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Summary

� Proper regulation of seed germination is essential for the successful propagation of a plant.

The transcription factor ABSCISIC ACID INSENSITIVE5 (ABI5) of the abscisic acid (ABA) sig-

naling pathway plays a central role in the inhibition of seed germination. ABI5 is precisely reg-

ulated by the core ABA signaling components and multiple other factors. However, the

complex regulatory network of ABI5 remains largely unknown.
� In this study, we determined the biochemical interaction between ABI5 and the

BRINSENSITIVE1 (BRI1)-EMS-SUPPRESSOR1 (BES1) transcription factor of the brassinos-

teroid (BR) signaling pathway, as well as the function of BES1 regulating ABI5 during seed

germination in Arabidopsis.
� BES1 directly interacts with ABI5 both in vitro and in vivo. The bZIP domain of ABI5, which

is responsible for DNA binding, is critical for ABI5 binding to BES1. The interaction of BES1

with ABI5 significantly suppressed the binding of ABI5 to the promoter regions of down-

stream genes, which resulted in their reduced expression and consequently facilitated seed

germination.
� This study shed new light on the coordination of multiple signaling pathways during seed

germination. In particular, BES1 directly binds to ABI5, which interferes with its transcriptional

activity and suppresses ABA signaling output.

Introduction

Seed germination is one of the most important physiological pro-
cesses in the lifetime of a flowering plant, which is crucial for plant
propagation and requires the precise coordination of multiple exter-
nal and internal signals (Finch-Savage & Leubner-Metzger, 2006;
Finkelstein et al., 2008; Rajjou et al., 2012; Nonogaki, 2017).
Among these signals, the phytohormone abscisic acid (ABA) plays
a pivotal role in the regulation of seed dormancy and germination,
vegetative growth, and adaptation to abiotic stresses (Xiong & Zhu,
2003; Yoshida et al., 2014). The core ABA signaling pathway
includes PYRABACTIN RESISTANCE PROTEINS/PYR-LIKE
PROTEINS/REGULATORY COMPONENTS OF ABA
RECEPTOR (PYR/PYL/RCAR) receptors for ABA perception,
PHOSPHATASE 2C (PP2C) phosphatases, SNF1-RELATED
PROTEIN KINASE 2 (SnRK2) kinases, and the ABSCISIC
ACID RESPONSIVE ELEMENTS-BINDING FACTOR
(AREB/ABF) transcription factors to regulate the expression of
downstream responsive genes (Nakashima & Yamaguchi-
Shinozaki, 2013; Yoshida et al., 2014; Vishwakarma et al., 2017).

A specific set of transcription factors (i.e. ABI3, ABI4 and
ABI5) play a role in the seed germination process (Skubacz et al.,
2016). The crucial regulator, ABI5, belongs to the bZIP tran-
scription factor family (Finkelstein & Lynch, 2000; Skubacz

et al., 2016). It directly binds to the ABA-responsive element
(ABRE) within the promoter region of target genes, such as
EARLY METHIONINE-LABELED 1 (EM1) and EM6, to regu-
late their expression and inhibit seed germination (Carles et al.,
2002). Genetic and physiological evidence has demonstrated this
key role of ABI5 in this process. Overexpression of ABI5 resulted
in enhanced sensitivity to ABA treatment, and the abi5 mutant
was insensitive to ABA treatment during both seed germination
and vegetative growth (Finkelstein & Lynch, 2000; Lopez-
Molina et al., 2001; Tezuka et al., 2013). ABI5 is tightly con-
trolled by the core ABA signaling components and many other
regulators. Removal of ABA results in the rapid degradation of
ABI5 and the expression of ABI5 is strongly induced by exoge-
nous ABA or diverse abiotic stresses, including salt and drought
(Lopez-Molina et al., 2001, 2002; Shu et al., 2013; Skubacz et al.,
2016). Multiple transcription factors are involved in the activa-
tion and inhibition of ABI5 to balance the ABI5-mediated
responses. ABI3 is a positive upstream regulator of ABI5. ABI5
expression is significantly reduced in the abi3-1 mutant line
(Lopez-Molina et al., 2002). ABI5 is also regulated at the protein
level. For example, ABI5 is activated through phosphorylation by
the SnRK2s in the presence of ABA and is inactivated by the
PP2A phosphatase (Nakashima et al., 2009; Hu et al., 2014). In
addition, the CUL4-based E3 ligases (DWA1 and DWA2) can
ubiquitinate ABI5, resulting in its degradation (Lee et al., 2010).
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Recently, ABI5 was found to not only function in ABA
responses but also to act as an integrator between ABA and other
internal and external signals (Skubacz et al., 2016). The abun-
dance and activity of ABI5 can be regulated by the components
of other signaling pathways. BRASSINOSTEROID
INSENSITIVE2 (BIN2), a GSK3-like kinase in the brassinos-
teroid (BR) signaling pathway, was shown to phosphorylate and
stabilize ABI5 during seed germination. By contrast, the
BRASSINAZOLE RESISTANT 1 (BZR1) transcription factor
could suppress ABI5 expression during root growth (Hu & Yu,
2014; Yang et al., 2016). Interestingly, BRINSENSITIVE1
(BRI1)-EMS-SUPPRESSOR1 (BES1), another key transcription
factor in the BR signaling pathway, but not BZR1, is a major
contributor to BR-mediated suppression of ABA signaling during
seed germination (Ryu et al., 2014). The gain-of-function
mutant bes1-D exhibited reduced sensitivity to ABA treatment
during seed germination. However, the bzr1-1D mutant that
expressed constitutively active BZR1 had no such phenotype. In
addition, the expression of ABA-responsive genes was reduced in
bes1-D but not bzr1-1D mutants. BES1 can also repress ABI3
expression via histone deacetylation, which affects the abundance
of ABI5. These studies suggested that ABA-mediated seed
germination and growth could be regulated by the BR signaling
pathway. However, the comprehensive mechanisms of ABA-BR
antagonism during seed germination are not yet completely
defined. Therefore, it is of great interest to understand the com-
plex regulatory mechanisms involved in this process.

