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SUMMARY


Pattern recognition receptors (PRRs) sense microbial patterns and activate innate
immunity against attempted microbial invasions. The leucine-rich repeat receptor
kinases (LRR-RK) FLS2 and EFR, and the LRR receptor protein (LRR-RP) receptors
RLP23 and RLP42, respectively, represent prototypical members of these two
prominent and closely related PRR families.



We conducted a survey of Arabidopsis thaliana immune signaling mediated by these
receptors to address the question of commonalities and differences between LRRRK and LRR-RP signaling.



Quantitative differences in timing and amplitude were observed for several early
immune responses, with RP-mediated responses typically being slower and more
prolonged than those mediated by RKs. Activation of RLP23, but not FLS2, induced
the production of camalexin. Transcriptomic analysis revealed that RLP23-regulated
genes represent only a fraction of those genes differentially expressed upon FLS2
activation. Several positive and negative regulators of FLS2-signaling play similar
roles in RLP23-signaling. Intriguingly, the cytoplasmic receptor kinase BIK1, a
positive regulator of RK signaling, acts as a negative regulator of RP-type immune
receptors in a manner dependent on BIK1 kinase activity.
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Our study unveils unexpected differences in two closely-related receptor systems
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and reports a new negative role of BIK1 in plant immunity.

INTRODUCTION
Metazoan and plant pattern recognition receptors (PRRs) are instrumental to pathogen
sensing and activation of innate immune defenses in response to attempted microbial
infections (Böhm et al., 2014a; Macho & Zipfel, 2014). Such receptors are germline-encoded
and detect molecules ('patterns') that are characteristic of whole classes of microbes
(Boutrot & Zipfel, 2017). Detection of these molecules, called pathogen- or microbeassociated molecular patterns (PAMPs/MAMPs), leads to a set of responses collectively
referred to as pattern-triggered immunity (PTI) (Monaghan & Zipfel, 2012; Böhm et al.,
2014a; Saijo et al., 2018). Plant PRRs can be subdivided into those that recognize
carbohydrate patterns and those that sense proteinaceous patterns (Gust et al., 2012;
Monaghan & Zipfel, 2012; Böhm et al., 2014a; Boutrot & Zipfel, 2017). Recognition of fungal
chitin or of bacterial peptidoglycan and lipopolysaccharide is mediated by either lysin-motiftype receptor complexes or lectin S-DOMAIN receptor kinases. Plant leucine-rich repeat
(LRR) receptor proteins (RPs) and LRR-receptor kinases (RKs) have been shown to sense
multiple peptide patterns of bacterial, fungal or oomycete origin (Boutrot & Zipfel, 2017;
Ranf, 2017).
LRR-RPs and LRR-RKs consist of an extracellular LRR-domain for ligand binding

and a single-pass transmembrane domain for plasma-membrane localization. LRR-RKs
possess an intracellular protein kinase domain that is lacking in LRR-RPs. Instead, LRR-RPs
constitutively interact with adaptor kinases such as SOBIR1 (SUPPRESSOR OF BAK1INTERACTING RECEPTOR-LIKE KINASE) to form a bipartite receptor kinase complex
(Gust & Felix, 2014; Liebrand et al., 2014; Domazakis et al., 2018). Upon ligand binding,
both receptor types recruit SERK (SOMATIC EMBRYOGENESIS RECEPTOR KINASE) coreceptors,

such

as

BAK1/SERK3

(BRI1

(BRASSINOSTEROID

INSENSITIVE

1)-

ASSOCIATED RECEPTOR KINASE 1) for intracellular signal transduction (Chinchilla et al.,
2007; Heese et al., 2007; Albert et al., 2015; Postma et al., 2016).
Arabidopsis LRR-RK FLS2 (FLAGELLIN SENSING 2) recognizes bacterial flagellin

or a peptide thereof (flg22) (Gomez-Gomez & Boller, 2000) and undergoes rapid complex
formation with BAK1 (Chinchilla et al., 2007; Heese et al., 2007; Roux et al., 2011). 3Dstructure elucidation of the FLS2 BAK1 ectodomain complex revealed that the ligand acts as
molecular glue to facilitate receptor/co-receptor interaction (Sun et al., 2013). Arabidopsis
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LRR-RP RLP23 recognizes an immunogenic peptide motif (nlp20) found within necrosis and
ethylene-inducing peptide 1 (NEP1)-like proteins (NLP) (Albert et al., 2015). NLPs are
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produced by numerous plant pathogenic bacteria, oomycetes and fungi (Ottmann et al.,
2009; Lenarčič et al., 2017), which makes the nlp20 pattern unique by occurring in three
different microbial lineages (Böhm et al., 2014b). Like FLS2, functionality of LRRRP/SOBIR1 complexes also involves ligand-induced recruitment of BAK1 or related SERKs
(Albert et al., 2015; Postma et al., 2016), but little information about the molecular
architecture of such a tripartite complex is available. Gel filtration experiments conducted
with recombinant RLP23 and BAK1 LRR ectodomains in the absence or presence of nlp20
suggest that nlp20 mediates RLP23 BAK1 interaction and that SOBIR1 is not required for
this interaction (Albert et al., 2015).
Ligand-induced PRR complex formation suggests suppression of this process in the

absence of the ligand. Indeed, LRR-RKs BIR2 (BAK1-INTERACTING RECEPTOR-LIKE
KINASE 2) and BIR3 have been shown to bind to BAK1 in the resting state and to prevent
complex formation with LRR-RK PRRs such as FLS2 (Halter et al., 2014; Imkampe et al.,
2017). BIR2 and BIR3 are considered negative regulators of PTI responses mediated
through activation of LRR-RK-type PRRs (Saijo et al., 2018).
BAK1 and FLS2 both bind to BIK1 (BOTRYTIS-INDUCED KINASE 1), a receptor-like

cytoplasmic kinase (RLCK) (Lu et al., 2010; Zhang et al., 2010). Upon elicitation, FLS2
BAK1 heteromeric complexes are formed and BIR2 BAK1 and BIR3 BAK1 complexes
dissociate (Halter et al., 2014; Imkampe et al., 2017). BIK1 phosphorylates both FLS2 and
BAK1 and is itself phosphorylated by BAK1 (Lu et al., 2010; Zhang et al., 2010). Activated
BIK1 then phosphorylates the NADPH oxidase RBOHD (RESPIRATORY BURST OXIDASE
HOMOLOG PROTEIN D) (Kadota et al., 2014; Li et al., 2014) and, likely, other substrates.
Whether a similar scenario underlies PTI activation through LRR-RP-type PRRs remains
unknown.
Due to the similar architecture of LRR-RK and LRR-RP PRRs and due to recruitment

of BAK1 (and related SERKs) by both PRR types it was suggested that these proteins would
function in a virtually identical manner and that LRR-RP/SOBIR1 complexes constitute
heterodimeric LRR-RKs (Gust & Felix, 2014). This view is supported by both receptor
complexes mediating plant resistance to microbial infections (Zipfel et al., 2004; Albert et al.,
2015). To test this hypothesis, we have conducted a comprehensive survey of PTIassociated responses mediated through either an LRR-RK (FLS2) or LRR-RP (RLP23)-type
PRR. Choice of this pair of PRRs was dictated by the fact that for both receptors similarly
sized, pure peptide ligands are available. We found both qualitative and quantitative
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differences in immunity-associated responses triggered by these patterns as well as an
unforeseen differential role of BIK1 in LRR-RK and LRR-RP-mediated PTI. Similar results
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were obtained for LRR-RK EFR (ELONGATION FACTOR THERMO UNSTABLE
RECEPTOR) and LRR-RP RLP42, suggesting that inspite of very similar receptor complex
architectures cellular outputs mediated through either receptor type are distinct and differ in
their requirement for BIK1.

MATERALS AND METHODS
Plant Material
All plant lines and mutants used in this study are in Arabidopsis thaliana accession
Columbia-0 (Col-0) background (listed in Table S1).

ROS and Ethylene Measurement
The detection of ROS and ethylene in leaf pieces of 5-week-old Arabidopsis plants was
performed as described (Felix et al., 1999; Albert et al., 2010). Leaves were cut into pieces
and floated on H2O overnight before measurement. For ROS assays, one leaf piece per well
was placed in a 96-well plate containing 20 µM L-012 (Wako Pure Chemical Industries Ltd.)
and 2 µg/mL peroxidase. Luminescence was measured both before (background) and over
one hour following elicitation or mock treatment using a Mithras LB 940 luminometer
(Berthold Technologies). For ethylene measurement, four randomly selected leaf pieces
were incubated in a 6.5 mL glass tube with 0.5 mL 20 mM MES buffer, pH 5.6 and the
indicated elicitor. For all treatments at least three replicates were performed. Ethylene
accumulation was measured by gas chromatographic analysis (GC-14A, Shimadzu) of 1 mL
of the air drawn from the closed tube with a syringe after the indicated incubation time.

