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Introduction

Higher eukaryotes have evolved mechanisms to detect and discriminate between a wide range
of commensal and infectious microorganisms. The first inducible line of defence common
between plant and animal systems is microbe-associated molecular pattern (MAMP)-triggered
immunity (MTTI) [1,2]. MTI is based on the recognition of certain structurally highly conserved
and, for the microbe, indispensable patterns that are usually not present in the attacked host
organism. In plants, these MAMPs are detected at the cell surface by pattern recognition recep-
tors (PRRs) [3,4]. Results from recent years indicate that PRRs are part of larger protein com-
plexes, most of which associate only in the presence of the respective MAMP [5]. Subsequently,
host defences are mobilised, eventually leading to a limitation of pathogen spreading and
multiplication.

Peptidoglycans Are Immunogenic in Plants

Peptidoglycan (PGN), or murein, is one of the most widespread carbohydrates in nature [6].
As arigid component, it is present in almost all bacterial cell walls, except those of Archaea,
and contributes to bacterial shape [6]. Structurally, PGNs are glycan polymers of alternating
B (1,4)-linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) residues
that are cross-linked by short peptide bridges, the exact composition of which depends on the
bacterial species [6,7].

Due to its unique composition and its restricted occurrence in bacteria, plants and animals
have evolved PGN perception systems to monitor the presence of bacteria [6,7]. Indeed, PGN
has been established as a MAMP in model plants such as Arabidopsis thaliana, rice, and
tobacco [8-12]. Notably, in contrast to animal systems in which minimal PGN motifs (such as
muramyl dipeptide or tracheal cytotoxin) can trigger immunity-associated responses [6],
plants rather recognize longer fragments of the PGN sugar backbone [10], although the exact
fragment size required for immunogenic activity still remains to be determined. Typical
immune responses stimulated by PGN treatment comprise an increase in cytoplasmic calcium
concentrations, the accumulation of reactive oxygen species, the activation of mitogen-acti-
vated protein kinases, and transcriptional reprogramming [9,10]. Moreover, tomato plants
pre-treated with PGN acquire an increased resistance to subsequent bacterial infection [13], an
effect called priming, that is typically caused by MAMPs. Hence, PGN can be added to the list
of microbial structures recognized in plants.

PGN Is Perceived in Plants via LysM Proteins

In animal systems, several perception systems for PGN have been elucidated, including pepti-
doglycan recognition proteins (PGRPs, PGLYRPs), nucleotide-oligomerization domain protein
1 (NOD1) and NOD?2, and, possibly, toll-like receptor 2 [6,7]. However, plants do not possess
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PGRP-like proteins, and plant cytoplasmic NOD-like proteins are involved in the detection of
intracellular microbial effector molecules but not in MAMP recognition [14]. Rather, all plant
receptors described, so far, to participate in the binding and/or perception of GIcNAc-contain-
ing carbohydrates (including PGN, chitin, or the chitin-related symbiosis factors) belong to the
family of lysin-motif (LysM) proteins [15]. The LysM is an ancient motif that was initially iden-
tified in bacteriophages and bacterial proteins associated with PGN turnover but is now appre-
ciated as a commonly used motif to mediate binding of GlcNAc-containing structures [16].
Plants like Arabidopsis contain various families of LysM proteins, such as LysM receptor
kinases, membrane-anchored LysM proteins without an intracellular signalling domain, extra-
cellular LysM proteins without a membrane anchor, and intracellular non-secretory LysM pro-
teins [15], all of which potentially could function as PGN binding proteins. Indeed, the first
plant PGN receptors to be identified were Arabidopsis LysM-domain protein (LYM) 1 and
AtLYM3—two GPI-anchored, PGN-binding proteins located in the plasma membrane—and
the LysM-receptor kinase chitin elicitor receptor kinase 1 (AtCERK1), which does not bind to
PGN but is required for signal transduction (Fig 1) [17]. Importantly, AtLYM1 and AtLYM3
are specifically required for PGN perception and, unlike animal PGN receptors, they do not
seem to discriminate between PGN from Gram-negative and Gram-positive bacteria [10,17].
The second plant species in which PGN receptors have been identified is rice, in which the
LysM proteins OsLYP4 and OsLYP6, together with OsCERKI, are required for PGN and chitin
recognition [12,18]. In the absence of PGN, OsLYP4 and OsLYP6 constitutively interact,
although the function of this preformed complex is still unclear, and dissociate upon PGN
treatment to join a complex with OsCERK1 (Fig 1) [18]. Whether only OsLYP4 or OsLYP6 (or
possibly both) proteins are found in complex with OsCERK1 upon PGN binding is unknown.
But, considering that AtLYM1 and AtLYM3 act in a cooperative manner [17], it can be
assumed that both proteins are most likely part of the CERK1 complex at the same time (Fig
1). Also, the requirement of longer PGN fragments for immune-stimulation implicates a poly-
merization of several PRR molecules along the PGN molecule, as has been demonstrated for
AtCERKI1 and OsCEBIP, respectively, in chitin perception [5] and insect peptidoglycan recog-
nition protein-SA in PGN recognition [19]. However, the formation of such tripartite
AtLYM1/AtLYM3/AtCERKI1 or OsLYP4/OsLYP6/OsCERK1 complexes is yet to be
demonstrated.

