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La septoriose du blé (Zymoseptoria tritici) 
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•  Maladie la plus fréquente 
chez le blé 

•  Baisse des rendements 
de 15 à 20% 
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•  Contrôle par fongicides 

•  Résistances contournées 



RenKSeq: Genèse 

1-	Criblage	d’un		
panel	de	diversité	

2-	Iden2fica2on	de		
varietés	résistantes	

3-	Muta2ons		
aléatoires	(EMS)	

✗	

✗	

✗	

✗	

✗	

✔	
4-	Iden2fica2on	des		
mutants	sensibles	
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✗	

✗	

✗	

✗	

✗	

✗	

✗	 ✔	
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RenKSeq: Genèse 

✔	
5-	Iden2fica2on	de	la	
muta2on	causale	
Sauvage:	ACAGTAG	
	Mutant:	ACATTAG	
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✔	
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RenKSeq: Accès à la mutation causale 

Deux grand types de gènes de résistance: 
•  1- Récepteurs exposés en surface cellulaire (RLK-RLP) 
•  2- Récepteurs d’effecteurs spécifiques (NBS-LRR) 
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•  Stb16 est une RLK 
•  Snn1 est une WAK 
•  … 
-> ciblage des RLKs 

Yadeta	and	Thomma	2013	
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RenKSeq: Ciblage du « RLK-ome » 
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Shiu	and	Bleeker	2001	

Adapté	de	Sakamoto	et	al.	2012	

Aegilops	tauschii	925	RLKs		(Luo	et	al.	2017)		

and algae. With the cutoff E value of 1 ! 10"10, more than 900
nonredundant sequences were retrieved. The most recent survey
of the completed Arabidopsis genome revealed 620 sequences
related to RLKs. Ten of these sequences showed greatest
sequence similarity to the Raf kinase family. For the remaining
610 Arabidopsis sequences, 193 did not have an obvious receptor
configuration as determined by the absence of putative signal
sequences and!or transmembrane regions (see supporting in-
formation). The other 417 genes with receptor configurations
can be classified into more than 21 structural classes by their
extracellular domains with examples shown in Fig. 1. The sizes
of these classes varied greatly. The leucine-rich repeat (LRR)
containing RLKs represented the largest group in Arabidopsis
with 216 genes.

To determine whether RLKs with similar extracellular do-
mains also have similar kinase domains, the polypeptide se-
quences of the kinase domains of all 620 Arabidopsis genes were
aligned, and a phylogenetic tree was generated with the Neigh-
bor–Joining method (28) using APH(3#)III as outgroup (see

supporting information for the complete alignment).
APH(3#)III is a bacterial gene that is thought to be a distant
relative of ePK (30). The phylogeny of Arabidopsis kinase
domain sequences revealed an interesting pattern where the
sequences clearly fell into distinct clades (see supporting infor-
mation for the phylogenetic tree). We have tentatively assigned
these natural groups into 44 different RLK subfamilies based on
the kinase domain phylogeny (see supporting information for the
subfamily assignment). A noteworthy feature of the pattern
obtained is that the members within each of the RLK subfamilies
tend to have similar extracellular domains, indicating that a
single domain-shuffling event may have led to the founding of
each of the various RLK subfamilies. For example, the diverse
LRR-containing RLKs fell into more than 13 subfamilies based
on kinase-domain phylogeny. With few exceptions, the pattern
obtained is consistent with the grouping based on the structural
arrangement of LRRs and the organization of introns in the
extracellular domains of the individual RLKs (data not shown).
Phylogenetic trees were also generated using minimum evolution
and maximum parsimony criterions. The results were similar to
phylogeny generated with the Neighbor–Joining method (data
not shown).

The Relationship Between RLKs and Other Families of Protein Kinases
from Arabidopsis. Despite the similar domain organization be-
tween different plant RLKs, the phylogenetic relationships
among members of this family have not been thoroughly studied.
Members of the RLK family could have arisen independently
multiple times from distinct families of ePKs. Alternatively, they
could have originated from a single ePK family and have a
monophyletic origin. To address this question, we conducted a
phylogenetic analysis by using the kinase domain amino acid
sequences of representative RLK sequences from each RLK
subfamily and representatives from different ePK families found
in Arabidopsis.

In the phylogeny based on minimal evolution criterion, all
RLK representative sequences from Arabidopsis formed a well
supported clade, indicating that RLKs have a monophyletic
origin within the superfamily of plant kinases (Fig. 2). In addition
to RLK sequences, this monophyletic group also included ki-
nases with no apparent signal sequence or transmembrane
domain, and they were collectively named receptor-like cyto-
plasmic kinases (RLCKs, Fig. 1). Some of these kinases formed
subfamilies distinct from other RLKs, whereas others were
embedded within several different RLK subfamilies. To deter-
mine whether the monophyletic grouping of the RLK family
represented a bias because of the exclusive use of Arabidopsis
sequences, an extended analysis was conducted using RLK
sequences from plants other than Arabidopsis. The sequences
analyzed all fell into the same clade as Arabidopsis RLKs (data
not shown).

