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Mutant characterization has demonstrated that ABI4 (Abscisic Acid [ABA] Insensitive 4), ABI5 (ABA Insensitive 5), and CTR1
(Constitutive Triple Response 1) genes play an important role in the sugar signaling response in plants. The present study
shows that the transcripts of these three genes are modulated by glucose (Glc) independently of the developmental arrest
caused by high Glc concentrations. ABI4 and ABI5 transcripts accumulate in response to sugars, whereas the CTR1 transcript
is transiently reduced followed by a rapid recovery. The results of our kinetic studies on gene expression indicate that ABI4,
ABI5, and CTR1 are regulated by multiple signals including Glc, osmotic stress, and ABA. However, the differential
expression profiles caused by these treatments suggest that distinct signaling pathways are used for each signal. ABI4 and
ABI5 response to the Glc analog 2-deoxy-Glc supports this conclusion. Glc regulation of ABI4 and CTR1 transcripts is
dependent on the developmental stage. Finally, the Glc-mediated regulation of ABI4 and ABI5 is affected in mutants
displaying Glc-insensitive phenotypes such as gins, abas, abi4, abi5, and ctr1 but not in abi1-1, abi2-1, and abi3-1, which do not
show a Glc-insensitive phenotype. The capacity of transcription factors, like the ones analyzed in this work, to be regulated
by a variety of signals might contribute to the ability of plants to respond in a flexible and integral way to continuous
changes in the internal and external environment.

Sugars play a central role as signaling molecules
that modulate the metabolism, development, and
physiology of plants (Koch, 1996; Sheen et al., 1999;
Smeekens, 2000; Coruzzi and Zhou, 2001; Rolland et
al., 2002). Despite their central function, the molecu-
lar mechanisms underlying sugar signaling are still
poorly understood. Evidence based on the use of
sugar analogs such as 6-deoxy-Glc, 2-deoxy-Glc
(2DG), and 3-O-methyl-Glc, shows that sugar-
mediated regulation occurs through distinct signal-
ing pathways (Sheen et al., 1999; Smeekens, 2000).
One of these pathways responds exclusively to Suc
(Chiou and Bush, 1998; Loreti et al., 2000); others
respond to hexoses, such as Glc and Fru. Some sig-
naling systems rely only on hexose sensing without
any catabolism (hexokinase [HXK] independent),
whereas others require hexose phosphorylation or
even further hexose metabolism (Sheen et al., 1999;

Fujiki et al., 2000; Smeekens, 2000; Xiao et al., 2000;
Rolland et al., 2002).

At present, few components of the sugar signaling
network are known. Evidence exists that, similar to
yeast (Saccharomyces cerevisiae), the plant enzyme in-
volved in hexose phosphorylation, HXK, functions as
a primary sugar sensor (Jang and Sheen, 1997; Rol-
land et al., 2002; Moore et al., 2003). Protein phos-
phorylation and dephosphorylation also have been
implicated in sugar regulation (Takeda et al., 1994;
Ehness et al., 1997; Halford and Hardie, 1998; Fujiki
et al., 2000; Smeekens, 2000; Halford et al., 2003).

Genetic approaches also have been used to identify
components of the plant sugar signaling cascade
(Smeekens, 2000; Rolland et al., 2002). Sugar response
mutants have been isolated based on the effects
caused by high or low sugar levels during germina-
tion or early seedling development. Others have been
selected by screening transgenic plants with altered
expression of sugar-regulated promoters. Interest-
ingly, several sugar-insensitive mutants affect known
genes involved in hormone biosynthesis or signaling
(Coruzzi and Zhou, 2001; Gazzarrini and McCourt,
2001; Finkelstein and Gibson, 2002; Leon and Sheen,
2003). Mutants such as gin1 and gin5 (Glc-
insensitive), isi4 (impaired Suc induction), and sis4
(Suc insensitive) affect genes involved in the biosyn-
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thesis of abscisic acid (ABA; Zhou et al., 1998;
Arenas-Huertero et al., 2000; Laby et al., 2000; Rook
et al., 2001; Cheng et al., 2002). GIN1/ISI4/SIS4 cor-
respond to the ABA2 (ABA-deficient 2) gene (Laby et
al., 2000; Rook et al., 2001; Cheng et al., 2002; Seo and
Koshiba, 2002) and the GIN5 to the ABA3 gene (Ar-
royo et al., 2001).

An additional set of sugar-insensitive mutants re-
vealed that components of ABA signaling also par-
ticipate in sugar responses during early seedling
development. Four independent sugar-insensitive
mutants (gin6, sun6, sis5, and isi3) are allelic to the
ABA-insensitive mutant abi4 (Arenas-Huertero et al.,
2000; Huijser et al., 2000; Laby et al., 2000; Rook et al.,
2001), which exhibits altered ABA sensitivity in seeds
and seedlings (Finkelstein, 1994; Söderman et al.,
2000). ABI4 belongs to the family of AP2 (APETALA
2) transcription factors (Finkelstein et al., 1998;
Riechmann and Meyerowitz, 1998). Like abi4, the
mutant abi5 displays a sugar-insensitive phenotype
(Arenas-Huertero et al., 2000; Laby et al., 2000; Bro-
card et al., 2002), which shows that this factor also
plays a role during sugar signaling. The product of
the ABI5 gene corresponds to the basic Leu zipper
class of transcriptional regulators (Finkelstein and
Lynch, 2000; Lopez-Molina and Chua, 2000; Jakoby et
al., 2002). ABI5 expression is subject to complex reg-
ulation by different factors including ABA, drought,
salt, and Glc, which are positive regulators (Lopez-
Molina et al., 2001; Brocard et al., 2002). However, the
ABI5 protein in vegetative tissues appears to be
present only during a narrow developmental win-
dow, shortly after seed germination, and is proposed
to be a key player in monitoring environmental con-
ditions during early seedling growth (Lopez-Molina
et al., 2001).

In addition to strengthening the connection be-
tween ABA and sugar signaling, the analysis of the
gin1 mutant revealed an antagonistic relation be-
tween sugar and ethylene signaling pathways (Zhou
et al., 1998). This is supported by the finding that two
sugar-insensitive mutants, gin4 and sis1, are alleles of
the constitutive ethylene response mutant, ctr1 (Gib-
son et al., 2001; Cheng et al., 2002). Also, it has been
demonstrated that the etr1 (ethylene resistant 1) and
ethylene-insensitive mutants (ein2, ein3, and ein6)
display sugar oversensitive phenotypes (Zhou et al.,
1998; Cheng et al., 2002).

