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SUMMARY

In an environment that is rich in potentially pathogenic microor-
ganisms, the survival of higher eukaryotic organisms depends
on efficient pathogen sensing and rapidly mounted defence
responses. Such protective mechanisms are found in all multicel-
lular organisms, and are collectively referred to as ‘innate immu-
nity’. Innate immunity is the first line of defence against invading
microorganisms in vertebrates and the only line of defence in
invertebrates and plants. Bacterial glycoconjugates, such as
lipopolysaccharides (LPSs) from the outer membrane of Gram-
negative bacteria and peptidoglycan (PGN) from the cell walls of
both Gram-positive and Gram-negative bacteria, have been found
to act as elicitors of plant innate immunity. These conserved,
indispensable, microbe-specific molecules are also referred to as
‘microbe-associated molecular patterns’ (MAMPs). MAMPs are
recognized by the plant innate immune system through the action
of pattern recognition receptors (PRRs). A greater insight into the
mechanisms of MAMP recognition and the description of PRRs for
different microbial glycoconjugates will have considerable impact
on the improvement of plant health and disease resistance. Here,
the current knowledge about LPS and PGN as MAMPs is reviewed.

INTRODUCTION

Plants detect several general elicitors from both host and nonhost
pathogens. Microbe-associated molecular patterns (MAMPs) are
conserved and generally indispensable microbial structures. In
plants, MAMPs are perceived by the innate immune system patho-
gen recognition receptors (PRRs). This MAMP recognition by their
cognate PRRs is referred to as ‘microbe- or pathogen-triggered
immunity’ (MTI or PTI) (Jones and Dangl, 2006). Pathogens have
evolved a number of methods to suppress the action of MAMPs in
the elicitation of basal defences. One key strategy is the delivery
into the plant cell of effector proteins which, in bacterial patho-
gens, is mediated by type III secretion systems. These effectors

function to suppress basal defences and to alter host metabolism
in order to promote disease (He et al., 2006; Jamir et al., 2004;
Nomura et al., 2006), resulting in effector-triggered susceptibility
(ETS). However, recognition of a given effector through a set of
resistance (R) gene products results in effector-triggered immunity
(ETI), i.e. disease resistance or the hypersensitive response (HR)
(Jones and Dangl, 2006).

The induction of MTI in plants has been most extensively
studied using the small peptides flg22 and elf18 derived from the
bacterial MAMPs flagellin and the translation elongation factor
EF-Tu, respectively (Felix and Boller, 2003; Zipfel et al., 2006). The
minimal structure(s) required for induction of immune responses
in plants using bacterial glycopolymers, such as lipopolysaccharide
(LPS) and peptidoglycan (PGN), is still not known. LPSs from the
outer membrane of Gram-negative bacteria are amphiphilic mol-
ecules that can form aggregates in aqueous suspensions and
are heterogeneous in both size and composition. Both LPS and
PGN are macromolecules that can interact with the host PRRs.
Mammals are extremely sensitive to these MAMPs, even at low
doses (Alexander and Rietschel, 2001), compared with plant cells.
The recognition of MAMPs in mammals and insects is often medi-
ated by leucine-rich repeat (LRR) proteins, such as Toll in Dro-
sophila and the Toll-like receptors (TLRs) in mammals (Hashimoto
et al., 1988; Lemaitre et al., 1996; Medzhitov et al., 1997). On LPS
recognition in mammals, soluble LPS-binding protein (LBP) binds
LPS and catalyses the movement of LPS to CD14, a soluble
glycosylphosphatidyl inositol (GPI)-anchored glycoprotein (Wright
et al., 1990), which is known to facilitate the transfer of LPS to the
TLR4–MD-2 receptor complex in the plasma membrane and trig-
gers an intracellular signalling cascade. LPS can cause septic
shock in mammals; nonmammalian vertebrates, such as fish, are
immune to the toxic effect of LPS as they lack several of the
co-stimulatory molecules involved in TLR4-mediated endotoxin
recognition and signalling in mammals (Iliev et al., 2005).
Recently, it was revealed that, in a preparation of crude
Escherichia coli LPS, it was PGN contamination, and not LPS, that
was the active component responsible for gene activation in cell
cultures of rainbow trout macrophages (MacKenzie et al., 2010).
In animals, several PGN recognition molecules are known, includ-
ing CD14 (also known to bind the LPS–LBP complex) (Dziarski*Correspondence: Email: mari@life.ku.dk
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et al., 1998), NOD (nucleotide-binding oligomerization domain)-
containing proteins (Franchi et al., 2006),TLR2, even though this is
controversial (Dziarski and Gupta, 2005; Travassos et al., 2004),
and the PGN recognition proteins (PGRPs) (reviewed by Guan and
Mariuzza, 2007). Like the complex recognition of LPS and PGN in
mammals, in contrast with the more straightforward recognition
of, for example, flagellin by its PRR TLR5, a more complex percep-
tion system could also be expected for these macromolecules in
plants. So far, no PRRs have been identified in plants for bacterial
glycoconjugates. Examples of LRR-receptor kinase PRRs that have
been identified in plants are FLS2, EFR and XA21, which recognize
bacterial flagellin, EF-Tu and the sulphated protein AX21, respec-
tively (Felix and Boller, 2003; Lee et al., 2009; Zipfel et al., 2006).

