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Receptor-like cytoplasmic kinases (RLCKs) are a subset of plant receptor-like kinases lacking both extracellular and
transmembrane domains. Some of the 46 members in the Arabidopsis (Arabidopsis thaliana) RLCK subfamily VII have been
linked to plant innate immunity; however, most remain uncharacterized. Thus, multiple subfamily VII members are expected to
be involved in plant immune signaling. Here, we investigate the role of AvrPphB SUSCEPTIBLE1-LIKE13 (PBL13), a subfamily
VII RLCK with unique domain architecture. Unlike other characterized RLCKs, PBL13 transfer DNA insertion lines exhibit
enhanced disease resistance after inoculation with virulent Pseudomonas syringae. The pbl13-2 knockout also exhibits elevated
basal-level expression of the PATHOGENESIS-RELATED GENE1 defense marker gene, enhanced reactive oxygen species (ROS)
burst in response to perception of bacterial microbial patterns, and accelerated flagellin-induced activation of mitogen-activated
protein kinases. Recombinant PBL13 is an active kinase, and its primary autophosphorylated sites map to a 15-amino acid repeat
motif unique to PBL13. Complementation of pbl13-2 with PBL13-3xFLAG converts the enhanced resistance and elevated ROS
phenotypes back to wild-type levels. In contrast, kinase-dead PBL13K111A-3xFLAG was unable to rescue pbl13-2 disease
phenotypes. Consistent with the enhanced ROS burst in the pbl13-2 knockout, PBL13 is able to associate with the
nicotinamide adenine dinucleotide phosphate, reduced oxidase RESPIRATORY BURST OXIDASE HOMOLOG PROTEIN D
(RBOHD) by split-luciferase complementation assay, and this association is disrupted by flagellin treatment. We conclude that
the PBL13 kinase negatively regulates plant innate immunity to pathogenic bacteria and can associate with RBOHD before
pathogen perception. These data are consistent with the hypothesis that PBL13 acts to prevent inappropriate activation of
defense responses in the absence of pathogen challenge.

Plants exist in environments abundantly populated
with microbes. Many of these microbes form positive or
negative associations with plants. To protect themselves
from pathogenic microorganisms forming negative asso-
ciations, plants actively defend themselves using an in-
nate immune surveillance system consisting of receptors
with extracellular domains as well as intracellular recep-
tors (Dodds and Rathjen, 2010). Receptors possessing
extracellular domains are typically Receptor-Like Kinases
(RLKs) or Receptor-Like Proteins and recognize

conservedmicrobial features termedpathogen-associated
molecular patterns (PAMPs) or microbe-associated mo-
lecular patterns (MAMPs; Boller and Felix, 2009; Zipfel,
2014). Receptors for MAMPs are known as pattern
recognition receptors (PRRs), and MAMP recognition
culminates in microbe-associated molecular pattern-
triggered immunity (MTI; Zipfel, 2014). MTI is also
frequently referred to as PAMP-triggered immunity.
Hallmarks of MTI include the production of reactive
oxygen species (ROS), a cellular influx of calcium,
mitogen-activated protein kinase (MAPK) activation,
up-regulation of defense-related genes, and callose
deposition (Zipfel, 2014). Intracellular immune recep-
tors are generally nucleotide binding-leucine-rich
repeat (NLR) proteins that detect the presence of
pathogen effectors delivered into plant cells (Dodds and
Rathjen, 2010; Elmore et al., 2011; Spoel and Dong,
2012). NLRs can directly detect effectors or monitor
(guard) for effector-mediated perturbations of key host
targets (Jones and Dangl, 2006). Effector recognition
culminates in effector-triggered immunity (ETI). There
is significant overlap in MTI and ETI signaling and
transcriptional reprogramming, but their amplitudes
are different (Tsuda and Katagiri, 2010; Thomma et al.,
2011; Pritchard and Birch, 2014). ETI-based responses
are considered more robust and frequently associated
with a form of cell death, termed the hypersensitive
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response, localized to sites of pathogen infection (Elmore
et al., 2011).
Over the years, a large number of plant immune re-

ceptors and downstream components has been discov-
ered, but a detailed understanding of downstream
signaling upon immune receptor activation remains elu-
sive. Currently, it is known that multiple protein kinases,
including MAPKs, calcium-dependent protein kinases,
and RLKs, play critical roles in immune signaling (Tena
et al., 2011). One class of important immune signaling ki-
nases are receptor-like cytoplasmic kinases (RLCKs), a
subcategory of theRLKs (Lin et al., 2013). RLCKspossess a
single-kinase domain and can be anchored to the plasma
membrane by acylation. Of all of the RLCK subfamilies,
subfamily VII is the largest with 46 members, and several
members have been shown to be involved in plant im-
munity. The best characterized RLCK required for im-
mune responses is BOTRYITIS INDUCED KINASE1
(BIK1), a prominent player in perception of the bacterial
MAMP flagellin (Lu et al., 2010; Zhang et al., 2010). BIK1
exists in complex with both the flagellin immune receptor
FLAGELLIN-SENSITIVE2 (FLS2) and its coreceptor
BRASSINOSTEROID INSENSITIVE1 ASSOCIATED
RECEPTOR KINASE1 (BAK1) at resting state (Lu et al.,
2010). Upon flagellin perception by FLS2, BAK1 is
recruited to FLS2, and transphosphorylation events
among the three kinase domains culminate in dissociation
of BIK1 from the activated receptor complex (Chinchilla
et al., 2007; Heese et al., 2007; Lu et al., 2010). BIK1 pro-
ceeds to phosphorylate the plasma membrane NADPH
oxidase RESPIRATORY BURST OXIDASE HOMOLOG
PROTEIN D (RBOHD), which is necessary for the
extracellular ROS burst (Kadota et al., 2014; Li et al.,
2014). Analysis of BIK1 paralogs revealed that AvrPphB
SUSCEPTIBLE1 (PBS1) and AvrPphB SUSCEPTIBLE1-
LIKE1 (PBL1) function additively with BIK1 to regulate
the ROS burst (Zhang et al., 2010). RLCKs in subfamily VII
have also been shown to be important for perception of
chitin, a fungalMAMP(Zhanget al., 2010;Yamaguchi et al.,
2013; Ao et al., 2014; Shinya et al., 2014). Rice (Oryza sativa)
RLCK185, OsRLCK176, and Arabidopsis (Arabidopsis
thaliana) PBL27 were also found to associate with the chitin
coreceptor, indicating that RLCKs represent an important
signaling module downstream of multiple PRR complexes
(Yamaguchi et al., 2013; Ao et al., 2014; Shinya et al., 2014).
In addition to associatingwith PRR complexes, RLCKs

have been found to associate with plant NLR immune
receptors. PBS1 was one of the first subfamily VII RLCKs
characterized, and it is monitored by the Arabidopsis
NLR RESISTANCE TO PSEUDOMONAS SYRINGAE5
(RPS5; Ade et al., 2007). Cleavage of PBS1 by the Pseu-
domonas syringaeCysprotease effectorAvrPphB results in
activation of RPS5 and thereby, ETI (Shao et al., 2003;
DeYoung et al., 2012). Another Arabidopsis RLCK VII,
RESISTANCE TO PSEUDOMONAS SYRINGAE PV.
MACULICOLA1 (RPM1)-INDUCED PROTEIN KI-
NASE (RIPK), interacts with the plasma membrane-
associated protein RPM1 INTERACTING4 (RIN4; Liu
et al., 2011). RIN4 is targeted by several P. syringae ef-
fectors and monitored by the NLR proteins RPM1 and

RPS2 (Mackey et al., 2002, 2003; Axtell and Staskawicz,
2003). The P. syringae effector AvrB induces hyper-
phosphorylation of RIN4 through RIPK and potentially,
other RLCK VII members (Liu et al., 2011). In particular,
phosphorylation of RIN4 at the conserved Thr-166 resi-
due activates ETI through RPM1 (Chung et al., 2011; Liu
et al., 2011). In tomato (Solanum lycopersicum), the RLCK
PTO associates with the NLR PSEUDOMONAS RESIS-
TANCE AND FENTHION SENSITIVITY (PRF) and
mediates recognition of the P. syringae effectors AvrPto
and AvrPtoB (Oh and Martin, 2011; Ntoukakis et al.,
2013; Mathieu et al., 2014).

