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Rodrigo Duarte Drumond, Américo José Carvalho Viana, Paolo Di Mascio, Christian Meyer,
and Michel Vincentz*
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Glucose modulates plant metabolism, growth, and development. In Arabidopsis (Arabidopsis thaliana), Hexokinase1 (HXK1) is
a glucose sensor that may trigger abscisic acid (ABA) synthesis and sensitivity to mediate glucose-induced inhibition of
seedling development. Here, we show that the intensity of short-term responses to glucose can vary with ABA activity. We
report that the transient (2 h/4 h) repression by 2% glucose of AtbZIP63, a gene encoding a basic-leucine zipper (bZIP)
transcription factor partially involved in the Snf1-related kinase KIN10-induced responses to energy limitation, is independent
of HXK1 and is not mediated by changes in ABA levels. However, high-concentration (6%) glucose-mediated repression
appears to be modulated by ABA, since full repression of AtbZIP63 requires a functional ABA biosynthetic pathway.
Furthermore, the combination of glucose and ABAwas able to trigger a synergistic repression of AtbZIP63 and its homologue
AtbZIP3, revealing a shared regulatory feature consisting of the modulation of glucose sensitivity by ABA. The synergistic
regulation of AtbZIP63 was not reproduced by an AtbZIP63 promoter-5#-untranslated region::b-glucuronidase fusion, thus
suggesting possible posttranscriptional control. A transcriptional inhibition assay with cordycepin provided further evidence
for the regulation of mRNA decay in response to glucose plus ABA. Overall, these results indicate that AtbZIP63 is an
important node of the glucose-ABA interaction network. The mechanisms by which AtbZIP63 may participate in the fine-
tuning of ABA-mediated abiotic stress responses according to sugar availability (i.e., energy status) are discussed.

To optimize their growth and development as ses-
sile organisms, plants have developed a range of
efficient mechanisms to sense and respond ade-
quately to ever-changing environmental conditions.
For instance, the availability of sugar produced

through photosynthesis, which relies on light access,
represents an important signal that, in combination
with developmental and other environmental cues
such as mineral nutrition, water availability, or path-
ogen attacks, influence the use of energy resources to
ensure survival and propagation (Corruzi and Zhou,
2001; Forde, 2002; Rolland et al., 2006; Rook et al., 2006;
Gutiérrez et al., 2007; Smith and Stitt, 2007; Baena-
González and Sheen, 2008).

Sugars are key metabolic signals that control gene
expression (Koch, 1996; Price et al., 2004; Li et al., 2006)
and modulate different developmental phases, includ-
ing embryogenesis, germination, seedling development,
root growth, flowering, and important processes such
as photosynthesis, senescence, and stress responses
(Smeekens, 2000; Rolland et al., 2002; Moore et al.,
2003; Gibson, 2005). Several sugar sensing and signal-
ing mechanisms have been described. Suc, for exam-
ple, which is the main transported form of sugar,
specifically regulates the mRNA translation of five
members of S-group basic-leucine zipper (bZIP) tran-
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scriptional regulators in Arabidopsis (Arabidopsis thali-
ana; Rook et al., 1998; Wiese et al., 2004).
Glc, one of the hydrolytic hexose products of Suc, is

a major sugar signaling metabolite. The characteriza-
tion of glucose insensitive2 (gin2) mutants has provided
compelling evidence for a Hexokinase1 (HXK1)-de-
pendent Glc sensing and signaling pathway that is
uncoupled from HXK phosphorylation activity and
mediates the repression of photosynthetic gene ex-
pression and growth control in Arabidopsis (Moore
et al., 2003). The molecular mechanisms responsible
for Glc-dependent transcriptional repression of the
chlorophyll a/b CAB2 involve a nuclear HXK1 com-
plex that binds the CAB2 promoter (Cho et al., 2006).
Complementation of the gin2 Arabidopsis mutant
with rice (Oryza sativa) HXK5 and HXK6 indicates
that HXK-mediated Glc sensing is conserved in an-
giosperms (Cho et al., 2009).
Other Glc sensing pathways have been described (for

review, see Rolland et al., 2002, 2006). One of them is a
glycolysis-dependent pathway that requires HXK cat-
alytic activity and regulates the expression of the path-
ogenesis-related genes PR1 and PR2 (Xiao et al., 2000).
A third pathway is involved in the regulation of a
restricted number of genes such as those coding for
chalcone synthase and cell wall invertase and is inde-
pendent of increased HXK activity and HXK1 (Roitsch,
1999; Xiao et al., 2000). Genetic evidence also indicates
that a HXK-independent Glc sensing and signaling
mechanism involving a G protein-coupled receptor
system exists in plants (Ullah et al., 2002; Chen et al.,
2003a, 2006; Chen and Jones, 2004; Huang et al., 2006).
Interestingly, a genetic interaction between G protein
signaling and a Golgi-localized hexose transporter has
been reported (Wang et al., 2006).
The use of Glc signaling mutants has revealed a

relationship between Glc and the signaling pathways
of hormones such as abscisic acid (ABA; Zhou et al.,
1998; Arenas-Huertero et al., 2000; Huijser et al., 2000;
Laby et al., 2000; Rook et al., 2001; Brocard et al., 2002;
Cheng et al., 2002; Brocard-Gifford et al., 2004), ethyl-
ene (Zhou et al., 1998; Gibson et al., 2001; Cheng et al.,
2002; Cho et al., 2010), and auxin and cytokinin (Moore
et al., 2003). HXK1-dependent Glc-induced responses
require ABA synthesis and subsequent ABA signal
transduction (Zhou et al., 1998; Arenas-Huertero et al.,
2000; Cheng et al., 2002). Within this regulatory cas-
cade, the ABA biosynthetic genes ABA2/GIN1 encod-
ing a short-chain dehydrogenase/reductase (Cheng
et al., 2002), ABA3/GIN5 encoding a molybdenum
cofactor sulfurase (Arenas-Huertero et al., 2000), and
the ABA signaling gene ABI4/GIN6 gene coding for a
transcriptional regulator of the APETALA2 domain
family (Finkelstein et al., 1998; Arenas-Huertero et al.,
2000) have pivotal roles (for review, see León and
Sheen, 2003; Rolland et al., 2006). ABI4 also represses
the promoter of an rbcS gene in response to Glc or ABA
(Acevedo-Hernández et al., 2005), which may partly
reflect the central role of ABI4 in retrograde signaling
from the chloroplast to the nucleus (Koussewitzky

et al., 2007). Moreover, ABI4 is a regulator of Man-
induced inhibition of seedling germination (Pego
et al., 1999; Huijser et al., 2000), suggesting a general
role for ABI4 in hexose signaling. ABI4 is also involved
in the synergistic activation of APL3 (a large subunit of
ADP-glucose pyrophosphorylase) by Glc and ABA and is
an example of a Glc-induced response that is modu-
lated by ABA (Rook et al., 2001; Li et al., 2006). Several
other ABA signaling components were shown to be
involved in defining Glc sensitivity (Ramon et al.,
2008).

