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SHORT COMMUNICATION

Perception of the novel MAMP eMax from
different Xanthomonas species requires
the Arabidopsis receptor-like protein ReMAX
and the receptor kinase SOBIR
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As part of their innate immune system plants carry a number of pattern recognition receptors (PRRs) that can detect a
broad range of microbe-associated molecular patterns (MAMPs). In a recently published article' we described a novel, pro-
teinaceous MAMP termed eMax (enigmatic MAMP of Xanthomonas) that derives from Xanthomonas and gets recognized
by the receptor-like protein ReMAX (RECEPTOR OF eMax) of Arabidopsis thaliana. ReMAX has no ortholog in Nicotiana ben-
thamiana and this species does not respond to eMax even when transformed with ReMAX. However, interfamily transfer
of eMax perception was successful with a chimeric form of ReMAX where the C-terminal part of the protein was replaced
by the corresponding part of the tomato RLP EIX2 (ETHYLENE INDUCING XYLANASE?2). In this addendum we describe the
difficulties with the purification and identification of the MAMP eMax and we present data demonstrating that functionality
of ReMAX, much like that of related RLPs, depends on the presence of the receptor kinase SOBIR (SUPPRESSOR OF BIR1-1).

Higher plants carry pattern recognition receptors (PRRs) on
their surface, which recognize microbe-associated molecular pat-
terns (MAMDPs). These MAMPs are typical for whole classes of
microbes but do not occur in plant hosts.? Prominent bacterial
MAMDP:s are flagellin and the Elongation Factor Tu (EF-Tu), where
the model plant Arabidopsis thaliana recognizes the peptides flg22
and elf18%% as minimal epitopes. Most identified PRRs, such as
the receptors FLS2 for bacterial flagellin, EFR for bacterial EF-Tu
or EIX2 for fungal xylanase,’” belong to the receptor-like kinase
(RLK) or the receptor-like protein (RLP) families. Early symptoms
of MAMP perception include altered ion fluxes across the plasma
membrane, leading to extracellular alkalinization and Ca** influx,
ROS (reactive oxygen species) production and enhanced ethylene
biosynthesis® inducing a general state of resistance (pattern-trig-
gered immunity (PTI).” To avoid immune reactions of the plant
host, pathogens have evolved different strategies: Some pathogens
produce effector proteins influencing the plant defense response
pathway.” Another strategy is the avoidance of recognition by alter-
ing the recognized epitope, as shown for Agrobacteria and some
species of Xanthomonas, which are modified in the flg22 epitope of
flagellin.*!* However, it is noteworthy that pathogen recognition in
plants is based on multiple, redundant perception systems detect-
ing several MAMPs of a pathogen. Many MAMPs and PRRs are
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yet not identified and thus newly discovered MAMP-PRR pairs
are essential for a better understanding of the plant innate immu-
nity. The repertoire of the PRRs varies not only between plant spe-
cies but also between different accessions of A. thaliana. Examples
are the receptors FLS2 and EFR, which are altered and thus not
functional in some of the accessions."? In our recently published
article, we used this natural variation to identify the PRR of the
novel MAMP eMax.!

The study was initiated by the observation that extracts of
Xanthomonas axonopodis pv citri induce ethylene production and
extracellular alkalinization in Arabidopsis fIs2 efr mutants that are
not able to detect the well-known bacterial MAMPs flagellin and
EF-Tu. The novel MAMP activity can be solubilized from the
bacteria by sonication, is heat labile, and protease sensitive. The
protein, termed enigmatic MAMP of Xanthomonas (eMax), binds
to anion exchange columns and can be eluted with low salt con-
centrations. Obviously, this single purification step is unlikely to
result in a preparation containing pure eMax alone. But is it suf-
ficient to separate eMax from other bacterial MAMPs? For initial
characterization of the activity from Xanthomonas interference by
the MAMPs flagellin and EF-Tu was excluded by using the 752 efr
double mutant. Working with wild-type plants, in turn, relies on
the absence of known MAMPs like flagellin, EF-Tu, peptidoglycan
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Figure 1. Testing eMax for contamination with flagellin. Extracellular
alkalinization in cell cultures of A. thaliana wild-type cells to test the
response to flg22 and eMax in the presence or absence of the flagellin
antagonist flg22-A2.
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Figure 2. Ethylene biosynthesis in response to different Xanthomonas
strains. Col-0 wild-type and the mutants rip1-2, fls2 efr and fls2 efr rip1-2
were treated with extracts of different Xanthomonas strains and the
fungal extract Pen (90 pug/ml)'® as positive control (Xac: Xanthomonas
axonopodis pv citri, Xcc: Xanthomonas campestris pv campestris, Xcj:
Xanthomonas campestris pv juglandis, Xcm: Xanthomonas campestris pv
malvacearum). The bars and error bars represent means and standard
deviations of three replicates.

and LPS that are usually present in crude bacterial extracts and
could interfere in the assays. These known MAMDPs are all heat
stable while, in contrast, the activity of the eMax preparation was
found to strongly decrease after boiling for 5 min. Heat lability of
eMax thus served as a first criterion to distinguish the novel activ-
ity from other MAMPs known to be perceived by Arabidopsis. For
the highly abundant bacterial MAMPs EF-Tu and flagellin there
614 that interrupt
downstream signaling. For example, flg22-A2, a C-terminally

are also additional tests with antagonistic peptides

truncated version of flg22, acts as a specific antagonist for flagellin
in Arabidopsis thaliana.** Addition of excess flg22-A2 to Arabidopsis
wild-type cell cultures blocks the response to subsequent treat-
ment with non-saturating doses of flg22 while, in contrast, this
pretreatment had no effect on the response to the eMax prepara-
tion, indicating that flagellin is not responsible for the response
observed within these fractions (Fig. 1). Confirming absence of
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flagellin, several species outside the family of Brassicaceae that do
respond to flg22 showed no response when treated with the eMax
preparation.'

