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The phytohormone abscisic acid (ABA) is well known for its regulatory roles in integrating environmental constraints with the
developmental programs of plants. Here, we characterize the biological function of the Arabidopsis (Arabidopsis thaliana)
RING-H2 protein RHA2a in ABA signaling. The rha2a mutant is less sensitive to ABA than the wild type during seed
germination and early seedling development, whereas transgenic plants overexpressing RHA2a are hypersensitive, indicating
that RHA2a positively regulates ABA-mediated control of seed germination and early seedling development. Double mutant
analyses of rha2a with several known ABA-insensitive mutants suggest that the action of RHA2a in ABA signaling is
independent of that of the transcription factors ABI3, ABI4, and ABI5. We provide evidence showing that RHA2a also
positively regulates plant responses to salt and osmotic stresses during seed germination and early seedling development.
RHA2a is a functional E3 ubiquitin ligase, and its conserved RING domain is likely important for the biological function of
RHA2a in ABA signaling. Together, these results suggest that the E3 ligase RHA2a is an important regulator of ABA signaling
during seed germination and early seedling development.

The phytohormone abscisic acid (ABA) is well
known for its regulatory roles in integrating environ-
mental constraints with the developmental programs
of plants (for review, see Leung and Giraudat, 1998;
Finkelstein et al., 2002; Zhu, 2002; Assmann, 2003;
Himmelbach et al., 2003; Nambara and Marion-Poll,
2003; Chow and McCourt, 2004; Christmann et al.,
2006; Yamaguchi-Shinozaki and Shinozaki, 2006).
ABA affects a broad range of physiological processes

during different developmental stages. For example,
ABA helps maintain seed dormancy to ensure that seeds
germinate under favorable conditions. Immediately af-
ter germination, ABA may inhibit the establishment
and subsequent development of young seedlings, with
this postgerminative arrest representing an early de-
velopmental checkpoint to slow seedling growth until
better conditions arise (Lopez-Molina et al., 2001;
Finkelstein et al., 2002; Nambara and Marion-Poll,
2003). During more advanced developmental stages,
ABA also regulates plant responses to various abiotic
stresses, largely by directing guard cell functioning
(Finkelstein et al., 2002; Assmann, 2003; Christmann
et al., 2006; Yamaguchi-Shinozaki and Shinozaki, 2006).
Therefore, ABA-regulated processes are generally di-
vided into two broad and overlapping categories:
ABA signaling in seeds (maintenance of seed dor-
mancy and control of early seedling development) and
ABA signaling in guard cells of more mature plants
(Pandey et al., 2006).

Molecular genetics studies have significantly ad-
vanced our understanding on the molecular basis
of ABA signaling in seeds and seedlings. Notably,
through characterization of a series of ABA-insensitive
mutants, which are resistant to ABA-mediated inhibi-
tion of germination and/or postgerminative growth,
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several components regulating ABA signaling in seeds
and/or guard cells have been identified in Arabidop-
sis (Arabidopsis thaliana; Finkelstein et al., 2002; Assmann,
2003; Hegedus et al., 2003; Nambara and Marion-Poll,
2003). Among them, ABI1 (Leung et al., 1994) and
ABI2 (Rodriguez et al., 1998) are protein phosphatases
that negatively regulate ABA signaling during seed
dormancy and germination. These phosphatases were
later shown to be involved in ABA-mediated guard
cell signaling as well (Allen et al., 1999). In contrast, the
ABI (for ABA-insensitive) transcription factors, in-
cluding ABI3, ABI4, and ABI5, act positively to regu-
late ABA signaling in seeds. ABI3 is a B3-domain
transcription factor (Giraudat et al., 1992) that is es-
sential for embryogenesis, and null mutations of this
transcription factor lead to severe phenotypes in both
seed development and ABA sensitivity (Finkelstein
et al., 2002). Compared with ABI3, the AP2-type tran-
scription factor ABI4 (Finkelstein et al., 1998) and the
basic leucine zipper (bZIP) transcription factor ABI5
(Finkelstein and Lynch, 2000) mainly act in ABA-
mediated control of seed germination and early seed-
ling development (Finkelstein et al., 2002).

The ubiquitin/26S proteasome pathway, which is
conserved in all eukaryotic cells, is proposed to be the
dominant selective protein turnover system in plants
(Moon et al., 2004; Schwechheimer and Schwager,
2004; Smalle and Vierstra, 2004; Dreher and Callis,
2007). Covalent attachment of ubiquitin molecules to a
substrate protein is a prerequisite for its degradation
by the 26S proteasome (Hershko and Ciechanover,
1998; Callis and Vierstra, 2000). The ubiquitin attach-
ment process, called ubiquitination, is achieved
through the sequential action of ubiquitin-activating
enzyme E1, ubiquitin-conjugating enzyme E2, and
ubiquitin ligase E3. The specificity of ubiquitination
is largely determined by E3, which recruits appropri-
ate substrate(s) (Smalle and Vierstra, 2004). In the
Arabidopsis genome, more than 1,300 genes are pre-
dicted to encode different classes of E3 ligases (Smalle
and Vierstra, 2004), implying that the ubiquitin-
dependent proteolysis is extensively involved in dif-
ferent cellular processes.

Among the more than 1,300 predicted potential E3
ligases in Arabidopsis, more than 450 belong to the
RING (for Really Interesting New Gene) finger class
(Stone et al., 2005). The RING finger is defined by eight
conserved Cys and His residues that together coordi-
nate two zinc ions in a cross-braced fashion (Fang and
Weissman, 2004). Initial functional evaluation has in-
dicated that a large number of them are capable of
mediating protein ubiquitination (Stone et al., 2005).
Recently, some of these RING class E3 enzymes have
been implicated in specific plant signaling pathways,
including ABA signaling (Callis and Vierstra, 2000;
Hellmann and Estelle, 2002; Devoto et al., 2003; Moon
et al., 2004; Schwechheimer and Schwager, 2004;
Smalle and Vierstra, 2004; Hoecker, 2005; Huq, 2006;
Dreher and Callis, 2007). For example, the ABI3-
interacting protein AIP2, which is a RING domain-

containing E3 ligase, serves as a negative regulator of
ABA signaling by targeting ABI3 for degradation
(Zhang et al., 2005). Previous studies have indicated
that the bZIP transcription factor ABI5 is possibly
regulated by the ubiquitin-dependent proteolysis
(Lopez-Molina and Chua, 2000; Lopez-Molina et al.,
2001, 2003; Smalle et al., 2003). It has recently been
shown that the novel RING E3 ligase KEG probably
targets ABI5 for degradation (Stone et al., 2006). In ad-
dition, SDIR1 (for SALT- AND DROUGHT-INDUCED
RING FINGER1), another RING finger E3 ligase, acts
upstream of ABI3 and ABI5 in ABA signaling and
regulates plant responses to drought and salt stresses
(Zhang et al., 2007).

Here, we report that the previously described Arab-
idopsis RING-H2 protein RHA2a (Jensen et al., 1998;
Greve et al., 2003) regulates ABA-mediated control of
seed germination and early seedling development.
Genetic analyses indicate that the action of RHA2a in
ABA signaling is independent of that of the ABI
transcription factors ABI3, ABI4, and ABI5. We pro-
vide evidence showing that RHA2a is a functional E3
ubiquitin ligase and that its conserved RING domain
is likely important for the biological function of
RHA2a in ABA signaling.

RESULTS

Expression of RHA2a

From publicly available microarray data, we noticed
that the expression level of RHA2a (At1g15100), a gene
that encodes a C3H2C3-type RING finger protein, is
relatively high in dry seeds and undergoes significant
reduction after imbibition (Nakabayashi et al., 2005;
Tatematsu et al., 2008). We examined the expression
pattern of RHA2a following stratification as well as
during the early stages of seed germination with or
without ABA. In parallel, the expression of ABI5, an
important regulator of ABA response during seed
germination (Lopez-Molina et al., 2001, 2002), was
also examined. Our quantitative real-time reverse
transcription-PCR (qRT-PCR) assays indicated that
transcripts of RHA2a were abundant in dry seeds but
were dramatically reduced to a barely detectable level
when seeds were stratified at 4�C for 72 h. When
stratified seeds were transferred to ABA-free medium
for germination, the expression of RHA2a remained at
a low level (Fig. 1A). This expression pattern shows
high similarity to that of ABI5 (Fig. 1A). We then
transferred the stratified seeds to ABA-containing
medium for germination and found that the expres-
sion of RHA2a was not obviously induced by ABA at
the time points investigated. However, consistent with
several previous reports (Finkelstein and Lynch, 2000;
Lopez-Molina et al., 2001, 2002), the expression ofABI5
was significantly induced by ABA (Fig. 1A).

