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ABSTRACT

Plants have developed sophisticated strategies to coordinate growth and immunity, but our understanding

of the underlyingmechanism remains limited. In this study, we identified a novelmolecularmodule that reg-

ulates plant growth and defense in both compatible and incompatible infections. This module consisted of

BZR1, a key transcription factor in brassinosteroid (BR) signaling, and EDS1, an essential positive regulator

of plant innate immunity. We found that EDS1 interacts with BZR1 and suppresses its transcriptional activ-

ities. Consistently, upregulation of EDS1 function by a virulent Pseudomonas syringae strain or salicylic

acid treatment inhibited BZR1-regulated expression of BR-responsive genes and BR-promoted growth.

Furthermore, we showed that the cytoplasmic fraction of BZR1 positively regulates effector-triggered im-

munity (ETI) controlled by the TIR-NB-LRR protein RPS4, which is attenuated by BZR1’s nuclear transloca-

tion. Mechanistically, cytoplasmic BZR1 facilitated AvrRps4-triggered dissociation of EDS1 and RPS4 by

binding to EDS1, thus leading to efficient activation of RPS4-controlled ETI. Notably, transgenic expression

of a mutant BZR1 that accumulates exclusively in the cytoplasm improved pathogen resistance without

compromising plant growth. Collectively, these results shed new light on plant growth-defense coordina-

tion and reveal a previously unknown function for the cytoplasmic fraction of BZR1. The BZR1-EDS1 mod-

ule may be harnessed for the simultaneous improvement of crop productivity and pathogen resistance.
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INTRODUCTION

Plants are constantly challenged by diverse pathogenic microbes

in their growth environments and have therefore evolved sophis-

ticated strategies to coordinate their growth and defense (Huot

et al., 2014). It is now well accepted that excessive activation of

pathogen defense incurs fitness costs to plant survival (Karasov

et al., 2017). On the other hand, optimizing plant growth-

defense coordination is beneficial for simultaneously improving

crop productivity and immunity (Xu et al., 2017; Greene and

Dong, 2018; Wang et al., 2018).
Mo
To date, two major types of plant innate immunity have been

recognized: PAMP (pathogen-associated molecular pattern)-

triggered immunity (PTI) and effector-triggered immunity (ETI)

(Jones and Dangl, 2006). In PTI, plants sense conserved

PAMPs by pattern recognition receptors on the cell surface;

this induces multiple defense pathways and yields basal

resistance (Bittel and Robatzek, 2007; Zhang and Zhou, 2010).
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In ETI, an avirulent pathogenic effector is recognized by an

intracellular nucleotide-binding leucine-rich repeat (NB-LRR) im-

mune receptor (Caplan et al., 2008). This leads to the

hypersensitive response (HR) and localized cell death, resulting

in robust disease resistance by sacrificing the growth of a few

cells (Cui et al., 2015). Furthermore, systemic acquired

resistance (SAR) is widespread in plants. In SAR, a local

infection by a pathogen immunizes the whole plant against

subsequent infections by the same or unrelated microbes, and

SAR is activated in both compatible and incompatible

pathosystems (Fu and Dong, 2013).

Various phytohormones have been found to regulate plant de-

fense responses, with the outcome often affecting both plant

growth and defense-related processes (Pieterse et al., 2012).

Pertinent to the scope of this work, progress on brassinosteroid

(BR) signaling and BR regulation of pathogen defense is

concisely outlined below. BR is perceived mainly by the cell

surface-localized leucine-rich repeat receptor-like kinase BRI1,

which triggers a sequential phosphorylation-dependent signal

transduction cascade (Li and Chory, 1997; Kinoshita et al.,

2005). This leads to the activation of BZR1 and its close

homoeolog BES1, which then regulate the expression of

thousands of BR-responsive genes (BRRGs) and downstream

physiological and growth events (Wang et al., 2002; He et al.,

2005; Kim and Wang, 2010). Under low BR conditions, BZR1

and BES1 are phosphorylated by active GSK3-like kinases

(e.g., BIN2), resulting in their retention in the cytoplasm (He

et al., 2002; Gampala et al., 2007). When BR concentration

increases, the activities of BIN2 and related kinases are

inhibited, and BZR1 and BES1 are dephosphorylated by protein

phosphatase 2A (Tang et al., 2011). This stimulates nuclear

translocation of BZR1 and BES1 and their binding to target

gene promoters, thereby regulating the transcription of BRRGs

(Sun et al., 2010).

Increasing evidence indicates that BR is actively involved in plant

growth-defense coordination (De Bruyne et al., 2014; Yu et al.,

2018; Kono and Yin, 2020; Nolan et al., 2020). BZR1 has been

demonstrated to regulate plant growth-defense trade-offs

(Lozano-Duran et al., 2013; Wang and Wang, 2014).

Specifically, BZR1 was found to be required for suppressing

PTI upon BR perception, mainly through the induction of

several WRKY TF genes that negatively regulate the expression

of defense-related proteins. Similarly, HBI1, a bHLH TF that func-

tions downstream of BZR1, has been suggested to be a binary

switch that mediates the trade-off between BR-promoted growth

and PTI (Fan et al., 2014; Malinovsky et al., 2014). Moreover,

exogenous application of the bacterial PAMP flg22 results in

significant inhibition of the expression of BR biosynthetic genes

(Jimenez-Gongora et al., 2015). BES1 was also found to play a

positive role in PTI and mediate the antagonistic effect of BRs

on JA-activated defense (Kang et al., 2015; Kono and Yin,

2020; Liao et al., 2020). Together, the available data indicate

that the BR pathway is deeply involved in plant growth-defense

coordination in a complex manner, which requires more effort

to fully elucidate.

We therefore conducted yeast-two hybrid (Y2H) analysis with

BZR1 as a bait and uncovered an interaction between BZR1

and EDS1. EDS1 is an essential positive regulator of both basal
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resistance and the ETI conditioned by the TIR-NLR (TNL) type

of R protein (Feys et al., 2005; Rietz et al., 2011; Cui et al.,

2017). Regulation of basal resistance by EDS1 involves the

stimulation of SA biosynthesis. SA then enhances EDS1

expression through a positive feedback loop, thus leading to

the amplification of the defense response both locally and

systemically. Furthermore, EDS1 interacts with multiple TNL

proteins, including RPS4 (Bhattacharjee et al., 2011). In the

RPS4-controlled ETI, an immune receptor complex composed

of RPS4 and another TNL protein, RRS1, senses the avirulent

effector AvrRps4 in the nucleus (Le Roux et al., 2015; Sarris

et al., 2015; Huh et al., 2017). AvrRps4 has also been shown to

bind EDS1 in the cytoplasm, resulting in the dissociation of

RPS4 and EDS1, another step essential for the efficient

development of RPS4-controlled ETI (Bhattacharjee et al.,

2011; Heidrich et al., 2011).

Considering the crucial importance of BZR1 in BR signaling and

the pivotal role of EDS1 in plant innate immunity, the discovery

of the BZR1-EDS1 interaction provided a valuable opportunity

to more systematically analyze plant growth-defense coordina-

tion.We first examined the function of the BZR1-EDS1 interaction

in basal resistance, and we found that upregulation of EDS1

decreased BZR1-regulated BRRG expression and growth owing

to EDS1’s binding to BZR1 and consequent inhibition of BZR1’s

transcriptional activities. Concomitantly, we discovered that

maintenance of the cytoplasmic BZR1-EDS1 interaction was crit-

ical for RPS4-controlled ETI; it was weakened by promoting nu-

clear translocation of BZR1 but enhanced by increasing BZR1

accumulation in the cytoplasm. Interestingly, we found that trans-

genic expression of a BZR1 mutant that accumulated only in the

cytoplasm enhanced pathogen resistance without disrupting

plant growth. This observation, plus the finding of an analogous

BZR1-EDS1 interaction in wheat plants, suggests that it may be

possible to manipulate this module to refine crop productivity

and pathogen resistance simultaneously in future research.
RESULTS

BZR1 interacts with EDS1 in both the cytoplasm and
nucleus

At the first stage of this study, we found that BZR1 interacted with

EDS1 in a Y2H test (Figure 1A). This was subsequently validated

using in vitro pull-down assays conducted with GST-EDS1 and

MBP-BZR1 fusion proteins (Figure 1B). Furthermore, we

confirmed that BZR1 interacted with EDS1 in Arabidopsis

plants by performing co-immunoprecipitation (Co-IP) assays us-

ing two types of transgenic lines, p35S::BZR1-GFP and

p35S::GFP. As revealed by immunoblotting, EDS1 was consis-

tently detected in the immunoprecipitates prepared from

p35S::BZR1-GFP plants, but not from p35S::GFP plants, using

a GFP-specific antibody (Figure 1C).