Our knowledge of the interactions between Glc and
ABA signaling pathways and their integration with
developmental programs is still incomplete. For in-
stance, we still do not know whether ABA synthesis
and/or signaling are involved in HXK-independent
Glc-induced responses. It is also unclear to what extent
short-term responses to Glc fluctuations are interrelated
with ABA (Li et al., 2006). The latter point is becoming
increasingly relevant to our understanding of how
carbon resources are used to minimize growth inhibi-
tion under conditions of energy limitation and ABA-
mediated abiotic stress responses (Baena-González and
Sheen, 2008; Usadel et al., 2008). Transcription factor
genes coregulated by short-term treatment with Glc or
ABA have been identified and represent potential can-
didates for integrating transient changes in Glc and
ABA (Li et al., 2006). Recently, some members of the
Arabidopsis S- and C-groups of bZIP transcription
factor genes (Jakoby et al., 2002; Corrêa et al., 2008)
have emerged as important mediators of the adaptive
responses induced by the Snf1-related kinases (SnRK1)
KIN10 and KIN11 during energy or sugar limitation
(Baena-González et al., 2007; Usadel et al., 2008). In
addition, a restricted set of S-group proteins associates
with C-group members by forming heterodimers, thus
creating another level of interaction in the regulation of
gene expression (Weltmeier et al., 2006; Alonso et al.,
2009).

During work on the functional diversification of
C-group bZIP genes, we observed that the expression
of AtbZIP63 (At5g28770), one of the four Arabidopsis
group Cmembers that is likely to represent an ancestral
angiosperm function (Vincentz et al., 2003), is regulated
by Glc, ABA, and Man, suggesting the involvement of
this gene in the cross talk between carbohydrate and
ABA-mediated responses (e.g., in abiotic stress). To
assess this possibility, we investigated the dependence
of Glc-induced repression of AtbZIP63 on ABA synthe-
sis and signaling. We show here that the Glc-induced
repression of AtbZIP63 is independent of HXK1 and
that the short-term response ofAtbZIP63 to 2%Glc does
not rely on ABA accumulation. Furthermore, the
requirement of ABA synthesis to obtain full repression
of AtbZIP63 by 6% Glc together with the synergistic
repression of AtbZIP63 by Glc+ABA, which partly
relies on posttranscriptional regulation, suggest that
ABA modulates Glc-mediated responses. Since
AbZIP63 is involved in the control of energy homeo-
stasis (Baena-González and Sheen, 2008), mediating
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partially KIN10-induced responses, we also discuss
the importance of the modular regulation of AtbZIP63
expression by Glc and ABA.

RESULTS

AtbZIP63 Is Repressed by Glc and ABA, and

Glc-Induced Repression Is Independent of HXK1 Glc
Sensing Activity

To evaluate the short-term responses of C-group
bZIP genes AtbZIP9 (At5g24800), AtbZIP10 (At4g02640),
AtbZIP25 (At3g54620), and AtbZIP63 (At5g28770) to Glc
and ABA signals, wild-type Columbia (Col-0) seedlings
grown for 6 d (growth stage 1.0, corresponding to fully
opened cotyledons; Boyes et al., 2001) under constant
dim light (20 mmol m22 s21) and in half-strength Mur-
ashige and Skoog (MS/2) liquid medium were treated
for 4 h with 2% Glc or 100 mM ABA. Treatment efficiency
was verified by the induction of Rd29a (At5g52310) by
ABA (Arroyo et al., 2003) and repression of XTR7
(At4g14130) by Glc (Price et al., 2004). While AtbZIP63
was repressed by both Glc (6.7-fold; Fig. 1A) and ABA
(3.3-fold with 100 mM and 2-fold with 10 mM; Fig. 1A;
Supplemental Fig. S1), AtbZIP9 and AtbZIP10 only
responded to Glc. AtbZIP9 was repressed by Glc and
AtbZIP10, being induced (3.3- and 2.2-fold, respectively)
by this signal (Fig. 1A). These alterations were not caused
by osmotic stress, since 2% mannitol only marginally
changed the mRNA levels of these genes (Fig. 1A).
AtbZIP25 was not responsive to Glc or ABA (Fig. 1A).

To determine whether the Glc-induced repression
of AtbZIP9 and AtbZIP63 is mediated by HXK1
(At4g29130) Glc sensing activity (Moore et al., 2003)
or requires HXK catalytic activity to produce down-
stream regulatory metabolites (glycolysis dependent;
Xiao et al., 2000), the Glc analogue Man, which is
readily phosphorylated by HXK and poorly metabo-
lized, was used. The promotion of Glc-like responses
by Man would be indicative of HXK sensing activity,
whereas the absence of any response to Man would be
indicative of a glycolysis-dependent or HXK-indepen-
dent pathway. Man was almost as efficient as Glc in
repressing AtbZIP63 mRNA (Fig. 1A), suggesting a
role for HXK sensing and signaling in this regulation.
In contrast, AtbZIP9 mRNAwas unresponsive to Man
(Fig. 1A), indicating that Glc-induced repression of
AtbZIP9 was dependent on Glc metabolism or inde-
pendent of HXK activity (Xiao et al., 2000; Villadsen
and Smith, 2004). Interestingly, AtbZIP25 was specif-
ically repressed by Man (Fig. 1A), revealing the pos-
sible existence of a Man-restricted signaling pathway.

To evaluate more precisely the involvement of
HXK1 sensing activity in the control of AtbZIP63
expression by Glc, we analyzed the regulation of this
gene in an HXK1 null mutant, gin2-1 (ecotype Lands-
berg erecta [Ler] background), which is deficient in Glc-
dependent photosynthetic gene repression (Moore
et al., 2003; Cho et al., 2006). Expression analysis was

done under low-nitrogen conditions (MS/10; Moore
et al., 2003). Under these conditions, there was no
HXK1-mediated Glc-induced inhibition of carbonic
anhydrase (At5g14740) photosynthetic gene expres-
sion in gin2-1 (Fig. 1C; Moore et al., 2003), while the
HXK1-independent Glc-induced repression of the Gln-
dependent Asparagine synthetase1 (ASN1; At3g47340)
genewas, as expected, still effective in the gin2-1mutant
(Fig. 1B; Baena-González et al., 2007). The levels of
AtbZIP63 mRNA in response to Glc were also not
significantly different between gin2-1 and the wild type
(Fig. 1B), indicating that a pathway independent ofHXK1
Glc sensing activity was involved in the Glc-induced
regulation of this gene. Similarly, the Glc-induced repres-
sion of AtbZIP9 expression was as efficient in Ler and
gin2-1 and, therefore, is also independent of HXK1 Glc
sensing activity (data not shown). Several lines of genetic
evidence support the role of ABA synthesis and sensing
in Glc-mediated responses (see the introduction; for
review, see León and Sheen, 2003). Since AtbZIP63 is
also regulated by ABA (Fig. 1A), we next examined the
extent to which Glc-dependent control of AtbZIP63 ex-
pression is connected to ABA signaling.

The Repression of AtbZIP63 by Glc Is Modulated
by ABA

The interaction between Glc and ABA to regulate
gene expression may involve Glc-triggered modula-
tion of ABA levels, as suggested previously (Arenas-
Huertero et al., 2000). To assess the possibility that
Glc-induced repression ofAtbZIP63 could be the result
of an increase in ABA content, we monitored the
changes in ABA levels in response to short-term Glc
treatment. In addition, the changes in ABI5 (At2g36270)
mRNA levels were used as a positive control to verify
the efficiency of the treatments (Fig. 2B), since this gene
is induced by ABA (Lopez-Molina et al., 2003; Price
et al., 2003).

