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Without Epistasis, Genetics Is Boring
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hybrids are strictly intermediate
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Epistasis in Developmental Genetics
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Epistasis as Evolutionary Magic
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Hybrid vigor – positive heterosis
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Bateson’s Epistasis (1909)
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Fisher’s Epistasis (1918)

Punnett’s review points out the earlier, different use by Bateson
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Epistasis as Evolutionary Disaster
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Hybrid weakness – negative heterosis
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Uk-1 Uk-3

How We Got Into Hybrid Weakness

Uk-1 Uk-3F1

Janne
Lempe

(MPI-PB)

Kirsten
Bomblies

(ETH)

Several similar cases
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Common Gene Expression Profiles in F1 Hybrids

100

10

1

0.1

Bla-1 Hh-0 F1 Mir-0 Se-0 F1 KZ10 Mrk-0 F1

Only overrepresented GO categories relate to immune response

Bomblies, Lempe et al. (2007)
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Rampant Cell Death as Cause of Growth Defects
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Only overrepresented GO categories relate to immune response

Bomblies, Lempe et al. (2007)
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Dangerous Microbes Are Everywhere! (Or Are They?)

Hypothesis: 

One genome recognizes 
something from the 
other genome as foreign 
(pathogen derived)
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Hybrid Necrosis – A Common Form of Hybrid Weakness

Hybrid necrosis in wheat

P F1 P P F1 P

Underlying defect: autoimmunity

100s of cases described by 
breeders and naturalists

(not in maize?)
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Extreme Negative Heterosis Can Underlie Speciation

aa bb

aa bb aa bb

AA bb aa BBhttp://wwwuser.cs.rose-hulman.
edu/~laxer/

Aa Bb

http:www.sportpony.com

(Bateson)
Dobzhansky-

Muller 
model
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Simple Genetics of Hybrid Necrosis
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*

DM1 Encodes an NLR Immune Receptor

reference
allele
(Col-0)

bad allele
(Uk-3)

good allele
(Uk-1)

DM1 sufficient & necessary for hybrid necrosis in Uk-1 background

duplicated NLR genes

20% aa differences 

Nucleotide
binding
site

Leucine rich
repeat

Receptor
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The Zigzag Model of Plant Immunity
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PTI – PAMP triggered immunity
ETI – effector triggered immunity
ETS – effector triggered susceptibility

NLRs

ETI
Jones 
& Dangl
2006
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But DM2 Encodes an NLR Immune Receptor as Well

A. lyrata

Col-0
reference

Uk-1 x Uk-3

Bla-1 x Hh-0

Ler x Kond*

10 kb

different NB-LRR clades

unrelated NB-LRR genes

*F2 incompatibility 
(Alcázar et al., 2009)
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With
Dangl
lab

Direct Interaction of DM1 and DM2
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Model:

Competition between 
homo- & heterodimers

àonly DM1/DM2d 
heterodimer is active

(but interaction not 
sufficient for signaling)

Tran et al. (2017)
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NLRs: Enzymes That Cycle Between ‘OFF’ and ‘ON’ States

‘OFF’ state

effector

ADP

intermediate
stateATP

Takken &
Tameling 2009

‘ON” state

Pi

ATP

ADP



© Detlef Weigel 202020/45

A Species-wide Survey of Hybrid Necrosis

not tested

hybrid 
necrosis 
classes

geographic origins

6,409 crosses (3,330 unique combinations)

Eunyoung 
Chae
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Chae et al. (2014)

~2% of F1s with hybrid necrosis
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*RPW8/HR shares coiled-coil domain with an NLR subclass

Multiple Pairs of RPP7 – RPW8/HR Interactions

Cristina
Barragan

Parent 1 Parent 2F1

Mrk-0 

Lerik1-3

ICE79

KZ10

Fei-0 

Don-0

RPW8/HR* RPP7

Barragan et al. (2019)
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*RPW8/HR shares coiled-coil domain with an NLR subclass

Multiple Pairs of RPP7 – RPW8/HR Interactions

Cristina
Barragan

Parent 1 Parent 2F1
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ICE79
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Fei-0 
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RPW8/HR* RPP7

Barragan et al. (2019)
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NLR-like Sequence Diversity at RPW8/HR
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Specific Interactions between RPP7 and RPW8/HR Proteins
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HR4Fei-0-HA
HR4Col-0-HA

RPP7b-FLAG
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HR4Col-0-HA

RPP7a-FLAG

Only between proteins encoded by
causal alleles of RPP7 and RPW8/HR

3-12% native PAGE

Lei Li

RPP7a-FLAG

Li et al. (2020)
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RPW8/HR4 Proteins: Potentially Direct Role in Defense
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Hypothesis: HR4Fei-0 Mimics an Effector-modified HR4Col-0

unknown effector

RPP7bHR4Col-0

HR4Fei-0
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A Wide Range of (Direct?) NLR Interactions