To investigate the subcellular locations of the BZR1-EDS1 inter-

action inside plant cells, we conducted bimolecular fluorescence

complementation (BiFC) assays. Co-expression of BZR1-YFPN

and EDS1-YFPC in Arabidopsis mesophyll protoplasts yielded

strong yellow fluorescence in both the cytoplasm and the nucleus

(Figure 1D). However, no fluorescence signal was detected in

protoplasts transfected with control constructs (Figure 1D).
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B Figure 1. Interaction between BZR1 and
EDS1.
(A) Interaction between BZR1 and EDS1 re-

vealed using Y2H assays. For this assay, BZR1

and EDS1 were fused with the DNA binding (in

pGBKT7) and activation (in pGADT7) domains,

respectively. Transformed yeast cells, selected

on a double synthetic dropout (DD) plate lacking

histidine and tryptophan, were serially diluted

and spotted on a triple dropout (TD) plate lack-

ing tryptophan, leucine, and histidine but sup-

plemented with 50 mM 3-AT. EV, empty vector.

(B) In vitro pull-down assay. Purified 63His-MBP-

BZR1 was incubated with GST or GST-EDS1 im-

mobilized on MagneGST Glutathione magnetic

beads. The pull-down products were separated

on SDS–PAGE, followed by immunoblotting with

anti-GST or anti-63His antibodies. Arrows indi-

cate the specific bands corresponding to 63His-

MBP-BZR1, GST-EDS1, or GST.

(C) In planta interaction between BZR1 and EDS1

detected using coIP assays. Immunoprecipitation

was performed using 10-day-old p35S::BZR1-

GFP or p35S::GFP seedlings and GFP-Trap Mag-

netic Agarose beads. Immunoblotting was carried

out using anti-GFP or anti-EDS1 antibodies. In the

p35S::BZR1-GFP input sample, a broad band of both unphosphorylated and phosphorylated BZR1-GFP was detected.

(D) BiFC assays showing the interaction between BZR1-YFPN and EDS1-YFPC in both the nucleus and cytoplasm of Arabidopsismesophyll protoplasts.

Confocalmicroscopywas used to image the reconstituted YFP signals, and the cell nucleuswas revealed by 40,6-diamidino-2-phenylindole (DAPI) staining.

Scale bar, 10 mm. The datasets displayed above are all representative of three independent experiments.
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These results demonstrate that BZR1 and EDS1 interact both

in vitro and in vivo and that their interaction occurs in both the

cytosolic and nuclear compartments in planta.

Because it is well known that EDS1 forms heteromeric complexes

with two signaling partners, phytoalexin-deficient 4 (PAD4) and

senescence-associated protein 101 (SAG101), to confer resis-

tance against virulent and avirulent pathogens (Feys et al.,

2001), we examined whether BZR1 interacted with PAD4 or

SAG101 using Y2H assays. In repeated trials, no interaction was

detected between BZR1 and PAD4 or SAG101 (supplemental

Figure 1A). In addition, no interaction was detected between

EDS1 and the nucleus-localized bHLH transcription factor PIF4

(Bernardo-Garcı́a et al., 2014), thus providing evidence for the

specificity of EDS1’s binding to BZR1 (supplemental Figure 1B

and 1C).

EDS1 impedes the transcriptional activities of BZR1

To assess the functional significance of the BZR1-EDS1 interac-

tion in BR signaling, we first performed transient expression as-

says in Arabidopsis mesophyll protoplasts to test the potential

effects of EDS1 expression on BZR1 transcriptional activities.

The promoter regions of two BZR1 target genes (EXP8 and

SAUR15) were each fused to the b-glucuronidase (GUS) gene

as reporters, with p35S::BZR1 and p35S::EDS1 as effector con-

structs (Figure 2A). According to previous reports, EXP8 and

SAUR15 are the BRRGs positively regulated by BZR1 (Tian

et al., 2018). As anticipated, BZR1 expression significantly

increased the promoter activities of EXP8 and SAUR15

(Figure 2B). However, co-expression of EDS1 substantially

reduced the positive effects of BZR1 on the promoter activities

of EXP8 and SAUR15 (Figure 2B). DWF4 and BR6OX are two
Mo
BZR1-repressed target genes (He et al., 2005). Using similar

assays, we found that EDS1 alleviated BZR1’s suppression of

DWF4 and BR6OX promoter activities (supplemental Figure 2A

and 2B).

Using EXP8 and SAUR15 as representatives, we next examined

whether the binding of BZR1 to BRRG promoter regions was

affected by EDS1 using electrophoretic mobility shift assays. In

repeated EMSA assays, binding of BZR1 to the BR-responsive

elements BRRE (CGTGT/CG) or E-box (CANNTG) (He et al.,

2005; Yu et al., 2011), which are present in the promoter

regions of EXP8 and SAUR15, was quantitatively decreased by

increasing amounts of EDS1 without or with the presence of

PAD4 and SAG101. This phenomenon was not observed for the

controls (MBP or GST-GUS) (Figure 2C and 2D and

supplemental Figure 3).

To verify whether EDS1 interferes with BZR1’s binding to its

target promoters in planta, we carried out chromatin immunopre-

cipitation quantitative PCR (ChIP–qPCR) assays using the trans-

genic line pBZR1::bzr1-1D-CFP (mx3) (Zhang et al., 2013)

developed in the wild-type (WT) Col-0 or EDS1 mutant (eds1-2)

background, i.e., pBZR1::bzr1-1D-CFP/Col-0 and pBZR1::bzr1-

1D-CFP/eds1-2. A previous study has shown that bzr1-1D is a

dominant mutant of BZR1 caused by a proline to leucine substi-

tution in the PEST domain, and bzr1-1D shows elevated accumu-

lation in both the cytoplasm and the nucleus (Wang et al., 2002).

In pBZR1::bzr1-1D-CFP plants, a bzr1-1D-CFP fusion protein

was expressed under the native promoter of BZR1. The ChIP–

qPCR result showed significantly higher enrichment of BZR1 in

the promoter regions of EXP8 and SAUR15 in pBZR1::bzr1-1D-

CFP/eds1-2 than in pBZR1::bzr1-1D-CFP/Col-0 (Figure 2E),
lecular Plant 14, 1–16, December 6 2021 ª The Author 2021. 3
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Figure 2. Inhibition of the transcriptional activities of BZR1 by EDS1.
(A and B) Transient assays showing the suppression by EDS1 of BZR1’s transcriptional promotion of EXP8 and SAUR15 promoter-driven GUS (b-

glucuronidase) expression in Arabidopsis mesophyll protoplasts. Various combinations of effector and reporter constructs are shown in (A). The GUS

expression value obtained for the protoplasts transfected with only the reporter construct was set to 1 to facilitate the comparison (B). LUC expression

was used as an internal control.

(C and D) Inhibition by EDS1 of BZR1’s binding to cis-elements (BRRE and/or E-box) in the EXP8 or SAUR15 promoter revealed by EMSA assays. The

binding of 63His-MBP-BZR1 to the biotin-labeled promoter probes of EXP8 (C) or SAUR15 (D) was gradually reduced by increasing amounts of GST-

EDS1 but not GST-GUS.

(E) Increased BZR1 binding to the EXP8 or SAUR15 promoter in the eds1-2mutant uncovered by ChIP–qPCR assays. The analysis was performed with

WT Col-0 and two transgenic lines, pBZR1:bzr1-1D-CFP/Col-0 (expressing both bzr-1D-CFP fusion protein and a functional EDS1) and pBZR1:bzr1-1D-

CFP/eds1-2 (expressing bzr-1D-CFP but lacking a functional EDS1). The amount of target promoter chromatin precipitated for Col-0 was set to 1 to

facilitate comparison.