Intriguingly, and with just a few exceptions (such as OsLYP4 and OsLYP6), all ligand-bind-
ing LysM proteins discriminate between specific GIcNAc-containing ligands, the basis of
which is currently still unknown. A putative mechanism recently put forward and based on the
co-crystallization of LysM proteins together with chitin fragments was the cooperative binding
of multiple LysM domains to a glycan strand to confer carbohydrate specificity [20,21]. In this
respect, it will be interesting to see whether other proteins that were recently implicated in chi-
tin perception, such as LysM RLK1-interacting kinase 1 (LIK1) [22] or LysM-receptor kinase 4
(LYK4) and LYKS5 [23,24], also serve a function in PGN detection.

Signalling cascades downstream of the identified PGN receptors are most likely activated
via members of the RLCK family. In rice, OSRLCK185 and OsRLCK176 are required for PGN
and chitin sensing and OsCERK1-bound OsRLCKs dissociate upon ligand perception to trig-
ger immune responses (Fig 1) [18,25]. However, Arabidopsis RLCKs have so far only been
implicated in chitin signalling [26,27], but evidence for their involvement in PGN sensing is
still lacking.
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Fig 1. Overview of known components of PGN perception in plants. Upon entry of bacteria into the plant apoplast, their presence is most likely sensed
either by PGN fragments spontaneously released into the apoplast or via unrelated bacterial MAMPs, such as flagellin or lipopolysaccharides. PGN
fragments of yet unknown size bind to GPIl-anchored LysM-proteins localized in the plasma membrane (AtLYM1/3 in Arabidopsis, OsLYP4/6 in rice). Upon
PGN binding (1), OsLYP4/6 dissociate to form a complex with OsCERK1, which triggers the release of cytoplasmic OsRLCK176 (and possibly OsRLCK185)
and subsequent downstream signalling (2). In Arabidopsis, AtLYM1, AtLYM3, and AtCERK1 mediate PGN perception (1); however, whether a PGN-
dependent LysM protein complex is formed and whether receptor-like cytoplasmic kinases (RLCKSs), such as avrPphB sensitive 1-like proteins (PBLs), are
required is still unknown. Downstream signalling events lead to a transcriptional reprogramming of the cell, and defence proteins, such as the lysozyme-like
activity LYS1, are produced. LYSH1 is secreted into the plant apoplast to generate more immunogenic PGN fragments (3), which results in an amplification of
PGN-triggered immune responses. In a successful infection, however, CERK1 is targeted by bacterial effectors such as AvrPtoB (in the Arabidopsis—
Pseudomonas syringae interaction) and Xoo1488 (in the rice—Xanthomonas oryzae interaction) to suppress plant immunity (4).

