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Sucrose and light regulation of a cold-inducible UDP-glucose
pyrophosphorylase gene via a hexokinase-independent and abscisic

acid-insensitive pathway in Arabidopsis
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Umed Plant Science Centre, Department of Plant Physiology, Umed University, 901-87 Umed, Sweden

UDP-glucose pyrophosphorylase (UGPase) is a key enzyme
producing UDP-glucose, which is involved in an array of
metabolic pathways concerned with, among other functions, the
synthesis of sucrose and cellulose. An Arabidopsis thaliana
UGPase-encoding gene, Ugp, was profoundly up-regulated by
feeding sucrose to the excised leaves and by an exposure of plants
to low temperature (5 °C). The UGPase activity and its protein
content also increased under conditions of sucrose feeding and
exposure to cold. The sucrose effect on Ugp was apparently
specific and was mimicked by exposure of dark-adapted leaves to
light. Drought and O, deficiency had some down-regulating
effects on expression of Ugp. The sugar-signalling pathway for
Ugp regulation was independent of hexokinase, as was found by
using transgenic plants with increased and decreased expression
of the corresponding gene. Subjecting mutants deficient in

abscisic acid (ABA) to cold stress conditions had no effect on
Ugp expression profiles. Okadaic acid was a powerful inhibitor
of Ugp expression, whereas it up-regulated the gene encoding
sucrose synthase (Sus/), indicating distinct transduction path-
ways in transmitting the sugar signal for the two genes in
A. thaliana. We suggest that Ugp gene expression is mediated via
a hexokinase-independent and ABA-insensitive pathway that in-
volves an okadaic acid-responsive protein phosphatase. The data
point towards Ugp as a possible regulatory entity that is closely
involved in the homoeostatic readjustment of plant responses
to environmental signals.

Key words: aba mutants, low-temperature stress, okadaic acid,
sucrose signalling.

INTRODUCTION

UDP-glucose pyrophosphorylase (UGPase) (EC 2.7.7.9) is an
important enzyme producing UDP-glucose for sucrose synthesis
in leaves. The UDP-glucose can also be used, for example, in the
synthesis of cell wall polysaccharides [1,2], in production of
the carbohydrate moiety of glycolipids, glycoproteins and pro-
teoglycans and as a precursor to UDP-glucuronic acid [3]. Fur-
thermore, it has a crucial role for the ‘quality control’ of proteins
transported to the endoplasmic reticulum, where glycosylation
processes occur [4]. In non-photosynthetic tissues or developing
leaves, UGPase is linked to sucrose degradation pathways by
using UDP-glucose produced by sucrose synthase (Sus) and
providing carbon skeletons for starch synthesis [2,5]. The activity
of UGPase is fully reversible and it can produce or use UDP-
glucose, depending on the metabolic status of a tissue [2].
Despite the central role of UGPase in carbohydrate synthesis
and metabolism, very little is known about the regulatory events
that control UGPase activity and the expression of the cor-
responding gene(s). The enzymic activity/protein content of
UGPase increases with phosphate deficiency stress via regulation
at the gene expression level [6]. In addition, expression of the
gene for UGPase might be susceptible to regulation by high
sucrose concentration and low temperature, as found for a
UGPase gene from potato tubers [7,8], but the exact nature of
the signal and its physiological significance are uncertain. Apart
from that, no other significant regulatory mechanisms, either at
the gene or the enzymic level, have been reported. The enzyme

might exist in large excess over that required for carbon flow
from or to sucrose, as found by ‘anti-sense’ DNA approaches in
transgenic potato plants [8]. In contrast, Spychalla et al. [7] failed
to engineer potato plants with an inhibition of enzyme activity
greater than 30 9, ; however, this level of inhibition was sufficient
to decrease sugar content in stored tubers. In other studies,
storage of tubers from transgenic potato plants with a 509,
decreased UGPase activity resulted in decreased sucrose levels
[9], which is consistent with the important role of UGPase in
sugar synthesis.

