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SUMMARY
Phosphatidic acid (PA) and reactive oxygen species (ROS) are crucial cellular messengers mediating diverse
signaling processes in metazoans and plants. How PA homeostasis is tightly regulated and intertwined with
ROS signaling upon immune elicitation remains elusive. We report here that Arabidopsis diacylglycerol ki-
nase 5 (DGK5) regulates plant pattern-triggered immunity (PTI) and effector-triggered immunity (ETI). The
pattern recognition receptor (PRR)-associated kinase BIK1 phosphorylates DGK5 at Ser-506, leading to a
rapid PA burst and activation of plant immunity, whereas PRR-activated intracellular MPK4 phosphorylates
DGK5 at Thr-446, which subsequently suppresses DGK5 activity and PA production, resulting in attenuated
plant immunity. PA binds and stabilizes the NADPH oxidase RESPIRATORY BURST OXIDASE HOMOLOG D
(RBOHD), regulating ROS production in plant PTI and ETI, and their potentiation. Our data indicate that
distinct phosphorylation of DGK5 by PRR-activated BIK1 and MPK4 balances the homeostasis of cellular
PA burst that regulates ROS generation in coordinating two branches of plant immunity.
INTRODUCTION

Metazoans and plants have evolved complex innate immune

systems to fend off microbial infections.1–5 The plasma mem-

brane (PM)-resident pattern recognition receptors (PRRs)

perceive microbe- or pathogen-associated molecular patterns

(MAMPs/PAMPs) to initiate pattern-triggered immunity (PTI).6–9

The plant intracellular immune receptors are predominantly

nucleotide-binding leucine-rich repeat proteins (NLRs), which

sense effectors secreted by pathogens to activate effector-trig-

gered immunity (ETI).10,11 PRR and NLR activation triggers a

plethora of overlapping signaling responses yet with different

strengths and temporal dynamics, including the production of

reactive oxygen species (ROS), activation of mitogen-activated

protein kinases (MAPKs), and transcriptional reprogramming of

defense-associated genes.12,13 PRR and NLR signaling con-

verges at multiple modules and mutually potentiates each other

for an integrated and robust plant immunity.14–17

Lipid signaling plays a crucial role in diverse cellular and phys-

iological processes, including immune responses, across all

kingdoms of life.18–20 Phosphatidic acid (PA), mainly present in

cell membranes, functions as a universal second messenger

relaying multiple cellular signaling events.20,21 PA can be gener-
ated by different enzymatic reactions, including diacylglycerol

kinase (DGK)-mediated phosphorylation of diacylglycerol

(DAG), and phospholipase D (PLD)-mediated hydrolysis of

membrane phospholipids, such as phosphatidylcholine (PC)

or phosphatidylethanolamine (PE). DAG is generated by

phospholipase C (PLC) family proteins that hydrolyze phospha-

tidylinositol 4-mono phosphate (PIP) and phosphatidylinositol

4, 5-bisphosphate (PIP2). Arabidopsis contains 12 PLDs, 7

DGKs, and 9 PLCs.20,21 Plant non-specific phospholipase C

(NPC) could also generate DAG from structural phospholipids.22

Unlike animals, plants have a high abundance of DAG and lack

protein kinase C, which underpins the importance of PA gener-

ated from DAG in signal transduction.23

In plants, PA production is rapidly induced by multiple abiotic

stresses, including submergence, hypoxia, osmotic stress,

and temperature changes, involving both PLD and DGK path-

ways.21,24–26 MAMPs and pathogen effectors could also induce

a transient spike of PA.27–32 In addition, PLDs and PLCs have

been shown to regulate PTI signaling,28,33–35 supporting the

importance of PA in plant immunity. However, how PA burst is

generated and dynamically regulated upon immune activation,

and how it mediates the immune signaling network remains

elusive.
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RESULTS

BIK1 interacts with DGK5
BOTRYTIS-INDUCED KINASE 1 (BIK1), a PM-resident receptor-

like cytoplasmic kinase (RLCK), associates with multiple

PRRs and relays diverse signaling events, including ROS

burst and cytosolic calcium rise via phosphorylation of nicotin-

amide adenine dinucleotide phosphate (NADPH) oxidase

RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD) and

calcium-permeable channels, respectively.36–39 To gain insight

into the PRR complex activation and signaling relay, we carried

out a yeast two-hybrid screen for BIK1-interacting proteins using

BIK1G2A, carrying amutation in themyristoylationmotif for its PM

association, as the bait toward the Arabidopsis cDNA library,40

and identified DGK5 as a BIK1 interactor (Figures S1A–S1C).

DGK5 contains an amino (N)-terminal catalytic domain (DGKC),

an accessory domain (DGKA), and a calmodulin-binding domain

(DGKCBD) (Figure S1A).25 Co-immunoprecipitation (coIP) assays

showed that BIK1 immunoprecipitated with DGK5 inArabidopsis

protoplasts (Figure S1D) and in transgenic plants expressing

DGK5-HA under its native promoter and BIK1-GFP under the

cauliflower mosaic virus (CaMV) 35S promoter (Figure 1A). The

association between BIK1 and DGK5 was reduced upon treat-

ment with flg22, a 22-amino acid synthetic peptide of bacterial

flagellin (Figures 1A and S1D). An in vitro pull-down assay

showed that recombinant glutathione S-transferase (GST)-

tagged DGK5 pulled down maltose-binding protein (MBP)-

tagged BIK1 (Figure 1B). Further, bimolecular fluorescence

complementation (BiFC) assays showed that BIK1 was associ-

ated with DGK5 on the PM (Figure S1E). Moreover, Förster reso-

nance energy transfer (FRET)-fluorescence lifetime imaging

(FLIM) experiments revealed that BIK1-GFP was in the close vi-

cinity of DGK5-mCherry but not the receptor kinase (RK) BAK1-

INTERACTING RECEPTOR-LIKE KINASE 2 (BIR2)-mCherry

(Figures 1C and 1D). Notably, we did not observe an interaction

of DGK5 with the flg22 receptor FLAGELLIN SENSING 2 (FLS2)

or its coreceptor BRASSINOSTEROID INSENSITIVE 1 (BRI1)-

ASSOCIATED KINASE 1 (BAK1) (Figure S1F).

DGK5 regulates PTI
The flg22-induced ROS burst was reduced in dgk5-1

(sail_1212_e10) and dgk5-2 (sail_127_b03) mutants (Figures 1E,

S1G, and S1H). Transgenic plants expressing DGK5-HA under

its native promoter (line 1 [L1] and L2) in dgk5-1 complemented

flg22-induced ROS burst to the wild-type (WT) level (Figures 1F

and S1I). The expression of early PTI-responsive genes

(WRKY29 and FRK1) and late defense genes (PR1 and PR5)

was reduced in dgk5-1 upon flg22 treatment or Pseudomonas

syringae pv. tomato (Pst) DC3000 infection (Figures 1G and

1H). Consistently, the accumulation and secretion of PR1 pro-

teins induced by Pst DC3000 were reduced in dgk5-1 (Figure 1I).

Moreover, flg22-induced stomatal closure was compromised in

dgk5-1 compared with WT plants (Figure 1J). Yet, flg22-induced

MAPK activation did not show a detectable difference between

WT and dgk5-1 (Figures S1J and S1K). Furthermore, dgk5 mu-

tants exhibited enhanced susceptibility to the virulent bacterium

P. syringae pv. maculicola (Psm) ES4326, Pst DC3000, and ne-

crotrophic bacterium Erwinia carotovora subsp. carotovora
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SCC1 (Figures 1K and S1L–S1N). Notably, DGK5 complementa-

tion lines restored the disease susceptibility to the WT

level (Figures 1K, S1M, and S1N). In addition, flg22-primed

plant resistance against Pst DC3000 was reduced in dgk5-1

comparedwithWT plants (Figure 1L). Together, our data demon-

strate that DGK5 is an essential component in PTI signaling and

plant immunity.
Multiple MAMPs induce dynamic phosphorylation
of DGK5
DGK5 displayed a mobility shift in regular immunoblotting upon

flg22 treatment (Figures 1A and S1D). We also detected an addi-

tional migration band of DGK5 upon flg22 treatment in the upper

part of Phos-tag gels (Figures 2A, top panel, and S2A), implying

that DGK5 probably possesses multiple phosphorylation pat-

terns upon immune elicitation. We named the lower and upper

migration bands of phosphorylated DGK5 as pDGK5-L and

pDGK5-U, respectively. The phosphorylation of DGK5 was

confirmed with a kinase inhibitor K252a and lambda phospha-

tase (l-PP), which blocked or removed flg22-induced DGK5

mobility shifts, respectively (Figures 2B and 2C). The flg22-

induced phosphorylation of pDGK5-U occurred as early as

1 min, reaching its peak at 2–3 min, whereas pDGK5-L phos-

phorylation became evident at 2 min and reached its peak at

5 min (Figure 2A). Both pDGK5-U and pDGK5-L gradually re-

turned to the basal level by 90 min. Apparently, pDGK5-U phos-

phorylation occurred slightly earlier than pDGK5-L phosphoryla-

tion. The flg22-induced phosphorylation of DGK5 no longer

occurred in fls2 but could be restored by expressing FLS2 (Fig-

ure S2B). Consistently, a similar phosphorylation pattern of

DGK5 upon flg22 treatment was observed in DGK5-HA trans-

genic plants in dgk5-1 (Figure S2C). In addition to flg22, other

MAMPs and phytocytokines, including elf18 (an 18-aa synthetic

peptide from bacterial elongation factor-Tu), chitin, Pep1

(a plant-derived phytocytokine), pg23 (a 23-aa synthetic peptide

from fungal endopolygalacturonase), and nlp20 (a 20-aa syn-

thetic peptide from necrosis and ethylene-inducing peptide

1-like proteins), also induced DGK5 phosphorylation (Figure 2D).

Together, the data support that multiple MAMPs induce two

distinct phosphorylation patterns of DGK5.
BIK1 phosphorylates DGK5 at Ser506

Overexpression of BIK1, but not BIK1KM (BIK1 kinase-dead

mutant),41 markedly enhanced pDGK5-U, but not pDGK5-L,

upon flg22 treatment (Figure 2E). Consistently, pDGK5-U, but

not pDGK5-L, induced by flg22 was reduced in bik1 (Figure 2F),

supporting that BIK1 is required for the phosphorylation of

pDGK5-U but not pDGK5-L. An in vitro kinase assay indicates

that recombinant GST-BIK1, but not GST-BIK1KM, phosphory-

lated DGK5 (Figure 2G). Phosphorylation of DGK5 appeared to

be specific as MBP-BAK1CD (BAK1 cytosolic domain), phos-

phorylated BIK1 but not DGK5 (Figure 2G). Furthermore,

RLCKs AVRPPHB SUSCEPTIBLE 1-LIKE 30 (PBL30) and

PBL31, which are involved in pg23- and nlp20-activated PRR

signaling,17 also phosphorylated DGK5 in vitro (Figure S2D).

pg23 and nlp23 are perceived by RECEPTOR-LIKE PROTEIN

42 (RLP42) and RLP23, respectively.42,43 Collectively, the data
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Figure 1. DGK5 interacts with BIK1 and regulates PTI signaling

(A) BIK1 associates with DGK5 in Arabidopsis transgenic plants. 2-week-old transgenic seedlings carrying pDGK5::DGK5-HA/p35S::BIK1-GFP or

pDGK5::DGK5-HAwere treated with 0.2 mMflg22 for 10min. Proteins were immunoprecipitatedwith GFP-trap agarose and analyzed by immunoblotting (IB) with

a-HA or a-GFP antibodies (top two) with input proteins shown (bottom two). The molecular weight (kDa) is labeled on the left of regular SDS-PAGE in this study.

(B) BIK1 interacts with DGK5 in a pull-down assay. Eluted proteins were subjected to immunoblotting with a-HA antibodies (top). Input proteins are shown by

Coomassie brilliant blue (CBB) staining.

(C and D) BIK1 interacts with DGK5 in a FRET-FLIM assay. Localization of GFP-fused proteins and mCherry-fused proteins in protoplasts is shown (C). The

lifetime (t) distribution and apparent FRET efficiency are presented as pseudocolor images according to the scale (C). Scale bars, 10 mm. Quantification of GFP

fluorescence lifetime (t) is shown as mean ± SEM (n = 14) (D).

(E) DGK5 is required for flg22-induced ROS burst. Leaf discs from 4-week-old soil-grown plants were treated with or without 0.1 mM flg22, and ROS production

was measured as relative light units (RLUs) by a luminometer. Data represent mean ± SEM (n = 12).

(F)DGK5-HA restores flg22-induced ROS burst in dgk5-1. L1 and L2 are complementation lines of pDGK5::DGK5-HA in dgk5-1. Data represent mean ± SEM (n =

24 for WT; n = 32 for dgk5-1 and L1; n = 28 for L2).

(G) Reduced expression ofWRKY29 and FRK1 in dgk5-1. 10-day-old seedlings were treated without (0 h) or with 0.1 mM flg22. Gene expression was normalized

to UBQ10 and presented as fold change relative to WT 0 h treatment. Data represent mean ± SD (n = 3).

(H) Reduced expression of PR1 and PR5 in dgk5-1. 4-week-old soil-grown plants were inoculated with Pst DC3000 at 53 105 colony-forming unit (CFU)/mL, and

samples were collected at 24 h post-inoculation (hpi).

(I) Reduced total and secreted PR1 proteins in dgk5-1. 4-week-old soil-grown plants were hand-inoculated with Pst DC3000 at 5 3 105 CFU/mL. PR1 proteins

were detected with a-PR1 antibodies with protein loading shown by Ponceau S staining for Rubisco (RBC).

(J) Compromised flg22-induced stomatal closure in dgk5-1. Stomatal apertures were measured after 0.1 mM flg22 treatment for 2 h under light. Data represent

mean ± SD.

(K) Increased susceptibility to Psm ES4326 in dgk5-1. 4-week-old soil-grown plants were hand-inoculated with Psm at 53 105 CFU/mL. Data represent mean ±

SEM (n = 6).

(L) Compromised flg22-induced resistance to PstDC3000 in dgk5-1. 4-week-old soil-grown plants were pre-infiltrated with 0.1 mMflg22 or ddH2O for 24 h before

Pst DC3000 hand-inoculation at 5 3 105 CFU/mL. Data represent mean ± SEM (n = 6).

Experiments were repeated three (A–I) or four (J–L) times with similar results. Data were analyzed by unpaired two-tailed Student’s t test (G, H, and K) or one-way

ANOVA followed by the Tukey’s test (D, J, and L).

See also Figure S1.
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Figure 2. MAMP-activated BIK1 phosphorylates DGK5 at Ser506

(A) Flg22 induces two DGK5 phosphorylation patterns. Proteins from protoplasts expressing DGK5-HA upon 0.1 mM flg22 treatment were separated with Mn2+-

Phos-tag (top two) or regular SDS-PAGE (middle two), followed by immunoblotting with a-HA antibodies. pDGK5-U and pDGK5-L indicate the upper and lower

shifted bands of phosphorylated DGK5, respectively. Protein loading is shown by CBB staining for RBC. Quantification of pDGK5-U and pDGK5-L represents the

ratio of phosphorylated to unphosphorylated DGK5 analyzed by ImageJ (bottom two). Data represent mean ± SD (n = 3). Different letters denote statistically

significant differences according to one-way ANOVA followed by the Tukey’s test (p < 0.05).

(B and C) K252a blocks (B) and l-phosphatase removes (C) flg22-induced DGK5 phosphorylation. Protoplasts expressing DGK5-HA were pre-treated with 1 mM

K252a for 30 min before 0.1 mM flg22 treatment for 10 min. For l-phosphatase treatment, cell extracts from protoplasts expressing DGK5-HA were treated with

1.0 mL (400 U) l-phosphatase (l-PPase) for 1 h at 30�C.
(D) Multiple MAMPs induce DGK5 phosphorylation. Protoplasts expressing DGK5-HA were treated with 0.1 mM flg22, 1 mM elf18, 0.1 mM pep1, or 100 mg/mL

chitin for 10 min, 1 mM pg23 or nlp20 for 30 min.

(E) BIK1, not BIK1KM, enhances flg22-induced pDGK5-U phosphorylation. Protoplasts co-expressing DGK5-HA with BIK1-FLAG or BIK1KM-FLAG were treated

with or without 0.1 mMflg22 for 10min. Quantification was performed as in (A). The value of Ctrl (empty vector) with flg22 treatment was set as 1.0. Data represent

mean ± SD (n = 3) analyzed by unpaired two-tailed Student’s t test.

(F) The flg22-induced pDGK5-U phosphorylation is reduced in bik1. The experiment and quantification were performed as in (E) (n = 3).

