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Multiple transcription factors (TFs) play essential roles in plants under abiotic stress, but how these multiple TFs cooperate in
abiotic stress responses remains largely unknown. In this study, we provide evidence that the NAC (for NAM, ATAF1/2, and
CUC2) TF ANAC096 cooperates with the bZIP-type TFs ABRE binding factor and ABRE binding protein (ABF/AREB) to help
plants survive under dehydration and osmotic stress conditions. ANAC096 directly interacts with ABF2 and ABF4, but not with
ABF3, both in vitro and in vivo. ANAC096 and ABF2 synergistically activate RD29A transcription. Our genome-wide gene
expression analysis revealed that a major proportion of abscisic acid (ABA)–responsive genes are under the transcriptional
regulation of ANAC096. We found that the Arabidopsis thaliana anac096 mutant is hyposensitive to exogenous ABA and
shows impaired ABA-induced stomatal closure and increased water loss under dehydration stress conditions. Furthermore,
we found the anac096 abf2 abf4 triple mutant is much more sensitive to dehydration and osmotic stresses than the anac096
single mutant or the abf2 abf4 double mutant. Based on these results, we propose that ANAC096 is involved in a synergistic
relationship with a subset of ABFs for the transcriptional activation of ABA-inducible genes in response to dehydration and
osmotic stresses.

INTRODUCTION

Abiotic stresses such as water deficit and high soil salinity can
cause severe damage to plant growth and development. To
cope with these stresses, plants have evolved adaptive molec-
ular mechanisms that result in the expression of a large number
of genes that alter plant physiology depending on the specific
type of environmental stresses. One of the pivotal events in
these responses is the perception of stress, which activates the
expression of stress-response genes via signal transduction
(Thomashow, 1999; Shinozaki and Yamaguchi-Shinozaki, 2000;
Zhu, 2001; Bray, 2002). The core signaling components involved
in the regulation of the expression of stress-responsive genes
during abiotic stress responses include kinases, phosphatases,

and transcription factors (TFs) (Thomashow, 1999; Shinozaki
and Yamaguchi-Shinozaki, 2000; Zhu, 2001; Bray, 2002).
Many different types of TFs are involved in the induction of

stress-responsive genes during abiotic stress responses. One
type of TFs includes members of the ABRE binding factor/ABRE
binding protein (ABF/AREB) family proteins, which contain a bZIP
structure conserved in plants and animals (Choi et al., 2000;
Newman and Keating, 2003; Kim et al., 2004; Corrêa et al., 2008).
The expression of these ABFs/AREBs is regulated by signaling
pathways under the control of abscisic acid (ABA), a phytohor-
mone that plays an essential role in adaptation to abiotic stress.
The genes transcribed by these ABFs/AREBs contain an ABA-
responsivecis-actingelement in their promoter regions referred to
as the ABA-responsive element (ABRE; PyACGTGGC) (Yamaguchi-
Shinozaki et al., 1990).
NAC (for NAM, ATAF1/2, and CUC2) TFs are plant specific and

contain the highly conserved NAC DNA binding domain and
variable C-terminal domains. They play pivotal roles in plant de-
velopment, senescence, auxin responses, and biotic stress
responses (Aida et al., 1997; Olsen et al., 2005a, 2005b; Lu et al.,
2007; Kim et al., 2009; Jensen et al., 2010; Hao et al., 2011;
Nakashima et al., 2012; Puranik et al., 2012; Sun et al., 2012).
The Arabidopsis thaliana genome encodes more than 100 NAC
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domain–containing genes, which can be divided into 10 major
groups based on phylogenetic analysis (Jensen et al., 2010).
Group III NAC TFs, such asANAC019,ANAC055, andANAC072,
play important roles in abiotic stress responses (Duval et al., 2002;
Tran et al., 2004; Lu et al., 2007; Jensen et al., 2010). For instance,
ectopic expression of Arabidopsis RD26/ANAC072 and Arachis
hypogaea NAC2 resulted in ABA-hypersensitive phenotypes and
increased resistance to dehydration stress (Fujita et al., 2004; Liu
et al., 2011). Thus, they are considered to act as positive regu-
lators of abiotic stress or ABA signaling. Besides this clade, it still
remains unclear whether other NAC protein subfamilies play
similar roles in abiotic stress and ABA signaling. ANAC096, which
belongs to the IV-1 subfamily with unknown functions, physically
interacts with TOPLESS (TPL). TPL also interacts with other
stress-responsive TFs, although the biological consequence of
this interaction remains elusive (Causier et al., 2012). Moreover,
other NAC TFs, such as soybean (Glycine max) NAC20 and
Setaria italicaNAC, regulate anABA-independentpathway involved
in plant responses to dehydration (Hao et al., 2011; Puranik et al.,
2011, 2012). Although extensive efforts have been made to
identify differentNACTFs in response toabiotic stress responses,
the specific and precise transcriptional and physiological outputs
of each NAC TF remain obscure.

NAC TFs recognize the consensus cis-acting elements
CGT(G/A) and CACG (Simpson et al., 2003; Ernst et al., 2004;
Tran et al., 2004), and different NAC TFs adopt different binding
modes for these NAC recognition sequences. For instance,
Arabidopsis vascular plant one zinc-finger protein (VOZ) recognizes
only a pair of palindromic binding sequences separated by nearly
10 bp, whereas NAC019 bind to both single and palindromic rec-
ognition sequences, suggesting the evolutionary diversification of
the DNA recognition mode of NACs (Mitsuda et al., 2004; Tran
et al., 2004). The highly conserved N-terminal region has the DNA
binding activity as well as motifs for dimerization (Ernst et al., 2004;
Welner et al., 2012). Biophysical and crystal structural analyses
revealed that NAC proteins contain a TF fold with a twisted b-sheet
surrounded by a few helical elements (Ernst et al., 2004). In addi-
tion, the dimerization is crucial for the DNA binding (Olsen et al.,
2005a, 2005b).

During abiotic stress responses, the expression of the different
families of TFs was originally thought to be regulated by specific
and separate signaling pathwayswith unique sets of components
and a specific set of target genes (Shinozaki and Yamaguchi-
Shinozaki, 2000). However, recent studies revealed that the sig-
naling pathways inducing the different types of TFs are more
complex (Lee et al., 2010; Fujita et al., 2011; Martinez and Rao,
2012). For example, instead of a linear relationship between the
signaling pathway and the type of TF, recent studies raised the
intriguing possibility of crosstalk between signaling pathways and
betweendifferent types of TFs (Lee et al., 2010). Indeed, DREB1A/
CBF3, DREB2A, and DREB2C TFs physically interact with ABFs/
AREBs (Lee et al., 2010). However, how extensive the crosstalk is
between the different types of TFs during abiotic stress remains
unclear.

To further elucidate the molecular mechanisms underlying
ABA-mediated dehydration stress responses, we screened for
mutants that showed an ABA-hyposensitive phenotype from
a pool of activation-tagged mutants (Weigel et al., 2000). One

loss-of-function mutant carried a T-DNA insertion in a gene
encoding a NAC domain–containing protein, ANAC096. In this
study, we show that ANAC096 functions as a positive regulator
of ABA-responsive signaling under conditions of dehydration
and osmotic stress. ANAC096 acted synergistically with ABF2/4
to activate the transcription of a subset of ABA- and/or dehydration
stress–inducible genes, resulting in increased resistance to de-
hydration stress.

RESULTS

Exogenous ABA Affects Germination and
Postgermination Growth of anac096 Mutants
and ANAC096-Overexpressing Plants

