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In Arabidopsis, genes encoding functional enzymes for the synthesis and degradation of trehalose have been detected
recently. In this study we analyzed how trehalose affects the metabolism and development of Arabidopsis seedlings.
Exogenously applied trehalose (25 mm) strongly reduced the elongation of the roots and, concomitantly, induced a strong
accumulation of starch in the shoots, whereas the contents of soluble sugars were not increased. When Arabidopsis seedlings
were grown on trehalose plus sucrose (Suc), root elongation was restored, but starch still accumulated to a much larger
extent than during growth on Suc alone. The accumulation of starch in the shoots of trehalose-treated seedlings was
accompanied by an increased activity of ADP-glucose pyrophosphorylase and an induction of the expression of the
ADP-glucose pyrophosphorylase gene, ApL3. Even in the presence of 50 mm Suc, which itself also slightly induced ApL3,
trehalose (5 mm) led to a further increase in ApL3 expression. These results suggest that trehalose interferes with carbon
allocation to the sink tissues by inducing starch synthesis in the source tissues. Furthermore, trehalose induced the
expression of the ␤-amylase gene, AT-␤-Amy, in combination with Suc but not when trehalose was supplied alone, indicating
that trehalose can modulate sugar-mediated gene expression.

The non-reducing disaccharide trehalose, ␣-dglucopy-ranosyl-[1,1]-␣-d-glucopyranoside, is a common sugar of bacteria, fungi, and invertebrate animals
(Elbein, 1974). Trehalose has also been shown to occur
in the “resurrection plants,” Selaginella lepidophylla and
Myrothamnus flabellifolia, where it probably serves as a
stress protectant during desiccation (Adams et al., 1990;
Bianchi et al., 1993; Drennan et al., 1993; Müller et al.,
1995a; Zentella et al., 1999). In other plants such as
Arabidopsis, genes with homologies to the yeast genes
encoding enzymes of trehalose synthesis (trehalose-6phosphate synthase and trehalose-6-phosphate phosphatase) have been identified and shown to encode
functional enzymes (Blázquez et al., 1998; Vogel et al.,
1998; Goddijn and van Dun, 1999). These findings indicate that trehalose might generally be synthesized in
plants (Goddijn and Smeekens, 1998; Goddijn and van
Dun, 1999; Müller et al., 1999).
To make use of trehalose as a stress protectant,
attempts have been made to increase trehalose contents in plants by overexpression of microbial genes
encoding the enzymes for trehalose synthesis. It is
interesting that transgenic plants expressing the
Escherichia coli or Saccharomyces cerevisiae genes for
trehalose synthesis not only exhibit increased
drought tolerance (Holström et al., 1996; Romero et
al., 1997; Pilon-Smits et al., 1998) but also show
strong developmental alterations, such as stunted
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growth, lancet-shaped leaves, and disturbed root systems (Goddijn et al., 1997; Romero et al., 1997).
The mechanisms by which trehalose metabolism
alters plant development are largely unknown. Trehalose itself could affect development by acting as
signal molecule in carbohydrate metabolism. For example, trehalose induces enzymes of fructan synthesis in barley (Wagner et al., 1986; Müller et al., 2000)
and Suc synthase activity in soybean (Müller et al.,
1998). In general, sugars such as Suc and Glc act as
signals in the regulation of gene expression (Koch,
1996). Whereas the expression of several sourcespecific genes is probably regulated by hexoses in a
hexokinase-dependent signaling pathway (e.g. Jang
and Sheen, 1994; Jang et al., 1997; Dai et al., 1999), the
regulation of the expression of some other genes
appears to be directly mediated by Suc without prior
cleavage to hexoses (e.g. Yokoyama et al., 1994;
Chiou and Bush, 1998; Rook et al., 1998). It is conceivable that trehalose, which is structurally similar
to Suc, might act as an analog of Suc in sugar sensing.
In addition to the trehalose that may be produced by
the plants themselves, plants are also exposed to
trehalose formed by microorganisms in mutualistic,
as well as in pathogenic interactions. Trehalose
formed by rhizobia during nodulation appears to
have a strong effect on the carbohydrate contents in
root nodules (Müller et al., 1995b). It is possible that
trehalose-producing plant symbionts and/or pathogens can exploit the effects of trehalose to gain control over the sugar-sensing system of the plant. If this
is the case, the trehalose-degrading enzyme trehalase, which is widespread among higher plants
and is found in multiple tissues, may provide a safeguard against potentially deleterious effects of treha-
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lose on carbohydrate allocation in plant-microbe interactions (Müller et al., 1995a; Aeschbacher et al.,
1999).
In this study we analyzed which way trehalose
alters plant metabolism and development and how it
affects sugar-mediated gene expression. We show
that in Arabidopsis seedlings, trehalose specifically
induced the expression ApL3, which encodes a large
subunit of ADP-Glc pyrophosphorylase (ADP-GlcPPase), the first enzyme in starch biosynthesis (Preiss, 1982). In addition, the activity of ADP-Glc-PPase
was increased and starch accumulated in source tissues, thereby leading to a reduced supply of carbon
to the roots and developing leaves.
RESULTS
Effect of Trehalose on the Development of Arabidopsis

