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Plants use pattern recognition receptors (PRRs) to perceive 
pathogen-associated molecular pattern (PAMPs) and initiate 
defence responses. PAMP-triggered immunity (PTI) plays an 
important role in general resistance, and constrains the growth 
of most microbes on plants. Despite the importance of PRRs in 
plant immunity, the vast majority of them remain to be identi-
fied. We recently showed that the Arabidopsis LysM receptor 
kinase CERK1 is required not only for chitin signalling and 
fungal resistance, but plays an essential role in restricting bacte-
rial growth on plants. We proposed that CERK1 may mediate the 
perception of a bacterial PAMP, or an endogenous plant cell wall 
component released during infection, through its extracellular 
carbohydrate-binding LysM-motifs. Here we report reduced acti-
vation of a PAMP-induced defence response on plants lacking the 
CERK1 gene after treatment with crude bacterial extracts. This 
demonstrates that CERK1 mediates perception of an unknown 
bacterial PAMP in Arabidopsis.

Introduction

A key feature of active defence mechanisms is the ability to 
discriminate between self and nonself upon microbial infection. In 
higher eukaryotes, microbes are detected directly by perception of 
conserved pathogen-associated molecular patterns called PAMPs, 
or indirectly by sensing wound- or injury-related molecules 
released during the infection process. PAMPs constitute highly 
conserved molecules typical of whole classes of pathogens that 
are indispensable for the microbial lifestyle. The sensory function 
for PAMPs is provided by pattern recognition receptors (PRRs) 
which are typically localized in the plasma membrane. Plant PRRs 

belong to a large family of receptor kinases containing at least 
600 members in Arabidopsis.1 Some well-studied examples are 
the flagellin receptor FLAGELLIN-SENSING 2 (FLS2) and the 
Arabidopsis EF-Tu receptor (EFR),2,3 both of which recognise 
bacterial proteins. Signalling through these receptors requires rapid 
association with a second receptor-like kinase called BAK1 (BRI1-
ASSOCIATED KINASE 1) to integrate perception events into 
downstream signalling responses.4,5 Perception of PAMPs by PRRs 
leads to generation of reactive oxygen species (ROS), induction of 
defence gene expression, and callose deposition into cell walls at 
infected sites, together restricting the growth of most microbes.6,7 
However, the vast majority of PRRs involved in microbe sensing 
and the microbial molecules that are perceived are largely unknown. 
Identification of such components represents an exciting challenge 
to understand fully the molecular basis of innate immunity.

CERK1, a LysM Receptor Kinase Required for Fungal and 
Bacterial Resistance

The bacterial pathogen Pseudomonas syringae pv. tomato 
DC3000 (Pto DC3000) uses a specialized type III secretion 
system (TTSS) to deliver more than 30 virulence effector mole-
cules into the plant cell.8 Effectors contribute to pathogenesis by 
acting on host molecular targets to suppress PTI and defeat plant 
defences.9,10 Suppression of PAMP responses by effectors is crucial 
as Pseudomonas strains lacking the TTSS are not pathogenic.11 
We recently identified the LysM receptor kinase CERK1 as a novel 
target for the Pseudomonas effector AvrPtoB.12 CERK1 is required 
for chitin signalling and fungal resistance in Arabidopsis.13,14 We 
demonstrated that CERK1 also constitutes an essential component 
that restricts bacterial growth on plants. Arabidopsis cerk1 mutants 
showed enhanced disease symptoms and supported higher bacterial 
growth when Pto DC3000 was sprayed onto leaves. Interestingly, 
bacterial growth assays indicated similar contributions of FLS2 and 
CERK1 to immunity, suggesting that CERK1 may play a role in 
bacterial recognition. Accordingly, a non-pathogenic Pto DC3000 
strain unable to secrete effectors or suppress PAMP responses 
showed enhanced growth on cerk1 mutant plants. This implies that 
CERK1 is required for PAMP perception during bacterial patho-
genesis. Our results show that AvrPtoB targets CERK1 directly to 
overcome bacterial perception and suppress innate immunity.
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Does CERK1 Perceive a Bacterial PAMP or an Endogenous 
Host Molecule?

CERK1 is required for all defence responses induced by 
chitin, an N-acetyl-D-glucosamine polymer constituting the main 
component of fungal cell walls. CERK1 encodes a receptor kinase 
containing three extracellular LysM-domains and an intracellular 
kinase domain.13,14 LysM-motifs have been studied extensively 
and are generally regarded as carbohydrate-binding moieties.15 
Although bacteria do not contain chitin per se, similar carbohydrate 
based structures are present in bacteria and may act as PAMPs on 
plant cells. However, similar structures are also present in plant cell 
walls and could potentially be released upon microbe invasion to 
act as danger signals. To test whether CERK1 perceives a molecule 
from Pto DC3000, we prepared crude bacterial extracts as reported 
previously7 and tested them for activation of defence responses in 
Arabidopsis plants lacking the FLS2 and EFR genes. These plants 
cannot perceive flagellin or EF-Tu and therefore constitute an ideal 
background to detect novel elicitors from bacteria. Treatment of 
these plants with crude Pto DC3000 bacterial extracts induced 
generation of ROS, indicating that as expected, Arabidopsis 
responds to bacterial PAMPs other than flagellin and EF-Tu (Fig. 
1A). Interestingly, ROS production was strongly reduced in similar 
Arabidopsis plants containing an additional mutation in the cerk1 
gene. Although indirect recognition of a plant cell wall fragment 
can not be completely excluded by this experiment, the result is 
consistent with recognition of a novel bacterial PAMP by CERK1 
leading to induction of ROS.

