'.) Check for updates

BRASSINOSTEROID-SIGNALING KINASE1
Phosphorylates MAPKKKS5 to Regulate Immunity
in Arabidopsis’

Haojie Yan,**? Yaofei Zhao,*”* Hua Shi,“** Juan Li,' Yingchun Wang,’ and Dingzhong Tang®®*

“State Key Laboratory of Plant Cell and Chromosome Engineering, Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, Beijing 100101, China

PUniversity of Chinese Academy of Sciences, Beijing 100049, China

“State Key Laboratory of Ecological Control of Fujian-Taiwan Crop Pests, Fujian Agriculture and Forestry
University, Fuzhou 350002, China

9Key Laboratory of Ministry of Education for Genetics, Breeding and Multiple Utilization of Crops, Plant
Immunity Center, Fujian Agriculture and Forestry University, Fuzhou 350002, China

°Fujian Key Laboratory of Crop by Design, Fujian Agriculture and Forestry University, Fuzhou 350002, China
‘Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing 100101, China

ORCID ID: 0000-0001-8850-8754 (D.T.).

Arabidopsis (Arabidopsis thaliana) immune receptor FLAGELLIN SENSING2 (FLS2) rapidly forms a complex to activate
pathogen-associated molecular pattern-triggered immunity (PTI) upon perception of the bacterial protein flagellin. The
receptor-like cytoplasmic kinase BRASSINOSTEROID-SIGNALINGKINASE1 (BSK1) interacts with FLS2 and is critical for the
activation of PTI. However, it is unknown how BSK1 transduces signals to activate downstream immune responses. We
identified MEK Kinase5 (MAPKKKS) as a potential substrate of BSK1 by whole-genome phosphorylation analysis. In
addition, we demonstrated that BSK1 interacts with and phosphorylates MAPKKKS. In the bskI-I mutant, the Ser-289
residue of MAPKKKS5 was not phosphorylated as it was in the wild type. Similar to the bskl mutant, the mapkkk5 mutant
displayed enhanced susceptibility to virulent and avirulent strains of the bacterial pathogen Pseudomonas syringae pv tomato
DC3000, and to the fungal powdery mildew pathogen Golovinomyces cichoracearum. Phosphorylation of the Ser-289 residue is not
involved in MAPKKK5-triggered cell death but is critical for MAPKKK5-mediated resistance to both bacterial and fungal
pathogens. Furthermore, MAPKKKS interacts with multiple MAPK kinases, including MKK1, MKK2, MKK4, MKK5, and
MKK®6. Overall, these results indicate that BSK1 regulates plant immunity by phosphorylating MAPKKKS5 and suggest a

direct regulatory mode of signaling from the immune complex to the MAPK cascade.

Plants use complex immune response to defend
against pathogen infection (Jones and Dangl, 2006), in-
cluding the immunity mediated by the pattern recogni-
tion receptors on plant surfaces that recognize conserved
components of pathogenic microbes (i.e. pathogen-
associated molecular patterns, PAMPs), such as flagel-
lin and elongation factor Tu from bacteria, and chitin
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from fungi (Gémez-Gémez and Boller, 2000, Gémez-
Goémez et al., 2001; Kunze et al., 2004; Chinchilla et al.,
2006; Zipfel et al., 2006; Miya et al., 2007). This perception
induces PAMP-triggered immunity (PTI), including
callose deposition, a burst of reactive oxygen species
(ROS), induced transcription of defense-related genes,
and activation of mitogen-activated protein kinases
(MAPKs; Couto and Zipfel, 2016; Tang et al., 2017).

A conserved 22-amino acid epitope of the N-terminal
region of bacterial flagellin (flg22) is recognized by
FLAGELLIN SENSING2 (FLS2), a well-studied recep-
tor kinase in plants (Gémez-Gémez and Boller, 2000).
The activation and transduction of FLS2 is tightly reg-
ulated, as activation of PTI leads to defects in growth
and development (Couto and Zipfel, 2016; Shen et al.,
2017; Stegmann et al., 2017; Tang et al., 2017). Once
bound to the flg22 region, FLS2 rapidly recruits BRI1-
ASSOCIATED RECEPTOR KINASE (BAK1) and
phosphorylates downstream receptor-like cytoplasmic
kinases (RLCKs) to induce PTI responses (Chinchilla
et al., 2007; Heese et al., 2007; Schulze et al., 2010).
RLCKs are the key components of receptor kinase
complexes in plants due to their important role in
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regulating phospho-relay immune responses by detecting
extracellular ligands (Liu et al., 2011; Lin et al.,, 2013a,
2013b; Yamaguchi et al., 2013). For instance, BOTRYTIS-
INDUCED KINASE1 (BIK1), a member of the Arabi-
dopsis (Arabidopsis thaliana) RLCK subfamily VII, interacts
with FLS2 and BAK1 in the absence of elicitation by flg22.
Upon perception of flg22, FLS2 associates with BAK1, and
then BIK1 is phosphorylated and disassociates from the
immune complex to transduce the signal downstream
(Lu et al., 2010; Zhang et al., 2010). BIK1 directly phos-
phorylates the NADPH oxidase RbohD, thereby regu-
lating the burst of ROS triggered by perception of flg22
(Kadota et al., 2014; Li et al., 2014).
BRASSINOSTEROID-SIGNALINGKINASE1
(BSK1), a member of the RLCK XII subfamily, plays an
important role in the brassinosteroid (BR) signaling
pathway (Tang et al., 2008) and is a key component of
PTI. BSK1 physically associates with FLS2 and medi-
ates a series of responses upon exposure to flg22 (Shi
et al., 2013). The bsk1-1 mutant is more susceptible than
wild type to the fungal powdery mildew pathogen
Golovinomyces cichoracearum, and to virulent and avir-
ulent strains of the bacterium Pseudomonas syringae pv
tomato (Pto) DC3000. Powdery mildew resistance in
enhanced disease resistancel (edr1) and edr2 is dependent
on BSK1 (Shi et al., 2013). Similar to BIK1, BSK1 asso-
ciates with FLS2 in the absence of flg22, but disassoci-
ates from FLS2 and transduces the signal upon
perception of PAMPs (Shi et al., 2013). Nevertheless, it
is unknown how BSK1 transduces the signals from the
FLS2 complex to induce downstream responses.
MAPK cascades are highly conserved signaling modules
that transduce various extracellular stimuli to downstream
targets during plant growth, development, abiotic stress,
and defense responses (Kiegerl et al., 2000; Mockaitis and
Howell, 2000; Nishihama et al., 2001; Asai et al., 2002; Tena
et al, 2011; Meng and Zhang, 2013). The activation of
MAPK cascades is one of the first events in plant immunity
(Meng and Zhang, 2013). For instance, elicitation by flg22
leads to the activation of MKK4/MKK5 and MPK3/
MPK6, and subsequently induces the expression of
downstream defense-related genes (Asai et al, 2002).
However, it is not well understood how the immune signal
is transduced from the PAMP reception sites at the cell
surface to the downstream MAPK pathway. Arabidopsis
RLCK PBL27 positively regulates MAPKKKS5 and MKK4/
5 to specifically mediate chitin-triggered MPK activation
(Yamada et al., 2016). The pbl27 mutant displayed weaker
MPK3/6 activation in response to chitin, but stronger
MPK3/6 activation in response to flg22 compared to the
wild type (Shinya et al., 2014). In rice (Oryza sativa),
OsRLCK185 (a rice ortholog of PBL27) transmits chitin
signaling from OsCERKI1 to an MAPK signaling cascade
by interacting with several MAPKKKSs, including
OsMAPKKKe (Wang et al, 2017). Overexpression of
OsMAPKKKEe leads to enhanced chitin-induced MPK3/6
activation, whereas knockdown of OsMAPKKKe reduces
chitin-induced MPK3/6 activation and enhances suscep-
tibility to the rice blast fungus. OsRLCK185 physi-
cally interacts with and phosphorylates OsMAPKKKe,
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suggesting that OsCERK1, OsRLCK185, and a MAPK
cascade mediate chitin signaling transduction in rice
(Wang et al,, 2017). By contrast, Yamada et al. (2017)
demonstrated that OsMAPKKK1S8, a homolog of Arabi-
dopsis MAPKKKS, functions in the rice chitin signaling
pathway. Whether OsMAPKKK18 and OsMAPKKKe
play redundant roles in chitin signaling pathway re-
mains to be determined. The MAPKKKSs are also repor-
ted to play a negative role in plant immunity. For
example, EDRI, a Raf-like MAPKKK, physically associ-
ates with MKK4/MKK5 and negatively regulates the
MAPK cascade to fine-tune plant defense responses and
cell death (Zhao et al., 2014). Plus, MAPKKK?7 was
shown to interact with FLS2 to negatively regulate flg22-
triggered MAPK activation by an unknown mechanism
(Mithoe et al., 2016).