The emerging picture supports the notion that
sugar signaling during early seedling development
involves extensive interactions with the hormones
ABA and ethylene (Leon and Sheen, 2003). Neverthe-
less, to understand in detail the molecular roles that
ABA and ethylene play in sugar signaling, the func-
tion and regulation that known factors play in these
signaling cascades must be addressed. In the present
work, we performed a detailed analysis of the regu-
lation of the ABI4 gene by Glc. We found that the
ABI4 transcript accumulates shortly after Glc expo-

sure and that this response depends on sequences
located in the 5�-upstream region. We also have ex-
tended our analyses to two other genes, ABI5 and
CTR1, mutations in these loci(s) result in Glc-
insensitive phenotypes. We found that the ABI5 and
CTR1 transcript levels are also affected by Glc. Inter-
estingly, the ABI4 transcript response to Glc is only
observed in a short developmental window that cor-
relates with the susceptibility of seedlings to arrest
development by sugars. Although transcript levels of
these genes are also affected by osmotic stress and
ABA, specific regulation by Glc is supported by the
transcript accumulation pattern profile and by the
use of the Glc analog 2DG. We also show that ABI4
and ABI5 Glc regulation is affected in gin, aba, abi,
and ctr1 mutants, supporting the participation of
ABA and ethylene in sugar responses.

RESULTS

Regulation of ABI4 by Glc

It has been shown previously that the ABI4 tran-
script accumulates in wild-type seedlings grown in
the presence of Murashige and Skoog 7% (w/v) Glc
but not in those grown on Murashige and Skoog 2%
(w/v) Glc (Arenas-Huertero et al., 2000; Cheng et al.,
2002). Because the expression of ABI4 gene is high in
dry seeds (Söderman et al., 2000), and seedling
growth is arrested by high Glc (Arenas-Huertero et
al., 2000), it was important to determine if ABI4 tran-
script accumulation in Glc-treated seedlings was re-
sidual from the seed. The accumulation of the ABI4
transcript was followed in seedlings germinated on
standard medium and then exposed to Murashige
and Skoog 7% (w/v) Glc media for different incuba-
tion periods. We used Murashige and Skoog 1%
(w/v) Suc as standard media because it has identical
effects on ABI4 expression as 2% (w/v) Glc; also, Suc
is the preferred carbon source used by plants. As
shown in Figure 1A, in 2-d-old seedlings, the ABI4
transcript accumulates at higher levels shortly after
Glc treatment (6 h), and this accumulation is main-
tained for at least 12 h. These results support the idea
that the ABI4 transcript accumulates de novo in re-
sponse to Glc.

To determine the spatial, temporal, and develop-
mental expression pattern of ABI4 Glc-mediated ac-
cumulation, we used transgenic plants expressing the
GUS reporter under the control of the 3-kb region
upstream of the start codon of the ABI4 gene. This
construct was described previously and was shown
to confer high GUS expression during seed develop-
ment, as expected for the ABI4 gene (Söderman et al.,
2000). Because the GUS protein is very stable (Jeffer-
son et al., 1987), the experiments performed with
these transgenic lines were done under continuous
growth on either standard or Glc media. Using flu-
orometric analysis performed in the linear range of
product accumulation, the specific activity of GUS
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was measured in standard media grown seeds and
seedlings and compared with those grown in the
presence of Glc. A considerable level of GUS expres-
sion is detected in dry, 1-h-imbibed, and 3-d cold-
treated seeds; however, no difference was observed
between standard media and Glc media (Fig. 1B).
Although GUS-specific activity increased transiently
in seedlings grown on standard media, 3-d-old seed-
lings grown in either 4% or 7% (w/v) Glc had 2- to
4-fold higher GUS activity than those grown on stan-
dard media (Fig. 1, B and C). This difference is even
higher in the 10-d-old seedlings grown in 4% or 7%

(w/v) Glc, as the result of the lower levels found in
standard media, and clearly reflects an induction
above the levels found in dry seeds (Fig. 1, B and C).
Similar results were obtained with four independent
transgenic lines, which demonstrate that the ABI4 5�
regulatory region used in these constructs includes at
least part of the cis-acting elements involved in the
response to Glc.

The expression pattern of the ABI4 transcript upon
Glc treatment was determined by GUS histochemical
analysis. As shown in Figure 1D in 3-d-old seedlings
grown on standard media, GUS staining is mostly
confined to the cotyledons and hypocotyl region and
is not observed in roots, with the exception of the
root cap and the quiescent center. Interestingly, de-
tectable GUS staining in older seedlings is lost (Fig.
1E), which is consistent with the ABI4 mRNA analy-
sis (see below) and with previously reported data
(Söderman et al., 2000). This expression pattern was
reproducible in independent lines showing that ABI4
is clearly regulated by a developmental program
(compare Fig. 1, D with E). When plants were germi-
nated in the presence of 4% or 7% (w/v) Glc, the
levels of GUS staining increased with Glc concentra-
tion. In the presence of Glc, GUS activity was de-
tected not only in 3-d-old seedlings (Fig. 1, D versus
F and H) but also in 10-d-old plants (Fig. 1, E versus
G and I). The GUS expression patterns in Glc and
standard media were qualitatively similar, except in
the root of 3-d-old seedlings, where the presence to
either 4% or 7% (w/v) Glc expanded the domain of
GUS expression (Fig. 1, D versus F and H). These
results suggest that the presence of Glc might not
only increase the levels of the ABI4 transcript but also
could modify its expression pattern.

Because most of our analysis has been carried out
in arrested seedlings, we explored whether Glc also
induced the ABI4 transcript in a nonarrested devel-
opmental condition. Although 10-d-old seedlings
grown on standard media had no detectable GUS
activity (Fig. 1E), those grown in the presence of 4%
(w/v) Glc exhibited GUS activity even though these
seedlings were not arrested (Fig. 1G). The GUS stain-
ing pattern of these plants, which is restricted to the
hypocotyl and cotyledons, resembles that of the 3-d-
old seedlings grown on standard media (Fig. 1D).
Interestingly, no staining was ever detected in the
first pair of true leaves. We corroborated by
northern-blot analysis that the increase in GUS activ-
ity represents an induction of GUS mRNA accumu-
lation in response to Glc in 2-d-old seedlings (Fig. 1J),
which correlates with the endogenous ABI4 mRNA
accumulation shown in Figure 1A.

