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Is Allelic to ctrl
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Soluble sugar levels affect a diverse array of plant
developmental processes. For example, exposure to
high levels of glucose or sucrose inhibits early seed-
ling development of Arabidopsis thaliana (L.) Heynh.
Media-shift experiments indicate that Arabidopsis
seedlings lose their sensitivity to the inhibitory effects
of high sugar levels on early development within ap-
proximately two days after the start of imbibition. The
sugar-insensitivel (sisl) mutant of Arabidopsis was
isolated by screening for plants that are insensitive to
the inhibitory effects of high concentrations of su-
crose on early seedling development. The sisl mutant
also displays glucose and mannose resistant pheno-
types and has an osmo-tolerant phenotype during
early seedling development. The sisl mutant is resis-
tant to the negative effects of paclobutrazol, an inhib-
itor of gibberellin biosynthesis, on seed germination.
Characterization of the sisl mutant revealed that it is
allelic to ctrl, a previously identified mutant with a
constitutive response to ethylene. © 2001 Academic Press
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Organisms ranging from bacteria to humans have
the ability to sense and respond to available sugar
levels. For example, carbon catabolite repression, a
process in which glucose inhibits expression of genes
required to metabolize alternative energy sources, has
been extensively characterized in bacteria (1) and
fungi (2-4). Plants, like other organisms, need to re-
spond to sugar levels. Although the effects of soluble
sugar levels on plant development and metabolism re-
main largely uncharacterized, several plant processes
have been shown to be affected by soluble sugar levels
(5-10). For example, supplying exogenous sucrose or
glucose to aerial portions of the plant allows Arabidop-
sis to flower in complete darkness (11). In addition,
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soluble sugar levels regulate the expression of a variety
of plant genes (9, 12, 13).

Plants are likely to have several signal transduction
pathways for sugar responses, as relatively simple or-
ganisms, such as the yeast Saccharomyces cerevisiae,
respond to sugar via as many as four signal transduc-
tion pathways (14). Direct evidence for the existence of
multiple plant sugar-response pathways comes
from experiments indicating the presence of both
hexokinase-dependent (15-18) and hexokinase-inde-
pendent (18-23) pathways for sugar response in
plants. To date, very few components of plant sugar-
response pathways have been identified. Components
that have been identified include SNF1-like protein
kinases (24, 25), the PRL1 protein (26-28), and
hexokinases (15-18), although the role of hexokinases
in sugar sensing remains controversial (29).

Genetic approaches are being used to determine
which plant processes are affected by soluble sugar
levels, as well as to identify components of the signal
transduction pathways by which these effects are me-
diated. Although several groups of sugar-response mu-
tants have been identified (21, 27, 30-36), very few of
the affected genes from these mutants have been
cloned. Exceptions include the PRL1 gene, which en-
codes a protein that interacts with SNF1-like protein
kinases in a yeast two-hybrid screen (26, 27). In addi-
tion, the sis5 (30), sun6 (31), and gin6 (32) mutants
contain defects in the ABI4 gene, which encodes a
protein with significant sequence similarity to tran-
scriptional regulators (37).

Elucidation of plant sugar-response pathways is
complicated by the fact that many developmental and
physiological processes are likely to be regulated by a
complex web of environmental, metabolic, and hor-
monal factors (5). Consistent with this hypothesis are
recent findings that several mutants with defective
responses to sugar also exhibit alterations in phytohor-
mone response or metabolism. For example, the prll
mutant, which is hypersensitive to the inhibitory ef-
fects of sucrose and glucose on early seedling develop-
ment, is also hypersensitive to auxin, abscisic acid,
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cytokinin, and ethylene (27, 28). In addition, several
mutants that are insensitive to the inhibitory effects of
sucrose and/or glucose on early seedling development
also display defects in phytohormone response or me-
tabolism. The sis4 (30) mutants are allelic to the ab-
scisic acid biosynthesis mutant aba2-1 (38), and the
sis5 (30), sun6 (31), and gin6 (32) mutants are allelic to
the abscisic acid insensitive mutant abi4-1 (39). In
addition, the ctrl-1 (40) and etol-1 (41) mutants, which
were identified on the basis of exhibiting ethylene con-
stitutive response and overproduction phenotypes, re-
spectively, are also resistant to glucose (33). Whether
the connections between sugar and phytohormone re-
sponse pathways are relatively direct or indirect re-
mains to be determined (5).

Here we report the identification and characteriza-
tion of the sugar insensitivel, or sisl, mutant. The sisl
mutant is allelic to the ctrl-1 mutant, which exhibits a
constitutive response to ethylene (40). In addition to
being insensitive to sucrose and glucose, the sisl mu-
tant is resistant to mannose and displays an osmo-
tolerant phenotype during early seedling development.
The sisl mutant can also germinate on media contain-
ing paclobutrazol, an inhibitor of gibberellin biosynthe-
sis (42).

MATERIALS AND METHODS

Materials and growth conditions. Wild-type and M2 seeds of
Arabidopsis thaliana var. Columbia were obtained from Dr. Chris
Somerville (Carnegie Institute, Palo Alto, CA). The M2 seeds were
harvested from M1 plants generated by ethylmethane sulfonate mu-
tagenesis of seeds. The ctrl-1, etol-1, etrl-1, and ein4 mutants were
obtained from the Arabidopsis Biological Resource Center at Ohio
State University. Unless otherwise indicated, plants were grown on
minimal Arabidopsis media (43) under continuous fluorescent light
at 22 to 25°C. Aminoethoxyvinylglycine and 1-aminocyclopro-
pane-1-carboxylic acid were obtained from Sigma (St. Louis, MO).
Paclobutrazol was obtained from Chem Service, Inc. (West
Chester, PA).

