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An RLP23-SOBIR1-BAK1 complex mediates
NLP-triggered immunity

Isabell Albert, Hannah B6hm™, Markus Albert!, Christina E. Feiler, Julia Imkampe',

Niklas Wallmeroth', Caterina Brancato’, Tom M. Raaymakers?, Stan Oome?3, Hegiao Zhang?*,
Elzbieta Krol®, Christopher Grefen', Andrea A. Gust', Jijie Chai4, Rainer Hedrich5, Guido Van den
Ackerveken?? and Thorsten Niirnberger™

Plants and animals employ innate immune systems to cope with microbial infection. Pattern-triggered immunity relies on
the recognition of microbe-derived patterns by pattern recognition receptors (PRRs). Necrosis and ethylene-inducing
peptide 1-like proteins (NLPs) constitute plant immunogenic patterns that are unique, as these proteins are produced by
multiple prokaryotic (bacterial) and eukaryotic (fungal, oomycete) species. Here we show that the leucine-rich repeat
receptor protein (LRR-RP) RLP23 binds in vivo to a conserved 20-amino-acid fragment found in most NLPs (nlp20),
thereby mediating immune activation in Arabidopsis thaliana. RLP23 forms a constitutive, ligand-independent complex with
the LRR receptor kinase (LRR-RK) SOBIR1 (Suppressor of Brassinosteroid insensitive 1 (BRI1)-associated kinase (BAK1)-
interacting receptor kinase 1), and recruits a second LRR-RK, BAK1, into a tripartite complex upon ligand binding. Stable,
ectopic expression of RLP23 in potato (Solanum tuberosum) confers nlp20 pattern recognition and enhanced immunity to
destructive oomycete and fungal plant pathogens, such as Phytophthora infestans and Sclerotinia sclerotiorum. PRRs that

recognize widespread microbial patterns might be particularly suited for engineering immunity in crop plants.

nize microbial patterns and to activate antimicrobial

defences!?. Microbe-derived triggers of host immunity are
collectively termed pathogen-associated molecular patterns
(PAMPs)**. Plants utilize large sets of PRRs for microbial pattern
sensing and activation of PAMP-triggered immunity (PTI)">>.
Host-adapted microbes have evolved effectors to suppress PTIC.
Co-evolution of host plants and pathogens has shaped effector-trig-
gered immunity (ETI), which is initiated mainly by cytoplasmic
immune receptors that recognize either effector structures or effec-
tor-mediated manipulations of host targets’. Immune receptors
implicated in both, ETI and PTI, mediate microbial pattern
recognition and plant immune activation®.

Plant PRRs are plasma membrane proteins, many of which carry
LRR ectodomains’. LRR PRRs predominantly mediate recognition
of proteinaceous microbial patterns. LRR domains are either
linked via transmembrane domains to cytoplasmic receptor kinase
domains (LRR-receptor kinase PRRs, LRR-RKs) or to short cyto-
plasmic tails lacking apparent signalling domains (LRR-receptor
protein PRRs, LRR-RPs)**. Arabidopsis FLS2 and EFR are LRR-
RKs that recognize bacterial flagellin (flg22) or elongation factor
Tu (elf18), respectively”!®. LRR-RPs comprise fungal pattern
sensors Cf-4 (refs. 11,12), Eix2 (ref. 13), Vel (ref. 14) (from
tomato), RLP30 (ref. 15), RLP42 (ref. 16) (from Arabidopsis), the
bacterial pattern sensor RLP1 (ref. 17) (from Arabidopsis) and the
oomycete elicitin sensor ELR from potato's.

PRRs mediate pattern binding and initiation of intracellular
signal transduction*>. As LRR-RPs lack cytoplasmic domains,
receptor/co-receptor complex formation is instrumental for

| | igher eukaryotes employ germline-encoded PRRs to recog-

LRR-RP-mediated signal transmission®. Arabidopsis and tomato
LRR-RPs interact in a constitutive, ligand-independent fashion
with the LRR-RK SOBIR1>!>1619 L RR-RP SOBIR1 heteromeric
complexes have been proposed to be functionally equivalent to
genuine LRR-RKs®. Although compelling, this proposition yet
awaits experimental confirmation.

LRR-RKs interact in a ligand-dependent manner with members
of the SERK (SOMATIC EMBRYOGENESIS RECEPTOR KINASE)
protein family, including SERK3/BAK1 and SERK4/BKK1 (ref. 20).
Genetic evidence supports negative and positive regulatory roles of
BAK1 in LRR-RP-mediated immunity. BAK1 attenuates fungal
xylanase-induced immune activation through tomato Eix2 (ref.
21), while Arabidopsis RLP30 (ref. 15) and tomato Cf-4-mediated
immune activation’? was impaired in bakl mutants. Ligand-
induced biochemical complex formation of LRR-RP SOBIR1 com-
plexes with BAK1 has, however, not been demonstrated.

NLPs form a superfamily of microbial proteins produced by bac-
terial, fungal and oomycete species”>**. NLPs have been discovered
as cytotoxic proteins triggering leaf necrosis and plant immunity-
associated defences in dicotyledonous plants?*?. Recently, non-
cytotoxic NLPs were found in oomycete and fungal species,
suggesting functional diversification within eukaryotic species pro-
ducing NLPs*-28, A conserved 20-mer fragment (nlp20) is suffi-
cient for immune activation by cytotoxic and non-cytotoxic NLPs
in various Brassicaceae species including Arabidopsis*>*°. Many of
the 1,100 NLP-encoding sequences deposited in databases
harbour this motif and are likely active triggers of plant defences?.
Prokaryotic and eukaryotic species from three microbial lineages
produce nlp20-containing NLPs. This uniquely broad taxonomic
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Figure 1| RLP23 confers sensitivity to nlp20. a b, Ethylene accumulation after treatment with 1 uM nlp20, flg22 or water as control in A. thaliana mutants,
nlp20-insensitive accessions and in stably transformed Arabidopsis p35S::RLP23-GFP transgenic plants (a), and in stably transformed p35S::RLP23-GFP
transgenic N. benthamiana, S. tuberosum and S. lycopersicum plants (b). Bars represent means + s.d. of three replicates. Asterisks indicate significant differences

to water control treatments (*P < 0.05, **P < 0.01, ***P < 0.001, Student's t-test).

distribution is unmatched by any known trigger of metazoan or
plant immunity®*3°,

We report on an RLP23-SOBIR1-BAK1 complex that mediates
nlp20 sensing and immune activation in Arabidopsis. We show that
interfamily transfer of RLP23 confers nlp20 sensitivity to solanac-
eous plants and that ectopic expression in potato enhances immu-
nity to devastating phytopathogens, such as Phytophthora

infestans and Sclerotinia sclerotiorum.

Results

RLP23 mediates nlp20 recognition. Plant LRR-type PRRs
predominantly mediate recognition of proteinaceous ligands®. To
identify the Arabidopsis nlp20 receptor, LRR-RK and LRR-RP
transfer DNA (t-DNA) insertion mutant collections (Col-0)3!32
were  tested for  nlp20-inducible  ethylene  production
(Supplementary Fig. 1). Whereas 38 mutant genotypes representing
29 different LRR-RKs proved sensitive to nlp20 treatment, rlp23-1
and rlp23-2 alleles lacking expression of the gene encoding RLP23
(At2g32680; ref. 32) lacked nlp20-sensitivity (Fig. la and
Supplementary Fig. 1). Sensitivity to flg22 was unaltered in rlp23
mutants, suggesting that these plants are specifically impaired in
nlp20-mediated immunity (Fig. 1a). In parallel, 135 Arabidopsis
accessions were screened for nlp20 responsiveness (Supplementary
Fig. 2). Three accessions (Bor-4, Jm-0, Kyoto) proved insensitive to
nlp20, but not to flg22, again suggesting signal-specific impairment
of nlp20 recognition (Fig. 1a). nlp20 sensitivities varied
quantitatively among the accessions tested. Whether this is due to
polymorphisms in RLP23 alleles remains to be shown.