Glc Affects the ABI5 and CTR1 Transcript Levels

The results described above indicate that Glc in-
duces the expression of the ABI4 transcript, a factor
required for proper sugar response during post-

Figure 1. Glc induction of the ABI4 transcript and spatial expression
pattern. A, Glc regulation of the ABI4 gene. Northern blot from
Columbia-0 (Col-0) plants grown for 2 d on standard liquid media
and exposed to Murashige and Skoog (MS) 7% (w/v) Glc for 0, 6, and
12 h. Each lane contains 8 �g of total RNA. The complete ABI4
cDNA was used as a probe. B, �-Glucuronidase (GUS)-specific
activity was measured in dry seeds (DS), 1-h-imbibed seeds (IS), 3-d
cold-treated seeds (CTS), or germinating seedlings in standard media
(SM) or Murashige and Skoog 7% (w/v) Glc for 1, 3, and 10 d. Each
point represents the mean of four independent lines and four biolog-
ically independent experiments, expressed as nanomoles of methyl-
umbelliferone per microgram of total protein per minute. C, GUS
activity of Glc-treated seedlings relative to the GUS level of their
corresponding standard media grown plants, normalized to 1 in each
case. Bars � SD (sometimes smaller than the scale). GUS staining of
ABI4::GUS seedlings grown on standard media for 3 (D) or 10 (E) d.
GUS staining of ABI4::GUS seedlings grown on MS 4% (w/v) Glc for
3 (F) or 10 (G) d. GUS staining of ABI4::GUS seedlings grown on MS
7% (w/v) Glc for 3 (H) or 10 (I) d. The value of a representative
experiment of the GUS-specific activity of transgenic lines grown in
each condition is shown. J, Glc regulation of the GUS transcript
level. Transgenic plants carrying the ABI4::GUS expression cassette
were grown in standard liquid media for 2 d followed by the expo-
sure to Murashige and Skoog 7% (w/v) Glc. Samples were taken at 0,
6, and 12 h. Five micrograms of total RNA from each sample were
loaded in each lane and hybridized with a 600-bp fragment of the
GUS gene.
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germination development. Similar results were re-
cently found for genes involved in sugar signaling,
such as ABA2 and other ABA biosynthetic genes,
whose transcript levels are regulated by Glc (Cheng
et al., 2002). Thus, Glc appears to modulate the tran-
script level of genes involved in its own signaling
pathway. In addition to ABI4 and the ABA genes, the
molecular characterization of other sugar-insensitive
mutants has permitted the identification of addi-
tional factors required for a normal sugar response.
The abi5 mutant also displays resistance to high sugar
concentrations (Arenas-Huertero et al., 2000; Laby et
al., 2000), whereas overexpression of ABI5 results in
hypersensitivity to sugar (Brocard et al., 2002; Finkel-
stein et al., 2002). However, the participation of ABI5
during sugar seedling response is still under debate
because the resistance of the abi5 mutant seems not to
be as strong as the abi4 mutant (Gazzarrini and Mc-
Court, 2001). In addition, two other independent
sugar mutants (sis1 and gin4) have been found to
affect the ethylene signaling CTR1 gene (Gibson et
al., 2001; Cheng et al., 2002).

To determine whether or not, or under what con-
ditions, the ABI5 and CTR1 genes are regulated by
Glc, we followed the transcript accumulation pattern
of ABI4, ABI5, and CTR1 genes in 3-d-old wild-type
seedlings after transfer to 7% (w/v) Glc media. In
this case, semiquantitative reverse transcriptase (RT)-
PCR analysis was used at different times after trans-
fer to Glc treatment. As shown in Figure 2, a strong
accumulation of ABI4 transcript is detected 6 h after
transfer, in comparison with the undetectable levels
found at the beginning of the treatment (Fig. 2). This
result is in accordance with our northern data (Fig.
1A) that corroborate that this is a reliable method to
analyze the other genes. Interestingly, we found that

the levels of the ABI5 and CTR1 transcripts are also
affected by Glc. ABI5 accumulates in response to Glc
even faster than ABI4 because it is detected shortly (1
h) after transfer to Glc. The CTR1 expression pattern
is more complex because a decrease of the transcript
level is observed reproducibly 1 h after transfer to
Glc, but its level subsequently recovers. The Glc re-
sponse of these genes is not due to a stress caused by
transferring the plant as it was corroborated by bio-
logically independent transfer experiments to stan-
dard media (see following sections). We observed
that the expression of the ABI5 gene in response to
Glc is not maintained at the same levels between 24
and 72 h of the Glc treatment. As important devel-
opmental changes occur in this period, it is possible
that this fluctuation maybe related to the intrinsic
plant development.

To discriminate whether the response of ABI4,
ABI5, and CTR1 gene transcripts corresponds to a Glc
signal or to an osmotic effect caused by the Glc
concentration used in the experiments, we analyzed
gene expression in response to isosmotic concentra-
tions of mannitol. Initially, we followed the ABI4
response to 7% (w/v) mannitol by northern-blot
analysis in wild-type and ABI4::GUS transgenic seed-
lings, using the same conditions described in Figure
1, A and J. As shown in Figure 3, the levels of ABI4
and ABI4::GUS gene transcripts slightly increase in
the presence of mannitol but do not show the sub-
stantial sustained increases observed in the presence
of Glc (Figs. 1A versus 3). Meanwhile, the ABI4 tran-
script level is maintained high in Glc over the period
analyzed (12 h), it is reduced in the mannitol treat-
ment (Fig. 3). In the case of the ABI4::GUS gene
transcript, we did not observe a decrease in the tran-
script level at 12 h, and this may be due to the
intrinsic stability of the GUS mRNA compared with
the ABI4 transcript. Thus, these results led us to
conclude that the ABI4 transcript accumulation ob-
served in the Glc treatment is not entirely due to an
osmotic response.

Figure 2. ABI4, ABI5, and CTR1 transcript accumulation is regulated
by Glc. RT-PCR analysis of total RNA from 3-d-old wild-type (Was-
silewskija [Ws]) seedlings grown in standard media and transferred to
Murashige and Skoog 7% (w/v) Glc for 1, 3, 6, 24, and 72 h. The PCR
product of APT1 was used as a cDNA loading control. Specific
primers were used to amplify ABI4, ABI5, CTR1, and APT1 gene
transcripts. The lengths of the PCR products are 974, 183, 353, and
478 bp for ABI4, ABI5, CTR1, and APT1, respectively. The linear
phase of the exponential PCR reaction was corroborated for each
gene (data not shown). A representative experiment from three bio-
logically independent experiments is shown, including only the 24-h
transference (T24) control for simplification. The means � SE of all
three experiments and their corresponding transfer controls are in-
cluded in Figure 4, D to F.