Pathogen effectors are critical virulence factors, inhibit-
ing plant immune responses and promoting pathogen
growth in the absence of NLR perception (Giraldo and
Valent, 2013;Macho andZipfel, 2015). Targeting ofRLCKs
by multiple bacterial effectors suggests that they may be
common virulence targets. In addition to PBS1, AvrPphB
also cleaves BIK1, PBL1, and six other RLCK VIIs (Zhang
et al., 2010). The Xanthomonas campestris pv campestris ef-
fector AvrAC is a UMP transferase that uridylates BIK1,
PBL1, and RIPK at highly conserved Ser and Thr residues
within the kinase activation loop, thereby attenuating
RLCK kinase activity (Feng et al., 2012). Single Arabi-
dopsis bik1 and pbl1 knockout (KO) lines are compromised
in MTI, and the bik1/pbl1 double KO exhibits weaker MTI
responses (Zhang et al., 2010). Furthermore, transgenic
plants expressing either AvrPphB or AvrAC are compro-
mised in MTI, indicating that multiple RLCKs are critical
for immune signaling (Zhang et al., 2010; Feng et al., 2012).

Interestingly, effectors may also recruit RLCKs to
negatively regulate immunity bymodulating activity of
host immune regulators. In a susceptible genetic back-
ground lacking RPM1, AvrB-induced RLCK-mediated
phosphorylation of RIN4 at Thr-166 inhibits MTI re-
sponses. This event is epistatic to phosphorylation of
RIN4 Ser-141, which is critical for activation of MTI
(Chung et al., 2014). Phosphorylation of RIN4 Ser-141 is
diminished in bik1/pbl1 double mutants (Chung et al.,
2014). Together, these data indicate that effectors can
target RLCKs to alter kinase specificity or activity.

Although recent work has provided important insight
regarding the role of RLCKs in the positive regulation of
plant innate immunity, many members of this kinase
subfamily remain uncharacterized. For example, although
BIK1 and PBL1 are dispensable for MAPK3/6 activation,
transgenic plants expressing AvrAC are unable to fully
inhibit MAPK3/6, suggesting that other RLCKs fulfill the
role for MAPK3/6 activation (Feng et al., 2012). These
additional RLCK members likely also play key roles in
immune signaling. Furthermore, RLCKs that negatively
regulate immune responses remain to be identified. Here,
we report that transferDNA (T-DNA) insertions inPBL13,
an RLCK VII with unique domain architecture, result in
enhanced disease resistance to P. syringae pv tomato
DC3000 (Pto DC3000) in the model plant Arabidopsis.
These insertion lines also exhibit elevated MTI responses,
including MAPK activation, ROS burst, and defense
gene expression. We found that PBL13’s regulation of
plant immunity is dependent on its kinase activity.
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Furthermore, we show that PBL13 is an active kinase
that, in vitro, is heavily phosphorylated at a unique C-
terminal repeat region. Lastly, we show that PBL13
associates with RBOHD in planta, and flagellin treat-
ment disrupts this association, providing a mechanistic
insight into the role of PBL13 in plant innate immunity.

RESULTS

PBL13 Is an RLCK VII with Unique Domain Architecture

To identify unique RLCKs involved in innate immune
regulation, existing microarray data sets were mined,
identifying RLCKs from subfamily VII that are differen-
tially regulated at the transcript level upon biotic stress
(Supplemental Fig. S1). The investigated array data in-
cluded experiments where plants were treated with vir-
ulent Pto DC3000, nonpathogenic bacteria (Pto DC3000
ΔhrcC, Pto DC3000 expressing avrRpm1, and P. syringae
pv phaseolicoa), elicitors, and MAMPs. Twenty-four
RLCKs were at least 1.5-fold up-regulated in one or
more conditions. Seven RLCKs were found to be at least
1.5-fold down-regulated in one or more conditions. In-
triguingly, one of the up-regulated RLCK VIIs, PBL13
(AT5G35580), had unique domain architecture. PBL13 is
induced during treatment with Pto DC3000 (AvrRpm1)
as well as with the elicitors Harpin Z and NECROSIS-
INDUCING PHYTOPHTHORA PROTEIN1 and
P. syringae pv phaseolicola (Supplemental Fig. S2). PBL13
possesses a 15-amino acidmotif, K(P/T)RRE(V/T)K(E/D)
TSLQNFD, at its C terminus that is repeated five times in
tandem (Fig. 1B). BLAST analysis revealed that PBL13’s
repeat motif has no homology to additional proteins of
known function. Utilizing the DISOPRED Prediction
Server, this repeat motif is predicted to be disordered in
contrast to PBL13’s kinase domain (Fig. 1C; Ward et al.,
2004; Buchan et al., 2013). The multiple metastable con-
formations that are adopted by disordered proteins are
hypothesized to facilitate target recognition with high
specificity and low affinity (Marín et al., 2013).

BLAST analyses to identify PBL13 orthologs in related
Brassicas and other plants revealed that the emergence of
PBL13’s C-terminal domain is relatively recent. No ho-
molog possessing this repeat motif is present in tomato or
white mustard (Sinapis alba), whereas a PBL13 ortholog
exists inArabidopsis lyratawith only one copy of themotif.
To determine the relationship of PBL13 to other RLCK
VIIs, we performed phylogenetic analyses using the ki-
nase domains of subfamily VII rooted to Staphylococcus
aureus 3’5’-aminoglycoside phosphotransferase [APH(3’)-
IIIa]. PBL13was found to be most closely related to RIPK
(Fig. 1A). The kinase domains of PBL13 and RIPK share
85% identity, whereas the next closest related RLCK VII,
PBL12, shares 70% identity (Fig. 1A).

pbl13 T-DNA Mutants Are More Resistant to Pto DC3000

To investigate whether PBL13 has a role in plant im-
mune responses, available T-DNA insertion lines for

PBL13 were obtained and screened for altered disease
phenotypes upon syringe infiltration with Pto DC3000.
After subsequent analyses of bacterial titers, both T-DNA
insertion lines pbl13-1 and pbl13-2 exhibited at least 10-
fold lower bacterial titers compared with wild-type
Columbia-0 (Col-0) at 4 dpostinoculation (Fig. 1D). pbl13-
1 is a mutant expressing a transcript that is truncated
shortly after the kinase-encoding region, whereas pbl13-2
is a true KO (Supplemental Fig. S3). The expression of
truncated PBL13 in pbl13-1 is significantly higher than in
Col-0, but interrogation of the T-DNA border sequence
indicated that the insertion results in a stop codon shortly
after the insertion (Supplemental Fig. S3C). To confirm
that the pbl13 disease phenotype is caused by the asso-
ciated T-DNA insertion, pbl13-2 KO was complemented
with genomic PBL13-3xFLAG under control of the 35S
promoter (35S::gPBL13-3xFLAG) construct. Two inde-
pendent homozygous T3 lines were recovered, 7-1 and 8-
3, in which PBL13-3xFLAG could be detected bywestern
blotting (Supplemental Fig. S4). These lines were subse-
quently inoculated by syringe infiltration with Pto
DC3000. PBL13-3xFLAGwas able to complement pbl13-2
and restored wild-type bacterial growth (Fig. 1E).

