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Cooperative Scab Nurseries

• Eastern Cooperative Nurseries:
• Northern Uniform Scab Nursery (Blue, Red)

• Preliminary Northern Uniform Scab Nursery (Blue, Red)

• Southern Uniform Scab Nursery (Green, Red)

• Public and private breeding effort
• Facilitate germplasm exchange 
• Identify new sources of Scab resistance



• Assay samples with trait related markers 
• Evaluated FHB nurseries since 2008
• Added markers for QTL from SRWW 

cultivars
• Genome-wide marker data

Eastern Regional Genotyping Lab

Eastern Wheat SNP Database
5635 Cultivars and Experimental Lines

650,543 GBS SNP

Genome-Wide Marker Data 

2014-2017 
Northern FHB 

342 lines 25,770 SNP

2011- 2017 
Southern FHB

325 lines 25,581 SNP

Combined Southern 
and Northern 

Nurseries 
632 lines 26,672 SNP

0
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• Linear mixed model for phenotypic data analysis:

• μ= Overall mean
• E= Effect of Environment

• Genotype/Variety was fixed and the other effects random

• BLUE: Overall mean plus the genotypic effect was used in the genomic 
selection model

Phenotypic Summary Regional Nurseries

y = μ + E+ G + ε

Nursery North South Combined North South Combined North South Combined
No. Env 68 68 136 42 49 91 32 35 67
No. Records 3536 3735 7271 2208 2696 4904 1696 1903 3599
Mean 30.3 30.8 30.56 29.4 30.1 29.1 8.73 10.1 9.5
H2 0.26 0.3 0.29 0.2 0.33 0.27 0.31 0.38 0.37

Severity (%) FDK (%) DON (ppm)



• Materials and method

• Plant Material:
• NUWWSN- PNUWWSN 2014-2017 (342 genotypes)
• SUWWSN 2011-17 (325 genotypes)
• Combined regional nurseries (625 genotypes)

• Mixed Model: (Q + K) (Yu et al., 2006)

• 𝐲𝐲 = 𝐗𝐗𝐗𝐗 + 𝐐𝐐𝐐𝐐 + 𝐙𝐙𝐙𝐙 + 𝐞𝐞
• Software for AM: GAPIT  R Package

Association Mapping



Population Structure in the Regional Nurseries

The translocation 2BS:2GS·2GL:2BL from Triticum timopheevii was the main driver of 
subpopulation differentiation identified from PCA.

Translocation 
Absent 

Translocation 
Present 



Population Structure in the Regional Nurseries

Principal component analysis after remove chromosome 2B

13/30  from 
MO



Association mapping Severity
North

Combined

Fhb1
MAF: 0.14
α: -3.25

S6B_463124648
MAF: 0.48
α: -2.54

Fhb1
MAF: 0.15
α: -1.25

S7D_162102075
MAF: 0.11
α: -3.62

S7D_162102075
MAF: 0.10
α: -3.79



Combined

South

Association mapping DON

S2A_546531428
MAF: 0.07
α: 2.1

S2A_546531428
MAF: 0.07
α: 2.0

S7D_162102075
MAF: 0.11
α: -2.0



Genomic selection

• Plant breeding tool that uses statistical modeling to predict how a 
genotype will perform, without field-testing

• How does GS work?

• Prediction model to integrate Phenotypic and Genotypic Data (RR-BLUP)
y = Xb + Zu + e

Adapted from Heffner,et al. 2009.Genomic 
selection for crop improvement. Crop 
Science, 49: 1-12.

Training 
Population

Pheno & 
Genotyping

Make
Selections

Calculate
GEBVs

Selection 
candidates Genotyping
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Prediction Ability FHB Uniform Scab Nurseries

DON SEVERITYFDK

10 Fold Cross Validation- 500 cycles                      Pred Ability: ρ(GEBV/BLUE)



Prediction of independent sets

Comparison of predictions within and between regional Scab nurseries

Training Population 
Combined 11-16 

SUWWSN 2017

PNUWWSN and 
NUWWSN 2017

Training Population 
SUWWSN 2011-16

SUWWSN 2017

Training Population 
PNUWWSN-

NUWWSN 2014-16

PNUWWSN and 
NUWWSN 2017

The procedure was repeated to predict 1 year at a time for year 2014-15-16-17
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BLUEs vs GEBVs