In this study, we demonstrate that BES1 directly interacts
with ABI5 through the bZIP domain of ABI5 both in vitro
and in vivo. In addition, the interaction of BES1 with ABI5
significantly interferes with the binding of ABI5 to the pro-
moter regions of downstream target genes, resulting in their
reduced expression and insensitivity to ABA treatment. We
propose that the competing interaction of BES1 with ABI5
contributes to ABA–BR antagonism, and provides new insight
into the mechanism of signaling coordination during seed
germination.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana seeds were surface sterilized and placed in
½ Murashige and Skoog (MS) medium with 0.8% agar. The
plates were kept at 4°C for 2 d and then transferred to the growth
chamber at 22°C under a 16 h : 8h, light : dark photoperiod.
The Columbia (Col-0) and Enkheim-2 (En-2) ecotypes were
used as wild-type (WT) controls and genetic backgrounds in this
study. The bes1 (SALK_091133) mutant of the Col-0 ecotype
was ordered from the Aradopsis Biological Resource Center and
confirmed by genotyping. The other seeds were kindly provided
by Dr Yan-Ru Hu at Xishuangbanna Tropical Botanical Garden,
Chinese Academy of Sciences (En-2), Dr Zhi-Yong Wang at
Carnegie Institution for Science (bes1-D of En-2 ecotype), Dr
Da-Peng Zhang at Tsinghua University (abi5-1 of Col-0 eco-
type) and Dr Wei-Hua Wu at China Agricultural University

(35S:ABI5-MYC of Col-0 ecotype). Genetic crosses were per-
formed to generate the bes1abi5-1 double mutant.

To generate transgenic Super:BES1-GFP plants, the full-length
coding sequence of BES1 was amplified and ligated into the
pSuper1300 vector under control of the Super promoter.
Agrobacterium tumefaciens-mediated transformations were further
performed with the Col-0 ecotype. The Super:ABI5-GFP con-
struct was also generated using the pSuper1300 vector, and was
used to generate the transgenic plants in the En-2 ecotype and
bes1 and bes1-D mutants. Homozygous lines were identified and
used for subsequent analyses. The primers used for generation of
the constructs are listed in Supporting Information Table S1.

Determination of germination and greening

For phenotypic analysis, seedlings were grown in ½ MS medium
supplemented with different concentrations of NaCl or ABA. The
germination rate of the seedlings was determined by the appearance
of an embryonic axis protrusion after 4 d. Seedling greening was
recorded with the observation of green cotyledons after 5 d. Three
independent experiments were performed, which included the eval-
uation of > 180 seeds per experiment.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from seedlings using an RNA purifica-
tion kit (Bio Teke, Beijing, China ). Five-day-old seedlings were
used to determine BES1 expression levels, and 2.5-d-old seedlings
were used to assess the expression levels of ABI5, RD29A,
RD29B, EM1, EM6, CPD and DWF4. cDNA was synthesized
using 3 lg RNA using oligo dT primers and MMLV Reverse
Transcriptase (TaKaRa, Shiga, Japan). Quantitative real-time
PCR was performed using the SYBR Taq Premix system
(TaKaRa) on an ABI 7500 real-time PCR system (Applied
Biosystems, Foster City, CA, USA) according to the manufac-
turer’s instructions. The 18S rRNA gene was used as an internal
control. Three biological replicates and three technical replicates
were performed for each treatment. The mean and SD were cal-
culated from the biological replicates. The primers used for quan-
titative real-time PCR are shown in Table S1.

Yeast two-hybrid assays

The full-length coding sequences of ABI3, ABI4 and ABI5, and
the truncated forms of ABI5 were cloned into vector pGADT7.
Full-length BES1 and bes1-D were cloned into vector pGBKT7.
bes1-D carries a single change (C to T) at nucleotide position 698
relative to the translational start site of BES1. Mutant cDNA was
obtained using the MutanBEST Kit (TaKaRa). Different pairs of
constructs were co-transformed into the yeast strain
Saccharomyces cerevisiae AH109. Selections were performed using
synthetic complete medium lacking Trp and Leu (SD/-Trp-Leu)
for successful transformation and using synthetic complete
medium lacking Trp, Leu, Ade and His (SD/-Trp-Leu-Ade-His)
for protein interactions. b-Galactosidase (b-gal) activity was mea-
sured according to the Yeast Protocols Handbook (Clontech,
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Mountain View, CA, USA). The primers used for generating the
various clones are listed in Table S1.