2

Experiments were performed three times with similar results.

RLP23 comprises an ectodomain of 27 LRR units interspersed
by an island domain separating LRRs 22/23, juxtamembrane and
transmembrane domains and a cytosolic 17-amino-acid tail
(Supplementary Fig. 3a). Inspection of genomic RLP23 sequences
in nlp20-insensitive Arabidopsis accessions revealed the same
frame-shift mutation within LRR13 resulting in premature TAG
stop codons (Supplementary Fig. 3a) and lack of nlp20 sensitivity
(Fig. 1a). Loss of nlp20 pattern recognition occurs rather rarely as
only three of 135 accessions tested were found to be
nlp20-insensitive.

A causal link between the presence of RLP23 and nlp20 sensi-
tivity was established when a p358::RLP23-GFP (green fluorescent
protein) construct was expressed in Nicotiana benthamiana plants
(Supplementary Fig. 3c). Non-transformed plants were insensitive
to nlp20 (Fig. 1b)®. In contrast, RLP23-GFP-expressing plants
recognized nlp20 in a dose-dependent manner and at concen-
trations as low as 10 nM (Supplementary Fig. 3c). Expression of
the frame-shift rlp23 (Bor-4) allele fused to GFP neither conferred
nlp20 sensitivity nor resulted in RLP23-GFP protein accumulation
(Supplementary Fig. 3d,e). Stable expression of p35S:RLP23-GFP in
Arabidopsis rlp23-1 or rlp23-2 mutants restored nlp20 sensitivity
(Fig. 1a). Likewise, stable expression of pRLP23:RLP23-GFP also
conferred nlp20-inducible ethylene production to rlp23-1 and
rlp23-2 genotypes as well as to nlp20-insensitive accessions Bor-4
and Kyoto (Fig. 1a). Further, stable expression of p35S:RLP23-
GFP in N. benthamiana, potato (Solanum tuberosum) or tomato
(Solanum  lycopersicum)  resulted in RLP23  production
(Supplementary Fig. 4) and nlp20 sensitivity (Fig. 1b). Altogether,
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Figure 2 | nlp20 interacts specifically with RLP23 in vitro a,b and in planta c,d. ab, SDS-PAGE/Coomassie analysis of the interaction of recombinant GST-
nlp20 and recombinant His-tagged RLP23'*R and FLS2'R® domains (a), and competition of GST-nlp20 binding by increasing amounts of untagged nlp20 (b).
GS4B resin-bound GST-tagged fusion proteins were used to precipitate recombinant LRR protein. ¢,d, Protein blot analysis of proteins obtained by cross-
linking assays using RLP23-GFP as receptor, biotinylated nlp24 (nlp24-bio) as ligand and non-biotinylated nlp24 as competitor of ligand binding in

N. benthamiana plants transiently expressing RLP23-GFP (c) and in stably transformed 35S::RLP23-GFP A. thaliana plants (d). Excess of an inactive nlp20
variant (nlp24AAIMY)?® was used as a negative control (d). N. benthamiana plants transiently expressing RLP30-GFP' (¢) and rlp23-1 A. thaliana mutants
(d) served as negative controls. GFP-trap beads were used for co-immunoprecipitation and protein blots were probed with anti-biotin antisera, stripped and
re-probed with GFP-antisera. Representative examples selected from three independent repetitions are shown.

these findings demonstrate that RLP23 is required for nlp20 pattern
recognition, and that RLP23 confers pattern-specific immune acti-
vation to insensitive Arabidopsis accessions and to various
solanaceous species.

Rapid plasma membrane depolarization is one of the fastest
responses in Arabidopsis cells when treated with LRR-RK PRR
ligands, such as flg22 (refs 33,34). Substantial alterations in the
membrane potential were observed also within 2 min of addition
of nlp20 that were not detectable when either an elicitor-inactive
nlp20 derivative (nlp20_W6A; ref. 29) or when cells from rlp23-1
mutants were tested (Supplementary Fig. 5a,b). nlp20 concen-
trations required to evoke half-maximum membrane depolarization
(AV 0 =126.5+7.4 mV) were 2.77 + 0.74 nM and thus similar to
half-maximum effective concentration (EC,,) values determined
for ethylene production (Supplementary Fig. 5¢)*%. This is the
first report on pattern-triggered membrane depolarization mediated
by an LRR-RP PRR.

nlp20-inducible reactive oxygen species (ROS) accumulation,
callose apposition and MAPK activation detected in Col-0 plants
were abolished in rlp23-1 and rlp23-2 genotypes (Supplementary
Fig. 6a-c). Likewise, nlp20-related peptides from oomycete
(Hyaloperonospora  arabidopsidis, HaNLP3), fungal (Botrytis
cinerea, BONEP2) or bacterial NLPs (Bacillus subtilis, BsNPP1)%30
triggered ethylene production in Col-0 plants, but not in rlp23-1
mutants (Supplementary Fig. 6d).

The RLP23 LRR domain interacts physically with nlp20. LRR
domains of plant PRRs interact physically with their cognate
peptide patterns®>..  Recombinant RLP23 LRR ectodomains
(RLP23LRR) and glutathione S-transferase (GST)-tagged nlp20
were used to analyse binding in vitro. GST-nlp20 fusion protein
precipitated recombinant RLP23""%, but not a recombinant FLS2
LRR ectodomain (Fig. 2a). GST fused with a peptide structurally
unrelated to nlp20 (GST-tracheary element differenciation inhibitory
factor (TDIF)) failed to precipitate the RLP23 ectodomain. Likewise,
addition of increasing concentrations of soluble nlp20 together

NATURE PLANTS | www.nature.com/natureplants

with GST-nlp20 competitively reduced amounts of precipitated
RLP23""® (Fig. 2b), suggesting that RLP23 and nlp20 interact
specifically and directly. To analyse ligand-receptor binding
in planta, nlp24-bio (Supplementary Fig. S7)* was used as a ligand.
nlp24 is biologically as active as nlp20 (ref. 29) and comprises the
nlp20 sequence and four additional C-terminal amino acid
residues of PpNLP in front of the biotin tag. This larger ligand
was chosen to rule out potentially negative effects of the tag on the
biological activity of the nlp20 peptide. Leaves of p35S:RLP23-
GFP-expressing N. benthamiana (Fig. 2¢) or of Arabidopsis plants
(Fig. 2d) were treated with nlp24-bio before treatment with a
homo-bifunctional chemical cross-linker, EGS (ethylene glycol bis-
succinimidyl succinate). Subsequently, RLP23-GFP protein was
precipitated and analysed for ligand binding. Binding of nlp24-bio
to RLP23-GFP was detected in both plant species. Ligand
concentrations used were similar to those required for its biological
activity (Supplementary Fig. 7)¥, suggesting physiological
significance of binding. Large excess of free nlp24 competitively
abolished binding of nlp24-bio, demonstrating ligand specificity
(Fig. 2c,d). Use of a biologically inactive nlp24 derivative
(nlp24AAIMY)® did not affect nlp24-bio binding to RLP23-GFP
(Fig. 2d). Likewise, binding assays performed in N. benthamiana
expressing a structurally related LRR-RP, RLP30 (ref. 15), or in
the Arabidopsis rlp23-1 mutant did not show binding, suggesting
that RLP23 specifically binds nlp peptides.