RT-PCR analysis indicated that, in addition to seeds,
RHA2a expression was also detected in young seed-
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lings and in multiple organs of more mature plants
(Fig. 1B). For a more detailed analysis of the RHA2a
expression pattern, a 2,360-bp promoter sequence of
RHA2a was fused with the GUS gene to generate
transgenic plants. Representative transgenic plants
named RHA2apro:GUS were used to follow RHA2a
expression in different developmental stages. Strong
GUS staining was observed in hypocotyls of 3-d-old
and 10-d-old seedlings (Fig. 1C, a and b). In 3-week-
old plants, GUS staining was detected in shoot apical
meristems and relatively weak in petioles and roots
(Fig. 1C, c). In rosette leaves, GUS staining was clearly
exhibited in trichomes (Fig. 1C, d). In flowers, GUS
staining was observed in the anthers (Fig. 1C, e).

ABA Response of RHA2a Knockdown and RHA2a
Overexpression Plants during Seed Germination

To study the physiological function of the RHA2a
gene using a genetic approach, we obtained mutant
and transgenic plants showing reduced and elevated
expression of RHA2a, respectively. A T-DNA insertion
line named rha2a was obtained from the Notting-
ham Arabidopsis Stock Centre (GABI-kat 126H03,
N378380). Gene expression analyses revealed that the
T-DNA in rha2a disrupted the expression of RHA2a
(Fig. 2, A and B). Furthermore, genomic DNA of
RHA2a driven by its native promoter rescued the
ABA-related phenotype of rha2a (Supplemental Fig.
S1). In addition, we generated six homozygous T3

RNA interference (RNAi) lines of RHA2a (Fig. 2C).
RNAi lines with significantly reduced expression
levels of RHA2a showed a similar ABA response
phenotype to that of the rha2a mutant. Results of one
of these RNAi lines named RHA2a-RNAi 4#, together
with those of rha2a, are presented in this paper.

At the same time, we generated RHA2a overexpres-
sion plants by expressing the RHA2a cDNA under the
control of the cauliflower mosaic virus (CaMV) 35S
promoter. Homozygous transgenic lines containing
the 35S:RHA2a transgene were identified based on
their resistance to the antibiotic kanamycin. The se-
lected transgenic lines were then examined for in-
creased levels of RHA2a expression by RNA gel-blot
analysis (Fig. 2D). All of the RHA2a overexpression
lines showed a similar ABA-related phenotype; results
obtained with two representative lines named 35S:
RHA2a 7# and 35S:RHA2a 11# are shown below.

The rha2a mutant, RHA2a-RNAi 4#, and 35S:RHA2a
plants were compared with wild-type plants for their
response to the inhibitory effect of ABA in seed
germination. In an ABA dose-response assay, seeds
were germinated on ABA-free or ABA-containing
medium and seed germination (obvious radicle emer-
gence) percentage was scored at 3 d after the end of
stratification. In the absence of ABA, the seed germi-
nation percentages of different genotypes were similar
(Fig. 2E). In the presence of different concentrations of
ABA, rha2a and RHA2a-RNAi 4# plants showed higher
seed germination percentages than wild-type plants,

Figure 1. Expression of RHA2a. A,
RHA2a expression in dry seeds (DS)
and during seed imbibition analyzed
by qRT-PCR. Col-0 seeds were kept in
darkness at 4�C for 72 h and then
transferred to medium with or without
ABA (5 mM) in constant light at 22�C for
germination. Total RNA was extracted
at the indicated times (0 indicates the
time immediately following transfer).
Transcript levels of RHA2a and ABI5
were quantified by qRT-PCR against
ACTIN2. Each value is the mean 6 SD

of three independent biological de-
terminations. B, RT-PCR analysis of
RHA2a expression in different organs.
ACTIN2 primers were used in PCR as
an internal control. C, GUS staining of
RHA2apro:GUS plants from different
growth stages. a, Three-day-old seed-
ling; b, 10-d-old seedling; c, 3-week-old
seedling; d, rosette leaf of a 5-week-old
plant; e, flowers from 7-week-old plants.
[See online article for color version of
this figure.]
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whereas the two 35S:RHA2a lines exhibited signifi-
cantly reduced seed germination percentages (Fig. 2E).
In the absence of ABA, the four genotypes showed
similar seed germination kinetics (Fig. 2F). When
germinated on medium containing 0.5 mM ABA, the
seed germination of rha2a and RHA2a-RNAi 4# plants
occurred earlier than in wild-type plants, whereas this
concentration of ABA significantly inhibited the seed
germination of 35S:RHA2a plants (Fig. 2G). These

results demonstrated that, while rha2a and RHA2a-
RNAi 4# plants are less sensitive to ABA than wild-
type plants, 35S:RHA2a plants are more sensitive to
this hormone, suggesting that the RHA2a gene acts as a
positive regulator of ABA signaling during seed ger-
mination.

It has been shown that fluridone, an inhibitor of
ABA biosynthesis, can effectively reduce endogenous
ABA levels (Ullah et al., 2002; Dekkers et al., 2004;

Figure 2. ABA response of rha2a, RHA2a-RNAi, and 35S:RHA2a plants in seed germination. A, Diagram of the RHA2a gene
illustrating a T-DNA inserted between nucleotides 12 and 13 in the rha2amutant. The positions of the primer pairs P1/P2 and P3/
P4 are indicated. B, Expression of the RHA2a gene in the rha2amutant analyzed by RT-PCR using the primer pairs P1/P2 and P3/
P4. As shown in A, the primer pair P1/P2 spans the T-DNA insertion, whereas the primer pair P3/P4 locates downstream of the
T-DNA insertion site. ACTIN2 primers were used in PCR as an internal control. C, Expression of RHA2a and RHA2b in RHA2a-
RNAi lines. Top, RNA gel blot analysis showing reduced expression of RHA2a in different RHA2a-RNAi lines. Lines 1, 3, and 4
showed similar ABA-insensitive phenotypes; results from line 4 (labeled as RHA2a-RNAi 4#) are shown in this report. Two-week-
old plants were collected for RNA extraction. Thirty micrograms of RNA was loaded per lane. A duplicated gel stained with
ethidium bromide was used as a loading control. Bottom, RT-PCR analysis showing expression of the RHA2b gene in RHA2a-
RNAi 4#. ACTIN2 primers were used in PCR as an internal control. D, RNA gel blot analysis showing elevated expression of
RHA2a in different 35S:RHA2a lines. All lines showed similar ABA-hypersensitive phenotypes; results from lines 7 and 11
(labeled as 35S:RHA2a 7# and 35S:RHA2a 11#) are shown in this report. Two-week-old plants were collected for RNA
extraction. Ten micrograms of RNAwas loaded per lane. A duplicated gel stained with ethidium bromide was used as a loading
control. E, Quantification of seed germination. Seed germination percentage of the indicated genotypes grown on different
concentrations of ABAwas recorded at 3 d after the end of stratification. Data show themean6 SD of three replicates. At least 100
seeds per genotype were measured in each replicate. F and G, Seed germination time course of the four genotypes grown on
medium without ABA (F) or containing 0.5 mM ABA (G). Plates were kept at 4�C in the dark for 3 d and then transferred to a
growth chamber. Germination was recorded starting 24 h after transfer. Data show the mean6 SD of three replicates. At least 100
seeds per genotype were measured in each replicate. For E to G, at least three independent experiments were conducted and
similar results were obtained.
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Chen et al., 2006; Pandey et al., 2006). To challenge the
possibility that RHA2a may regulate ABA response by
affecting ABA biosynthesis, we examined the effect of
fluridone on ABA sensitivity of RHA2a overexpression
lines, the rha2a mutant, and the wild type. Consistent
with previous reports (Ullah et al., 2002; Chen et al.,
2006), pretreatment with fluridone generally reduced
the seed ABA sensitivity of different genotypes (Sup-
plemental Fig. S2). However, in the presence of flur-
idone pretreatment, seed germination of 35S:RHA2a
plants still showed increased sensitivity to ABA,
whereas seed germination of the rha2a mutant was
less sensitive to ABA (Supplemental Fig. S2). The
finding that fluridone treatment did not diminish the
difference in ABA-mediated inhibition of seed germi-
nation among genotypes suggested that RHA2a affects
ABA signaling rather than ABA biosynthesis.