In plants, changes in carbohydrate concentration have fre-
quently been implicated in responses to a variety of stresses,
including cold stress. Little is known of the exact mechanisms of
these responses, but the up-regulation of several genes coding for
certain enzymes of sucrose synthesis and metabolism has been
proposed as a part of acclimation mechanisms [10]. For instance,
genes for both sucrose phosphate synthetase and Sus have been
found to be induced by sugars and/or osmotica and certain
stresses [11-14]. Because of its strategic positioning at the
crossroads of several pathways for carbohydrate synthesis,
UGPase might also represent a suitable target for transcriptional
regulation under changing conditions.

Here we demonstrate that a UGPase gene (Ugp) in Arabidopsis
thaliana is strongly and specifically induced on the provision of
exogenous sucrose to excised leaves; we provide evidence for up-
regulation of the gene after exposure of the leaves to light and
under conditions of cold stress. Details of sucrose and cold
regulation were analysed in transgenic plants with a modified
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expression level of AtHXKI, a gene encoding hexokinase (HXK),
and mutants that were deficient in abscisic acid (ABA). In
addition, evidence is provided for the involvement of a protein
phosphatase sensitive to okadaic acid (OKA) in the sucrose-
regulated signal transduction pathway for Ugp.

MATERIALS AND METHODS
Plant material and treatments

Arabidopsis thaliana (L.) Heynh., ecotype Columbia, wild-type
plants and ABA-deficient mutants (aba-1 and aba-2) (seed stock
nos CS155 and CS156 respectively, obtained from Arabidopsis
Biological Resource Center) were grown for 67 weeks in pots
with a mixture of soil, peat moss and perlite (2:1:1, w/w). All
plants were cultured in a growth chamber under an 8 h light/16 h
dark photoperiod, a photon flux density of 120 gmol/s per m?,
day and night temperatures of 23 and 19 °C, and a humidity of
80 9%,. Transgenic A. thaliana, ecotype Bensheim, plants with an
increased (lines 9A3-2 and 9A14-2) or inhibited (lines A9Af2-6
and A9A2-7) expression of AtHXKI[15], as well as corresponding
wild-type plants, were grown under the same conditions.

For the feeding experiments, leaves were detached from intact
plants (plants were preadapted to the dark for 5-6 h) and placed
into tubes with feeding solutions for 8-12 h (details are given in
Figure legends). The submerged parts of the leaf petioles were
removed from the samples before leaves were frozen with liquid
nitrogen and stored at —80 °C. For stress treatments, wild-type
and aba mutant plants were transferred for 1-7 days to a growth
chamber with a 5 °C temperature regime (cold stress), under the
same day/night regime and light intensity as in the controls.
Wild-type plants were also subjected to water stress (drought) for
4-6 days or submerged into degassed water (flooding) for up to
2 days (other conditions as in controls) [14]. Leaves were sampled
at the times indicated in Figure legends and compared with
control leaves.

Activity assays and Western blot analyses

The protein extraction and UGPase activity assays were per-
formed essentially as in [6]. The enzyme was assayed spectro-
photometrically at 21 °C by measuring the reduction of NAD™ at
340 nm with a Beckman DU 530 spectrophotometer.

SDS/PAGE and conditions of transfer of the resolved proteins
to nitrocellulose membrane were as in [6]. UGPase protein was
detected with rabbit antibodies (5 mg of serum protein in 10 ml
of antibody buffer) raised against purified heterologously expres-
sed (in Escherichia coli) barley UGPase ([19], and F. Martz and
L. A. Kleczkowski, unpublished work) followed by goat anti-
rabbit IgG coupled to peroxidase (Amersham). Specific labelling
was detected with the ECL® kit (Amersham).