Yeast two-hybrid competition assay

The pBridge vector (Clontech) was used to express ABI3 and/or
BES1. NotI and BglII were used to insert the coding regions of
BES1, and EcoRI and SmaI were used to insert ABI3 into the
pBridge vector. The AD vector (pGADT7) was used to express
ABI5. The primers used for cloning are listed in Table S1. Both
pairs of plasmids (ABI3-BES1-BD/ABI5-AD and ABI3-BD/
ABI5-AD) were transformed into the yeast strain AH109. The co-
transformed colonies were selected on SD-Trp-Leu plates. Posi-
tive clones were inoculated into liquid medium and grown at
200 rpm to an absorbance (600 nm) of 1.0 at 30°C. A 910 serial
dilution was performed. Aliquots (5 ll) of each dilution were used
for a spot assay on SD/-Leu-Trp or SD/-Leu-Trp-His plates sup-
plemented with 1 or 0.01 mMmethionine (Met), respectively.

Protein expression and purification

The full-length coding sequences of ABI5 and BES1 were ampli-
fied and ligated into the pGEX-4T-2 vector (Amersham Bio-
sciences) for the preparation of recombinant GST-ABI5 and
GST-BES1 proteins or into the pET30a+ vector for the prepara-
tion of recombinant His-ABI5 and His-BES1. The sequences of
bes1-D and ABI5 were cloned into the pGEX-4T-2 vector to gen-
erate glutathione S-transferase (GST)-tagged recombinant GST-
bes1-D and GST-ABI5. The truncated ABI5 mutants were
designed according to the literature and were cloned into the
pET30a+ vector to generate His-tagged truncated ABI5 proteins
(Finkelstein & Lynch, 2000; Nakamura et al., 2001). Full-length
BZR1 was cloned into the pET30a+ vector to generate recombi-
nant His-BZR1. Full-length ABI3 was cloned into the pMAL-c2
vector for the production of recombinant MBP-ABI3. The
primers used for the generation of the recombinant proteins are
listed in Table S1.

The constructs were transformed into Escherichia coli strain BL21
(DE3). Expression was induced with IPTG (isopropyl b-D-1-
thiogalactopyranoside), and the recombinant proteins were purified
according to the manufacturer’s protocols (GE). Protein concentra-
tion was measured using the Protein Assay Kit II (Bio-Rad).

In vitro pull-down assay

For the ABI5–BES1 interaction assay, GST-ABI5 (10 lg) was
pre-incubated with glutathione-Sepharose 4B resin (Amersham
Pharmacia) in 200 ll of PBS (10 mM Na2HPO4, 1.8 mM
KH2PO4, 140 mM NaCl and 2.7 mM KCl, pH 7.4) for 2 h at
4°C followed by incubation with 2 lg purified His-BES1 or His-
BZR1 for an additional 2 h at 4°C. The resin was washed three
times with PBS. Proteins that bound to the resin were separated
by 10% (w/v) SDS-PAGE and then analyzed by immunoblotting
using an anti-His antibody (AE003; Abclonal, Woburn, MA,
USA). GST fusion proteins were detected using an anti-GST
antibody (AE001; Abclonal). GST-BES1 (10 lg) and His-tagged

truncated ABI5 mutants (2 lg) were used to map the BES1-
interacting domains of ABI5. GST-bes1-D (10 lg) and His-
ABI5 (2 lg) were used for the ABI5 and bes1-D interaction assay.
GST was used as a control.

For the interference assay, GST-ABI5 (10 lg) bound to glu-
tathione-Sepharose 4B resin was incubated with 5 lg MBP-
ABI3 and different concentrations of His-BES1 for 2 h. His-
BZR1 was used as a control. The protein–protein complexes
were detected using an anti-MBP (E8038S; New England Bio-
labs, Ipswich, MA, USA) or anti-His antibody. Binding of
MBP-ABI3 or His-BES1 to GST-ABI5 was quantified using
IMAGEJ software.

Firefly luciferase complementation imaging assay

For the firefly luciferase (Luc) complementation-imaging (LCI)
assay, the coding regions of ABI3 and ABI5 were amplified and
cloned into 35S:cLuc and BES1 was cloned into the 35S:nLuc
vector. The plasmids were introduced into A. tumefaciens
GV3101 (pMP90) and co-infiltrated into the leaves of Nicotiana
benthamiana. LCI assays were performed as described (Chen
et al., 2008). The list of primer sets used for the generation of the
constructs is included in Table S1.

Immunoprecipitation assay

The Super:BES1-GFP seedlings were grown in ½ MS medium in
the presence or absence of 0.5 lM ABA for 2 d. Total protein was
extracted with protein extraction buffer (50mM Tris, pH 7.5,
150mM NaCl, 0.1% Triton X-100, 0.2% NP-40, 0.6mM phenyl-
methane sulfonyl fluoride, 20 lM MG132 and 91 Protease
Inhibitor Cocktail; Roche). The extracted protein was incubated
with anti-GFP mAb-Magnetic agarose (D153-10; MBL, Woburn,
MA, USA). Bound ABI5 protein was detected with an anti-ABI5
antibody (ab98831; Abcam, Cambridge, MA, USA). Green fluores-
cent protein (GFP) and fusion proteins were detected using an anti-
GFP antibody (M20004M; Abmart, Berkeley Heights, NJ, USA).

