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Summary

� Group A protein phosphatase 2Cs (PP2Cs) are abscisic acid (ABA) co-receptors that nega-

tively regulate the ABA signaling pathway by inhibiting the downstream SnRK2 protein

kinases. It has long been observed that exogenous ABA treatments dramatically induce the

expression of group A PP2C genes, but the underlying molecular mechanisms and the biologi-

cal significance remain largely unknown.
� Here, by using GUS reporter transgenic lines in which various lengths of ABI1 and ABI2 pro-

moters were used to drive GUS gene expression, we defined the promoter fragments that

confer ABA inducibility to ABI1 and ABI2. We further showed that ABRE-binding factors

(ABFs), the bZIP family transcription factors, directly bind to the promoters of group A PP2C

genes, and mediate rapid induction of their expression on exogenous ABA treatments.
� Moreover, our data indicated that ABA dramatically induces the expression of ABF genes

and the accumulation of endogenous ABF proteins, and that ABFs themselves are involved in

this induction, thus providing another layer of ABA regulation towards ABF proteins in addi-

tion to the well-characterized ABA-induced phosphorylation by SnRK2 protein kinases.
� Together, our data demonstrate that ABFs mediate rapid ABA induction of group A PP2C

genes, thus playing a role in the negative feedback regulation of ABA signaling.

Introduction

Abscisic acid (ABA), a classical plant hormone, rapidly accumu-
lates in plants in response to abiotic stresses, such as drought,
high salinity or low temperature, and plays an essential role in
plant survival under these stresses (reviewed in Yamaguchi-
Shinozaki & Shinozaki, 2006; Qin et al., 2011; Finkelstein,
2013; Li et al., 2017). Therefore, ABA has been called a ‘stress
hormone’, but is also implicated in many other plant growth and
developmental processes, such as seed maturation and dormancy,
seed germination, root growth, senescence and so on (reviewed in
Finkelstein, 2013; Li et al., 2017). In addition, ABA regulates
stomatal aperture by promoting closure and inhibiting opening
(Li et al., 2017).

The first ABA response mutants of Arabidopsis, ABA insensitive
1 (abi1) to abi3, were first identified by Koornneef et al. (1984).
The ABI1 and ABI2 genes were cloned in 1994 and 1997, respec-
tively, and both ABI1 and ABI2 were shown to encode group A
protein phosphatase 2Cs (PP2Cs) (Leung et al., 1994, 1997;
Meyer et al., 1994; Rodriguez et al., 1998). In Arabidopsis, a total
of nine protein phosphatases are classified to this clade, which act

as negative regulators of ABA signaling (Schweighofer et al.,
2004). In 2009, two separate screens simultaneously identified
the previously uncharacterized PYR/PYL/RCAR proteins, a fam-
ily of 14 START-domain-containing proteins in Arabidopsis, as
the soluble ABA receptors (Ma et al., 2009; Park et al., 2009).
The crystal structures of ABA-bound PYR/PYL/RCAR proteins
(Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al.,
2009; Santiago et al., 2009a; Yin et al., 2009), and of the PYR/
PYL/RCAR-ABA-PP2C complexes (Melcher et al., 2009; Miya-
zono et al., 2009; Yin et al., 2009), were then quickly reported. It
was shown that binding of PYR/PYL/RCAR proteins to ABA
induced their conformational changes, which created a new inter-
face on the protein surface to interact with group A PP2C pro-
teins. ABA binding is thus stabilized further by the presence of
the PP2Cs, reflected by a c. 10-fold increase in the binding affin-
ity of PYR/PYL/RCARs to ABA in the presence of PP2Cs (Ma
et al., 2009; Santiago et al., 2009b). Therefore, PP2Cs are also
considered to be ABA co-receptors. Recently, an updated model
that highlights the role of PP2C as a necessary co-receptor to
increase ABA binding affinity has been proposed in crops
(Moreno-Alvero et al., 2017).

The identification of group A PP2Cs as ABA co-receptors sug-
gested that protein phosphorylation and dephosphorylation*These authors contributed equally to this work.
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played essential roles in the ABA response. Indeed, compelling
evidence demonstrated the importance of protein kinases in the
SNF1-related protein kinase 2 (SnRK2) family, particularly
SnRK2.2, SnRK2.3 and SnRK2.6, in ABA signaling (Li et al.,
2017). SnRK2.6, also known as OPEN STOMATA 1 (OST1),
acts in the ABA-regulated stomatal aperture and water stress
response (Mustilli et al., 2002; Yoshida et al., 2002). It was shown
that ABA strongly activated the kinase activity of SnRK2.2,
SnRK2.3 and SnRK2.6/OST1 (Boudsocq et al., 2004; Furihata
et al., 2006), and that the Arabidopsis snrk2.2/2.3/2.6 triple
mutants displayed severe ABA-insensitive phenotypes (Fujii &
Zhu, 2009; Fujita et al., 2009; Nakashima et al., 2009), indicat-
ing that SnRK2.2, SnRK2.3 and SnRK2.6/OST1 are the critical
positive regulators of ABA signaling. In the current model of the
ABA signaling pathway, PYR/PYL/RCAR proteins, PP2Cs and
SnRK2s constitute the central ABA signaling module: in the
absence of ABA, PP2Cs are active and repress SnRK2 activity
and downstream events, whereas, in the presence of ABA, ABA-
bound PYR/PYL/RCARs interact with PP2Cs and inhibit their
activity, thus allowing SnRK2 activation and phosphorylation of
target proteins (Hubbard et al., 2010; Li et al., 2017).

ABI3, ABI4 and ABI5 belong to basic B3, AP2/ERF and the
basic leucine zipper (bZIP) transcription factor families, respec-
tively (Giraudat et al., 1992; Finkelstein, 1994; Finkelstein
et al., 1998; Finkelstein & Lynch, 2000). Numerous studies
conducted in the last two decades have demonstrated that ABI3,
ABI4 and ABI5 share overlapping functions in ABA signaling
during the seedling stage (reviewed in Finkelstein, 2013; Li
et al., 2017). ABA-RESPONSIVE ELEMENT-BINDING
FACTORS (abbreviated as either ABFs or AREBs), including
ABF1, ABF2/AREB1, ABF3 and ABF4/AREB2, are also the
ABI5 clade bZIP transcription factors and share several con-
served motifs with ABI5 in addition to the bZIP domain
(Jakoby et al., 2002). ABF/AREBs were isolated by yeast one-
hybrid screens using the ABA-responsive elements (ABREs) as
the bait (Choi et al., 2000; Uno et al., 2000). It was shown by
in-gel kinase assays that ABF/AREBs and ABI5 are phosphory-
lated at conserved RXXS/T sites by SnRK2 protein kinases in
an ABA-dependent manner (Uno et al., 2000; Furihata et al.,
2006; Fujii et al., 2007, 2009; Nakashima et al., 2009). The
quadruple mutant defective in all four ABF genes displayed
decreased sensitivity to ABA and increased sensitivity to drought
(Yoshida et al., 2010, 2015), indicating that ABF/AREBs are
the key transcription factors mediating ABA signaling and the
ABA-regulated drought response.

It has long been observed that the expression of group A
PP2C genes is rapidly induced by exogenous ABA treatments
(Rodriguez et al., 1998; Saez et al., 2004; Kuhn et al., 2006;
Yoshida et al., 2006; Rensing et al., 2008; Fujita et al., 2009;
Santiago et al., 2009b; Szostkiewicz et al., 2010; Bhaskara et al.,
2012); however, the underlying molecular mechanism remains
largely uncharacterized. In this study, we report that the ABF
transcription factors (i.e. ABF1 to ABF4) mediate ABA-induced
expression of group A PP2C genes by directly binding to their
promoters. Moreover, the expression of ABF genes and the
accumulation of endogenous ABF proteins were also shown to

be dramatically induced by ABA, and ABFs themselves are
involved in this induction as well. Collectively, our study identi-
fies a role of ABFs in the negative feedback regulation of ABA
signaling.

Materials and Methods

Plant materials and growth conditions

The wild-type Arabidopsis thaliana (L.) Heynh. used in this study
was the Columbia (Col) ecotype, unless otherwise indicated. The
abi1-3 (Saez et al., 2006), abi2-2 (Rubio et al., 2009), abf1-1
(Yoshida et al., 2015), abf2 (SALK_002984), abf3 (SALK_096965),
abf4 (SALK_043475), abf1-2 abf3 areb2 (named as abf1 abf3
abf4 in this study; Yoshida et al., 2015), areb1 abf3 areb2 (named
as abf2 abf3 abf4 in this study; Yoshida et al., 2010), abf1-2 areb1
abf3 areb2 (named as abf1 abf2 abf3 abf4 in this study; Yoshida
et al., 2015) and pyr1 pyl1 pyl4 pyl5 pyl8 (Antoni et al., 2013)
mutants used in this study were of the Col ecotype. The abi1-3
abi2-2 double mutant was constructed by genetic crossing. The
growth conditions and light sources were as described previously
(Li et al., 2010). The Arabidopsis seeds were surface sterilized,
plated on Murashige & Skoog (MS) medium (Sigma) containing
1% sucrose, and incubated first at 4°C for 2 d, and then grown
in continuous white light at 22°C for 4 d (for gene expression
analyses, chromatin immunoprecipitation (ChIP) or
immunoblot assays) or 7 d (for b-glucuronidase (GUS) staining
assays).

