDIFLUX/index.htm


Watkins Collection

•
 

Collection from markets 

•
 

Uniformity within accessions assessed from 
 four rows originating from four individual 

 seed

•
 

Heights, ear emergence, seasonal habit, 
 susceptibilities, waxiness, ear morphology 

 used to assess uniformity



Origins of Watkins Collection

•

 

Africa: Algeria, Canary Islands, Egypt, Ethiopia, Morocco, Tunisia, 
•

 

Asia and Middle East: Afghanistan, Burma, China, India, Iran, Iraq, Palestine, Syria, Turkey,
•

 

Europe:  Bulgaria, Crete, Cyprus, Finland, France, Greece, Hungary, Italy, Poland, Portugal, Romania, Spain, 

 
UK, USSR, Yugoslavia, 

•

 

Australia  and Brazil 



Investigating genetic pathways in 
wheat- vernalization as an example 

LONG DAYS

VRN3

VRN2

VRN1
FLOWERING

SHORT DAYS COLD



Vrn1- Spring or Winter alleles? 

Winter allele-
recessive 
wild type 

Spring allele-
Dominant mutation



Searching for new genetic variation 
in response to vernalization

• In a screen of of modern UK spring and 
alternative wheats- spring habit expalined 
by known Vrn-A1 promoter duplication and 
Vrn-B1 intron deletion.

• Screen 800 Watkins lines with all available 
assays- Do we find spring types that do 
not have the known alleles?



winter

spr ing

new

inconclusive

Distribution of growth habit alleles in wheat varieties around the 
world in 1930’s

Afghanistan
Australia

China

USSR

United Kingdom

Spain

Iran

Canary Islands



New dominant (and recessive?) spring habit genes/alleles 
from AE Watkins

Mystery spring Watkins x Winter types (eg Alchemy)

Vernalization requirement of F1 ?

Map new genes Sequence new alleles



What if evolution has not provided the 
 allele you are looking for?



New alleles from mutagenesis

• To further characterise a gene of interest

• To generate useful alleles



Paragon Mutant Development

Single Seed Descent (SSD) under glass



Paragon EMS Population

• EMS chemically induced mutations 1% for 
16hrs – point mutations.

• Single Seed Descent (SSD) to M5 generation. 
Each generation bagged.

• 7000 M3 plants – 6500 M6.



EMS Paragon Field Trials

• M5 seed drilled as 1m rows in field 2006
• Phenotypic notes and photographs taken
• Seed harvested to give stocks for future work
• Specimen ear maintained
• M6 seed available and M3 DNA. Check via 

database www.wgin.org.uk

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


Paragon EMS examples

Stature

Seed
shape

Maturity



Second generation WGIN 
resources

•
 

Near Isogenic
 

Lines

•
 

Watkins and Gediflux
 

DH and SSD populations

•
 

High throughput mapping pipeline for induced 
 mutations



Production of Near Isogenic
 

Lines for genes
 of interest to WGIN

• Backcrossing underway for height, yield, and ear 
emergence.

• Mapping parents and Paragon used as recurrent 
parent.

• Complements series of NILs
 

being produced in 
Paragon in other projects eg

 
Crop Science Initiative

for Rhts, Ppds, Vrns, and WGIN mutants.



DH1 P1 and P2

F1

BC1

P1

P1

BC2

BC2F2

Crossing Marker Assisted Backcrossing

Population of 32 representing both homozygous 
haplotypes of both parental classes

50%

75%

87.5%

Production of Near Isogenic

 
Lines (NILs)



F2 Distribution of Plant Heights of Paragon dwarf x Cadenza
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s 
using DArT BSA



Summary

• Key WGIN resources at JIC are Avalon X 
Cadenza map and data, Gediflux, AE 
Watkins, Paragon mutants, and gene 
based markers

• We can chip away at monolithic 
germplasm resources with smart 
germplasm development and new 
genomics tools!