In this review, we focus on the glycosylated bacterial MAMPs
LPS and PGN. We provide an overview of a range of responses
induced by LPS, the substructures within LPS that are recognized
by plants and variations within the LPS structure that can alter
its activity as a MAMP. Furthermore, we include the current,
still rather limited, knowledge about PGN’s role as a MAMP in
plants.

LIPOPOLYSACCHARIDES

LPS and plant innate immunity

LPSs are outer membrane glycolipids of Gram-negative bacteria
known to induce the innate immune response in mammals, insects
and plants (reviewed by Alexander and Rietschel, 2001; Newman
et al., 2007; Silipo et al., 2005). LPS is composed of a hydrophobic
lipid part, referred to as lipid A, which is embedded in the
outer part of the phospholipid bilayer. Lipid A is linked to the
core oligosaccharide, usually by the sugar 3-deoxy-D-manno-2-
octulosonate (KDO). The core oligosaccharide consists of a short
series of sugars and ends in the O-antigen, which is composed of
repeating oligosaccharide units (Raetz and Whitfield, 2002)
(Fig. 1). The main surface component of the bacterial cell envelope
LPS is thought to contribute to the restrictive Gram-negative outer
membrane permeability, allowing bacterial growth in unfavour-
able environments, such as those that may be encountered within
or on plants. The exclusion of antimicrobial substances of plant
origin probably contributes to the ability of pathogenic bacteria to
parasitize plants. LPS-defective mutants show increased in vitro
sensitivity to antibiotics and antimicrobial peptides, and the
numbers of viable bacteria often decline very rapidly on introduc-
tion into plants (Deng et al., 2010; Dow et al., 2000; Newman
et al., 2007).

In contrast with this role in promoting plant disease, i.e. pro-
tection and barrier function against host compounds, there have
been various reports detailing the effects of LPS on the induction
of plant innate immunity, consistent with its designation as a
MAMP and the definition of a MAMP as a conserved structure that

is essential for microbial survival, not only among pathogens, but
also in nonpathogenic and saprophytic microorganisms.

LPS as an inducer of plant defences

LPS has been reported to have a number of effects on the induc-
tion of immune responses in plants, including the oxidative burst,
NO production, calcium influx, the induction of pathogenesis-
related (PR) gene expression and cell wall alterations that include
the deposition of callose and phenolics. These observations have
been made with LPS preparations from a range of bacteria used in
cell suspension cultures or leaves from various plants, which may
explain some variations in outcome. For example, LPS can induce
the production of active oxygen species (Albus et al., 2001; Braun
et al., 2005; Desaki et al., 2006; Gerber et al., 2004; Meyer et al.,
2001), but this is not always observed (Desender et al., 2006; Dow
et al., 2000). LPSs from a range of bacteria induced NO synthesis
in suspension cultures and leaves of the crucifer Arabidopsis thal-
iana (Zeidler et al., 2004). This common effect of LPSs from diverse
bacteria suggests the involvement of a shared molecular determi-
nant, the lipid A moiety, and indeed isolated lipid A is also active
(Zeidler et al., 2004). In these experiments, LPS also activated
the accumulation of transcripts of defence-related genes, includ-
ing PR1, an effect mediated by NO (Zeidler et al., 2004). Lipo-
oligosaccharides (LOSs) from the crucifer pathogen Xanthomonas
campestris pv. campestris (Xcc) were active in inducing the expres-
sion of the defence-related genes PR1 and PR2 in A. thaliana
(Silipo et al., 2005). In some cases, effects on plant gene induction
that are specific to a particular LPS have been observed. This may
reflect the ability of particular plants to recognize structural fea-
tures within LPS that are not widely conserved. For example, in
turnip (Brassica campestris), LOS of Xcc induced the expression
of a gene encoding a defence-related b-(1–3)-glucanase when
applied to leaves at 1 mg/mL (Newman et al., 1995). In contrast,
LOSs from E. coli and Salmonella enterica sv. minnesota were
ineffective at concentrations up to 50 mg/mL (Newman et al.,
1995). Nevertheless, LPSs from these enteric bacteria can elicit
defence-related gene induction in different plants at 50 mg/mL.