ABA Response of RHA2a Knockdown and RHA2a
Overexpression Plants during Early
Seedling Development

The RHA2a knockdown and RHA2a overexpression
plants were also assessed for their response to ABA
during early seedling development. For these experi-
ments, seeds germinated on ABA-free medium were
transferred to medium containing different concentra-
tions of ABA and cotyledon-greening percentage was
scored (see “Materials and Methods”). In the absence
of ABA, the cotyledon-greening percentages of the
different genotypes were similar (Fig. 3A). In the
presence of different concentrations of ABA, rha2a
and RHA2a-RNAi 4# plants showed higher cotyledon-
greening percentages than wild-type plants, whereas
the two lines of 35S:RHA2a plants exhibited signifi-
cantly reduced cotyledon-greening percentages (Fig.
3A). To quantify the effect of ABA on cotyledon
greening, we measured chlorophyll contents of the
seedlings. In the absence of ABA, the chlorophyll
contents were largely similar among genotypes (Fig.
3B). In line with the cotyledon-greening data, ABA
treatment exerted differential effects on chlorophyll
accumulation of the RHA2a knockdown and RHA2a
overexpression plants: while rha2a and RHA2a-RNAi
4# seedlings showed higher levels of chlorophyll ac-
cumulation than wild-type seedlings, 35S:RHA2a 7#
and 35S:RHA2a 11# seedlings showed significantly
reduced levels of chlorophyll accumulation than wild-
type seedlings (Fig. 3B), again indicating that rha2a
and RHA2a-RNAi 4# plants are less sensitive to ABA in
cotyledon greening but 35S:RHA2a plants are hyper-
sensitive. The action of RHA2a in ABA signaling was
also assessed by investigating the ABA-mediated re-
tardation of seedling root growth. In the presence of
different concentrations of ABA, root growth of rha2a
and RHA2a-RNAi 4# seedlings was significantly better
than that of wild-type seedlings, whereas root growth
of the 35S:RHA2a plants was more severely inhibited
(Fig. 3, C and D). Taken together, the contrasting ABA
sensitivities displayed by the RHA2a knockdown

plants (T-DNA mutant and RNAi lines) and RHA2a
overexpression plants suggested that RHA2a acts as a
positive regulator of ABA signaling during early
seedling development.

Under our experimental conditions, the above-
described distinct effects of ABA on RHA2a knock-
down plants and RHA2a overexpression plants could
be easily observed if the seedlings were transferred to
ABA-containing medium less than 48 h after stratifi-
cation, but the differential effects were less apparent
when the transfer took place more than 48 h after
stratification, suggesting that the action of RHA2a in
ABA signaling may specifically be seen during germi-
nation and early stages of seedling development.

Consistently, gene expression analyses using
2-week-old seedlings indicated that the ABA-induced
expression levels of several marker genes, including
RD29A, RAB18, KIN1, and NCED3 (Shinozaki and
Yamaguchi-Shinozaki, 1997), did not show significant
differences among 35S:RHA2a, rha2a, and wild-type
plants (data not shown). To test whether RHA2a
affects ABA signaling in stomata of more mature
plants, we compared leaf water loss of 35S:RHA2a,
rha2a, and wild-type plants. The leaf water loss did not
show significant differences among the three geno-
types (Supplemental Fig. S3), suggesting that RHA2a
has little effect on ABA signaling in more mature
plants.

Genetic Analysis of rha2a Double Mutants

The opposite responses of RHA2a knockdown and
RHA2a overexpression plants to ABA show high sim-
ilarity to those of the abi5 mutants and ABI5 over-
expression plants (Finkelstein et al., 2002). To test
whether the RHA2a gene acts in the same or a different
pathway to ABI5, we generated 35S:RHA2a plants in
the genetic background of the ABA-insensitive abi5-7
mutant (abi5-7/35S:RHA2a). In our ABA response
assays, abi5-7/35S:RHA2a plants were hypersensitive
to ABA (Fig. 4, A–C), suggesting that RHA2amight act
downstream of ABI5 in ABA signaling. Alternatively,
RHA2amight act in a pathway independent of ABI5 to
control ABA-mediated regulation of seed germination
and early seedling development. To distinguish these
two possibilities, we further generated 35S:ABI5 plants
in the genetic background of the rha2a mutant (rha2a/
35S:ABI5). In our ABA response assays, rha2a/35S:ABI5
plants also showed ABA-hypersensitive phenotype
(Fig. 4, D–F), suggesting that RHA2a might act up-
stream or independently of ABI5 in ABA-mediated
regulation of seed germination and early seedling
development. Together, these results support the idea
that RHA2a functions in parallel with ABI5 in ABA
signaling.

To confirm the above scenario, we further generated
the rha2a abi5-7 double mutant and compared its
response to ABA with that of the two single mutants.
Given that both rha2a and abi5-7 are less sensitive to
ABA, we reasoned that if RHA2a would indeed act in
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parallel with ABI5, the double mutant should be more
insensitive to ABA than the single mutants alone. As
expected, our ABA response assays, including cotyle-
don greening (Fig. 4G), chlorophyll accumulation (Fig.
4H), and root growth inhibition (Fig. 4I), all indicated
that the double mutant was significantly more insen-
sitive to ABA than the single mutants. For example,
under our experimental conditions, when the ABA
concentration was raised to 2 mM, both rha2a and abi5-7

were severely inhibited in cotyledon greening and root
growth, but the double mutant still exhibited an in-
sensitive phenotype (Fig. 4, G–J). The double mutant
seedlings showed obvious growth retardation only
when the ABA concentration was raised to 5 mM or
higher (Fig. 4J). These data suggested that RHA2a
functions in parallel with ABI5 in ABA signaling.

TheABI5 gene has been shown to act downstream of
ABI3 in the same pathway to execute ABA-mediated

Figure 3. ABA response of rha2a, RHA2a-RNAi, and 35S:RHA2a plants during early seedling development. A, Quantification of
cotyledon greening. Cotyledon-greening percentage of the indicated genotypes grown on medium containing different
concentrations of ABAwas recorded at 5 d after the end of stratification (see “Materials andMethods”). Data show the mean6 SD

of three replicates. At least 100 seeds per genotype were measured in each replicate. B, Quantification of chlorophyll content.
Seedlings described in Awere collected for chlorophyll a/b extraction andmeasurement. Values represent the mean6 SD of three
replicates. FW, Fresh weight of whole seedlings. C, Root growth measurements. Seedling root length of the indicated genotypes
grown on medium containing different concentrations of ABAwas measured at 5 d after the end of stratification (see “Materials
and Methods”). Relative root growth compared with that on ABA-free medium is indicated. Data show the mean 6 SD of three
replicates. At least 30 seedlings per genotype were measured in each replicate. D, Photographs of seedlings at 5 d after the end of
stratification. Twenty-four hours after stratification, germinated seeds were transferred from ABA-free medium to medium
containing 0.5 mM ABA. Asterisks in B and C indicate the significance of the difference from the corresponding wild-type values
determined by Student’s t test (** P , 0.01). At least three independent experiments were conducted and similar results were
obtained. [See online article for color version of this figure.]
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Figure 4. Genetic relationship between RHA2a and ABI5. A to C, Overexpression of RHA2a in abi5-7 leads to ABA hypersensitivity.
A, Quantification of cotyledon greening. Cotyledon-greening percentage of Col-0, abi5-7, and RHA2a overexpression plants in the
genetic background of Col-0 (35S:RHA2a 7#) and two lines of RHA2a overexpression plants in the genetic background of abi5-7
(abi5-7/35S:RHA2a 1# and abi5-7/35S:RHA2a 2#) grown onmedium containing different concentrations of ABAwas recorded at 5 d
after the end of stratification. Data show the mean 6 SD of three replicates. At least 100 seeds per genotype were measured in each
replicate. B, Quantification of chlorophyll content. Seedlings described in A were collected for chlorophyll a/b extraction and
measurement. Values represent the mean 6 SD of three replicates. FW, Fresh weight of whole seedlings. C, Root growth
measurements. Seedling root length of the indicated genotypes grown on medium containing different concentrations of ABA was
measured at 5 d after the end of stratification (see “Materials and Methods”). Relative root growth compared with that on ABA-free
medium is indicated. Data show the mean 6 SD of three replicates. At least 30 seedlings per genotype were measured in each
replicate. Asterisks indicate the significance of the difference from the corresponding wild-type values determined by Student’s t test
(* 0.01# P, 0.05, ** P, 0.01). At least three independent experiments were conducted and similar results were obtained. D to F,
Overexpression of ABI5 in rha2a leads to ABA hypersensitivity. D, Quantification of cotyledon greening. Cotyledon-greening
percentage of Col-0, rha2a, and ABI5 overexpression plants in the genetic background of Col-0 (Col-0/35S:ABI5) and two lines of
RHA2a overexpression plants in the genetic background of rha2a (rha2a/35S:ABI5 1# and rha2a/35S:ABI5 2#) grown on medium
containing different concentrations of ABA was recorded at 5 d after the end of stratification. Data show the mean 6 SD of three
replicates. At least 100 seeds per genotype were measured in each replicate. E, Quantification of chlorophyll content. Seedlings
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Figure 4. (Continued.)