WGIN
 

team
•

 
Simon Orford  

 
Paragon mutants and Watkins

•

 
Michelle Leverington‐Waite 

 
COS

•

 
Yingkun

 
Wang 

 
AXC mapping

•

 
Liz Sayers  

 
AXC phenotyping

•

 
Leodie Alibert 

 
AXC mapping, functional 

 markers  
•

 
Mike Ambrose 

 
Germplasm

•

 
Setting it all up: 
Robert Koebner, John Snape,  Pauline Stephenson, Peter
Shewry, Kim Hammond Kosack, Andy Philips, Elke Anzinger

and

 
the UK wheat community for turning up  







Update on germplasm 
and marker development at JIC

WGIN management group meeting 27th June 2007
Simon Griffiths



Contribution of JIC to 
WGIN

• EMS and Gamma mutated Paragon population - 
6500 and 2000 lines respectively

• A. E. Watkins collection - 814 lines

• Avalon x Cadenza reference mapping 
population - 202 doubled haploid lines

• EU GEDIFLUX wheat variety collection from 
1940s to 2000 - 510 lines 

• Development of gene based markers



WGIN maps

SSR

SSR

SSR

SSR

DArT

DArT

GENE

GENE

GENE

Sequenced genomes

Breeders map

SSR
SSR

SSR
SSR

SSR

SSR

SSR

SSR

SSR

WGIN RESOURCES ARE WELL INTEGRATED

Mutants
QTL
Germplasm



Paragon Mutants



Data now on ww.wgin.org.uk

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


Establishing a forward genetics 
pipeline for Paragon EMS 

population
• Produce F2 using parents that are 

sufficiently polymorphic and will not 
segregate for the trait of interest.

• Good phenotyping
• Mapping using bulk segregant analysis 

coupled to a high throughput marker 
platform

• Test cases- height, disease mimic, wax, 
ear phenotypes



Paragon disease mimic



Wax



Gamma Paragon Mutants

• Nicola  Hart Phd - Larger deletions

• Initial tests with gamma at a local Hospital  

• Irradiated at IAEA Austria 25-250 Grays

• Developed to M3 generation – further 
development planned



Gamma for reverse genetics

• Ph1 (new deletions in press)
• Ppd-D1, -A1, -B1 
• Rht-D1
• Waxy-D1



Getting the resources used!

• Web page updates (Elke)
• JIC field walks
• Cereals 2007
• EWAC Meeting (Istanbul)
• Friends of John Innes
• JIC Breeders day



CEREALS 2007



Good uptake of Paragon 
material

• CIMMYT X 2
• Adelaide
• 2 breeding companies
• ADAS
• NIAB

• Material transferred under JIC public 
collections MTA



Gene based markers (COS)
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wPt-02982.1

2.2
wPt-83303.3
gwm5398.0
wPt-372812.1

barc124a0.0
COS2P5.0
COS2Q10.0
cfd3617.5

20.0

wPt-999740.9

gwm210a0.0
wPt-33883.5

wmc243c18.8

gwm25739.1
wPt-966847.3
wPt-356147.5
wPt-499747.6
wPt-570747.7
INTR4-5W264.0
stm17TCAC65.0
wPt-033566.7
wPt-568068.7
wPt-009470.8
wPt-856970.9
wPt-095071.4
wPt-313271.6
wmc175a72.1
wPt-114072.3
wPt-740472.7
wPt-935073.1
wPt-550273.3
wPt-973674.0
gwm501wPt-004977.0
barc15979.8
COS2H100.0
wPt-2397102.2
gwm526c120.1

gwm614b0.0

barc124b23.3

wPt-564733.1

wPt-728555.3
wPt-208756.9
gwm35963.2

wPt-705682.2
COS2R90.0
stm528TCAC91.0
gwm12293.2
wPt-730694.1
wPt-420195.1
gwm445102.9

wmc181a130.6

2A 2B 2D

2D

2D

0.0
0.9
1.9
2.7

11.2
26.5
28.1
31.2
32.0
35.7
43.8

63.7
70.1

89.7

3A

stm02TCACgwm52
gwm456
gdm72
wmc505c

COSEx13(a)3B
gwm389

0.0
wPt-80938.1
COSEx4(3D)10.0
barc7513.0
barc13316.0
wPt-108120.2
wPt-275720.5
gwm49324.4
cfd79b38.1
wPt-823849. 

0 wPt-697366.9
wPt-510567.4
wPt-917067.6
wPt-701567.7
wmc505a69.2
barc16471.8
wPt-1625wPt-9310
wPt-459772.9
wPt-5716wPt-714273.0
gwm28576.4
wPt-576992.7
wPt-3005102.1
wmc326115. 

