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Plants are always found together with bacteria and other microbes. Although plants can be attacked by phy-
topathogenic bacteria, they are more often engaged in neutral or mutualistic bacterial interactions. In the soil,
plants associate with rhizobia or other plant growth promoting rhizosphere bacteria; above ground, bacteria
colonise plants as epi- and endophytes. For mounting appropriate responses, such as permitting colonisation by
beneficial symbionts while at the same time fending off pathogenic invaders, plants need to distinguish between
the “good” and the “bad”. Plants make use of proteins containing the lysin motif (LysM) for perception of N-
acetylglucosamine containing carbohydrate structures, such as chitooligosaccharides functioning as symbiotic
nodulation factors or bacterial peptidoglycan. Moreover, plant hydrolytic enzymes of the chitinase family, which
are able to cleave bacterial peptidoglycan or chitooligosaccharides, are essential for cellular signalling induced
by rhizobial nodulation factors during symbiosis as well as bacterial peptidoglycan during pathogenesis. Hence,
LysM receptors seem to work in concert with hydrolytic enzymes that fine-tune ligand availability to either allow

symbiotic interactions or trigger plant immunity.

1. Introduction

In their natural environment, plants are exposed to a plethora of
microbes, both in the phyllosphere and the resource-rich rhizosphere
(Fig. 1). Whereas many microbes are only associated with the plant
surface as epiphytes, several organisms also reside in plants as en-
dophytes. Endophytes are regarded as non-phytopathogenic microbes
living within the plant tissue at least part of their lifetime (Mercado-
Blanco, 2015) and, intriguingly, almost all plants analysed so far con-
tained endophytes. Therefore, an endophyte-free plant would be con-
sidered a rare exception (Partida-Martinez and Heil, 2011).

Some bacteria are simply associated with plant surfaces as com-
mensals without having any impact on the plant health. Others, such as
plant growth promoting rhizobacteria (PGPRs), benefit the plant by
increasing the availability of nutrients or by improving plant root
growth without invading plant tissue (Verbon and Liberman, 2016;
Weyens et al., 2009). However, some mutualistic and pathogenic bac-
teria enter their host and establish a chronic infection, which is only
possible by evading or suppressing the plant immune system (Zipfel and
Oldroyd, 2017).

Classically, endophytic bacteria that have a negative impact on
plant fitness are termed pathogenic (Fig. 1). These bacteria, of which
Pseudomonas syringae and Agrobacterium tumefaciens pathovars were
nominated the most devastating (Mansfield et al., 2012), can cause
severe agronomical losses due to disease symptoms such as galls, wilts,
leaf spots, specks, blights, soft rots, scabs and cankers (van der Wolf and
De Boer, 2015). Notably, plant pathogenic bacteria generally do not
enter the host cells but reside and grow in the apoplastic space between
plant cells. Here, they cause disease, for instance by colonizing the
water-conducting xylem vessels, producing toxins or cell wall de-
grading enzymes or by injecting special effector proteins into the plant
cell to interfere with the plant innate immune response (Alfano and
Collmer, 1996; van der Wolf and De Boer, 2015). Agrobacterium species
even inject part of their Tumour-inducing (Ti) plasmid into the plant
cell to force the host to alter its metabolism to the advantage of the
bacterium, which ultimately leads to the formation of cancer-like galls
(Hooykaas, 2015).

On the other hand, endophytes with rather neutral or positive ef-
fects on the plant host are considered the classical endophytes. One
prominent example of beneficial endophytes are bacteria of the genus
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commensal bacteria

Beneficial rhizobacteria

Rhizobium, which colonise the internal root tissue of legume plants to
form root nodules for nitrogen fixation (Oldroyd, 2013). The pre-
requisite for being granted access by the plant tissue without inducing
plant defense responses is the molecular dialog between rhizobia and
their specific host. Plants attract symbiotic bacteria by secreting fla-
vonoids, which are recognised by compatible rhizobia (Oldroyd, 2013;
Perret et al., 2000). Flavonoid perception, in turn, triggers the pro-
duction of strain-specific bacterial nodulation factors (NFs). NFs are
lipochitooligosaccharides composed of four to five chitin monomers
modified with fatty acid moieties and other substitutions in a strain-
specific manner (D’Haeze and Holsters, 2002; Oldroyd, 2013; Perret
et al., 2000). NFs can be regarded as entry tickets permitting coloni-
sation of the plant tissue, which ultimately results in root nodule for-
mation and nitrogen fixation.