Figure 3. ABI4 response to osmotic stress. Northern blots from wild-
type (Col-0) and ABI4::GUS transgenic 2-d-old seedlings grown on
standard liquid media and exposed to Murashige and Skoog 7% (w/v)
mannitol for 0, 6, and 12 h or Murashige and Skoog 7% (w/v) Glc for
12 h (G). Each lane contains 8 �g of total RNA. The complete ABI4
cDNA and a 600-bp GUS fragment were used as probes. rRNAs were
used as loading control.
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To fully analyze the osmotic response during
shorter and longer treatment periods for ABI4, ABI5,
and CTR1 genes, RT-PCR experiments were per-
formed. Interestingly, the ABI5 and CTR1 genes are
also responsive to osmoticum. The ABI4 and ABI5
transcripts are positively regulated by mannitol,
whereas CTR1 transcript level is reduced (Fig. 4A). A
specific accumulation of ABI4 transcript in response
to Glc begins at 6 h (Figs. 2 and 4D). In response to
osmotic stress, ABI4 transcript accumulation is ob-
served earlier, but the levels are notably lower than
in response to Glc (Fig. 4D), in agreement with the
data from the northern blot (Figs. 1A and 3). Once
again, no detectable levels of ABI4 transcript were
found at 0 h of treatment (Fig. 4D). Under our con-
ditions, the ABI5 expression pattern is similar in both
Glc and mannitol treatments (Figs. 2 and 4, A and E).
Thus, with these data, it is still not possible to dis-
criminate whether Glc directly regulates ABI5 gene
expression. In the case of the CTR1 transcript, man-
nitol treatment results in a permanent repression in
contrast to Glc, where a transient repression is fol-
lowed by a recovery (Fig. 4F). Thus, we suggested
that Glc is capable of overriding the osmotic signal
generated in these conditions, which led us to con-
clude that Glc regulates CTR1 transcript levels.

We have demonstrated previously that seedlings
grown on Glc contain higher levels of ABA, required
for normal Glc signaling, and the participation of

ABA in osmotic responses is also very well estab-
lished (Zeevaart and Creelman, 1988; Arenas-
Huertero et al., 2000). In addition, it has been re-
ported that the ABI5 gene is induced in young
seedlings by ABA, salt, Glc, and drought treatments
(Lopez-Molina et al., 2001; Brocard et al., 2002).
Therefore, it was important to determine if ABA also
regulates the ABI4 and CTR1 transcripts. We tested
the accumulation of ABI4, ABI5, and CTR1 genes in
response to the addition of 100 �m ABA (Fig. 4B). The
rd29A gene was used as control because it is known
to be ABA and osmotic responsive (Yamaguchi-
Shinozaki and Shinozaki, 1994). The levels of the
three transcripts were modulated in response to ABA
(Fig. 4B). In general terms, the transcript accumula-
tion profile for all three regulatory genes after ABA
treatment correlates with their responses to mannitol
(Fig. 4, D–F), suggesting that at least part of the
observed osmotic response might be ABA depen-
dent, similar to the rd29A control gene (Fig. 4, A and
B). As in the case of the mannitol treatment, ABI4
accumulation in response to ABA is notably lower
than that observed in response to Glc, when com-
pared with the APT1 internal control gene (Fig. 4D).

To further investigate the specificity of Glc regula-
tion over the ABI5 gene, inductions were performed
using the phosphorylable Glc analog 2DG. 2DG has
been shown to act as a potent sugar signal for the
regulation of a variety of Glc-regulated genes in yeast

Figure 4. Glc regulation of ABI4, ABI5, and CTR1 genes is not due to the osmotic effect of Glc. Three-day-old WT (Ws)
seedlings grown in standard media were transferred to standard media plus either 7% (w/v) mannitol (A), 100 �M ABA (B),
or 0.5 mM 2DG (C) for 1, 3, 6, and 24 h. For simplification, only the 24-h transfer (T24) control was included. RT-PCR was
performed as described in Figure 2. The rd29A gene was used as control of ABA and osmotic treatments. Comparative
histograms of the densitometric quantification of the PCR products from biologically independent experiments are shown for
ABI4 (D), ABI5 (E), and CTR1 (F) in response to 7% (w/v) Glc, 0.5 mM 2DG, 7% (w/v) mannitol, and 100 �M ABA and
including the transfer controls (T control) for each time point. In the case of ABI4, where no detectable transcript levels were
found, such as 0 h and most of the T control times, no bar is observed (D). The APT1 RT-PCR product was used as internal
control in each reaction, and the value of each condition and the relative units of the amplification signals obtained by the
densitometric analysis of each gene are normalized to the amplification signal of the control APT1 gene (arbitrary units). The
data on the graphic correspond to the mean � SE of three separate experiments.
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and plants. Glc-mediated gene regulation by 2DG
has been detected when used at much lower concen-
trations (0.5–2 mm) than Glc (Graham et al., 1994;
Jang and Sheen, 1994), which avoid an osmotic effect.
2DG is known to be very toxic to plant cells; thus, the
initial experiments were performed with increasing
concentrations of this analog to establish the lowest
effective concentration (data not shown). It was ob-
served that a concentration of 0.5 mm 2DG gave
detectable responses of the Glc-regulated ABI4 gene
without affecting the levels of the APT1 gene used as
internal control (Fig. 4C). Similar to ABI4, the ABI5
gene is responsive to 2DG (Fig. 4C), supporting a
direct regulation by Glc independent of the osmotic
responses. Based on the present analysis, we con-
clude that Glc has a direct and specific regulatory
role over the transcript accumulation levels of ABI4,
ABI5, and CTR1, which can be differentiated from
their osmotic regulation. In summary, our data point
to a complex regulation of the transcript accumula-
tion of ABI4, ABI5, and CTR1 genes by multiple
factors.

Glc Regulation of ABI4 and CTR1 Transcript
Accumulation Is Affected by Developmental Signals

It has been shown that the susceptibility of young
seedlings to developmental arrest in response to
sugars is restricted to a short period of time after
germination (Gibson et al., 2001). We examined
whether the regulation of the ABI4, ABI5, and CTR1
genes by sugar observed in cotyledon stage seed-
lings was also limited to a developmental period.
The accumulation of ABI4, ABI5, and CTR1 tran-
scripts in response to Glc (Fig. 5A) was examined in
6-d-old seedlings containing the first pair of true
leaves. Interestingly, the response to Glc of ABI4
and CTR1 is different from that observed in younger
plants. Unlike in 3-d-old seedlings, ABI4 induction
by Glc was undetectable in 6-d-old plants (Fig. 5A);
similar results were observed in ABI4::GUS trans-
genic lines by GUS protein activity (data not
shown). The capacity of these plants to respond is
lost not only for the Glc signal but also for ABA and
even for the potent sugar analog 2DG (Fig. 5). We
occasionally observed a very slight band after a 1-h
transfer to 2DG treatment; however, this fluctuation
was not reproducible in all experiments. Hence, this
variation was considered to be within the experi-
mental fluctuation and not a 2DG-specific effect. In
the case of CTR1 gene, the transient repression ob-
served in the first hour of Glc treatment in 3-d-old
seedlings (presumably due to osmotic stress) is lost
at this older stage. However, the level of this gene is
induced after 24 to 72 h of Glc treatment. Thus, it
appears that CTR1 is still responsive to Glc but with
a different expression pattern than the one observed
early in development (Fig. 4A). It is interesting that
2DG did not reproduce the Glc induction (Fig. 4B),

suggesting that either a signal derived from the
further metabolism of Glc (Xiao et al., 2000) or from
additional developmental signals might be respon-
sible for this response. Finally, a different CTR1
response is also observed with a direct ABA treat-
ment (Fig. 5C).

