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Immune Responses’
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Plants utilize cell surface-localized pattern recognition receptors (PRRs) to detect pathogen- or damage-associated molecular
patterns (PAMP/DAMPs) and initiate pattern-triggered immunity (PTI). Here, we investigated the role of Arabidopsis
(Arabidopsis thaliana) BRASSINOSTEROID-SIGNALING KINASES5 (BSK5), a member of the receptor-like cytoplasmic kinase
subfamily XII, in PRR-initiated immunity. BSK5 localized to the plant cell periphery, interacted in yeast and in planta with
multiple receptor-like kinases, including the ELONGATION FACTOR-TU RECEPTOR (EFR) and PEP1 RECEPTOR1 (PEPR1)
PRRs, and was phosphorylated in vitro by PEPR1 and EFR in the kinase activation loop. Consistent with a role in PTI, bsk5
mutant plants displayed enhanced susceptibility to the bacterial pathogen Pseudomonas syringae and to the fungus Botrytis
cinerea. Furthermore, bskb mutant plants were impaired in several immune responses induced by the elf18, pepl, and flg22
PAMP /DAMPs, including resistance to P. syringae and B. cinerea, production of reactive oxygen species, callose deposition at the
cell wall, and enhanced PATHOGENESIS-RELATED]1 gene expression. However, bsk5 plants were not affected in PAMP/DAMP
activation of mitogen-activated protein kinases and expression of the FLG22-INDUCED RECEPTOR-LIKE KINASE1 or the
WRKY domain-containing gene WRKY29. BSK5 variants mutated in the BSK5 myristoylation site, ATP-binding site, and
kinase activation loop failed to complement defective PTI phenotypes of bsk5 mutant plants, suggesting that localization to
the cell periphery, kinase activity, and phosphorylation by PRRs are critical for the function of BSK5 in PTI. These findings

demonstrate that BSK5 plays a role in PTI by interacting with multiple immune receptors.

Plants are sessile organisms and rely only on an
innate immune system to ward off pathogens. Plant
immune responses are triggered by the recognition of
potential pathogenic invaders by membrane-localized
pattern recognition receptors (PRRs; Boller and Felix,
2009). PRRs consist of a variety of receptor-like kinases
(RLKs) and receptor-like proteins that recognize con-
served components of pathogens, commonly referred to
as pathogen-associated molecular patterns (PAMPs;
Tang et al., 2017). RLKSs typically contain an ectodomain,
a transmembrane domain, and a cytoplasmic kinase
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domain, whereas receptor-like proteins contain similar
domains to RLKs with the exception of the cytoplasmic
kinase domain. Examples of extensively studied RLKs
that recognize bacterial PAMPs are the Arabidopsis
(Arabidopsis thaliana) FLAGELLIN SENSITIVE2 (FLS2)
receptor, which binds the flg22 epitope of flagellin
(Zipfel et al., 2004), and the ELONGATION FACTOR-
TU (EF-Tu) RECEPTOR (EFR), which binds the elf18
epitope of EF-Tu (Zipfel et al., 2006). In addition to
PAMPs, PRRs also perceive endogenous damage-
associated molecular patterns (DAMPs) that are re-
leased by plant cells during pathogen attack. Two
closely related Arabidopsis RLKs, PEP1 RECEPTOR1
(PEPR1) and PEPR2, recognize the DAMP pepl, a
peptide that matures from the propeptide PROPEP1
and triggers immune responses (Krol et al., 2010).
Recognition of PAMP/DAMPs by PRRs initiates
pattern-triggered immunity (PTI), which is the first line
of plant defense (Jones and Dangl, 2006). Early PTI re-
sponses include Ca?* influx, generation of reactive
oxygen species (ROS), activation of mitogen-activated
protein kinases (MAPKs), and deposition of callose at
the plant cell wall (Boller and Felix, 2009; Couto and
Zipfel, 2016). Late responses include production of
ethylene and salicylic acid and transcriptional induc-
tion of a large number of defense-related genes (van
Loon et al., 2006; Vlot et al., 2009; Bigeard et al., 2015).
Collectively, these PTI responses play a crucial role in
defending plants against pathogen invasion.
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Adapted pathogens have evolved effector proteins
that suppress PTI by targeting plant proteins involved
in PTI activation and signaling (Macho and Zipfel,
2015). Plants in turn have evolved a second mode of
pathogen recognition, in which effectors or products of
their activity are recognized by protein receptors that
typically contain nucleotide-binding site and Leu-rich
repeat domains. This recognition results in effector-
triggered immunity, which is the second line of plant
defense (Jones and Dangl, 2006).

Plant PRRs recruit receptor-like cytoplasmic kinases
(RLCKs) for linking extracellular ligand perception and
downstream signaling (Couto and Zipfel, 2016; Liang
and Zhou, 2018). RLCKs are evolutionarily related to
RLKs but lack an ectodomain and a transmembrane
domain (Lehti-Shiu et al., 2009). The Arabidopsis and
rice (Oryza sativa) genomes encode 149 and 379 RLCKSs,
respectively (Lehti-Shiu et al., 2009; Liang and Zhou,
2018). Several RLCKs have been reported to have a
role in PTI (Couto and Zipfel, 2016; Liang and Zhou,
2018). For example, BOTRYTIS-INDUCED KINASE1
(BIK1), a member of the Arabidopsis RLCK subfamily
VII, associates with the FLS2, EFR, PEPR1, and CHITIN
ELICITOR KINASE1 (CERK1) PRRs (Lu et al., 2010;
Zhang et al., 2010; Liu et al.,, 2013). Upon PAMP/
DAMP elicitation, the regulatory coreceptor BRASSI-
NOSTEROID INSENSITIVE1 (BRI1)-ASSOCIATED
KINASE1 (BAK1) associates with FLS2, EFR, and
PEPR1 and phosphorylates BIK1 (Sun et al., 2013;
Couto and Zipfel, 2016). BIK1 in turn promotes the
production of ROS by direct interaction and phospho-
rylation of the NADPH oxidase RESPIRATORY BURST
OXIDASE HOMOLOG PROTEIN D (RBOHD; Kadota
etal., 2014; Li et al., 2014). Like BIK1, the closely related
members of the RLCK subfamily VII AVRPPHB SUS-
CEPTIBLE1 (PBS1), PBS1-LIKE1 (PBL1), PBL2, and
PBL5 also contribute to PTI (Zhang et al., 2010; Liu
et al.,, 2013). Two other RLCKs from subfamily VII,
PTI COMPROMISED RLCK1 (PCRK1) and PCRK2,
also function in PTI signaling downstream of FLS2,
EFR, and PEPR1 (Sreekanta et al., 2015; Kong et al.,
2016). In rice, OsRLCK176 and OsRLCK185, which
are members of the rice RLCK subfamily VII, associate
with the chitin receptor OsCERK1 and are required for
chitin-induced immune responses (Yamaguchi et al.,
2013; Ao et al., 2014). Similarly, PBL27, an ortholog
of OsRLCK185, regulates chitin-induced defense re-
sponses in Arabidopsis (Yamada et al., 2016).

Brassinosteroid signaling kinases (BSKs) belong to
the RLCK subfamily XII that includes 12 members
in Arabidopsis (BSK1-BSK12; Tang et al, 2008;
Sreeramulu et al., 2013). BSKs contain a putative kinase
domain at the N terminus and tetratricopeptide repeats
at the C terminus (Tang et al., 2008). Several of them
have an established role in brassinosteroid signaling
and growth (Tang et al., 2008; Sreeramulu et al., 2013;
Zhang et al., 2016). Recent investigation indicates that
certain BSKs are also involved in plant immunity. BSK1
associates with FLS2 and is required for flg22-induced
ROS production and MAPK signaling (Shi et al., 2013a;
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Yan et al., 2018). OsBSK1-2, an ortholog of BSK1 in rice,
regulates flg22- and chitin-induced defense responses
and is involved in rice immunity (Wang et al., 2017).
BSKS3 interacts with multiple immunity-related RLKs in
Arabidopsis (Xu et al., 2014). BSK8 physically associates
with FLS2 (Qi et al., 2011) and is phosphorylated upon
flg22 treatment (Benschop et al., 2007). Finally, SIBSK7
from tomato (Solanum lycopersicum) interacts with two
Pseudomonas syringae effectors, and its silencing com-
promises PTI (Singh et al., 2014).

In this study, we provide evidence that Arabidopsis
BSKS5 plays a role in P11 initiated by multiple immune
receptors, including FLS2, EFR, and PEPR1. By loss-of-
function analysis, we show that BSK5 is important for
PTI against Pseudomonas syringae pv tomato strain
DC3000 (Pst) and Botrytis cinerea and is required for
proper PAMP/DAMP-induced ROS production, cal-
lose deposition at the cell wall, and expression of the
defense gene PR1 but not for MAPK activation. We also
provide evidence suggesting that membrane associa-
tion, kinase activity, and phosphorylation are required
for the biological function of BSKS5.