(F and G) EDS1-dependent suppression by SA of BZR1 binding to its target promoters (EXP8 pro and SAUR15 pro). ChIP–qPCR analysis was performed

with the transgenic lines pBZR1:bzr1-1D-CFP/Col-0 and pBZR1:bzr1-1D-CFP/eds1-2 treated with SA for 4 and 24 h. The amount of target promoter

chromatin precipitated for pBZR1:bzr1-1D-CFP/eds1-2 was significantly higher than that for pBZR1:bzr1-1D-CFP/Col-0, indicating that SA-mediated

suppression of BZR1 binding to its target promoters is partially dependent on the presence of a functional EDS1. UT, untreated sample. In (B) and

(E–G), error bars represent the SD of three independent experiments. *P < 0.05, **P < 0.01 (Student’s t-test). All experiments were repeated three times

with similar results.
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indicating that EDS1 dysfunction enhances BZR1 binding to the

promoters of BRRGs. On the other hand, when EDS1

expression was boosted by SA treatment (supplemental

Figure 4), the enrichment of BZR1 in EXP8 and SAUR15

promoter regions was substantially reduced in pBZR1::bzr1-

1D-CFP/Col-0, which contained a functional EDS1, compared

with that observed in pBZR1::bzr1-1D-CFP/eds1-2, which

contained a mutated EDS1 (Figure 2F and 2G). Collectively, the

above data strongly suggest that EDS1 impedes the

transcriptional regulation of BRRGs (EXP8 and SAUR15) by

BZR1 via interfering with its transcriptional activities.
4 Molecular Plant 14, 1–16, December 6 2021 ª The Author 2021.
EDS1 antagonizes BR-promoted growth under normal,
SA treatment, or pathogen infection conditions
Hypocotyl elongation is a typical BR-promoted growth process in

Arabidopsis. We therefore compared the hypocotyl lengths ofWT

Col-0 seedlings to those of Arabidopsis materials whose EDS1

function was either impaired or enhanced. Relative to the WT

control, hypocotyl length was significantly increased in eds1-2

(lacking a functional EDS1) but substantially decreased in

EDS1-GFP (overexpressing an EDS1-GFP fusion protein)

(Chang et al., 2019) (Figure 3A). In agreement with this result,

the average hypocotyl lengths of the sid2 (Wildermuth et al.,
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Figure 3. EDS1-dependent inhibition of BR-promoted plant growth by virulent pathogen challenge or SA treatment.
(A) Enhancement of BR-mediated hypocotyl growth in themutants (eds1-2 and sid2) or transgenic line (NahG) with reduced SA levels and amutant (npr1-

2) defective in SA perception. By contrast, BR-mediated hypocotyl growthwas suppressed in transgenic lineswith increasedNPR1 (p35S::NPR1-GFP) or

EDS1 (p35S::EDS1-GFP) function. Seedlings were grown on 1/2 MS medium with or without 10 nM BL under a 16 h light/8 h dark photoperiod for 6 days

and then used for hypocotyl length measurement. Error bars, SD (n R 25 plants).

(B) Decreased SA-mediated inhibition of hypocotyl growth shown by mutants of the BR receptor (bri1-5) and co-receptor (bak1-4), as well as the eds1-2

mutant. Seedlings were grown on 1/2 MS medium containing different concentrations of SA under a 16 h light/8 h dark photoperiod for 6 days. The

percentages of hypocotyl length reduction caused by the application of different concentrations of SA toWT controls (Ws and Col-0), bri1-5, bak1-4, and

eds1-2 were calculated by comparison with their respective mock controls. Error bars, SD (n R 25 plants).

(C and D) Inhibition of Arabidopsis petiole elongation by virulent pathogen (PstDC3000) infection. Three-week-old Col-0, bak1-4, and eds1-2 plants were

dip inoculated with Pst DC3000 (OD600 nm = 0.01). The fifth leaves were harvested and photographed at 7 dpi (C). The lengths of the petioles were

measured, and the percentages of petiole length reduction caused by pathogen infection in WT Col-0, bak1-4 lacking the functional BR co-receptor

BAK1, or eds1-2without a functional EDS1, calculated by comparison with their respective mock controls, are shown (D). Error bars, SD (nR 25 plants).

(E and F) EDS1-dependent inhibition of BR-responsive gene expression after virulent pathogen challenge or SA treatment. Leaves of 4-week-old soil-

grown WT Col-0 and eds1-2 mutant plants were sprayed with Pst DC3000 (OD600 nm = 0.2) or with 0.5 mM SA. At 24 h after the spray, total RNA was

extracted and used in qRT–PCR assays to quantify the expression levels of SAUR15 (E) and EXP8 (F). In (A), (E), and (F), *P < 0.05, **P < 0.01 (Student’s t-

test). In (D), exact P values are shown above the bars. All experiments were repeated at least three times with similar results.
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2001) mutant and the NahG (Delaney et al., 1994) transgenic line,

which are deficient in SA accumulation, were much longer than

that of the WT control (Figure 3A). Moreover, altering the
Mo
function of NPR1, which positively regulates SA signaling, could

either enlarge the hypocotyl length (in npr1-2 mutants with a

dysfunctional NPR1) or reduce it (in NPR1-GFP plants
lecular Plant 14, 1–16, December 6 2021 ª The Author 2021. 5
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Figure 4. Attenuation of RPS4-controlled HR by activation of BR signaling or BZR1 mutation.
(A and B) Modulation of RPS4-controlled HR processes by exogenous application of brassinolide (BL) or brassinazole (BRZ). Four-week-old soil-

grown Ws or eds1-1 plants were pretreated with 1 mM BL or 2.5 mM BRZ for 3 or 10 h, followed by inoculation with the bacterial strain Pst/AvrRps4

(OD600 nm = 0.1). Foliar cell death was examined at 12 and 20 hpi, respectively (A). For ion leakage measurement, leaf discs were prepared and

vacuum infiltrated with Pst/AvrRps4 (OD600 nm = 0.05), followed by immersion in sterile water, and the conductivity was measured at the indicated time

points (B). AvrRps4-triggered HR response in Ws plants was attenuated by BL but enhanced by BRZ; it was abolished in eds1-1 that lacked a

functional EDS1.

(C and D) Enhancement of RPS4-controlled HR cell death (C) and ion leakage (D) in the BR-insensitive mutant bri1-5. Soil-grownWs, bri1-5, and eds1-1

plants were pretreatedwith 1 mMBL for 3 h, followed by inoculationwith the bacterial strainPst/AvrRps4. HR cell death and ion leakagewere examined as

described above. The enhancement was not seen in eds1-1.

(E and F) Abolishment of AvrRps4-triggered HR cell death and ion leakage in bri1-5 in the absence of a functional EDS1. Soil-grown bri1-5, bri1-5eds1-1

(double mutant), and eds1-1 plants were used for Pst/AvrRps4-triggered HR cell death (E) and ion leakage analyses (F). The cell death phenotypes (E)

were recorded at 18 hpi, and ion leakage was determined at the indicated time points.

(G and H) Compromised HR cell death and ion leakage in the bzr1 mutant after Pst/AvrRps4 infection. Soil-grown Ws, bzr1, bzr1eds1-1, and eds1-1

plants were treatedwith BL and inoculated withPst/AvrRps4 as above. Cell deathwas recorded at 12 and 20 hpi (G), and ion leakagewasmeasured at the

indicated time points (H). Values were means ± SD (n = 6).

(I–K) Elevated Pst/AvrRps4 growth in plants treated with BL or in the bzr1 mutant. Four-week-old plants of Ws, eds1-1, bri1-5, bri1-5eds1-1, bzr1, and

bzr1eds1-1 were treated with BL or BRZ (as indicated in each graph) for 3 or 10 h, followed by infiltration with Pst/AvrRps4 (OD600 nm = 0.0005) and

quantification of bacterial titers at 3 dpi. CFU, colony-forming units. In (A), (C), (E), and (G), the single and double asterisks indicate mild and severe cell

death, respectively. In (I–K), error bars represent the SD of six measurements. **P < 0.01 (Student’s t-test). The datasets shown are all typical of three

independent experiments.
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overexpressing an NPR1-GFP fusion protein) (Mou et al., 2003)

(Figure 3A). When treated with brassinolide (BL, a bioactive

BR), hypocotyl elongation was promoted in all lines examined

above, but compared with Col-0, the extent of the promotion

was greater for eds1-2, npr1-2, sid2, and NahG plants than for

35S::EDS1-GFP and 35S::NPR1-GFP plants (Figure 3A).

