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The survival of plants as sessile organisms depends on their ability to cope with environmental challenges. Of key importance
in this regard is the phytohormone abscisic acid (ABA). ABA not only promotes seed dormancy but also triggers growth arrest
in postgermination embryos that encounter water stress. This is accompanied by increased desiccation tolerance.
Postgermination ABA responses in Arabidopsis thaliana are mediated in large part by the ABA-induced basic domain/leucine
zipper transcription factor ABA INSENSITIVE5 (ABI5). Here, we show that loss of function of the SWI2/SNF2 chromatin
remodeling ATPase BRAHMA (BRM) causes ABA hypersensitivity during postgermination growth arrest. ABI5 expression was
derepressed in brm mutants in the absence of exogenous ABA and accumulated to high levels upon ABA sensing. This effect
was likely direct; chromatin immunoprecipitation revealed BRM binding to the ABI5 locus. Moreover, loss of BRM activity led
to destabilization of a nucleosome likely to repress ABI5 transcription. Finally, the abi5 null mutant was epistatic to BRM in
postgermination growth arrest. In addition, vegetative growth defects typical of brm mutants in the absence of ABA treatment
could be partially overcome by reduction of ABA responses, and brm mutants displayed increased drought tolerance. We

propose a role for BRM in the balance between growth or stress responses.

INTRODUCTION

When seed dormancy is broken by the appropriate environ-
mental and endogenous cues, the radicle penetrates the seed
coat during germination (Bewley, 1997). The newly germinated
embryo next initiates a series of developmental changes prior to
entering the seedling developmental program (Bewley, 1997;
Lopez-Molina et al., 2001). Most notably, the germinated em-
bryo must ensure appropriate food and water supply by
switching to autotrophic growth (photosynthesis) and by elon-
gating the root, respectively. These reprogramming events oc-
cur during the first 48 h after dormancy is broken in the
postgermination embryo and culminate with seedling estab-
lishment and onset of vegetative development (Lopez-Molina
et al., 2001). During postgermination, the embryo is no longer
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protected by the seed coat and thus is particularly vulnerable to
drought stress. If plants encounter water stress during this de-
velopmental window, a growth arrest is triggered that helps
protect germinated embryos against water stress—-mediated cell
and tissue damage (Lopez-Molina et al., 2001). The growth ar-
rest and induction of the quiescent state involves similar sig-
naling and response mechanisms to those that operate during
seed development to induce desiccation tolerance and dor-
mancy (Lopez-Molina et al., 2001, 2002; Bensmihen et al., 2002;
Finkelstein et al., 2008).

When plants sense water stress, the levels of the stress hor-
mone abscisic acid (ABA) rise (Nambara and Marion-Poll, 2005).
ABA sensing triggers a signal transduction cascade that allows
SnRK2-type kinases to phosphorylate and activate basic do-
main/leucine zipper (bZIP) family transcription factors, which
leads to the upregulation of ABA-responsive element (ABRE)-
dependent gene expression (Cutler et al., 2010; Hubbard et al.,
2010; Raghavendra et al., 2010; Umezawa et al., 2010; Fujita
et al., 2011). Both ABA and the bZIP transcription factor ABI5 are
important for osmotic stress responses during late seed matu-
ration and for execution of the ABA-dependent growth arrest
prior to photosynthetic growth (Finkelstein and Lynch, 2000;
Lopez-Molina and Chua, 2000; Lopez-Molina et al., 2001;
Bensmihen et al., 2002; Brocard et al., 2002). ABA INSENSITIVES
(ABI5) is also implicated in control of radicle emergence (ger-
mination) (Lopez-Molina et al., 2001, 2002). Loss of ABI5 func-
tion causes reduced ABA sensitivity, whereas ectopic expression
of ABI5 enhances ABA sensitivity and drought resistance (Lopez-
Molina et al., 2001; Brocard et al., 2002). ABI5 expression is the
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most abundant in dry seeds and decreases during postgermination
development (Lopez-Molina and Chua, 2000; Lopez-Molina et al.,
2001; Finkelstein et al., 2005). Although ABI5 expression is low
after seedling establishment, ABI5 is induced upon drought
sensing also during vegetative development, in an ABA signal-
ing—dependent manner (Brocard et al., 2002; Zhu et al., 2007;
Nakashima et al., 2009; Mizoguchi et al., 2010; Gonzalez-Guzman
et al,, 2012).

Another key transcription factor important for establishment of
desiccation tolerance and dormancy is the B3 domain tran-
scription factor ABI3 (Parcy et al., 1997). ABI3 has also been
linked to regulation of germination (Parcy et al., 1994; Nambara
et al.,, 2000). Importantly, ABI3 has a key role in promoting
postgermination growth arrest under osmotic stress conditions
and acts upstream of ABJ5 in this process (Lopez-Molina et al.,
2002). ABI3 is abundant in maturing and mature seeds, but ABI3
mRNA and protein levels become undetectable upon seedling
establishment (Parcy et al., 1994; Perruc et al., 2007). ABI3
cannot be induced by ABA during vegetative development
(Nakashima et al., 2006).

Altered transcriptional responses to environmental stimuli,
such as abiotic stress, have been linked to chromatin regula-
tion (Chinnusamy and Zhu, 2009; Kim et al., 2010). Chromatin-
mediated control of inducible gene expression is performed by
two general types of activities. One mechanism involves enzymes
that covalently modify histones and/or the DNA, such as histone-
modifying enzymes or DNA (de)methylases (Li et al., 2007). A
second general mechanism for chromatin-mediated control of
inducible gene expression is noncovalent alteration of the nucle-
osome position, occupancy, conformation, and composition by
chromatin remodeling ATPases. Among the chromatin remodeling
ATPases, the SWI2/SNF2 subgroup has been studied exten-
sively (Li et al., 2007; Clapier and Cairns, 2009; Hargreaves and
Crabtree, 2011).

SWI2/SNF2 subgroup ATPases are conserved from yeast to
humans and plants (Flaus et al., 2006). Plant genomes contain
three types of SWI2/SNF2 subgroup chromatin remodeling
ATPases, which are called BRAHMA (BRM), SPLAYED (SYD),
and MINUSCULE (MINU) (Flaus et al., 2006; Jerzmanowski,
2007; Kwon and Wagner, 2007; Sang et al., 2012). SWI2/SNF2
ATPases act in large protein complexes that are required for full
activity in vivo and use the energy derived from ATP hydrolysis
to alter histone-DNA interactions (Clapier and Cairns, 2009;
Hargreaves and Crabtree, 2011). SWI2/SNF2 complexes can
increase or decrease accessibility of the genomic DNA and
hence activate or repress transcription, respectively (Tang et al.,
2008; Clapier and Cairns, 2009; Hargreaves and Crabtree,
2011). Selectivity of SWI2/SNF2 activity is due to recruitment
to target loci by sequence-specific proteins and/or regulation
of complex activity by posttranslational modifications or com-
plex composition (Clapier and Cairns, 2009; Hargreaves and
Crabtree, 2011).