(G) BIK1 phosphorylates DGK5 in vitro. The kinase assay was performed using GST-tagged proteins. Phosphorylation was analyzed by autoradiography (top)

with protein loading shown by CBB staining.

(H) DGK5S506 is a conserved phosphorylation site by BIK1. Phosphorylation motif pS-xx-L was generated by WebLogo 3 using BIK1-phosphorylated sites of

RBOHD, CNGC2, and CNGC4.

(I) DGK5S506 is required for BIK1 phosphorylation with the in vitro kinase assay.

(J) DGK5S506 is required for flg22-induced phosphorylation of pDGK5-U, but not pDGK5-L.

(K) Ser506 is not in the interface of BIK1-DGK5 complex predicted by AlphaFold2. Ser506 and Thr446 are marked in gray and green, respectively. Residues in the

interface of BIK1 and DGK5 are marked in yellow and pink, respectively. N and C represent N and C termini of BIK1 (cyan) and DGK5 (purple).

(L) DGK5S506 is a conserved site across plant species. Multiple sequence alignment and WebLogo analyses of DGK5 residues surrounding AtDGK5S506 from

different plant species listed in the figure legend of Figure S2J are shown. The conserved serine residue is boxed in pink.

Experiments were repeated three times (A–F and I) or twice (G and J) with similar results.

See also Figure S2.
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suggest that DGK5 is involved in both RK and RLP signaling

through RLCK-mediated phosphorylation.

To identify BIK1-mediated DGK5 phosphorylation sites, we

aligned phosphorylation sites of BIK1’s known substrates,

including RBOHD, CYCLIC NUCLEOTIDE-GATED CHANNEL 2

(CNGC2), and CNGC4,37–39 and identified a consensus

sequence of pS-x-x-L, of which the third amino acid following

the phosphorylated serine (Ser) is leucine (Leu), and x represents

any amino acid (Figure 2H). DGK5 harbors this motif (S506-H-V-L)

at its C terminus (Figures 2H and S2E). We mutated Ser506 of

DGK5 to alanine (A) (DGK5S506A), as well as serine residues

(Ser495 and Ser500) close to Ser506 (Figure S2E). BIK1 phosphor-

ylated DGK5, DGK5S495A, and DGK5S500A, but not DGK5S506A

(Figure 2I). Additionally, flg22-induced phosphorylation of

pDGK5-U, but not pDGK5-L, was abolished in DGK5S506A (Fig-

ure 2J). Thus, BIK1 phosphorylates DGK5 at Ser506, which ac-

counts for flg22-induced phosphorylation of pDGK5-U, but not

pDGK5-L.

AlphaFold structural analysis showed that Ser506 locates in a

disordered region of DGK5 (Figure S2F). The AlphaFold-pre-

dicted BIK1 structure overlaid with the crystal structure of

BIK1 truncation (52–360 aa),44 which does not include the

disordered regions at N and C termini (Figure S2G). We further

predicted the BIK1-DGK5 complex structure using the

ColabFold platform based on the AlphaFold2 source code.45

BIK1 interfaces with DGK5 in a region without Ser506 (Fig-

ure 2K), hinting that BIK1 docks and phosphorylates different

sites of DGK5. Consistently, coIP and pull-down assays

showed that DGK5S506A did not affect its interaction with

BIK1 (Figures S2H and S2I).

Interestingly, Ser506 is uniquely present in DGK5 but not in

other Arabidopsis DGK members (Figure S2E). In addition,

phylogenetic analysis showed that DGK5 is broadly conserved

across plant species (Figure S2J), and Ser506 is conserved

among DGK5 orthologs (Figure 2L), suggesting that DGK5S506

phosphorylation might represent a conserved mechanism in

mediating immune signaling.

MPK4 phosphorylates DGK5 at Thr446

To gain insight into flg22-induced phosphorylation of pDGK5-L,

we expressed DGK5-FLAG in Arabidopsis protoplasts treated

with flg22 and isolated bands corresponding to DGK5 for liquid

chromatography-tandem mass spectrometry (LC-MS/MS) anal-

ysis (Figure S3A). Seven phosphorylated sites were identified,

with four (Thr446, Ser463, Thr478, and Ser488) bearing high confi-

dence (Figures 3A and S3B). Alanine substitution showed that

DGK5T446A, but not others, blocked flg22-induced phosphoryla-

tion of pDGK5-L (Figures 3B and S3C), but not the phosphoryla-

tion of pDGK5-U (Figure 3C). The data support that flg22 treat-

ment induces two uncoupled phosphorylation events of DGK5

with Ser506 by BIK1 and Thr446 by another kinase.

DGK5T446 resides in the sequence of 443DPSTPR448 (Fig-

ure S3D), which bears the MAPK consensus phosphorylation

site (PxpS/pTP).46 This prompted us to test whether flg22-

induced pDGK5-L is mediated by MAPKs. Treatment with

MAPK inhibitor PD184161 or co-expression of MAPK phospha-

tase MKP reduced flg22-triggered pDGK5-L phosphorylation

(Figure 3D, 2nd panel) but did not affect pDGK5-U phosphoryla-
tion (Figure 3D, top panel), highlighting the involvement of

MAPKs in pDGK5-L phosphorylation. Perception of flg22 in-

duces two parallel MAPK cascades, leading to the activation of

MPK3/MPK6 and MPK4, respectively.47–49 Remarkably, flg22-

induced pDGK5-L (DGK5T446) phosphorylation was reduced in

mpk4 compared with Ler-0 control plants (Figure 3E) and re-

mained unchanged in mpk6/amiR-MPK3 plants (Figure S3E), in

which MPK3 was silenced by an inducible artificial microRNA

inmpk6,50 suggesting the requirement of MPK4 in flg22-induced

DGK5T446 phosphorylation. Consistently, overexpression of

MPK4 enhanced flg22-induced pDGK5-L phosphorylation

(Figure S3F). MPK4-FLAG immunoprecipitated from flg22

treated-protoplasts phosphorylated GST-DGK5, but not GST-

DGK5T446A proteins (Figure 3F), corroborating that MPK4 phos-

phorylates DGK5 at Thr446. DGK5T446 is not conserved among

different DGK members in Arabidopsis (Figure S3D), but the

MAPK phosphorylation site containing Thr446 is highly conserved

among DGK5 orthologs across different plant species (Fig-

ure S3G), implying a conserved MAPK-mediated phosphoryla-

tion of DGK5.

MPK4 interaction with DGK5 was confirmed by coIP assays in

protoplasts (Figure S3H) and pDGK5::DGK5-HA/dgk5-1 trans-

genic plants (Figure 3G). The association of DGK5 with endoge-

nous MPK4 was reduced upon flg22 treatment when DGK5 was

expressed under the native promoter (Figure 3G). GST-DGK5,

but not GST, could pull down HIS-MPK4 (Figure S3I). Further-

more, DGK5-GFP was in the close vicinity of MPK4-mCherry,

but not BIR2-mCherry, with a FRET-FLIM assay (Figures 3H

and 3I). Notably, DGK5T446A did not affect its interaction with

MPK4 (Figures S3I and S3J), consistent with the predicted

MPK4-DGK5 complex structure showing that DGK5T446 is not

at the interface of MPK4 and DGK5 (Figure 3J). Taken together,

the data suggest that MPK4 interacts with and phosphorylates

DGK5 at Thr446, attributing to flg22-induced phosphorylation of

pDGK5-L.

Distinct phosphorylation by BIK1 and MPK4 opposingly
regulates DGK5 activity in producing PA
We next tested whether DGK5 exhibits a DGK activity in vitro.

Using [g-32P]-ATP labeling, we observed PA production when

HIS-DGK5 or GST-DGK5 was incubated with DAG analogs

(1, 2-dioleoyl-sn-glycerol [DOG] or 1-stearoyl-2-arachidonoyl-

sn-glycerol [SAG]) (Figures 4A and S4A). DGK inhibitor R59022

abrogated the activity (Figure 4A). Further, the plant cell lysate

also produced PA with DOG as a substrate (Figure S4A), likely

mediated by endogenous DGKs.

We further examined whether BIK1- and MPK4-mediated

phosphorylation of DGK5 affects its activity in PA production.

Compared with HIS-MBP, pre-incubation with HIS-BIK1

enhanced DGK5 enzymatic activity, resulting in an elevated PA

production (Figure 4B). By contrast, GST-MPK4ac, the active

MPK4 carrying D198G/E202A mutations,51 suppressed DGK5

activity (Figure 4C). Subsequently, we tested if phosphorylation

at Ser506 or Thr446 affects DGK5 activity. The phosphomimetic

DGK5S506D variant (mimicking BIK1 phosphorylation) exhibited

an enhanced activity, whereas DGK5T446D (mimicking MPK4

phosphorylation) showed a reduced activity in PA production

(Figures 4D and 4E). Notably, the phospho-deficient mutants
Cell 187, 609–623, February 1, 2024 613
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Figure 3. MAMP-activated MPK4 phosphorylates DGK5 at Thr446

(A) Flg22 induces DGK5 phosphorylation at Thr446 by LC-MS/MS analysis. MS/MS spectrum of the peptide containing phosphorylated DGK5T446 is shown.

(B) DGK5T446A blocks flg22-induced DGK5 phosphorylation. Proteins from protoplasts were separated with Mn2+-Phos-tag or regular SDS-PAGE, followed by

immunoblotting with a-HA antibodies.

(C) DGK5S506 and DGK5T446 mediate two distinct flg22-induced DGK5 phosphorylation events. Experiment and quantification were performed as in Figure 2E.

Data represent mean ± SD (n = 3) analyzed by unpaired two-tailed Student’s t test.

(D) Flg22-induced pDGK5-L, but not pDGK5-U, is blocked by MAPK phosphatase (MKP) or PD184161. MKP-MYC was co-expressed with DGK5-HA in pro-

toplasts. PD18416 (5 mM) was added 30 min before flg22 treatment.

(E) Flg22-induced DGK5T446 phosphorylation (pDGK5-L) is abolished in mpk4. Ler-0 is the parental line of mpk4.

(F) Flg22-activated MPK4 phosphorylates DGK5, but not DGK5T446A. Activated MPK4-FLAG was immunoprecipitated with a-FLAG agarose from protoplasts

expressing MPK4-FLAG treated with 0.1 mM flg22 for 10 min for the kinase assay.

(G) DGK5 associates with MPK4 in transgenic plants. CoIP was carried out with a-MPK4 antibodies using 2-week-old transgenic plants treated with or without

0.2 mM flg22 for 10 min.

(H and I) MPK4 associates with DGK5 in a FRET-FLIM assay. Experiment and quantification were performed as in Figures 1C and 1D (n = 13).

(J) Thr446 is not in the interface of MPK4-DGK5 complex predicted by AlphaFold. Thr446 and Ser506 are marked with green and gray, respectively. Residues in the

interface of MPK4 and DGK5 are marked with orange and pink, respectively. N and C represent N and C termini of MPK4 (steel blue) or DGK5 (purple).

Experiments were repeated three times (B–E and G–I) or twice (F) with similar results.

See also Figure S3.
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DGK5S506A and DGK5T446A did not affect DGK5 activity in vitro

(Figures 4D and 4E). Together, these data suggest that

BIK1-mediated phosphorylation at Ser506 enhances, whereas

MPK4-mediated DGK5 phosphorylation at Thr446 inhibits

DGK5 activity in producing PA. Interestingly, DGK5S506D/T446D

exhibited a similar activity with DGK5T446D showing a reduced

activity compared with DGK5 (Figures S4B and S4C), implying

that Thr446 phosphorylation is epistatic to Ser506 phosphoryla-

tion. Notably, MPK4 still phosphorylated DGK5S506D and BIK1

still phosphorylated DGK5T446D (Figures S4D and S4E), reinforc-
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ing the independent phosphorylation of DGK5 by BIK1

and MPK4.

The differential phosphorylation of DGK5 plays opposite
roles in plant immunity
To understand how the differential phosphorylation of DGK5 by

BIK1 at Ser506 and by MPK4 at Thr446 contributes to PTI re-

sponses, we generated transgenic plants expressing DGK5-

HA or phosphorylation variants of DGK5S506A, DGK5T446A,

DGK5S506D, and DGK5T446D under its native promoter in
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Figure 4. DGK5S506 positively regulates, while DGK5T446 negatively regulates DGK5 activity and plant immunity

(A) DGK5 phosphorylates DOG and SAG for PA production. HIS-MBP or HIS-DGK5 was incubated with DOG or SAG in a reaction buffer containing [g-32P]-ATP

for 30 min. PA was detected by autoradiography in the TLC plate (top) with input proteins shown by CBB staining. R59022 (20 mM), a DGK inhibitor.

(B) BIK1 enhances DGK5-mediated PA production. The experiment was performed as in (A) with or without HIS-BIK1 using DOG as a substrate. Quantification of

PA was calculated as relative band intensities, and the value of HIS-DGK5 alone was set as 1. Data represent mean ± SD (n = 3).

(C) MPK4ac reduces DGK5-mediated PA production. The experiment and quantification were performed as in (B) (n = 3).

(D and E) DGK5S506D enhances PA production, while DGK5T446D reduces PA production compared with DGK5. The experiment and quantification were per-

formed as in (B) (n = 3).

(F) DGK5S506A, but not DGK5T446A, fails to restore flg22-inducedROS production in dgk5-1. Leaf discs from 4-week-old soil-grown transgenic plants were treated

with or without 0.1 mM flg22, and ROS production was measured as RLU over 50 min with total ROS photons shown as mean ± SEM (n = 24). L1 and L2 are two

independent lines.

(G) DGK5S506A, but not DGK5T446A, fails to restore flg22-induced stomatal closure. Stomatal apertures were measured after 0.1 mM flg22 treatment for 2 h under

light. Data represent mean ± SD (n = 99).

(H) DGK5S506A, but not DGK5T446A, fails to restore disease resistance to PstDC3000. 4-week-old soil-grown plants were hand-inoculated with PstDC3000 at 53

105 CFU/mL. Bacterial growth at 2 dpi is shown as mean ± SEM (n = 6).

(I) DGK5S506D, but not DGK5T446D, enhances flg22-induced ROS production. The experiment was performed as in (F) (n = 24).

(J) DGK5S506D, but not DGK5T446D, enhances flg22-induced stomatal closure. The experiment was performed as in (G) (n = 99).

(K) DGK5S506D, but not DGK5T446D, mediates elevated disease resistance to Psm. The experiment was performed as in (H) (n = 6).

Experiments were repeated three (A–E, G, and J) or four (F, H, I, and K) timeswith similar results. Data were analyzed by unpaired two-tailed Student’s t test (F and

H) or one-way ANOVA followed by the Tukey’s test (B, C, E, G, and I–K). Different letters in (B, C, G, and J) denote statistically significant differences (p < 0.05).

See also Figure S4.
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dgk5-1. Notably, DGK5S506A failed to restore flg22-induced ROS

burst and stomatal closure, and disease resistance to Psm and

Pst DC3000 in dgk5-1 (Figures 4F–4H and S4F), indicating that

BIK1-phosphorylated DGK5S506 is indispensable to activate

flg22-induced immune signaling and disease resistance. By
contrast, DGK5T446A restored flg22-induced ROS burst and

stomatal closure, and disease resistance to Psm and Pst

DC3000 (Figures 4F–4H and S4F). In line with the above obser-

vations, phosphomimetic DGK5S506D transgenic plants showed

enhanced flg22-induced ROS burst, stomatal closure, and
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disease resistance to Psm (Figures 4I–4K). Conversely, phos-

phomimetic DGK5T446D transgenic plants exhibited compro-

mised flg22-triggered ROS burst, stomatal closure, and disease

resistance to Psm (Figures 4I–4K). Together, the data support

that BIK1-mediated DGK5 phosphorylation at Ser506 positively

regulates PTI signaling, whereas MPK4-mediated DGK5 phos-

phorylation at Thr446 plays a negative role in plant immunity.

BIK1-DGK5-mediated PA production is important in PTI
signaling
Next, we determined if the BIK1-DGK5 axis regulates PA pro-

duction in PTI signaling. Using the radiolabeled thin-layer chro-

matography (TLC) assay, we detected a rapid and transient PA

spike upon flg22 treatment in protoplasts (Figure 5A). Impor-

tantly, flg22-triggered PA production was reduced in bik1 and

dgk5-1 compared with WT plants (Figure 5B), suggesting that

DGK5 and BIK1 are essential for flg22-induced PA production.

Consistently, cell lysates from bik1 and dgk5-1 exhibited a

reduced PA production upon flg22 treatment compared with

WT (Figure S5A), corroborating the importance of flg22-induced

BIK1 phosphorylation on DGK5 in PA production.