This review will focus on rhizobia as beneficial endophytes versus
plant-pathogenic bacteria, their communication with the host plant and
response stimulus modulation by plant hydrolytic activities.

2. LysM receptors in plant — bacteria communication

For a plant to mount the appropriate cellular responses upon a
bacterial encounter, it is crucial to recognise and to distinguish between
harmful and beneficial bacteria. Bacterial signals, which can either be
immunity-triggering pathogen-associated molecular patterns (PAMPs)
or symbiotic signals, are perceived by cell surface-located plant re-
ceptor complexes (Bohm et al., 2014; Boutrot and Zipfel, 2017; Ranf,
2017; Saijo et al., 2018; Zipfel and Oldroyd, 2017). Bacterial PAMPs
that are perceived in plants include flagellin, elongation factor Tu (EF-
Tu), lipopolysaccharides and peptidoglycans (Boller and Felix, 2009;
Zipfel and Oldroyd, 2017). The corresponding plant receptors con-
stitute either receptor kinases (RKs), which contain an extracellular
domain for ligand binding and an intracellular kinase domain linked by
a single-pass transmembrane domain, or receptor-like proteins (RPs)
lacking the kinase domain (Boutrot and Zipfel, 2017; Zipfel and

Plant growth
promoting bacteria
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Fig. 1. Plants are associated with a multitude of different
bacteria in the phyllosphere and the rhizosphere.
Epiphytic, commensal bacteria can use the leaf surface as
habitat; however, pathogenic bacteria enter the apoplastic
space via stomata, other natural openings or wounds to
cause disease. Many different microbes are attracted to the
nutrient-rich soil near the plant roots (i.e. the rhizo-
sphere). Plant roots can take up nutrients made available
by plant growth promoting rhizobacteria (PGPRs) or can

Pathogenic bacteria  establish root nodule symbiosis with rhizobia.
Phytopathogenic strains are also among the rhizosphere
bacteria.

Oldroyd, 2017).

Whereas plants typically use receptors with extracellular leucine-
rich repeats for perception of proteinaceous ligands, the detection of N-
acetylglucosamine (GlcNAc)-containing glycan patterns, such as chitin,
peptidoglycan or NFs, is mediated by Lysin motif (LysM) domain-con-
taining proteins (Bohm et al., 2014; Boutrot and Zipfel, 2017; Desaki
et al., 2018b; Gust et al., 2012). The LysM is an ancient and ubiquitous
protein motif found in virtually all living organisms except in Archaea
(Bateman and Bycroft, 2000; Buist et al., 2008; Zhang et al., 2009).
LysMs are approximately 40 amino acids in length with a three-di-
mensional Baaf structure containing two a-helices sandwiching a two-
stranded antiparallel (3-sheet (Bateman and Bycroft, 2000; Bielnicki
et al., 2006; Mulder et al., 2006). A LysM domain is built up of several
lysin motifs separated by short peptide spacers (Buist et al., 1995;
Ohnuma et al., 2008). Initially, LysM domains were reported from se-
cretory bacterial hydrolases including lysozyme, autolysins, and trans-
glycosylases (Buist et al., 2008; Ponting et al., 1999). These enzymes
are implicated in bacterial cell wall biogenesis, modification and de-
gradation. Mechanistically, bacterial LysM domains were proposed to
mediate physical contact between LysM domain-containing proteins
and complex bacterial carbohydrate surface structures, such as PGN.
Intriguingly, although LysM domains occur in many bacterial and eu-
karyotic proteins, LysM receptor-like kinases are unique to plants.