In previous experiments we have observed that
trehalose is taken up by Arabidopsis seedlings and
that it inhibits root elongation in a concentrationdependent manner (Aeschbacher et al., 2000). For the
present study we analyzed the effects of trehalose at
a concentration of 25 mm, a concentration we knew to
reduce the growth of Arabidopsis seedlings without
affecting the time of germination. Mannitol was used
as an osmotic control, and Suc was used as a metabolizable carbon source known to affect gene expression. Since Arabidopsis contains trehalase activity,
we also supplemented the growth media with validamycin A, which has been shown to inhibit the
activity of trehalase from soybean (Müller et al., 1992;
Müller et al., 1995b). During the growth of mature
Arabidopsis plants on 10 mm trehalose, addition of
validamycin A led to a 10-fold increase in the accumulation of trehalose in the rosette leaves (up to 10
mg g⫺1 dry weight; J. Müller, R. A. Aeschbacher, T.
Boller, and A. Wiemken, unpublished data), indicating that validamycin A also inhibits the degradation

of trehalose in Arabidopsis. Therefore, treatment
with validamycin A allows distinguishing between
the effects of trehalose as a carbon source and as a
potential signal molecule.
Growth on trehalose strongly inhibited root elongation, especially in the presence of validamycin A
(Fig. 1A). In contrast, Suc increased root elongation
and also restored root elongation in the presence of
trehalose. This effect could also be observed by supplying Glc together with trehalose (data not shown),
indicating that trehalose did not directly inhibit root
growth but probably led to a starvation of the root
tissue.
To study if the effect of trehalose only applied to
young seedlings that germinated on trehalose-containing medium we also transferred seedlings between the different media and measured the increase
in root length (Fig. 1B). While the roots of plants
transferred onto plates without sugar or with Suc
continued growing, transfer onto trehalose-containing
medium led to an inhibition of root elongation, particularly when the plants had been growing on Suc
before. On the other hand, plants transferred from
trehalose-containing medium onto medium without
sugar or onto Suc-containing medium recovered, and
the roots started growing, showing that the effect of
trehalose is reversible (Fig. 1B).
Effect of Trehalose on Photosynthetic Proteins

Since the restoration of root elongation by Suc or
Glc indicates that growth on trehalose leads to a
reduced supply of carbon to the roots, we studied
whether trehalose impairs photosynthetic carbon assimilation by inhibiting the development of the photosynthetic apparatus. Seedlings grown in the presence of trehalose did not show any signs of chlorosis
(data not shown). The amounts of the photosynthetic
or photorespiratory proteins, Rubisco, NADH-dep-

Figure 1. Inhibition of root elongation by trehalose. A, Arabidopsis seedlings were grown for 10 d on one-half-strength
Murashige and Skoog medium (C) supplemented with 10 M validamycin A (V), 25 mM mannitol (M), 25 mM trehalose (T),
25 mM Suc (S), or combinations thereof (MV, TV, SV, and ST). Data are means ⫾ SE of 94 to 140 plants from at least six
different agar plates. B, The seedlings were transferred for an additional time of 6 d from one-half-strength Murashige and
Skoog medium onto a fresh plate (C-C) or onto 25 mM trehalose (C-T), from 25 mM Suc onto a fresh plate (S-S) or onto 25
mM trehalose (S-T), and from 25 mM trehalose onto one-half-strength Murashige and Skoog medium (T-C) or onto 25 mM Suc
(T-S). Data are means ⫾ SE of seven to nine plants.
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endent hydroxypyruvate reductase, P-protein of the
Gly decarboxylase complex, or plastidic Gln synthetase, as determined by western blotting, were not
affected by growth on trehalose (Fig. 2). This shows
that growth on trehalose is unlikely to result in the
down-regulation of photosynthetic gene expression.
Effect of Trehalose on Carbohydrate Contents