Mutant screen and sugar sensitivity assays. To screen for sugar-
insensitive mutants, approximately 28,000 M2 seeds derived from
ethylmethane sulfonate mutagenized populations were surface-
sterilized and sown on solid minimal Arabidopsis media (43) supple-
mented with 0.3 M sucrose. The sowing density was approximately
1000 seeds per 100 mm petri plate. The plates were incubated at
approximately 22°C and 50 to 65 wmol photons m™? s™* continuous
light for 14 days prior to scoring. Plants with relatively normal shoot
systems were transplanted to soil, grown to maturity, and re-assayed
in the following generation. Sugar, sorbitol, betaine, and NaCl sen-
sitivity assays were performed by sowing surface-sterilized seeds on
solid minimal Arabidopsis media supplemented with the additives
indicated in each experiment. The assays were conducted as de-
scribed above, except that the light intensity was 90 to 120 umol
photons m~? s™* and 50 to 100 seeds were scored in a typical assay.

Hypocotyl elongation assays. Seeds were sown on solid minimal
Arabidopsis media with 0.03 M glucose, with or without 10 uM
aminoethoxyvinylglycine. The plates were incubated at 4°C in the
dark for 3 days, placed at room temperature in the light for 1 h, and
then left in the dark at room temperature for five more days prior to
measuring hypocotyl lengths.
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FIG. 1. Growth of wild-type and sisl/ctrl-12 seedlings on high
concentrations of sucrose and sorbitol. Columbia wild-type (Col WT)
and sisl/ctr1-12 seedlings were grown on the indicated media under
90-120 umol photons m~2 s™* continuous light for 16 days prior to
photographing. Red bars = 1.5 mm. Photographs of Columbia wild-
type plants were previously published (30) and are reprinted with
permission from Blackwell Science Ltd.

DNA sequencing. Oligonucleotides complementary to the CTR1
gene were used to amplify genomic DNA from Columbia wild-type
and sisl/ctrl-12 plants via PCR. DNA fragments were separated on
agarose gels and purified using the Qiaex 2 Gel Extraction Kit
(Qiagen Inc., Santa Clarita, CA). Sequencing was performed by a
commercial facility (Lone Star Labs Inc., Houston, TX). The entire
coding region of the CTR1 gene, plus approximately 120 bp of 5’
sequences and 300 bp of 3’ sequences, was sequenced from the
sisl/ctrl-12 mutant on one DNA strand. Where the sequence of the
CTR1 gene from the sisl/ctrl-12 mutant differed from the wild-type
CTR1 sequence (GenBank Accession No. AL162506), the CTR1
genes from both the sisl/ctrl-12 mutant and its wild-type Columbia
parent were sequenced on both DNA strands.
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Paclobutrazol sensitivity assays. Seeds were surface sterilized
and sown on solid minimal Arabidopsis media supplemented with
paclobutrazol (stock solution = 0.12 M in 100% ethanol) to a final
concentration of 0.12 mM. The plates were incubated in the dark at
4°C for 3 days and then shifted to 21°C and 45 to 60 umol photons

m % s* continuous light. Seed germination (defined as emergence of

any part of the seedling from the seed coat) was scored 3 and 4 days
after shifting to 21°C.

Chlorophyll and anthocyanin assays. To assay chlorophyll levels,
seeds were surface sterilized and sown on solid minimal Arabidopsis
media supplemented with 0.03 or 0.15 M sucrose. Plants were grown

under 60 to 80 umol photons m 2 s* continuous fluorescent light for

2 weeks prior to assaying. Chlorophyll levels were measured as
described (44). Whole shoot systems from three plants were used for
each assay. To measure anthocyanin levels, seeds were surface ster-
ilized and grown on solid minimal media with 0.03 M sucrose for 2
weeks. The seedlings were then transferred to solid minimal media
with 0.03 or 0.18 M sucrose and grown for an additional week under
60 to 80 wmol photons m? s™* continuous light prior to assaying.
Anthocyanin assays were performed as described (45). Whole shoot
systems from three plants were used for each assay. Results were
scaled relative to the anthocyanin levels found in wild-type plants
grown on media containing 0.18 M sucrose.

RESULTS

Exogenous sucrose inhibits development during a
narrow temporal window. High concentrations of ex-
ogenous sucrose or glucose inhibit the development of
wild-type Arabidopsis seedlings (30, 31, 33). For exam-
ple, when seeds of Arabidopsis thaliana var. Columbia
are sown on solid minimal Arabidopsis media (43) con-
taining 0.3 to 0.33 M sucrose, the majority of the seeds
germinate (defined as the emergence of any part of the
seedling from the seed coat), but only a few percent
develop into seedlings with relatively normal shoot
systems. As illustrated in Fig. 1, within 2 weeks, ap-
proximately 98% of the seedlings arrest development
without forming true leaves or green, expanded coty-
ledons.