Constitutive activation of ABA signaling by removing negative
regulators of the ABA pathway or by enhancing transcriptional
response to ABA causes ABA hypersensitivity and enhanced
drought tolerance (Lopez-Molina et al., 2001; Kang et al., 2002;
Fujita et al., 2005; Rubio et al., 2009). However, it also causes
impaired growth under normal growth conditions (Kang et al.,
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2002; Fujita et al., 2005). This is because the abiotic stress re-
sponses divert resources from normal growth and development
(Boyer, 1982; Grill and Ziegler, 1998; Cramer et al., 2011; Less
et al., 2011). It is therefore critical that desiccation responses are
repressed in nonstress conditions. Here, we describe a role for
the Arabidopsis thaliana BRM SWI2/SNF2 chromatin remodeling
complex components in direct transcriptional repression of ABI5
during postgermination development. BRM promotes high oc-
cupancy of a well-positioned nucleosome at the ABI5 locus,
which may contribute to repression of ABI5 expression in the
absence of exogenous ABA. Consistent with these findings, ger-
minated brm mutant embryos display enhanced ABA-mediated
growth arrest. This brm phenotype is dependent on ABI5 activity.
Derepression of ABI5 in brm is also observed later during vege-
tative development and adversely affects growth of brm mutants.
Our data reveal a mechanism for chromatin-mediated regulation
of appropriate water stress responses prior to seedling estab-
lishment and during vegetative growth.

RESULTS

Increased ABA Sensitivity in brm Mutants

To investigate a possible link between SWI2/SNF2-dependent
chromatin remodeling complexes and postgermination ABA
responses, we probed the effect of mutations in each of the four
Arabidopsis SWI2/SNF2 ATPases, SYD, BRM, MINU1, and
MINU2 (Farrona et al., 2004; Flaus et al., 2006; Sang et al., 2012)
on ABA-dependent growth arrest. Of all mutants tested, those in
BRM displayed the most dramatic change in ABA sensitivity
relative to the wild type (see Supplemental Figures 1A and 1B
online). We therefore focused further analyses on the role of the
BRM complex in ABA-mediated postgermination growth in-
hibition.

After germination of brm-3 hypomorphic (Farrona et al., 2007)
mutants on agar plates containing submicromolar ABA con-
centrations, the mutant germinated embryos failed to develop
green cotyledons and the first pair of true leaves at the lowest
ABA concentration tested (Figures 1A and 1B). The wild type did
not display growth arrest in this condition. Moreover, when we
transferred brm-3 and brm-1 null (Hurtado et al., 2006) mutants
to plates containing ABA, the growth of the primary root of was
inhibited by ABA to a greater extent than wild-type roots (Fig-
ures 1C and 1D). Thus, relative to the wild type, brm mutants
were hypersensitive to ABA.

The evolutionally conserved SWI2/SNF2 core complex con-
sists of one ATPase, two SWI3 subunits, and one SNF5 com-
plex component (Phelan et al., 1999; Jerzmanowski, 2007;
Kwon and Wagner, 2007; Hargreaves and Crabtree, 2011). The
Arabidopsis genome encodes four SWI3 subunit genes (called
SWIBA-D) and one SNF5 subunit gene (termed BUSHY) (Brzeski
et al., 1999; Sarnowski et al., 2005). The morphological defects
observed in brm null mutants are very similar to those of swi3c
null mutants (Sarnowski et al., 2005; Archacki et al., 2009).
Moreover, BRM and SWI3C show strong direct physical in-
teraction (Hurtado et al., 2006), suggesting that SWI3C may
be a dedicated BRM complex component. Therefore, we next
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Figure 1. brm Mutants Are Hypersensitive to ABA.

(A) The percentage of germinated embryos that developed green cotyledons in the presence of 0.5 or 0.8 yM ABA in the wild type (WT) and in the
hypomorph brm-3 mutant. Values are mean =+ st from three independent experiments. Asterisks indicate statistical significance compared with wild-

type values based on x? test (n = 250, P < 1E-10).

(B) Representative pictures for the data shown in (A). Photographs were taken 11 (MS) and 18 (ABA) d after stratification.

(C) Root growth inhibition of brm-1 null and brm-3 hypomorph mutants. Values are mean *+ se from two independent experiments. Asterisks indicate
statistical significance compared with wild-type values based on one-tailed Student’s t test (n = 10, P < 0.001).

(D) Representative pictures for data shown in (C). Photographs were taken 10 d after stratification.

examined the role of SWI3C and BUSHY (BSH) in postgermination
ABA responses. Null swi3c-2 mutants (Sarnowski et al., 2005)
showed an ABA-hypersensitive phenotype similar to brm
mutants both with respect to cotyledon greening (Figures 2A
and 2B) and growth of the primary root (Figures 2C and 2D).
Likewise, the hypomorphic bsh-1 mutant (Tang et al., 2008)
displayed ABA hypersensitive growth arrest (Figures 2E and
2F).

We next examined seed germination (radicle emergence)
in brm mutants relative to the wild type using a range of ABA
concentrations. In radicle emergence assays (Mdller et al.,
2006), brm-3 hypomorphic mutants did not display significantly
altered sensitivity to ABA (see Supplemental Figure 2A online).
By contrast, brm-1 null mutants were significantly more sensi-
tive to low ABA concentrations than the wild type with respect to
germination (see Supplemental Figure 2B online). The combined
data suggest that BRM affects germination and postgermination
response to ABA with a very prominent role for BRM in cotyle-
don greening.

Derepression of ABA-Responsive Genes in the Absence of
the Stress Hormone in brm Mutants

To gain insight into the molecular underpinnings of the observed
brm mutant ABA hypersensitivity, we analyzed the expression of
ABA-responsive genes in brm-3 mutant and wild-type embryos
during postgermination development. We employed the hypo-
morphic brm-3 allele because, unlike the brm-1 null mutant, it is
fertile and thus facilitates testing of homozygous mutant em-
bryos. We examined expression of the bZIP transcription factor
ABI5 and the B3 transcription factor ABI3, key regulators of