RESULTS
Arabidopsis BSK5 Interacts with Multiple RLKs

Members of the Arabidopsis BSK family of RLCKs
were previously implicated in brassinosteroid signaling
and plant immunity (Tang et al., 2008; Shi et al., 2013a;
Sreeramulu et al., 2013; Yan et al., 2018). To start in-
vestigating their molecular properties and interacting
partners, BSKs were individually used as baits to screen
a yeast two-hybrid Arabidopsis complementary DNA
(cDNA) library (Kim et al., 1997). In these screens,
94 BSK5-interacting proteins were identified, including
partial cytoplasmic domains of a striking number of
RLKs (44) and RLCKs (11; Supplemental Table S1).
Among them were 24 proteins previously reported to
play a role in pathogen perception and immune sig-
naling (Table 1). A selected group of 11 partial cDNA
clones encoding immunity-associated RLKs and a
protein phosphatase 2C (PP2C) were isolated from
yeast, retransformed, and confirmed as BSK5 interactors
(Fig. 1A). Their interaction with BSK5 was specific, as
none of them interacted with any of 10 other BSK family
members (Supplemental Fig. S1). Expression of bait and
prey proteins in yeast was confirmed by western-blot
analysis (Supplemental Fig. S2A).

Next, we used split luciferase complementation
assays to validate in planta protein-protein interactions
that were observed in yeast. In these experiments, BSK5
or the closely related BSK6 (Sreeramulu et al., 2013) was
fused to the C-terminal half of the luciferase protein
(C-LUC) and coexpressed via Agrobacterium tumefaciens
in Nicotiana benthamiana leaves with the cytoplasmic domain
of selected immunity-associated RLKs (i.e. BAKI-INTER-
ACTING RECEPTOR-LIKE KINASE1 [BIR1], SUPPRES-
SOR OF BIR1-1 [SOBIR1], LYSIN-MOTIF RECEPTOR
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Table 1. Immunity-associated proteins interacting with BSK5 in yeast
EGF, Epidermal growth factor; LRR, Leu-rich repeat; LysM, Lys motif.

Name Family Accession No. Amino Acids No. of Hits? References
SRF7 LRR-RLK At3g14350 511-636 5 Alcézar et al. (2010)
RIPK RLCK At2g05940 104-359 4 Liu et al. (2011)
FERONIA Malectin-RLK At3g51550 741-843 3 Stegmann et al. (2017)
WAKL8 EGF-like-RLK At1g16260 568-697 3 Delteil et al. (2016)
BIR1 LRR-RLK At5g48380 334-566 2 Gao et al. (2009)
BSK1 RLCK At4g35230 167-502 2 Shi et al. (2013a)
1051 LRR-RLK At1g51800 601-879 2 Yeh et al. (2016)
LYK5 LysM-RLK At2g33580 426-592 2 Cao et al. (2014)
PBL17 RLCK At2g07180 167-249 2 Rao et al. (2018)
PBL30 RLCK At4g35600 106-236 2 Rao et al. (2018)
PEPR1 LRR-RLK At1g73080 881-1,034 2 Liu et al. (2013)

SRF6 LRR-RLK At1g53730 461-597 2 Alcézar et al. (2010)
WAKL14 EGF-Like-RLK At2g23450 378-501 2 Delteil et al. (2016)
BIR2 LRR-RLK At3g28450 367-589 1 Halter et al. (2014)
ERECTA LRR-RLK At2g26330 746-895 1 Sanchez-Rodriguez et al. (2009)
LYK3 LysM-RLK At1g51940 299-598 1 Paparella et al. (2014)
LecRK-S.5 Lec-RLK At5g06740 191-488 1 Woo et al. (2016)
NIK1 LRR-RLK At5g16000 378-596 1 Santos et al. (2010)
PBL2 RLCK At1g14370 154-376 1 Zhang et al. (2010)
PBL19 RLCK At5g47070 279-393 1 Rao et al. (2018)
PBL27 RLCK At5g18610 97-339 1 Yamada et al. (2016)
PP2C PP2C At1g16220 228-411 1 Couto et al. (2016)
SOBIR1 LRR-RLK At2g31880 422-558 1 Albert et al. (2015)
WAKL18 EGF-like-RLK At4g31110 492-617 1 Delteil et al. (2016)

“Number of independent cDNA clones encoding the same protein identified in the yeast two-hybrid screen as BSK5 interactors.

KINASE5 [LYK5], ERECTA, STRUBBELIG-RECEP-
TOR FAMILY? [SRF7], WALL-ASSOCIATED RECEP-
TOR KINASE-LIKE14 [WAKL14], or PP2C) fused to the
N-terminal half of luciferase (N-LUC). As negative
controls, C-LUC-BSK5 was coexpressed with either the
N-LUC empty vector or N-LUC-GFP. Protein-protein
interactions in planta were quantified by measure-
ments of luminescence at 48 h after agroinfiltration.
Coexpression of all the tested proteins with BSK5, but
not with BSK6, resulted in the emission of signifi-
cantly higher luminescence than the negative controls
(Fig. 1B). Expression in planta of all the fusion proteins
was validated by western-blot analysis (Supplemental
Fig. S2B). Together, these results indicate that BSK5
physically interacts with multiple RLKs in yeast and
in planta.

BSK35 Interacts with the PEPR1 and EFR PRRs

Because the cytoplasmic domains of PEPR1, receptor
of the DAMP pepl (Yamaguchi et al., 2006), and other
PRRs were among the BSK5 interactors, we tested in
yeast the interaction of BSK5 with the cytoplasmic do-
main of the EFR (EFR-CD) and FLS2 (FLS2-CD) RLKs,
which are well-characterized receptors of the bacterial
PAMPs EF-Tu and flagellin, respectively (Zipfel et al.,
2004, 2006). The cytoplasmic domain of PEPR1 (PEPR1-
CD) was included in these experiments as a positive
control. BSK5 was used as bait and EFR-CD, FLS2-
CD, or PEPR1-CD was used as prey. The catalytically
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inactive forms EFR-CDP34N  F[S2-CDP%7A  and
PEPR1-CDX85E were also used as prey to stabilize in-
teractions that otherwise may be transient and not de-
tectable. As shown in Figure 2A, BSK5 interacted with
both kinase-active and -inactive forms of PEPR1-CD
and with the kinase-inactive EFR-CDP84N. No inter-
action was detected between FLS2-CD variants and
BSK5. Expression in yeast of prey proteins was con-
firmed by western-blot analysis (Supplemental Fig.
S3A). To assess whether the interaction of BSK5 with
PEPR1 and EFR is direct or if it involves additional
proteins, the glutathione-S-transferase (GST)-BSK5
fusion protein was expressed in Escherichia coli and
immobilized onto glutathione agarose beads. The His-
tagged catalytically inactive forms EFR-CDP849N FL.S2-
CDP%74A ‘and PEPR1-CD¥®5%E were used for pull-down
assays. PEPR1-CDX8%E and EFR-CDP8N, but not
FLS2-CDP%74A, were pulled down by GST-BSK5
(Fig. 2B), indicating a direct interaction between BSK5
and PEPR1 or EFR.

The interaction between BSK5 and full-length
PEPR1, EFR, and FLS2 was then examined in Ara-
bidopsis protoplasts by the split luciferase comple-
mentation assay. BSK5 was fused to C-LUC and
coexpressed in protoplasts along with PEPR1, EFR,
or FLS2 fused to N-LUC. As the negative control,
C-LUC-BSK5 was coexpressed with N-LUC-GFP.
Expression of all the examined fusion proteins was
validated by western-blot analysis (Supplemental
Fig. S3B). The interaction of BSK5 with each PRR was
monitored by measuring luminescence at 8 h after
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A Bait Prey SD-LW SD-LWHA SD-LW+Ab Figure 1. Interaction of BSK5 with multiple RLKs. A,
EV evE Yeast expressing BSK5 fused to the GAL4 DNA-binding
domain (Bait) and partial cDNA clones of the indicated
BSKS EV proteins (Table 1) fused to the GAL4 DNA activation
EV BIR1 domain (Prey) were grown on synthetically defined
” (SD) medium lacking Leu and Trp (SD-LW), SD-LW
BSkD BIR1N lacking His and adenine (SD-LWHA), or SD-LW sup-
EV SOBIR1 plemented with aureobasidin A (SD-LW+Ab). Empty
BSK5 SOBIR1 vectors (EV) were used as controls. B, The cytoplasmic
domain (CD) of the indicated proteins fused to N-LUC
EV  ERECTA or C-LUC were expressed in N. benthamiana leaves via
BSK5 ERECTA A. tumefaciens. Luciferase activity was quantified as
EV  FERONIA relative luminescence units (RLU) at 48 h post infiltra-
tion. Data are means * st of three biological repeats.
BSK5 FERONIA Asterisks indicate statistically significant differences
EV LYK5 (Student’s t test, P < 0.05) relative to N-LUC-GFP.