Plant hormone abscisic acid (ABA) and salt treatments

induced PA production, which could be monitored by a FRET-

based PA biosensor PAleon (1–250 aa of RBOHD) in transgenic

plants.52 We tested whether PAleon could monitor MAMP-

induced PA production. Similar to salt treatment, flg22 or Pep1

treatment induced a rapid increase of PA in roots (Figures 5C,

5D, S5B, and S5C). Importantly, flg22-triggered PA production

was compromised in dgk5-1 or upon DGK inhibitor R59022

treatment (Figures 5C and 5D), further supporting the impor-

tance of DGK5 in flg22-induced PA production.

We next determined whether the reduced PA production in

dgk5 mutants attributed to their defects in PTI signaling. Exoge-

nous PA treatment substantially complemented the compro-

mised flg22-induced ROS production in dgk5-1 (Figures 5E

and 5F). Notably, PA alone did not elicit a detectable ROS

production (Figure 5F). Consistently, flg22-induced ROS pro-

duction, detected by H2DCFDA, a cell-permeable ROS dye,

was reduced in dgk5-1 but was restored by PA treatment

(Figures 5G and 5H). Pre-treatment of PA also rescued the de-

fects of dgk5-1 in flg22-induced stomatal closure and disease

resistance to Psm or PstDC3000 (Figures 5I, 5J, and S5D). Addi-

tionally, we observed an increased resistance in WT plants

treated with PA (Figures 5J and S5D). Together, these data sup-

port that DGK5-derived PA is crucial in PTI signaling and plant

immunity.

DGK5-derived PA stabilizes NADPH oxidase RBOHD in
regulating ROS production
The dgk5 mutants exhibited defects in flg22-induced ROS pro-

duction (Figures 1E and 1F). flg22 treatment increased protein

levels of RBOHD,14,15 a key enzyme in PTI-triggered ROS

burst.53 Interestingly, flg22-induced RBOHD protein abundance

was blocked in dgk5-1 (Figure 6A), whereas PA treatment

restored RBOHD abundance in dgk5-1 (Figure 6B). In addition,

PA treatment slightly increased RBOHD protein levels in WT

and dgk5-1 without flg22 treatment (Figure S5E). The data sug-

gest that DGK5-derived PA regulates RBOHD protein levels.
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Notably, the RBOHD transcript level did not change in dgk5

(Figure S5F).

PLD-derived PA binds to RBOHD and regulates ABA-induced

ROS production.54 Four arginine (R) residues (R149, 150, 156,

and 157) at the N terminus of RBOHD (RBOHDN) mediate its

PA-binding (Figure 6C).54 We determined whether PA-binding

is important for the RBOHD protein abundance by mutating

four arginine residues to alanine in the full-length RBOHD

(RBOHD4A) or RBOHDN (RBOHDN-4A), respectively. When ex-

pressed under either the constitutive 35S promoter or native

promoter in Nicotiana benthamiana, RBOHD4A or RBOHDN-4A

showed reduced protein abundance compared with WT

RBOHD or RBOHDN, respectively (Figures S5G and S5H), sug-

gesting that PA-binding could stabilize RBOHD. Similarly,

RBOHD4A or RBOHDN-4A showed considerably reduced protein

abundance compared with WT RBOHD or RBOHDN under either

35S or its native promoter in multiple independent transgenic

Arabidopsis lines in rbohd (Figures 6D and S5I). Proteasome in-

hibitor MG132 increased the protein abundance of RBOHD4A

and RBOHDN-4A (Figures 6E and S5J), implying the involvement

of 26S proteasome-mediated degradation in regulating RBOHD

protein abundance.

Protein ubiquitination is implicated in regulating RBOHD

stability.55 An in vivo ubiquitination assay indicated that

RBOHD proteins underwent ubiquitination in the p35S::

RBOHD-HA/rbohd transgenic plants (Figure S5K). Notably,

flg22 treatment led to a reduction of RBOHD ubiquitination (Fig-

ure S5K), which is in line with the increased RBOHD protein

levels following flg22 treatment (Figure 6A). Importantly, the

flg22-triggered reduction of RBOHD ubiquitination was partially

impaired in dgk5-1 but could be restored upon PA treatment

(Figure 6F). Additionally, RBOHD4A and RBOHDN-4A exhibited

elevated ubiquitination levels compared with WT RBOHD or

RBOHDN, respectively (Figures 6G and S5L). Taken together,

our data support that flg22-induced PA suppresses RBOHD

ubiquitination, consequently enhancing its protein stability

upon immune elicitation.

DGK5-derived PA regulates ETI
Considering the role of DGK5-derived PA in regulating RBOHD

stability and ROS production, we examined whether DGK5 is

involved in ETI-triggered ROS (ROSETI) burst. Infection with Pst

DC3000 or Pst DC3000 strain D36E (deletion of 36 effector

genes)56,57 carrying avrRpt2 (Pst avrRpt2 or D36E avrRpt2)

induced a strong ROS production detected by H2DCFDA stain-

ing (Figures 7A and 7B) at 5 h post-infection. Similar to a previous

report,15 Pst D36E did not induce ROS production at this time

point (Figures S6A and S6B). The fluorescent signals in the apo-

plasts of dgk5-1 were reduced compared with WT plants upon

Pst avrRpt2 or D36E avrRpt2 infection (Figures 7A and 7B),

implying a role of DGK5 in ETI-induced ROS production. Further-

more, PA treatment partially restored avrRpt2-induced ROS

production in dgk5-1 (Figures 7A and 7B), suggesting that

DGK5-mediated PA production is important for the ETI-triggered

ROS burst. Additionally, dexamethasone (Dex)-induced AvrRpt2

expression led to a reduced ROS production in the dgk5-1 back-

ground compared with WT plants (Figures S6C and S6D). Simi-

larly, PA treatment partially restored the fluorescence signals
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Figure 5. DGK5-mediated PA production regulates ROS burst and plant immunity
(A) Flg22 induces transient PA production. Protoplasts from WT plants were pre-incubated with 32P-orthophosphate followed by 0.1 mM flg22 treatment. Total

lipids were separated by TLC plate, and phospholipids were detected by autoradiography. Relative band intensities of PA production were normalized to the sum

of phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and phosphatidylcholine (PC). The value of the sample without treatment is set as 1.0. Data

represent mean ± SD (n = 3) analyzed by unpaired two-tailed Student’s t test.

(B) Flg22-induced PA production is reduced in dgk5-1 and bik1mutants. The experiment (0.1 mM flg22, 5 min) and quantification (n = 3) were performed as in (A).

(C and D) Flg22-induced PA production is reduced in dgk5-1with a PA biosensor assay. PA production was monitored in root maturation zones of 5-day-old WT

or dgk5-1 seedlings expressing PAleon. R59022 (20 mM) were pre-treated for 1 h, and 0.5 mM flg22 was treated for the indicated time. FRET efficiency (%) was

recorded by a confocal microscope. Data represent mean ± SEM (n = 6) (C). Representative confocal images from (C) are shown (D). Scale bars, 50 mm.

(E and F) PA treatment partially restores flg22-induced ROS burst in dgk5-1. Leaf discs from 4-week-old plants were treated with or without 0.1 mM flg22 and/or

25 mM PA liposomes for ROS measurement (E). Total ROS is shown as mean ± SEM (n = 12) (F).

(G and H) PA treatment restores flg22-induced ROS production in dgk5-1 detected by fluorescent dye H2DCFDA. Leaves of 4-week-old plants were infiltrated

with 0.1 mM flg22 with or without 12.5 mM PA liposomes for 25 min and then stained with H2DCFDA for 5 min for confocal imaging (G). Scale bars, 50 mm.

Fluorescence intensities were quantified by ImageJ software, shown as mean ± SEM (n = 16) (H).

(I) PA treatment partially restores flg22-induced stomatal closure in dgk5-1. Stomatal apertures were measured after treatment with 0.1 mM flg22, 25 mM PA

liposomes, or in combination. Data represent mean ± SD (n = 93).

(J) PA treatment reduces the susceptibility ofdgk5-1 toPsm. Leaves of 4-week-old plantswere pre-infiltratedwith 10 mMPA liposomes for 24 h, followed by hand-

inoculation with bacteria at 5 3 105 CFU/mL. Data represent mean ± SEM (n = 6).

Experiments were repeated three (A–I) or four (J) times with similar results. Data in (F and H–J) were analyzed by one-way ANOVA followed by the Tukey’s test.

n.s., not significant (F). Different letters in (I) denote statistically significant differences (p < 0.05).

See also Figure S5.
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detected by H2DCFDA staining in dgk5-1 (Figures S6C and S6D),

further corroborating the role of DGK5 and PA in ETI-induced

ROS production.

The dgk5-1 mutant exhibited enhanced susceptibility to Pst

avrRpt2 or Pst avrRpm1, and two complementation lines

restored the disease susceptibility of dgk5-1 to the WT level
(Figures 7C and S6E). Moreover, Pst avrRpt2- or D36E

avrRpt2-induced total and secreted PR1 proteins were reduced

in dgk5-1 compared with WT (Figure 7D). We did not observe a

difference for Pst avrRpt2- or D36E avrRpt2-induced hypersen-

sitive response (HR) in dgk5-1 and WT plants (Figure S6F). This

aligns with previous reports that disease resistance and HR
Cell 187, 609–623, February 1, 2024 617
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Figure 6. DGK5-mediated PA production regulates RBOHD stability and ubiquitination

(A) Flg22-induced RBOHD protein accumulation is reduced in dgk5-1. RBOHD proteins from 10-day-old seedlings treated with or without 0.1 mM flg22 were

detected by immunoblotting using a-RBOHD antibodies.

(B) PA treatment restores RBOHD protein accumulation in dgk5-1. The experiment was performed as in (A) with 25 mM PA liposome treatment.

(C) Diagram of RBOHD domains. Four arginine (R) residues (149, 150, 156, and 157) are important for PA-binding. RBOHDN: 1–376 aa.

(D) Mutation of RBOHD PA-binding sites (RBOHD4A) reduces RBOHD protein accumulation. RBOHD or RBOHD4A tagged with 33HA under the 35S or native

promoter was transformed into rbohd, and multiple transgenic lines were subjected for immunoblotting using a-HA antibodies.

(E) MG132 stabilizes RBOHD4A proteins in transgenic plants. 10-day-old seedlings of three transgenic lines were treated with 100 mM MG132 or Mock (DMSO)

for 4 h.

(F) DGK5-derived PA is involved in flg22-regulated RBOHD ubiquitination. Proteins from protoplasts expressing RBOHD-HA and FLAG-UBQ treated with or

without 0.1 mMflg22, and 10 mMPA liposomes were immunoprecipitated with a-HA beads and followed by immunoblotting using a-UBQ or a-RBOHD antibodies

(top two panels) with input proteins shown (3rd and 4th panels). Quantification of ubiquitinated RBOHDUb (top panel) was normalized to immunoprecipitated

RBOHD (2nd panel) by ImageJ, with the value of WT or no treatment set as 1.0. Data represent mean ± SD (n = 3). Different letters denote statistically significant

differences according to one-way ANOVA followed by the Tukey’s test (p < 0.05).

(G) Increased ubiquitination in the RBOHD PA-binding mutant. Proteins were extracted from 10-day-old seedlings and subjected to immunoprecipitation,

immunoblotting, and quantification as in (F). Asterisks denote statistically significant differences according to unpaired two-tailed Student’s t test. (p < 0.01.)

Relative band intensities of RBOHD normalized to protein loading (RBC) were labeled underneath the immunoblotting images (A, B, D, and E), and the value ofWT

samples and/or mock treatment was set as 1.0. Experiments were repeated three times with similar results.

See also Figure S5.
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could be uncoupled.58,59 Together, our data support that DGK5-

derived PA regulates ROS burst and disease resistance in ETI.

The involvement of DGK5 in ETI-mediated ROS production

and disease resistance prompted us to investigate whether ETI

also induces DGK5 phosphorylation and PA production. Expres-

sion of AvrRpt2 or AvrRpm1 induced two phosphorylation pat-

terns of DGK5 in protoplasts (Figures 7E and S6G). In addition,

AvrRpt2 also induced PA production at 2, 3, and 4 h after Dex

treatment (Figure S6H). Notably, flg22 treatment induced

DGK5 phosphorylation and PA production at early time points

(5 min) but not at late time points (Figures S6I and S6J). Impor-

tantly, AvrRpt2-induced PA production was reduced in dgk5-1

compared with WT plants detected by TLC or PAleon-based

FRET assays (Figures 7F and S6K), indicating that DGK5 is

required for PA production upon the activation of NLR signaling.

Furthermore, DGK5S506A failed to restore, whereas DGK5S506D

enhanced D36E avrRpt2-induced ROS production and Pst

avrRpt2-mediated disease resistance in dgk5-1 (Figures S7A–
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S7C). DGK5T446A, but not DGK5T446D, restored D36E avrRpt2-

induced ROS production and Pst avrRpt2-mediated disease

resistance (Figures S7A–S7C). Taken together, the data support

that DGK5 phosphorylation-mediated PA production is also

involved in plant NLR signaling.

PTI triggers a short-lived ROS burst, which is potentiated

by ETI for a sustained ROS production via the activity of

RBOHD.14,15 To investigate whether DGK5 is involved in the

PTI-ETI-potentiated ROS production, we monitored flg22-

potentiated AvrRpt2-induced ROS production in Dex::avrRpt2/

WT and Dex::avrRpt2/dgk5-1 transgenic plants (Figure 7G). As

previously reported,14,15 flg22 treatment triggered a rapid and

transient first ROS burst with a peak at 10–20 min and potenti-

ated the second long-lasting ROS burst induced by AvrRpt2 in

Dex::avrRpt2/WT transgenic plants, denoted as ROSPTI-ETI with

a peak at 2–3 h (Figures 7G and 7H). Importantly, flg22-potenti-

ated AvrRpt2-induced second-phase ROS burst (ROSPTI-ETI) is

reduced in Dex::avrRpt2/dgk5-1 plants (Figures 7G and 7H),
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Figure 7. DGK5-mediated PA production is required in ETI signaling

(A and B) PA treatment restores avrRpt2-induced ROS production in dgk5-1. ROS production was detected with H2DCFDA in WT and dgk5-1 leaves 5 h after

infiltration of Pst DC3000 avrRpt2 or D36E avrRpt2 at 2 3 107 CFU/mL or in combination with 12.5 mM PA liposomes. Chlo., chlorophyll. Scale bars, 100 mm.

Fluorescence intensities were quantified by ImageJ software, shown as mean ± SEM (n = 16) (B).

(C) Increased susceptibility toPstDC3000 avrRpt2 in dgk5-1. Leaves of 4-week-old plants were hand-inoculated with bacteria at 53 105CFU/mL. Data represent

mean ± SEM (n = 6).

(D) Reduced PR1 accumulation triggered by Pst DC3000 avrRpt2 and D36E avrRpt2 in dgk5-1. 4-week-old plants were hand-inoculated with bacteria at 53 105

CFU/mL. Secreted or total PR1 proteins were detected by immunoblotting using a-PR1 antibodies.

(E) AvrRpt2 induces two DGK5 phosphorylation patterns. Proteins from protoplasts co-expressing Dex::avrRpt2-HA and DGK5-FLAG treated with 2 mM Dex or

0.1 mM flg22 were separated with Mn2+-Phos-tag (top two) or regular SDS-PAGE (bottom three), followed by immunoblotting.

(F) AvrRpt2 induces DGK5-dependent PA production. Protoplasts from WT and dgk5-1 expressing Dex::avrRpt2-HA were pre-incubated with 32P-orthophos-

phate for 2 h, followed by 2 mM Dex treatment for 3 h. Data represent mean ± SD (n = 3) analyzed by unpaired two-tailed Student’s t test.

(G andH) flg22-potentiated AvrRpt2-induced ROS burst (ROSPTI-ETI) is reduced in dgk5-1. Leaf discs from two lines ofDex::avrRpt2/WT andDex::avrRpt2/dgk5-1

were treated with 25 mM Dex and without (mock) or with 0.1 mM flg22. ROS production was measured as RLU over 365 min (E). ROS burst during 50–365 min

(ROSPTI-ETI) was highlighted on top right (G), and total ROSPTI-ETI is shown in (H) as mean ± SEM (n = 22).

(I) A model of DGK5 phosphorylation by BIK1 and MPK4 in regulating PA homeostasis and plant immunity. MAMP perception by the PRR complex triggers BIK1

phosphorylation and activation of two MAPK cascades. BIK1 phosphorylates DGK5 at Ser506 and enhances its activity for PA production. By contrast, PRR-

activated MPK4 phosphorylates DGK5 at Thr446, leading to a reduced DGK5 activity and PA production. Furthermore, PA binds and stabilizes RBOHD in

mediating MAMP-induced ROS production. DGK5-mediated PA production is also required for intracellular NLR receptor RPS2-triggered ROS production and

resistance. The figure was created with BioRender.