The concentrations of LPS required to elicit most of the effects
described above are in the 5–100 mg/mL range, which suggests
that plants do not have the exquisite sensitivity to LPSs shown
by mammalian cells, which can respond at concentrations in the
pg/mL to ng/mL range. These considerations have led to sugges-
tions that plants possess only low-affinity systems to detect LPS
(Zeidler et al., 2004), although plants can detect other bacterial
MAMPs, such as peptides derived from flagellin and Ef-Tu elonga-
tion factor, at subnanomolar levels. One complicating factor is the
aggregation of LPS molecules within the purified preparations,
which may affect the ability of LPS to cross the matrix of the plant
cell wall to reach presumed membrane-associated receptors
(Aslam et al., 2009).
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Several attempts have been made to identify plant components
involved in LPS recognition and perception. Interestingly, Livaja
et al. (2008) found that, in Arabidopsis cells, Burkholderia cepacia
LPS induced an LRR receptor-like kinase At5g45840 by nearly
17-fold after 30 min. Furthermore, in a proteomic analysis of the
changes following the perception of LPS from an endophytic strain
of B. cepacia in Nicotiana tabacum BY-2 cells, 88 LPS-induced/
regulated proteins and phosphoproteins were identified, many
of which were found to be involved in metabolism and energy-

related processes. Moreover, proteins were found that are known
to be involved in protein synthesis, protein folding, vesicle traf-
ficking and secretion (Gerber et al., 2006, 2008). Livaja et al.
(2008) performed transcription profiling of A. thaliana cells
treated with 100 mg/mL LPS from B. cepacia or 50 mg/mL harpin
from Pseudomonas syringae. The transcriptional changes in the
treated and nontreated cells were monitored at 0.5, 1, 2, 4, 8 and
24 h after elicitor treatment. Focusing on changes induced by B.
cepacia LPS, the authors surprisingly did not find any genes

Fig. 1 General structural architecture of lipopolysaccharide (LPS) and peptidoglycan (PGN). LPS is a tripartite molecule comprising a membrane-anchored lipid A
moiety, a core oligosaccharide and an O-antigen polysaccharide made up of repeating units. 3-deoxy-D-manno-2-octulosonate (KDO) residues link lipid A to the
core oligosaccharide, which can also be decorated with other (often nonstoichiometric) substituents, such as phosphate and phosphoethanolamine. LPS is only
found in Gram-negative bacteria. PGN, found in both Gram-positive and Gram-negative bacteria, has a glycan backbone made up of a repeat polymer of two amino
sugars, N-acetylglucosamine (G) and N-acetylmuramic acid (M). Attached to the N-acetylmuramic acid is a peptide side chain consisting of a peptide moiety
displaying considerable diversity. In general, the third position amino acid in Gram-positive bacteria is L-lysine (Lys), whereas, in Gram-negative bacteria, it is
meso-2,6-diaminopimelic acid (DAP). Furthermore, Gram-positive bacteria have peptide stems usually cross-linked through an interpeptide bridge (generally glycine),
whereas Gram-negative bacteria peptide stems are usually directly cross-linked. Muropeptides derived from PGN of Gram-negative pathogens: (a) Xanthomonas
campestris pv. campestris (Xcc); (b) Agrobacterium tumefaciens (At). Differences between the structures are indicated in the green boxes. In At, a glycine-containing
muropeptide was observed, whereas, in Xcc, alanine is present. In Xcc, an N-deacetylated GlcN is present rather than the GlcNAc found in At.
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involved in callose synthesis. Furthermore, genes involved in reac-
tive oxygen species (ROS) production were found to be upregu-
lated at a very low level by B. cepacia LPS, except after 8 h, when
a superoxide dismutase (SOD) and a ferritin 1 precursor gene were
strongly induced. In addition, Livaja et al. (2008) found that B.
cepacia LPS only induced the PR genes PR3 and PR4, whereas
studies in B. cepacia LPS-treated Arabidopsis leaves revealed
the induction of several PR genes (Zeidler et al., 2004). Other LPS
preparations, from Pseudomonas aeruginosa and E. coli, respec-
tively, induce PR1 and PR5 in Arabidopsis leaves (Mishina and
Zeier, 2007). The conflict in results reflects both the different plant
systems (A. thaliana cell cultures vs. the whole plant) and the
origin of the LPS. All the above very specific effects show the
ability of particular plants to recognize structural features within
LPS that are not necessarily widely conserved.

Prevention of HR and priming of plant defence by LPS

Perhaps the first effect of LPS on plants to be described was the
ability to prevent the programmed cell death response (HR) in
leaves (reviewed by Erbs and Newman, 2003). These findings
present a conundrum. If basal resistance responses and HR both
contribute to plant defence, why does LPS activate the former but
block the latter? One possible answer is that the effects of LPS in
the prevention of HR and the triggering of basal defences may
allow the plant to express resistance without catastrophic tissue
collapse. This contention is supported by observations that the
prevention of HR does not apparently lead to an increased sus-
ceptibility of the tissue. The onset of HR is generally associated
with a decline in the number of bacteria that can be recovered
from the leaf. In contrast, in leaf tissue pretreated with LPS,
Newman et al. (2000) found that bacterial counts declined 10-fold
over the first 24 h, but then were maintained at the same level
throughout a 72-h experiment.