Some LysM domains are known to bind peptidoglycan (PGN) 
from various bacteria.15 PGN is an essential structural component 
of the bacterial cell wall and acts as a PAMP on Arabidopsis.16,17 
It is therefore plausible that PGN constitutes a ligand for any of 
the three LysM motifs of CERK1. To test this hypothesis, we puri-
fied Pto DC3000 PGN as described by Erbs et al.16 Both chitin 
and PGN induced ROS generation on Col-0 plants as expected 
(Fig. 1B). However, only chitin-induced defences were blocked by 
the cerk1 mutation. Thus, perception of PGN is independent of 
CERK1, and the bacterial molecule recognised by CERK1 remains 
unknown.

Carbohydrate Recognition by LysM-Containing Receptor 
Kinases

CERK1 is not the only LysM-containing receptor protein 
known to be involved in chitin perception. The receptor protein 
CEBiP of rice was previously identified as an essential component 
for chitin signalling.18 CEBiP encodes a transmembrane protein 
with two extracellular LysM-motifs that bind chitin directly. In 
contrast, direct binding of chitin to Arabidopsis CERK1 remains 
to be demonstrated. The lack of an intracellular signalling domain 
in the CEBiP protein provokes the hypothesis that it might asso-
ciate with a receptor kinase to transduce the PAMP signal (Fig. 
2). An analagous mechanism is perception of lipopolysacharides 
(LPS) by the mammalian TLR4/CD14 receptor complex.19 Both 
Arabidopsis and rice contain several CEBiP- and CERK1-like 
proteins, respectively. It is possible that CERK1 could act as an 

auxiliary component of multiple PRRs to transduce the signal, 
similar in concept to the requirement for BAK1 by FLS2 and other 
receptors.4,5 It is of great interest to determine whether CERK1 
interacts with CEBiP.

Fascinatingly, other LysM receptor kinases are known to 
mediate bacterial perception, but in an opposite role to plant 
defense. CERK1 is highly related to the receptor kinases NFR1 
and NFR5 of legumes that control symbiotic interactions with 
rhizobial bacteria upon perception of Nod factors20-22 (Fig. 2). 
Nod factors are lipo-chitin oligosaccharide molecules.23 This 
core molecule carries additional decorations which determine the 
host specificity of each rhizobial strain,24 and may also function 
to avoid activation of defence responses elicited by the chitin 
oligomer core.25

Strikingly, Sinorhizobium meliloti Nod factors function not 
only as nodulation signals to initiate symbiosis, but also as 
key components to establish rhizobial biofilms.26 The role of 
Nod factors in biofilm formation is likely to be ancestral as 
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Figure 1. Generation of ROS by Pto DC3000 bacterial extracts in cerk1 
mutant plants. (A) ROS burst in Arabidopsis Col-0 fls2/efr and Col-0 fls2/
efr/cerk1 plants after treatment with 20 μl/ml of crude bacterial extracts 
from Pto DC3000. Crude bacterial extracts were prepared by boiling 
bacterial suspensions for 10 minutes and removing cell debris by centrifu-
gation. Error bars indicate standard error of the mean (SEM). The results 
shown are representative of four independent experiments. (B) ROS burst 
in Arabidopsis Col-0 and Col-0 cerk1 plants upon treatment with water, 
100 μg/ml chitin, or 30 μl/ml of Pto DC3000 peptidoglycan (PGN). 
Error bars indicate SEM. Similar results were obtained in two independent 
experiments.
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N-acetylglucosamines function as adhesins promoting cell-to-cell 
and abiotic surface adhesion in a number of bacteria including 
Staphylococcus epidermidis, Staphylococcus aureus, Escherichia coli 
and Actinobacillus actinomycetemcomitans.27-30 This evolutionary 
relatedness suggests a potential common origin between the recog-
nition of pathogenic and symbiotic bacteria molecules through 
diversified LysM-containing receptor proteins. Identification of 
the bacterial molecule conferring CERK1-mediated immunity is 
the first priority for understanding the role of LysM proteins in 
general bacterial recognition.
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Figure 2. Schematic representation of microbial perception and sig-
nalling through LysM receptor kinases in plants. Plants sense fungi by 
recognition of chitin oligomers released from fungal cell walls through 
the LysM receptor proteins CERK1 and CEBiP in Arabidopsis and rice, 
respectively. The lack of an intracellular signaling domain in the CEBiP 
protein suggests that the receptor may associate with another protein 
such as a receptor kinase to transduce the signal. Chitin perception show 
many similarities with recognition of symbiotic bacteria in leguminous 
plants. CERK1 is homologous to the legume Nod factor receptors NFR1 
and NFR5 mediating perception and signalling of lipo-chitin Nod factors, 
probably in a heterodimeric complex. The identification of CERK1 as 
a component required for bacterial immunity suggests that pathogenic 
bacteria also contain similar chitin-like PAMPs.