Experiments were repeated three times with similar results. Data in (B), (C), and (H) were analyzed by one-way ANOVA followed by the Tukey’s test. n.s., not

significant (H).

See also Figures S6 and S7.
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suggesting the involvement of DGK5 in PTI-ETI-potentiated ROS

production. In addition, we silenced DGK5 in WT and Dex::

avrRpt2/WT transgenic plants by virus-induced gene silencing
(VIGS) targeting two fragments of DGK5 (DGK5-F1 and

DGK5-F2) (Figure S7D). Consistently, DGK5-silenced plants

(RNAi-DGK5-F1 and -F2) exhibited a reduced flg22-potentiated
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AvrRpt2-triggered second-phase ROS burst (ROSPTI-ETI)

compared with VIGS-GFP controls in Dex::avrRpt2 plants

(Figures S7E and S7F). The data highlight a role of DGK5-derived

PA in mediating ETI and the PTI-ETI potentiation, likely by regu-

lating the ROS production via an action on RBOHD.

DISCUSSION

MAMP-triggered rapid and transient PA production in plants

was initially observed two decades ago.28–32,60 However, the

underlying mechanisms remained largely unknown. Our data

reveal that RLCK BIK1, a key kinase associated with PRR com-

plexes, interacts with and phosphorylates DGK5 for regulating

PA production, providing a molecular link between PRR activa-

tion and lipid signaling. Our findings are substantiated by a

recent report showing that DGK5 is involved in flg22 signaling

and flg22-induced PA burst in Arabidopsis suspension cells.29

We further demonstrate that MAMP perception induces BIK1-

mediated phosphorylation of DGK5 at Ser506 in activating

DGK5 enzymatic activity for a rapid PA burst. Meanwhile,

MAMP-activated MPK4 phosphorylates DGK5 at Thr446, lead-

ing to attenuated PA production. The phospho-regulation of

DGK5 is also involved in ETI. As an important second

messenger, the spatial and temporal regulation of PA produc-

tion is essential to maintain normal growth and signaling. PA

homeostasis is usually regulated by the coordinated action of

PA kinases and phosphatases.61 Here, our data uncover a

mechanism for maintaining PA homeostasis via two uncoupled

phosphorylation events of DGK5 at different phosphorylation

sites by two distinct kinases that opposingly regulate PA pro-

duction and plant immunity (Figure 7I).

ROS production is considered a first layer of defense against

pathogens because of its toxicity to pathogens and signaling

roles.53 PA generation likely functions upstream of the ROS burst

since PA inhibitors suppress PTI- and ETI-induced ROS produc-

tion.31 We show here that DGK5-derived PA stabilizes RBOHD

and promotes ROS production in plant PTI and ETI, connecting

these two crucial second messengers. RBOHD stability is coor-

dinately regulated by protein phosphorylation and ubiquitina-

tion.55 We further show that flg22-induced PA counteracts

RBOHD ubiquitination, leading to the stabilization of RBOHD. It

is conceivable that PA-binding may play a role in regulating

RBOHD interactions with kinases or E3 ubiquitin ligases, thereby

influencing the phosphorylation and/or ubiquitination status of

RBOHD in modulating its stability. DGK5 also plays a role in

the regulation of flg22-induced stomatal closure and the produc-

tion of pathogen-induced PR1.Whether this regulation is depen-

dent or independent of the DGK5-mediated ROS burst remains

uncertain. Notably, ROS are recognized as significant regulators

of stomatal movement.62,63 There is a possibility that DGK5-

derived PA governs ROS production, subsequently modulating

stomatal movement during PTI. This aligns with the function of

PLD-generated PA in promoting ROS production and inducing

stomatal closure in ABA signaling.54

Upon phosphorylation, specific regions of proteins could un-

dergo conformational changes, leading to activation or deacti-

vation of protein functions.64 In addition, phosphorylation sites

are often found in disordered and loop regions, which undergo
620 Cell 187, 609–623, February 1, 2024
conformational changes in a phosphorylation-dependent

stimulation (PDS) manner. For instance, phosphorylation in

the flexible PDS loop of SUPPRESSOR OF ZEST 12, a subunit

of polycomb repressive complex 2, induces a structural confor-

mational change that stabilizes the enzyme’s active site, result-

ing in enhanced enzymatic activity.65 In the case of DGK5, our

predicted structural analysis shows that Ser506 is located

within an intrinsically disordered region at the C terminus,

whereas Thr446 is situated within a loop region. Phosphoryla-

tion of DGK5 at Ser506 and Thr446 has opposite effects on

its enzymatic activity. One plausible explanation is that distinct

phosphorylation events may induce different conformational

changes in DGK5 within the loop or C-terminal disordered re-

gion, leading to either reduced or enhanced activity. Alterna-

tively, phosphorylation of DGK5 at different sites could differen-

tially impact its subcellular localization, interaction with

partners, membrane binding, affinity for or accessibility to its

substrate DAG, as well as its coactivators such as Mg2+ and

ATP, and the release of PA. Future structural analysis of

DGK5 in its native state and under phosphorylation mediated

by BIK1 or MPK4 will provide insights into how DGK5 exhibits

opposing enzymatic activity following distinct phosphorylation

events.

DGK5 is involved in both PTI and ETI, aligning with its role in

PTI- and ETI-induced ROS production. It remains unknown

how DGK5 is activated during ETI. Recent studies suggest the

convergence and reciprocal enhancement between PTI and

ETI.14–17 BIK1 is a convergent point connecting PTI- and ETI-

mediated ROS production and immunity.15 Nonetheless, it re-

mains unclear whether BIK1 or other RLCKs also contribute to

the regulation of DGK5 phosphorylation for PA and ROS produc-

tion in ETI. ROS burst generated by RBOHD represents a critical

early signaling event connecting PTI and ETI. PA regulates

the RBOHD stability for ROS production, thereby facilitating

the convergence and potentiation of two branches of plant

immunity.

Limitations of the study
Our findings underscore the pivotal role of DGK5 in orchestrating

the PA burst, which, in turn, regulates ROS production in PTI and

ETI. Other enzymes, such as PLDs, also generate PA and

contribute to plant defense response.28,35 Presently, distinguish-

ing PA produced by DGK5 and that generated by other enzymes

poses a significant technical challenge. It is plausible that the

regulation of enzymes, such as DGK5 by BIK1 and MPK4 in

PTI, serves as a primary determinant in shaping the specific

PA production in response to distinct stimuli. Our study high-

lights that PA produced by DGK5 plays a role in regulating ETI-

mediated disease resistance rather than HR. Notably, exoge-

nous application of high concentrations of PA could induce cell

death.32 It remains formidable to ascertain whether endogenous

PA induced in ETI could reach such high levels in triggering cell

death. In addition, the methods we used to monitor in vivo PA al-

terations, including 32P-orthophosphate labeling and FRET-

based PA biosensor PAleon, detect the newly synthesized or

PM-based PA changes. Nevertheless, the effect of DGK5 on

cellular PA levels and homeostasis remains unexplored, particu-

larly related to the plant response to pathogen defense.
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79. Gómez-Merino, F.C., Brearley, C.A., Ornatowska, M., Abdel-Haliem,M.E.,

Zanor,M.I., andMueller-Roeber, B. (2004). AtDGK2, a novel diacylglycerol

kinase from Arabidopsis thaliana, phosphorylates 1-stearoyl-2-

arachidonoyl-sn-glycerol and 1,2-dioleoyl-sn-glycerol and exhibits cold-

inducible gene expression. J. Biol. Chem. 279, 8230–8241.
Cell 187, 609–623, February 1, 2024 623

http://refhub.elsevier.com/S0092-8674(23)01404-6/sref53
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref53
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref53
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref54
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref54
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref54
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref54
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref54
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref55
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref55
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref55
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref55
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref56
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref56
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref56
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref56
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref57
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref57
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref57
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref57
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref58
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref58
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref58
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref58
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref58
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref59
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref59
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref59
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref59
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref59
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref60
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref60
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref60
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref61
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref61
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref61
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref61
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref62
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref62
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref62
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref63
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref63
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref63
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref64
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref64
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref65
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref65
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref65
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref66
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref66
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref66
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref66
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref67
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref67
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref67
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref68
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref68
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref68
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref68
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref69
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref69
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref69
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref70
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref70
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref70
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref70
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref71
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref71
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref71
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref71
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref72
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref72
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref72
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref72
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref73
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref73
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref73
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref73
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref74
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref74
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref74
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref74
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref74
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref75
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref75
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref76
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref76
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref76
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref76
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref77
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref77
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref77
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref78
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref78
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref78
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref79
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref79
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref79
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref79
http://refhub.elsevier.com/S0092-8674(23)01404-6/sref79


ll
Article
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-HA-Peroxidase Roche Cat#12013819001; RRID: AB_390917

Mouse anti-FLAG-Peroxidase Sigma-Aldrich Cat#A8592; RRID: AB_439702

Mouse anti-GFP Roche Cat#11814460001; RRID: AB_390913

Mouse anti-cMYC-HRP Biolegend Cat#626803; RRID: AB_2572009

Mouse anti-HIS-Peroxidase Roche Cat#11965085001; RRID: AB_514487

Mouse anti-GST-Peroxidase Sigma-Aldrich Cat#16-209; RRID: AB_310805

Rabbit anti-UBQ11 Agrisera Cat#AS08 307; RRID: AB_2256904

Rabbit anti-MPK4 Sigma-Aldrich Cat#6979; RRID: AB_476758

Rabbit anti-pERK1/2 Cell Signaling Cat#9101; RRID: AB_331646

Anti-mouse IgG HRP-linked antibody Cell Signaling Cat#7076; RRID: AB_330924

Anti-rabbit IgG HRP-linked antibody Cell Signaling Cat#7074; RRID: AB_2099233

Rabbit anti-PR1 Agrisera Cat#AS10 687; RRID: AB_10751750

Rabbit anti-RBOHD Agrisera Cat#AS15 2962; RRID: AB_3065190

Bacterial and virus strains

Agrobacterium tumefaciens GV3101 Kong et al.66 N/A

Escherichia coli BL21 (DE3) Kong et al.66 N/A

Pseudomonas syringae pv. tomato DC3000 (Pst) Kong et al.66 N/A

P. syringae pv. maculicola ES4326 (Psm) Kong et al.66 N/A

Pst avrRpt2 Kong et al.66 N/A

Pst avrRpm1 Yu et al.50 N/A

E. carotovora subsp. carotovora SCC1 Kariola et al.67 N/A

Pst D36E Hatsugai et al.57 N/A

Pst D36E avrRpt2 Hatsugai et al.57 N/A

Chemicals, peptides, and recombinant proteins

MG132 Sigma-Aldrich Cat#99533-80-9

TRIzol� Reagent Thermo Scientific Cat#15596018

K252a Cell Signaling Cat#12754S

PD184161 MedChemExpress (MCE) Cat#HY-10174

l-phosphatase New England Biolabs Cat#P0753S

RNase-free DNase I New England Biolabs Cat#M0303L

Isopropyl-b-D-thiogalactopyranoside (IPTG) Sigma-Aldrich Cat#I6758

Dexamethasone Sigma-Aldrich Cat#4902
32P-ATP Perkin Elmer Cat#BLU502A001MC
32P-Phosphorus, orthophosphoric acid in water Perkin Elmer Cat#NEX053001MC

Coomassie brilliant blue (CBB) R-250 Thermo Scientific Cat#20278

Soy Phosphatidic acid (PA) Avanti Polar Lipids Cat#840074

1,2-dioctadecanoyl-sn-glycerol (DOG) Avanti Polar Lipids Cat#800820

1-stearoyl-2-arachidonoyl-sn-glycerol (SAG) Cayman Chemical Cat#10008650

R59022 Sigma-Aldrich Cat#D5919

GelCode Blue Stain Reagent Thermo Scientific Cat#24590

Ponceau S staining Sigma-Aldrich Cat#P7170

Protease Inhibitor Cocktail Roche Cat#11873580001

Anti-FLAG M2 Affinity gel Sigma-Aldrich Cat#A2220

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-HA magnetic beads Thermo Scientific Cat#88837

GFP-Trap agarose beads Chromotek Cat#gta-20

Pierce glutathione agarose Thermo Scientific Cat#16101

Amylose resin New England Biolabs Cat#E8021L

HisPur� Ni-NTA Resin Thermo Scientific Cat#88222

RNase-free DNase I New England Biolabs Cat#M0303L

Luminol Sigma-Aldrich Cat#A8511

Peroxidase from horseradish Sigma-Aldrich Cat#P6782

2’,7’-dichlorofluorescein diacetate (H2DCFDA) Sigma-Aldrich Cat#D6883

flg22 Lu et al.68 N/A

elf18 Kadota et al.38 N/A

pep1 Ma et al.40 N/A

pg23 Zhang et al.43 N/A

nlp20 Albert et al.42 N/A

Myelin basic protein (MBP) Sigma-Aldrich Cat#13-104

Critical commercial assays

M-MuLV Reverse Transcriptase New England Biolabs Cat#M0253L

iTaq SYBR green Supermix Bio-Rad Cat#1725124

ClonExpress II one Step Cloning Kit Vazyme Cat#C112-02

Experimental models: Organisms/strains

Arabidopsis thaliana Col-0 wild-type Lu et al.41 N/A

Arabidopsis thaliana Ler-0 ecotype Yu et al.50 N/A

Arabidopsis: dgk5-1 ABRC SAIL_1212_E10

Arabidopsis: dgk5-2 ABRC SAIL_127_B03

Arabidopsis: bik1 Lu et al.41 N/A

Arabidopsis: fls2 Lu et al.41 SALK_141277

Arabidopsis: mpk4 in Ler-0 background Yu et al.50 CS5205

Arabidopsis: mpk6/Dex-amiR-MPK3 Yu et al.50 N/A

Arabidopsis: pDGK5::DGK5-HA/dgk5-1 This paper N/A

Arabidopsis: p35S::DGK5-HA/dgk5-1 This paper N/A

Arabidopsis: pDGK5::DGK5-HA/p35S::BIK1-GFP This paper N/A

Arabidopsis: pDGK5::DGK5S506A-HA/dgk5-1 This paper N/A

Arabidopsis: pDGK5::DGK5S506D-HA/dgk5-1 This paper N/A

Arabidopsis: pDGK5::DGK5T446A-HA/dgk5-1 This paper N/A

Arabidopsis: pDGK5::DGK5T446D-HA/dgk5-1 This paper N/A

Arabidopsis: pRBOHD::RBOHD-33HA/rbohd This paper N/A

Arabidopsis: pRBOHD::RBOHD4A-33HA/rbohd This paper N/A

Arabidopsis: p35S::RBOHD-33HA/rbohd This paper N/A

Arabidopsis: p35S::RBOHD4A-33HA/rbohd This paper N/A

Arabidopsis: pRBOHD::RBOHDN-33HA/rbohd This paper N/A

Arabidopsis: pRBOHD::RBOHDN-4A-33HA/rbohd This paper N/A

Arabidopsis: p35S::RBOHDN-33HA/rbohd This paper N/A

Arabidopsis: p35S::RBOHDN-4A-33HA/rbohd This paper N/A

Arabidopsis: Dex::avrRpt2/WT This paper N/A

Arabidopsis: Dex::avrRpt2/dgk5-1 This paper N/A

Arabidopsis: PAleon/WT Li et al.52 N/A

Arabidopsis: PAleon/dgk5-1 This paper N/A

Saccharomyces cerevisiae strain AH109 Kong et al.66 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Nicotiana benthamiana Kong et al.66 N/A