BSK5 LYK5

EV PEPR1
BSKS PEPR1
EV PP2C

BSK5 PP2C
EV SRF6

BSK5 SRF6
EV SRF7

BSK5 SRF7

EV WAKLS [l
BSK5 WAKLS [

EV  WAKL14
BSKS  WAKL14

EV  WAKL18
BSKS  WAKL18

C-LUC: BSK5 BSK6

cotransfection of the tested protein pairs. C-LUC- N. benthamiana leaves (Supplemental Figs. S3C and
BSKS5 interacted with N-LUC-PEPR1 and N-LUC- S4). Taken together, these results obtained in differ-
EFR but not with N-LUC-FLS2 (Fig. 2C). Similar ent experimental systems indicate that BSK5 physically
interactions were observed when the same pro- interacted with the PEPR1 and EFR PRRs but not
tein pairs were expressed via A. tumefaciens in with FLS2.
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Figure 2. Interaction of BSK5 with PEPR1, EFR, and FLS2. A, Yeast
expressing BSK5 fused to the GAL4 DNA-binding domain (Bait) and the
cytoplasmic domain (CD) of PEPR1, EFR, and FLS2 in wild-type or
kinase-deficient forms fused to the GAL4 DNA activation domain (Prey)
were grown on synthetically defined (SD) medium lacking Leu and Trp
(SD-LW), SD-LW lacking His and adenine (SD-LWHA), or SD-LW
supplemented with aureobasidin A (SD-LW+Ab). An empty prey vector
(EV) was used as a control. B, Kinase-deficient PEPR1-CD-His, EFR-CD-
His, and FLS2-CD-His were incubated with GST or GST-BSK5 bound to
glutathione agarose beads. After washes, bound proteins were analyzed
by immunoblot with anti-His antibodies (a:His) and stained with
Coomassie Blue. Experiments were repeated three times with similar
results. C, The indicated proteins (full length) fused to N-LUC or C-LUC
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PEPR1 and EFR Phosphorylate BSK5 in Vitro

To address the hypothesis that BSK5 is a signaling
component acting downstream of PRRs, we tested
whether BSKS5 is a substrate of PRR phosphorylation.
We used a kinase assay to assess whether PEPR1 and
EFR phosphorylate BSK5 in vitro. FLS2 was not in-
cluded in these experiments because it was previously
reported to display a weak kinase activity in vitro
(Zhang et al., 2010; Schwessinger et al., 2011). BSK1 and
BSK®6, which did not interact with the tested PRRs, were
used to asses phosphorylation specificity, whereas
BRI1, which was previously shown to phosphorylate
BSKs (Tang et al., 2008; Sreeramulu et al., 2013), was
used as a positive control. BSK1, BSK5, and BSK6, and
kinase domains of PEPR1 (PEPR1-KD) and EFR (EFR-
KD), were fused to GST, while the BRI1 kinase domain
was fused to maltose-binding protein (MBP). The fu-
sion proteins were expressed in E. coli and purified.
GST-PEPR1-KD, GST-EFR-KD, and MBP-BRI1-KD
were incubated with each of the GST-BSK fusions in the
presence of [y-32P]ATP. Reactions were then fraction-
ated by SDS-PAGE, transferred onto a polyvinylidene
difluoride (PVDF) membrane, and exposed to autora-
diography. As expected, MBP-BRI1-KD autophos-
phorylated and phosphorylated the GST-BSK fusions
(Fig. 3). In agreement with the protein-protein interac-
tion studies (Fig. 1, Supplemental Fig. S1), GST-BSKS5,
but not GST-BSK1 or GST-BSK6, was phosphorylated
by both GST-PEPR1-KD and GST-EFR-KD (Fig. 3). To
exclude the possibility that phosphorylation of GST-
BSK5 was forced by the formation of GST dimers
between the analyzed fusion proteins, an MBP-BSK5
fusion protein was generated and shown to be phos-
phorylated in vitro by both GST-PEPR1-KD and GST-
EFR-KD (Supplemental Fig. S5).

To determine the sites of BSK5 phosphorylated in vitro
by PEPR1 and EFR, GST-BSK5 and GST-PEPR1-KD or
GST-EFR-KD were incubated in the presence or absence
of ATP, digested by trypsin, and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/
MS). In this analysis, Ser-209 and Thr-210 of BSK5 were
found to be phosphorylated by both GST-PEPR1-KD
and GST-EFR-KD in the presence of ATP (Supplemental
Table S2). To validate this finding, GST-BSK5 Ser-209
and Thr-210 were substituted with Ala individually or
together and phosphorylation of the mutant proteins by
GST-PEPR1-KD and GST-EFR-KD was tested in vitro.
As shown in Figure 4, phosphorylation of GST-BSK5
by GST-PEPR1-KD and GST-EFR-KD was significantly
decreased or abolished by individual and combined
mutations of Ser-209 and Thr-210, respectively, sug-
gesting that these residues represent the main BSKS5 sites
phosphorylated by the two PRRs in vitro.

were expressed in Arabidopsis protoplasts. Luciferase activity was
quantified as relative luminescence units (RLU) at 8 h post transfection.
Data are means = st of three biological repeats. Asterisks indicate sig-
nificant differences (Student’s t test, P < 0.05) relative to N-LUC-GFP.
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Figure 3. In vitro phosphorylation of BSK5 by PEPR1 and EFR. BSK1,
BSK5, BSK6, and the kinase domain (KD) of PEPR1 and EFR fused to
GST and BRI1 fused to MBP were expressed in E. coli and purified.
Phosphorylation of GST-BSK5 (A), GST-BSK1 (B), and GST-BSK6 (C) by
GST-PEPR1-KD, GST-EFR-KD, and MBP-BRI1-KD was assayed in vitro
in the presence of [y-32P]ATP. Proteins were fractionated and either
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BSK5 Contributes to Immunity against Pst and B. cinerea

To investigate the role of BSK5 in plant immunity, we
tested the susceptibility of an Arabidopsis bsk5 transfer
DNA (T-DNA) insertion mutant to the biotrophic bac-
terial pathogen Pst. Leaves of 5-week-old Arabidopsis
Columbia-0 (Col-0) wild-type and bsk5 homozygous
mutant plants were inoculated by syringe infiltration
with a Pst bacterial suspension (1 X 10° colony-forming
units [CFU] mL™1). Bacterial populations were deter-
mined in leaf tissues sampled at 0 and 4 d post inocu-
lation (dpi). Pst bacteria displayed a significantly higher
growth in bsk5 mutant plants as compared with wild-
type plants (Fig. 5A). To confirm that the observed
phenotype was caused by BSK5 loss of function,
transgenic plants expressing the BSK5 gene driven by
its native promoter were generated in the bsk5 mutant
background (bsk5/BSK5-HA). Bacterial growth in
bsk5/BSK5-HA transgenic lines challenged with Pst
was comparable to that observed in the wild-type
plants (Fig. 5A), indicating that the enhanced suscep-
tibility phenotype of the bsk5 mutant was com-
plemented by the BSK5 transgene.

Next, we tested the susceptibility of bsk5 mutant
plants to the necrotrophic fungal pathogen B. cinerea.
Wild-type and bskb mutant plants were inoculated by
placing a droplet of B. cinerea spore suspension (5 X 10°
conidia mL™') on their leaves. Infected leaves were
monitored for the development of lesions whose di-
ameter was measured at 3 dpi. Symptoms developed
more rapidly and lesions were significantly larger in
leaves of bskb mutant plants than in wild-type plants
(Fig. 5, B and C). Transgenic plants expressing BSK5 in
the bsk5 mutant background (bsk5/BSK5-HA) showed
similar disease symptoms to wild-type plants (Fig. 5, B
and C). These results indicate that BSKS5 is involved in
Arabidopsis immunity to both Pst bacteria and the
fungus B. cinerea.

BSK5 Is Required for PAMP/DAMP-Induced Immunity
against Pst and B. cinerea

We then tested whether bsk5 mutant plants were af-
fected in PTI. Plants pretreated with a PAMP/DAMP
are more resistant to a subsequent pathogen infection
because of PTI induction, while immunocompromised
plants are equally susceptible if treated with a PAMP/
DAMP or untreated (Zipfel et al., 2004). To test the re-
quirement of BSK5 for PTI triggered by PAMP/
DAMPs, wild-type (Col-0), bsk5 mutant, and com-
plemented bsk5/BSK5-HA plants were pretreated with
flg22, elf18, pepl, or water and 24 h later were infected
either by infiltrating leaves with a Pst bacterial sus-
pension (1 X 10° CFU mL™1) or by placing a droplet of

transferred to a PVDF membrane and exposed to autoradiography or
stained with Coomassie Blue. Experiments were repeated three times
with similar results.
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Figure 4. Ser-209 and Thr-210 are major BSK5 sites phosphorylated
in vitro by PEPRT and EFR. BSK5, BSK55209A,  BSK5T210A,
BSK55209A/T210A and the kinase domain (KD) of PEPR1 and EFR fused to
GST were expressed in E. coli and purified. Phosphorylation of GST-
BSK5, GST-BSK5%209A GST-BSK5T2104, and GST-BSK55209AT210A |y
GST-PEPR1-KD (A) and GST-EFR-KD (B) was assayed in vitro in the
presence of [y-32P]ATP. Proteins were fractionated and either trans-
ferred to a PYDF membrane and exposed to autoradiography or stained
with Coomassie Blue. Experiments were repeated three times with
similar results.