In a number of cases, LPS does not act in the direct induction of
plant defence responses, but increases the speed and/or degree
of induction on subsequent pathogen inoculation (Newman et al.,
2002), an effect named priming, also seen with a number of other
biological agents and synthetic compounds (Conrath et al., 2006).
The molecular basis of these effects is unknown. Intriguingly, the
application of LPSs and other MAMPs to plants can lead to an
increased expression of surveillance systems for bacterial type
III-secreted effectors and viral proteins (Gerber et al., 2004, 2006).
This activation of additional surveillance mechanisms may be
related to the priming phenomenon.

LPS recognition by plants

The recognition of LPS/LOS in mammals is rather complex; how
complex this recognition is in plants is still unknown, and the
mechanism of this recognition and the consequent transduction
steps in plants remains obscure.

Gross et al. (2005) showed that, in tobacco cells, Xcc LPS was
internalized 2 h after its introduction to a cell suspension, where
it co-localized with Ara6, a plant homologue of Rab5, which is
known to regulate early endosomal functions in mammals. It was
speculated that this endocytosis in tobacco cells was, in correla-
tion with the mammalian system, part of a downregulation of
defence responses. In a recent study by Zeidler et al. (2010), the
localization and mobilization of fluorescein-labelled S. minnesota
LPS was studied in Arabidopsis. Leaves of A. thaliana were pres-
sure infiltrated with 100 mg/mL of fluorescein-labelled S. minne-
sota LPS and the mobility of LPS was studied over time by
fluorescence microscopy. After 1 h, a fluorescent signal was
observed in the intercellular space of the infiltrated leaf. The
labelled LPSs were visible in the midrib of the leaves after 4 h,
whereas this fluorescence had spread to the smaller leaf veins
near the midrib after 6 h.After 24 h, it was detectable in the lateral
veins. Moreover, cross-sections of the midrib 3 h after supplemen-
tation with fluorescein-labelled LPS revealed a fluorescent signal
in the xylem. Using capillary zone electrophoresis, a distribution of
fluorescein-labelled S. minnesota LPS was found in treated as well
as in systemic leaves (Zeidler et al., 2010). In contrast with the
results reported by Gross et al. (2005), no intracellular accumula-
tion of the labelled LPS was observed in Arabidopsis. This conflict
could reflect the different LPS and plant systems used.

Several laboratories have investigated the contribution of the
different moieties within LPS to the MAMP elicitor activity. Silipo
et al. (2005) determined the complete structure of purified LOS
from Xcc, the lipid A and core oligosaccharides derived from it by
mild acid hydrolysis and, in parallel, examined the activity of these
(structurally defined) components in defence gene induction in
Arabidopsis. Xcc LOS was found to be a unique molecule with a
high negative charge density and a phosphoramide group, which
has not been found previously as a component of LPS (Silipo et al.,
2005). Xcc LOS induced the defence-related PR1 and PR2 genes in
Arabidopsis leaves in two temporal phases: the core oligosaccha-
ride induced only the early phase and the lipid A moiety only the
later phase. These findings suggest that, although both Xcc lipid A
and the Xcc core oligosaccharide are active in defence gene induc-
tion, they may be recognized by different plant receptors (Silipo
et al., 2005). This elicitor activity of Xcc lipid A correlates with
earlier studies by Zeidler et al. (2004), who showed that lipid A
preparations from various bacteria induced a rapid burst of NO
production that was associated with the induction of defence-
related genes in Arabidopsis. In a recent study by Madala et al.
(2011), in which the structure of B. cepacia strain ASP B 2D lipid A
was determined, the role of lipid A as a MAMP in Arabidopsis was
confirmed, and it was found to induce transcriptional changes
associated with plant defence responses.

Interestingly, the core oligosaccharide from E. coli and Ralstonia
solanacearum does not prevent HR or induce defence-related
genes (Newman et al., 1997), indicating that the effect of the Xcc
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core oligosaccharide could be a result of the unique phospho-
ramide group in this particular LPS molecule (Silipo et al., 2005). In
contrast, in tobacco cells, Xcc lipid A could not induce the oxida-
tive burst, but rather it was the inner core part of the LPS molecule
that was responsible (Braun et al., 2005). This disparity in out-
comes might again be a reflection of the use of different plants,
the difference in the age of the plants used (plant cell cultures vs.
seedlings vs. fully developed plants) and the different defence
responses measured after treatment with LPS and its derivatives.
Furthermore, the purity of the MAMPs used is crucial; there are
many documented cases in which biological activity resulted from
co-purification, in particular PGN associating with LPS, or LPS
associating with PGN (Girardin et al., 2003; Leulier et al., 2003;
MacKenzie et al., 2010; McDonald et al., 2005).The contamination
is probably greatest in commercial products of LPS (and PGN), but
will, at times, probably also be found in purified LPS/PGN from
laboratories, when the product is not thoroughly checked for
contaminants.