doi:10.1371/journal.ppat.1005275.9001
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Plant Lysozyme-Like Activities Release Inmunogenic PGN
Fragments

Due to its rather complex structure, PGN most likely requires breakdown into smaller, more
soluble fragments prior to binding to its plasma-membrane localized plant receptors. In living
bacteria, PGN is very rigid; however, it needs to be sufficiently dynamic to allow bacterial
growth and replication. During these phases of remodelling, PGN fragments are constantly
shed into the bacterial environment, with the amount depending on recycling efficiency [7].
Released PGN fragments do not only give feedback to the bacteria themselves about the status
of their cell wall, but have also been shown to serve as MAMPs in animals [6,7]. However,
these rather small PGN fragments are unlikely to be effective as immunity triggers in plants
[10]. Alternatively, host hydrolytic activities could directly target the bacterial cell wall to
release PGN fragments with immunogenic properties [7,28,29]. Such enzymes include animal
PGRPs with amidase activity, mammalian lysozymes, and plant lysozyme-like activities. Simi-
lar to lysozyme, which was shown to deliver PGN fragments to the cytoplasmic PGN receptor
NOD2 [28], the Arabidopsis lysozyme-like activity LYS1 produces PGN-breakdown products
with immunogenic activity, and lys] mutant plants are compromised in their resistance to bac-
terial infection (Fig 1) [29]. Thus, eukaryotic hosts most likely make concerted use of PGN
hydrolytic activities and of PRRs in order to cope with bacterial infections.

Phytopathogenic Bacteria Can Interfere with PGN Perception

Since PGN is such an important immunogen, bacteria have evolved multiple strategies to
evade its recognition, most of which have been well described for animal pathogens. One of the
first and most effective measures is to simply avoid the perception of PGN—for instance, by
structural alterations of the perceived epitope(s). Indeed, some animal-pathogenic bacteria
modify their PGN, sometimes even in the course of infection, to avoid clearance by the
immune system [30]. Interestingly, muropeptides from phytopathogenic Xanthomonas cam-
pestris displayed higher immunogenic activity in plants than Agrobacterium tumefaciens muro-
peptides, and indeed, structural differences in the PGN of both bacteria were found [9].

Another strategy to avoid PGN perception is the suppression of the generation of immuno-
genic PGN fragments by PGN hydrolytic activities [28,29]. This can be achieved by structural
alterations of the PGN; for instance, pathogenic staphylococci contain an additional O-acetyla-
tion of the muramic acid in the glycan backbone, rendering this PGN resistant to lysozyme
[31]. Alternatively, some bacteria produce highly specific and potent lysozyme inhibitors [32].
These inhibitors can be anticipated to modulate the host immune response by interfering with
the release of immunogenic PGN fragments during infection and thus contribute to host colo-
nization by protecting bacteria against lysozyme challenge. However, inhibitors that are active
against plant PGN-hydrolases such as Arabidopsis LYS1 [29] have so far not been described.
Interestingly, some phytopathogenic fungi secrete effectors to shield their chitin shell against
plant chitinases or to sequester released chitin fragments to prevent their binding to the chitin
receptor CERK1 [33,34]. Future studies will determine whether some of the bacterial LysM
proteins, most of which are secreted and bind to PGN [16], have such a function as PGN
scavengers.

Last but not least, if a bacterial pathogen cannot avoid the generation of immunogenic PGN
fragments or their binding to the PRR, bacterial effectors injected directly into the plant cyto-
plasm could actively suppress the host immune response. Importantly, both in Arabidopsis
and in rice, CERKI1 is a key player in PGN recognition [17,18], and several bacterial effectors
have been shown to interfere with CERK1-mediated signalling [25,35]. For instance, Arabidop-
sis CERK1 protein stability is modulated by the Pseudomonas syringae effector AvrPtoB, an E3

PLOS Pathogens | DOI:10.1371/journal.ppat.1005275 December 17,2015 4/7



@’PLOS | PATHOGENS

ligase, by ubiquitinating CERK1 and thus facilitating its degradation [35]. In rice, the effector
X001488 from the bacterial pathogen Xanthomonas oryzae pv. oryzae was demonstrated to
suppress PGN and chitin-induced defence responses [25], most likely by inhibiting the phos-
phorylation of OsRLCK185 by OsCERKI.