RLP23 function requires LRR-RKs SOBIR1 and BAK1. As RLP23
lacks an apparent cytoplasmic signalling domain, RLP23-dependent
immune activation likely requires a co-receptor for intracellular
signalling. To identify RLP23-interacting proteins, p35S:RLP23-
GFP was stably expressed in the rlp23-1 genotype. Protein extracts
prepared from mock-treated plants or from plants treated with
nlp20 were subjected to co-precipitation assays using GFP-
binding beads and subsequent MS/MS spectroscopy to identify
RLP23-GFP interactors (Supplementary Fig. 8a). Among a total
of 13 proteins found to interact with RLP23-GFP, only two
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Figure 3 | RLP23 interacts with SOBIR1, BAK1 and other members of the SERK protein family, and these proteins are required for nlp20-mediated
defence activation. a, RLP23-GFP, BAK1-Myc and SOBIR1-HA proteins were transiently expressed in N. benthamiana, protein extracts thereof subjected to
co-immunoprecipitation using GFP-trap beads, and pelleted proteins were analysed by protein blotting using tag-specific antisera. b, Protein blot analysis of
Myc-tagged SERK1, SERK2, SERK3/BAK1, SERK4/BKK1 and SERK5 proteins transiently co-expressed with SOBIR1-HA and RLP23-GFP in N. benthamiana and

co-immunoprecipitated using GFP-trap beads.

cd, Protein blots from experiments shown in Fig. 2c,d were stripped and re-probed with anti-SERK-antiserum.

e, Ethylene accumulation and f, oxidative burst measurements in Arabidopsis sobirl and baki-5/bkkl mutants treated with nlp20 (1 pM), or water and flg22
(1TuM) as controls. Average values of three replicates + s.d. are shown. Asterisks indicate significant differences to water control treatments (*P < 0.05,
**P < 0.01, Student's t-test). Experiments were performed in triplicate with similar results.

potential co-receptors were detected. Fifteen peptides representing
the LRR-RK SOBIRI co-purified with RLP23 in planta
independent of the presence of nlp20, confirming constitutive,
ligand-independent interaction of RLP23 and SOBIRI (ref. 35)
(Supplementary Fig. 8b). In contrast, three peptides representing
the LRR-RK, BAK1, were found only among proteins prepared
from plants treated with nlp20 (Supplementary Fig. 8a,b). BAKI
is a co-receptor serving LRR-RKs (refs 2,20,36,37), but genetic
evidence has recently implicated BAK1 also in LRR-RP
function'*!>2!,  Co-immunoprecipitation ~ experiments  in
Arabidopsis rlp23-1/p35S:RLP23-GFP transgenic plants confirmed
nlp20-dependent interaction of RLP23 and BAK1 (Supplementary
Fig. 8¢c). Likewise, similar assays conducted in N. benthamiana
also showed ligand-independent interaction of RLP23 and
SOBIR1 (Fig. 3a). Again, RLP23-BAKI interaction was found
solely in nlp20-elicited plants invariably of whether RLP23-GFP
or SOBIR1-GFP fusion proteins were precipitated, thus
confirming ligand-dependent complex formation (Fig. 3a and

4

Supplementary Fig. 9a). Expression of a structurally related
Arabidopsis LRR-RP, RLP30 (ref. 15), together with SOBIRI and
BAK1 resulted in RLP30-SOBIR1-BAK1 complex formation,
again only when plants were treated with the RLP30 ligand,
SCEFE1 (ref. 15) (Supplementary Fig. 9b). Thus, ligand-dependent
recruitment of BAK1 might be a common feature of LRR-RP-type
PRRs.

Over-expression of four SERK protein family members (SERK1,
SERK2, SERK3/BAK1, SERK4/BKK1) in N. benthamiana resulted
in nlp20-induced RLP23-SERK complex formation (Fig. 3b),
suggesting functional redundancy among SERK proteins. Protein
blots obtained in Fig. 2c,d, were probed with anti-SERK antisera
(Fig. 3c,d). Again, nlp20-dependent RLP23-SERK complexes were
observed in Arabidopsis and N. benthamiana, suggesting that
native SERK levels support ligand-dependent complex formation
with LRR-RP-type PRRs.

To assess SOBIR1 and BAKI1 functions in nlp20-induced immu-
nity, sobirl and bakI-5/bkk1 mutants were tested for nlp20-induced

NATURE PLANTS | www.nature.com/natureplants
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Figure 4 | RLP23 physically interacts with SOBIR1 and BAKT1. a, RLP23 interacts with SOBIR1 in a ratiometric bimolecular fluorescence complementation
analysis in transiently transformed N. benthamiana leaves. Mean fluorescence intensity of complemented YFP was ratioed against RFP signal in 30 randomly
chosen square sections of approx. 9,500 um?, each. Box plot diagram depicting all individual values as black dots, 75th percentile as open square above and
25th percentile as open square below the red horizontal line which denotes the median value. Top and bottom whiskers comprise values within 1.5 times of
the interquartile range (IQR). Exemplary confocal images of analysed samples; left, complemented YFP; right, cytosolic RFP fluorescence. b, Protoplasts of
A. thaliana plants transiently expressing RLP23-nYFP and SOBIR1-cYFP or SOBIR1-nYFP and RLP23-cYFP show fluorescence of complemented YFP as
observed by confocal laser scanning microscopy. As controls, nYFP and cYFP constructs only were used. ¢,d, Gel filtration experiment (Hiload 200, GE
Healthcare) demonstrating ligand-induced complex formation of recombinant RLP23 and BAK1 ectodomains in vitro after pre-incubation of both receptor
ectodomains with nlp20 for 20 min (¢). Arrows indicate peak maximum positions of BAKI'®R, RLP23"RR and BAK1-RRRLP23'RR proteins. Fractions from (c)
were subjected to SDS-PAGE/Coomassie blue staining. Colour conversion was chosen for better visualization of BAK1'RR (red asterisk) co-eluting with

RLP23'RR (d). Representative results out of three are shown.

defences (Fig. 3e,f and Supplementary Fig. 10). sobir] mutants
proved entirely insensitive to nlp20 treatment as ethylene formation,
ROS production (Fig. 3e,f), callose apposition or MAPK activation
(Supplementary Fig. 10a,b) were abolished. Testing nlp peptides
from diverse microbial taxa confirmed these findings
(Supplementary Fig. 10c). Likewise, nlp20 responsiveness in bak1-
5/bkk1 double mutants was strongly reduced, suggesting that both
proteins contribute to RLP23 function (Fig. 3e,f; Supplementary
Fig. 10a,b). Residual nlp20 responsiveness in this genotype
(Fig. 3e) could be attributed to other, functionally redundant
SERK proteins, which is in agreement with ligand-induced
complex formation of RLP23 with SERKs1-4 (Fig. 3b) and with
reports linking tomato LRR-RPs Cf-4 and Vel genetically to
SERK1 function?.