Bimolecular fluorescence complementation assay

For bimolecular fluorescence complementation (BiFC) analysis,
ABI5 and ABI3 were tagged with the C-terminal part of yellow
fluorescent protein (cYFP) using the vector pSPYCE (M), and
BES1 was fused with the C-terminal part of yellow fluorescent
protein (nYFP) using the pSYPNE(R)173 vector as previously
described (Waadt et al., 2008). The constructs were transiently
coexpressed in Arabidopsismesophyll protoplasts. The protoplasts
were isolated as previously described (Yoo et al., 2007). The
images were captured using a confocal laser-scanning microscope
(LSM 710; Carl Zeiss). The primers used for generating the con-
structs are shown in Table S1.

Protein expression and electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was performed as pre-
viously described (Carles et al., 2002; Xu et al., 2014). Briefly, the
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recombinant proteins His-BES1 and His-ABI5 were purified from
E. coli. EM6 promoter primers labeled with biotin were used as
probes. His-ABI5 (2 lg) and different amounts of His-BES1 fusion
proteins were incubated together with the biotin-labeled probes in
20 ll reaction mixtures containing 2 ll 910 binding buffer
(100mM Tris, 500mM KCl and 10mM dithiothreitol, pH 7.5),
1 ll 50% glycerol, 1 ll 1% NP-40, 1 ll 1M KCl, 1 ll 100mM
MgCl2, 1 ll 200mM EDTA and 1 ll 1 mgml�1 poly (dI-dC) for
30min at room temperature. The reaction components were sepa-
rated on 6% native polyacrylamide gels in TBE buffer (45 mM
Tris, 45 mM boric acid and 1mM EDTA, pH 8.3). The labeled

probes were detected according to the instructions provided with
the EMSA kit (Pierce Biotechnology, Rockford, IL, USA). The
sequences of the complementary oligonucleotides used to generate
the biotin-labeled probes are shown in Table S1. Chemilumines-
cence intensity was determined using IMAGEJ software.

Transient GUS expression assay in N. benthamiana

The transient GUS expression assay was performed as previously
described (Chen et al., 2009). In brief, the c. 1 kb promoter
region of EM6 was amplified and cloned into the

Fig. 1 BES1 physically interacts with ABI5. (a) The yeast two-hybrid assay showed that BES1 interacts with ABI5 but not with ABI3 or ABI4. Empty vectors
were used as negative controls. (b) In vitro pull-down assays of BES1 with ABI5. Equal amounts of affinity-purified His-BES1 or His-BZR1 were incubated
with GST-ABI5. Pull-down proteins were subjected to immunoblotting with anti-His antibodies (right panel). His-BES1, but not His-BZR1, was detected.
(c) The immunoprecipitation (IP) assay showed an interaction between BES1 and ABI5 in Arabidopsis. Two-day-old seedlings treated with or without
abscisic acid (ABA) were subjected to protein extraction and IP with anti-GFP agarose beads followed by immunoblotting with anti-GFP and anti-ABI5
antibodies as indicated. ABI5 was detected in seedlings expressing BES1-GFP but not in those expressing GFP alone. The BES1-GFP fusion proteins are
indicated by asterisks. (d) Bimolecular fluorescence complementation (BiFC) analysis of Arabidopsismesophyll protoplasts. Plasmids of the indicated gene
sets were transiently expressed in protoplasts. A fluorescent signal was only observed in the nucleus of protoplasts transformed with the N-terminal part of
YFP fused with BES1 (nYFP-BES1) or the C-terminal part of YFP fused with ABI5 (cYFP-ABI5), but not the C-terminal part of YFP fused with ABI3 (cYFP-
ABI3). (e) Firefly luciferase (Luc) complementation imaging (LCI) assay in Nicotiana benthamiana. Signals were only detected with the co-transformation
of BES1 and ABI5. cLuc, the vector containing the C-terminal fragment of firefly luciferase; nLuc, the vector containing the N-terminal fragment of firefly
luciferase. Empty vectors and ABI3-cLuc were used as negative controls. Bars: (d) 10 lm; (e) 1 cm.
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pCAMBIA1391 vector to generate the reporter construct ProEM6:
GUS. The reporter construct was co-infiltrated into the leaves of
N. benthamiana with construct Super:ABI5-GFP, Super:BES1-
GFP or Super:GFP. Construct 35S:Luciferase was also added as
an internal control. The GUS and Luc activities of the infiltrated
leaves were quantified. The GUS : Luc ratio was used to deter-
mine promoter activity.

Transient Luc expression assays in N. benthamiana

The transient Luc expression assay was performed as previously
described (Zhang et al., 2016). The c. 1 kb promoter region of
EM6 was amplified and cloned into the pCAMBIA1381Z vector
using the BamHI and SalI sites to generate the reporter construct
ProEM6:Luc. The primers used are listed in Table S1. The
reporter was co-infiltrated into the tobacco leaves with construct
Super:ABI5-GFP, Super:BES1-GFP, or Super:GFP. After imaging,
the infiltrated leaves were further subjected to RNA extraction
and quantitative real-time PCR.

Data availability

Arabidopsis Genome Initiative accession numbers for the genes
discussed in this article are as follows: ABI5, AT2G36270; BES1,
AT1G19350; BZR1, AT1G75080; ABI3, AT3G24650; ABI4,
AT2G40220; RD29A, AT5G52310; RD29B, AT5G52300;
EM1, AT3G51810; EM6, AT2G40170; CPD, AT5G05690;
and DWF4, AT3G50660.