Evidence for a role of the O-antigen in eliciting defence
responses stems from the different ability of LPS derived from
wild-type Pseudomonas fluorescens and a mutant lacking the
O-antigen to produce induced systemic resistance (ISR) (Leeman
et al., 1995; Van Loon et al., 1998). More recently, the role of the
O-antigen was examined directly by studies of the biological activ-
ity of synthetic O-antigen polysaccharides. Structural studies of
LPS from many phytopathogenic bacteria have revealed that the
O-antigen often comprises a rhamnan backbone with the trisac-
charide repeating unit [a-L-Rha-(1–3)-a-L-Rha-(1–2)-a-L-Rha-
(1–3)] and single monosaccharide branches from the backbone
that differentiate the structure of the O-chain from each serotype
(Bedini et al., 2002). The trisaccharide was synthesized and the
trimer oligomerized to generate a set of oligosaccharides of
increasing chain length. The tri-, hexa- and nonasaccharide syn-
thetic O-antigens were found to suppress the HR and induce PR1
and PR2 transcript accumulation in Arabidopsis. Interestingly,
the efficiency of HR suppression and PR gene induction improved
with increasing chain length (Bedini et al., 2005). Moreover, this
increasing chain length was associated with the formation of a
coiled structure, suggesting a role for this structure as a MAMP. By
extension, these findings suggest a role for the O-antigen from
many phytopathogenic bacteria in triggering plant innate immu-
nity (Bedini et al., 2005).

In mammals, it is well established that electrostatic interactions
involving phosphate groups are required for the biological activity
of LPS (Schromm et al., 1998, 2000). Ionic interactions also seem
to participate in the plant recognition of Xcc LOS, as LOS and
derivatives were unable to induce localized induced responses
in Arabidopsis when all of the phosphate groups, together with
the phosphodiester-linked galacturonyl residues and the phospho-
ramide group, were removed from these molecules (Silipo et al.,
2005).

Variations in LPS structure

Alterations in lipid A or other structures within LPS are known
to occur during symbiotic interactions with plants (Kannenberg
and Carlson, 2001) and in response to compounds in plant root
exudates (Fischer et al., 2003), and may occur during plant patho-
genesis. These alterations may serve both to increase the resist-
ance of the bacteria against host defences and to attenuate the
activity of lipid A or LPS in triggering these defences. Regulated
palmitoylation of lipid A has been shown to have such a dual role
in the pathogenesis of bacterial pathogens of mammals (Bishop
et al., 2005; Bishop, 2005). Palmitoylation occurs by transfer of
a palmitate chain from a phospholipid to lipid A, catalysed by
an outer membrane enzyme PagP. Homologues of pagP occur in
the plant pathogens Erwinia chrysanthemi and E. carotovora,
although it is not yet known whether they have a role in virulence
(Bishop et al., 2005).

The characterization of the structure and function of LOS from
a nonpathogenic Xcc mutant strain 8530, which carries a Tn5
insertion in a gene of unknown function (Dow et al., 1995),
revealed that this mutant had a truncated core region. The fact
that Xcc strain 8530 was defective in core completion led to
significant modifications in the acylation and phosphorylation pat-
terns of its lipid A, and these changes had an influence on its
ability to trigger innate immune responses in Arabidopsis (Silipo
et al., 2008). The core sugars provide protection against antimi-
crobial compounds and attenuate the endotoxic properties of lipid
A, similar to the lipid A modifications seen in mammalian patho-
gens (Raetz et al., 2007). These findings indicate that Xcc has the
capacity to modify the structure of lipid A and thus reduce its
activity as a MAMP in plants (Silipo et al., 2008).The acyl chains of
lipid A can vary, as can their number and length, depending on the
growth conditions and bacterial species. For instance, changes in
the structure and activity of Yersinia pestis (an obligate parasite
of mammals and insects) lipid A have been studied, and have
revealed that Y. pestis switches from the predominantly hexa-
acylated lipid A at low temperatures, when its hosts are insects, to
the tetra-acylated lipid A at higher temperatures, when its hosts
are mammals (Kawahara et al., 2002). Furthermore, recent studies
in mammalian cells have shown that LPS from Shigella flexneri
elicits a weaker TLR4-mediated response than E. coli LPS as a
result of differences in the acylation status of their lipid A moieties
(Rallabhandi et al., 2008).