Two percent Glc or mannitol had no substantial
effect on ABA accumulation in whole seedlings after 4
h of treatment, while 6% Glc or mannitol was able to
induce a 10- or 5-fold increase in ABA content, respec-
tively (Fig. 2A). These findings indicate that the re-
pression of AtbZIP63 by 2% Glc (Fig. 2C) was not
mediated by ABA accumulation. Treatment with 2%
mannitol had only a marginal effect on AtbZIP63
expression, probably because of osmotic activity (Fig.
2C), which could also be the reason for ABI5 mRNA
induction by 2% Glc or mannitol (3.5- and 4.7-fold,
respectively; Fig. 2B). At higher sugar concentrations
(e.g., 6% Glc or mannitol), AtbZIP63 down-regulation
was around three times greater than the repression
caused by 2% of the corresponding hexose (Fig. 2C).
As expected, 6% Glc or mannitol strongly induced
ABI5, most likely as the result of an increase in ABA
content (Fig. 2, A and B; Price et al., 2003). The stronger
repression of AtbZIP63 by 6% Glc could be triggered
by the combination of the Glc signal and an increase in
ABA content that has been induced by high concen-
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trations of sugars (Fig. 2A). This result suggests that
Glc and ABA may interact to repress AtbZIP63. In the
case of 6% mannitol, the AtbZIP63 repression (Fig. 2C)
could be attributed to an increase in ABA content (Fig.
2A), which is in agreement with the repression ob-
served in response to ABA application (Fig. 1A). To
further assess the contribution of ABA to the repres-
sion of AtbZIP63 by 6% Glc or mannitol, we analyzed
the expression of AtbZIP63 in the ABA-deficient mu-
tant aba2-1 (Col-0 ecotype; accumulates approximately
10% of the wild-type ABA level; Léon-Kloosterziel
et al., 1996). The repression of AtbZIP63 by 6% Glc was
significantly less effective in aba2-1 than in the wild-
type (12-fold repression versus 33-fold, respectively;
Fig. 2C), and essentially the same value was obtained
when 2% Glc was used (Fig. 2C). The same trend was
observed in the case of 6% mannitol, although the
difference between aba2-1 and the wild type was more
tenuous (2.4-fold repression versus 3-fold, respec-
tively; Fig. 2C), possibly because mannitol exerts an
ABA-independent osmotic activity and/or aba2-1 is
slightly leaky. Interestingly, the supply of 1 mM ABA to
aba2-1 seedlings treated with 6% Glc or mannitol
restored the wild-type AtbZIP63 mRNA repression
level (Fig. 2C). As a control, the induction of ABI5 by
6% Glc or mannitol was reduced in aba2-1, and full
induction could also be restored by exogenously ap-
plied 1 mM ABA (Fig. 2B). These results support the
hypothesis of a combinatorial effect of Glc and ABA to
modulate AtbZIP63 repression. We next were inter-
ested in evaluating the mechanism involved in this
regulatory pattern.

The Synergistic Repression of AtbZIP63 by a

Combination of Glc and ABA Partly Involves the
Modulation of mRNA Decay

Initially, we wished to determine whether Glc- and
ABA-induced repression of AtbZIP63 could be the
result of transcriptional control. To this end, the ex-
pression of the GUS reporter gene under the control of
the AtbZIP63 promoter and the 5# untranslated region
(UTR) sequence in response to ABA, Glc, and Man
was evaluated in transgenic seedlings containing the
AtbZIP63 promoter-5#UTR::GUS fusion. Two trans-
genic lines homozygous for a single insertion of the
AtbZIP63 promoter-5#UTR::GUS transgene and that
were representative of the overall expression pattern
found among six independent lines were analyzed.
The detection of GUS activity in situ and in plant
extracts indicated that transgenic seedlings grown
with 0.3% Glc accumulated more GUS activity than
those grown in 2% Glc (Fig. 3, A and B), suggesting
that AtbZIP63 promoter and 5#UTR sequences were

Figure 1. The expression of the Arabidopsis C-group bZIP genes
AtbZIP9, AtbZIP10, AtbZIP25, and AtbZIP63 is regulated by ABA,
Glc, or Man, and Glc-mediated regulation of AtbZIP63 is independent
of HXK1 sensing activity. Wild-type Col-0 and Ler or mutant gin2-
1 seedlings were grown for 6 d in MS/2 or MS/10 liquid medium for Ler
and gin2-1 and were subsequently treated with 100 mM ABA, 2% Glc,
2% Man, or 2% mannitol for 4 h. Total RNAwas analyzed by qRT-PCR
assays. A, Relative transcript abundance of C-group bZIP genes. The
data are means 6 SD (error bars) of at least three independent exper-
iments. B, Expression of AtbZIP63 and AtASN1 in response to Glc
treatment in gin2-1, a HXK1 null mutant, and the corresponding Ler
wild type. The data are means of at least three independent experi-
ments. C, RNA integrity. C stands for the untreated control. The
effectiveness of the treatments was verified by evaluating the induction
of Rd29a by ABA and the repression of XTR7 by Glc and Man by
semiquantitative RT-PCR. Carbonic anhydrase (CAA; At5g14740) was
used as a control for HXK1-mediated Glc-dependent gene repression.
The differences from the untreated control were considered significant

at P, 0.05 (Student’s t test) and are indicated by the letter a. Expression
data are normalized to the Actin2 mRNA levels, and the relative
quantification refers to the respective untreated wild-type Col-0 or Ler
genotype.
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apparently able to mediate Glc-induced regulation.We
next measured the transient effect of Glc and ABA on
GUSmRNA. The Glc- and ABA-induced repression of
AtbZIP63 was partly mediated by the AtbZIP63 pro-
moter and 5#UTR sequences, since changes in GUS
mRNA accompanied those of AtbZIP63 mRNA in
response to these signals (Fig. 3C). Collectively, these
data provide evidence for a role of transcription and/
or 5#UTR-mediated control of mRNA stability in the
regulation of AtbZIP63 expression by Glc and ABA.
This finding prompted us to investigate whether ABI4,
which encodes for an AP2-type transcriptional reg-
ulator involved in ABA and Glc response pathways
(Finkelstein et al., 1998; Acevedo-Hernández et al., 2005),
would be part of both Glc- and ABA-mediated regula-
tion ofAtbZIP63 expression. To this end,we analyzed the
AtbZIP63 responses to Glc and ABA in the abi4-1mutant
(Col-0 ecotype), which lacks ABI4 activity (Söderman
et al., 2000). The Glc- and ABA-induced repression of
AtbZIP63 was stronger in the abi4-1 mutant compared
with the wild type (23.3- versus 8.3-fold for Glc and 13.6-
versus 4-fold for ABA; Supplemental Fig. S2), suggesting
that ABI4 antagonizes the Glc- and ABA-induced re-
pression of AtbZIP63. This possibility is reinforced by
the presence of two ABI4-binding sites, CCAC, in the
AtbZIP63 promoter (Supplemental Table S1).