PBL13 Is an Active Kinase with Activity That Is Required
for Defense Suppression

There are 11 conserved domains/residues commonly
found in active protein kinases (Hanks et al., 1988). PBL13
has all of the major features of an active Ser/Thr protein
kinase. For example, PBL13 possesses the Gly flap and as-
sociated invariant Lys aswell as the conservedAsp residue
in its active site (Fig. 1B; Hanks et al., 1988). To confirm
PBL13 kinase activity, recombinant His6-PBL13 was puri-
fied from Escherichia coli and subjected to in vitro kinase
activity assays.Akinase-deadvariant of PBL13, PBL13K111A,
was alsopurified. PBL13K111Apossesses amutation toAla in
the invariant Lys residue (K111) that is critical for orienting
ATP for catalysis (Roskoski, 2012). Mutation of this Lys
residue generally abolishes kinase activity (Hanks et al.,
1988). Wild-type His6-PBL13 is capable of autophosphor-
ylation and also, transphosphorylation of the common ki-
nase substrate myelin basic protein (MyBP), whereas
PBL13K111A does not exhibit detectable kinase activity (Fig.
2A). We also used the known RLCK RIPK, which was
previously shown to be an active protein kinase, in our
assays as a positive control (Fig. 2A; Liu et al., 2011).

Recombinant His6-PBL13 protein has a predicted Mr of
56. However, when recombinant His6-PBL13 was sepa-
rated by SDS-PAGE, it ran at a significantly larger Mr (ap-
proximately 70; Fig. 2, A and B). In contrast, kinase-dead
His6-PBL13

K111A ran at its predictedMr of 56 (Fig. 2, A and
B). Phosphorylated proteins are known to exhibit mobility
shifts during SDS-PAGE analyses; BIK1 and PBL1 are ex-
amples of this phenomenon (Lu et al., 2010; Zhang et al.,
2010). Because PBL13 is an active kinase and capable of
autophosphorylation, we investigated whether autophos-
phorylation was responsible for the mobility shift. Recom-
binant His6-PBL13 was incubated with calf intestinal
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phosphatase and comparedwithuntreatedHis6-PBL13and
His6-PBL13

K111A. Subsequent western-blot analysis with
anti-His revealed that phosphatase-treated His6-PBL13 mi-
grates in a similar fashion toHis6-PBL13

K111A (Fig. 2B). These
data indicate that recombinant His6-PBL13 phospho-
rylation is required for its higher Mr (Fig. 2B). Interest-
ingly, dephosphorylated His6-PBL13 accumulates to
lower levels bywestern-blot analysis, andHis6-PBL13

K111A

protein production is not as robust as the wild type in
E. coli (Fig. 2B). Possibly, unphosphorylated PBL13 is
compromised in stability.
Having established that mutating Lys-111 of PBL13 to

Ala abolishes kinase activity, we proceeded to test if
genomic PBL13K111A could complement pbl13-2. Two
independent homozygous T3 lines were generated from
pbl13-2-expressing genomic PBL13K111A (35S::
gPBL13K111A-3xFLAG) 1-1 and 5-1. One line expressing

PBL13K111A (line 5-1) with similar stability as 35S::
gPBL13-3xFLAG and a second line expressingPBL13K111A

with detectable protein expression (line 1-1) were iden-
tified (Supplemental Fig. S4A). These lines were sub-
jected to syringe infiltration with Pto DC3000, and
pathogen proliferation was quantified by measuring
bacterial titers 4 d postinoculation. Both lines retained
enhanced disease resistance and exhibited levels of
bacterial proliferation similar to pbl13-2 (Fig. 2D). These
data show that kinase activity of PBL13 is necessary for
its regulation of plant immunity.

PBL13 Autophosphorylation Primarily Localizes to Its
C-Terminal Repeat Motif

PBL13 is heavily autophosphorylated in vitro. Pre-
vious studies focused on BIK1, OsRLCK176, and

Figure 1. The PBL13RLCKpossesses unique domain architecture and is a negative regulator of resistance to PtoDC3000. A, Phylogeny
of RLCK subfamilyVII kinase domains. RLCKVII kinase domainswere analyzedusing Phylogeny.fr and rootedwith Staphylococcus spp.
APH(39)-IIIa (P0A3Y6). PBL13 (AT5G35580; green triangle) is most closely related to RIPK (AT2G05940; red triangle). B, Domain ar-
chitecture of PBL13 drawn to scale. PBL13 possesses all canonical features of Ser/Thr kinases. PBL13 also possesses a unique 15-amino
acid (AA) repeat located after the kinase domain that is repeated five times. C,Disorder prediction of PBL13 using theDISOPRED server,
with the horizontal axis corresponding to the length of PBL13 in B. D, Bacterial titers in Col-0 and pbl13 T-DNA insertion lines 4 d
postinoculationwithPtoDC3000. Four-week-oldCol-0,pbl13-1 truncation, andpbl13-2KOplantswere syringe infiltratedwith 13105

colony-forming units (CFUs) mL21 PtoDC3000. Statistical differences were detected by Fisher’s LSD (a = 0.05). Error bars indicate SE

(n = 5). Results are representative of three independent experiments. E, Complementation of the pbl13-2 KO with 35S::gPBL13-
3xFLAG. Col-0 and homozygous T3 lines 7-1 and 8-3 were inoculated as described above. Statistical differences were detected by
Fisher’s LSD (a = 0.05). Error bars indicate SE (n = 6). Results are representative of three independent experiments.
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OsRLCK185 indicate that phosphorylation of a cluster
of Ser and Thr residues residing within the kinase ac-
tivation loop are necessary for RLCK activity (Lu et al.,
2010; Zhang et al., 2010; Yamaguchi et al., 2013; Ao
et al., 2014). These phosphorylated residues are highly
conserved among RLCK VII members (Zhang et al.,
2010; Yamaguchi et al., 2013; Ao et al., 2014). Mass
spectrometry (MS) was used to ascertain which resi-
dueswere phosphorylated in recombinant PBL13. His6-
PBL13 and His6-PBL13

K111A were purified from E. coli
and subjected to tryptic in-gel digestion. The resulting
samples were enriched for phosphopeptides and ana-
lyzed by MS. In total, 252 phosphopeptide spectra were
identifiedbyMS/MS fromtheHis6-PBL13 sample,whereas
none were detected from the His6-PBL13

K111A sam-
ple. In flow-through samples depleted of phospho-
peptides, 208 MS/MS spectra were detected from the
His6-PBL13 sample (23% coverage), whereas 589 spectra
were detected from the His6-PBL13

K111A sample (45%
coverage). Interestingly, 65% of the phosphopeptide

spectra localized to PBL13’s unique repeat motif,
whereas only 1 spectrum mapped to Ser-240 within the
activation loop (Fig. 2C). Autophosphorylation within
the activation loop has also been previously reported for
other RLCKs (Zhang et al., 2010; Yamaguchi et al., 2013;
Ao et al., 2014). Peptides with multiple phosphorylated
residuesmay not efficiently elute fromTiO2 beads, and it
is likely that additional regions in PBL13’s kinase domain
are also phosphorylated. The remaining phosphorylated
spectra (27.4%) corresponded to either singly or doubly
phosphorylated Ser-455 and Thr-456 (Fig. 2C; Table I).
Ser-455 and Thr-456 are immediately C-terminal to the
repeat motif and are not conserved across other
RLCKs. To obtain confident phosphosite localizations,
phosphopeptide spectra were manually validated and
run through the LuciPHOr algorithm to further ob-
tain themost confident localizationwithin PBL13 (Table I;
Fermin et al., 2013). Although we can confidently localize
phosphosites within a given spectrum, in some cases,
the nature of PBL13’s repeat motif prevents definitive