Concluding Remarks

PGN has very unique characteristics and, hence, plants and animals have exploited this struc-
ture to monitor the presence of bacteria. Whereas good progress has been made during recent
years concerning the identification of plant PGN receptors, there are still many open questions
to be addressed in the future. For instance, are there structural features in phytopathogenic ver-
sus non-pathogenic bacterial PGN that determine immunogenic activity, and what is the mini-
mal PGN motif-conferring activity in plants? How can LysM domains discriminate between
GlcNAc-containing ligands? Are there bacterial inhibitors and effectors targeting plant PGN
hydrolases or PGN sensors? Some gaps might be filled by learning from plant chitin recogni-
tion or from PGN perception in animal systems. However, fungal and bacterial pathogens fol-
low distinct infection strategies, and often MAMP perception machineries only share limited
similarity in animals and plants. For instance, animal PGN receptors do not possess LysM
domains, but rather make use of PGRP domains (which cannot be found in plants) or leucine-
rich repeat domains for PGN binding [7]—a motif that, in plants, was so far exclusively associ-
ated with the perception of proteinaceous ligands [15]. Thus, studies on PGN perception in
plants will not only enhance our knowledge on plant glycan perception in general but will also
help in drawing a more complete picture of the differences and similarities of MAMP percep-
tion systems in the two kingdoms.

References

1. Ausubel FM (2005) Are innate immune signaling pathways in plants and animals conserved? Nat
Immunol 6:973-979. PMID: 16177805

2. Jones JD, Dangl JL (2006) The plantimmune system. Nature 444: 323-329. PMID: 17108957

Zipfel C (2014) Plant pattern-recognition receptors. Trends Immunol 35: 345-351. doi: 10.1016/j.it.
2014.05.004 PMID: 24946686

4. Trdal, BoutrotF, Claverie J, Brule D, Dorey S, et al. (2015) Perception of pathogenic or beneficial bac-
teria and their evasion of host immunity: pattern recognition receptors in the frontline. Front Plant Sci 6:
219. doi: 10.3389/fpls.2015.00219 PMID: 25904927

5. BohmH, Albert |, Fan L, Reinhard A, Nirnberger T (2014) Immune receptor complexes at the plant cell
surface. Curr Opin Plant Biol 20: 47-54. doi: 10.1016/j.pbi.2014.04.007 PMID: 24835204

6. DworkinJ (2014) The medium is the message: interspecies and interkingdom signaling by peptidogly-
can and related bacterial glycans. Annu Rev Microbiol 68: 137—154. doi: 10.1146/annurev-micro-
091213-112844 PMID: 24847956

7. Bertsche U, Mayer C, Goétz F, Gust AA (2015) Peptidoglycan perception—sensing bacteria by their
common envelope structure. Int J Med Microbiol 305: 217-223. doi: 10.1016/j.ijmm.2014.12.019
PMID: 25596887

8. Felix G, Boller T (2003) Molecular sensing of bacteria in plants. The highly conserved RNA-binding
motif RNP-1 of bacterial cold shock proteins is recognized as an elicitor signal in tobacco. J Biol Chem
278:6201-6208. PMID: 12471032

9. Erbs G, Silipo A, Aslam S, De Castro C, Liparoti V, et al. (2008) Peptidoglycan and muropeptides from
pathogens Agrobacterium and Xanthomonas elicit plant innate immunity: structure and activity. Chem
Biol 15:438-448. doi: 10.1016/j.chembiol.2008.03.017 PMID: 18482696