BSK1 is a key component in the FLS2 immune complex
that plays a crucial role in plant immunity; however, the
substrate of BSK1 is not known. To understand how
BSK1 transduces the signals from the FLS2 complex to
downstream components, we conducted a genomewide
phosphorylation analysis using mass spectrometry with
Arabidopsis wild-type and bsk1-1 mutant plants. In this
assay, we found that the Ser-289 residue of MAPKKKS
was not phosphorylated in the bskl-Imutant. Further-
more, we discovered that BSK1 directly interacts with
MAPKKKS5. Overexpression of MAPKKKS in Nicotiana
benthamiana induced cell death in the injected leaves. The
mapkkkb mutant showed enhanced susceptibility to Pto
DC3000 and G. cichoracearum. The phosphorylation ofSer-
289 on MAPKKKS by BSK1 is critical for MAPKKKS
immune function. Our results indicate that MAPKKKS is
the phosphorylation substrate of BSK1, and BSK1 regu-
lates plant immunity by modulating MAPKKKS.

RESULTS

MAPKKKS5 Displays Differential Phosphorylation in the
Wild Type and bsk1-1 Mutant

BSK1 encodes a RLCK, which functions in both BR
signaling and plant immunity by associating with the
BR receptor BRI1 and the PAMP receptor FLS2 (Tang
et al., 2008; Shi et al., 2013). To understand the molec-
ular mechanism of BSK1-mediated resistance, we con-
ducted a genomewide phosphorylation analysis. This
analysis identified a number of peptides that were dif-
ferentially phosphorylated between the wild-type and
bskl-Imutant plants, which carry a point mutation
(R443Q) in the conserved tetratricopeptide repeat do-
main in BSK1 (Shi et al., 2013; Supplemental Table S1).
BSK1 is a functional protein kinase (Shi et al., 2013);
therefore, these differentially phosphorylated proteins
might include the substrate of BSK1. Phosphorylation
at the Ser-230 residue of BSK1, which is the major
phosphorylation site for the BR receptor BRI1 (Tang
et al., 2008), was found in the wild type but not in bsk1-
1, indicating that the whole-genome phosphorylation
analysis was an effective approach. We also found that
phosphorylation was absent at the Ser-289 residue in
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Figure 1. MAPKKKS5 interacts with BSK1. A, MAPKKKS5 interacted with BSK1 in the yeast two-hybrid assay. Yeast cells containing the
indicated plasmids were spotted onto the SD/-Trp/-Leu or SD/-Trp/-Leu/-Ade/-His/X-a-Gal medium, as indicated. Photos were taken
after 3 d of incubation. B, The interaction between BSK1 and MAPKKKS5 was examined with the BiFC assay in N. benthamiana. BSK1
and MAPKKK5*7* were fused to the N terminus or C terminus of the YFP fragment, respectively. YFP fluorescence was detected by
confocal microscopy. Bar = 50 um. The combination of YN-BSK1 and YC-FLS2 was used as the positive control. C, The interaction
between BSK1 and MAPKKK5 was examined with the LUC assay. Agrobacterium tumefaciens strain GV3101 containing the in-
dicated construct pairs was coinfiltrated into N. benthamiana leaves. The infiltrated leaves were removed and sprayed with 1 mm
luciferin and the fluorescence signal was captured by a CCD camera at 2 d after injection. Left panel, a, Cluc-BSK1 + MAPKKK5**7*M
-Nluc; b, empty vector (Cluc) + MAPKKK5***M-Nluc; c, Cluc-BSK1 + empty vector (Nluc). The color bar at the right side of the left
panel displays the relative luminescence units. Right panel, the relative luminescence unit in the histogram was measured 3 d after
injection. Data represent mean = sp. Two asterisks indicate statistically significant differences [n = 8; P < 0.01; one-way ANOVA
(ANOVA)]. D, The interaction between BSK1 and MAPKKKS5 was examined with the in vitro pull-down assay. MBP-tag fused BSK1
protein was incubated with GST-bound beads and GST or GST-fused MAPKKK5"*”*™. Protein was detected by an immunoblot assay
with a-GST or a-His antibodies, respectively. AD, pGADT7; BD, pGBKT?7.