Among the ePK families found in Arabidopsis, Raf kinases
were paraphyletic to the RLK family and, together with RLKs,
formed a well supported group with a bootstrap value of 98%
(Fig. 2). Based on the parsimony criterion, the support for the
RLK family and Raf kinases as a monophyletic group was still
high at 86% (data not shown). Taken together, these results
indicated that Raf kinases are the closest relatives to RLKs
among the Arabidopsis sequences analyzed.

The Relationships Between Animal Receptor Kinases and Plant RLKs.
Animal RTKs and receptor serine!threonine kinases (RSKs) are
other families of ePKs with a domain organization similar to that
of the plant RLKs. To determine the relationships among these
receptor kinase families, we analyzed the phylogenetic relation-
ships between the kinase domain sequences of representative
Arabidopsis RLKs and animal receptor kinases. Arabidopsis and
human representatives of other ePK families were also included.
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Fig. 1. Domain organization of representative RLKs and RLK-subfamily
affiliations. Based on the presence or absence of extracellular domains, mem-
bers of this gene family are categorized as RLKs or RLCKs. The gray line
indicates the position of the membrane-spanning domain. The signal peptides
are presumably absent in mature proteins but are displayed to demonstrate
their presence in the RLKs. Locus names or MAtDB gene names are provided
for the RLK representatives. Domain names are given according to SMART and
Pfam databases (25, 26). Subfamilies are assigned based on kinase phylogeny
(see supporting information for subfamily assignments for all members of the
Arabidopsis RLK!Pelle family) and are shown according to the domain orga-
nization of the majority of members in a given subfamily. Subfamilies with
$30% of members in more than one major extracellular domain category are
designated with asterisk. DUF, domain of unknown function; EGF, epidermal
growth factor; C lectin, C-type lectin; L-lectin, legume lectin; PAN, plasmino-
gen!apple!nematode protein domain; TM, transmembrane region; TNFR,
tumor necrosis factor receptor.

Shiu and Bleecker PNAS " September 11, 2001 " vol. 98 " no. 19 " 10765
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RenKSeq: RLK-ome du blé 
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Tri2cum	aes2vum	cv.	Chinese	Spring		
predicted	proteome	(IWGSC)	

Hmmscan	plant	pkinases		

8619	protéines	Kinases:	
6877	gènes	(1449	LC,	5428	HC)	

298	952	Protéines:	
137	052	HC	
161	900	LC		

Profiles	de	Markov	cachés	

Research

Diversity, classification and function of the
plant protein kinase superfamily

Melissa D. Lehti-Shiu and Shin-Han Shiu*

Department of Plant Biology, Michigan State University, East Lansing, MI 48824, USA

Eukaryotic protein kinases belong to a large superfamily with hundreds to thousands of copies and
are components of essentially all cellular functions. The goals of this study are to classify protein
kinases from 25 plant species and to assess their evolutionary history in conjunction with consider-
ation of their molecular functions. The protein kinase superfamily has expanded in the flowering
plant lineage, in part through recent duplications. As a result, the flowering plant protein kinase
repertoire, or kinome, is in general significantly larger than other eukaryotes, ranging in size from
600 to 2500 members. This large variation in kinome size is mainly due to the expansion and con-
traction of a few families, particularly the receptor-like kinase/Pelle family. A number of protein
kinases reside in highly conserved, low copy number families and often play broadly conserved regu-
latory roles in metabolism and cell division, although functions of plant homologues have often
diverged from their metazoan counterparts. Members of expanded plant kinase families often
have roles in plant-specific processes and some may have contributed to adaptive evolution. None-
theless, non-adaptive explanations, such as kinase duplicate subfunctionalization and insufficient
time for pseudogenization, may also contribute to the large number of seemingly functional protein
kinases in plants.