B. cinerea spore suspension (5 X 10° conidia mL~!) on
the leaves. The fIs2, efr, and peprl/pepr2 mutant plants,
which are mutated in the FLS2, EFR, and PEPR1/
PEPR?2 receptors and insensitive to flg22, elf18, and
pepl, respectively, were used as controls. Pst bacterial
populations were determined in leaf tissues sampled at
0 and 4 dpi. In wild-type plants pretreated with PAMP/
DAMPs, bacterial growth at 4 dpi was lower compared
with plants pretreated with water (Fig. 6, A-C). How-
ever, in bskb mutant plants, the effect of pretreatment
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with flg22, elf18, and pepl on bacterial growth com-
pared with water was significantly reduced compared
with wild-type plants (Fig. 6, A-C). In bsk5/BSK5-HA
complemented plants, the growth pattern of Pst was
very similar to that observed in wild-type plants (Fig. 6,
A-C). In plants inoculated with B. cinerea, lesion size
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*
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hal N o
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Q‘\\& & Qq,
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Figure 5. Enhanced susceptibility of bsk5 mutant plants to Pst and B.
cinerea. A, Leaves of wild-type (WT), bsk5, and bsk5/BSK5-HA (two
lines) plants were inoculated by infiltration with a suspension of Pst (1 X
10° CFU mL~"). Bacterial growth was measured at 0 and 4 dpi. Data are
means * sk of three biological replicates each including five plants. The
asterisk indicates a significant difference (Student’s t test, P < 0.05)
compared with wild-type plants. B and C, Leaves of wild-type, bsk5,
and bsk5/BSK5-HA plants were droplet inoculated with a suspension of
B. cinerea spores (5 X 10> conidia mL™"). Representative leaves were
photographed (B) and the size of disease lesions was measured at 3 dpi
(C). Data are means = st of four biological replicates each including five
plants. The asterisk indicates a significant difference (Student’s t test,
P < 0.05) compared with wild-type plants.
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disease lesions was measured at 3 dpi. Data are means = st of three biological replicates each consisting of five plants. PTI was
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was measured at 3 dpi. In wild-type and bsk5/BSK5-
HA complemented plants pretreated with flg22, elf18,
or pepl, lesion size was significantly smaller as com-
pared with plants pretreated with water (Fig. 6, D-F).
However, in bsk5 mutant plants, the effect of flg22,
elf18, and pepl pretreatment on lesion size was signif-
icantly reduced compared with that in wild-type plants
(Fig. 6, D-F). flg22-, elf18-, and pepl-induced immunity
to Pst and B. cinerea was completely abolished in fls2, efr,
and peprl/pepr2 mutant plants, respectively, which
showed similar bacterial growth and lesion size when
treated with PAMP/DAMPs or water (Fig. 6). To-
gether, these results demonstrated that BSK5 plays an
important role in PTI induced by multiple PAMP/
DAMPs against different pathogens.

bsk5 Mutant Plants Display Reductions in ROS
Production, Callose Deposition, and Expression of PR1

Recognition of PAMP/DAMPs by their receptors
triggers PTI resulting in typical immune responses
(Gémez-Gomez et al., 1999; Boller and Felix, 2009). To
test the involvement of BSKS5 in the activation of PTI-
associated responses, wild-type, bsk5 mutant, and bsk5/
BSK5-HA complemented plants were treated with
flg22, elf18, or pepl and monitored for the accumula-
tion of ROS, callose deposition at the cell wall, and
MAPK phosphorylation. The fIs2, efr, and peprl/pepr2
mutants were used as controls in these experiments.
Upon treatment with flg22, elf18, or pepl, bsk5 mutant
plants produced less ROS and accumulated less callose
compared with wild-type and bsk5/BSK5-HA com-
plemented plants (Fig. 7, A and B). However, in bsk5
mutant plants, the MAPKs MPK3 and MPK6 were
rapidly phosphorylated in response to PAMP/DAMPs
as in wild-type plants (Fig. 7C). As expected, the fls2, efr,
and peprl/pepr2 mutants were unable to respond to
flg22, elf18, and pepl, respectively, and did not accu-
mulate ROS or callose or phosphorylate the MAPKs
(Fig. 7, A-C).

We then tested the expression pattern of defense-
related genes in bsk5 mutant plants treated with
PAMP/DAMPs. The genes included in this analysis
were FRK1 and WRKY?29, which act downstream of
MPK3 and MPK6 and are induced at early time points
after PAMP/DAMP treatment (Asai et al., 2002), and
PR1, which is induced by salicylic acid and pathogen
infection at later time points (Lebel et al., 1998). Reverse
transcription quantitative PCR (RT-qPCR) analysis
revealed that FRK1 and WRKY29 mRNA accumulated
similarly in bsk5 mutant and wild-type plants treated
with flg22, elf18, and pep1 but not in fIs2, efr, and peprl/
pepr2 mutants treated with the corresponding PAMP/
DAMP (Supplemental Fig. 56, A and B). However,

upon flg22, elf18, and pepl treatment, the PR1 mRNA
level was significantly lower in bsk5 mutant plants than
in wild-type and bsk5/BSK5-HA complemented plants
(Fig. 7D). Taken together, these results suggest that
BSKS5 plays a role in PTI-associated signaling pathways
that control ROS production, callose deposition, and
expression of PR1 but not MAPK phosphorylation and
FRK1 or WRKY29 expression.

Localization to the Cell Periphery Is Required for the
Function of BSK5 in Immunity

Several Arabidopsis BSK family members (i.e. BSK1,
BSK3, BSK6, and BSKS8) were shown to localize to the
cell plasma membrane (Tang et al., 2008; Shi et al,
2013b; Sreeramulu et al., 2013; Xu et al., 2014). Among
them, BSK1 was shown to anchor to the plasma
membrane by N-terminal myristoylation (Shi et al.,
2013b). Similarly, BSK5 was predicted to contain a
myristoylation site at the N terminus. To investigate
BSKS5 subcellular localization, the BSK5 coding region,
either in the wild-type form or carrying a mutation
(G2A) in the putative myristoylation site, was fused
upstream to the yellow fluorescent protein (YFP). The
BSK5-YFP and BSK5%2A-YFP fusions were transiently
expressed in leaves of N. benthamiana plants via
A. tumefaciens, and their localization was monitored by
fluorescence microscopy. A cyan fluorescent protein
(CFP), which localizes to the cytoplasm and nucleus
(Kruse et al., 2010), was used as a control. As shown in
Figure 8A, the BSK5-YFP fusion protein localized ex-
clusively to the cell periphery, while BSK5%2A-YFP was
distributed in the cytoplasm and nucleus, similar to
CFP. These results suggest that BSK5 anchors to the
plasma membrane through N-terminal myristoylation.

To explore whether membrane association is impor-
tant for the interaction of BSK5 with PRRs, we used split
luciferase complementation assays to examine in planta
the physical interaction between the myristoylation
mutant BSK5524 and FLS2, EFR, or PEPRI. In these
experiments, C-LUC-BSK5 or C-LUC-BSK5%24 was
coexpressed with N-LUC-FLS2, N-LUC-EFR, and
N-LUC-PEPR1 in N. benthamiana leaves. The interaction
of BSK5%24 with PEPR1 and EFR was significantly
weaker than that of the wild-type BSK5 (Fig. 8B).
Conversely, BSK5%2A interacted with FLS2 more
strongly than wild-type BSK5 (Fig. 8B). These results
indicate that membrane localization favors the inter-
action of BSK5 with PEPR1 and EFR but not with FLS2.

To further study the role of myristoylation in the
BSK5 biological function, we generated Arabidopsis
transgenic plants expressing BSK5¢24-HA under the
control of the BSK5 native promoter in the bskb mu-
tant background (bsk5/BSK5%2A-HA). Independent

Figure 6. (Continued.)

measured by subtracting bacterial growth or lesion diameter in PAMP/DAMP-treated plants from that in respective water-
pretreated plants. Asterisks indicate significant differences (Student’s ttest, P < 0.05) compared with PTI in wild-type (WT) plants.
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transgenic lines expressed the BSK5%?A-HA fusion
protein of the correct size, as detected by anti-HA im-
munoblot analysis (Supplemental Fig. S7A). We then
tested whether BSK5%24-HA was able to complement
the defective PTI phenotype of the bsk5 mutant. To this
aim, wild-type, bsk5 mutant, and bsk5/BSK5-HA
plants, as well as three independent bsk5 /BSK5%2A-HA
lines, were pretreated with flg22, elf18, pepl, or water,
and after 24 h they were infected with Pst. As observed
above, bacterial populations at 4 dpi were lower in
wild-type plants pretreated with PAMP/DAMPs as
compared with water, while in bsk5 mutant plants, the
effect of PAMP/DAMP pretreatment on bacterial
growth was significantly reduced (Fig. 8, C-E). As op-
posed to BSK5-HA, BSK5%2A-HA failed to complement
the phenotype observed in bskb mutant plants (Fig. 8,
C-E), suggesting that membrane localization is re-
quired for the BSK5 immune function.