described inDwere collected for chlorophyll a/b extraction andmeasurement. Values represent themean6 SD of three replicates. F,
Root growthmeasurements. Seedling root lengthof the indicatedgenotypes grownonmediumcontainingdifferent concentrationsof
ABAwas measured at 5 d after the end of stratification (see “Materials and Methods”). Relative root growth compared with that on
ABA-free medium is indicated. Data show the mean6 SD of three replicates. At least 30 seedlings per genotype were measured in
each replicate.Asterisks indicate the significanceof thedifference fromthecorrespondingwild-typevalues determinedby Student’s t
test (* 0.01#P,0.05, **P,0.01).At least three independent experimentswereconductedand similar resultswereobtained.G to J,
Doublemutant analysis between rha2a and abi5-7. G,Quantification of cotyledon greening. Cotyledon-greening percentage of the
indicated genotypes grown onmediumcontaining different concentrations of ABAwas recorded at 5 d after the end of stratification.
Data show themean6 SD of three replicates. At least 100 seeds per genotypeweremeasured in each replicate. H,Quantification of
chlorophyll content. Seedlings described in Gwere collected for chlorophyll a/b extraction andmeasurement. Values represent the
mean 6 SD of three replicates. I, Root growth measurements. Seedling root length of the indicated genotypes grown on different
concentrations of ABA was measured at 5 d after the end of stratification. Relative root growth compared with that on ABA-free
medium is indicated. Data show the mean 6 SD of three replicates. At least 30 seedlings per genotype were measured in each
replicate. J, Photographs of seedlings at 5 d after the endof stratification. Twenty-four hours after stratification, germinated seedswere
transferred from ABA-free medium tomedium containing different concentrations of ABA. Asterisks indicate the significance of the
difference from the corresponding abi5-7 values determined by Student’s t test (* 0.01 # P , 0.05, ** P ,0.01). At least three
independent experiments were conducted and similar results were obtained. [See online article for color version of this figure.]
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regulation of seed germination and early seedling
development (Lopez-Molina et al., 2002). ABA re-
sponse assays indicated that overexpression of
RHA2a in the abi3-8 mutant background led to ABA
hypersensitivity (Supplemental Fig. S4). Furthermore,
the rha2a abi3-8 double mutant was significantly more
insensitive to ABA than the rha2a and abi3-8 single
mutants (Fig. 5). These data suggested that the RHA2a
gene may act in parallel with the ABI3-ABI5 pathway
in ABA signaling.
Two lines of evidence suggested that the function of

RHA2a in ABA signaling is independent of that of
ABI4. First, overexpression of RHA2a in the abi4-1
background led to an ABA-hypersensitive phenotype
(Supplemental Fig. S5). Second, the rha2a abi4-1 double
mutant was significantly more insensitive to ABA than
either abi4-1 or rha2a (Fig. 6). Taken together, our
genetic data support a hypothesis that the action of
RHA2a in ABA signaling is independent of that of the
ABI transcription factor genes, including ABI3, ABI4,
and ABI5.

Salt and Osmotic Responses of rha2a and 35S:RHA2a
Plants during Seed Germination

Salts inhibit seed germination and postgerminative
growth in an ABA-dependent or ABA-independent
manner (Zhu, 2002). Since the RHA2a gene regulates
ABA signaling during seed germination and early
seedling development, we tested whether RHA2a af-
fects the plant response to salt stress during these
processes. Seeds of rha2a, 35S:RHA2a, and the wild
type were sown on medium containing different con-
centrations of NaCl and germination percentages were
scored. In medium supplemented with 100 to 200 mM

NaCl, germination percentages of rha2a were signifi-
cantly higher than those of the wild type (Fig. 7A). On
the contrary, germination percentages of the two 35S:
RHA2a lines were significantly lower than those of the
wild type (Fig. 7A). To distinguish whether RHA2a is
involved in salt-specific or general osmotic responses,
we compared the responses of different genotypes to the
osmotic reagents Glc and mannitol. Seed germination

Figure 4. (Continued.)
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of rha2a plants showed insensitivity to the inhibition
effects of both Glc (Fig. 8A) and mannitol (Fig. 9A),
whereas seed germination of 35S:RHA2a plants was
more sensitive to these reagents (Figs. 8A and 9A),
suggesting that RHA2a positively regulates osmotic
stress responses during seed germination.

Salt and Osmotic Responses of rha2a and 35S:RHA2a
Plants during Early Seedling Development

rha2a, 35S:RHA2a, and wild-type plants were also
investigated for their responses to NaCl, Glc, and
mannitol during early seedling development. For

these experiments, germinated seeds were transferred
24 h after stratification from control medium to os-
motic stress-containing medium (see “Materials and
Methods”). In our cotyledon-greening assays, rha2a
seedlings were less sensitive than wild-type seedlings
to NaCl (Fig. 7B), Glc (Fig. 8B), and mannitol (Fig. 9B).
On the contrary, seedlings of the 35S:RHA2a lines were
more sensitive than wild-type seedlings to NaCl (Fig.
7B), Glc (Fig. 8B), and mannitol (Fig. 9B). Similar
results were obtained when measuring chlorophyll
accumulation (Figs. 7C, 8C, and 9C). These results sug-
gested that RHA2a also positively regulates osmotic
stress responses during early seedling development.

Figure 5. Double mutant analysis between rha2a and abi3-8. A, Quantification of cotyledon greening. Cotyledon-greening
percentage of the indicated genotypes grown onmedium containing different concentrations of ABAwas recorded at 5 d after the
end of stratification. Data show the mean 6 SD of three replicates. At least 100 seeds per genotype were measured in each
replicate. B, Quantification of chlorophyll content. Seedlings described in A were collected for chlorophyll a/b extraction and
measurement. Values represent the mean 6 SD of three replicates. FW, Fresh weight of whole seedlings. C, Root growth
measurements. Seedling root length of the indicated genotypes grown on different concentrations of ABA was measured at 5 d
after the end of stratification. Relative root growth compared with that on ABA-free medium is indicated. Data show the mean6
SD of three replicates. At least 30 seedlings per genotype were measured in each replicate. D, Photographs of seedlings at 5 d after
the end of stratification. Twenty-four hours after stratification, germinated seeds were transferred from ABA-free medium to
medium containing different concentrations of ABA. Asterisks in B and C indicate the significance of the difference from the
corresponding abi3-8 values determined by Student’s t test (** P , 0.01). Three independent experiments were conducted and
similar results were obtained. [See online article for color version of this figure.]
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The RHA2a Protein Is a Functional E3 Ligase

The C terminus of RHA2a contains a C3H2C3-type
RING domain with conserved Cys and His residues
(Fig. 10A). An increasing body of evidence indicates
that RING motif-containing proteins can act as an
active E3 ligase and function in a broad range of
biological processes (Xie et al., 2002; Seo et al., 2003;
Zhang et al., 2005, 2007; Dong et al., 2006; Stone et al.,
2006; Qin et al., 2008). To examine whether RHA2a
has E3 activity, we conducted in vitro autoubiquiti-
nation assays. RHA2a was expressed in Escherichia
coli as a fusion protein with maltose binding protein

(MBP) and affinity purified from the soluble fraction.
In the presence of wheat (Triticum aestivum) E1 and a
human E2 (UbcH5B) enzyme, purified MBP-RHA2a
was able to execute autoubiquitination, as evidenced
by the formation of large molecular mass proteins
detected by immunoblot analyses using anti-His (Fig.
10B, top) or anti-MBP (Fig. 10B, bottom) antibodies.
As negative controls, when E1 or E2 was omitted
from the reaction, no polyubiquitination of MBP-
RHA2a was detected (Fig. 10B, lanes 2 and 3 from
the left). These results indicated that RHA2a has E3
ligase activity. To test whether an intact RING finger
domain is required for the E3 ligase activity of RHA2a,

Figure 6. Double mutant analysis between rha2a and abi4-1. A, Quantification of cotyledon greening. Cotyledon-greening
percentage of the indicated genotypes grown onmedium containing different concentrations of ABAwas recorded at 5 d after the
end of stratification. Data show the mean 6 SD of three replicates. At least 100 seeds per genotype were measured in each
replicate. B, Quantification of chlorophyll content. Seedlings described in A were collected for chlorophyll a/b extraction and
measurement. Values represent the mean 6 SD of three replicates. FW, Fresh weight of whole seedlings. C, Root growth
measurements. Seedling root length of the indicated genotypes grown on different concentrations of ABA was measured at 5 d
after the end of stratification. Relative root growth compared with that on ABA-free medium is indicated. Data show the mean6
SD of three replicates. At least 30 seedlings per genotype were measured in each replicate. D, Photographs of seedlings at 5 d after
the end of stratification. Twenty-four hours after stratification, germinated seeds were transferred from ABA-free medium to
medium containing different concentrations of ABA. Asterisks in B and C indicate the significance of the difference from the
corresponding abi4-1 values determined by Student’s t test (** P , 0.01). Three independent experiments were conducted and
similar results were obtained. [See online article for color version of this figure.]
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a single amino acid substitution allele named
RHA2aC89S, in which Cys-89 mutated to Ser-89,
was produced (Fig. 10A), as this mutation might
disrupt the RING domain (Xie et al., 2002; Stone et al.,
2006). In vitro ubiquitination assays indicated that
the E3 ligase activity was completely abolished in
RHA2aC89S (Fig. 10B, lane 5 from the left), demon-
strating that an intact RING domain is required for
the E3 ligase activity of RHA2a.

