
Article

Salicylic acid-activated BIN2 phosphorylation of
TGA3 promotes Arabidopsis PR gene expression and
disease resistance
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Abstract

The plant defense hormone, salicylic acid (SA), plays essential roles
in immunity and systemic acquired resistance. Salicylic acid
induced by the pathogen is perceived by the receptor nonexpressor
of pathogenesis-related genes 1 (NPR1), which is recruited by TGA
transcription factors to induce the expression of pathogenesis-
related (PR) genes. However, the mechanism by which post-
translational modifications affect TGA’s transcriptional activity by
salicylic acid signaling/pathogen infection is not well-established.
Here, we report that the loss-of-function mutant of brassinos-
teroid insensitive2 (BIN2) and its homologs, bin2-3 bil1 bil2, causes
impaired pathogen resistance and insensitivity to SA-induced PR
gene expression, whereas the gain-of-function mutant, bin2-1,
exhibited enhanced SA signaling and immunity against the
pathogen. Our results demonstrate that salicylic acid activates
BIN2 kinase, which in turn phosphorylates TGA3 at Ser33 to
enhance TGA3 DNA binding ability and NPR1–TGA3 complex forma-
tion, leading to the activation of PR gene expression. These find-
ings implicate BIN2 as a new component of salicylic acid signaling,
functioning as a key node in balancing brassinosteroid-mediated
plant growth and SA-induced immunity.
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Introduction

Salicylic acid (SA) is an essential phytohormone that plays key roles

in plant defense against pathogens (van Butselaar & Van den Ack-

erveken, 2020; Zhou & Zhang, 2020). Pathogens induce the accumu-

lation of SA, which stimulates plant immunity (Ding & Ding, 2020).

In Arabidopsis, pathogen-induced SA is mainly synthesized through

Isochorismate Synthase 1 (ICS1/SID2; Wildermuth et al, 2001);

accordingly, an inability properly to synthesize SA leads to compro-

mised systemic acquired resistance (Gaffney et al, 1993). NPR1 is a

receptor and a central regulator of the SA signaling pathway. Loss of

NPR1 function results in impaired SA-induced PR gene expression

(Cao et al, 1994; Delaney et al, 1995). In the presence of SA or

pathogen infection, monomeric SA-bound NPR1 is transported from

the cytoplasm to the nucleus, where it interacts with members of

the TGA family of a transcription factor to activate PR gene expres-

sion (Zhang et al, 1999, 2003; Despres et al, 2000; Zhou et al, 2000;

Rochon et al, 2006; Kesarwani et al, 2007). Meanwhile, two other

SA receptors, NPR3 and NPR4, are inhibited by SA and function

with TGAs as transcriptional corepressors of SA response genes

(Ding et al, 2018).

A recent study revealed that epigenetic control of SA signaling by

the CBP/p300-family of histone acyl transferases, HAC1 and HAC5

(HAC1/5), was affected by an interaction with NPR1. The resulting

transcriptional complex is recruited to PR chromatin by TGAs,

where it relaxes repressive local chromatin organization through H3

histone acetylation and facilitates transcription (Jin et al, 2018). As

the master regulator of SA signaling, NPR1 was reported to orches-

trate transcriptional reprogramming by post-translational modifica-

tions, protein stability, and epigenetic reprogramming (Saleh et al,

2015). Despite the essential role of NPR1 in SA-triggered transcrip-

tion of PR during plant defense, the molecular mechanism of its role

as a TGA’s transcriptional activation remains elusive. As key down-

stream components of SA signaling, TGAs have not been extensively

studied; therefore, the post-translational modifications of TGAs in

response to SA and the mechanism of how SA induces the binding

of TGAs to their target promoters remain to be established.

In Arabidopsis, there are 10 members of the GSK3-like protein

kinase family (Jonak & Hirt, 2002; Qi et al, 2013). BIN2, the first

plant GSK3-like kinase to be discovered, controls plant morphology

and BR sensitivity (Li et al, 2001; Choe et al, 2002; Li & Nam, 2002;

Perez-Perez et al, 2002). BIN2 has been established as a critical
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negative regulator of the BR signaling in Arabidopsis (Nolan et al,

2020), with subsequent studies showing BIN2 to be involved in a

wide range of developmental and stress response processes through

its interaction with and phosphorylation of diverse substrates,

including kinases: Snf1-related kinase 2s (SnRK2s) and mitogen-

activated protein (MAP), ubiquitin ligases: Plant U-Box40 (PUB40),

enzymes: Cellulose Synthase A1 (CESA1), and transcription factors:

abscisic acid insensitive5 (ABI5), auxin response factors (ARFs),

CESTA transcription factors, enhancer of glabra3 (EGL3), transpar-

ent testa glabra1 (TTG1), phytochrome interacting factor4 (PIF4),

family transcription factor-like2 (MYBL2), homeodomain-leucine

zipper protein1 (HAT1), WRKY54, tiny, responsive to dessication

26 (RD26), upbeat1 (UPB1), and golden2-like 1 (GLK1; Kim et al,

2012; Ye et al, 2012; Khan et al, 2013; Bernardo-Garcia et al, 2014;

Cai et al, 2014; Cheng et al, 2014; Cho et al, 2014; Hu & Yu, 2014;

Zhang et al, 2014, 2021a; Chen et al, 2017; Jiang et al, 2019; Xie

et al, 2019; Li et al, 2020a, 2020b). Together, these interactions

suggest that BIN2 functions as a key node in mediating

multiple signaling pathways to regulate plant growth and stress

responses.

In this study, we identified BIN2 as a critical component in SA

signaling pathway. SA induces the phosphorylation of TGA3 by

BIN2 at S33; this enhances the binding of TGA3 to its targets and

promotes NPR1-TGA3 complex formation, activating plant immu-

nity. This phosphorylation process is also dependent on NPR1, indi-

cating that phosphorylation of TGA3 is a necessary event for SA

signaling and plant immunity.

Results

BIN2 physically interacts with TGA3

In our previous study, we identified BIN2-interacting proteins by a

yeast two-hybrid (Y2H) screen using BD-BIN2 (full length of BIN2

to the GAL4 DNA binding domain of the bait vector) and found

A
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Figure 1. BIN2 interacts with TGA3.

A Diagram of TGA3-truncated proteins used in Y2H assays and in vitro pull-down assays described in (B) and (C). The numbers indicate the positions of amino acids.
B Y2H assays to detect the interactions between BIN2 with TGA3 and its fragments. The experiment was repeated three times with similar results, and representative

images are displayed.
C BIN2 interacts with TGA3 in vitro pull-down assay. HIS-BIN2 was incubated with MBP, MBP-tagged full-length or truncated TGA3, and the proteins immunoprecipi-

tated with HIS beads were detected using anti-MBP antibody.
D BiFC assays of the interaction of BIN2 (fused with the N-terminal fragment of YFP) with TGA3 (fused with the C-terminal fragment of YFP) in Nicotiana benthamiana.