Keywords: plant protein kinase; gene family evolution; lineage-specific expansion;
comparative genomics

1. INTRODUCTION
The eukaryotic protein kinases are defined as enzymes
that use the g-phosphate of adenosine triphosphate
(ATP) to phosphorylate serine, threonine or tyrosine
residues in protein [1]. Protein kinases are highly similar
in having a 250–300 amino acid protein domain that is
responsible for the phospho-transfer reaction. Through
alignments of protein kinase sequences available at
the time, phylogenetic analysis revealed the sequence
diversity in this superfamily and provided the first com-
prehensive classification scheme for protein kinases [2].
When the first plant genome, Arabidopsis thaliana, was
sequenced, a surprising number protein kinases, over
1000, were identified [3]. Subsequently, an analysis
of human genome sequences indicated the presence of
518 human protein kinases and 106 pseudogenes [4].
Thus, 1–2%of functional genes encode protein kinases,
highlighting their importance inmany aspects of cellular
regulation in both plants and animals.

Plant protein phosphorylation was first detected in
Chinese cabbage leaf discs after the application of a
plant hormone, cytokinin [5]. Shortly thereafter,
studies in common duckweed showed that plant ribo-
somes were phosphorylated on serine residues [6]. In

the same year, the first plant protein kinase was par-
tially purified from pea [7]. However, it was not until
the late 1980s and early 1990s that the first few
plant protein kinase sequences became available. The
first plant protein kinase sequences were identified in
pea and in rice through the use of degenerate primers
[8]. In 1990, the third plant protein kinase, ZmPK1,
was cloned from maize, and was found to have a trans-
membrane region N-terminal to the kinase catalytic
domain and a large putative extracellular domain [9].
This receptor-like kinase (RLK) resembles animal
receptor kinases [10,11], but has a kinase domain
belonging to a distinct family that is related to the
fruitfly Pelle kinase and mammalian interleukin recep-
tor-associated kinases (IRAK) [12], indicating that in
plants a different class of kinases was co-opted for
functions in transmembrane signal perception and
transduction. Another major early finding was the
sequencing through Edman degradation of a very
abundant protein kinase with resemblance to both cal-
modulin- and calcium-dependent protein kinases [13],
coupling calcium signalling and phosphorylation.

In the ensuing years, many more plant protein
kinases homologous to multiple families of animal
and fungal protein kinases were identified. However,
the biological functions of plant protein kinases were
first elucidated for protein kinases that play roles in
plant-specific processes. The first published studies
demonstrating plant protein kinase function geneti-
cally, to our knowledge, are on Pto [14], CTR1 [15]
and Tousled [16]. Pto, a protein kinase with a catalytic

* Author for correspondence (shius@msu.edu).

Electronic supplementary material is available at http://dx.doi.org/
10.1098/rstb.2012.0003 or via http://rstb.royalsocietypublishing.org.

One contribution of 13 to a Theme Issue ‘The evolution of protein
phosphorylation’.

Phil. Trans. R. Soc. B (2012) 367, 2619–2639
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74%	des	kinases	du	blé	sont	des	RLK:	6452	protéines	/	20Mb	d’ADN			

Relationship between Degree of Expansion, Duplication
Mechanism, and Stress Responsiveness

Based on the functions of a limited number of RLK/
Pelles, we previously hypothesized that RLK/Pelle
genes located in tandem clusters tend to have roles in
stress/defense response (Shiu et al., 2004). Several
studies have shown that membrane-bound proteins
and proteins containing kinase domains are overrep-
resented in tandem repeats compared with other

proteins (Shiu et al., 2004; Rizzon et al., 2006; Tuskan
et al., 2006; Hanada et al., 2008). In addition, we have
shown that tandem duplicates created by lineage-
specific expansion tend to be involved in stress re-
sponse in plants (Hanada et al., 2008). Therefore, we
next asked if duplication mechanism (i.e. tandem
versus nontandem) is a predictor of RLK/Pelle func-
tion in stress response and if expansion of RLK/Pelle
subfamilies is correlated with the degree of tandem
duplication.

Figure 4. RLK/Pelle subfamilies enriched in up- and down-regulated genes under abiotic and biotic stress conditions.
Enrichment of stress-responsive members in each subfamily was determined by Fisher’s exact test, with red shading indicating
overrepresentation and blue shading indicating underrepresentation. A gray box indicates that no gene in that subfamily was up-
or down-regulated. Red arrows indicate subfamilies with responsiveness to a broad range of biotic signals. The black arrow
indicates the LRR-V subfamily whose members have functions in development, and the blue arrow indicates the LRR-II subfamily
whose members function in both development and disease resistance. The green arrow indicates the LRR-XII subfamily. Two
members in this family are MAMP receptors.