Oligonucleotides

Primers for cloning and point mutation, see Table S1 This paper N/A

Primers for genotyping, see Table S1 This paper N/A

Primers for RT-qPCR and VIGS, see Table S1 This paper N/A

Recombinant DNA

pHBT Lu et al.41 N/A

pHBT-GFP-FLAG Kong et al.66 N/A

pHBT-BIK1-FLAG Ma et al.40 N/A

pHBT-BIK1KM-FLAG Lu et al.41 N/A

pHBT-DGK5-FLAG This paper N/A

pHBT-DGK5-HA This paper N/A

pHBT-DGK5S506A-HA This paper N/A

pHBT-DGK5T446A-HA This paper N/A

pHBT-DGK5S463A-HA This paper N/A

pHBT-DGK5T478A-HA This paper N/A

pHBT-DGK5S488A-HA This paper N/A

pHBT-RBOHD-HA This paper N/A

pHBT-FLAG-UBQ Kong et al.66 N/A

pHBT-Dex::avrRpt2-HA This paper N/A

pHBT-Dex::avrRpm1-HA This paper N/A

pHBT-nYFP Lin et al.69 N/A

pHBT-DGK5-nYFP This paper N/A

pHBT-BAK1-nYFP Lin et al.69 N/A

pHBT-cYFP Lin et al.69 N/A

pHBT-BIK1-cYFP Lin et al.69 N/A

pHBT-BAK1-cYFP Lin et al.69 N/A

pHBT-DGK5-GFP This paper N/A

pHBT-BIK1-GFP Ma et al.40 N/A

pHBT-BAK1-GFP Kong et al.66 N/A

pHBT-DGK5-mCherry This paper N/A

pHBT-BIR2-mCherry Kong et al.66 N/A

pHBT-MPK4-mCherry This paper N/A

pHBT-FLS2-FLAG Lu et al.41 N/A

pHBT-BAK1-FLAG Lu et al.41 N/A

pHBT-MPK4-FLAG Yu et al.50 N/A

pHBT-MPK4-HA Yu et al.50 N/A

pHBT-MPK6-FLAG Yu et al.50 N/A

pHBT-MPK3-FLAG Yu et al.50 N/A

pHBT-MKP-MYC Yu et al.50 N/A

pGADT7-DGK5-HA This paper N/A

pGADT7-DGK5317-509-HA This paper N/A

pGADT7-DGK5317-484-HA This paper N/A

pGADT7-DGK5234-509-HA This paper N/A

pGBKT7-BIK1G2A-MYC Ma et al.40 N/A

pGST This paper N/A

pGST-DGK5 This paper N/A

pGST-DGK5S495A This paper N/A

pGST-DGK5S500A This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pGST-DGK5S506A This paper N/A

pMAL Lin et al.69 N/A

pMAL-BIK1-HA Lin et al.69 N/A

pGST-BIK1 Lin et al.69 N/A

pGST-BIK1KM Lin et al.69 N/A

pGST-BAK1KD Lin et al.69 N/A

pMAL-BAK1CD Lin et al.69 N/A

pET28a-MBP This paper N/A

pET28a-DGK5 This paper N/A

pET28a-DGK5S506A This paper N/A

pET28a-DGK5T446A This paper N/A

pET28a-DGK5S506D This paper N/A

pET28a-DGK5T446D This paper N/A

pET28a-DGK5T446D/S506D This paper N/A

pET28a-BIK1 Lin et al.69 N/A

pGST-MPK4ac Berriri et al.51 N/A

pET28a-PBL30 This paper N/A

pET28a-PBL31 This paper N/A

PAleon Li et al.52 N/A

pCB302-p35S::DGK5-HA This paper N/A

pCB302-pDGK5::DGK5-HA This paper N/A

pCB302-p35S::BIK1-GFP Ma et al.40 N/A

pCAMBIA1300-pRBOHD::RBOHD-33HA This paper N/A

pCAMBIA1300-pRBOHD::RBOHD4A-33HA This paper N/A

pCAMBIA1300-p35S::RBOHD-33HA This paper N/A

pCAMBIA1300-p35S::RBOHD4A-33HA This paper N/A

pCAMBIA1300-pRBOHD::RBOHDN-33HA This paper N/A

pCAMBIA1300-pRBOHD::RBOHDN-4A-33HA This paper N/A

pCAMBIA1300-p35S::RBOHDN-33HA This paper N/A

pCAMBIA1300-p35S::RBOHDN-4A-33HA This paper N/A

pYL156-DGK5-F1 This paper N/A

pYL156-DGK5-F2 This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/;

RRID:SCR_003070

Proteome discoverer 3.1 Thermo Scientific https://www.thermofisher.com/order/

catalog/product/B51001472?SID=

srch-hj-B51001472; RRID:SCR_014477

Biorender Biorender https://www.biorender.com/;

RRID:SCR_018361

Leica Application Suite X (LAS X) software Leica https://www.leica-microsystems.com/

products/microscope-software/p/

leica-las-x-ls/; RRID:SCR_013673

GraphPad Prism 9 GraphPad software https://www.graphpad.com/;

RRID: SCR_002798

Photoshop CS Adobe https://www.adobe.com/products/

photoshop.html; RRID:SCR_014199

ChimeraX 1.6.1 UCSF https://www.cgl.ucsf.edu/chimerax/;

RRID:SCR_015872
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Libo Shan

(liboshan@umich.edu).

Materials availability
Plasmids and transgenic plants generated in this study will be made available on request to the scientific community, but we may

require a payment and/or a completed Materials Transfer Agreement.

Data and code availability
d The published article includes all datasets generated or analyzed during this study. All data are publicly available as of the date

of publication.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Arabidopsis thaliana and growth conditions
Arabidopsis thaliana accessions Col-0 (wild-type, WT), Ler-0, mutants fls2, bik1, mpk4 (Ler-0 background), rbohd, and transgenic

mpk6/Dex::MPK3, p35S::BIK1-GFP/WT, and Dex:avrRpt2/WT plants were reported previously.40,50,70,71 PAleon/WT plants were re-

ported previously.52 T-DNA insertion lines dgk5-1 (sail_1212_e10), and dgk5-2 (sail_127_b03) were obtained from the Arabidopsis Bio-

logical Resource Center (ABRC). p35S::DGK5-HA/dgk5-1, pDGK5::DGK5-HA/p35S::BIK1-GFP, pDGK5::DGK5-HA/dgk5-1,

pDGK5::DGK5S506A-HA/dgk5-1, pDGK5::DGK5S506D-HA/dgk5-1, pDGK5::DGK5T446A-HA/dgk5-1, pDGK5::DGK5T446D-HA/dgk5-1,

p35S::RBOHD-HA/rbohd, p35S::RBOHD4A-HA/rbohd, p35S::RBOHDN-HA/rbohd, p35S::RBOHDN-4A-HA/rbohd, pRBOHD::

RBOHD-HA/rbohd, pRBOHD::RBOHD4A-HA/rbohd, pRBOHD::RBOHDN-HA/rbohd, pRBOHD::RBOHDN-4A-HA/rbohd, Dex:avrRpt2/

dgk5-1, and PAleon/dgk5-1 transgenic plants were generated in this study (see below for details).

All Arabidopsis plants were grown in soil (Metro Mix 366, Sunshine LP5 or Sunshine LC1, Jolly Gardener C/20 or C/Gs, USA) in a

growth chamber at 20-23�C, 50% relative humidity, and 75-100 mEm-2 s-1 light with a 12-h light/12-h dark photoperiod for four or five

weeks before pathogen infection assay, protoplast isolation, and ROS assay. For confocal microscopy imaging, seeds were steril-

ized, stratified for 2 days at 4�C in the dark, and germinated on vertical half-strength Murashige and Skoog (½MS) medium plates

containing 1% (w/v) sucrose, 0.5% agar and 2.5 mM MES at pH 5.8, and grown under the same condition as above for another

5 days. For MAPK activation, Co-IP, protein stability, and RT-qPCR assays, seedlings grown on½MS plates for 3-5 days were trans-

ferred to ½MS liquid medium for another 5 days before treatment with different chemicals or MAMPs.

Nicotiana benthamiana and growth conditions
Nicotiana benthamiana was grown in a growth room in soil under a 12-h light/12-h dark photoperiod at 23�C.

Bacterial and yeast strains
The yeast and bacterial strains used in this study were described in the key resources table. The Saccharomyces cerevisiae AH109

strain was grown on the Yeast extract Peptone Dextrose Adenine (YPDA) medium (10 g yeast extract, 20 g peptone, 20 g glucose,

40 mg adenine hemisulfate for 1 L) plate. Pseudomonas syringae pv. tomato (Pst) DC3000 was grown on the King’s B (KB) medium

(10 g protease peptone, 0.75 g K2HPO4$3H2O, 7.5 g agar, 10 ml 50% glycerol for 500 ml) plate with 50 mg/ml rifampicin. Pst DC3000

carrying avrRpt2 or avrRpm1 was grown on the KB medium plates with 50 mg/ml kanamycin and 50 mg/ml rifampicin. Pst D36E and

Pst D36E avrRpt2 were grown on the KB medium plates with 50 mg/ml rifampicin, 50 mg/ml of spectinomycin, and 30 mg/ml of kana-

mycin. P. syringae pv.maculicola ES4326 (Psm) was grown on the KB medium plate with 50 mg/ml streptomycin. Erwinia carotovora

subsp carotovora (now called Pectobacterium carotovorum) strain SCC1was grown on Luria-Bertani (LB) medium (10 g tryptone, 5 g

yeast extract, 10 g NaCl, 15 g agar for 1 L) plate with 50 mg/ml ampicillin. All the Pseudomonas strains were grown on plates at 28�C
for 2 days, and further cultured overnight at 28�C in KB liquidmedium supplementedwith 2mMMgSO4 and appropriate antibiotics as

described above. E. carotovora subsp carotovora strain SCC1was grown on plates at 28�C for 2 days, and then cultured overnight at

28�C in LB medium.

METHOD DETAILS

Plasmid construction and transgenic plant generation
FLS2, BAK1, BIK1, BIK1KM,MPK3,MPK4,MPK6,MKP, or BIR2 taggedwith HA, FLAG, GFP,mCherry, nYFP, or cYFP in a plant gene

expression vector pHBT under the CaMV 35S promoter for protoplast assays, and BAK1CD, BIK1, or BIK1KM fused with GST or MBP
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for fusion protein isolation from Escherichia coli have been described previously.40,41,50,69,70,72,73 The cDNA of DGK5 was amplified

from Col-0 cDNA library with primers containing BamHI at the 5’-terminus and StuI at the 3’-terminus, followed by digestion with

BamHI and StuI and ligated into the pHBT vector with the HA, FLAG, mCherry, or GFP epitope tag at the C-terminus. The cDNA

of RBOHD was amplified from Col-0 cDNA library and ligated into the pHBT vector with the 33HA tag using the ClonExpress II

One-Step Cloning Kit (Vazyme, China) according to the manufactural protocols. The RBOHD4A, RBOHDN, and RBOHDN-4A mutants

were cloned using the full-length RBOHD as the template with primers listed in Table S1. The DGK5 mutant variants, including

DGK5S495A, DGK5S500A, DGK5S506A, DGK5T446A, DGK5S463A, DGK5T478A, DGK5S488A, DGK5T446D, and DGK5S506D in a pHBT vector

were generated by site-directed mutagenesis with primers listed in Table S1 using DGK5 as the template. PBL30, PBL31, DGK5,

DGK5S495A, DGK5S500A, DGK5S506A, DGK5T446A, DGK5T446D, or DGK5S506D were sub-cloned into a modified GST or HIS fusion pro-

tein expression vector pGEX4T-1 (Pharmacia, USA) or pET28a-SUMO72 using BamHI and StuI digestion. TheBIK1G2A,DGK5, and its

truncation variants, including DGK5317-509, DGK5317-484, and DGK5234-509 in a pHBT vector, were sub-cloned into pGADT7 (AD) and

pGBKT7 (Clontech, USA) for yeast two-hybrid (Y2H) assays using BamHI and StuI digestion. The MPK4 fragment released from

pHBT-p35S::MPK4-HA by BamHI and StuI digestion was ligated into the pHBT vector with amCherry tag at the C-terminus to obtain

the pHBT-p35S::MPK4-mCherry vector. MPK4ac was generated based on the previous publication,51 and sub-cloned into

pGEX4T-1 for GST fusion protein isolation. The fragments of avrRpt2 and avrRpm1 were amplified and ligated into the pHBT vector

under Dexamethasone (Dex)-inducible promoter with a 23HA epitope tag using SpeI and StuI digestion.74

To make binary constructs, DGK5 was sub-cloned into the binary vector pCB302 with BamHI and StuI digestion to generate

pCB302-p35S::DGK5-HA. The promoter of DGK5 (�2,000 bp upstream of the start codon) was PCR-amplified from Col-0 genomic

DNA with primers containing SacI and BamHI, and ligated into a pHBT vector. The fragment of pDGK5::DGK5-HA was digested by

SacI and EcoRI, and ligated into pCAMBIA1300 to generate pCAMBIA1300-pDGK5::DGK5-HA.DGK5S506A/D andDGK5T446A/Dwere

sub-cloned into pCAMBIA1300 vector with BamHI and StuI digestion to generate pCAMBIA1300-pDGK5::DGK5S506A/D-HA and

pCAMBIA1300-pDGK5::DGK5T446A/D-HA, respectively. RBOHD, RBOHD4A, RBOHDN, and RBOHDN-4A in a pHBT vector were

sub-cloned into pCAMBIA1300 with the 33HA tag to obtain pCAMBIA1300-p35S::RBOHD/RBOHD4A/RBOHDN/RBOHDN-4A-3HA

using the ClonExpress II One-Step Cloning Kit (Vazyme, China) with primers listed in Table S1. The RBOHD promoter (�2 kb up-

stream of the start codon) was amplified from Col-0 genomic DNA using primers containing KpnI and BamHI to replace the 35S pro-

moter in pCAMBIA1300 to obtain pCAMBIA1300-pRBOHD::RBOHD/RBOHD4A/RBOHDN/RBOHDN-4A-3HA.

To construct the pYL156 vectors for virus-induced gene silencing (VIGS) assays, two �500 bp fragments of DGK5 coding region

without predicted off-targets were designed using the Solanaceae Genomics Network (https://solgenomics.net), amplified using

DGK5 as the template with primers containing EcoRI and KpnI, and individually ligated into pYL156 to generate pYL156-DGK5-

F1 and pYL156-DGK5-F2, respectively.

Primer sequences were listed in Table S1, and all insertions in different vectors were verified by Sanger sequencing.

Transgenic plants were generated using Agrobacterium tumefaciens-mediated floral dipping. Transgenic plants were screened by

glufosinate-ammonium (Basta, 50 mg/ml) for the pCB302 vector or hygromycin (50 mg/ml) for pCAMBIA1300, and confirmed by

immunoblotting for protein expression.

Yeast two-hybrid (Y2H) assay
To identify BIK1-interacting proteins, a Y2H screen was performed as reported using pGBKT7-BIK1G2A as the bait towards the Ara-

bidopsis cDNA library constructed in a modified pGADT7 vector (Clontech, USA).40,66 Briefly, among 196 strong interacting colonies

screened from�120,000 transformants, DGK5was identified from 14 individual colonies.DGK5 and truncation variantsDGK5317-509,

DGK5317-484, and DGK5234-509 in the pHBT vector were sub-cloned into a modified pGADT7 (Clontech, USA) vector with BamHI and

StuI digestion. pGADT7-DGK5, pGADT7-DGK5317-509, pGADT7-DGK5317-484, or pGADT7-DGK5234-509 was introduced into the

yeast strain AH109 expressing pGBKT7-BIK1G2A using the polyethylene glycol/LiAc-mediated yeast transformation. The yeast col-

onies containing both indicated genes were selected on the synthetic defined (SD) medium without leucine and tryptophan (SD-LT),

and interaction was tested on the SDmediumwithout leucine, tryptophan, and histidine (SD-LTH) supplemented with 1mM3-amino-

1, 2, 4-triazole (3-AT).

Protoplast isolation and co-immunoprecipitation (Co-IP) assays
Protoplast isolation and gene expression assays have been described previously.75 For protoplast-based Co-IP assays, protoplasts

were transfected with a pair of constructs (the empty vector as a control, 100 mg DNA for 500 ml protoplasts at a density of 23105/mL

for each sample) and incubated at 25�C for 6-12 h. After treatment with flg22 at the indicated concentration and time points, proto-

plasts were collected by centrifugation and lysed in 300 ml IP buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5-1%

Triton X-100, 13 protease inhibitor EDTA-free cocktail, 2 mM DTT, 2 mM NaF, and 2 mM Na3VO3) by vortexing. After centrifugation

at 10,000 g for 5-10min at 4�C, 30 ml of supernatant was collected for input control, and 7 ml a-FLAG agarose or magnetic beadswere

added into the remaining supernatant and incubated at 4�C for 1-3 h. Beads were collected and washed three times with washing

buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100) and once with 50 mM Tris-HCl, pH 7.5. Immunopre-

cipitates were analyzed by immunoblotting with indicated antibodies. For transgenic plant-based Co-IP assays, two-week-old seed-

lings grown on ½MS plates were transferred to water overnight and treated with flg22 at the indicated concentration and time points

described in the figure legends. One gram of transgenic seedlings (fresh weight) was ground into powders with liquid nitrogen before
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adding 3 ml of IP buffer and vortexing. After centrifugation at 10,000 g for 10 min at 4�C, 50 ml of supernatant was collected for input

control, and 10 ml GFP-trap agarose beads (Chromotek, Germany) were added into the remaining supernatant and incubated at 4�C
for 1-3 h. The remaining procedures are similar to protoplast-based Co-IP assays.