Figure 2. PBL13 is an active kinase, and kinase activity is required for negative regulation of defense responses. A, Recombinant
PBL13 is able to autophosphorylate and phosphorylate MyBP; 3 mg of recombinant His6-PBL13, His6-PBL13 and MyBP, and
kinase-dead His6-PBL13

K111A were incubated with g-32P-ATP, separated by SDS-PAGE, and then visualized by autoradiography.
His6-RIPK, an RLCK with known kinase activity, is included as a positive control. B, Recombinant His6-PBL13

K111A, wild-type
His6-PBL13, andwild-typeHis6-PBL13 incubatedwith calf alkaline phosphatase (CIP) were separated by SDS-PAGE and detected
using anti-His immunoblotting. The kinase-inactive His6-PBL13

K111A runs at the predicted Mr of 56, whereas wild-type His-6-
PBL13 runs at 70. Incubation with CIP shifted His6-PBL13 back to its predictedMr. C, Recombinant His6-PBL13 was subjected to
an in vitro kinase assay with unlabeled ATP, and phosphorylated spectra were identified and mapped by MS. In total, 252 spectra
were identified as phosphorylated. The percentages of phosphopeptide spectra associated with phosphorylated residues confi-
dently identified by MS are depicted above PBL13. The bracket denotes residues found within PBL13’s C-terminal repeat region.
*, Specific residues. D, The kinase-inactive mutant His-6-PBL13K111A cannot complement the pbl13-2 KO. Four-week-old Col-0,
pbl13-2, and homozygous T3 pbl13-2 lines expressing 35S::gPBL13K111A-3XFLAG were syringe infiltrated with colony-forming
units (CFUs) mL21 PtoDC3000, and bacterial titers were analyzed 4 d postinoculation. Statistical differences were detected with
Fisher’s LSD (a = 0.05). Error bars indicate SE (n = 6). Results are representative of three independent experiments.
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assignment of phosphorylation to a particular residue
within the repeat. However, given the overrepresenta-
tion of spectra mapping to the repeat motif, heavy
phosphorylation of this motif likely contributes to the
mobility shift seen in recombinant PBL13.

PBL13 Localizes to Microsomes and Does Not Relocalize
upon flagellin22 Treatment

A number of RLCK VII members, including BIK1,
RIPK, CAST AWAY, and PBS1, localize to the plasma
membrane (Veronese et al., 2006; Burr et al., 2011; Liu
et al., 2011; Takemoto et al., 2012). These RLCKs are an-
chored to the plasma membrane by N-terminal myr-
istoylation or palmitoylation. Nearly all PBS1-like RLCK
VIIs have been reported to have putative or validated
myristoylation/palmitoylationmotifs (Zhang et al., 2010).
PBL13, like RIPK, is predicted to be palmitoylated at its N
terminus. PBL13’s subcellular localization was initially
investigated by microscopy through GFP fusions. Un-
fortunately, these fusions were unstable in planta, and
freeGFPwas consistently detected. Thus, biochemical cell
fractionation using the 35S::PBL13-3xFLAG line 8-3 was
used to investigate general subcellular localization.
Comparison of PBL13-3xFLAG localization using total
leaf extract, soluble, and microsomal membrane fractions
was performed by western-blot analysis. Antibodies rec-
ognizing CYTOSOLIC FRU-1,6-BISPHOSPHATASE and
RIN4 were used as soluble and membrane markers,

respectively (Fig. 3A). PBL13-3xFLAG localizes to mem-
branes, and PBL13 was solely detected in microsomal
fractions, supporting evidence that PBL13 is potentially
palmitoylated and targeted to the plasmamembrane (Fig.
3A). Because palmitoylation is a reversible modification,
PBL13 relocalization during immune signaling was in-
vestigated. Leaves of 4-week-old 35S::PBL13-3xFLAG 8-3
lines were infiltrated with 1 mM of the 22 amino acid im-
munogenicflagellin epitope (flg22) and sampled at 0-, 15-,
30-, and 120-min time points. No change in PBL13 local-
ization after flg22 treatmentwas observed, indicating that
PBL13 does not relocalize to the cytosol upon flagellin
perception and activation of MTI (Fig. 3B).

The pbl13-2 KO Exhibits More Rapid MAPK Activation
and a More Robust ROS Burst

We hypothesized that basal defense gene expression
may be enhanced in pbl13-2, because this KO line ex-
hibits enhanced resistance to virulent Pto DC3000. It
was previously found that bik1 KO plants, although
defective in MTI signaling, were more resistant to
virulent Pto DC3000 because of elevated basal levels
of the defense hormone salicylic acid (Veronese et al.,
2006). The bik1 KO exhibits dwarf stature, a pheno-
type associated with autoimmunity and high levels of
salicylic acid (Zhang et al., 2010). In contrast, the
pbl13-2 KO does not exhibit developmental defects;
thus, changes in basal immune signaling may be
subtle (Supplemental Fig. S3E). Quantitative reverse
transcription PCR was used to detect differences
in basal expression of the defense marker gene
PATHOGENESIS-RELATED GENE1 (PR1). Four- to
five-week-old Arabidopsis leaves were sampled for
quantitative PCR (qPCR) analyses. The pbl13-2 KO
exhibited significantly higher levels of PR1 expression
compared with the Col-0 control (Fig. 4D).

In addition to basal defense gene expression, we also
analyzed the pbl13-2 KO for alterations in MAMP-in-
duced MAPK activation, ROS production, FLS2 accu-
mulation, and seedling root length inhibition: all
hallmarks of MTI activation (Asai et al., 2002; Chinchilla
et al., 2007). Treatment of both pbl13-1 truncationmutant
and pbl13-2 KO with flg22, the immunogenic epitope of
bacterial flagellin, resulted in accelerated activation of
MAPK3 and MAPK6 at 5 min (Fig. 4, A and B). Addi-
tionally, pbl13-2 also exhibited a significantly enhanced
ROS burst relative to wild-type Col-0 upon treatment
with both flg22 and the 18-amino acid immunogenic
epitope of bacterial elongation factor-tu (elf18; Fig. 5).
The PBL13-3xFLAG complementation line 8-3 was res-
cued for this phenotype and exhibitedwild-type levels of
ROS production (Fig. 5). However, pbl13-2 did not ex-
hibit significant differences in flg22-induced FLS2 accu-
mulation or inhibition of seedling root growth (Fig. 4, C
and E). Taken together, these data suggest that PBL13
functions to negatively regulate basal defense gene ex-
pression, MAMP-triggered MAPK activation, and the
extracellular ROS burst.

Table I. PBL13 phosphopeptides identified by LC-MS/MS analysis

Recombinant His6-PBL13 and His6-PBL13
K111A were subjected to in

vitro kinase assays followed by trypsin digestion and TiO2 phospho-
peptide enrichment before LC-MS/MS analyses. Phosphopeptide
spectra were analyzed using the LuciPHOr algorithm for perform
phosphosite localization. Reported phosphopeptides required a Luci-
PHOr global false localization rate score of less than 0.05 and were
manually validated. No phosphorylated peptides were identified from
His6-PBL13

K111A samples; s, t, and y denote phosphorylated Ser, Thr,
and Tyr, respectively, whereas m and e denote oxidized Met and
dehydrated Glu, respectively.