In agreement with the above result, we observed that the higher

the concentration of exogenously applied SA, the stronger the in-

hibition of hypocotyl elongation in both Arabidopsis ecotype

Wassilewskija (Ws) and Col-0 plants (Figure 3B). However, the

extent of the inhibition was attenuated in eds1-2, bri1-5 (a BR-

insensitive mutant caused by a mutation in the BR receptor

BRI1, Noguchi et al., 1999), and bak1-4 (a loss-of-functionmutant

of BAK1, which is the co-receptor of BRI1 in BR signaling, Li et al.,

2002). BR signaling also stimulates petiole growth in Arabidopsis

(Kim and Wang, 2010; Sun et al., 2010). Under mock conditions,

petiole length was significantly longer in eds1-2 than in Col-

0 (Figure 3C and 3D). By contrast, the petiole length of bak1-4

was much shorter than that of Col-0 (Figure 3C and 3D). Upon

infection by the virulent pathogen Pseudomonas syringae pv.

tomato (Pst) DC3000, which is known to upregulate EDS1

function and activate basal resistance (Feys et al., 2001), the

petiole length of WT plants was significantly decreased,

whereas no substantial reductions in petiole length were

observed in eds1-2 or bak1-4 (Figure 3C and 3D).

The impairment of BR-promoted growth during Pst DC3000

infection or exogenous SA treatment was accompanied by the

reduced expression of two representative BRRGs (EXP8 and

SAUR15) in WT Col-0, which was, however, alleviated in the

eds1-2 mutant (Figure 3E and 3F). This result was in line with

decreased occupancy of BZR1 in the promoter regions of EXP8

and SAUR15 upon increasing EDS1 expression (Figure 2).
Activation of BR signaling suppresses RPS4-controlled
ETI

To investigate the function of BZR1-EDS1 in TNL protein-

mediated ETI, we analyzed the effect of BR signaling on RPS4-

controlled HR cell death and its possible dependence on EDS1.

RPS4, originally cloned from the Arabidopsis ecotype Ws and

shown to form an immune receptor complex with RRS1, initiates

HR cell death in response to the avirulent effector AvrRps4 from

P. syringae pv. pisi (Hinsch and Staskawicz, 1996). We compared

HR elicited by the bacterial strain Pst DC3000 carrying AvrRps4

(Pst/AvrRps4) in Ws and eds1-1 (Parker et al., 1996), a

dysfunctional mutant of EDS1 in the Ws background, in the

presence of BL or brassinazole (BRZ, a potent BR biosynthesis

inhibitor). In Ws plants, HR cell death and associated ion

leakage were downregulated by BL but upregulated by BRZ

relative to those in mock controls (Figure 4A and 4B). By

contrast, HR cell death and ion leakage were abolished in

eds1-1 irrespective of BL or BRZ treatment (Figure 4A and 4B).

Consistently, Pst/AvrRps4 growth was elevated in the BL-

treated Ws plants but reduced in plants sprayed with BRZ,

whereas no significant differences in pathogen growth were

observed among the eds1-1 plants treated with water, BL, or

BRZ (Figure 4I). qRT–PCR analysis showed that the expression

of PR1, a marker gene of defense activation (Fu and Dong,

2013), was induced by Pst/AvrRps4 challenge in Ws plants but
Mo
suppressed by exogenous BL application (supplemental

Figure 5).

Compared with Ws plants that showed reduced HR cell death

and ion leakage upon BL treatment, bri1-5 plants exhibited sub-

stantially increased HR cell death and ion leakage, irrespective of

BL application (Figure 4C and 4D). Furthermore, we generated a

bri1-5eds1-1 double mutant, and we compared HR cell death

and ion leakage in bri1-5eds1-1, bri1-5, and eds1-1. The bri1-

5eds1-1 plants were developmentally and morphologically

similar to bri1-5 plants (supplemental Figure 6). But unlike bri1-

5, bri1-5eds1-1 did not show HR-associated cell death and ion

leakage after challenge with Pst/AvrRps4 (Figure 4E and 4F). In

fact, bri1-5eds1-1 was indistinguishable from eds1-1 in its lack

of AvrRps4-triggered HR cell death and ion leakage phenotypes

(Figure 4E and 4F). Consistently, growth of Pst/AvrRps4 was

compromised in bri1-5 but promoted in bri1-5eds1-1 relative to

the WT control, with bri1-5eds1-1 and eds1-1 exhibiting similar

Pst/AvrRps4 growth (Figure 4J). Moreover, BL treatment had no

significant effects on bacterial growth in the bri1-5, bri1-5eds1-

1, and eds1-1 mutants (Figure 4J). Together, these results

indicate that activation of BR signaling by BL suppresses

AvrRps4-triggered ETI and that EDS1 is epistatic to BRI1 in the

regulation of RPS4-controlled ETI.

In contrast to the above result, BL treatment had no effect on the

HR cell death and ion leakage phenotypes controlled by two CC-

NB-LRR (CNL) R proteins, RPS2 or RPM1, in Col-0 plants: after

challenged with the avirulent effector AvrRpt2 or AvrRpm1

(Boyes et al., 1998; Mackey et al., 2002, 2003), HR cell death

and ion leakage were not significantly altered by BL application

(supplemental Figure 7). This is consistent with the fact that

EDS1 acts as an essential regulator of the ETI controlled by

TNL proteins but not that controlled by CNLs.

BZR1 positively regulates RPS4-controlled ETI

To further study the function of the BZR1-EDS1 interaction in

RPS4-controlled ETI, we generated a bzr1 knockoutmutant using

CRISPR/Cas9 editing in both WTWs and the eds1-1mutant. The

bzr1 mutation had a frameshifting nucleotide insertion in the

BZR1 coding sequence that eliminated BZR1 protein expression

in both bzr1 and bzr1eds1-1 plants (supplemental Figure 8). We

thus analyzed AvrRPS4-triggered ETI responses in bzr1 and

bzr1eds1-1 with or without BL treatment. Compared with WT

Ws, the bzr1, bzr1eds1-1, and eds1-1 lines all showed compro-

mised ETI responses, including decreased HR cell death and

ion leakage and elevated Pst/AvrRps4 growth. These responses

weremore severely impaired in bzr1eds1-1 and eds1-1, irrespec-

tive of BL treatment (Figure 4G, 4H, and 4K). These genetic and

pathological analyses indicate that BZR1 positively regulates

the RPS4-controlled ETI in an EDS1-dependent manner.

The cytoplasmic fraction of BZR1 is required for
efficient development of RPS4-controlled ETI

TheGSK3-like kinase BIN2 and its functional homoeologs play an

important role in the cytoplasmic retention of BZR1 by phosphor-

ylating BZR1 (Yan et al., 2009). LiCl and bikinin are potent

inhibitors of GSK3-like kinases in Arabidopsis; their application

leads to dephosphorylation and nuclear translocation of BZR1,

thereby activating BR signaling (De Rybel et al., 2009; Kondo
lecular Plant 14, 1–16, December 6 2021 ª The Author 2021. 7
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et al., 2014). We therefore examined whether LiCl or bikinin

treatment affected RPS4-controlled HR cell death. Compared

with the control Ws plants not treated with LiCl or bikinin, those

treated with either compound showed reduced ion leakage

(supplemental Figure 9A). A similar decrease in ion leakage

was observed in the bri1-5 mutant treated with bikinin

(supplemental Figure 9B). These observations point to the

possibility that dephosphorylation and nuclear translocation of

BZR1, caused by treatment with LiCl or bikinin, may underlie

the suppression of RPS4-controlled ETI by BL application

(Figure 4).

