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Plant Pathogens

Bacteria Fungi Nematodes Viruses

Biotrophs Necrotrophs
(feed on living tissue) (feed on dead/dying tissue)

Generalists Specialists
Stem rust

Powdery mildew

Fusarium head blight Tan spot Septoria nodorum blotch



Septoria nodorum
blotch
 Parastagonospora nodorum
 Class: Dothideomycetes
 Infect leaves and glumes
 Infection -> cell death (necrosis) -> loss in 

photosynthetic capacity -> yield loss
 >50% yield losses are possible
 Produce necrotrophic effectors (NEs) 

(host-selective toxins)
 Dominant host genes recognize NEs, 

leads to host-induced programmed cell 
death and disease

 Inverse gene-for-gene
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The known interactions
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(Faris Lab)
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Genetic dissection of host gene-NE interactions
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for reaction to the NE
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Cloning the Genes
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Tsn1-ToxA

1996

1987

Tsn1-ToxA in wheat-
tan spot system

2006

Tsn1-ToxA in wheat-Septoria nodorum
blotch system

2019
Tsn1-ToxA in wheat-spot blotch 
system



Map-based cloning of Tsn1
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Effector sensitivity genes cloned

Tsn1 = PK-NLR

LOV1 = NLR

Pc = NLR
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Map-based cloning of Snn1
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Tsn1 vs Snn1

Tsn1 = NLR 
• In plant-biotroph systems, recognition of effectors by NLRs activates 

effector-triggered immunity (ETI)
• P. nodorum uses ToxA to subvert Tsn1 to activate ETI pathway

Snn1 = RLK (WAK) 
• In plant-biotroph systems, recognition of PAMPs by RLKs activates PAMP-

triggered immunity (PTI)
• P. nodorum uses SnTox1 to subvert Snn1 to activate PTI pathway
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Genetic mapping of Snn3-B1 and Snn3-D1
 Sensitivity to SnTox3 mapped to 5BS in hexaploid 

wheat and 5DS in Ae. tauschii
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Snn3-D1 structure and validation

Protein Kinase domain MSP domain
(Major Sperm 
Protein) 

5’ ATG 3’ TGA

Genomic sequence: 1,977 bp
Protein: 492 amino acids

EMS-induced point mutations

Zengcui 
Zhang



Cloning Snn3-B1
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Cloning Snn3-B1
Wheat TILLING resources (Krasileva et al. 2017)
• Cadenza (hexaploid): sequenced 1,200 EMS mutants
• Kronos (tetraploid): sequenced 1,535 EMS mutants

Kronos

Cadenza

Ordered and tested 13 
Cadenza mutants:

• 9 were completely 
insensitive or 
segregating for 
reaction to SnTox3 
infiltrations 

Zengcui 
Zhang

Katherine 
Running

Snn3



Cloning Snn3-B1
• We previously developed 13 SnTox3-insensitive mutants in wheat line 

Sumai3 (Shi et al. 2015).

• Sequencing of Snn3-B1 from the mutants indicated that NONE of them 
had mutations within the Snn3-B1 coding region.

cM Loci
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Screened 176 F2 plants:
174 sensitive : 2 insensitive

Suggesting different genes!
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What is the SnTox3 sensitivity gene in Sumai3?

• MutChromSeq (Sánchez-Martín et al. 2016)

• Jaroslav Doležel Lab

Chromosome sorting (5B) from wt and each mutant

Sequencing and assembly

Sequence comparisons to identify SNPs within common scaffolds

Snn3-B2



Snn3-B2

• PK-MSP
• 77% identity to Snn3-B1
• Located about 1 Mb distal to Snn3-B1

5B 5D

Snn3-D1Snn3-B1
Snn3-B2 Snn3-D1

Snn3-B2Snn3-B1
77%

Zengcui 
Zhang

Katherine 
Running



Tsn1 vs Snn1 vs Snn3

Tsn1 = NLR 
• In plant-biotroph systems, recognition of effectors by NLRs activates 

effector-triggered immunity (ETI)
• P. nodorum uses ToxA to subvert Tsn1 to activate ETI pathway

Snn1 = RLK (WAK) 
• In plant-biotroph systems, recognition of PAMPs by RLKs activates PAMP-

triggered immunity (PTI)
• P. nodorum uses SnTox1 to subvert Snn1 to activate PTI pathway

Snn3 = PK-MSP
• ???
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 Jon Richards: found structural similarities 
between SnTox3 and SnTox5

Molecular cloning of Snn5
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Molecular cloning of Snn5
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Gene Comparisons



Four-gene comparison: Structure
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Four-gene comparison: Functional domains
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Three-gene comparison: Expression patterns
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Function of the interactions in disease 
expression

 Evaluated expression of disease conferred by compatible 
gene-for-gene interactions
 Mapping population segregated for four NE sensitivity genes 

(Tsn1, Snn1, Snn3, Snn5)

 Inoculated population with pathogen isolates that produced 
various combinations of NEs (ToxA, Tox1, Tox3, Tox5)

 Used regression to determine the role of individual interactions 
in disease development

 RNAseq and RT-qPCR to look at expression of NEs
Amanda 
Peters Haugrud



Variable expression of Snn1-Tox1 and Snn5-
Tox5 in the presence/absence of Tsn1-ToxA
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Variable expression of Snn1-Tox1 and Snn5-
Tox5 in the presence/absence of Tsn1-ToxA
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Takeaways regarding the function of 
the interactions in disease expression

 The effects of compatible interactions on disease vary 
depending on the isolate and host genotype

 Effects range from additive to epistatic
 The effects of some interactions can be masked or inhibited 

by others

 Regulation of interaction expression occurs at the level of 
NE gene transcription

 The pathogen may harbor a repertoire of NE genes but 
express mainly those that have the corresponding host 
sensitivity gene present
 i.e. the pathogen probably does not waste energy 

expressing NE genes that will not lead to host cell death



Molecular Model



Model
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CRISPR/Cas9 disruption of susceptibility 
genes: Tsn1

Fielder
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Caveats for Breeding

 NE sensitivity genes might also act as ‘R’ genes for 
resistance to biotrophic pathogens or insect pests
Example: The oat victorin sensitivity gene (NLR) 

(Lorang et al. 2007) confers susceptibility to Victoria 
blight and resistance to crown rust

Breeding for resistance to one disease could result in 
susceptibility to another



Caveats for Breeding

When breeding and introgressing material from 
uncharacterized sources…

May result in the incorporation of susceptibility genes inadvertently



Summary

 P. nodorum tricks its host (wheat) into inducing cell death through 
recognition of NEs by sensitivity genes

 The cloning of four sensitivity genes reveals three classes – thus the 
pathogen can target diverse host targets

 Host gene composition, light-regulated expression, epistasis and 
additive effects among interactions, and NE gene regulation all 
contribute to disease expression

 Resistance can be obtained through marker-assisted elimination 
(MAE) of sensitivity genes or gene editing
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