Scale bars represent 50 lm.
E Co-immunoprecipitation (Co-IP) analysis of the interaction between BIN2 and TGA3. Total proteins were extracted from the 2-week-old proBIN2:Myc-BIN2/proTGA3:

FLAG-HA or proBIN2:Myc-BIN2/proTGA3:FLAG-HA-TGA3 transgenic seedlings and were incubated with anti-HA beads. HA-Flag fusion was examined using anti-HA anti-
body, and coimmunoprecipitated MYC-BIN2 was detected using anti-MYC antibody. The proteins from crude lysates (left, input) and immunoprecipitated proteins
(right) were detected with anti-MYC antibody.

Source data are available online for this figure.
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TGA3 to be one of the BIN2’s binding partners (Zhang et al, 2021a).

A yeast two-hybrid and HIS pull-down assays were therefore ini-

tially conducted to confirm the physical interaction betweens TGA3

and BIN2 in vitro. As shown in Fig 1A–C, TGA3 interacts with BIN2

in vitro, and the basic region followed by the leucine zipper domain

(BRLZ) and C-terminus of TGA3 mediate the interaction with BIN2.

To further confirm the interaction in plants, transient bimolecular

fluorescence complementation (BiFC) assays in tobacco (Nicotiana

benthamiana) leaves were performed by co-expressing BIN2 fused

with the N-terminus of yellow fluorescent protein (BIN2-nYFP) and

TGA3 fused to the C-terminus of YFP (TGA3-cYFP). As shown in

Fig 1D, strong YFP fluorescence signals were detected in the

nucleus, indicating the physical interaction between BIN2 and

TGA3. Co-immunoprecipitation (Co-IP) assays were further carried

out using transgenic plants expressing BIN2 and TGA3 driven by

their native promoters and confirmed their interaction in vivo

(Fig 1E).

As BIN2 functions redundantly with its homologs BIL1 and BIL2,

we tested whether or not TGA3 interacts with BIL1 and BIL2

(Appendix Fig S1A and B). We found that TGA3 also interacted

with BIL1 and BIL2 in the Y2H system (Appendix Fig S1A) and in

tobacco leaves (Appendix Fig S1B). We also detected interactions

between BIN2 and other TGAs. As shown in Appendix Fig S1C and

D, BIN2 also interacted with TGA2, TGA5, and TGA6 in vitro and

in vivo.

SA induces the phosphorylation of TGA3 by BIN2

Next, to test whether TGA3 is a substrate of BIN2, in vitro kinase

assays were performed with BIN2 and TGA3. We found that BIN2

directly phosphorylated TGA3 and bikinin, an inhibitor of BIN2,

inhibited phosphorylation (Fig 2A). These results suggested that

BIN2 phosphorylates TGA3 in vitro. There are eleven conserved

phosphorylation sites of BIN2 (S/TXXXS/T) in the N-terminal of

TGA3. Based on these sequences, we mapped the phosphorylation

sites in TGA3 using truncated TGA3 proteins. As shown in Fig 2B

and Appendix Fig S2A, when Ser29, Ser33, and Ser37 were deleted,

BIN2 could not phosphorylate the truncated TGA3-2 and TGA3-3

proteins. To further confirm the phosphorylation sites, we mutated

Ser29, Ser33, and Ser37 to alanine, respectively. When S33 was

mutated to alanine, the phosphorylation of TGA3 by BIN2 was

almost undetectable (Fig 2C).

To further test whether BIN2 phosphorylates TGA3 in vivo, we

immunoprecipitated TGA3 protein from proTGA3:HA-FLAG-TGA3/

tga3 or proTGA3:HA-FLAG-TGA3/bin2-1 transgenic plants and dis-

tinguished between phosphorylated and dephosphorylated TGA3

using phos-tag gel, in which the phosphorylated proteins specifically

binds to the phos-tag reagent and has reduced protein mobility. As

shown in Fig 2D, under normal conditions, phosphorylated and

dephosphorylated TGA3 can be detected, mainly in the form of

dephosphorylation in proTGA3:HA-FLAG-TGA3/tga3. After SA treat-

ment, phosphorylated TGA3 accumulated with SA-induced TGA3

phosphorylation being inhibited by bikinin (Fig 2E and F). Further-

more, more phosphorylated TGA3 was found in bin2-1 but almost

undetected in bin2-3 bil1 bil2 (Fig 2G).

The phosphorylation of tyrosine in the T-loop of the kinase

domain (at Tyr216/Tyr279 in human GSK3b/a) is essential for the

full kinase activity of GSK3s (Hughes et al, 1993; Cole et al, 2004;

Lochhead et al, 2006). In Arabidopsis, the phospho-Tyr200 residue

of AtSK21/BIN2 is corresponding to phospho-Tyr216/Tyr279 of

human GSK3b/a. The anti-pTyr279/Tyr216 antibody was also used

to detect BIN2 activity in previous studies (Hao et al, 2016; Li et al,

2020a; Zhang et al, 2021b). Then, an anti-pTyr279/Tyr216 (pTyr)

antibody and the phosphorylation status of BES1 were used to eval-

uate whether SA influences the kinase activity of BIN2 (Yin et al,

2002). BIN2 kinase activity was indeed enhanced after SA treatment

(Fig 2H and Appendix Fig S2B), indicating that SA-activated phos-

phorylation of TGA3 by BIN2 is a critical event for SA signaling.

BIN2 phosphorylation is indispensable for SA-activated
transcription activity of TGA3

To study the function of TGA3 phosphorylation by BIN2, we first

detected TGA3 protein accumulation in proTGA3:FLAG-HA-TGA3/

tga3 with SA or bikinin treatment. As shown in Appendix Fig S3A

and B, the protein stability of TGA3 was independent of phosphory-

lation by BIN2. TGA3-eGFP subcellular localization was detected by

transient expression in tobacco leaf epidermal cells. TGA3-eGFP

mostly accumulated in the nucleus, and the TGA3-eGFP signal did

not change after SA or bikinin treatment (Appendix Fig S3C). These

results indicate the stability and subcellular localization of TGA3 are

not affected by BIN2 phosphorylation.

To determine the relationship between phosphorylation of TGA3

by BIN2 and transcription activity of TGA3, we detected PR1

and PR2 expression in wild-type (WT), bin2-1, and bin2-3 bil1 bil2

plants (Fig 3A) and found PR gene expression was activated in bin2-

1 without SA as that in WT with SA treatment (Fig 3B). Further acti-

vation can be found in bin2-1 after SA treatment, while SA-induced

PR expression was severely blocked in bin2-3 bil1 bil2 as it was in

the NPR1 loss-of-function mutant (Fig 3B). BIN2 compensated for

the loss of SA-induced PR expression of bin2-3 bil1 bil2 in ProBIN2:

MYC-BIN2/bin2-3 bil1 bil2, and SA-induced PR expression was a lit-

tle lower in bin2-3 when compared with WT. We therefore conclude

that BIN2 and its homologs play redundant roles in SA signaling

(Appendix Fig S4).