To analyze whether cytoplasmic retention and nuclear translo-

cation of BZR1 have different effects on RPS4-mediated ETI,

we generated pBZR1::bzr1-1D-GFP transgenic lines in the Ws

background. The bzr1-1D mutation increases BZR1 accumula-

tion in both the cytoplasm and nucleus but does not alter

BZR1’s subcellular distribution pattern (Gampala et al., 2007).

In the mx3 transgenic line (pBZR1::bzr1-1D-CFP in the Col-

0 background), expression of bzr1-1D-CFP decreases Arabi-

dopsis stature and causes the development of darker green,

smaller, and curved rosette leaves (Zhang et al., 2013). As

expected, our pBZR1::bzr1-1D-GFP transgenic lines (no. 3 and

no. 5) resembled mx3 in plant phenotypes (supplemental

Figure 10). When inoculated with Pst/AvrRps4, the two

independent pBZR1::bzr1-1D-GFP lines both showed

substantially stronger HR cell death and ion leakage than Ws

plants (Figure 5A and 5B; supplemental Figure 11). BL

treatment suppressed the RPS4-controlled ETI in this set of ex-

periments, but even so, the HR cell death and ion leakage phe-

notypes exhibited by BL-treated pBZR1::bzr1-1D-GFP lines

were still more severe than those displayed by the Ws control

without BL treatment (Figure 5A and 5B; supplemental

Figure 11). Notably, the transcript level of BZR1 was

significantly upregulated in the Ws plants inoculated with Pst/

AvrRps4 relative to mock controls (Figure 5C). The protein

level of bzr1-1D-GFP in pBZR1::bzr1-1D-GFP plants was sub-

stantially enhanced by Pst/AvrRps4 but not by Pst DC3000

that did not express AvrRps4 (Figure 5D).

Subsequently, we created a new type of transgenic line in the Ws

background, pBZR1::bzr1-1DDNLS-GFP (no. 2 and no. 4), in

which the nuclear localization signal (NLS) sequence (18 resi-

dues) in bzr1-1D was deleted. The bzr1-1DDNLS mutant protein

had a reducedmolecular mass (�34 kDa) comparedwith bzr1-1D

(�37 kDa), and its distribution was restricted to the cytoplasm

with or without BL treatment (Figure 5E and 5F). Remarkably,

the pBZR1::bzr1-1DDNLS-GFP plants grew and developed as

WT Ws individuals (supplemental Figure 10), indicating that

cytoplasmic retention and accumulation of bzr1-1DDNLS

ameliorates the growth inhibition associated with the bzr1-1D

mutation (Zhang et al., 2013). After inoculation with Pst/

AvrRps4, the pBZR1::bzr1-1DDNLS-GFP plants showed

enhanced HR cell death and ion leakage relative to Ws

controls; these phenotypes were similar to those displayed by

the pBZR1::bzr1-1D-GFP plants challenged with Pst/AvrRps4

(Figure 5G and 5H). Consistently, growth of Pst/AvrRps4 was

attenuated in both pBZR1::bzr1-1D-GFP and pBZR1::bzr1-

1DDNLS-GFP plants compared with WT controls (Figure 5I).

These results, together with the foregoing data, suggest that

the cytoplasmic fraction of BZR1 is essential for efficient
8 Molecular Plant 14, 1–16, December 6 2021 ª The Author 2021.
activation of RPS4-controlled ETI, whereas nuclear translocation

of BZR1 is likely to be responsible for the suppression of RPS4-

conditioned ETI following the activation of BR signaling by BL

application or treatment with LiCl or bikinin (Figure 4A–4D and

supplemental Figure 9).
Cytoplasmic BZR1 facilitates AvrRps4-triggered
dissociation of EDS1 and RPS4

The above data prompted us to investigate how cytosolic BZR1

might regulate RPS4-controlled ETI. Because EDS1 is essential

for RPS4-controlled ETI (see the Introduction), we first checked

whether BZR1’s interaction with EDS1 affected the stability of

EDS1. We found that EDS1 protein accumulation was not

altered by knocking out BZR1 (in bzr1 plants), and BZR1

expression level was not affected in eds1-1 plants

(supplemental Figure 12). We then analyzed whether BZR1

protein level changed in response to Pst/AvrRps4 inoculation in

Ws plants using immunoblotting with a BZR1-specific antibody

(Chen et al., 2019b). We found that Pst/AvrRps4 infection

decreased the amount of unphosphorylated BZR1 but

increased the amount of phosphorylated BZR1, and this was

especially evident when the cytoplasmic and nuclear fractions

were analyzed (Figure 6A).

A crucial step in RPS4-controlled ETI is the dissociation of EDS1

and RPS4 by binding of AvrRps4 to EDS1 in the cytoplasm

(Bhattacharjee et al., 2011; Heidrich et al., 2011). Motivated by

this knowledge and the finding that BZR1 interacted with EDS1,

we hypothesized that BZR1 may promote AvrRps4-triggered

dissociation of EDS1 and RPS4 in the cytoplasm. To test this

idea, we expressed bzr1-1D-GFP or GFP in protoplasts of

RPS4-HA/rps4-2, a complementation line of rps4-2 that ex-

presses HA-tagged RPS4 under its native promoter (Pike et al.,

2019). We then investigated the effects of BZR1 on the

dissociation of EDS1 and RPS4-HA. With the expression of

bzr1-1D-GFP, the amount of EDS1 co-precipitated with RPS4-

HA was markedly decreased compared with that of GFP

(Figure 6B and supplemental Figure 13).

We then analyzed in more detail the effect of cytoplasmic BZR1

on AvrRps4-triggered dissociation of EDS1 and RPS4 in RPS4-

HA/rps4-2 plants. For this purpose, we used both WT AvrRps4

and a nonfunctional mutant of AvrRps4, AvrRps4 KRVYAAAA

(Saucet et al., 2015), as well as BL treatment to artificially alter

the accumulation of BZR1 in the cytoplasm. The cytoplasmic

fractions from various plant samples were isolated and

subjected to Co-IP analysis. As anticipated, the bacterial strain

carrying AvrRps4 KRVYAAAA (designated Pst/mAvrRps4) failed

to trigger HR (supplemental Figure 14). BL treatment of

uninfected plants drastically decreased cytoplasmic BZR1

accumulation but enhanced the EDS1 co-precipitated with

RPS4-HA (Figure 6C, lane 4 versus lane 1), indicating that

lowering cytoplasmic BZR1 enhanced the EDS1-RPS4 interac-

tion. In the absence of BL treatment, inoculation with Pst/

AvrRps4 increased cytoplasmic BZR1 but markedly decreased

the amount of EDS1 co-precipitated with RPS4-HA (Figure 6C,

lane 2 versus lane 1), suggesting that the increased

cytoplasmic BZR1 facilitated AvrRps4-triggered dissociation of

EDS1 from RPS4. With BL treatment, infection by Pst/AvrRps4

also increased cytoplasm BZR1, albeit to a lesser extent
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Figure 5. Requirement of cytoplasmic fraction of BZR1 for efficient activation of RPS4-controlled HR.
(A and B) Enhancement of Pst/AvrRps4-triggered HR cell death and ion leakage in pBZR1:bzr1-1D-GFP transgenic plants. Soil-grown Ws and

pBZR1:bzr1-1D-GFP no. 3 transgenic plants were pretreated with 1 mMBL for 3 h, followed by inoculation with Pst/AvrRps4. Cell death was recorded at

12 and 20 hpi (A), and ion leakage was measured at the indicated time points (B).

(C) Upregulation of BZR1 expression by infection with Pst/AvrRps4. qRT–PCR analysis was performed in Ws plants inoculated with Pst/AvrRps4

(OD600 nm = 0.05) for 6 h. Amplification of UBQ5was used as an internal control. Error bars represent the SD of three independent experiments. *P < 0.05

(Student’s t-test).

(legend continued on next page)
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(Figure 6C, lane 5 versus lane 1), but the amount of EDS1 co-

precipitated with RPS4-HA was substantially enhanced

compared with that without BL treatment (Figure 6C, lane 5

versus lane 2), thereby confirming that an increase in

cytoplasmic BZR1 promoted AvrRps4-triggered dissociation of

EDS1 andRPS4. By contrast, infection ofRPS4-HA/rps4-2 plants

byPst/mAvrRps4 did not obviously affect the interaction between

EDS1 and RPS4, with or without BL treatment, as demonstrated

by the substantial amount of EDS1 co-precipitatedwith RPS4-HA

(Figure 6C, lanes 3 and 6). Collectively, the above biochemical

data support the notion that cytoplasmic BZR1 is required for

efficient development of RPS4-conditioned ETI by facilitating

AvrRps4-triggered dissociation of EDS1 and RPS4.