Plasmid construction and generation of transgenic
Arabidopsis plants

To generate the ABI1p-A:LacZ, ABI1p-B:LacZ, ABI2p-A:LacZ
and ABI2p-B:LacZ reporter constructs used in Fig. 3(a) (see
later), the respective promoter fragments were amplified by PCR
using genomic DNA as the template and the respective pairs of
primers (see Supporting Information Table S1), and then cloned
into the EcoRI-KpnI sites of the pLacZi2l vector (Lin et al.,
2007). To generate the HAB1p-A:LacZ, HAB1p-B:LacZ,
HAB2p-A:LacZ, HAB2p-B:LacZ, ABF2p-A:LacZ and ABF2p-B:
LacZ reporter constructs used in Figs 7(b) (see later) and S7(b),
the respective promoter fragments were amplified by PCR using
genomic DNA as the template and the respective pairs of primers
(see Table S1), and then cloned into the KpnI-SalI sites of the
pLacZi2l vector.

To generate various LacZ reporters driven by the wild-type and
mutant subfragments of the ABI1 and ABI2 promoters shown in
Fig. 4(b) (see later), oligonucleotides were synthesized as two com-
plementary oligo primers with an EcoRI site overhang at the 50

end and a KpnI site overhang at the 30 end (see Table S1). The
oligo primers were annealed, and the double-stranded oligonu-
cleotides were ligated into the EcoRI-KpnI sites of the pLacZi2l
vector, producing ABI1p-ACE1:LacZ, ABI1p-ACE2:LacZ, ABI1p-
ACE3:LacZ, ABI2p-ACE1:LacZ, ABI2p-ACE2:LacZ, ABI2p-
ACE3:LacZ, ABI1p-ACE1mut:LacZ, ABI1p-ACE2mut:LacZ and
ABI2p-ACE3mut:LacZ, respectively.
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To generate AD-ABF1, AD-ABF2, AD-ABF3, AD-ABF4,
AD-ABI3, AD-ABI4 and AD-ABI5 used for the yeast one-hybrid
binding assays shown in Fig. 3(a) (see later), the full-length cod-
ing sequences of ABF1, ABF2, ABF3, ABF4, ABI3, ABI4 and
ABI5 were amplified by PCR with the respective pairs of primers
(see Table S1), and then cloned into the EcoRI-XhoI sites of the
pB42AD vector (Clontech, Palo Alto, CA, USA).

To generate ABI1p-1:GUS, ABI1p-2:GUS, ABI1p-3:GUS,
ABI1p-4:GUS and ABI1p-5:GUS constructs, the respective frag-
ments upstream of the ATG start codon plus the first 12 bp of
the ABI1 coding sequence were amplified by PCR using genomic
DNA as the template and the respective pairs of primers (see
Table S1), and then cloned into the SalI-BamHI sites of the
pBI101 vector. To generate ABI2p-1:GUS, ABI2p-2:GUS,
ABI2p-3:GUS, ABI2p-4:GUS, ABI2p-5:GUS and ABI2p-6:GUS
constructs, the respective fragments upstream of the ATG start
codon plus the first 15 bp of the ABI2 coding sequence were
amplified by PCR using genomic DNA as the template and the
respective pairs of primers (see Table S1), and then cloned into
the BamHI-XmaI sites of the pBI101 vector.

To generate 69His-ABI2, a BglII/EcoRI fragment containing
the full-length ABI2 open reading frame was cloned into the
BamHI/EcoRI sites of the pET-28a vector (Novagen, Madison,
WI, USA) To generate 69His-ABF1 and 69His-ABF3 con-
structs, the MfeI/XhoI fragments containing the full-length ABF1
or ABF3 open reading frame were cloned into the EcoRI/XhoI sites
of the pET-28a vector (Novagen), respectively. To generate
69His-ABF2 and 69His-ABF4 constructs, the EcoRI/XhoI frag-
ments containing the full-length ABF2 or ABF4 open reading
frame were cloned into the EcoRI/XhoI sites of the pET-28a vector
(Novagen), respectively. The primers used are listed in Table S1.

To generate various ABI1p:GUS and ABI2p:GUS transgenic
plants, the corresponding constructs were transformed into
Agrobacterium tumefaciens (strain GV3101) and then into
Arabidopsis plants (Col) by the floral dip method (Clough &
Bent, 1998).

Yeast one-hybrid assays

The respective promoter fragments were ligated upstream of the
minimal promoter of the yeast iso-1-cytochrome C (CYC1) gene
in the pLacZi2l vector (Lin et al., 2007), to drive LacZ reporter
gene expression in yeast cells. The indicated transcription factors
were fused with the activation domain (AD) in the pB42AD vec-
tor, respectively. The binding of a transcription factor to a certain
promoter fragment in yeast cells leads to the activation of LacZ,
encoding b-galactosidase, whose activity can be monitored
by the addition of X-gal (5-bromo-4-chloro-3-indolyl-b-D-
galactopyranoside) in the medium.

Yeast one-hybrid assays were performed as described previ-
ously (Li et al., 2010). Briefly, plasmids for AD fusions were co-
transformed with the respective LacZ reporters driven by various
promoter fragments into the yeast strain EGY48. Transformants
were grown on SD/-Ura-Trp dropout plates containing X-gal for
blue color development. Yeast transformation was conducted as
described in the Yeast Protocols Handbook (Clontech).

ABA treatment

For gene expression analyses, ChIP assays and immunoblotting,
the 4-d-old Arabidopsis seedlings were first soaked in half-strength
liquid MS medium containing 50 lM ABA (ABA treatment) or
half-strength liquid MS medium containing an equal volume of
ethanol (mock) for 3 h (ChIP assays) or for the indicated time
points, and then harvested and used for various assays. The con-
centrations of cycloheximide (CHX) and MG132 used in the
assays were 100 lM and 50 lM, respectively. For GUS staining
assays, 7-d-old ABI1p:GUS and ABI2p:GUS homozygous trans-
genic lines were first soaked in half-strength liquid MS medium
containing 50 lM ABA for 3 h before GUS staining (see ‘GUS
staining’ below).

GUS staining

The Arabidopsis transgenic lines transformed with various ABI1p:
GUS and ABI2p:GUS constructs were selected on MS medium
(Sigma) containing kanamycin, and at least 10 independent
Arabidopsis transgenic lines homozygous for a single copy of the
reporter gene were analyzed for their GUS activity. The GUS
activity analysis was performed as described previously (Jefferson
et al., 1987). The 7-d-old ABI1p:GUS and ABI2p:GUS homozy-
gous transgenic lines, in which the GUS gene expression was
driven by various lengths of ABI1 or ABI2 promoters, were first
soaked in half-strength liquid MS medium containing 50 lM
ABA for 3 h, and then treated with GUS staining buffer for 0.5 h
or 2 h. The GUS staining results of 10 independent transgenic
lines (for both 0.5 h and 2 h) are shown in Fig. S4 (see later), and
the representative histochemical staining results after 0.5 h of
GUS staining are shown in Fig. 2(b,d) (see later). Four indepen-
dently homozygous lines showing representative GUS staining
patterns were used for quantitative analyses of GUS expression
(shown in Figs 2e,f, S5, see later).

Real-time quantitative reverse transcription-polymerase
chain reaction (qRT-PCR)

Total RNA was extracted from Arabidopsis seedlings using the
RNeasy plant mini kit (Tiangen, Beijing, China). cDNAs were
synthesized from 1 lg total RNA using a RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. Real-time
PCR was performed using the respective pairs of primers and
Powerup SYBR Green PCR Master Mix (Applied Biosystems)
with a Step One PlusTM Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA). PCRs were performed in triplicate
for each sample, and the expression levels were normalized to that
of a tubulin3 gene.

ChIP

Wild-type seedlings grown under continuous white light condi-
tions for 4 d were used for ChIP assays following the procedure
described previously (Lee et al., 2007). Briefly, 2 g of seedlings
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grown under white light conditions were first cross-linked with
1% formaldehyde under vacuum. The samples were ground to a
powder in liquid nitrogen, and the chromatin complexes were
isolated and sonicated, and then incubated with anti-rabbit IgG
or with polyclonal anti-ABF1 or anti-ABF4 antibodies (the speci-
ficities of the antibodies are shown in Fig. S6, see later). The pre-
cipitated DNA was recovered and analyzed by real-time qPCR
analysis using the respective pair of primers listed in Table S1.
PCRs were performed in triplicate for each sample, and the ChIP
values were normalized to their respective DNA input values.

Immunoblotting

Immunoblotting was performed as described previously (Zhang
et al., 2018). Briefly, Arabidopsis seedlings were ground to a fine
powder and were then homogenized in an extraction buffer con-
taining 50mM Tris-HCl, pH 7.5, 150mM NaCl, 10mM
MgCl2, 0.1% Tween 20, 1 mM phenylmethylsulfonyl fluoride,
40mM MG132 and 19 complete protease inhibitor cocktail
(Roche). The antibodies used in this study include anti-ABI1
(Kong et al., 2015) and anti-RPN6 (Chen et al., 2010) antibodies.