To gain insight into the mechanism underlying dehydration stress
responses in plants, we screened for ABA-insensitive mutants
from a population of activation-tagging mutants using cotyledon
greening in the presence of 1 mM exogenous ABA (Weigel et al.,
2000). We isolated 10 putative mutants and focused on one that
carried a T-DNA insertion in exon 3 of At5g46590, which encodes
a NAC domain protein called ANAC096 (see Supplemental
Figures 1A and 1B online). This mutant, which we named
anac096-1 (see Supplemental Figure 1B online), carries a T-DNA
insertion in the downstream region of the highly conserved NAC
domain of ANAC096. NAC domain proteins harbor a highly con-
served, plant-specific DNA binding domain and play important
roles in various cellular processes, including osmotic stress re-
sponses in plants (Duval et al., 2002; Tran et al., 2004; Lu et al.,
2007; Jensen et al., 2010; Hao et al., 2011). As observed during
screening, anac096-1 plants were less sensitive to exogenous
ABA during germination (Figures 1A and 1C). Despite the fact that
the mutant was isolated from the activation-tagging mutant
population, RT-PCR analysis showed thatANAC096 (At5g46590)
transcripts were not detectable (see Supplemental Figure 1C
online). This indicated that the reducedABA sensitivity of anac096-1
wasdue to loss of function rather than overexpression ofANAC096.
To confirm this,weobtained another independentmutant carrying
a T-DNA insertion in ANAC096 (SALK_078797C) from the ABRC
stock center and named it anac096-2 (see Supplemental Figure
1B online). RT-PCR showed that neither mutant expressed the
ANAC096 transcript (see Supplemental Figure 1C online). Similar
to anac096-1, anac096-2 showed reduced sensitivity to exoge-
nous ABA during germination (Figures 1A and 1C). Additionally,
postgermination growth of the mutant plants (anac096-1 and
anac096-2), measured as root growth and plant fresh weight, was
less sensitive to exogenous ABA (Figures 1D, 1F, and 1G), sug-
gesting that ANAC096 acts as a positive factor for the mediation
of ABA responses. To further confirm that these phenotypes were
caused by a mutation in ANAC096, we examined the ABA sen-
sitivity of the F1 progeny generated by crossing anac096-1 and
anac096-2 plants. The F1 progeny of the cross also showed re-
duced sensitivity to exogenous ABA (Figures 1A and 1C), con-
firming that the mutant phenotype is caused by the mutation in
ANAC096.
To obtain independent evidence that ANAC096 is involved in

ABA-mediated processes, we generated transgenic plants that
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Figure 1. Phenotype of anac096 Mutants and ANAC096OX Transgenic Plants.

(A) and (B) Effect of exogenous ABA on seed germination. Wild-type (WT) plants, two independent alleles of anac096mutants, F1 progeny from a cross
between anac096-1 and anac096-2 mutants, and two independent ANAC096OX lines were planted on one-half-strength MS plates supplemented with
DMSO or ABA, and the germination rates were examined. Plant images were obtained at two different magnifications at 4 d (A) and 5 d (B) after planting
on half-strength MS plates supplemented with DMSO or 1 mM ABA.
(C) The germination rates were scored 5 d after planting on the plates supplemented with the indicated ABA concentrations. Three independent
experiments were performed with 100 plants or seeds per experiment. Error bars indicate SD (n = 3). Statistical analysis was performed between the wild
type and anac096 mutants or between the wild type and ANAC096OXs. *P value < 0.01 (Student’s t test).
(D) to (G) Effect of exogenous ABA on vegetative growth. Plants grown on half-strength MS plates for 3 d were transferred vertically to half-strength MS
plates supplemented with DMSO or 10 mM ABA.
(D) and (E) Images of the indicated plants were taken at 12 d after transfer. White underbars indicate the root tip region.
(F) and (G) To assess vegetative growth quantitatively, the primary root length (F) and the fresh weight of whole plants (G) were measured at 12 d after
transfer. Three independent experiments were performed using 20 plants per experiment. Error bars indicate SD (n = 3). Vertical bars = 2 cm.
Statistical analysis was performed between the wild type and anac096 mutants or between the wild type and ANAC096OX. *P value < 0.01
(Student’s t test).

4710 The Plant Cell



overexpressed ANAC096 under the control of the strong
cassava vein mosaic virus promoter. The transgenic ANAC096-
overexpressing (ANAC096OX ) plants showing a dramatic in-
crease in ANAC096 transcript levels (see Supplemental Figure
1D online) were examined for sensitivity to exogenous ABA. In
contrast with the mutant plants, the germination (Figures 1B and
1C) and postgermination growth (Figures 1E to 1G) of two in-
dependent lines of ANAC096OX plants showed increased sen-
sitivity to exogenous ABA. These results confirm that ANAC096
is a positive factor mediating ABA responses in plants.

anac096 Mutant Plants and ANAC096OX Transgenic
Plants Have Altered Resistance to Dehydration Stress

To understand the physiological role of ANAC096, we examined
the effect of the mutation or ectopic expression on various ABA-
relatedphysiological responsesanddehydrationstress responses.
High levels of ABA induce stomatal closure (Jeon et al., 2008).
Thus, we compared ABA-mediated stomatal closure of anac096
mutants and ANAC096OX plants with that of wild-type plants.
Stomatal closure was examined in the guard cells of epidermal
peels of wild-type, anac096mutant, andANAC096OX plants after
treating with 0.5 or 1 mM ABA for 1 h. The stomatal aperture in
anac096 mutant plants was larger than that in wild-type plants
(Figure 2A). However, ANAC096OX plants showed an opposite
phenotype, more closed stomata (Figure 2A). These results in-
dicate that ANAC096 positively regulates ABA-mediated stoma-
tal closure.

The function of ANAC096 in ABA-mediated stomatal closure
prompted us to test whether it plays the similar regulatory roles in
plant water conservation under dehydration stress response. To
test this, the aerial parts of the anac096mutant,ANAC096OX, and
wild-type plants were excised, andwater loss was examined over
time. The results showed that anac096 plants lost water more
quickly thanwild-typeplants (Figure2B). Toobtain further evidence
for the role of ANAC096 in regulating water loss, we examined
water loss in ANAC096OX plants. Under the same conditions,
ANAC096OX plants lost water more slowly than wild-type plants,
confirming that ANAC096 is involved in regulating water loss
(Figure 2B). To examine the long-term effect of ANAC096 on de-
hydration stress responses, anac096 mutant and ANAC096OX
plantsgrown for 9 dunder normal growthconditionswere exposed
to dehydration stress by withholding water for 14 d. Survival
rateswere examined 3 d after rewatering. Under these conditions,
the survival rates of the anac096 mutant, wild-type plants, and
ANAC096OX plants were;18, 52, and 82%, respectively, of that
of the hydrated plants (Figures 2C and 2D). These results are
consistent with a positive role of ANAC096 in dehydration stress
responses.

anac096 Mutants Show a Delay in the Induction of
ABA-Responsive Genes

The phenotype of the anac096mutants raised the possibility that
dehydration stress andABA regulate the expression ofANAC096.
To determine the expression patterns ofANAC096 under different
abiotic stresses aswell asABA responses,wild-typeplants grown
on plates were treated with different conditions such as ABA,

dehydration, mannitol, and cold stress. As a positive control, we
included RD29A, which is activated transcriptionally under these
conditions (Xu et al., 2012). The transcript levels of ANAC096
gradually increased after 1 and 2 h treatment of exogenous ABA
as well as dehydration and osmotic stresses (Figure 3A). Under
these conditions, the transcript levels of RD29A also increased
rapidly (Figure 3B). However, ANAC096 expression altered a little
under cold shock, despite the fact that the transcript levels of
RD29A showed a dramatic increase under this condition. These
results indicate that theANAC096 expression is not responsive to
cold stress (Figures 3A and 3B). To examine the spatial and
temporal expression patterns of ANAC096, transgenic plants
were generated using anANAC096pro:GUS construct containing
a 3.0-kb fragment from the region upstreamof theANAC096 start
codon and the b-glucuronidase (GUS) coding region. At the
seedling stage,GUSwas detected in the veins of the cotyledons,
hypocotyls, and roots (see Supplemental Figure 2A online). At
later stages of plant development, the GUS expression was de-
tected in true leaves and in primary and secondary roots (see
Supplemental Figure 2A online). In addition, GUS was expressed
at higher levels in young leaves than inolder leaves. TheANAC096
transcript levels detected by quantitative RT-PCR (qRT-PCR)
were in agreement with the GUS expression patterns (see
Supplemental Figure 2B online). The transgenic plants harboring
ANAC096pro:GUS showed an increase in GUS staining when
treated with exogenous ABA and dehydration stress, confirming
that the ANAC096 expression is regulated by ABA and de-
hydration stress (see Supplemental Figure 2C online).
Previous studies showed that the NAC TFs ANAC019, ANAC055,

and ANAC072 were involved in the induction of various osmotic
stress–inducible genes (Tran et al., 2004; Jensen et al., 2010). To
examine whether loss of function of ANAC096 causes the defect
in the expression of early ABA-responsible genes, the anac096-1
and anac096-2 mutant plants and wild-type plants were treated
with 100 mM ABA, and the transcript levels of three ABA-inducible
genes (RD29A, RD29B, and COR47) (Xiong et al., 2001) were ex-
amined by qRT-PCR at 0.5- and 1-h time points. As shown in
Figure 3C, the ABA-mediated induction dynamics of these genes
were significantly impaired in mutants compared with the wild
type, suggestive of the partial positive contribution of ANAC096
to the early ABA-responsive gene expression.