Recombinant protein isolation and in vitro kinase assays
Fusion proteins in E. coli BL21 (DE3) strain were induced in LB medium (1% tryptone, 0.5% yeast extracts, 1% NaCl) supplemented

with 0.25 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG) at 18�C for 12-18 h. Maltose binding protein (MBP) fusion proteins were

purified using amylose resin (New England Biolabs, USA), Glutathione S-transferase (GST) fusion proteins were purified with Pierce

glutathione agarose (Thermo Scientific, USA), and HIS fusion proteins were purified with Pierce Ni-NTA agarose beads (Thermo Sci-

entific, USA) according to the manufacture protocols.

The in vitro kinase assays were carried out with 0.5 mg of indicated kinase proteins and 5 mg of substrate proteins in 30 ml kinase

reaction buffer (10 mM Tris-HCl, pH 7.5, 5 mMMgCl2, 2.5 mM EDTA, 50 mM NaCl, 0.5 mM DTT, 50 mMATP, and 1 mCi [g-32P]-ATP).

After shaking at the speed of 60 g for 2 h at 24�C, the reactions were stopped by adding 4 3 SDS loading buffer, and proteins were

separated by 10% SDS-PAGE. Phosphorylated proteins were analyzed by autoradiography.

Immunocomplex kinase assay
Protoplasts were transfected with MPK3-FLAG, MPK4-FLAG, or MPK6-FLAG for 6-12 h before treatment with 100 nM flg22 for

10 min. MPK proteins were immunoprecipitated with 10 ml of a-FLAG agarose beads, washed twice with IP buffer and once with

a kinase reaction buffer (10 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 2.5 mM EDTA, 50 mM NaCl, 0.5 mM DTT). The immobilized MPK

protein beads were then incubated with 5 mg of myelin basic proteins (MBP, Upstate, USA) or GST-DGK5 proteins in 30 ml kinase

reaction buffer containing 50 mM ATP and 1 mCi [g-32P]-ATP for 2 h at 24�C on a rocker. Protein samples were denatured with

4 3 SDS loading buffer and separated by 10% SDS-PAGE. Phosphorylation was analyzed by autoradiography.

Pull-down assay
Recombinant GST or GST-DGK5 proteins were incubated with 10 ml pre-washed glutathione agarose beads in 300 ml incubation

buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM EDTA, and 0.2% Triton X-100) at 4�C for 30 min on a rotator. Immobilized

protein beads were washed twice with washing buffer (20 mM Tris-HCl, pH7.5, 300 mM NaCl, 0.1mM EDTA, and 0.1% Triton

X-100), followed by incubation with 20 mg bovine serum albumin (BSA, Sigma-Aldrich, USA) in 300 ml incubation buffer at 4�C for

30 min. Protein beads were washed twice with washing buffer and then incubated with 2 mgMBP, MBP-BIK1-HA, or HIS-MPK4 pro-

teins in 300 ml incubation buffer at 4�C for another 1 h in amini shaker at a speed of 60 rpm. Protein beads were collected andwashed

three to four times with the washing buffer. Proteins were analyzed by immunoblotting with indicated antibodies.

Bimolecular fluorescence complementation (BiFC) and FRET-FLIM assays
For BiFC assays, protoplasts were transfectedwith different pairs of BiFC constructs, as shown in the figures. Fluorescence signals in

protoplasts were examined 12 h after transfection using Leica TCS SP8 laser scanning confocal microscope (Germany). The exci-

tation wavelengths of YFP and autofluorescence of chlorophyll are 514 nm and 630 nm, respectively. The emission wavelengths for

YFP and chlorophyll are 490-530 and 640-700 nm, respectively. The pinhole was set at 1 Airy unit. Imaging analyses were performed

using Leica Application Suite X (LAS X) software.

The FRET-FLIM assay was performed as described previously.66 Briefly, protoplasts were transfected with different pairs of GFP

and mCherry constructs, as indicated in the figures. Fluorescence signals were examined 12 h after transfection under the confocal

microscope. The FRET-FLIM was analyzed using LAS X software. The excitation wavelengths of GFP and mCherry are 488 nm and

588 nm, respectively. The emission wavelengths for GFP and mCherry are 495-540 and 590-620 nm, respectively. The GFP fluores-

cence lifetime (t) in a specific region of interest (ROI) wasmeasured by Leica LAS X software. TheGFP fluorescence lifetime (t) shown

in the figures was calculated as an average of 14 randomly measured protoplasts for each pair of proteins. The FRET efficiency

(E) was calculated by the formula [E = 1-(tDA/tD)] (where tDA represents the GFP lifetime of the donor in the presence of the acceptor;

tD represents the GFP lifetime of the donor alone). The statistical analysis was performed using one-way ANOVA followed by Tukey’s

test for multiple comparisons.

Pathogen infection and hypersensitive response assays
Pseudomonas syringae and Erwinia carotovora were collected by centrifugation at 1200 g, washed twice, and re-suspended to the

desired concentration with 10 mM MgCl2 or 0.9% NaCl. Leaves from four-week-old plants were hand-inoculated with the Pseudo-

monas bacterial suspension using a needleless syringe. The Erwinia carotovora SCC1 infection assay was performed as reported

previously.67,76 Briefly, small cavities were made in four-week-old plant leaves using a needle, into which 5 ml of a bacterial suspen-

sion in 0.9% NaCl (23107 CFU/ml) was inoculated, and disease symptom was recorded at 36 h after inoculation. For flg22-primed

protection assays, leaves were pre-inoculated with 100 nM flg22 or ddH2O as control at 24 h before bacterial pathogen infiltration. To

measure in planta bacterial growth, two leaf discs were punched and ground in 100 ml ddH2O. Serial dilutions were plated on TSA

medium (1% tryptone, 1% sucrose, 0.1% glutamic acid, and 1.5% agar) containing 25 mg/ml rifamycin or streptomycin. Plates

were incubated at 28�C, and bacterial colony-forming units (cfu) were counted at 0, 2, and 4 days post-incubation.
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For hypersensitive response (HR) assays,PstDC3000 avrRpt2 and D36E avrRpt2 suspensions were prepared as described above,

and bacterial suspension at OD600 = 0.2 was syringe-infiltrated into leaves. Infiltrated plants were covered by a plastic dome for

30 min, and then kept under 40-50% humidity for about 9 h before tissue collapse was recorded. Fully expanded leaves at a similar

developmental stage were chosen (about 3 leaves per plant) for the bacterial inoculation. Wounded leaves caused by infiltration were

discarded in the final counting.

Detection of ROS burst
ROS measurement was performed using a luminol-based approach as previously described with minor modifications.68 In brief, the

third or fourth pair of true leaves from four-week-old soil-grown Arabidopsis plants were punched into leaf discs using a cork borer

(5 mm in diameter). Leaf discs were incubated in 150 ml ddH2O in a 96-well plate overnight with gentle shaking on a rocker with a 12-h

light/12-h dark photoperiod. Water was replaced with 100 ml reaction solution containing 50 mM luminol and 10 mg/ml horseradish

peroxidase (Sigma-Aldrich, USA) supplemented with or without 100 nM flg22, in combination with or without 25 mM PA liposomes

produced from soy PA (Avanti Polar Lipids Inc., USA). The PA liposomes were prepared as previously described with some modifi-

cations.54 Briefly, 1mMsoy PA dissolved in chloroformwas dried under a streamof nitrogen vapor. Lipid filmswere rehydrated in ice-

cold buffer (25 mM HEPES, pH 7.5, 50 mM KCl, 1 mM MgCl2), and then sonicated for 5 min (5 cycles of 10 sec-on and 10 sec-off)

using the Branson SFX 250 Sonifier (Emerson, USA) at 4�C. The equal volume of chloroform was processed in the same manner and

used asmock control. Luminescence wasmeasured by a luminometer (GloMax-Multi Detection System, Promega, USA) for a period

of 50min or 6-7 hwith an integration time of 1 or 2 sec. For ROS detection by 20,70-dichlorofluorescein diacetate (H2DCFDA) under the

confocal microscope, three-week-old soil-grown Arabidopsis plants were infiltrated with 0.1 mMflg22, PstDC3000 avrRpt2, D36E, or

D36E avrRpt2 at OD600 of 0.02, and plants were kept in growth rooms after infiltrated leaves dried in the air. After 4 to 5 h, 10 mM

H2DCFDA solution was infiltrated into leaves, and the fluorescent signal was detected 10 min later. Images were captured using a

Leica SP8 confocal microscope with a 488 nm excitation and 500-550 nm emission, and chlorophyll auto-fluorescence was detected

with a 630 nm excitation and 640-700 nm emission.

Detection of PR1 proteins
Total and secreted PR1 proteins were extracted as previously described.77 In brief, four-week-old WT and dgk5-1 plants were infil-

trated with Pst DC3000, Pst DC3000 avrRpt2, or D36E avrRpt2 at OD600 = 0.001. Inoculated leaves were collected at the indicated

time points, and two leaves were lysed in 100 ml IP buffer to detect total PR1 protein. For detecting secreted PR1 proteins, detached

inoculated leaves were vacuumed in a solution buffer (100mMTris-HCl, pH 7.8, 500mMsucrose, 10mMMgCl2, 10mMCaCl2, 1mM

b-mercaptoethanol, and 13protein inhibitor cocktail) using a 20ml needleless-syringe, followed by removing the solution completely.

The 20 ml needleless syringe containing the leaves was placed in a 50 ml tube for centrifugation at 1500 g (5 min, 4�C) to obtain the

secreted PR1 proteins. Total and secreted proteins were separated on 12.5% SDS-PAGE for immunoblotting with a-PR1 antibodies

(Agrisera, Sweden).

MAPK activation and in vivo DGK5 mobility shift assays
Three 10-day-old Arabidopsis seedlings grown on vertical ½MS plates were transferred into water overnight before 100 nM flg22

treatment for the indicated time. Seedlings were collected, ground, and lysed in 100 ml IP buffer. Protein samples were denatured

with 4 3 SDS loading buffer and separated by 12.5% SDS-PAGE to detect phosphorylated MPK3, MPK6, and MPK4 by immuno-

blotting with a-pERK1/2 antibodies (Cell Signaling, USA). Goat a-rabbit IgG-HRP (Cell Signaling, USA) was used as the secondary

antibodies.

For in vivo DGK5 mobility shift assay, total proteins were separated in the 8% SDS-PAGE containing 15 or 30.5 mM Phos-tag�
(FUJIFILM Wako Chemicals, Japan) and 100 mM MnCl2, and immunoblotted with a-HA-HRP (1:2000, Roche, USA) or a-FLAG-

HRP antibodies (1:2000, Sigma-Aldrich, USA). For Phos-tag SDS–PAGE, the molecular weight cannot be exactly indicated. For rela-

tive phosphorylation of DGK5 (pDGK5), upper and lower band intensities of phosphorylated DGK5 (pDGK5-U and pDGK5-L) and

unphosphorylated DGK5 were quantified by ImageJ or Image Lab software. The relative pDGK5-U and pDGK5-L represent the ratio

of phosphorylated to unphosphorylated DGK5, respectively.

Total RNA isolation and RT-qPCR analysis
Total RNA was isolated from two-week-old seedlings grown on ½MS plate with or without 100 nM flg22 treatment using TRIzol re-

agent (Invitrogen, USA). One microgram of total RNA was treated with RNase-free DNase I (NEB, USA), and then was reverse tran-

scribed to synthesize the first-strand cDNA with M-MuLV reverse transcriptase (NEB, USA) and oligo (dT)18 primer. The quantitative

RT-PCR (RT-qPCR) was performed using iTaq SYBR green Supermix (Bio-Rad, USA) with primers listed in Table S1 in a Bio-Rad

CFX384 Real-Time PCR System (Bio-Rad, USA). The expression of indicated genes was normalized to UBQ10. The data analysis

was performed using unpaired two-tailed Student’s t-test.

Measurement of stomatal aperture
Stomatal apertures were measured as previously described with minor modifications.78 In brief, epidermal peels excised from the

abaxial side of leaves of three-week-old soil-grown plants were used for stomatal aperture measurement. To detect flg22-induced
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stomatal closure, epidermal peels fromWT and dgk5-1 plants were incubated in a bathing solution (30 mMKCl, 10 mMCaCl2, 10 mM

MES, pH 6.0) under light for 2-3 h to induce maximal stomatal opening, and then followed by treatment with 1 mM flg22, 25 mM PA

liposomes produced from soy PA (Avanti Polar Lipids Inc., USA), or a combination of flg22 andPA liposomes for another 2 h. Stomatal

apertures were monitored after the indicated treatments. The width and the length of the stomatal aperture were measured using

Leica SP8 LAS X software, and the stomatal aperture index was calculated by dividing the aperture width by the length as

described.78

Mass spectrometry analysis of phosphorylation sites
To identify DGK5 phosphorylation sites, DGK5-FLAG was expressed in Arabidopsis protoplasts (�10 ml at a concentration of 2 3

105/ml) for 12 h and treated with 0.1 mM flg22 for 10 min. Protoplasts were then lysed with lysis buffer (20 mM Tris-HCl, pH 7.5,

100 mM NaCl, 10% glycerol, 0.5-1% Triton X-100, 1mM EDTA, 2 mM DTT, 2 mM NaF, and 2 mMNa3VO3, and 13protease inhibitor

cocktail) and immunoprecipitated with a-FLAG agarose (Sigma-Aldrich, USA). The immunoprecipitants were separated by 10%

SDS-PAGE and stained with GelCode Blue Stain Reagent (Thermo Fisher, USA). A small aliquot of immunoprecipitated DGK5

was subjected to immunoblotting using a-FLAG antibodies (Sigma-Aldrich, USA). The DGK5 bands were sliced, trypsin-digested,

and phospho-peptides were enriched for LC-MS/MS analysis using an Orbitrap QE LC-MS/MS system (Thermo Scientific, USA).

The MS/MS spectra were analyzed with Mascot software, and the identified phosphopeptides were manually inspected to ensure

confidence in the phosphorylation site assignment.

In vitro diacylglycerol kinase activity assay
The in vitro DGK5 activity assay was performed as described previously with some modifications.79 In brief, 2 mg of purified GST-

DGK5, HIS-DGK5, or its different variant proteins were incubated with 500 mM DAG (1, 2-dioleoyl-sn-glycerol or 1-stearoyl-2-

arachidonoyl-sn-glycerol; Avanti Polar Lipids Inc., USA) in a 250 ml reaction buffer [40 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 0.1 mM

EGTA, 0.5 mM DTT, 1 mM sodium deoxycholate, 1 mM 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS),

0.02%Triton X-100] containing 1 mCi [g-32P]-ATP and 5 mMATP for 30min at 30�C. The lipids DOGand SAG, dissolved in chloroform,

were placed in 7ml SCHOTT glass disposable reaction tubes with screw caps (SCHOTT, Germany), dried under a stream of nitrogen

vapor, resuspended in a solution of 1.47 mM sodium deoxycholate dissolved in water, and followed by sonication for 5 min (5 cycles

of 10 sec sonication and 10 sec stop) using the Branson SFX 250 Sonifier (Emerson, USA) at 4�C. The reactionwas stopped by adding

750 ml chloroform/methanol (1:2, v/v) containing 1% HCl. Phospholipids were extracted by adding 1 ml chloroform/methanol (1:1),

500 ml solution containing 1 M KCl and 0.2 M H3PO4, mixing thoroughly by vortexing, and centrifuging at 2,000 rpm for 5 min. The

lower organic phase (lipids) was transferred to a new glass tube, dried under a stream of nitrogen vapor, and resuspended in

50 ml chloroform/methanol (2:1). The lipids were separated by thin layer chromatography (TLC) silica plates (Merck, USA) that had

been activated by heating for 15 min at 110�C. The plates were run in an acidic solvent system (CHCl3:MeOH:CH3COCH3:HAc:H2O,

50:10:20:10:5 by volume), and then put on paper towels to dry for 5-10 min. For the detection of organic compounds, the dried TLC

plate was stained in a glass container with saturated iodine (I2) vapor for 20-30 min and photographed for input control. After being

photographed, the same TLC plate was placed in the hood for 20-30 min until the iodine staining disappeared for the subsequent

radioactive analysis. The radioactive lipid products were visualized by autoradiography using GE Typhoon FLA 9500 (GE Healthcare,

USA).