MAPKKKS5 in the bskl-1 mutant. MAPKKKS is a
member of the MEKK subfamily (Ichimura et al., 2002),
which is phosphorylated by PBL27 and plays a role in
chitin-triggered MAPK activation (Yamada et al., 2016).
Because MAPK pathways are important signaling
modules that play pivotal roles in PTI (Meng and
Zhang, 2013), we focused on MAPKKKS in this study.

MAPKKKS5 Interacts with BSK1

Because phosphorylation was lacking at the Ser-289
residue of MAPKKKS in the bskI-1 mutant, we hypothe-
sized that MAPKKKS may be a substrate of BSK1. To test
this hypothesis, we first investigated, by several inde-
pendent experiments, whether these two proteins
physically interact. In a yeast two-hybrid assay, we
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cotransformed pGADT7-BSK1 and pGBKT7-MAPKKKS5,
with the corresponding empty vectors as the negative
controls, into yeast strain AH109. As shown in Figure 1A,
BSK1 interacted with MAPKKKS in yeast.

To confirm the interaction between MAPKKKS and
BSK1 in planta, we performed bimolecular fluorescence
complementation (BiFC) assays. The kinase-inactive
version of MAPKKK5 (MAPKKK5%”M) has a dis-
rupted ATP binding site and was used in this experi-
ment because the expression of native MAPKKKS5 in N.
benthamiana leaves caused extensive cell death (Yamada
et al., 2016). We fused MAPKKK5**”M with the C ter-
minus of YFP (YC), fused BSK1 with the N terminus of
YFP (YN), and then transiently expressed the fused
proteins in N. benthamiana leaves by Agrobacterium in-
jection. We used the YN-BSK1 and YC-FLS2 pair as a
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Figure 2. The kinase domain of MAPKKKS5 is essential for the interac-
tion with BSK1. A, The different domains of MAPKKK5 are shown.
MAPKKK5 contains a kinase domain in the middle, in addition to
N-terminal and C-terminal domains. The numbers indicate the posi-
tions of amino acid sequences. B, The kinase domain of MAPKKK5
interacted with BSK1 in the yeast two-hybrid assay. Corresponding
constructs were cotransformed into yeast strain AH109. A 10 ulL sus-
pension of each pair was dropped on the indicated SD medium. C, The
kinase domain of MAPKKKS5 interacted with BSK1 in the BiFC assay.
Leaves of N. benthamiana were infiltrated with A. tumefaciens strain
GV3101 containing the indicated construct pairs. BSK1 and truncated
MAPKKKS5 proteins were fused to the YN or YC. YFP signal was detected
by confocal microscopy. Bar = 50 um. AD, pGADT7; BD, pGBKT7; CT,
C-terminal domain; KD, kinase domain; KD:C, MAPKKKS5 lacking the N
terminus of 345 amino acids; N:KD, MAPKKK5 lacking the C terminus
of 109 amino acids; NT, N-terminal domain.

positive control, and YN-BSK1 with YC as a negative
control. We observed the YFP signal in leaves that
expressed YN-BSK1 and YC-MAPKKKS5""*M as well as
the positive control leaves, but the signal was absent in
the negative control leaves (Fig. 1B). This indicated that
BSK1 interacted with MAPKKKS in N. benthamiana.
Additionally, we performed a firefly split-luciferase
complementation assay in N. benthamiana leaves to

2994

investigate the interaction. In this assay, the N terminus
(Nluc) of firefly luciferase was fused to MAPKKK5%7M,
whereas the C terminus (Cluc) was fused to BSK1. We
transiently expressed MAPKKK5“**".Nluc and BSK1-
Cluc, as well as MAPKKK5**””-Nluc and Cluc, plus
BSK1-Cluc and Nluc as negative controls. A strong flu-
orescence signal was detected in leaves that expressed
both MAPKKK5*”"M.Nluc and BSK1-Cluc, but not in
the negative controls (Fig. 1C), indicating that
MAPKKK5*"M associated with BSK1 in N. benthamiana.

We then performed a pull-down assay to confirm the
interaction between MAPKKKS and BSK1. Because it was
not possible to express and purify wild-type MAPKKKS5
protein in Escherichia coli, we instead expressed and puri-
fied the MAPKKKS5"*" and GST fusion protein. This was
followed by an in vitro GST pull-down assay by incubating
GST-MAPKKK5""™ or GST with MBP-BSK1. As shown
in Figure 1D, MBP-BSK1 was detected when incubated
with GST-MAPKKK5**”* but not in the negative control,
indicating that BSK1 interacted with MAPKKK5*""M
in vitro. Taken together, these observations indicate that
BSK1 and MAPKKKS physically associate.

The Kinase Domain Is Essential for the Interaction
Between MAPKKKS5 and BSK1

MAPKKKS5 contains unknown N-terminal and
C-terminal structural domains, and a kinase domain in
the middle (Fig. 2A). To investigate which domain of
MAPKKKS is responsible for the interaction with BSK1,
we generated several truncated forms of MAPKKKS in-
cluding the N terminus (NT), the kinase domain (KD),
and the C terminus (CT) (Fig. 2A) and performed yeast
two-hybrid and BiFC assays. Interestingly, although the
Ser-289 residue is in the NT domain, the potential phos-
phorylation site in MAPKKKS5 for BSK1, only yeast
cotransformed with BD-BSK1 and AD-MAPKKK5KD
could grow on the synthetic dropout (SD) selective me-
dium (Fig. 2B). This suggested that the KD of MAPKKKS5,
but not the NT or CT domains, could interact with BSK1.
Similarly, in the BiFC assay, the YFP signal was detected
only in N. benthamiana leaves expressing YN-BSK1 and
YC-MAPKKK-KD**”M but not in other combinations
(Fig. 2C). Therefore, these experiments indicated that the
KD of MAPKKKS is necessary and sufficient for its
physical interaction with BSK1.