Salicylic Acid and Camalexin Measurement
5-week-old Arabidopsis leaves were infiltrated with peptide solution or ddH2O. For analysis
of salicylic acid and camalexin, 200 mg of fresh plant leaves were harvested and
homogenized in liquid nitrogen. Extraction of the free analytes was carried out with 1.5 mL
ethyl acetate, containing 0.1 % (v/v) formic acid and the internal standards 3hydroxybenzoeic acid and dihydro-jasmonic acid. Samples were incubated at 28°C for 60
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min after a 10 min sonification step in an ultrasonic bath. After centrifugation at 18,500 x g,
1.2 mL supernatant was transferred into a new tube. The ethyl acetate was removed in a
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vacuum concentrator. Derivatization was performed with a 1:1 mixture of 70 µL TMSDM (2.0
M in diethyl ether) / methanol for 20 min at 25°C. Determination of the analytes in 1 µL
injected volume was performed by GC/MS (Agilent 6890 GC and Agilent 5973 single quad
mass spectrometer, Agilent Technologies, Santa Clara, CA, USA), using split injection mode
and a SPB-50 column (30 m, 0.25 mm internal diameter, Supelco, Sigma–Aldrich, Munich,
Germany). The GC oven temperature was held at 70°C for 5 min, then ramped at 15°C/min
to 270°C, then ramped at 75°C/min to 280°C and afterwards held for an additional 10 min at
280°C. Helium was used as carrier gas with a flow rate of 1 ml/min. The mass spectrometer
was operated in electron impact ionization (EI) and selected ion monitoring (SIM) mode.

RNA-Sequencing and data analysis
10-day-old Arabidopsis seedlings grown on half-strength MS medium under short-day
conditions were moved from plates to water one day before treatment with H2O, 0.5 μM flg22
or nlp20 for 0, 1, 6 and 24 h. Total RNA was extracted using the RNeasy Plant Mini Kit
(QIAGEN), and DNA contamination was removed with the RNase-Free DNase Set
(QIAGEN). RNA quantity and quality were checked with an ABI 3730xl DNA Analyzer
(Applied Biosystems) and a Qubit® 2.0 Fluorometer (Invitrogen). The cDNA library was
prepared from 2 μg RNA using Illumina® TruSeq® RNA Sample Preparation Kits (Illumina).
The cDNA library was sequenced using the HiSeq2000 with cBot (Illumina). RNA-seq reads
were aligned to the CD-HIT (Li & Godzik, 2006) optimized TAIR10 Col-0 reference
transcripts using Bowtie 2 (Langmead et al., 2009). Uniquely mapped reads were quantified
per representative gene model using eXpress (Roberts & Pachter, 2013). Only transcripts
with counts per million ≥2 in at least two replicates were used for differential expression
analysis using edgeR (Robinson et al., 2010; McCarthy et al., 2012). This package internally
estimates size factors for each sample, calculates dispersion for each gene, and then fits a
negative binomial generalized linear model to detect differentially expressed genes
considering the size factors and dispersion values.

This article is protected by copyright. All rights reserved.

Quantitative Real-time PCR
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Total RNA was isolated from leaves of 5 to 6-week-old Arabidopsis plants using the
NucleoSpin® RNA Plus kit (Macherey-Nagel). First-strand cDNA synthesis was performed
from 1 µg of total RNA using RevertAidTM MuLV reverse transcriptase (Thermo Scientific).
Quantitative PCR reactions and measurements were performed with the iQ5 Multi-color realtime PCR detection system (Bio-Rad) using the SYBR green Fluorescein Mix (Thermo
Scientific)

and

gene

specific

primers

for

PAD3

(Primers

PAD3_Forward

5’-

CGAGCATCTTAAGCCTGGAA-3’ and PAD3_Reverse 5’-ACTCCACCAATCCCTGCTAC3’), CYP71A13 (Primers CYP71A13_Forward 5’-TCGGTTGCATCCTTCTCTTC-3’ and
CYP71A13_Reverse
MLO12_Forward

5’-GTCCCCATATCGCAGTGTCT-3’),

5’-ACGGTGGTTGTCGGTATAAGCC-3’

and

MLO12

(Primers

MLO12_Reverse

5’-

AGGGCAGCCAAAGATATGAGTCC-3’) and PR1 (qPR1_F 5'CGCTGCGAACACGTGCAATG-3’ and qPR1_R

5’-CCACGAGGATCATAGTTGCAAC-

3’). Transcript levels of target genes were normalized to the transcript levels of the house
keeping gene EF-1α (Primers EF-1a_Forward 5’-GAGGCAGACTGTTGCAGTCG-3’ and EF1a_Reverse 5’-TCACTTCGCACCCTTCTTGA-3’) as a reference gene, and calibrated to the
levels of mock infiltration in wild-type plant (set as 1), according to the 2-∆∆Ct (cycle threshold)
method (Livak & Schmittgen, 2001). Data are presented as the average of 3 replicates ±
standard deviation, and three independent experiments were performed.
More Methods information can be found in Supplemental Methods.

RESULTS
Similar but distinct immune responses are induced by both, nlp20 and flg22
Microbe-derived immunogenic structures trigger largely overlapping plant response patterns
(Bigeard et al., 2015), suggesting that a generic rather than a microbial pattern-specific
response underlies the plant's ability to restrict infections. To investigate plant responses
mediated through the activation of LRR-RK and LRR-RP-type PRRs we have chosen a
systematic approach to compare flg22/FLS2 and nlp20/RLP23-mediated early and late plant
defenses. Towards this end, we have used highly purified synthetic peptide preparations, the
same plant seed stocks and identical experimental setups. All experiments were conducted
with both elicitors in parallel, and samples were handled in a randomized way. Such
stringent conditions were employed because small variations in plant growth and handling
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conditions have previously been reported to cause rather large differences in plant
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phenotypes (Massonnet et al., 2010).
Plasma membrane depolarization is among the very first responses observed in

elicited plants (Jeworutzki et al., 2010). Treatment with either elicitor resulted in very rapid
and substantial changes of the plasma membrane potential, which is dependent on coreceptors such as BAK1 and SOBIR1 (Fig. 1a). However, neither response timing nor
amplitude differed significantly in flg22 or nlp20-treated plants (Fig. S1).
Changes in cytoplasmic calcium concentrations are also among the earliest changes

observed in elicited plant cells. To determine spatiotemporal differences between the
calcium signal elicited by flg22 and nlp20, we treated roots of seedlings expressing the
genetically encoded calcium sensor R-GECO1 (Keinath et al., 2015) with flg22, nlp20 or
medium lacking either elicitor. Upon treatment with flg22 we observed a response mostly in
the elongation zone with a median delay of approximately 3:27 min (Fig. 1b, Fig. S2,
Video/Movie S1), which is consistent with previously reported Ca2+ signatures elicited by
flg22 (Keinath et al., 2015). In contrast, treatment with nlp20, elevated calcium levels were
detected exclusively in the meristematic zone of the root with a median delay of
approximately 6:32 min (Fig. 1b, Fig. S2, Video/Movie S2). Thus, both patterns triggered
increases in cytoplasmic Ca2+ levels, but with different timing and location.
Treatment with both patterns resulted in the production of reactive oxygen species

(ROS) as well as in the phosphorylation of mitogen-activated protein kinases (MAPKs).
However, flg22-induced plant responses were faster and stronger than those evoked upon
nlp20-treatment for these two outputs. For example, ROS production was detectable nearly
without lag phase in flg22-treated Arabidopsis leaf disks, whereas ROS levels increased
after approximately 6 min upon elicitation in nlp20-treated leaf tissue. In addition, amplitudes
varied significantly between the two treatments. Maximum ROS levels were reproducibly
higher upon flg22-treatment by approximately one order of magnitude, and neither amplitude
nor response-onset were changed by increasing elicitor concentrations (Fig. 1c, Fig. S3a).
Moreover, ROS levels declined much faster in flg22-treated leaves, reaching 47% and 10%
of the maximum levels 30 and 60 min upon elicitation, respectively. In nlp20-treated leaves
this decline was delayed significantly (75% and 33% after 30 and 60 min, respectively).
MAPK activation was detectable within 5 min or 10 min upon elicitation with flg22 or nlp20,
respectively, and, irrespective of the concentrations used, was stronger in flg22 treated
samples compared to nlp20 application (Fig. 1d, Fig. S3b).

This article is protected by copyright. All rights reserved.

Differences in FLS2- versus RLP23-mediated immune activation may represent a
peculiar feature of the tested patterns or may rather be representative for immune activation
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through the respective LRR-RK and LRR-RP families. To test this, we also conducted a
series of experiments with two additional molecularly defined proteinogenic patterns: fungal
polygalacturonase PG3, which is recognized by LRR-RP RLP42 (Zhang et al., 2014), and
elf18, a bacterial pattern recognized by the LRR-RK, EFR (Zipfel et al., 2006). Consistent
with the results obtained with flg22 and nlp20, elf18 induced stronger and faster ROS
production than PG3 (Fig. S4a) which was also reported for the stimulation of yet another
RP, RLP30, by a partially purified, proteinaceous Sclerotinia sclerotiorum extract (Zhang et
al., 2013).