Northern blot analyses

Total RNA was isolated from A. thaliana tissues with a modifica-
tion of the guanidine thiocyanate-based method, as described by
Sokolov et al. [16]. Aliquots (20 ug) of total RNA were separated
electrophoretically on 1.29, (w/v) agarose/formaldehyde gel
(equal loading was monitored by ethidium bromide staining of
the gel), blotted on Hybond-N* (Amersham) membranes and
hybridized with *2P-labelled ¢cDNA probes. The probes used
were: Ugp (Arabidopsis expressed sequence tag no. T41638)
corresponding to UGPase, Susl [14], AtHXKI (Arabidopsis
expressed sequence tag no. T20488) and rab18 [17]. The Ugp
clone has at least 78 9, and 86 9, similarity, at the nucleotide and
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derived amino acid levels respectively, to UGPases from potato
[18] and barley [19]. Hybridization and subsequent washes were
performed at 65 °C, with standard procedures [20].

RESULTS

Ugp is up-regulated by sucrose and light via a HXK-independent
pathway

Possible effects of sugars and osmotica on Ugp expression were
tested with excised leaves. The gene was found to be strongly up-
regulated by sucrose and, to some extent, by a high concentration
of PEG [poly(ethylene glycol)] 6000 (Figure 1A). The latter
acts as a non-penetrating osmoticum and can induce several
secondary effects, including sucrose accumulation [21]. Glucose,
mannitol, sorbitol and KCI were ineffective in inducing any
appreciable change in Ugp expression. In contrast with Ugp, all
the feeding compounds used in the present study were found to
stimulate the expression of A4. thaliana Susl (results not shown),
an osmoticum-regulated gene [14]. When leaves were fed with
different concentrations of sucrose (Figure 1B), the strong
induction of Ugp was observed at as little as 50 mM sucrose. A
further increase in sucrose concentration resulted in a relatively
moderate increase in Ugp transcript content. A similar response
was obtained when mixtures of different concentrations of
sucrose and mannitol (the total concentration of both compounds
was 300 mM) were fed to the leaves (results not shown). This
helped to distinguish between the effects of sucrose itself from
those exerted by osmotic pressure, and further supported data
from Figure 1(A) that Ugp does not respond to changes in
osmotic pressure. Feeding with sucrose also led to an increase
in UGPase activity and protein content (Figure 2). The molecular
mass of UGPase, as determined on immunoblots, corresponded
to 50-51 kDa, which is identical with values previously obtained
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Effects of sucrose, glucose and osmotica on Ugp expression in

Figure 1
A. thaliana

(A) Sucrose, glucose, sorbitol and KCI were applied at 100 mM each, and mannitol and PEG
6000 at 150 mM and 6% respectively. (B) Various concentrations of sucrose were applied
(0—-300 mM). In both panels sugars or osmotica were fed to the excised leaves in the dark for
10 h.
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Figure 2 Effects of sucrose feeding on UGPase activity (A) and protein
content (B) in A. thaliana

The conditions of the sucrose feeding were as described in the legend to Figure 1. Activity
assays and immunoblots were done for samples from the same experiments. For activity assays,

means +S.0. (7= 4) are indicated. For immunoblots, protein aliquots corresponding to
2.25 mg of leaf sample were loaded in each lane.
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Figure 3 Effects of light intensity and sucrose on Ugp expression in
A. thaliana

Ugp

Excised leaves were fed with 100 mM sucrose either in the dark, low light (60 zzmol/s per m?)
or ‘high’ light (150 zemol/s per m?) for 8 h.

for UGPase from leaves of A. thaliana [6], barley [19] and potato
tubers [18].

Exposure of the dark-preadapted leaves to light (Figure 3)
resulted in expression patterns for Ugp that were largely anal-
ogous to those obtained for excised leaves fed with sucrose in the
dark (Figure 1A). Light seemed to mimic the effect of sucrose,
although in most cases the light plus sucrose conditions resulted
in a more pronounced effect on Ugp transcript levels than
individual treatments with sucrose or light. Light intensity as low
as 60 yumol/s per m? was generally sufficient to affect the
expression of Ugp, although clearly it was not saturating for
maximal effect (Figure 3).

