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Abstract

Activation of mitogen-activated protein kinase (MAP kinase) cascades is essential for plant immunity. Upon activation by sur-
face-localized immune receptors, receptor-like cytoplasmic kinases (RLCKs) in the cytoplasm phosphorylate MAP kinase kinase
kinases (MAPKKKs) to initiate MAP kinase activation. Surprisingly, we found that both the phosphorylation of Arabidopsis
(Arabidopsis thaliana) MAPKKKs and the subsequent activation of MAP kinase cascades require the A and « isoforms of 14-
3-3 proteins, which directly interact with multiple RLCKs and MAPKKKs. The N- and C-termini of MAPKKKS5 interact intramo-
lecularly to inhibit the access to the C terminus by RLCKs, whereas the 14-3-3 proteins relieve this inhibition and facilitate the
interaction of RLCKs with the C-terminus of MAPKKKS. This enables the phosphorylation of MAPKKS at Ser599 and Ser682,
thus promoting MAP kinase activation and enhancing plant disease resistance. Our study reveals a role of 14-3-3 proteins as scaf-
folds and activators in the regulation of the RLCK-MAPKKKS5 module and provides insight into the mechanism of plant immune
signaling.

Introduction

Pattern recognition receptors (PRRs) on the cell surface per-
ceive immunogenic patterns from intercellular spaces and
transduce extracellular signals into the cell to activate an ini-
tial level of immunity called pattern-triggered immunity (PTI)
(DeFalco and Zipfel 2021; Tang et al. 2017). PRRs are primarily
receptor kinases and receptor-like proteins and include
FLAGELLIN SENSITIVE2 (FLS2), EF-TU RECEPTOR, LYSIN
MOTIF RECEPTOR KINASE5 and PLANT ELICITOR
PEPTIDE RECEPTORs (PEPRs). These PRRs recognize the bac-
terial flagellin epitope fig22, the bacterial translation elong-
ation factor EF-Tu epitope elf18, the fungal cell wall
component chitin, and plant elicitor peptides (Peps), respect-
ively (Cao et al. 2014; Chinchilla et al. 2006; Kaku et al. 2006;

Miya et al. 2007; Yamaguchi et al. 2010; Zipfel et al. 2006).
Plants also contain a large repertoire of nucleotide-binding,
leucine-rich-repeat receptors (NLRs) that recognize patho-
gen effectors, which initially evolved as virulence factors
but also activate effector-triggered immunity (ETI) (Jones
et al. 2016). Recent advances indicate that PTI and ETI po-
tentiate each other to form a robust immune system
(Ngou et al. 2021; Yuan et al. 2021).

Advances in the last 2 decades have identified key compo-
nents linking cell surface PRR recognition of extracellular sig-
nals to downstream intracellular responses. A number of
receptor-like cytoplasmic kinases (RLCKs) belonging to sub-
families VII and XII play pivotal roles in defenses by linking
PRRs to key downstream responses (Liang and Zhou 2018).
These RLCKs phosphorylate key immune signaling
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Background: The plant innate immune system detects the presence of microbial pathogens and triggers defense re-
sponses to terminate or restrict pathogen progression. The BIK1 family receptor-like cytoplasmic kinases (RLCKs) play
a crucial role in immune signal transduction and regulate multiple substrate proteins. Much less is known concerning
how these kinases and their substrates are organized in a way for robust signaling.

Question: We were interested in identifying interactors of RLCKs and understanding how they regulate immunity.

Findings: We found that the 14-3-3 proteins GRF6 and GRF8 play a key role in both anti-bacterial and anti-fungal
immunity in Arabidopsis. We show that these 14-3-3 proteins directly interact with MAP kinase kinase kinase 5
(MAPKKKS5) to enable their activation by upstream RLCKs. Our study reveals how GRF6 and GRF8 act as a scaffold
to regulate the RLCK-MAPKKK5 module to facilitate the activation of MAP kinase cascades during immune signaling.

Next steps: It would be of interest to investigate whether different 14-3-3 members regulate different immune re-

sponses and how.

components and can trigger an influx of calcium ions, a burst
of reactive oxygen species (ROS), activation of mitogen-
activated protein kinase (MAP kinase) cascades, and activa-
tion of heterotrimeric G proteins (Kadota et al. 2014; Li
et al. 2014a; Liang et al. 2016; Yamada et al. 2016; Bi et al.
2018; Yan et al. 2018; Tian et al. 2019; Thor et al. 2020; Shi
et al. 2022; Ma et al. 2022).

Two well-known MAP kinase cascades are activated
during PTI in Arabidopsis thaliana (Arabidopsis). One cas-
cade contains MAP kinase or ERK kinase (MEK) kinase 1
(MEKK1), that activates MAP kinase MPK4 and MPK11.
Another cascade has 3 redundant MAP kinase kinase ki-
nases (MAPKKKs), MAPKKK3, MAPKKK5, and YODA,
which activate MPK3 and MPK6 (Asai et al. 2002; Bi et al.
2018; Gao et al. 2008; Suarez-Rodriguez et al. 2007; Sun
et al. 2018; Yamada et al. 2016; Yan et al. 2018; Liu et al.
2022; Wang et al. 2022). The latter cascade plays a more sig-
nificant role in defense gene expression and stomatal im-
munity in plants (Bi et al. 2018; Li et al. 2012; Liu and
Zhang 2004; Su et al. 2017; Xu et al. 2016). Multiple
RLCK subfamily VII members have been shown to phos-
phorylate the C-terminus of MAPKKK5 and MEKK1, thus
activating the cascades (Bi et al. 2018; Yamada et al.
2016). In addition, the RLCK subfamily XII member BSK1
can phosphorylate the N-terminus of MAPKKKS5, and the
phosphorylation site is important for the function of
MAPKKKS5 in disease resistance (Yan et al. 2018). A recent
study shows that MPK15 is also activated during and re-
quired for resistance to the powdery mildew fungus
Golovinomyces cichoracearum (Shi et al. 2022).

14-3-3 proteins are ubiquitous eukaryotic signaling com-
ponents and are associated with multiple physiological pro-
cesses, including primary metabolism, cell division, biotic and
abiotic stresses, apoptosis, and cancer (Aitken 2006; Denison
et al. 2011; Freeman and Morrison 2011; Paul et al. 2012;
Bridges and Moorhead 2005). They form homodimers or het-
erodimers via their N-termini, with each monomer posses-
sing a binding pocket for a target protein. This allows the
dimer not only to act as a scaffold but also to regulate
catalytic activity, enhance stability, or alter subcellular

localization of their target proteins (Muslin et al. 1996;
Yaffe et al. 1997; Yang et al. 2006). The Arabidopsis genome
encodes 13 functional 14-3-3 proteins, which are known to
regulate activities of a variety of target proteins, such as plas-
ma membrane H ¥ -ATPases (Fuglsang et al. 2007), the SALT
OVERLY SENSITIVE2 kinase (Yang et al. 2019; Zhou et al.
2014), and NITRATE REDUCTASE (Huber et al. 2002).

Increasing evidence indicates that 14-3-3 proteins also play
a crucial role in plant immunity (Lozano-Duran and Robatzek
2015). Arabidopsis GRF6 (a 14-3-3\ protein) interacts with
the resistance protein RPW8.2 and positively regulates dis-
ease resistance (Yang et al. 2009). Pharmacological experi-
ments indicate that 14-3-3 proteins play a crucial role in
PTI responses in Arabidopsis (Lozano-Duran et al. 2014).
Multiple pathogen effectors have been shown to target
14-3-3 proteins in Arabidopsis and tomato (Solanum lycoper-
sicum) plants (Giska et al. 2013; Dubrow et al. 2018; Li et al.
2013; Teper et al. 2014; Gao et al. 2022; Chaudhary et al.
2019), further supporting an important role of 14-3-3 pro-
teins in plant immunity.