Nlp20 and flg22 trigger largely overlapping transcriptional reprogramming
To monitor changes in overall gene expression patterns in elicited plants we conducted RNA
sequencing (RNAseq) experiments. Arabidopsis seedlings were treated with either water
(mock treatment), 0.5 M flg22 or 0.5 M nlp20 for 1, 6 or 24 h. Marker gene expression was
tested by qRT-PCR and three replicates were further subjected to RNA sequencing. Genes
differentially expressed (false discovery rate [FDR] ≤0.01 and fold change ≥2) were defined
using the edgeR software package (Robinson et al., 2010; McCarthy et al., 2012). After
treatment for 1 and 6 h, flg22 caused a dramatic transcriptome reprogramming. One hour
after treatment, 3130 genes were up-regulated, and 2031 genes were down-regulated (Fig.
2a). Nlp20 treatment also caused transcriptional up-regulation of a large number of genes,
but to a lesser extent than flg22 treatment. Unlike flg22, only a few genes showed reduced
expression upon nlp20 treatment (Fig. 2a). Ninety-seven percent (1 h treatment) and ninetyone percent (6 h treatment) of transcripts that changed after nlp20 treatment were similarly
affected by flg22 application. On the contrary, only thirty-two percent (1 h treatment) and
twenty-three percent (6 h treatment) of transcripts that changed after flg22 treatment were
similarly affected by nlp20 application. Although we could observe a massive transcriptional
reprogramming at early time points, only a few genes showed altered expression in
response to either pattern after 24 h (Fig. 2a). Altogether, our findings suggest that nlp20induced genes represent a fraction of flg22-induced genes.
Singular Enrichment Analysis was performed using agriGO (Du et al., 2010) to

identify the enrichment of Gene Ontology (GO) terms using a false discovery rate [FDR] of
≤0.01 (Table S2). Both flg22 and nlp20 triggered the expression of hormone-responsive
genes and many immunity-related genes (Fig. 2b). Genes related to late defense responses,
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such as systemic acquired resistance or callose deposition, were predominantly found
among the upregulated transcripts of the 6 h treatments with flg22 or nlp20 compared to the
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1 h treatments. Interestingly, a subgroup of genes only responded to flg22 (Fig. 2a, Table
S3). These genes are predicted to be involved in immunity, regulation of signal transduction
and other molecular processes (Fig. 2b, Table S3). Moreover, many genes related to
metabolic processes were regulated specifically after flg22 treatment. A smaller subset of
genes was specifically induced following nlp20-treatment (Fig. 2a, Table S3). We observed
an enrichment of GO terms related to the ROS response 6 h after nlp20-treament, but not
after flg22 treatment, suggesting that flg22 and nlp20 have differential prolonged effects on
the oxidative status in the plant (Table S3). In summary, both flg22 and nlp20 treatments
cause massive transcriptional reprograming. Notably, whereas most genes responsive to
nlp20 are also up- or downregulated in flg22 samples, flg22-treatment causes differential
regulation of an additional specific set of genes. As both patterns prime plants for immunity
to subsequent infection (Zipfel et al., 2004; Albert et al., 2015), it is tempting to speculate
that nlp20-induced genes comprise a minimum gene set that is sufficient for immune
activation in Arabidopsis. Notably, most of the genes expressed in a flg22-specific manner
were found not to be induced upon nlp20 treatment even when a lower induction threshold
(> 1.7) was considered. Furthermore, increasing the nlp20 concentration by 10-fold did not
result in an induction of, for instance, the flg22-inducible gene MLO12 (MILDEW
RESISTANCE LOCUS O 12) (Fig. S3c).

Nlp20 differentially regulates phytohormone and phytoalexin production
Plant hormones salicylic acid (SA) and ethylene have been implicated in plant immunity
(Pieterse et al., 2012). Leaves treated with either RK or RP ligands produced the stress
hormone ethylene. However, both nlp20 and PG3 induced more ethylene production than
flg22 and elf18 when tested at higher concentrations (Fig. 3a, Fig. S4b). SA levels increased
within 24 h of pattern treatment and were generally higher in nlp20-treated plants than in
plants treated with flg22 (Fig. 3b). This difference became even more pronounced 48 h post
elicitation, where SA levels remained high in nlp20-treated samples but not in flg22-treated
samples. Likewise, expression of the SA-marker gene PR1 (PATHOGENESIS-RELATED 1)
was more pronounced in nlp20- and PG3-treated leaves compared to samples after flg22- or
elf18-infiltration (Fig. S4c).
Callose deposition is another hallmark of PTI (Ellinger & Voigt, 2014). Both patterns

triggered the production of this protective carbohydrate, albeit to a significantly lower level in
nlp20 and PG3-treated leaves compared to flg22 and elf18 (Fig. 3c, Fig. S4d), confirming
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and extending recent findings (Albert et al., 2015). Camalexin is a Brassicaceae indole
alkaloid phytoalexin that is produced upon microbial infection or pattern treatment and is an
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effective deterrent of bacterial and fungal pathogens (Glawischnig, 2007). As shown in Fig.
3d, nlp20 treatment, but not flg22 treatment, resulted in massive production of camalexin
marking yet another striking difference in nlp20 vs flg22-induced plant responses.
Consistently, compared to flg22 and elf18 stimulation, a treatment with PG3 (Fig. S4e) and
the RLP30-ligand SCFE1 (SCLEROTINIA CULTURE FILTRATE ELICITOR 1; Zhang et al.,
2013) resulted in more enhanced transcript accumulation of camalexin biosynthesis genes
PAD3

(PHYTOALEXIN

DEFICIENT

3)

and

CYP71A13

(CYTOCHROME

P450

MONOOXYGENASE 71A13).

Role of BAK1 phosphorylation sites is shared between flg22- and nlp20-induced
immune responses
Our side-by-side analysis of FLS2- and RLP23-mediated immunity revealed that these
receptors trigger overlapping but distinct immune responses. We next sought to identify
signaling components that play shared or divergent roles in RP- and RK-mediated immunity.
To that end, we tested mutants with defects in FLS2-signaling genes to determine whether
these genes play similar roles in RLP23-mediated immunity. BAK1 acts as a ligand-binding
co-receptor for both FLS2 and RLP23 (Sun et al., 2013; Albert et al., 2015). Pattern
treatment leads to recruitment into heteromeric complexes with both PRR types, and BAK1
and related SERK family members have been shown to be required for PTI activation (Ma et
al., 2016). Several phosphorylation sites in the BAK1 kinase domain have been identified as
important for BAK1-mediated PTI (Perraki et al., 2018). We have used mutants bak14/BAK1_Y403F, bak1-4/BAK1_S602AIS603A/S604A, and bak1-4/BAK1_S612A to analyze
the importance of these phosphorylation sites for the flg22 and nlp20-induced ROS burst. As
shown in Fig. 4a, flg22-induced ROS burst was strongly reduced in all three mutant
genotypes and resembled that observed in bak1-4 mutants. This confirms that residues
Y403, S602/3/4 and S612 are important for flg22 sensitivity in Arabidopsis (Perraki et al.,
2018). Upon treatment with nlp20, the bak1-4 mutant mounted ROS levels that were similar
to those in wild-type plants, which is in contrast with reduced ROS levels observed upon
flg22 treatment in this mutant (Fig. 4a, Fig. S5). This finding suggests that BAK1 and related
members of the SERK protein family play different roles in flg22 and nlp20-mediated
immune signaling. Importantly, ROS levels in bak1-4 mutants complemented with the
aforementioned phosphorylation site mutants were strongly reduced upon nlp20 treatment,
suggesting that these mutations are (semi)dominant. Strongly reduced ROS levels observed
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in pattern-treated bak1-5 plants showed that this dominant negative mutation (Schwessinger
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et al., 2011) affected RLP23 and FLS2-mediated PTI in the same way (Fig. 4a).

Negative regulators of flg22 signaling are involved in nlp20-triggered immunity
Three independent negative regulatory mechanisms prevent activation of FLS2 in the
absence of its cognate ligand, bacterial flagellin. The LRR-RK BIR2 interacts with BAK1 in
the un-induced state thereby preventing BAK1 FLS2 complex formation (Halter et al., 2014).
Likewise, protein Ser/Thr phosphatase type 2A constitutively interacts with BAK1 and
controls its phosphorylation status (Segonzac et al., 2014). FLS2 activation disrupts this
negative control circuit, resulting in BAK1 phosphorylation and activation of PTI.
Furthermore, CALCIUM-DEPENDENT PROTEIN KINASE 28 (CPK28) controls the stability
and phosphorylation status of BIK1, an RLCK and important hub in LRR-RK-mediated PTI
(Monaghan et al., 2015; Couto et al., 2016; Wang et al., 2018). We have tested bir2, pp2A
and cpk28 loss-of-function alleles for changes in flg22 or nlp20-induced ROS production. All
genotypes showed higher ROS levels after treatment with either pattern compared to ROS
levels observed in elicited wild-type plants (Fig. 4b,c). These findings suggest that certain
negative regulatory control mechanisms are the same for both LRR-RK and LRR-RP-type
PRRs.
Heterotrimeric G proteins positively regulate flg22-dependent PTI through direct

interaction with FLS2 and BIK1 (Liang et al., 2016; Wang et al., 2018). As shown in Fig. 4d,
mutants depleted of G protein AGB1 (ARABIDOPSIS GTP BINDING PROTEIN BETA 1)
and G-subunits AGG1 (ARABIDOPSIS G PROTEIN GAMMA-SUBUNIT 1) and AGG2,
respectively, mounted less ROS in response to flg22 or nlp20 treatment than wild-type
plants, whereas genetic inactivation of the non-canonical Gsubunit XLG2 (EXTRA-LARGE
GTP-BINDING PROTEIN 2) did not significantly affect pattern-triggered ROS production in
our hands.