Wild-type Arabidopsis seedlings lose susceptibility
to the inhibitory effects of high sucrose concentrations
on early development within approximately 48 h of the
start of imbibition. This conclusion is based on media-
shift experiments in which wild-type Arabidopsis seeds
are sown on media lacking sugar and then transferred
to media with 0.3 M sucrose at different times after the
start of imbibition. A high percentage of seeds/
seedlings transferred to 0.3 M sucrose less than 30 h
after the start of imbibition fail to develop normal
shoot systems. In contrast, the majority of seedlings
transferred to 0.3 M sucrose more than 48 h after the
start of imbibition develop relatively normally (Fig. 2).
Sugar-mediated inhibition of seedling development is
reversible, as seedlings grown for 14 days on 0.3 M
sucrose and then shifted to media without sucrose be-
gin to form green, expanded cotyledons within 24 h.

Isolation of sugar-insensitivelsisl) mutant. A mu-
tant screen was undertaken to identify plants that are
insensitive to the developmental block imposed by high
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FIG. 2. Time course of sensitivity to 0.3 M sucrose. Wild-type
Arabidopsis seeds were sown on media lacking sugar and then trans-
ferred to media with 0.3 M sucrose at the indicated times. Plants
were grown for a total of 10 days prior to scoring. Results are
means = SD (n = 3). This experiment was repeated, with similar
results.

sugar concentrations. Approximately 28,000 M2 seeds
derived from EMS-mutagenized Arabidopsis thaliana
var. Columbia were sown on solid Arabidopsis minimal
media (43) with 0.3 M sucrose. After 2 weeks, seedlings
that had formed relatively normal shoot systems were
transferred to soil and grown to maturity. Seeds from
these plants were then rescreened for the ability to
form normal shoot systems on 0.3 to 0.33 M sucrose. A
high percentage of the seeds of one plant were found to
develop into seedlings with normal shoot systems on
0.33 M sucrose (Fig. 1). This mutant was named sugar-
insensitivel (sisl).

The sisl mutant is allelic to the ethylene-response
mutant, ctrl. Plants carrying the sisl mutation form
compact rosettes and have very short roots with an
abundance of root hairs, even when grown on soil or on
media containing a low concentration of exogenous
sugar (Fig. 1). These phenotypes are similar to those
seen in a previously identified mutant, the ctrl mu-
tant, which displays a constitutive response to ethyl-
ene (40). As defects in ethylene response and metabo-
lism have previously been reported to alter sugar
response (33), the sisl mutant was screened for ethyl-
ene overproduction and constitutive response pheno-
types. When etiolated wild-type, ctrl-1 (40), etol-1 (41),
and sisl plants are grown in the presence and absence
of aminoethoxyvinylglycine, an inhibitor of ethylene
biosynthesis (41), the sis1 mutant closely resembles
the ctrl-1 mutant (Table 1).

To determine whether sisl is allelic to ctrl-1, comple-
mentation analyses were performed. Crosses were
made between sisl and ctrl-1 plants and the resulting
progeny scored for both constitutive ethylene response
and sis phenotypes. These experiments indicate that
the ctrl-1 mutant fails to complement either the sis or
constitutive ethylene response phenotypes of the sisl
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TABLE 1
Complementation Analysis

% Expanded Hypocotyl length (cm)®

cotyledons
on 0.3 M
Plant line glucose® 0 uM AVG*® 10 uM AVG®
Col WT¢ 3 1.7+0.1 1.6 +0.2
etol-1° NDf 08+0.1 1.9 +0.3
ctrl-1 33 0.7+0.1 0.64 +0.05
sisl/ctrl-12 36 0.8 0.1 0.7 £0.2
sisl/ctrl-12 X ctrl-1, F1 56 0.8+0.1 0.8+0.1

# Seeds/seedlings were grown for 14 days prior to scoring.

® Hypocotyl lengths were scored after 5 days of growth in the dark.
Results are means = SD (n = 4-5).

° AVG = aminoethoxyvinylglycine.

4 Col WT = Columbia wild-type.

¢ The etol-1 mutant was assayed in an independent experiment.

ND = not determined.

mutant (Table 1). The CTR1 gene has been isolated
and found to encode a protein with significant sequence
similarity to members of the Raf family of serine/
threonine protein kinases (40). Sequencing of the
CTR1 gene from the sisl mutant revealed the presence
of a point mutation that alters codon 764 from GGT
(encodes Gly) in the wild-type to GAT (encodes Asp) in
the mutant. The substitution of this Gly residue, which
is highly conserved in the Raf family of serine/
threonine protein kinases (46), by an Asp residue is
likely to result in a significant decrease in CTR1 activ-
ity. In light of the convincing evidence that the sisl
mutation lies in the CTR1 gene, the sisl mutant has
been re-named ctr1-12.

Characterization of the sisl/ctrl-12 mutant. The
sisl/ctrl-12 mutant was identified on the basis of its
resistance to high concentrations of sucrose. As high
concentrations of glucose and sucrose appear to exert
similar effects on wild-type plants (30), it was of inter-
est to determine whether the sisl/ctrl-12 mutant is
also insensitive to glucose. As shown in Fig. 3, the
sisl/ctrl-12 mutant displays significant resistance to
the inhibitory effects of 0.3 M glucose on seed germi-
nation, cotyledon expansion, and formation of true
leaves.