If trehalose acted by inhibiting photosynthetic activity, one would expect a reduction in carbohydrate
contents. In the shoots of seedlings grown on trehalose, however, the content of total non-structural carbohydrates was increased on a dry weight basis. This
was due to a strong accumulation of starch, whereas
Glc and Fru were not affected and the Suc content
was reduced (Fig. 3).
To analyze the distribution of starch we stained the
starch in whole seedlings using KI/I2 (Fig. 4). Seedlings grown on medium without sugar or with addition of mannitol did not accumulate major amounts
of starch. During growth on 25 mm trehalose, starch
strongly accumulated in the cotyledons. One of the
cotyledons of these plants was often smaller and
more strongly stained than the other one. Starch also
accumulated in young leaves that had typically developed poorly. To study if trehalose directly served
as a carbon source for the formation of starch we
inhibited the breakdown of trehalose by addition of
validamycin A. Nevertheless, trehalose still induced
starch synthesis. When the seedlings were grown in
the dark, trehalose did, however, not induce starch
formation (data not shown), indicating that the starch
was synthesized from carbon fixed during photosynthesis. During growth on 25 mm Suc as a metabolizable carbon source, starch only accumulated in a
small area in the upper part of the hypocotyl, but not
in the cotyledons. It is interesting that in the presence
of trehalose plus Suc, the plants grew well but still

Figure 2. Western blots for photosynthetic and photorespiratory proteins in total shoots. Arabidopsis seedlings were grown for 14 d on
one-half-strength Murashige and Skoog medium (C) supplemented
with 10 M validamycin A (V), 25 mM trehalose (T), 25 mM mannitol
(M), or combinations thereof (TV, MV). Total protein (2.5 g) was
loaded per lane. The blots were probed with antibodies against
Rubisco, NADH-dependent hydroxypyruvate reductase (HPR),
P-protein of the Gly decarboxylase complex (P-prot.), and Gln synthetase (GS). The higher Mr band represents the plastidic isoform of
Gln synthetase.

Figure 3. Contents of Suc, Glc, Fru, and starch in total shoots.
Arabidopsis seedlings were grown for 10 d on one-half-strength
Murashige and Skoog medium without (control, white columns) or
with addition of 25 mM trehalose (black columns). Data are means ⫾
SE of seedlings harvested from three different agar plates.

accumulated starch in the cotyledons and in the
leaves (Fig. 4). The effect of trehalose on starch accumulation was, therefore, separable from the inhibition of growth that was induced by trehalose alone.
Transfer of 10-d-old seedlings grown without an external carbon source onto trehalose-containing medium for an additional time of 6 d also led to increased starch contents in the leaves, showing again
that Arabidopsis seedlings retain the capacity to react
to trehalose even after initial growth without external
sugar.
Effect of Trehalose on the Expression of AtSUC2

A possible reason for the accumulation of starch in
the source tissues was that trehalose interfered with
the export of assimilates in form of Suc to the growing sinks. We, therefore, determined if the expression
of Suc transporters was altered in trehalose-treated
seedlings. Whereas AtSUC1 is specifically expressed
in the flowers of Arabidopsis plants (Stadler et al.,
1999), AtSUC2 is probably involved in phloem loading in source tissues (Truernit and Sauer, 1995; Stadler et al., 1999). Correspondingly, expression of
AtSUC1 was not observable in the shoots of seedlings
by RNA-blot hybridization (data not shown), whereas AtSUC2 was strongly expressed. Compared with
plants grown without external sugar, the expression
of AtSUC2 was reduced by growth on 25 mm mannitol, which was used as an osmotic control (Fig. 5).
In contrast, growth on 25 mm trehalose or on 25 mm
Suc did not reduce the expression but even slightly
induced it. Addition of validamycin A to these treatments did not affect the induction.
Effect of Trehalose on ADP-Glc-PPase

To study if trehalose directly enhanced starch synthesis we measured the activity of ADP-Glc-PPase.
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Figure 4. Distribution of starch after growth on trehalose. Arabidopsis seedlings were grown for 10 d on one-half-strength
Murashige and Skoog medium (C) supplemented with 10 M validamycin A (V), 25 mM mannitol (M), 25 mM trehalose (T),
25 mM Suc (S), or combinations thereof (MV, TV, SV, and ST) and after transfer from one-half-strength Murashige and Skoog
medium onto medium supplemented with 25 mM trehalose (C-T) for an additional time of 6 d. The seedlings were stained
for starch with KI/I2 solution.