A comparison of how signals alone and in combi-
nation can regulate the expression of target genes
could provide clues about how these signals interact.
Therefore, we analyzed the regulation of AtbZIP63
mRNA abundance by combinations of ABA, Glc, and
Man. The most important finding of this analysis was
that the combination of Glc and ABA synergistically
repressed AtbZIP63 (Fig. 3C), a response also observed
in the Wassilewskija (Ws) ecotype (data not shown).
The combination Glc+ABA repressed AtbZIP63mRNA
by approximately 33-fold, which was almost 3-fold
more than the sum of the repression levels observed for
each stimulus separately (approximately 3.8-fold for
ABA and approximately 8.3-fold for Glc; Fig. 3C). This
response was specific for the combination Glc+ABA,
since no synergy was observed when the Man+ABA
combination was used (Fig. 3C). Moreover, among the
four members of the group-C bZIP genes, the syner-
gistic response was restricted to AtbZIP63 (Supple-
mental Fig. S3). The evolutionary relatedness between
C-group and S-group bZIP genes (Corrêa et al., 2008)
prompted us to evaluate the Glc- and ABA-mediated
regulations of the S-group genes AtbZIP1 (At5g49450),
AtbZIP2 (At2g18170), AtbZIP11 (At4g34590), and
AtbZIP53 (At3g62420), which are functionally related
to AtbZIP63 (Baena-González et al., 2007; Dietrich et al.,
2011). None of them were synergistically down-
regulated by Glc+ABA, but interestingly, AtbZIP11
was synergistically induced by these signals (Fig. 4),

Figure 2. The repression of AtbZIP63 by Glc is modulated by ABA. A,
Quantification of ABA in untreatedwhole seedlings or seedlings treated
with 2% or 6% Glc or 2% or 6% mannitol. Significant differences
between treated and untreated seedlings and between Glc and man-
nitol treatments are indicated by letters a and c, respectively (n = 6; P,
0.05). FW, Fresh weight. B and C, Relative ABI5 (B) and AtbZIP63 (C)
mRNA quantification in response to 2% and 6% Glc or mannitol in
aba2-1 (with or without 1 mM ABA application) and the Col-0 wild type.
All experiments were performed with 6-d-old seedlings. Numbers
above the bars represent mean values of the relative quantification (n =
3). Significant differences between treated and untreated seedlings of
the same genotype (letter a), between equally treated aba2-1 and Col-0
(letter b), and between Glc and mannitol treatments (letter c; n = 5; P,
0.05) are indicated. Growth (MS/2), treatments, and qRT-PC analysis

were performed as described in Figure 1 except that transcript levels
were normalized to PDF2 mRNA.
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revealing the diversification of ABA- and Glc-related
regulatory output. However, AtbZIP3 (At5g15830), an-
other S-group gene that is down-regulated by Glc and
ABA (Li et al., 2006), shared synergetic down-regula-
tion with AtbZIP63 (Fig. 4), raising the possibility that
these two genes are under the control of the same
regulatory mechanisms. Indeed, AtbZIP63 and Atb-
ZIP3 promoters share common motifs related to Glc
and ABA regulation (Supplemental Table S1).
Surprisingly, the AtbZIP63 promoter and 5#UTR se-

quences were not sufficient to synergistically repress
the GUS reporter gene (Fig. 3). Thus, the repression of
AtbZIP63 mRNA accumulation by the combination
Glc+ABA may either require a transcriptional regula-
tory element not included in our construct or involve a
control of AtbZIP63 mRNA decay. To assess this latter
possibility, we determined the half-life of AtbZIP63
mRNA by using cordycepin (3-deoxyadenosine) to in-
hibit transcription (Holtorf et al., 1999; Gutiérrez et al.,
2002; Souret et al., 2004). We designed a protocol that
produced almost complete inhibition (97%) of ABA-
mediated Rd29b mRNA transcription (Fig. 5A; Uno
et al., 2000), indicating that conditions for the efficient
inhibition of transcription were achieved. The half-lives
of AtMPK3 (At3g45640) and AtF12 (At5g03430) mRNA

were in good agreement with previous results (Fig. 5B;
Gutiérrez et al., 2002), further indicating that our pro-
tocol was efficient. Under our conditions, the half-life of
AtbZIP63 mRNA was approximately 95 min (Fig. 5B).
This estimate implies that only around 17% of the
synergistic repression fold of AtbZIP63 mRNA after a
4-h treatment with Glc+ABA (expected 5.6-fold based
on half-life estimation versus the observed 33-fold
reduction; Fig. 3C) can theoretically be accounted for
by transcriptional control. The remaining 83%, there-
fore, must be related to mRNA degradation. The
increase of AtbZIP63 mRNA decay rate by simulta-
neously combining cordycepin and Glc+ABA (half-life
of AtbZIP63 mRNAwas reduced to approximately 33
min; Fig. 5B) agrees with a control of AtbZIP63 mRNA
stability by these two signals. The increased AtbZIP63
mRNA decay triggered by Glc+ABA seems to be
specific, since the Actin2 reference gene used to nor-
malize quantitative reverse transcription (qRT)-PCR
data was stable among all treatments. To further
confirm and refine this conclusion, we also examined
the impact of Glc and ABA signals individually on the
posttranscriptional control of AtbZIP63 mRNA. The
addition of Glc or Glc+ABA to seedlings treated with
cordycepin reduced AtbZIP63 mRNA accumulation

Figure 3. The synergistic repression of AtbZIP63
by ABA+Glc cannot be reproduced by AtbZIP63
promoter sequences. Transgenic seedlings of the
PH3.13.4 and PH3.35.8 lineages (both homozy-
gote for one transgenic locus) containing the
reporter gene GUS under the control of the
AtbZIP63 promoter, 5#UTR, and 36 bp of coding
sequences were grown for 5 d in MS/2 solid
medium supplemented with 0.3% Glc or 2% Glc
(w/v) under constant light at 22ºC for GUS activity
assays (A and B) and for 6 d in MS/2 liquid
medium and were treated for 4 h with 100 mM

ABA, 2% Glc, 2%Man, or different combinations
of these molecules (used at the same final con-
centration as when applied individually) for qRT-
PCR assays (C). A, Histochemical analysis of in
situ GUS activity in the PH3.35.8 lineage. B,
Relative GUS activity in PH3.13.4 and PH3.35.8
lineages. The raw fluorescence units were nor-
malized by total protein content. Relative GUS
activity refers to the respective genotype treated
with 0.3%Glc. Relative GUS activity was defined
in the linear portion of the enzymatic kinetic.
Significant differences are represented by the
letter a (n = 3; P , 0.05). C, Relative transcript
abundance of AtbZIP63 and GUS in transgenic
seedlings. The data are means6 SD (error bars) of
three independent experiments. Total RNA was
treated with DNase and analyzed by qRT-PCR as
described in Figure 1 except that transcript levels
were normalized to PDF2mRNA. The numbers at
the bottom represent mean decreases of transcript
amounts in response to each treatment relative to
the corresponding untreated (Unt.) sample.
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by almost 3-fold compared with the control treatment
with cordycepin alone (Fig. 5C). These results indicate
that Glc alone may also control the stability ofAtbZIP63
mRNA and that the expected Glc+ABA-mediated syn-
ergistic repression was hindered in the presence of
cordycepin (Fig. 5C), raising the possibility that suc-
cessful synergism requires transcription. This latter

conclusion also applies to Glc-induced down-regulation
of AtbZIP63, since this regulation was significantly
weaker in the presence of cordycepin compared with
the samples treated only with Glc (Fig. 5C). In contrast,
the ABA-mediated reduction of AtbZIP63 mRNA in
the presence of cordycepin was not significantly dif-
ferent from the control treatments with cordycepin or