To analyse in more detail the mechanism of sucrose re-
sponsiveness of Ugp, we used transgenic plants with modified
expression of the AtHXK]I gene, which is thought to be involved
in transmitting the sugar signal for the expression of a number of

Ugp
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Figure 4 Effect of HXK status on sucrose-dependent expression of Ugp in
A. thaliana

Excised leaves from wild-type and transgenic plants were fed with either water or 50 mM
sucrose in the dark for 12 h. Abbreviations: OE, ‘overexpressed’” AtHXKT plants; AS, ‘anti-
sense’ AtHXK1 plants; OE1, 9A3-2 line; OE2, 9A14-2 ling; AS1, A9AR2-6 line; AS2, A9A2-7
line [15]. The bottom panel shows the relative abundance of rRNA in each lane.
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Figure 5 Stress responsiveness of Ugp expression in A. thaliana

Plants were treated under cold, drought and flooding conditions for the specified durations;
leaves were harvested after a 4 h light period. The bottom panel shows the relative abundance
of rRNA in each lane.

plant genes [15,22]. First, we analysed the transgenic plants for
their expression of AtHXK]I; the plants overexpressing AtHXK1
had an at least 10-fold higher transcript content for AtHXKI;
those with an “anti-sense’ construct had an approx. 50 9, decrease
in AtHXK]I expression compared with wild-type plants (results
not shown). These results are analogous to those obtained by
Jang et al. [15]. When excised leaves of the transgenics were fed
with sucrose to study the expression of Ugp, the patterns were
analogous to those found for leaves of wild-type plants (Figure
4). Neither the excess of 4tHXK]I transcript nor its decrease in
leaves had any marked effect on Ugp expression. There was a
slightly lower content of Ugp transcript in sucrose-fed leaves of
wild-type and ‘anti-sense’ plants in comparison with ‘over-
expressing’ plants, but its significance is not entirely clear. The
enzymic activity of HXK is concerned with hexose metabolism;
an increase or decrease in HXK content might affect both the
status of phosphorylated hexoses and that of the ATP pool [23].
This in turn might lead to a readjustment of metabolism in
transgenic plants, with possible effects on gene expression
in comparison with wild-type plants.

Ugp is up-regulated by cold stress via an ABA-unresponsive
pathway

The responses of the A. thaliana Ugp gene to abiotic stresses were
investigated. Ugp was strongly up-regulated by cold stress, but
some decrease in transcript content was observed for drought
(after an initial increase) and O,-deficiency conditions (flooding)
(Figure 5). Under cold stress, steady-state contents of the Ugp
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Figure 6 Effects of low-temperature stress on UGPase activity (A) and
protein content (B)

Plants were exposed to a cold regime for up to 7 days; leaves were harvested after a 4 h light
period. Activity assays and immunoblots were done for samples from the same experiments.
For activity assays, means + S.D. (n = 4) are indicated. For immunoblots, protein aliquots
corresponding to 3.75 mg of leaf sample were loaded in each lane.
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Figure 7 Effects of ABA status on cold-dependent expression of Ugp in
A. thaliana

The wild-type plants and aba-7 and aba-2 mutants (deficient in ABA content) were exposed to
cold (5 °C) for 1 and 3 days. Leaves were harvested after a 4 h light period. The bottom panel
shows the relative abundance of rRNA in each lane.

transcript increased markedly after only 1 day of exposure at
5°C; a stress treatment as short as 8 h was sufficient for a
significant increase in the transcript level (results not shown).
The expression increased further for plants kept in the cold for
3 days; however, a 5-day cold stress resulted in a decreased
content of Ugp transcript (Figure 5). Up-regulation of the Ugp
gene was accompanied by changes in UGPase activity and
protein content (Figure 6), which increased steadily during the
cold exposure. On the basis of activity assays, there was an
approx. 80 9, increase in UGPase activity during 7 days of stress
treatment.

ABA signalling is known to be important in gene responses
under cold stress [24]. We investigated the possible involvement
of ABA in Ugp gene expression by either feeding ABA to
detached leaves or using ABA-deficient A. thaliana mutants in a
cold-stress experiment. Feeding with ABA had little or no effect
on steady-state levels of Ugp mRNA, whereas an ABA-responsive
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Figure 8 Effects of OKA on sucrose-dependent expression of Ugp and Sus7
in A. thaliana

OKA (2 «M) and sucrose (150 mM) were fed to detached leaves for 10 h in the dark. The
bottom panel shows the relative abundance of rRNA in each lane.

gene (rab18) [17] that was used as a control was strongly induced
by the treatment (results not shown). When we subjected ABA-
deficient mutants (aba-1, aba-2) to the cold stress conditions, the
Ugp gene was up-regulated in a similar way for both mutants
and wild-type plants (Figure 7). The rabi8 gene was expressed in
wild-type plants but in aba mutants its transcript level was very
low (results not shown) [14], which was consistent with the ABA
deficiency in the mutants.