BIK1 has opposite roles in LRR-RP and LRR-RK-mediated immune signaling
RLCK BIK1 and related PBL1 (AVRPPHB SUSCEPTIBLE 1-LIKE 1) are positive regulators
of flg22-mediated PTI (Lu et al., 2010; Zhang et al., 2010). We therefore tested bik1 and bik1
pbl1 mutants for flg22- and nlp20-induced ROS production. Surprisingly, while we could
confirm reduced ROS levels after flg22 treatment relative to those in wild-type plants (Zhang
et al., 2010), we found substantially increased ROS levels in both mutant genotypes after
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nlp20 challenge (Fig. 5a, Fig. S5). We further investigated SA, ethylene and camalexin
levels in bik1 or bik1 pbl1 mutant lines. As shown in Fig. 5b-d, bik1 and bik1 pbl1 mutants
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generally had higher levels of phytohormones, particularly SA, and camalexin. Nevertheless,
upon pattern treatment ethylene production was more strongly induced in bik1 and bik1 pbl1
mutants in nlp20 samples compared to flg22 samples. For instance, bik1 plants accumulated
15.3-fold more ethylene after nlp20 treatment and 3.4-fold more after flg22 challenge when
compared to mock-controls (Fig. 5b). Notably, SA levels increased in flg22-treated wild-type
plants, but not in bik1 and bik1 pbl1 genotypes (Fig 3b, Fig. 5c). Likewise, these mutants
also did not show camalexin accumulation after flg22 challenge (Fig. 5d). In contrast, bik1
and bik1 pbl1 mutants displayed increased levels of SA and camalexin following nlp20
treatment in comparison to the wild-type control. These findings suggest a novel role of BIK1
as a negative regulator of RLP23-mediated immunity, in contrast to its positive regulatory
role in FLS2-mediated immunity.
Notably, in bik1 mutants higher ROS levels were observed also after PG3 treatment

in comparison to those found in wild-type plants as opposed to lower levels observed after
treatment with flg22 and elf18 (Fig. 6a). Furthermore, camalexin biosynthesis genes,
CYP71A13 and PAD3, were more strongly transcriptionally up-regulated in bik1 mutants
upon challenge with LRR-RP ligands nlp20 and PG3 compared to flg22- or elf18-treatment
(Fig. 6b).
Unlike other known RP elicitors, PG3 is an inducer of plant hypersensitive cell death

(Zhang et al., 2014). We therefore analyzed cell death development in wild-type plants and
bik1 mutants infiltrated with PG3. Again, we observed strongly enhanced phenotypes in bik1
leaves relative to those in the wild-type control. Ion conductivity measurements in leaf discs
revealed significant differences between wild-type plants and bik1 mutants after PG3
treatment, confirming the more severe cell death in BIK1-deficient plants (Fig. 6c). In
summary, bik1 (and bik1 pbl1) mutants, despite having higher basal phytohormone and
camalexin levels, reacted more strongly to nlp20 (and PG3) than to flg22 (and elf18)
treatment, indicating that BIK1 is differentially involved in LRR-RK and LRR-RP signaling
pathways.
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nlp20-induced elevated ROS production in bik1 genotypes is only partially SA-
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dependent
It has been reported that SA positively regulates ROS production in response to flg22 (Yi et
al., 2014). Thus, elevated SA levels in the bik1 mutant (Veronese et al., 2006; Fig. 5c) could
potentially explain the higher response to nlp20 in this genotype. To test this, we obtained
bik1 sid2 seeds (Laluk et al., 2011). Sid2 (SALICYLIC ACID INDUCTION-DEFICIENT 2) is
deficient in SA biosynthesis. Overall, sid2 and sid2 bik1 plants showed reduced ROS
responses to both nlp20 and flg22 compared to the bik1 mutant (Fig. S6). Moreover, the
response to nlp20 in bik1 sid2 was still elevated relative to the response in sid2 (Fig. S6).
However, we did not observe statistical significant differences between the bik1 and the sid2
bik1 or the sid2 and the sid2 bik1 mutants.Thus, it appears that SA production does, if at all,
not fully account for the elevated ROS response to nlp20 in the bik1 mutant. Likewise,
elevated SA levels in bik1 mutants may not fully explain the differential behaviour of these
plants to RK and RP ligands.

BIK1 phosphorylation differs after flg22 and nlp20 treatment
BIK1 exhibits hallmarks of a classical serine/threonine protein kinase, has autophosphorylation activity, and its kinase activity is required for positive regulation of flg22induced immune activation (Lu et al., 2010; Zhang et al., 2010). A mutation in the ATP
binding pocket (K105E) as well as a tyrosine phosphorylation site mutant (Y150F) abolishes
BIK1 catalytic activity and flg22 signaling (Zhang et al., 2010; Lin et al., 2014), indicating that
BIK1 kinase activity is required for BIK1 function in flg22-induced defenses (Fig. 7a). We
have challenged bik1 plants expressing these catalytically inactive BIK1 mutants with nlp20
and observed similar levels of ROS production as in bik1 mutants. Thus, loss of BIK1 kinase
activity phenocopies bik1 mutant phenotypes, suggesting that BIK1 catalytic activity is
required for the negative regulatory activity of BIK1 in LRR-RP-mediated immune signaling
(Fig. 7a, Fig. S5).
Flg22 treatment results in BAK1-dependent phosphorylation of BIK1 at tyrosine

residues Y243 and Y250, and these phosphorylation sites are important for BIK1 function in
flg22 signaling and bacterial resistance (Lin et al., 2014). We observed that bik1 mutants
producing BIK1 Y243F and BIK1 Y250F mutant proteins mounted higher ROS levels upon
nlp20-treatment than wild-type plants (Fig. 7a, Fig. S5c), suggesting that these two
phosphosites are important for both flg22 and nlp20-induced immune signaling.
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Flg22- and elf18-mediated BIK1 phosphorylation can be detected as a shift in BIK1
molecular size (Lu et al., 2010; Zhang et al., 2010; Kadota et al., 2014), which is absent in
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bik1 mutants complemented with BIK1 Y150F and BIK1 Y250F (Lin et al., 2014). We found
that nlp20 application also causes a BIK1 protein mobility shift (Fig. 7b). However, onset of
BIK1 phosphorylation was substantially delayed as compared to flg22-treatment. Likewise,
amplitude of BIK1 phosphorylation was lower upon nlp20-treatment (Fig. 7b).
Altogether, our data suggest that BIK1 kinase activity is important for both flg22 and

nlp20-induced immune signaling, but timing and extent of BIK1 phosphorylation differ
substantially upon treatment with either pattern.

DISCUSSION
It has been a longstanding assumption that different microbial patterns, albeit recognized by
different classes of PRRs, trigger 'generic' intracellular signaling pathways to stimulate
immunity to invading pathogens. Hence, MAMPs are believed to feed into converging
signaling networks that may differ in certain components, but nevertheless give rise to the
same physiological output, broadly termed plant immunity. Immunogenic patterns can be
structurally quite diverse and include peptides (e.g. flg22, elf18), carbohydrates (e.g.
peptidoglycans, chitin), lipids (e.g. lipopolysaccharides) and other molecules (e.g. ATP)
(Gust et al., 2012; Albert, 2013; Gust et al., 2017; Ranf, 2017). Most of these molecules do
indeed trigger a conserved set of immunity-associated early and late responses, including
the accumulation of phytohormones and ROS, the activation of MAPK cascades or
reprogramming of gene expression and defense metabolite production (Bigeard et al., 2015;
Saijo et al., 2018). However, previous studies have already highlighted differences in the
activation of plant defenses due to different stimuli. For instance, Arabidopsis seedling
growth retardation was observed after flg22- or elf18-treatment (Gomez-Gomez & Boller,
2000; Zipfel et al., 2006), but not after nlp20-treatment (Böhm et al., 2014b). It has also been
shown that calcium signatures differ according to the immunogenic stimulus applied (Blume
et al., 2000; Keinath et al., 2010). In our systematic comparative analysis of flg22- and
nlp20-induced immune responses, we have also observed spatial-temporal differences in
cytoplasmic calcium accumulation with nlp20 signals being delayed compared to flg22triggered Ca2+ bursts and limited to the meristematic zone in the root. Whether this nlp20specific calcium signature translates into delayed kinetics of activation of downstream
responses is presently unclear. It has become clear, however, that such differences in timing
and extent of cellular responses apparently do not affect immunity to microbial infection in
general. Both, LRR-RP and LRR-RK-mediated immune signaling pathways eventually result
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in PTI activation (Zipfel et al., 2004; Albert et al., 2015), suggesting a substantial degree of
molecular plasticity underlying immune activation through structurally related, yet different
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LRR-type pattern recognition receptor systems.
A striking observation was that nlp20 was an effective trigger of camalexin

accumulation but flg22 was not. Flg22 treatment induces miR393, which blocks
accumulation of transcripts encoding camalexin biosynthetic enzymes and, subsequently,
camalexin production (Robert-Seilaniantz et al., 2011). It has been suggested that
suppression of camalexin biosynthesis may re-direct secondary metabolite synthesis
towards glucosinolates, which are considered the most effective anti-microbial compounds
for plant resistance against biotrophic pathogens. However, flg22 treatment was
demonstrated to result in rather decreased glucosinolate production (Clay et al., 2009). We
found that levels of the most abundant indole glucosinolate indol-3-ylmethyl glucosinolate
(I3M) were not significantly altered upon neither flg22 nor nlp20 stimulation, and transcript
levels of the glucosinolate marker gene CYP81F2 did not differ between the two treatments
(Fig. S7).
A recent model considers LRR-RP/SOBIR1 heterodimers as bi-partite LRR-RKs that