Co-immunoprecipitation assays do not demonstrate physical
interaction of proteins in a complex. Ratiometric bimolecular fluor-
escence complementation assays conducted in transgenic
N. benthamiana plants verified the proposed direct interaction of
RLP23 and SOBIR1 (Fig. 4a). Likewise, Arabidopsis protoplasts

NATURE PLANTS | www.nature.com/natureplants

transiently expressing RLP23-nYFP (yellow fluorescent protein)
and SOBIR1-cYFP or SOBIRI-nYFP and RLP23-cYFP constructs,
respectively, showed physical interaction of both proteins in the
absence of the ligand (Fig. 4b). Recently, a mechanism for ligand-
induced complex formation of BAK1 and the LRR-RK PRR FLS2
was proposed in which the ligand “glues” the LRR ectodomains of
both proteins®’. Gel filtration experiments as in*” were conducted
using recombinant RLP23 and BAKI ectodomains (Fig. 4c). In
the absence of nlp20, two separate protein entities migrated
without apparent interaction. In contrast, nlp20 caused the RLP23
peak maximum to shift towards a higher molecular weight, which
is indicative of nlp20-induced complex formation. Co-elution of
RLP23 and BAK1 in the same fractions corroborated this conclusion
(Fig. 4d). Altogether, RLP23, SOBIRI and BAKI are not only
required for nlp20-induced immunity, but appear to be in close
physical proximity likely forming a tripartite complex.

RLP23 is required for nlp20-induced resistance. nlp20 (PpNLP)
or nlp24 (HaNLP3) treatments rendered Arabidopsis Col-0 plants
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Figure 5 | RLP23-mediated pathogen resistance. a,b, Growth of Pseudomonas syringae pv. tomato on A. thaliana Col-0 and rlp23-1 plants after priming with
nlp20 (PpNLP), flg22, and the immunogenically inactive peptides nlp20 (PccNLP) and nlp20_W6A 24 h before infection. Water infiltration served as a
control. ¢,d, Disease symptom assessment on wild-type and RLP23-GFP-transgenic S. tuberosum lines 4 days post infection with the oomycete Phytophthora
infestans, strain 88069. e, Real-time PCR-based quantification of P. infestans growth on infected S. tuberosum. f,g, Disease symptom evaluation of the growth
of the fungus Sclerotinia sclerotiorum (strain 1980) on RLP23-GFP-transgenic S. tuberosum lines 2 days after infection. Experiments were conducted at least
three times with similar results. Each data point represents means + s.d. of n =6 leaves per treatment (a,b), n =24 leaves per line (¢, I.1), or n =32 leaves per
line (¢, 1.2), n=60 leaves per line (e), and n=9 leaves per line (f). Asterisks indicate significant differences to water control treatments (a,b) or WT plants

(cef) (**P<0.01, ***P<0.001, Student's t-test).

more resistant to subsequent infection with virulent isolates of
Pseudomonas syringae pv. tomato (Fig. 5a), Botrytis cinerea or
Hyaloperonospora arabidopsidis®*°. In contrast, pre-treatment
with biologically inactive nlp20 derivatives nlp20_W6A or nlp20
from Pectobacterium carotovorum NLP (PccNLP)?>** did not

6

affect Pseudomonas growth in Arabidopsis (Fig. 5a). Notably,
nlp20 treatment did not protect rlp23 mutant genotypes (Fig. 5b
and Supplementary Fig. 11a). The deleterious effect was specific
to nlp20 since flg22-mediated immunity was not affected in rlp23
mutants (Fig. 5b and Supplementary Fig. 11a). nlp24 (HaNLP3)
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treatment also rendered Arabidopsis resistant to the virulent
H. arabidopsidis isolate Noco2 (Supplementary Fig. 11b). This
protective effect was not only detectable in local tissues
(Supplementary Fig. 11b), but also systemically (Supplementary
Fig. 12). Both, nlp24-induced local and systemic immunity was
completely abrogated in rlp23 and sobir] mutants (Supplementary
Figs 11b and 12). Altogether, these findings underscore the
involvement of RLP23 in nlp-mediated immune activation.

RLP23 expression in potato confers increased resistance to
oomycete and fungal pathogens. Phytophthora infestans, the
potato late blight pathogen and the causal agent of the Irish
potato famine in the mid-nineteenth century, harbours a large
and fast-evolving family of NLP proteins®® many of which carry
an immunogenic nlp20 motif?. To address whether RLP23-
mediated sensing of nlp20 would facilitate engineering of
enhanced immunity to P. infestans infection, transgenic potato
lines stably expressing a p35S:RLP23-GFP construct were
generated. Two lines (I.1, 1.2) were tested for their levels of
susceptibility to infection with P. infestans. Disease-associated
lesions were significantly smaller in infected leaves of RLP23-
expressing lines than those observed in control plants (Fig. 5¢,d).
Likewise, PCR-based quantification of P. infestans colonization
revealed statistically significantly reduced pathogen growth in
RLP23-expressing line 1.2 (Fig. 5e). Similarly, disease symptoms
caused by the NLP-producing (NPP1 SS1G_11912.3; NPP2
SS1G_03080.3) fungus Sclerotinia sclerotiorum strain 1980 were
significantly smaller on RLP23-transgenic potato lines (Fig. 5f,g),
suggesting that RLP23 confers enhanced protection to these
destructive oomycete and fungal pathogens.

Discussion

Employing reverse genetics and exploiting natural variation in nlp20
sensitivity enabled the identification of RLP23 as the Arabidopsis
nlp20 receptor. Genetic and biochemical evidence supports this
notion: (1) rlp23 mutants lack the ability to mount nlp20-inducible
defences, (2) nlp20-insensitive Arabidopsis accessions do not
produce functional RLP23, (3) ectopic expression of RLP23-encod-
ing sequences restores nlp20 recognition in rlp23 mutants and in
insensitive Arabidopsis accessions, (4) RLP23 specifically binds
nlp20, (5) production of RLP23 in N. benthamiana, S. lycopersicum
and S. tuberosum confers nlp20 sensitivity to these nlp20-insensitive
species, and (6) wild-type plants, but not rlp23 mutants are resistant
to bacterial and oomycete infection following pre-treatment with
nlp20.

LRR-RP receptors carry small cytoplasmic domains without
apparent signalling function. It is thus assumed that these proteins
require co-receptors for activating intracellular signal transduction®.
Indeed, the LRR-RP SOBIR1 has been implicated in LRR-RP
immune receptor function through serving receptor protein stability
and transmembrane signalling!>!¢193°. RLP23-dependent nlp20-
mediated immune activation also requires SOBIRI, and RLP23
interacts physically in planta with SOBIRI in a ligand-independent
manner. RLP23 behaves thus like other immune receptors of the
same type, and heteromeric complex formation with SOBIR1
appears to be a common feature of RLP function®. AtSOBIR1
might not be required to stabilize AfRLP23 as overexpression of
RLP23-GFP in Col-0 wild-type and sobirl-12 mutant protoplasts
resulted in similar receptor protein levels (data not shown). This
is in contrast to tomato SOBIRI, which was reported to stabilize
tomato Cf-4 and Vel receptors when expressed in N. benthami-
ana®. LRR-RP SOBIR1 complexes, formed in a ligand-independent
manner, were proposed to constitute bimolecular equivalents of
LRR-RKs®. This seems to be particularly evident, as LRR-RP func-
tion has also been genetically linked to the activity of another
co-receptor, BAK1, which is a common co-receptor of LRR-RKs?°.