Sucrose induction of Ugp is sensitive to OKA

OKA, a potent inhibitor of protein phosphatases 1 (PP1) and 2A
(PP2A) [25], was found to inhibit the expression of Ugp com-
pletely when it was fed at 2 M, regardless of the presence or
absence of sucrose in the feeding solution (Figure 8). Expression
of Sus! markedly increased after OKA application (Figure 8),
indicating that Sus/ is regulated via a distinct pathway. This is
consistent with earlier results that the expression of Sus/ responds
to osmotic potential rather than to any specific sugar [14] and
that components of the osmoticum-regulated pathways in plants
are distinct from those comprising the sugar-signalling pathways
[26]. An OKA /sucrose-dependent induction of a sweet-potato
gene corresponding to Sus has already been reported [27].

DISCUSSION

The Ugp gene from A. thaliana was found to be up-regulated on
feeding sucrose to excised leaves, after the illumination of
darkened leaves, and on cold stress (Figures 1, 3-5 and 7). All
these conditions result in a marked accumulation of sucrose and,
to some extent, glucose and fructose in A. thaliana [14,16],
possibly underlying a common transduction mechanism for Ugp
regulation. Although, in our hands, sucrose seemed much more
efficient than glucose (and other osmotica) in up-regulating Ugp
(Figure 1), a possibility still exists that a product of sucrose
hydrolysis and metabolism serves as the ultimate signal for Ugp
up-regulation. In addition, sucrose might be more efficiently
taken up through the petioles than glucose in excised 4. thaliana
leaves [14]. During both sucrose feeding and exposures to cold
stress, an increase in transcript level for Ugp was subsequently
accompanied by increased UGPase activity and protein content
(Figures 2 and 6), suggesting that under these conditions UGPase
is regulated at the transcriptional and/or post-transcriptional
level. Earlier studies [6] demonstrated that phosphate deficiency
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stress also up-regulated UGPase activity/protein via post-
transcriptional control.

Similarly to the previously reported regulation of genes for
ADP-glucose pyrophosphorylase (a key enzyme in starch syn-
thesis) in A. thaliana [16], light did not seem to be essential in
inducing changes in Ugp transcript contents as long as sufficient
sucrose levels were available; it stimulated changes in the
quantities of mRNA in an intensity-dependent manner (Figure
3). For Ugp transcript, the cumulative effects of sucrose and light
were larger than the effects of sucrose or light alone (Figure 3),
possibly owing to higher sugar levels in leaves exposed to both
sucrose and light [16]. However, effects of light through factors
other than sugar(s) cannot be ruled out entirely given the close
interactions between the sugar and light signalling pathways in
A. thaliana [28].

Several studies have implied a possible role for HXK in sugar
signalling, with HXK being proposed as a sugar sensor [15,22,29].
This was demonstrated both by using transgenic plants with a
modified expression of the AtHXKI gene [15] and by using
mannoheptulose, a specific inhibitor of HXK, and/or sugar
analogues of D-glucose [29-31]. However, the role of HXK in
sugar sensing and signalling is still a matter of debate; several
HXK-independent pathways have been proposed [10,23,32,33],
including those specifically sensing sucrose [34] and some prod-
uct(s) of glucose oxidation [11,22,35]. The up-regulation of Ugp
by sucrose is probably mediated via such a HXK-independent
pathway, because the modulation of ArHXKI in transgenic
plants had no apparent effect on Ugp expression (Figure 4).