are mechanistically equivalent to the latter (Gust & Felix, 2014). This view is compelling
given that both receptor types (i) require stimulus-dependent recruitment of the co-receptor
BAK1, (ii) mediate activation of generic immunity-associated defenses, and (iii) confer
immunity to microbial infection. However, our in-depth assessments of signaling outputs
mediated through activation of related LRR-type PRRs, RLP23 and FLS2 (and also RLP42
and EFR), have challenged this hypothesis as we have found both quantitative and
qualitative differences in signaling pathways and defense responses mediated through either
receptor system. Whether or not such observed differences are representative of whole
classes of PRRs or reflect an even deeper diversification of signaling webs that is rather
characteristic for any individual receptor remains to be shown. Of note, LRR-RKs FLS2 and
EFR mediate activation of largely overlapping gene expression patterns and immunityassociated responses (Zipfel et al., 2006).
Our study further reveals that suppression of LRR-type PRR activity in the absence

of ligand is mechanistically very similar and occurs largely at the level of the co-receptor
BAK1. BIR2 and PP2A, known negative regulators of BAK1 (Halter et al., 2014; Segonzac et
al., 2014), supress flg22- and nlp20-triggered immune activation in untreated plants. BAK1 is
widely accepted to act as a co-receptor in LRR-RK- as well as in LRR-RP-type PRR
complexes (Böhm et al., 2014b; Gust & Felix, 2014; Boutrot & Zipfel, 2017; Saijo et al.,
2018). In both cases BAK1 is recruited to the receptor complex after ligand binding (Albert et
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al., 2015; Postma et al., 2016). Importantly, the relevance of BAK1 phosphorylation sites is
conserved between flg22- and nlp20-pathways, suggesting a large degree of conservation of
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very early signaling events occurring after ligand perception independent of the receptor type
involved. Nevertheless, FLS2 (largely dependent on SERK3/BAK1) (Chinchilla et al., 2007;
Heese et al., 2007; Roux et al., 2011) and RLP23 (dependent on SERK1, SERK3/BAK1,
SERK4/BKK1) (Albert et al., 2015) exhibit different requirements for members of the SERK
protein family, a phenomenon that is commonly found for this family of co-receptors (Ma et
al., 2016).
CPK28 and heterotrimeric G-proteins have a role in turnover and stabilization of the

receptor-like cytoplasmic kinase BIK1, respectively (Monaghan et al., 2014; Liang et al.,
2016; Wang et al., 2018). Intriguingly, whereas these proteins regulate both LRR-RK (FLS2,
EFR) and LRR-RP signaling (RLP23, RLP42) in a similar fashion (Fig. 4c,d, Fig. 6), BIK1
itself has opposing roles in the two pathways. bik1 mutants showed an enhanced oxidative
burst after treatment with the LRR-RP ligands nlp20 and PG3, which is in contrast to its
positive regulatory role in flg22 and elf18 signaling (Lu et al., 2010; Zhang et al., 2010),
suggesting a different mode of action of BIK1 in the respective signaling networks. BIK1 not
only negatively regulates nlp20/RLP23-mediated immune activation, but also aphid
resistance (Lei et al., 2014) and hormone brassinolide (BL)-induced plant growth (Lin et al.,
2013). The inverse modulation of flg22 and BL signaling pathways is mediated through
phosphorylation of BIK1 by BRI1 in a BAK1-independent manner (Lin et al., 2013). In
contrast, flg22-induced phosphorylation of BIK1 occurs in a BAK1-dependent manner (Lu et
al., 2010; Lin et al., 2013). Our experiments revealed that BIK1 also undergoes rapid
phosphorylation upon treatment with nlp20, but timing and strength differed compared to
flg22-treatment. It is conceivable that differences in nlp20 and flg22-induced BIK1
phosphorylation patterns may be causal for the differential activities of BIK1 observed in
these two immune signaling pathways. Some molecular scenarios that may account for the
observed differential regulatory roles of BIK1 in RK and RP-mediated immune signaling are
addressed below.
As BIK1 is a direct phosphorylation target of CPK28 (Monaghan et al., 2014), which

itself is negatively regulating both flg22 and nlp20 signaling, future work should address
whether BIK1 undergoes stimulus-dependent differential phosphorylation that is either
indeed mediated by CPK28 or possibly other related kinases. Likewise, nlp20-triggered
CPK28-dependent differential phosphorylation of the two homologous E3 ligases PUB25
(PLANT U-BOX PROTEIN 25) and PUB26, that mark BIK1 for degradation via the
proteasome after flg22 treatment (Wang et al., 2018), should be considered. In the case of
nlp20-treatment, differential phosphorylation of either BIK1 directly or PUB25/26 may result
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in signaling events that do not trigger BIK1 decay. Alternatively, it cannot be ruled out that
CPK28 also has additional phosphorylation targets that impact BIK1 function during RP-
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mediated immune responses.
Whether BIK1 physically associates with SOBIR1 in ligand (in)dependent fashion and

whether there is ligand-induced transphosphorylation of these two kinase-active proteins
also remains to be shown. In this respect it will also be interesting to investigate whether
BIK1 phosphorylates substrates (such as RBOHD) in a nlp20-specific manner, as previously
shown upon flg22-treatment (Kadota et al., 2014; Li et al., 2014). Likewise, yet unidentified
BIK1-interacting proteins (substrates) may explain the differential involvement of BIK1 in
flg22/FLS2 and nlp20/RLP23-mediated immune signaling.
Lal et al. (2018) recently reported that, in addition to its known plasma membrane

localization, BIK1 also localizes to the nucleus. BIK1 interacts with and phosphorylates
transcription factors which are known to be involved in SA and jasmonic acid signaling
(WRKY33, 50, and 57) in vitro. It will be of interest to determine the importance of the
nuclear activity of BIK1 in immune signaling in vivo and whether or not this is similar during
RP and RK signaling. Differential activation of transcription factors by BIK1 is another
possible explanation for the differential role of BIK1 in RP and RK signaling.
Taken together, our studies have revealed the rather unexpected insight that LRR-

RK and LRR-RP-mediated signaling networks differ partially in architecture and output while
bringing about basal resistance (PTI) to microbial infection. We would like to note, however,
that while we find LRR-type-specific response patterns, we would not rule out the existence
of individual differences in immune signaling and output even between PRRs of the same
structural type. This is, for example, exemplified by our findings that PG3 triggers only a
small ROS burst in Arabidopsis (Fig. 6a, Fig. S4), whereas LRR-RP ligands nlp20 or SCFE1
do in a significant manner. What is equally important, is the insight that basal immunity
against microbial infection (triggered by all patterns tested) can be brought about in different
ways. In other words, immune signaling networks display a rather high degree of plasticity in
how immune activation can be achieved as reviewed recently (Wu et al., 2018). A second
conclusion from our studies is that RP/SOBIR1 heteromers should not merely be considered
bipartite RKs as proposed previously (Gust and Felix, 2014). Lastly, we have ascribed an
unexpected negative regulatory role of the cytoplasmic protein kinase BIK1, which is known
as a positive regulator of flg22-induced ROS burst, in LRR-RP-mediated immune activation.
In sum, we conclude that LRR-RK and LRR-RP-type PRRs both mediate immunity to
microbial infections, but make receptor type-specific use of the signaling capabilities plants
have evolved to cope with microbial infection.

This article is protected by copyright. All rights reserved.

ACKNOWLEDGEMENTS

Accepted Article

This work was supported by Deutsche Forschungsgemeinschaft (grants SFB1101, Nu70/151 to T.N. and Gu 1034/3-1 to A.A.G.), by the Gatsby Charitable Foundation and the
European Research Council (grant ‘PHOSPHinnATE’ to C.Z.). The Shan lab was supported
by NIH (R01GM097247) and the Robert A. Welch foundation (A-1795). Work by M.Z. in the
lab of Detlef Weigel (MPI for Developmental Biology) was supported by the Max Planck
Society. R.B. and G.G. were supported by CellNetworks research group funds and a Frontier
grant from Heidelberg University. We thank Birgit Kemmerling, Yuelin Zhang, Tesfaye
Mengiste, Savithramma Dinesh-Kumar, and Jian-Min Zhou for providing mutant seeds and
Erich Glawischnig for providing a camalexin standard.

AUTHOR CONTRIBUTIONS
T.N. & A.A.G. conceived and designed the study and analyzed the data. W-LW, L.Z., R.P.,
M.Z., R.B., X.M., E.K., G.G., J.K., M.S., J.A.L.vK., R.H. performed the experiments and
analyzed the data. L.S., A.P. & C.Z. provided unpublished materials and analyzed the data.
T.N., A.A.G., D.W., W-LW., R.P. & L.Z. wrote the article. All the authors critically read and
commented on the article and approved of its final version for submission.

This article is protected by copyright. All rights reserved.