DISCUSSION

Functions of the BZR1-EDS1 module and underlying
molecular mechanism

In this work, we identified and analyzed a previously unreported

interaction module composed of BZR1 and EDS1, and we re-

vealed the functions of this module in the regulation of plant

growth and defense in both basal resistance and TNL receptor-

controlled ETI (Figure 7).

In thebasal resistance induced in a compatible pathosystem,upre-

gulation of EDS1 expression suppresses BR-promoted growth

processes, e.g., hypocotyl and petiole elongation. This suppres-

sion is associatedwith inhibition ofBZR1’s transcriptional activities

and decreased expression of growth-related BRRGs (e.g., EXP8

and SAUR15), which is caused by reduced occupancy of BZR1

in the promoter region of its target genes owing to EDS1 binding

to BZR1 (Figure 7). Because it is well known that virulent

pathogen infection upregulates EDS1 expression and that a

positive feedback loop exists between EDS1 accumulation and

SA content (Feys et al., 2001), it is understandable that perturbing

SA level orperceptionalters the functionof theBZR1-EDS1module

in growth-defense coordination in basal resistance.

In RPS4-controlled ETI, RPS4 is present in both the cytoplasm

and the nucleus, with perception of AvrRps4 by the RPS4/RRS1

receptor complex occurring in the nucleus (Wirthmueller, et al.,

2007). Furthermore, AvrRps4-triggered dissociation of EDS1

and RPS4 in the cytoplasm has been found to be essential for

full activation of RPS4-controlled ETI (Bhattacharjee et al., 2011;

Heidrich et al., 2011). Based on the results of this work, we

suggest that the cytoplasmic pool of BZR1, which was
(D) Elevation of bzr1-1D-GFP accumulation by Pst/AvrRps4 infection of pBZ

detect bzr1-1D-GFP by immunoblotting. The increased bzr1-1D-GFP accum

BZR1 promoter responded positively to Pst/AvrRps4 infection (C), and bzr1-1

(E and F) Abolishment of nuclear localization of bzr1-1D protein by deletion

pressing bzr1-1D-GFP or bzr1-1DDNLS-GFP (lacking the NLS) were grown o

accumulation was observed for bzr1-1D-GFP but not bzr1-1DDNLS-GFP, ir

confirmed the accumulation of bzr1-1D-GFP, but not bzr1-1DDNLS-GFP, in the

purity of the different cellular fractions. Scale bar, 10 mm.

(G and H) Increase in Pst/AvrRps4-triggered HR cell death (G) and ion leakag

relative toWTWs controls. pBZR1::bzr1-1DDNLS-GFP resembled pBZR1::bzr

ion leakage phenotypes were recorded as described above.

(I) Attenuated Pst/AvrRps4 growth in pBZR1::bzr1-1D-GFP and pBZR1::bzr

infiltrated with Pst/AvrRps4 (OD600 nm = 0.0005), and pathogen growth was qu

double asterisks indicatemild and severe cell death, respectively. In (B), (H), an

(Student’s t-test). The experiments shown above were repeated at least three
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increased substantially by an avirulent effector (i.e., AvrRps4,

Figure 6A), enables efficient development of HR by facilitating

theAvrRps4-triggered dissociation of EDS1andRPS4 in the cyto-

plasm (Figure 7). Maintenance of an appropriate amount of

cytoplasmic BZR1 is crucial for keeping RPS4-mediated ETI at

a proper level, as HRwas attenuated by decreasing BZR1’s cyto-

plasmic retention (by exogenous application of BL, LiCl, or bikinin)

or aggravated by increasing BZR1’s cytoplasmic accumulation

(by BRZ application or the bzr1-1D and bzr1-1DDNLSmutations).

Clearly, in both types of immunity, pathogen defense is activated

with concomitant inhibition of plant cell growth. A functional

EDS1 is required for both defense activation and growth inhibi-

tion. In basal resistance, growth inhibition is mediated, at least

in part, by downregulation of BZR1’s transcriptional activities

due to binding of EDS1 to BZR1 in the nucleus. In TNL protein-

controlled ETI, growth inhibition (indicated by localized cell death)

involves increased accumulation of cytoplasmic BZR1, binding of

cytoplasmic BZR1 to EDS1, and promotion of HR-associated de-

fense processes by the BZR1-EDS1 interaction in the cytoplasm.

We noted that knocking out BZR1 or over-accumulation of bzr1-

1D did not substantially affect Pst DC3000 proliferation

(supplemental Figure 15), indicating that BZR1 alone may not

play a significant role in basal resistance.

AlthoughPAD4andSAG101are required for the regulationof plant

immunities by EDS1 (Cui et al., 2015; Feys et al., 2005), we found

here that BZR1 interacted with EDS1 but not with PAD4 and

SAG101 (supplemental Figure 1A). Furthermore, we observed

that PAD4 and SAG101 were not essential for EDS1 to impede

binding of BZR1 to the promoter cis-elements of two BRRGs

(Figure 3A and 3B). Thus it is possible that PAD4 and SAG101

may not be involved in the regulation of plant growth and

defense by the BZR1-EDS1 module. Interestingly, we observed

that cytoplasmic BZR1 could also promote the dissociation of

EDS1andRPS4when tested inNicotianabenthamianausing tran-

siently expressed proteins (supplemental Figure 16). Considering

that Arabidopsis and N. benthamiana differ substantially in the

expression and function of homoeologous PAD4 and SAG101

proteins (Gantner et al., 2019), this provides further evidence for

the possibility discussed above. Nevertheless, more work is

needed to verify this possibility.

Compared with previous studies that show the inhibition of PTI by

BZR1 and HBI1 (Lozano-Duran et al., 2013; Fan et al., 2014;

Malinovsky et al., 2014), our work is unique in demonstrating that
R1::bzr1-1D-GFP transgenic plants. An anti-GFP antibody was used to

ulation may occur both transcriptionally and post-transcriptionally, as the

D could resist ubiquitin-mediated degradation.

of its nuclear localization signal (NLS). Transgenic Arabidopsis plants ex-

n 1/2 MS medium for 3 days, then treated with 1 mM BL for 3 h. Nuclear

respective of BL treatment (E). Immunoblotting using anti-GFP antibody

nuclear fraction (F). Immunodetection of histone H3was used to verify the

e (H) in the pBZR1::bzr1-1DDNLS-GFP no. 2 and no. 4 transgenic plants

1-1D-GFP in HR-associated cell death and ion leakage. The cell death and

1-1DDNLS-GFP transgenic lines. Four-week-old soil-grown plants were

antified at 3 dpi. CFU, colony-forming units. In (A) and (G), the single and

d (I), error bars represent the SD of sixmeasurements. *P < 0.05, **P < 0.01

times with similar results.
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Figure 6. Promotion of AvrRps4-triggered dissociation of EDS1
and RPS4 by cytoplasmically located BZR1.
(A) Upregulation of BZR1 accumulation in the cytoplasm by Pst/AvrRps4

infection. Total, cytoplasmic, and nuclear protein fractions, prepared from

leaf tissues of 4-week-old WT Ws plants infiltrated with mock solution or

Pst/AvrRps4 (OD600 nm = 0.2) for 6 h, were subjected to immunoblotting

using an anti-BZR1 antibody. Relative band intensities were obtained

using ImageJ software, and the value of the control sample was set to 1 to

facilitate comparison.

(B) Promotion of the dissociation of EDS1 and RPS4-HA by bzr1-1D-GFP.

Protoplasts of RPS4-HA/rps4-2 were transfected with pBZR1::bzr1-1D-

GFP or p35S::GFP, IP was conducted using Anti-HAMagnetic Beads, and

immunoblotting was performed using anti-EDS1 or anti-HA antibodies.