The anti-ABI2, anti-ABF1, anti-ABF2, anti-ABF3 and anti-
ABF4 polyclonal antibodies were made by Beijing Protein Inno-
vation Co. Ltd (BPI), Beijing, China. Briefly, 6His-tagged ABI2,
ABF1, ABF2, ABF3 and ABF4 proteins were first expressed in
Escherichia coli, and then purified and used as antigens to

immunize rabbits for the production of polyclonal antiserum.
Antigen affinity-purified antibodies were used in immunoblots.
The specificity of the respective antibodies was tested and the
data are shown in Fig. S1 (for ABI1 and ABI2) and Fig. S6 (see
later; for ABF1, ABF2, ABF3 and ABF4).

Results

ABA dramatically induces the expression of group A PP2C
genes

We have recently generated the anti-ABI1 (Kong et al., 2015)
and anti-ABI2 (Fig. S1) antibodies successfully. To investigate
how ABA dynamically regulates the turnover of ABI1 and
ABI2 proteins, we treated the 4-d-old wild-type (Col)
Arabidopsis seedlings with 50 lM ABA or mock buffer for dif-
ferent time points, and then examined the endogenous ABI1
and ABI2 protein levels by immunoblots. It was shown that
both ABI1 and ABI2 protein levels were rapidly induced by
ABA, but not mock treatments (Fig. 1a), consistent with the
recent report by Kong et al. (2015) regarding the ABA regula-
tion of ABI1. We then treated the Col seedlings with ABA or
ABA plus CHX, a protein synthesis inhibitor, and found that
both ABI1 and ABI2 proteins were no longer induced by
ABA when CHX was added (Fig. 1b), indicating that ABA-
induced accumulation of ABI1 and ABI2 proteins resulted

Fig. 1 Abscisic acid (ABA) dramatically induces the accumulation of ABI1 and ABI2 proteins and the expression of group A PP2C genes. (a) Immunoblot
assays showing that ABA induces the accumulation of ABI1 and ABI2 proteins. (b) Immunoblot assays showing that ABA-induced accumulation of ABI1
and ABI2 proteins is abolished after cycloheximide (CHX) treatment. (c) Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assays
showing that ABA, but not mock, treatments dramatically induce the expression of ABI1, ABI2, HAB1 and HAB2 genes. Four-day-old wild-type (Col)
Arabidopsis seedlings were treated with 50 lMABA or mock buffer for different time points, harvested and then total RNA was extracted from each
sample. Error bars represent � SD of three technical replicates. In (a, b), 4-d-old wild-type (Col) Arabidopsis seedlings were treated with 50 lMABA (or
ABA plus CHX/MG132) or mock buffer for different time points, harvested and then total proteins were extracted from each sample. Asterisks indicate the
truncated form of ABI2 in abi1-3 abi2-2 double mutants. NS, nonspecific bands. Anti-RPN6 was used as a sample loading control.
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from increased biosynthesis of these proteins after ABA treat-
ments. Notably, the ABI1 protein level was evidently decreased
when seedlings were treated by ABA plus CHX, whereas the
addition of MG132, an inhibitor of 26S proteasomes, could
effectively inhibit the decrease of ABI1 after ABA plus CHX
treatments (Fig. 1b), indicating that ABA induces the degrada-
tion of ABI1 in vivo through 26S proteasome-mediated degra-
dation, consistent with the recent report (Kong et al., 2015);
however, ABA did not obviously induce the degradation of
existing ABI2 (Fig. 1b), indicating that ABA may differentially
regulate the degradation of group A PP2Cs.

We then examined how ABA regulates the expression of ABI1,
ABI2 and other group A PP2C genes. The qRT-PCR data
showed that ABA rapidly induced the expression of all nine
group A PP2C genes in Arabidopsis within 1 h of ABA treat-
ments, among which HAI3 showed the highest ABA induction
(> 100-fold), whereas HAB2 displayed the lowest induction (ap-
proximately five-fold) (Figs 1c, S2). The expression of ABI1 and
ABI2 was always induced > 10-fold within 1 h of ABA treatment,
which explains why ABA dramatically induced the accumulation
of ABI1 and ABI2 proteins.

To further investigate whether the ABA-induced expression of
group A PP2C genes is conserved in other plant species, we
treated maize (B73) seedlings with ABA, and then examined the
expression of group A PP2C genes in maize by real-time qRT-
PCR assays. Our data showed that, of the nine group A PP2C
genes tested in the assays, they were all clearly expressed on ABA
treatments (Fig. S3). Taken together, we conclude that ABA
rapidly induces the expression of group A PP2C genes in mono-
cot maize and dicot Arabidopsis.

Identification of the ABI1 and ABI2 promoter fragments
required for ABA induction

Next, we made a series of 50 deletions of the ABI1 and ABI2 pro-
moters, fused them to a GUS reporter (Fig. 2a,c) and generated
the stably transformed Arabidopsis lines. At least 10 independent
transgenic lines were obtained for each construct. The 7-d-old
homozygous ABI1p-1:GUS and ABI2p-1:GUS transgenic lines,
in which GUS gene expression was driven by the 3.1-kb ABI1
promoter and the 3.2-kb ABI2 promoter, respectively, were first
treated with half-strength liquid MS medium containing 50 lM
ABA for 3 h; then, the ABA buffer was removed completely, and
the seedlings were treated with GUS staining buffer for 0.5 h or
2 h. Interestingly, after 0.5 h of GUS staining, ABI1 and ABI2
expression was predominantly observed in the roots of seedlings;
however, after 2 h of GUS staining, ABI1 and ABI2 expression
was also observed in the cotyledons (especially in guard cells) in
addition to roots (Fig. S4).

To define the promoter fragments that confer ABA inducibil-
ity to ABI1 and ABI2, the 7-d-old homozygous transgenic lines,
in which GUS gene expression was driven by various lengths of
ABI1 or ABI2 promoters, were first treated with 50 lM ABA for
3 h and then with GUS staining buffer for 0.5 h, and the repre-
sentative histochemical staining results are shown in Fig. 2(b,d).
Intriguingly, GUS activity was detected in transgenic lines

harboring ABI1p-1:GUS and ABI1p-2:GUS reporters, but not in
those transformed with ABI1p-3:GUS, ABI1p-4:GUS and
ABI1p-5:GUS reporters, indicating that a 546-bp region (from
�1974 to �1428) was indispensable for ABA induction of ABI1
expression (Figs 2a,b). In terms of ABI2, our histochemical stain-
ing results indicated that a 448-bp promoter region (from �2017
to �1569) was indispensable for ABA induction of ABI2 expres-
sion (Fig. 2c,d).

To further quantify the levels of ABA induction conferred by
various lengths of ABI1 and ABI2 promoters, we performed
qRT-PCR assays using the 4-d-old ABI1p:GUS and ABI2p:GUS
transgenic lines mentioned above. Four independently homozy-
gous lines were selected for each reporter, and our data indicated
that, indeed, ABI1p-1, ABI1p-2, ABI2p-1 and ABI2p-2, but not
ABI1p-3 and ABI2p-3, responded to ABA treatments (Figs 2e,f,
S5), indicating that the 546-bp and 448-bp promoter fragments
of ABI1 and ABI2 conferred ABA responsiveness to ABI1 and
ABI2, respectively. It should be noted that ABI1p-1 responded to
ABA more robustly than ABI1p-2 (Figs 2e, S5), indicating that
the 1086-bp promoter region (�3060 to �1974) of ABI1 was
also important for responding to ABA. However, our data by no
means suggest a minimal role for the ABI1p-3 promoter region
(from �1428 to the transcriptional start site) or the ABI2p-3 pro-
moter region (from �1569 to the transcriptional start site) in
regulating ABI1 and ABI2 expression, because they might contain
important regulatory elements responding to other signals or
stimuli.

ABFs bind to the ABI1 and ABI2 promoters

To investigate which transcription factors are involved in mediat-
ing the ABA induction of ABI1 and ABI2, we performed yeast
one-hybrid assays to test whether the key transcription factors in
the ABA signaling pathway, ABI3, ABI4, ABI5 and ABFs (ABF1
to ABF4), could directly bind to the 546-bp region of the ABI1
promoter and the 448-bp region of the ABI2 promoter (desig-
nated as A fragments of the respective promoters; Fig. 2a,c).
Because the 1086-bp region upstream of the A fragment of the
ABI1 promoter is also important for ABI1 to respond to ABA
treatment (Figs 2e, S5), this fragment (designated as B; Fig. 2a)
was also included in the assays. Accordingly, a corresponding
region in the ABI2 promoter was also named as the ABI2p-B
fragment (Fig. 2c) and included in the assays as a control. Inter-
estingly, our data showed that, of these tested transcription fac-
tors, ABFs (especially ABF1, ABF2 and ABF4) bind directly to
both A and B fragments of the ABI1 promoter, and to the A frag-
ment of the ABI2 promoter, but not to the B fragment of the
ABI2 promoter (Fig. 3a).

