
Killer proteins 4 and 6 
from the fungal wheat pathogen 

Zymoseptoria tritici are toxic to fungi 
and structurally related 

to fungal effector families

1



Main advances in the study of fungal effector protein structures

Outram et al, Current Opinion in Plant Biology, 2022
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in powdery mildew

in M.oryzae

in Fulvia fulva

and Leptosphaeria maculans

in Fungi



Novel effectors
from Zymoseptoria tritici

a fungal pathogen of wheat

Could structural analysis
help classify these effectors ?
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MAX effectors
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Consensus	

Different	sequences	but	similar	fold	:	MAX	effectors	

Pyrenophora	tritici	repentis		

Sequence	alignments	based	on	the	structural	superposition		

Max effector (HMM search)

One candidate MAX in 
Zymoseptoria 

Low sequence similarity
Is it really a MAX effector ?

3D structure determination

Zt-MAX

Different primary sequences 
but similar structure 

(shared fold : MAX effectors)

de Guillen et al. PLoS Pathog. 2015. 27;11(10):e1005228.



Structural biology analysis
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Solid structure :
Crystals
Diffraction pattern
Phase solving
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Structure in solution :
protein dynamics



Both structures of Zt-MAX have an
α/β structure 

with tree stranded β-sheet
and two α-helices.
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3D structure of Zt-MAX



Both structures of Zt-MAX 
have an α/β structure 

with tree stranded β-sheet
and two α-helices.
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Zt-MAX is not a MAX effector. 

MAX effectors have a
β sandwich structure
of six antiparallel β 

strands.

3D structure of Zt-MAX



Zymoseptoria tritici effector protein NIP1 
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Zt-NIP1 a small secreted protein inducing wheat leaf necrosis 
expressed during infection: Candidate effector toxic to wheat

Zt-NIP1 

Ben M’ Barek et al., 2015, Fungal Genet Biol. 79:54-62. 

Necrosis-inducing activity of the ZtNIP1 
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Zt-NIP1 3D structure

Molecular replacement using 
alpha fold model
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X-RAY analysis

β5
β2

α1α2

β1

β3
β4

β7

β6

Nter
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NIP has an α/β structure 
seven β strands, 
two α helices 
and two disulphide bonds:

Structure 
solved



Structural homologs of Zt-NIP1 and Zt-MAX
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UmV-KP4 and UmV-KP6α are fungitoxic proteins 
of Ustilago maydis RNA virus (UmV) 

Zt-KP6-1Zt-KP4-1

Zt-NIP1  /  UmV-KP4
PDB: 8ACX PDB:1KPT

Zt-MAX  / UmV-KP6α
PDB:1KP6PDB: 6QPK

Zt-NIP1  Zt-KP4-1
Zt-MAX  Zt-KP6-1

RMSD: 2.5 Å
Z-Score: 6.7

RMSD: 2.4 Å
Z-Score: 7.3

Search using



What are UmV-KP4 and UmV-KP6?

Maize Smut Fungus 
(Ustilago maydis)

KP4 and KP6 killer toxins are encoded by different strains of
dsRNA virus (UmV) infecting Ustilago maydis, a fungal pathogen of maize

These virus encoded proteins are toxic to fungi
- Only non-infected U. maydis strains are sensitive to toxins
- Infected U. maydis are immune to the toxin they produce :

Killer phenotype: infected strains kill non-infected strains
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Are Zt-KP4-1 and Zt-KP6-1 
toxic to fungi ?
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Fungitoxicity assays

Zt-KP4-1 is fungitoxic
to both B. cinerea
and Z. tritici

Zt-KP6-1 is fungitoxic
to B. cinerea
Z. tritici is less 
susceptible 
(4-fold lower sensitivity
than B. cinerea)

No toxicity of 
Zt-KP4 and Zt-KP6-1 
to wheat leaves

Negative control : TOXA, phytotoxic effector from Parastagosospora nodorum
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Search for Zt-KP4 and Zt-KP6 like proteins in fungi

Iteration

+

Fungal 

secretome

≈700 000

proteins

Query:

experimental 

structures

Zt-KP4-1 or

Zt-KP6-1

v

v

families 

of related 

proteins

with  

structural 

homology 

to the query

Foldseek

HMM pattern
search (sequence)
+ TM-Align

Clustering

Check

structure

https://search.foldseek.com/search

families
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Search for Zt-KP4 and Zt-KP6 like proteins in fungi

Query



Search for Zt-KP4 and Zt-KP6 like proteins in fungi

Our search for KP6
138 proteins 

(30 families): FHAT

Our search for KP4
654 proteins 

(60 families): FHAT
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Seong K, Krasileva KV. Nat Microbiol. 2023, 8(1):174-187.

Derbyshire MC, Raffaele S. Nat Commun. 2023, 14(1):5244.
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Classification of fungal Zt-KP4 like proteins

PCA analysis using the structural distances between KP4 like proteins (Z-score DALI) 

Zt-KP4-1, -2, -3
are related
to ECP2
effector
family

Zt-KP4-1, -2, -3 are recent paralogs

9 Zt-KP4 like proteins in Zymoseptoria
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Classification of fungal Zt-KP6 like proteins