(C) AvrRps4-triggered dissociation of EDS1 and RPS4-HA is promoted by

cytoplasmic BZR1. Leaves of RPS4-HA/rps4-2 plants were treated with

1 mM BL or mock solution for 3 h and inoculated with Pst/AvrRps4 or Pst/

mAvrRps4 (Pst DC3000 carrying AvrRps4 KRVYAAAA) as above. Then

cytoplasmic fractions prepared from control and treated samples were

used for coIP assays. IP was conducted with Anti-HA Magnetic Beads,

and immunoblotting (IB) was performed using anti-BZR1, anti-EDS1, or

anti-HA antibodies. Relative band intensities were obtained using ImageJ

software, and the value of the control sample (lane 1) was set to 1 to

facilitate comparison. The data depicted in (A–C) were reproducible in

three separate experiments.
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activation of defense suppresses BR-promoted growth in both

basal resistance and TNL protein-conditioned ETI via the BZR1-

EDS1 interaction. Consistent with our work, the onset of flg22-

induced basal defense leads to downregulated expression of key
Mo
BR biosynthesis genes (Jimenez-Gongora et al., 2015). Similar to

our work, a previous study uncovered a novel interaction

module, DELLA-EDS1, that functions in plant growth-defense

trade-offs in Arabidopsis (Li et al., 2019). Discovery of DELLA-

EDS1 and BZR1-EDS1 modules in previous and current studies

suggests that EDS1maybea common interaction target for impor-

tant phytohormone signaling components during the regulation of

plant growth and defense response by different hormones.

BZR1 has multiple homoeologs (e.g., BES1), and they function

similarly in BR-promoted growth. Therefore, it will be interesting

to examine whether BES1 also binds to EDS1 in further research.

It will also be interesting to test whether HBI1 interacts with EDS1,

as HBI1 has been shown to regulate the trade-offs between plant

growth and immunity (Fan et al., 2014; Malinovsky et al., 2014).

However, based on the findings that BZR1 expression was not

markedly downregulated by virulent pathogen infection and

exogenous SA (supplemental Figure 17) and that BZR1

expression and protein accumulation were both considerably

increased by Pst/AvrRps4 inoculation (Figure 5C and 5D), BZR1

may be a major interactor of EDS1 in the regulation of plant

growth and immunity. Other BR signaling components, if they

do interact with EDS1, may help to fine-tune such regulation in

different plant species and organs, at different developmental

stages, in different environments, and/or against different

pathogens.

A new function identified for the cytoplasmic fraction of
BZR1

Based on current understanding, the nuclear pool of BZR1 plays

important roles in regulating BRRG expression and participating

in crosstalk with other signaling pathways, whereas the cyto-

plasmic fraction of BZR1 acts as a reservoir for nuclear BZR1

(Kim and Wang, 2010). No other functions have been assigned

to cytoplasmic BZR1 to date. Here, we reveal that cytoplasm-

located BZR1 is needed for the efficient development of RPS4-

controlled ETI, thus identifying a previously unknown function

for the cytoplasmic fraction of BZR1.

Remarkably, we found that transgenically expressed bzr1-

1DDNLS not only enhanced AvrRps4-triggered HR but also miti-

gated the growth retardation phenotype of bzr1-1D. This raises

the possibility that bzr1-1DDNLS may be useful for lessening

the suppression of BR-promoted growth by EDS1-mediated

pathogen defense. Although breaking the trade-off between

growth and immunity may be harmful to plant fitness and long-

term survival in natural environments, better coordination be-

tween growth and defense may allow simultaneous improvement

of growth performance and disease resistance, and hence yield

level, of crop plants under artificial cultivation conditions. There-

fore, the potential value of bzr1-1DDNLS for optimizing growth

and defense balance in crop plants merits further investigation.

Potential of the BZR1-EDS1 module in agricultural
application

The identification and analysis of the BZR1-EDS1 module in Ara-

bidopsis raise the question whether analogousmodules exist and

function in other plant and crop species. In a preliminary test with

the monocotyledonous crop plant common wheat (Triticum aes-

tivum, AABBDD, 2n = 6x = 42), a hexaploid with three homeologs
lecular Plant 14, 1–16, December 6 2021 ª The Author 2021. 11



Figure 7. A working model for the regulation of plant growth and pathogen defense by the BZR1-EDS1 module.
When basal immunity is activated in a compatible pathosystem, EDS1 expression and function are upregulated, leading to increased accumulation of SA,

which further enhancesEDS1 expression in a positive feedback loop. The upregulatedEDS1 interactswith BZR1and inhibits its transcriptional activities, thus

decreasing the expression of BR-responsive genes (e.g., EXP8 and SAUR15) and BR-promoted plant growth. In RPS4-controlled ETI, AvrRps4 triggers the

dissociation of EDS1 and RPS4 in the cytoplasm and is sensed by the RPS4/RRS1 complex in the nucleus; both of these events are required to fully activate

the immunity. The cytoplasmic pool of BZR1 enables the efficient development of robust immunity (HR) by facilitating the dissociation of EDS1 and RPS4.

Enhancement of BR signaling (e.g., by brassinolide treatment) attenuates RPS4-controlled immunity by increasing BZR1’s nuclear translocation.
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of most genes (International Wheat Genome Sequencing

Consortium et al., 2018), protein–protein interactions were

observed between TaBZR1 homeologs and those of TaEDS1 in

Y2H assays (supplemental Figure 18). Thus, the BZR1-EDS1

interaction module is probably conserved in both dicot (e.g., Ara-

bidopsis) and monocot (common wheat) plants.

Following the points discussed above, we hypothesize that trans-

genically expressed bzr1-1DDNLS protein may be employed as a

surrogate for endogenous BZR1to serve as the interacting part-

ner of EDS1 for expediting pathogen defense. This may diminish

the inhibitory binding of EDS1 to endogenous BZR1, thus

enabling defense activation without sacrificing BR signaling and

BR-promoted plant growth and eventually leading to concurrent

improvements ofboth growth and immunity in crop plants with

higher productivity,.
METHODS

Plant materials, growth conditions, and oligonucleotide
primers and probes

Arabidopsis thalianaplants were grown in a greenhouse or a growth cham-

ber under a 12 h light/12 h dark cycle and 75%humidity at 20�C–23�C. The
Arabidopsis lines used for Pst/AvrRps4-triggered HR cell death and ion

leakage analyses were generated in the Ws ecotype background,

including eds1-1, bri1-5, pBZR1::bzr1-1D-GFP, pBZR1::bzr1-1DDNLS-

GFP, and the bzr1 knockout mutants developed using CRISPR/Cas9-

mediated editing (see below). The RPS4-HA/rps4-2 transgenic line re-

ported by Pike et al. (2019) was used to analyze the effect of cytoplasmic

BZR1 on RPS4-controlled ETI. The oligonucleotide primers and probes

used in this work are listed in supplemental Table 1.
12 Molecular Plant 14, 1–16, December 6 2021 ª The Author 2021.
Plasmid construction

Coding regions of BZR1 and EDS1without a stop codon were cloned into

the pDONR207 vector by BP reaction (Invitrogen, USA). To generate

C-terminal GFP-tagged proteins, BZR1 was cloned into the modified

pMDC83 vector by LR reaction (Chen et al., 2019a). To generate

pBZR1::bzr1-1D-GFP, the bzr1-1D sequence, including the promoter

and coding region without the stop codon, was isolated from genomic

DNA of the bzr1-1D mutant, followed by cloning into pDONR207 and

then into the pMDC107 vector. To delete the NLS of the bzr1-1D protein

sequence, site-directed mutagenesis was carried out on the

pBZR1::bzr1-1D entry construct (amino acids 22–39 of BZR1) using the

QuikChange Site-Directed Mutagenesis kit (Agilent, USA). The resulting

construct was cloned into pMDC107. To generate vectors for the transient

gene expression assays, theBZR1 or EDS1 coding region was ligated into

the GUS-removed pBI221 vector between the 35S promoter and the NOS

terminator to create the effector constructs. The promoter fragment of

EXP8 (1969 bp) or SAUR15 (1323 bp) was ligated upstream of the GUS re-

porter in pBI221 after removing the 35S promoter to create the reporter

constructs. All constructs were verified by sequencing.

qRT–PCR assays

Total RNA isolation and first-strand cDNA synthesis were performed as

described previously (Chen et al., 2019a). qRT–PCR assays were

conducted on a 7300 Real-time PCR System (Applied Biosystems,

USA) using SYBR Green SuperMix (Quanta Biosciences, USA). UBIQUI-

TIN5 (UBQ5) (At3g62250) was used as an internal control.