Next, we generated the anti-ABF1, anti-ABF2, anti-ABF3 and
anti-ABF4 antibodies, and the immunoblot data using the pro-
teins extracted from the respective single mutants showed that
these antibodies specifically recognized the respective ABF
proteins in vivo (Fig. S6). Then, we performed ChIP assays using
4-d-old wild-type (Col) Arabidopsis seedlings treated with 50 lM
ABA or mock buffer for 3 h. Our qPCR results revealed that the
‘a’ amplicons of both ABI1 and ABI2 (located in the respective A
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Fig. 2 Promoter analyses to identify the promoter fragments required for abscisic acid (ABA) induction of ABI1 and ABI2. (a) Schematic illustration of
various ABI1 promoter fragments used to drive b-glucuronidase (GUS) gene expression. (b) Representative GUS staining results of various homozygous
ABI1p: GUS transgenic lines. (c) Schematic illustration of various ABI2 promoter fragments used to drive GUS gene expression. (d) Representative GUS
staining results of various homozygous ABI2p: GUS transgenic lines. (e) Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assays
showing the expression of GUS in two independently homozygous lines of ABI1p-1: GUS, ABI1p-2:GUS and ABI1p-3:GUS after 3 h of mock or ABA
treatments, respectively. (f) qRT-PCR assays showing the expression of GUS in two independently homozygous lines of ABI2p-1:GUS, ABI2p-2:GUS and
ABI2p-3:GUS after 3 h of mock or ABA treatments, respectively. In (a, c), the adenine residue of the respective translational start codon (ATG) was
assigned position +1, and the length of promoter fragments used to drive GUS expression was counted based on this number. A and B indicate the
corresponding promoter fragments used in yeast one-hybrid assays shown in Fig. 3(a). The short green lines depict the location of amplicons used for
chromatin immunoprecipitation (ChIP)-qPCR shown in Fig. 3(b, c). Asterisks indicate the positions of ACGT-containing elements (ACEs) analyzed in Fig. 4.
In (b, d), 7-d-old homozygous Arabidopsis transgenic lines, in which GUS gene expression was driven by various lengths of ABI1 or ABI2 promoters, were
first treated with 50 lMABA for 3 h and then with GUS staining buffer for 0.5 h, and the representative histochemical staining results are shown. In (e, f),
4-d-old homozygous ABI1p:GUS and ABI2p:GUS transgenic lines were treated with 50 lMABA or mock buffer for 3 h, harvested and then total RNA was
extracted from each sample. Error bars represent � SD of three technical replicates. The data of two more independent transgenic lines for each construct
are shown in Supporting Information Fig. S5.
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fragments) were highly enriched in the anti-ABF1 and anti-ABF4
samples, but not in the anti-rabbit IgG ChIP samples (Fig. 3b,c).
By contrast, the ‘b’ amplicon (located in the B fragment of the
ABI1 promoter) was not enriched in either anti-ABF1 or anti-
ABF4 ChIP samples, as compared with the enrichment of an
exon region of ABI1 (Fig. 3b), indicating that ABFs preferentially
bind to the A fragment of the ABI1 promoter in vivo. Notably,
for both ‘a’ amplicons of the ABI1 and ABI2 promoters, an
enhanced enrichment was observed in both anti-ABF1 and anti-
ABF4 ChIP samples after ABA treatments (Fig. 3b,c), indicating
that ABA treatments promoted the binding of ABFs to ABI1 and
ABI2 promoters.

Then, we asked whether ABFs could also bind to the promot-
ers of other group A PP2C genes. We selected HAB1 and HAB2
as representative genes for further verification. Our yeast one-
hybrid assays showed that the ABF proteins (especially ABF4)
could directly bind to the promoter fragments of HAB1 and
HAB2 in yeast cells, and our ChIP-qPCR results further con-
firmed that ABF1 and ABF4 could bind to the promoters of
HAB1 and HAB2 in vivo (Fig. S7). Collectively, our data demon-
strate that ABFs bind to the promoters of group A PP2C genes in
yeast and in vivo.

ABFs bind to the ACGT-containing elements of ABI1 and
ABI2 promoters

It has been shown previously that the plant bZIP proteins prefer-
entially bind to DNA sequences with an ACGT core (Jakoby
et al., 2002), known as ACGT-containing elements (ACEs). A
detailed analysis of the A fragments of ABI1 and ABI2 promoters
revealed that each contains three ACEs (Figs 2a,c, 4a). To delin-
eate the exact ACEs in the A fragments of the ABI1/ABI2 pro-
moters that are bound by ABFs, we generated a series of reporter
constructs in which the 45-bp promoter subfragments containing
the ACEs were used to drive LacZ reporter gene expression in
yeast cells (Fig. 4a). Our yeast one-hybrid data showed that, for
the three ACEs in the ABI1 promoter, ABFs (especially ABF4)
bound the wild-type ACE1 and ACE2 in yeast cells; by contrast,
all four ABFs bound strongly to wild-type ACE3 of the ABI2
promoter (Fig. 4b).

To further verify that ACEs are the exact cis-elements bound
by ABFs, we mutated ACE1 and ACE2 of the ABI1 promoter
and ACE3 of the ABI2 promoter (in which the respective ACGT
was mutated to tttT) and allowed them to drive LacZ reporter
gene expression in yeast cells. Our data showed that mutation of
ACEs totally abolished the binding of ABFs to these promoter
subfragments (Fig. 4b), confirming that ABFs bind to these
promoter subfragments through ACEs.

We then asked whether ACEs are also present in other PP2C
gene promoters. Detailed analyses of the HAB1, HAB2, AHG1,
AHG3, HAI1, HAI2 and HAI3 promoter sequences revealed that
ACEs are richly distributed in their promoters (Figs S7a, S8),
suggesting that ABFs may directly bind to their promoters
through ACEs as well.

Fig. 3 ABRE-binding factors (ABFs) bind to the promoters of ABI1 and
ABI2 in yeast cells and in vivo. (a) Yeast one-hybrid assays showing
that ABFs bind directly to both A and B fragments of the ABI1

promoter, and the A fragment of the ABI2 promoter. The locations of
A and B promoter fragments used in yeast one-hybrid assays are
shown in Fig. 2(a, c). (b, c) qPCR analysis of the promoter (a and b
fragments for ABI1 and a fragment for ABI2) and exon fragments of
(b) ABI1 and (c) ABI2 in anti-ABF1 and anti-ABF4 chromatin
immunoprecipitation (ChIP) assays. Four-day-old wild-type (Col)
Arabidopsis seedlings were first treated with 50 lM abscisic acid (ABA)
or mock buffer for 3 h, and then harvested and subjected to ChIP
assays. Half of the chromatin complexes from the seedlings treated
with mock or ABA were incubated with anti-ABF1 or anti-ABF4
antibodies, whereas the other half were incubated with anti-rabbit IgG
and used as a negative control. The ChIP values were normalized to
their respective DNA inputs. The locations of amplicons used for ChIP-
qPCR assays are shown in Fig. 2(a, c). Error bars represent � SD of
three technical replicates.
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ABFs mediate ABA-induced expression of group A PP2C
genes

To confirm the role of ABFs in regulating group A PP2C gene
expression in vivo, we compared the transcript levels of all nine
group A PP2C genes in the wild-type (Col) and abf1 abf3 abf4
(Yoshida et al., 2015), abf2 abf3 abf4 (Yoshida et al., 2010) and
abf1 abf2 abf3 abf4 (Yoshida et al., 2015) mutant seedlings by
qRT-PCR analyses. Our data showed that ABA-induced expres-
sion of all nine group A PP2C genes was dramatically reduced in
the two abf triple mutants, and further decreased in the abf1 abf2
abf3 abf4 quadruple mutant seedlings (Fig. 5a), indicating that
ABFs are indeed involved in the regulation of ABA-induced
expression of group A PP2C genes. Notably, the expression of
HAI3 was induced by ABA by c. 300-fold after 6 h of ABA treat-
ment, but this induction was totally abolished in the abf quadru-
ple mutant seedlings (Fig. 5a), demonstrating that ABFs play an
important role in mediating ABA induction of group A PP2C
genes, especially for HAI3.

We further examined whether the protein abundance of ABI1
and ABI2 was accordingly regulated by ABFs. Our immunoblot
data showed that both ABI1 and ABI2 protein levels were less
induced by ABA in the abf triple and quadruple mutants com-
pared with those in the wild-type seedlings (Fig. 5b), supporting
the notion that ABA-induced accumulation of ABI1 and ABI2
proteins is a result of ABF-mediated induction of their gene
expression. It should be noted that other transcription factors
may also be involved in ABA induction of ABI1 expression, and
thus the ABI1 protein level, because, in abf triple and quadruple
mutant seedlings, ABI1 transcript and protein levels were still

induced by ABA treatments, although to a lesser extent compared
with those in wild-type seedlings (Fig. 5).