Results

BES1 physically interacts with ABI5

A previous study demonstrated that BES1 epigenetically silences
ABI3 expression, indicating a crucial role for BES1 in ABA-
mediated seed germination (Ryu et al., 2014). To further explore
the potential effect of BES1 on ABA signaling during seed germi-
nation, we performed yeast two-hybrid assays to identify proteins
that interacted with BES1. In particular, we evaluated the ability of
transcription factors ABI3, ABI4 and ABI5, which are involved in
seed germination (Fujita et al., 2011), to bind to BES1. We used
BES1 as the bait vector (BD-BES1) and fused the three ABA tran-
scription factors to the Gal4 activation domain (AD-ABI3, AD-
ABI4, AD-ABI5). As shown in Fig. 1(a), only yeast expressing both
BES1 and ABI5 grew in the selection medium, indicating that
BES1 specifically and physically interacts with ABI5, but not ABI3
or ABI4. To further verify the interaction between BES1 and ABI5,
we carried out an in vitro pull-down assay with GST-ABI5 as the
bait. The result showed that His-BES1 could be specifically pulled
down and detected with an anti-His antibody whereas the control
His-BZR1 could not (Fig. 1b).

To examine the interaction of BES1 with ABI5 in vivo, 2-d-old
Arabidopsis transgenic BES1-GFP seedlings were used for immuno-
precipitation (IP) assays following treatment with or without ABA.
Extracted proteins were incubated with anti-GFP agarose beads,
and the bound proteins were detected using an anti-ABI5 antibody.
As shown in Fig. 1(c), ABI5 bound to BES1-GFP but not to GFP

Fig. 2 BES1 interacts with the bZIP domain of ABI5. (a) Yeast two-hybrid assays evaluated the interaction between BES1 and the truncated ABI5 mutants.
The diagram in the box indicates the conserved domains contained in ABI5 and the truncation mutants tested in the assays. Empty vectors pGBK and
pGAD were used as negative controls. (b) In vitro pull-down assays showed the interaction between affinity-purified GST-BES1 and the truncated ABI5
mutants with His tags. (c) Firefly luciferase (Luc) complementation imaging (LCI) assay showed the interaction between BES1 and the bZIP domain of ABI5
in Nicotiana benthamiana. Bar, 1 cm.
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alone. Subsequently, we performed BiFC and LCI assays on living
plant cells. For the BiFC assay, the signal of YFP was observed in
the nuclei of Arabidopsis mesophyll protoplasts in which 35S:
nYFP-BES1 was co-expressed with 35S:cYFP-ABI5, but not when
co-expressed with 35S:cYFP-ABI3 (Fig. 1d). Furthermore,
luciferase activity was only detected when BES1 was co-transformed
with ABI5 into tobacco leaves (Fig. 1e). Taken together, these
experiments demonstrated that BES1 could physically interact with
the ABI5 transcription factor both in vitro and in vivo.

The bZIP domain of ABI5 is critical for the BES1–ABI5
interaction

According to previous studies, the ABI5 protein contains conserved
region 1 (C1), conserved region 2 (C2), conserved region 3 (C3),

conserved region 4 (C4) and basic DNA binding domain (bZIP)
(Finkelstein & Lynch, 2000; Nakamura et al., 2001; Tezuka et al.,
2013). To determine the exact mechanism of the interaction
between BES1 and ABI5, multiple truncated forms of ABI5 were
generated (Fig. 2a, upper panel). Interestingly, only the bZIP domain
of ABI5 or the truncated ABI5 containing the bZIP domain
(C2C3bZIPC4) could interact with BES1 in the yeast two-hybrid
assay (Fig. 2a, lower panel). To confirm this result, in vitro pull-
down and in vivo LCI assays were performed. Consistent with the
results in yeast, only His-ABI5-bZIP and His-ABI5-C2C3bZIPC4
were pulled out from protein lysates by GST-BES1 (Fig. 2b). Simi-
larly, luciferase activity was only detected in tobacco leaves when
BES1 was co-transformed with the bZIP domain of ABI5 (Fig. 2c).
Together, these observations suggest that BES1 interacts directly with
the bZIP domain of ABI5.

Fig. 3 BES1 affects the expression level of the ABI5 regulon. (a) Electrophoretic mobility shift assay (EMSA) showed that increasing amounts of His-BES1
protein (lanes 1–5) decreased the binding of His-ABI5 to the EM6 promoter. The graph shows a quantitative analysis of the amount of EM6 promoter
probe binding to His-ABI5. The results are presented as the ratios of the intensity of lane X to that of lane 1. The experiment was repeated three times.
Error bars indicate � SD (n = 3). (b) Transient GUS expression assay in Nicotiana benthamiana leaves demonstrated that the EM6 promoter activity
induced by GUSwas affected by the expression of ABI5 and BES1. Luciferase (Luc) was used as the internal control. Statistical analysis was performed
using the activity ratio of GUS : Luc. The experiment was repeated three times. Error bars indicate� SD (n = 3). Significant differences were based on
Student’s t-test: **, P < 0.01. The diagram indicates the constructs used in the assay. (c) Transient Luc expression assays in N. benthamiana leaves showed
that the signal of Luc under control of the EM6 promoter was induced by ABI5, and BES1 repressed ABI5 activity. ABI5 and BES1 expression levels were
measured using quantitative real-time PCR. The experiment was repeated three times. Error bars indicate � SD (n = 3). Bar, 1 cm. (d) Expression levels of
the ABI5 regulon in different lines were determined in the presence or absence of 0.5 lM abscisic acid (ABA) for 2.5 d. The experiment was repeated three
times. Error bars indicate� SD (n = 3).
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BES1 interferes with the binding of ABI5 to the promoters
of EM6