dormancy and desiccation tolerance in germinated embryos
(Giraudat et al., 1992; Parcy et al., 1997; Finkelstein and Lynch,
2000; Lopez-Molina and Chua, 2000; Lopez-Molina et al., 2001,
2002). In addition, we quantified expression of the bZIP tran-
scription factor ABF3, which has been shown to act in part in
a pathway parallel to ABI5 (Kang et al., 2002; Finkelstein et al.,
2005; Yoshida et al., 2010) and HY5, a component of the light
signal transduction pathway and direct upstream regulator of
ABI5 (Chen et al., 2008). Gene expression was examined in
plants grown in continuous light at day 1.5 and day 2.0 after
stratification. These time points were chosen because growth
arrest is triggered by ABA only before seedling establishment, in
the first 48 h after stratification (Lopez-Molina et al., 2001). We
observed derepression of ABI5 expression in brm-3 relative to
the wild type at both time points (4.4-fold and 3.1-fold at days
1.5 and 2, respectively; Figure 3A). The level of ABI5 mRNA was
also much higher in brm-3 mutants relative to the wild type 1 h
after ABA sensing; however, the rate of ABI5 induction by ABA
was similar in both genotypes (5.2-fold and 5.1-fold at day 1.5 in
the wild type and in brm-3, respectively; Figure 3A). ABI3 ex-
pression, by contrast, was strongly derepressed only at day 1.5
in brm-3 mutants relative to the wild type. At day 2, ABI3 de-
repression in brm mutants and induction by ABA was much less
pronounced. Again, there was no increase in the fold induction
of ABI3 expression by ABA in the brm mutant relative to the wild
type. ABF3 expression was only marginally increased in brm-3 in
any condition tested, while HY5 expression was not at all altered
in the brm-3 mutant (Figure 3A). Thus, partial loss of BRM
function led to altered expression of select ABA-responsive
genes; most notably derepression of ABI5 and ABI3 expression
in the absence of exogenous ABA application.
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Figure 2. swi3c-2 and bsh-1 Mutants Are Hypersensitive to ABA.

(A) The percentage of germinated embryos that developed green coty-
ledons in the presence of 0.5 uM ABA in the wild type (WT) and in the
swi3c-2 mutant. Asterisks indicate statistical significance based on x?
test (n = 100, P < 1E-10).

(B) Representative pictures for data shown in (A) 7 d after stratification.
(C) Root growth inhibition of the wild type and in the swi3c-2 mutant in
the presence of 10 uM ABA relative to that observed on MS media.
Asterisks indicate statistical significance based on Student’s t test (n =
20, P < 0.001).

(D) Representative pictures for data shown in (C) 10 d after stratification.
(E) The percentage of germinated wild-type and bsh-71 embryos that
developed green cotyledons in the presence of 0.5 uM ABA. Values are
mean = st from two independent experiments. Asterisks indicate sta-
tistical significance based on x? test (n = 200, P < 1E-10).

(F) Representative pictures for the data shown in (E) 5 d after stratifi-
cation.

BRM Directly Represses Transcription of ABI5

Since SWI/SNF complexes can both activate and repress tran-
scription (Kwon et al., 2005; Tang et al., 2008; Hargreaves and
Crabtree, 2011), it is possible that the effect of BRM on ABI5 and
ABI3 mRNA accumulation in the absence of the stress hormone
is direct. The expression of BRM was consistent with a possible
role in regulation of gene expression at this stage. BRM was
expressed in both 1.5- and 2-d-old germinated embryos (Figure
3B). To test for binding of BRM to either the ABI5 or the ABI3
locus, we used a green fluorescent protein (GFP)-tagged bi-
ologically active version of BRM (ProBRM:BRM-GFP; Wu et al.,
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2012), which fully rescued the morphological defects of the brm-1
null mutant and displayed wild-type levels of BRM expression
(Figure 3C). Using the brm-1 ProBRM:BRM-GFP as a substrate
for chromatin immunoprecipitation (ChlIP), we detected strong
BRM binding to the ABI5 promoter and to the promoter proximal
exon 1 of ABI5, but not to exon 2 (Figures 3D and 3E). In addition,
we detected BRM association with the promoter of ABI3 (Figures
3D and 3E). To confirm these results, we generated an Hemag-
glutinin (HA)-tagged version of BRM, which rescued the brm-1
null mutant and displayed wild-type levels of BRM expression
(see Supplemental Figure 3A and Supplemental Methods 1
online). ChIP using brm-1 ProBRM:BRM-HA yielded qualita-
tively similar results as brm-1 ProBRM:BRM-GFP (cf. Figure
3E and Supplemental Figure 3B online). The association of
BRM with the ABI5 and ABI3 loci, in combination with the ob-
served derepression of ABI5 and ABI3 expression in brm mutants,
supports the hypothesis that BRM directly acts on ABI5 and ABI3
expression. Two of the BRM-bound regions (p1 in ABI5 and p1 in
ABI3) contain ABREs (Figure 3D), cis-elements known to be in-
volved in ABA-induced transcriptional responses (Yamaguchi-
Shinozaki and Shinozaki, 2005; Gémez-Porras et al., 2007).
We observed high BRM binding at the two loci both in the ab-
sence and in the presence of ABA treatment (Figure 3E). This
finding was surprising, given that the main effect of loss of BRM
activity is derepression of ABI5 and ABI3 expression in the ab-
sence of ABA treatment (Figure 3A). The data suggest that BRM
is constitutively bound to the ABI5 and the ABI3 locus.

ABI5 Acts Downstream of BRM and Is Required for brm
ABA Hypersensitivity

Prior molecular and genetic experiments have shown that ABI3
acts upstream of ABI5 in the ABA-mediated growth arrest of
germinated embryos (Lopez-Molina et al., 2002). To elucidate the
placement of BRM in this genetic pathway, we generated a dou-
ble mutant between brm-3 and the abi5-7 null mutant (Yamagishi
et al., 2009). The brm-3 allele was employed so we could assay
the response in homozygous germinated embryos. While brm-3
was hypersensitive to ABA with respect to inhibition of cotyledon
greening, abi5-7 was not responsive to any of the ABA concen-
trations tested (Figures 4A and 4B), consistent with previous re-
ports (Nambara et al., 2002). Interestingly, the brm-3 abi5-7
double mutant was also not responsive to any of the ABA con-
centrations tested; like abi5-7, it developed green cotyledons
even at the highest dose of ABA tested (Figures 4A and 4B). The
data suggest that, with respect to cotyledon greening, ABIS is
epistatic to BRM. This finding, combined with the observed ABI5
derepression in brm mutants and BRM binding to the ABI5 locus,
support the hypothesis that ABI5 acts downstream of BRM.

We also tested the ABA response of brm-3 abi5-7 double
mutant with respect to inhibition of primary root growth. As pre-
viously reported (Finkelstein et al., 2005; Miura et al., 2009), the
growth of abi5-7 (nulls) roots is inhibited by ABA (Figures 4C and
4D), suggesting redundant activities of other ABA-dependent
transcription factors in root growth arrest. Nevertheless, brm-3
abi5-7 roots were significantly less sensitive to 1 or 5 yM ABA
than those of brm-3 (Figures 4C and 4D). These data suggest that
the increased ABA-dependent inhibition of root growth in the
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Figure 3. BRM Represses Expression of ABI5 and ABI3 during Postgermination Development.