NATURE PLANTS | www.nature.com/natureplants

We here show that RLP23-mediated immune activation is depen-
dent on SERK3/BAK1 and possibly other members of the SERK
protein family, such as SERK4/BKK1. We also provide evidence
that BAKI is indeed recruited into a pre-formed RLP23-SOBIR1
complex in an nlp20 ligand-dependent manner. We further show,
that BAK1 and RLP23 interact physically in a ligand-dependent
manner in vitro. This finding suggests ligand-mediated stabilization
of an LRR-RP receptor/co-receptor complex similar to what was
reported for the LRR-RK FLS2 and BAKI (ref. 37). Altogether,
RLP23, SOBIRI and BAK1 build a signalling-competent array in
which all three proteins are in close physical proximity, likely
forming a tripartite PRR complex.

Numerous bacterial, oomycete and fungal NLPs carry an immu-
nogenic nlp20 peptide motif?**°. Such a broad taxonomic distri-
bution is unknown for any trigger of metazoan or plant
immunity. This fact together with a rather plant genus-specific
occurrence of nlp20 sensitivity predestined RLP23 as a tool for
engineering crop immunity by transfer across genus boundaries.
Production of RLP23 in N. benthamiana, S. tuberosum and S. lyco-
persicum conferred nlp20 sensitivity, suggesting that plants unre-
lated to Arabidopsis could link ectopically expressed PRRs to
endogenous immune signalling. More importantly, stable over-
expression of RLP23 in potato resulted in significantly enhanced
immunity to the major plant pathogens, P. infestans and S. sclero-
tiorum. These findings support previous reports on increased resist-
ance to bacterial infections in tomato and wheat plants expressing
Arabidopsis elongation factor Tu receptor (EFR) (refs 22,40-46).
Thus, interfamily transfer of PRRs from model into crop species
might constitute a widely applicable strategy for improving immu-
nity. Transfer of individual or stacked PRRs into crops represents
a biotechnological alternative to ETT receptor ‘stacking’ approaches
also aiming at engineering crop immunity”’~*°. PRR transfer yields
quantitative increases in immunity compared with strong qualitative
effects brought about by ETI receptor transfer. Thus, lower selection
pressure on pathogen populations by PRR transfer might result in
more durable, sustained crop immunity. The nlp20 RLP23 case is
paradigmatic for a targeted search for PRRs that recognize broadly
distributed patterns from taxonomically unrelated plant pathogens.

Methods

Recombinant protein expression and purification. His-tagged RLP23 and AfFLS2
LRR domains were expressed using the Bac-to-Bac baculovirus expression system
(Invitrogen) in HI-5 cells at 22 °C. Cells (1.8 x 10° cells I"'cultured in the medium
from Expression Systems) were infected with 30 ml ™' baculovirus and cultures were
harvested 72 h post infection. Proteins were purified by Ni-NTA affinity
chromatography (Novagen) and digested with precision protease to remove the
carboxy (C)-terminal tag before size exclusion chromatography (HiLoad 200, GE
Healthcare) in buffer containing 10 mM Bis-Tris pH 6.0, 100 mM NaCl. The
expression and purification of AfFLS2"*® and AfBAK1"*® was as reported”’.
Bacteria harbouring pGEX-6p-1-nlp20 were cultured at 37 °C in LB medium
containing 100 mg ml™" ampicillin. The culture was induced by adding 0.2 mM
IPTG at ODg, = 0.8 and incubated for 3 h at 22 °C. The cell pellets were resuspended
in buffer A containing 20 mM Tris HCI (pH 8.0), 150 mM NaCl. After sonication and
centrifugation (45 min, 14,000 rpm, 4 °C), the clear supernatant was harvested and
applied onto GS4B beads. The column was washed with 10 ml buffer A for three times
and eluted with buffer B (20 mM Tris HCI pH 8.0, 50 mM NaCl, 20 mM GSH). The
eluate was further loaded onto an ion-exchange column (Source 15Q, GE Healthcare)
and then eluted using a linear 100 ml gradient of 0-0.5 M NaCl.

In vitro pull-down assay, in vitro competition assay and gel filtration assay. For
in vitro pull-down and competition assays 30 g of purified His-tagged RLP23"8}
were added to mixtures containing an equal amount of GST-nlp20 and 50 pl of
GS4B resin with or without varying concentrations of synthesized nlp20 in buffer
containing 10 mM Bis-Tris, pH 6.0, 100 mM NaCl. After incubation on ice for 15—
30 min the resin was washed three or four times with 1 ml of buffer. GST-TDIF
(Tracheary Element Differentiation Inhibitory Factor or CLE41; primary sequence:
HEVPSGPNPISN) and His-tagged FLS2"*® served as negative controls.

Purified RLP23"*® and AfBAK1"*® were incubated for 20 min on ice in the
absence or presence of nlp20. Mixtures were subjected to a gel filtration column
(HiLoad 200, GE Healthcare) in 10 mM Bis-Tris pH 6.0, 100 mM NaCl. Fractions
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from gel filtration and pulled down proteins were subjected to SDS-polyacrylamide
gel electrophoresis (PAGE) and detected by Coomassie blue staining.

Immunoprecipitation assays and in vivo cross-linking. Leaves of transiently
transformed N. benthamiana were either harvested directly or 3 min after infiltration
of 1 uM nlp20 or SCFEI (ref. 15). For in vivo cross-linking of nlp24-biotin to RLP23
leaves of either N. benthamiana or A. thaliana rlp23-1 expressing 35S:RLP23-GFP,
or control plants (A. thaliana rlp23-1 or N. benthamiana expressing 35S:RLP30-
GFP), were infiltrated with biotinylated nlp24 (PpNLP) (30 nM in ddH,0) with
or without unlabelled nlp24 (PpNLP) (100 pM) as competitor or with an

inactive version of nlp24 (nlp24AAIMY, amino acid sequence
SWYFPKDSPVTGLGHRHDWE) as competition control. Five minutes after
peptide treatment 2 mM EGS (ethylene glycol bis(succinimidyl succinate); initially
solved in a small volume of DMSO, further diluted in 25 mM HEPES bulffer, pH 7.5)
was infiltrated into the same leaves for cross-linking of peptides to the receptor
proteins. Thirty minutes after cross-linking, leaf samples were harvested and frozen
in liquid nitrogen.

For immunoprecipitations, 300 mg ground leaf material from transiently
transformed N. benthamiana or 500 mg from A. thaliana was used per sample.
Membrane proteins were solubilized as described®® and immuno-adsorbed via the
GFP-tag to GFP-Trap beads (ChromoTek, IZB Martinsried, Germany). In the case
of BAK1 pull-down experiments, Arabidopsis rlp23-1/p35S::RLP23-GFP plants and
solubilization and wash buffers containing 20 mM NaCl were used. Protein blots
were probed either directly with an Streptavidin-alkaline phosphatase conjugate
(Roche) or with antibodies raised against GFP (Torrey Pines Biolabs), HA or Myc-
tags (Sigma), BAK1 (Agrisera) or SERK (raised against peptide
DIPVNGSFSLFTPISFANTK), followed by staining with secondary antibodies
coupled to alkaline phosphatase and CDP-Star (Roche) as substrates.
Chemiluminescence was detected using a CCD-camera (Viber Louromat, PeqLAB).