Lipid A from Halomonas magadiensis, an extremophilic and
alkaliphilic Gram-negative bacterium, isolated from a soda lake
in an East African Rift Valley, has been found to act as an LPS
antagonist in human cells (Silipo et al., 2004). Halomonas maga-
diensis lipid A, characterized by an unusual and very low degree of
acylation, was verified to inhibit E. coli lipid A-induced immune
responses in human cells (Ialenti et al., 2006). Escherichia coli lipid
A, which is an effective agonistic structure of immune responses in
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mammalian cells, is composed of a bis-phosphorylated hexa-
acylated disaccharide backbone with an asymmetric distribution
of the acyl residues. Studies have revealed that structural differ-
ences in the lipid A skeleton, e.g. acylation, can affect its agonist/
antagonist activity (Munford and Varley, 2006). In agreement with
the ability to block enteric LPS-induced human monocyte activa-
tion, our laboratory found that H. magadiensis lipid A was able to
antagonize the action of E. coli lipid A when inducing PR1 gene
expression in A. thaliana. Although the mode of perception of LPS
in plants is far less understood than in mammals and insects, these
results indicate that A. thaliana is sensitive to the same structures
of lipid A that determine biological activity in humans (Erbs et al.,
2008a).

Thus far, LPS preparations used for the analysis of plant
responses and for structural studies have been derived from bac-
teria grown in culture. We know almost nothing about the altera-
tions in LPS that occur when bacteria are within plants, although
this may be highly relevant to signalling. Changes could occur in
both the size distribution of LPS (alteration in the ratio of LOS to
LPS) and/or in the decoration of LPS with saccharide, fatty acid,
phosphate or other constituents. Increases in the sensitivity of
mass spectrometric methodologies may allow the development
of micro-methods to analyse such changes in bacteria isolated
from plants. Transcriptome or proteome profiling of bacteria
isolated from plants may also provide clues to possible LPS
modifications.

PEPTIDOGLYCAN

PGN and plant innate immunity

PGN, which consists of glycan strands that are cross-linked by
peptide bridges, provides rigidity and structure to the cells of both
Gram-positive and Gram-negative bacteria (Fig. 1). PGN is found
as a thick layer in Gram-positive bacteria, whereas only a thin
layer is present in Gram-negative bacteria. The carbohydrate back-
bone of PGN is conserved in all bacteria and made up of alternat-
ing N-acetylmuramic acid (MurNAc) and N-acetylglucosamine
(GlcNAc) linked by b-1,4-glycosidic bonds. The carboxyl group of
MurNAc is the point of linkage to the peptide. In contrast with the
glycan backbone, considerable variations are found in the peptide
moieties. Several types of PGN, classified by the nature of the third
residue of the stem peptide, are commonly found. Typically, this is
meso-2,6-diaminopimelic acid (DAP) PGN in Gram-negative bac-
teria and in some Gram-positive bacilli (genera Bacillus and
Clostridium), whereas, in most other Gram-positive bacteria, it is
L-lysine (Lys) PGN. PGN, a molecule never found in eukaryotes,
is an essential and unique cell wall component of all bacteria,
making it an excellent target for the eukaryotic innate immune
system (reviewed by Dziarski and Gupta, 2005; McDonald et al.,
2005).

The first evidence that PGN interacts with plant cells was pub-
lished in 2003 by Felix and Boller. They showed that PGN from the
Gram-positive human pathogen Staphylococcus aureus was active
as an elicitor in inducing extracellular alkalization of cultured
tobacco cells, whereas no response was observed in cultured
tomato cells, indicating a different perception system for PGN
within the Solanaceae. In contrast in a recent study in tomato,
Nguyen et al. (2010) showed that pre-inoculation with S. aureus
PGN reduced the growth of subsequent bacterial infection in
PGN-treated tissue. This priming of defence with a MAMP is
similar to that described for LPS (Newman et al., 2002). Another
plant study examining Arabidopsis challenged with S. aureus PGN
showed that the PGN sugar backbone was responsible for trigger-
ing immune responses (Gust et al., 2007), and not the breakdown
product of PGN, the muramyl dipeptide or the muropeptide dimer,
which is known to be the minimal chemical structure required for
triggering of the innate immune system in vertebrates and insects
(reviewed by Traub et al., 2006).