The activity of ADP-Glc-PPase was significantly increased after growth in the presence of 25 mm trehalose, independent of the addition of validamycin A
(Fig. 6). Growth on Suc also led to a slight, but not
statistically significant, increase in ADP-Glc-PPase
activity. Mannitol had no effect on ADP-Glc-PPase
activity.
We analyzed whether this increase in ADP-GlcPPase activity was due to changes in gene expression.
The four known ADP-Glc-PPase genes from Arabidopsis, ApS, ApL1, ApL2, and ApL3, show high sequence homologies in the coding region (Villand et
al., 1993). To circumvent the problem of a potential
cross-hybridization that might occur in RNA-blot hybridization experiments, we performed reverse transcriptase (RT)-PCR experiments using specific primers for each gene. The primers were designed in a
way that single gene-specific cDNA fragments with a
diagnostic size were amplified (see “Materials and
Methods”).

In the shoots of seedlings 25 mm trehalose led to an
induction of ApL3 expresssion (Fig. 7A). Addition of
validamycin A to the medium did not influence this
effect. In the presence of 25 mm Suc the content of ApL3
mRNA was also slightly increased, but to a much lower
extent compared with trehalose. Mannitol-treated seedlings did not show an increase in ApL3 mRNA content, which rules out a possible osmotic induction of
ApL3. No substantial effect of 25 mm trehalose or 25

Figure 5. RNA-blot analysis of the expression of the Suc transporter
gene, AtSUC2, in total shoots. Arabidopsis seedlings were grown for
10 d on one-half-strength Murashige and Skoog medium (C) supplemented with 10 M validamycin A (V), 25 mM mannitol (M), 25 mM
trehalose (T), 25 mM Suc (S), or combinations thereof (MV, TV,
and SV). The probe used was a 868-bp fragment corresponding to
AtSUC2. The lower panel of the figure shows the ethidium bromidestained RNA gel.

Figure 6. Activity of ADP-Glc-PPase in total shoots. Arabidopsis
seedlings were grown for 10 d on one-half-strength Murashige and
Skoog medium (C) supplemented with 10 M validamycin A (V), 25
mM mannitol (M), 25 mM trehalose (T), 25 mM Suc (S), or combinations thereof (MV, TV, and SV). Data are means ⫾ SE of seedlings
harvested from three to four different Petri dishes. Asterisks indicate
a statistically significant difference from the control treatment (Fisher’s protected LSD; P ⱕ 0.05).
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also increased the content of AT-␤-Amy mRNA. This
induction was not influenced by addition of the trehalase inhibitor validamycin A (data not shown).
DISCUSSION

Figure 7. RT-PCR analysis of the expression of the ADP-Glc-PPase
genes, ApS, ApL1, ApL2, and ApL3, and the ␤-amylase gene in total
shoots. A, Arabidopsis seedlings were grown for 10 d on one-halfstrength Murashige and Skoog medium (C) supplemented with 10 M
validamycin A (V), 25 mM mannitol (M), 25 mM trehalose (T), 25 mM
Suc (S), or combinations thereof (MV, TV, and SV). B, The seedlings
were grown for 10 d on one-half-strength Murashige and Skoog
medium containing 50 mM Suc plus different concentrations of trehalose. AT␤-Amy, ␤-Amylase gene.

mm Suc on the contents of ApS1, ApL1, or ApL2
mRNAs could be detected by RT-PCR. Expression of
the ␤-amylase gene, AT-␤-Amy, was specifically induced by Suc but not by trehalose when either sugar
was supplied alone. Amplification of the Arabidopsis
actin gene, Act2, was similar in all samples, indicating that first strand cDNA synthesis was comparable
in all samples.
Since seedlings grown on trehalose alone developed poorly, we could not exclude that the altered
morphology or the different developmental stage,
rather than trehalose, was the cause of the altered
expression of ApL3. Therefore, we analyzed the effect
of different concentrations of trehalose in the presence of 50 mm Suc (Fig. 7B). Under these conditions
Suc overrode the inhibitory effect of trehalose on
growth, i.e. addition of trehalose did not visibly alter
the morphology of the seedlings. In the presence of
Suc, ApL3 mRNA contents were already increased by
addition of 5 mm trehalose, and the expression was
further stimulated with increasing concentrations of
trehalose (Fig. 7B). It is interesting that in the presence of Suc, increasing concentrations of trehalose

