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Trehalase is ubiquitous in higher plants. So far, indications concerning its function are scarce, although it has been implicated
in the detoxification of exogenous trehalose. A putative trehalase gene, T19F6.15, has been identified in the genome
sequencing effort in Arabidopsis. Here we show that this gene encodes a functional trehalase when its cDNA is expressed
in yeast, and that it is expressed in various plant organs. Furthermore, we present results on the distribution and activity
of trehalase in Arabidopsis and we describe how inhibition of trehalase by validamycin A affects the plants response to
exogenous trehalose (a-d-glucopyranosyl-[1, 1]-a-d-glucopyranoside). Trehalase activity was highest in floral organs, par-
ticularly in the anthers (approximately 700 nkat g21 protein) and maturing siliques (approximately 250 nkat g21 protein) and
much lower in leaves, stems, and roots (less than 50 nkat g21 protein). Inhibition of trehalase in vivo by validamycin A led
to the accumulation of an endogenous substance that had all the properties of trehalose, and to a strong reduction in sucrose
and starch contents in flowers, leaves, and stems. Thus, trehalose appears to be an endogenous substance in Arabidopsis,
and trehalose and trehalase may play a role in regulating the carbohydrate allocation in plants.

Trehalose (a-d-glucopyranosyl-[1, 1]-a-d-glucopy-
ranoside; Tre) is a disaccharide widespread among
microorganisms and invertebrates (Elbein, 1974),
where it plays a role in stress protection, particularly
with regard to desiccation, freezing, and heat stress
(Crowe et al., 1984, 1998; Wiemken 1990; Ribeiro et
al., 1997). Tre has, so far, not been conclusively iden-
tified as an endogenous compound in vascular
plants, except for the two well-documented cases of
“resurrection plants,” Selaginella lepidophylla and My-
rothamnus flabellifolia (for review, see Müller et al.,
1995a). The presence of functional genes encoding
the enzymes of Tre synthesis (Tre-6-P synthase and
Tre-6-P phosphatase) indicates, however, that higher
plants potentially have the ability to synthesize Tre
(Blázquez et al., 1998; Goddijn and Smeekens, 1998;
Vogel et al., 1998; Goddijn and van Dun, 1999; Müller
et al., 1999a). It is interesting that trehalase, the en-
zyme activity that hydrolyses Tre, is present in all
organs of higher plants, with the highest activities in
flowers (Müller et al., 1995a, 1999a). In Arabidopsis a
putative trehalase isolog has been identified in the
genome sequencing effort (Gene Bank accession no.
BAC T19F06). This gene, T19F6.15, is closely homol-
ogous to various trehalases, including the recently
identified trehalase GMTRE1 from soybean (Aesch-
bacher et al., 1999).

Here we present an analysis of the activity of tre-
halase in the model plant Arabidopsis in an effort to

obtain a better insight into its function. We show that
T19F6.15 encodes a functional trehalase when its
cDNA is expressed in yeast, and that its expression
pattern is similar to the activity pattern of trehalase
in Arabidopsis. Furthermore, we corroborate results
of previous studies in soybean and cowpea (Müller et
al., 1995b) with validamycin A (Val), a strong tre-
halase inhibitor in vitro (see Müller et al., 1992),
demonstrating that in Arabidopsis, too, Val inhibits
trehalase activity in vivo and leads to alterations in
carbohydrate allocation. In the presence of Val, a
substance with all the properties of trehalose accu-
mulates in Arabidopsis plants grown under sterile
conditions, suggesting that endogenous trehalose
could be involved in partitioning and carbohydrate
allocation.

RESULTS

Spatial Pattern of Trehalase Activity in Arabidopsis

The distribution and activity of trehalase was mea-
sured in mature Arabidopsis grown under sterile
conditions without a carbon source. In these plants a
strong trehalase activity was found in mature flowers
(280 nkat g21 protein), whereas leaves, stems, and
roots had significantly lower activities (ANOVA, P ,
0.01; Fig. 1). In plants grown on the same media
supplemented with 10 mm Val, a strong inhibitor of
trehalases, activities were 10-fold reduced in the
crude extracts prepared from flowers and reduced to
background level in the extracts of leaves and roots,
indicating that Val has been taken up by the plants.
The morphology and the development of Val-treated
plants was indistinguishable from untreated controls.