BSK1 Directly Phosphorylates MAPKKKS In Vitro

In the yeast two-hybrid assay, BSK1 interacted with
the full-length and the truncated forms of MAPKKKS5
that contained the kinase domain (Fig. 3A). Because
MAPKKKS in the bsk1-1 mutant lacked phosphoryla-
tion at the Ser-289 residue, and MAPKKKS physically
associated with BSK1, we hypothesized that BSK1 di-
rectly phosphorylates MAPKKKS. To test this hypoth-
esis, we performed an in vitro kinase assay with
purified recombinant MBP-BSK1 and His-N:KD**"*M

Plant Physiol. Vol. 176, 2018



or His-KD:C*¥”*M of MAPKKKS5, respectively. As dem-
onstrated in Figure 3B, autophosphorylated MBP-BSK1
(100 kD) and phosphorylated N:KD of MAPKKKS5
(70 kD) were detected by an antibody that could recog-
nize the phosphorylated Ser/Thr. However, no phos-
phorylation was detected with the His-KD:C**"M of
MAPKKKS (50 kD), indicating that BSK1 directly phos-
phorylates the N terminus of MAPKKKS in vitro. In
addition, no obvious phosphorylation of MAPKKKS by
BSK1 was detected when the 289 Ser of MAPKKKS5 was
changed to Ala (Fig. 3C), suggesting that BSK1 mainly
phosphorylates Ser-289 of MAPKKKS.

The mapkkk5 Mutant Displays Enhanced Susceptibility to
Pto DC3000 and G. cichoracearum

To gain insight into the role of MAPKKKS in plant
immunity, we examined the phenotypes of the loss-of-
function mapkkk5-2 mutant in response to different
pathogens. First, the mapkkk5-2 mutants were infected
with virulent and avirulent strains of Pto DC3000 that
carried different effector genes. The mapkkk5-2 mutant
was very similar to the bsk1-1 mutant in that it showed
enhanced susceptibility to both strains and supported
significantly more growth of the bacteria than the wild
type at 3 d post inoculation (dpi) (Fig. 4). Molecular
complementation of the mapkkk5-2 mutant with the
wild type MAPKKKS rescued the enhanced suscepti-
bility to Pto DC3000, Pto DC3000 (avrRpt2), and Pto
DC3000 (avrPphB), indicating that MAPKKKS plays an
important role in resistance to both virulent and avir-
ulent strains of Pto DC3000 (Fig. 4).

The bsk1-1 mutant displayed enhanced suscepti-
bility to the powdery mildew fungus G. cichoracearum
compared with wild type (Shi et al., 2013). To inves-
tigate if MAPKKKS5 plays a role in resistance to
powdery mildew, we also infected wild-type and
mapkkkb5 mutant plants with G. cichoracearum. After
infection, the mapkkk5-2 mutant accumulated lower
levels of defense-related gene transcripts, including
PATHOGENESIS-RELATED GENE1 (PR1), PR2,
FLAVIN-DEPENDENT MONOOXYGENASE1, and
SALICYLIC ACID INDUCTION DEFICIENT2, com-
pared to wild type (Supplemental Fig. S1). The
mapkkk5-2 mutant also showed enhanced suscepti-
bility and supported higher levels of fungal growth,
which was rescued by complementation with the
wild type MAPKKKS (Fig. 5, A to C). The transgenic
line that accumulated significantly higher levels
of MAPKKKS5 transcripts (Supplemental Fig. S2)
showed enhanced resistance to powdery mildew
(Supplemental Fig. S3), further confirming the role of
MAPKKKS in promoting immunity. Consistent with
its role in powdery mildew resistance, the expression
of MAPKKKS5 was upregulated in the wild type after
infection with G. cichoracearum (Fig. 5D).

The mapkkk5-2 and bsk1-1 mutants displayed en-
hanced susceptibility to powdery mildew, but the
bsk1-1 mapkkk5-2 double mutant was very similar to the
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Figure 3. BSK1 phosphorylates the N terminus of MAPKKKS5 in vitro. A,
The interaction of the truncated versions of MAPKKK5 with BSK1 was
examined in the yeast two-hybrid assay. Corresponding constructs were
cotransformed into yeast strain AH109. A 10 uL suspension of each pair
was dropped on the indicated SD medium. Pictures were taken 3 d after
incubation. B, BSK1 phosphorylates the N terminus of MAPKKK5
in vitro. The in vitro phosphorylation was revealed by an antibody that
could specifically detect phosphorylated Ser and Thr. The phosphory-
lated proteins were detected by an immunoblot assay with the indicated
antibodies. The phosphorylated N:KD fragment of MAPKKKS5 and BSK1
was labeled. C, BSK1 phosphorylates the Ser-289 of MAPKKKS in vitro.
The phosphorylated proteins were detected by an immunoblot assay
with the antibodies that could specifically detect phosphorylated Ser
and Thr. The phosphorylated MAPKKK5 and BSK1 were labeled. AD,
pGADT7; BD, pGBKT7; KD, kinase domain; KD:C, MAPKKK5 lacking
the N terminus of 345 amino acids; N:KD, MAPKKK5 lacking the C
terminus of 109 amino acids; NT, N-terminal domain.

bsk1-1 single mutant in its response to infection with
G. cichoracearum (Supplemental Fig. S54). Furthermore, the
expression of defense-related genes in the bsk1-1 mapkk5-2
double mutant was very similar to that of the bsk1-1 mu-
tant (Supplemental Fig. S5), suggesting that MAPKKKS
and BSK1 likely act in the same genetic pathway.
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Figure 4. The mapkkk5 mutant displays enhanced susceptibility to P. syringae. Four-week-old plants were inoculated with
P. syringae Pto DC3000 (A), Pto DC3000 avrRpt2 (B), and Pto DC3000 avrPphB (C). Plants were inoculated with bacterial
suspensions at ODy,, =5 X 10~ *. Bacterial growth was monitored at 0 and 3 dpi. Data represent mean = sp. Different lower-case
letters indicate statistically significant differences (n = 9; P < 0.05; one-way ANOVA). cfu, colony-forming units; WT, wild type.

The Ser-289 Residue of MAPKKKS5 Is Critical for its
Function in Plant Immunity

MAPKKKS5 induces hypersensitive response (HR)-
like cell death in N. benthamiana (Yamada et al., 2016).
To investigate if the phosphorylation site Ser-289 is
critical for MAPKKK5-induced cell death, we tran-
siently overexpressed two MAPKKKS5 variants in N.
benthamiana; S289A causes loss of phosphorylation and
5289D mimics constitutive phosghorylation. Both
MAPKKK5%%* and MAPKKK5**"” induced HR-like
cell death, and no obvious difference was observed
between MAPKKKS and the two variants (Fig. 6). This
suggests that phosphorylation at Ser-289 might not be
important for MAPKKK5-induced cell death.