Next, we compared disease resistance in WT, bin2-1, and bin2-3

bil1 bil2 plants. While bin2-1 displayed enhanced plant immunity,

bin2-3 bil1 bil2 showed impaired disease resistance (Fig 3C). Mean-

while, SA-induced resistance against Pseudomonas syringae pv.

tomato DC3000 (Pst DC3000)/Pst DC3000 hrcC� was significantly

impaired in bin2-3 bil1 bil2, but enhanced in bin2-1 plants. Tran-

sient transcription activation assays were then performed (Fig 3D

and E). 35S:FLAG-HA-TGA3, 35S:FLAG-HA-TGA3S33A (the nonphos-

phorylated mimetic form of TGA3, Ser 33 mutated to Ala), and 35S:

FLAG-HA-TGA3S33D (the phosphorylated mimetic form of TGA3, Ser

33 mutated to Asp) were used as effector constructs and co-

transformed Arabidopsis protoplasts with the reporter constructs

(Fig 3D). TGA3 activated PR1 and PR2 expression after SA treat-

ment, with TGAS33D activating more strongly. But TGA3S33A

behaved as the GUS control (Fig 3E). Then, proTGA3:FLAG-HA-

TGA3/tga3, proTGA3:FLAG-HA-TGA3S33A/tga3, and proTGA3:

FLAG-HA-TGA3S33D/tga3 plants were generated (Fig 3F). PR gene

expression was induced by TGA3 after SA treatment in proTGA3:

FLAG-HA-TGA3/tga3 and was activated more strongly by TGA3S33D

in proTGA3:FLAG-HA-TGA3S33D/tga3. No difference was found in

proTGA3:FLAG-HA-TGA3S33A/tga3 when compared with tga3
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Figure 2. BIN2 phosphorylates TGA3 in vitro and in vivo.

A, B BIN2 phosphorylates TGA3 in vitro. Phosphorylation of full-length TGA3 by BIN2 is inhibited by bikinin, as revealed in a kinase assay (A), and BIN2 phosphorylates
truncated TGA3-1 (17aa-384aa) but not TGA3-2 (41aa-384aa) and TGA3-3 (56aa-384aa) (B); phosphorylated proteins are indicated (P). Autoradiography (Autorad) is
shown at the top, and proteins detected by coomassie brilliant blue (CBB) staining are shown at the bottom.

C S33 in TGA3 is the BIN2 phosphorylation site. Potential phosphorylation Ser residue of TGA3 was mutated to Ala. Kinase assays were performed with purified HIS-
BIN2 and wild-type or mutant forms of MBP-TGA3.

D TGA3 is phosphorylated in vivo. FLAG-HA-TGA3 immunoprecipitated from proTGA3: FLAG-HA-TGA3tga3 or proTGA3: FLAG-HA-TGA3/bin2-1 transgenic plants, was
treated with calf-intestinal alkaline phosphatase (CIAP) and separated on SDS–PAGE gel containing phos-tag reagent. CIAP treatment produced a fast-migrating
band. The arrows indicate the phosphorylated or unphosphorylated TGA3.

E SA induces phosphorylation of TGA3 by BIN2. Two-week-old proTGA3:FLAG-HA-TGA3/tga3 transgenic plants were treated without (Mock) or with 0.5 mM SA, or with
0.5 mM SA+ 50 lM bikinin for the indicated time period. FLAG-HA-TGA3 was detected using phos-tag gel (upper panel) or regular gel as controls (middle panel).
ACTIN was used as a loading control (lower panel).

F The ratio of phosphorylated TGA3 to dephosphorylated TGA3 in (E). The band intensity was determined from three independent experiments using ImageJ. The
initial ratio of phosphorylated TGA3 to dephosphorylated TGA3 was defined as “1.” Bars represent mean � s.d. (n = 3). Different letters are used to label genotypes
with statistical differences (P < 0.05, two-way ANOVA).

G Detection of phosphorylated and dephosphorylated FLAG-HA-TGA3 in proTGA3:FLAG-HA-TGA3/bin2-1 and proTGA3:FLAG-HA-TGA3/bin2-3 bil1 bil2 (bin2-T). Two-week-
old seedlings were pretreated with or without 0.5 mM SA for 6 h. Proteins extracted from plants were separated on a phos-tag gel (upper panel) or regular gel as
controls (middle panel). ACTIN was used as a loading control (lower panel).

H Immunoblot analysis of BIN2 pTyr200 in vivo. MYC-BIN2 immunoprecipitated by anti-MYC antibody from Col-0 or proBIN2:MYC-BIN2 with/without 0.5 mM SA
treatment, was used to detect the pTyr200 of BIN2. Numbers under each lane indicate the band intensities of pTyr200 or total MYC-BIN2, respectively.

Source data are available online for this figure.
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(Fig 3G). Moreover, proTGA3:FLAG-HA-TGA3/bin2-3 bil1 bil2 was

insensitive to SA-induced PR gene expression (like bin2-3 bil1 bil2),

whereas proTGA3:FLAG-HA-TGA3S33D/bin2-3 bil1 bil2 displayed

increased sensitivity to SA when compared with bin2-3 bil1 bil2

(Appendix Fig S5A).

Finally, we analyzed the SA-induced PR gene expression in bin2-1

tga3 and found that constitutive PR expression in bin2-1 was par-

tially dependent on TGA3 (Appendix Fig S5B). Consistent with

these results, TGA3 rescued the Pst DC3000/Pst DC3000 hrcC� resis-

tance defect of tga3, but TGA3S33A did not (Fig 3H). TGA3S33D rather

than TGA3 activated the pathogen resistance of bin2-3 bil1 bil2 in

proTGA3:FLAG-HA-TGA3S33D/bin2-3 bil1 bil2, and loss of TGA3 par-

tially impaired the enhanced pathogen resistance of bin2-1 in bin2-1

tga3 (Appendix Fig S5C and D). Taken together, these results sup-

port the conclusion that SA-induced TGA3 transcription activity is

dependent on BIN2 phosphorylation.

SA-induced TGA3 DNA binding ability is dependent on
BIN2 phosphorylation

Previous studies have found that the binding of TGA3 to the viral

activation sequence-1 (as-1) element is SA inducible (Lebel et al,

1998; Zhang et al, 2003). To test whether SA-induced TGA3

DNA binding ability is dependent on BIN2 phosphorylation,

electrophoretic mobility shift assays (EMSA) were performed.

TGA3, TGA3S33A, or TGA3S33D were immunoprecipitated from

proTGA3:FLAG-HA-TGA3/tga3, proTGA3:FLAG-HA-TGA3S33A/tga3 or

proTGA3:FLAG-HA-TGA3S33D/tga3 plants, respectively. TGA3 binds

to the TGACG motif on PR1 promotor, and the binding was enhanced

when plants were treated with SA (Fig 4A), which was consistent

with the previous study (Kinkema et al, 2000). SA-enhanced

TGA3 binding was abolished in proTGA3:FLAG-HA-TGA3S33A/tga3.