To get more detailed information about trehalase
activity in flowers, different developmental stages
were harvested between 4 and 6 weeks after germi-
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nation from greenhouse-grown plants. The develop-
mental stages were classified as “bud young” (sepals
still closed, petals not visible), “bud old” (tips of
petals visible), “flower young” (petals open), “flower
old” (stigma beginning to elongate, but petals still
present), “silique young” (siliques , 1 cm long,
green), “silique green” (siliques , 1 cm long, green),
and “silique old” (yellow-brown). Trehalase activity
was highest in mature flowers and in green siliques
(more than 250 nkat g21 protein in mean). Young
buds and old siliques had lower trehalase activities
(Fig. 2). It is interesting that developing seeds pre-
pared from green siliques had very high trehalase
activities, namely 710 6 20 nkat g21 protein for three

independent batches of seeds. This result was con-
tradictory to former observations where trehalase
was described as a pollen enzyme (Gussin et al.,
1969). Therefore, flowers were collected and dis-
sected to see whether only anthers or also other parts
had higher trehalase activities than vegetative leaves.
It is interesting that not only anthers, but also stigmas
and to a lesser extent sepals and petals had higher
trehalase activities than vegetative leaves (Table I).
The highest activities per fresh weight were found in
stigmas.

Identification of T19F6.15 as an Arabidopsis Gene
Encoding a Functional Trehalase

To test whether T19F6.15 encodes a functional Ara-
bidopsis trehalase, primers were designed that map
to both ends of the expected coding region and by
reverse PCR, a cDNA named cAtTRE1 was amplified.
This cDNA was cloned into the yeast YCpADH1
expression vector, and the corresponding construct,
named pAT, was transformed into the Saccharomyces
cerevisiae YNM5 mutant in which the acid trehalase
gene ATH1 had been disrupted (Nwaka et al., 1996).
This construct restored growth of the YNM5 mutant
when Tre was the sole carbon source (Fig. 3). In
protein extracts of this transformant, a strong tre-
halase activity at pH 4.5 and 6.3 was identified (Table
II). In extracts from the untransformed YNM5 mu-
tant, as well as YNM5 clones transformed with the
empty vector, trehalase activities were below detec-
tion level (Table II). Thus, we conclude that cAtTRE1
encodes a functional trehalase. We, therefore, pro-
pose to rename T19F06.15 AtTRE1, for Arabidopsis
trehalase 1 gene.

Expression of AtTRE1

The availability of the AtTRE1 cDNA sequence pro-
vided a tool to test the expression of this trehalase
gene to compare it with the trehalase enzyme activ-
ity. RNA hybridization experiments were performed,

Figure 1. Trehalase activity in various organs of flowering Arabidop-
sis. Arabidopsis plants were grown for 8 weeks on media in the
absence (C; white bars) or presence (V; black bars) of the trehalase
inhibitor Val (10 mM). Trehalase activity was measured (pH 6.3,
37°C) in crude extracts of various organs. Mean values 6 SE are given
for four independent samples.

Figure 2. Trehalase activity in various developmental stages of flow-
ers. Arabidopsis plants were grown in a greenhouse. Flowers of
different developmental stages were harvested between 4 and 6
weeks after germination. These stages are referred to as bud young
(sepals still closed, no petals visible), bud old (tips of petals visible),
flower young (petals open), flower old (stigma beginning to elongate,
but petals still present), silique young (siliques ,1 cm long, green),
silique green (siliques .1 cm long, green), and silique old (yellow-
brown). Trehalase activity was measured (pH 6.3, 37°C) in crude
extracts. Mean values 6 SE are given for six independent samples.