NUWWSN

Training Pop  
2014-15-17

Validation 
Set = 2016

G
EB

Vs

BLUEs

FDK Northern FHB 2016

ρ: 0.46



BLUEs vs GEBVs

40 % selection 
intensity from 
GEBVs

20 % selection 
intensity from 
BLUEs

9 of top 10 lines 
were captured

NUWWSN

Training Pop  
2014-15-17

Validation 
Set = 2016



BLUEs vs GEBVs

70% were 
captured

NUWWSN

Training Pop  
2014-15-17

Validation 
Set = 2016

DON Northern FHB 2016

SEV Northern FHB 2016

ρ: 0.36

ρ: 0.42



Parental Selection for FHB resistance

Field 
evaluation KASP Fhb 

Resistance
Population 

development

MAS approach:

Variety
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NC14-23373 15.0 1 26.0 10 13.1 36 Fhb1 yes yes het yes no no no no no no no
JAMESTOWN 16.0 2 21.0 3 5.6 1 no yes yes no no yes no no no no no no

BESS 17.0 3 12.0 1 6.6 7 no yes yes no no no no yes no yes no no
VA07MAS1-7047 17.0 3 38.0 30 13.8 40 no no yes no no yes no no het no no no
ARLA06146E-1-4 19.0 5 27.0 11 7.5 7 no yes yes no no yes no no no no no no

NC14-23372 19.0 5 28.0 13 9.2 17 Fhb1 yes yes no yes no yes no no no no no
ARLA07133C-19-4 20.0 7 24.0 7 10.6 27 no no yes no no no no no no no no no

NC13-20076 21.0 8 22.0 5 5.7 1 no het no no ND no no no no no no no
VA13W-38 23.0 12 41.0 37 7.9 12 no no yes no no yes no no no no no no

……
NC13-23443 33.0 37 36.0 28 6.2 1 no no yes no no no no no no no no no

DH11SRW061-16 33.0 37 30.0 18 9.8 25 no no no yes no no no no no no no no
AR08057-5-1 34.0 42 43.0 39 9.3 17 no no no no no het no no no no no no

GA09410-16ES22 34.0 42 40.0 34 15.1 41 no no no het no no no no no no no no
VA14W-32 36.0 44 43.0 39 16.7 45 no no no yes no no no no no no no no



Parental Selection for Fhb resistance

GEBVs Simulation Population 
development

Genomic approach (PopVar): • TP SUWWSN 2011-16
• Set: SUWWSN 2017
• # Parents: 50
• Possible crosses: 1035
• 5000 markers
• PopSeq linkage map

SEV FDK DON
Parent 1 Parent 2 Rank Pop µ G Var µ best 10% Rank Pop µ G Var µ best 10% Rank Pop µ G Var µ best 10%
NC13-20076 VA13W-38 1 17.2 11.6 11.3 2 15.9 8.5 10.8 173 5.8 1.9 3.3
BESS NC13-20076 2 20.3 17.3 13.1 1 15.9 9.7 10.5 112 6.0 2.9 3.0
NC13-20076 VA07MAS1-7047 3 19.0 11.5 13.1 7 16.9 7.5 12.2 236 5.9 1.7 3.7
BESS VA13W-38 4 19.4 11.6 13.5 3 16.8 10.7 11.0 155 6.4 3.1 3.3
LES15-5369 VA13W-38 5 20.5 13.0 14.2 71 21.5 10.3 15.8 187 6.4 3.1 3.4
NC13-20076 NC14-23373 6 21.4 16.1 14.5 14 17.4 6.3 13.0 99 5.3 1.9 2.9
GA09163-16ES19 VA13W-38 7 21.7 17.0 14.6 163 24.2 12.4 18.1 813 10.1 3.0 7.1
NC13-20076 NC14-23372 8 21.5 15.0 14.8 25 18.0 6.3 13.6 92 5.1 1.7 2.8
ERNIE NC13-20076 9 22.7 20.0 15.0 10 18.3 9.8 12.9 169 6.4 3.2 3.3
LW08049C-74-2-5 VA13W-38 10 20.1 8.5 15.0 19 18.1 8.0 13.2 35 4.8 2.4 2.1

Mean 33.8 15.3 27.1 29.1 11.7 23.2 8.8 4.0 5.4

PopVar: Mohammadi et al. 2015. 
Data Courtesy Jeanette Lyerly and 
Paul Murphy



• Association Mapping:
• Identified regions know to harbor Scab resistance genes (Fhb1)
• New candidate regions to further study  

• Genomic Selection:
• Mean model predictive ability

• Severity: 0.61
• FDK: 0.56
• DON: 0.59
• Incidence: 0.45
• Index: 0.56
• ISK: 0.59