Furthermore, the ability of TGA3S33D binding to the LS7 element was

largely enhanced without SA treatment and even stronger with SA

treatment (Fig 4A). We then further examined the effect of BIN2-

mediated phosphorylation on the binding ability of TGA3 to target

genes in vivo by performing chromatin immunoprecipitation (ChIP)

assays. After SA treatment, TGA3 was shown to bind the LS7 element

in PR1, and the binding ability of TGA3 was reduced when TGA3 was

mutated from Ser33 to Ala33 and enhanced when TGA3 was mutated

from Ser33 to Asp33 or in bin2-1 background (Fig 4B). These results

suggest that BIN2-mediated phosphorylation is critical for TGA3 bind-

ing to the promoters of target genes in vivo.

SA-induced phosphorylation of TGA3 by BIN2 is dependent
on NPR1

As the master regulator and receptor of SA signaling, NPR1 confers

immunity through NPR1-TGAs transcriptional complex. Since SA-

induced TGA3 transcription is dependent on NPR1, we studied

whether SA-induced phosphorylation of TGA3 by BIN2 was depen-

dent on NPR1. First, we detected SA-induced phosphorylation of

TGA3 by BIN2 in proTGA3:FLAG-HA-TGA3/tga3/npr1-1. As shown

in Fig 5A, SA-induced phosphorylation of TGA3 was abolished in

proTGA3:FLAG-HA-TGA3/tga3/npr1-1. Meanwhile, the SA-activation

of BIN2 activity was also inhibited in proBIN2:MYC-BIN2/npr1-1 or

npr1-1 (Fig 5B and Appendix Fig S6A).

Considering that no interaction was found between BIN2 and

NPR1 (Appendix Fig S7A and B), to further test whether SA-

induced BIN2 activity is dependent on NPR1, we analyzed whether

nuclear localization of NPR1 is required for the activation of SA to

BIN2. A previous study showed that there were two nuclear local-

ization signals (NLSs) in the C-terminus of NPR1 and deletion of the

C-terminal 57 amino acids of NPR1 resulted in exclusively cytoplas-

mic localization of the fusion protein (Kinkema et al, 2000). As

shown in Fig 5C, NPR1, but not NPR1D57, can rescue the defect of

SA-induced BIN2 activity in proBIN2:MYC-BIN2/npr1-1. TGA3S33D

therefore promoted the expression of PR1 and PR2 in proTGA3:

FLAG-HA-TGA3S33D/tga3/npr1-1, but TGA3 in proTGA3:FLAG-HA-

TGA3/tga3/npr1-1 did not (Fig 5D–F). Moreover, inhibited SA sig-

naling and immunity in npr1-1 could be recovered when crossed

with bin2-1 or by expressing TGA3S33D (Fig 5G and H). However,

the expression of PR1 and PR2 genes could not be further activated

after SA treatment in proTGA3:FLAG-HA-TGA3S33D/tga3/npr1-1 or

bin2-1 npr1-1.

BIN2 phosphorylation induced TGA3 binding to the PR1 pro-

moter, but SA-enhanced binding was abolished in proTGA3:FLAG-

HA-TGA3S33D/tga3/npr1-1 (Fig 5I). Nevertheless, when TGA3

◀ Figure 3. Phosphorylation of TGA3 by BIN2 activates TGA3 transcription activity.

A Morphology of plants of the indicated genotypes. The picture was photographed 4 weeks after planting.
B Relative expression of PR1 and PR2 in the indicated genotypes. Bars represent mean � s.d. (n = 3). The data were calculated from three biological replicates.

Different letters are used to label genotypes with statistical differences (P < 0.05, two-way ANOVA).
C Growth of Pst DC3000 or Pst DC3000 hrcC� on the indicated genotypes with/without SA treatment. Leaves of 4-week-old plants were infiltrated with Pst DC3000

(OD600 = 0.0002) or Pst DC3000 hrcC� (OD600 = 0.002). Bars represent mean � s.d. (n = 5). The data were calculated from five biological replicates. Different let-
ters are used to label genotypes with statistical differences (P < 0.05, two-way ANOVA).

D, E Effects of BIN2 phosphorylation site in TGA3 on the transcriptional regulation of the PR1 and PR2 expression in tga3 mutant protoplasts. The constructs used are
shown in (D). Relative LUC activity (LUC/REN), indicating the level of PR1 and PR2 expression activated by TGA3, is shown in (E). Data are mean � s.d. (n = 6). The
data were calculated from six biological replicates. Different letters above the bars indicate statistically significant differences between samples (P < 0.05, two-way
ANOVA).

F Morphology of plants of the indicated genotypes. The picture was photographed 4 weeks after planting.
G Relative expression of PR1 and PR2 in the indicated genotypes treated with/without 0.5 mM SA for 6 h. Bars represent mean � s.d. (n = 3). The data were

calculated from three biological replicates. Different letters are used to label genotypes with statistical differences (P < 0.05, two-way ANOVA).
H Growth of Pst DC3000 or Pst DC3000 hrcC� on the indicated genotypes treated with/without SA. Leaves of 4-week-old plants were infiltrated with Pst DC3000

(OD600 = 0.0002) or Pst DC3000 hrcC� (OD600 = 0.002). Bars represent mean � s.d. (n = 5). The data were calculated from five biological replicates. Different let-
ters are used to label genotypes with statistical differences (P < 0.05, two-way ANOVA).

Source data are available online for this figure.
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existed in the phosphorylated form in proTGA3:FLAG-HA-TGA3S33D/

tga3/npr1-1, the activity of binding to PR1 promoter was still strong

even without SA treatment. After SA treatment, NPR1 almost only

interacted with phosphorylated TGA3 in proTGA3:FLAG-HA-TGA3/

Ws or TGA3S33D in proTGA3:TGA3S33D/tga3 rather than dephospho-

rylated TGA3 in proTGA3:FLAG-HA-TGA3/bin2-3 bil1 bil2 or

TGA3S33A in proTGA3:HA-FLAG-TGA3S33A/tga3 (Fig 5J and

Appendix Fig S6B). And the interaction between NPR1 and TGA3

was even stronger in proTGA3:HA-FLAG-TGA3/bin2-1 than in

proTGA3:HA-FLAG-TGA3/tga3 (Appendix Fig S6B).

Furthermore, we analyzed published RNA sequence data and

tested PR gene expression in Col-0 or bin2-1 with BL (the most active

BRs), SA, or BL together with SA treatment (Appendix Fig S8A),

finding that BR antagonizes SA during the regulation of PR gene

expression. We analyzed BR response by detecting hypocotyl elonga-

tion and found SA-inhibited BR response (Appendix Fig S8B and C).

A B

Figure 4. BIN2 phosphorylation promotes TGA3 binding ability.

A In vitro binding of nuclear TGA3 to the LS7 element of PR1. EMSA assays of the binding of TGA3 to the PR1 promoter. Mutant probe is the probe with a mutation from
ACGTCATAGA to ATGTGGTAGA.

