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Wheat&Yellow&
Rust

• Puccinia striiformis.
• Fungus.
• Traditionally&controlled&by&

resistance&genes&(for&
example,&Yr15).

• Yr15 locus is&an&introgression
from T.2dicoccoides

Segovia&V
Cereal&disease&
http://www.hgca.com/minisite_manager.output/3625/3625/Cereal%20Disease%20Encyclopedia/Diseases/Y
ellow%20(Stripe)%20Rust.mspx?minisiteId=26



The&Genome&Analysis&Centre

F 2
 p

op
ul

at
io

n 
Se

qu
en

ci
ng

Bi
oi

nf
or

m
at

ic
s 

G
en

ot
yp

in
g

Pr
og

en
ito

rs

Avs Yr15
a)

4 lanes Illumina HiSeq 2000
RNA-Seq
100 bp, read pair 

Yr15R1 R2 R3 S1 S2S3 Avs

   

1x108
2x108
3x108
4x108

Library

No
. o

f r
ea

ds

31 2Lane 4

c) -SNPs between 
progenitors
-Ratio of alleles between 
bulks

Sequence Alignments

Bulk Frequency Ratios

Primer design

-NCBI Unigenes v60         
           56,954 genes
-Krasileva’s gene models 
           94,177 genes

BWA-0.5.9

bioruby-1.4.3
bioruby-samtools 0.6.1
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KASP Assays 
Genetic map
Validation by breeders
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Parental&Plants
AvocetAvocet+Yr1522*

*Isogenic&line&developed&by&the&University&of&Sydney

Segovia&VSegovia&V

Segovia&V
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F2 population

Avocet ’S’Avocet ’S’ + Yr15

Resistant
R1: 70 ind.
R2: 67 ind.
R3: 50 ind.

Susceptible
S1: 15 ind.
S2: 17 ind.
S3: 13 ind.

 F1

Expected&segregation:&&3&resistant&:&1&susceptible
!2 P&=&0.049;&187&resistant&and&45&susceptible&F2 plants

⊗
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Transcriptome&size

Wheat&genome:
• ~17&Gbp
• Hexaploid&AABBDD

• Coverage:&~2X

Coverage&per&Ilumina HiSeq 2000&lane&per&
manufacturer&specification

Wheat&transcriptome:
• ~76&Mnt
• Prone&to&gene&expression&bias

• Coverage:&~440x
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RNA*Seq

Genomic DNA

mRNA

Exon Intron Exon Intron Exon Intron



The&Genome&Analysis&Centre

RNA*Seq

Yr15R1 R2 R3 S1 S2S3 AVS

   

1x108
2x108
3x108
4x108

Library

No
. o

f r
ea

ds

31 2Lane 4

4 lanes Illumina HiSeq 2000
100 bp, read pair 



The&Genome&Analysis&Centre

F 2
 p

op
ul

at
io

n 
Se

qu
en

ci
ng

Bi
oi

nf
or

m
at

ic
s 

G
en

ot
yp

in
g

Pr
og

en
ito

rs

Avs Yr15
a)

4 lanes Illumina HiSeq 2000
RNA-Seq
100 bp, read pair 

Yr15R1 R2 R3 S1 S2S3 Avs

   

1x108
2x108
3x108
4x108

Library

No
. o

f r
ea

ds

31 2Lane 4

c) -SNPs between 
progenitors
-Ratio of alleles between 
bulks

Sequence Alignments

Bulk Frequency Ratios

Primer design

-NCBI Unigenes v60         
           56,954 genes
-Krasileva’s gene models 
           94,177 genes

BWA-0.5.9

bioruby-1.4.3
bioruby-samtools 0.6.1

blat-0.3.4
exonerate-2.2.0

MAFFT-7.055
primer3-2.3.4

-Homoeologous in 
IWGSC scaffolds
-Genome specific 
primer 

d)

KASP Assays 
Genetic map
Validation by breeders

SNP Markerse)

Resistant
R1: 70 ind.
R2: 67 ind.
R3: 50 ind.

Susceptible
S1: 15 ind.
S2: 17 ind.
S3: 13 ind.

 F1

b)

⊗



The&Genome&Analysis&Centre

Gene coverage per sample
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Bulk&Frequency&Ratios

1AS   c t G t g G g a
1BS   c t T t g G g a              
1DS   c t G t g G g a

Avocet S + Yr15

Avocet S

Genomic Sequence 

1AS   c t G t g G g a
1BS   c t T t g A g a             
1DS   c t G t g G g a

✓✗



The&Genome&Analysis&Centre

Bulk&Frequency&Ratios

1AS   c t G t g G g a
1BS   c t T t g G g a              c t K t g G g a
1DS   c t G t g G g a

Avocet S + Yr15

Avocet S

Genomic Sequence Consensus from parental  

Homoeologous Allelic

1AS   c t G t g G g a
1BS   c t T t g A g a              c t K t g R g a
1DS   c t G t g G g a

✓✗
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1DS   c t G t g G g a

Avocet S + Yr15

Avocet S

Genomic Sequence Consensus from parental  
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Susceptible bulk Resistant Bulk

1AS   c t G t g G g a
1BS   c t T t g A g a              c t K t g R g a
1DS   c t G t g G g a

c t G t g G g a
. . . . . . . .
. . T . . . . .
. . T . . . . .
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. . . . . A . .
. . T . . . . .
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181 184
c t G t g G g a
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. . T . . A . .
. . . . . . . .
. . . . . A . .
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181 184Position
Reference