To further investigate the role of Ser-289 phosphogla—
tion in plant immunity, we introduced the MAPKKK5%*
or MAPKKK5™*P variants into the mapkkk5-2 mutant, and
then assessed resistance to the different strains of Pto
DC3000 and to G. cichoracearum. As presented in Figure 7,
A to C, MAPKKK5** could not complement the en-
hanced susceptible phenotype of the mapkkk5-2 mutant to
the different strains of Pto DC3000. By contrast,
MAPKKK5"P was able to complement the mapkkk5-2
mutant phenotype. Similarly, MAPKKK5"** could not
fully complement the enhanced susceptibility phenotype
of the mapkkk5-2 mutant to powdery mildew, whereas
MAPKKK5"*P increased resistance to powdery mildew
compared to wild type (Fié. 7, D to F). The expression
of MAPKKK5, MAPKK5**", and MAPKKK5**" was
detected at similar levels in the different transgenic lines
(Supplemental Fig. S6). Together, these observations indi-
cated that the Ser-289 residue of MAPKKKS is critical for its
function in resistance to both bacterial and fungal patho-
gens.

MAPKKKS5 Interacts with Multiple MAPKKSs

The Arabidopsis Col-0 genome encodes 10 MAPKKs
(Ichimura et al., 2002). MAPKKKS interacts with MKK4/
5 and modulates PTI triggered by chitin (Yamada et al.,
2016). To examine whether MAPKKKS5 associates with
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other MAPKKSs, we examined the interactions between
MAPKKKS and all 10 annotated MAPKKSs in the Ara-
bidopsis Col-0 genome. Using a split-luciferase comple-
mentation assay in N. benthamiana leaves, we transiently
expressed MAPKKK5**M.Nluc and Cluc-MKKs, or
MAPKKK5*””M.Nluc and Cluc. Strong signals were
observed in the coexpression of MAPKKKS with MKK1,
2,4, 5, and 6, indicating that MAPKKKS interacts with
each of these MKKs (Fig. 8, A and B). The interactions of
MAPKKK5 with MKK1, MKK2, MKK4, MKKS5, and
MKKG®6 were also validated by the BiFC assay (Fig. 8C). To
further confirm the interaction of MAPKKKS5 and MKKs,
we performed a Co-IP assay by coexpressing
MAPKKK5*”™-HA and Cluc-MKK1/2/3/4/5/6 in
Arabidopsis protoplasts. Total protein was extracted from
the protoplasts and then MAPKKKS5 was immunopreci-
pitated with HA antibody and examined to determine if
Cluc-MKKs coimmunoprecipitated with MAPKKKKS.
MKK1/2/4/5/6 but not MKK3 were detected with anti-
Cluc antibod;; from the protoplasts that coexpressed both
MAPKKK5“"M.HA and Cluc-MKK1/2/4/5/6 (Fig.
8D), indicating that MAPKKKS5 and MKK1/2/4/5/6
form a protein complex in Arabidopsis.

DISCUSSION

To understand how BSK1 regulates plant immunity
and to identify potential substrates of BSK1, we con-
ducted a genomewide phosphorylation study using
mass spectrometry with Arabidopsis wild-type and
bsk1-1 mutant plants. In this analysis, we found that the
Ser-289 residue of MAPKKKS was not phosphorylated
in the bsk1-1 mutant. We showed that BSK1 directly
interacts with and phosphorylates MAPKKKS, and the
phosphorylation of Ser-289 on MAPKKKS contributes
to plant immunity. In addition, MAPKKKS5 associates
with multiple MAPKKS, suggesting that MAPKKK5
plays an important role in the MAPK cascade. Taken
together, our results indicate that BSK1 may transduce
the immune signal from the cell’s surface immune
complexes to MAPKKKS.
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Figure 5. The mapkkk5 mutant shows increased susceptibility to G. cichoracearum. A, Four-week-old plants were infected with G.
cichoracearum and the leaves were photographed at 8 dpi. The mapkkk5-2 mutants displayed enhanced susceptibility compared to
the wild type. The transgenic complementation plants expressing the genomic MAPKKK5 gene in mapkkk5-2 showed wild-type-like
phenotypes. Bar = 0.5 cm. B, The infected leaves were stained with Trypan Blue to observe fungal structures and dead plant cells at
8 dpi. More spores were produced in the mapkkk5-2 mutant than in the wild type. Bar = 50 um. C, Quantification of fungal growth in
plants at 5 dpi by counting the number of conidiophores per colony. The mapkkk5-2 mutants supported significantly more fungal
growth than the wild type. Data represent mean = sp. Different letters indicate statistically significant differences (n=25; P < 0.05;
one-way ANOVA). The experiment was repeated three times with similar results. D, MAPKKK5 expression was up-regulated in the
wild-type plants after inoculation with G. cichoracearum. The transcript accumulation was examined by RT-qPCR at the indicated
time points. ACTIN2 was used as an internal control. Data represent mean = sp (n = 3). WT, wild type.

The Arabidopsis Col-0 genome contains 62 MAPKKKSs.
MAPKKKS5 belongs to the MAPKKK A2 subfamily,
which includes two close homologs of MAPKKKS,
MAPKKKae (MAPKKK3), and YODA (MAPKKK4;
Ichimura et al, 2002; Meng and Zhang, 2013). The
mapkkk5 mutant is more susceptible to Pfo DC3000 and
powdery mildew compared to the wild type, indicating
that MAPKKKS plays critical roles in plant immunity.
Consequently, overexpression of MAPKKKS leads to in-
creased resistance to powdery mildew.

PBL27 interacts with and phosphorylates the C ter-
minus of MAPKKKS. This phosphorylation is reported
to be important for chitin-induced MAPK activation
(Yamada et al., 2016). Although both PBL27 and BSK1
phosphorylate MAPKKKS, the phosphorylation sites
are different: PBL27 phosphorylates the CT of
MAPKKKS5, whereas BSK1 phosphorylates the NT of
MAPKKKS at Ser-289. The phosphorylation of Ser-289
appears to be critical for conferring immunity, as the
MAPKKK5°#** variant was unable to complement the
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susceptible phenotype of the mapkkk5-2 mutant to Pto
DC3000 and powdery mildew, whereas the
MAPKKKS5***P variant conferred enhanced resistance
to powdery mildew compared to the wild type. It is
possible that the phosphorylation of different sites of
MAPKKKS by different RLCKSs helps plants to respond
to different stresses. It would be interesting to examine
whether the site of phosphorylation by PBL27 is im-
portant in a plant’s response to Pto DC3000 and G.
cichoracearum, and how plants differentially phosphor-
ylate distinct MAPKKKS sites to respond to different
stimuli.