The sisl/ctrl-12 mutant was also tested for osmo-
tolerance. As 70 to 80% of wild-type Arabidopsis thali-
ana var. Columbia seedlings are able to develop shoot
systems with expanded cotyledons and true leaves on
0.3 M sorbitol (30), it is advantageous to use higher
concentrations of sorbitol to assay for osmo-tolerance
during early seedling development. These experiments
indicate that the sisl/ctrl-12 mutant is resistant to the
inhibitory effects of 0.4 M (Fig. 3) and 0.5 M (Fig. 1)
sorbitol on cotyledon expansion and true leaf forma-
tion. The sisl/ctrl-12 mutant is also resistant to high
concentrations of other osmolytes during very early
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seedling development. For example, 34% of sisl/ctr1-12
seedlings, but only 4% of wild-type seedlings, form
expanded cotyledons when grown on media containing
0.2 M NacCl. In addition, 62% of mutant seedlings, but
only 20% of wild-type seedlings, form expanded cotyle-
dons when grown on media containing 0.45 M betaine.
The effects of high osmolyte concentrations on later
stages of development were not assayed in these exper-
iments.

The sisl/ctrl-12 mutant was also examined for resis-
tance to mannose. Mannose is a glucose analog that
has been postulated to affect sugar-regulated gene ex-
pression (16, 17) and seed germination (47) through a
hexokinase-mediated signaling pathway. The sisl/
ctrl-12 mutation confers significant resistance to man-
nose (Fig. 3). As the concentrations of mannose used in
these experiments are quite low (1.7 mM), the mutant’s
mannose-insensitive phenotype is not due to its osmo-
tolerant phenotype.
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FIG. 3. Sensitivity of mutant and Columbia wild-type (Col WT)
plants to sucrose (Suc), glucose (Glc), mannose (Man), and sorbitol.
Seeds were grown on the indicated media under 90-120 umol pho-
tons m~? s™* continuous light for 13 days prior to scoring. Results are
means * SD (n = 3, except n = 2 for Col WT).
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FIG. 4. Increased sensitivity of etrl-1 and ein4 to exogenous
sucrose. Columbia wild-type (Col WT), etrl-1 and ein4 seeds were
grown on the indicated media for 19 days prior to scoring.

Other mutants with defects in ethylene response or
metabolism were also tested for altered sensitivity to
several sugars as well as to osmotic stress. The ctrl-1
and etol-1 mutants have previously been shown to
confer a glucose-insensitive (gin) phenotype (33). Re-
sults presented in Fig. 3 indicate that the ctrl-1 (40)
and etol-1 (41) mutants are resistant to the inhibitory
effects of sucrose, glucose, sorbitol, and mannose on
seed germination, cotyledon expansion, and true leaf
formation. The results presented in Fig. 3 also indicate
that ctrl-1, etol-1, and sisl/ctrl-12 mutants, unlike
wild-type plants, exhibit a significant degree of resis-
tance to 0.3 M sucrose within 2 h of the start of imbi-
bition, as seeds were sown on the indicated media less
than 2 h after the start of imbibition.

An ethylene-insensitive mutant, etrl-1 (48), has pre-
viously been shown to exhibit increased sensitivity to
glucose (33). The response of the etrl-1 mutant, as well
as an additional ethylene-insensitive mutant desig-
nated ein4 (49), to exogenous sucrose was examined. As
shown in Fig. 4, the etrl-1 and ein4 mutants exhibit
significantly increased sensitivity to the inhibitory ef-
fects of exogenous sucrose on early shoot development.
For example, the majority of wild-type seedlings are
able to form relatively normal shoot systems on media
containing 0.22 M sucrose, whereas only 7-10% of
etrl-1 and ein4 seedlings grown on this media exhibit
normal morphology.

In addition to inhibiting early seedling development,
sugar levels have been postulated to affect a range of
developmental and physiological processes (5-10).
Therefore, it was of interest to determine whether the
sisl/ctrl-12 mutation alters all sugar responses or just
a subset. As testing all possible sugar responses is not
practical, two sugar effects that have been documented
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in several studies and that can be reliably and quan-
titatively assayed were chosen for further study. These
effects are the decrease in chlorophyll levels (50) and
the increase in anthocyanin levels (51) seen in re-
sponse to increasing sugar concentrations. As shown in
Fig. 5A, sisl/ctr1l-12 and wild-type plants have similar
responses to the effects of exogenous sucrose on chlo-
rophyll levels. In contrast to previously reported stud-
ies, both wild-type and mutant plants consistently ex-
hibited increased chlorophyll levels at higher sugar
concentrations in multiple independent experiments
conducted as part of this study. The reason for the
different response of chlorophyll levels to sugar concen-
tration seen in this study and in other studies remains
to be determined. Possible explanations include differ-
ences in growth conditions (e.g., light intensity, media
composition), in the method of supplying sugar to the
plants (through the roots in this study, through cut
petioles in other studies) and the fact that very young
seedlings were assayed in this study. As shown in Fig.
5B, sisl/ctr1-12 plants also have a wild-type response
to the effects of sugar levels on anthocyanin accumu-
lation. These results indicate that the sisl/ctr1-12 mu-
tation does not affect all sugar responses.

