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ABSTRACT

Plant surface-localized pattern recognition receptors (PRRs) recognize pathogen- or damage-associated
molecular patterns (PAMP/DAMPs) and activate pattern-triggered immunity (PTI). PRRs recruit receptor-
like cytoplasmic kinases (RLCKs) to transduce the perceived signal to downstream signaling compo-
nents. Brassinosteroid-signaling kinase 5 (BSK5) is a member of the RLCK Xl subfamily and mutational
analysis revealed its involvement in plant immunity. Here, we provide evidence that overexpression of
BSK5 in transgenic Arabidopsis plants enhanced disease resistance to the bacterial pathogen
Pseudomonas syringae and to the fungus Botrytis cinerea. Remarkably, upon treatment with the flg22,
elf18 and pep1 PAMP/DAMPs, BSK5-overexpressing plants displayed higher levels of immune responses,
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including production of reactive oxygen species, callose deposition at the cell wall, and PATHOGENESIS-
RELATED1 (PRT) gene expression. Together, these findings further substantiate the role of BSK5 in plant
immunity and illustrate its potential use for improving plant disease resistance.

Text

Plants possess a multilayered recognition system that detect
invading pathogens.' Early pathogen detection is performed
by membrane-localized pattern recognition receptors (PRRs)
that recognize pathogen- or damage-associated molecular pat-
terns (PAMPs or DAMPs).! Major examples of PRRs that
recognize bacterial PAMPs are the Arabidopsis thaliana
FLAGELLIN SENSITIVE2 (FLS2) receptor and the
ELONGATION FACTOR-TU (EF-Tu) RECEPTOR (EFR),
which bind the flg22 epitope of flagellin and the elf18 epitope
of EF-Tu, respectively.>> Most extensively studied PRRs that
perceive DAMPs are the PEP1 RECEPTOR1 (PEPRI1) and
PEPR2, which recognize the endogenous peptide pepl.*
PAMP/DAMP recognition by PRRs promptly triggers the
activation of pattern-triggered immunity (PTI),” which repre-
sents the first line of plant defense.” Early PTI responses
include production of reactive oxygen species (ROS), activa-
tion of mitogen-activated protein kinases (MAPKs), and
deposition of callose at the plant cell wall."® Late PTI
responses include production of ethylene and salicylic acid
and transcriptional reprogramming of a large number of
defense-related genes.””” Collectively, these PTI responses
defend plants against the invading pathogen. PRRs recruit
receptor-like cytoplasmic kinases (RLCKs) for linking ligand
perception and downstream signaling.*'

Arabidopsis brassinosteroid signaling kinases (BSKs)
belong to the RLCK subfamily XII that includes 12 members
(BSK1-BSK12).'"'? BSKs contain an N-terminal kinase
domain and a C-terminal tetratricopeptide repeats domain."!
Besides their established role in brassinosteroid signaling and
growth,'"'? recent investigation indicates that BSKs are also

involved in plant immunity. BSK1 interacts with FLS2 and is
required for flg22-induced ROS burst and MAPK
signaling.'>'* BSK3 and BSKS8 have been detected in PRR
protein complexes.'>'® In a recent study, we investigated the
role of Arabidopsis BSK5 in PTL'” BSK5 interacted with
multiple RLKs including the EFR and PEPR1 PRRs in
a direct and specific manner. PEPR1 and EFR phosphorylated
BSK5 suggesting that BSK5 acts as a signaling component
downstream of these PRRs. Phenotypic and genetic analyses
revealed that a bsk5 loss-of-function mutation causes
increased susceptibility to both the biotrophic bacterium
Pseudomonas syringae and the necrotrophic fungus Botrytis
cinerea. Consistently, bsk5 mutant plants displayed reduced
accumulation of ROS, «callose, and PATHOGENESIS-
RELATEDI transcripts. Phosphorylation by PRRs, kinase
activity, and localization to the cell periphery were shown to
be important for BSK5 immune function.'”

To expand the investigation on the function of BSK5 in
plant immunity, we used Agrobacterium-mediated transfor-
mation protocols to generate Arabidopsis transgenic plants
of the Columbia-0 (Col-0) line that express BSK5 fused to
a C-terminal HA tag and driven by the CaMV 35S
promoter.’® A total of 11 independent transgenic lines
were obtained and five transgenic homozygous lines were
selected for further analysis. The accumulation of the BSK5-
HA fusion protein was detected in all five overexpression
lines (OE1-OE5) using anti-HA antibodies (Figure 1A). We
then tested the susceptibility of transgenic Arabidopsis lines
overexpressing BSK5 (BSK5 OEI-OE5) to the bacterial
pathogen Pseudomonas syringae pv. tomato strain DC3000
(Pst) and to the fungus B. cinerea. Five-week-old
Arabidopsis Col-0 wild-type and BSK5 OE1-OE5 plants
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Figure 1. Enhanced resistance and PTI responses in plants overexpressing BSK5.