Upon the perception of the bacterial protein flagellin,
FLS2-mediated PTI is activated, which includes rapid
activation of the MAPK cascade comprising the
MKK4/MKK5-MPK3/MPK6 module. However, it is
unknown how plants transduce the signal from the
FLS2 immune complex to the MAPK cascade.
MAPKKKS was recently reported to be upstream of this
module in chitin-triggered immunity (Yamada et al.,
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Figure 6. MAPKKK5-induced cell death is independent of Ser-289
phosphorylation. Different MAPKKK5 variants were transiently
expressed in N. benthamiana. The infiltrated leaves were photographed
(left) and then stained with Trypan Blue (right) for observation of dead
cells at 3 dpi. Similar cell death was induced in the leaves expressing
MAPKKK5-YFP-HA, MAPKKK5*®A.YFP-HA, or MAPKKK5%*%P-YFp-
HA, but not in the leaves expressingMAPKKK5*7>M.YFP-HA. 1,
MAPKKK5-YFP-HA; 2, MAPKKK5"*7M_YFP-HA: 3, MAPKKK5%3%*
-YFP-HA; 4, MAPKKK5*2#P-YFP-HA.

2016). Upon chitin treatment, MPK3/6 activation was
strongly reduced in the mapkkkb mutant. By contrast,
the mapkkk5 mutation was reported to significantly
enhance flg22-induced MPK3/6 activation. However,
we observed a very weak reduction of MPK3/6 acti-
vation upon treatment with flg22 in the mapkkk5-2
mutant (Supplemental Fig. S7). The overexpression of
MAPKKK5 could moderately enhance the flg22-
induced MPK3/6 activation (Supplemental Fig. S8). In
addition, we found there was no obvious difference in
activation of MPK3/6 between mapkkk5-2 and the wild
type when treated with chitin (Supplemental Fig. 59).
The discrepancy between these two studies is unre-
solved but may have been caused by different growth
conditions and/or different types of chitin. It is un-
known why the mapkkk5 mutant did not display a
strong reduction of MPK3/6 activation when treated
with flg22. One possibility is redundancy with close
homologs of MAPKKKS5, such as MAPKKKa and
YODA. Arabidopsis MAPKKKa is an ortholog of
NbMAPKKKe«, which plays an important role in reg-
ulating the cell death associated with plant immunity
(Pozo et al., 2004; Oh et al., 2010). Hence, it is possible
that MAPKKKa may have functional redundancy with
MAPKKKS in immunity and downstream activation of
MAPKSs. YODA plays a key role in the early develop-
ment of Arabidopsis embryos, and acts as an indis-
pensable component of the stomatal development
regulatory pathway. YODA was shown to be upstream
of the MKK4/MKK5-MAP3/6 module to regulate sto-
matal development and patterning; however, the yoda
mutant did not show defects in PAMP-triggered
MAP3/6 activation (Lukowitz et al, 2004, Wang
et al., 2007). The wild-type MAPKKXKS interacted with
MKK4 and MKKS5, but the mapkkk5-2 mutant showed a
relatively weak phenotype in MPK3/6 activation upon
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treatment with flg22. It would be interesting to inves-
tigate the double and triple mutants of mapkkk5,
mapkkk3, and yoda. The double or triple mutants of those
genes may display more severe phenotypes in MPK3/6
activation. Consistent with this, rice OsRLCK185 in-
teracts with several MAPKKKSs, suggesting a redun-
dant role of these MAPKKKSs in chitin signaling (Wang
et al., 2017).

BSK1 associates with and phosphorylates MAPKKKS
at the Ser-289 residue. Therefore, BSK1 may transduce
the immune signal to the MAPK cascade by phos-
phorylating MAPKKKS5. However, in the bsk1 mutant,
the defects of MPK3 and MPK6 activation were not
observed, suggesting that the disease resistance phe-
notype mediated by BSK1 is independent of MPK3/6
activation. As BSK1 belongs to a small RLCK family, we
cannot exclude the possibility of redundancy between
BSK1 and other members of this RLCK family. Multiple
RLCKs may work together to regulate MAPK activa-
tion. In this scenario, loss of BSK1 alone would not lead
to defects in MAPK activation. Notably, BSK1 was
previously shown to be required for edrl-mediated
powdery mildew resistance. EDR1 is a Raf-like
MAPKKK that associates with MKK4/5 and nega-
tively regulates plant immunity (Zhao et al., 2014). As
the bsk1 mutant did not show defects in MPK3/6 acti-
vation, it remains to be determined why edrl-mediated
powdery mildew resistance requires BSK1.

In this study, we demonstrated that BSK1 regulates
plant immunity by phosphorylating MAPKKKS. It is
worth mentioning that we only conducted whole-
genome phosphorylation analysis with untreated
wild-type and bsk1-1 mutant plants. As the immune
response is usually induced by pathogen infection, we
expect that phosphorylation of many proteins may not
have occurred or occurred at very low levels in the
absence of pathogens or elicitors.

In conclusion, RLCK BSK1 regulates plant immunity
by phosphorylating MAPKKKS at the Ser-289 residue.
Because BSK1 is a key component in the cell surface
immune complex, this work may indicate a direct link
of signaling from the immune complex to the MAPK
cascade through a RLCK.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants used in this study included the
wild-type Col-0 ecotype, the bsk1-1 mutant (Shi et al., 2013), the fIs2 mutant
(Xiang et al., 2008), and the T-DNA insertion mutant mapkkk5-2 (Salk_122847)
(Yamada et al., 2016), obtained from the Arabidopsis Biological Resource
Center (www.Arabidopsis.org). The plants were grown in a growth room at
20°C to 22°C under a 9-h-light/15-h-dark cycle for phenotyping or a 16-h-light/
8-h-dark cycle for seed set, as described in Wu et al. (2015).