Research on transgenic plants overexpressing microbial genes for trehalose synthesis has shown that
increased trehalose synthesis can have strong effects
on plant development (Goddijn et al., 1997; Romero
et al., 1997). In Arabidopsis seedlings, exogenously
supplied trehalose inhibits the development of roots
and leaves (Aeschbacher et al., 2000; this study). We
show here that supply of carbon in form of metabolizable sugars can override the growth inhibition
caused by trehalose: The morphology of seedlings
grown on trehalose plus Suc (Figs. 1 and 4) or Glc
(data not shown) was comparable with plants grown
on Suc alone. However, the seedlings still showed a
specific effect of trehalose treatment, namely accumulation of starch in the cotyledons and in the
leaves. This indicates that Suc did not simply inhibit
the uptake of trehalose. In Arabidopsis seedlings
grown in liquid culture, the starch content increased
up to 6-fold within 24 h after addition of trehalose
(data not shown), showing that the effect of trehalose
was rapid and independent of developmental alterations. We also show that the effect of trehalose can
be reversed by transfer onto medium without trehalose (Fig. 1). Furthermore, since growth on trehalose
did not lead to increased hexose contents (Fig. 3) and
since trehalose was also effective in the presence of
validamycin A (Figs. 1, 4, 5, 6, and 7), we can rule out
that the effects of trehalose were due to its cleavage
to Glc.
Trehalose Alters the Shoot-Root Allocation of Carbon

Since the addition of external carbon sources restored root growth in the presence of trehalose, the
effect of trehalose was probably resulting from a reduced supply of carbon to the roots. A reduced supply
of carbon could be caused by a down-regulation of
photosynthetic activity due to decreased amounts
of photosynthetic enzymes. Such a negative effect of
sugars on photosynthesis has been demonstrated to
occur when other sugars (Suc and hexoses) accumulate in the leaves (Stitt et al., 1990). For example,
feeding of Glc leads to a decline in NADH-dependent
hydroxypyruvate reductase and Rubisco proteins in
discs of tobacco leaves (Wingler et al., 1998) and in
Arabidopsis seedlings (data not shown). As the contents of photosynthetic proteins were normal in
trehalose-treated seedlings (Fig. 2), we exclude that
trehalose had a negative effect on the development of
the photosynthetic apparatus. The light-dependent
increase in starch in the shoots (Fig. 3) further rules
out that reduced photosynthesis was the cause of the
growth alterations.
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The accumulation of starch in the shoots of seedlings grown on trehalose (Figs. 3 and 4) could point
at an impairment of the export of carbon in form of
Suc to the sinks. Chiou and Bush (1998) have shown
that feeding of Suc to leaves of sugar beet results in
the down-regulation of the expression and of the
activity of the Suc transporter. It was conceivable that
trehalose, which is structurally similar to Suc, could
have the same effect. We can, however, rule out that
trehalose induced such a phenomenon in Arabidopsis; instead of leading to a down-regulation of the
AtSUC2 gene, which encodes the Suc transporter
probably responsible for phloem loading in source
tissues (Truernit and Sauer, 1995; Stadler et al., 1999),
trehalose even slightly induced the expression of
AtSUC2 (Fig. 5). It is also unlikely that trehalose
impairs phloem transport by inhibiting the activity of
the Suc transporter. A decreased phloem transport
would have resulted in the accumulation of soluble
sugars (Kühn et al., 1999) that was, however, not the
case (Fig. 3). The accumulation of starch was, therefore, probably not due to an interference of trehalose
with the export of Suc to the roots.

Trehalose Induces Starch Biosynthesis

The accumulation of starch during growth on trehalose (Figs. 3 and 4) was paralleled by an increase in
the activity of ADP-Glc-PPase (Fig. 6), the first enzyme in starch synthesis, and by an induction of
ApL3 expression (Fig. 7). Thus trehalose appears to
affect starch synthesis by directly inducing components of the starch biosynthetic pathway. In vivo, the
activity of most plant ADP-Glc-PPases is regulated
by activation by 3-phosphoglycerate and inhibition
by Pi (Preiss, 1982). One might, therefore, argue that
increased amounts of ADP-Glc-PPase protein, as reflected by higher in vitro activities, do not necessarily
result in higher rates of starch synthesis. However,
Neuhaus and Stitt (1990) have shown that the
amount of ADP-Glc-PPase exerts appreciable control
on starch formation in Arabidopsis leaves.
For Arabidopsis, one gene encoding a small subunit of ADP-Glc-PPase, ApS, and three genes encoding large subunits, ApL1, ApL2, and ApL3, are known
(Villand et al., 1993). Mutant analysis has shown that,
under normal conditions, ApL1 (⫽ ADG2) is the
large subunit protein that is mainly responsible for
starch synthesis (Lin et al., 1988; Wang et al., 1997).
However, in seedlings grown on trehalose, ApL3
appears to gain importance. A prerequisite for increased catalytic activity in the presence of trehalose
is, of course, that the amount of the small subunit
protein, ApS, is not limiting. It is not known in which
cells the individual ADP-Glc-PPase large subunit
proteins are expressed and how ADP-Glc-PPase complexes containing different large subunit proteins differ in their catalytic properties. Induction of genes
encoding proteins of different localization or cata-