In addition, the tomato 14-3-3 protein TFT7 has been
shown to interact with the tomato MAP kinase kinase kinase
(SIMAPKKKa) and the MAP kinase kinase (SIMKK2) to posi-
tively regulate cell death (Oh and Martin 2011; Oh et al.
2010). Multiple tomato 14-3-3 proteins have been shown
to contribute to cell death triggered by various effectors pro-
duced by Xanthomonas bacteria (Giska et al. 2013), and a re-
cent report showed that 14-3-3 proteins play an antiviral role
in Nicotiana benthamiana (Gao et al. 2022). Nevertheless, we
have limited knowledge concerning how 14-3-3 proteins
regulate immune signaling components in plants at the bio-
chemical level.

In this study, we show that GRF6 and GRF8 (14-3-3k) posi-
tively regulate resistance to bacterial and fungal pathogens in
Arabidopsis. We show not only that these 14-3-3 proteins dir-
ectly interact with MAPKKKS5, MEKK1, and multiple RLCK sub-
family VIl members but also that they are required for the
activation of MAP kinase cascades downstream of PRRs.
Although access of the RLCK subfamily VIl member
AVRPPHB SUSCEPTIBLE 1 LIKE 19 (PBL19) to the C-terminus
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of MAPKKKS is autoinhibited by the MAPKKK5 N-terminus,
GRF6 can bind to the MAPKKKS5 C-terminus to enhance acces-
sibility by PBL19 and counteract this inhibition. This promotes
the phosphorylation of the MAPKKK5 C-terminus by PBL19
and is required for the activation of the MAP kinase cascade
during initiation of the immune response. Together, our data
reveal a key mechanism by which 14-3-3 proteins regulate
the RLCK-MAP kinase module in plant immune signaling.

Results

14-3-3 isoforms GRF6 and GRF8 are required to
activate the expression of FRK7 and PR1 triggered by
fig22 and chitin
We previously showed that PBL19, PBL20, PBL37, PBL38,
PBL39, and PBL40 redundantly regulate both chitin-triggered
MAP kinase activation (for antifungal defense) and anti-
bacterial immunity (Rao et al. 2018). In an effort to identify
proteins involved in immune signaling, FLAG-tagged PBL19
and PBL20 proteins were expressed in Arabidopsis proto-
plasts, treated with fig22, and total protein extracts were sub-
jected to anti-FLAG immunoprecipitation followed by
LC-MS/MS analysis. Strikingly, 10 different 14-3-3 isoforms
were pulled-down by both PBL19 and PBL20, each with nu-
merous  tryptic fragments identified (Supplemental
Table S1). Additional candidate interacting proteins include
SOLUBLE N-ETHYLMALEIMIDE-SENSITIVE FACTOR
ADAPTOR PROTEIN 33 (SNAP33), PLANT U-BOX 25
(PUB25), PUMILIO 5 (PUMS), E.COLI RAS-LIKE
PROTEIN-RELATED GTPASE 1 (ERA1), and ZYGOTIC
ARREST 1 (ORPK1). We decided to focus on 14-3-3 proteins
in this study. Co-immunoprecipitation (Co-IP) and glutathi-
one-S-transferase (GST) pull-down experiments verified the
PBL19 interaction with GRF6 (Fig. 1, A and B; Supplemental
Fig. STA), and we found that this interaction was not affected
by either flg22 or chitin treatment (Fig. 1A). We further used
luciferase complementation assays to test a variety of RLCK
VIl members, including BIK1, PBL14, PBL19, PBL30, PBL32,
and PBL40 for potential interactions with GRF6. The majority
of the RLCKs tested, except for PBL14, interacted with GRF6
in N. benthamiana leaves (Fig. 1C; Supplemental Fig. S1B).
The results suggested that the interaction between RLCKs
and the 14-3-3 protein is common. To test whether an
RLCK interacts with GRF6 in the native configuration, we
generated a stable transgenic line carrying GRF6-HA under
the control of its native promoter (NP,,) in the grf6 grf8
background. Co-IP assays indicated that BIK1 indeed inter-
acted with GRF6 in Arabidopsis seedlings (Fig. 1D). A GST
pull-down experiment further showed that the BIK1-GRF6
interaction was direct (Supplemental Fig. S1C). GRF6 also in-
teracted with FLS2 and BAK1 in protoplasts (Supplemental
Fig. S1, D and E), a result consistent with the notion that
BIK1 exists in the receptor complex.

We focused on GRF6 and its closely related isoform GRFS,
which are 93% identical at the amino acid level, because GRF8
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has been suggested to play a role in PTI (Lozano-Duran et al.
2014). We systematically examined PTI responses in the grf6
g1f8 (g6 g8) double mutant, which has been characterized pre-
viously due to its involvement plant responses to cold stress
(Liu et al.2017). Upon fig22 and chitin treatments, the expres-
sion of FLG22-INDUCED RECEPTOR KINASE1 (FRKT1) and
PATHOGENESIS-RELATED GENET1 (PRT) were strongly induced
in Col-0 plants (Fig. 2, A to E), a result that was consistent with
previous reports (Bjornson et al. 2021 and references therein).

In g6 g8 double mutant plants, fig22- and chitin-induced ex-
pression of FRKT and PRT was reduced by 50% to 80%. In g6 g8
transgenic plants complemented with GRF6, fig22-induced
FRK1 gene expression was 2-fold higher compared to Col-0
(Fig. 2C). The fig22- and chitin-induced expression of FRK1
and PR1 were completely abolished in fIs2 and cerk1 mutants,
respectively, with the latter lacks the chitin co-receptor LYSM
DOMAIN RECEPTOR-LIKE KINASE 1 (CERK1) (Fig. 2, D and E;
Miya et al. 2007). An examination of grf6 and grf8 single mu-
tant plants showed that flg22-induced FRK7 expression was
slightly reduced, whereas chitin-induced FRK7 expression
was unchanged (Supplemental Fig. S2, A and B), indicating
that GRF6 and GRF8 act redundantly.

We also tested flg22-induced callose deposition. Contrary
to Col-0 seedlings, which showed strong callose deposition
upon flg22 treatment, the g6 g8 mutant seedlings had dimin-
ished callose deposition (Fig. 2F). However, both the g6 g8
mutant plants complemented with GRF6, and plants of a
GRF6 overexpression line (GRF6-OE) were indistinguishable
from Col-0 plants in ROS burst activity regardless of the im-
munogenic epitopes used (Supplemental Fig. S3, A to D).