(A) Quantitative RT-PCR in 1.5- and 2-d-old wild-type (WT) and brm-3 mutants 1 h after mock or ABA (50 uM) treatment.

(B) Quantitative RT-PCR in 1.5- and 2-d-old wild-type plants 1 h after mock or ABA treatment. Quantitative RT-PCR expression was normalized over
that of EIF4A1, and expression levels in the mock-treated wild type were set to 1. Values are mean *+ se of three technical replicates from one
representative experiment.

(C) Left: 3-week-old wild-type, brm-1, and brm-1 ProBRM:BRM-GFP plants. Center: GFP expression monitored by confocal microscopy in 2-d-old
brm-1 ProBRM:BRM-GFP roots. Right: BRM expression (top panel), GFP expression (center panel), and EIF4A1 expression (bottom panel) tested by
semiquantitative PCR. Bars = 1cm.

(D) Diagram of the loci tested. Horizontal lines below the schematic, regions amplified by qPCR; green arrowheads, ABREs; gray box, 5" or 3’
untranslated region; black box, exon; gray line, intergenic region or intron.

(E) gPCR after anti-GFP ChIP in 1.5-d-old brm-1 ProBRM:BRM-GFP plants after mock or ABA (50 uM) treatment for 1 h. Relative enrichment is the
percentage of input fold change after the percentage of input of the wild type was set to 1. Negative controls: exon regions of the retrotransposon TA3
(NC1) and of BRM (NC2). Values are mean = st of three technical replicates from one representative experiment.

brm-3 mutants is in part attributable to the elevated ABI5 ex-
pression.

expression in the absence of stress hormone treatment, we next
examined nucleosome positioning and occupancy at the ABI5
promoter using high-resolution MNase mapping (Chodavarapu

BRM Contributes to Placement and Occupancy of the et al., 2010; Rafati et al., 2011). We identified two well-positioned

Transcription Start Site Proximal Nucleosome at the
ABI5 Locus

To gain insight into the mechanism by which the SWI2/SNF2
chromatin remodeling ATPase BRM might represses ABI5

nucleosomes in the ABI5 promoter region (—2 and —1 nucleo-
some) upstream of a 150-bp nucleosome-depleted region
(—150 to 0 bp) (Figure 5). Nucleosome-depleted regions just
upstream of the transcription start site (TSS) are common in
eukaryote promoters (Yen et al., 2012). A typical nucleosome
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Figure 4. The Hypersensitive brm Phenotype Is Due to Derepression of ABI5.

(A) Percentage of the germinated embryos that developed green cotyledons in the presence of 0.5, 1.0, and 1.5 yM ABA in the brm-3 abi5-7 double
mutants compared with abi5-7, brm-3, and the wild type (WT) 7 d after stratification. Values are mean *+ se from three independent experiments.
Inverted triangles: no statistical significance compared with wild-type values (n > 100, P > 0.01).

(B) Representative pictures for the data shown in (A).

(C) Root length in the absence or presence of ABA (1 and 5 uM) in brm-3, abi5-7, and brm-3 abi5-7 double mutant plants compared with the wild type.
Two-day-old plants were transferred to MS media containing ABA, and roots were measured at day 7. Asterisks: statistical significance based on one-

tailed Student’s t test (n > 36, *P < 0.01, **P < 1E-10).
(D) Representative pictures for the data shown in (C).

protects ~147 bp of genomic DNA from MNase digestion (Yen
et al., 2012), as was the case for the —2 and —1 nucleosomes at
the ABI5 locus (Figure 5). However, the +1 ABI5 nucleosome just
downstream of the TSS protected ~200 bp of DNA, suggesting
that this nucleosome may be present in two alternative positions.
A nucleosome position prediction program (NuPop; Xi et al., 2010)
identified nucleosome start sites around position +45, while the
MNase mapping revealed start of the +1 nucleosome close to the
+1 position. The data suggest that a subset of the +1 nucleo-
somes are positioned more TSS proximal than predicted.

In brm mutant plants, we observed derepression of ABI5 ex-
pression in the absence of ABA treatment (Figure 3A). Consis-
tent with this observation, we reproducibly found a moderate
(~40%) reduction in nucleosome occupancy at the + 1 position
of the ABI5 locus coupled with a shift away from the TSS in the
absence of ABA treatment in brm mutant relative to wild-type
germinated embryos (Figure 5). No BRM-dependent alteration in
nucleosome positioning or occupancy was observed at the —2
or —1 nucleosome of the ABI5 locus (Figure 5). Likewise, no
strong change in either occupancy or positioning of nucleo-
somes was observed at a control locus, a gypsy-like retro-
transposon gene (see Supplemental Figure 4 online). Thus, BRM
may be required to promote high occupancy and TSS proximity
of the +1 nucleosome at the ABI5 locus.

In addition, we detected reduced occupancy of all three
nucleosomes in response to ABA treatment (Figure 5). The ob-
served ABA-dependent change in nucleosome occupancy was
similar in germinated brm-3 and wild-type embryos, suggesting
that this effect was likely BRM independent (Figure 5). The re-
duced nucleosome occupancy in response to ABA was specific
to the ABI5 locus; it was not observed at the control locus (see
Supplemental Figure 4 online). Finally, we noted development-
dependent changes in the —1 nucleosome occupancy at the
ABI5 promoter just prior to seedling establishment. The occu-
pancy of the —1 nucleosome was very low at day 1.5 in both
mock-treated wild-type and brm-3 plants but increased at day 2
(see Supplemental Figure 5 online; Figure 5). We did not detect
a strong increase in the occupancy of the —2 and +1 nucleo-
some between days 1.5 and 2.

brm Mutant Vegetative Growth Defects Are Partly Due to
Derepressed ABA Responses

In the absence of ABA, brm plants are small with short roots
(Farrona et al., 2004; Kwon et al., 2006). Given our finding that
BRM represses ABA responses in the absence of the stimu-
lus during postgermination development, we wondered whether
some of the brm mutant vegetative growth defects are attributable
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Figure 5. BRM Is Required to Maintain High Occupancy of the +1 Nu-
cleosome at the ABI5 Locus.