ANAC096 Regulates the Expression of a Major
Proportion of ABA-Responsive Genes

To investigate the transcriptional regulation governed byANAC096,
we identified the genes under the transcriptional control of
ANAC096. To minimize any secondary effects caused by ectopic
expression of ANAC096, we generated transgenic plants ex-
pressing ANAC096 under the control of a dexamethasone (Dex)–
inducible promoter (Aoyama andChua, 1997). First, we confirmed
ANAC096-mediated gene expression using two independent
lines of pTA7002-ANAC096 transgenic plants to avoid any posi-
tional effects of the transgene expressingANAC096. In both lines,
the expression of ANAC096 was rapidly induced by 30 mM
Dex (see Supplemental Figure 3A online). At this condition, the
transcript levels of RD29A rapidly increased in both alleles
(see Supplemental Figure 3B online). Moreover, the increase of
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the RD29A transcript levels correlated with that of ANAC096,
raising the possibility that ANAC096 is involved in the expression
of RD29A.

To examine the extent of transcriptional regulation governed by
ANAC096 and its role in ABA-mediated transcriptional regulation,
we performed genome-wide gene expression profiling of pTA-
ANAC096 plants treated with Dex (30 mM) for 1 h and wild-type
plants treated with ABA (2 mM) for 0.5 h using Agilent-031025
Arabidopsis 8x60k arrays. ANAC096- andABA-responsive genes
(P value < 0.05 and fold change $ 2) were identified by an in-
tegrative statistical method (Chae et al., 2013; see Methods). We
identified 1351 and 451 genes that were up- and downregulated
by ANAC096, respectively, and 924 and 279 genes that were up-

and downregulated by exogenous ABA, respectively (Figure 4A;
see Supplemental Figure 4A online). Interestingly, more than 60%
of the genes upregulated by exogenous ABA overlapped with
those upregulated by ANAC096 (Figure 4A; P < 1310210 by
Fisher’s exact test; see Supplemental Figure 5 online). More-
over, the set of genes upregulated by ABA closely overlaps with
those affected by ANAC096, further supporting our notion that
ANAC096 is involved in the expression of ABA-responsive genes
(Figure 4A; see Supplemental Figure 5 online). In the case of
downregulated genes, a relatively smaller portion (35%) of ABA-
responsive genes, compared with the upregulated genes, over-
lapped with those of ANAC096 (see Supplemental Figure 4A
online), although this overlap is still significant (P < 1310210 by

Figure 2. ANAC096 Plays a Positive Role in Both Stomatal Closure and Water Loss under Dehydration Stress Conditions.

(A) Role of ANAC096 in ABA-induced stomata closure. Epidermal peels from wild-type (WT), anac096, and ANAC096OX leaf tissues were exposed to
high-light conditions for 3 h to induce full opening of the stomata and subsequently treated with 0.5 or 1 mM ABA. To quantify the stomatal closure, the
width of stomatal opening was measured in a triplicate experiment with 120 pairs of guard cells per experiment. Error bars indicate SD (n = 3). Statistical
analysis was performed by comparing with the wild type. *P < 0.01 (Student’s t test).
(B) Water loss from wild-type, anac096, and ANAC096OX plants. The aerial parts of Columbia-0 (WT), anac096 mutants, and ANAC096OX transgenic
plants grown on plates for 10 d were excised and exposed to 30% relative humidity condition. To quantify water loss, fresh weight of the excised plant
tissues was measured at the indicated time points. Error bars indicate SD (n = 3).
(C) and (D) Dehydration stress sensitivity of wild-type, anac096 mutants, and ANAC096OX plants.
(C) Wild-type, anac096, and ANAC096OX plants grown for 9 d in soil under normal growth conditions (watered) were kept in a greenhouse without
watering for 14 d (dehydration), and the images of surviving plants were taken at 3 d after rewatering (rehydration).
(D) To quantify the survival rate, 16 plants of each plant type were used in each experiment, and five independent experiments were performed. Error
bars indicate SD (n = 5). Statistical analysis was performed between the wild type and anac096 mutants or between the wild type and ANAC096OXs.
*P value < 0.01 (Student’s t test).

4712 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.113.119099/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.119099/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.119099/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.119099/DC1


Fisher’s exact test; see Supplemental Figure 5 online). Consid-
ering the role of ANAC096 as a transcriptional activator (see
Supplemental Figure 3B online), it is possible that the ANAC096-
repressed genes are secondary targets of ANAC096-induced
genes. To systematically explore the differential expression of
the genes regulated by ANAC096, the ANAC096-induced or
-repressed genes were divided in two clusters, that is, up- or
downregulated by both ANAC096 and ABA conditions (C1) and
up- or downregulated only by ANAC096 (C2; Figure 4B; see
Supplemental Figure 4B online). Remarkably, the genes in the
C1 cluster are mainly involved in ABA stimulus, water depriva-
tion, and osmotic stress responses (Figure 4C), indicating that
ANAC096 is involved in abiotic stress and ABA-mediated re-
sponses. Also, it is likely that ANAC096 acts as a transcrip-
tional regulator for a large number of genes encoding TFs,
phosphatases, kinases, transporters, and a myriad of compo-
nents in theABA signaling circuit, thereby further suggesting the
importance of ANAC096 in ABA response (see Supplemental
Figure 6 online). By contrast, the genes that were suppressed by
ANAC096 are involved in auxin stimulus and shoot development

(see Supplemental Figure 4C online). The suppression of auxin-
and shoot development–related genes is consistent with the fact
that dehydration stress and high levels of ABA inhibit plant
growth.
To confirm the data from the microarray analysis, we exam-

ined the expression of representative ABA-responsive genes in
anac096 mutant plants by qRT-PCR. The ABA-induced expres-
sion of the eight genes whose expression was upregulated by
ANAC096 was greatly impaired in the anac096 mutant plants
(Figure 4D), supporting the notion that ANAC096 plays a role in
ABA-mediated signaling.

ANAC096 Localizes to the Nucleus and Recognizes
Consensus Core cis-Elements within the RD29A Promoter

Members of the NAC TF family harbor a highly conserved
N-terminal DNA binding domain and a C-terminal variable domain
that functions as either a transcriptional activator or repressor
depending on the specific isoform (Olsen et al., 2005a; Hao et al.,
2010; Nakashima et al., 2012). The activation of the transcription

Figure 3. ANAC096 Induced by ABA and Dehydration Stress Plays a Positive Role in the Expression of ABA-Inducible Genes.

(A) and (B) Induction of the ANAC096 expression by exogenous ABA and different abiotic stresses. Total RNA from wild-type plants treated with
exogenous ABA (10 mM), dehydration stress (30% relative humidity), mannitol (300 mM), or cold stress (4°C) at the indicated time points were used for
qRT-PCR analysis of ANAC096 (A) and RD29A (B). RD29A was used as a positive control for the treatments. ACT2 was used as an internal control for
qRT-PCR. Error bars indicate SD (n = 3).
(C) Defect in induction of ABA-responsive genes in anac096 mutants. Total RNA from two alleles of anac096 mutant plants as well as wild-type (WT)
plants that had been treated with exogenous ABA (100 mM) for 0.5 or 1 h was used for qRT-PCR analysis of RD29A, RD29B, and COR47 transcript
levels. ACT2 was used as an internal control for qRT-PCR. Error bars indicate SD (n = 3).
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of a subset of osmotic stress–inducible genes byANAC096 raised
the possibility that the C-terminal region of ANAC096 contains
a transcriptional activation domain. To test this, we used the yeast
one-hybrid approach (Ouwerkerk and Meijer, 2011). The GAL4
DNA binding domain was fused to full-length ANAC096, the
N-terminal domain, or theC-terminal domain togenerateGAL4BD-
ANAC096F, GAL4BD-ANAC096N, or GAL4BD-ANAC096C, re-
spectively (see Supplemental Figure 7A online). These con-
structs were then transformed into yeast together with the
reporter construct GAL4p:His, and the growth of the transformants
was examined on His-deficient medium. Transformants harboring

GAL4BD-ANAC096F and GAL4BD-ANAC096C displayed nor-
mal growth on this medium, indicating that the C-terminal region
of ANAC096 contains a transcriptional activation domain (see
Supplemental Figure 7B online).
NAC TFs recognize the consensus cis-acting elements, CGT

(G/A) and CACG, or NAC-recognition sequences (NACRSs)
(Simpson et al., 2003; Tran et al., 2004). Sequence analysis re-
vealed that RD29A, an ANAC096-inducible gene, contained two
NACRSs in the299- to250-bp region of its promoter (Figure 5A)
(Kasuga et al., 2004). To examine whether ANAC096 binds to
these elements, we performed an electrophoresis mobility shift

Figure 4. ANAC096 Regulates Positively a Major Proportion of ABA-Responsive Genes.