GRF6 and GRF8 positively regulate basal stomatal

immunity against bacterial and fungal pathogens

We next asked whether the GRF6 and GRF8 isoforms are re-
quired for antibacterial immunity. Perception of immunogenic
patterns is known to induce stomatal closure and restrict bac-
terial entry, and this process is referred to as stomatal immun-
ity (Melotto et al. 2006). Spray-inoculation of Arabidopsis
Col-0 leaves with wild-type Pseudomonas syringae pv. tomato
(Pst) DC3000 bacteria showed that g6 g8 double mutant plants
supported significantly more bacterial growth, whereas the
GRF6 overexpression plants had similar bacterial titers com-
pared to Col-0 (Fig. 3A). Bacterial entry assays with the Pst
cor” mutant strain, which lacks coronatine known to reopen
stomata (Mittal and Davis 1995), showed that, in the g6 g8
double mutant plants, there was significantly more bacterial
entry into leaves compared to Col-0 plants (Fig. 3B). The
GRF6-OE plants had slightly fewer bacteria entering compared
to Col-0, but the difference was statistically insignificant.
Spraying of Col-0 plants with Pst hr¢” mutant bacteria, which
are defective in the secretion of effector proteins, led to re-
duced stomatal apertures (Fig. 3C), confirming that stomatal
immunity can be induced by bacterial immunogenic patterns.
The same treatment of g6 g8 mutant plants had no effect on
the stomatal apertures, indicating that GRF6 and GRF8 are
14-3-3 isoforms that are required for stomatal immunity.
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Figure 1. GRFs interact with PBL19 and other RLCKs. A) GRF6 interacts with PBL19 in Arabidopsis protoplasts. Col-0 protoplasts expressing the
indicated constructs were treated with chitin or flig22 or neither, and Co-IP assays were performed and detected with anti-FLAG and anti-HA im-
munoblots. B) GRF6 interacts with PBL19 in vitro. His-tagged PBL19 was incubated with either GST-tagged GRF6 recombinant protein or GST. GST
pull-down assays were performed, and input and immunoprecipitated proteins were detected using anti-GST and anti-His antibodies. C) GRF6 in-
teracts with multiple RLCK VIl members. The indicated Nluc and Cluc constructs were transiently expressed in N. benthamiana for luciferase com-
plementation assays. Data are presented as mean relative luminescence units (RLUs) + se. Different letters indicate significant differences at P < 0.05
(n =12, one-way ANOVA, Tukey post-test). CPK5 was used as a negative control. D) Co-IP assays showing that BIK1 interacts with GRF6 in vivo.
Ten-day-old seedlings were treated with or without flg22 and then samples were harvested. Total proteins were extracted and subsequently incu-
bated with anti-IgG Affinity Gel and the HA antibody. The total and precipitated proteins were examined by immunoblotting using antibodies
against BIK1 and HA, respectively. Each experiment was repeated at least 3 times with similar results, and results from one representative experiment
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are shown.

Flg22 protection assays were performed to determine
whether these 2 isoforms are also required for PTI in meso-
phyll cells (Zipfel et al. 2004). In this assay, plants were pre-
treated with flg22 for 1 d before infiltrating Pst bacteria,
which bypasses natural stomatal entry. Col-0 plants pre-
treated with flg22 had significantly fewer bacteria in leaves
(approximately 0.1%) compared to the H,O control treat-
ment (Fig. 3D). In g6 g8 mutant plants, bacterial were ap-
proximately 10-fold higher than in Col-0, indicating that
the 2 14-3-3 isoforms are required for flg22-induced meso-
phyll immunity. GRF6-OE plants had indistinguishable
amount of bacteria compared to Col-0 (Fig. 3D), suggesting
that GRF6 is not rate-limiting in Col-0 plants. We then tested
whether these 2 isoforms are also required for antifungal im-
munity. When g6 g8 mutant plants were inoculated with
Botrytis cinerea, they developed significantly larger disease

lesions compared to Col-0 (Fig. 3E), indicating that GRF6
and GRF8 are indeed required for antifungal immunity.

Because recent studies have indicated that PTl and ETI sig-
naling are linked through multiple nodes (Ngou et al. 2021;
Yuan et al. 2021), we tested whether GRF6 and GRF8 are re-
quired for ETI. Pst strains carrying hopZ1a, avrB, avrRpt2, or
avrRps4 avirulence genes are recognized by NLRs ZAR1,
RPM1, RPS2, or RPS4, respectively, triggering ETI on Col-0
plants. Both Col-0 and g6 g8 mutant plants showed complete
resistance to these strains (Supplemental Fig. S4, A to D), sug-
gesting that the 2 14-3-3 isoforms were not required for ETI.
We further subjected grf6 and grf8 single mutant plants to
the aforementioned disease resistance assays. Neither of
the mutants displayed any defects in antibacterial nor anti-
fungal immunity (Supplemental Fig. S5, A to D), indicating
that GRF6 and GRF8 are functionally redundant.
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Figure 2. 14-3-3 are required for specific PTI responses. A-C) GRF6 is essential for fig22-induced FRK1 expression. Ten-day-old seedlings were
sprayed with flg22 or water, and samples were harvested 3 h later. ACTINT was used as the internal standard for normalization. The fls2 mutant
in Fig. 2, A to C was used as a negative control. D and E) Chitin-induced expression of FRK1 (D) and PR1 (E) was impaired in g6 g8 mutant plants.
Ten-day-old seedlings were sprayed with chitin, and samples were harvested 0, 3, or 12 h later. ACTINT was used as the internal standard for nor-
malization. The cerk1 mutant was used as a negative control of chitin treatment. F) Flg22-triggered callose deposition is impaired in g6 g8 mutant
plants. Error bars are presented as means + sp (n = 4). Each experiment was repeated 3 times with similar results. Each experiment was repeated 3
times with similar results, and data from one representative experiment are shown. Values are means =+ sp. Different letters indicate significant dif-
ferences at P < 0.05 (n = 3 for A to E, n = 4 for F, 1-way ANOVA, Tukey post-test). Statistical analysis results are presented in Supplemental Data

Set S1.

GRF6 and GRFS8 are required for pattern-triggered
activation of MAP kinases

We next sought to dissect the PTI defect in the g6 g8 mutant
at the biochemical level using the FLS2 pathway as a proxy, as
different PRRs often share similar downstream components.
Considering that GRF6 interacted with RLCKs, FLS2, and
BAK1, we systematically examined early molecular events
of PTI signaling. To this end, we first tested accumulation
of FLS2 and its co-receptor BAK1 and found that levels of
these were unaltered in g6 g8 mutant seedlings
(Supplemental Fig. S6A). Perception of flg22 induces
FLS2-BAK1 interaction (Chinchilla et al. 2007; Heese et al.
2007; Sun et al. 2013), this induced interaction occurred simi-
larly in Col-0 and g6 g8 mutant protoplasts (Supplemental
Fig. S6B). Perception of fig22 also induces BIK1 phosphoryl-
ation and subsequent dissociation from the FLS2 complex
(Lu et al. 2010; Zhang et al. 2010). We found that both
BIK1 phosphorylation and the dissociation from FLS2 oc-
curred normally in g6 g8 mutant protoplasts (Supplemental
Fig. S6C). Although flg22 induces phosphorylation of the het-
erotrimeric G protein, XLG2 (Liang et al. 2016), we found via

immunoblotting analysis that XLG2 phosphorylation was not
affected in g6 g8 mutant protoplasts (Supplemental Fig. S6D).

We next tested whether the 2 14-3-3 isoforms are required
for flg22-triggered MAP kinase activation in seedlings. Flg22
treatment strongly induced phosphorylation of MPKs indica-
tive of MAP kinase activation within 5-10 min in Col-0
plants, but not in fls2 mutant plants (Fig. 4A). This effect
was greatly diminished in g6 g8 mutant plants and was slight-
ly enhanced in the GRF6-OE plants. Similarly, chitin-triggered
MAP kinase activation was also diminished in the g6 g8 mu-
tant plants (Fig. 4B). In contrast to the g6 g8 double mutant
plants, fig22- and chitin-induced MAP kinase activation was
completely normal in the grfé6 and grf8 single mutant plants
(Supplemental Fig. S7, A and B). This indicated that GRF6 and
GRF8 redundantly regulate MAP kinase activation during
PTI. Although PTI is associated with only transient MAP ki-
nase activation, ETl is known to be associated with prolonged
MAP kinase activation (Tsuda et al. 2013). We therefore in-
oculated plants with Pst carrying an either empty vector
(EV) control or avrRpt2 and examined possible subsequent
MAP kinase activation. As expected, Pst EV-induced MAP
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Figure 3. GRF6 and GRF8 are required for basal immunity against bacterial and fungal pathogens. A) g6 g8 mutant plants display increased suscep-
tibility to Pst bacteria. Plants were sprayed with wild-type Pst DC3000, and bacterial populations in the leaf were counted 3 d later. B) The g6 g8
mutant displays increased bacterial entry into leaf tissues. Bacterial populations in the leaf were measured 1.5 h following soaking with Pst DC3000
cor~, and the bacterial number was then determined. C) The g6 g8 mutant is impaired in bacterium-induced stomatal closure. Leaf discs were soaked
with Pst DC3000 hrcC™, and stomatal aperture was determined 1 h later. Stomatal aperture images were recorded by a microscope, and sizes were
then calculated. D) GRF6 and GRF8 are required for flig22-induced resistance to Pst DC3000. Plants were pretreated with H,O or flg22 for 1 d and
then infiltrated with Pst DC3000. Bacterial populations in the leaf were determined 2 d later. E) *** in E indicates a significant difference at P < 0.001
(n =16, 2-tailed Student’s t-test). Statistical analysis results are presented in Supplemental Data Set S1.