Furthermore, we generated transgenic lines over-
expressing RHA2aC89S directed by the 35S promoter.
As shown in Supplemental Figure S6A, the expression
level of RHA2aC89S in lines 35S:RHA2aC89S 1# and
35S:RHA2aC89S 2# was comparable to the expression
level of RHA2a in the above-described 35S:RHA2a 7#
plants. ABA response assays indicated that, in contrast
to 35S:RHA2a 7# plants, which were hypersensitive to
ABA, the response of 35S:RHA2aC89S plants to ABA
was essentially similar to that of the wild type (Sup-
plemental Fig. S6, B–D). These results suggested that
the RING domain is important for the biological
function of RHA2a in ABA signaling.

RHA2a Physically Interacts with the NAC Transcription
Factors ANAC019 and ANAC055

A previous yeast two-hybrid screen identified a
NAC family protein (At1g52890) named ANAC (for

ABA-inducible NAC) as an interacting protein of
RHA2a (Greve et al., 2003). Based on the nomenclature
established for the NAC family proteins in Arabidop-
sis (Ooka et al., 2003; Olsen et al., 2005), ANAC was
renamed as ANAC019. Our yeast two-hybrid assays
indicated that, in addition to ANAC019, RHA2a was
also able to interact with ANAC055 (At3g15500; Fig.
11A). ANAC019 and ANAC055 represent the most
closely related members among the NAC family pro-
teins in Arabidopsis (Tran et al., 2004).

The interaction of RHA2a with ANAC019 and
ANAC055 was further confirmed by in vitro pull-
down assays. MBP and the MBP-RHA2a fusion pro-
teins were produced in E. coli and purified using
amylose resin. Purified MBP-RHA2a or MBP was
incubated with the in vitro-translated [35S]ANAC019
and [35S]ANAC055 polypeptides. As shown in Figure
11B, the MBP-RHA2a fusion protein, but not the MBP
control, was able to pull down [35S]ANAC019 and
[35S]ANAC055. In addition, purified MBP-RHA2a was
also incubated with the 6myc-ANAC019 and 6myc-
ANAC055 fusion proteins expressed in Nicotiana ben-
thamiana leaves. Again, MBP-RHA2a, but not MBP
alone, was able to pull down the 6myc-ANAC019 or
the 6myc-ANAC055 fusion protein in the presence of
the proteasome-specific inhibitor MG132 (Fig. 11C).
These results provided further evidence that RHA2a
physically interacts with the two NAC proteins.

Figure 7. Response of rha2a and 35S:RHA2a plants to NaCl. A, Quantification of seed germination. Seed germination
percentage of the indicated genotypes grown on different concentrations of NaCl was recorded at 3 d after the end of
stratification. Data show the mean6 SD of three replicates. At least 100 seeds per genotype were measured in each replicate. B,
Quantification of cotyledon greening. Cotyledon-greening percentage of the indicated genotypes grown on medium containing
different concentrations of NaCl was recorded at 5 d after the end of stratification. Data show the mean6 SD of three replicates.
At least 100 seeds per genotype were measured in each replicate. C, Quantification of chlorophyll content of seedlings described
in B. Values represent the mean 6 SD of three replicates. FW, Fresh weight of whole seedlings. Asterisks in C indicate the
significance of the difference from the corresponding wild-type values determined by Student’s t test (* 0.01# P, 0.05, ** P,
0.01). Three independent experiments were conducted and similar results were obtained.
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DISCUSSION

The RHA2a Gene Product Plays an Important Role in
ABA Signaling during Seed Germination and Early

Seedling Development

We demonstrate here that the RHA2a gene, which
encodes a deduced C3H2C3-type RING finger protein,
plays an important role in ABA signaling. ABA re-
sponse assays indicated that while the rha2a mutant
and RHA2a-RNAi plants were less sensitive to ABA,
35S:RHA2a plants weremore sensitive, suggesting that
RHA2a positively regulates ABA signaling during
seed germination and early seedling development.
Our findings that down-regulation or overexpression
of RHA2a did not significantly affect leaf water loss or
ABA-induced marker gene expression support the
idea that RHA2amay be an ABA signaling component
specifically effective during seed germination and
early stages of seedling development.
Among the known positive regulators of ABA

signaling, ABI5 encodes a bZIP transcription factor
whose accumulation inhibits seed germination and
early seedling establishment (Finkelstein and Lynch,
2000; Lopez-Molina et al., 2001, 2002). Three lines of
evidence suggested that the action of the RHA2a gene
in ABA signaling may be in parallel with that of ABI5.
First, overexpression of RHA2a in the ABA-insensitive
abi5-7 mutant led to an ABA-hypersensitive pheno-

type (Fig. 4, A–C). Second, overexpression of ABI5 in
the genetic background of the rha2a mutant also led to
an ABA-hypersensitive phenotype (Fig. 4, D–F). Fi-
nally, the rha2a abi5-7 double mutant was significantly
more insensitive to ABA than the rha2a and abi5-7
single mutants (Fig. 4, G–I).

The ABI3 protein had been shown to interact with
ABI5 in a yeast two-hybrid assay (Nakamura et al.,
2001). Previous genetic analyses revealed that ABI5
acts downstream of ABI3 in the same pathway to
execute ABA-mediated regulation of seed germination
and early seedling development (Lopez-Molina et al.,
2002). In this context, our finding that RHA2a acts in
parallel with ABI5 (Fig. 4) suggests that the function of
RHA2a may also be in parallel with ABI3. Indeed, our
ABA response assays indicated that the rha2a abi3-8
double mutant is also significantly more insensitive to
ABA than the single mutants (Fig. 5). Therefore, our
data suggest that RHA2a acts in parallel with the ABI3-
ABI5 pathway in ABA signaling.

In addition to ABI3 and ABI5, the ABI4 gene, which
encodes an AP2-type transcription factor, also plays an
important role in ABA-regulated seed germination
(Finkelstein et al., 1998). However, relatively less is
known regarding the physical and genetic interactions
of ABI4 with ABI3 and ABI5 (Finkelstein et al., 2002).
Nevertheless, our ABA response assays showing that
the rha2a abi4-1 double mutant was significantly more
insensitive than the single mutants to ABA suggest

Figure 8. Response of rha2a and 35S:RHA2a plants to Glc. A, Quantification of seed germination. Seed germination percentage
of the indicated genotypes grown on different concentrations of Glc was recorded at 3 d after the end of stratification. Data show
the mean 6 SD of three replicates. At least 100 seeds per genotype were measured in each replicate. B, Quantification of
cotyledon greening. Cotyledon-greening percentage of the indicated genotypes on medium containing different concentrations
of Glc was recorded at 5 d after the end of stratification. Data show the mean 6 SD of three replicates. At least 100 seeds per
genotype were measured in each replicate. C, Quantification of chlorophyll content of seedlings described in B. Values represent
the mean6 SD of three replicates. FW, Fresh weight of whole seedlings. Asterisks in C indicate the significance of the difference
from the corresponding wild-type values determined by Student’s t test (* 0.01 # P , 0.05, ** P , 0.01). Three independent
experiments were conducted and similar results were obtained.
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that the action of RHA2a in ABA signaling is also in
parallel with that of ABI4 (Fig. 6). Together, these data
support the idea that RHA2a is an important positive
regulator of ABA signaling during seed germination
and early seedling development and that the action of
RHA2a in ABA signaling is independent of that of the
ABI transcription factor genes, including ABI3, ABI4,
and ABI5.