ABA induces the expression of ABF genes and the
accumulation of ABF proteins

To investigate how ABA treatment regulates the protein abun-
dance of ABFs, we treated the 4-d-old wild-type (Col)
Arabidopsis seedlings with 50 lM ABA or mock buffer for differ-
ent time points, and then examined the endogenous ABF protein
levels by immunoblots. It was shown that the protein levels of all
four ABFs were rapidly induced by ABA, but not mock treat-
ments (Fig. 6a). Further analyses showed that ABA-induced accu-
mulation of ABF proteins was greatly impaired when CHX was
added together with ABA (Fig. 6b), indicating that ABA-induced
accumulation of ABF proteins was also a result of increased
biosynthesis of these proteins after ABA treatments. Notably,
ABA did not induce the degradation of the existing ABF proteins
when CHX was applied (Fig. 6b).

We performed qRT-PCR assays to further investigate how
ABA regulates the expression of ABF genes, and the data showed
that ABA indeed rapidly induced the expression of ABF1 to
ABF4 genes within 1 h of ABA treatments (Fig. 6c). ABF1 dis-
played the lowest ABA induction (c. 2.5-fold), whereas ABF3
showed the highest ABA induction (> 10-fold) (Fig. 6c). Collec-
tively, our data demonstrate that ABA induces the expression of
ABF genes and the accumulation of ABF proteins.

ABA-induced expression of ABF2 is mediated by ABF1,
ABF3 and ABF4

Analyses of the ABF1 to ABF4 promoter sequences revealed that
ACEs are also richly distributed in their promoters, especially for
ABF2 and ABF3 promoters (Figs 7a, S9). Therefore, we asked
whether ABFs are also involved in ABA induction of their own
expression. We selected the ABF2 promoter for further analysis
because the abf1 abf3 abf4 triple mutant was available and could
be used to examine how ABA-induced ABF2 expression is regu-
lated by three other ABFs. We roughly divided the ABF2 pro-
moter into the A and B fragments, in which the A fragment
contains only one ACE, whereas the B fragment includes four
ACEs (Fig. 7a). The A and B fragments were used to drive LacZ
reporter gene expression in yeast cells, and our yeast one-hybrid
data showed that ABF4 predominantly bound the B fragment in
yeast (Fig. 7b). Consistent with these results, ChIP-qPCR data
revealed that the ‘b’ amplicon (located in the B fragment of the
ABF2 promoter) was highly enriched in the anti-ABF1 and anti-
ABF4 samples, but not in the anti-rabbit IgG ChIP samples
(Fig. 7c). Moreover, an enhanced enrichment of the ‘b’ amplicon
was also observed in both anti-ABF1 and anti-ABF4 ChIP sam-
ples after ABA treatments (Fig. 7c), indicating that ABA pro-
motes the binding of ABF1 and ABF4 to the ABF2 promoter,
similar to their binding to PP2C gene promoters.

Then, we compared the ABA induction of ABF2 expression in
the wild-type (Col) and abf1 abf3 abf4 triple mutant seedlings by
qRT-PCR analyses. Our data indicated that ABA-induced ABF2

Fig. 4 ABRE-binding factors (ABFs) directly bind the ACGT-containing
elements (ACEs) in the ABI1 and ABI2 promoters. (a) Diagrams of the
respective ACE-containing promoter subfragments of ABI1 and ABI2 used
to drive LacZ reporter gene expression in yeast one-hybrid assays. The
ACGT core sequence is shown in red. (b) Yeast one-hybrid assays showing
that ABFs bind the wild-type ACE1 and ACE2 of the ABI1 promoter and
ACE3 of the ABI2 promoter, but not their mutants. For the ACE mutants,
the respective ACGT core was mutated to tttT and used to drive LacZ
reporter gene expression in yeast cells.
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expression was almost abolished without the presence of ABF1,
ABF3 and ABF4 (Fig. 7d). This conclusion was further sup-
ported by the immunoblot data, showing that the ABF2 protein
level was not induced by ABA treatment in the abf1 abf3 abf4
triple mutant seedlings as compared with that in the wild-type
(Fig. 7e). Together, our data demonstrate that ABA-induced
expression of ABF2 is mediated by ABF1, ABF3 and ABF4, sug-
gesting that ABFs are involved in ABA induction of their own
expression.

ABF-induced expression of group A PP2C genes is triggered
by ABA signaling

Finally, we examined how ABA signaling regulates ABF-induced
expression of group A PP2C genes. The 4-d-old wild-type (Col)
and pyr1 pyl1 pyl4 pyl5 pyl8 pentuple mutant (Antoni et al.,

2013) seedlings were treated with 50 lM ABA or mock buffer
for different time points, and our immunoblot data indicated
that ABA-induced accumulation of ABFs was greatly impaired in
the pyr1 pyl1 pyl4 pyl5 pyl8 pentuple mutant (Fig. 8a). Accord-
ingly, ABA induced the expression of group A PP2C genes to a
much lesser extent in the pentuple mutant compared with that in
the wild-type seedlings (Figs 8b, S10). ABA-induced accumula-
tion of ABI1 and ABI2 proteins also displayed obvious defects in
the pentuple mutant (Fig. 8a), further confirming that the ABF-
mediated induction of group A PP2C genes and accumulation of
PP2C proteins are triggered by ABA signaling.

Discussion

The molecular mechanisms of ABA signal transduction have been
extensively investigated in the last two decades. The molecular

Fig. 5 Abscisic acid (ABA)-induced expression of group A PP2C genes is greatly impaired in abfmutants. (a) Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) assays showing that ABA-induced expression of group A PP2C genes is greatly impaired in abf triple and quadruple mutants.
Four-day-old wild-type (Col) and abf1 abf3 abf4, abf2 abf3 abf4 and abf1 abf2 abf3 abf4mutant seedlings were first treated with 50 lMABA for different
time points, harvested and then total RNA was extracted from each sample. Error bars represent� SD of three technical replicates. (b) Immunoblot assays
showing that ABA-induced accumulation of ABI1 and ABI2 proteins is greatly impaired in abf triple and quadruple mutant seedlings. Four-day-old wild-
type (Col) and abf1 abf3 abf4, abf2 abf3 abf4 and abf1 abf2 abf3 abf4mutant seedlings were first treated with 50 lMABA for different time points,
harvested and then total proteins were extracted from each sample. Asterisk indicates the truncated form of ABI2 in abi1-3 abi2-2 double mutants. NS,
nonspecific bands. Anti-RPN6 was used as a sample loading control. Numbers below the immunoblots indicate the relative band intensities of ABI1
normalized to those of RPN6 for each panel. The ratio of ABI1 vs RPN6 in untreated samples (indicated as 0 time points for Col and abf triple or quadruple
mutant seedlings) was set to 1.0.
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identification of PYR/PYL/RCAR proteins as ABA receptors in
2009 opened the door for rapid progress in this field. The current
model of the ABA signaling pathway includes a central signaling
module which is made up of ABA receptors, group A PP2Cs and
SnRK2s (Fig. 9; Hubbard et al., 2010; Li et al., 2017). The
expression of ABA receptor genes may be differentially regulated
by exogenous ABA treatments (Santiago et al., 2009b;
Szostkiewicz et al., 2010), but individual studies have repeatedly
reported that the expression of certain group A PP2C genes is
rapidly induced by exogenous ABA treatments (Rodriguez et al.,
1998; Saez et al., 2004; Kuhn et al., 2006; Yoshida et al., 2006;
Rensing et al., 2008; Fujita et al., 2009; Komatsu et al., 2009;
Santiago et al., 2009b; Szostkiewicz et al., 2010; Bhaskara et al.,
2012). In this study, we showed that ABA indeed induces the
expression of all nine group A PP2C genes in Arabidopsis, with
HAB2 showing the lowest, but HAI3 displaying the highest,
induction after ABA treatments. Moreover, our data showed that
ABA also induces the expression of maize group A PP2C genes,
indicating that this regulation is conserved across species.

Why ABA significantly induces the expression of negative reg-
ulators of ABA signaling remains largely unclear; it has been pro-
posed that this induction may be part of an ABA desensitization
mechanism to adjust ABA signaling when dramatically increased
levels of ABA are synthesized under abiotic stresses (Raghavendra

et al., 2010). Notably, it has been well established that, under
water deficit conditions, the root : shoot biomass ratio increases,
allowing the roots to grow at the expense of the leaves (Sharp &
Davies, 1979; Sharp et al., 1988). ABA-deficient mutants are
unable to change their root : shoot biomass ratio in response to
water stress (Saab et al., 1990), indicating that ABA plays an
important role in the regulation of the root : shoot ratio during
water stress. However, the underlying mechanism remains largely
obscure. In this study, our histochemical data indicated that, after
a short GUS staining (0.5 h), ABI1 and ABI2 expression is
mainly observed in the roots; however, after a prolonged GUS
staining (2 h), ABI1 and ABI2 expression is also observed in
cotyledons (especially in guard cells) in addition to roots
(Figs 2b,d, S4). These observations may be explained by two pos-
sibilities: ABI1 and ABI2 are predominantly expressed in roots,
or GUS substrate takes a longer time to enter into cotyledons
than into roots. Nevertheless, a recent study has also reported that
ABA markedly induces PP2CA/AHG3 promoter activity in roots
and leaf tissues (Wu et al., 2016), suggesting that ABA-induced
expression of group A PP2C genes in roots may be a common
feature. These observations have prompted us to speculate that
ABA-induced expression of group A PP2C genes may serve as a
desensitization mechanism acting in the roots, thus allowing
roots to continue to grow under water stress conditions.