In vivo and in vitro PA detection
In vivo PA formation was performed as described previously with minor modifications.31 Briefly, 1 ml protoplasts from four-week-old

WT, dgk5-1, or bik1 mutant plants were transferred to SCHOTT glass disposable reaction tubes with a screw cap (SCHOTT, Ger-

many), and pre-incubated with 1 mCi 32P-orthophosphate (32PO4
3-, Perkin Elmer, USA) for 2 h, followed by treatment with or without

0.1 mM flg22 for the indicated time in the figure. Incubation was stopped, and lipids were extracted by adding 2.4 ml ice-cold CHCl3:

MeOH: HCl (50:100:1.5 by volume) and mixing well for 10 sec. Then, 2.4 ml CHCl3 and 2.4 ml 9% NaCl were added. The tubes were

vigorously shaken, and two phases formed on ice for about 30min. The organic lower phase was transferred to a new SCHOTT glass

tube and dried under a streamof nitrogen vapor. Lipids were resuspended in 100 ml chloroform and PAwas separated from the rest of

the phospholipids by thin layer chromatography (TLC) using an acidic solvent (CHCl3:MeOH:CH3COCH3:HAc:H2O, 50:10:20:10:5 by

volume). Radioactivity was visualized by autoradiography using GE Typhoon FLA 9500 (GE Healthcare, USA) and quantified by Im-

ageJ software. Relative intensities of PA bands were normalized to the sum of phosphatidylethanolamine (PE), phosphatidylglycerol

(PG), and phosphatidylcholine (PC),31 and PA fold-change was calculated as the ratio of the value from treated samples divided by

the value from untreated samples, which was set as 1.

To detect in vitro plant lysate-mediated PA production, plant lysates were isolated from 0.1 g of 10- to 14-day-old WT, dgk5-1, or

bik1 mutant seedlings grown on ½MS plate (treated with 100 nM flg22) in 200 ml lysis buffer (40 mM Tris-HCl, pH 7.5, 5 mM MgCl2,

0.1 mM EGTA, 0.5 mM DTT, 0.2% Triton X-100). 50 mg of indicated lysates were used to incubate with DOG substrate in a 250 ml

reaction buffer (as described above) containing 1 mCi [g-32P]-ATP and 5 mM ATP for 0.5 to 1 h at room temperature. The extraction

and separation of phospholipids were the same as for the in vivo activity described above. The radioactive lipid products were

analyzed by autoradiography using GE Typhoon FLA 9500 (GE Healthcare, USA).
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For PA detection using the PAleon biosensor, experiments were performed as previously described.52 In brief, five-day-old trans-

genic seedlings of WT and dgk5-1 plants expressing PAleon sensor were placed in a Nunc� Lab-Tek� Chambered Coverglasses

(Thermo Fisher, USA) and overlaid with wet cotton to continuously perfuse the root with the buffer (5 mM KCl, 10 mM CaCl2, 10 mM

MES, pH 5.8), followed by overlayingwith awater agar block. The PA dynamicswere recorded by a Leica SP8 confocal microscope in

the root. The CFP fluorescence lifetime (excitation at 440 nm and emission at 450-500 nm) was recorded by LAS X software and

calculated as an average of six randomly measured images in the transgenic plant roots. The calculation of FRET efficiency

(E) was analyzed as described for the FRET-FLIM assay.

Protein accession number
Sequence data in this study can be found in The Arabidopsis Information Resource (TAIR) database under the following accession

numbers: BIK1 (AT2G39660), DGK5 (AT2G20900), WRKY29 (AT4G23550), PR1 (AT2G14610), PR5 (AT1G75040), FRK1

(AT2G19190), MPK3 (AT3G45640), MPK4 (AT4G01370), MPK6 (AT2G43790), UBQ10 (AT4G05320), BAK1 (AT4G33430), FLS2

(AT5G46330), BIR2 (AT3G28450), PBL30 (AT4G35600), PBL31 (AT1G76360), and RBOHD (AT5G47910).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data for quantification analyses are presented as mean ± SEM or SD as indicated in the figure legends. The statistical analyses were

performed by one-way analysis of variance (ANOVA) followed by Tukey’s test or unpaired two-tailed Student’s t-test. The number of

biologically independent replicates is shown in the figure legends or figures. The p-values are provided in the graphs.
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Supplemental figures

Figure S1. BIK1, but not BAK1 nor FLS2, interacts with DGK5, and DGK5 positively regulates plant immunity, related to Figure 1

(A) Diagram of DGK5 domains. The catalytic domain (DGK5C), accessory domain (DGK5A), catalytic site (G112), and calmodulin-binding domain (DGK5CBD) are

shown with the corresponding amino acid positions labeled.

(B) BIK1 interacts with DGK5 in a yeast two-hybrid assay. Yeast transformants co-expressing DGK5 or truncation variants in the pGADT7 (pAD) vector and

BIK1G2A in the pGBKT7 (pBK) vector were spotted as 10-fold serial dilutions on synthetic drop-out (SD) medium without leucine and tryptophan (SD-LT), or

without leucine, tryptophan, and histidine (SD-LTH) supplemented with 1 mM 3-amino-1, 2, 4-triazole (3-AT). Yeast colonies were photographed 3–4 days later.

(C) The protein expression of BIK1G2A and DGK5 variants in yeast. The indicated plasmids were co-transformed into AH109 yeast cells and cultured in the SD-LT

medium. Proteins were isolated for immunoblotting with a-MYC or a-HA antibodies. BIK1G2A was tagged with an MYC-epitope in the pBK vector, and DGK5

variants were tagged with an HA epitope in the pAD vector. Protein loading is shown by CBB staining.

(D) BIK1 associates with DGK5 in protoplasts. Protoplasts fromWT Arabidopsis plants were transfected with BIK1-FLAG and DGK5-HA or a control vector (Ctrl)

for 12 h, followed by treatment with or without 0.1 mM flg22 for 10 min. Co-immunoprecipitation (coIP) assay was carried out with a-FLAG agarose beads and

followed by immunoblotting (IB) with a-HA or a-FLAG antibodies (top two panels). Input proteins are shown in the bottom two panels.

(E) BIK1 interacts with DGK5 in a bimolecular fluorescence complementation (BiFC) assay. Indicated proteins fused with either C-terminal YFP (cYFP) or

N-terminal YFP (nYFP) were expressed in protoplasts for 16 h before imaging with a laser-scanning confocal microscope. Chlo., chloroplasts; BF, bright field. The

pair of BAK1-nYFP and BIK1-cYFP serves as the positive control. Scale bars, 10 mm.

(F) DGK5 does not associate with BAK1 or FLS2. Indicated proteins were expressed in protoplasts for 12 h, followed by treatment with or without 0.1 mMflg22 for

10 min. CoIP assays were performed as in (D).

(G) Genomic structure and transfer DNA (T-DNA) insertion mutants of DGK5. Gray and black rectangles represent the 50 untranslated region (50 UTR) and exon,

respectively. Blue triangles represent T-DNA insertion positions. Arrows indicate primer positions. Genotyping PCR using genomic DNA was performed with the

following primers: LP for the left genomic DNA primer, RP for the right genomic DNA primer, and LB for the left border primer of the T-DNA insertion. Growth

phenotype of two dgk5 mutants is shown 4 weeks after germination in soil. Scale bars, 1 cm.

(legend continued on next page)
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(H) Compromised flg22-induced ROS production in dgk5 mutants (dgk5-1 and dgk5-2). Data of total ROS from Figure 1E are shown as mean ± SEM (n = 12)

analyzed by one-way ANOVA followed by the Tukey’s test.

(I) DGK5-HA restores flg22-induced ROS production in dgk5-1. Leaf discs from 4-week-old soil-grown WT, dgk5-1, and two complementation lines (L1, L2) of

pDGK5::DGK5-HA in the dgk5-1 background were treated with 0.1 mM flg22. Total ROS production is calculated from Figure 1F, and data are shown as mean ±

SEM (n = 24 for WT; n = 32 for dgk5-1 and L1; n = 28 for L2) analyzed by one-way ANOVA followed by the Tukey’s test.

(J) DGK5 is not required for flg22-triggered MAPK activation. 10-day-old seedlings of WT or dgk5-1 were treated with or without 0.1 mM flg22 for the indicated

time. MAPK activation was analyzed with a-pERK1/2 antibodies (top), and protein loading is shown by CBB staining for RBC (bottom).

(K) DGK5 is not required for flg22-triggered MAPK phosphorylation. FLAG-tagged MPK3, MPK4, or MPK6 were expressed in protoplasts from WT or dgk5-1 for

12 h, followed by treatment with 0.1 mM flg22 for 10 min. FLAG-tagged MPKs were immunoprecipitated using a-FLAG agarose beads and incubated with myelin

basic protein (MBP) for in vitro kinase assays using [g-32P]-ATP. Phosphorylation was detected by autoradiography (top). Immunoprecipitated MPK proteins are

shown by immunoblotting with a-FLAG antibodies (bottom).

(L) Increased susceptibility of dgk5 mutants (dgk5-1 and dgk5-2) to Psm infection. 4-week-old soil-grown plants were syringe-inoculated with bacterial sus-

pension at 53 105 CFU/mL. Bacterial growth was measured at 0 and 2 days post-inoculation (dpi). Data are shown as mean ± SEM (n = 6) analyzed by one-way

ANOVA followed by the Tukey’s test.

(M) DGK5-HA complements dgk5-1 disease resistance against Pst DC3000 infection. The experiment was performed as in (L), and data were analyzed by

unpaired two-tailed Student’s t test.

(N) Increased susceptibility of dgk5-1 to the necrotrophic bacterium Erwinia infection. Leaves of 4-week-old plants were inoculated with E. carotovora subsp.

carotovora strain SCC1 at an OD600 = 0.02, and the percentage of leaves in different categories (1–4) of disease symptom severity was recorded at 36 hpi. 1,

maceration at the site of inoculation; 2, maceration covering about half of the leaf; 3,maceration covering approximately two-thirds of the leaf; 4, maceration in the

entire leaf. Data are shown as mean ± SD (n = 3). 72 leaves were inoculated for each genotype in each repeat.

Experiments were repeated three times in (B–K) and four times in (L–N) with similar results.
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Figure S2. Ser-506 is required for DGK5 phosphorylation by BIK1, related to Figure 2

(A) Flg22 induces DGK5 phosphorylation in a regular or Mn2+-Phos-tag SDS-PAGE. Protoplasts expressing DGK5-HA were treated with or without 0.1 mM flg22

for 10 min. Total proteins were separated with 8% SDS-PAGE with or without Mn2+-Phos-tag, followed by immunoblotting with a-HA antibodies at different

exposure times. Blue and red boxes mark the lower (pDGK5-L) and upper mobility shifted bands (pDGK5-U) of phosphorylated DGK5, respectively.

(B) Flg22-induced DGK5 phosphorylation is blocked in the fls2 mutant. Protoplasts from WT or fls2 were transfected with DGK5-HA together with or without

FLS2-FLAG for 12 h, followed by 0.1 mM flg22 treatment for 10 min. DGK5 and FLS2 proteins were detected by immunoblotting with a-HA or a-FLAG antibodies.

Protein loading is shown by CBB or Ponceau S staining for RBC.

(C) Flg22 induces DGK5 phosphorylation in transgenic plants. 11-day-old WT or p35S::DGK5-HA/dgk5-1 seedlings were treated with 0.2 mM flg22 for the

indicated time. Total proteins were separated with 8% Mn2+-Phos-tag or regular SDS-PAGE, followed by immunoblotting with a-HA antibodies.

(D) PBL30 (left) and PBL31 (right) phosphorylate DGK5 in vitro. Purified proteins of HIS-PBL30 and HIS-PBL31 were incubated with MBP (control) or DGK5

proteins in a kinase reaction buffer containing [g-32P]-ATP for 2 h at room temperature. Phosphorylation was analyzed by autoradiography (top), and the protein

loading is shown by CBB staining (bottom).

(E) DGK5S506 is not present in other Arabidopsis DGK family members. C-terminal amino acid sequences of DGK1 to DGK7 from Arabidopsis were aligned by

Esprit 3.0, and the Ser506 residue in DGK5 was boxed in pink.

(F) Predicted structure of DGK5. The structure was predicted using AlphaFold Protein Structure Database (https://www.alphafold.ebi.ac.uk/). The DGK5 catalytic

and accessory domains are marked with yellow and steel blue, respectively, and the remaining sequences of DGK5 are marked with purple. Thr446 and Ser506

residues are marked with green and gray, respectively. N and C represent the N and C termini of DGK5.

(G) Overlay of truncated BIK1 crystal structure (PDB: 5TOS) with its AlphaFold-predicted structure using ChimeraX software. The BIK1 crystal structure (52–360

aa) and its predicted structure (1–395 aa) are shown with blue and cyan, respectively. The BIK1 crystal structure was determined from Val52 (labeled with pink) to

Ser360 (labeled with dark blue).

(H) DGK5S506A does not affect its association with BIK1 in vivo. Protoplasts were co-expressed with BIK1-FLAG and DGK5-HA or DGK5S506A-HA, followed by

treatment with or without 0.1 mM flg22 for 10 min. Control (Ctrl) is an empty vector. CoIP assay was carried out with a-FLAG agarose and analyzed by immu-

noblotting with a-HA or a-FLAG antibodies (top two panels). Input proteins are shown in bottom two panels.

(I) DGK5S506A does not affect its interaction with BIK1 in vitro. HIS-BIK1 proteins immobilized on Ni-NTA agarose were incubated with GST-MBP, GST-DGK5, or

GST-DGK5S506A proteins. Eluted and input proteins were subjected to immunoblotting with a-GST or a-HIS antibodies.

(legend continued on next page)
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(J) DGK5 is conserved in different plant species. Protein sequences were blast-searched in NCBI using Arabidopsis DGK5 (AtDGK5, marked with a blue dot) as a

query, and the phylogenetic analysis was generated by MEGA11 using the neighbor-joining method with 1,000 bootstrap replicates. Identities (%) indicate the

percentage of homology of DGK5 in different plant species to AtDGK5. At, Arabidopsis thaliana; Al, Arabidopsis lyrate; Es, Eutrema salsugineum; Bo, Brassica

oleracea; Bn, Brassica napus; Br, Brassica rapa; Gm, Glycine max; La, Lupinus angustifolius; Pv, Phaseolus vulgaris; Va, Vigna radiata; Vr, Vigna radiata; Pt,

Populus trichocarpa;Ca,Capsicum annuum;Sl,Solanum lycopersicum;St,Solanum tuberosum;Nb,Nicotiana benthamiana;Na,Nicotiana attenuate;Pp,Prunus

persica; Md, Malus domestica; Cs, Cucumis sativus; Cp, Carica papaya; Tc, Theobroma cacao; Gr, Gossypium raimondii; Gh, Gossypium hirsutum; Vv, Vitis

vinifera; Zm, Zea mays; Os, Oryza sativa; Ta, Triticum aestivum; Ha, Helianthus annuus; Mt, Medicago truncatula.

Experiments were repeated three times in (A, B, D, H, and I) and twice in (C) with similar results.
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Figure S3. MPK4 interacts with and phosphorylates DGK5 at Thr446, related to Figure 3

(A) Sample preparation for the identification of flg22-induced DGK5 phosphorylation sites by LC-MS/MS. Protoplasts expressing DGK5-FLAG were treated with

0.2 mM flg22 for 10 min. DGK5-FLAG was immunoprecipitated with a-FLAG agarose and separated by SDS-PAGE, followed by CBB staining (left) and immu-

noblotting with a-FLAG antibodies (right). Gels boxed in red containing the unphosphorylated and phosphorylated DGK5 were cut for trypsin digestion to identify

DGK5 phosphorylation sites using LC-MS/MS analysis.

(B) Flg22-induced DGK5 phosphorylation peptides identified by LC-MS/MS analysis. The score indicates the confidence of the identified serine (S) and threonine

(T) phosphorylation residues; dupes indicate the repeat times of the identified peptides.

(C) DGK5S488A does not affect flg22-induced DGK5 phosphorylation in protoplasts. DGK5-HA or DGK5S488A-HA was expressed in protoplasts, followed by

treatment with 0.1 mM flg22 for 10 min. Protein extracts were separated with Mn2+-Phos-tag or regular SDS-PAGE, followed by immunoblotting with a-HA

antibodies. Protein loading is shown by Ponceau S staining for RBC.

(D) Protein sequence alignment of Arabidopsis DGK family members. Partial amino acid sequences of DGK1-DGK7 were aligned by Esprit 3.0, and the Thr446

residue in DGK5 and the corresponding residue in other DGK members were boxed with pink. The conserved sites are boxed in black.