kinase activation in Col-0 at the 10-min time point, but not
later at the 180- and 360-min time points (Fig. 4C). Whereas
the early induction was reduced in the g6 g8 mutant, the pro-
longed MAP kinase activation at the 180 and 360 min time
points was indistinguishable in Col-0 vs. g6 g8 plants follow-
ing inoculation with Pst avrRpt2. Together, these results indi-
cated that GRF6 and GRF8 are specifically required for MAP
kinase activation, but not for the other early PTI signaling
events we tested.

The 14-3-3 isoforms GRF6 and GRF8 are required for
MAPKKKS5 phosphorylation and its interaction with

PBL19

We previously showed that pattern-triggered MAP kinase ac-
tivation is mediated by RLCKs, that directly phosphorylate
MAPKKKs in their C-termini, and that this phosphorylation

could be detected by using antibodies that recognize specific
phosphorylated Ser residues (anti-pSer599 and anti-pSer682)
in MAPKKK5-HA (Bi et al. 2018). As expected, chitin treat-
ment induced strong phosphorylation of MAPKKKS5 at
Ser599 and Ser682 in MAPKKKS-HA transgenic seedlings in
the Col-0 background (Fig. 5A). Strikingly, this induced phos-
phorylation was abolished in MAPKKK5-HA transgenic plants
in the g6 g8 mutant background (Fig. 5A). Likewise, fig22 also
induced MAPKKKS5 phosphorylation at Ser599 and Ser682,
and these phosphorylation events were also abolished in
the g6 g8 mutant plants (Fig. 5B).

The requirement of GRF6 and GRF8 for pattern-triggered
MAPKKKS phosphorylation was unexpected, as MAPKKK5
Ser599 and Ser682 are directly phosphorylated by RLCKs.
We therefore tested whether GRF6 and GRF8 are required
for interactions between RLCKs and MAPKKKs. Co-IP assays
showed that PBL19 strongly interacted with MAPKKKS in
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Figure 4. GRF6 and GRF8 are required for pattern-triggered MAP ki-
nase activation. A and B) Pattern-triggered MAP kinase activation is
impaired in g6 g8 double mutant plants. Seedlings were sprayed with
fig22 (A) or chitin (B), and samples were harvested at the indicated
times for immunoblot analysis using an anti-pERK antibody. MAP ki-
nase activation is indicated by the accumulation of phosphorylated
MPK3, MPK4, and MPK6 (abbreviated as pMPK3, pMPK4, and
pMPK6). Anti-ACTIN immunoblotting was used as a loading control.
C) MAP kinase activation in Col-0 and g6 g8 plants at different time
points following inoculation with the indicated bacterial strains.
Seedlings were infiltrated with Pst DC3000 carrying avrRpt2, and sam-
ples were harvested at the indicated times for immunoblotting analysis
using an anti-pERK antibody. Anti-ACTIN immunoblotting was used as
a loading control. Numbers above the lanes in the blots show relative
band intensity quantified by Image J software and normalized to the
level of actin. Each experiment was repeated 3 times with similar re-
sults, and results from one representative experiment are shown.

Col-0 protoplasts in the presence or absence of chitin treat-
ment (Fig. 5C; Supplemental Fig. S8A). This interaction was
nearly abolished in g6 g8 mutant plants. Similarly, the
PBL19-MEKKT1 interaction was impaired in g6 g8 mutant pro-
toplasts (Fig. 5D; Supplemental Fig. S8B). These results indi-
cated that the GRF6 and GRF8 isoforms play an important
role in the regulation of MAPKKK phosphorylation, likely
by promoting interactions between MAPKKKs and RLCKs.
We next asked how GRF6 and GRF8 promote interactions
between MAPKKKs and RLCKs. Co-IP assays showed that
PBL19 interacted with full-length MAPKKKS5 and both its
N-terminus and C-terminus in Col-0 protoplasts (Fig. 5E;
Supplemental Fig. S8C). In g6 g8 mutant protoplasts, the in-
teractions of PBL19 with both full-length MAPKKK5 and its
C-terminal region were clearly diminished, whereas the
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interaction with the MAPKKK5 N-terminus was not affected.
Furthermore, Co-IP assays showed that BIK1 similarly
interacted with the C-terminus of MAPKKKS5 in a manner
dependent on GRF6 and GRF8 (Fig. 5F Supplemental
Fig. S8D). Together, these results suggested that these
14-3-3 proteins are required for proper interaction between
the C-terminus of MAPKKK5 and RLCKs.

GRF6 promotes PBL19 access to the MAPKKK5
C-terminus

To elucidate the underlying mechanism by which GRF6 reg-
ulates MAPKKKS phosphorylation, we tested whether and
how GRF6 interacted with MAPKKKS5. Co-IP assays showed
that GRF6 indeed interacted with MAPKKKS in protoplasts
independent of flg22 treatment (Fig. 6A; Supplemental
Fig. S9A). In vitro pull-down assays showed that GRF6 directly
interacted with the C-terminus, but not with the N-terminus,
of MAPKKKS5 (Fig. 6B).

We next studied GRF6, PBL19, and MAPKKKS5 recombin-
ant proteins in vitro to ask whether GRF6 directly regulated
the interaction between PBL19 and the C-terminus of
MAPKKKS. In vitro pull-down assays showed that, in the ab-
sence of GRF6, PBL19 interacted strongly with the
MAPKKKS5 N-terminus and modestly with its C-terminus
and only weakly with full-length MAPKKKS5 (Fig. 6C). In
the presence of GRF6, the PBL19 interactions with both full-
length MAPKKK5 and its C-terminus were enhanced,
whereas the interaction with the MAPKKK5 N-terminus
was not affected. Similarly, the presence of GRF6 also en-
hanced the interaction between BIK1 and the C-terminus
of MAPKKKS5 (Supplemental Fig. ST0A). These results indi-
cated that GRF6 can promote the interactions of the
MAPKKKS5 C-terminus with both PBL19 and BIK1.

We next tested the CERK1 kinase domain, PBL19, the
C-terminal tail of MAPKKKS5, and GRF6 in vitro to test whether
GRF6 could promote phosphorylation of the MAPKKK5
C-terminal tail by PBL19. As we have previously reported,
phos-tag assays showed that PBL19 was able to phosphorylate
the MAPKKKS C-terminal region only in the presence of the
CERK1 kinase domain, and this was greatly enhanced in the
presence of GRF6 (Fig. 6D). These findings were confirmed
by immunoblot analysis using specific anti-pSer599 and
anti-pSer682 antibodies (Fig. 6E). These results indicated that
GRF6 can directly enhance PBL19-mediated phosphorylation
of the MAPKKK5 C-terminus.