Figure 4. The expression of the Arabidopsis S-group bZIP genes
AtbZIP1, AtbZIP2, AtbZIP3, AtbZIP11, and AtbZIP53 is regulated by
Glc and ABA. Wild-type Col-0 seedlings were grown for 6 d in MS/2
liquid medium under constant dim light and were subsequently treated
with 2% mannitol (osmotic control), 100 mM ABA, and/or 2% Glc for
4 h. Total RNA was extracted and analyzed. cDNA synthesized from
total RNA treated with DNase was used in qRT-PCR assays. S-group
bZIP transcript levels were normalized to the PDF2 mRNA levels, and
the relative quantification refers to untreated Col-0. The data are means
6 SD (error bars) of three independent experiments. Differences from
the untreated control were considered significant at P, 0.05 (Student’s
t test) and are indicated by the letter a. The number at the top of each
column corresponds to the relative expression level.

Figure 5. The control of AtbZIP63 and AtbZIP3 mRNA decay is
involved in the response to Glc+ABA. Inhibition of transcription was
performed with 100 mg mL21 cordycepin (Cord). Wild-type Col-0 6-d-
old seedlings were grown in MS/2 liquid medium, treated with
cordycepin, and harvested after 0, 1, and 2 h for half-life measurements
or pretreatedwith cordycepin for 1 h and then treated with 100 mM ABA
and/or 2% Glc (w/v) for an additional 2 h. A, ABA-mediated induction
of Rd29bwas used to monitor the efficiency of transcription inhibition.
B, Kinetics of mRNA decay and half-life of AtbZIP63 in the absence and
presence of Glc+ABA and of two genes with known half-lives (AtMPK3
[At3g45640] and AtF12 [At5g03430]; Gutiérrez et al., 2002); l = decay
constant; t1/2 (h) = half-life in hours; t1/2 (min) = half-life in minutes. C,
Repression of AtbZIP63 and AtbZIP3 by 2% Glc, 100 mM ABA, and 2%
Glc + 100 mM ABA with or without cordycepin. Transcript levels were
normalized to the Actin2 mRNA. Significant differences between
treated samples with or without cordycepin are indicated by the letter
a (n = 3; P , 0.05). The numbers at the bottom represent mean
decreases of transcript amounts in response to each treatment relative
to the untreated (Unt.) sample.
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ABA alone (Fig. 5C), indicating that ABA acts mainly
by limiting transcription.
Since AtbZIP63 and AtbZIP3 are coregulated in

response to ABA and/or Glc, we wondered whether
the regulation of AtbZIP3 expression also involves the
control of mRNA stability. As with AbZIP63, efficient
synergistic repression of AtbZIP3 did not tolerate
transcriptional inhibition by cordycepin (Fig. 5C), in-
dicating that both genes are subjected to similar reg-
ulatory aspects. However, in contrast to AtbZIP63, the
Glc- and ABA-mediated reduction of AtbZIP3 mRNA
levels was attributable mainly to transcriptional re-
pression (Fig. 5C).
Together, these data support the idea that Glc- and

Glc+ABA-induced repression ofAtbZIP63mRNA levels
and Glc+ABA-induced reduction of AtbZIP3 transcripts
are partly attributable to accelerated mRNA decay,
which requires ongoing transcription for full efficiency.
For instance, continuous transcription may be necessary
to maintain an active pool of a factor mediating mRNA
decay in response to Glc+ABA. Alternatively, a specific
transcriptional control step in response to Glc+ABA
may be required to trigger posttranscriptional control of
AtbZIP63 and AtbZIP3 mRNAs. Based on this reason-
ing, it is conceivable that the Glc+ABA-mediated tran-
scriptional activation of an AtbZIP63-related microRNA
(miRNA) gene may be involved. However, this possi-
bility was discarded, because the synergistic repression
of AtbZIP63 remained functional in miRNA pathway
mutants (Supplemental Fig. S4). Moreover, this result
was further supported by the lack of any AtbZIP63-
related miRNA in miRBase (http://www.mirbase.org/;
Griffiths-Jones et al., 2008).
To obtain some additional clues about the physio-

logical role of AtbZIP63, we searched for putative
AtbZIP63 target genes.

ASN1, SEN1, and DIN10 Are Putative Target Genes
of AtbZIP63

AtbZIP63 has been shown to interact with the
SnRK1.1 KIN10 to promote the expression of Gln-
dependent ASN1 in a transient protoplast assay system
(Baena-González et al., 2007). KIN10 is a key regulator
of energetic stress adaptation, which involves a large
extent of transcriptional changes (Baena-González et al.,
2007). To further assess the involvement of AtbZIP63 in
KIN10-mediated responses, we analyzed the expres-
sion of selected genes that are known to be induced by
KIN10 and highly coexpressed with AtbZIP63 (http://
cressexpress.org; Srinivasasainagendra et al., 2008) in
two AtbZIP63 mutants corresponding to T-DNA inser-
tion lines (atbzip63-1 in Col-0 and atbzip63-2 in Ws; Fig.
6, A and B). We found that ASN1 and SEN1 (for
senescence-associated protein 1; At4g35770) are misre-
gulated in both atbzip63-1 and atbzip63-2 after 24 h of
darkness when compared with their respective wild-
type genotypes. Additionally, DIN10 (for dark induc-
ible 10; At5g20250) expression was found to present
significant differences from the wild type only in

atbzip63-1 (Fig. 6C). DIN10 is a putative raffinose syn-
thase (EC 2.4.1.82) from the GH36 family (http://www.
cazy.org/GH36.html) that shares approximately 38%
identity with a functionally characterized raffinose
synthase from pea (Pisum sativum; European Bioinfor-
matics Institute accession no. AJ426475; Peterbauer
et al., 2002) that catalyzes the conversion of Suc and
galactinol into myoinositol and raffinose. The differen-
tial expression profile between atbzip63-1 and atbzip63-2
could be due to the different genetic backgrounds,
Col-0 and Ws, respectively. In conclusion, these results
support the notion that AtbZIP63 participates in the
KIN10-mediated transcriptional changes.

DISCUSSION

Higher plants have evolved strategies to use their
energy resources in such a way as to optimize growth
and development and ensure survival (Polge and
Thomas, 2006; Smith and Stitt, 2007; Baena-González
and Sheen, 2008; Baena-González, 2010). Recent evi-
dence indicates that the SnRK1 kinases KIN10 and
KIN11 are key players in the ability of plants to ad-
just to energy deprivation. The interaction of KIN10
with members of S-group bZIP transcription factors
(AtbZIP1, AtbZIP2/GBF5, AtbZIP11, and AtbZIP53)
and AtbZIP63, a C-group bZIP factor, can partially
trigger the transcriptional responses involved in energy
reposition (Baena-González et al., 2007; Usadel et al.,
2008).