Cold stress was shown to be an important factor in up-
regulating Ugp expression in A. thaliana (Figures 5 and 7). It is
unknown whether the cold signal effect is transmitted via the
same pathway (or part of it) as the sucrose/light-mediated
regulation, but sucrose content increases markedly during
exposure of A. thaliana to cold [14]; sucrose signalling must
therefore be seriously considered. Aside from general physio-
logical considerations, this seems particularly important in the
context of so-called ‘cold sweetening’, i.e. the accumulation of
hexoses and sucrose observed when potato tubers are stored in
the cold [9]. The effect of cold on Ugp expression was apparently
transmitted independently of ABA, as found with ABA-deficient
mutants (Figure 7). ABA signalling is not the only pathway for
sensing cold; several genes have already been shown to be
expressed independently of ABA [14,36,37]. Ugp was down-
regulated by drought (after an initial increase) and, especially,
flooding conditions (Figure 5). Flooding is characterized by a
marked depletion of soluble carbohydrates in A4. thaliana [14]; it
is unknown at present whether the down-regulation of Ugp
during flooding (Figure 5) is simply a consequence of low sucrose
content in stressed leaves.

More details of the sucrose signalling pathway for Ugp have
emerged from the use of OKA in the feeding solution. This
compound is a potent and specific inhibitor of PP1 and PP2A
[25] and its inhibitory effect on Ugp expression (Figure 8)
indicates the involvement of one or both of the phosphatases in
the sugar-mediated regulation of the gene. Similar external
concentrations of OKA (0.5-5 xM) were effective in inhibiting
PP1/PP2A activity in several plant response systems [38,39]. The
activating effect of OKA on SusI expression (Figure 8) indicates
that a phosphoprotein (‘ X-P’) that serves as a substrate for PP1
and/or PP2A is mediating the up-regulating signal for this gene,
whereas up-regulation of Ugp requires the dephosphorylation of
X-P or some other phosphoprotein that acts as a substrate for
PP1 and/or PP2A. Both UGPase and Sus have previously been
proposed to provide UDP-glucose for cellulose synthesis, the key
process for cell growth in plants [1,2]. Because Sus! is believed to

be the main gene for Sus under normal physiological conditions,
and because A. thaliana probably contains only one Ugp gene
(on the basis of genomic Southern blot analyses; results not
shown), the presence of distinct signalling pathways for both
genes might represent a mechanism ensuring the production of
UDP-glucose even if one of the pathways is inactive or blocked.
In recent studies with mutants impaired in inorganic phosphate
status [6], Ugp was found to be up-regulated by conditions of
phosphate deficiency; this up-regulation was apparently not
correlated with total soluble carbohydrate level in the mutants.
Together with present results demonstrating the responsiveness
of Ugp to sucrose regulation, to light/dark transition and to
conditions of cold stress, it seems that the expression of the gene
is susceptible to an array of signals and possibly to different
transduction pathways. This is consistent with the emerging view
that gene regulation in plants proceeds via the integration of
several transduction pathways rather than a single one, respond-
ing to a plethora of signals. Whereas exact details of the regulation
of Ugp are unknown, it is perhaps not surprising that this gene
is subject to a complex transcriptional control, given the role of
UDP-glucose, the product of UGPase, in anabolic pathways in
plant cells. UGPase joins several other enzymes of sucrose
synthesis and metabolism, such as sucrose phosphate synthetase,
Sus and invertases [10-14,40], that are subject to a complex
transcriptional regulation, underlying the importance of carbo-
hydrate balance in growth and developmental processes.

We thank Dr J.-C. Jang and Dr J. Sheen for the gift of seeds of transgenic A. thaliana
plants with altered expression of the HXK AfHXK7 gene, and Dr E.T Palva for the
gift of the rab78 cDNA clone. This work was supported in part by grants from the
Swedish Institute (supporting a visiting researcher stipend for I. C.), the Swedish
Natural Science Research Council and the Swedish Foundation for Strategic
Research.