We noted that the PBL19 interaction with the MAPKKK5
C-terminus was stronger than its interaction with full-length
MAPKKKS5, suggesting an inhibitory role of the N-terminus on
the MAPKKK5-PBL19 interaction. Therefore, we tested for a po-
tential intramolecular interaction between the N-terminus and
C-terminus of MAPKKK5. Indeed, Co-IP assays showed
that the N-terminus and C-terminus of MAPKKKS5 did interact
with each other in protoplasts (Supplemental Fig. S10B).
Overexpression of the N-terminus of MAPKKKS5 greatly reduced
the interaction between PBL19 and the C-terminus of MAPKKK5
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Figure 5. GRF6 and GRF8 are required for PBL19-MAPKKKS5 interaction and MAPKKK5 phosphorylation. A and B) Pattern-triggered MAPKKK5
phosphorylation is impaired in g6 g8 mutant plants. Seedlings of Col-0 and g6 g8 transgenic lines (T3 generation) expressing MAPKKK5-HA
were sprayed with solutions containing chitin (A) or fig22 (B), and proteins were affinity purified using an anti-HA antibody and detected by im-
munoblot analysis using anti-phosphoSer599 (pSer599) and anti-phosphoSer682 (pSer682) antibodies. 3K5: MAPKKKS5. C and D) GRF6 and GRF8
are required for the interaction of PBL19 with MAPKKKS5 (C) and MEKK1 (D). Protoplasts from Col-0 or g6 g8 plants expressing the indicated pro-
teins were treated with chitin, and Co-IP was performed using an anti-FLAG antibody. E and F) GRF6 enhances the interaction of the MAPKKK5
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results from one representative experiment are shown.

in protoplasts (Fig. 6F), probably by competing with PBL19 for ac-
cess to the MAPKKKS5 C-terminus. This suggested that the intra-
molecular interaction between the N-terminus and C-terminus
of MAPKKK5 normally impedes the accessibility of the
C-terminus to PBL19. The ability of PBL19 to interact with the
MAPKKKS5 C-terminus in the presence of MAPKKK5
N-terminus was not affected by flg22 and chitin treatments
(Supplemental Fig. S9, B and C), suggesting that pattern percep-
tion does not increase the accessibility. Simultaneously overex-
pressing GRF6 restored the strong interaction between PBL19
and the C-terminus of MAPKKKS5 in the presence of the add-
itional N-termini, suggesting that GRF6 can relieve intramolecu-
lar inhibition caused by the MAPKKKS5 N-terminus.

Discussion

In this study, we demonstrated that the Arabidopsis 14-3-3 pro-
teins GRF6 and GRF8 play a key role in the regulation of PTI.
These 2 isoforms interacted with RLCKs (Fig. 1) and were re-
quired for expression of pattern-induced defense genes, callose
deposition (Fig. 2), and immunity against both bacterial (P. syr-
ingae pv. tomato) and fungal (B. cinerea) pathogens (Fig. 3).
Further characterization indicated that the 2 isoforms were spe-
cifically required for pattern-triggered activation of MAP ki-
nases (Fig. 4 A and B), but not for other early signaling
events such as an ROS burst (Supplemental Fig. S3) and phos-
phorylation of BIK1 and RGS1 (Supplemental Fig. S6D). We
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Figure 6. GRF6 promotes the access to and phosphorylation of the C-terminus of MAPKKK5 by PBL19. A) GRF6 interacts with MAPKKKS in
Arabidopsis protoplasts. Protoplasts from Col-0 were transfected with the indicated constructs, and Co-IP was performed using an anti-FLAG anti-
body. CPK3 was used as a negative control. B) GRF6 interacts with the C-terminus of MAPKKKS. His-tagged GRF6 recombinant protein was incu-
bated with MBP-tagged kinase-dead (K375M; KM) variants of full-length or truncated MAPKKKS5 proteins, and the interaction was tested in a MBP
pull-down assay. C) GRF6 directly enhances the interaction of PBL19 with the MAPKKK5 C-terminus in vitro. GST-tagged GRF6 and His-tagged
PBL19 recombinant proteins were incubated with MBP-tagged kinase-dead (KM) variants of full-length or truncated MAPKKK5. MBP pull-down
assays were performed, and the pulled-down proteins were analyzed by immunoblotting using anti-His or anti-GST antibodies. D) GRF6 promotes
the phosphorylation of the C-terminal tail of MAPKKKS5 by PBL19. In the presence of the CERK1 kinase domain (CERK1-KD), MAPKKK5-T-GST was
incubated with His-PBL19 with or without His-GRF6 protein. Total protein was analyzed by SDS-PAGE containing Phos-tag acrylamide, and proteins
were detected by immunoblotting using an anti-GST antibody. E) GRF6 promotes the PBL19-mediated phosphorylation of MAPKKKS5 at Ser599 and
Ser682 in vitro. His-GRF6 was incubated with HIS-CERK1-KD, His-PBL19, and/or GST-MAPKKKT-T in kinase reaction buffer. Protein phosphorylation
was detected by anti-pSer599 and pSer682 immunoblotting. F) GRF6 promotes the interaction between PBL19 and the C-terminus of MAPKKKS in
the presence of the added N-terminus. Protoplasts from Col-0 were transfected with the indicated constructs, and Co-IP was performed using an
anti-FLAG antibody. Numbers above the lanes in the blots (C and F) show relative band intensities quantified by Image ) software and normalized to
the MBP signal (C) or the FLAG signal (F) in the IP products. The experiment of (A) was repeated 4 times, and the experiments of (B to F) were
repeated 3 times. All of the experiments were with similar results, and results from one representative experiment are shown.



2422 | THE PLANT CELL 2023: 35; 2413-2428

showed that GRF6 directly interacted with the C-terminus of
MAPKKKS5 to promote its accessibility by immune-activated
PBL19 (Fig. 6C), revealing a unique mechanism underlying
pattern-triggered MAP kinase activation and immunity.

An previous report showed that Arabidopsis GRFS8 is tar-
geted by the Pst effector HopM1, which suppresses PTI
(Lozano-Duran et al. 2014). Inhibition of 14-3-3 proteins in
Arabidopsis and N. benthamiana plants leads to defects in
PTI including ROS burst and stomatal closure, although the
specific isoforms required remained unknown. Here, we
showed that 14-3-3 isoforms GRF6 and GRF8 are redundantly
required for fig22- and chitin-induced MAP kinase activation,
defense gene expression, and resistance against both bacter-
ial and fungal pathogens. A role of these 2 isoforms in basal
resistance is also consistent with a previous report that GRF6
interacts with RPW8 and is required for basal resistance to
powdery mildew (Yang et al. 2009). Interestingly, g6 g8 double
mutant plants showed a normal ROS burst, suggesting that
other isoforms may play a role in ROS regulation during PTI.
Consistent with this possibility, we found that at least ten dif-
ferent 14-3-3 members can interact with both PBL19 and
PBL20, and that multiple RLCK members can interact with
GRF6 when overexpressed in Arabidopsis protoplasts or N.
benthamiana plants (Fig. 1). Although the BIK1-GRF6 inter-
action was confirmed in the native context, future work is
needed to systematically determine whether interactions of
specific General Regulatory Factors (GRFs) and RLCKs occur
in the native in planta context and whether they regulate dif-
ferent signaling networks in PTl. More importantly, future
work should address not only whether different GRF members
prefer specific target proteins in different signaling networks
but also whether this contributes to different signal outputs.

It has been shown that the tomato 14-3-3 protein TFT7,
which is similar to human 14-3-3¢, interacts with both
SIMAPKKKoa, an ortholog of Arabidopsis MAPKKK3, and
SIMKK2 to positively regulate cell death during ETI (Oh
and Martin 2011; Oh et al. 2010). Overexpression of TFT7 en-
hances SIMAPKKKa stability and enhances MAP kinase acti-
vation. In addition, multiple tomato 14-3-3 proteins have
been shown to contribute to ETI triggered by AvrXv3, al-
though the underlying mechanisms remain unclear (Giska
et al. 2013). GRF6 and GRF8, however, are dispensable for
ETI triggered by multiple effectors. Whereas g6 g8 double mu-
tant plants were impaired in PTI-triggered MAP kinase acti-
vation, they displayed normal extended MAP kinase
activation triggered by Pst avrRpt2. It remains to be tested
whether 14-3-3 isoforms other than GRF6 and GRF8 are in-
volved in ETI in Arabidopsis.