Surprisingly, in 6-d-old seedlings, the ABI5 tran-
script is regulated by Glc (Fig. 5A), 2DG (Fig. 5B),
and ABA (Fig. 5C), with a similar pattern to the one
found at 3 d. These results are consistent to those
recently reported by Brocard et al. (2002) but con-
trast with the report that the ABI5 protein induction
in response to ABA is restricted to a narrow devel-
opmental window (Lopez-Molina et al., 2001). We
also confirmed that none of the responses was a
result of the physical transfer of the plants (data not
shown).

Figure 5. Glc regulation of ABI4 and CTR1 transcript accumulation
is affected by developmental signals. Six-day-old WT (Ws) seed-
lings grown in standard media and transferred to Murashige and
Skoog 7% (w/v) Glc (A), standard media plus 0.5 mM 2DG (B), or
100 �M ABA (C) for the indicated times. For simplification, the 24-h
transfer (T24) control is included, but similar levels to this control
were observed in the rest of the control times (data not shown).
The PCR product of APT1 was used as a cDNA loading control.
Samples were collected and used for RT-PCR analysis as described.
This picture is representative of three biologically independent
experiments.
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ABI4 and ABI5 Glc Regulation Is Affected in Mutants
Displaying Altered Glc Responses

With the aim to further analyze the Glc-mediated
regulation of ABI4 and ABI5 genes, we explored the
levels of their transcripts in different mutant back-
grounds that display a Glc-insensitive phenotype.
Because the CTR1 Glc response is complex, this anal-
ysis was carried out only with ABI4 and ABI5 genes.
Thus, the ABA-deficient (aba3-6/gin5, aba1-1, gin1-1/
aba2, and aba3-2), the ABA-insensitive (abi4-6/gin6
and abi5-1), and ethylene signaling ctr1-1 mutants
were chosen for this study. Initially, the abundance
of ABI4 and ABI5 transcripts was determined in the
abi4-6/gin6, abi5-1 and gin1-1/aba2 mutants grown for
3 d in standard media and transferred to 7% (w/v)
Glc media for 6 h. Figure 6A shows that ABI4 and
ABI5 transcript accumulation in response to Glc is
dramatically reduced in these three mutants. A very
similar response was observed when these mutants
were grown continuously in the presence of Glc (Fig.
6, B and D). Given that these three mutants showed
no difference when grown continuously in Glc, the
rest of the mutants were also analyzed under these
conditions. Figure 6B shows that the induction of
ABI4 transcript in response to Glc is dramatically
reduced in the gin mutants analyzed. Also, an impor-
tant reduction of the Glc-mediated transcript accu-
mulation for the ABI5 gene is observed for this set of
mutants with the exception of abi4-6/gin6, in which a
slight induction is still observed. It is possible that
the level of the ABI4 factor in this mutant, which
affects the promoter region of the ABI4 gene (Arenas-
Huertero et al., 2000), is sufficient to preserve some
regulation that it is detectable under the continuous
Glc growth condition. ABI4 and ABI5 transcript ac-
cumulation in response to Glc in aba mutants was
also compared with their corresponding wild-type
ecotype (Fig. 6C). Similar to the gin mutants, ABI4
transcript induction by Glc is basically eliminated in
the aba mutants. The ABI5 expression pattern is also
affected in this set of mutants, although to a lesser
extent than in aba2-1 (Fig. 5C). Our previous report
demonstrated that the addition of nanomolar concen-
trations of ABA restores Glc sensitivity in aba mu-
tants (Arenas-Huertero et al., 2000). In accordance
with this finding, the addition of 100 nm ABA to the
Glc media restores transcript accumulation in the
aba1-1 plant of ABI4 and also in ABI5, where the
observed induction is not as high as ABI4, probably
due to the existing basal levels of this gene (Fig. 6C).

Finally, we followed ABI4 and ABI5 transcript re-
sponse to Glc in ethylene and ABA signaling mu-
tants. The response of these two transcripts was af-
fected in the ctr1-1 mutant (Fig. 6C). We have shown
previously that only two of the reported ABA-
insensitive mutants (abi4-1 and abi5-1) display altered
Glc sensitivity, whereas the remainder (abi1-1, abi2-1,
and abi3-1) show a wild-type response (Arenas-
Huertero et al., 2000). As shown in Figure 6D, tran-

script accumulation of ABI4 and ABI5 in response to
Glc is altered only in abi4-1 and abi5-1 plants but not
in abi mutants with normal Glc sensitivity (abi1,
abi2-1, and abi3-1).

DISCUSSION

The increasing number and diversity of genes reg-
ulated by sugars reflects the importance of sugar
signaling (Koch, 1996; Rolland et al., 2002). Such

Figure 6. ABI4 and ABI5 Glc regulation is affected in ABA-deficient,
-insensitive, and ethylene signaling mutants. A, Indicated genotypes
were grown in standard media for 3 d (T0) and transferred to the same
media (�) or Murashige and Skoog 7% (w/v) Glc (�) for 6 h (T6). gin
(B), aba and ctr1 (C), and abi (D) plants were grown on standard
media (�), Murashige and Skoog 7% (w/v) Glc (�), or Murashige and
Skoog 7% (w/v) Glc plus 100 nM ABA (*) during 18 d. Col-0 ecotype
(aba2-1 and ctr1-1 genetic background) has exactly the same re-
sponse as the Landsberg erecta (Ler) ecotype under these conditions.
For simplification, the Col-0 ecotype PCR is omitted in this figure.
Samples were harvested and used for RT-PCR analysis as described.
The PCR product of APT1 was used as a cDNA loading control. A
representative experiment from three biologically independent ex-
periments is shown.
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regulation has profound effects on plant growth, de-
velopment, and stress response (Koch, 1996; Smeek-
ens, 1998). The mechanisms by which sugars modu-
late gene expression are variable. It has been shown
that the transcription of several genes is induced or
repressed by sugars, but other levels of regulation
have also been reported (Koch, 1996; Chan and Yu,
1998; Rook et al., 1998; Cheng et al., 1999; Cotelle et
al., 2000; Toyofuku et al., 2000). Very little is known
about the effects that sugars have on the expression
of genes that participate in the sugar signaling cas-
cade. It has been reported that a putative sugar sig-
naling component (AtSR2) that belongs to the SNF1-
related protein family is induced by Suc, Glc, and Fru
(Chikano et al., 2001). Recently, it has been found that
the expression level of several genes involved in ABA
biosynthesis and in the Glc post-germination re-
sponse is also modulated by Glc (Cheng et al., 2002).
During the characterization of the gin6 mutant, we
observed that the ABI4 transcript accumulated when
plants were grown in the presence of Glc, suggesting
a possible regulation of this gene by sugars (Arenas-
Huertero et al., 2000). In this work, it is shown that
the transcript levels of ABI4 and two additional fac-
tors that affect sugar signaling, ABI5 and CTR1, are
modulated upon Glc addition. The induction strategy
used in this work permitted to demonstrate that the
modulation of transcript levels by Glc is independent
of the developmental arrest produced by the contin-
uous presence of sugars.