As shown here, AtbZIP63 is also an early Glc-
responsive gene that is a good candidate for a role in
Glc transduction pathways (Fig. 1A). The Glc-sensing
activity of HXK1 is not involved in this regulation (Fig.
1B), and the participation of Glc phosphorylation and/
or furthermetabolism requiresmore analysis.Moreover,
the 2% Glc-induced repression of AtbZIP63 does not
involve changes in ABA levels (Fig. 2). However, ABA
can interact with Glc to modulate AtbZIP63 repression
(Figs. 2 and 3), indicating that ABA-related processes are
not limited to long-term adaptive responses to Glc but
are also involved in early Glc-triggered regulation,
further emphasizing the importance of the link between
ABA and Glc signaling (Gibson, 2005). Recently, a HXK1-
dependent early seedling developmental arrest was
found to be promoted by low 2% Glc. Interestingly, this
long-term response appeared to be also uncoupled from
ABA synthesis but requires low-nitrogen conditions (Cho
et al., 2010). Whether short-termGlc-mediated repression
of AtbZIP63 can also be modulated by nitrogen supply is
an interesting possibility related to nitrogen/carbon reg-
ulatory features that remains to be tested.

The strong repression of AtbZIP63 by Glc and ABA
and the striking synergistic negative effect conferred by
the combination Glc+ABA on the mRNA level of
AtbZIP63 constitute good support for the idea that
AtbZIP63 is a cross talk node between Glc and ABA
signaling cascades. The repression of AtbZIP63 by Glc
is consistent with the reported interaction between
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AtbZIP63 and KIN10, which is possibly involved in a
broader regulatory scheme dedicated to optimizing en-
ergy supply under adverse conditions (Baena-González
et al., 2007). The identification of the three KIN10-
activated genes ASN1, SEN1, and DIN10 as putative
AtbZIP63 target genes (Fig. 6C) is in agreement with
the participation of AtbZIP63 in the KIN10-related
signaling pathway.

We hypothesize that the Glc-induced repression of
AtbZIP63 and the attenuation of KIN10-mediated
processes by Glc or Suc (Baena-González et al., 2007;
Usadel et al., 2008) help to tune and ultimately reset
to minimum levels the KIN10/AtbZIP63-mediated
energy starvation response. A further level of com-

plexity is added to this regulatory scheme by the
ABA-induced repression of AtbZIP63. This control
suggests that AtbZIP63 activity is incompatible with
ABA-mediated responses and, more particularly,
with abiotic stress (Seki et al., 2007), an energy-
consuming process (Shinozaki and Yamaguchi-
Shinozaki, 2006) that requires adjustment according
to the available energy level. For instance, the ABA-
induced accumulation of osmolytes such as sugars
and Pro (Seki et al., 2007; Kempa et al., 2008) im-
proves tolerance to drought and salt stress but also
provides an alternative source of energy, carbon, and
even nitrogen that may be essential when energy is
scarce.

Figure 6. Putative AtbZIP63 target genes. The expression of ASN1 (At3g47340) and SEN1 (At4g35770) is misregulated in two
AtbZIP63 T-DNA insertion mutants after dark-induced energy starvation. A, Schematic representation of T-DNA insertion sites in
atbzip63-1 and atbzip63-2mutants. LB, T-DNA left border; RB, T-DNA right border. Primers used to locate T-DNA insertion and
detect chimeric transcripts are indicated by the arrows (for primer sequences, see Supplemental Table S2). B, PCR amplification
from genomic DNA of the T-DNA insertion region and RT-PCR after DNase treatment showing chimeric transcripts between
AtbZIP63 and T-DNA in both atbzip63-1 and atbzip63-2 mutants. Size differences between amplification products from
genomic DNA (1,200 bp) and cDNA (810 bp) in atbzip63-1 are due to introns that are absent in spliced AtbZIP63 mRNA. C,
ASN1, SEN1, and DIN10 transcript accumulation in atbzip63-1 (Col-0 ecotype) and atbzip63-2 (Ws ecotype) 6-d-old seedlings
after 24 h of dark treatment. Significant differences related to seedlings of the same genotype without dark treatment (light) are
represented by the letter a (n = 3; P , 0.05) and those between equally treated mutants and their respective wild-type genotype
are represented by the letter b (n = 3; P, 0.05). Growth (MS/2), treatments, and qRT-PCR analysis were performed as described
in Figure 1 except that transcript levels were normalized to the PDF2 mRNA.
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We propose thatAtbZIP63 integrates a network that
coordinates the use of available energy to sustain
growth with the need to correct the adverse effect of
abiotic stress and that an important mechanistic
aspect of AtbZIP63 participation involves the fine-
tuning of AtbZIP63 mRNA levels by two mecha-
nisms. First, ABA or low Glc concentration (2%)
directly down-regulates AtbZIP63 expression partly
at the transcriptional level (Figs. 1A and 3C). Direct
ABA measurement revealed that short-term treat-
ment with 2% Glc did not alter ABA levels (Fig. 2A),
suggesting that Glc-mediated regulation of AtbZIP63
does not rely on a linear pathway in which the
stimulation of ABA accumulation by Glc would sub-
sequently trigger this response. However, as sug-
gested by the observation that the stronger repression
of AtbZIP63 by 6% Glc compared with 2% Glc (33-
versus 11-fold) is ABA2 dependent (Fig. 2C), it is
likely that ABA can modulate the sensitivity to Glc.
This possibility is further supported by the synergis-
tic repression conferred by Glc+ABA (Fig. 3C). The
latter regulatory feature constitutes the second mech-
anism by which AtbZIP63 integrates Glc and ABA
signals. The synergistic response most likely reflects a
situation of unlimited energy availability that favors
an optimal response to abiotic stress. Interestingly,
only part of the response (15% of the total repression
fold) was associated with the AtbZIP63 promoter and
5#UTR sequences (Fig. 3C), suggesting that a post-
transcriptional control step acting on AtbZIP63
mRNA was also involved. Three additional pieces
of evidence support this conclusion. First, the esti-
mated half-life of AtbZIP63 mRNA (Fig. 5B) cannot
explain the large decrease in AtbZIP63 mRNA in
response to Glc+ABA treatment solely by invoking
transcriptional inhibition. Second, the AtbZIP63
mRNA decay rate was accelerated by ABA+Glc
treatment (approximately 3-fold compared with the
untreated control; Fig. 5B). Third, even under pre-
established transcriptional inhibition with cordy-
cepin, Glc and Glc+ABA still significantly reduced
AtbZIP63 mRNA levels by 3-fold (Fig. 5C). How-
ever, Glc+ABA-induced synergistic repression was
hampered by cordycepin-induced transcriptional
inhibition (Fig. 5C), indicating that an unstable or
Glc+ABA transiently induced regulatory factor may be
involved. Together, these results provide evidence for a
pathway regulating AtbZIP63 mRNA decay that is
efficiently activated by the convergence of Glc and
ABA signals. Interestingly, this regulatory model for
AtbZIP63 also applies to the evolutionarily related
S-group AtbZIP3 gene. Since S-group genes apparently
derived from C-group genes (including AtbZIP63) in
the ancestral lineage of angiosperms (Corrêa et al.,
2008), it remains to be defined whether this regulatory
feature is an ancestrally shared derived character or
reflects an event of convergence. Conserved regions
were identified in the 3#UTR sequences of AtbZIP3 and
AtbZIP63 (Supplemental Fig. S5) and represent putative
posttranscriptional cis-regulatory sequences.