Although numerous reports have indicated that 14-3-3
proteins play an important role in plant immunity by inter-
acting with various target proteins such as Arabidopsis pro-
tein RPW82 and tomato SIMAPKKKa, the underlying
biochemical mechanisms remain poorly understood. Of
note, TFT7 has been proposed to act as scaffold to recruit
and bridge SIMAPKKKa and SIMKK2 to promote MAP kinase
activation during ETI (Oh and Martin 2011). However,
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SIMAPKKKa and SIMKK2 do not seem to directly interact.
Furthermore, TFT7 can also enhance the stability of
SIMAPKKKa (Oh et al. 2010). The exact mechanism by which
TFT7 enhances MAP kinase activation during ETI is not fully
understood. Our study revealed an important mechanism
underlying PTI signaling. We showed that the N-terminus
of MAPKKKS5 interacted with its own C-terminus to prevent
access by PBL19 and subsequent PBL19-induced phosphoryl-
ation. GRF6 interacted with both PBL19 and the MAPKKK5
C-terminus to enable optimum interaction between PBL19
and the MAPKKK5 C-terminus. Thus, GRF6 acts as a scaffold
to assemble PBL19 and MAPKKKS into a competent complex
that is necessary for the phosphorylation of MAPKKK5
C-terminal tail by PBL19. This mechanism likely applies also
to GRF8, as GRF6 and GRF8 isoforms are redundantly re-
quired both for the interaction between PBL19 and
MAPKKKS5 and for pattern-triggered MAP kinase activation.
The PBL19-MEKKT1 interaction similarly required both of the
GRF6 and GRF8 isoforms. Furthermore, multiple RLCKs can
interact with GRF6, suggesting that this mechanism is used
by a variety of PRRs in the activation of MAP kinase cascades.

In summary, our findings have elucidated a unique, de-
tailed mechanism by which 14-3-3 proteins regulate plant
immunity (Supplemental Fig. S10C). The 14-3-3 isoforms
GRF6 and GRF8 act as scaffold proteins that recruit RLCKs
and MAPKKKS5 and facilitate rapid activation of the MAP
kinase cascade. The interaction between these 14-3-3 pro-
teins with the C-terminus of MAPKKK5 exposes its
C-terminus, which is otherwise blocked by an intramolecular
interaction with its own N-terminus. This enables better ac-
cess to and phosphorylation by RLCKs, which is required for
the subsequent activation of the MAP kinase cascade.

Materials and methods

Plant materials and growth conditions

Arabidopsis (A. thaliana) plants used in this study include
Col-0, grf6 (Liu et al. 2017), grf8 (Liu et al. 2017), grf6
grf8 (Liu et al. 2017), grf6 grf8 complemented with GRF6
(Liu et al. 2017), and the GRF6 overexpression line GRF6-OE
(Liu et al. 2017), plus Col-0 and grf6 grf8 transgenic plant lines
carrying MAPKKKS5-HA under the control of its native promoter
(NP,,MAPKKKS5-HA), and a grf6 grf8 transgenic line carrying
the GRF6-HA transgene under the control of the native pro-
moter (NP,,;GRF6-HA; this study). The N. benthamiana plants
used for the luciferase complementation assays and the
Arabidopsis plants used for protoplast transfection and patho-
gen inoculation were grown in soil with a 2:1 ratio of vermiculite
to nutrient soil (Pindstrup, Denmark) at 23 °C with a photo-
period of 10 h white light and 14 h darkness for 4 to 5 wk.
The light source was white fluorescent bulbs (YZ28RR16;
TOPSTAR) providing an intensity of 90 uE m™> s~ ".

Bacterial strains and growth condition
The bacterial strains used in this study include Pseudomonas
syringae pv. tomato DC3000 (Pst DC3000) (Zhou et al. 2015),
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Pst DC3000 cor~ (Zhou et al. 2015), Pst DC3000 hrcC™ (Li
et al. 2014a), Pst DC3000 carrying hopZ1a (Hu et al. 2020),
avrB (Feng et al. 2012), avrRpt2 (Li et al. 2014b), and
avrRps4 (Nie et al. 2012).

These strains were grown on King’s B medium [2.9% (w/v)
Bacto proteose peptone (1264614, Gibco), 0.2% (w/v)
K,HPO, (60353, Sigma), 0.8% (v/v) glycerin (0854,
Amresco), 0.15% (w/v) Mg,SO, (7487-88-9, Sinopharm),
and 1.5% (w/v) agar (A038, Caisson)] containing the appro-
priate antibiotics, and the culture was placed at 28 °C for 2 d.

Plasmid construction and transgenic plants
Constructs used to produce BAK1, BIK1, FLS2, XLG2-NT,
MAPKKKS5, MAPKKK5-N, MAPKKK5-C, and MEKK1-HA/
FLAG proteins under the control of the cauliflower mosaic virus
35S promoter (35S,,,) have been described previously (Bi et al.
2018; Feng et al. 2012; Li et al. 2014; Liang et al. 2016; Wang et al.
2015). To generate GRF6-FLAG, CPK5-FLAG, GRF6-HA,
MAPKKK5-N-HA, and MAPKKK5-C-HA constructs for transi-
ent expression in protoplasts, the appropriate PCR fragments
were cloned into pUC19-35S-HA-RBS or pUC19-35S-Flag-RBS
vector (New England Biolabs, Li et al. 2005) using a
ClonExpress Il One Step Cloning Kit (no. C112; Vazyme
Biotech). To generate GRF6-eGFP and MAPKKKS5-N-eGFP con-
structs for transient expression in protoplasts, the eGFP frag-
ment was fisrt cloned into pUC19-355-HA-RBS vector to
replace its HA-tag (abbreviated as pUC19-355-eGFP), and
then the GRF6 or MAPKKK5-N PCR fragments was cloned
into pUC19-35S-eGFP.

Constructs used to produce BIK1-GST, MAPKKK5-T-GST,
His-PBL19, and His-CERK1-KD have been described previous-
ly (Bi et al. 2018). To generate GRF6-GST, MBP-MAPKKK5-N,
MBP-MAPKKK5-C-K375M, and His-GRF6, the appropriate
PCR fragments were cloned into the pGEX-6p-1 vector (GE
Healthcare) encoding GST tag, pMAL-c2 vector (New
England Biolabs) encoding a maltose-binding protein
(MBP) tag, and pET28a (Novagen) encoding a His tag using
a ClonExpress Il One Step Cloning Kit (no. C112; Vazyme
Biotech), respectively. PBL19, PBL40, PBL14, PBL32, PBL30,
and BIK1 constructs with HA-Nluc-double tag for luciferase
complementation assays have been described previously (Bi
et al. 2018). To generate GRF6-Cluc and CPK5-Nluc for luci-
ferase complementation assays, the appropriate PCR frag-
ments were cloned into pCAMBIA1300-Cluc and
pCAMBIA1300-HA-Nlug, respectively (Liang et al. 2016). All
mutant constructs were generated by site-directed mutagen-
esis. Primers used in this study are listed in Supplemental
Table S2.

To generate NP, GRF6-HA transgenic plants, a 4,435 bp
genomic fragment from Col-0 including 2,625 bp upstream
of the start codon was PCR-amplified and cloned into
pCAMBIA1300 (Cambia; Brisbane, QLD, Australia). To gener-
ate the NP,,,;MAPKKK5-HA transgenic plants, a genomic frag-
ment from MAPKKK5 and the entire coding region was
PCR-amplified and cloned into pCAMBIA1300 (Bi et al.
2018). These constructs were introduced into either g6 g8
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double mutant plants or Col-0 plants by Agrobacterium tume-
faciens (Agrobacterium)-mediated transformation (Clough
and Bent 1998). T3 lines were used for experiments described
in this study.