2 wPt-9368wPt-8021132.1

wPt-8845145.1
wPt-4412157.3
gwm547159.0

cfd79a0.0
wPt-24789.5
gwm369
wmc505b
barc19
wPt-9215

wmc264
wPt-1562

gwm155
wPt-4725

wPt-5133

3B

3D
gwm1940.0

gwm62416.1

Rht-D10.0

wPt-580910.3
wPt-043110.5
wmc89a12.6

wPt-12720.0
wPt-86500.7
wPt-02461.9

wPt-53340.0
wPt-39910.8
wmc89b1.4
barc202.1

gwm5137.6

gwm53818.9

gwm3500.0
wPt-86571.9
wPt-46203.1
wPt-51724.0
wPt-53545.0

barc7813.4

wPt-3795wPt-208417.5
wPt-136217.7
wPt-780718.0

wPt-709632.0
barc70a33.3
wPt-990134.9

4A

4B

4B 4D

4D

gwm2120.0

barc11036.4

wPt-059653.1

wPt-040065.3

gwm1900.0

GWM17419.0

gwm15935.0
gwm358a40.4

gwm2340.0
wPt-13020.7

wPt-126121.3
wPt-393121.6
wPt-5914wPt-5346
wPt-6348wPt-517527.0
wPt-145734.9
wPt-195135.1
barc7436.7
gwm21339.7
wPt-125049.4
wPt-424650.8
COS5R60.0
COS5Q65.0
gwm40870.7
barc14284.2

wPt-1179105.4
stm660acag115.0
COS5V2120.0

wPt-3922135.0
wPt-0484138.2
wPt-7036144.0
wPt-8553145.8

wPt-50960.0
gwm1269.2

gwm291b33.2

COS5BCOS5F
wPt-37940.0
gwm293b1.2
wPt-36201.9
gwm156a6.3
wPt-413110.2

gwm617a28.7

5A

5A

5B 5D

5D

barc173a0.0

barc17553.0

wPt-76420.0
wPt-7662wPt-18520.4
wPt-77770.5
wPt-6994wPt-3304
wPt-48670.7
wPt-8239wPt-1089
wPt-9990wPt-1922
wPt-3130wPt-4720
6AwPt-7150

0.8

COSEX171.0
wPt-69881.9
wPt-493018.2
wPt-278631.9
wPt-881433.5
wPt-525633.6
wPt-124134.1
wPt-485839.2
wPt-757639.3
wPt-559639.4
wPt-841240.4
wPt-330940.5
wPt-540840.6
wPt-373354.7
wmc10556.3
gwm21968.5

barc134a85.2
wPt-993087.2

wPt-132595.9

wPt-71270.0
wPt-25730.8
wPt-96901.6
wPt-88333.5
wPt-30913.7
barc23a7.4
barc17116.2
gwm57018.0
gwm617b20.0
wPt-164221.0
COS7T22.0
wPt-720422.3

gwm3340.0

wPt-9382wPt-166418.2

6A

6A 6B
6D

wPt-11000.0

barc70b23.2

wPt-576538.7 wPt-2565
38.8 wPt-126939.8

wPt-81060.0 wPt-88901.0 wPt-94672.9 barc1763. 
8

wmc51721.1

wPt-534337.4
wPt-481441.6

gwm57764.9
wPt-060071.5
wPt-120979.9 wPt-119681.0 wPt-267781.9 wPt-859882.3 wPt-974683.6

wPt-60190.0 wPt-1259
wPt-1023

0.1 gwm3441.0 COS4E2.0 wPt-64953.4 wPt-55333.6 wPt-79475.0

cfa2040a20.8

stm216acag0.0

gwm635b23.0

wPt-515349.0

COS7Cbarc1270.0 wPt-77341.8 wPt-9796wPt-38831.9 COS2B5.0 stm549TCAC7.0
COS7K15.0
wPt-197420.8
wPt-463727.2 wPt-723628.4 barc2930.6 barc49b32.7

7A

7A

7A

7B

7B

wPt-45550.0

cfd21a9.8
gwm43715.4
stm535acag20.0
psp311325.3
stm517TCAC30.0

gwm4280.0 COS7S5.0 cfa2040b6.2 wPt-392310.9 wPt-567411.0 wPt-205413.9 wPt-982214.5 wPt-162814.9 barc9717.8

barc76c28.8

7D

7D

Gene based markers on Avalon X Cadenza map
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Single Strand Conformation Polymorphism 
is now a high throughput technique