5

MNase digestion followed by tiled primer gPCR to monitor nucleosome
positioning and occupancy at the ABI5 locus. MNase qPCR was per-
formed after a 1-h mock or ABA treatment in 2-d-old wild-type (WT) and
brm-3 mutants. The fraction of undigested genomic DNA amplified for
each amplicon was normalized to that of the —73 position of the negative
control locus (gypsy-like retrotransposon; see Supplemental Figure 4
online). Values are mean = se of three technical replicates from one
representative experiment. The number on the x axis denotes distance
(bp) from the TSS (0 bp). Below: Diagram of the positioned nucleosomes.
Gray ovals, nucleosomes; black arrow, TSS; gray lines, genomic DNA;
green arrowheads, ABREs.

to derepressed ABA responses. We therefore monitored root
length in double mutants of brm and mutants that display re-
duced ABA sensitivity. Since ABI5 derepression is only partly
responsible for root growth inhibition in brm mutants (Figure
4C), we employed a genetic background that displays reduced
ABA sensitivity, 35S:HAB1 (Saez et al., 2004). HAB1 encodes
for a PP2C phosphatase, a negative regulator of ABA signaling,
that prevents phosphorylation of SnRK2-type kinases (Vlad
et al, 2009) and, hence, activation of the ABA-responsive
transcription factor ABI5 (Nakashima et al., 2009). 35S:HAB1
inhibits ABA responses in the absence of ABA treatment be-
cause low levels of endogenous ABA are able to partially acti-
vate ABA-responsive transcription factors in non-ABA-treated
plants (Rodrigues et al., 2009).

For these assays, we used the brm-707 null nonsense allele
(Kwon et al., 2006) to avoid silencing of the 35S:HAB1 transgene

by the T-DNA present in brm-1 or brm-3. As previously reported,
the growth of 35S:HAB1 was indistinguishable from the wild
type in the absence of applied ABA (Figure 6A; Saez et al.,
2004). However, 35S:HAB1 was able to partly rescue the root
growth defects of brm mutants under these conditions (Figures
6A and 6B). In addition, overall growth of brm-101 35S:HAB1
was more vigorous than that of brm-1017. At day 7, the cotyle-
dons of the double mutant were fully expanded, while those of
brm-101 mutants were closed and small (Figure 6B). We also
measured plant fresh weight in the wild type, abi5-7 null mu-
tants, brm-3 mutants, and brm-3 abi5-7 double mutants (Figure
6C). Removal of ABI5 activity from brm-3 mutants caused
a partial but significant rescue of the brm mutant vegetative
growth defect in the absence of ABA treatment (Figure 6C). In
combination, the data suggest that the growth defects of brm
mutants are in part due to the derepressed ABA response.

The partial rescue of vegetative growth defects by removal
of ABI5 activity suggested that ABI5 levels may also be ele-
vated in brm mutants during vegetative development. We
therefore analyzed expression of ABA-responsive genes in
3-week-old soil-grown brm-1 null mutants and the wild type.
ABI3 expression is repressed after seedling establishment and
remains repressed during vegetative development even upon
ABA treatment (Nakashima et al., 2006; Perruc et al., 2007;
Tang et al., 2008). Likewise, ABI3 mRNA was not detectable in
the absence or presence of exogenous ABA in the brm-1
mutant (see Supplemental Figure 6A online). ABI5 expression, on
the other hand, was derepressed (2.5-fold) in the absence of the
stimulus and more strongly induced in response to ABA in the
brm-1 null mutant relative to the wild type (see Supplemental
Figure 6B online). In addition, we tested expression of the bZIP
transcription factors, ABF3 and AREB1/ABF2; both genes are
strongly induced by ABA, salt, and drought during vegetative
development (Fujita et al., 2005). ABF3 expression was elevated
in brm-1 mutants both in the absence and presence of exogenous
ABA, while AREB1/ABF2 expression was not strongly altered.
Thus, BRM is also required for repression of ABA-responsive
genes during vegetative development, including that of the bZIP
transcription factors ABI5 and ABF3. At least in the case of ABI5,
the observed effect was direct: BRM associated with the ABI5
promoter at this stage, based on ChIP (see Supplemental Figure
6C online).

brm Mutants Display Enhanced Drought Tolerance

Mutants with increased sensitivity to ABA, such as pp2c mutants
or plants overexpressing ABA-responsive transcription factors,
display increased dehydration tolerance (Kasuga et al., 1999;
Rubio et al., 2009). brm mutants were hypersensitive to ABA and
showed derepression of ABA/drought-responsive gene expres-
sion; hence, we wondered whether brm mutants might display
increased drought stress tolerance. To test this possibility, 3-week-
old brm mutants and wild-type plants grown on soil were sub-
jected to drought treatment. After 3 weeks of growth, water was
withheld for 15 d (see Supplemental Figure 7A and Supplemental
Methods 1 online). After water withholding, wild-type and brm-3
plants looked dehydrated and displayed severe tissue damage,
while brm-1 plants were healthy looking and maintained greenish
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Figure 6. The Growth Defects of the brm Mutant Are Partially Due to ABI5 Derepression and Enhanced ABA Response.

(A) Root growth of the brm mutant in an ABA-insensitive mutant background (35S:HAB1). The root length of the wild type (WT), 35S:HAB1, brm-101,
and brm-101 35S:HAB1 double mutant was measured 7 d after stratification. Values are mean = se. Sample size was as follows: the wild type (n = 28),
35S:HAB1 (n =27), brm-101 (n = 49), and brm-101 35S:HAB1 (n = 75). Asterisks indicate statistical significance based on one-tailed Student’s t test (P <

1E-10).
(B) Representative pictures of data shown in (A).

(C) Fresh weight of 4-week-old wild type, abi5-7, brm-3, and brm-3 abi5-7 double mutants grown in soil with sufficient water. n > 22 from three
independent experiments. Asterisks indicate statistical significance (*P < 0.01 and **P < 0.001).

leaves. Upon rewatering, both brm mutants recovered quickly from
the drought stress, while the wild type failed to recover (Figure 7A).

While the drought tolerance of brm was remarkable (similar to
that described for pp2c triple mutants; see Supplemental Figure
7B online), we cannot rule out that it is at least in part attributable
to the different morphology of the brm mutant leaves, which are
curled and smaller than those of the wild type. We therefore
challenged younger (2-week-old) seedlings grown on plates with
water stress. At this developmental stage, the brm-3 mutant is
morphologically very similar to the wild type (Figure 7B; Farrona
et al., 2007). Upon drought treatment, wild-type plants wilted
faster than the brm mutants; in addition, they did not recover as
well from the drought stress (Figure 7B). brm-3 plants again
exhibited a significantly higher survival rate than the wild type after
drought stress and rewatering (Figures 7C and 7D). The data are
consistent with the hypothesis that brm mutant drought tolerance
may be due to altered ABA-response gene expression.

To further test this hypothesis, we examined whether the
drought tolerance of brm-3 plants was due to elevated ABI5
expression. Overexpression of ABI5 was previously shown to
lead to increased drought tolerance (Lopez-Molina et al., 2001).
However, brm-3 abi5-7 plants were as drought tolerant as brm-3
alone (Figures 7E and 7F). Thus, either ABI5 does not con-
tribute to the drought tolerance of brm mutant or it does so
redundantly with other ABA-responsive transcription factors,

whose expression is also derepressed in brm mutants, such as
ABF3 (see Supplemental Figure 6B online).