The Putative BSK5 ATP-Binding Site and Kinase
Activation Loop Play Roles in the BSK5 Immune Function

Next, we investigated the importance of BSK5 kinase
activity and phosphorylation for the BSK5 immune
function. To this aim, we used BSK5 variants carrying
mutations either at a Lys residue conserved in the ATP-
binding site of protein kinases and critical for their ac-
tivity (Lys-83; Hanks et al., 1988) or at the major BSK5
sites phosphorylated in vitro by PEPR1 and EFR in the
kinase activation loop (Ser-209 and Thr-210). BSK5X83E
and BSK552094/T2104 were then tested for their ability to
complement the defective PTI response of bsk5 mutant
plants to PAMP/DAMPs. For these experiments, we
generated transgenic plants expressing BSK5K$3E-HA
or BSK552094/T210A_.HA driven by the BSK5 native
promoter in the bskb mutant background (bsk5/
BSKS5KX83E-HA or bsk5/ BSK552094/T210A_HA)). Indepen-
dent transgenic lines expressed the mutant proteins of
the correct size, as assessed by anti-HA immunoblot
analysis (Supplemental Fig. S7, B and C). Wild-type,
bsk5, and bsk5/BSK5-HA plants and three independent
bsk5/BSK583E-HA or bsk5/ BSK55209A/T210A_HA lines
were pretreated with flg22, elf18, or pepl. Twenty-four
hours later, plants were infected with Pst and bacterial
populations were determined at 4 dpi. Bacterial growth
was lower in wild-type plants pretreated PAMP/
DAMPs as compared with water, while in bsk5 mu-
tant plants, the effect of PAMP/DAMPs on bacterial
growth was significantly reduced (Fig. 9). The pheno-
type observed in bsk5 mutant plants was completely

complemented by BSK5-HA, but it was not at all or
only partially complemented by BSK5X8E-HA and
BSK5%209A/T210A_HA | respectively (Fig. 9). These results
suggest that BSK5 kinase activity and phosphorylation
at Ser-209 and Thr-210 play important roles in the BSK5
immune function.

DISCUSSION

A function for Arabidopsis BSK5 in plant immunity
was first revealed by the analysis of bsk5 T-DNA in-
sertion mutant plants that showed enhanced suscepti-
bility to Pst bacteria and to the fungus B. cinerea.
Subsequent analysis demonstrated that BSK5 is in-
volved in PTI, as resistance to Pst and B. cinerea induced
by the flg22 and elfl8 PAMPs, as well as the pepl
DAMP, was compromised in bsk5 mutant plants. Its
requirement for PTI induced by multiple PAMP/
DAMPs and physical interaction in yeast and in planta
with a large group of RLKs and RLCKSs support the
notion that BSK5 is an important molecular hub of plant
immunity acting in association with multiple PRRs.
Among the RLKs that interacted with BSK5 were the
PRRs PEPR1, EFR, and LYKS5 as well as other RLKSs that
were previously shown to form complexes with PRRs
or the PRR coreceptor BAK1, including IMPAIRED
OOMYCETE SUSCEPTIBILITY1, BIR1, BIR2, SOBIR1,
and FERONIA (Tang et al, 2017). BSK3 was also
reported to associate with multiple immunity-related
RLKs, but the functional relevance of these interac-
tions was not investigated any further (Xu et al., 2014).
Similar to BSK5, the RLCK BIK1 was found to interact
with multiple PRRs (i.e. FLS2, EFR, PEPR1, and
CERK1) and to regulate flg22-, elf18-, pep1-, and chitin-
mediated responses (Lu et al., 2010; Zhang et al., 2010;
Liu et al., 2013). In addition, the RLCKs PBL1, PBS],
and PCRK1 were shown to be important for PTI re-
sponses induced by multiple PAMP/DAMPs (Zhang
et al.,, 2010; Sreekanta et al., 2015). However, other
PTI-associated RLCKs appear to play a role only in
association with specific PRRs. For example, BSK1 in-
teracts with FLS2 in planta but not with any of the
BSK5-interacting RLKs in yeast (Supplemental Fig. S1),
and bskl mutant plants are insensitive to flg22 treat-
ment but still responsive to elf18 (Shi et al., 2013a).
Similarly, PBL27 physically interacts with the chitin
receptor CERK1 and contributes to the regulation of
chitin-induced immunity but not to flg22 signaling
(Shinya et al., 2014). It is interesting that the interac-
tion of PRRs with multiple RLCKs may provide a

Figure 7. (Continued.)

floated overnight in water and treated with 1 um flg22, elf18, pep1, or water. Samples were harvested at 0, 5, and 15 min after
treatment and analyzed by immunoblots with anti-pMAPK antibody (a:pMAPK). Ponceau S staining of Rubisco is shown as a
loading control. Data are representative of three biological repeats. D, PRT mRNA expression. Leaves were sprayed with 100 nm
flg22, elf18, pep1, or water. After 12 h, PRT mRNA levels were measured by RT-qPCR analysis relative to wild-type (WT) mock-
inoculated plants. ACTIN2 was used as a normalizer. Data are means = st of three biological repeats. In B and D, asterisks indicate
significant differences (Student’s t test, P < 0.05) compared with wild-type plants.
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mechanism for signal amplification and activation of a
variety of different outputs. Based on the interaction of
BSK5 with multiple PRRs and its requirement for
proper PTI responses and in vitro phosphorylation by
EFR and PEPR], it is possible that BSK5 is a signaling
component acting downstream of PRRs. Alternatively,
it might act upstream of the PRRs and play a role in
processes important for the setup of the PTI system,
possibly as a scaffold protein coordinating the assembly
of immune complexes.

BSK5 also interacted with immunity-associated
RLCKs, including BSK1, PBL2, PBL17, PBL19, PBL27,
PBL30, and RPMI-INDUCED PROTEIN KINASE
(RIPK), suggesting the formation of higher order com-
plexes that contain multiple RLKs and RLCKs (Liang
and Zhou, 2018). It is possible that BSK5 and interacting
RLCKSs cooperate and act at the same level or partici-
pate in a sequential cascade that includes an upstream
RLCK that activates one or multiple other RLCKs,
causing branching of the pathway. The interaction of
BSK5 with the sibling BSK1 protein, together with
previous findings that BSK1, BSK3, BSK6, BSKS8, and
BSK11 interact with other BSK family members
(Sreeramulu et al., 2013; Xu et al., 2014), suggest that
BSKs may function as homodimers or heterodimers.
Finally, the interaction of BSK5 with RLKs and ad-
ditional proteins not involved in plant immunity indi-
cates that BSK5 may also participate in other
physiological and developmental processes. In support
of this possibility, a mutation in the BSK5 gene
was previously reported to affect the response of
Arabidopsis seedlings to salinity and abscisic acid (Li
et al., 2012).

Despite the fact that a bskb mutation has a similar
effect on PEPR1, EFR, and FLS2 signaling, protein-
protein interaction studies revealed an association of
BSK5 with EFR and PEPR1 but not with FLS2. This
discrepancy may be the result of a weak or unstable
interaction between BSK5 and FLS2 that escapes de-
tection in our assays. It is also possible that the dy-
namics of the interaction of BSK5 with FLS2 are
different than with EFR and PEPR1 and may require
activation of the receptor by the corresponding ligand.
A ligand-induced RLK-RLCK interaction was reported
for the RLCK RIPK that is recruited to a complex with
the FERONIA RLK in response to the plant-derived
small regulatory peptide rapid alkalinization factorl
(Du et al., 2016).

Consistent with its interaction with transmembrane
receptors, subcellular localization studies revealed that
BSKS5 is associated with the plasma membrane through
N-terminal myristoylation. Moreover, membrane as-
sociation was required for the function of BSK5 in PTI

and its interaction with EFR and PEPR1. These obser-
vations are in line with previous reports on the re-
quirement of membrane association for the biological
function of BSK family members in growth and im-
munity (Shi et al.,, 2013b; Zhang et al., 2016). For ex-
ample, a mutation in the myristoylation site impaired
BSK1 interaction with FLS2 and its function in disease
resistance displayed by Arabidopsis edr2 mutant plants
(Shi et al., 2013a). In addition, a similar mutation in rice
OsBSK3 impaired its function in brassinosteroid signal
transduction (Zhang et al., 2016). Surprisingly, the
myristoylation mutant BSK5%?4, although not func-
tional in flg22-induced PTI, significantly interacted
with FLS2. It is possible that localization of BSK5%24 to
the cytoplasm facilitates its interaction with FLS2 when
internalized from the plasma membrane into endo-
somes (Robatzek et al., 2006), but the dynamics of this
interaction remain to be elucidated further.