2.1. LysM proteins are involved in plant — rhizobia interactions

The first plant LysM proteins shown to be required for the percep-
tion of GlcNAc-containing carbohydrates were Lotus japonicus NFR1
(NODULATION FACTOR RECEPTOR 1) and NFR5 (Fig. 2), two plasma-
membrane located receptor kinases which mediate responses to rhizo-
bacterial NFs (Madsen et al., 2003; Radutoiu et al., 2003). Nodulation
factors are key signalling molecules during the establishment of legu-
me-rhizobium symbiosis. The bacterium-specific decorations on the
chitin oligosaccharide backbone impact on the binding of NFs to the
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Fig. 2. Concerted action of LysM receptors and
chitinases in PGN and NF perception. Plants
such as Arabidopsis thaliana (the model dicot)
and rice (Oryza sativa, the model monocot)
perceive PGN via muropeptide-binding to the
plasma-membrane tethered LysM protein
complexes AtLYM1/AtLYM3 and OsLYP4/
OsLYP6, respectively. Upon ligand-binding,
complex formation with signalling competent
RKs such as AtCERK1/OsCERKI1 is likely. In
Arabidopsis, PGN-solubilisation by the chit-
inase/lysozyme-like protein LYS1 is required
for effective immunity and chitinase genes are
transcriptionally up-regulated upon PGN per-
ception. Moreover, chitinases might have a
direct bacteriocidal activity. Ultimately, PGN-
perception leads to a defense response. In le-
gume plants such as Lotus japonicus and
Medicago truncatula, protein complexes of the
LysM-RKs LjNFR1/LjNFR5 (and LjNFRe) and
MtNFP/MtLYK3 mediate the perception of
NFs, which are produced upon bacterial de-
tection of plant flavonoids. Notably, LjNFR5
and MtNFP have non-functional kinase do-
mains. The action of NF-cleaving chitinases
LjCHIT5 and MtNFH1 maintain balanced NF-
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LysM receptor kinases, thus only allowing root nodule establishment
when NF - LysM-RK pairs are matching (Antolin-Llovera et al., 2014;
Perret et al., 2000). Indeed, both NFR1 and NFR5 directly bind to NFs
and are able to discriminate between un-modified chitin-pentamers and
decorated NFs (Broghammer et al., 2012; Murakami et al., 2018). Re-
cently, an additional Lotus LysM-RK, NFRe (NF SIGNALLING IN EPID-
ERMAL LAYER), was also shown to participate in NF perception. Like
NFR1 and NFR5, NFRe directly binds to NFs and forms receptor com-
plexes with NFR1 and NFR5 (Murakami et al., 2018). Similarly, the two
NFR1/5 homologs LYK3 and NFP were also shown to be required for NF
perception in Medicago truncatula (Amor et al., 2003; Limpens et al.,
2003) (Fig. 2). Notably, both Lotus NFR5 and Medicago NFP possess
non-functional kinase domains, suggesting complex formation with
kinase-active NFR1 and LYK3, respectively, to form functional signal-
ling complexes (Limpens and Bisseling, 2003). In addition to NF-per-
ception, legume plants are also equipped with receptors for bacterial
exopolysaccharides, which are secreted into the rhizosphere and can
contribute to host specificity during rhizobial symbiosis (Downie,
2010). One example is the exopolysaccharide receptor 3 (EPR3), a
LysM-RK that recognises Rhizobium leguminosarum exopolysaccharides
(Kawaharada et al., 2015).