The control of mRNA metabolism during ABA-
mediated stress responses has been described andmay
involve various mechanisms (Lu and Fedoroff, 2000;
Xiong et al., 2001; Nishimura et al., 2005; Kant et al.,
2007), including miRNA- or small interfering RNA-
mediated regulation (Borsani et al., 2005; Reyes and
Chua, 2007). However, the direct participation of
miRNA in the repression of AtbZIP63 mRNA accu-
mulation is incompatible with our observation that
AtbZIP63 synergistic repression was almost the same
in ago1-25 and dcl1-9 when compared with their re-
spective wild-type genotypes (Supplemental Fig. S4).
Interestingly, the synergistic response was stronger in
the hyl1-2 miRNA biogenesis mutant compared with
the wild type (150- versus 40-fold in the Col-0 ecotype;
Supplemental Fig. S4), and the hypersensitivity of this
mutant to ABA (Lu and Fedoroff, 2000) may partly
explain this result. Several molecular pathways are
involved in the control of mRNA decay (Narsai et al.,
2007; Houseley and Tollervey, 2009), and further anal-
ysis should reveal the mechanistic aspects of the
synergistic down-regulation of AtbZIP3 and AtbZIP63
mRNA levels by Glc and ABA. Suc-mediated transla-
tional control has been shown to be a relevant post-
transcriptional regulatory step of a subset of S-group
bZIP genes (Wiese et al., 2004), and our data highlight
the importance of mRNA stability control as an addi-
tional means to regulate the expression of members of
C- and S-group bZIP genes.

The previous description of an ABI4-dependent syn-
ergistic transcriptional induction of APL3 (At4g39210)
by ABA+Glc (Li et al., 2006), together with the partly
posttranscriptional synergistic repression of AtbZIP63
and AtbZIP3 shown here (Figs. 3C and 5), underlies the
mechanistic versatility involved in the interaction be-
tween ABA and Glc.

It remains now to define to what extent the core
signaling components PYR/PYL/RCAR-PP2C-Snrk2
and downstream ABF bZIP regulators (Hubbard et al.,
2010; Umezawa et al., 2010) mediate the ABA-induced
regulation of AtbZIP63 expression and whether ABA-,
Glc-, and KIN10-related signaling converge toward
specific regulatory hubs or act through distinct path-
ways (Halford and Hey, 2009).

AtbZIP63 may function as part of a heterodimeri-
zation network involving C- and S-group bZIPs
(Ehlert et al., 2006; Kang et al., 2010). The modulation
of DNA binding specificity by heterodimerization
together with divergent expression patterns may
contribute to establish specific gene expression pro-
files (Fig. 4; Weltmeier et al., 2006). For instance, DNA
binding specificity of the AtbZIP1 homodimer is
drastically different from that of the AtbZIP1/63
heterodimer (Kang et al., 2010), which, in addition
to the opposite ABA-mediated regulation of AtbZIP1
and AtbZIP63 expression (Figs. 2 and 4), is expected
to promote a shift in target gene selection. Similarly,
the repression of AtbZIP63 expression by Glc and/or
ABA may affect the activity of potential AtbZIP63
heterodimerization partners, such as AtbZIP10,
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which is a positive regulator of the hypersensitive
defense response (Kaminaka et al., 2006), or AtbZIP1,
AtbZIP53, and AtbZIP11, which stimulate Pro degra-
dation and Asn synthesis (Weltmeier et al., 2006;
Baena-González et al., 2007; Hanson et al., 2008;
Kang et al., 2010; Dietrich et al., 2011). In any case, the
finding that synergistic down-regulation by Glc+ABA
among the above-mentioned bZIP genes is restricted
to AtbZIP63 suggests a prominent role for this bZIP
regulator in shaping the heterodimerization network
of C- and S-group proteins in response to Glc and
ABA.

Glc is one of the oldest signaling molecules in life’s
evolutionary history, and a comprehensive knowledge
of the diversity of its associated regulatory networks
remains an important issue in understanding the reg-
ulation of plant growth and development. Our results
highlight the interplay of transcriptional and posttran-
scriptional regulatory processes in integrating Glc and
ABA signals.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and Treatments

Arabidopsis (Arabidopsis thaliana) Col-0, Ws, and Lerwild-type ecotypes,

as well as the mutants aba2-1 (Léon-Kloosterziel et al., 1996; Cheng et al.,

2002), abi4-1 (Finkelstein, 1998), gin2-1 (Jang et al., 1997), atbzip63-1

(SALK_006531), and atbzip63-2 (FLAG_610A08), were obtained from the

Arabidopsis Biological Resource Center. Segregation analysis of kanamycin

resistance was used to isolate genotypes homozygous for one T-DNA locus.

Seeds (10 mg) were surfaced sterilized and incubated in MS/2 for 72 h at 4ºC

in the dark to break dormancy. Seedlings were subsequently grown for 5 d

in 10 mL of liquid MS/2 or MS/10 salt medium (Sigma) adjusted to 0.3% Glc

(w/v) at 22ºC, constant light (20 mmol m22 s21), and constant agitation (70

rpm). The medium was then replaced by 10 mL of Glc-free medium, and

seedlings were further grown for 24 h followed by 2- or 4-h treatments with

2% or 6% Glc or mannitol, 2% Man, or 100 mM 6cis,trans-ABA (Sigma).

Transcription inhibition assays consisted of challenging 6-d-old seedlings

(MS/2) with 100 mg mL21 (final concentration) cordycepin (3-deoxyaden-

osine; Sigma). Measurements of mRNA half-life were performed as de-

scribed by Lam et al. (2001) and Gutiérrez et al. (2002), with samples treated

with cordycepin for 1 and 2 h. Since the degradation of a mRNA obeys first-

order kinetics, the difference in mRNA levels between 0 and 1 h was used to

estimate the decay constant (l), which was used in the equation t1/2 = ln(2)/

l to estimate the transcript half-life. Glc- and ABA-mediated posttranscrip-

tional responses were evaluated by incubating seedlings with 100 mg mL21

cordycepin for 1 h followed by 2-h treatments with 2% Glc and/or 100 mM

ABA.

DNA Constructs, Plant Transformation, and
GUS Detection

Transgenic lines expressing a translational fusion between the AtbZIP63

promoter and the reporter gene GUS were obtained following the strategy

described by Silveira et al. (2007). The AtbZIP63 (At5g28770) promoter, 5#UTR

sequence (75 bp), and 36 bp coding for the first 12 amino acids (approximately

2.8 kb) were amplified from genomic DNA with two specific primers,

5#-GGTGATTGCCCAATCTGCAGCTTTAATCG-3# and 5#-GTGATGGGATCC-

GGAGATTTCTTCG-3#, in which a PstI and a BamHI restriction site, respec-

tively, was introduced to facilitate a translational fusion with GUS in PBI121

plant transformation binary vector (Chen et al., 2003b) from which the cauli-

flower mosaic virus 35S promoter was removed. Poly(A) signals are from the

nopaline synthase gene present in pBI121. Two homozygous lines (PH3.13.4 and

PH3.35.8) for a single transgenic locus were selected based on kanamycin

resistance segregation, and the presence of the chimeric gene was verified by

PCR amplification. In situ detection of GUS activitywas realized as described by

Silveira et al. (2007). Fluorometric GUS assays were performed as described

previously (Jefferson et al., 1987). GUS activity was standardized with respect to

protein content in the extract determined by the bicinchoninic acid method

(BCA Protein Assay Kit; Thermo Scientific) following the manufacturer’s

instructions.