(A) Western blot analysis of BSK5-HA in total protein extracts of five BSK5
overexpression lines (OE1-OE5) performed with anti-HA antibodies (a:HA).
Ponceau S staining of Rubisco is shown as a loading control. (B) Leaves of wild-
type, and OE1-OE5 plants were inoculated by infiltration with a suspension of Pst
(1x10° CFU/mL). Bacterial growth was measured at 0 and 4 dpi. Data are means
+ SE of three biological replicates each including five plants. (C) Leaves of wild-
type and OE1-OE5 plants were droplet-inoculated with a suspension of B. cinerea
spores (5 x 10° conidia/mL). The size of disease lesions was measured at 3 dpi.
Data are means + SE of three biological replicates each including five plants. (D)
ROS production. Leaf disks from plants of the indicated genotypes were treated
with flg22 (100 nM), elf18 (100 nM), pep1 (1 uM) or water, and incubated with
luminol and horseradish peroxidase. Luminescence was measured as relative
luminescence unit for 26 min after treatment every 2 min. Data are means + SE
of three biological repeats each including ten samples. (E) Callose deposition.
Leaves were treated with 1 pM flg22, elf18 and pep1 or water, and samples were
collected 16 h later. Callose deposits were visualized by fluorescence microscopy
and counted. Data are means + SE of four biological replicates each with five
leaves. (F) PRT mRNA expression. Leaves were sprayed with 100 nM flg22, elf18
and pep1 or water. After 12 h, PRT mRNA levels were measured by RT-qPCR
analysis relative to wild-type mock-inoculated plants. ACTIN2 was used as
normalizer. Data are means + SE of three biological repeats. In B-F, asterisks
indicate a significant difference (Student’s t test, P value < .05) compared to
wild-type plants.

were infected either by infiltrating leaves with a Pst bacterial
suspension (1 x 10° CFU/mL) or by placing a droplet of
B. cinerea spore suspension (5 x 10° conidia/mL) on the

leaves. Pst bacterial populations were determined in leaf
tissues sampled at 0 and 4 days post-inoculation (dpi). In
plants inoculated with B. cinerea, lesion size was measured
at 3 dpi. All five BSK5 OE lines displayed a significantly
lower growth of Pst bacteria and smaller B. cinerea-induced
lesions as compared to wild-type plants (Figure 1B, C).
These results indicate that overexpression of BSK5 in
Arabidopsis enhanced immunity to both pathogens.

Furthermore, we analyzed PTI responses in the BSK5 over-
expression lines OE1 and OE2. Interestingly, both lines did
not exhibit constitutive ROS accumulation nor callose deposi-
tion (Figure 1D, E), while higher ROS accumulation and
callose deposits were observed in OEl and OE2 compared
to the wild-type plants upon treatment with the PAMPs flg22
and elf18, or the DAMP pepl (Figure 1D, E). The fIs2, efr, and
peprl/pepr2 mutants were used as controls in these experi-
ments. As expected, the fIs2, efr, and peprl/pepr2 mutants
were unable to respond to flg22, elf18, and pepl, respectively,
and did not accumulate ROS or callose (Figure 1D, E). We
then tested the expression pattern of the defense related gene
PRI"™ in BSK5 overexpression lines treated with PAMP/
DAMPs. Constitutive upregulation of PRI was not observed
in OEl and OE2 lines, but PRI expression levels were sig-
nificantly enhanced in these lines upon flg22, elf18 or pepl
treatment (Figure 1F). These results suggest that BSK5 posi-
tively regulates PTT responses.

In conclusion, our study demonstrates that BSK5 acts as
a positive regulator of immunity against Pst and B. cinerea in
Arabidopsis through the activation of PTI responses upon
PAMP/DAMP perception. Future studies should determine
how BSK5 regulates immune signal transduction. We
hypothesize that this can be achieved by promoting either
phosphorylation of the NADPH oxidase RESPIRATORY
BURST HOMOLOG PROTEIN D (RBOHD) or the activity
of calcium-dependent protein kinases that directly influence
ROS production. Future identification of BSK5 interacting
partners and substrates will shed light on PTI signaling path-
ways and enhance our understanding of their activation
mechanisms. Potentially, the BSK5 and its homologs from
other plant species may serve as tools to enhance plant disease
resistance to bacterial and fungal pathogens.
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