• Parental Selection:
• Complementary genomic tool to incorporate in population development

Concluding Remarks
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Cooperative Scab Nurseries

Eastern Cooperative Nurseries:

Northern Uniform Scab Nursery  (Blue, Red)

Preliminary Northern Uniform Scab Nursery (Blue, Red)

Southern Uniform Scab Nursery  (Green, Red)



Public and private breeding effort

Facilitate germplasm exchange 

Identify new sources of Scab resistance











Assay samples with trait related markers 

Evaluated FHB nurseries since 2008

Added markers for QTL from SRWW cultivars

Genome-wide marker data



Eastern Regional Genotyping Lab



Eastern Wheat SNP Database

5635 Cultivars and Experimental Lines

650,543 GBS SNP

Genome-Wide Marker Data 



2014-2017 

Northern FHB 

342 lines 25,770 SNP



2011- 2017 

Southern FHB

325 lines 25,581 SNP





Combined Southern and Northern Nurseries 

632 lines 26,672 SNP







Filter, Impute, Subset





QTL frequency



Northern	RhtB1	RhtD1	PpdD1	Fhb1	Fhb1ANeuse	Fhb1BJamestown	Fhb2BBess	Fhb3BBess	Fhb4ANeuse	Fhb5AErnie	Fhb6ANeuse	FhbMassey3BL	0.44179104477611941	0.33633633633633636	0.43312101910828027	0.14899999999999999	0.45535714285714285	0.32934131736526945	6.2130177514792898E-2	5.8823529411764705E-2	0.25454545454545452	0.12883435582822086	0.11009174311926606	7.5301204819277115E-2	Southern	RhtB1	RhtD1	PpdD1	Fhb1	Fhb1ANeuse	Fhb1BJamestown	Fhb2BBess	Fhb3BBess	Fhb4ANeuse	Fhb5AErnie	Fhb6ANeuse	FhbMassey3BL	0.31847133757961782	0.421875	0.39072847682119205	0.15	0.39687499999999998	0.39937106918238996	1.2307692307692308E-2	1.5479876160990712E-2	0.4779874213836478	6.8965517241379309E-2	0.16770186335403728	6.6037735849056603E-2	







Linear mixed model for phenotypic data analysis:





μ= Overall mean

E= Effect of Environment













Genotype/Variety was fixed and the other effects random



BLUE: Overall mean plus the genotypic effect was used in the genomic selection model

Phenotypic Summary Regional Nurseries

y = μ + E+ G + ε
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Materials and method



Plant Material:

NUWWSN- PNUWWSN 2014-2017 (342 genotypes)

SUWWSN 2011-17 (325 genotypes)

Combined regional nurseries (625 genotypes)



Mixed Model: (Q + K) (Yu et al., 2006)



Software for AM: GAPIT  R Package



Association Mapping
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Population Structure in the Regional Nurseries

The translocation 2BS:2GS·2GL:2BL from Triticum timopheevii was the main driver of subpopulation differentiation identified from PCA.

Translocation 

Absent 

Translocation 

Present 















Population Structure in the Regional Nurseries

Principal component analysis after remove chromosome 2B



13/30  from MO









Association mapping Severity

North

Combined



Fhb1

MAF: 0.14

α: -3.25    



S6B_463124648

MAF: 0.48

α: -2.54



Fhb1

MAF: 0.15

α: -1.25    

S7D_162102075

    MAF: 0.11

    α: -3.62





S7D_162102075

    MAF: 0.10

    α: -3.79









Combined

South





Association mapping DON

S2A_546531428

 MAF: 0.07

 α: 2.1



S2A_546531428

    MAF: 0.07

    α: 2.0



S7D_162102075

    MAF: 0.11

    α: -2.0









Genomic selection

Plant breeding tool that uses statistical modeling to predict how a genotype will perform, without field-testing

How does GS work?

















Prediction model to integrate Phenotypic and Genotypic Data (RR-BLUP)

y = Xb + Zu + e

Adapted from Heffner,et al. 2009.Genomic selection for crop improvement. Crop Science, 49: 1-12.