Antibodies

Commercial monoclonal antibodies used in this study
were: anti-HA (CWBIO, CW0092m), anti-FLAG (Sigma,
F3165-5MG), anti-His  (CWBIO 'CW0286M) "anti-GST
(abcam, ab9085), anti-GFP (RM1008-T), anti-MBP
(BE2020-100), anti-pERK (4370L, Cell Signaling), and
anti-ACTIN (BE0028-100, EASYBIO). Polyclonal antibodies
used include anti-FLS2, anti-BIK1, and anti-BAK1 anti-
bodies, which were generated in rabbits (JV222-RB35) by
immunizing rabbits with recombinant proteins. Specific
anti-pS599 and anti-pS682 antibodies were described previ-
ously (Bi et al. 2018).

In planta bacterial growth assays

For spray inoculations, leaves of 4-week-old Arabidopsis plants
were sprayed with Pseudomonas syringae pv. tomato (Pst)
DC3000 bacteria at 5x 10® colony-forming units/mL, and the
number of bacterial in leaves was determined 3 d later.
Briefly, leaf discs of 5 mm in diameter were punched from leaves
with a cork borer and ground in microfuge tubes with a pestle
placed on a handrill. The bacterial suspension was serial-diluted
and plated on TSA agar medium [1% (w/v) Bacto™ tryptone
(211705, BD), 1% (w/v) sucrose (0335, Amresco), 8% (v/v) glu-
tamic acid (G1626, Sigma), 0.1% (w/v) Mg,SO,, and 1.5% (w/v)
agar] with appropriate antibiotics. The plates were incubated at
28 °C for 2 d, the colony-forming units (CFUs) were counted.

For bacterial entry assays, leaves of 4-week-old plants were
incubated in water overnight and then soaked in a Pst
DC3000 cor~ bacterial suspension (2 x 10® CFU/mL) con-
taining 0.02% (v/v) Silwet L-77 (Coolaber, CS9791-10 mL)
for 1.5 h. The leaves were then washed in sterile H,O contain-
ing 0.02% (v/v) Silwet L-77 in a 3 L beaker on a magnetic stir
for 30 s to remove surface bacteria, and the number of bac-
teria in leaves was determined as above.

For fig22 (synthesized by Sangon Biotech and dissoveled in
H,O)-protection assays, leaves of 4-week-old Arabidopsis
plants were syringe-infiltrated with 1 uM fig22 or H,0O 1d be-
fore syringe infiltration of Pst DC3000 at 1% 10° CFU/mL.
The number of bacterial in leaves was determined 2 d later.

To perform bacterial growth assays for ETI, leaves of
4-week-old Arabidopsis plants were infiltrated using a nee-
dleless syringe with bacterial strains at 1x 10° colony-
forming units/mL using a needleless syringe. The number
of bacteria in leaves was determined 3 d later. The bacterial
strain Pst DC3000 and Pst DC3000 strains carrying either
hopZ1a, avrB, avrRpt2, or avrPS4 were used in this work.

For Botrytis cinerea inoculation, the central vein of leaves of
4-week old Arabidopsis plants was punctured with a needle,
and a 5-uL droplet of conidial suspension (5 x 10> conidia/
mL) was placed on the wound. Lesion sizes were measured
3 d later.
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Stomatal aperture measurements

Four-week-old plants were kept under light for 3 h to fully
open the stomata. Epidermal peels were collected with for-
ceps from the abaxial side of rosette leaves and floated either
in mock solution (suspension buffer without bacteria) or in
suspension buffer [10 MM MES (E169, Amresco), pH 6.15,
10 mM  KCl (0395, Amresco), 10 mM CaCl, (0556,
Amresco)] containing Pst DC3000 hrcC~ at 5x 10° CFU/
mL for 1h. Stomata were examined with a microscope
(Axio Imager.A2; Zeiss) under bright field using the 403 ob-
jective lens, and images were captured by using the ZEN
lite software. Stomatal aperture was calculated using Image J.

Callose deposition

The procedure to measure callose induction was adapted
from Clay et al. (2009). Briefly, Arabidopsis seeds were germi-
nated in 1/2-strength MS medium containing 0.23% (w/v)
MS Salt (M519, Phytotech), 1.5% (w/v) Sucrose (0335,
Amresco), and 0.3% (w/v) Phytagel (P8169, Sigma) with the
pH adjusted to 5.8 with T M KOH (1310-58-3, Sinopharm)
(Zhang et al. 2010) and grown in growth chamber
(CU-36L5, Percival) at 22 °C with a photoperiod of 16 h light
and 8 h darkness for 8 d. Seedlings were treated with H,O or
1 mM fig22 for 18 h. Epifluorescence images were then cap-
tured under ultraviolet light with a fluorescence microscope
(Axio Imager.A2; Zeiss). The number of callose deposits per
0.1 mm? was calculated by using Image J software.

Mass spectrometric analysis of PBL19- and
PBL20-interacting proteins

IP-coupled mass spectrometric analysis was performed as
previously described (Li et al. 2014). Briefly, Arabidopsis pro-
toplasts expressing PBL19-FLAG or PBL20-FLAG were treated
with flg22, lysed in 20 mL IP buffer [50 mM HEPES (H3375,
Sigma), pH 7.5, 50 MM NaCl (X190, Amresco), 0.2% Triton
X-100 (AP093, GPC), 1 mM DTT (0281, Amresco), 1X prote-
ase inhibitor cocktail (04693116001, Roche)]. After IP with
anti-FLAG agarose beads, the eluted proteins were run
on a 4% to 10% SDS-PAGE gel (Invitrogen), stained with col-
loidal, and protein bands were digested in-gel with trypsin.
After extraction, the peptides were separated by an analytical
capillary column (50 um X 10 cm) packed with 5 pm spher-
ical C18 reversed phase material (YMC, Kyoyo, Japan). The
eluted peptides were sprayed into a LTQ mass spectrometer
(Thermo Fisher Scientific; San Jose, CA, USA) equipped with a
nano-ESI ion source. Database searches were performed on
an in-house Mascot server (Matrix Science Ltd, London,
UK) against International Protein Index Arabidopsis protein
database.

Reverse transcription quantitative PCR

Ten-day-old seedlings grown on 1/2-strength MS were
sprayed with 1uM flg22 or 200 pg/mL chitin (C9752,
Sigma) dissolved in H,O and harvested at the indicated
time points. Total RNA was extracted using the RNeasy
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Plant Mini Kit (Qiagen). cDNA was synthesized with the first-
strand cDNA synthesis kit (Thermo), quantitative PCR was
performed in triplicate for each cDNA sample, and the rela-
tive expression levels were normalized to the ACTINT gene.

MAP kinase activation assay

Ten-day-old Arabidopsis seedlings grown on 1/2-strength
MS medium were sprayed with 1 uM fig22 or 200 pug/mL chi-
tin. For bacterium-triggered MAP kinase activation, leaves of
4-week-old Arabidopsis plants were infiltrated with Pst
DC3000 or Pst DC3000 AvrRpt2 at 1X 10° colony-forming
units/mL, and samples were harvested at the indicated
time points. Leaves were ground in liquid nitrogen with a
grinding rod and extracted using IP buffer (50 mM
HEPES-KOH, pH 7.5, 150 mM KCl, 1 mM EDTA (BG292,
Dogesce), 0.3% Triton X-100, 1 mM DTT, and 1X complete
protease inhibitors and analyzed by immunoblotting with
an anti-pERK antibody (4370; Cell Signaling Technology) at
1:4000 dilution. An anti-ACTIN immunoblot was used as a
loading control at 1:3000 dilution. The accumulation of phos-
phorylated MPKs (pMPKs) indicates MAP kinase activation.