(E) Flg22 induces a similar DGK5 phosphorylation pattern inWT andmpk6/amiR-MPK3. Protoplasts fromWT andmpk6/amiR-MPK3 plants were transfected with

DGK5-HA and treated with 0.1 mMflg22 for 10min. Dex of 30 mMcontaining 0.01% silwet L-77 was sprayed on the leaves 3 days before protoplast isolation. Total

proteins were separated with Mn2+-Phos-tag or regular SDS-PAGE, followed by immunoblotting with a-HA or a-pERK1/2 antibodies. The protein loading is

shown by the CBB or Ponceau S staining for RBC.

(F) MPK4 enhances flg22-induced DGK5T446 phosphorylation (pDGK5-L) in vivo. DGK5-FLAG was co-expressed with MPK4-HA or an empty vector (Ctrl) in

protoplasts, followed by treatment with 0.1 mMflg22 for 10min. The experiment was performed as in (E). Quantification of pDGK5T446-L was calculated as relative

band intensities of pDGK5T446-L divided by the unphosphorylated DGK5 band intensities. Data are shown as mean ± SD (n = 3) analyzed by unpaired two-tailed

Student’s t test.

(G) DGK5T446 is conserved in different plant species. Multiple sequence alignment and WebLogo analyses of DGK5T446 from different plant species are shown

with Thr446 boxed in pink. The names of different plants are listed in the figure legend of Figure S2J. The conserved sites are boxed in black.

(H) MPK4 associates with DGK5. Protoplasts were co-expressed with DGK5-FLAG and MPK4-HA, followed by treatment with 0.2 mM flg22 for 10 min. Control

(Ctrl) is an empty vector. CoIP assay was carried out with a-FLAG agarose followed by immunoblotting with a-HA or a-FLAG antibodies (top two panels). Input

proteins of DGK5-FLAG and MPK4-HA are shown on bottom two panels.

(I) DGK5T446A interacts with MPK4 in vitro. Glutathione sepharose beads immobilized with GST, GST-DGK5, or GST-DGK5T446A were incubated with HIS-MPK4

proteins followed by immunoblotting with a-MPK4 or a-GST antibodies (top two panels). Input proteins are shown by CBB staining on the bottom panel.

(legend continued on next page)
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(J) DGK5T446A associates with MPK4 in protoplasts. Protoplasts were co-expressed with MPK4-FLAG and DGK5-HA or DGK5T446A-HA, followed by treatment

with 0.1 mM flg22 for 10 min. Control (Ctrl) is an empty vector. CoIP assay was carried out with a-FLAG agarose, and proteins were analyzed by immunoblotting

with a-HA or a-FLAG antibodies (top two panels). Input proteins are shown on bottom two panels.

Experiments were repeated three times in (C), (E), (F), and (H)–(J) with similar results.
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Figure S4. DGK5 mediates PA production and is required in plant immunity, related to Figure 4

(A) DGK5 phosphorylates DOG for PA production. Recombinant GST, GST-DGK5 proteins, or WT plant lysates were incubated with DOG in a reaction buffer

containing [g-32P]-ATP for 30min. Plant lysates were obtained from 10-day-old seedlings grown on½MS plates. Chloroform-soluble products were separated by

the thin-layer chromatography (TLC) plate, and PA was detected by autoradiography (top). Standard PA (16:0-18:1, Avanti Polar Lipids Inc., USA) (2 mg) was

added to each sample before lipid extraction. The iodine (I2) staining of the standard PA on the TLC plate is shown at the bottom. The solvent front indicates the

side of the TLC plate immersed in the acidic solvent liquid.

(B and C) Phosphomimeticmutant of DGK5S506D/T446D has reduced PA production. Purified proteins of DGK5 and its variants were incubated with DOG substrate

in a reaction buffer containing [g-32P]-ATP for 30 min. Chloroform-soluble products were separated by the TLC plate, and PA was detected by autoradiography

(top). Input proteins are shown by CBB staining (bottom). Quantification of relative intensities of PA produced by DGK5 and its variants are shown in (C). The value

of the DGK5 sample was set as 1.0. Data are shown as mean ± SD (n = 3) analyzed by one-way ANOVA followed by the Tukey’s test.

(D) MPK4 phosphorylates DGK5S506D. Protoplasts expressing MPK4-FLAGwere treated with 0.1 mMflg22 for 10min. The activatedMPK4-FLAG andGFP-FLAG

(control) were immunoprecipitated with a-FLAG magnetic beads and incubated with HIS-DGK5 or HIS-DGK5S506D proteins for the in vitro kinase assay using

[g-32P]-ATP. Phosphorylation was detected by autoradiography (top). Immunoprecipitated MPK4 and GFP proteins are shown by immunoblotting with a-FLAG

antibodies (bottom). HIS-DGK5 and HIS-DGK5S506D input proteins are shown by CBB staining (middle).

(E) BIK1 phosphorylates DGK5T446D. The experiment was performed as in (D).

(F) DGK5S506A, but not DGK5T446A, fails to restore dgk5-1 disease resistance against Psm infection. 4-week-old soil-grown plants were hand-inoculated with

bacterial suspension at 5 3 105 CFU/mL. Bacterial growth at 2 dpi is shown as mean ± SEM (n = 6) analyzed by unpaired two-tailed Student’s t test.

Experiments were repeated three times with similar results.
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Figure S5. DGK5-mediated PA production regulates plant immunity and RBOHD protein accumulation, related to Figures 5 and 6

(A) PA production is reduced in dgk5-1 and bik1mutants after flg22 treatment. Recombinant GST-DGK5 proteins or plant lysates fromWT, dgk5-1, or bik1 were

incubated with DOG in a reaction buffer containing [g-32P]-ATP for 30min. Plant lysates were obtained from 10-day-old seedlings grown on ½MS plates after the

treatment with 0.1 mMflg22 for 5 min. Chloroform-soluble products were separated by the TLC plate placed in an acidic solvent system, and PA was detected by

autoradiography (top). The protein loading is shown by CBB staining on the bottom.

(B and C) Salt- and Pep1-induced PA production is monitored by a PA biosensor PAleon-based FRET-FLIM assay. PA production was monitored in the root

maturation zone of WT seedlings expressing PAleon. 5-day-old seedlings were treated with or without 0.5 mM Pep1 or 100 mM NaCl for the indicated time, and

FRET efficiency (%) was captured by the Leica laser-scanning confocal microscope at different time points. Data are shown as mean ± SEM (n = 6). Repre-

sentative confocal images with FRET efficiencies (%) from (B) at 0, 4, 8, and 12 min are shown in (C).

(D) Exogenous PA treatment restores the disease resistance of dgk5-1 to Pst DC3000 infection. Leaves of 4-week-old soil-grown plants were pre-infiltrated with

10 mMPA liposomes for 24 h followed by hand-inoculation with bacterial suspension at 53 105 CFU/mL. Bacterial growth wasmeasured at 0 and 3 dpi. Data are

shown as mean ± SEM (n = 6) analyzed by one-way ANOVA followed by the Tukey’s test.

(E) Exogenous PA treatment induces RBOHD protein accumulation in WT and dgk5-1. 10-day-old seedlings were treated with 25 mM PA liposomes for the

indicated time. RBOHD proteins were detected by immunoblotting using a-RBOHD antibodies (top). The protein loading is shown by Ponceau S staining for RBC.

(F) Transcripts ofRBOHD in WT and dgk5-1 plants after flg22 treatment. 10-day-old seedlings were treated without or with 0.1 mMflg22 for 1 or 2 h and subjected

to RT-qPCR analysis. Expression levels of RBOHDwere normalized toUBQ10 and presented as fold change relative toWT 0 h treatment (no treatment). Data are

shown as mean ± SD (n = 3) analyzed by one-way ANOVA followed by the Tukey’s test. n.s., not significant.

(G) Mutations of RBOHD PA-binding sites (RBOHD4A) reduce RBOHD protein accumulation. RBOHD-33HA (WT) and RBOHD4A-33HA (4A) driven by the 35S

promoter or RBOHD native promoter (p35S::RBOHD-HA and pRBOHD::RBOHD-HA, WT, and 4A) were expressed in N. benthamiana for 2 days. Proteins were

detected by immunoblotting using a-HA antibodies. The protein loading is shown by Ponceau S staining for RBC (bottom).

(H) Mutations of PA-binding sites reduce RBOHDN protein accumulation. The experiment was performed as in (G) with p35S::RBOHDN-HA and pRBOHD::R-

BOHDN-HA (WT and 4A). RBOHDN: N terminus of RBOHD.

(I) Mutations of PA-binding sites reduce RBOHDN protein accumulation inArabidopsis transgenic plants. The N-terminal RBOHD (RBOHDN,WT) or its PA-binding

site mutant RBOHDN-4A (4A) tagged with 33HA under the 35S or native promoter (p35S::RBOHDN-HA and pRBOHD::RBOHDN-HA,WT and 4A) was transformed

into rbohd, and multiple transgenic lines were subjected to immunoblotting using a-HA antibodies (top). The protein loading is shown by Ponceau S staining

for RBC.

(legend continued on next page)
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(J) MG132 stabilizes RBOHDN-4A proteins inArabidopsis transgenic plants. 10-day-old seedlings of three independent transgenic lines of pRBOHD::RBOHDN-4A-

HA/rbohd were treated without or with 100 mM MG132 for 4 h, and the samples were collected for immunoblotting using a-HA antibodies.

(K) flg22 treatment reduces RBOHD ubiquitination in p35S::RBOHD-HA/rbohd transgenic plants. 10-day-old seedlings were treated with 0.1 mM flg22 for 2 h.

Total proteins were extracted and subjected to immunoprecipitation using a-HA magnetic beads followed by immunoblotting using a-UBQ or a-RBOHD anti-

bodies (top two panels). The input proteins are shown with immunoblotting by a-UBQ and a-RBOHD antibodies (3rd and 4th panels). Intensities of the ubiq-

uitinated RBOHD (RBOHDUb, top panel) and immunoprecipitated RBOHD (2nd panel) were quantified by ImageJ software. The quantification of RBOHDUb was

normalized to RBOHD. The value of RBOHDUb without treatment was set as 1.0. Data are shown as mean ± SD (n = 3). Asterisks denote statistically significant

differences according to unpaired two-tailed Student’s t test (p < 0.01).

(L) RBOHDN-4A exhibits increased ubiquitination. Protoplasts from p35S::RBOHDN-HA and p35S::RBOHDN-4A-HA transgenic plants were expressed with FLAG-

UBQ and subjected to immunoprecipitation using a-HA magnetic beads, followed by immunoblotting using a-FLAG or a-HA antibodies (top two panels). The

input proteins are shown with immunoblotting by a-FLAG or a-HA antibodies (3rd and 4th panels). The quantification and data analysis were performed as in

(K) (p < 0.001).

Relative band intensities of RBOHD normalized to input proteins were labeled underneath the immunoblotting images (E, G, and H–J). Experiments were

repeated three times with similar results.
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Figure S6. DGK5-mediated PA production is involved in ETI signaling, related to Figure 7
(A and B) D36E avrRpt2, not D36E, induces apoplastic ROS production. ROS production was detected with the fluorescent dye H2DCFDA in WT and dgk5-1

leaves 5 h after infiltration of D36E or D36E avrRpt2 at 2 3 107 CFU/mL or in combination with 12.5 mM PA liposomes for dgk5-1. Confocal images show the

fluorescence intensity stained by H2DCFDA (A). Chlo, chlorophyll. Scale bars, 50 mm. Fluorescence intensities were quantified by ImageJ software. Data are

shown as mean ± SEM (n = 12) analyzed by one-way ANOVA followed by the Tukey’s test (B).

(C and D)Dex::avrRpt2-induced ROS production is reduced in dgk5-1. TheDex::avrRpt2/WT andDex:avrRpt2/dgk5-1 leaveswere infiltrated with 2 mMDex for 5 h

or in combination with 12.5 mM PA liposomes for dgk5-1. The experiment and data analysis were performed as in (A and B).

(E) Increased susceptibility to Pst DC3000 avrRpm1 infection in dgk5-1. Leaves of 4-week-old soil-grown plants were hand-inoculated with bacterial suspension

at 5 3 105 CFU/mL. Bacterial growth was measured at 0 and 3 dpi. Data are shown as mean ± SEM (n = 9) analyzed by one-way ANOVA followed by the Tu-

key’s test.

(F) AvrRpt2-triggered hypersensitive response (HR) is not affected in dgk5-1. WT and dgk5-1 leaves were infiltrated with Pst avrRpt2 or D36E avrRpt2 at different

OD600. Pictureswere taken at 9–12 hpi. The numbers of infiltrated leaves (20 for each genotype and treatment) and thosewith HR are indicated in the image. Scale

bars, 1.0 cm.

(G) AvrRpm1 induces two DGK5 phosphorylation patterns. Protoplasts co-expressing Dex::avrRpm1-HA and DGK5-FLAG were treated with 2 mM Dex for the

indicated time. Total proteins were separated with Mn2+-Phos-tag (top two panels) or regular SDS-PAGE (bottom three panels), followed by immunoblotting with

a-FLAG or a-HA antibodies. Protein loading is shown by Ponceau S staining for RBC.

(H) AvrRpt2 induces PA production. Protoplasts from Dex::avrRpt2/WT plants were pre-incubated with 32P-orthophosphate for 2 h, followed by treatment with

2 mM Dex or 0.1 mM flg22 for the indicated time. Total lipids were extracted and separated by the TLC plate placed in an acidic solvent system, and PA was

detected by autoradiography. Relative intensities of PA productionwere normalized to the sum of phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and

phosphatidylcholine (PC) (right panel). The value of the sample without treatment is set as 1.0. Data are shown as mean ± SD (n = 3) analyzed by one-way ANOVA

followed by the Tukey’s test.

(I) Flg22 does not induce DGK5 phosphorylation at the late time points. Protoplasts expressing DGK5-FLAGwere treated with 0.1 mMflg22 for the indicated time.

The experiment was performed as in (G).

(J) Flg22 does not induce PA production at the late time points. Protoplasts fromWT plants were treated with 0.1 mM flg22 for the indicated time. The experiment

was performed as in (H).

(K) AvrRpt2-induced PA production is reduced in dgk5-1 with a PA biosensor PAleon-based FRET assay. Protoplasts isolated from Dex::avrRpt2/WT or

Dex::avrRpt2/dgk5-1were expressed with PAleon for 6 h. The PA production ismonitored at the indicated time after 2 mMDex treatment, and FRET efficiency (%)

was recorded by the Leica laser-scanning confocal microscope. Data are shown as mean ± SEM (n = 6).

Experiments were repeated three times with similar results.
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Figure S7. DGK5 phosphorylation is involved in ETI, related to Figure 7

(A and B) D36E avrRpt2-induced ROS production in different DGK5 phosphorylation mutant complementation lines. The experiment was performed as Fig-

ure S6A (A). Data are shown as mean ± SEM (n = 12) analyzed by one-way ANOVA followed by the Tukey’s test (B).

(C) Pst avrRpt2-induced disease resistance in different DGK5 phosphorylation mutant complementation lines. Leaves of 4-week-old soil-grown plants were

hand-inoculated with bacterial suspension at 53 105 CFU/mL. Bacterial growth was measured at 3 dpi. Data are shown as with mean ± SEM (n = 8) analyzed by

one-way ANOVA followed by the Tukey’s test.

(D) Silencing DGK5 in WT or Dex::avrRpt2 transgenic plants by VIGS. Total RNA was extracted from VIGS-DGK5 (F1 and F2 are two fragments targeting different

DGK5 regions) or VIGS-GFP control plants inWT orDex::avrRpt2 transgenic plants for RT-qPCR analysis. TheDGK5 gene expression was normalized toUBQ10

and presented as a fold change to VIGS-GFP. Data are shown as mean ± SD (n = 3) analyzed by one-way ANOVA followed by the Tukey’s test.

(E and F) The flg22-potentiated AvrRpt2-induced ROS burst (ROSPTI-ETI) is reduced in DGK5 silencing plants. Leaf discs from Dex::avrRpt2/WT silenced with Ctrl

(GFP) or DGK5 were treated with 25 mM dexamethasone (Dex) and without (mock) or with 0.1 mM flg22. ROS production was measured as relative light units

(RLUs) by a luminometer. F1 and F2 indicateDGK5 silencing plants generated by two targeting fragments ofDGK5. The ROS burst during 50–400min (ROSPTI-ETI)

was highlighted on the top right (E), and the total ROS production during 50–400min (ROSPTI-ETI) is shown in (F). Data are shown asmean ± SEM (n = 24) analyzed

by one-way ANOVA followed by the Tukey’s test.

Experiments were repeated three times with similar results.
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