Evolution and Functions of the RLK/Pelle Family

Plant Physiol. Vol. 150, 2009 19
 www.plantphysiol.orgon June 26, 2017 - Published by Downloaded from 

Copyright © 2009 American Society of Plant Biologists. All rights reserved.
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RenKSeq: RLK-ome du blé 
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Intégration d’autres ressources génomiques 
RenKseq: RLK-ome des blés 
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Assemblages	et	
annota2ons	d’espèces	

proches	

Iden2fica2on	des	gènes	RLK	

Proteomes	annotés	(RLKs	/	protéines	prédites	totales)	
•  IWGSC	(Chinese	spring)	:	6	452	/	298	952		
•  Earlham	ins2tute	(Chinese	spring)	:	7	064	/	249	547	
•  Wild	emmer	genome	(Zavitan)	:	10	168	/	398	438	
	
Assemblages	non	annotés	:	(de	novo	only)	
•  Cadenza	
•  Claire	
•  Kronos	
•  Paragon	
•  Robigus	
•  Svevo	

•  TGAC_WGS_durum_v1	
•  TGAC_WGS_monococcum_v1	
•  TGAC_WGS_speltoides_v1	
•  TGAC_WGS_strongfield_v1	
•  TGAC_WGS_tauschii_v1	
•  TGAC_WGS_urartu_v1	
•  TSL_WGS_sharonensis_v1	

•  128	Gb	de	séquences	analysées	

•  45	000	séquences	RLK	prédites	
(182	Mb	d’ADN)	
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RenKSeq: Dessin des sondes de capture 
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Répertoire	RLK	
«	blé	»	

Dessin	des	sondes		
(120	bases)	

Iden2fica2on		
des	RLK	
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RenKSeq: Dessin des sondes de capture 
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Répertoire	RLK	
«	blé	»	

Dessin	des	sondes		
(120	bases)	

Iden2fica2on		
des	RLK	

Assemblage Taille (pb) RLK loci (pb) Sondes
Chinese Spring IWGSC 14 347 606 634 23 254 210 70 695

Chinese Spring Earlham Institute 13 467 630 192 23 714 007 94 180
Zavitan 10 509 868 245 20 469 051 67 185

Cadenza 13 399 781 746 22 244 268    80 721   
Claire 14 616 451 647 21 707 537    80 434   
Kronos 10 540 467 196 14 940 058    62 134   

Paragon 15 318 048 945 22 432 660    81 094   
Robigus 14 791 409 785 21 874 636    79 077   
Svevo 6 803 298 213 8 350 510    35 762   

TGAC_WGS_durum_v1 3 386 481 085 458 483 2 374
TGAC_WGS_monococcum_v1 1 322 112 030 574 717 3 555

TGAC_WGS_speltoides_v1 1 907 878 214 552 288 3 322
TGAC_WGS_strongfield_v1 3 384 841 931 361 995 1 902

TGAC_WGS_tauschii_v1 1 200 221 237 665 015 4 139
TGAC_WGS_urartu_v1 1 657 029 501 686 599 4 167

TSL_WGS_sharonensis_v1 1 730 899 803 611 984 3 700
Somme 128 Gb 182 Mb 674 441
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RenKSeq: Dessin des sondes de capture 
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Répertoire	RLK	
«	blé	»	

Dessin	des	sondes		
(120	bases)	

Iden2fica2on		
des	RLK	
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RenKSeq: Dessin des sondes de capture 
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Répertoire	RLK	
«	blé	»	

Dessin	des	sondes		
(120	bases)	

Iden2fica2on		
des	RLK	
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Estimation de la couverture: ré-alignement des sondes   

RenKSeq: test des sondes de capture (in silico) 
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233	Lec2n	RLK	blé	
(Shumayla	et	al.	2016)	
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531	LRR-RLK	blé	
(Shumayla	et	al.	2016)	

	Robert	King	

Theroretical bait coverage of TaWAKS,
 TaWAKs loci only used for Bait design
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Robert	King:	Annota2on	manuelle		
Des	WAKs	de	Chinese	spring	
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RenKSeq: validation des sondes de capture (wet lab) 

+	Chinese	spring	 X200	000	

WAK,	WAK,	LRR-RLK,	
Lec2n-RLK…	

WAK,	
WAK?	
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RenKSeq: les 7 familles de « sensibles «  

319	
	21	 22	 35	

349		
	5.3	5.4	 13	

483	
	13	 32	 34	

Résistant	
Land8	

Sensibles	
Obelisk		Courtot		

619	
	19	

766	
	20	

731	
	11	
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	22	 35	
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RenKSeq: Les mutants sensibles présentent 
un «fitness» réduit 

Sensible	 résistant	sauvage	
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RenKSeq 

Objectifs principaux: 
•  Séquencer de nouvelles RLK 
 ó Identification de nouveaux gènes Stb 
•  Mise au point d’un pipeline d’identification de gènes / 

dessin-test de sondes de capture 
 
Perspectives: 
•  Utiliser la banque de sondes pour cribler de 

nouvelles sources de résistances 
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