Fig. 6 Abscisic acid (ABA) dramatically induces the expression of ABF genes and the accumulation of ABRE-binding factor (ABF) proteins. (a) Immunoblot
assays showing that ABA induces the accumulation of ABF proteins. (b) Immunoblot assays showing that ABA-induced accumulation of ABF1, ABF3 and
ABF4 proteins is abolished after cycloheximide (CHX) treatment. (c) Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assays
showing that ABA, but not mock, treatments dramatically induce the expression of ABF genes. Four-day-old wild-type (Col) Arabidopsis seedlings were
treated with 50 lMABA or mock buffer for different time points, harvested and then total RNA was extracted from each sample. Error bars represent� SD
of three technical replicates. In (a, b), 4-d-old wild-type (Col) Arabidopsis seedlings were treated with 50 lMABA (or ABA plus CHX/MG132) or mock
buffer for different time points, harvested and then total proteins were extracted from each sample. Anti-RPN6 was used as a sample loading control. NS,
nonspecific bands.
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Although it was observed long ago that exogenous ABA treat-
ments dramatically induced the expression of certain group A
PP2C genes, the behavior of endogenous ABA co-receptor pro-
teins after ABA treatments remained largely obscure until two
recent studies reported how ABA regulates the turnover of
endogenous ABI1 (Kong et al., 2015) and PP2CA/AHG3 (Wu
et al., 2016) proteins. In this study, we also examined ABA-
regulated dynamic change of another important ABA co-
receptor, ABI2, using anti-ABI2 antibodies which specifically rec-
ognized the endogenous ABI2, but not its close homolog ABI1
(Fig. S1). Our data, together with those reported in two recent
studies (Kong et al., 2015; Wu et al., 2016), demonstrate that
ABA indeed induces the accumulation of endogenous ABI1,

ABI2 and PP2CA/AHG3 proteins; ABA-induced accumulation
of ABI1, ABI2 and PP2CA/AHG3 is a result of dramatically
increased biosynthesis of these proteins after ABA treatments,
because ABA is unable to induce their accumulation when CHX
is added together with ABA; ABA induces the degradation of
existing ABI1 and PP2CA/AHG3 proteins through the ubiqui-
tin-26S proteasome system, because ABI1 (Fig. 1b) and PP2CA/
AHG3 (Wu et al., 2016) protein levels are evidently decreased
when seedlings are treated by ABA plus CHX, whereas the addi-
tion of MG132 effectively inhibits the decrease in ABI1 after
ABA plus CHX treatments; however, ABA does not obviously
induce the degradation of existing ABI2 (Fig. 1b), indicating that
ABA may differentially regulate the degradation of the respective

Fig. 7 Abscisic acid (ABA) induction of ABF2 expression is mediated by ABF1, ABF3 and ABF4. (a) The exon–intron structure of ABF2 and the distribution of
ACEs in the ABF2 promoter. The adenine residue of the ABF2 translational start codon (ATG) was assigned position +1. A and B indicate the promoter
fragments used in yeast one-hybrid assays shown in (b). The short green lines depict the locations of amplicons used for chromatin immunoprecipitation
(ChIP)-qPCR shown in (c). Asterisks indicate ACGT-containing elements (ACEs). (b) Yeast one-hybrid assays showing that ABF4 binds directly to the B
fragment of the ABF2 promoter. (c) qPCR analyses of the promoter and exon fragments of ABF2 in anti-ABF1 and anti-ABF4 ChIP assays. Four-day-old wild-
type (Col) Arabidopsis seedlings were first treated with 50 lMABA or mock buffer for 3 h, harvested and then subjected to ChIP assays. Half of the chromatin
complexes from the seedlings treated with mock or ABA were incubated with anti-ABF1 or anti-ABF4 antibodies, whereas the other half were incubated with
anti-rabbit IgG and used as a negative control. The ChIP values were normalized to their respective DNA inputs. The locations of the amplicons used for ChIP-
qPCR assays are shown in (a). Error bars represent� SD of three technical replicates. (d) Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) assays showing that ABA-induced ABF2 expression is abolished in the abf1 abf3 abf4mutant seedlings. Four-day-old wild-type (Col) and abf1 abf3 abf4

mutant seedlings were first treated with 50 lMABA for different time points, harvested and then total RNA was extracted from each sample. Error bars
represent� SD of three technical replicates. (e) Immunoblot assays showing that ABA-induced accumulation of ABF2 protein is abolished in the abf1 abf3
abf4mutant seedlings. Four-day-old wild-type (Col) and abf1 abf3 abf4mutant seedlings were first treated with 50 lMABA for different time points,
harvested and then total proteins were extracted from each sample. Anti-RPN6 was used as a sample loading control. NS, nonspecific bands.
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ABA co-receptors, although it markedly induces the expression of
all nine group A PP2C genes.

ABFs are the ABI5 clade members of the bZIP transcription
factor family and play important roles in mediating ABA-
responsive gene expression (Yoshida et al., 2010, 2015; Qin
et al., 2011; Li et al., 2017). In this study, using GUS reporter
transgenic lines in which various lengths of ABI1 and ABI2 pro-
moters were employed to drive GUS gene expression, we
defined the promoter fragments that confer ABA inducibility to
ABI1 and ABI2 (Figs 2, S5). We further showed that ABFs can
directly bind to the promoters of ABI1, ABI2, HAB1 and
HAB2 in yeast cells and in vivo (Figs 3, S7), and mediate ABA
induction of all nine group A PP2C genes in Arabidopsis
(Fig. 5). Our data are consistent with a recent large-scale tran-
scriptome analysis, which showed that the expression of stress-
responsive genes, including some group A PP2C genes, is
remarkably impaired in the abf2 abf3 abf4 triple mutant
(Yoshida et al., 2010). Thus, ABFs act as the major transcription
factors mediating ABA induction of group A PP2C genes; how-
ever, other transcription factors (e.g. other bZIP proteins of the
ABI5 clade, such as ABI5 itself) may also be involved in mediat-
ing ABA-induced expression of group A PP2C genes, based on
the following observations: in the abf quadruple mutants, the
expression of some group A PP2C genes (such as ABI1 and
HAB2) can still be markedly induced by ABA treatments
(Fig. 5a); ABI5 and ABI4 can directly bind to the ABI1 and
ABI2 promoters in yeast cells (Fig. 3a); and an upstream frag-
ment of the ABI1 promoter (B fragment in Fig. 2a), which is
not bound by ABF1 and ABF4 in vivo (Fig. 3b), is also impor-
tant for ABA induction of ABI1 (Figs 2e, S5). Moreover, it
should be noted that PP2Cs can dephosphorylate and inactivate
ABFs (Antoni et al., 2012; Lynch et al., 2012); therefore, ABF-
mediated transcriptional upregulation of PP2Cs and PP2C-
mediated dephosphorylation and inactivation of ABFs form a
regulatory loop to tightly control ABA signaling homeostasis.

In addition, our data demonstrated that ABA also dramatically
induces the expression of ABF genes and the accumulation of
endogenous ABF proteins (Fig. 6). These observations are inter-
esting because, in the current model of the ABA signaling path-
way, phosphorylation of ABF proteins by SnRK2 protein kinases
in the presence of ABA serves as a major mechanism to activate
ABF transcription factors (Hubbard et al., 2010; Li et al., 2017).
Therefore, our data provide another layer of ABA regulation
towards ABF proteins in addition to the well-characterized ABA-
induced phosphorylation of ABF proteins by SnRK2 protein
kinases (Fig. 9). Moreover, our data demonstrate that ABA-
induced ABF2 expression is mediated by ABF1, ABF3 and ABF4
(Fig. 7), thus indicating that ABFs not only mediate ABA-
induced expression of PP2Cs, but also mediate ABA induction of
their own expression (Fig. 9).

To summarize, our study demonstrates that ABFs play a role
in the feedback regulation of ABA signaling by mediating rapid
ABA induction of group A PP2C genes (Fig. 9). Moreover, it has
been shown that the homologous genes of ABI1 in the moss
Physcomitrella patens are also induced by exogenous ABA

Fig. 8 ABRE-binding factors (ABFs)-mediated expression of group A
PP2C genes is induced by abscisic acid (ABA) signaling. (a)
Immunoblot assays showing that ABA induces the accumulation of
ABF1, ABF3, ABF4, ABI1 and ABI2 proteins in wild-type seedlings, but
this induction is greatly impaired in the pyr1 pyl1 pyl4 pyl5 pyl8

pentuple mutant seedlings. Four-day-old wild-type (Col) and pyr1 pyl1
pyl4 pyl5 pyl8 mutant seedlings were first treated with 50 lM ABA for
different time points, harvested and then total proteins were extracted
from each sample. Anti-RPN6 was used as a sample loading control.
NS, nonspecific bands. (b) Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) assays showing that ABA-induced
expression of ABI1, ABI2, HAB1 and HAB2 genes is greatly impaired
in the pyr1 pyl1 pyl4 pyl5 pyl8 pentuple mutant seedlings. Four-day-
old wild-type (Col) and pyr1 pyl1 pyl4 pyl5 pyl8 mutant seedlings
were first treated with 50 lM ABA for different time points, harvested
and then total RNA was extracted from each sample. Error bars
represent � SD of three technical replicates.
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treatments (Komatsu et al., 2009), and that group A PP2Cs and
AREB/ABF bZIP transcription factors are both found in the
Physcomitrella patens genome (Rensing et al., 2008), suggesting
that ABF-mediated ABA induction of group A PP2C genes may
be conserved from bryophytes to higher plants.
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Fig. S1 The specificity of anti-ABI1 and anti-ABI2 antibodies.  