Colleto-KP6

A0A1J9QSS6_9EURO

A0A1E4RY46_CYBJN

A0A0W0C984_CANGB

A0A1E1M101_RHYSE

A0A1F8AGI7_9EURO
Q2H9X5_CHAGB

Zt-KP6-3

Zt-KP6-5

A0A6S6WCA4_9PLEO

M2SJA7_COCH5

ViKP6fam5

ViKP6fam23

UmV-KP6_alpha

ViKP6fam2

A0A1X2ISA0_9FUNG

UmV-KP6_beta

R7RXA0_STEHR

Avr-Lm6

SIX5

Avr-Lm10

Vi-Avr-Lm6

A0A317AKI4_9PLEO

A0A2G5HLK5_CERBT

F9FAC2_FUSOF

BAS4

Zt-KP6-4

ViKP6fam26

A0A4V3HRP1_9PEZI

M1W1H7_CLAP2

A0A135SXI2_9PEZI

0MJF4_FUSOX

ECP28-2

ECP28-3

ECP28-1

Zb-KP6-7

Zb-KP6-2
Zt-KP6-2

Zt-KP6-1_6QPK

Zt-KP6-1, -2
are related
to UmV-KP6

Zt-KP6-1, -2 are recent paralogs

7 Zt-KP6 like proteins in Zymoseptoria

PCA analysis using the structural distances between KP6 like proteins (Z-score DALI) 

Leptosphaeria
Avr-Lm10



Conclusions

The structures of two effectors of Zymoseptoria tritici
Zt-KP4-1           and             Zt-KP6-1

were characterized

Structural similarities to UmV Killer toxins 
suggested that these effectors were fungitoxic

This hypothesis was tested by in vitro growth assays :
Zt-KP4 and Zt-KP6-1 have antifungal activities 

Bioinformatics analysis, including Foldseek and HMM searches
showed that Zt-KP4 and Zt-KP6 like proteins 

are widespread in fungi
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Pespectives

Zt-KP4 and Zt-KP6-1 have antifungal activities 
Zt-KP4-1 and Zt-KP6-1 related proteins are widespread in fungi

What are the antifungal activities of fungal effectors
structurally related to Zt-KP4-1 and Zt-KP6-1 ?



Pespectives

Zt-KP4 and Zt-KP6-1 have antifungal activities 
Zt-KP4-1 and Zt-KP6-1 related proteins are widespread in fungi

What are the antifungal activities of fungal effectors
structurally related to Zt-KP4-1 and Zt-KP6-1 ?

Are they other fungal effectors with antimicrobial activities ?
YES: an increasing number

Ref Name Reported activity Organism groupOrganism Original paper

a015 CSαβ defensin Aclasin Antibacterial Fungus Aspergillus clavatus https://doi.org/10.3390/jof8101097

a016 CSαβ defensin AfusinC Antibacterial Fungus Aspergillus fumigatus https://doi.org/10.7717/peerj.6290

a107 LYS2 Antibacterial Fungus Coprinopsis cinerea https://doi.org/10.1371/journal.pone.0205509

a108 Copsin Antibacterial Fungus Coprinopsis cinerea https://doi.org/10.3389/fmicb.2018.02370

a109 CPP2 Antibacterial Fungus Coprinopsis cinerea https://doi.org/10.1038/s41598-017-15277-w

a006 Efe-AfpA Antifungal Fungus Epichloë festucae https://doi.org/10.1038/s41477-020-00799-5

a085 PAF Antifungal Fungus Fusarium polyphialidicum https://doi.org/10.1111/nph.18576

a086 NFAP2 Antifungal Fungus Neosartorya fischeri https://doi.org/10.1038/s41477-020-00799-5

a079 PAFC Antifungal Fungus Penicillium chrysogenum https://doi.org/10.1073/pnas.2110968118

a087 pafB Antifungal Fungus Penicillium chrysogenum https://doi.org/10.3390/jof6030141

a043 PdAfpB Antifungal Fungus Penicillium digitatum https://doi.org/10.1016/j.peptides.2012.10.016

a040 AfpA Antifungal Fungus Penicillium expansum https://doi.org/10.1186%2Fs13568-016-0250-8

a101 FUN_004580 Antibacterial Fungus Rosellinia necatrix https://doi.org/10.1038/s41598-018-20002-2

a102 FUN_011519 Antibacterial Fungus Rosellinia necatrix https://doi.org/10.1101/2023.04.10.536216

r001 UhRibo1 Antibacterial Fungus Ustilago hordei https://doi.org/10.1101/2023.04.10.536216

a050 VdAve1 Antibacterial Fungus Verticillium dahliae https://doi.org/10.1038/s41396-018-0293-8

a051 VdAve1L2 Antibacterial Fungus Verticillium dahliae https://doi.org/10.1038/s41396-018-0293-8

a052 VdAMP2 Antibacterial Fungus Verticillium dahliae https://doi.org/10.1038/s41396-018-0293-8

a053 VdAMP3 Antifungal Fungus Verticillium dahliae https://doi.org/10.1101/2023.04.19.537453

r010 Zt6 ribonuclease Antibacterial,Antifungal Fungus Zymoseptoria tritici https://doi.org/10.1111/nph.14786

o10 Fungal antimicrobial 1 Antibacterial,Antifungal Fungus Verticillium dahliae Unpublished
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What are the possible roles of 
Zt-KP4 and Zt-KP6-1 
in Z. tritici life cycle ? 
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Expression of Zt-KP6-1/2 during infection

0,0

50,0

100,0

150,0

200,0

250,0

300,0

350,0

400,0

PDB Day 1 Day 4 Day 9 Day 14 Day 21
Zt-KP6-2 Zt-KP6-1

Zt-KP6-1 and 2 are mainly expressed 
during the switch to necrotrophy
during fungal colonisation of leaves 

Zt-KP4 is mainly expressed during 
the switch to necrotrophy during
fungal colonisation of leaves 

Same pattern as Zt-KP6-1
(20-fold higher)
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Elimination of other fungi inside the leaves or on the leaf surface ?