Loci Implicated in Sugar Response Are Regulated by
Glc, Osmotic Stress, and ABA

ABI4 mutant alleles have been isolated in sugar
mutant screens on multiple occasions, using different
approaches and different mutant collections (Arenas-
Huertero et al., 2000; Huijser et al., 2000; Laby et al.,
2000; Rook et al., 2001). This finding may be indica-
tive of the central role that ABI4 plays in Glc re-
sponses during early seedling development and
prompted us to analyze several aspects of its regula-
tion in further detail. The ABI4 transcription factor,
in addition to its role in sugar signaling, is well
known to be required in seed development and salt
responses (Finkelstein et al., 1998, 2002; Quesada et
al., 2000). ABI4 is expressed in seeds, and its highest
levels are found at seed maturity, but very low levels
of this transcript (that disappear shortly after germi-
nation) have been reported in vegetative tissues (Sö-
derman et al., 2000). In agreement with this report,
under our standard growth conditions, we found
that after germination (3 d), the ABI4 transcript de-
clines to levels undetectable by RT-PCR. The very
low levels of GUS activity detected in 10-d-old
ABI4::GUS plants probably reflect the intrinsic stabil-
ity of the GUS protein. However, Glc has the capacity
to increase ABI4 transcript levels. This is true not
only in the developmentally arrested seedlings but

also under conditions that do not result in develop-
mental arrest. Although transcriptional regulation by
sugars is the most studied process (Smeekens, 2000),
posttranscriptional sugar regulatory events might
also be responsible for such transcript accumulation.
In either case, because the accumulation is also ob-
served in ABI4::GUS transgenic plants, at least part of
the region involved in this sugar-mediated regula-
tion seems to be located within the 3-kb upstream of
the initiation codon of the ABI4 gene.

Based on the GUS expression pattern of different
independent transgenic lines grown in 4% and 7%
(w/v) Glc, the tissues where the ABI4 transcript is
detected are similar to those of younger seedlings
when grown in low sugar (standard media). A nota-
ble exception is the primary root, where the detect-
able expression in 3-d-old standard media-grown
seedlings was confined to the root tip, whereas in
those grown in Glc, the GUS reporter is detected in
most of the root tissues. Thus, it is possible that Glc
not only increases the transcript levels of the ABI4
gene but also changes its expression pattern. It is
interesting that in abi4, abi5, and three ABA biosyn-
thetic mutants, an altered lateral root formation in
response to nitrate is observed (Signora et al., 2001).
These findings suggest that ABA, ABI4, and ABI5
might have a role in the lateral root development,
regulated by the antagonism between N and C
(Zhang et al., 2000). Thus, the expression of the ABI4
gene along the root under high Glc concentrations
might be related to such interaction. Similarly,
ABI5::GUS expression was reported recently to be
localized to both primary and lateral root tips under
unstressed conditions, with expression increased and
expanded throughout 3-d-old seedling roots in re-
sponse to ABA, Glc, and other stresses (Brocard et al.,
2002). The mechanism of ABI4 and ABI5 action in this
interaction remains to be explored in the future.

In addition to ABI4, two additional sugar signaling
factors, ABI5 and CTR1, have been shown to affect
Glc responses in plants. Mutations of these two genes
cause Glc-insensitive phenotypes (Arenas-Huertero
et al., 2000; Laby et al., 2000; Gibson et al., 2001;
Cheng et al., 2002) in addition to their respective
reported roles in ABA and ethylene signaling (Finkel-
stein, 1994; Stepanova and Ecker, 2000). Previous
results had already shown that ABA, salt, and
drought triggers the accumulation of the ABI5 pro-
tein (Lopez-Molina et al., 2001). We observed that the
ABI5 and CTR1 transcript levels are modulated by
Glc. Similar to ABI4, the ABI5 transcript accumulates
in wild-type seedlings transferred to Glc. During the
time that this analysis was performed, it was re-
ported that GUS-specific activity in ABI5::GUS trans-
genic plants increases in response to several stresses,
including a Glc treatment for 2 d (Brocard et al.,
2002). In this work, we further demonstrate that ABI5
transcript accumulation is detectable 1 h after Glc
addition. This response is even faster than the one
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observed for the ABI4 transcript (6 h), which might
suggest a different time frame requirement for these
two factors during Glc response and/or a different
mechanism of induction.

Distinct Glc and Osmotic Regulation of Sugar
Response Loci

Several lines of evidence allow us to suggest that
the observed Glc regulation of the ABI4, ABI5, and
CTR1 genes is specific and not a pure osmotic re-
sponse. First, even though ABI4 responds to osmoti-
cum and ABA, the transcript accumulation kinetics
for both signals are different from Glc induction, and
the levels are considerably lower than in Glc-treated
seedlings by northern and RT-PCR detection meth-
ods. Also, the CTR1 osmotic and ABA responses are
completely opposite to the one observed in Glc. Sec-
ond, ABI4 and ABI5 genes are responsive to 0.5 mm
2DG and, when compared with the 388 mm Glc cor-
responding to 7% (w/v), exert a negligible osmotic
stress. Third, Glc-regulation of ABI4 and ABI5 is al-
tered in mutants that affect Glc signaling but not in
ABA response mutants that have a normal sugar
response (abi1, abi2, and abi3). Thus, our results
strongly support the idea that even though these
three genes respond to multiple factors including
osmoticum and ABA, they do have a specific Glc
response. The regulation of the transcript levels by
Glc might represent a positive feedback loop, impor-
tant to ensure a more sustain Glc response. Also, the
induction of these factors by Glc could result in the
modulation of other signaling pathways in which
these factors play a role.