BSK5 was found to be phosphorylated in vitro by
PEPR1 and EFR in the kinase activation loop at Ser-209
and Thr-210, which were required for the function of
BSK5 in PTI. This evidence supports the notion that
BSKS is activated by PRRs through phosphorylation, as
previously proposed for other RLCKs acting down-
stream of PRRs. For example, BIK1 phosphorylation is
rapidly induced by flg22 treatment in Arabidopsis
protoplasts and dependent on the kinase activity of
FLS2 and its coreceptor BAK1 (Lu et al., 2010). BIK1 was
also shown to be phosphorylated in vitro by PEPR1 and
EFR in the kinase activation loop at residues that are
required for BIK1 function in PTI signaling (Liu et al,,
2013; Lal et al., 2018). Similarly, Arabidopsis PBL27 and
its rice ortholog OsRLCK185 were found to be phos-
phorylated and thereby possibly activated by the chitin
receptor CERK1 of the respective plant species
(Yamaguchi et al., 2013; Shinya et al., 2014). It is inter-
esting that BSK5 Ser-209, which was phosphorylated
in vitro by PEPR1 and EFR, corresponds to BSK1 Ser-
230, the major BSK1 site phosphorylated by the BR re-
ceptor BRI1 (Tang et al.,, 2008). Remarkably, Ser-230
was shown to be important for the role of BSK1 in
brassinosteroid signaling (Kim et al., 2009) but not for
the disease resistance phenotype displayed by edr2
Arabidopsis mutant plants (Shi et al., 2013a).

It was previously reported that BSK1 and OsBSK3
display kinase activity in vitro requiring Mn?*, rather
than Mg?*, as a divalent cation cofactor (Shi et al.,
2013a; Zhang et al., 2016). However, we did not de-
tect BSK5 autophosphorylation activity in standard
in vitro kinase assays with either Mg?* or Mn?*, in
agreement with previous biochemical analysis of five
other Arabidopsis BSKs (Griitter et al, 2013;
Sreeramulu et al., 2013). In this study, the requirement

Figure 8. (Continued.)

with a suspension of Pst (1 X 10> CFU mL™"). Bacterial growth was measured at 0 and 4 dpi. Data are means = st of three
biological replicates each consisting of five plants. PTI was measured by subtracting bacterial growth at 4 dpi in PAMP/DAMP-
treated plants from that in water-treated plants. Asterisks indicate significant differences compared with the PTl in wild-type plants

based on Student’s t test (P < 0.05).
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of kinase activity for the BSK5 immune function was
assessed by mutagenizing Lys-83 in the BSK5 ATP-
binding pocket that is predicted to be critical for
kinase activity. Amino acid substitution of the corre-
sponding residue Lys-104 in BSK1 and Lys-89 in

Plant Physiol. Vol. 180, 2019

Figure 9. Kinase activity and phosphorylation at Ser-
209 and Thr-210 play roles in the BSK5 immune
function. Wild-type (WT), bsk5, bsk5/BSK5-HA, bsk5/
BSK5K83E_.HA (three lines), and bsk5/BSK55209A/T210A_
HA (three lines) plants were treated with flg22 (A),
elf18 (B), pep1 (C), or water and 24 h later were in-
oculated by infiltration with a suspension of Pst (1 X
10° CFU mL~"). Bacterial growth was measured at 0
and 4 dpi. Data are means = st of three biological
replicates each consisting of five plants. PTI was
measured by subtracting bacterial growth at 4 dpi in
PAMP/DAMP-treated plants from that in water-treated
plants. Asterisks indicate significant differences com-
pared with the PTI of wild-type plants based on Stu-
dent’s ttest (P < 0.05).

OsBSK3 abolished kinase activity of the respective
proteins (Shi et al., 2013a; Zhang et al., 2016). Expres-
sion of BSK5%83E as a transgene in the bsk5 mutant
background failed to complement the bsk5-defective
PTI phenotype, suggesting that BSK5 kinase activity
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or ATP binding to BSK5 is required for its function. In
support of this notion, BSK1 was recently reported to
interact with the MAP kinase kinase kinase MAPKKK5
and to phosphorylate a Ser residue in the N-terminal
domain of the protein to regulate immunity in Arabi-
dopsis (Yan et al., 2018). Further investigation will be
needed to determine what proteins act downstream of
BSK5 and whether they represent substrates for BSK5
phosphorylation.

In bsk5 mutants, increased susceptibility to bacterial
and fungal pathogen was associated with defective PTI
responses, including reduced ROS production, callose
deposition at the cell wall, and expression of PRI upon
treatment with flg22, elf18, and pepl. However, the
bsk5 mutation did not affect PAMP/DAMP-induced
activation of MPK3 and MPK6 or expression of the
FRK1 and WRKY29 genes, which act downstream of
MPK3 and MPK6 (Asai et al., 2002). A direct link be-
tween PAMP perception and ROS production in Ara-
bidopsis was recently established, as the BIK1 and PBL1
RLCKs were shown to associate with and directly
phosphorylate the NADPH oxidase RBOHD upon
flg22 perception by the PRR FLS2 (Kadota et al., 2014; Li
et al., 2014). However, other signaling components, in
addition to BIK1 and PBL1, appear to be involved in
RBOHD phosphorylation and thereby in the activation
of ROS production. For example, a number of calcium-
dependent protein kinases (CPKs), including CPK4,
CPK5, CPK6, and CPK11, have been shown to phos-
phorylate RBOHD and to be required for PAMP-
induced ROS production (Dubiella et al., 2013; Gao
et al.,, 2013). It is possible that BSK5 and other RLCKSs,
which are required for the PAMP/DAMP-triggered
ROS burst, affect RBOHD activation either by direct
phosphorylation or by regulating the activity of BIK1,
PBL1, or CPKs.

Most of the Arabidopsis RLCKs currently known to
be involved in PTI have not demonstrated a role in
MAPK activation, possibly because of functional re-
dundancy among family members (Zhang et al., 2010;
Liu et al., 2013; Shi et al., 2013a; Sreekanta et al., 2015).
In support of this hypothesis, a line carrying a combi-
nation of mutations in six members of the RLCK family
VII (i.e. PBL19/PBL20/PBL37/PBL38/PBL39/PBL40)
was recently shown to be impaired in MAPKKKS
phosphorylation and MAPK activation induced spe-
cifically by chitin treatment but not by other PAMPs (Bi
etal., 2018; Rao et al., 2018). It should also be noted that
Arabidopsis PBL27 and its rice homolog RLCK185 were
previously reported to be specifically impaired in
MAPK activation in response to chitin but not flg22
(Yamaguchi et al., 2013; Shinya et al., 2014; Wang et al.,
2017). However, subsequent analysis of pbl27 mutant
plants failed to reproduce this phenotype (Rao et al.,
2018). Additional members of the RLCK family VII in-
volved in MAPK activation are BIK1, PBL1, and
PBL11, as a triple mutant carrying mutations in the
corresponding genes displayed a reduction in pep2-
triggered MAPK activation (Rao et al., 2018). Our re-
sults related to the PTI responses affected in bsk5
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mutant plants indicate that BSK5 is required for a
subset of PTI responses, including ROS production and
callose deposition but not MAPK activation. However,
it is still possible that BSK5 also plays a role in MAPK
activation, but this is masked by functional redun-
dancy with other BSK family members. In support of
this hypothesis, BSK1, which forms a complex with
FLS2, was shown to interact with and phosphorylate
MAPKKKS5, which is required for disease resistance to
bacterial and fungal pathogens (Yan et al., 2018).
Together, our data shed new light on the RLCK XII
family member BSK5, a novel component of PTI initi-
ated by multiple immune receptors that plays a critical
role in the induction of PTI-induced responses. Future
identification of BSK5 substrates will lead to the iden-
tification of downstream PTI signaling components and
to the understanding of their activation mechanisms.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Plant cultivars used were Arabidopsis (Arabidopsis thaliana) ecotype Col-0
and Nicotiana benthamiana (Goodin et al., 2008). The Arabidopsis T-DNA in-
sertion mutants used were bsk5 (Salk_074467; Sreeramulu et al., 2013), fls2
(Salk_141277; Xiang et al., 2008), efr (Salk_044334; Zipfel et al., 2006), and pepr1/
pepr2 (kindly provided by Jian-Min Zhou; Liu et al., 2013). Mutants were
obtained from the Arabidopsis Biological Resource Center. Arabidopsis
transgenic  lines  containing  the  constructs = ProBSK5:BSK5-HA,
ProBSK5:BSK5624-HA, ProBSK5:BSK5K$3E-HA, and ProBSK5:BSK552094/T2104.
HA in the bsk5 background were generated by Agrobacterium tumefaciens-
mediated transformation of homozygous bsk5 mutant lines. Arabidopsis
plants were grown in phytochambers at 20°C to 22°C with 40% to 60% humidity
and approximately 120 uE m2 s7! light intensity in short-day conditions (8 h of
light/16 h of dark) for PTI assays or in long-day conditions (16 h of light/8 h of
dark) for seed set. N. benthamiana plants were grown in a growth room in long-
day conditions at 25°C.