Conventional SSCP ran on
non-denaturing acrylamide

ABI3730 capillary electrophoresis
(modified polymer, CAP3)

Data now on www.wgin.org.uk

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


Wheat 
Group

Number of 
Markers 
designed

Amplifies 
in Wheat

Poly AxC 
on ABI

Poly AxC on 
SSCP gels

Poly 
ITMI 

on ABI

Poly ITMI 
on SSCP 

gels

1 19 19 2
1 out of 14 

tried 3
1 out of 6 

tried

2 17 17 4
6 out of 13 

tried 7
0 out of 8 

tried

3 17 17 5
0 out of 12 

tried 5
1 out of 6 

tried

4 21 21 7
5 out of 14 

tried 7
2 out of 4 

tried

5 21 18 6
6 out of 15 

tried 11
2 out of 6 

tried

6 16 15 3
2 out of 10 

tried 5
1 out of 5 

tried

7 13 13 2
4 out of 11 

tried 5
1 out of 5 

tried
Total 124 120 29 24/89 43 8/40

Levels of polymorphism detected in COS markers: SSCP gels cf. 
fluorescent detection on ABI



Watkins Collection



Origins of Watkins Collection

• Africa: Algeria, Canary Islands, Egypt, Ethiopia, Morocco, Tunisia, 
• Asia and Middle East: Afghanistan, Burma, China, India, Iran, Iraq, Palestine, Syria, Turkey,
• Europe:  Bulgaria, Crete, Cyprus, Finland, France, Greece, Hungary, Italy, Poland, Portugal, Romania, 

Spain, UK, USSR, Yugoslavia, 
• Australia  and Brazil 



Data now on www.wgin.org.uk

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


How to strengthen these 
resources

• Watkins needs deeper genotyping- whole 
genome and known function markers

• More gamma and/or fast neutron 
irradiated material needed

• Gediflux is a great resource- add spring 
varieties especially Paragon and more 
markers.



WGIN team at JIC
• John Snape  Particular interest in AXC
• Simon Orford  Paragon mutants and Watkins
• Michelle Leverington-Waite COS
• Yingkun Wang AXC mapping
• Liz Sayers  AXC phenotyping
• Leodie Alibert AXC mapping, functional 

markers  
• Mike Ambrose Germplasm
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Discovering what genetic variation 
UK wheat breeders are using- 

height

• Variation in final plant height is the result of a 
wide range of developmental effects of direct 
relevance to yield, yield stability, lodging, 
biomass, and resource use efficiency.

• What genes do wheat breeders use to 
manipulate final plant height?



Genes controlling plant height in 
Avalon X Cadenza population

2A 2D 3A

6A4D 6B



Overview of WGIN Resources
•

 
Germplasm
Avalon x Cadenza, EMS and gamma Paragon 

 mutants, Cadenza mutant lines, AE Watkins 
 Collection, Gediflux

 
Collection, precise genetic 

 stocks, T. monococcum
 

material.

•
 

Tools
SSCP marker development, DArT gamma 

 deletion index, Tilling‐Melt curve platform, 
 DArT‐BSA mutant locus mapping.



Overview of WGIN Resources
•

 
Germplasm
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 mutants, Cadenza mutant lines, AE Watkins
 Collection, Gediflux

 
Collection, precise genetic 
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material.
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Tools
SSCP marker development, DArT gamma 

 deletion index, Tilling‐Melt curve platform, 
 DArT‐BSA mutant locus mapping.



Avalon Cadenza ear emergence and 
height QTL in comparison to other
UK adapted crosses

Avalon x Cadenza
Spark x Rialto
Savannah x Rialto
Charger x Badger

HEIGHT

EAR
EMERGENCE



Avalon x Cadenza Mapping 
Population

• Avalon
• Parents: Maris Ploughman 

x Bilbo 
• -Winter wheat
• Pinb-D1b allele present
• 5B-7B translocation
• 1/6+8/2+12 HMW proteins
• Rht-D1 dwarf

• Cadenza
• Parents: Axona x Tonic
• Spring type wheat
• Pinb-D1c allele present
• Normal 5B, 7B
• N/14+15/5+10 HMW 

proteins
• no dwarfing genes
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