Residue Peptide Sequence

S240 (K)DGPQGDDTHVsTR(V)
S321 (R)LEDQYsEtGAR(K)
T323 (R)LEDQYSEtGARK(A)
T383 and S384 or T443

and S444
(R)REVKEtsLQNFDKPR(R/N)

T383 or 428 or T443 (R)REVKEtSLQNFDK(P/T)
T383 or T443 (R)EVKEtSLQNFDKPR(R/N)
S384 or S429 or S444 (R)EVKETsLQNFDK(P/T)
S384 or S444 (R)eVKETsLQNFDKPR(R/N)
T395, T398 (R)REtKVtSLQNFDK(T)
T395 (R)REtKVTSLQNFDK(T)
T398 (R)RETKVtSLQNFDKTR(R)
T406 (K)VTSLQNFDKtRR(E)
T413 (R)EVKDtSLQNFDK(T)
T421 (R)EVKDTSLQNFDKtRR(E)
S455 AND T456 (R)NVstTDNHQKFR(S)
S455 (R)NVsTTDNHQK(F)
Y481 (R)NGyNSPmRNEAGGERY-
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PBL13 Associates with RBOHD in Nicotiana benthamiana

RLCKs regulating MTI have been found to associate
with PRR complexes and positively regulate immune
responses in Arabidopsis and rice (Yamaguchi et al.,
2013; Ao et al., 2014; Kadota et al., 2014; Li et al., 2014;
Shinya et al., 2014). In light of the enhanced early MTI
responses observed in the pbl13-2 KO, we reasoned that
PBL13may associate with PRR complexes to negatively
regulate immune responses. Previously, FLS2 and BIK1
had been shown to associate with Arabidopsis RBOHD
through split-luciferase complementation imaging (Li
et al., 2014). Using this system, we tested PBL13’s ability
to associate with Arabidopsis FLS2, BIK1, BAK1, and
RBOHD inN. benthamiana. No luminescent signal could
be detected when leaf spots coexpressing PBL13-cLuc
with FLS2-nLuc, BIK1-nLuc, or BAK1-nLuc were infil-
trated with 1 mM luciferin (Supplemental Figs. S5 and
S6). As a negative control, we used the integral plasma
membrane aquaporin PLASMA MEMBRANE IN-
TRINSIC PROTEIN2-1 (PIP;2-1). No luminescence was
detected in samples coexpressing PIP2;1 fused to the
c-terminus of luciferase (cLuc-PIP2;1) and PBL13

fused to the n-terminus of luciferase (PBL13-nLuc).
We then proceeded to test PBL13’s ability to associate
with RBOHD. Luminescence was detected in samples
coexpressing PBL13-nLuc and cLuc-RBOHD, suggesting
a specific interaction between PBL13 and RBOHD. We
also found that supplementing the luciferin solution with
100 nM flg22 suppressed PBL13-RBOHD-dependent lu-
minescence (Fig. 6). From these data, we conclude that
PBL13 associates with RBOHD and that this complex is
disrupted by flg22-induced immune signaling.

DISCUSSION

Protein kinases are important components of plant
immunity, and they regulate plant responses to path-
ogens at multiple levels. Kinase-mediated immune
regulation ranges from initial perception of MAMPs by
transmembrane PRRs to mediating downstream im-
mune signaling by RLCKs, calcium-dependent protein
kinases, and MAPKs (Tena et al., 2011). The majority of
characterized RLCK VII members function as positive
regulators of MTI (Lu et al., 2010; Zhang et al., 2010;
Yamaguchi et al., 2013; Ao et al., 2014; Shinya et al.,
2014). In this study, we focused on the genetic and
biochemical characterization of PBL13, an RLCK from
subfamily VII possessing a unique C-terminal repeat
motif. Interestingly, pbl13 T-DNA mutant lines exhibi-
ted enhanced resistance to PtoDC3000, although PBL13
transcription is induced in response to pathogen per-
ception. Subsequent experiments showed that PBL13
functions as a negative regulator of MTI, and this is
dependent on PBL13’s kinase activity. The induction,
amplitude, and duration of plant immune responses are
tightly controlled (Belkhadir et al., 2014). This is ex-
emplified in attenuation of FLS2 signaling postflagellin
perception because of ubiquitination by PLANT U-
BOX12 (PUB12) and PUB13, two U-box E3 ubiquitin
ligases (Lu et al., 2011). Induction of plant immune re-
sponses is an energetic process, and its activation neg-
atively impacts plant growth and development
(Lozano-Durán et al., 2013; Belkhadir et al., 2014). For
example, treatment with flg22 strongly inhibits seed-
ling growth. Therefore, we hypothesize that PBL13 acts
to negatively regulate immune signaling in absence of
pathogen challenge to prevent untimely activation of
defenses. PBL13 may then also function to dampen
immune signaling downstream of pathogen percep-
tion, allowing for fine control of defense responses.

The pbl13-2 KO exhibits a robust disease phenotype
and elevated basal PR1 expression.Wewere also able to
detect accelerated MAPK activation and an enhanced
extracellular ROS burst in pbl13-2. Furthermore, com-
plementation of pbl13-2 with PBL13-3xFLAG was able
to restore awild-type ROS burst. In plant immunity, the
extracellular ROS burst is primarily controlled by the
NADPH oxidase RBOHD, which has been shown to be
present in complex with PRRs (Zhang et al., 2007;
Kadota et al., 2014; Li et al., 2014). Recent studies have
shown that the RLCK BIK1 positively regulates this

Figure 3. PBL13 is membrane associated. A, Total, soluble, and mi-
crosomal cellular fractions were isolated from the 35S::gPBL13-
3xFLAG complemented line 8-3. Anti-FLAG immunoblotting identifies
PBL13 as associated with the microsomal membrane fraction. aRIN4
(AT3G25070) was used as amembranemarker, andacytosolic fructose-
1,6-bisphosphatase (FBP; AT1G43670) was used as a soluble marker.
Coomassie Brilliant Blue (CBB) stain is provided to indicate protein
loading. B, Total, soluble, and microsomal cellular fractions were iso-
lated from the 35S::gPBL13-3xFLAG complemented line 8-3 after
treatment with flg22 treatment. Five-week-old plants were syringe
infiltrated with 1 mM flg22, and leaves were sampled at 0-, 15-, 30-, and
120-min time points and subjected to cellular fractionation. Three mi-
crograms of protein from each fraction was analyzed by SDS-PAGE and
western blotting. M, Membrane; S, soluble; T, total.
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process by dynamically associating with and phos-
phorylating RBOHD upon flagellin perception (Kadota
et al., 2014; Li et al., 2014). Phosphorylation of distinct
residues within a protein can have antagonistic effects,
promoting either activation or deactivation. For exam-
ple, phosphorylation of the penultimate Thr of the
plasma membrane AUTOINHIBITED H+-ATPASE2 re-
sults in activation, whereas phosphorylation of Ser-941
inhibits activity (Elmore and Coaker, 2011). Addition-
ally, phosphorylation of RIN4 Ser-141 promotes MTI
responses, whereas phosphorylation of Thr-166 has an
antagonistic effect (Chung et al., 2014). Thus, it is possi-
ble that multiple competing RLCKs, including PBL13,
are involved in differential regulation of RBOHD
through phosphorylation of distinct residues. In light of
our finding that PBL13 associates with RBOHD in N.
benthamiana, we hypothesize that, in the absence of
pathogen stimuli, PBL13 may associate with RBOHD
and inhibit ROS production. Treatment with flg22 dis-
rupts this complex, potentially enabling BIK1, PBL1, and
calcium-dependent protein kinases to positively regulate
RBOHD activity (Kobayashi et al., 2007; Dubiella et al.,
2013; Gao et al., 2013; Kadota et al., 2014; Li et al., 2014).
The requirement of these sequential events for RBOHD
activation could ensure elegant control of the timing and
amplitude of the extracellular ROS burst.
Phylogenetic analyses of the RLCK VII subfamily