REFERENCES

1 Amor, Y., Haigler, C. H., Johnson, S., Wainscott, M. and Delmer, D. P. (1995) A
membrane-associated form of sucrose synthase and its potential role in synthesis of
cellulose and callose in plants. Proc. Natl. Acad. Sci. U.S.A. 92, 9353—-9357

2 Kleczkowski, L. A. (1994) Glucose activation and metabolism through UDP-glucose
pyrophosphorylase in plants. Phytochemistry 37, 15071515

3 Flores-Diaz, M., Alape-Girdn, A., Persson, B., Pollesello, P., Moos, M., von Eichel
Streiber, C., Thelestam, M. and Florin, 1. (1997) Cellular UDP-glucose deficiency
caused by a single point mutation in the UDP-glucose pyrophosphorylase gene.

J. Biol. Chem. 272, 23784-23791

4 Miernyk, J. A. (1999) Protein folding in the plant cell. Plant Physiol. 121, 695—703

5  Kleczkowski, L. A. (1996) Back to the drawing board: redefining starch synthesis in
cereals. Trends Plant Sci. 1, 363-364

6 Ciereszko, ., Johansson, H., Hurry, V. and Kleczkowski, L. A. (2001) Phosphate
status affects the gene expression, protein content and enzymatic activity of UDP-
glucose pyrophosphorylase in wild-type and pho mutants of Arabidopsis. Planta, in
the press

7 Spychalla, J. P., Scheffler, B. E., Sowokinos, J. R. and Bevan, M. W. (1994) Cloning,
antisense RNA inhibition and the coordinated expression of UDP-glucose
pyrophosphorylase with starch biosynthetic genes in potato tubers. J. Plant Physiol.
144, 444453

8  Zrenner, R., Willmitzer, L. and Sonnewald, U. (1993) Analysis of the expression of
potato uridinediphosphate-glucose pyrophosphorylase and its inhibition by antisense
RNA. Planta 190, 247-252

9 Borovkov, A. Y., McClean, P. E., Sowokinos, J. R., Ruud, S. H. and Secor, G. A.
(1996) Effect of expression of UDP-glucose pyrophosphorylase ribozyme and
antisense RNAs on the enzyme activity and carbohydrate composition of field-grown
transgenic potato plants. J. Plant Physiol. 147, 644—652

10 Roitsch, T. (1999) Source—sink regulation by sugar and stress. Curr. Opin. Plant Biol.
2, 198206

11 Koch, K. E. (1996) Carbohydrate-modulated gene expression in plants. Annu. Rev.
Plant Physiol. Plant Mol. Biol. 47, 509540

12 Huber, S. C. and Huber, J. L. (1996) Role and regulation of sucrose-phosphate
synthase in higher plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 47, 431—444

© 2001 Biochemical Society



72

|. Ciereszko, H. Johansson and L. A. Kleczkowski

20

21

22

23

24

25

26

27

Strand, A., Hurry, V., Gustafsson, P. and Gardestrom, P. (1997) Development of
Arabidopsis thaliana leaves at low temperatures releases the suppression of
photosynthesis and photosynthetic gene expression despite the accumulation of
soluble carbohydrates. Plant J. 12, 605614

Déjardin, A., Sokolov, L. N. and Kleczkowski, L. A. (1999) Sugar/osmoticum levels
modulate differential ABA-independent expression of two stress-responsive sucrose
synthase genes in Arabidopsis. Biochem. J. 344, 503—509

Jang, J.-C., Ledn, P. and Sheen, J. (1997) Hexokinase as a sugar sensor in higher
plants. Plant Cell 9, 519

Sokolov, L. N., Déjardin, A. and Kleczkowski, L. A. (1998) Sugars and light/dark
exposure trigger differential regulation of ADP-glucose pyrophosphorylase genes in
Arabidopsis thaliana (thale cress). Biochem. J. 336, 681—687

Lang, V., Méntyl4, E., Welin, B., Sundberg, B. and Palva, E. T. (1994) Alterations in
water status, endogenous abscisic-acid content, and expression of rab78 gene during
the development of freezing tolerance in Arabidopsis thaliana. Plant Physiol. 104,
13411349