RHA2a Is a Functional E3 Ligase

Prior to this work, several studies have postulated
that RHA2a may encode a C3H2C3-type RING finger
E3 ligase (Greve et al., 2003; Stone et al., 2005). Our
analyses here demonstrate that the RHA2a protein is
indeed an active E3 ligase based on the occurrence of
autoubiquitination of the MBP-RHA2a fusion protein
in the presence of the E1 and E2 enzymes (Fig. 10B).
Thus, RHA2a joins SDIR1 as positive regulators of
ABA signaling as active C3H2C3-type E3 ligases
(Zhang et al., 2007; this work). However, RHA2a and
SDIR1 differ from each other in their functional rela-
tionship with ABI5. While the former acts in parallel
with ABI5 (this work), the latter functions upstream of
ABI5 (Zhang et al., 2007). The XERICO gene, which is
predicted to encode a small protein (162 amino acids)
containing a RING-H2 zinc finger motif, has been
genetically characterized to be a positive regulator of

ABA signaling for drought tolerance in Arabidopsis
(Ko et al., 2006). However, an E3 ligase activity re-
mains to be demonstrated for the protein product of
XERICO (Ko et al., 2006). In contrast to RHA2a, SDIR1,
and XERICO, two novel E3 ligases (AIP2 and KEG)
have recently been found to be negative regulators in
several aspects of ABA signaling (Zhang et al., 2005;
Stone et al., 2006). AIP2 contains a RING motif and
targets ABI3 for posttranslational degradation (Zhang
et al., 2005; Stone et al., 2006). KEG has a complex
structure composed of a RING-HCa motif, a kinase
domain, ankyrin repeats, and HERC2-like repeats and
is required for keeping the ABI5 protein at a low level
under normal growth conditions (Stone et al., 2006).

Based on our results, we hypothesize that RHA2a
functions as an E3 ligase that mediates the degradation
of its substrate(s) (yet to be identified) through the
ubiquitin-proteasome machinery (Zhang et al., 2005;
Stone et al., 2006). Given that RHA2a itself positively
regulates ABA signaling, we propose that the de-
graded proteins by RHA2a are negative regulators of
ABA signaling and that removing these molecules has
the effect of activating ABA signaling. In a previous
study, RHA2a was shown to interact with the NAC
family protein ANAC019 in yeast two-hybrid assays
(Greve et al., 2003). Our yeast two-hybrid assays
indicated that in addition to ANAC019, RHA2a also
interacts with ANAC055, which shows high sequence

Figure 9. Response of rha2a and 35S:RHA2a plants to mannitol. A, Quantification of seed germination. Seed germination
percentage of the indicated genotypes grown on medium containing different concentrations of mannitol was recorded at 3 d
after the end of stratification. Data show the mean 6 SD of three replicates. At least 100 seeds per genotype were measured in
each replicate. B, Quantification of cotyledon greening. Cotyledon-greening percentage of the indicated genotypes on medium
containing different concentrations of mannitol was recorded at 5 d after the end of stratification. Data show the mean 6 SD of
three replicates. At least 100 seeds per genotype were measured in each replicate. C, Quantification of chlorophyll content of
seedlings described in B. Values represent the mean6 SD of three replicates. FW, Fresh weight of whole seedlings. Asterisks in C
indicate the significance of the difference from the corresponding wild-type values determined by Student’s t test (** P , 0.01).
Three independent experiments were conducted and similar results were obtained.
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similarity to ANAC019 (Fig. 11A). The physical in-
teraction of RHA2a with ANAC019 and ANAC055
was further confirmed by in vitro pull-down assays.
Previous work has elegantly demonstrated that
ANAC019 and ANAC055 are functional transcription
activators for ABA- and dehydration-responsive gene
expression (Tran et al., 2004). Given that RHA2a is a
functional E3 ligase, it will be interesting to test
weather ANAC019 and ANAC055 are substrates of
RHA2a in ABA signaling. Further studies are required
to examine the physiological relevance of the interac-
tion between RHA2a and the two NAC proteins in
ABA signaling.
Alternatively, RHA2a could activate positive regu-

lators by monoubiquitination and stabilize some key
regulators of the ABA signaling pathway. Could these
positive regulators be ABI3, ABI4, or ABI5? If RHA2a
modifies ABI5, we would expect that the ABI5 locus is

epistatic to the RHA2a locus in ABA signaling. How-
ever, our genetic analyses indicated that overexpres-
sion of RHA2a in the ABA-insensitive abi5-7 mutant
leads to an ABA-hypersensitive phenotype (Fig. 4,
A–C) and that the rha2a abi5-7 double mutant is
significantly more insensitive to ABA than the single
mutants (Fig. 4, G–J). Similarly, our data indicated that
the rha2a abi3-8 double mutant is significantly more
insensitive to ABA than the single mutants (Fig. 5) and

Figure 10. E3 ubiquitin ligase activity of RHA2a. A, Amino acid
sequence of RHA2a. The RING finger domain is underlined, the
conserved Cys and His residues are shown in boldface, and the star
indicates Cys-89 changed to Ser-89 in RHA2aC89S, a mutant version of
RHA2a. B, MBP-RHA2a and its mutant form MBP-RHA2aC89S fusion
proteins were assayed for E3 activity in the presence of E1 (fromwheat),
E2 (UbcH5B), and His-tagged ubiquitin (Ub). MBP itself was used as a
negative control (left lane). RHA2aC89S lost E3 ligase activity (right
lane). The numbers on the left denote the molecular masses of marker
proteins in kilodaltons. The nickel-nitrilotriacetic acid conjugated to
horseradish peroxidase (HRP; KPL) was used to detect His-tagged
ubiquitin (top), and the anti-MBP antibody was used to detect maltose
fusion proteins (bottom).

Figure 11. RHA2a interacts with ANAC019 and ANAC055. A, RHA2a
interacts with ANAC019 and ANAC055 in yeast. Full-length ANAC019
or ANAC055 was cloned into pGADT7 to generate pAD-ANAC019 or
pAD-ANAC055. Full-length RHA2a was cloned into pGBKT7 to gen-
erate pBD-RHA2a. Yeast cells were cotransformed with a combination
of the indicated plasmids and streaked on plates lacking Leu and Trp or
Leu, Trp, and His. To corroborate the interactions between the two
ANACs and RHA2a, b-galactosidase (b-gal) activity was assayed on
replica filters. SD, Synthetic dextrose. B, In vitro pull-down assay.
Purified MBPand the MBP-RHA2a fusion proteins were incubated with
in vitro-translated [35S]ANAC019 and [35S]ANAC055. Bound proteins
were pulled down with amylose resin, separated by 10% SDS-PAGE,
and analyzed by autoradiography. Input proteins [35S]ANAC019 and
[35S]ANAC055 exhibited the same size, and only [35S]ANAC019 is
shown. C, In vitro pull-down assay. Purified MBP and MBP-RHA2a
fusion proteins were incubated with the 6myc-ANAC019 and 6myc-
ANAC055 expressed in N. benthamiana leaves. Bound proteins were
pulled down with amylose resin, separated by 10% SDS-PAGE, and
probed with anti-c-myc antibody. Input proteins 6myc-ANAC019 and
6myc-ANAC055 exhibited the same size, and only 6myc-ANAC019 is
shown. [See online article for color version of this figure.]
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that the rha2a abi4-1 double mutant is significantly
more insensitive to ABA than the single mutants (Fig.
6). These data do not favor the hypothesis that RHA2a
activates ABA signaling through modification of ABI5,
ABI3, or ABI4. Thus, further functional studies of
RHA2a, its target protein(s), and their interplay are
necessary for complete understanding of the ABA
signaling networks in plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana ecotype Columbia [Col-0]) was used as

the wild type in this study. Seeds of each genotype were surface sterilized with

10% bleach and 0.001% Triton X-100 for 10 min and washed three times with

sterile water. Sterilized seeds were then suspended in 0.2% agarose and plated

on Murashige and Skoog (MS) medium. Plants were stratified at 4�C in

darkness for 3 d and then transferred to a Phytotron set at 22�C with a 16-h-

light/8-h-dark photoperiod (light intensity of 120 mmol m22 s21). After 2 to 3

weeks, seedlings were also potted in soil and placed in a growth room at 22�C
with a 16-h-light/8-h-dark cycle (light intensity of 120 mmol m22 s21).