(A) Venn diagram of ANAC096 and ABA upregulated genes (P = 2.49 3 102321 by Fisher’s exact test; see Supplemental Figure 5 online).
(B) Hierarchical clustering of ANAC096-induced genes in ANAC096-induced (ANAC096) and ABA-treated (ABA) conditions. E1 and E2 represent each
sample in the duplicates. C1 and C2 represent the genes upregulated in both conditions and only ANAC096-induced condition, respectively. Heat color
gradation in red denotes the increase in log2 fold change.
(C) GOBPs enriched by the genes in C1 and C2 (P < 0.05). The color bar represents the gradient of 2log10(P), where P is the enrichment of a P value
computed by DAVID.
(D) qRT-PCR analysis of ABA-responsive genes. Total RNA from pTA, pTA-ANAC096, and anac096-1 plants that had been treated with 30 mMDex only
for 1 h (Dex) or with 30 mM Dex only for 0.5 h followed by additional 0.5-h incubation with both 2 mM ABA and 30 mM Dex (Dex + ABA) were used for
qRT-PCR analyses. ACT2 was used as an internal control for qRT-PCR. Error bars indicate SD (n = 3).
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assay (EMSA) usinga50-bpDNA fragment containing the299- to
250-bp region of the RD29A promoter (Figures 5A and 5B). The
N-terminal domain of ANAC096 (ANAC096N) was expressed in
Escherichia coli as a glutathione S-transferase (GST) fusion pro-
tein, andpurified recombinantGST-ANAC096NorGSTalonewas
incubated with 32P-labeled RD29A promoter probes. A slowly
migrating band was detected for GST-ANAC096N, but not for
GST alone, indicating that ANAC096N binds to the RD29A pro-
moter fragment containing the NACRSs (Figure 5B). To further
test the binding specificity, the two NAC domain protein rec-
ognition sites (CGTA [inverted sequence] and CACG) were
mutated to AAAA (either one by one or simultaneously). GST-
ANAC096N still bound to the DNA fragments containing a single
mutation; however, GST-ANAC096N failed to bind to fragments
harboring mutations at both sites, indicating that ANAC096 spe-
cifically recognized the two NACRSs within the RD29A promoter
(Figure 5B).

To further gain insight into themodeof transcriptional activation
mediated by ANAC096, we examined whether dimer formation is
required for the activation of transcription. Dimerization of DNA
binding domains is the common feature of NAC TFs (Ernst et al.,
2004). The N-terminal DNA binding domain of ANAC096 showed
a high degree of sequence homology to that of ANAC019, in-
cluding the residues responsible for the salt bridge at the di-
merization interface (see Supplemental Figure 8 online), raising
the possibility that ANAC096 also forms a dimer. To support this
idea at the biochemical level, we generated deletion [ANAC096N
(d2-10)] or substitution [ANAC096N(R11A/E18A)] mutants of the
ANAC096 N-terminal domain (ANAC096N). The deletion mutant
was generated by deleting an N-terminal nine–amino acid region
that is crucial for the antiparallelb-sheet, whereas the substitution
mutant was generated by substituting Arg-11 andGlu-18with Ala
residues. Arg-11 and Glu-18 are responsible for the formation of
the two prominent salt bridges at the dimer interface (Ernst et al.,
2004; Olsen et al., 2005b). Recombinant wild-type and mutant
forms of ANAC096N taggedwith His epitopewere incubatedwith
recombinant GST or GST-ANAC096 bound to beads. Wild-type
ANAC096Nwasdetected in theprecipitates (Figure5C). By contrast,
the deletion and substitution mutant proteins were not detected
in the precipitates. These results indicate that ANAC096N forms
a dimer similar to ANAC019 (Olsen et al., 2005b), but these mu-
tants cannot make the homomeric interaction. To examine whether
the dimerization of ANAC096 is crucial for binding to NACRS, we
performed EMSA using oligonucleotide A1, which has a single
binding site. Compared with ANAC096N, which showed slow-
migrating bands, two mutant forms of ANAC096N that cannot
make the homomeric interaction failed to bind to the single
NACRS, indicating that the dimerization of ANAC096 through the
conserved dimerization interface is necessary for DNA binding
(Figure 5D).

Next, we examined whether these NACRSs were required for
ANAC096-mediated transcriptional activation. We generated a re-
porter chimeric construct, RD29A50pro: luciferase (LUC), by fusing
the299- to250-bp promoter region ofRD29A (RD29A50pro) to the
LUC gene (Figure 5E). The three mutant forms ofRD29A50pro used
in the EMSA experiments also were included. The wild-type or
mutant forms of RD29A50pro:LUC were cotransformed into pro-
toplasts fromANAC096-inducible transgenic plants alongwith

UBQ10pro:GUS, a chimeric construct of GUS under the control of
the UBQ10 promoter, using the polyethylene glycol–mediated
transformationmethod (Hyunjong et al., 2006).UBQ10pro:GUSwas
used to monitor transformation efficiency (Figure 5E). After
transformation, protoplastswere incubated for 23hand thenwere
incubated for anadditional hour in thepresenceof 30mMDex. The
expression of ANAC096was induced for only 1 h to minimize any
secondary effects on the transcription of the reporter gene
through the activation of dehydration stress signaling. The tran-
script levels of LUC were then determined by qRT-PCR. Total
RNA isolated from the protoplasts was used for qRT-PCR anal-
ysis, and the transcript levels of LUC were normalized against
those ofGUS. The LUC transcript levels expressed from the wild-
type RD29A50pro in ANAC096 protoplasts increased ;2.5-fold
compared with those in the empty vector controls (Figure 5F). By
contrast, the two single mutant constructs showed only slightly
increased LUC expression, and the construct harboring muta-
tions at both sites failed to show any increase. This confirms that
ANAC096 activates transcription via the NACRSs within the
RD29A promoter. Of note, the substitution of the most upstream
located CGT to AAA did not affect RD29A promoter activity, in-
dicating that this sequence is not required for ANAC096 binding
(see Supplemental Figures 9A and 9B online). Moreover,
ANAC096 with the C-terminal deletion failed to induce the ex-
pression of LUC from intact RD29A50pro, confirming that the
C-terminal domain was involved in transcriptional activation (see
Supplemental Figure 10 online). Taken together, these results
demonstrate that ANAC096 activates transcription via recogni-
tion of the NACRSs within the RD29A promoter.

ANAC096 Directly Binds ABF2/4 and Has a Synergistic
Effect on Transcriptional Activation

Many ANAC096-inducible genes were also targets of ABFs (Choi
et al., 2000). The cis-acting ABRE element of ABFs overlapped
with or was located close to NACRSs in the 299- to 250-bp re-
gion of the RD29A promoter (Figure 5A). The results showed that
ABF2 and ABF4 directly bind to the RD29A promoter (see
Supplemental Figure 11 online). Together with the fact that
ANAC096was responsible for only part of the total ABA-mediated
activation ofRD29A, this result raised the possibility that ANAC096
and ABFs cooperate for the full activation of RD29A expression.
To test this idea, we examined whether ANAC096 and ABFs di-
rectly bind to each other by performing a protein pull-down ex-
periment using recombinant ABFs and ANAC096. Of the four
ABFs (ABF1 to 4),ABF1was induced only by cold stress, whereas
the other three ABFs were induced by osmotic stress (Fujita
et al., 2011). Thus, we examined whether any of these three os-
motic stress–induced ABFs binds to ANAC096. We expressed
ABF2, ABF3, and ABF4 as maltose binding protein (MBP) fusion
proteins and ANAC096 as a GST fusion protein in E. coli. Purified
GST-ANAC096 was incubated with MBP-ABF2, MBP-ABF3, or
MBP-ABF4, and the proteins were precipitated with glutathione-
agarose beads. GST alone was included as a negative control.
The precipitates were analyzed by immunoblotting using anti-
GST and anti-MBP antibodies. MBP-ABF2 and MBP-ABF4, but
not MBP-ABF3, were detected in the precipitates of GST-
ANAC096 (Figure 6A). This indicated that ANAC096 binds to
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ABF2 and ABF4, but not to ABF3, in vitro. To confirm this result in
vivo, the interaction between ABFs and ANAC096 was examined
using a bimolecular fluorescence complementation (BiFC) ap-
proach (Müller-Taubenberger and Anderson, 2007). Full-length
ANAC096 was fused to the C-terminal half of Myc-tagged Venus
(Myc-cV), and ABF2, ABF3, or ABF4 was fused to the N-terminal
half of HA-tagged Venus (nV-HA). These constructs were trans-
formed into plant protoplasts. In addition, NLS-RFP, a chimeric

red fluorescent protein (RFP) construct containing a nuclear lo-
calization signal (Lee et al., 2001), was included in the trans-
formation. When ANAC096-Myc-cV was cotransformed with
nV-HA-ABF2ornV-HA-ABF4, strongBiFCsignalswere observed
in both the cytosol and nucleus of protoplasts (Figure 6B). The
localization of these proteins in the nucleus was confirmed by
colocalizationwith NLS-RFP (Figures 6B and 6C; see Supplemental
Figure 12 online). By contrast, when ANAC096-Myc-cV was

Figure 5. ANAC096 Activates Transcription by Binding to the Consensus Core cis-Acting Elements at the RD29A Promoter.