B ChIP–qPCR analysis was performed with homozygous lines, which were harvested after 0.5 mM SA treatment for 0 or 6 h. bp, base pairs. Top: Schematic
representation of the cis-elements and chromatin fragments of amplicon in the PR1 genomic region. LS7, TGA motif. Data are mean � s.d. (n = 3). The data were cal-
culated from three biological replicates. Different letters above the bars indicate statistically significant differences between samples (P < 0.05, two-way ANOVA).

Source data are available online for this figure.

▸Figure 5. BIN2-TGA3 signaling module regulates SA signaling downstream of NPR1.

A Detection of SA-induced TGA3 phosphorylation in proTGA3: FLAG-HA-TGA3/tga3/npr1-1.
B Immunoblot analysis of BIN2 pTyr200 in vivo. MYC-BIN2 immunoprecipitated by anti-MYC antibody from Col-0 or proBIN2:MYC-BIN2/npr1-1 with/without 0.5 mM

SA treatment, was used to detect the pTyr200 of BIN2. Numbers under each lane indicate the band intensities of pTyr200 or total MYC-BIN2, respectively.
C Nuclear localization of NPR1 was required for the activation of SA to BIN2. 35S:FLAG-HA-NPR1 or 35S:FLAG-HA-NPR1D57 were transformed into proBIN2:MYC-BIN2/

npr1-1 protoplasts with/without 0.5 mM SA treatment. Then, MYC-BIN2 immunoprecipitated by anti-MYC antibody from proBIN2:MYC-BIN2/npr1-1 protoplasts was
used to detect the pTyr200 of BIN2. Numbers under each lane indicate the band intensities of pTyr200 or total MYC-BIN2, respectively.

D Morphology of plants of the indicated genotypes. The picture was photographed 4 weeks after planting.
E, F Relative expression of PR1 (E) and PR2 (F) in the indicated genotypes. Bars represent mean � s.d. (n = 3). The data were calculated from three biological replicates.

Different letters are used to label genotypes with statistical differences (P < 0.05, two-way ANOVA).
G, H Growth of Pst DC3000 (G) or Pst DC3000 hrcC� (H) on the indicated genotypes. Leaves of 4-week-old plants were infiltrated with Pst DC3000 (OD600 = 0.0002) or

Pst DC3000 hrcC� (OD600 = 0.002). Bars represent mean � s.d. (n = 5). The data were calculated from five biological replicates. Different letters are used to label
genotypes with statistical differences (P < 0.05, one-way ANOVA).

I ChIP–qPCR analysis was performed with homozygous lines, which were harvested after 0.5 mM SA for 0 or 6 h. bp, base pairs. Data are mean � s.d. (n = 5). The
data were calculated from five biological replicates. Different letters above the bars indicate statistically significant differences between samples (P < 0.05, two-
way ANOVA).

J Co-IP analysis of the interaction between TGA3 and NPR1. Total proteins were extracted from the 2-week-old proTGA3:FLAG-HA-TGA3/Ws or proTGA3:FLAG-HA-TGA3/
bin2-3 bil1 bil2 (bin2-T) transgenic seedlings treated with 0.5 mM SA for 6 h and were incubated with anti-HA beads. FLAG-HA-fused TGA3 was examined using
anti-HA antibody, and coimmunoprecipitated NPR1 was detected using anti-NPR1 antibody. The proteins from crude lysates (left, input) and immunoprecipitated
proteins (right) were detected with anti-NPR1 antibody.

Source data are available online for this figure.
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All of these results demonstrated that SA-induced phosphorylation

of TGA3 by BIN2 is dependent on NPR1 and phosphorylation of

TGA3 by BIN2 is essential for further activation of TGA3 transcrip-

tional activity by interaction with NPR1.

Discussion

Salicylic acid signaling has been well studied over the past two

decades. In the absence of SA, NPR1 exists in the cytosol as inac-

tive oligomers. Upon pathogen infection and SA accumulation,

multimeric NPR1 depolymerizes to form an active monomer by

SA-induced redox changes and then is translocated to the nucleus

(Withers & Dong, 2016; Zhang & Li, 2019). There, NPR1 functions

as a co-activator of TGAs, and a mechanistic gene regulatory

model has been recently presented for the clade III factor TGA3

(Jin et al, 2018). TGA3 belongs to the bZIP transcription factor

group D clade III and was named according to its cognate DNA

binding motif (TGACG) in the as-1 motif (Droege-Laser et al,

2018). Post-translational modifications of NPR1 affect the interac-

tion between NPR1 and its partners including TGA3. During the

SA induction, sumoylation of NPR1 induces its association with

transcription activator TGA3, which leads to the formation of

NPR1-TGA3 complex binding to the as-1 element to activate PR1

transcription (Saleh et al, 2015). However, the mechanism by

which NPR1-TGA3 complex regulates SA-induced gene expression

remains to be fully established. A recent study showed that two

other SA receptors NPR3/4 interacted with TGA2/5/6 to repress

SA response gene expression in the noninduced condition. TGA2/

5/6 function as transcription repressors with NPR3/4 under normal

condition and as activators with NPR1 in the presence of SA or

pathogen infection (Ding et al, 2018). On the other hand, TGA3

has been considered as an activator in all cases (Kesarwani et al,

2007; Saleh et al, 2015).

TGA3 transcriptional activity is regulated by NPR1-mediated SA

signaling. TGA3 DNA binding and transcriptional activity were

enhanced by interaction with NPR1 in response to SA (Zhou et al,

2000). But the molecular mechanism of TGA3 transcriptional activ-

ity activation is not clear. In this study, we found that TGA3 binding

and transcriptional activity were enhanced after SA treatment by the

SA-induced phosphorylation of TGA3 by BIN2. Furthermore, phos-

phorylation of TGA3 by BIN2 is dependent on NPR1, and TGA3

binding ability and transcriptional activity are enhanced in bin2-1

even without SA or NPR1 in bin2-1 npr1-1. But SA-induced TGA3

binding ability and transcriptional activity are abolished in bin2-1

npr1-1 after SA treatment.

Our results suggest a previously unknown branch for SA signal-

ing (Fig 6). After SA is perceived by NPR1, SA signaling is trans-

duced from NPR1 to downstream components including BIN2.