10. Gust AA, Biswas R, Lenz HD, Rauhut T, Ranf S, et al. (2007) Bacteria-derived peptidoglycans consti-
tute pathogen-associated molecular patterns triggering innate immunity in Arabidopsis. J Biol Chem
282: 32338-32348. PMID: 17761682

11. Millet YA, Danna CH, Clay NK, Songnuan W, Simon MD, et al. (2010) Innate immune responses acti-
vated in Arabidopsis roots by microbe-associated molecular patterns. Plant Cell 22: 973-990. doi: 10.
1105/tpc.109.069658 PMID: 20348432

PLOS Pathogens | DOI:10.1371/journal.ppat.1005275 December 17,2015 5/7


http://www.ncbi.nlm.nih.gov/pubmed/16177805
http://www.ncbi.nlm.nih.gov/pubmed/17108957
http://dx.doi.org/10.1016/j.it.2014.05.004
http://dx.doi.org/10.1016/j.it.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24946686
http://dx.doi.org/10.3389/fpls.2015.00219
http://www.ncbi.nlm.nih.gov/pubmed/25904927
http://dx.doi.org/10.1016/j.pbi.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24835204
http://dx.doi.org/10.1146/annurev-micro-091213-112844
http://dx.doi.org/10.1146/annurev-micro-091213-112844
http://www.ncbi.nlm.nih.gov/pubmed/24847956
http://dx.doi.org/10.1016/j.ijmm.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/25596887
http://www.ncbi.nlm.nih.gov/pubmed/12471032
http://dx.doi.org/10.1016/j.chembiol.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18482696
http://www.ncbi.nlm.nih.gov/pubmed/17761682
http://dx.doi.org/10.1105/tpc.109.069658
http://dx.doi.org/10.1105/tpc.109.069658
http://www.ncbi.nlm.nih.gov/pubmed/20348432

@’PLOS | PATHOGENS

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

LiuB, LiJF, Ao Y, QuJ, Li Z, et al. (2012) Lysin motif-containing proteins LYP4 and LYP6 play dual
roles in peptidoglycan and chitin perception in rice innate immunity. Plant Cell 24: 3406-3419. PMID:
22872757

Nguyen HP, Chakravarthy S, Velasquez AC, McLane HL, Zeng L, et al. (2010) Methods to study
PAMP-triggered immunity using tomato and Nicotiana benthamiana. Mol Plant Microbe Interact 23:
991-999. doi: 10.1094/MPMI|-23-8-0991 PMID: 20615110

Maekawa T, Kufer TA, Schulze-Lefert P (2011) NLR functions in plant and animal immune systems: so
far and yet so close. Nat Immunol 12: 817-826. doi: 10.1038/ni.2083 PMID: 21852785

Gust AA, Willmann R, Desaki Y, Grabherr HM, Nurnberger T (2012) Plant LysM proteins: modules
mediating symbiosis and immunity. Trends Plant Sci 17: 495-502. doi: 10.1016/j.tplants.2012.04.003
PMID: 22578284

Buist G, Steen A, Kok J, Kuipers OR (2008) LysM, a widely distributed protein motif for binding to (pep-
tido)glycans. Mol Microbiol 68: 838—847. doi: 10.1111/j.1365-2958.2008.06211.x PMID: 18430080

Willmann R, Lajunen HM, Erbs G, Newman MA, Kolb D, et al. (2011) Arabidopsis lysin-motif proteins
LYM1 LYM3 CERK1 mediate bacterial peptidoglycan sensing and immunity to bacterial infection. Proc
Natl Acad SciU S A 108: 19824-19829. doi: 10.1073/pnas.1112862108 PMID: 22106285

Ao Y, LiZ, Feng D, Xiong F, Liu J, et al. (2014) OsCERK1 and OsRLCK176 play important roles in pep-
tidoglycan and chitin signaling in rice innate immunity. Plant J 80: 1072—1084. doi: 10.1111/tpj.12710
PMID: 25335639

Park JW, Kim CH, Kim JH, Je BR, Roh KB, et al. (2007) Clustering of peptidoglycan recognition pro-
tein-SA is required for sensing lysine-type peptidoglycan in insects. Proc Natl Acad SciU S A 104:
6602—6607. PMID: 17409189