REFERENCES

Accepted Article

Albert I, Böhm H, Albert M, Feiler CE, Imkampe J, Wallmeroth N, Brancato C, Raaymakers TM,
Oome S, Zhang H, Krol E, Grefen C, Gust AA, Chai J, Hedrich R, Van den Ackerveken
G, Nürnberger T. 2015. An RLP23–SOBIR1–BAK1 complex mediates NLP-triggered
immunity. Nat Plants 1: 15140.
Albert M. 2013. Peptides as triggers of plant defence. J Exp Bot 64: 5269-5279.
Albert M, Jehle AK, Mueller K, Eisele C, Lipschis M, Felix G. 2010. Arabidopsis thaliana pattern
recognition receptors for bacterial elongation factor Tu and flagellin can be combined to form
functional chimeric receptors. J Biol Chem 285: 19035-19042.
Bigeard J, Colcombet J, Hirt H. 2015. Signaling mechanisms in pattern-triggered immunity (PTI).
Mol Plant 8: 521-539.
Blume B, Nürnberger T, Nass N, Scheel D. 2000. Receptor-mediated increase in cytoplasmic free
calcium required for activation of pathogen defense in parsley. Plant Cell 12: 1425-1440.
Böhm H, Albert I, Fan L, Reinhard A, Nürnberger T. 2014a. Immune receptor complexes at the
plant cell surface. Curr Opin Plant Biol 20: 47-54.
Böhm H, Albert I, Oome S, Raaymakers TM, Van den Ackerveken G, Nürnberger T. 2014b. A
conserved peptide pattern from a widespread microbial virulence factor triggers patterninduced immunity in Arabidopsis. PLoS Pathog 10: e1004491.
Boutrot F, Zipfel C. 2017. Function, discovery, and exploitation of plant pattern recognition receptors
for broad-spectrum disease resistance. Annu Rev Phytopathol 55: 257-286.
Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Nürnberger T, Jones JD, Felix G, Boller T.
2007. A flagellin-induced complex of the receptor FLS2 and BAK1 initiates plant defence.
Nature 448: 497-500.
Clay NK, Adio AM, Denoux C, Jander G, Ausubel FM. 2009. Glucosinolate metabolites required for
an Arabidopsis innate immune response. Science 323: 95-101.
Couto D, Niebergall R, Liang X, Bucherl CA, Sklenar J, Macho AP, Ntoukakis V, Derbyshire P,
Altenbach D, Maclean D, Robatzek S, Uhrig J, Menke F, Zhou JM, Zipfel C. 2016. The
Arabidopsis protein phosphatase PP2C38 negatively regulates the central immune kinase
BIK1. PLoS Pathog 12: e1005811.
Domazakis E, Wouters D, Visser R, Kamoun S, Joosten MH, Vleeshouwers V. 2018. The ELRSOBIR1 complex functions as a two-component RLK to mount defense against Phytophthora
infestans. Mol Plant Microbe Interact 31:795-802.
Du Z, Zhou X, Ling Y, Zhang Z, Su Z. 2010. agriGO: a GO analysis toolkit for the agricultural
community. Nucleic Acids Res 38(Web Server issue): W64-70.
Ellinger D, Voigt CA. 2014. Callose biosynthesis in Arabidopsis with a focus on pathogen response:
what we have learned within the last decade. Ann Bot 114: 1349-1358.
Felix G, Duran JD, Volko S, Boller T. 1999. Plants have a sensitive perception system for the most
conserved domain of bacterial flagellin. Plant J 18: 265-276.
Glawischnig E. 2007. Camalexin. Phytochemistry 68: 401-406.

This article is protected by copyright. All rights reserved.

Gomez-Gomez L, Boller T. 2000. FLS2: an LRR receptor-like kinase involved in the perception of
the bacterial elicitor flagellin in Arabidopsis. Mol Cell 5: 1003-1011.

Accepted Article

Gust AA, Felix G. 2014. Receptor like proteins associate with SOBIR1-type of adaptors to form
bimolecular receptor kinases. Curr Opin Plant Biol 21: 104-111.
Gust AA, Pruitt R, Nürnberger T. 2017. Sensing danger: key to activating plant immunity. Trends
Plant Sci 22: 779-791.
Gust AA, Willmann R, Desaki Y, Grabherr HM, Nürnberger T. 2012. Plant LysM proteins: modules
mediating symbiosis and immunity. Trends Plant Sci 17: 495-502.
Halter T, Imkampe J, Mazzotta S, Wierzba M, Postel S, Bucherl C, Kiefer C, Stahl M, Chinchilla
D, Wang X, Nürnberger T, Zipfel C, Clouse S, Borst JW, Boeren S, de Vries SC, Tax F,
Kemmerling B. 2014. The leucine-rich repeat receptor kinase BIR2 is a negative regulator of
BAK1 in plant immunity. Curr Biol 24: 134-143.
Heese A, Hann DR, Gimenez-Ibanez S, Jones AM, He K, Li J, Schroeder JI, Peck SC, Rathjen
JP. 2007. The receptor-like kinase SERK3/BAK1 is a central regulator of innate immunity in
plants. Proc Natl Acad Sci U S A 104: 12217-12222.Imkampe J, Halter T, Huang S, Schulze
S, Mazzotta S, Schmidt N, Manstretta R, Postel S, Wierzba M, Yang Y, van Dongen
WMAM, Stahl M, Zipfel C, Goshe MB, Clouse S, de Vries SC, Tax F, Wang X,
Kemmerling B. 2017. The Arabidopsis leucine-rich repeat receptor kinase BIR3 negatively
regulates BAK1 receptor complex formation and stabilizes BAK1. Plant Cell 29: 2285-2303.
Jeworutzki E, Roelfsema MR, Anschutz U, Krol E, Elzenga JT, Felix G, Boller T, Hedrich R,
Becker D. 2010. Early signaling through the Arabidopsis pattern recognition receptors FLS2
and EFR involves Ca-associated opening of plasma membrane anion channels. Plant J 62:
367-378.
Kadota Y, Sklenar J, Derbyshire P, Stransfeld L, Asai S, Ntoukakis V, Jones JD, Shirasu K,
Menke F, Jones A, Zipfel C. 2014. Direct regulation of the NADPH oxidase RBOHD by the
PRR-associated kinase BIK1 during plant immunity. Mol Cell 54: 43-55.
Keinath NF, Kierszniowska S, Lorek J, Bourdais G, Kessler SA, Shimosato-Asano H,
Grossniklaus U, Schulze WX, Robatzek S, Panstruga R. 2010. PAMP (pathogenassociated molecular pattern)-induced changes in plasma membrane compartmentalization
reveal novel components of plant immunity. J Biol Chem 285: 39140-39149.
Keinath NF, Waadt R, Brugman R, Schroeder JI, Grossmann G, Schumacher K, Krebs M. 2015.
2+
Live cell imaging with R-GECO1 sheds light on flg22- and chitin-induced transient [Ca ]cyt
patterns in Arabidopsis. Mol Plant 8: 1188-1200.
Langmead B, Trapnell C, Pop M, Salzberg SL. 2009. Ultrafast and memory-efficient alignment of
short DNA sequences to the human genome. Genome Biol 10: R25.
Lal NK, Nagalakshmi U, Hurlburt NK, Flores R, Bak A, Sone P, Ma X, Song G, Walley J, Shan L,
He P, Casteel C, Fisher AJ, Dinesh-Kumar SP. 2018. The receptor-like cytoplasmic kinase
BIK1 localizes to the nucleus and regulates defense hormone expression during plant innate
immunity. Cell Host Microbe 23: 485-497.
Laluk K, Luo H, Chai M, Dhawan R, Lai Z, Mengiste T. 2011. Biochemical and genetic
requirements for function of the immune response regulator BOTRYTIS-INDUCED KINASE1
in plant growth, ethylene signaling, and PAMP-triggered immunity in Arabidopsis. Plant Cell
23: 2831–2849.

This article is protected by copyright. All rights reserved.

Accepted Article

Lei J, S AF, Salzman RA, Shan L, Zhu-Salzman K. 2014. BOTRYTIS-INDUCED KINASE1
modulates Arabidopsis resistance to green peach aphids via PHYTOALEXIN DEFICIENT4.
Plant Physiol 165: 1657-1670.
Lenarčič T, Albert I, Böhm H, Hodnik V, Pirc K, Zavec AB, Podobnik M, Pahovnik D, Žagar E,
Pruitt R, Greimel P, Yamaji-Hasegawa A, Kobayashi T, Zienkiewicz A, Gömann J,
Mortimer JC, Fang L, Mamode-Cassim A, Deleu M, Lins L, Oecking C, Feussner I,
Mongrand S, Anderluh G, Nürnberger T. 2017. Eudicot plant-specific sphingolipids
determine host selectivity of microbial NLP cytolysins. Science 358: 1431-1434.
Li L, Li M, Yu L, Zhou Z, Liang X, Liu Z, Cai G, Gao L, Zhang X, Wang Y, Chen S, Zhou JM. 2014.
The FLS2-associated kinase BIK1 directly phosphorylates the NADPH oxidase RbohD to
control plant immunity. Cell Host Microbe 15: 329-338.
Li W, Godzik A. 2006. Cd-hit: a fast program for clustering and comparing large sets of protein or
nucleotide sequences. Bioinformatics 22: 1658-1659.
Liang X, Ding P, Lian K, Wang J, Ma M, Li L, Li L, Li M, Zhang X, Chen S, Zhang Y, Zhou J-M.
2016. Arabidopsis heterotrimeric G proteins regulate immunity by directly coupling to the
FLS2 receptor. Elife 5: e13568.
Liebrand TW, van den Burg HA, Joosten MH. 2014. Two for all: receptor-associated kinases
SOBIR1 and BAK1. Trends Plant Sci 19: 123-132.
Lin W, Li B, Lu D, Chen S, Zhu N, He P, Shan L. 2014. Tyrosine phosphorylation of protein kinase
complex BAK1/BIK1 mediates Arabidopsis innate immunity. Proc Natl Acad Sci U S A 111:
3632-3637.
Lin W, Lu D, Gao X, Jiang S, Ma X, Wang Z, Mengiste T, He P, Shan L. 2013. Inverse modulation
of plant immune and brassinosteroid signaling pathways by the receptor-like cytoplasmic
kinase BIK1. Proc Natl Acad Sci U S A 110: 12114-12119.
Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-time
-ΔΔC
quantitative PCR and the 2
T Method. Methods 25: 402-408.
Lu D, Wu S, Gao X, Zhang Y, Shan L, He P. 2010. A receptor-like cytoplasmic kinase, BIK1,
associates with a flagellin receptor complex to initiate plant innate immunity. Proc Natl Acad
Sci U S A 107: 496-501.
Ma X, Xu G, He P, Shan L. 2016. SERKing coreceptors for receptors. Trends Plant Sci 21: 10171033.
Macho AP, Zipfel C. 2014. Plant PRRs and the activation of innate immune signaling. Mol Cell 54:
263-272.
Massonnet C, Vile D, Fabre J, Hannah MA, Caldana C, Lisec J, Beemster GT, Meyer RC,
Messerli G, Gronlund JT, Perkovic J, Wigmore E, May S, Bevan MW, Meyer C, RubioDiaz S, Weigel D, Micol JL, Buchanan-Wollaston V, Fiorani F, Walsh S, Rinn B,
Gruissem W, Hilson P, Hennig L, Willmitzer L, Granier C. 2010. Probing the reproducibility
of leaf growth and molecular phenotypes: a comparison of three Arabidopsis accessions
cultivated in ten laboratories. Plant Physiol 152: 2142-2157.
McCarthy DJ, Chen Y, Smyth GK. 2012. Differential expression analysis of multifactor RNA-Seq
experiments with respect to biological variation. Nucleic Acids Res 40: 4288-4297.