Bacterial, Yeast, and Fungal Strains and
Growth Conditions

The strains used were Escherichia coli DH5a (Invitrogen) and Rosetta
(Merck), Pseudomonas syringae pv tomato DC3000 (Guo et al., 2009), A. tumefa-
ciens GV2260 (Deblaere et al., 1985), yeast (Saccharomyces cerevisiae) Y190 and
Y2HGold (Clontech Laboratories), and Botrytis cinerea B05.10 (Ma et al., 2017).
Bacterial, yeast, and fungal strains were grown with the appropriate antibiotics
as follows: E. coli in Luria-Bertani (LB) medium at 37°C; Pst and A. tumefaciens in
LB medium at 28°C; yeast at 30°C in selective synthetic complete medium
supplemented with 2% (w/v) Glc; and B. cinerea in potato dextrose broth at
20°C. Antibiotics were used at the following concentrations (ug mL™1!): ampi-
cillin, 100; kanamycin, 50; rifampicin, 100; spectinomycin, 50; streptomycin,
100; and aureobasidin A, 20.

Peptide Elicitors

Peptides of flg22 (QRLSTGSRINSAKDDAAGLQIA; Krol et al., 2010), elf18
(Ac-SKEKFERTKPHVNVGTIG; Kunze et al, 2004), and pepl (ATKV-
KAKQRGKEKVSSGRPGQHN; Krol et al., 2010) were obtained from EZBiolab,
dissolved in water to stock solutions of 1 mm, and diluted to the working
concentration.

Construction of Vectors
For yeast two-hybrid assays, genes encoding full-length BSK1 to BSK11 and
cytoplasmic domains of PEPR1 (amino acids 781-1,123; PEPR1-CD), EFR

(amino acids 680-1,031; EFR-CD), and FLS2 (amino acids 828-1,173; FLS2-CD)
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were amplified from Arabidopsis Col-0 cDNA using Phusion DNA Polymer-
ases (Thermo Fisher Scientific) and cloned into the pAS1 (bait), pGBT9 (bait), or
pGADTY7 (prey) vector (Clontech Laboratories) in frame with the GAL4 DNA-
binding domain or GAL4 activation domain. The kinase-deficient forms
PEPR1-CDK8%5E, EFR-CDDP8#N, and FLS2-CDP%74 were generated by site-
directed mutagenesis using the QuikChange II kit (Agilent Technologies).

For split luciferase complementation assays in N. benthamiana leaves, the
BSK5, BSK5%24, BSK6, PEPR1, EFR, FLS2, and GFP genes were cloned into
pCAMBIA1300:C-LUC fused to the C-terminal amino acids 398 to 550 of firefly
luciferase or into pPCAMBIA1300:N-LUC fused to the N-terminal amino acids 2
to 416 of firefly luciferase and driven by the Cauliflower mosaic virus (CaMV) 35S
promoter (Chen et al., 2008). For split luciferase complementation assays in
Arabidopsis protoplasts, the BSK5 gene fused to C-LUC and PEPR1, EFR, FLS2,
and GFP genes fused to N-LUC were excised using restriction enzymes or PCR
amplified from the pPCAMBIA vectors and inserted into the pTEX vector under
the control of the CaMV 35S promoter (Frederick et al., 1998).

For expression of recombinant proteins in E. coli, BSK1, BSK5, BSK6, and
kinase domains of PEPR1 (amino acids 832-1,105; PEPR1-KD) and EFR (amino
acids 712-1,031; EFR-KD) were fused to the C terminus of GST in the pGEX-4T-
1 vector (GE Healthcare); BSK5 and the kinase domain of BRI1 (amino acids
814-1,196; BRI1-KD) was fused to the C terminus of MBP in the pMAL-c2x
vector (New England Biolabs); PEPR1-CD, EFR-CD, and FLS2-CD were
cloned into the pET-16b vector with a 10XHis tag (Novagen).

For subcellular localization, BSK5 or BSK5%4 coding sequence was fused
upstream to the gene encoding the YFP in the pBTEX binary vector (Frederick
et al., 1998) under the control of the CaMV 35S promoter.

For transgene complementation, a BSK5 genomic fragment containing its
promoter and terminator regions (ProBSK5:BSK5-HA) was amplified from Col-
0 genomic DNA and cloned into the binary vector pPCAMBIA3300 (Cambia).

The mutant BSK5 genomic fragments ProBSK5:BSK5624-HA,
ProBSK5:BSK5X83E-HA, and ProBSK5:BSK552094/T210A-HA were generated by
site-directed mutagenesis and cloned into the binary vector pPCAMBIA3300 for
complementation assays. All constructs were verified by DNA sequencing to
ensure introduction of the desired mutations and exclude undesired mutations.
Sequences of oligonucleotides used in this study are listed in Supplemental
Table S3.

Protoplast Preparation and Transfection

Protoplasts were prepared from leaves of 5-week-old Arabidopsis plants and
transfected with plasmid DNA as described by Popov et al. (2016).

A. tumefaciens-Mediated Transient Expression

For transient expression, A. tumefaciens overnight cultures were pelleted,
washed three times with 10 mm MgCl,, resuspended in induction medium
(10 mm MgCl,, 10 mm MES [pH 5.6], and 200 mM acetosyringone), and incu-
bated at 28°C with shaking for 3 to 4 h. A. tumefaciens cultures were diluted to
ODgo = 0.2 and infiltrated into leaves of 6-week-old N. benthamiana plants using
a needleless syringe.

Arabidopsis Transformation

Arabidopsis plants were transformed using the floral dip method with
A. tumefaciens strain GV2260 (Zhang et al., 2006). Transformant seeds were
germinated on plates (one-half-strength Murashige and Skoog salts with vita-
mins supplemented with MES, Suc [pH 5.7], and 0.8% [w/v] agar) supple-
mented with Basta (10 ug mL™!) and timentin (150 ug mL™1). After 2 weeks,
resistant plants were transferred to soil.

Expression and Purification of GST and MBP Fusion
Proteins in E. coli

BSK1, BSK5, BSK6, PEPR1-KD, and EFR-KD were cloned into the pGEX-4T-
1 vector, while BSK5 and BRII-KD were cloned into the pMAL-c2x vector.
Plasmids were transformed into E. coli Rosetta strain. Bacterial cultures were
grown at 37°C to ODgg = 0.4 to 0.6, supplemented with 0.1 mm isopropyl 8-p-1-
thiogalactopyranoside, and incubated overnight at 16°C with shaking. Bacteria
were pelleted, resuspended in column binding buffer (25 mm Tris-HCI [pH 7.5],
150 mm NaCl, 1 mm EDTA, 1 mm phenylmethylsulfonyl fluoride [PMSF], 5 ug
mL~! leupeptin, and 5 ug mL~! aprotinin), lysed using a French press, and
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centrifuged. Supernatants were incubated with glutathione agarose beads
(Sigma-Aldrich) or amylose resin beads (New England Biolabs), and proteins
were purified according to the manufacturer’s instructions.

Yeast Two-Hybrid Assay

Yeast two-hybrid interactions and library screening were conducted as de-
scribed (Sreeramulu et al., 2013).

Split Luciferase Complementation Assay

Gene fragments encoding the cytoplasmic domain of BIR1 (amino acids
309-620), SOBIR1 (351-566), LYK5 (382-616), ERECTA (652-876), SRE7
(415-641), WAKL14 (476-708), and PP2C (227-478) and full-length genes of
PEPR1, EFR, FLS2, BSK5, BSK5524, BSK6, and GFP were cloned in frame to
firefly luciferase fragments in the binary vector pCAMBIA1300:N-LUC or
pCAMBIA1300:C-LUC. The obtained vectors were transformed into A. fumefaciens
and coexpressed in N. benthamiana leaves. Split luciferase complementation assays
were performed as described by Chen et al. (2008) with minor modifications. Three-
millimeter-diameter leaf discs were harvested at 48 h after agroinfiltration and
floated in 100 uL of water on a white 96-well plate. Samples were supplemented
with 1 mm p-luciferin (Sigma-Aldrich) and incubated in the dark for 10 min to
quench fluorescence. Luminescence was measured using a Veritas Microplate
Luminometer (Promega).

In Vitro Pull-Down Assay

GST and GST-BSK5 were expressed in E. coli, and bacteria were lysed in
column binding buffer (25 mm Tris-HCI [pH 7.5], 150 mm NaCl, 1 mm EDTA,
1 mm PMSF, 5 ug mL~! leupeptin, and 5 ug mL~! aprotinin). The soluble
protein was incubated with glutathione agarose beads (Sigma-Aldrich) at 4°C
for 2 h. After three washes with binding buffer, beads were incubated with
equal amounts of bacterial lysate containing PEPR1-CD-His, EFR-CD-His, or
FLS2-CD-His recombinant protein with constant rotation at 4°C for 3 h. The
beads were washed five times with wash buffer (25 mm Tris-HCI [pH 7.5],
150 mm NaCl, and 1 mm EDTA), and the bound protein was eluted with elution
buffer (25 mm Tris-HCI [pH 7.5], 150 mm NaCl, and 1 mm EDTA containing
10 m™ reduced glutathione). Input and pulled-down proteins were fractionated
by 10% (v/v) SDS-PAGE and detected by western-blot analysis with anti-His
antibodies.