In our laboratory, we isolated PGN from two Gram-negative
bacterial plant pathogens, Xcc and Agrobacterium tumefaciens
(At) strain DSM 30204, hydrolysed the PGN to their related
muropeptides and elucidated the structure of the main component
(Erbs et al., 2008b) (Fig. 1). We chose these two bacteria because
of their different infection strategies: Xcc causes necrosis and
tissue breakdown in its host, whereas At is a pathogen that
depends on the maintenance of the viability of host cells for the
transfer of its T-DNA. Using highly purified PGN and muropeptides
from Xcc and At, we found that PGN and its constituents function
as MAMPs in Arabidopsis and induce immune responses, such as
the generation of ROS, extracellular pH increase, PR1 gene expres-
sion and callose deposition (Erbs et al., 2008b). Muropeptides
were significantly more effective than the intact PGN molecule.
PGN and fragments from Xcc were more potent defence
elicitors than those from At, possibly reflecting the
biotrophic mode of parasitism of the latter. Differences in the
structures of Xcc and At muropeptides were observed; an acetyl
group was missing in the PGN of Xcc and, very unusually (Schleifer
and Kandler, 1972), a glycine residue was replaced by an alanine
in At PGN (Erbs et al., 2008b) (Fig. 1). Listeria monocytogenes, a
human intracellular pathogen, has been found to N-deacetylate
its PGN and, in this way, escape recognition and killing by host
cells (Boneca et al., 2007). The N-deacetylation of Xcc PGN had
the opposite effect and elicited immune responses in Arabidopsis
(Erbs et al., 2008b). The variations in At and Xcc PGN structures
might explain their different eliciting activities; the chemical
synthesis of these and related compounds could be a way of
addressing this question. The alterations of PGN in At to reduce its
effectiveness as a MAMP are reminiscent of the alterations in lipid
A known to occur during symbiotic interactions with plants, altera-
tions which are thought to have a similar effect on the ability of
lipid A to induce defence responses (Kannenberg and Carlson,
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2001). Furthermore, although flagellin from many bacteria is a
strong MAMP, flagellin from Agrobacterium is not recognized in
Arabidopsis (Zipfel et al., 2006).

The greater activity in Arabidopsis of the muropeptides than of
native PGN from Xcc contrasts with the perception by Arabidopsis
of S. aureus PGN, where the opposite effect was seen. These
observations could be indicative of different perception systems
for PGN from Gram-positive and Gram-negative bacteria.

PGN recognition by plants

At least six PGN perception systems in humans (TLR2, NOD1,
NOD2) and Drosophila immune cells (PGRP-SA, PGRP-LC, PGRP-
SC1B) are known that recognize different fragments of bacterial
PGNs (Akira et al., 2006; Ferrandon et al., 2007). The PGRPs that
are ubiquitous in most animals, from insects to mammals, do not
exist in plants. Insect and mammalian PGRPs probably bind PGN
in a similar fashion (the mammalian PGRPs are far less under-
stood than the insect PGRPs), but their roles in innate immunity
differ. The mammalian PGRPs have been found to be directly
bactericidal, whereas the insect PGRPs activate the signal trans-
duction pathways (Dziarski and Gupta, 2006). Moreover, the
ability of Drosophila to distinguish Gram-positive from Gram-
negative bacteria is based on the recognition of specific forms
of PGN, and not, as earlier thought, on the recognition of LPS
(Leulier et al., 2003). In addition, based on findings in rainbow
trout, where PGN was found to be the active component, in
crude LPS preparations, responsible for gene activation, it was
hypothesized that the recognition of Gram-negative bacteria in
rainbow trout is similar to that described for Drosophila (Mac-
Kenzie et al., 2010).

No evidence is available for how PGN is perceived in plants.
There have been suggestions that CERK1, a plasma membrane
protein with three LysM motifs in the extracellular domain, might
be involved in the binding of PGN in Arabidopsis. CERK1 is
required for all defence responses induced by chitin, an N-acetyl-
D-glucosamine polymer constituting the main component of
fungal cell walls. LysM motifs have been studied extensively and
are regarded as carbohydrate-binding moieties, and some LysM
domains are known to bind PGN (Buist et al., 2008). Recently,
affinity enrichment studies with PGN from both Gram-positive and
Gram-negative bacteria have revealed that Arabidopsis CERK1,
the chitin elicitor receptor kinase 1 that is essential for perception
of the fungal cell wall component chitin (Miya et al., 2007) as well
as for the restriction of bacterial growth on plants (Gimenez-
Ibanez et al., 2009a), is unlikely to play a role in PGN recognition.
CERK1 was unable to bind PGN from S. aureus or E. coli. Moreover,
when Arabidopsis leaves were vacuum infiltrated with chitin,
Western blotting experiments with CERK1 revealed that chitin
treatment induced a transient bandshift of the CERK1 protein
(Petutschnig et al., 2010). In order to test the specificity of the

bandshift response, Arabidopsis cell cultures were treated with a
range of commercially available MAMPs, among them PGN from
different source organisms (Invitrogen) and LPS (Sigma), and none
of these MAMPs was able to induce a CERK1 bandshift (Petut-
schnig et al., 2010).