revealed that PBL13 is most related to RIPK, a kinase
involved in RPM1-mediated resistance (Chung et al.,
2011; Liu et al., 2011). We previously reported that the

ripk KO also exhibits enhanced disease resistance when
challenged with virulent Pto DC3000 (Liu et al., 2011).
However, ripk exhibits enhanced disease resistance
primarily after surface inoculation, indicating that these
lines are compromised in initial pathogen entry (Liu
et al., 2011). There was no significant difference in Pto
DC3000 titers between ripk and wild-type Arabidopsis
after syringe infiltration (Liu et al., 2011). In contrast,
the pbl13-2 KO exhibits a strong enhanced disease re-
sistance phenotype upon syringe infiltration with Pto
DC3000, with bacterial titers reduced at least 10-fold at
4 d postinoculation. These data suggest that PBL13 and
RIPK may primarily have distinct modes of action.
Although PBL13 is closely related to RIPK throughout
its kinase domain, PBL13 also possesses a unique
C-terminal repeat region, where a stretch of 15 amino
acids is repeated five times in tandem. Furthermore, the
fidelity of the PBL13 repeat region is extremely high,
with only three polymorphic amino acids within an
individual repeat. From an evolutionary standpoint,
the emergence of this repeat is relatively recent, because
this motif is present in Arabidopsis and A. lyrata but
absent in tomato and white mustard.

Our experiments showed that PBL13 is an active ki-
nase. Recombinant PBL13 could autophosphorylate as
well as transphosphorylate MyBP. Extensive PBL13-
mediated autophosphorylation was detected by a sig-
nificant, reversible mobility shift of PBL13 in vitro.
Interestingly, the mobility shift of PBL13 is only detect-
able in vitro, suggesting that PBL13’s kinase activity and

Figure 4. The pbl13-2 KO has accelerated MAPK3/6 activation and elevated basal PR1 expression. A and B, Activation of MAPK3/6 is
accelerated in pbl13mutants relative to Col-0 A, MAPK3/6 activation in pbl13-2. B, MAPK3/6 activation in pbl13-1. Four-week-old plants
were sprayedwith 1mM flg22, and tissueswere processed at indicated time points. PhosphorylatedMAPK3 andMAPK6were detectedwith
a-p44/42MAPKantibody.C,Nodifference in FLS2 levels is detectedbetween4-week-oldCol-0 andpbl13-2 after treatmentwith 1mMflg22.
D, Real-time qPCR analyses of PR1 in Col-0 and pbl13-2. pbl13-2 exhibits higher levels of PR1 expression relative to the wild type (Col-0).
Statistical differenceswere detectedwith a Student’s t test (a = 0.05; n= 3 biological replicates). Error bars indicate SD; *, P< 0.05. Expression
wasnormalized toELONGATIONFACTOR1a. RQ,Relativequantification. E,pbl13-2doesnot exhibit enhancedflagellin-induced seedling
root length inhibition. Seedlingswere grown on one-half-strength concentrationMurashige and Skoogmedium in the presence and absence
of 1 mM flg22. Root length was measured at 12 d. Statistical differences were detected by Fisher’s LSD (a = 0.01). Error bars indicate SD.
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phosphorylation of this motif are carefully controlled in
planta. Identification of phosphorylated residues within
PBL13 usingMS verified that PBL13 is a Ser/Thr protein
kinase, because all but one phosphorylated residue were
found to be a Ser or Thr residue. Phosphorylation
mapping of PBL13 also revealed that Ser-240, which is
present within the activation loop and conserved among
the RLCK VIIs, is autophosphorylated (Zhang et al.,
2010). This residue corresponds to Ser-236 within BIK1,
one of a triplet of Ser/Thr residues residing in BIK1’s
activation loop that is phosphorylated upon PAMP
perception (Zhang et al., 2010). Lines expressing
BIK1S236A exhibit reduced phosphorylation after flagellin
treatment and inhibited PAMP-triggered transcriptional
reprogramming (Zhang et al., 2010). In addition to Ser-
240, we detected an overabundance of phosphorylated
peptides mapping to PBL13’s C-terminal tandem repeat
region, showing that this motif is heavily autophos-
phorylated. The predicted disordered nature of PBL13’s
repeat regionmay account for its hyperphosphorylation,
because sites of posttranslational modifications have
been found to correlate with intrinsic disordered regions
of proteins (Gao and Xu, 2012). Furthermore, post-
translational modification of intrinsically disordered
protein regions can regulate target binding specificity
(Dyson and Wright, 2005).

CONCLUSION

We find that PBL13 functions as a negative regulator
of plant immunity, and this is dependent on its kinase

activity. pbl13-2 KOs exhibit enhanced basal levels of
PR1 expression and produce increased flagellin-induced
ROS production. PBL13 associates with RBOHD in
planta, and this association is disrupted by treatment
with bacterial flagellin. Furthermore, PBL13 is auto-
phosphorylated on its C terminus as well as in its

Figure 6. PBL13 associates with RBOHD and dissociates upon flg22
treatment. A, PBL13-nLuc associates with cLuc-RBOHD but not cLuc-
PIP2;1 in N. benthamiana. flg22 treatment results in dissociation of the
PBL13-RBOHD complex. Constructs were transiently expressed in N.
benthamiana, and luminescence was detected after treatment with
luminol solution 6100 nM flg22. Upper, Luminescence visualized
using a CCD camera. Lower, Luminescence was quantified using a
luminometer. Error bars indicate SD (n = 3). Statistical differences were
detected by Fisher’s LSD (a = 0.05). RLU, Relative light unit. B, Split-
luciferase fusion proteins are detected after transient expression in
N. benthamiana.

Figure 5. The pbl13-2 KO exhibits enhanced elf18- and flg22-triggered
ROS production. elf18- (A) and flg22-triggered (B) production of ROS in
pbl13-2 is enhanced relative to Col-0. Two- to 3-week-old plants were
treated with 100 nM flg22, and extracellular ROS was quantified using a
luminol-based assay. The graph depicts total relative light units (RLUs)
detected over a 30-min period after treating with flg22 or elf18. Ex-
pression of PBL13-3xFLAG in pbl13-2 (lines 7-1 and 8-3) complements
the mutant phenotype. Error bars indicate SE (n $ 21). Statistical dif-
ferences were detected by Fisher’s LSD (a = 0.05).
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activation domain in vitro. The identification of PBL13
substrates as well as the elucidation of the phosphoryla-
tion dynamics of PBL13 targets and the kinase itself will
significantly enhance our understanding of how this
RLCK modulates plant innate immune responses.

MATERIALS AND METHODS

Microarray Analyses

To investigateRLCKVII expressionpatterns, rawAtGenExpress Biotic Stress
datafileswere normalizedusing theRobustMultichipAveragemethodwith the
biocLite R package (Bioconductor; Bolstad et al., 2003). Replicates of the abso-
lute signal intensities were then averaged by geometric mean. Ratios of treat-
ment to control values were log2 transformed, and data were visualized using
MultiExperiment Viewer 4.0 (TM4 Microarray Software Suite). PBL13 tran-
script expression data were extracted from the Arabidopsis Electronic Fluo-
rescent Pictograph Browser (Winter et al., 2007).