lytic properties could be an important means of regulating starch synthesis in Arabidopsis.
A negative effect of excess ADP-Glc-PPase activity
on plant development has also been reported by
Stark et al. (1992). Similar to Arabidopsis plants
grown in the presence of trehalose, transgenic potato
plants expressing a bacterial ADP-Glc-PPase under
control of the 35S promoter could only be maintained
on Suc-containing medium. These results indicate
that the inhibitory effect of trehalose on growth is a
secondary effect caused by the increased ADP-GlcPPase activity in the shoots and not a direct effect of
trehalose on the roots. However, additional effects of
trehalose on source metabolism, such as an inhibition
of starch breakdown, an inhibition of the export of
triose-phosphates out of the chloroplast, or an inhibition of Suc synthesis, cannot be ruled out.
Trehalose Modulates Sugar-Mediated Gene Expression

Suc and Glc have been shown to induce the expression of several ADP-Glc-PPase genes in plants
(Müller-Röber et al., 1990; Krapp and Stitt, 1994;
Krapp and Stitt, 1995; La Cognata et al., 1995; du
Jardin et al., 1997). In Arabidopsis, the effect of Suc
on the expression of the different ADP-Glc-PPase
genes has been studied in detail (Sokolov et al., 1998).
Feeding of 100 or 300 mm Suc to detached rosette
leaves in the dark induced the expression of ApS,
ApL2, and ApL3, whereas it decreased the expression
of ApL1. Illumination had a similar effect, and feeding of Suc in the light further increased the expression of ApL3. In our experiments, in which we supplied a lower concentration of 25 mm Suc in the light,
we only found a slight induction of ApL3 (Fig. 7).
Compared with Suc, trehalose had a much stronger
effect and not only induced the expression of ApL3
when supplied alone but also in the presence of 50
mm Suc even when its concentration was as low as 5
mm. This either shows that trehalose is a very potent
activator of the Suc signaling pathway or that the
pathways for Suc and trehalose signaling are, at least
partially, different.
␤-Amylase is also known to be induced by sugars
(Caspar et al., 1989; Nakamura et al., 1991; Mita et al.,
1995; Datta et al., 1999). Because of its extra-chloroplastic localization, the role of ␤-amylase in plant
metabolism is still obscure. Although Suc strongly
induced the expression of the ␤-amylase gene, AT-␤AMY, we were unable to detect an induction by
trehalose in our RT-PCR assays when trehalose was
supplied alone. Trehalose, however, enhanced the
effect of Suc on the expression of AT-␤-AMY in a
concentration-dependent manner. Given the absence
of induction of AT-␤-AMY expression by trehalose
alone, it is possible that Suc and trehalose synergistically activate the expression of AT-␤-AMY. Since
trehalose alone inhibited the growth of the seedlings,
it is also possible that the lack of an induction of
AT-␤-AMY was due to the altered morphology.
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Glc contents increase strongly when Suc is fed to
Arabidopsis leaves (Sokolov et al., 1998). Since Glc
induces the expression of ApL3 (Sokolov et al., 1998)
and of the ␤-amylase gene (Mita et al., 1995), the
induction of these genes may not be due to Suc itself
but mediated by Glc and involve hexokinasedependent signaling. In contrast, the effects of trehalose are not caused by an accumulation of hexoses
(Fig. 3) and are, therefore, probably not hexokinasedependent.
We have shown that trehalose on its own is able to
affect gene expression and that it also has the capacity to modulate sugar-regulated gene expression. Using trehalose as a tool for altering gene expression
may, therefore, allow to gain a better understanding
of sugar signaling pathways and their consequences
for plant metabolism and development. In addition,
elucidating the mechanisms of trehalose action may
help to clarify the question whether or not pathogenic or symbiotic trehalose-producing microorganisms can make use of such mechanisms to affect the
allocation of carbohydrates to their favor.
MATERIALS AND METHODS
Plant Material
Arabidopsis (WS-0) seeds were surface sterilized and
germinated in vertically oriented Petri dishes on one-halfstrength Murashige and Skoog medium solidified with
purified agar (Oxoid, Basingstoke, Hampshire, UK) as previously described (Benfey et al., 1993). The plants were
grown in a daily cycle of 18 h of light (80 mol m⫺2 s⫺1) at
22°C and 6 h of darkness at 18°C. Ten days after germination, the root length was measured, and the shoots of the
seedlings were harvested at midday for further analyses.
Analysis of Soluble Carbohydrates
Arabidopsis tissue was killed in hot (80°C) 80% (v/v)
ethanol. After vacuum drying, soluble carbohydrates were
extracted and derivatized as described in Müller et al.
(1995b) and analyzed by capillary gas chromatography.
The gas chromatograph (Carlo Erba Mega 3500, Brechbühler, Zurich) was equipped with a glass column (Capillary
JW, 30 m ⫻ 0.323 mm, coated with DB-17, Brechbühler) and
with a flame ionization detector (340°C). After the injection,
the column was kept at 70°C for 2 min, then heated progressively with a rate of 25°C per min until 170°C was
reached, and followed by a rate of 7°C per min to 300°C
and 5 min at 300°C.
Quantification of Starch and Starch Staining
Starch was extracted from the insoluble pellets remaining from the extraction of soluble carbohydrates by incubation in 0.2 mL of 0.5 m NaOH at 60°C for 60 min. After
addition of 0.2 mL of 0.5 m HCl, starch was digested
overnight at 37°C by addition of 0.6 mL of 0.2 m sodium
acetate buffer (pH 4.5) containing 1 unit of amyloglucosi-