Table I. Trehalase activity in different parts of Arabidopsis flowers
Flowers were collected from flowering Arabidopsis plants (Was-

siliewskaja) and dissected into sepals, petals, anthers, and stigmas.
Leaves from the flower shoot were included. Trehalase activity was
measured (pH 6.3, 37°C) in crude extracts. Mean values 6 SE are
given for three independent samples. Values superscribed by the
same letter (a–d) are not significantly different (ANOVA, followed by
Student-Newman-Keuls test, P , 0.05).

Tissue Trehalase Activity

nkat g21 fresh wt nkat g21 protein

Entire flower 1.63 6 0.19c 140 6 6d

Stigma 2.19 6 0.23c 83 6 13c

Anther 1.96 6 0.23c 693 6 72c

Petal 0.31 6 0.10b 170 6 20d

Sepal 0.61 6 0.19b 30 6 10b

Leaf 0.13 6 0.03a 6 6 3a
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but signals could not be detected. Therefore, reverse
transcriptase-PCR experiments were performed to
analyze the expression of this gene. As positive con-
trols, expression of an actin and a histone gene
(AtACT2 and AtH3G) were also analyzed; as ex-
pected, these genes showed similar expression levels
in all samples tested. AtTRE1 expression was high in
flowers and much lower in leaves and stems thus
corresponding to the activity pattern. (Fig. 4).

Uptake of Tre

To examine whether trehalase is also inhibited by
Val in vivo in Arabidopsis plants (compare with

Müller et al., 1995b), seedlings were grown under
sterile conditions on Murashige-Skoog agar medium,
complemented with Tre alone (10 and 25 mm) or with
Tre (10 mm) in combination with Val (10 mm).

Tre accumulated in leaves of Arabidopsis plants
grown on Tre containing media in a concentration-
dependent manner. The presence of Val led to a
20-fold increase in Tre accumulation in Arabidopsis
leaves grown on 10 mm Tre, indicating that trehalase
could be effectively inhibited by Val in vivo (Fig. 5).
When Val was added to the media in the absence of
Tre a very weak signal with the retention time of Tre
could be observed in two of four samples (Fig. 5).

Alterations of Carbohydrate Partitioning by Val

In previous experiments it had been shown that the
presence of Val in the culture medium of nodulated
soybean and cowpea plants, grown under sterile con-
ditions, led to alterations of carbohydrate pool sizes
without impairing vegetative growth. Therefore, it
was tempting to investigate whether such effects
could be observed in Arabidopsis, where trehalase
could be inhibited by Val in vivo.

Val let to strong alterations in non-structural car-
bohydrate contents in different plant tissues as com-
pared with untreated control plants (Fig. 6). Starch
(Fig. 6A) and Suc (Fig. 6B) contents were significantly
reduced in flowers, leaves, and stems. Starch, in ad-
dition, was also significantly reduced in Val treated
roots. Glc, Fru, and raffinose pools were also ana-
lyzed, but no significant alterations between the
treatments with or without Val were found. It is
interesting that Val-treated plants showed alterations
in fruiting having much less siliques and no seeds
(data not shown). Therefore, this stage of develop-
ment was not included in these analyses.

During the analysis of non-structural carbohy-
drates, a substance was identified by capillary gas
chromatography (GC) that was already present in

Table II. Trehalase activity in yeast expressing AtTRE1 cDNA
Trehalase activity in the following derivatives of the S. cerevisiae

strain YNM5, lacking the ATH1 gene encoding acid trehalase: YNM5
(1pAT) (YNM5 transformed with the AtTRE1 expression plasmid
pAT), YNM5 (untransformed mutant), and YNM5 (1YcpAdh1)
(YNM5 transformed with YCpADH1; empty vector control). The cells
had been grown to mid-log phase in liquid culture in synthetic
dextrose minimal medium with the appropriate auxotrophic addi-
tions. Activity was measured at pH 4.5 and 6.3.