DISCUSSION

A Role for BRM in Repressing Water Stress Responses
during Postgermination Development in the Absence of
the Stimulus

Newly germinated plant embryos are particularly vulnerable to
drought stress, which triggers a growth arrest similar to that
operating during seed development to induce desiccation tol-
erance (Lopez-Molina et al., 2001). Here, we implicate the SWI2/
SNF2 ATPase BRM in ensuring that the growth arrest pathway is
triggered in germinated embryos only upon drought sensing/
increased endogenous ABA levels. brm mutants were hyper-
sensitive to ABA, especially with respect to cotyledon greening
and selectively derepressed expression of a subset of ABA re-
sponse genes in the absence of the stimulus, among them ABI3
and ABI5. Moreover, BRM bound to the regulatory regions of
both genes. ABI3 acts upstream of ABI5 during postgermination
development (Lopez-Molina et al., 2002). In agreement with
these combined observations, ABI5 was epistatic to BRM with
respect to inhibition of cotyledon greening, indicating that de-
repression of ABI5 expression is the likely cause of the brm
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Figure 7. brm Mutants Have Increased Dehydration Tolerance.

(A) Wild-type (WT), weak brm-3, and null brm-1 mutant plants grown in
soil for 3 weeks followed by continued watering (left) or after drought
treatment and rewatering (right).

(B) The effect of dehydration on 2-week-old plate-grown plants. The wild
type and brm-3 mutant during and after drought treatment. The pictures
farthest to the right were taken 2 d after rehydration.

(C) Survival rate (%) of 2-week-old wild-type and brm-3 seedlings after
dehydration for 3 h under air flow. Values are mean = se from four ex-
periments (n = 42). Asterisks indicate statistical significance compared
with wild-type values (P < 1E-10).

(D) Representative pictures for data shown in (C).

(E) Survival rate (%) of 2-week-old wild type, brm-3, abi5-7, and brm-3
abi5-7 double mutants after dehydration for 6 h. Values are mean *+ se
from two independent experiments (n > 53). Asterisks indicate statistical
significance (**P < 1E-10). Inverted triangle indicates no statistical sig-
nificance (P > 0.01).

(F) Representative pictures for data shown in (E).

mutant’s ABA hypersensitivity during this stage of development.
Thus, BRM, ABI3, and ABI5 interact in a simple genetic pathway,
which corresponds to a type 2 coherent feed-forward loop
(Mangan and Alon, 2003; Alon, 2007), to regulate cotyledon
greening (Figure 8A). The type 2 coherent feed-forward loop
displays an “off” delay (Mangan and Alon, 2003; Alon, 2007);
upon ABA sensing, the upregulation of ABI3 and ABI5 would be
delayed. This would ensure that growth arrest occurs only after
a prolonged water stress or ABA signal has been perceived. By
contrast, the “on” switch in this type of feed-forward loop is
rapid (Mangan and Alon, 2003; Alon, 2007). Thus, when ABA/
water stress levels fall below a certain threshold, BRM would
rapidly repress ABI3 and ABI5 expression. The BRM/ABI3/ABI5
module is well suited to manage resource allocation to growth
versus the stress responses.
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Figure 8. Model for Role of BRM in ABA Responses.

(A) Role of BRM in ABA response at different developmental stages. Left:
Inhibition of cotyledon greening during postgermination development.
BRM negatively regulates the expression of two key ABA-related tran-
scription factors ABI5 and ABI3. ABI3 acts upstream of ABI5 (Lopez-
Molina et al., 2002). Solid arrows, direct regulation; dashed arrows, direct
or indirect regulation. Right: Inhibition of growth during vegetative de-
velopment. Additional direct BRM targets remain unidentified that act in
parallel with ABI5. ABI5 has been implicated in drought tolerance (Lopez-
Molina et al., 2001), although the increase of ABI5 expression alone was
not responsible for the brm mutant drought tolerance.

(B) Role of chromatin regulators in expression of ABA-responsive tran-
scription factors during postgermination and vegetative development.
BRM represses ABI5 expression during postgermination and vegetative
development and ABI3 during postgermination development. Several
chromatin regulators influence the developmental transition from post-
germination development to seedling establishment. HDAC, histone
deacetylase; PcG, Polycomb; RBR, Retinoblastoma-related protein.



Not surprisingly, since abi5 mutants show ABA-responsive
root growth (Finkelstein et al., 2005; Miura et al., 2009), the ABA-
triggered inhibition of root elongation in brm mutants was only
partially due to ABI5 derepression. Thus, it is likely that BRM
represses the expression of other transcription factors that act in
parallel with ABI5 in root growth inhibition (Figure 8A). Several
additional transcription factors have been shown to have a role
in the inhibition of root elongation in response to ABA, including
WRKY transcription factors (Chen et al., 2010), Auxin Re-
sponsive Factor 2 (Wang et al., 2011), MYB transcription factors
(Zheng et al., 2012), and other bZIP transcription factors, such
as ABF3 (Yoshida et al., 2010), with the latter two reported to act
as least in part in parallel with ABI5.

Regulation of ABI5 Expression by BRM-Dependent and
BRM-Independent Alteration of Nucleosome Positioning
and Occupancy

brm mutants cause derepression of ABI5 in the absence of the
ABA as well as an ~40% reduction of the +1 nucleosome oc-
cupancy, with a preferential loss from the TSS proximal position.
The +1 nucleosome is a frequent target of chromatin remodeling
(Yen et al.,, 2012). +1 nucleosomes positioned closer to the TSS
are repressive and can interfere with the assembly or activity of
the transcription initiation complex (Yen et al., 2012). In addition,
transcriptional activation of gene expression is associated with
positioning of the +1 nucleosome away from the TSS. Thus, we
hypothesize that BRM represses ABI5 transcription in the ab-
sence of water stress/ABA by promoting high occupancy of the
+1 nucleosome and by directing this nucleosome from a more
favorable predicted position to a position more proximal to the
TSS. There is precedent for this model. Recently, derepression
of HIV expression was observed upon loss of the human BAF
SWI2/SNF2 subfamily complex activity, which resulted in a re-
duction in the occupancy of the +1 nucleosome (Rafati et al.,
2011). Consistent with the idea that BRM causes increased oc-
cupancy and more TSS proximal positioning of the +1 nucleosome
at the ABI5 locus, BRM very strongly associated with the region of
ABI5 locus occupied by the +1 nucleosome.