Ratiometric bimolecular fluorescence complementation (rBiFC) and BiFC. For
rBiFC, abaxial, transiently transformed N. benthamiana leaves were analysed using a
Leica SP8 confocal microscope with a 40x/0.75 water-immersion objective. YFP was
excited using a 514 nm laser collecting emission between 520-560 nm; the RFP
signal was excited using a 561 nm laser with an emission spectrum of 565-620 nm.
Mean fluorescence intensity of complemented YFP was ratioed against RFP signal in
30 randomly chosen square sections of ~9500 um?, each as described®'. For BiFC,
transformed A. thaliana Col-0 protoplasts were investigated as described above on a
Leica SP2 confocal microscope with a 20x/0.75 water-immersion objective.

Pathogenicity assays. Four- to 6-week-old A. thaliana Col-0 plants were primed
24 h before bacterial or oomycete infection by leaf infiltration of nlp20 PpNLP, nlp24
HaNLP3, flg22 (1 uM peptide solution) or mock treatment, respectively. Infections
with P. syringae pv. tomato DC3000 (Pst DC3000), P. infestans strain 88069,

S. sclerotiorum strain 1980 or H. arabidopsidis Noco2 and determination of
microbial growth rates were as described!>2*30:>2, For scoring disease development in
systemic tissue, conidiophore numbers on non-nlp24-treated leaves were counted at
6 days after inoculation. P. infestans DNA from infected potato leaves was extracted
as described® using 12 mm leaf discs (area 113 mm?) per sample 4 days after droplet
inoculation of 10 pl 5 x 10* zoospores ml™'. DNA quantification was performed
by real-time PCR using 1 pl of DNA in 20 pl of buffer including SYBR Green
(Thermo Scientific) and an iQ5 iCycler (Bio-Rad). DNA contents were calculated
using a calibration curve established for a range of 100 ng to 0.001 ng
(spectrophotometric determination, NanoDrop 2000, Thermo Scientific) pure
mycelia-derived P. infestans DNA. Primers for amplification were chosen based on
highly repetitive sequences from the P. infestans genome® (PiO8-3-3-3 fwd
5'-CAATTCGCCACCTTCTTCGA-3’, PiO8-3-3 rev 5'-
GCCTTCCTGCCCTCAAGAAC-3'). Cycling conditions were 10 min 95 °C,

40 cycles 10 s 95°C, 15 5 59 °C, 20 s 72 °C. Mean values of three technical replicates
were used.
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An RLP23-SOBIR1-BAK1 complex
mediates NLP-triggered immunity

Supplemental methods

Peptides. Synthetic peptides including nlp24:bio purchased from Genscript Inc. were
prepared as 10 mM stock solutions in 100 % DMSO, and diluted in water prior to use. DMSO
concentrations corresponding to those in peptide solutions used in this study did not trigger
plant responses’. nlp20 peptides used herein were deduced from Phytophthora parasitica

PpNLP' if not stated otherwise.

Plant materials and growth conditions. Arabidopsis plants were grown in soil (22 °C, 8 h
light/16 h dark diurnal cycle) and used at an age of 4-6 weeks. Plants used for infections with
P. syringae or P. infestans were grown under translucent cover. Nicotiana benthamiana
plants were grown in the greenhouse (16 h light, 22 °C/8 h dark, 18 °C) and used at an age
of 4-5 weeks. For stable transformation, N. benthamiana (7-8 weeks old, 13 h light/11 h dark
at 23 °C), Solanum tuberosum var. Désirée (3-4 weeks old, 14 h light/10 h dark, 23 °C) and
Solanum lycopersicum (2 weeks old, 14 h light/10 dark, 23 °C) were grown in sterile culture
on MS medium containing 2 % sucrose. Transgenic N. benthamiana, S. tuberosum and S.
lycopersicum were grown in soil in the greenhouse under long day conditions (16 h light/8 h

dark, 23 °C).

Genotyping of Arabidopsis rip23 mutant lines. PCR on genomic DNA was performed
using the Phire Plant Direct PCR Kit (Life Technologies) and primers RLP23for, RLP23rev,
RLP23mid_rev (mr) (TGAGCAGTTTACAAAAGACC), SALK LB (ctttgacgttggagtccac) and
GABI_Kat LB (CCCATTTGGACGTGAATGTAGACAC). Transcript levels in WT and mutant
plants were detected by PCR on cDNA with Tag Polymerase (Life Technologies) using the
Primers RLP23for and RLP23rev as well as EF-1alpha_for
(TCACATCAACATTGTGGTCATTGG) and EF-1alpha_rev

(TTGATCTGGTCAAGAGCCTACAG) as control.
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Plant responses. Ethylene production was performed as described?. Leaf pieces were
incubated in 20 mM MES buffer, pH 5.7. For ROS burst measurements leaves were cut in
pieces (2x3 mm size) and floated on H,O for 12 hrs in petri dishes. Two leaf pieces/well of a
white 96-well plate (Greiner BioOne) were incubated in 100 pyl 20 yM L-012, 0.5 ug/ml
peroxidase solution. Background luminescence was recorded for 10 min in a 96-well
luminometer, (Mithras LB 940, Berthold Technologies) before elicitation or control
treatments. Measurements were performed for 30 min with signal integration times of 1 s in 1
min intervals. For MAPK activity assays, infiltrated plant material was harvested after 15 min
and frozen in liquid nitrogen prior to protein extraction in 20 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1 % Triton X-100, 0.1 % SDS, 5 mM DTT, Complete Protease Inhibitor
Mini, EDTA-free (Roche, Mannheim), PhosStop Phosphatase Inhibitor Cocktail (Roche,
Mannheim). After pelleting cell debris (10 min, 16000 g, 4 °C), the supernatant (30 pg
protein) was separated on 10 % SDS-PAGE, transferred to nitrocellulose, and activated
MAPKG6, 3 and 4 were detected by protein blotting using the rabbit anti-phospho-p44/42-
MAPK antibody (Cell Signalling Technology, The Netherlands). To visualize callose
apposition, leaves were treated as described' and harvested 24 hours after infiltration of a
peptide solution. Quantification of callose was performed by counting selected pixels and
calculated in % relative to the respective image section of the leaf surface. Pictures were
analysed using the Photoshop CS6 Magic tool, hereby removing background and leaf-veins
within a certain colour range. (use: white, mode: normal, opacity: 100%). Membrane potential
measurements were performed on detached leaves that were glued to the base of a patch-
clamp chamber (adaxial site), peeled off (abaxial epidermis) and left for recovery overnight in
standard solution (0.1 mM KCI, 1 mM CaCl,, 5 mM MES pH 5.5). During experiments,
exposed tissue was constantly perfused with standard solution (2 ml/min), and elicitors were
applied for 1-2 min unless stated otherwise. For impalements, microelectrodes of borosilicate
glass capillaries with filament (Hilgenberg, Malsfeld, Germany) pulled on a horizontal laser

puller (P2000, Sutter Instruments Co, Novato, CA, USA) were filled with 300 mM KCI, and
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connected by an Ag/AgCI half-cell to a headstage (1 GQ, HS-2A, Axon Inst., Union City, CA,

USA). Tip-resistance was approximately 20-50 MQ, whereas the input resistance of the
headstage was 10" Q. The reference electrode was also filled with 300 mM KCI. Cells were
impaled using an electronic micromanipulator (NC-30, Kleindiek Nanotechnik, Germany).
Recordings were amplified with an IPA-2 amplifier (Applicable Electronics, Inc., Forestdale,
MA, USA) and stored using WIinEDR software on a Windows Electrophysiology Disk

Recorder.