In addition to screening the sisl/ctrl-12 mutant for
other sugar-response phenotypes, it was of interest to
test for a defective response to paclobutrazol. Pa-
clobutrazol is an inhibitor of gibberellin biosynthesis
(42) that has a negative effect on seed germination (52).
Most of the sis mutants isolated in independent mu-
tant screens are resistant to paclobutrazol (5, 30).
Therefore, it was of interest to determine whether the
sisl/ctrl-12 mutant and related mutants (i.e., ctrl-1
and etol-1) are also resistant to paclobutrazol. Wild-
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FIG. 5. Effect of sucrose concentration on chlorophyll and antho-
cyanin levels. (A) Chlorophyll levels in whole shoot systems of mu-
tant and Columbia wild-type (Col WT) seedlings grown on 0.03 M
sucrose (E) or 0.15 M sucrose (ll). Results are means + SD (n = 3).
This experiment was repeated twice, with similar results. (B) An-
thocyanin levels in whole shoot systems of seedlings grown on 0.03 M
sucrose (&) or 0.18 M sucrose (m). Anthocyanin levels were divided by
sample fresh weights (fwt) and scaled relative to the value obtained
for wild-type seedlings grown on 0.18 M sucrose. Results are
means * SD (n = 8-9). This experiment was repeated twice, with
similar results.
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FIG. 6. Germination on paclobutrazol. Mutant and Columbia
wild-type (WT) seeds were sown on minimal media with 0.12 mM
paclobutrazol and, where indicated, 50 uM 1-aminocyclopropane-1-
carboxylic acid (ACC). The seeds were incubated in the dark for 3
days at 4°C, then shifted to 44—60 wmol photons m 2 s™* continuous
light at 21°C. Percent seed germination was scored 3 and 4 days (d)
after seeds were shifted to continuous light. Results are means = SD
(n = 3, except n = 2 for WT and WT + ACC).

type and mutant seeds were sown on media contain-
ing paclobutrazol. As shown in Fig. 6, a high percent-
age of the seeds from each mutant, but not of wild-
type seeds, germinate on paclobutrazol, indicating
that the ctrl-1, etol-1, and sisl/ctrl-12 mutations
cause a paclobutrazol-resistant phenotype. In addi-
tion, exogenous l-aminocyclopropane-1-carboxylic
acid (an ethylene biosynthetic precursor) also confers
resistance to the negative effects of paclobutrazol on
seed germination (Fig. 6).

DISCUSSION

Although soluble sugar levels have been suggested to
play an important role in the regulation of a number of
plant metabolic and developmental processes, little is
known about the mechanisms by which plants sense
and respond to sugar. To address this problem, a
screen was conducted to identify Arabidopsis mutants
that are defective in their ability to sense and/or re-
spond to sugar. The basis of this screen was the sugar-
mediated inhibition of early seedling development. Al-
though the molecular mechanism by which this
inhibition occurs remains to be elucidated, the finding
that seedlings lose their susceptibility to high sugar
concentrations within approximately 48 h of the start
of imbibition aids in developing possible models. For
example, the timing with which Arabidopsis seedlings
become resistant to high sugar concentrations is simi-
lar to the timing with which Brassica napus, a close
relative of Arabidopsis, undergoes a dramatic meta-
bolic shift (53). During the first 2 days after the start of
imbibition, breakdown of B. napus seed storage lipids
proceeds while the CO,-evolving reactions of the tricar-
boxylic acid cycle are bypassed. After 2 days, the activ-
ity of decarboxylative enzymes increases, promoting
carbon flux through the entire tricarboxylic acid cycle
(53). Interestingly, the expression of two genes that
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allow the decarboxylative steps of the tricarboxylic acid
cycle to be bypassed has been shown to be negatively
regulated by sugar levels (16). So, sensitivity to high
sugar concentrations may be related to the bypass of
the CO.,-evolving reactions of the tricarboxylic acid
cycle. Seedlings may then lose their susceptibility to
high sugar concentrations once they undergo the met-
abolic shift that results in activation of the entire tri-
carboxylic acid cycle. However, additional experiments
will be required to distinguish between this model and
other possible models.

The sisl/ctrl-12 mutant was identified on the basis
of its sucrose-insensitive phenotype. Additional exper-
iments revealed that the sisl/ctrl-12, ctrl-1, and etol-1
mutations also confer resistance to glucose, mannose,
and sorbitol. The finding that these mutants are resis-
tant to both sucrose and glucose is perhaps not surpris-
ing, as glucose and sucrose are readily inter-
convertible within cells. As the concentrations of
glucose and sucrose used in these experiments are
quite high (typically 0.3—-0.33 M), the sisl/ctrl-12,
ctrl-1, and etol-1 mutations were tested for an osmo-
tolerant phenotype. Experiments conducted as part of
another study indicate that concentrations of sorbitol
in the same molar range used to assay glucose and
sucrose sensitivity are insufficient to cause a signifi-
cant inhibition of cotyledon expansion and true leaf
formation, even in wild-type Arabidopsis plants (30).
Therefore, it is necessary to use higher (e.g., 0.4 M)
concentrations of sorbitol to assay for osmo-tolerance.
These experiments indicate that the sisl/ctrl-12,
ctrl-1, and etol-1 mutants are resistant to high con-
centrations of sorbitol. Additional experiments indi-
cate that the sisl/ctrl-12 mutant (the ctrl-1 and etol-1
mutants were not included in these experiments) is
also resistant to high concentrations of NaCl and be-
taine during early seedling development. Although the
molecular basis of this osmo-tolerant phenotype is cur-
rently unknown, one possibility is that the mutants
might accumulate abnormally high levels of intra-
cellular sugars, as a result of being insensitive to
sugar. Higher intra-cellular sugar levels could then
have an osmo-protectant effect. Additional experi-
ments will be required to determine the mechanism by
which the ctrl and etol mutations confer osmo-tolerant
phenotypes during early seedling development, as well
as to determine whether these mutations result in
osmo-tolerant phenotypes at later developmental
stages.