Total proteins were extracted from 4-d-old wild-type (Col), abi1-3, abi2-2 and abi1-3 

abi2-2 mutant seedlings, and probed with anti-ABI1 and anti-ABI2 antibodies, 

respectively. Asterisk indicates the truncated form of ABI2 in abi2-2 and abi1-3 abi2-

2 mutants. NS, non-specific bands. Anti-RPN6 was used as a sample loading control. 

  



 

Fig. S2 ABA dramatically induced the expression of AHG1, AHG3, HAI1, HAI2 and 

HAI3 genes. 

Four-d-old wild-type (Col) Arabidopsis seedlings were treated with 50 µM ABA or 

mock buffer for different time points, and then harvested and total RNA was extracted 

from each sample. Error bars represent SD of three technical replicates. 

  



 

Fig. S3 ABA induced the expression of group A PP2C genes in maize. 

(a) Phylogenetic tree of group A PP2C proteins from Arabidopsis and maize.  

(b) qRT-PCR assays showing that ABA, but not mock treatments, dramatically 

induced the expression of group A PP2C genes in maize. Six-d-old maize (B73) 

seedlings were treated with 50 µM ABA or mock buffer for different time points, 



and then harvested and total RNA was extracted from each sample. Error bars 

represent SD of three technical replicates. 

  



 

Fig. S4 GUS staining results of homozygous ABI1p:GUS and ABI2p:GUS transgenic 

lines. 

Seven-d-old homozygous ABI1p-1:GUS and ABI2p-1:GUS transgenic lines, in which 

the GUS gene expression was driven by the 3.1-kb ABI1 promoter and the 3.2-kb 

ABI2 promoter, respectively, were first treated with 50 µM ABA for 3 h, and then 

treated with GUS staining buffer for 0.5 h (a) or 2 h (b). The GUS staining results of 

10 independent transgenic lines are shown for ABI1p-1:GUS and ABI2p-1:GUS. After 

2 h of GUS staining, ABI1 and ABI2 expression was also observed in guard cells (c). 

  



 

Fig. S5 qRT-PCR assays showing the expression of GUS in ABI1p:GUS and 

ABI2p:GUS transgenic lines after mock or ABA treatments. 

Four-d-old homozygous ABI1p:GUS and ABI2p:GUS transgenic lines were treated 

with 50 µM ABA or mock buffer for 3 h, and then harvested and total RNA was 

extracted from each sample. Error bars represent SD of three technical replicates. The 

data of two independent transgenic lines for each construct are shown in Figs 2e,f. 

 

  



 

Fig. S6 The specificity of anti-ABF1, anti-ABF2, anti-ABF3 and anti-ABF4 

antibodies. 

Total proteins were extracted from 4-d-old wild-type (Col) and abf1, abf2, abf3, abf4 

and abf1 abf2 abf3 abf4 mutant seedlings, and probed with anti-ABF1, anti-ABF2, anti-

ABF3 and anti-ABF4 antibodies, respectively. NS, non-specific bands. Anti-RPN6 was 

used as a sample loading control. 

  



 

Fig. S7 ABFs bind to the promoters of HAB1 and HAB2 in yeast cells and in vivo. 

(a) The exon-intron structure of HAB1 and HAB2. The adenine residue of the respective 



translational start codon (ATG) was assigned position +1. A and B indicate the 

promoter fragments used in yeast one-hybrid assays shown in (b). The short green 

lines depict the location of amplicons used for ChIP-qPCR shown in (c) and (d). 

Asterisks indicate ACEs. 

(b) Yeast one-hybrid assays showing that ABF4 binds directly to promoter fragments 

of HAB1 and HAB2.  

(c) and (d) qPCR analysis of the promoter and exon fragments of HAB1 (c) and HAB2 

(d) in anti-ABF1 and anti-ABF4 ChIP assays. Four-d-old wild-type (Col) 

Arabidopsis seedlings were first treated with 50 µM ABA or mock buffer for 3 h, 

and then harvested and subjected to ChIP assays. Half of the chromatin complexes 

from the seedlings treated with mock or ABA was incubated with anti-ABF1 or 

anti-ABF4 antibodies, while the other half was incubated with anti-rabbit IgG and 

used as a negative control. The ChIP values were normalized to their respective 

DNA inputs. The locations of amplicons used for ChIP-qPCR assays are shown in 

(a). Error bars represent SD of three technical replicates.  

 

  



 

Fig S8 The promoters of AHG1, AHG3, HAI1, HAI2 and HAI3 contain multiple ACEs. 

The exon-intron structures of AHG1, AHG3, HAI1, HAI2 and HAI3 are shown. The 

adenine residue of the respective translational start codon (ATG) was assigned position 

+1. Asterisks indicate ACEs. 

 

  



 

Fig S9 The promoters of ABF1, ABF3, and ABF4 contain multiple ACEs. 

The exon-intron structures of ABF1, ABF3 and ABF4 are shown. The adenine residue 

of the respective translational start codon (ATG) was assigned position +1. Asterisks 

indicate ACEs. 

 

  



 

Fig. S10 ABA-induced expression of AHG1, AHG3, HAI1, HAI2 and HAI3 genes was 

greatly impaired in the pyr1 pyl1 pyl4 pyl5 pyl8 pentuple mutant seedlings. 

Four-d-old wild-type (Col) and pyr1 pyl1 pyl4 pyl5 pyl8 mutant seedlings were first 

treated with 50 µM ABA for different time points, and then harvested and total RNA 

was extracted from each sample. Error bars represent SD of three technical replicates. 



Purpose Primer Sequence (5'- to -3')

6×His-ABI2 TGACAGAGATCTATGGACGAAGTTTCTCCTGCA

TGACAGGAATTCTCAATTCAAGGATTTGCTCTT

6×His-ABF1 TGGATCCAATTGATGGGTACTCACATTGATATC

TGGATCCTCGAGTTACCACGGACCGGTAAGGGT

6×His-ABF2 TGGATCGAATTCATGGATGGTAGTATGAATTTG

TGGATCCTCGAGTCACCAAGGTCCCGACTCTGT

6×His-ABF3 TGGATCCAATTGATGGGGTCTAGATTAAACTTC

TGGATCCTCGAGCTACCAGGGACCCGTCAATGT

6×His-ABF4 TGGATCGAATTCATGGGAACTCACATCAATTTC

TGGATCCTCGAGTCACCATGGTCCGGTTAATGT

ABI1p-1:GUS TGGATCCTCGAGTGCACCGCACTAAGCCACTCT

TGGATCAGATCTTACTTCCTCCATTAACGGTAA

ABI1p-2:GUS TGGATCCTCGAGGCATCAAACATATGGAACATG

TGGATCAGATCTTACTTCCTCCATTAACGGTAA

ABI1p-3:GUS TGGATCCTCGAGATGGACTTCCATGACCAACTC

TGGATCAGATCTTACTTCCTCCATTAACGGTAA

ABI1p-4:GUS TGGATCCTCGAGTAGTCCAATGATTAGGAATTA

TGGATCAGATCTTACTTCCTCCATTAACGGTAA

ABI1p-5:GUS TGGATCCTCGAGCGAAGCAATTGTTGCATTAGC

TGGATCAGATCTTACTTCCTCCATTAACGGTAA

ABI2p-1:GUS TGGATCGGATCCAACTGGTAATCCGAGCTTAGT

TGGATCCCCGGGGAAGAAACTTCGTCCATTAAAGG

ABI2p-2:GUS TGGATCGGATCCACAGATCCGTGTAGCAACTGA

TGGATCCCCGGGGAAGAAACTTCGTCCATTAAAGG

ABI2p-3:GUS TGGATCGGATCCAGGAAACACAAAGATATTTAC

TGGATCCCCGGGGAAGAAACTTCGTCCATTAAAGG

ABI2p-4:GUS TGGATCGGATCCGTGACATATGGCATGTTACAC

TGGATCCCCGGGGAAGAAACTTCGTCCATTAAAGG

ABI2p-5:GUS TGGATCGGATCCCCACAATTCCTTAAGTCTTTC

TGGATCCCCGGGGAAGAAACTTCGTCCATTAAAGG

ABI2p-6:GUS TGGATCGGATCCTCATGTGCTAGCTAAGGTTG

TGGATCCCCGGGGAAGAAACTTCGTCCATTAAAGG

AD-ABF1 GGGCGGCAATTGATGGGTACTCACATTGATATC

GGGCGGCTCGAGTTACCACGGACCGGTAAGGGT

AD-ABF2 GGGCGGGAATTCATGGATGGTAGTATGAATTTG

GGGCGGCTCGAGTCACCAAGGTCCCGACTCTGT

AD-ABF3 GGGCGGCAATTGATGGGGTCTAGATTAAACTTC

GGGCGGCTCGAGCTACCAGGGACCCGTCAATGT

AD-ABF4 GGGCGGGAATTCATGGGAACTCACATCAATTTC

Plasmid Constructs (Note: The underlined nucleotides indicate the restriction sites for cloning.) 