Wong JE, Midtgaard SR, Gysel K, Thygesen MB, Sorensen KK, et al. (2015) An intermolecular binding
mechanism involving multiple LysM domains mediates carbohydrate recognition by an endopeptidase.
Acta Crystallogr D Biol Crystallogr 71: 592—605. doi: 10.1107/S139900471402793X PMID: 25760608

Sanchez-Vallet A, Saleem-Batcha R, Kombrink A, Hansen G, Valkenburg DJ, et al. (2013) Fungal
effector Ecp6 outcompetes host immune receptor for chitin binding through intrachain LysM dimeriza-
tion. Elife 2: €00790. doi: 10.7554/eLife.00790 PMID: 23840930

Le MH, Cao Y, Zhang XC, Stacey G (2014) LIK1, a CERK1-interacting kinase, regulates plantimmune
responses in Arabidopsis. PLoS ONE 9: e102245. doi: 10.1371/journal.pone.0102245 PMID:
25036661

Cao Y, Liang Y, Tanaka K, Nguyen CT, Jedrzejczak RP, et al. (2014) The kinase LYKS5 is a major chitin
receptor in Arabidopsis and forms a chitin-induced complex with related kinase CERK1. Elife 3:
e03766.

Wan J, Tanaka K, Zhang XC, Son GH, Brechenmacher L, et al. (2012) LYK4, a lysin motif receptor-like
kinase, is important for chitin signaling and plant innate immunity in Arabidopsis. Plant Physiol 160:
396-406. doi: 10.1104/pp.112.201699 PMID: 22744984

Yamaguchi K, Yamada K, Ishikawa K, Yoshimura S, Hayashi N, et al. (2013) A receptor-like cyto-
plasmic kinase targeted by a plant pathogen effector is directly phosphorylated by the chitin receptor
and mediates rice immunity. Cell Host Microbe 13: 347-357. doi: 10.1016/j.chom.2013.02.007 PMID:
23498959

Shinya T, Yamaguchi K, Desaki Y, Yamada K, Narisawa T, et al. (2014) Selective regulation of the chi-
tin-induced defense response by the Arabidopsis receptor-like cytoplasmic kinase PBL27. PlantJ 79:
56—66. doi: 10.1111/tpj.12535 PMID: 24750441

Zhang J, LiW, Xiang T, Liu Z, Laluk K, et al. (2010) Receptor-like cytoplasmic kinases integrate signal-
ing from multiple plantimmune receptors and are targeted by a Pseudomonas syringae effector. Cell
Host Microbe 7:290-301. doi: 10.1016/j.chom.2010.03.007 PMID: 20413097

Davis KM, Nakamura S, Weiser JN (2011) Nod2 sensing of lysozyme-digested peptidoglycan pro-
motes macrophage recruitment and clearance of S. pneumoniae colonization in mice. J Clin Invest
121: 3666-3676. doi: 10.1172/JCI57761 PMID: 21841315

Liu X, Grabherr HM, Willmann R, Kolb D, Brunner F, et al. (2014) Host-induced bacterial cell wall
decomposition mediates pattern-triggered immunity in Arabidopsis. Elife 3: €01990.

Cigana C, Curcuru L, Leone MR, lerano T, Lore NI, et al. (2009) Pseudomonas aeruginosa exploits
lipid A and muropeptides modification as a strategy to lower innate immunity during cystic fibrosis lung
infection. PLoS ONE 4: e8439. doi: 10.1371/journal.pone.0008439 PMID: 20037649

Bera A, Herbert S, Jakob A, Vollmer W, Gétz F (2005) Why are pathogenic staphylococci so lysozyme
resistant? The peptidoglycan O-acetyltransferase OatA is the major determinant for lysozyme resis-
tance of Staphylococcus aureus. Mol Microbiol 55: 778-787. PMID: 15661003