Although the sisl/ctrl-12, ctrl-1, and etol-1 mutants
have an osmo-tolerant phenotype, this osmo-tolerant
phenotype is insufficient to explain the mutants’ sugar-
insensitive phenotype. This conclusion is based on the
finding that the mutants are also insensitive to man-
nose at concentrations (typically 1.5 to 4 mM) that are
too low to exert osmotic stress. Mannose is a glucose
analog that, like glucose, has been postulated to affect
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sugar-regulated gene expression (16, 17) and seed ger-
mination (47) through a hexokinase-mediated signal-
ing pathway.

Characterization of the sisl/ctrl-12 mutant revealed
that it is allelic to the constitutive ethylene response
mutant, ctrl-1 (40). Previously, a model was proposed
that postulates the existence of “cross-talk” between
the sugar and ethylene response pathways. This model
is based on the finding that a glucose-insensitive mu-
tant of Arabidopsis, the ginl mutant, shows phenotypic
similarities to mutants that overproduce ethylene or
that have a constitutive response to ethylene (33). The
authors of that study also showed that the etol-1 and
ctrl-1 mutants exhibit reduced sensitivity, whereas
the etrl-1 mutant exhibits increased sensitivity, to
high concentrations of glucose. In addition, the prll
mutant of Arabidopsis exhibits increased sensitivity to
both glucose and ethylene (27, 28). The results pre-
sented here also indicate that alterations in ethylene
metabolism or response can affect sugar response.
However, how direct the connection between the eth-
ylene and sugar response pathways is remains to be
elucidated. A convergence between the glucose and
ethylene signal transduction pathways, as was postu-
lated by Zhou and his colleagues, is one possibility (33).

Alternatively, the connection between the ethylene
and sugar response pathways may be more indirect.
Different phytohormones are believed to act relatively
independently in the control of some processes. For
example, brassinosteroids and auxin are postulated to
affect stem elongation via different signal transduction
pathways (54). In addition, results presented here in-
dicate that mutations in the CTR1 and ETO1 genes, as
well as application of the ethylene biosynthetic precur-
sor 1-aminocyclopropane-1-carboxylic acid, can allevi-
ate the need for gibberellin during seed germination.
Previously, exogenous ethylene was shown to promote
germination of mutant seeds defective in gibberellin
biosynthesis (55). These results indicate that increased
ethylene levels, as well as mutations that cause a con-
stitutive ethylene response, can alleviate the need for
gibberellin during seed germination. However, these
results do not necessarily imply a direct connection
between the ethylene and gibberellin response path-
ways during regulation of seed germination. Similarly,
ethylene and sugar could affect early seedling develop-
ment via relatively independent signal transduction
pathways. Further definition of the relationship be-
tween sugar and phytohormone response pathways
will likely require much greater knowledge regarding
the components of these pathways then is currently
available (5).

ACKNOWLEDGMENTS

We thank Dr. Chris Somerville for helpful suggestions regarding
the early characterization of the sisl/ctrl-12 mutant. We thank Dr.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Chengdong Zhang for technical assistance. This work was supported
by the U.S. Department of Energy, Energy Biosciences Program
Grant DE-FG03-00ER15061.

REFERENCES

1. Saier, M. H. (1996) Cyclic AMP-independent catabolite repres-
sion in bacteria. FEMS Microbiol. Lett. 138, 97-103.

2. Johnston, M. (1999) Feasting, fasting, and fermenting. Glucose
sensing in yeast and other cells. Trends Genet. 15, 29-33.

3. Ronne, H. (1995) Glucose repression in fungi. Trends Genet. 11,
12-17.

4. Trumbly, R. J. (1992) Glucose repression in the yeast Saccharo-
myces cerevisiae. Mol. Microbiol. 6, 15-21.

5. Gibson, S. I. (2000) Plant sugar-response pathways: Part of a
complex regulatory web. Plant Physiol. 124, 1532-1539.

6. Yu, S.-M. (1999) Cellular and genetic responses of plants to
sugar starvation. Plant Physiol. 121, 687—-693.

7. Sheen, J., Zhou, L., and Jang, J.-C. (1999) Sugars as signaling
molecules. Curr. Opin. Plant Biol. 2, 410-418.

8. Smeekens, S., and Rook, R. (1997) Sugar sensing and sugar-
mediated signal transduction in plants. Plant Physiol. 115, 7-13.

9. Koch, K. E. (1996) Carbohydrate-modulated gene expression in
plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 47, 509-540.

10. Graham, I. A. (1996) Carbohydrate control of gene expression in
higher plants. Res. Microbiol. 147, 572-580.

11. Roldan, M., Gémez-Mena, C., Ruiz-Garcia, L., Salinas, J., and
Martinez-Zapater, J. M. (1999) Sucrose availability on the aerial
part of the plant promotes morphogenesis and flowering of Ara-
bidopsis in the dark. Plant J. 20, 581-590.

12. Smeekens, S. (1998) Sugar regulation of gene expression in
plants. Curr. Opin. Plant Biol. 1, 230-234.

13. Thomas, B. R., Terashima, M., Katoh, S., Stoltz, T., and Rodri-
guez, R. L. (1995) Metabolic regulation of source-sink relations
in cereal seedlings. In Carbon Partitioning and Source-Sink In-
teractions in Plants (Madore, M. A, and Lucas, W. J., Eds.), pp.
78-90, Am. Soc. Plant Physiol., Rockville, MD.