2.2. LysM proteins as pattern recognition receptors in plant immunity

Consistent with its structural similarity to NFs, chitin is also per-
ceived by LysM receptors in plants (Desaki et al., 2018b; Gust et al.,
2012; Tanaka et al., 2013). Chitin, one of the first microbial structures
with proven PAMP activity (Felix et al., 1993), is the major structural
component of fungal cell walls, crustacean shells and the exoskeleton of
insects and nematodes. The first known chitin receptor was isolated
from rice plasma membranes and identified as the LysM domain-con-
taining chitin elicitor binding protein (CEBiP) (Kaku et al., 2006). Upon
chitin binding, CEBiP forms homodimers where a chitin octamer links
two receptor monomers. The LysM-RK OsCERK1 (Oryza sativa chitin
elicitor receptor kinase 1) is subsequently recruited to finally form an
activated signalling complex (Hayafune et al., 2014; Shimizu et al.,

2010). Likewise, the LysM-RKs AtCERK1 and AtLYK5 (and possibly
AtLYK4) were identified as the key elements for chitin perception in
Arabidopsis thaliana (Cao et al., 2014; Miya et al., 2007; Wan et al.,
2012, 2008). Elucidation of the AtCERK1 crystal structure after soaking
the crystal with chitin provided a mechanistic explanation for AtCERK1
dimer formation. Chitin, of a minimal length of eight GIcNAc units,
bridges the two AtCERK1 monomers, thereby stabilizing the AtCERK1
dimer (Liu et al., 2012b). Notably, although AtLYKS5 has the higher
chitin binding affinity compared to AtCERK1, it possesses a non-func-
tional kinase domain (Cao et al., 2014). In contrast, AtCERK1 does not
bind chitin as efficiently, but its kinase activity is essential for chitin
signalling. Thus, AtCERK1 acts as co-receptor together with LYKS5,
which is the bona-fide chitin receptor.

Another ubiquitously found carbohydrate structurally similar to
chitin is bacterial PGN, which was demonstrated to trigger typical plant
immune responses in model plants such as Arabidopsis thaliana (Erbs
et al., 2008; Gust et al., 2007; Millet et al., 2010) and rice (Liu et al.,
2012a). In Arabidopsis a plasma membrane localised, tripartite PGN
recognition system with shared functions in PGN sensing and trans-
membrane signalling was described (Willmann et al., 2011). This
system comprises PGN-binding LysM-domain proteins AtLYM1 and
AtLYM3, which are membrane-tethered receptor-like proteins (RPs)
structurally similar to rice CEBiP, and the transmembrane LysM-RK
AtCERK1 (Fig. 2). Although evidences for direct physical interactions
among AtCERK1, AtLYM1 and AtLYMS3 is still lacking, AtCERKI1 is
likely required for conveying the extracellular signal across the plasma
membrane and for initiating intracellular signal transduction. Similar to
chitin-perception, AtCERK1 poorly binds to PGN and functions as co-
receptor, whereas AtLYM1 and AtLYM3 act as ligand-binding moieties.
Importantly, all three proteins were shown to be indispensable for PGN
sensitivity and immunity to bacterial infection (Willmann et al., 2011),
which is in agreement with their proposed role as the PGN sensor
system. In rice, a similar PGN perception system comprising LysM do-
main proteins OsLYP4 and OsLYP6, and the LysM-RK OsCERK1 has
been reported (Ao et al., 2014; Liu et al., 2012a) (Fig. 2). Interestingly,
OsLYP4 and OsLYP6 proteins are dual specificity receptors, binding
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both PGN and chitin. Upon ligand binding, the constitutive OsLYP4/
OsLYP6 complex dissociates to form a signalling competent complex
with the co-receptor OsCERK1 (Ao et al., 2014). Interestingly, OsCERK1
was also demonstrated to be involved in the perception of yet another
bacterial MAMP, namely lipopolysaccharides (Desaki et al., 2018a),
indicating that CERK1 in different plant species might act as a multi-
functional co-receptor for ligand-binding LysM-proteins.

Notably, symbiotic LysM receptors are not only closely related to
chitin innate immune receptors, but some of these receptors function in
immunity as well as symbiosis. For instance, both OsCERK1 from rice
and the CERK1-homolog from Pisum sativum, PsLYK9, have a bifunc-
tional role in defense and arbuscular mycorrhizal symbiosis (Leppyanen
et al.,, 2017; Miyata et al., 2014). However, for the rhizobia-legume
interaction two distinct perception systems for chitin and NFs were
postulated. This hypothesis is supported by the identification of Lotus
and Medicago LysM-RKs, which are uniquely required for chitin per-
ception but not for NF-detection (Bozsoki et al., 2017).