Additionally, after phosphorylation of TGA3 by BIN2, monomeric

NPR1 interacts with phosphorylated TGA3 to further promote PR

gene expression. During SA signal transduction, the first step of SA

signaling is NPR1-mediated phosphorylation of TGA3 by BIN2, dur-

ing which NPR1 acts as a mediator of the signaling pathway. In the

Figure 6. Proposed model to illustrate BIN2-TGA3 interaction plays an indispensable role in SA signaling.
On the left: A working model for WT. In the absence of SA, NPR1 exists in the cytosol as inactive oligomers. BIN2 is inhibited and TGA3 accumulates in the nucleus
almost as the dephosphorylated form. Less dephosphorylated TGA3 binds to PR gene promoters, so PR gene expression is not activated. In the presence of SA, SA binding
to NPR1 enables NPR1 to be transported into the nucleus as a monomer. BIN2 kinase activity is activated by NPR1-mediated SA signaling. Then, activated BIN2 phospho-
rylates TGA3. SA-induced BIN2 phosphorylation is indispensable for SA signaling. On the one hand, phosphorylated TGA3 displays enhanced DNA binding ability and tran-
scriptional activity. On the other hand, phosphorylation of TGA3 by BIN2 is critical for the interaction between NPR1 and TGA3, which is indispensable for further SA-
mediated PR gene transcriptional activation. On the right: A model for proTGA3:HA-FLAG-TGA3S33D/tga3. In the absence of SA, TGA3S33D binds to PR to promote PR gene
expression without interaction with NPR1. In the presence of SA, NPR1 is transferred from cytosol to nucleus. And then, NPR1 interacts with TGA3S33D to further promote
TGA3S33D transcriptional activity.
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second step, where NPR1 serves as a co-activator, TGA3 transcrip-

tional activity is further activated by enhanced interaction between

NPR1 and phosphorylated TGA3 (Fig 6A). TGA3S33D induces PR

gene expression in the absence of SA and the transcriptional activity

is further activated by interaction with NPR1 after SA treatment

(Fig 6B).

Phosphorylation of TGA3 by BIN2 is therefore an essential step

of SA signaling and SA signaling regulates PR gene expres-

sion through NPR1-BIN2-TGA3 module in response to pathogen

infection in a highly dynamic manner. Previously, the functions of

SA receptors NPR1/NPR3/NPR4 and transcription factors TGAs/

WRKYs have been established in SA signaling. In this study, we

found that SA-induced BIN2 kinase activity was dependent on

NPR1, but BIN2 cannot interact with NPR1 directly. Our results sug-

gest that there could be some other components between NPR1 and

BIN2, which are necessary for SA signaling transduction. Identifica-

tion of BIN2 and/or other components involved in SA signaling will

provide us with a more comprehensive model of SA signaling.

TGA3 also mediates the cross-talk between SA and cytokinin

(CK) to regulate basal pathogen resistance. CK-induced ARR2 phos-

phorylation leads to ARR2 interaction with TGA3 to bind to SA-

dependent PR promoters and activate their expression (Choi et al,

2010). Moreover, recent work identified the role of TGA3 in heavy

metal detoxification (Fang et al, 2017). In the study, we found

BIN2-TGA3 signaling module regulates SA signaling by activating

TGA3 transcriptional activity. Constitutive PR gene expression in

bin2-1 was partially dependent on TGA3, and SA-induced PR gene

expression was severely impaired in bin2-3 bil1 bil2 but was par-

tially blocked in the tga3 single mutant. Because NPR1 confers

immunity by recruiting TGAs (e.g., TGA2, TGA3, TGA5, and TGA6;

Zhou & Zhang, 2020), TGAs function redundantly in regulating SA-

induced PR gene expression. BIN2 interacted with TGA2, TGA3,

TGA5, and TGA6, and the canonical phosphorylation sites of BIN2

(S/TXXXS/T) were found at the N-termini of all these TGAs. Consid-

ering the important role of BIN2 and its homologs in SA signaling,

BIN2 may therefore regulate SA signaling through multiple TGAs.

BIN2 also acts as a negative regulator in BR signaling to inhibit

plant growth and development. We analyzed the published RNA

sequence data and found SA antagonistically regulates the expres-

sion of BR-responsive genes, such as SAUR1, EXPA4, EXPL3, and

TCH3 (Sun et al, 2010; Huang et al, 2020). But the repression of SA-

induced PR by BR cannot be detected. This may be due to the extre-

mely low expression of PR after their repression by WRKYs tran-

scription factors and the NPR3/NPR4-TGAs signaling module under

normal condition (Saleh et al, 2015; Ding et al, 2018). PR expression

in Col-0 treated simultaneously with BL and SA showed that only

here could the BR-mediated inhibition of SA-induced PR expression

be detected (Appendix Fig S8A). As this antagonism between BR

and SA disappeared in bin2-1 plants (Appendix Fig S8A–C), we

hypothesize BIN2 is an important regulator balancing BR-mediated

plant growth and SA-induced pathogen resistance.

Under normal growth conditions, BIN2 activity is inhibited by BR

and other signaling pathways, which promotes plant growth. Upon

pathogen infection, SA accumulates and SA signaling induces BIN2

kinase activity by NPR1 and other unknown components to phos-

phorylate and activate TGA3, which induces PR gene expression to

battle pathogen infection. During the crop breeding process, the

dilemma we often face is that plants with high resistance displaying

limited growth, as is seen with bin2-1 plants. The aim of this study

has been to find plants with high disease resistance but which grow

normally plants and investigate the underlying molecular mecha-

nisms. In the study, we identified a BIN2 phosphorylation site in

TGA3. The proTGA3:TGA3S33D/tga3 plants showed enhanced

pathogen resistance but largely normal growth. Our findings there-

fore provide a molecular basis for the modulation of TGA3, opening

the possibility of designing crops with both high resistance and

yield.

Materials and Methods

Plant material and growth conditions

Arabidopsis plant seeds were used in the study, were sterilized

using 70% (v/v) ethanol and 0.1% (v/v) Triton X-100 and plated

on ½ Murashige & Skoog (1/2 MS) medium with/without appropri-

ate antibiotic and vernalized at 4°C for 3 days in the dark, and were

incubated for 6 h in light (150 lmol m�2 s�1) at 22°C for germina-

tion and then grown in a growth chamber at 22°C/19°C day/night,

~70% relative humidity, and under a 16 h : 8 h light:dark photope-

riod (150 lmol m�2 s�1) for long day condition. Arabidopsis

plants were grown on the soil at 22°C/19°C day/night, ~70% rela-

tive humidity, and under a 12 h : 12 h light:dark photoperiod

(150 lmol m�2 s�1) for short day condition or a 16 h : 8 h light:-

dark photoperiod (150 lmol m�2 s�1) for long day condition. Wild-

type Arabidopsis ecotypes were Columbia-0 (Col-0) or Was-

silewskija (Ws). npr1-1 mutant was obtained from Yuelin Zhang’s

lab (Cao et al, 1994). bin2-1 and bin2-3 bil1 bil2 were obtained from

Xuelu Wang’s laboratory (Li et al, 2001; Yan et al, 2009). T-DNA

insertion mutant tga3 was obtained from the ABRC (Arabidopsis

Biological Resource Center), corresponding to line SALK_088114.

Plasmid construction and generation of transgenic
Arabidopsis plants

The coding regions of TGA3 from the wild type were fused with the

pCM1307 vector harboring FLAG-HA. The BIN2 coding region was

also cloned into the pCM1307-MYC vector (Li et al, 2015). For site-

directed mutagenesis of TGA3 (TGA3S33A and TGA3S33D), the

primers with corresponding mutated sites were designed and

explored for PCR using pCM1307-FLAG-HA-TGA3 plasmid as the

template. The site mutation of TGA3 was confirmed by sequencing

and then fused into pCM1307-FLAG-HA vector. All these genes were

expressed under the control of the CaMV 35S promoter. For the

native promoter conditions in transgenic plants, about 2,000 bp of

TGA3 or BIN2 promoter were cloned from Arabidopsis genomic

DNA and used to replace the CaMV 35S promoter in the pCM1307-

FLAG-HA or pCM1307-MYC vectors with XhoI and ECORI. Then,

the CDS of TGA3 or BIN2 were fused to the recombinant plasmids.