LC-MS/MS analysis. Leaf material (3 g) from A. thaliana Col-0 plants or rip23-1 plants
overexpressing RLP23:GFP was harvested directly or 10 min after infiltration of 100 nM
nlp20. Membrane proteins were solubilized and immuno-adsorbed via the GFP-tag to GFP-
Trap® beads (ChromoTek, 1ZB Martinsried, Germany). Samples were resuspended in SDS-
loading buffer, applied to an SDS-PAGE and excised from the stacking gel. Following a
tryptic digestion, LC-MS/MS analysis was performed on a Proxeon Easy-nLC coupled to an
LTQ Orbitrap Elite mass spectrometer (method: 130 min Top15HCD). Processing of the data
was conducted using MaxQuant software suite v.1.2.2.9°. Using the Andromeda search
engine®, spectra were compared to an Arabidopsis thaliana database and a database
comprising protein sequences of interest. Raw data processing was performed with 1 % false
discovery rate setting. PEP scores <0.2 were considered to identify peptides derived from

biologically significant interacting proteins.

RNA isolation and cloning of constructs. RNA was isolated from A. thaliana Col-0 using
the RNeasy Plant MiniKit (Qiagen) and cDNA synthesis was performed using RevertAidTM
MuLV reverse transcriptase (Thermo Scientific). PCR assays were performed with Pfu DNA
Polymerase (Thermo Scientific). RLP23, SOBIR1 and BAK1 coding sequences or coding
sequences together with the native promoter were amplified with Pfu DNA Polymerase
(Thermo Scientific), cloned into pCR8-Topo vector (Gateway vector; Invitrogen) using

primers PromRLP23for (ATACATGTTCACTCATCTTTCC), RLP23for
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(ATGTCAAAGGCGCTTTTGCATTTGC), RLP23revW/oStop
(ACGCTTTCTGCGTTTATTCAGACC), SOBIR1for (ATGGCTGTTCCCACGGGAAGC),
SOBIR1revW/oStop (GTGCTTGATCTGGGACAACATGG), BAK1for
(ATGGAACGAAGATTAATGATCC), BAK1revW/oStop (TCTTGGACCCGAGGGGTATTCG)
and recombined to pB7FWG2.0 (Plant Systems Biology, VIB, University of Ghent) for C-
terminal GFP fusion, to pGWB14 for C-terminal HA fusion to pGWB17 for C-terminal Myc
fusion®, pUBC-nYFP-DEST and pUBC-cYFP-DEST for C-terminal n- or cYFP fusions. For
rBIFC constructs RLP23, SOBIR1, CERK1 and EFR were amplified using the primers AttB3-

RLP23-S (ggggacaactttgtataataaagttgtaATGTCAAAGGCGCTTTTGC), AttB2-RLP23-AS

(ggggaccactttgtacaagaaagctgggtGACGCTTTCTGCGTTTATTCAG), AttB1-SOBIR-S
(ggggacaagtttgtacaaaaaagcaggctTAATGGCTGTTCCCACGGGA), AttB4-SOBIR-AS
(ggggacaactttgtatagaaaagttgggttGTGCTTGATCTGGGACAACATG), AttB3-EFR-S
(ggggacaactttgtataataaagttgtaATGAAGCTGTCCTTTTCACTTG), AttB2-EFR-AS
(ggggaccactttgtacaagaaagctgggtt CATAGTATGCATGTCCGTATT), AttB1-CERK1-S

(ggggacaagtttgtacaaaaaagcaggcttaATGAAGCTAAAGATTTCTCTAA), AttB4-CERK1-AS
(ggggacaactttgtatagaaaagttgggtt CCGGCCGGACATAAGACTGAC) and recombined into the
plasmid pBiFCt-2in1-CC.

The ectodomains of RLP23 (RLP23""R, residues 1-832) and AtFLS2 (FLS2?R, residues 25-
800) carrying C-terminal 6xHis-tags and nlp20 carrying N-terminal GST-tag were generated
by standard PCR strategies and cloned into the expression vector pFastBacTM1 (Invitrogen)
or pGEX-6P-1 (GE life sciences). Their identities were confirmed by sequencing. Primers
used were RLP23-BamHI (ggaattggatccatgtcaaaggcgcttttg), RLP23-832-Sall
(gaaattgtcgacgtcttcttgettitg), NLP20-BamHI (ggaattggatccgctatcatgtactcgtgg), NLP20-Xhol
(gaaattctcgagctagcgatgccccagtccagt), BAK1-BamHI (ggaattggatccatggaacgaagattaatg) and

BAK1-220-Xhol (gaaattctcgagATGATGATGATGATGATGgtttgagagatccag).

Plant and protoplast transformation. A. fumefaciens GV3101 harbouring the gene

constructs to be expressed were grown for 48 h in LB medium, collected by centrifugation,
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and adjusted to ODgg of 0.1 in induction medium (10 mM MgCl,, 150 uM acetosyringone).
For transient gene expression, bacteria were pressure-infiltrated into N. benthamiana leaves
after incubation at room temperature for 1 h. Leaves were used for ethylene measurements,
protein expression analysis or immunoprecipitation at 48 hours after infiltration. For stable
transformation, A. tumefaciens Gv3101 carrying the desired constructs were grown in LB
medium with appropriate antibiotics. For Arabidopsis transformation, bacteria cells were
harvested and resuspended in 5 % (w/v) Sucrose, 10 mM MgSO,, 0.01 % Silwet and
sprayed on buds of 6-8 week old Col-0 rip23-1 and rip23-2 or accessions Bor-4 and Kyoto.
The T1 generation was selected on 0.2 % BASTA. For Nicotiana benthamiana, S.
lycopersicum and S. tuberosum transformation, cells were resuspended in 10 mM MgCl,. N.
benthamiana leaf pieces were incubated in suspension for 3 minutes, subsequently
transferred to MS medium with 2 % sucrose, and incubated for 48 hrs in the dark. Transgenic
calli were selected on MS medium with BASTA. S. tuberosum leaf pieces were floated in
liquid 2x MS medium containing A. tumefaciens for 3 days in the dark at room temperature
and subsequently transferred to callus induction medium for 1 week and to selection medium
with BASTA. S. lycopersicum cotyledons were incubated in A. tumefaciens suspension for 2
days in the dark at room temperature and transferred to selection medium containing
BASTA. Transgenic plants selected in sterile culture were transferred to soil and grown in the
greenhouse under long day conditions. Protoplasts from Arabidopsis Col-0 plants were

isolated and transformed as described®.

1 Bohm, H. et al. A conserved peptide pattern from a widespread microbial virulence
factor triggers pattern-induced immunity in Arabidopsis. PLOS Pathogens 10,
1004491 (2014).