In another study, PGN from the virulent bacterial pathogen P.
syringae pv. tomato DC3000 (Pto DC3000) was tested to deter-
mine whether it constituted a ligand for any of the three LysM
motifs of CERK1. Pto DC3000 PGN was found to induce the
generation of ROS in Arabidopsis cerk1 mutant plants, indicating
that PGN perception is independent of CERK1 (Gimenez-Ibanez
et al., 2009b). In contrast, Segonzac and Zipfel (2011) reported
the as yet unpublished finding from Professor Nürnberger’s
laboratory that a LysM-RLP (receptor-like protein) is required for
PGN perception and subsequent resistance to Pto DC3000 in
Arabidopsis.

Millet et al. (2010) generated promoter:b-glucuronidase (GUS)
transgenic lines of the four genes CYP71A12, MYB51, WRKY11
and At5g25260, known to be upregulated in Arabidopsis seed-
lings treated with flg22 (Denoux et al., 2008). PGN (Sigma-
Aldrich) from the Gram-positive root-colonizing bacterium Bacillus
subtilis was tested for GUS reporter gene activation and callose
deposition in these Arabidopsis seedling roots. Bacillus subtilis
PGN was able to induce callose deposition in the elongation zone
of Arabidopsis seedling roots. In addition, CYP71A12 and MYB51
were strongly activated in the elongation zone of seedling roots
by PGN treatment, a response similar to that observed for flg22
treatment, whereas WRKY11 and At5g25260 were upregulated to
a lesser extent by PGN. In a bak1-3 mutant, the GUS response to
PGN was abolished, indicating that BAK1 (BRI1-associated recep-
tor kinase 1) is involved in PGN-mediated signalling (Millet et al.,
2010). BAK1, an LRR-receptor kinase that has been shown pre-
viously to control plant growth by hormone-dependent het-
erodimerization with the plant brassinosteroid (BR) hormone
receptor BRI1 (an LRR-receptor kinase itself) (Wang et al., 2001), is
implicated in flagellin and Ef-Tu recognition (Chinchilla et al.,
2007). In addition to its role as a positive regulator of MTI and
plant growth, BAK1 appears to fulfil additional functions. Bak1
mutants have also been shown recently to have altered disease-
resistance phenotypes to biotrophic and necrotrophic pathogens,
that are probably the consequence of infection-induced deregu-
lated cell death control (Kemmerling et al., 2007). Thus, in addition
to its role as a positive regulator of MTI, BAK1 may further act as
a negative regulator of plant cell death.

Furthermore, the hypothesis that the P. syringae phytotoxin
coronatine (COR) is the effector that suppresses MAMP-activated
responses in roots was tested. COR was found to suppress
MAMP-elicited GUS reporter gene activation when Arabidopsis
seedlings were treated with both purified COR and one of the
following MAMPs: flg22, PGN (Sigma-Aldrich) or chitin (Millet
et al., 2010).
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CONCLUDING REMARKS

The effect of MAMPs, such as LPS and PGN, on the induction
of basal plant defences raises the issue of how bacteria can
ever cause disease in plants. Successful pathogens have evolved
mechanisms to subvert or suppress MTI. Many type III-secreted
effectors act to block the induction of basal defences, thus
promoting disease (He et al., 2006; Nomura et al., 2006). Other
bacterial products, such as extracellular cyclic glucans and
extracellular polysaccharides, have also been shown to suppress
defences (Aslam et al., 2008; Yun et al., 2006). Extracellular
polysaccharides may exert their suppressive effect through the
sequestration of Ca2+ ions, thus preventing influx from the extra-
cellular apoplastic pool (Aslam et al., 2008; Yun et al., 2006). Ca2+

influx occurs as an early local response to pathogen attack and is
thought to act as a signal and to activate callose synthetase. The
mechanistic basis for the suppression of defences by cyclic glucan
is unknown.

Although plant receptors for the bacterial proteinaceous
MAMPs flagellin and EF-Tu have been identified, those involved in
the perception of LPS and PGN are still obscure. The cloning and
characterization of these genes remain major goals. The develop-
ment of a range of molecular genetic tools for model plants, such
as A. thaliana, affords more opportunities for success. The gener-
ally indispensable nature of many MAMPs precludes a similar
genetic analysis using bacterial null mutants. In this case, one
approach is through the identification of genes encoding plant
receptors for MAMPs, followed by the assessment of effects of
mutagenesis or silencing of these genes on pathogen virulence.
This has been performed, for example, to assess the role of flag-
ellin recognition by FLS2 in disease resistance in A. thaliana. The
knowledge obtained from such experiments may also have a
bearing on other aspects of plant–microbe interactions, such as
the induction of systemic resistance by beneficial (nonpathogenic)
bacteria, such as P. fluorescens (in which LPS is implicated), and
signalling between bacterial symbionts, such as rhizobial species
and their plant hosts. The further understanding of the molecular
basis of plant perception of glycoconjugates may have substantial
practical impact for the improvement of plant health through the
creation of new plant varieties, either through transgenic technol-
ogy or guidance of breeding programmes.
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