14. Thevelein, J. M., and Hohmann, S. (1995) Trehalose synthase:
Guard to the gate of glycolysis in yeast? Trends Biochem. Sci. 20,
3-10.

15. Dai, N., Schaffer, A., Petreikov, M., Shahak, Y., Giller, Y., Rat-
ner, K., Levine, A., and Granot, D. (1999) Overexpression of
Arabidopsis hexokinase in tomato plants inhibits growth, re-
duces photosynthesis, and induces rapid senescence. Plant Cell
11, 1253-1266.

16. Graham, I. A, Denby, K. J., and Leaver, C. J. (1994) Carbon
catabolite repression regulates glyoxylate cycle gene expression
in cucumber. Plant Cell 6, 761-772.

17. Jang, J.-C., and Sheen, J. (1994) Sugar sensing in higher plants.
Plant Cell 6, 1665-1679.

18. Jang, J.-C., Leon, P., Zhou, L., and Sheen, J. (1997) Hexokinase
as a sugar sensor in higher plants. Plant Cell 9, 5-19.

19. Chiou, T.-J., and Bush, D. R. (1998) Sucrose is a signal molecule
in assimilate partitioning. Proc. Natl. Acad. Sci. USA 95, 4784—
4788.

20. Loreti, E., Alpi, A, and Perata, P. (2000) Glucose and
disaccharide-sensing mechanisms modulate the expression of
a-amylase in barley embryos. Plant Physiol. 123, 939-948.

21. Martin, T., Hellmann, H., Schmidt, R., Willmitzer, L., and From-
mer, W. B. (1997) Identification of mutants in metabolically
regulated gene expression. Plant J. 11, 53—-62.

22. Muller, J., Aeschbacher, R. A., Sprenger, N., Boller, T., and
Wiemken, A. (2000) Disaccharide-mediated regulation of

202



Vol. 280, No. 1, 2001

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

sucrose:fructan-6-fructosyltransferase, a key enzyme of fructan
synthesis in barley leaves. Plant Physiol. 123, 265-273.

Rook, F., Gerrits, N., Kortstee, A., van Kampen, M., Borrias, M.,
Weisbeek, P., and Smeekens, S. (1998) Sucrose-specific signal-
ling represses translation of the Arabidopsis ATB2 bZIP tran-
scription factor gene. Plant J. 15, 253-263.

Halford, N. G., and Hardie, D. G. (1998) SNF1-related protein
kinases: Global regulators of carbon metabolism in plants? Plant
Mol. Biol. 37, 735-748.

Purcell, P. C., Smith, A. M., and Halford, N. G. (1998) Antisense
expression of a sucrose non-fermenting-1-related protein kinase
sequence in potato results in decreased expression of sucrose
synthase in tubers and loss of sucrose-inducibility of sucrose
synthase transcripts in leaves. Plant J. 14, 195-202.

Bhalerao, R. P., Salchert, K., Bakd, L., Okrész, L., Szabados, L.,
Muranaka, T., Machida, Y., Schell, J., and Koncz, C. (1999)
Regulatory interaction of PRL1 WD protein with Arabidopsis
SNF1-like protein kinases. Proc. Natl. Acad. Sci. USA 96, 5322—
5327.

Németh, K., Salchert, K., Putnoky, P., Bhalerao, R., Koncz-
Kalman, Z., Stankovic-Stangeland, B., Bako, L., Mathur, J.,
Okrész, L., Stabel, S., Geigenberger, P., Stitt, M., Rédei, G. P.,
Schell, J., and Koncz, C. (1998) Pleiotropic control of glucose and
hormone responses by PRL1, a nuclear WD protein, in Arabi-
dopsis. Genes Dev. 12, 3059-3073.

Salchert, K., Bhalerao, R., Koncz-Kalman, Z., and Koncz, C.
(1998) Control of cell elongation and stress responses by steroid
hormones and carbon catabolic repression in plants. Phil. Trans.
Royal Soc. London—Series B 353, 1517-1520.

Halford, N. G., Purcell, P. C., and Hardie, D. G. (1999) Is
hexokinase really a sugar sensor in plants? Trends Plant Sci. 4,
117-119.

Laby, R. J., Kincaid, M. S., Kim, D., and Gibson, S. I. (2000) The
Arabidopsis sugar-insensitive mutants sis4 and sis5 are defec-
tive in abscisic acid synthesis and response. Plant J. 23, 587—
596.

Huijser, C., Kortstee, A., Pego, J., Weisbeek, P., Wisman, E.,
and Smeekens, S. (2000) The Arabidopsis SUCROSE
UNCOUPLED-6 gene is identical to ABSCISIC ACID INSEN-
SITIVE-4: involvement of abscisic acid in sugar responses. Plant
J. 23, 577-586.

Arenas-Huertero, F., Arroyo, A., Zhou, L., Sheen, J., and Leon, P.
(2000) Analysis of Arabidopsis glucose insensitive mutants, gin5
and gin6, reveals a central role of the plant hormone ABA in the
regulation of plant vegetative development by sugar. Genes Dev.
14, 2085-2096.

Zhou, L., Jang, J.-C., Jones, T. L., and Sheen, J. (1998) Glucose
and ethylene signal transduction crosstalk revealed by an Ara-
bidopsis glucose-insensitive mutant. Proc. Natl. Acad. Sci. USA
95, 10294-10299.