Based on the close analogy between pathogenic and symbiotic
perception systems in plants it might be speculated that during evolu-
tion symbiotic LysM receptors might have arisen from LysM receptors
involved in pathogenic plant — bacteria interactions.

3. Plant chitinases as important signalling determinants

When considering plant — bacteria interactions, plant chitinases
might not be the first enzymes that come to mind. Neither plants nor
bacteria contain chitin. Still, plants express a multitude of chitinases
which have been implicated not only in plant growth and development
but also in plant defense and plant-bacterial symbiosis (Grover, 2012;
Kasprzewska, 2003). Although bacteria do not possess chitin, they
produce chitin-like structures, such as the cell wall component PGN and
NFs as symbiosis signalling molecules. Whereas chitin is a homomer of
B-1,4 linked GlcNAc, PGN is composed of alternating (-1,4 linked
GlcNAc and N-acetylmuramic acid (MurNAc), and these glucan strands
are cross-linked by short peptides bridges (Bertsche et al., 2015;
Dworkin, 2014). NFs, in contrast, are in fact short chitin fragments with
various bacterium-specific decorations (D’Haeze and Holsters, 2002;
Oldroyd, 2013; Perret et al., 2000).

3.1. Chitinases are required for balanced NF levels during symbiosis

Chitinases are defined as enzymes that can cleave the 3-1,4 glyco-
sidic linkage between GlcNAc units in chitooligosaccharides (Collinge
et al., 1993), including NFs. During nodule formation, chitinase genes
are transcriptionally up-regulated in plant roots such as soybean (Salzer
et al., 2004), and purified NFs can induce an increase in chitinase ac-
tivities in this legume (Xie et al., 1999). Moreover, NFs can act as
substrate for various plant chitinases (reviewed in (Perret et al., 2000)).
NF cleavage products were shown to be considerably less active than
the undigested NFs (Stachelin et al., 1994), suggesting that plant chit-
inases secreted from plant roots control the rhizobial infection process
by inactivating NFs in the rhizosphere (Fig. 2). The importance of fine-
tuning NF-levels during rhizobial root-infection was revealed in two
recent reports in Medicago and Lotus (Cai et al., 2018; Malolepszy et al.,
2018). The Medicago class V chitinase/Nod factor hydrolase MtNFH1,
although belonging to the plant chitinase family, specifically hydrolyses
NFs but shows no activity towards chitin (Tian et al., 2013). Interest-
ingly, MtNFH1 deficiency resulted in a delayed rhizobial root hair in-
fection, suggesting that an excess of NFs has a negative impact on the
initial stages of this symbiosis (Cai et al., 2018). Moreover, MtNFH1-
mutant plants only allowed the formation of abnormal nodules. In L.
japonicus, mutants of the class V chitinase LjChit5 displayed nitrogen
deficiency symptoms upon infection with nodule-inducing Mesorhizo-
bium loti bacteria, due to the formation of a large number of nodules
that were arrested in development (Malolepszy et al., 2018). Whereas
NF signalling was initially unaffected in LjChit5 mutants, LjCHITS
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enzyme activity was essential for the complete establishment of sym-
biotic nitrogen fixation. In their model, the authors propose that low NF
levels within infected plant tissue are required to maintain the balance
between symbiotic and defense signalling and that LjCHIT5 is the key
factor for keeping this balance by hydrolysing excess NF. Hence, only
balanced NF levels lead to the formation of a functional symbiotic in-
teraction and chitinases like MtNFH1 or LjCHIT5 might help in fine-
tuning these NF levels within the plant tissue and in the rhizosphere.