These all constructs were introduced into Agrobacterium tumefa-

ciens strain GV3101 and transformed into related plants using the

floral dip method as described previously (Zhang et al, 2006).

Briefly, prepare the Agrobacterium strain that harbors the gene of

interest in a binary vector by inoculating a single Agrobacterium

colony into a liquid LB medium containing the appropriate antibi-

otics for binary vector selection. Use this feeder culture to inoculate
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a 100 ml liquid LB with the appropriate antibiotics and grow the

culture at 28°C for 16–24 h. Collect Agrobacterium cells and gently

resuspend cells in 1 volume of freshly made 5% (wt/vol) sucrose

solution and then add Silwet L-77 to a concentration of 0.02% (vol/

vol) (20 ml per 100 ml of solution) and mix well immediately before

dipping. Invert plants and dip aerial parts of plants in the Agrobac-

terium cell suspension for 10 s with gentle agitation. Cover dipped

plants with a plastic cover or wrap them with plastic film. Lay down

the treated plants on their sides for 16–24 h to maintain high humid-

ity. Send the treated plants back to the greenhouse or the growth

chamber, allow them to grow normally for several months, and then

collect dry seeds. Transgenic lines were selected on half-strength

MS medium plus 50 mg ml�1 Hygromycin B. Transgene expression

was confirmed by immunoblotting using anti-HA antibody or anti-

MYC antibody at 1:2,000 dilution. Homozygous T3 transgenic seeds

or plants were used for further analysis.

Yeast two-hybrid screen

Yeast two-hybrid screen is which we described in our previous

study (Tan et al, 2021). The coding region of BIN2 was cloned into

the pGBKT7 vector to generate a bait vector with BIN2 fused to the

GAL4 DNA binding domain. The bait construct was further co-

transformed into the yeast strain Y2H Gold (Clontech, Mountain

View, CA, USA) with a prey cDNA library of the cotyledon of 12-

day-old Arabidopsis seedlings which was constructed by fusing

cDNAs with the GAL4 activation domain in the pGADT7-Rec vector.

The transformants were screened on the selective medium SD/

�Leu/�Trp/–His/�Ade/X-a-GAL/AbA. Positive clones were iso-

lated and their self-activation activities were checked by co-

transformation with an empty pGADT7 vector. Those positive

clones without self-activation activities were further identified by

sequence analysis. The procedure conducted is described in detail in

the Make Your Own “Mate & Plate” Library System User Manual

and Yeast Two-Hybrid System User Manual (Clontech).

Protein–protein interaction assays

To confirm the interaction between BIN2 and TGA3 in our yeast two-

hybrid screen, the full-length CDS of TGA3 and its fragments were

cloned into pGBKT7 as bait, whereas BIN2, BIL1, or BIL2 were cloned

into pGADT7 as prey (Clontech). Each pair of bait and prey constructs

was transformed into yeast strain AH109 according to the Yeast Trans-

formation System 2 user manual (Clontech). Transformants were

selected on SD/�Leu/�Trp/–His/�Ade medium (LWHA) via

serial dilution, and transformants that grew well on SD/�Leu/�Trp

medium were used as positive clones harboring both plasmids.

For HIS pull-down assay, full-length coding region of TGA3 and

various truncated constructs were incorporated into the pETMALc-H

vector (MBP tag). Full length of BIN2 was cloned into the pET-28a

(+) vector (HIS tag). MBP or MBP-fused proteins were purified using

amylose resin (NEB). BIN2 fused with HIS tag was purified using

Ni- NTA agarose (Invitrogen). Purified MBP or MBP-fused proteins

were incubated with equal amounts of HIS-BIN2 beads in HIS pull-

down binding buffer (20 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.2%

Triton) at 4°C for 2 h with gentle rotation. After washing five times

with HIS pull-down washing buffer (20 mM Tris–HCl pH 8.0,

150 mM NaCl, 0.1% Triton), the beads were collected, boiled in

50 ll 1 × SDS loading buffer for 8 min at 100°C, and the sample

was examined by immunoblot using anti-HIS or anti-MBP antibod-

ies. For input detection, before adding HIS-BIN2 beads, the total

incubation system was 250 ll, including purified MBP/MBP-fused

proteins in the pull-down binding buffer. Twenty-five microliter out

of the 250 ll incubation system was used for input detection of

MBP/MBP-fused proteins. Twenty-five microliter incubation system

was boiled in 25 ll 2 × SDS loading buffer for 8 min at 100°C, and

then, the 10 ll sample was examined by immunoblot using anti-

MBP antibody. So the MBP/MBP-fused protein input used in the

study was 2% total input. Before incubation with MBP/MBP-fused

proteins, the same amount of HIS-BIN2 beads to be used for the HIS

pull-down experiment, were boiled in 1 × SDS loading buffer for

8 min at 100°C, and then were examined by immunoblot using anti-

HIS antibody as input.

Bimolecular fluorescence complementation assay was conducted

using the N- or C-terminus of YFP as previously (Yu et al, 2008).

Briefly, the full-length BIN2/BIL1/BIL2 was fused with pXY103 vec-

tor carrying N-terminal of YFP, and TGA3 was fused with pXY104

vector carrying C-terminal YFP. Agrobacterium strain GV3101 was

transformed with the above vector or control vector. Agrobacterium

cultures were grown overnight in an LB medium containing

200 mM acetosyringone, washed with infiltration medium (10 mM

MgCl2 10 mM MES, pH 5.7, 200 mM acetosyringone), and resus-

pended to an OD600 of 1.0. Agrobacterium carrying nYFP and cYFP

constructs were mixed in equal ratios, and the Agrobacterium mix-

tures were infiltrated into the young leaves of Nicotiana benthami-

ana. After 36–48 h, YFP was excited with a 514-nm laser line and

detected from 530 to 560 nm. YFP signals were detected using a flu-

orescence microscope (Leica; Yu et al, 2008).

Co-immunoprecipitation (co-IP) was performed as described pre-

viously (Zhang et al, 2021a). Briefly, the total proteins were

extracted from Col-0, pTGA3: FLAG-HA-TGA3/proBIN2:MYC-BIN2,

proTGA3:FLAG-HA-TGA3/Ws or proTGA3:FLAG-HA-TGA3/bin2-3

bil1 bil2 and then incubated with HA agarose beads (Sigma-Aldrich)

in IP buffer (10 mM Tris, pH 7.5, 0.5% Nonidet P-40, 2 mM EDTA,

150 mM NaCl, 1 mM PMSF, and 1% plant protease inhibitor cock-

tail; Amresco). The beads were collected, washed at least five times

with IP buffer, recovered, and mixed with 1 × SDS loading buffer.