Mutant Identification of RHA2a, ABI5, ABI3, and ABI4

A putative homozygous T-DNA insertion mutant line (GABI-kat 126H03,

N378380) of RHA2a (At1g15100) was obtained from the Nottingham Arabi-

dopsis Stock Centre at the University of Nottingham. N378380 seedlings show

100% resistance to sulfadiazine. Diagnostic PCR analyses with gene-specific

primers 5#-GGAAACCAAAGCAGATCTACAAAG-3# and 5#-ACACTGA-

AAGTGAAAACTAACGGG-3# in combination with the T-DNA primer 5#-ATA-

TTGACCATCATACTCATTGC-3# indicated that line N378380 contains a T-DNA

inserted between nucleotides 12 and 13 of RHA2a (Fig. 2A). Homozygous

N378380 was named rha2a in this study. RT-PCR analysis using primer pair

P3 (5#-TCTCTCTCCTCGCCGTCTTC-3#) and P4 (5#-TCCAGCTTCCT-

CACCTCTTCA-3#) indicated that the T-DNA insertion led to increased levels

of RHA2a mRNA fragment (Fig. 2B). However, no RHA2a mRNAwas detected

in the rha2a mutant when the primers P1 (5#-ACTGGATCCAAGATGGGG-

CTACAAGGTCAG-3#) and P2 (5#-ACTGAGCTCTACTCAGTGGAGAGA-

GAAAC-3#) that span the T-DNA insertion were used (Fig. 2B). A possible

explanation is that the T-DNA insertion leads to transcription activation of a

nonfunctional RHA2a fragment. The pAC161 used to generate GABI-Kat lines

contains the 35S CaMV promoter, which could act as an activation tagging

element after T-DNA integration (Rosso et al., 2003). Genomic DNA of RHA2a

driven by its native promoter rescues the ABA-insensitive phenotype of rha2a

(Supplemental Fig. S1).

The ABA-insensitive mutants abi5-7 (Nambara et al., 2002; Tamura et al.,

2006), abi4-1 (Finkelstein et al., 1998), and abi3-8 (Nambara et al., 2002; Tamura

et al., 2006) were used to generate double mutants with rha2a. Homozygous

rha2a and abi5-7 were crossed, and putative double mutant plants were

screened from the resulting F2 progeny by their insensitivity to ABA (2 mM)

during seed germination and early seedling development. A rha2a abi5-7

double mutant line was identified by PCR-based genotyping of the RHA2a

locus and sequence confirmation of the ABI5 locus (Nambara et al., 2002;

Tamura et al., 2006).

Similarly, we generated rha2a abi3-8 and rha2a abi4-1 double mutant lines.

Identification of the abi3-8mutation (Nambara et al., 2002; Tamura et al., 2006)

and the abi4-1 mutation (Finkelstein et al., 1998) was performed as described

previously.

Generation of Transgenic Plants

To get RNAi plants of RHA2a, a 319-bp fragment of the RHA2a cDNAwas

PCR amplified with the primers 5#-ACTGGATCCAAGATGGGGCTA-

CAAGGTCAG-3# and 5#-CGTGTCGACATTCCAGCTTCCTCACC-3#. This

fragment was sequentially cloned into the BamHI/SalI and BglII/XhoI sites of

the pUC-RNAi vector (Luo et al., 2006) to target the gene in both the sense and

antisense orientations. Finally, the resulting construct was cloned into the

pCAMBIA2300-35S vector for plant transformation. Homozygous RHA2a-

RNAi plants were identified and verified for reduced endogenous RHA2a

expression by RNA gel blot analysis (Fig. 2C). RHA2a-RNAi 4# was used for

the ABA response assay. RT-PCR analysis indicated that the expression of

RHA2b, a RING finger gene most closely related to RHA2a (Stone et al., 2005),

was not affected in RHA2a-RNAi 4# (Fig. 2C).

To complement the rha2a mutant, a 3,110-bp genomic DNA fragment

containing the entire RHA2a coding region, a 1,765-bp upstream sequence,

and an 874-bp downstream sequence was PCR amplified with the primers

5#-ACTAAGCTTTCTCTCCCGGTAATGGATGC-3# and 5#-AGAGAATTCCT-

CGTCATTCGGAGCCAA-3# using Col-0 genomic DNA as a template. The

resulting fragments were cloned into the HindIII and EcoRI sites of the binary

vector pCAMBIA1300 for transformation of the rha2a mutant plants.

For overexpression of RHA2a, the RHA2a coding sequence was PCR

amplified with the primers 5#-ACTGGATCCAAGATGGGGCTACAAGGT-

CAG-3# and 5#-ACTGAGCTCTACTCAGTGGAGAGAGAAAC-3# using Col-0

genomic DNA as a template. The resulting PCR product was cloned into the

BamHI and SacI sites of the binary vector pBI121 under the control of the

CaMV 35S promoter. The resulting 35S:RHA2a construct was introduced into

Col-0 and the ABA-insensitive mutants abi3-8, abi4-1, and abi5-7. Similarly,

RHA2aC89S, a mutant version of RHA2a (see below), was also cloned into the

BamHI and SacI sites of the binary vector pBI121 under the control of the 35S

promoter.

For overexpression of ABI5, the coding region of ABI5 was fused with the

myc tag in the N terminus and cloned into the pCAMBIA1300-221 vector

under the control of the 35S promoter (Zhang et al., 2007). The resulting 35S:

myc-ABI5 construct was transformed into Col-0 and the rha2a mutant to get

Col-0/35S:ABI5 or rha2a/35S:ABI5 transgenic plants.

For RHA2a promoter:GUS fusion, DNA fragments covering 2,360 bp up-

stream of the translational start site of RHA2awere amplified by PCR with the

primers 5#-GGAAGCTTTCCAACTGTCATATATAACCCC-3# and 5#-GGG-

GATCCTCTTCTTCTTCTCTCTCTGTTTTC-3# using genomic DNA as a tem-

plate. This fragment was cloned into theHindIII and BamHI sites of the binary

vector pBI121 containing a GUS reporter. GUS staining assay was done

essentially as described previously (Zheng et al., 2006).

Transformation of Arabidopsis plants was performed by the floral dip

infiltration method (Bechtold and Pelletier, 1998) using Agrobacterium tumefa-

ciens strain GV3101 (pMP90). T2 seeds from each of the selected transgenic

plants were plated on germination medium containing 50 mg mL21 kanamy-

cin (for pBI121 and pCAMBIA2300-35S) or 20 mg mL21 hygromycin (for

pCAMBIA1300) as selection antibiotics, and the homozygous lines were

selected. Homozygous T3 progeny were then examined for expression levels

of the target genes by RNA gel blot analysis. Progeny from the homozygous

T3 plants were used for ABA response assays.

ABA-Mediated Inhibition of Seed Germination and
Early Seedling Development Assays

Seed Germination

Plants of different genotypes were grown in the same conditions, and seeds

were collected at the same time. For each comparison, seeds were planted on

the same plate containing MS medium (0.53MS salts, 1% Suc, and 0.8% agar)

without or with different concentrations of ABA or other osmotic stresses as

indicated. Plates were chilled at 4�C in the dark for 3 d (stratified) and moved

to 22�C with a 16-h-light/8-h-dark cycle. The percentage of seed germination

was scored at the indicated times. Germination was defined as an obvious

emergence of the radicle through the seed coat.

Cotyledon Greening

To study the effect of ABA on cotyledon greening, seeds were sown on

ABA-free medium as described above. Twenty-four hours after stratification,

germinated seeds were transferred to medium containing different concen-

trations of ABA or other osmotic agents (NaCl, Glc, and mannitol) as

indicated. The percentage of cotyledon greening was recorded at 5 d after

the end of stratification. Cotyledon greening is defined as obvious cotyledon

expansion and turning green.

The effect of ABA or other osmotic agents on cotyledon greening was also

quantified by measurement of chlorophyll content of the seedlings as follows:

after recording cotyledon-greening percentage, the seedlings were harvested,

weighed, and ground into fine powder in liquid nitrogen for chlorophyll
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extraction (Lichtenthaler, 1987). Chlorophyll a/b contents were determined

according to a described method (Lichtenthaler, 1987).

Seedling Root Growth

To study the effect of ABA on seedling root growth, seeds were sown on

ABA-free medium as described above. Twenty-four hours after stratification,

germinated seeds were transferred to medium containing different concen-

trations of ABA. Plates were placed vertically in a growth chamber, and root

growth was measured at 5 d after the end of stratification.

Leaf Water Loss Assays

For leaf water loss measurements, fully expanded leaves were removed

from 4-week-old plants and incubated under the same conditions used for

seedling growth, and each sample (consisting of four individual leaves) was

weighed at the indicated times.

Gene Expression Analyses

For RNA gel blot analysis, total RNA from vegetative tissues was prepared

by a guanidine thiocyanate extraction method (Zheng et al., 2006). Total RNA

was separated on an agarose gel containing 10% formaldehyde, blotted onto a

Hybond N+ membrane (Amersham), and probed with the PCR-amplified

DNA fragments using the gene-specific primers. Probes were labeled with

[a-32P]dCTP using random primer labeling reagents (Pharmacia).