Katsube, T., Kazuta, Y., Mori, H., Nakano, K., Tanizawa, K. and Fukui, T. (1990)
UDP-glucose pyrophosphorylase from potato tuber — cDNA cloning and sequencing.
J. Biochem. (Tokyo) 108, 321—326

Eimert, K., Villand, P., Kilian, A. and Kleczkowski, L. A. (1996) Cloning and
characterization of several cDNAs for UDP-glucose pyrophosphorylase from barley
(Hordeum vulgare) tissues. Gene 170, 227-232

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning: A Laboratory
Manual, 2nd edn, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY

Miiller, J., Boller, T. and Wiemken, A. (1996) Pools of non-structural carbohydrates in
soybean root nodules during water stress. Physiol. Plant. 98, 723—730

Jang, J.-C. and Sheen, J. (1997) Sugar sensing in higher plants. Trends Plant Sci. 2,
208-214

Halford, N. G., Purcell, P. C. and Hardie, G. (1999) Is hexokinase really a sugar
sensor in plants? Trends Plant Sci. 4, 117120

Leung, J. and Giraudat, J. (1998) Abscisic acid signal transduction. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 49, 199—222

Bialojan, C. and Takai, A. (1988) Inhibitory effect of a marine-sponge toxin, okadaic
acid, on protein phosphatases—specificity and kinetics. Biochem. J. 256, 283—290
Shinozaki, K. and Yamaguchi-Shinozaki, K. (1997) Gene expression and signal
transduction in water-stress response. Plant Physiol. 115, 327334

Takeda, S., Mano, S., Ohto, M. and Nakamura, K. (1994) Inhibitors of protein
phosphatase-1 and phosphatase-2A block the sugar-inducible expression in plants.
Plant Physiol. 106, 567574

Received 17 July 2000/31 October 2000; accepted 17 November 2000

© 2001 Biochemical Society

28

29

30

31

32

33

34

35

36

38

39

40

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

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

Graham, 1. A, Denby, K. J. and Leaver, C. J. (1994) Carbon catabolite repression
regulates glyoxylate cycle gene-expression in cucumber. Plant Cell 6, 761—772
Prata, R. T. N., Williamson, J. D., Conkling, M. A. and Pharr, D. M. (1997) Sugar
repression of mannitol dehydrogenase activity in celery cells. Plant Physiol. 114,
307-314

Mita, S., Murano, N., Akaike, M. and Nakamura, K. (1997) Mutants of Arabidopsis
thaliana with pleiotropic effects on the expression of the gene for beta-amylase and
on the accumulation of anthocyanin that are inducible by sugars. Plant J. 11,
841-851

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

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

Krapp, A. and Stitt, M. (1995) An evaluation of direct and indirect mechanisms for
the sink-regulation of photosynthesis in spinach — changes in gas-exchange,
carbohydrates, metabolites, enzyme activities and steady-state transcript levels after
cold-girdling source leaves. Planta 195, 313—323

Nordin, K., Heino, P. and Palva, E. T. (1991) Separate signal pathways regulate the
expression of a low-temperature-induced gene in Arabidopsis thaliana. Plant Mol.
Biol. 16, 10611071

Gosti, F., Bertauche, N., Vartanian, N. and Giraudat, J. (1995) Abscisic acid
dependent and abscisic acid independent regulation of gene expression by
progressive drought in Arabidopsis thaliana. Mol. Gen. Genet. 246, 10—18

Sheen, J. (1993) Protein phosphatase-activity is required for light-inducible gene
expression in maize. EMBO J. 12, 3497-3505

Redinbaugh, M. G, Huber, S. C., Huber, J. L., Hendrix, K. W. and Campbell, W. H.
(1996) Nitrate reductase expression in maize leaves (Zea mays) during dark—light
transitions. Complex effects of protein phosphatase inhibitors on enzyme activity,
protein synthesis and transcript levels. Physiol. Plant. 98, 67—76

Ehness, R., Ecker, M., Godt, D. E. and Roitsch, T. (1997) Glucose and stress
independently regulate source and sink metabolism and defense mechanisms via
signal transduction pathways involving protein phosphorylation. Plant Cell 9,
1825—1841