Oxidative burst assay

Leaves of 4-week-old plant leaves were sliced into approxi-
mately 1 mm strips, incubated overnight in water in a
96-well plate, and then treated with 1 uM fig22, 1 UM pep2,
which is a peptide recognized by PEPTIDE 1 RECEPTOR 2
(PEPR2), 1 uM elf18, or 200 pg/mL chitin in 100 pL of buffer
[20 mM luminol (A4685, Sigma) and 10 mg/mL horseradish
peroxidase (P1709, Sigma)]. Luminescence was recorded using
the EnSpire Multimode plate reader (Perkin Elmer).

Co-immunoprecipitation assays

Co-IP in protoplasts was performed as previously described (Li
et al. 2014). Briefly, protoplasts of the desired genotypes were
transfected with the indicated plasmids and incubated over-
night. Protoplasts were then lysed in IP buffer and total protein
was incubated with 40 pL agarose-conjugated anti-FLAG anti-
body (A2220, Sigma) for 2 h to enrich FLAG-tagged proteins.
The beads were washed 3 times with IP buffer, and the bound
protein was eluted with IP buffer containing 0.5 mg/ml 3 X
FLAG peptide (F4799, Sigma).

For anti-HA IP in Arabidopsis plants, 10-day-old plants
were used for protein extraction. The protein was precleared
with protein A agarose (83219, Sigma) for 1 h and then incu-
bated with an anti-HA antibody (CW0092m, CWBIO) and
protein A agarose for 2 h. The agarose beads were washed
as in co-IP in protoplasts and boiled with SDS loading buffer
to elute the bound protein [1 M Tris-HCI (pH 6.8), 6% (w/v)
SDS (11667289001, Roche), 40% (v/v) Glycerin (0854,
Amresco), 0.032% (w/v) bromophenol blue (BES-0490BR,
BIOSEN), and 1.7% (v/v) B-mercaptoethanol (B0452, New
England BioLabs)].

Eluted proteins from co-IP described above were separated
in 10% SDS-PAGE gels and detected by immunoblotting
using anti-FLAG and anti-HA antibodies (1:3,000 dilution),
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anti-FLS2 and anti-BAK1 antibodies (1:1,000 dilution), and
anti-BIK1 antibodies (1:500 dilution).

Split-luciferase complementation assays
Split-luciferase complementation assays were performed
as described previously (Chen et al. 2008). Briefly,
Agrobacterium strain GV3101 containing the indicated con-
struct was syringe-infiltrated into expanded leaves of 6-week-
old N. benthamiana plants. Leaf discs with of 5 mm in diam-
eter were harvested 2 d after inoculation with a cork borer
and placed in a 96-well plate with the luciferase
(10476498001, Roche). The luc activities were recorded using
the EnSpire Multimode plate reader (Perkin Elmer).

In vitro pull-down assays

Recombinant proteins were expressed in E. coli and affinity-
purified using glutathione-Sepharose for GST-tagged proteins
(17-0756-01, GE Healthcare), Ni-Sepharose (30210, Qiagen) for
His-tagged proteins, or amylose resin (E8021L, New England
BioLabs) for MBP-tagged proteins, respectively. For GST pull-
down assays, 2.5 pg of the appropriate tagged protein was in-
cubated with 25 pL glutathione agarose beads in 200 puL GST
binding buffer [25 mM Tris-HCl (10812846001, Roche), pH 7.5,
100 mM NaCl, T mM DTT] for 2 h at 4 °C, washed 3 times with
GST wash buffer (25 mM Tris-HCl, pH 7.5, 300 mM NadCl,
1 mM DTT), and then eluted with GST elution buffer contain-
ing 15 mM GSH (G4251, Sigma). MBP pull-down assays were
similarly performed with different binding buffer (20 mM
Tris-HCI, pH 7.4, 1.17% (w/v) NaCl and 1 mM EDTA) and elu-
tion buffer [20 mM Tris-HCI, pH 7.4, 1.17% (w/v) NaCl, 1 mM
EDTA and 0.004% meltose (BES-0798BR, BIOESN)]. The pres-
ence of GST-tagged, His-tagged, and MBP-tagged proteins
was examined by immunoblotting using anti-GST (1:2,000 di-
lution), anti-His (1:2,000 dilution), or anti-MBP antibodies
(1:3,000 dilution).

In vitro kinase assay and detection of MAPKKK5
phosphorylation

For in vitro kinase assays, 200 ng His-CERK1-KD, 200 ng
His-PBL19, or 200 ng His-GRF6 protein was incubated with
2 ug MAPKKKS5-T-GST in 20 pL reaction buffer [25 mM
Tris-HCI, pH 7.5, 10 mM MgCl, (7791-18-6, HARVEYBIO),
1mM DTT, and 100 mM ATP (18330019, Invitrogen)] for
30 min at 30 °C. The reaction was stopped by boiling in the
SDS loading buffer. The phosphorylation state of proteins
was detected by phos-tag or immunoblotting using antibodies
recognizing specific phosphorylated peptides.

Protein samples from the in vitro kinase assay were subjected
to phos-tag assays to detect protein phosphorylation. Briefly,
samples were electrophoresed in 10% SDS-polyacrylamide
gels containing 100 uM  MnCl, and 50 pM  Phos-tag
Acrylamide AAL-107 (NARD Institute). The gel was then incu-
bated in transfer buffer lacking methanol (20 mM Tris, pH 7.4,
and 150 mM glycine) containing T mM EDTA for 10 min and
subsequently incubated in the transfer buffer lacking EDTA
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for 10 min. Proteins were then transferred to PVDF membranes
and detected by immunoblotting using an anti-GST monoclo-
nal antibody (AB101-02; Tiangen) at 1:2000 dilution.

Phosphorylation of specific MAPKKKS5 residues in in vitro
phosphorylated protein and seedling proteins was detected
by immunoblotting using anti-pS599 and anti-pS682 anti-
bodies at 1:500 dilution (Bi et al. 2018).

Statistical analyses

Statistical analyses were performed using GraphPad Prism
version 8, GraphPad Software. Statistical data are provided
in Supplemental Data Set S1, and source data are provided
in Supplemental Data Set S2.

Accession numbers

Sequence data for genes described in this article can be found
in the TAIR database (https://www.arabidopsis.org) and
GenBank data libraries under the following accession numbers:
AT5G61210 for SNAP33, AT3G19380 for PUB25, AT3G20250
for PUM5, AT5G66470 for ERA1, AT2G01210 for ORPK1,
AT4G09000 for GRF1, AT1G78300 for GRF2, AT5G38480 for
GRF3, AT1G35160 for GRF4, AT5G16050 for GRFS5,
AT5G10450 for GRF6, AT3G02520 for GRF7, AT5G65430 for
GRF8, AT2G42590 for GRF9, AT1G22300 for GRF10,
AT5G46330 for FLS2, AT4G33430 for BAK1, AT4G34390 for
XLG2, AT2G19190 for FRK1, AT2G14610 for PR1, AT3G45640
for MPK3, AT4G01370 for MPK4, AT2G43790 for MPKG,
AT5G66850 for MAPKKKS, AT4G08500 for MEKKT,
AT2G39660 for BIK1, AT5G47070 for PBL19, AT5G03320 for
PBL40, AT2G05940 for PBL14, AT2G17220 for PBL32,
AT4G35600 for PBL30, AT4G23650 for CPK3, AT4G35310 for
CPK5, At1G17750 for PEPR2, At3G21630 for CERK1,
At2G37620 for ACTIN1, AAR02168 for hopZ1a, M21965 for
avrB, L11355 for avrRpt2, and L43559 for avrRps4.
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