(A) Nucleotide sequence containing the NACRS at the promoter region of RD29A from 299 to 250 bp. The letters in bold indicate the consensus
sequences of the NACRS at the promoter region of RD29A. The two consensus binding sites were mutated either individually (1A, 2A) or simultaneously
(1A/2A). The bases in lowercase letters indicate the mutated sequences in the RD29A promoter. WT, wild-type sequence.
(B) Binding of ANAC096 to NACRSs at the RD29A promoter. Purified GST-ANAC096N (1 mg) was incubated with 0.025 pmol 32P-labeled wild-type or
mutant fragments. GST alone was included as a negative control. Samples were analyzed by EMSA on 4 to 16% gradient gels, and the gels were
exposed to x-ray film.
(C) Dimer formation of ANAC096. GST-ANAC096 or GST alone (immobilized on glutathione-agarose beads) was incubated with His-ANAC096N, His-
ANAC096N(R11A/E18A), or His-ANAC096N(d2-10), and proteins bound to glutathione-agarose beads were precipitated. The precipitates were ana-
lyzed by immunoblotting using an anti-His antibody. Subsequently, the membrane was stained with Coomassie blue.
(D) The role of dimerization in the DNA binding. Purified His-ANAC096N, His-ANAC096N(R11A/E18A), or His-ANAC096N(d2-10) (1 mg) was incubated
with 0.025 pmol 32P-labeled 1A probe. Probe alone was used as a negative control. Samples were analyzed by EMSA on 4 to 16% gradient gels, and
the gels were exposed to x-ray film.
(E) Schematic representation of the constructs used for transient expression. Intact and mutated RD29A promoter fragments were inserted into the
upstream region of the LUC reporter gene. The GUS gene, which was used to normalize transformation efficiency, was placed under the control of the
UBQ10 promoter. ANAC096 was placed under the Dex-inducible promoter in the pTA vector. NOS-T, Nos terminator.
(F) Transcriptional activation of the RD29A promoter by ANAC096 through recognition of the consensus NACRSs. Protoplasts from transgenic plants
harboring pTA-ANAC096 or empty vector were cotransformed with reporter and normalizing plasmids, incubated for 23 h, and then incubated an
additional 1 h with 30 mM Dex. Total RNA from transformed protoplasts was used for qRT-PCR. The transcript level of LUC was normalized using that of
GUS. Error bars indicate SD (n = 3). Statistical analysis was performed. *P value < 0.01 (Student’s t test).
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cotransformed with nV-HA-ABF3, no BiFC signals were detected
(Figures 6B and 6C). These results indicate that ANAC096 inter-
acts directly with ABF2 and ABF4, but not with ABF3, in vivo.

To further test the role played by the interaction between
ANAC096 and ABFs in increasing transcriptional activation
during dehydration or osmotic stress, we again used the transient
expression system in protoplasts using RD29Apro:LUC as a re-
porter construct. When ANAC096 and ABF2 were introduced
separately into protoplasts, both induced the expression of LUC,
although ABF2 was more effective than ANAC096 (Figure 7A).
When both ANAC096 and ABF2 were cotransformed into pro-
toplasts, RD29A expression was more strongly induced; the
transcript levels of RD29A were much higher than the com-
bined values observed with ABF alone or ANAC096 alone
(Figure 7A). This suggests that the two TFs act synergistically,
rather than additively, in the induction of RD29A expression.
However, when ANAC019, another NAC protein involved in
dehydration stress responses, was cotransformed with ABF2,
it suppressed the ABF2-mediated expression of RD29A, in-
dicating that the interaction between different NACs and their
partners can give a different outcome in the expression of target

genes (Figure 7B). To further confirm this, we examined the
ability of ANAC096 to induce the RD29Apro:LUC expression in
the abf2 abf4 double mutant background. In abf2 abf4 double
mutant protoplasts, ANAC096 increased the transcript levels of
LUC only slightly, indicating that ANAC096 functions cooperatively
with ABF2 and ABF4 for the full induction of RD29A expression
(Figure 7C).
To find genetic evidence for this interaction, we generated

anac096 abf2 abf4 triple knockout plants. Previous studies
showed that abf2 abf4 double mutants were less sensitive to
exogenously applied ABA and more sensitive to dehydration
and osmotic stresses (Yoshida et al., 2010). When anac096 abf2
abf4 mutants were grown on plates supplemented with 10 mM
ABA, they displayed even greater hyposensitivity to exogenous
ABA compared with anac096 single mutant or abf2 abf4 double
mutant plants (Figures 8A and 8B). Moreover, anac096 abf2 abf4
plants showed higher sensitivity to mannitol (130 mM) than did
anac096 single mutant and abf2 abf4 double mutant plants
(Figures 8A and 8B). These results indicate that the two different
types of TFs act together to mediate responses to ABA and
osmotic stress.

Figure 6. Interaction of ANAC096 with ABF2 and ABF4 in Vitro and in Vivo.

(A) Interaction of ANAC096 with ABF2 and ABF4, but not with ABF3, in vitro. GST-ANAC096 or GST alone (immobilized on glutathione-agarose beads)
was incubated with MBP-ABF2, MBP-ABF3, and MBP-ABF4, and the proteins were precipitated. The precipitates were analyzed by immunoblotting
with an anti-MBP antibody. Subsequently, the membrane was stained with Coomassie blue. Asterisk indicates a nonspecific band that was often
copurified with GST-ANAC096 depending on the growth conditions of the E. coli.
(B) Interaction of ANAC096 with ABF2 and ABF4, but not with ABF3, in vivo. Protoplasts were transformed with the indicated constructs and BiFC
signals were observed under a fluorescence microscope. NLS-RFP was included as a marker for the nucleus. YFP, yellow fluorescent protein. Bars =
20 mm.
(C) Expression of proteins from the BiFC constructs. Protein extracts from protoplasts transformed with the indicated BiFC constructs were analyzed by
protein gel blotting using anti-HA and anti-Myc antibodies.
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DISCUSSION

The Arabidopsis genome encodes a large number of NAC TFs,
which can be classified into 10 groups, with some groups being
divided further into subgroups (Olsen et al., 2005a; Jensen et al.,
2010; Nakashima et al., 2012). NAC TFs act as either transcrip-
tional activators or repressors in various physiological processes,
including abiotic and biotic stress responses, hormone signaling,
and development (Olsen et al., 2005a; Lu et al., 2007; Hao et al.,
2010). Previous studies demonstrated that ectopic expression of
ANAC019, ANAC055, ANAC072, A. hypogaea NAC2, and soy-
bean NAC20 led to the induction of the dehydration-responsive
genes COR47, RD29B, ERD11, RD29A, RAB18, and ADH1 (Tran
et al., 2004; Jensen et al., 2010; Hao et al., 2011; Liu et al., 2011).
However, sequence homology alone is insufficient for deter-
mining their physiological roles and transcriptional specificities.
NAC TFs regulate the expression of both ABA-dependent and
ABA-independent genes even during abiotic stress responses
(Tran et al., 2004; Hao et al., 2010; Jensen et al., 2010; Puranik
et al., 2011, 2012). In this study,we demonstrated that theNACTF
ANAC096 is a positive component of the ABA-dependent sig-
naling pathway involved in adaptation todehydration andosmotic
stress. This conclusion was based on the results showing that
anac096 loss-of-function mutants exhibited hyposensitivity to

exogenous ABA and increased sensitivity to dehydration stress
during germination and postgermination growth, whereas ANA-
C096OX plants exhibited hypersensitivity to exogenous ABA and
enhanced resistance to dehydration stress. Because ANAC096
is a TF, it likely plays a role in osmotic stress responses by reg-
ulating gene expression. Indeed, a major proportion of ABA-
induced genes is also upregulated by ANAC096, suggesting
that ANAC096 acts as a transcriptional activator in the ABA-
dependent signalingpathwayunderdehydrationstressconditions.
Therewere alsogenes thatwereupregulated byANAC096but not
by ABA. They are involved in cell organization, oxidative stress,
photosynthesis, and defense responses. However, some of them
are known to be regulated by ABA (Ton et al., 2009; Kar, 2011;
Sreenivasulu et al., 2012; Tseng et al., 2013). It is possible that
many of these genes in this group may be transcriptionally acti-
vated by ABA at a later time point or higher ABA concentration
than we used. Of course, some of these genes show truly ABA-
independent expression. Further studies are necessary to clarify
this. In addition to these genes upregulated by ANAC096, a large
number of genes were suppressed by induction of ANAC096.
Genes involved in auxin stimulus and shoot development belong
to this category. Considering that ANAC096 functions as a tran-
scriptional activator, the genes downregulated by ANAC096 may
belong to the secondary targets of ANAC096-induced genes.