Protein Extraction

For protein extraction from yeast, overnight-grown cultures were pelleted,
resuspended in ice-cold lysis buffer (4% [v/v] 5 N NaOH and 0.5% [v/V]
B-mercaptoethanol), and incubated with SDS sample buffer (30% [v/v] glyc-
erol, 15% [v/v] B-mercaptoethanol, 37.5% [v/v] 500 mm Tris-HCI [pH 6.8],
0.15% [w/v] SDS, and a few grains of Bromophenol Blue) for 10 min at 95°C.

For protein extraction from leaves, three to six leaf discs (1 cm diameter) were
frozen in liquid nitrogen, homogenized in extraction buffer (100 mm Tris [pH
7.4], 1% [v/v] Triton X-100, 1 mm PMSF, 5 ug mL~! leupeptin, 5 ug mL~!
aprotinin, 50 mm NaF, and 1 mM NazVOy,), and centrifuged at 17,000¢ for 30 min
at 4°C. The protein concentration of the supernatants was determined using
Bradford protein assay solution (Bio-Rad), and equal amounts of protein were
fractionated by 10% (v/v) SDS-PAGE and then subjected to western-blot
analysis with specific antibodies.

In Vitro Kinase Assay

GST and MBP fusion proteins (0.1-0.5 ug) were incubated in a kinase assay
solution (50 mm Tris-HCI [pH 7], 1 mm DTT, 10 mm MgCl,, 20 um ATP, and
10 uCi of [y-*2P]ATP [3,000 Ci mmol~!; Perkin-Elmer]) at 25°C for 1 h. Reac-
tions were stopped by the addition of SDS sample buffer. Half of the reaction
volume was fractionated by SDS-PAGE and stained with Coomassie Blue. The
second half was fractionated by SDS-PAGE and transferred onto a PVDF
membrane, and the membrane was exposed to autoradiography.
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LC-MS/MS

Mass spectrometry analysis was performed at The Nancy & Stephen Grand
Israel National Center for Personalized Medicine, Weizmann Institute of Science.
LC-MS/MS analysis was carried out as described (Gillette and Carr, 2013).

Subcellular Localization

To visualize BSK5 subcellular localization, the BSK5-YFP and BSK552A-YFP
fusion proteins were expressed via A. tumefaciens in leaves of 6-week-old
N. benthamiana plants. Protein localization was visualized by a confocal laser
scanning microscope (LSM 510 META; Zeiss). Images were processed with
AxioVision software (Zeiss). CFP was used as a control for colocalization (Kruse
et al., 2010). YFP and chlorophyll were excited with an argon laser at 488 nm,
while CFP was excited with a diode laser at 405 nm. Emission was detected with
a spectral detector set between 420 and 490 nm for CFP and between 505 and
550 nm for YEP.

Bacterial Growth Assay

Four-week-old Arabidopsis plants were inoculated by infiltration with a
suspension (1 X 105 CFU mL™1) of Pst in a 10 mm MgCl, solution using a
needleless syringe. Three 1-cm-diameter leaf discs were sampled at 0 and 4 dpi
from five inoculated plants and ground in 1 mL of 10 mm MgCl,. Samples were
then 10-fold serially diluted and plated on LB plates supplemented with 25 mm
rifampicin. The colony counts were recorded 2 d after incubation at 28°C.

B. cinerea inoculation

B. cinerea spores were diluted to 5 X 10° spores mL~!in 0.5X potato dextrose
broth. Droplets (10 uL) of 0.5X potato dextrose broth with B. cinerea spores were
deposited on leaf surfaces of 4-week-old Arabidopsis plants (three leaves per
plant). After incubation of the inoculated plants at high humidity for 3 d, the
size of the disease lesion was measured. At least 15 lesion diameters were
evaluated for each independent treatment (five plants).

ROS Assay

Leaf discs from 4-week-old Arabidopsis plants were placed on 96-well white
plates floating on 100 uL of deionized water overnight. PAMP/DAMPs (100 nm
flg22, 100 nm elf18, or 1 um pepl) or water was then added with 20 um luminol
(Sigma-Aldrich) and 2 ug mL~! horseradish peroxidase (Sigma-Aldrich). Lu-
minescence was measured with a Veritas Microplate Luminometer (Promega)
over a period of 30 min at 2-min intervals. At least three independent biological
repeats were carried out for each PAMP/DAMP.

Callose Deposition Assay

Four-week-old Arabidopsis plants were syringe infiltrated with 1 um flg22,
elf18, pepl, or water, and samples were collected 16 h later. Callose deposition
assays were performed as described (Kim and Mackey, 2008). Leaves were
cleared of chlorophyll, and callose deposits were stained with an Aniline Blue
solution (0.01% [w/v]) and were visualized by a fluorescence microscope with
AxioVision software (Zeiss), with excitation at 365 nm and emission at 445 nm.
A leaf from each of five plants was photographed in four fields (0.6 mm?). The
number of callose deposits in the photographed fields was automatically
counted using the Icy software (http:/ /icy bioimageanalysis.org). The number
of callose deposits counted in mock-inoculated leaves was subtracted from the
mean of each treatment. At least four independent biological repeats were
carried out for each PAMP/DAMP.

MAPK Phosphorylation Assay

Leaf discs from 4-week-old Arabidopsis plants were floated overnight in
5 mL of deionized water and then treated for 0, 5, or 15 min with 1 um flg22,
elf18, pepl, or water. Discs were ground in extraction buffer (50 mwm Tris-HCI
[pH 7.5],200 mm NaCl, 1 mm EDTA, 10 mm NaF, 1 mv Na,MoO,, 2 mm NazgVO,,
10% [v/v] glycerol, 2 mm DTT, and 1 mm PMSF) and centrifuged, and the su-
pernatants were recovered. Proteins were fractionated by 10% (v/v) SDS-PAGE
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and subjected to western-blot analysis with rabbit anti-p44/42 MAPK anti-
bodies (Cell Signaling Technology).

RNA Isolation and RT-qPCR

Total RNA was isolated from leaves (60 mg) using the SV Total RN A Isolation
System (Promega). RNA samples (1 ug) were reverse transcribed with oligo(dT)
primers using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific) and subjected to quantitative PCR using gene-specific primers
(Supplemental Table S3). cDNAs were amplified using the SYBR Premix Ex Taq
II (Clontech Laboratories) and the Mx3000P System (Agilent Technologies). The
ACTIN?2 gene was used for normalization, and gene expression was calculated
by the comparative C, method (Pfaffl, 2001).

Accession Numbers

Sequence data from this article can be found in Arabidopsis Genome Ini-
tiative or GenBank/EMBL databases under the following accession numbers:
Arabidopsis ACTIN2 (At3g18780), BIR1 (At5g48380), BRI1 (At4g39400), BSK1
(At4g35230), BSK2 (At5g46570), BSK3 (At4g00710), BSK4 (At1g01740), BSK5
(At5g59010), BSK6 (At3g54030), BSK7 (At1g63500), BSK8 (At5g41260), BSK9
(At3g09240), BSK10 (At5g01060), BSK1I (Atlg50990), EFR (At5g20480),
ERECTA (At2g26330), FERONIA (At3g51550), FLS2 (At5g46330), FRKI
(At2g19190), LYK5 (At2g33580), PEPRI (At1g73080), PEPR2 (At1g17750), PP2C
(At1g16220), PRI (At2g14610), SRF6 (At1g53730), SRE7 (At3g14350), SOBIR1
(At2g31880), WAKLS (Atlgl6260), WAKL14 (At2g23450), WAKLIS
(At4g31110), and WRKY29 (At4g23550).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. BSK1 to BSK11 do not interact with BSK5-
interacting proteins in yeast.

Supplemental Figure S2. Expression of BSKs and BSK-interacting proteins
in yeast and in planta.

Supplemental Figure S3. Expression of BSK5, FLS2, EFR, and PEPRI1 in
yeast and/or in planta.

Supplemental Figure S4. Interaction of BSK5 with PEPR1, EFR, and FLS2
in N. benthamiana.

Supplemental Figure S5. In vitro phosphorylation of BSK5 by PEPR1
and EFR.

Supplemental Figure S6. FRK1 and WRKY29 mRNA expression in leaves
of bsk5 mutant plants treated with PAMP/DAMPs.

Supplemental Figure S7. Protein expression in transgenic plants.

Supplemental Table S1. RLKs and RLCKs encoded by partial cDNA
clones interacting with BSKS5 in yeast.

Supplemental Table S2. BSK5 residues phosphorylated in vitro by the
PEPR1 and EFR kinase domains.

Supplemental Table S3. Oligonucleotides used in this study.
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