Training Population

Pheno & Genotyping

Make

Selections

Calculate

GEBVs

Selection candidates

Genotyping

Train GS model





Covariates that can be related with the use of markers linkage to QTL or causal genes or the addition of some other covariates

10





0.56

0.62

0.54

0.60

0.56

0.51

0.64

0.54

0.58

Prediction Ability FHB Uniform Scab Nurseries

DON

SEVERITY

FDK



10 Fold Cross Validation- 500 cycles                      Pred Ability: ρ(GEBV/BLUE)





Prediction of independent sets

Comparison of predictions within and between regional Scab nurseries

The procedure was repeated to predict 1 year at a time for year 2014-15-16-17
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Training Population 

PNUWWSN-NUWWSN 2014-16





PNUWWSN and NUWWSN 2017

















Training Population 

Combined 11-16 





SUWWSN 2017





PNUWWSN and NUWWSN 2017





















Training Population 

SUWWSN 2011-16





SUWWSN 2017

















DON

SEVERITY

FDK

NUWWSN

PNUWWSN

SUWWSN

FHB Prediction by Combining Scab Nurseries

NUWWSN

PNUWWSN

SUWWSN

Validation Set

TP







BLUEs vs GEBVs



NUWWSN



Training Pop  2014-15-17



Validation Set = 2016

GEBVs

BLUEs

FDK Northern FHB 2016

ρ: 0.46







BLUEs vs GEBVs

40 % selection intensity from GEBVs

20 % selection intensity from BLUEs

9 of top 10 lines were captured

NUWWSN



Training Pop  2014-15-17



Validation Set = 2016





DON: deoxynivalenol
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BLUEs vs GEBVs

70% were captured



NUWWSN



Training Pop  2014-15-17



Validation Set = 2016

DON Northern FHB 2016

SEV Northern FHB 2016

ρ: 0.36

ρ: 0.42





Parental Selection for FHB resistance

MAS approach:







Field evaluation





KASP Fhb Resistance





Population development

















Parental Selection for Fhb resistance

Genomic approach (PopVar):

TP SUWWSN 2011-16

Set: SUWWSN 2017

# Parents: 50

Possible crosses: 1035

5000 markers

PopSeq linkage map



PopVar: Mohammadi et al. 2015. 

Data Courtesy Jeanette Lyerly and Paul Murphy





GEBVs





Simulation





Population development

















Association Mapping:

Identified regions know to harbor Scab resistance genes (Fhb1)

New candidate regions to further study  

Genomic Selection:

Mean model predictive ability

Severity: 0.61

FDK: 0.56

DON: 0.59

Incidence: 0.45

Index: 0.56

ISK: 0.59

Parental Selection:

Complementary genomic tool to incorporate in population development











Concluding Remarks
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* Plant Material:
* NUWWSN- PNUWWSN 2014-2017 (342 genotypes)
* SUWWSN 2011-17 (325 genotypes)
* Combined regional nurseries (625 genotypes)

* Mixed Model: (Q + K) ..o
* y=XB+Qv+Zu+e
e Software for AM: GAPIT R Package






image10.png

40

PC2- (%Var 4.4)

40

0

2

PC1- (%Var 5.9)

*0%k142

* Both * North * South

50

75







image11.png

40

PC2- (%Var 4.4)

40

0

2

PC1- (%Var 5.9)

*0%k142

* Both * North * South

50

75







image12.png

PC2- (%Var 3.3)

50

40 40

5
PC1- (%Var 4.8)

* Both * North * South







image13.png

PC2- (%Var 3.3)

50

40

s
PC1- (%Var 4.8)

* Both * North * South

40







image14.png

~login(p)

10

Model: Q +K

1A 1B 1D 2A

2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D

Chromosome






image15.png

~login(p)

Model: Q +K

1B 1D 2A

28 2D

3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D

Chromosome






image16.png

~logio(p)

Model: Q +K

1A

1B 1D 2A

2B 2D 3A

48 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D

3B 3D 4A

Chromosome






image17.png

~logio(p)

Model: Q +K

1A

1B 1D 2A

2B 2D 3A

3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D

Chromosome






image18.png

0.85

0.80

0.75

0.70

0.65

0.60

0.55

0.50

Pred Ability

0.45

0.40

0.35

0.30

0.25

0.20

FDK

SV

Combined

North

South

Combined North South

Combined

North

South

1 pred Abilty
PredAbility






image19.png

DON FDK SV NUSN_PNU
IINUSN_PNU_SUSN
SUSN

0.7
0.6

0.5
0.4
0.3
0.2
I
0.0

0.7
0.6

0.5
0.4
0.3
0.2
0.1
0.0

0.7
0.6

0.5
0.4
0.3
0.2
I
0.0

2014 2015 2016 2017 2014 2015 2016 2017 2014 2015 2016 2017
Year

NSMAON

Predictive ability
NSMAIING

NsmmnS







image20.png

0

GEBVs

FDK NUWWSN 2016

2

P W45
. . '
. o % °
® o o o o
.
e o . e
° FRESDOM
. . .
. .
.
. .
° .
.
.
° TRUMAN °
.
EFBIE
. [ 34
50