Figure 7. Synergistic Activation of RD29A Expression in Protoplasts by ANAC096 and ABF2.

(A) and (B) The effect of coexpressing ANAC096 or ANAC019 with ABF2 on the induction of RD29A. Protoplasts from wild-type plants were trans-
formed with ANAC096 and ABF2 (A) or ANAC019 and ABF2 (B), and total RNA from the transformed protoplasts was used to qRT-PCR to measure the
transcript levels of RD29A. ACT2 was used as an internal control for qRT-PCR. Error bars indicate SD (n = 3).
(C) Effect of the abf2 abf4mutations on ANAC096-mediated transcriptional activation of RD29A. Protoplasts from wild-type (WT), abf2 abf4, ANAC096/
abf2 abf4 (pTA-ANAC096 crossed with abf2 abf4), and ANAC096 (pTA-ANAC096) plants were cotransformed with RD29Apro:LUC and UBQ10pro:GUS
and incubated in the presence of DMSO or Dex (30 mM) for 1 h. Total RNA from the protoplasts was subjected to qRT-PCR analysis to measure the
transcript levels of LUC. The expression level was normalized using the transcript level of GUS. Error bars indicate SD (n = 3).
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However, we cannot rule out the possibility that ANAC096directly
suppresses these genes, which should be clarified in the future.

NAC TFs recognize a conserved consensus sequence known
as the NACRS (Simpson et al., 2003; Tran et al., 2004). ANAC096
bound to two NACRSs at the promoter region of RD29A. How-
ever, ANAC096 may not recognize all NACRS sequences be-
cause it does not induce the expression of ERD1, which harbors
the conserved NACRS in its promoter region. The ERD1 expres-
sion is induced by ANAC019, another NAC TF (Tran et al., 2004;
Jensen et al., 2010). According to phylogenetic tree analysis,
ANAC096 belongs to NAC group IV-1 TFs, whereas ANAC019,
ANAC055, and ANAC072 belong to NAC group III-3 TFs (Jensen
et al., 2010). This raises the possibility that individual proteins
belonging to different NAC groups may have differential binding
affinity for NACRS. Indeed, VOZ TFs require a pair of palindromic
DNA sequences for appropriate DNA binding; however, in the
case of ANAC019, a single NACRS is sufficient for DNA recog-
nition (Mitsuda et al., 2004; Tran et al., 2004; Olsen et al., 2005b).
Similarly, ANAC096 binds to a single NACRS. However, it is not

fully understood how this would occur at the molecular level. One
possibility is that this could be determined by sequence variation
within NACRSs. Alternatively, cofactors may contribute to the
recognition of the cis-acting elements. Another characteristic
feature of NAC proteins in the DNA binding is that they bind to
DNA as a dimer. The N-terminal region contains the highly con-
served dimer interface composed of two short antiparallel
b-sheets and twoprominent salt bridges formedby the conserved
Arg and Glu residues (Ernst et al., 2004; Olsen et al., 2005b).
ANAC096 also forms a dimer in vitro. Moreover, the dimer for-
mation is crucial for its binding to DNA. Consistent with this ob-
servation, the amino acid residues critical for dimerization are
conserved in ANAC096 and show a high degree of sequence
similarity with that of ANAC019, ANAC055, and ANAC072 be-
longing to NAC group III-3 TFs.
Often, many different types of TFs regulate the expression of a

particular gene. Therefore, fine-tuning among these different types
of TFs is necessary; this is thought to occur through the for-
mation of enhanceosome complexes that stabilize protein–protein

Figure 8. The anac096 Mutation Enhances the Phenotype of the abf2 abf4 Double Mutant under Conditions of Exogenous ABA Application and
Osmotic Stress.

(A) Phenotype of the indicated mutant plants. The seedlings grown on half-strength MS plates for 3 d were transferred onto MS plates supplemented
with DMSO, 10 mM ABA, or 130 mM mannitol and grown vertically for 12 d. White underbars indicate the root tip region. Vertical bars = 2 cm. WT, the
wild type.
(B) Quantification of the mutant phenotypes. To quantify the phenotypes, root length was measured in a triplicate experiment with 20 plants per
experiment. Error bar indicate SD (n = 3). Statistical analysis was performed between wild-type and anac096 plants, between wild-type and abf2 abf4
plants, or between wild-type and anac096-1 abf2 abf4 triple mutant plants. *P value < 0.01 (Student’s t test).
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and protein–DNA contacts (Martinez and Rao, 2012). Previous
studies suggested that NAC TFs form heterodimers with other
TFs (Duval et al., 2002; Lee et al., 2010). ANAC096 interacts
with ABF2 and ABF4, which belong to the bZIP-type TF family
and play a crucial role in the transcription of many ABA- and
dehydration stress–inducible genes (Choi et al., 2000; Kim
et al., 2004; Fujita et al., 2005). However, ANAC096 did not
interact with ABF3, suggesting that ANAC096 interacts specifi-
cally with other TFs. Similarly, a previous study showed that
DREB1A and DREB2A bind to ABF2 and ABF4 but not ABF3
(Lee et al., 2010). Currently it is not clearly understood how this
differential interaction occurs among the members of ABFs.
Similarly, ABFs also form homodimers and heterodimers to
regulate transcriptional activation (Lee et al., 2010). The in-
teraction of ANAC096 with ABFs resulted in the synergistic
activation of the common target gene RD29A. However, the fact
that ANAC019 has an antagonistic relationship with ABF2 sug-
gests differential cooperation among different NACs and other
types of TFs. This conclusion is also supported by a recent
publication showing that ANAC019 physically interacts with
a zinc finger homeodomain, ZFHD1, thereby synergistically ac-
tivating the expression of ERD1 (Tran et al., 2007). ANAC096
also functions independently of ABFs. This conclusion is based
on the fact that overexpression of ANAC096 caused ABA-
mediated growth suppression in abf2 abf4 double mutant plants,
although this suppression was less severe in abf2 abf4 double
mutant plants than that in wild-type plants. The interaction
among these highly conserved TFs raises an intriguing question
of how they exert specificity toward their binding partners. De-
spite the fact that ANAC096 and ANAC019 share the highly
conserved NAC DNA binding domain, they interact with different
partners (Tran et al., 2007), which suggests that the C-terminal
variable domain of ANAC096 is responsible for the specific
binding to its partners. This idea was also supported by a pre-
vious study showing that the ANAC096-interacting protein TPL
can recognize the repression domains of other TFs but not their
DNA binding domains (Causier et al., 2012). Similarly, although
the bZIP DNA binding domains of ABFs are highly conserved,
different ABFs have different transactivation activities and dif-
ferent binding partners (Lee et al., 2010; Yoshida et al., 2010),
which also suggests that the transactivation domain of ABFs
confers specificity to their interactions with their partners. The
interaction of ANAC096 with ABF2/4 raises an interesting
question of why plants use such interactions in abiotic stress
responses. Under abiotic stress, plants need to rapidly adjust
their gene expression profile to optimize their physiological fit-
ness for survival (Zhu, 2001). For robust responses to these
abiotic stresses, it is clearly advantageous to employ multiple
pathways that employ different TFs (Choi et al., 2000; Chen
et al., 2012; Mizoi et al., 2012; Nakashima et al., 2012; Puranik
et al., 2012). Multiple synergistic interactions between different
pathways could be critically important for eliciting the diverse
outputs in terms of specificity and amplitude. Thus, the interplay
between different types of TFs, as observed in the case of
ANAC096 and ABFs, may be an essential part of the mechanism
for adapting to abiotic stress. Further work, including the iden-
tification of the full range of target genes regulated by ANAC096,
will be necessary to understand the exact mechanism via which

ANAC096 intervenes in dehydration stress responses mediated
by ABA signaling in plants.