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) T-DNA insertion lines pbl13-1
(GABI_586B09) and pbl13-2 (SALK_203577) were obtained from the Nottingham
Arabidopsis Stock Centre and the Arabidopsis Biological Resource Center, re-
spectively. PCRusinggene- andT-DNA-specific primers (Supplemental Table S1)
was performed to identify individuals homozygous for T-DNA insertions. Gene-
specific primers were then used for semiquantitative reverse transcription
PCR to determine KO or truncation status. For disease and MTI marker assays,
Arabidopsis (Arabidopsis thaliana) seedswere stratified for 2 d at 4°C, sownon soil,
and then grown in controlled environmental chambers set to 23°C and 70% rel-
ative humidity with a 10-h-light/14-h-dark photoperiod (100 mmol m22 s21).

Transgenic Lines

To generate 35S::PBL13-3xFLAG and 35S::PBL13K111A-3xFLAG constructs, a
modified pEARLEY103 vector was used. In brief, the pEARLEY103 GATEWAY
cassetteGFP fragmentwas removed usingXhoI/SpeI and replacedwith theXhoI/
SpeI GATEWAY 3xFLAG fragment cut from pCR2.1/des/3xFLAG (Li et al.,
2013), producing pEARLEY/des/3xFLAG. Genomic PBL13 was then PCR am-
plified from Col-0 genomic DNA without a stop codon, TOPO cloned into
pENTR/D-TOPO (Invitrogen), and recombined into pEARLEY/des/3xFLAG by
LR reaction (Invitrogen). The resulting 35S::PBL13-3xFLAG construct was then
mutated by PCR-based site-directed mutagenesis to produce 35S::PBL13K111A-
3xFLAG. Binary vectors were then transformed into Agrobacterium tumefaciens
strain GV3101, and complementation lines were generated by floral dip (Clough
and Bent, 1998). Transformants were selected for one-half-strength Murashige
and Skoog medium supplemented with 20 mg mL21 BASTA (Sigma Aldrich).
Expression of PBL13-3xFLAG was then confirmed by western blotting in T3 ho-
mozygous lines. Anti-FLAG horseradish peroxidase (HRP) Conjugate (Sigma)
was used at a 1:2,000 concentration in conjunction with SuperSignal West Pico
Chemiluminescent Substrate (Pierce) for detection.

Kinase Motif and Protein Disorder Prediction

Conservedprotein Ser/Thr kinasemotifswere foundby searching the PBL13
amino acid sequence against the PROSITE Pattern and Motif Database (Sigrist
et al., 2002). Intrinsic disorder was predicted using the DISOPRED component
of the PSIPRED Prediction Server, with the false discovery rate set to 5% (Ward
et al., 2004; Buchan et al., 2013).

Disease Assays

Pto DC3000 was grown at 28°C for 2 d on nutrient yeast-glycerol agar
(100 mg mL21 rifampicin and 25 mg mL21 kanamycin). Four- to five-week-old
Arabidopsis leaves were syringe infiltrated with 1 3 105 colony-forming units
mL21 bacteria as previously described (Liu et al., 2011). Analyses of bacterial titers
were performed 4 d postinoculation. Statistical differences were detected with
Fisher’s LSD (a = 0.05). All experiments were repeated at least three times with a
minimum of five biological replicates.

Phylogenetic Analysis

The amino acid sequences for the kinase domains of RLCK subfamilyVII and
Staphylococcus spp. aminoglycoside phosphotransferase APH(39)-IIIa (Uniprot
identification code P0A3Y6) were obtained from Lehti-Shiu et al., 2009.
Sequences were analyzed using the Phylogeny.fr web tool (Dereeper et al.,
2008). Alignments were made using MUSCLE with default settings, and a
phylogenetic tree was built using the maximum likelihood-based PhyML
software (Edgar, 2004; Guindon et al., 2010). The resulting tree was then visu-
alized in FigTree (http://tree.bio.ed.ac.uk/software/figtree) and rooted to
APH(39)-IIIa.

Real-Time qPCR

Four- to five-week-old Col-0 and pbl13-2 lines were used for qPCR analysis.
One leaf per plant was used for total RNA extraction with three biological
replications; 1 mg of total RNA was used for complementary DNA synthesis
using M-MLV Reverse Transcriptase (Promega) coupled with oligo(dT)
primers. The CFX96 Touch RT-PCR Detection System (BioRad) was used for
quantification. Primer pairs for PR1 (AT2G14610) are provided in Supplemental
Table S1. A primer pair that targets the Arabidopsis ELONGATION FACTOR
1a (AT5G60390) was used as an endogenous control (Supplemental Table S1).
Statistical differences were detected by Student’s t test (a = 0.05). Results are
representative of at least two independent experiments.

Flagellin-Induced Seedling Root Length and
MAMP-Triggered ROS Burst Assay

For flagellin-induced seedling root inhibition, Arabidopsis seedlings were
grown on one-half-strength concentrationMurashige and Skoogmedium in the
presence and absence of 1 mm of flg22. Root length was then measured at 12 d.
Statistical differences were detectedwith Fisher’s LSD (a = 0.01) with aminimum
n = 30. Experiments were repeated twice with similar results.

To assay MAMP-induced ROS burst, the third, fourth, and fifth true leaves
of 2- to 3-week-old Arabidopsis plants were sampled with a 1 cork borer (4.76
mm; Carolina) and floated overnight on sterile water in a white 96-well plate
(Corning Costar). Immediately before measuring ROS burst, water was re-
moved, and samples were allowed to dry for 5min. ROS burst was triggered by
adding a solution containing 100 nM elf18 or flg22 (85% purity; Genscript),
17 mgmL21 luminol (Sigma), and 10 mgmL21 horseradish peroxidase (Sigma).
Luminescence was measured using the TriStar LB 941 Multimode Microplate
Reader (Berthold). Statistical differences were detected with Fisher’s LSD (a =
0.05). All experiments were repeated at least three times with similar results,
with at least 21 samples per replication.

Activated MAPK Assay and FLS2 Accumulation

Four-week-old Arabidopsis plants were sprayed with 10 mM flg22 in water
with 0.025% (v/v) Silwett L-77. Leaf samples were then taken at 0-, 5-, and 15-
min time points for pbl13-2, whereas additional samples at 10- and 20-min time
points were taken for pbl13-1. Samples were ground in liquid nitrogen and
resuspended in 50 mM HEPES (pH 7.5), 50 mM NaCl, 10 mM EDTA, 0.2% Triton
X-100, 13 Protease Inhibitor Cocktail (Sigma), and 13 Halt Phosphatase In-
hibitor Cocktail (Thermo). After centrifugation, Laemmli sample buffer was
added to the supernatant to a concentration of 13 and then boiled for 5 min.
Activated MAPK3 and MAPK6 were then detected by western blotting using
anti-p44/42 MAPK antibody (Cell Signaling Technology). FLS2 was detected
by western blotting using anti-FLS2 (Heese et al., 2007) as primary antibody
overnight and goat anti-rabbit-HRP (Bio-Rad) as secondary antibody.