The ABI5 transcription factor regulates the expression of its tar-
get genes through the binding of its bZIP domain to G-box
(CACGTG) motifs (Finkelstein & Lynch, 2000). Based on our
results, which showed that BES1 interacted with the bZIP
domain of ABI5 and suppressed the function of ABI5 in ABA
responses, we hypothesized that the interaction of BES1 and
ABI5 would affect ABI5 binding to the promoters of its target
genes in ABA signaling. To test this hypothesis, we performed
EMSA with purified ABI5 and BES1 recombinant proteins.
Because EM6 is a known ABI5 target gene (Carles et al., 2002),
we used biotinylated primers of the EM6 promoter as probes in
the EMSA experiments. As shown in Fig. 3(a), the probe was
detected together with His-ABI5 but not His-BES1 (Lanes 1 and
6), indicating that ABI5, but not BES1, was able to bind to the
EM6 promoter. However, the binding of ABI5 decreased with
increasing amounts of His-BES1, indicating that BES1 prevented
the binding of ABI5 to the EM6 promoter (Fig. 3a).

We further investigated the negative effect of BES1 on ABI5-
regulated EM6 expression using the transient GUS activity assay in
tobacco leaves. GUS was used as a reporter under the control of a
1 kb promoter fragment of EM6 (Nakamura et al., 2001).
Luciferase under the control of the 35S promoter was used as an
internal control. The effectors Super:ABI5-GFP, Super:BES1-GFP
or both were transformed to regulate the EM6 promoter. The
results showed that the relative GUS activity was significantly
increased when ABI5 alone was expressed but remained unchanged
when BES1 alone was expressed. Strikingly, coexpression of BES1
and ABI5 blocked ABI5-induced GUS activity (Fig. 3b), demon-
strating that BES1 abrogated ABI5-mediated EM6 expression. To
confirm the negative regulation of ABI5 by BES1, we used a
luciferase reporter under the control of the EM6 promoter to visu-
alize the transcriptional activity of ABI5. As shown in Fig. 3(c), the
Luc signal was detected when ProEM6:Luc was co-transformed into
the tobacco leaves with Super:ABI5 but not Super:BES1. Further-
more, the Luc signal induced by ABI5 was clearly decreased in the
presence of BES1. Moreover, exogenous ABA greatly enhanced the
Luc signal induced by ABI5, which was consistent with the role of
ABA on ABI5 stability (Lopez-Molina et al., 2001). Interestingly,
BES1 significantly reduced the Luc signal induced by exogenous
ABA. The similar expression level of BES1 and ABI5 between each
treatment was determined by quantitative real-time PCR.
Together, this evidence demonstrates that the BES1–ABI5 interac-
tion interferes with ABI5 binding and activation of the promoter
of its target genes.

BES1 suppresses expression of ABI5-regulated genes in
Arabidopsis

Because the EM6 promoter studies suggested that the interaction
of BES1 with ABI5 interfered with ABI5 binding to and activa-
tion of ABI5-responsive genes, we hypothesized that BES1 affects
the expression of endogenous ABI5 target genes in Arabidopsis.
To test this hypothesis, we utilized the mutant abi5-1, the

knockdown mutant bes1 and the dominant gain-of-function
mutant bes1-D that expresses a constitutively active form of
BES1, which accumulates in the nucleus (Yin et al., 2002; Liu
et al., 2012; Kondo et al., 2014, 2015). We confirmed that
mutant BES1 (bes1-D) was able to interact with ABI5 (Fig. S1).
A previous study reported that BES1 arrests the ABA response
through epigenetic silencing of ABI3 and decreasing the expres-
sion level of ABI5 (Ryu et al., 2014). To determine the contribu-
tion of the BES1–ABI5 interaction to suppression of the ABA
response, we generated the ABI5-overexpressing transgenic lines
on the bes1-D and bes1 mutant backgrounds to exclude the effect
of ABI5 expression. The mRNA and protein level of ABI5 in
overexpression plants on WT and mutant backgrounds were
examined by quantitative real-time PCR and immunoblotting,
respectively. Transgenic lines with similar amounts of ABI5 (En-
2 Super:ABI5-MYC vs bes1-D Super:ABI5-MYC) were selected as
a pair, and two independent pairs were selected and used for the
following studies (Fig. S2a,b). Transgenic lines Col-0 35S:ABI5-

(a)

(b)

Fig. 4 BES1 interferes with the interaction between ABI5 and ABI3.
(a) Affinity-purified GST-ABI5 and MBP-ABI3 were incubated with
different amounts of His-BES1. Increasing amounts of His-BES1 protein
decreased the binding of MBP-ABI3 to GST-ABI5. His-BZR1 was used as a
negative control. The amounts of MBP-ABI3 or His-BES1 bound to GST-
ABI5 were measured. The experiment was repeated three times. Error bars
indicate � SD (n = 3). Significant differences between lanes 2–6 and lane 1
were based on Student’s t-test: **, P < 0.01. (b) Yeast two-hybrid
competition assay showed that BES1 represses the interaction between
ABI5 and ABI3. The diagram indicates the constructs used in the assay. A
low methionine concentration (0.01mM) yielded a high level of BES1,
which resulted in the suppression of yeast growth compared to the growth
in sufficient methionine (1mM). The vector expressing only the bait
protein (ABI3) was used as a negative control.
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MYC and bes1 Super:ABI5-MYC were selected similarly
(Fig. S2c,d).