We also observed stress hormone- and development-
dependent alterations of the nucleosome occupancy at this locus
that may explain observed gene expression changes. ABI5 ex-
pression is induced upon drought or ABA sensing (Lopez-Molina
et al., 2001). Perception of the ABA stress hormone led to a de-
stabilization (reduced occupancy) of all three nucleosomes at this
locus. The most pronounced reduction in nucleosome occupancy
was observed at the —1 position. This nucleosome is positioned
over 2 cis-regulatory elements linked to ABA-responsive gene
expression (Yamaguchi-Shinozaki and Shinozaki, 2005) and may
hence modulate transcription factor access to their binding sites.
The nucleosome destabilization by ABA was not BRM dependent;
it was observed both in the brm-3 mutants and in the wild type.
Consistent with this, the fold increase in AB/5 mRNA levels upon
ABA treatment was similar in the wild type and in the brm mutant. It
is possible that another chromatin regulator causes reduced nu-
cleosome occupancy at the ABI5 locus upon stress sensing; al-
ternatively, the nucleosome destabilization could be caused by
increased transcriptional activity (Radman-Livaja and Rando, 2010).
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Seed maturation is characterized by chromatin condensation,
which is reversed during imbibition and germination (van Zanten
et al., 2011). Consistent with an open chromatin configuration in
young germinated embryos, the —1 ABI5 nucleosome was es-
sentially absent at this stage. At the end of the postgermination
phase, ABI5 expression is developmentally repressed (Lopez-
Molina et al., 2001; Brocard et al., 2002). In agreement with this,
the occupancy of the —1 nucleosome strongly increased at this
stage. It is likely that the observed chromatin changes underlie
the developmental repression of ABI5 expression at the end of
postgermination development. Indeed, the ABI5 locus continues
to display high occupancy of the —1 nucleosome during later
stages of vegetative development (Chodavarapu et al., 2010).

The developmentally induced chromatin condensation at the
ABI5 locus was observed in both the wild type and in brm mu-
tants. In agreement with this finding, brm mutants displayed
normal developmental downregulation of ABI5 expression (see
Supplemental Figure 8 online). The chromatin condensation at the
ABI5 locus during seedling establishment may hence be triggered
by other chromatin regulators. Mutations in several different
chromatin regulators, histone deacetylases, Polycomb-repressive
complexes, a putative histone methyltransferase, retinoblastoma
proteins, and the CHD domain chromatin remodeling ATPase
PICKLE (PKL), delay the switch from the embryo to the seedling
stage (Ogas et al., 1999; Tanaka et al., 2008; Aichinger et al.,
2009; Bouyer et al., 2011; Gutzat et al., 2011; Kim et al., 2012;
Tang et al., 2012; Zhang et al., 2012). Activity of these chromatin
regulators likely contributes to the developmental downregulation
of ABI5 and ABI3 (Figure 8B). Although BRM is not required for
developmental repression of ABI5, it does play a role in repression
of a subset of seed storage proteins (Tang et al., 2008).

Regulation of BRM Activity

In response to ABA treatment, we observed a similar upregu-
lation of ABI5 mRNA abundance relative to mock-treated plants
and a similar ABI5 promoter nucleosome destabilization in both
wild-type and brm mutant germinated embryos. Thus, ABA in-
duction of ABI5 expression is apparently BRM independent.
Since BRM was still bound to the ABI5 locus upon ABA sensing,
we hypothesize that BRM may be inactivated in the presence of
ABA. A possible mechanism for BRM inactivation is alteration of
BRM complex composition. Alternatively, BRM complex activity
may be repressed via posttranslational modification(s). Both al-
tered complex composition and posttranslational modifications
can inactivate metazoan SWI2/SNF2 subgroup complexes
(Clapier and Cairns, 2009). Continued BRM presence at the ABI5
locus may ensure that the growth arrest response is rapidly
turned off once the desiccation stress/ABA signal has subsided.
Given this model, why do brm mutants accumulate higher ab-
solute levels of ABI5 transcript upon ABA treatment than the wild
type? The higher absolute ABI5 accumulation in brm mutants
upon ABA treatment is likely due to the accumulation of tran-
scripts for ABA-dependent transcription factors in brm mutant.
ABA treatment both activates and stabilizes these transcription
factors (Lopez-Molina et al., 2003; Miura et al., 2009; Nakashima
et al., 2009); this is expected to lead to a high absolute level of
ABI5 accumulation.
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Drought Tolerance and Fitness Tradeoffs

We conclude that during postgermination development BRM
ensures that costly stress responses are mounted only upon
perception of water stress signals to enhance fitness of the
organism. The role for BRM in restricting stress response gene
expression would on one hand predict that brm mutants
should display defects in growth that are due to constitutive
activity of the water stress response pathway; on the other
hand, brm mutants would be expected to display increased
drought tolerance (Boyer, 1982; Girill and Ziegler, 1998). Both
expectations were confirmed in our study, supporting the con-
clusion that BRM prevents stress responses in the absence
of the stimulus. BRM is thus positioned at the nexus of the
resource allocation decision between growth and drought
tolerance.

In the coming years, we will likely encounter a global deficit in
food supply due to increased drought (Battisti and Naylor, 2009;
Cominelli and Tonelli, 2010). To address this challenge, it is
important to develop new crops that have improved water use
efficiency. Efforts to engineer drought-resistant plants showed
that a single gene change is often not sufficient to produce ro-
bust drought tolerance, especially in field conditions where
water stress interacts with other stressors, such as heat and
high light intensity (Mittler and Blumwald, 2010; Yang et al.,
2010). It was proposed that manipulating expression of a master
transcriptional factor that targets multiple stress response genes
would be a more promising approach (Cominelli and Tonelli,
2010). An even more global change in the plant’s drought tol-
erance could be achieved via altered chromatin remodeling, as
this mechanism can modulate gene expression in many different
pathways or of several master regulators simultaneously (Kwon
and Wagner, 2007). Our studies show increased drought re-
sistance of brm mutants at multiple developmental stages. While
the molecular mechanism for this enhanced drought tolerance
remains to be elucidated, a key challenge for the future is to
generate conditional brm loss-of-function alleles that robustly
enhance water stress survival without detrimental effects on
growth or yield.

METHODS

Plant Growth

The Arabidopsis thaliana genetic resources used in this study were
mostly in the Columbia ecotype and have been previously described:
swi3c-2 (Sarnowski et al., 2005), brm-3 (Farrona et al., 2007), brm-1
(Hurtado et al., 2006), syd-5 (Bezhani et al., 2007), bsh-1 (Tang et al.,
2008), abi5-7 (Yamagishi et al., 2009), and 35S:HAB1 (Saez et al., 2004).
brm-101 (Kwon et al., 2006) was in the Landsberg erecta ecotype and
partly introgressed into Columbia. The strong loss-of function minu1-2
(CS413977) and minu2-1 (SALK_057856) mutants (Sang et al., 2012)
and the weak syd-6 (SALK_116266) mutant were obtained from the
ABRC stock center. The pBRM:BRM-GFP construct was previously
described (Wu et al., 2012). Plants on plates and in soil were stratified at
4°C for 3 d. Plant growth was in inductive photoperiod (16-h-light/8-h-
dark cycles) or constant light at 22°C under white fluorescent light
(fluence rate: 110 ymol/m? s for soil-grown plants; 90 umol/m?2 s for
media-grown plants). Plant growth on plates was in the presence of 1%
Suc unless indicated otherwise.