2 Felix, G., Duran, J. D., Volko, S. & Boller, T. Plants have a sensitive perception
system for the most conserved domain of bacterial flagellin. Plant J 18, 265-276
(1999).
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Supplementary Fig. 1: RLK and RLP T-DNA mutants tested for nlp20 sensitivity. a,
Ethylene accumulation of 38 T-DNA insertion mutants for 29 RLKs upon nlp20 treatment (1
MM). b, Ethylene accumulation of 55 T-DNA insertion mutants for 44 RLPs upon nlp20 (1
MM) treatment. Results are shown as percentage of responses determined in Col-0. Bars

represent means of 2 replicates + standard deviation.
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Supplementary Fig. 2: Arabidopsis thaliana accessions tested for nlp20 sensitivity.
135 Arabidopsis thaliana ecotypes were tested for ethylene accumulation upon nlp20
treatment (1 uM). Results are shown as percentage of responses determined in Col-0. Bars

represent means of 2 replicates + standard deviation.
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Supplementary Fig. 3: RLP23 confers nlp20 sensitivity. a, Schematic representation of
the RLP23 protein structure in accessions Col-0, Bor-4, Jm-0, Kyoto, and genotypes rip23-1
and rip23-2. SP: signal peptide; NT: N-terminal domain; ID: island domain; JM:
juxtamembrane domain; LRR: leucine-rich repeat; TM: transmembrane domain; IC:
intracellular domain. b, PCR-based genotyping of rip23-1 and rip23-2 mutants on genomic
DNA (gDNA) with gene- (f+r, f+mr) and insertion- specific primer pairs (LB+r, LB+f). PCR on
cDNA of the same plants confirmed the absence of full-length transcript, in contrast to
amplification of EF-1a as control ¢, d, Ethylene accumulation in nlp20-treated (1 uM) N.
benthamiana plants transiently expressing RLP23:GFP (Col-0) (¢, d) and RLP23:GFP (Bor-
4) alleles (d). Water and flagellin (1 uM) were used as control. Bars represent means + SD of
three replicates. Asterisks indicate significant differences to water control treatments (* =
P<0.05, ** = P<0.01, ** = P<0.001, Students t-test). e, Protein blot of extracts from N.
benthamiana plants used in ¢, d. Protein accumulation in p35S::RLP23:GFP (Bor-4) plants

is not detectable due to a frameshift mutation in this RLP23 allele.
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Supplementary Fig. 4: RLP23 expression analysis in transgenic plants. Protein blot
probed with anti-GFP antiserum of protein extracts from A. thaliana genotypes rip23-1, rlp23-
2, A. thaliana accessions Kyoto and Bor-4, N. benthamiana, Solanum lycopersicum and

Solanum tuberosum plants stably producing GFP-tagged RLP23 protein.
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Supplementary Fig. 5: Plasma membrane depolarisation in Arabidopsis thaliana Col-0
and rIp23-1 plants. a, b, Plasma membrane depolarisation in leaf cells from A. thaliana Col-
0 WT plants and rlp23-1 plants following perfusion with 100 nM nlp20 and inactive
nlp20_WG6A. Bars indicate time intervals of elicitor application. ¢, Half maximum effective

concentration for membrane depolarisation is indicated.
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Supplementary Fig. 6: NIp20-mediated defense responses are impaired in rip23
mutants. a, Oxidative burst triggered by nIp20 (1 uM). b, Callose apposition triggered by 1
MM nIp20. ¢, MAPK activation triggered by 1 uM nlp20. Water and flg22 (1 uM) were used as
controls (b, ¢). d, Ethylene accumulation upon treatment with nlp24 peptides derived from
various NLPs of Hyaloperonospora arabidopsidis (HaNLP3), Botrytis cinerea (BcNEP2), and
Bacillus subtilis (BsNPP). Results represent average values of 3 replicates + standard
deviation. Asterisks indicate significant differences to water treatment (* = P<0.05, ** =
P<0.01, ** = P<0.001, Students t-test). All experiments were performed in triplicate with

similar results.
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Supplementary Fig. 7: Biotinylated nlp24 peptide is biologically active.
Ethylene accumulation in Arabidopsis (Col-0) leaves treated with biotinylated nlp24

(nlp24:bio) and nlp24 (PpNLP). Data points represent means of three replicates + SD.
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Supplementary Fig. 8: Identification of SOBIR1 and BAK1 fragments after RLP23:GFP
pull-down in LC-MS/MS Analyses and pull-down of endogenous BAK1 in Arabidopsis.
a, Stably transformed rip23-1/p35S::RLP23:GFP plants treated with nlp20 (1 uM) were used
to precipitate proteins interacting with RLP23 using a GFP-trap. Interacting proteins were
identified by LC-MS/MS. Number of peptides representing RLP23 interactors SOBIR1 and
BAK1 are given. b, overview on SOBIR1 and BAK1-derived peptides identified by MS/MS
analysis. Peptide sequences, protein coverage and peptide frequencies are given. ¢, Co-
immunoprecipitation of endogenous BAK1 in a ligand-dependent manner (10 uM nlp20) in
Arabidopsis plants stably expressing 35S::RLP23:GFP using GFP-trap beads. Western blots

were probed with antisera specific for BAK1 or GFP respectively.
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Supplementary Fig. 9: RLP23 and RLP30 recruit BAK1 in a ligand-dependent fashion.
a, b, Pull down of BAK1:Myc transiently co-expressed with SOBIR1:GFP and RLP23:HA (a)
or SOBIR1:HA and RLP30:GFP (b) in N. benthamiana plants upon leaf infiltration with 1 pM
nlp20 (a) or SCFE1 elicitor'® (b). Protein extracts were subjected to co-immunoprecipitation
using GFP-trap beads and SDS-PAGE/blotting. Protein blots were probed with tag-specific

antisera. Representative blots of at least two independent repetitions are shown.
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Supplementary Fig. 10: nlp20-mediated responses are impaired in sobir1 and bak1-
5/bkk1 mutants. a, Callose apposition triggered by 1 uyM nIp20. b, MAPK activation
triggered by 1 uM nlp20. Flagellin (1 uM) or water was used as positive or negative controls,
respectively. ¢, Ethylene accumulation upon treatment with nlp24 peptides derived from
various NLPs of Hyaloperonospora arabidopsidis, Botrytis cinerea (BcNEP2), and Bacillus
subtilis (BsNPP1). Results represent average values of 3 replicates + standard deviation.
Asterisks indicate significant differences to water control treatments (* = P<0.05, ** =
P<0.01, *** = P<0.001, Student's t-test). Experiments were done in triplicate with similar

results.
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Supplementary Fig. 11: RLP23 and SOBIR1 mediate local immunity. a, Growth of
Pseudomonas syringae pv. tomato on rip23-2 leaves primed for immunity by treatments with
nip20 (PpNLP), flg22, or immunogenically inactive peptides nlp20 (PccNLP) and nlp20_ W6A
(1 uM) 24 hrs prior to infection. Water infiltration served as control. Data represent means %
SD of n = 6 plants per treatment. b, Growth of Hyalonospora arabidopsidis isolate Noco2 on
leaves of A. thaliana Col-0, rip23 and sobir1 mutant genotypes treated with nlp24 (HaNLP3)
(100 nM) or water as control 24 hrs prior to infection. Conidiospores were counted 6 days
post inoculation. Data represent means + SD of 16<n<32 leaves per treatment. Asterisks
indicate significant differences to control treatments (a) or to Col-0 plants (b) (*** = P<0.001,

Student's t-test).
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Supplementary Fig. 12: RLP23 and SOBIR1 mediate systemic immunity. Leaves of A.
thaliana Col-0, rlp23 and sobir1 mutant genotypes were treated with nlp24 (HaNLP3) (100
nM) or water as control 24 hrs prior to infection of neighboring, systemic leaves with H.
arabidopsidis isolate Noco2. Conidiospores were counted 6 days post inoculation. Data
represent means * SD of three independent experiments. The asterisk indicates a significant

difference to control treatment (* = P<0.1, Student's t-test).
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