This article is protected by copyright. All rights reserved.

Accepted Article

Monaghan J, Matschi S, Romeis T, Zipfel C. 2015. The calcium-dependent protein kinase CPK28
negatively regulates the BIK1-mediated PAMP-induced calcium burst. Plant Signal Behav 10:
e1018497.
Monaghan J, Matschi S, Shorinola O, Rovenich H, Matei A, Segonzac C, Malinovsky FG,
Rathjen JP, MacLean D, Romeis T, Zipfel C. 2014. The calcium-dependent protein kinase
CPK28 buffers plant immunity and regulates BIK1 turnover. Cell Host Microbe 16: 605-615.
Monaghan J, Zipfel C. 2012. Plant pattern recognition receptor complexes at the plasma membrane.
Curr Opin Plant Biol 15: 349-357.
Ottmann C, Luberacki B, Küfner I, Koch W, Brunner F, Weyand M, Mattinen L, Pirhonen M,
Anderluh G, Seitz HU, Nürnberger T, Oecking C. 2009. A common toxin fold mediates
microbial attack and plant defense. Proc Natl Acad Sci U S A 106: 10359-10364.
Perraki A, DeFalco T, Derbyshire P, Avila J, Séré D, Sklenar J, Qi X, Stransfeld L, Schwessinger
B,
Kadota Y, Macho AP, Jiang S, Couto D, Torii KU, Menke FLH and Zipfel C. 2018.
Phosphocode-dependent functional dichotomy of a common co-receptor in plant signaling.
Nature, 561: 248-252.
Pieterse CM, Van der Does D, Zamioudis C, Leon-Reyes A, Van Wees SC. 2012. Hormonal
modulation of plant immunity. Annu Rev Cell Dev Biol 28: 489-521.
Postma J, Liebrand TW, Bi G, Evrard A, Bye RR, Mbengue M, Kuhn H, Joosten MH, Robatzek S.
2016. Avr4 promotes Cf-4 receptor-like protein association with the BAK1/SERK3 receptorlike kinase to initiate receptor endocytosis and plant immunity. New Phytol 210: 627-642.
Ranf S. 2017. Sensing of molecular patterns through cell surface immune receptors. Curr Opin Plant
Biol 38: 68-77.
Robert-Seilaniantz A, MacLean D, Jikumaru Y, Hill L, Yamaguchi S, Kamiya Y, Jones JD. 2011.
The microRNA miR393 re-directs secondary metabolite biosynthesis away from camalexin
and towards glucosinolates. Plant J 67: 218-231.
Roberts A, Pachter L. 2013. Streaming fragment assignment for real-time analysis of sequencing
experiments. Nat Methods 10: 71-73.
Robinson MD, McCarthy DJ, Smyth GK. 2010. edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics 26: 139-140.
Roux M, Schwessinger B, Albrecht C, Chinchilla D, Jones A, Holton N, Malinovsky FG, Tor M,
de Vries S, Zipfel C. 2011. The Arabidopsis leucine-rich repeat receptor-like kinases
BAK1/SERK3 and BKK1/SERK4 are required for innate immunity to hemibiotrophic and
biotrophic pathogens. Plant Cell 23: 2440-2455.
Saijo Y, Loo EP, Yasuda S. 2018. Pattern recognition receptors and signaling in plant-microbe
interactions. Plant J 93: 592-613.
Schwessinger B, Roux M, Kadota Y, Ntoukakis V, Sklenar J, Jones A, Zipfel C. 2011.
Phosphorylation-dependent differential regulation of plant growth, cell death, and innate
immunity by the regulatory receptor-like kinase BAK1. PLoS Genet 7: e1002046.
Segonzac C, Macho AP, Sanmartin M, Ntoukakis V, Sanchez-Serrano JJ, Zipfel C. 2014.
Negative control of BAK1 by protein phosphatase 2A during plant innate immunity. EMBO J
33: 2069-2079.

This article is protected by copyright. All rights reserved.

Sun Y, Li L, Macho AP, Han Z, Hu Z, Zipfel C, Zhou JM, Chai J. 2013. Structural basis for flg22induced activation of the Arabidopsis FLS2-BAK1 immune complex. Science 342: 624-628.

Accepted Article

Veronese P, Nakagami H, Bluhm B, Abuqamar S, Chen X, Salmeron J, Dietrich RA, Hirt H,
Mengiste T. 2006. The membrane-anchored BOTRYTIS-INDUCED KINASE1 plays distinct
roles in Arabidopsis resistance to necrotrophic and biotrophic pathogens. Plant Cell 18: 257273.
Wang J, Grubb LE, Wang J, Liang X, Li L, Gao C, Ma M, Feng F, Li M, Li L, Zhang X, Yu F, Xie
Q, Chen S, Zipfel C, Monaghan J, Zhou JM. 2018. A regulatory module controlling
homeostasis of a plant immune kinase. Mol Cell 69: 493-504.e496.
Wu C-H, Derevnina L, Kamoun S. 2018. Receptor networks underpin plant immunity. Science
360(6395): 1300-1301.
Yi SY, Shirasu K, Moon JS, Lee SG, Kwon SY. 2014. The activated SA and JA signaling pathways
have an influence on flg22-triggered oxidative burst and callose deposition. PLoS One 9:
e88951.
Zhang J, Li W, Xiang T, Liu Z, Laluk K, Ding X, Zou Y, Gao M, Zhang X, Chen S, Mengiste T,
Zhang Y, Zhou JM. 2010. Receptor-like cytoplasmic kinases integrate signaling from multiple
plant immune receptors and are targeted by a Pseudomonas syringae effector. Cell Host
Microbe 7: 290-301.
Zhang L, Kars I, Essenstam B, Liebrand TW, Wagemakers L, Elberse J, Tagkalaki P, Tjoitang D,
van den Ackerveken G, van Kan JA. 2014. Fungal endopolygalacturonases are recognized
as microbe-associated molecular patterns by the arabidopsis receptor-like protein
RESPONSIVENESS TO BOTRYTIS POLYGALACTURONASES1. Plant Physiol 164: 352364.
Zhang W, Fraiture M, Kolb D, Löffelhardt B, Desaki Y, Boutrot FF, Tör M, Zipfel C, Gust AA,
Brunner F. 2013. Arabidopsis receptor-like protein30 and receptor-like kinase suppressor of
BIR1-1/EVERSHED mediate innate immunity to necrotrophic fungi. Plant Cell 25: 4227-4241.
Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JD, Boller T, Felix G. 2006. Perception of the
bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-mediated transformation.
Cell 125: 749-760.
Zipfel C, Robatzek S, Navarro L, Oakeley EJ, Jones JD, Felix G, Boller T. 2004. Bacterial disease
resistance in Arabidopsis through flagellin perception. Nature 428: 764-767.

This article is protected by copyright. All rights reserved.

Fig. 1 Comparison of early cellular responses after flg22 and nlp20 treatment. (a) Leaves of
Arabidopsis Col-0 wild-type (WT) plants or the indicated mutants were treated with 100 nM
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nlp20 or 10 nM flg22, and changes in membrane potential were monitored continuously.
Shown are mean values ± SD (11≤ n ≤15) of the difference in membrane potential (dV) after
2 min treatment compared to the untreated control. Asterisks indicate significant differences
to the wild-type Arabidopsis as determined by Student’s t-test: ***, P<0.001. (b) Roots of the
R-GECO1-transgenic Arabidopsis line were treated with 10 μM nlp20 or flg22 and either the
distance between the root tip and the first detectable calcium signal (left panel) or the delay
time between elicitor application and the first detectable calcium signal (right panel) were
quantified. Boxplots show individual data points as circles (n(nlp20) = 33; n(flg22) = 21),
median values as center lines, mean values as crosses and 95% confidence intervals of the
means as grey transparent rectangles. (c) Arabidopsis leaf discs were treated with 0.5 µM
flg22 or nlp20, or water as control (mock), and reactive oxygen species (ROS) production
was monitored over time. Bars present means ± SD (n≥6) of relative fluorescence units
(RLU). (d) Arabidopsis leaves were infiltrated with 1 µM flg22 or nlp20 or water as control
and harvested at the indicated time points. The activation of the MAPKs was visualized by
western blot analysis using the phospho-p44/42 MAP kinase antibody. Ponceau S Redstaining of the membrane served as a loading control. All experiments were performed three
times with similar results.