dase (Boehringer Mannheim, Mannheim, Germany). The
reaction was stopped by boiling for 2 min, and Glc in the
extracts was determined by HPLC (Dionex, Olten, Switzerland) on a PA-1 column and with pulsed-amperometric
detection. For analysis of the distribution of starch, whole
seedlings were taken at midday, destained in 95% (v/v)
ethanol, stained in 43.4 mm KI/5.7 mm I2 and washed in
water.
Western Analysis
Proteins were extracted by homogenizing the tissue in
200 mm Bicine (N-N⬘-bis[2-hydroxyethyl]glycine)-KOH,
pH 9.0, 25 mm dithiothreitol and 1% (w/v) SDS. The extracts were boiled with equal volumes of solubilization
buffer (62.5 mm Tris [tris(hydroxymethyl)aminomethane]HCl, pH 6.8, 20% [v/v] glycerol, 2.5% [w/v] SDS, and 5%
[v/v] 2-mercaptoethanol). After separation by SDS-PAGE
on 10% (w/v) gels, the proteins were transferred onto PVDF
membranes (Immobilon P, Millipore, Bedford, MA) and
probed with antisera raised against Rubisco (provided by
R.C. Leegood, University of Sheffield, UK), NADHdependent hydroxypyruvate reductase (provided by P.J.
Lea, Lancaster University, UK), P-protein of the Gly decarboxylase complex (provided by J. Lorang, Oregon State
University, Corvallis), and Gln synthetase (provided by
G. Ochs, Universität Mainz, Germany). A peroxidaseconjugated secondary antibody was used, and immunoreactive bands were visualized with an enhanced chemiluminescence kit (Amersham Pharmacia, Little Chalfont, UK).
RT-PCR
Total RNA was extracted from shoots of 10-d-old Arabidopsis seedlings using the Rneasy kit (Qiagen, Basel).
The RNA was reverse-transcribed using a reversetranscription kit (Boehringer Mannheim) with both a random as well as an oligo(dT) primer in the reaction. PCR
amplification was done using pairs of one forward and one
reverse primer on this first strand cDNA. One microliter of
the cDNA preparations was used per PCR reaction in a
total volume of 30 L. The cycle number was adapted for
each gene analyzed to be able to compare expression levels
at non-saturating conditions. For ApL1 (accession no.
X73367), ApL2 (accession no. X73366), as well as ApL3
(X73364), 26 cycles were performed. For ApS1 (accession
no. X73365) and Act2 (accession no. U41998) 22 cycles were
sufficient. AT-␤-AMY (accession no. S77076) was amplified
with 30 cycles. The primers for the ADP-Glc-PPase genes
map to regions where the four genes differ strongly, especially at their 3⬘ end. Diagnostic fragments, which, in addition, differed in size were, therefore, obtained for each
ADP-Glc-PPase gene. Primers used for the amplification
were designed to have similar annealing temperatures and
to span at least one intron to be able to distinguish the
amplified cDNA from any potential genomic DNA contaminants. Genes tested, primers used, and cDNA fragment
sizes were the following: ADP-Glc-PPase ApS, primer o300
5⬘-GATGTAATGCTAGACTTACTAC-3⬘ and primer o301
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5⬘-GTCAGTAACATCAGCATCAAG-3⬘ (278 bp); ADP-GlcPPase ApL1, o302 5⬘-TCTATGTGAATGCTTATCTCTC-3⬘