Phosphorylated-Mass Spectrometric Analysis
To identify the different phosphorylated proteins between bsk1-1 and the wild

type in Arabidopsis, leaves of 4-week-old plants including bsk1-1 and the wild
type were picked off. Then the leaves were ground to powder (about 4 g to 5 g) in
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liquid nitrogen. The leaf powder was treated with 3 volumes of protein extraction
buffer containing 10% (v/v) of TCA and 0.07% B-mercaptoethanol in acetone. The
samples were left overnight at —20°C,then centrifuged at 12,000 rpm at 4°C for
30 min, and the supernatant discarded. The same volume of ice-cold acetone
containing 0.07% (v/v) B-mercaptoethanol was added, and the pellet was
resuspended with gentle shaking, followed by centrifugation at 12,000 rpm at 4°C
for 30 min. This step was repeated twice, and then the precipitate was freeze-dried
with a SpeedVac concentrator (Thermo Fisher Scientific) at 10,000 rpm at 4°C for
10 min. The proteins were resuspended in 8 M urea buffer (50 mm NH,HCO,, 8 M
urea, 1 mM sodium orthovanadate, 1 mm sodium fluoride, 2.5 mM sodium py-
rophosphate, 1 mm B-glycerophosphate, 1X protease inhibitor cocktail; Sigma-
Aldrich), reduced with 10 mm DTT at 37°C for 1 h and alkylated with 25 mm
iodoacetamide at room temperature for 1 h in the dark. The sample was then
diluted with 50 mm NH,HCO, to lower than 2 M urea, and subsequently digested
with trypsin (Sigma-Aldrich) at 37°C for 18 h using a trypsin/substrate ratio of
1:50. The resulting peptides were desalted and dried by vacuum centrifugation.
Phosphopeptides were further enriched by IMAC beads (Phos-Select Iron Affinity
Gel; Sigma-Aldrich). Briefly, each sample was resuspended in 500 uL wash buffer
[250 mm acetic acid, 30% acetonitrile (ACN)] and incubated with the IMAC beads
for 60 min. The bound phosphopeptides were then eluted from the beads using a
buffer containing 150 mm ammonium hydroxide and 25% acetonitrile, and sub-
sequently dried by vacuum centrifugation.

For MS analyses, peptides were resuspended in 0.1% formic acid (FA) and
analyzed with a LTQ Orbitrap Elite mass spectrometer (Thermo Fisher Scientific)
coupled online to an Easy-nLC 1000 (Thermo Fisher Scientific) in the
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Figure 7. The phosphorylation of the Ser-
289 residue contributes to MAPKKK5-
mediated resistance to Pto DC3000 and
G. cichoracearum. Four-week-old plants
were inoculated with indicated patho-
gens. Wild-type, mapkkk5-2, and the
mapkkk5-2 transgenic plants carrying
wild-type MAPKKK5, MAPKKK5*?5%, or
MAPKKK5%%%%°, respectively, were used.
Pto DC3000 (A), Pto DC3000 avrRpt2 (B),
Pto DC3000 avrPphB (C), or G. cichor-
acearum (D). A to C, Plants were inocu-
lated with bacterial suspensions at
ODygy = 5 X 107", Bacterial growth was
monitored at O dpi and 3 dpi. Data rep-
resent mean * sp. Different lower-case
letters indicate statistically significant dif-
ferences (n = 9; P < 0.05; one-way
ANOVA). D, Plants were inoculated with
G. cichoracearum and leaves were re-
moved and photographed at 8 dpi. Bar =
0.5 cm. E, The infected leaves were
stained with Trypan Blue for observation
of fungal structures and dead plant cells at
8 dpi. Bar = 50 um. F, Quantification of
fungal growth in plants at 5 dpi by
counting the number of conidiophores
per colony. Data represent mean * sp.
Different lower-case letters indicate sta-
tistically significant differences (n = 25;
P < 0.05; one-way ANOVA). The exper-
iments were performed three times with
similar results. WT, wild type.

Pto DC3000 avrPphB

5°

MAPKKKS552%°

data-dependent mode. The peptides were separated by reverse phase LC with a
75 um (ID) X 150 mm (length) analytical column packed with C18 particles of
5 um in diameter. The mobile phases for the LC contained buffer A (2% ACN,
0.1% FA) and buffer B (98% ACN, 0.1% FA), and a linear gradient of buffer B
from 3% to 30% for 90 min was used for the separation. The mass spectrometer
was operated to acquire CID MS/MS scans after each MS1 scan on the 25 most
abundant ions with MSA central losses of m/z 98, 49, and 32.6.

The data were analyzed using a prerelease version of the software Proteome
Discoverer version 1.3 (Thermo Fisher Scientific). The proteome sequences for
Arabidopsis from UNIPROT were used for the database searching and the mass
tolerance was set to 0.05 D. The maximum number of missed cleavages was setat
two, the minimum peptide length was set at six amino acids, and the maximum
peptide length was set at 144 amino acids. The false discovery rate was setat 0.01
for peptide and protein identifications. Ser, Thr, and Tyr phosphorylation, and
Met oxidation were included in the search as the variable modifications. Cys
carbamidomethylation was set as stable modification.

Yeast Two-Hybrid Assay

The yeast two-hybrid assay was performed as described in Zhao et al. (2015).
pGADT7-BSK1 was cotransformed into Saccharomyces cerevisiae strain AH109
with MAPKKKS5 or N:KD (1 amino acids to 607 amino acids) of MAPKKK5
fused with pGBKT7. The truncated versions of MAPKKKS5, including NT
(1 amino acids to 345 amino acids), KD (346 amino acids to 607 amino acids),
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Figure 8. MAPKKs interact with A
MAPKKK5. A, The interaction between
10 MKKs and MAPKKK5 was examined
by the luciferase complementation
imaging assay. MAPKKK5*7*M and MKKs
were fused to the N-terminal or
C-terminal fragment of firefly luciferase.
Bars on the right display the relative lu-
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MKKS EV

minescence units. B, Quantitative analy-
sis of the interaction of MAPKKK5 and
MKKs in (A). Constructs were transiently
expressed in N. benthamiana leaves and
the relative luminescence unit was mea-
sured 3 d after injection. Data represent
mean = sb. An empty vector was used as
a control. Two asterisks indicate statisti-
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and CT (608 amino acids to 716 amino acids) were fused with pGADT7 and
cotransformed into AH109 with pGBKT7-BSK1. A single colony for each
transformant grown on SD/-Leu/-Trp plates was incubated in liquid media,
and a 10 uL drop of dilution was plated on SD/-Ade/-His/-Leu/-Trp plates to
assess the interaction at 3 d after plating.