METHODS

Plant Growth

Arabidopsis thaliana plants (ecotype Columbia) were grown either on
Murashige and Skoog (MS) plates at 23°C in a culture room or in
a greenhouse with 70% relative humidity and a 16-h/8-h light/dark cycle.
Plants were harvested and frozen immediately in liquid nitrogen for RNA
preparation. For ABA treatment, plants grown in MS liquid medium for 1
week were treated with 100 mMABA, as described previously (Jang et al.,
1998; Piao et al., 1999). To determine the germination rate, sterilized
seeds were planted on one-half-strength MS medium containing 1% Suc
and different concentrations of ABA. Germination rates were scored
based on radicle protrusion and the greening of expanded cotyledons. For
growth measurements, 3-d-old seedlings grown on one-half-strength MS
agar plates were transferred to one-half-strength MS agar plates sup-
plemented with 10 mM ABA. Root growth was measured 12 d after
transplantation. Similarly, growth measurements of wild-type, anac096,
abf2 abf4, and anac096 abf2 abf4 mutant plants were conducted in one-
half-strength MS agar plates supplemented with DMSO, 10 mM ABA, or
130 mM mannitol. To determine the expression patterns of ANAC096 in
different conditions, plants grown on agar plates were treated with 10 mM
ABA, incubated for 1 and 2 h in a chamber with 30% relative humidity,
300 mMmannitol, and a cold chamber (4°C). To examine the expression
of ABA-responsive genes, wild-type and anac096mutant plants grown in
liquid medium were treated with 100 mM ABA for 1 h, and the expression
levels of RD29A, RD29B, and COR47 were determined at varying time
points. For statistical analysis, at least three independent experiments were
performed. P values were calculated using the Student’s t test.

Screening of Mutants

Transgenic Arabidopsis plants showing green cotyledons on MS plates
supplemented with 1 mM ABA were isolated from a pool of activation-
tagging transgenic plants (Weigel et al., 2000). To determine the T-DNA
insertion site, the T-DNA (together with the flanking region) was isolated
from genomic DNA of mutant plants using the plasmid rescue method
(Weigel et al., 2000). The flanking regions of the T-DNA insertion sites were
sequenced to identify the target genes.

Construction of Plasmids

ANAC096 cDNAwas isolated from a cDNA library by PCR using the gene-
specific primers ANAC096F (XbaI) and ANAC096F (BamHI). PCR prod-
ucts were inserted into a plant binary pCsV1300 vector (Invitrogen), which
harbors the cassava vein mosaic virus promoter, via the XbaI and BamHI
sites. To generate pTA-ANAC096, PCR products were inserted into the
pTA7002 binary vector via the XhoI and SpeI sites. To generate the
ANAC096-GFP construct, ANAC096 cDNA without a termination codon
was ligated in frame to the N terminus of green fluorescent protein (GFP) in
the plant expression vector 326-GFP (Jin et al., 2001; Kim et al., 2001)
via the XbaI and BamHI sites. To generate GAL4-ANAC096F, GAL4-
ANAC096N, andGAL4-ANAC096C, the full-length, N-terminal region and
C-terminal region of ANAC096 were generated by PCR using the primers
GAL4F and GAL4R, GAL4NF and GAL4NR, and GAL4CF and GAL4CR,
respectively, and were inserted into the pGBKT7 vector via the NdeI and
PstI sites. The DNA fragment containing 100 bp (21 to 299 nucleotide
positions) of the RD29A promoter region was generated by PCR using
primers RD29ApF and RD29ApR. RD29A-50 (a fragment containing from
250 to 299 nucleotide positions of the RD29A promoter) and its three
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substitutionmutantsRD29A-50[1A] (1A),RD29A-50[2A] (2A), andRD29A-
50[1A/2A] (1A/2A), carrying the AAAA substitution at the first, second,
or both of NACRS sites, respectively, were amplified by PCR. The pri-
mers used were RD29A-50[1A]F and RD29A-50[1A]R for RD29A-50[1A];
RD29A-50[2A]F and RD29A-50[2A]R for RD29A-50[2A]; and RD29A-50
[1A]F and RD29A-50[1A]R, and RD29A-50[2A]F and RD29A-50[2A]R for
RD29A-50[1A/2A]. For RD29A[CGT/AAA]pro, fragments were amplified
using specific primers RD29A[CGT/AAA]pF and RD29A[CGT/AAA]pR. To
constructGST-ANAC096, the ANAC096 fragment was produced by PCR
using primers GST-ANAC096F and GST-ANAC096R, and the PCR
product was ligated into pGEX-5X via the BamHI and SalI sites. To
generate MBP-ABF2, MBP-ABF3, and MBP-ABF4, the fragments for
ABF2,ABF3, andABF4were generated by PCR using the specific primers
MBP-ABF2F and MBP-ABF2R, MBP-ABF3F and MBP-ABF3R, and
MBP-ABF4F and MBP-ABF4R, respectively. The fragments were ligated
into pMAL-c2X via the BamHI and SalI sites for ABF3 and via the EcoRI
and SalI sites for ABF2 and ABF4. For His-ANAC096N, His-ANAC096N
(R11A/E18A), and His-ANAC096N(d2-10), the corresponding DNA frag-
ments were amplified by the pair of primers His-ANAC096NF(BamHI)
and His-ANAC096NR(EcoRI), His-ANAC096N(R11A/E18A)F and His-
ANAC096N(R11A/E18A)R, His-ANAC096N(d2-10)F and His-ANAC096N
(d2-10)R, respectively. The PCR fragments were ligated to pRSET di-
gested with BamHI and EcoRI. For nV-HA-ABF2, nV-HA-ABF3, and nV-
HA-ABF4, ABF2, ABF3, and ABF4 were amplified by PCR using primers
nVenus-ABF2F and nVenus-ABF2R, nVenus-ABF3F and nVenus-ABF3R,
and nVenus-ABF4F and nVenus-ABF4R, respectively, and the PCR
products were ligated into nVenus via the BamHI site for ABF3 and via the
BamHI and EcoRI sites for ABF2 and ABF4. For ANAC096-Myc-cV,
ANAC096 was amplified using primers cVenus-ANAC096F and cVenus-
ANAC096R, and the PCR product was ligated into cVenus via the BamHI
and EcoRI sites. To generate the ANAC096pro:GUS construct, a 3.0-kb
fragment containing the promoter region of ANAC096 was amplified by
PCR using primers ANAC096pF and ANAC096pR, and the PCR product
was inserted into the binary vector pCAMBIA3301 (Invitrogen) via the
BamHI and NcoI sites. All the PCR products were sequenced to confirm
the nucleotide sequence. All primer sequences are listed in Supplemental
Table 1 online.

Generation of Transgenic Plants

The binary constructs pCAMBIA-ANAC096pro:GUS, pTA-ANAC096, and
pCSV1300-ANAC096were transformed into wild-type plants (Clough and
Bent, 1998). Transgenic plants were screened on MS plates supple-
mented with hygromycin (25 mg/L) or phosphinothricin (25 mg/L). To
generate anac096-1 abf2 abf4 triple mutants, anac096 was crossed with
abf2 abf4 double mutants, and triple mutants were screened by PCR-
mediated genotyping using primers abf2LP and abf2RP, abf4LP and
abf4RP, and anac096F and anac096R for abf2, abf4, and anac096 loci,
respectively.

Stomatal Aperture, Water Loss, and Survival Rate Measurements

Epidermalpeels fromrosette leaveswere incubated inasolutioncontaining
10 mMMES-Tris, pH 6.15, 50 mM CaCl2, and 10 mM KCl and exposed to
light (150mmolm22 s21) for 3 h. Subsequently, 0.5 or 1mMABAwasadded
to the solution to induce stomatal closure, and stomatal apertures were
measured 1 h after the treatment (Jeon et al., 2008). In each experiment,
measurementswere performedon120pairs of guard cells in the epidermal
peels from three different plants. To measure water loss, the aerial parts of
plants grown on plates for 10 d were excised and placed on a bench (30%
relative humidity), and the fresh weight of plants was measured (Xu et al.,
2012). Plants grown for 9 d in the soil under normal growth conditions
(watered)werekept inagreenhousewithoutwatering for14d (dehydration),

and the survival rates of plants were determined 3 d after rewatering (re-
hydration) (Xu et al., 2012). Five independent experiments were performed
with 16 plants per experiment.

qRT-PCR Analysis of Transcript Levels

Total RNA was prepared from plant tissues using an RNeasy plant mini
kit (Qiagen) and treated with TURBO DNase (Ambion). Total RNA was
reverse-transcribed into cDNA using a high-capacity cDNA reverse
transcription kit (Applied Biosystems). qRT-PCR was performed using
a SYBRGreen kit to detect transcript levels. ACT2was used as an internal
control. Primer sequences are listed in Supplemental Table 1 online. PCR
was performed in a 20-mL reaction volume containing 10 ng of cDNA,
0.5 mM of each primer, and 1 unit of Taq polymerase. Amplification
conditions were as follows: denaturation at 94°C for 4 min, followed by
30 cycles of 94°C for 15 s, 55°C for 30 s, and 72°C for 60 s

Yeast Transformation and Growth

The full-length, N-terminal, or C-terminal regions ofANAC096were ligated
to the vector pGBKT7containing theGAL4DNAbindingdomain. Theyeast
strain AH109 harboring the LacZ and His reporter genes was transformed
with GAL4BD-ANAC096F, GAL4BD-ANAC096N, or GAL4BD-ANAC096C.
Serial dilutionsof the transformedyeastcultureweredroppedontoSDplates
withorwithoutHis,andgrowthwasmonitored (OuwerkerkandMeijer, 2011).