Expression and Purification of Recombinant Proteins

To produce HIS6-PBL13 and HIS6-RIPK, PBL13 and RIPK were cloned into
pET-28a(+) (Novagen) as BamHI/XhoI and NdeI/BamHI fragments, respec-
tively. HIS6-PBL13

K111A was generated by PCR-based site-directed mutagene-
sis. Expression vectors were transformed into Escherichia coli BL21(DE3) for
production of recombinant protein. Protein expressionwas induced by addition
of 0.5 mM isopropylthio-b-galactoside to a 250-mL culture at optical density at
600 nm = 0.4 followed by incubation for 4 h at 28°C. Cells were centrifuged and
resuspended in lysis buffer containing 20 mM Tris-HCl (pH 8), 500 mM NaCl,
and 10 mg mL21 lysozyme. Cleared lysate was then incubated with Ni-NTA
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Agarose (Qiagen) for 1 h at 4°C. Beads were then washed four times with 20mM

Tris-HCl (pH 8) and 500 mM NaCl (buffer A). Stepwise elution of protein was
then performed with 80 and 250 mM imidazole in buffer A.

In Vitro Kinase Assay and Mobility Shift Analysis

Kinase reactions were carried out in 20 mM Tris-HCl (pH 7.5), 10 mM MgCl2,
1 mM CaCl2, 1 mM dithiothreitol, and 100 mM ATP; 3 mg of each recombinant
protein was used per reaction. Radioactive kinase assays were carried out with
the addition of 10 mCi of [32P]gATP (Perkin Elmer). Reactions were incubated
for 30 min at 30°C and stopped with the addition of 7.5 mL of 53 Laemmli
sample buffer. Radioactive samples were separated on 12% Precise Tris-HEPES
SDS-PAGE Gels (Thermo Scientific) and visualized by autoradiography. For
analysis of phosphorylation-related mobility shift, 1 mg of recombinant protein
was treated with calf intestinal phosphatase (New England BioLabs) and then
incubated at 37°C for 30 min. The reaction was stopped with addition of 33
Laemmli sample buffer and compared with untreated samples by western blot
using anti-His primary antibody (Invitrogen) and anti-mouse-HRP secondary
(BioRad). Blots were visualized after incubation with SuperSignal West Pico
Chemiluminescent Substrate (Pierce).

MS

Cold kinase reactionswere separated on 12%Precise Tris-HEPES SDS-PAGE
Gels (Thermo) and then stained with Novex Colloidal Blue (Invitrogen). Bands
were excised, and in-gel tryptic digestionwas performed as described in Elmore
et al., 2012. Selective enrichment for phosphopeptides was then performed on
samples using the TiO2 Phosphopeptide Enrichment andClean-UpKit (Thermo
Scientific) according to manufacturer’s specifications. Phosphopeptide-
enriched fractions were submitted to the Genomics Center Proteomics Core at
the University of California, Davis, for liquid chromatography (LC)-MS/MS
analysis.

LC separation was performed on a Proxeon Easy-nLC II HPLC (Thermo
Scientific) with a Proxeon Nanospray Source. The digested peptides were
reconstituted in 2% acetonitrile and 0.1% trifluoroacetic acid, and 10 mL of each
sample was loaded onto a 100-mm3 25-mmMagic C18 100-Å, 5-Unit Reverse-
Phase Trap, where theywere desalted online before being separated on a 75-mm
3 150-mm Magic C18 200-Å, 3-Unit Reverse-Phase Column. Peptides were
eluted using a gradient of 0.1% formic acid (buffer A) and 100% acetonitrile
(buffer B) with a flow rate of 300 nL min21. A 60-min gradient of 5% to 35%
buffer B was run over 45 min, a 35% to 80% gradient of buffer B was run over
5 min, an 80% gradient of buffer B was run over 1min, an 80% to 5% gradient of
buffer B was run over 1 min; and finally, it was held at 5% buffer B for 8 min.

Mass spectra were collected on an Orbitrap Q Exactive Mass Spectrometer
(Thermo Fisher Scientific) in data-dependent mode with oneMS precursor scan
followed by 15 MS/MS scans. A dynamic exclusion of 5 s was used. MS spectra
were acquired with a resolution of 70,000 and a target of 1 3 106 ions or a
maximum injection time of 20 ms. MS/MS spectra were acquired with a reso-
lution of 17,500 and a target of 53 104 ions or a maximum injection time of 250
ms. Peptide fragmentation was performed using higher energy collision dis-
sociation with a normalized collision energy value of 27. Unassigned charge
states as well as +1 and ions greater than +5 were excluded from MS/MS
fragmentation.

Phosphopeptide Identification and
Phosphosite Localization

Tandemmass spectrawere analyzed as previously described in Elmore et al.,
2012. Spectra corresponding to phosphopeptides with a Peptide Prophet Score
exceeding 95% were detected in Scaffold 4 (Proteome Software). Phosphosite
localization was performed using the LuciPHOr algorithm (Fermin et al., 2013).
Phosphopeptide localizations are reported only if the corresponding phos-
phopeptide was confirmed by manual validation and received a LuciPHOr
global false localization score less than 0.05.

Cellular Fractionation

Two hundred milligrams of leaf tissue from 4- to 5-week-old Arabidopsis
plants, either untreated or syringe infiltrated with 1 mM flg22 for time course
experiments, was frozen in liquid nitrogen and ground to a fine powder. Sol-
uble and microsomal fractions were then obtained using the Minute Plasma

Membrane Isolation Kit (Invent Biotechnologies). Total protein extract was
obtained by homogenizing leaf samples in 13 Laemmli sample buffer. Protein
concentrations were measured using the 660-nm Protein Assay (Pierce), and
3 mg of protein for each fraction was analyzed by western blotting with
anti-cytosolic Fru-1,6-bisphosphatase (1:5,000; Agrisera), anti-FLAG-HRP
(1:2,000), and affinity-purified anti-RIN4 (1:3,000; Liu et al., 2009). Blots were
visualized after incubation with SuperSignal West Pico Chemiluminescent
Substrate (Pierce).

Split-Luciferase Complementation Assay

To generate PBL13-nLuc, PBL13-cLuc, and cLuc-PIP2;1 fusion proteins,
genomic PBL13 and PIP2;1 were recombined into pCAMBIA/des/cLuc and
pCAMBIA/des/nLuc (Chen et al., 2008). The resulting constructs along with
FLS2-nLuc, BIK1-nLuc, BAK1-nLuc, and cLuc-RBOHD were then transformed
intoA. tumefaciens strain GV3101. Western blotting using antiluciferase (Sigma)
was first performed to validate expression of fusion proteins in Nicotiana ben-
thamiana. Split-luciferase fusion proteins were then coexpressed in N. ben-
thamiana. FLS2-nLuc, BIK1-nLuc, BAK1-nLuc, cLuc-RBOHD, and cLuc-PIP2;1
were agroinfiltrated 48 h before imaging, whereas PBL13-luciferase fusions
were agroinfiltrated 24 h before imaging to maximize fusion protein expression
levels. Coagroinfiltrated spots were treatedwith 1mM luciferin or 1mM luciferin
supplemented with 100 nM flg22 and immediately imaged for 60 s with a
Carestation 4000R ImagePro. Three leaf discs were then excised from each
coagroinfiltrated spot, and luminescence was quantified using a TriStar LB 941
Multimode Microplate Reader (Berthold). Statistical differences were detected
using Fisher’s LSD (a = 0.05).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. RLCK VII microarray meta-analysis.

Supplemental Figure S2. PBL13 expression during biotic stress.

Supplemental Figure S3. pbl13 T-DNA line characterization.

Supplemental Figure S4. Transgenic pbl13 immunoblots,

Supplemental Figure S5. PBL13 and FLS2, BAK1, BIK1 luciferase comple-
mentation imaging.

Supplemental Figure S6. Luciferase-fusion protein immunoblot.

Supplemental Table S1. Primer sequences.
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