Y2H analysis

Yeast strain AH109was co-transformedwith pGBKT7-BZR1/TaBZR1 and

the pGADT7 vector control or pGADT7-EDS1/TaEDS1/PAD4/SAG101 ac-

cording to the Clontech yeast transformation protocol, and yeast colonies

were selected on synthetic dextrose (SD)-Trp-Leu (DD) plates. Fresh
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single colonies were grown in SD/-Leu/-Trp liquid medium overnight at

30�C. The yeast cultures were diluted to OD600 nm = 1, 0.1, or 0.01 with

sterilized 0.9% (w/v) NaCl solution. Then 10 ml of the diluted suspensions

was spotted on SD/-Leu/-Trp and SD/-Leu/-Trp/-His plates with or

without 3-amino-1,2,4-triazole (3-AT, 50mM for pGBKT7-BZR1/TaBZR1).

Yeast growth on the two types of plate was observed after 4–7 days at

30�C.

In vitro pull-down experiment

In vitro pull-down assays were performed as described previously (Chen

et al., 2019a). Recombinant GST-fused EDS1 was purified using gluta-

thione beads (GE Healthcare, USA). The 63His-MBP-BZR1 recombinant

protein was purified using Ni-NTA agarose (QIAGEN, Germany). The GST

or GST-EDS1 proteins (5 mg each) immobilized onMagneGST Glutathione

beads were combined with 1 mg of purified 63His-MBP-BZR1 in 1 ml of

binding buffer and incubated overnight at 4�C. The beads were then

washed five times with a washing buffer. Proteins were eluted and sepa-

rated on SDS–PAGE gels, and protein blots were probed using anti-63His

or anti-GST antibodies (Invitrogen, USA).

Co-IP assays

Co-IP assays were performed as described previously (Chen et al.,

2019a). In brief, Arabidopsis leaves expressing different constructs as

indicated were homogenized with protein extraction buffer and

centrifuged at 20 000 g for 20 min at 4�C twice. GFP or GFP-tagged

proteins were immunoprecipitated with GFP-Trap Magnetic Agarose

beads (ChromoTek, Germany), andHA-tagged proteinswere immunopre-

cipitated with Anti-HA Magnetic Beads (Thermo, USA). For protein blots,

GFP, Flag, and HA fusion proteins were probed with anti-GFP (NEB, USA),

anti-Flag (Sigma, USA), and anti-HA (3F10) (Roche, USA) antibodies,

respectively. EDS1 or BZR1 was probed with an anti-EDS1 (Agrisera,

Sweden) or an anti-BZR1 (Youke Biotechnology, Shanghai, China)

antibody.

BiFC

The coding sequence of BZR1 or EDS1 was introduced into the pUC-

SPYCE or pUC-SPYNE vector (Walter et al., 2004). EDS1-YFPN was

co-transformed with BZR1-YFPC or the empty vector into Arabidopsis

mesophyll protoplasts, which were isolated and transfected following a

previous method (Sheen, 2001). At least 200 transfected protoplasts

were examined for BiFC signals using an Olympus FLUOVIEW FV1000

confocal microscope (Olympus, Tokyo, Japan).

Transient gene expression

Arabidopsis transient expression assays were performed as described

previously (Tang et al., 2015). The BZR1 and EDS1 effector constructs

and the GUS reporters driven by the EXP8 or SAUR15 promoter (see

above) were appropriately combined and introduced into Arabidopsis

mesophyll protoplasts. A p35S:LUC vector (Sato et al., 2014) was used

as an internal control. The transfected protoplasts were cultured for

12 h in darkness. 4-Methylumbelliferone fluorescence and LUC

luminescence were measured using a luminometer (Promega, USA).

Relative GUS activity was determined by normalizing against the

luciferase activity.

EMSA

GST,GST-EDS1,GST-PAD4,GST-SAG101, 63His-MBP, or 63His-MBP-

BZR1 were each expressed and purified from Escherichia coli strain C41.

Biotin-labeled synthetic oligonucleotides (Invitrogen, USA) were annealed

with unlabeled oligonucleotides and then used as probes. DNA-protein

binding reaction and detection were accomplished using a LightShift

Chemiluminescent EMSA Kit (Thermo Fisher Scientific, USA). In brief,

the labeled DNA probes were incubated for 30 min with 100 ng of

63His-MBP-BZR1 protein with or without GST-EDS1 or the GST control

in the binding buffer. The resulting products were then subjected to native

polyacrylamide gel electrophoresis, followed by transfer to a nylon mem-
Mo
brane, which was used for detection of EMSA signals according to the

manufacturer’s instructions. To test whether PAD4 and SAG101 were

involved in the interference of BZR1’s cis-element binding activity by

EDS1, a similar set of EMSAs was performed with GST-PAD4 and GST-

SAG101 included (supplemental Figure 3A and 3B).

ChIP–qPCR

ChIP–qPCR assays were performed as described previously (Bowler

et al., 2004). WT Col-0 and two different Arabidopsis lines, pBZR1::bzr1-

1D-CFP/eds1-2 and pBZR1::bzr1-1D-CFP/Col-0, were used. The 14-

day-old seedlings were treated with SA for 24 h. Nuclei and chromatin

were isolated from each sample (3 g). The chromatin was sonicated and

then immunoprecipitated with GFP-Trap beads or control empty beads

at 4�C overnight. The immunoprecipitated DNA was recovered and

analyzed in triplicate by real-time qPCR with gene-specific primers. Fold

enrichment was calculated by comparison with the internal control per-

formed by amplifying the ACTIN2 gene. All primers are listed in

supplemental Table 1.

Cell death, ion leakage analysis, and quantification of bacterial
growth

HR cell death was photographed at the desired time points. For ion

leakage measurement, leaf disks were vacuum infiltrated with the desired

bacterial strain,Pst/AvrRpS4 (OD600 nm = 0.05 for plants of theWs ecotype

background) or Pst/AvrRpt2 (Pst/AvrRpm1) (OD600 nm = 0.05 for Col-

0 plants), then washed in distilled water for 30 min. Subsequently, eight

leaf discs per replicate were transferred to a 50-ml sterile conical tube

containing 8 ml distilled water. The conductivity was determined at

different time points using anOrion Star A222 Conductivity Portable Meter

(Thermo Fisher Scientific, USA). Measurement of bacterial growth was

accomplished as described by Chen et al. (2019a).

Generation of bzr1 mutants using CRISPR/Cas9-mediated
editing

The CRISPR/Cas9 vector pHEC-401 developed byWang et al. (2015) was

used to generate bzr1 mutants in WT Ws and eds1-1 backgrounds with

the guide RNA sequence GAGAAAGGGAGAATAATCGG. Preparation of

genome-editing constructs and Agrobacterium-mediated transformation

were accomplished as described previously (Wang et al., 2015). T1

transgenic plants were selected on MS medium containing 25 mg l�1

hygromycin. The guide RNA target site was PCR amplified and

sequenced to determine the mutations introduced into the BZR1 coding

region. The primer sets used are listed in supplemental Table 1.

Preparation of nuclear and cytoplasmic fractions

Cytoplasmic and nuclear fractions were prepared as described previously

(Wang et al., 2011). In brief, 3-week-old Arabidopsis or tobacco leaves

expressing the desired proteins were homogenized with lysis buffer.

The homogenates were filtered through two layers of miracloth. The

flow-through was centrifuged at 1500 g for 10 min at 4�C. Then the super-

natant was centrifuged at 10 000 g for 10 min at 4�C and collected as the

cytosolic fraction. The nuclear pellet was rinsed and finally resuspended in

the lysis buffer. The cytosolic and nuclear fractions thus obtained were

analyzed by immunoblotting and/or coIP assays using appropriate anti-

bodies. Histone 3 was used as a nuclear marker to verify the purities of

the cytosolic and nuclear fractions.
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