Yeast Strain
Trehalase
Activity

at pH 4.5

Trehalase
Activity

at pH 6.3

nkat mg21 dry wt

YNM5 (1pAT) 10.0 6.53
YNM5 (1YcpAdh1) ,0.05 ,0.05
YNM5 ,0.05 ,0.05

Figure 3. Complementation of a trehalase-deficient yeast mutant by
the Arabidopsis trehalase gene AtTRE1. A mutant of S. cerevisiae
deficient in acid trehalase (strain YNM5) was transformed with an
“empty vector” and with the corresponding vector expressing the
Arabidopsis trehalase cDNA cAtTRE1. Wild-type yeast, the YNM5
mutant, and both transformed strains were then grown on SD mini-
mal plates containing the appropriate auxotrophic additions and Glc.
After 3 d of growth at 27°C about five individual colonies were mixed
and streaked out on SD minimal plates containing the appropriate
auxotrophic additions with Tre as the sole carbon source. After 4 d of
further growth at 27°C a photograph was taken. YNM2, YNM2 (wild-
type control); YNM5 (1pAT), YNM5 transformed with AtTRE1 expres-
sion plasmid pAT; YNM5 (acid trehalase mutant; background control);
and YNM5 (1YcpAdh1), YNM5 transformed with YCpADH1 (empty
vector control).

Figure 4. Expression pattern of Arabidopsis trehalase AtTRE1. Ex-
pression of AtTRE1, AtAct2, and At-His3G was analyzed in flowers
(F), leaves (L), and stems (S) of mature plants by reverse-transcriptase
PCR. Tre, Arabidopsis trehalase isolog AtTRE1; Act, Arabidopsis
Actin2 gene AtACT2. His, Arabidopsis Histone3G gene AtH3G.
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untreated Arabidopsis tissues and that accumulated
upon Val treatment in all tissues tested (Fig. 6C). This
substance had the same retention time (16.8 min) as
Tre and appeared as a single peak, as is typical for a
non-reducing disaccharide; reducing disaccharides
form double peaks under the conditions used for this
study, due to differential retention times of the a and
b anomers. To further test whether this substance
could be Tre, carbohydrates were extracted from
flowers of Arabidopsis plants, grown under sterile
conditions, and were separated using thin-layer chro-
matography (TLC). A stained duplicate indicated a
disaccharide with the same relative to front migra-
tion value as a Tre standard. This carbohydrate was
eluted from the TLC plate and was analyzed by
anion-exchange HPLC. Using this technique, a sub-
stance with the same relative to front migration value
as Tre could be detected. Upon incubation of an
aliquot of this sample by a commercially available
purified porcine kidney trehalase (Sigma Chemie,
Buchs, Switzerland), this substance disappeared (data
not shown). Samples from the growth media were also
analyzed, but did not contain this substance.

DISCUSSION

Arabidopsis Trehalase Occurs in Multiple Tissues and
Is Highly Active in Flowers

We show that trehalase activity is present in mul-
tiple tissues of Arabidopsis and that it is particularly
high in flowers. Previous studies have reported the
presence of trehalase in pollen (see Müller et al.,
1995a and refs. therein). Our results show that tre-
halase is particularly high in the anthers containing
pollen, but that it is not confined to this tissue alone
since siliques and even developing seeds have as

high activities as the entire flowers, potentially indi-
cating a role of trehalase in reproduction.

Inhibition of Trehalase Alters Carbohydrate Pool Sizes

Upon feeding Val together with Tre, Arabidopsis
plants accumulate much more of this disaccharide
than without this inhibitor. Thus, we can conclude
that Arabidopsis trehalase is efficiently inhibited in
vivo. All trehalases known from plants so far (Müller
et al., 1992) and from other sources are very effec-
tively inhibited by Val (e.g. Asano et al., 1987).
Former results with cell cultures have shown that the
major part of trehalase activity is extracellular (see
Müller et al., 1995a). Thus, it is likely that a signifi-
cant amount of Val reaches the site of trehalase in
leaves via the transpiration stream. The residual tre-Figure 5. Tre accumulation in Arabidopsis leaves. Arabidopsis plants

were grown under sterile conditions on 0.53 Murashige-Skoog me-
dium without any carbohydrate (control) or supplemented with Tre
(10 or 25 mM) and/or Val (10 mM). After 8 weeks, leaves were
harvested and their Tre contents were analyzed using HPLC. Mean
values 6 SE are given for four independent samples.