However, this does not mean that eMax is the only protein in
the preparation and analysis by SDS-PAGE reveals that this prepa-
ration is heterogenous and contains different proteins. Additional
attempts of purification using a variety of other chromatographic
methods including reversed phase chromatography, cation
exchange chromatography and separation by isoelectric focusing,
was either not successful due to irreversible loss of eMax or resulted
in purified fractions containing significant MAMP activity but
insufficient amounts of protein for MS analysis. This indicates
that eMax is active at very low concentrations, a feature that might
render its identification a tricky task.

The partially purified preparation of eMax, devoid of other
known MAMPs, was used to screen for natural variation of eMax
perception in a collection of Arabidopsis accessions from differ-
ent geographical origins. This allowed the identification of the
accession Shakhdara (Sha) as insensitive to eMax. Recombinant
inbred lines between the insensitive accession Sha and the sensi-
tive accessions Ler or Bay-0 allowed mapping of the locus respon-
sible for sensing eMax to the RECEPTOR-LIKE PROTEIN 1,
(Atlg07390) that we termed ReMAX for RECEPTOR OF eMax.
Insertional knockout mutants of remax/rlpl in the Col-0 back-
ground lack responsiveness to the eMax preparation. This also pro-
vides clear evidence that the eMax preparation used in our study
contains only one predominant type of MAMP that is perceived
by the single receptor ReMAX in Arabidopsis.

Arabidopsis mutants lacking RLP1/ReMAX will be of use for
further characterization of eMax but also for studying the role of
this perception system for plant immunity. By crossing the double
mutant /152 efr with remax/rlp1-2 we obtained the triple mutant /752
efr rlpl-2 as an additional genetic tool. Comparing the induction
of ethylene biosynthesis in leaves from fIs2 efr and fIs2 efr rlpI-2
showed that eMax is present in extracts from Xanthomonas axo-
nopodis pv citri, X. campestris pv juglandis, X. campestris pv malva-
cearum but no or only little activity in extracts from the two strains
of X. campestris pv campestris (Fig. 2). Thus, tests with additional
Xec strains will be required to learn more about the occurrence of
eMax, which may also help to identify eMax.

One explanation for this apparent lack of eMax in Xcc might
be that this pathovar is adapted to Brassicaceae. Thus, eMax might
be absent or modified in Xcc, rendering this pathogen less detect-
able by ReMAX. Modification of MAMP:s that reduce recognition
by the corresponding pattern recognition receptors in differ-
ent host plants has been shown for flagellin of Agrobacteria and
Xanthomonas.*'® Whether such a strategy to avoid recognition also
applies to Xec will require the identification of eMax. Another pos-
sibility might be that these strains contain inhibitors that suppress
MAMP recognition or downstream signaling. However, these two
options should not be seen as mutually exclusive and remain to be
tested experimentally.

Heterologous expression of authentic ReMAX in N. benthami-
ana was not sufficient to confer responsiveness to eMax. However,
complementation of the Arabidopsis rlpl mutants with ReMAX
was successful. Thus, chimeric receptors were designed using the
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coding sequences of ReMAX and the structurally related recep-
tor-like protein EIX2 from tomato that detects fungal xylanase.”
An artificial receptor consisting of the complete ReMAX LRR-
domain and the C-terminal part of EIX2 with its outer juxtamem-
brane domain was able to transfer the capacity for eMax perception
into N. benthamiana. This indicates that the Arabidopsis ReMAX
receptor might be incompatible with N. benthamiana orthologs of
co-receptors or adaptor proteins that are required for receptor func-
tionality. Functionality of RLPs indeed seems to depend on the
receptor kinase SOBIR (SUPPRESSOR OF BIR1-1) as an adap-
tor protein. This was first described for RLPs of tomato” and, more
recently, also for the functionality of Arabidopsis RLP30 as a PRR
for the novel MAMP SCFEL1 secreted by the fungus Sclerotinia
sclerotiorum.® We found that sobir mutants also lacked respon-
siveness to eMax (Fig. 3). This result corroborates the hypothesis
that SOBIR might be generally required as an adaptor protein for
RLPs with functions as PRRs."” Further experiments will now be
required to elucidate the role of SOBIR for the activation of RLP-
type of receptors.
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Figure 3. sobir mutants lack responsiveness to eMax. Ethylene bio-
synthesis in response to eMax (2 pg/ml) and Pen (90 pg/ml)*® in leaves
from Col-0 wild-type and the mutants fls2 efr rlp1-2 and sobir1-12
(SALK_050715"). The bars and error bars represent means and stan-
dard deviations of three replicates.
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