The samples were detected by immunoblot analysis using anti- anti-

body, and the coimmunoprecipitated proteins were detected with

anti-HA antibody (Sangon), anti-MYC (Sangon), or anti-NPR1 anti-

body (Agrisera). Samples immunoprecipitated from the Col-0 plants

were used as a negative control.

In vitro kinase assay and detection of in vivo
TGA3 phosphorylation

The kinase assay was performed as described (Zhang et al, 2021a).

For the in vitro kinase assays, all recombinant proteins were puri-

fied from Escherichia coli BL21. Every reaction was performed in

20 ll kinase buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 12 mM

MgCl2 and 10 lCi 32P-c-ATP). The kinase assays were performed at

37°C for 60 min and then were incubated with SDS loading buffer at

100°C for 10 min. The samples were separated by 12% SDS–PAGE

gels, and then, the gels were exposed to phosphor screens. The

autoradiograph (Autorad) signals were detected by a Typhoon 9410

phosphor imager. Equal contents of proteins were reacted in the
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kinase buffer with ATP and then separated on 12% SDS–PAGE gels

for CBB staining. In vivo phosphorylated TGA3 was examined using

phos-tag reagent (NARD Institute, AAL-107) as described (Zhang

et al, 2021a, 2021b). Briefly, total protein was extracted from seed-

lings and separated on a 12% SDS–PAGE gel containing 75 lM
Phos-tag reagent and 100 mM MnCl2. For alkaline phosphatase

treatment, the FLAG-HA-TGA3 proteins were immunoprecipitated

with anti- HA beads and then incubated with calf-intestinal alkaline

phosphatase (Sigma-Aldrich) at 37°C for 1 h and subsequently sub-

jected to Phos-tag-SDS–PAGE. The separated proteins were then

transferred to a PVDF membrane (Millipore) and blotted with anti-

HA antibody at a dilution of 1/1,000. The secondary antibody (goat

anti-rabbit IgG, Thermo Fisher) conjugated to HRP was used at a

dilution of 1/10,000 for signal detection by the enhanced chemilu-

minescence assay.

RNA isolation and quantitative polymerase chain reaction

Total RNA was extracted and purified from 2-week-old light/dark

grown seedlings of various genotypes with/without SA treatment

using an RNeasy Mini Kit (Qiagen). The first strand cDNA was

synthesized using M-MLV Reverse Transcriptase (Invitrogen) in

quantitative reverse transcription polymerase chain reaction (qRT–

PCR). The qRT–PCR was performed according to the manufac-

turer’s instructions from the TransStart Tip Green qPCR Super

MixKit (Transgene). The CFX Connect Real-Time System (Bio-Rad)

was used for qRT–PCR analysis. For each sample, three replicates

were performed and the expression levels were normalized to

those of ACTIN2. All primer sequences are listed in

Appendix Table S1.

Electrophoresis mobility shift assay

Electrophoretic mobility shift assays were performed as previously

described (Tan et al, 2018). Briefly, FLAG-HA-TGA3/FLAG-HA-

TGA3S33A/FLAG-HA-TGA3S33D was extracted from transgenic plants

with/without SA treatment using HA agarose beads. The DNA

probes were labeled with biotin and then incubated with FLAG-HA-

TGA3/FLAG-HA-TGA3S33A/HA-FALG-TGA3S33D in EMSA binding

buffer (25 mM HEPES KOH, pH 8.0, 50 mM KCl, 1 mM dithiothre-

itol (DTT) and 10% glycerol). A Light Shift Chemilumines-

cent EMSA Kit (Thermo Fisher) was used to detect protein–DNA

interactions.

Transient expression assay

For the transient expression of the TGA3 target gene, the promoters

of PR1 and PR2 were cloned into the pGreen II 0800-LUC vector

(Hellens et al, 2005; Zhang et al, 2014) to generate reporter con-

structs. Each reporter construct was co-transformed with 35S: FLAG-

HA-TGA3, 35S: FLAG-HA-TGA3S33A, 35S: FLAG-HA-TGA3S33D, or

35S:GUS as control into tga3 mutant protoplasts for the transcrip-

tional activity assay. Firefly and Renilla luciferase signals were

assayed using dual luciferase assay reagents (Promega) and the

Berthold Centro LB960 luminometer system. CaMV 35S-driven REN

was used as an internal control. The LUC:REN ratio was calculated,

and the relative ratio was used as the final measurement. The luci-

ferase data were normalized to total protein content.

Chromatin immunoprecipitation-quantitative polymerase chain
reaction assay

Chromatin immunoprecipitation (ChIP) was performed as described

previously (Yu et al, 2011). Briefly, 2 g 2-week-old light/dark

grown Col-0, pTGA3: FLAG-HA-TGA3/tga3/bin2-1, pTGA3: FLAG-

HA-TGA3/tga3, pTGA3: FLAG-HA-TGA3S33A/tga3, pTGA3:FLAG-HA-

TGA3S33D/tga3, pTGA3: FLAG-HA -TGA3tga3//npr1-1, or pTGA3:

FLAG-HA-TGA3S33D/tga3/npr1-1 seedlings with or without SA treat-

ment, were cross-linked with formaldehyde and used for chromatin

isolation. The chromatin was sonicated five times (15 s on and 15 s

off) on ice and immunoprecipitated using HA agarose beads. After

reverse cross-linking, the DNA fragments were quantified by RT–

qPCR using specific primer sets (Appendix Table S1). Col-0 was

used as the negative control, and the values for Col-0 were set to 1

after normalization against ACTIN2 for qPCR analysis. Three biolog-

ical replicates were carried out throughout the process.

Pathogen infection assay

For bacterial infection, two full-grown leaves of 4-week-old plants

grown under short-day conditions were inoculated with different

Pseudomonas strains. For SA-mediated immune responses, plants

were sprayed with 1 mM SA and 24 h later pressure-infiltrated with

different Pseudomonas strains. Bacterial growth (colony forming

units per cm2) was determined 3 days postinoculation. The experi-

ments were repeated in at least three individual biological repli-

cates, and six such replicates were used for each genotype in the

pathogen growth assay.

Quantification and statistical analysis

The band intensity of western blotting was measured with ImageJ

software (Schneider et al, 2012). The data for qRT–PCR were col-

lected with Bio-Rad real-time PCR detection systems with gene-

specific primers (Appendix Table S1). The data in Figs 2F, 3B, C, E,

G and H, 4B, and 5E, F and I, and Appendix Figs S4A and B, S5A

and B, and S8C were statistically analyzed using two-way ANOVA,

and the data in Fig 5G and H, Appendix Figs S5C and D, and S8A

were statistically analyzed by one-way ANOVA. All statistical analy-

sis was performed using GraphPad PRISM V.6.0. The different let-

ters were considered to be statistically significant at P < 0.05. In

Figures, different letters denote statistical significance test

(P < 0.05) as compared to wild-type controls, unless otherwise spec-

ified by lines connecting the compared pieces of data.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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