Bulk&Frequency&Ratios

SNP&Index&184A:
1

8
= 0.125

6

8
= 0.75

Bulk&Frequency&Ratio:&&﻿﻿
0.75

0.125
= 6

✓✗
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Bulk&Frequency&Ratios
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S. Wang, et al (2014). Characterization of polyploid wheat genomic diversity using a high*density 90,000 SNP array. Plant Biotechnology Journal.
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BFRs&near&the&1B&centromere
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Selection&criteria
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UCW gene models

From Yr15
(11,230)

11,230

Candidate&selection

Putative&genes&with&SNP:&16,022&(17.01%)

AVS Yr15
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Target&SNP&in&1B

1DS

1BS

1AS
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PolyMarker:&Input
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PolyMarker:&Search&sequence
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PolyMarker:&Local&alignment

cgcatttGcgcgYgcgataccggcgcctKtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgYgcgataccggcgcctKtgAgaatatttgcagcgaaggcgtg

cgcatttGcgcgcgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgcgcgataccggcgcctTtgGgaatatttgc---gaaggcgtg

c--atttGcgcgTgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

SNP-1  A

SNP-1 B

IWGSC-1A  

IWGSC-1B      

IWGSC-1D      
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cgcatttGcgcgYgcgataccggcgcctKtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgYgcgataccggcgcctKtgAgaatatttgcagcgaaggcgtg

cgcatttGcgcgcgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgcgcgataccggcgcctTtgGgaatatttgc---gaaggcgtg

c--atttGcgcgTgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

-------------------------------&----------------------

SNP-1  A

SNP-1 B

IWGSC-1A  

IWGSC-1B      

IWGSC-1D      

SNP
non&homoeologous.

PolyMarker:&Candidate&SNP

✓
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PolyMarker:&Candidate&SNP

✓✗
cgcatttGcgcgYgcgataccggcgcctKtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgYgcgataccggcgcctKtgAgaatatttgcagcgaaggcgtg

cgcatttGcgcgcgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgcgcgataccggcgcctTtgGgaatatttgc---gaaggcgtg

c--atttGcgcgTgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

-------:-----------------------&----------------------

SNP-1  A

SNP-1 B

IWGSC-1A  

IWGSC-1B      

IWGSC-1D      

SNP
homoeologous,



The&Genome&Analysis&Centre

PolyMarker:&Genome&Semi*Specific

✓✗

✓

cgcatttGcgcgYgcgataccggcgcctKtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgYgcgataccggcgcctKtgAgaatatttgcagcgaaggcgtg

cgcatttGcgcgcgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgcgcgataccggcgcctTtgGgaatatttgc---gaaggcgtg

c--atttGcgcgTgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

-------:----c------------------&----------------------

SNP-1  A

SNP-1 B

IWGSC-1A  

IWGSC-1B      

IWGSC-1D      

semi%specific
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PolyMarker:&Genome&specific

cgcatttGcgcgYgcgataccggcgcctKtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgYgcgataccggcgcctKtgAgaatatttgcagcgaaggcgtg

cgcatttGcgcgcgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgcgcgataccggcgcctTtgGgaatatttgc---gaaggcgtg

c--atttGcgcgTgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

-------:----c---------------T--&----------------------

SNP-1  A

SNP-1 B

IWGSC-1A  

IWGSC-1B      

IWGSC-1D      

specific

✓✗

✓ ✓✓
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SNP-1  A

SNP-1 B

IWGSC-1A  

IWGSC-1B      

IWGSC-1D      

cgcatttGcgcgYgcgataccggcgcctKtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgYgcgataccggcgcctKtgAgaatatttgcagcgaaggcgtg

cgcatttGcgcgcgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

cgcatttAcgcgcgcgataccggcgcctTtgGgaatatttgcagcgaaggcgtg

cgcatttGcgcgTgcgataccggcgcctGtgGgaatatttgcagcgaaggcgtg

-------:----c---------------T--&----------------------

PolyMarker:&Selected&primer
Tested&with&Primer3

✓✗

✓ ✓✓

Ramirez*Gonzalez, R, et al. (2014). RNA*Seq bulked segregant analysis enables the
identification of high*resolution genetic markers for breeding in hexaploid wheat. Plant
Biotech. J, 12(9), 1–12.
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Genetic&Map

R19R21
R43

wms0413
R8Yr15R11

R5R16R22 Xbarc8
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A A A A A R H H H H H 1
A A A A A S H H H H H 1
A A A A A S A A H H H 1
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R5 R8R11

C A T

T A T

T G C

SNP haplotype

Intermediate SusceptibleResistant

- 6 16

- 11 -

79 1 -

Reaction to P. striiformis

Validation&on&113&UK&varieties
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4 lanes Illumina HiSeq 2000
RNA-Seq
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c) -SNPs between 
progenitors
-Ratio of alleles between 
bulks

Sequence Alignments

Bulk Frequency Ratios

Primer design

-NCBI Unigenes v60         
           56,954 genes
-Krasileva’s gene models 
           94,177 genes

BWA-0.5.9

bioruby-1.4.3
bioruby-samtools 0.6.1

blat-0.3.4
exonerate-2.2.0

MAFFT-7.055
primer3-2.3.4

-Homoeologous in 
IWGSC scaffolds
-Genome specific 
primer 

d)

KASP Assays 
Genetic map
Validation by breeders

SNP Markerse)

Resistant
R1: 70 ind.
R2: 67 ind.
R3: 50 ind.

Susceptible
S1: 15 ind.
S2: 17 ind.
S3: 13 ind.

 F1

b)

⊗
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