10

= 0 20
BLUEs







image21.png

P

GEBVs

FDK NUWWSN 2016

° TREMAN|
[
EFRIE
. (L
.
10 30 40
BLUES

@ Pheno ® Both ® GEBV © None







image22.png

125

GEBVs

DON NUWWSN 2016

10.0

50

ERBIE

10

BLUEs

@ Pheno ® Both ® GEBV

None







image23.png

Severity NUWWSN 2016

TRUMAN

* ® e

L]
20

10

BLUEs

@ Pheno ® Both ® GEBV © None






image24.emf

Variety


Sev mean 


Sev Rank


FDK mean


FDK Rank


DON mean


DON rank


Fhb1


Fhb_1A_Neuse


Fhb_1B_James


town


Fhb_4A_Neuse Fhb_6A_Neuse


Fhb_6A_James


town


Fhb 5A Ernie


Fhb_2B_Bess


Fhb Massey 


3BL


Fhb_3B_Bess


Fhb 2DL 


Wuhan 1/W14


Fhb 5A Ning 


NC14-23373 15.0 1 26.0 10 13.1 36 Fhb1 yes yes het yes no no no no no no no


JAMESTOWN 16.0 2 21.0 3 5.6 1 no yes yes no no yes no no no no no no


BESS 17.0 3 12.0 1 6.6 7 no yes yes no no no no yes no yes no no


VA07MAS1-7047 17.0 3 38.0 30 13.8 40 no no yes no no yes no no het no no no


ARLA06146E-1-4 19.0 5 27.0 11 7.5 7 no yes yes no no yes no no no no no no


NC14-23372 19.0 5 28.0 13 9.2 17 Fhb1 yes yes no yes no yes no no no no no


ARLA07133C-19-420.0 7 24.0 7 10.6 27 no no yes no no no no no no no no no


NC13-20076 21.0 8 22.0 5 5.7 1 no het no no ND no no no no no no no


VA13W-38 23.0 12 41.0 37 7.9 12 no no yes no no yes no no no no no no


……


NC13-23443 33.0 37 36.0 28 6.2 1 no no yes no no no no no no no no no


DH11SRW061-16 33.0 37 30.0 18 9.8 25 no no no yes no no no no no no no no


AR08057-5-1  34.0 42 43.0 39 9.3 17 no no no no no het no no no no no no


GA09410-16ES22 34.0 42 40.0 34 15.1 41 no no no het no no no no no no no no


VA14W-32 36.0 44 43.0 39 16.7 45 no no no yes no no no no no no no no
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SEV FDK DON


Parent 1 Parent 2


Rank


Pop µ


G Varµ best 10%Rank


Pop µ


G Varµ best 10%Rank


Pop µ


G Varµ best 10%


NC13-20076 VA13W-38


1 17.2 11.6 11.3 2 15.9 8.5 10.8 173 5.8 1.9 3.3


BESS NC13-20076


2 20.3 17.3 13.1 1 15.9 9.7 10.5 112 6.0 2.9 3.0


NC13-20076 VA07MAS1-7047


3 19.0 11.5 13.1 7 16.9 7.5 12.2 236 5.9 1.7 3.7


BESS VA13W-38


4 19.4 11.6 13.5 3 16.8 10.7 11.0 155 6.4 3.1 3.3


LES15-5369 VA13W-38


5 20.5 13.0 14.2 71 21.5 10.3 15.8 187 6.4 3.1 3.4


NC13-20076 NC14-23373


6 21.4 16.1 14.5 14 17.4 6.3 13.0 99 5.3 1.9 2.9


GA09163-16ES19 VA13W-38


7 21.7 17.0 14.6 163 24.2 12.4 18.1 813 10.1 3.0 7.1


NC13-20076 NC14-23372


8 21.5 15.0 14.8 25 18.0 6.3 13.6 92 5.1 1.7 2.8


ERNIE NC13-20076


9 22.7 20.0 15.0 10 18.3 9.8 12.9 169 6.4 3.2 3.3


LW08049C-74-2-5VA13W-38


10 20.1 8.5 15.0 19 18.1 8.0 13.2 35 4.8 2.4 2.1


Mean 33.8 15.3 27.1 29.1 11.7 23.2 8.8 4.0 5.4




image26.png









R