and o303 5⬘-CTATGCTCAATCAAGCAGTTGG-3⬘ (237 bp);
ADP-Glc-PPase ApL2, o304 5⬘-TTCTAAGGTCAAGTTATCCTAC-3⬘ and o305 5⬘-TCCTGAAGCTCTACTCCAGAC-3⬘
(351 bp); ADP-Glc-PPase ApL3, o306 5⬘-ATGTTCAAGGATACATCTACAG-3⬘ and o307 5⬘-CTGAAGCTCAACACCATAGTCA-3⬘ (285 bp); actin ACT2, o176 5⬘-GGAAGGATCTGTACGGTAAC-3⬘ and o177 5⬘-TGTGAACGATTCCTGGACCT-3⬘ (247 bp); ␤-amylase primer o168 5⬘-GAGTATCTCTCAATCGGTGTTG-3⬘ and o169 5⬘-CTTTGGCTCCATAGGTCTCT-3⬘ (830 bp). Amplifications were done under the
following conditions: initial denaturation at 94°C for 2 min
followed by the indicated number of cycles with the following steps: 45-s denaturation at 94°C, 45-s annealing at 50°C,
and extension for 1 min 30 s at 72°C. A final extension for 8
min at 72°C was performed. Taq polymerase I (Pharmacia,
Dübendorf, Switzerland) was used. Aliquots of each PCR
reaction were analyzed by agarose gel electrophoresis using
ethidium bromide to visualize amplified products under UV
light. Single bands of the expected sizes were obtained.
RNA-Blot Hybridization
An 868-bp fragment from AtSUC2 (accession no. X75382)
from Arabidopsis was amplified using the primer o279
5⬘-CGCTTCTCCTCATAGTCACTT-3⬘ and primer o277 5⬘GAAAGAGAGCCAAACAACCAC-3⬘ from the plasmid
pTF2035, encoding the SUC2 protein (Sauer and Stolz,
1994). Thirty-five cycles were performed using the PCR
profile described above. One nanogram of this fragment
was re-amplified using the same conditions for 20 cycles in
the presence of 125 m alkali labile Dig-11dUTP (Boehringer Mannheim). An aliquot of this fragment was run on
an agarose gel and showed the typical increase in size
indicative of incorporation of Dig-11dUTP. One-half of this
fragment (approximately 200 ng) was denatured and used
as a probe for the RNA-blot hybridization. Twenty micrograms of total RNA per sample was denatured by glyoxal
and separated by electrophoresis on a 1.3% (w/v) agarose
gel using the sodium-phosphate buffer system as described
(Ausubel et al., 1992). A separate lane was cut off from the
gel and stained with ethidium bromide to visualize the
ribosomal RNA bands. The remainder of the gel was transferred to nylon membranes. To ensure loading of equal
amounts of the RNA, 5 g of each RNA sample was loaded
on a separate gel that was electrophoresed in the presence
of ethidium bromide. Hybridization and washings were
done under high stringency conditions (45°C hybridization
temperature; washings in 0.1⫻ SSC, 0.2% [v/v] SDS at
72°C). Hybridization was done in DigEasyhyb buffer
(Boehringer Mannheim). Detection of the signal for the
digoxigenin probe was performed according to the instructions of the supplier.
Determination of ADP-Glc-PPase Activity
ADP-Glc-PPase was extracted as described by Neuhaus
and Stitt (1990), but with addition of 10 mg mL⫺1 insoluble

polyvinylpyrrolidone (Polyclar AT) and assayed according
to Sowokinos (1976). Protein concentrations in the extracts
were determined with the protein assay (Bio-Rad Laboratories, Hercules, CA) according to Bradford (1976).
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