RNA Isolation, DNase Treatment, RT, and PCR

Total RNA was isolated with a buffer containing 8 M guanidine-HCl

(Invitrogen), 50 mM Tris-HCl, pH 8.0 (Invitrogen), 20 mM EDTA, pH 8.0

(Invitrogen), and 50 mM b-mercaptoetanol (Gibco) following the methodol-

ogy described by Logemann et al. (1987). When necessary, RNAwas treated

with DNase (Turbo DNA Free; Ambion) following the manufacturer’s

instructions. cDNA synthesis from 1.5 mg of total RNA (final volume of

12.5 mL) was performed using ImProm II Reverse Transcriptase (Promega)

and oligo(dT)18 essentially according to the manufacturer’s instructions.

Semiquantitative PCR conditions were basically realized as described by

Silveira et al. (2007). Control genes for ABA, Glc, and Man treatments were

Rd29a for ABA (At5g52310; Arroyo et al., 2003) and XTR7 for Glc and Man

(At4g14130; Price et al., 2004), respectively. The carbonic anhydrase gene

(At5g14740) was used as a Glc-repressible HXK1-dependent positive control

(Moore et al., 2003). Primers and annealing temperatures are given in

Supplemental Table S2.

Real-Time PCR Analysis

qRT-PCR was performed using an ABI PRISM 7500 HT (Applied Biosys-

tems). Gene expression was calculated with the Delta-Delta cycle threshold

method (Livak and Schmittgen, 2001).Actin2 (At3g18780) or PDF2 (At1g13320)

was used as the reference gene (Czechowski et al., 2005). ABI5 (At2g36270),

Rd29a (At5g52310), and Rd29b (At5g52300) were used as controls for ABA

treatment. Primers of all genes are given in Supplemental Table S2. For most of

the genes, one primer spanning an exon-exon junction was designed. In the

case of intronless genes, DNase-treated RNAwas used, and a control without

reverse transcriptase was included.

ABA Quantification by HPLC-Tandem
Mass Spectrometry

For ABA extraction, 200 mg of powdered Col-0 seedlings was mixed with

1 mL of extraction solvent (acetone:water:acetic acid, 80:19:1 [v/v/v]) and 60

ng of (2)-5,8#,8#,8#-d4-ABA internal standard (NRC Plant Biotechnology

Institute; http://www.nrc-cnrc.gc.ca/eng/ibp/pbi.html). The supernatant

was lyophilized at room temperature and dissolved in 100 mL of methanol:

acetic acid (99:1, v/v), combined with 900 mL of water:acetic acid (99:1, v/v),

and centrifuged for 1 min. The supernatant was passed through a 1-mL solid-

phase extraction cartridge (Oasis HLB 1; Waters) previously equilibrated with

1 mL of methanol and 1 mL of water:methanol:acetic acid (90:10:1, v/v/v).

ABAwas eluted with 1 mL of methanol:water:acetic acid (80:19:1, v/v/v) and

lyophilized. Samples were resuspended in 120 mL of 0.07% acetic acid:

acetonitrile (85:15, v/v) and analyzed with a HPLC system (Shimadzu;

Phenomenex Mercury MS C-18 column, 20 3 4 mm, 5-mm particle size)

coupled to a triple quadrupole mass spectrometer (Quattro II; Micromass)

using a FCV-12AH valve (Shimadzu) to direct the flow rate, ranging from 17.4

to 21min, to the mass spectrometer. Themobile phase consisted of 0.1% formic

acid as solvent A and acetonitrile as solvent B, with a flow rate of 0.2 mLmin21

from 0 to 22.1 min, 0.6 mLmin21 from 22.3 to 34.5 min, and 0.2 mL min21 until

35.0 min. Negative multiple reaction monitoring analyses were done moni-

toring the mass transition of ABA (mass-to-charge ratio 263/ 153) and ABA-

d4 (mass-to-charge ratio 267 / 156) with the following parameters: source

temperature at 100�C, desolvation temperature at 200�C, capillary voltage at

4.0 kV, collision energy at 15 eV, and sample cone voltage and extractor cone

voltage at 20 and 5 V, respectively. For ABA determination, a standard curve

containing ABA (0–0.04 ng mL21) and the internal standard ABA-d4 (0.1 ng

mL21) was used. Data were processed by Mass Lynx NT version 3.2 software

(Micromass).

Statistical Analysis

All statistical comparisons were done using Student’s t test (P , 0.05).
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Supplemental Data

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

Supplemental Figure S1. The expression of AtbZIP63 is repressed by 10

mM ABA.

Supplemental Figure S2. ABI4 modulates ABA- and Glc-induced Atb-

ZIP63 repression.

Supplemental Figure S3. Regulation of the three C-group bZIP genes,

AtbZIP9, AtbZIP10, and AtbZIP25, by different combinations of ABA,

Glc, and Man.

Supplemental Figure S4. The synergistic repression ofAtbZIP63 byGlc+ABA

does not rely directly on miRNA activity.

Supplemental Figure S5. Sequence analyses of AtbZIP3 and AtbZIP63

3#UTRs.

Supplemental Table S1. Common promoter motifs between AtbZIP63 and

AtbZIP3.

Supplemental Table S2. Primers used in PCR, semiquantitative RT-PCR,

and qRT-PCR assays.

Supplemental Table S3. Actin2 and PDF2 qRT-PCR cycle threshold (Ct) in

different treatments and mutants.
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Baena-González E (2010) Energy signaling in the regulation of gene

expression during stress. Mol Plant 3: 300–313
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Laser W (2011) Heterodimers of the Arabidopsis transcription factors

bZIP1 and bZIP53 reprogram amino acid metabolism during low energy

stress. Plant Cell 23: 381–395

Ehlert A, Weltmeier F, Wang X, Mayer CS, Smeekens S, Vicente-Carbajosa J,
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Harter K, Vicente-Carbajosa J, Dröge-Laser W (2006) Combinatorial control

of Arabidopsis proline dehydrogenase transcription by specific heterodimer-

isation of bZIP transcription factors. EMBO J 25: 3133–3143

Wiese A, Elzinga N, Wobbes B, Smeekens S (2004) A conserved upstream

open reading frame mediates sucrose-induced repression of translation.

Plant Cell 16: 1717–1729

Xiao W, Sheen J, Jang JC (2000) The role of hexokinase in plant sugar

signal transduction and growth and development. Plant Mol Biol 44:

451–461

Xiong L, Gong Z, Rock CD, Subramanian S, Guo Y, Xu W, Galbraith D,

Zhu J-K (2001) Modulation of abscisic acid signal transduction and

biosynthesis by an Sm-like protein in Arabidopsis. Dev Cell 1: 771–781

Zhou L, Jang J-C, Jones TL, Sheen J (1998) Glucose and ethylene signal

transduction crosstalk revealed by an Arabidopsis glucose-insensitive

mutant. Proc Natl Acad Sci USA 95: 10294–10299

Arabidopsis C-Group bZIPs, ABA, and Glc Signaling

Plant Physiol. Vol. 157, 2011 705

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/157/2/692/6108890 by guest on 21 August 2022