With these materials showing no significant differences in
ABI5 protein abundance, we examined the expression level of
endogenous ABI5 target genes (RD29A, RD29B, EM1 and

EM6) that are involved in controlling seed germination (Carles
et al., 2002; Nakashima et al., 2006). As shown in Figs 3(d) and
S3(a,b), the expression levels of the ABI5-regulated genes were
clearly reduced in the Super:ABI5-MYC transgenic line on the
bes1-D background compared to their levels in the Super:ABI5-

Fig. 5 BES1 inhibits the function of ABI5 and
abscisic acid (ABA) response in Arabidopsis.
(a, b) Representative images that show the
phenotypes of the different lines are
presented. The seeds of Super:ABI5-
MYC#1/bes1-Dwere more resistant to
treatment with ABA and NaCl during
germination compared to the seeds of Super:
ABI5-MYC#1/En-2. Both were grown in ½
Murashige and Skoog (MS) medium
supplemented with 0.25 lMABA or 100mM
NaCl for 5 d. Arabidopsis lines En-2 and
bes1-Dwere used as controls. The Super:
ABI5-MYC#1/bes1 seeds were more
sensitive to ABA and NaCl during
germination compared to the seeds of 35S:
ABI5-MYC/Col-0. Both were grown in ½MS
medium supplemented with 0.25 lMABA or
100mM NaCl for 5 d. Arabidopsis lines Col-
0 and bes1were used as controls. Bars, 1 cm.
(c, d) The germination rate and the ratio of
seedlings with green cotyledons were
analyzed. Two independent lines were used
for these experiments. The plants were
treated with different concentrations of ABA
or NaCl as indicated. The germination of
seeds was recorded for 4 d, and the green
cotyledons were recorded for 5 d. The
experiments were performed three times
with each replicate evaluating > 180 seeds.
Error bars indicate � SD (n = 3). Significant
differences were based on Student’s t-test:
*, P < 0.05; **, P < 0.01.
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MYC/En-2 line regardless of ABA treatment. Arabidopsis lines
En-2 and bes1-D were used as controls. By contrast, expression
of the ABI5-regulated genes was strongly increased in the Super:
ABI5-MYC transgenic bes1 mutant. Arabidopsis lines Col-0 and
bes1 were used as controls. We further examined the expression
of EM6 over the time of seed germination process. Consistently,
the expression levels of EM6 were clearly reduced in the Super:
ABI5-MYC transgenic line on the bes1-D background at multi-
ple time-points of 36, 48 and 60 h, while that of EM6 was
strongly increased in the Super:ABI5-MYC transgenic bes1
mutant (Fig. S3c). Together, these results demonstrated that
BES1 suppresses the expression of ABI5-regulated genes during
ABA-mediated seed germination in Arabidopsis.

BES1 interferes with the ABI3–ABI5 interaction

Previous studies showed that ABI3 interacts with ABI5 and regu-
lates an overlapping set of physiological events as a regulatory
complex (Nakamura et al., 2001; Tezuka et al., 2013). Thus, we
further investigated the relationship between the ABI5–BES1
and ABI3–ABI5 interactions. The in vitro pull-down assay
showed that the interaction between ABI5 and ABI3 was sup-
pressed by BES1. As shown in Fig. 4(a), the amount of MBP-
ABI3 bound to GST-ABI5 decreased with increasing amounts of
His-BES1 but not His-BZR1. We further evaluated the effect of
BES1 on the ABI3–ABI5 interaction using a yeast two-hybrid
competition assay (Fig. 4b). In this experiment, ABI5 was fused
to the Gal4 activation domain (AD-ABI5), and the pBridge vec-
tor was used to express the BD-ABI3 fusion and BES1 (BD-
ABI3-BES1). BES1 was controlled under the inducible MET25
promoter, which is active in the absence of Met but repressed

with sufficient Met. BD-ABI3 was used as a control. The results
showed that the yeast containing BD-ABI3-BES1/AD-ABI5 sur-
vived in the presence of 1 mMMet when no BES1 was expressed.
In contrast, under low Met conditions (0.01 mM), BES1 was
expressed, and growth of the yeast was strongly inhibited com-
pared to the control. These experiments suggest that the direct
interaction between BES1 and ABI5 may affect ABI5 binding to
other proteins, such as ABI3.