Dijkwel, P. P., Huijser, C., Weisbheek, P. J., Chua, N.-H., and
Smeekens, S. C. M. (1997) Sucrose control of phytochrome A
signaling in Arabidopsis. Plant Cell 9, 583-595.

Mita, S., Hirano, H., and Nakamura, K. (1997) Negative regula-
tion in the expression of a sugar-inducible gene in Arabidopsis
thaliana. A recessive mutation causing enhanced expression of a
gene for p-amylase. Plant Physiol. 114, 575-582.

Mita, S., Murano, N., Akaike, M., and Nakamura, K. (1997)
Mutants of Arabidopsis thaliana with pleiotropic effects on the
expression of the gene for B-amylase and on the accumulation of
anthocyanin that are inducible by sugars. Plant J. 11, 841-851.
Finkelstein, R. R., Wang, M. L., Lynch, T. J., Rao, S., and
Goodman, H. M. (1998) The Arabidopsis abscisic acid response
locus ABI4 encodes an Apetala2 domain protein. Plant Cell 10,
1043-1054.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

203

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Léon-Kloosterziel, K. M., Alvarez Gil, M., Ruijs, G. J., Jacobsen,
S. E., Olszewski, N. E., Schwartz, S. H., Zeevaart, J. A. D., and
Koornneef, M. (1996) Isolation and characterization of abscisic
acid-deficient Arabidopsis mutants at two new loci. Plant J. 10,
655—-661.

Finkelstein, R. R. (1994) Mutations at two new Arabidopsis ABA
response loci are similar to the abi3 mutations. Plant J. 5,
765-771.

Kieber, J. J., Rothenberg, M., Roman, G., Feldmann, K. A., and
Ecker, J. R. (1993) CTR1, a negative regulator of the ethylene
response pathway in Arabidopsis, encodes a member of the Raf
family of protein kinases. Cell 72, 427-441.

Guzman, P., and Ecker, J. R. (1990) Exploiting the triple re-
sponse of Arabidopsis to identify ethylene-related mutants.
Plant Cell 2, 513-523.

Rademacher, W. (1989) Gibberellins: Metabolic pathways and
inhibitors of biosynthesis. In Target Sites of Herbicide Action
(Boger, P., and Sandmann, G., Eds.), pp. 128-140, CRC Press,
Boca Raton, FL.

Kranz, A. R., and Kirchheim, B. (1987) Genetic resources in
Arabidopsis. Arabidopsis Inf. Serv. 24, 1-111.

Wintermans, J. F. G. M., and de Mots, A. (1965) Spectrophoto-
metric characteristics of chlorophylls a and b and their pheo-
phytins in ethanol. Biochim. Biophys. Acta 109, 448-453.

Rabino, R., and Mancinelli, A. L. (1986) Light, temperature, and
anthocyanin production. Plant Physiol. 81, 922-924.

Hanks, S. K., and Quinn, A. M. (1991) Protein kinase catalytic
domain sequence database: Identification of conserved features
of primary structure and classification of family members. Meth.
Enzymol. 200, 38—-62.

Pego, J. V., Weisbeek, P. J., and Smeekens, S. C. M. (1999)
Mannose inhibits Arabidopsis germination via a hexokinase-
mediated step. Plant Physiol. 119, 1017-1023.

Bleecker, A. B., Estelle, M. A., Somerville, C., and Kende, H.
(1988) Insensitivity to ethylene conferred by a dominant muta-
tion in Arabidopsis thaliana. Science 241, 1086-1089.

Roman, G., Lubarsky, B., Kieber, J. J., Rothenberg, M., and
Ecker, J. R. (1995) Genetic analysis of ethylene signal transduc-
tion in Arabidopsis thaliana: Five novel mutant loci integrated
into a stress response pathway. Genetics 139, 1393-1409.
Krapp, A., Quick, W. P., and Stitt, M. (1991) Ribulose-1,5-
bisphosphate carboxylase-oxygenase, other Calvin-cycle en-
zymes, and chlorophyll decrease when glucose is supplied to
mature spinach leaves via the transpiration stream. Planta 186,
58-69.

Tsukaya, H., Ohshima, T., Naito, S., Chino, M., and Komeda, Y.
(1991) Sugar-dependent expression of the CHS-A gene for chal-
cone synthase from petunia in transgenic Arabidopsis. Plant
Physiol. 97, 1414-1421.

Jacobsen, S. E., and Olszewski, N. E. (1993) Mutations at the
SPINDLY locus of Arabidopsis alter gibberellin signal transduc-
tion. Plant Cell 5, 887-896.

Falk, K. L., Behal, R. H., Xiang, C., and Oliver, D. J. (1998)
Metabolic bypass of the tricarboxylic acid cycle during lipid
mobilization in germinating oilseeds. Regulation of NAD"- de-
pendent isocitrate dehydrogenase versus fumarase. Plant
Physiol. 117, 473-481.

Zurek, D. M., Rayle, D. L., McMorris, T. C., and Clouse, S. D.
(1994) Investigation of gene expression, growth kinetics, and
wall extensibility during brassinosteroid-regulated stem elonga-
tion. Plant Physiol. 104, 505-513.

Karssen, C. M., Zagorski, S., Kepczynski, J., and Groot, S. P. C.
(1989) Key role for endogenous gibberellins in the control of seed
germination. Ann. Bot. 63, 71-80.



	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2
	TABLE 1
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