Expression of GUS under the ANAC096 Promoter

To detect the expression of GUS from ANAC096pro:GUS in transgenic
plants, F2 plants from 10 independent transgenic lines were stained with
X-GLUC as previously described (Xu et al., 2012). To observe the tissue-
specific expression of ANAC096, whole plants were soaked in X-GLUC
solution at 37°C for 3 h. To examine the ABA- and dehydration stress–
induced expression, the ANAC096pro:GUS plants were treated with 10mM
ABA and 30% relative humidity conditions for 1 h and were subsequently
soaked in X-GLUC solution at 37°C for 1.5 h.

Purification of Recombinant Protein and EMSA

The fusion constructs GST, GST-ANAC096N, GST-ABF2, GST-ABF4,
His-ANAC096N, His-ANAC096N(R11A/E18), and His-ANAC096(d2-10)
were transformed into Escherichia coli BL21(DE3), and the transformed E.
coli cells were cultured overnight at 16°C in the presence of 1 mM iso-
propyl b-D-1-thiogalactopyranoside. Recombinant fusion proteins were
purified using glutathione-agarose (Thermo Scientific) beads or nickel-
nitrilotriacetic acid agarose beads (Qiagen). EMSA was performed
essentially as described previously (Ren et al., 2010). Briefly, purified
recombinant proteins GST, GST-ANAC096N, GST-ABF2, GST-ABF4,
His-ANAC096N, His-ANAC096N(R11A/E18), or His-ANAC096(d2-10) (1
mg) were incubated with 0.025 pmol of 32P-labeled probes RD29A-50
(wild type), RD29A-50[1A] (1A), RD29A-50[2A] (2A), or RD29A-50[1A/2A]
(1A/2A) in a total volume of 20 mL. The reaction mixtures were analyzed on
4 to 16% gradient gels (Native PAGE Novex 4 to 16% Bis-Tris gel; In-
vitrogen), and gels and blots were exposed to x-ray film.

Transient Expression in Protoplasts

Plasmid DNAs were prepared using Qiagen columns. Protoplasts were
prepared from leaf tissues from 1- to 2-week-old plants grown on MS
plates (Jin et al., 2001; Hyunjong et al., 2006). After transformation, GFP,
RFP, or BiFC signals were observed directly under a fluorescence mi-
croscope (Kim et al., 2001; Bae et al., 2008). To detect protein ex-
pression, transformed protoplasts were pelleted by centrifugation (500 rpm).
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Protein extracts were prepared by gentle lysis of transformed protoplasts
using sonication and analyzed by immunoblotting using appropriate an-
tibodies.Toexaminereportergeneexpression,protoplasts fromtransgenic
plantsharboringpTA-ANAC096oremptyvectorwere transformedwith the
appropriate reporter constructs and incubated for 23 h followed by 1-h
treatment with 30 mMDex. Transformed protoplasts were pelleted by low-
speed centrifugation (500 rpm). Total RNA was prepared using an RNA
extraction kit (Ambion) and used for qRT-PCR analysis by the comparative
cycle threshold method, in which LUC transcript levels were normalized
using the GUS transcript (Yuichi et al., 2000).

Protein Pull-Down Experiments

Forproteinpull-downexperiments,GSTaloneorGST-ANAC096(3mg)was
immobilized onto glutathionebeads and incubatedwithMBP-ABF2,MBP-
ABF3, MBP-ABF4, His-ANAC096N, His-ANAC096N(R11A/E18A), or His-
ANAC096N(d2-10) inbindingbuffer (20mMTris-HCl,pH7.5,150mMNaCl,
3 mMMgCl2, 1 mMDTT, and 0.1% Triton X-100) at 4°C for 3 h. The beads
were then washed three times with binding buffer. Subsequently, SDS-
PAGE sample buffer was added to the beads. The samples were boiled,
separated by SDS-PAGE, and analyzed by immunoblotting with an anti-
MBP antibody.

Microarray Experiments

pTAplants (12dold) cultured in liquidmediumwere treatedwith30mMDex
alonefor1h(Control)or30mMDexalonefor30minfollowedbyanadditional
treatmentof30minwithboth30mMDexand2mMABA.ForpTA-ANAC096
plants, 12-d-old seedlingswere treatedwith 30mMDex for 1 h (ANAC096).
Total RNAs were isolated from two biological replicates at each condition.
RNA integrity was evaluated using the Bioanalyzer 2100 (Agilent), and the
RNA integrity numbers were larger than 9.5 for all samples, which is suf-
ficient for gene expression analysis. RNA was reverse-transcribed and
amplified using the standard Agilent protocols and then hybridized to the
array (Agilent-031025 Arabidopsis 8x60k), which includes 62,976 probes
correspondingto28,949genes (TAIR10).Thegeneexpressiondatasetwas
deposited at the Gene Expression Omnibus database (GSE51218).

Statistical Analysis of Gene Expression Data

The probe intensities measured from the microarray experiments were
first converted into log2 intensities, which were then normalized using
quantile normalization (Bolstad et al., 2003). To identify present probes,
a Gaussian mixture model (one for present probes and the other for
absent probes) was fitted to distribution of the normalized log2 in-
tensities in each sample. The probes with intensities larger than a cutoff
in which two Gaussian distributions meet were determined to be
present. To identify differentially expressed genes (DEGs), an integrative
statistical method previously reported was applied (Chae et al., 2013). In
brief, Student’s t test and log2 median ratio test were performed to
calculate T values and log2 median ratios for all of the probes. Empirical
null distributions of T values and log2 median ratio were estimated by
random permutation experiments of the six samples (i.e., 90 possible
permutations). P values for T values and log2 median ratios were cal-
culated by two-tailed tests with their corresponding empirical dis-
tributions and then combined using the Stouffer’s method (Hwang et al.,
2005). The present genes with the combined P# 0.05 and absolute log2

fold changes larger than a cutoff (1.00; twofold change) were identified
as DEGs.

Enrichment Analysis of Gene Ontology Biological Processes

Before the enrichment analysis of Gene Ontology biological pro-
cesses (GOBPs), the DEGs under the ANAC096-induced condition were

categorized into four groups based on differential expression patterns
under ANAC096-induced and ABA-treated conditions: 1 and 2, the DEGs
whose expression increased or decreased commonly at both conditions;
3 and 4, the DEGs whose expression increased or decreased only in the
ANAC096-induced condition (Figure 4B; see Supplemental Figure 4B
online). For each group of DEGs, enrichment analysis of GOBPs was
performed to compute P values that indicate the significance of each
GOBP being represented by the genes using DAVID software (Huang
et al., 2009). GOBPs with P < 0.05 were identified as enriched processes
by the genes in each cluster.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
initiative or GenBank/EMBL databases under the following accession
numbers:ANAC096, At5g46590;RD29A, At5g52310;RD29B, At5g52300;
COR47, At1g20440; HVA22D, At4g24960; RAB18, At1g43890; NCED3,
At3g14440; HAI2, At1g07430; ABF2, At1g45249; ABF3, At4g34000; and
ABF4, At3g19290.
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The following materials are available in the online version of this article.

Supplemental Figure 1. Screening of anac096 Mutants Showing the
ABA-Hyposensitive Phenotype during Germination.

Supplemental Figure 2. The Tissue-Specific Expression Pattern of
ANAC096 Examined by GUS Staining and qRT-PCR Analysis.

Supplemental Figure 3. The Expression of ANAC096 and RD29A
Was Rapidly Induced in pTA-ANAC096 Plants by Dex.

Supplemental Figure 4. ANAC096 Negatively Regulates a Large
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Supplemental Figure 5. Comparison of Fold Changes between
ANAC096-Induced and ABA-Treated Conditions.

Supplemental Figure 6. Genes Identified from the Genome-Wide
Expression Profiling Show Complicated Networks with Respect to the
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Supplemental Figure 7. ANAC096 Functions as a Transcriptional
Activator in Yeast Cells.

Supplemental Figure 8. Amino Acid Sequence Alignment of ANAC096
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Supplemental Figure 9. The Most 59 CGT at RD29A Promoter Is Not
Required for Transcriptional Activation by ANAC096.
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