3.2. Chitinases can produce ligands for plant immune receptors

Whereas NFs are synthesised with the appropriate size for receptor
binding, bacterial PAMPs are mostly part of supramolecular structures.
PAMPs are often even buried within these structures, making direct
receptor binding rather unlikely if not impossible. It was thus a long-
standing question whether and how PAMPs in general are released from
complex molecules such as bacterial flagella or cell walls. PGN frag-
ments are generated by bacteria as turnover products during bacterial
cell wall growth, and these fragments might be sensed by plants and
animals to assess a potential bacterial threat (Bertsche et al., 2015).
Indeed, soluble oligomeric PGN fragments have immune-stimulatory
activity in plants such as Arabidopsis (Gust et al., 2007). However, the
concentration of immune-stimulatory PGN fragments might be in-
creased by host hydrolytic enzymes such as lysozyme to amplify the
immune response. In mice, an effective immune response towards in-
fection with Streptococcus pneumoniae requires digestion of PGN by ly-
sozyme followed by perception of soluble PGN-fragments by the PGN
sensor Nod2 (Davis et al., 2011). Likewise, Drosophila Gram-negative
bacteria-derived binding protein 1 (GNBP1) possesses PGN-hydrolysing
activity and delivers fragmented PGN to the PGN-sensor, PGRP-SA
(Filipe et al., 2005; Wang et al., 2006). As some plant chitinases also
have lysozyme-like activity (Beintema and Terwisscha van Scheltinga,
1996; Bokma et al., 1997), they might also function in PGN digestion to
facilitate perception in plants. Indeed, upon bacterial infection or ex-
posure to microbial patterns Arabidopsis produces the metazoan lyso-
zyme-like hydrolase AtLYS1, which is able to hydrolyse -1,4-linkages
between N-acetylmuramic acid and N-acetylglucosamine residues in
bacterial PGN (Liu et al., 2014). Importantly, soluble PGN fragments
generated by AtLYS1 are immunogenic in plants and can trigger typical
immunity-related responses in an AtLYM1, AtLYM3 and AtCERK1-de-
pendent manner. Moreover, Arabidopsis lys] mutants are impaired in
PGN-triggered immune responses and display a decreased resistance
towards bacterial infections similar to that observed in PGN receptor
mutants (Liu et al., 2014; Willmann et al., 2011). Thus, AtLYS1 lyso-
zyme/chitinase activity contributes to the generation of immunogenic
PGN ligands for receptor activation and ultimately to bacterial re-
sistance.

The examples given above, for both plants and animals, suggest that
eukaryotic hosts make concerted use of PGN-hydrolytic activities and of
pattern recognition receptors in order to cope with bacterial infections
(Gust, 2015).

4. Conclusions

As higher eukaryotes, plants have evolved mechanisms to detect and
discriminate between a wide range of beneficial and harmful micro-
organisms. LysM domain proteins are key components in the perception
machineries for GlcNAc-containing bacterial structures including PGN
and NFs. Intriguingly, although structurally quite similar, most LysM-
receptors are able to discriminate between specific GlcNAc-containing
ligands. The mechanism for specific ligand-recognition is currently
unknown, but it was proposed that the cooperation of multiple LysM-
domain containing proteins within one receptor complex determines
specificity (Sanchez-Vallet et al., 2013; Wong et al., 2015). Indeed, all
known plant LysM receptor complexes characterised so far are com-
posed of homo- and/or heteromers of several LysM proteins,
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irrespective whether they mediate PGN, NF or chitin perception. The
receptor affinities and the amount of available ligand might also con-
tribute to specificity and in this respect, enzymes that adjust or gen-
erally alter ligand levels might be crucial for the induction of the de-
sired cellular responses. For instance, levels of immunogenic PGN-
fragments solubilised from supramolecular bacterial cell wall structures
is increased by the action of plant chitinases/lysozyme-like activities,
resulting in a boosted immune response. Likewise, NF-levels are fine-
tuned by plant chitinases to allow for a balanced cellular response
during symbiotic interactions. Hence, during the interaction of plants
(or generally eukaryotic hosts) with bacteria (or generally microbes)
functional perception machineries are essential, but mechanisms to
“optimise” ligand levels or availability might also be critical for
mounting efficient cellular responses.
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