Table S1. Summary of primers used in this study.



GGGCGGCTCGAGTCACCATGGTCCGGTTAATGT

AD-ABI3 TGGATCCAATTGATGAAAAGCTTGCATGTGGCG

TGGATCGTCGACTCATTTAACAGTTTGAGAAGTTGG

AD-ABI4 TGGATCCAATTGATGGACCCTTTAGCTTCCCAA

TGGATCCTCGAGTTAATAGAATTCCCCCAAGATGGG

AD-ABI5 GGGCGGGAATTCATGGTAACTAGAGAAACGAAG

TGGATCCTCGAGTTAGAGTGGACAACTCGGGTTCCT

ABI1p-A:LacZ GGGCGGGAATTCGCATCAAACATATGGAACATG

GGGCGGGGTACCTAAATTCGACCAAATTTTTAG

ABI1p-B:LacZ GGGCGGGAATTCGTCCTCTGTTCCCGACGCCTA

GGGCGGGGTACCCATGTTCCATATGTTTGATGC

ABI2p-A:LacZ GGGCGGGAATTCACAGATCCGTGTAGCAACTGA

TGGACTGGTACCTTTTTATTTGGTGTCTGTTT

ABI2p-B:LacZ GGGCGGGAATTCATTAGGCTCTCAACACAGGAG

TGGACTGGTACCAAACCAGCTCATATTGTATAG

HAB1p-A:LacZ GAGCGTGGTACCGCTGTCGTCTTCCATCTTTAT

GAGCGTGTCGACGGCTCTCTCTATCAGCGAAAC

HAB1p-B:LacZ GAGCGTGGTACCTGTATTGTGAGATGATGAAGC

GAGCGTGTCGACTAATGGAATCGTCTTAAGAGT

HAB2p-A:LacZ GAGCGTGGTACCATGGAGGATGCTGTTAGAGCT

GAGCGTGTCGACCTTTATGTGACAACGACCTTCA

HAB2p-B:LacZ GAGCGTGGTACCTAACGAACAGAGAGGCAGACA

GAGCGTGTCGACGAGACATGTGAGCGTTGGACT

ABF2p-A:LacZ GAGCGTGGTACCCGAACATTTTGATTGGTAAAC

GAGCGTGTCGACCACTTTGGAATTCCGTCCAA

ABF2p-B:LacZ GAGCGTGGTACCTTGTGTGCAAAGCAACCAG

GAGCGTGTCGACGGGTATAGTCCTAAAACTTC

ABI1p-ACE1:LacZ AATTCTAACACATCTTAAACCGTACACGTCACCCTCTCTCCTTCCCATTTGGTAC

CAAATGGGAAGGAGAGAGGGTGACGTGTACGGTTTAAGATGTGTTAG

ABI1p-ACE2:LacZ AATTCCTTCCCATTTTCTTCGTCTACGTGTCGACCATCCACCGGTTTTTG GGTAC

CCAAAAACCGGTGGATGGTCGACACGTAGACGAAGAAAATGGGAAGG

ABI1p-ACE3:LacZ AATTCTTTGTTTTCTGCTAAACGTGGGACCTATTCACATTTTTATTTTAT GGTAC

CATAAAATAAAAATGTGAATAGGTCCCACGTTTAGCAGAAAACAAAG

ABI2p-ACE1:LacZ AATTCGCGTCTATCTATCTACGTATATCTCAAAAATAAAAATAAAATCAAGGTAC

CTTGATTTTATTTTTATTTTTGAGATATACGTAGATAGATAGACGC G

ABI2p-ACE2:LacZ AATTCAACAGAAATTCATATATACGTTTTTAGTTATATAACTATACGATTGGTAC

CAATCGTATAGTTATATAACTAAAAACGTATATATGAATTTCTGTTG

ABI2p-ACE3:LacZ AATTCATATCATTACATGGTCCAATGATTATGGAACACGTATTATTATTTGGTAC

CAAATAATAATACGTGTTCCATAATCATTGGACCATGTAATGATATG

ABI1p-ACE1mut:LacZ AATTCTAACACATCTTAAACCGTACTTTTCACCCTCTCTCCTTCCCATTTGGTAC

CAAATGGGAAGGAGAGAGGGTGACGTGTACGGTTTAAGATGTGTTAG

ABI1p-ACE2mut:LacZ AATTCCTTCCCATTTTCTTCGTCTTTTTGTCGACCATCCACCGGTTTTTG GGTAC



CCAAAAACCGGTGGATGGTCGACACGTAGACGAAGAAAATGGGAAGG

ABI2p-ACE3mut:LacZ AATTCATATCATTACATGGTCCAATGATTATGGAACTTTTATTATTATTT GGTAC

CAAATAATAATACGTGTTCCATAATCATTGGACCATGTAATGATATG

ABI1 TGAAGAAGCGTGTGAGATGG

CTGTATCGCCAGCTTTGACA

ABI2 CTTAGAGGCTATTGCAACGGT

GAGATATCCACACCTGCCATA

HAB1 TGAATCATCACCTGTCGAGATC

ACCTACCTCTTCCAGTTCAGA

HAB2 CTGGAATCTCATCTACTTTCG

CACTTCAGATAAAGTCTTCTC

HAI1 GATCTACGACGAGACACGTAG

CCCTTCGTTGTCTTACACCGA

HAI2 GATCGGACTGAGGAAGATGAG

TGTGTTTCTCCTCGCCGTCTT

HAI3 ACGATGACTGCCTCATACTAG

CCGGATCCTCATTATCTTGTC

AHG1 AAGGAGTGTATTGGCTGCAAC

CACTTAATTGCACAACCACCA

AHG3 GAGGATGAGTGTTTGATCTTG

CCAACTTTGTTAAGAGCAACG

ABF1 TCAACAACTTAGGCGGCGATAC

GCAACCGAAGATGTAGTAGTCA

ABF2 TTGGGGAATGAGCCACCAGGAG

GACCCAAAATCTTTCCCTACAC

ABF3 CTTTGTTGATGGTGTGAGTGAG

GTGTTTCCACTATTACCATTGC

ABF4 AACAACTTAGGAGGTGGTGGTC

CTTCAGGAGTTCATCCATGTTC

GUS CAGTGTGCATGGCTGGATATG

GCCAACGCGCAATATGCCTTG

Tubulin3 ATCCGTGAAGAGTACCCAGAT 

AAGAACCATGCACTCATCAGC

GRMZM2G001243 AGGTGCTCCTGAGGCAGGAACT

ACTTCGTCATCCAGCCTCTGG

GRMZM2G010855 GTGATGGACTAGCCGTTCT

ATGATTGCTCTGCCGAAGCGAAGGT

GRMZM2G166297 TTGCTTCGCGTGGGAAGCGT

GTACAGGCGCGTCTGGCAAA

GRMZM2G059453 GGCGGTTGTCAAGGGTGTGGGCAA

CTGCTCTGCTTCGCTCCGAG

Real-time qRT-PCR



GRMZM5G818101 CAGAGGTCGCCGTACGACTCGT

CTCCGAGGCCAGGAACGAGAGC

GRMZM2G300125 CTGCAGGGTCGCGAAGAGCTGT

GCTTCCCTAGAGCTCCGTCGCCAT

GRMZM2G122228 CTTGTAGTGGGAGTGGGAGT

ACGCCATGGTCATCCGTGCT

GRMZM2G437575 TCCAAGTGTGGCACAAGAACAACGGT

ATGACGGTGACGTTGTCCTC

GRMZM2G177386 CTGTGGGATGTAGTGTCGAATGA

ACAGTGATATTGTCCTCGGTACC

Maize Actin1 GCTACGAGATGCCTGATGGTC

TGGAGTTGTACGTGGCCTCAT

ChIP-qPCR

ABI1p-a AAACCGTACACGTCACCCTC

GATGGATAGACTCATGGAC

ABI1p-b CAAGATCAGTGATGGCTTGTC

CTCTTATCGTTGGCTGTGCTC

ABI2p-a GGTCACATGACTCATATCCAG

GTAGCTTTGGTTGGGCAAC

HAB1p-a CACTGATTGTGAGAACTTGTAC

GTCTATAGAACTCTCTAGGTAAG

HAB2p-a ATGATAGGATGGTTCTTCAGGC

CTGATCAACTGATAAAGGCATGG

ABF2p-b AATGTGAAGGTGAGCCCAAC

GTCGATGTAACGTGGACGAAC
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