BES1 suppresses the negative regulatory role of ABI5
during seed germination in Arabidopsis

Based on our results, we hypothesized that BES1 directly inter-
feres with the function of ABI5, which suppresses the ABA
response during seed germination in Arabidopsis. We generated
abi5-1bes1 double mutants to investigate their regulatory rela-
tionship. Mutant bes1 exhibited a hypersensitivity phenotype to
ABA and salt treatment during seed germination, which was con-
sistent with a previous publication (Ryu et al., 2014). This hyper-
sensitivity phenotype was fully abolished in the double mutant
abi5-1bes1 (Fig. S4), indicating that the effect of BES1 on the
ABA response was ABI5-dependent.

To determine the effect of the BES1–ABI5 interaction on
seed germination and growth in the absence of differences in
ABI5 protein levels, we examined the phenotypes of the
ABI5-overexpressing transgenic lines following ABA or salt
treatment. As shown in Fig. 5(a,c), ABA sensitivity was
reduced in the Super:ABI5-MYC-overexpressing lines on the
bes1-D background. In particular, seed germination rates and
the ratio of green cotyledons were significantly higher than
those of the Super:ABI5-MYC/En-2 line following treatment

Fig. 6 The working model shows how BES1
interferes with the function of ABI5 on seed
germination in Arabidopsis. In addition to
the transcriptional suppression of ABI3, the
key transcription factor in the brassinosteroid
(BR) signaling pathway BES1 directly
interacts with ABI5 through the bZIP domain
of ABI5. This interaction interferes with the
function of ABI5 and inhibits the expression
of ABI5 downstream target genes, which
results in abscisic acid (ABA) insensitivity
during seed germination.
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with different amounts of ABA or excess NaCl. Arabidopsis
lines En-2 and bes1-D were used as controls. Quantification
analysis results for two independent lines are shown in
Fig. 5(c). By contrast, lower seed germination rates were
observed for the Super:ABI5-MYC transgenic line on the bes1
mutant background compared to that of the corresponding
wild-type control (35S:ABI5-MYC/Col-0), indicating enhanced
ABA sensitivity (Fig. 5b,d). Arabidopsis lines Col-0 and bes1
were used as controls. These results are consistent with our
hypothesis that BES1 can suppress the ABA response through
its interaction with ABI5 in the absence of changes in ABI5
protein levels, demonstrating that BES1 negatively regulates
ABI5, thereby facilitating seed germination.

Discussion

Plant seed germination is an important developmental process
that is tightly regulated by the coordination and antagonism of
diverse signaling components and factors. ABA is the major regu-
lator that maintains dormancy and inhibits the germination pro-
cess. By contrast, BRs attenuate the effect of ABA and promote
seed germination and vegetative growth. The antagonism
between BR and ABA has been shown to play a key role in the
modulation of ABA signaling. As the ABI3–ABI5 module is vital
for regulation of the ABA response during seed germination, it is
essential to understand how BRs affect the action of this module.
Together with previous studies that showed that BES1 epigeneti-
cally silences ABI3, which decreases ABI5 expression and
represses the ABA response, our study provides a molecular
framework for the ABA–BR antagonism during seed germina-
tion, namely the BES1–ABI5 interaction (Fig. 6). ABA sup-
presses seed germination by activating ABI3 and ABI5 to regulate
the expression of downstream target genes. However, when active
BES1 enters the nucleus in the presence of BRs, it inhibits the
function of the ABI3–ABI5 module on multiple levels. On the
one hand, BES1 represses ABI3 through histone deacetylation
and reduces ABI5 at the transcriptional level. On the other hand,
this study demonstrates that BES1 negatively regulates ABI5
activity through a direct protein–protein interaction. Together,
these events result in the reduced expression of ABA-responsive
genes, which facilitates seed germination. Our study revealed a
novel mechanism of ABA–BR antagonism, providing new insight
into the crosstalk network of diverse signals during seed germina-
tion.

Although the BES1–ABI3–ABI5 module is crucial to integrate
the BR and ABA signaling pathways, it is not the only integrator
mediating this crosstalk. BIN2 has been reported to phosphory-
late and stabilize ABI5 (Hu & Yu, 2014). Another study demon-
strated that BIN2 could also phosphorylate SnRK2.2 and
SnRK2.3, which is crucial for their activity (Cai et al., 2014). A
new study has recently reported that ABI1/ABI2, the PP2C phos-
phatases of the ABA signaling pathway, could interact with and
dephosphorylate BIN2 (Wang et al., 2017). These studies collec-
tively identify a new module consisting of PP2Cs-BIN2-SnRK2s
that also links the BR and ABA signaling pathways to regulate
the seed-to-seedling transition. Therefore, crosstalk occurs in

multiple layers with both upstream kinases and downstream reg-
ulators to ensure a balance between growth and survival of plants.

Both BES1 and ABI5 are transcription factors that regulate the
expression of downstream target genes. Our results showed that
BES1 affects the function of ABI5 through interfering with the
binding of ABI5 to its target genes. However, it is interesting that
the transcriptional activity of BES1 is not affected by this interac-
tion (Fig. S5), indicating different regulatory mechanisms for
these two transcription factors. It is possible that the interaction
site for ABI5 on BES1 is far from the DNA binding domain.
Intriguingly, BES1 also competes with ABI3 for binding to ABI5
even though the binding site for BES1 is the bZIP domain while
ABI3 binding does not require this domain (Nakamura et al.,
2001). The potential reason for this is conformational changes
induced by the protein–protein interaction. It would thus be
interesting to investigate whether the interaction of other proteins
with ABI5 is altered by BES1.
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