PLOS Pathogens | DOI:10.1371/journal.ppat.1005275 December 17,2015 6/7


http://www.ncbi.nlm.nih.gov/pubmed/22872757
http://dx.doi.org/10.1094/MPMI-23-8-0991
http://www.ncbi.nlm.nih.gov/pubmed/20615110
http://dx.doi.org/10.1038/ni.2083
http://www.ncbi.nlm.nih.gov/pubmed/21852785
http://dx.doi.org/10.1016/j.tplants.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22578284
http://dx.doi.org/10.1111/j.1365-2958.2008.06211.x
http://www.ncbi.nlm.nih.gov/pubmed/18430080
http://dx.doi.org/10.1073/pnas.1112862108
http://www.ncbi.nlm.nih.gov/pubmed/22106285
http://dx.doi.org/10.1111/tpj.12710
http://www.ncbi.nlm.nih.gov/pubmed/25335639
http://www.ncbi.nlm.nih.gov/pubmed/17409189
http://dx.doi.org/10.1107/S139900471402793X
http://www.ncbi.nlm.nih.gov/pubmed/25760608
http://dx.doi.org/10.7554/eLife.00790
http://www.ncbi.nlm.nih.gov/pubmed/23840930
http://dx.doi.org/10.1371/journal.pone.0102245
http://www.ncbi.nlm.nih.gov/pubmed/25036661
http://dx.doi.org/10.1104/pp.112.201699
http://www.ncbi.nlm.nih.gov/pubmed/22744984
http://dx.doi.org/10.1016/j.chom.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23498959
http://dx.doi.org/10.1111/tpj.12535
http://www.ncbi.nlm.nih.gov/pubmed/24750441
http://dx.doi.org/10.1016/j.chom.2010.03.007
http://www.ncbi.nlm.nih.gov/pubmed/20413097
http://dx.doi.org/10.1172/JCI57761
http://www.ncbi.nlm.nih.gov/pubmed/21841315
http://dx.doi.org/10.1371/journal.pone.0008439
http://www.ncbi.nlm.nih.gov/pubmed/20037649
http://www.ncbi.nlm.nih.gov/pubmed/15661003

@’PLOS | PATHOGENS

32. CallewaertL, Van Herreweghe JM, Vanderkelen L, Leysen S, Voet A, et al. (2012) Guards of the great
wall: bacterial lysozyme inhibitors. Trends Microbiol 20: 501-510. doi: 10.1016/j.tim.2012.06.005
PMID: 22840966

33. Kombrink A, Sanchez-Vallet A, Thomma BP (2011) The role of chitin detection in plant-pathogen inter-
actions. Microbes Infect 13: 1168—1176. doi: 10.1016/j.micinf.2011.07.010 PMID: 21856436

34. Rovenich H, Boshoven JC, Thomma BP (2014) Filamentous pathogen effector functions: of pathogens,
hosts and microbiomes. Curr Opin Plant Biol 20: 96—103. doi: 10.1016/j.pbi.2014.05.001 PMID:
24879450

35. Gimenez-lbanez S, Hann DR, Ntoukakis V, Petutschnig E, Lipka V, et al. (2009) AvrPtoB targets the
LysM receptor kinase CERK1 to promote bacterial virulence on plants. Curr Biol 19: 423-429. doi: 10.
1016/j.cub.2009.01.054 PMID: 19249211

PLOS Pathogens | DOI:10.1371/journal.ppat.1005275 December 17,2015 717


http://dx.doi.org/10.1016/j.tim.2012.06.005
http://www.ncbi.nlm.nih.gov/pubmed/22840966
http://dx.doi.org/10.1016/j.micinf.2011.07.010
http://www.ncbi.nlm.nih.gov/pubmed/21856436
http://dx.doi.org/10.1016/j.pbi.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24879450
http://dx.doi.org/10.1016/j.cub.2009.01.054
http://dx.doi.org/10.1016/j.cub.2009.01.054
http://www.ncbi.nlm.nih.gov/pubmed/19249211