NBS-
ARC

TIR LRRCC

DM8a DM2DM2 DM7

DM1 DM8b DM6DM4

CCR

Potentially promiscuous NLR interactions limit
possible immune receptor combinations in single genotype
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Historical Selection Affected Frequency of Ne Genes 

Hybrid necrosis in wheat
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This could eventually lead to speciation
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Lessons

• Epistatic interactions in immune system are common

• Many translate into direct protein-protein interactions 

• Too much diversity at NLR & other immune loci can backfire

• Natural autoimmunity reveals new aspects of plant immune system

RPW8.1/HR4
RPW8.2/RPW8.3

HR1/HR2

R2 R1H1 H2 H3

H1 H2 H3 R2 R1R3

HR3

Ms-0

KZ10

Col-0

Wil-2

Bay-0

H1 H2 H3 H4

TueWa1-2

R3c

At3g50500

Erg2-6
H4R3

Ty-1

Wu-0

No-0

Nicas-1
R3a R1b H4R2a R3bR1a

H4

1 kb

TE

H1

H1

H1

H1

H1

H2 H3

H2 H3

H2 H3

H2 H3

H2 H3

H2 H3

H4

H4

H4

H4

HR4 typ
e

H4R3cR1a R3bR2a R1aR1bR3aH1 H2 H3 R3c’ R2b

At3g50510

Tagging SNPs



© Detlef Weigel 202031/45

0 20 40 60 65
0

20

40

TNLs

NLs
CNLs

RNLs

All

NLR Immune Receptor Genes Very Polymorphic

Anna-Lena
Van de Weyer
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Gene presence in 64 accessions

NLR sequence enrichment & 
PacBio sequencing

à analysis of >13k NLR genes
from 64 accessions

Felix
Bemm
(KWS)

With
Dangl & 
Jones labs

Van de Weyer et al. (2019)
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Why Are NLRs so Diverse? 

C. orientalisCapsella rubella

200 – 30 kya

C. grandiflora

Distance trees from whole-genome sequences

With Wright, 
Slotte & 
Neuffer labs

~1.8 mya

Daniel Koenig
(UCR)

Koenig et al. (2019)
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Why Are NLRs so Diverse? 

C. orientalisCapsella rubella

200 – 30 kya

C. grandiflora

With Wright, 
Slotte & 
Neuffer labs

~1.8 mya

Many trans-specific alleles

Daniel Koenig
(UCR)

Koenig et al. (2019)
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Nonrandom Distribution of Trans-Specific Alleles
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• Diversity within C. rubella
• Differentiation between C. rubella & C. grandiflora
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Nonrandom Distribution of Trans-Specific Alleles

0 14 Mb
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0
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Chromosome 2

• Diversity within C. rubella
• Differentiation between C. rubella & C. grandiflora

~2% of total genome

21 regions
9 overlap with NLR immune receptor genes
5 overlap with other immune genes incl. Pattern Recognition Receptors
Several of these with known function in A. thaliana
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Supported by Analysis of a Much More Diverged Species?

C. orientalisCapsella rubella

200 – 30 kya

C. grandiflora

Distance trees from whole-genome sequences

~1.8 mya
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Many Trans-Specific Alleles in C. orientalis as Well

Shared with both species

Shared with C. grandiflora

Shared with C. rubella

61,543 species-specific SNPs

9,911 trans-specific SNPs



© Detlef Weigel 202038/45

Maintenance of Same Immune Receptor Alleles
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Between different alleles in C. orientalis
Between different alleles in C. rubella
Between same allele in two species

Ancient Balanced Polymorphism at MLO2
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Only One Locus With Diversity in Alpine Ibex: MHC

Domestic goat

ibex MHC allele

goat MHC allele

Grossen et al., 
2014 & 2020

genome-
wide
tree
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But Why The Same Loci and Often Same Alleles?

CNL RPP7 SNC4 RLK30 TIR-X TNL RPS4 RPS8
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Blank

What drives immune system
diversification in the wild?
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Project Pathodopsis
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Flor’s Gene-for-Gene Model: Interspecific Epistasis

defense disease

Where are the Resistance genes of the host?
Where are the effector (Avr) genes of the pathogen?

Rebecca
Schwab

Gautam
Shirsekar

Avr+ Avr-
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diseasedefense

disease disease

pathogen
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Pathodopsis Campaign 2018
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Lessons Learned

• Hybrid necrosis loci often in clusters and with internal repeats

• Causal polymorphisms in coding regions

• Trade-off between defense and growth (danger of too many R genes)

• May promote or reduce outcrossing