For RT-PCR analysis, total RNA from 14-d-old seedlings was extracted by

the TRIzol method. Reverse transcription was performed using 5 mg of total

RNA and M-MLV reverse transcriptase (Promega). The cDNAwas then used

for PCR amplification. For RHA2a, the above-described primers P1/P2 and

P3/P4 were used. For RHA2b, the primers were 5#-GGTCTAGAATGGGAC-

TACAAGGTCAGCTC-3# and 5#-GGGGTACCATGAGATGATGCAGTAGA-

GGT-3#. For ACTIN2, the primers were 5#-TTGACTACGAGCAGGAGA-

TGG-3# and 5#-ACAAACGAGGGCTGGAACAAG-3#.
For qRT-PCR analysis, total RNA was isolated from seeds during germi-

nation at the indicated times as described previously (Soderman et al., 2000).

Poly(dT) cDNA was prepared from 5 mg of total RNA with SuperScript III

reverse transcriptase (Invitrogen) and quantified with a cycler apparatus (Bio-

Rad) with the qPCR core kit for SYBR Green I (Tiangen). PCR was performed

on 96-well optical reaction plates heated for 5 min to 95�C to activate hot-start

Taq DNA polymerase, followed by 40 cycles of denaturation for 60 s at 95�C
and annealing/extension for 60 s at 59�C. Targets were quantified with gene-

specific primer pairs designed with the Beacon Designer 4.0 (Premier Biosoft

International). Expression levels were normalized to that of ACTIN2. For

RHA2a, the primers were 5#-TCTCTCTCCTCGCCGTCTTC-3# and 5#-TCC-
AGCTTCCTCACCTCTTCA-3#. For ABI5, the primers were 5#-TGGTAACTA-

GAGAAACGAAG-3# and 5#-TTACTACTACTACTACGTCC-3#. For RD29A

(At5g52310), the primers were 5#-ATCACTTGGCTCCACTGTTGTTC-3# and
5#-ACAAAACACACATAAACATCCAAAGT-3#. For NCED3 (At3g14440),

the primers were 5#-TGGCTTCTTTCACGGCAAC-3# and 5#-CAATGGCGG-

GAGAGTTTGA-3#. For RAB18 (At5g66400), the primers were 5#-CAGCAG-

CAGTATGACGAGTA-3# and 5#-CAGTTCCAAAGCCTTCAGTC-3#. For KIN1

(At5g15960), the primers were 5#-ACCAACAAGAATGCCTTCCA-3# and

5#-CCGCATCCGATACACTCTTT-3#. For ACTIN2, the primers were 5#-TTG-

ACTACGAGCAGGAGATGG-3# and 5#-ACAAACGAGGGCTGGAACAAG-3#.
All qRT-PCR experiments were done in triplicate.

Expression of MBP-RHA2a Fusion Protein and

Ubiquitination Assays

To generate MBP-RHA2a, the coding sequence of RHA2a was amplified

with the primers 5#-ACTGAATTCAAGATGGGGCTACAAGGTCAG-3# and

5#-ACTGGATCCGTGGAGAGAGAAACACGAGA-3# and cloned into the

EcoRI and BamHI sites of pMal-c2 (New England Biolabs). MBP-RHA2a

fusion proteins were prepared following the manufacturer’s instructions.

Recombinant proteins of wheat (Triticum aestivum) E1 (GI: 136632) and

human E2 (UbcH5B) were prepared based on a published method (Xie et al.,

2002). The Arabidopsis UBQ14 gene (At4g02890) contains tandem repeats of

228 bp that encode a ubiquitin monomer. The 228-bp ubiquitin monomer

cDNA was cloned into the His tag-containing vector pET-28a (Novagen) to

generate the His-ubiquitin monomer construct. Crude extracts containing

recombinant wheat E1, human UbcH5B (E2; approximately 40 ng), purified

MBP-RHA2a (E3; approximately 1 mg), and purified UBQ14-His (approxi-

mately 2 mg) were used for E3 ubiquitin ligase activity assay as described (Xie

et al., 2002; Zhang et al., 2007). RHA2aC89S, a mutant version of RHA2a, in

which Cys-89 was mutated to Ser-89, was generated using the Quick-Change

site-directed mutagenesis kit (Stratagene). After reaction, proteins were sep-

arated by SDS-PAGE, blotted, and probed by the His Detector nickel-

nitrilotriacetic acid conjugated to horseradish peroxidase (KPL) for detection

of His-tagged ubiquitin; the blot was also probed by MBP antibody (New

England Biolabs) and visualized using chemiluminescence as instructed by

the manufacturer (Millipore).

In Vitro Translation of the NAC Proteins

The coding sequences of ANAC019 and ANAC055 were cloned into the

BamHI and SacI sites of the Luciferase SP6 Control DNA (Promega) to

generate the SP6-ANAC019 and SP6-ANAC055 constructs for in vitro

translation. The primers used to amplify ANAC019 were 5#-CGAGGATC-

CATGGGTATCCAAGAAACTGAC-3# and 5#-GATGAGCTCTCACATAAA-

CCCAAACCCACC-3#, and the primers used to amplify ANAC055 were

5#-TACGGATCCATGGGTCTCCAAGAGCTTGAC-3# and 5#-TGTGAGCT-

CTCAAATAAACCCGAACCCACT-3#. [35S]Met-labeled ANAC019 and

ANAC055 were generated by in vitro translation with Rabbit Reticulocyte

Lysate using a SP6-coupled TnT kit (Promega).

A. tumefaciens-Mediated Protein Transient Expression of

the NAC Proteins

6myc-ANAC019 and 6myc-ANAC055 fusion proteins were transiently

expressed in Nicotiana benthamiana leaves by agroinfiltration. The coding

sequence of ANAC019 was amplified with the primers 5#-CGAGGATC-

CATGGGTATCCAAGAAACTGAC-3# and 5#-GATGAGCTCTCACATAAA-

CCCAAACCCACC-3#, whereas the coding sequence of ANAC055 was

amplified with the primers 5#-TACGGATCCATGGGTCTCCAAGAGCTT-

GAC-3# and 5#-TGTGAGCTCTCAAATAAACCCGAACCCACT-3#. These

DNA fragments were cloned into the BamHI and SacI sites of the myc-pBA

vector, respectively. A. tumefaciens strain GV3101 (pMP90) carrying 35S:6myc-

ANAC019 or 35S:6myc-ANAC055was infiltrated into leaves ofN. benthamiana

using described methods (Day et al., 2006).

In Vitro Pull-Down Assay

MBP-RHA2a fusions on amylose resin beads (approximately 1 mg) were

incubated with 10 mL of in vitro translation mix of the NAC proteins in 500 mL

of immunoprecipitation (IP) buffer at 4�C for 2 h. After incubation, the beads

were washed five times with 1 mL of IP buffer. MBP-RHA2a fusions on

amylose resin beads (approximately 1 mg) were also incubated with 1 mL of

supernatant of the transiently expressed 6myc-ANAC protein lysates for 2 h at

4�C. After incubation, the beads were washed five times with 1 mL of IP

buffer. The bound proteins were then resuspended in 50 mL of 13 SDS loading

buffer, separated by 10% SDS-PAGE, and detected by immunoblot analysis

using anti-c-myc antibody (Santa Cruz Biotechnology). The purified MBP was

used as a negative control.

Yeast Assays

The full-length coding sequence of RHA2a was PCR amplified with a

forward EcoRI linker primer (5#-ACTGAATTCAAGATGGGGCTACAAGGT-

CAG-3#) and a reverse BamHI linker primer (5#-ACTGGATCCGTGGAGA-

GAGAAACACGAGA-3#) and cloned into the Gal4 DNA-binding domain in

the pGBKT7 vector. Full-length ANAC019 was PCR amplified with the

primers 5#-CGAGGATCCATATGGGTATCCAAGAAACTG-3# and 5#-GAT-

GAGCTCTCACATAAACCCAAACCCACC-3# and cloned into the BamHI

and SacI sites of the pGADT7 vector to generate pAD-ANAC019. Full-length

ANAC055 was PCR amplified with the primers 5#-TACGAATTCATGG-

GTCTCCAAGAGCTTGAC-3# and 5#-TACGGATCCAATAAACCCGAACC-

CACTAGA-3# and cloned into the EcoRI and BamHI sites of the pGADT7

vector to generate pAD-ANAC055. Yeast two-hybrid assay was performed

using the yeast strain HF7c as described (Xie et al., 2002).
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Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the following accession numbers: RHA2a, At1g15100; ABI5,

At2g36270; ABI3, At3g24650; ABI4, At2g40220.
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Supplemental Figure S1. Complementation of the rha2a mutant.
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Supplemental Figure S4.ABA response analysis of RHA2a overexpression
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in abi4-1.
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