Based on the Glc-resistant phenotype of abi4-6/gin6
and abi5 mutants, it is clear that both transcription
factors are required for Glc responses in seedlings.
This requirement could be accomplished by a direct
induction of the transcript level by Glc. In fact, the
present analysis demonstrates that the levels of both
transcripts do increase upon Glc treatment. The fact
that the ctr1 mutation cause Glc insensitivity indi-
cates that the presence of CTR1 is also necessary for
Glc signaling (Zhou et al., 1998; Gibson et al., 2001;
Cheng et al., 2002). Surprisingly, the CTR1 transcript
in the presence of 7% (w/v) Glc is rapidly and tran-
siently reduced probably as an osmotic response, but
it subsequently recovers. This recovery is specific for
Glc and overrides the permanent repression caused
by osmoticum or ABA treatments observed at early
seedling development. Because CTR1 acts as a nega-
tive regulator responsible for blocking the ethylene
cascade, its presence should allow the increase in
ABA level required during Glc response (Arenas-
Huertero et al., 2000; Cheng et al., 2002) that again
could result in a positive feedback loop of the Glc
signaling. Such observations are in agreement with
the proposed opposite roles of ABA and ethylene in
regulating Arabidopsis growth (Beaudoin et al., 2000;

Ghassemian et al., 2000; Gazzarrini and McCourt,
2001; Finkelstein and Gibson, 2002).

It is noteworthy that the osmotic response for all
three genes is similar to the pattern in ABA, suggest-
ing that this response might be at least in part ABA
dependent (Leung and Giraudat, 1998). The regula-
tion of these genes by mannitol is not surprising,
considering that the ABI5 protein is induced by
drought and that alleles of the abi4 and abi5 mutants
(sañ5 and nem1, respectively) result in resistance to
salt and osmotic stress inhibition of germination
(Quesada et al., 2000; Lopez-Molina et al., 2001;
Carles et al., 2002). Moreover, all mutants with a
Glc-insensitive phenotype, including abi, aba, and
ctr1, are also more resistant to the inhibition of
growth observed in wild type by mannitol (400 mm),
sorbitol (400 mm), and NaCl (150 mm; Laby et al.,
2000; A. Arroyo and P. León, unpublished data).
Thus, these data further reinforce the participation of
ABI4 and ABI5 during various aspects of the vegeta-
tive growth such as stress and developmental re-
sponses. However, Glc-sensitive abi mutants (abi1,
abi2, and abi3) also show some resistance to salt and
osmotic stress at germination (Werner and Finkel-
stein, 1995; R.R. Finkelstein, unpublished data), sup-
porting the notion that responses to Glc and osmotic
stress involve overlapping but different mechanisms.

The essential role of ABA during sugar regulation
is further reinforced because all mutants with low
ABA levels are affected in the transcript regulation of
the ABI4 and ABI5 transcription factors, but the ex-
ogenous addition of low concentrations of ABA re-
stores Glc regulation. It is clear that the Glc effect
does not depend on ABA alone because the ABA
treatment does not reproduce the response on the
transcript levels observed by the sugar signal. This
correlates with our previous results in which mutants
such as gin6/abi4 displayed a Glc-insensitive pheno-
type despite that ABA levels are induced by the
presence of Glc (Arenas-Huertero et al., 2000).

It has been shown that gin1-1/aba2 and gin5/aba3-6
mutants genetically interact with HXK, leading to the
proposal that these genes participate in the HXK-
mediated pathway (Zhou et al., 1998; Arenas-
Huertero et al., 2000). It was observed that Glc-
mediated regulation of ABI4 and ABI5 genes is
altered in these mutants, suggesting that such regu-
lation might be, at least in part, dependent on hexose
phosphorylation. This possibility is further sup-
ported by the finding that ABI4 and ABI5 are posi-
tively regulated by 2DG, which has been used widely
to dissect the HXK dependence in the Glc signal
transduction mechanism of a variety of genes (Rol-
land et al., 2002). Thus, these results together suggest
that HXK might play a direct role on at least part of
the regulation of ABI4 and ABI5 transcript levels
reported in this work, although direct proof is still
required.
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Developmental Controls of Glc Responsiveness

We observed that the transcript levels of these
three genes in response to Glc, 2DG, and ABA are
affected by developmental signals. For the conditions
analyzed, ABI4 is responsive during a very restricted
developmental window of early seedling develop-
ment (before 6 d), whereas different CTR1 responses
occur at distinct developmental stages. A different
story was found for the ABI5 transcript, which was
still responsive in the 6-d-old seedlings. This finding
agrees with that recently obtained by Brocard et al.
(2002), but contrasts with another report where it was
found that the ABA-dependent accumulation of the
ABI5 protein is restricted to the first 2 d of seedling
development (Lopez-Molina et al., 2001). Thus, de-
spite the accumulation of the transcript in response
to ABA in these developmental stages, a posttran-
scriptional regulation is critical for the accumulation
of ABI5 factor (Lopez-Molina et al., 2003). It would be
very interesting to see whether a similar mechanism
operates in response to Glc. Lopez-Molina et al.
(2001) proposed that ABI5 might be a key player for
a checkpoint period when the environment is moni-
tored. This developmental period might be the same
as the sugar-mediated arrest, where ABI4 and ABI5
seem to play key functions. So far, no physical inter-
actions between these two factors have been detected
(Nakamura et al., 2001), which opens the possibility
that these two transcriptional factors modulate the
expression of a different set of genes. In response to
Glc, this might also be true because a different time
frame of expression patterns is observed between the
two factors as has been mentioned already. It has
been suggested that ABI5 and some of its homolo-
gous basic Leu zippers might function with some
redundancy in ABA, sugar, and other stress re-
sponses (Kang et al., 2002; Leon and Sheen, 2003).
However, ABI4 could play a more critical role in
monitoring sugar status, at least during early devel-
opmental stages, because no apparent homologs are
found, at least in the Arabidopsis genome. In conclu-
sion, these results indicate that these genes are finely
regulated during plant development by a variety of
signals, and different sugar signaling molecules pos-
sibly are acting simultaneously at different tissues
and stages of plant development. These results also
raise questions about the molecules involved in Glc
responses in later developmental stages. For exam-
ple, undetectable levels of ABI4 transcript were
found both by northern and RT-PCR analysis in 6-d-
old seedlings, and similar results have been reported
(Söderman et al., 2000). Thus, the requirement of this
factor in later developmental stages is a subject that is
presently analyzed by our group.