ABA and Drought Treatments

For germination assays, wild-type, brm-3, and brm-1/+ seeds were
placed on Murashige and Skoog (MS) plates (no Suc) and supplemented
with the ABA concentration indicated. Radicle emergence was scored 3
d after stratification (Muller et al., 2006). Well-ripened seeds from plants
grown under the same growth condition were used. For seedling growth
(green cotyledon) assays, seeds were placed on MS media supplemented
with various concentration of ABA (0, 0.5, 0.8, 1.0, and 1.5 uM). Plants that
had formed green cotyledons were counted 7 d after stratification unless
indicated otherwise. For root growth assays, seeds were germinated on
MS plates and seedlings were grown vertically for 2 or 5 d, followed by
transfer to fresh media lacking or containing ABA (1, 5, or 10 uM). Plates
were incubated vertically for an additional 5 d before measuring root
length. For ABA treatment for gene expression, ChIP, and MNase studies,
seeds were stratified for 3 d followed by growth in constant light for the
time indicated. Liquid MS media with or without 50 yM ABA (Sigma-
Aldrich; A1049) was added to the plates for 1 h. For studies on 3-week-old
plants, 9-d-old seedlings grown on MS plates were transplanted to soil
and grown for 12 more days before treatment. 100 uM ABA in 0.5 mM Tris-
HCI, pH 8.0, or 0.5 mM Tris-HCI, pH 8.0, alone was applied to 3-week-old
plants by spraying the leaves with an atomizer. Details on water stress
treatments can be found in the Supplemental Methods 1 online.

Gene Expression Analyses

RNA purification, reverse transcription, and quantitative PCR (QPCR) were
performed as described previously (Pastore et al., 2011) except amplification
was monitored by EvaGreen fluorescent dye (Biotium). The sequences of
primers used are listed in the Supplemental Table 1 online. Confocal imaging
was performed as previously described (Winter et al., 2011).

ChIP

For the GFP-tagged BRM ChIP, 1.5-d-old brm-1 ProBRM:BRM-GFP
germinated seeds (0.2 g) were used. The ChIP procedure was as pre-
viously described (Kwon et al., 2005). Five microliters of anti-GFP rabbit
polyclonal antibody (Invitrogen; A6455) was employed per 0.2 g of tissue.
To quantify BRM enrichment on the genomic DNA, gPCR was performed
using a StepOnePlus Real-Time PCR system (Applied Biosystems) with
EvaGreen fluorescent dye (Biotium). The percentage of input was
calculated by determining 2-4Ct (= 2-[Ct(ChIP)-Ctinputll) a5 per the
ChampionChIP gPCR user manual (SABioscience). To facilitate compar-
ison of different genotypes and treatments, the calculated percent input of
the wild type (control) at the regions tested was set to 1. The relative
enrichment represents the fold change to the wild type. The exon region
of retrotransposon TA3 (Johnson et al., 2002) was used as negative control.
Primer sequences are listed in the Supplemental Table 1 online.

MNase Assay

A total of 0.2 g of 1.5- or 2-d-old plants was harvested in liquid nitrogen
after cross-linking in 1% formaldehyde. Nuclei and chromatin were iso-
lated as previously described (Chodavarapu et al., 2010) with the following
changes. The isolated nuclei were washed twice with HBB buffer (25 mM
Tris-Cl pH 7.6, 0.44 M Suc, 10 mM MgCI2, 0.1% Triton-X, 10 mM beta-
mercaptoethanol), and the isolated chromatin was digested with 0.1 units/
rL —0.2 units/pL (final concentration) of Micrococcal Nuclease (Takara)
for 10 min in digestion buffer at 37°C. Subsequent steps were performed
as previously described (Chodavarapu et al., 2010). Mononucleosomes
were excised from 1.5% agarose gels and purified using a gel purification
kit (Qiagen). The purified DNA was quantified using a NanoDrop ND-1000
spectrophotometer. Two nanograms of purified DNA were used for gPCR
to monitor nucleosome occupancy. The fraction of input was calculated
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as 2~ ACt (2~ [Ctimono)-C(gDNAY]) ysing undigested genomic DNA (Gévry et al.,
2009) followed by normalization over that of gypsy-like retrotransposon
(At4g07700) —73 loci for each sample. The tiled primer sets used for real-
time PCR are listed in Supplemental Table 1 online.

Statistical Analysis

For root length and fresh weight measurement, P values were calculated
with the one-tailed Student’s t test. For green cotyledons, germination,
and survival rate assays, x? analysis was performed. Two random vari-
ables (ex. the wild type and brm-3) with two types of data (survival or
death) were entered in a 2 X 2 contingency table and x? statistic and P
values were calculated using a java-based script (http://www.physics.
csbsju.edu/stats/contingency_ NROW_NCOLUMN_form.html). For brm-
1/+ populations, we assumed Mendelian inheritance of a recessive trait.
For statistical significance cutoff, we employed a P value lower than 0.01.

Accession Numbers

Sequence data for the genes in this article can be found in the Arabi-
dopsis Genome Initiative under the following accession numbers:
BRM (AT2G46020), SWI3C (AT1G21700), SYD (AT2G28290), MINU1
(AT3G06010), MINU2 (AT5G19310), BSH (AT3G17590), ABI5 (AT2G36270),
ABI3 (AT3G24650), ABF3 (AT4G34000), HY5 (AT5G11260), ABF2/AREB1
(AT1G45249), EIF4A1 (AT3G13920), TA3 (AT1G37110), and gypsy-like
retrotransposon (AT4G07700). Mutants investigated in this study are listed
in Methods.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. ABA Responses of SWI2/SNF2 Chromatin
Remodeling Mutants.

Supplemental Figure 2. Germination Assay of brm Mutants.

Supplemental Figure 3. Anti-HA ChIP in 1.5-d-Old brm-1 Plants
Expressing Biologically Active ProBRM:BRM-HA.

Supplemental Figure 4. Nucleosome Occupancy at a Control Locus.

Supplemental Figure 5. Developmental Change in Nucleosome
Occupancy at the ABI5 Locus.

Supplemental Figure 6. BRM Directly Represses ABI5 Expression
during Vegetative Development.

Supplemental Figure 7. Measurement of Soil Water Loss during
Drought Treatment and Drought Resistance of Positive Control Plants
(pp2c Triple Mutants).

Supplemental Figure 8. Developmental Regulation of ABI5 and ABI3
Expression in the Wild Type and in brm Mutants.

Supplemental Table 1. List of Oligonucleotide Sequences.

Supplemental Methods 1. Chromatin Immunoprecipitation Using
brm-1 ProBRM:BRM-HA and Dehydration and Drought Treatment.
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