Fig. 2 Flg22 and nlp20 induce overlapping transcriptional changes. (a) Arabidopsis wild-type
seedlings were treated with water or 0.5 µM nlp20 or flg22 for 1, 6 and 24 h, and isolated
RNA was subjected to RNA sequencing. Shown are the numbers of up- and downregulated
transcripts, with a false discovery rate (FDR) ≤ 0.01 and a fold change ≥ 2. (b) Selected
gene ontology (GO) terms of upregulated transcripts. The percentages indicate the number
of upregulated genes with the GO term that were identified in the sample relative to the total
number of genes with the GO term. For FDR > 0.05 no percentage is shown, as well as for
the 1 h nlp20 treatment which did not yield any GO terms. ‘flg22 or nlp20’ indicates
overlapping genes.

Fig. 3 Comparison of late cellular responses after flg22 and nlp20 treatment. (a) Ethylene
accumulation after treatment with water (mock), flg22 or nlp20 at indicated concentrations,
measured after 3 and 6 h. Bars present average values ± SD (n ≥ 3). Within one time point,
different letters mean significant differences (P<0.05) using ANOVA followed by Student’s ttest for all possible individual comparisons. (b) Salicylic acid (SA) levels in Arabidopsis
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leaves after 24 and 48 h of treatment with 1 µM flg22, 1 µM nlp20 (also 0.1 µM after 48 h), or
water (mock). Bars (µg SA g-1 FW) represent means ± SD of four replicates. Different letters
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mean significant differences (P<0.05) using ANOVA followed by Student’s t-test for all
possible individual comparisons. (c) Callose production in Arabidopsis leaves infiltrated with
1 µM flg22 or nlp20, or water (mock). Callose deposition was visualized with aniline blue 16
h after infiltration and evaluated with fluorescence microscopy. Shown on the right are
details of leaf samples 10-times magnified under UV light, dark spots indicate callose
deposition; bars, 25 µm. The diagram on the left depicts callose deposition in percentage ±
SD of three biological replicates, counted as dark pixels. (d) Camalexin levels were
determined in leaves infiltrated with 1 µM flg22 or nlp20 (also 0.1 µM for 48 h), or water
(mock) and harvested after 12 and 48 h. Bars (µg camalexin g-1 FW) present average values
± SD (n = 4). Different letters mean significant differences (P<0.05) using ANOVA followed
by Student’s t-test for all possible individual comparisons. Asterisks indicate significant
differences to the water control treatment as determined by Student’s t-test: ***, P<0.001.

Fig. 4 Signaling components playing similar roles in nlp20- and flg22-induced immunity. (a)
Leaf discs of Arabidopsis wild-type (WT) plants or the mutant lines bak1-4, bak1-5, bak14/BAK1, bak1-4/BAK1_Y403F, bak1-4/BAK1_S602/3/4_AAA and bak1-4/BAK1_S612A were
treated with 0.5 µM flg22 or nlp20, respectively, and reactive oxygen species (ROS)
accumulation was determined. (b–d) ROS production was compared in WT Arabidopsis
plants vs the mutant lines (b) bir2-1, (c) pp2a-a1, pp2a-c4, and cpk28, or (d) xlg2-1, agg1
agg2 and agb1-2, each treated with either 0.5 µM flg22 or nlp20. All presented data (relative
fluorescence units, RLU) show peak values minus background values as dots (n≥6) and the
means as lines. Asterisks indicate significant differences to the wild-type as determined by
Student’s t-test: *, P<0.05; **, P<0.01; ***, P<0.001. The experiments were performed three
times with similar results.

Fig. 5 BIK1 plays a differential role in flg22 and nlp20 triggered signaling. (a, b) Leaf discs of
Arabidopsis wild-type (WT) plants and bik1 or bik1 pbl1 mutants were treated with 0.5 µM
flg22 or nlp20, respectively. (a) For reactive oxygen species (ROS) accumulation (relative
fluorescence units, RLU), peak value minus background value are shown as dots (n ≥ 6) and
means are presented as lines. Asterisks indicate significant differences to the wild-type
control treatment as determined by Student’s t-test: **, P<0.01; ***, P<0.001. (b) For
ethylene production, bars represent mean ethylene production ± SD of four replicates after 6
h of treatment. Within one line, letters indicate significant differences (P<0.05) and within
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one treatment, different cases indicate significant differences (P<0.05) as determined by
ANOVA followed by Student’s t-test for all possible individual comparisons. Numbers
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indicate the fold changes between elicitor and mock treatment in the corresponding line. (c,
d) Mature leaves of Arabidopsis WT plants or mutants were infiltrated with 0.5 µM flg22 or
nlp20, respectively, or water as control (mock) and harvested after 24 h for determination of
(c) salicylic acid (SA) or (d) camalexin accumulation. Bars (µg g-1 FW) present means ± SD
of four biological replicates. Within one line, different letters indicate significant differences
(P<0.05) as determined by ANOVA followed by Student’s t-test for all possible individual
comparisons.

Fig. 6 BIK1 plays a differential role in LRR-RP and LRR-RK signaling. (a) Arabidopsis leaf
discs of wild-type (WT) or bik1 mutant plants were treated with each 0.5 µM flg22, elf18,
nlp20, or 0.1 µM PG3 and reactive oxygen species (ROS) accumulation (relative
fluorescence units, RLU) was determined. Peak value minus background value are shown
as dots (n ≥ 6) and means are presented as lines. Asterisks indicate significant differences
to the wild-type control treatment as determined by Student’s t-test: ***, P<0.001. (b)
Transcriptional profiling of camalexin biosynthesis genes by quantitative real-time PCR
(qRT-PCR). Leaves of Arabidopsis wild-type or bik1 mutant plants were infiltrated with water
(mock), each 0.5 µM flg22, elf18, nlp20, or PG3 and collected 6 h after treatment. Relative
expression of the indicated genes was normalized to the levels of EF-1α transcript and
calibrated to the levels of mock treatment in the WT control. Data present means of three
technical replicates ± SD. (c) Leaves of Arabidopsis WT or bik1 mutant plants were infiltrated
with water (mock) or 0.5 µM PG3 and visible cell death symptoms were monitored at 5 and 8
d post infiltration (dpi) (left panel). In addition, cell death progression 1 and 5 dpi was
monitored by ion leakage assays using excised leaf discs floating on water (right panel).
Bars represent mean conductivity ± SD (n = 4), capital letters indicate significant differences
(P<0.001) as determined by Student’s t-test. Each experiment was performed three times
with similar results.

Fig. 7 BIK1 kinase activity and phosphorylation are required for both nlp20- and flg22induced ROS production. (a) Reactive oxygen species (ROS) production (relative
fluorescence units, RLU) was determined in leaf discs of Arabidopsis wild-type (WT) plants
or the mutant lines bik1, bik1/BIK1_K105E, bik1/BIK1_Y243F, bik1/BIK1_Y150F and
bik1/BIK1_Y250F each treated with 0.5 µM flg22 or nlp20, respectively. Peak value minus
background value are shown as dots (n ≥ 6) and means are presented as lines. Asterisks
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indicate significant differences to the wild-type control treatment as determined by Student’s
t-test: *, P<0.05; ***, P<0.001. The experiments were performed three times with similar
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results. (b) Arabidopsis protoplasts were transformed transiently with a BIK1-HA construct
and subsequently treated with 1 µM nlp20 or 100 nM flg22 for the times indicated. Isolated
protein extracts were subjected to western blot analysis using either HA antisera to detect
unphosphorylated and phosphorylated BIK1 (Pi-BIK1) or the phospho-p44/42 MAP kinase
antibody to detect activated MAPKs. Protein loading control was shown by Coomassie
Brilliant Blue staining for RuBisCO (RBC) (bottom panel).

Supporting Information
Fig. S1 Time course of flg22 and nlp20-triggered membrane depolarization.
Fig. S2 Spatiotemporal analysis of calcium responses to nlp20 and flg22.
Fig. S3 Time course of flg22 and nlp20-triggered ROS production and MAPK activation.
Fig. S4 Immune responses triggered by RK-ligands flg22 and elf18 compared to RP-ligands
nlp20 and PG3.
Fig. S5 Time course of flg22 and nlp20-triggered ROS production in bak1 and bik1 mutant
lines.
Fig. S6 Flg22 and nlp20-triggered ROS production in bik1 and sid2 mutant lines.
Fig. S7 Indole glycosinolate levels remain unchanged upon flg22 and nlp20 treatment.
Methods S1 Supplemental methods.
Table S1 Arabidopsis thaliana mutant and transgenic lines used in this study.
Table S2 GO term list of RNA-seq data obtained from Arabidopsis thaliana treated with flg22
or nlp20.

Table S3 Examples of genes specifically upregulated by flg22 or nlp20 categorized by GO
terms.
Video S1 Time-lapse recording of cytoplasmic Ca2+ elevations in an R-GECO1-expressing
root treated with flg22.
Video S2 Time-lapse recording of cytoplasmic Ca2+ elevations in an R-GECO1-expressing
root treated with nlp20.
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