In summary, this work provides direct evidence
that the transcript abundance of three factors, ABI4,
ABI5, and CTR1, is specifically regulated by Glc.
These factors participate in a variety of plant re-
sponses to environmental conditions, hormonal sig-

naling, and sugar regulation during early seedling
development. Thus, these molecules should be inte-
grating a set of external signals and metabolic signals
through the interaction with specific components.
The regulation of these three factors by Glc might
provide an important regulatory loop that allows a
sustained Glc response. In addition, this regulation
might integrate the fluctuations of the endogenous
sugar concentrations with other signaling pathways
in which these factors have a role, such as ABA and
ethylene signaling. Glc regulation over these genes is
accomplished at least in part on their transcript levels
that either modulate transcription or affect its mRNA
stability. However, further analysis is needed to de-
termine whether the changes observed in this work
are also reflected at the protein level.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis plants were routinely grown under sterile conditions in
controlled growth chambers (24°C, 16-h-light/8-h-dark photoperiod). Seeds
were surface sterilized and plated on media containing 1� Murashige and
Skoog basal salt mixture (GIBCO-BRL, Grand Island, NY) supplemented
with B5 vitamins, 0.05% (w/v) MES, and 0.7% (w/v) phytoagar. All media
contained either 1% (w/v) Suc (standard media; Murashige and Skoog 1%
[w/v] Suc) or Glc at the indicated concentrations as carbon sources. For
induction experiments in liquid, plants were grown on Murashige and
Skoog 1% (w/v) Suc media, then replaced with Murashige and Skoog 7%
(w/v) Glc or 7% (w/v) mannitol. For inductions in solid media, plants were
grown over nylon filters on standard media, and the filter was then trans-
ferred to Murashige and Skoog 7% (w/v) Glc or Murashige and Skoog 1%
(w/v) Suc media plus 2DG (0.5 mm) or 7% (w/v) mannitol or 100 �m ABA
of (�) cis-trans-isomer (Sigma, St. Louis). With this procedure, we avoided
touching the seedling during transfer. In all experiments, seeds were incu-
bated at 4°C for 4 d to break dormancy.

The aba, abi, and ctr1-1 mutants and wild-type plants Ws, Ler, and Col-0
were obtained from the Arabidopsis Biological Resource Center. The gin1-1
mutant was kindly provided by Dr. Jen Sheen (Department of Genetics,
Harvard Medical School, and Department of Molecular Biology, Massachu-
setts General Hospital, Boston, MA). The aba1-1, aba3-2, abi1-1, abi2-1, and
abi3-1 mutants are in the Ler ecotype, whereas aba2-1, abi4-1, and ctr1-1 are
in Col-0, and abi5-1 and gin1-1 are in Ws. The ABI4::GUS transgenic plants
(Col-0 background) were reported previously (Söderman et al., 2000). Ho-
mozygous plants from four independent ABI4::GUS transgenic lines were
used to perform the GUS analysis in this work.

Expression Analysis

Total RNA was isolated using standard protocols (Ausubel et al., 1989)
from seedlings grown as indicated. For northern blots, total RNA was
fractionated by electrophoresis in 1.2% (w/v) agarose gels and transferred
onto Hybond N� nylon membrane (Amersham Corporation, Arlington
Heights, IL). Hybridizations and washes were performed at high-stringency
conditions according to standard procedures, using 32P-radiolabeled probes
(Church and Gilbert, 1984).

For RT-PCR analysis, cDNA was synthesized with Super Script II RT
(GIBCO-BRL) using 5 �g of total RNA by oligo(dT)-primed reverse tran-
scription. A fraction (1/80) of the first strand cDNA was used as a template
for the PCR. Linearity phase of the exponential PCR reaction was corrobo-
rated for each gene by comparisons of the PCR product at different cycles
(18, 25, 28, 30, 33, 35, and 40). The selected cycles for each gene used in the
experiments were as follows: 40 cycles for ABI4, 33 for ABI5, 30 for CTR1,
and 30 for APT1. Each set of RT-PCR data reported in this work were
repeated in at least three biologically independent experiments. The graphic
representation of densitometric quantification of the RT-PCR experiments
was done using the National Institutes of Health Image 1.61 program
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(National Institutes of Health, Bethesda, MD) and normalized in each case
by the APT1 control gene. The sequence of the primers used, the corre-
sponding size products, and Gene Bank accession numbers are as follows:
ABI4, 5�-ATGGACCCTTTAGCTTCCCA-3� and 5�-AAGATGGGATCAATA-
AAATC-3�, 974 bp, AF040959; ABI5, 5�-GCA-TAT-ACA-GTG-GAA-TTG-
GA-3� and 5�-CGG-GTT-CCT-CAT-CAA-TGT-CC-3�, 183 bp, AC006921.5;
CTR1, 5�-GGT-CTC-TCG-CGA-TTG-AAG-GC-3� and 5�-GAG-CGG-TTG-
GGC-GGA-GGA-AC-3�, 353 bp, L08790; rd29A, 5�-CGG-CGA-GAA-GTG-
ATG-ATG-TG-3� and 5�-CTT-CTC-CAC-TTC-CTT-TGT-CG-3�, 518 bp,
D13044; and APT1, 5�-TCCCAGAATCGCTAAGATTGCC-3� and 5�-
CCTTTCCCTTAAGCTCTG-3�, 478 bp, BT000370.

ABI4 Histochemical and Fluorometric Analyses

GUS histochemical analysis was performed in homozygous plants as
described previously (Jefferson, 1987). The plant tissue was incubated with
the GUS substrate at 37°C overnight (12 h). Clearing was accomplished by
30-min incubations with an acetone:methanol (3:1 [v/v]) solution. Plants
were observed under bright-field microscopy (Nikon Type 104, Nikon,
Tokyo). Fluorometric assays of GUS activity were performed according to
Jefferson (1987). Seeds or seedlings were collected and ground in 2 volumes
of GUS extraction buffer. Total protein extracts were centrifuged at 14,000
rpm twice for 20 min at 4°C, and protein content was quantified using
Bradford reagent (Bio-Rad Laboratories, Hercules, CA). For each assay, 4.5
�g of total protein was incubated with 4-methylumbelliferyl-d-Glucuronide
(Sigma) at 37°C, and samples were taken at different time points to corrob-
orate linearity. GUS activity was determined using a DyNAQuant 200
fluorometer (Hoefer, San Francisco, CA) and reported as GUS-specific ac-
tivity expressed as nanomoles of methyl-umbelliferone per microgram of
total protein per minute. The fold induction is calculated as the ratio of the
GUS-specific activity from seedlings grown in Glc media divided by the
GUS-specific activity from plants grown in standard media.
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