BiFC

The BiFC assay was performed as described in Wu et al. (2015). Briefly, BSK1
and truncated MAPKKKS versions were cloned into two intermediate vectors,
pSY736 and pSY735, in-frame with the N terminus and C terminus of the yellow
fluorescent protein (YFP). Then, the fusion sequences were amplified and
cloned into the binary vector pMDC32 for expressing the fusion protein in
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planta. Agrobacterium strain GV3101 containing the respective plasmids was
injected into the leaves of 4-week-old Nicotiana benthamiana plants. YFP signal
was detected by confocal microscopy (LSM 710 NLO microscope, with ZEN
2009 software; Carl Zeiss) at 3 d after injection. The excitation and emission
wavelengths for YFP were 514 nm and bright field was used to observe the cell
contour of epidermis of N. benthamiana. Images of every single filter and merged
images (YFP and bright field) were displayed.

Split-Luciferase Complementation Assay
The assay was performed as described in Chen et al. (2008). A low-light cooled
CCD imaging apparatus (NightOWL II LB983 with Indigo software; Berthold

Technologies) was used to capture luciferase (LUC) images. The leaves were
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smeared evenly with 1 mM luciferin, and then placed in darkness for 5 min before
detection. Relative LUC activity per cm” of infiltrated leaf area was calculated. Each
data point contained at least eight replicates that used at least eight different leaves
from different plants grown in different pots at the same time.

In Vitro Kinase Assay and GST Pull-Down Assay

MBP-fused and GST-fused proteins were expressed by transforming the
PMAL-c2G and pGEX-4T-1 expression vectors into Escherichia coli strain BL21,
respectively. Expression was induced by 0.5 mwm isopropyl B-p-1-thio-
galactopyranoside at 18°C for 12 h. Recombinant proteins were then purified
using amylose resin (New England Biolabs) or GST binding resin (Novagen).
The in vitro kinase assay and GST pull-down assay were performed as de-
scribed in Li et al. (2014). We used an antibody that could detect phosphory-
lated Ser and Thr to examine the phosphorylation.

Hypersensitive Response Assay

Agrobacterium strain GV3101 was injected into 4-week-old N. benthamiana
leaves. The injected leaves were removed at 3 dpi and photographed, and then
stained using Trypan Blue to examine cell death and photographed.

Pathogen Infection

The powdery mildew fungus Golovinomyces cichoracearum strain UCSC1 was
used to infect plants as described in Liu et al. (2017). Fungal structures and dead
plant cells were stained using Trypan Blue (Frye and Innes, 1998). Infection with
Pto DC3000 was performed as described in Tang et al. (2005). Briefly, 4-week-
old plants were inoculated with Pto DC3000, Pto DC3000 avrRpt2, or Pto
DC3000 avrPphB by infiltration with suspensions at ODggo = 5 X 10~ *. Bacterial
growth was monitored at 3 dpi.

Reverse Transcription Quantitative PCR

Reverse transcription quantitative PCR (RT-qPCR) was performed as de-
scribed in Nie et al. (2012). Briefly, total RNA was isolated and then first-strand
cDNA was synthesized by M-MLV reverse transcriptase (Promega). Quanti-
tative PCR was performed using SYBR Green Premix Extaq (Takara).

MAPK Activation

Eight-d-old seedlings grown on solid 1/2 Murashige & Skoog (MS) medium
were gently moved to liquid 1/2 MS medium for 3 h. Then, seedlings were
treated with 1/2 MS liquid medium supplemented with 100 nM flg22 for 5 min
and 10 min. Seedlings were ground to a fine powder in liquid nitrogen and
solubilized in MAPK bulffer (Schwessinger et al., 2011). The phosphorylated
MPK3 and MPK6 were detected by immunoblot analysis with a-p42/44 anti-
bodies (1:2000; Cell Signaling Technology) as described in Zhao et al. (2014).

Coimmunoprecipitation Assay

A total of 1 mL of protoplasts was transfected with the indicated plasmids and
incubated for 16 h at 23°C. Total protein was extracted with 800 uL extraction
buffer (50 mm Tris-HCI at pH 7.5, 150 mm KCl, 1 mm EDTA, 1 mm DTT, 0.3%
Trition-X 100, 1X proteinase inhibitor cocktail; Sigma-Aldrich). For anti-HA IP,
total protein was incubated with 8 uL anti-HA antibody (Abmart) for 4 h at 4°C
with gentle rotation. Then 50 uL of a 50% (v/v) protein G agarose bead (Mil-
lipore) slurry was added and incubated for another 3 h. The beads were washed
three times with PBS containing 0.08% (v/v) IGEPAL CA-630 (Sigma-Aldrich)
and once with PBS. After washing, the protein was separated by SDS-PAGE
and detected by anti-HA and corresponding antibody immunoblot.

Accession Numbers

Sequence data can be found in The Arabidopsis Information Resource under
the following numbers: At4g35230 (BSK1), At5g66850 (MAPKKKS), At4g26070
(MKK1), At4g29810 (MKK2), At5g40440 (MKK3), Atlg51660 (MKK4),
At3g21220 (MKK5), AT5G56580 (MKK6), Atlgl8350 (MKK7), At3g06230
(MKKS), At1g73500 (MKK9), AT1G32320 (MKK10), AT3g45640 (MPK3), and
AT2g43790 (MPK®6).
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. The expression of defense-related genes is re-
duced in the mapkkk5-2 mutant when infected with G. cichoracearum.

Supplemental Figure S2. The expression of MAPKKKS5.

Supplemental Figure S3. Overexpression of MAPKKK5 significantly en-
hances resistance to G. cichoracearum.

Supplemental Figure S4. The bsk1-1 mapkkk5-2 double mutant displays
similar susceptibility to G. cichoracearum as the bsk1-1 mutant.

Supplemental Figure S5. The expression of defense-related genes in the
bsk1-1 mapkkk5-2 double mutants is similar to the bsk1-1 mutant upon G.
cichoracearum infection.

Supplemental Figure S6. The expression of MAPKKKS5 in the wild type,
the mapkkk5-2 mutant, and the transgenic plants.

Supplemental Figure S7. The mapkkk5-2 mutant shows a weak reduction
in MAP kinase activation and marker gene expression in response to
treatment with flg22.

Supplemental Figure S8. Overexpression of MAPKKK5 moderately en-
hances the flg22-induced MAP kinase activation.

Supplemental Figure S9. The mapkkk5-2 mutant shows wild-type-like
MAP kinase activation in response to treatment with chitin.

Supplemental Table S1. Identified phosphorylated proteins.

Supplemental Table S2. Primers used in this study.
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