Figure 6. Carbohydrate contents of mature, flowering Arabidopsis
grown in the presence of Val. Plants were grown under sterile
conditions with (black bars) or without (white bars) 10 mM Val. After
8 weeks, flowers, leaves, stems, and roots were harvested, and
contents of non-structural carbohydrates were analyzed by capillary
GC (Suc and Tre) or enzymatically (starch). A, Starch; B, Suc; C, Tre
(tentatively identified, as described in “Results”). Mean values 6 SE

are given for four independent samples. nd, Not detected.
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halase activity in the flowers of plants treated with
Val is probably due to a reduced uptake of Val by
these organs. It is noteworthy to mention that Tre
and Val normally have to cross the endodermis when
taken up by the roots and therefore have to cross the
plasma membrane. So far, how this may occur is
unclear.

In previous experiments Val has not been found to
have toxic effects on vegetative plant growth (Müller
et al., 1995b; Wingler et al., 2000) nor on the expres-
sion of important metabolic enzymes (Wingler et al.,
2000). Arabidopsis plants grown on media contain-
ing Val do not show an alteration in morphology (at
least up to the flowering stage). Externally fed Tre,
however, impairs growth of seedlings. This effect is
enhanced in the presence of Val. At the same time,
starch accumulates in the cotyledons (Wingler et al.,
2000). In mature plants, application of Val alone
strongly alters the pool sizes of soluble carbohy-
drates thus confirming former results obtained with
cowpea and soybean (Müller et al., 1995b). Concern-
ing starch, the effects observed here in flowering
plants differ from data obtained with seedlings upon
external feeding of Tre (Wingler et al., 2000).

Three possible explanations might be considered to
explain these findings: (1) Val has effects apart from
the inhibition of trehalase. Concerning enzyme activ-
ities, the only target of Val known so far are tre-
halases (Asano et al., 1987). Plant invertases are not
inhibited by this substance (J. Miller, unpublished
data). In fungi where Val alters developmental pat-
terns (Robson et al., 1988) it has been shown to inter-
fere with the expression of several enzymes (Robson
et al., 1989). Therefore, it cannot be ruled out that Val
also has some unknown deleterious effects on plants.
(2) Trehalase is a sensor and regulates carbon alloca-
tion. Apoplastic trehalase may cleave endogenous
Tre (if produced; see below) or an analogous sub-
stance or may have an unknown activity, e.g. bind to
Suc or monosaccharides, undergo conformational
changes, and transduce these changes to a cell sur-
face protein. (3) Tre or Tre metabolites are signals in
carbohydrate allocation. Given the presence of genes
encoding enzymes for Tre synthesis (see Goodijn and
van Dun, 1999; Müller et al., 1999a), it could well be
that plants synthesize Tre in small amounts (see below).

Tre has been shown to interfere with carbohydrate-
mediated gene regulation in barley (Wagner et al.,
1986; Müller et al., 2000), soybean (Müller et al.,
1998), and Arabidopsis (Wingler et al., 2000). In Ara-
bidopsis, Tre induces starch biosynthesis enzymes,
but Val alone not (Wingler et al., 2000). This may
explain apparent contradictions between both stud-
ies. It is interesting that transgenic plants expressing
the Escherichia coli or S. cerevisiae genes encoding the
enzymes involved in Tre synthesis exhibit drastic
developmental alterations such as disturbed root sys-
tems and stunted growth. Tre itself or its precursor,
Tre-6-P, is thought to be responsible for these effects

(Goddjin et al., 1997; Romero et al., 1997; for review,
see Goddjin and Smeekens, 1998; Goodjin and van
Dun, 1999; Müller et al., 1999a). In S. cerevisiae, hex-
okinase II is inhibited by Tre-6-P (Blázquez et al.,
1993).Whether Tre-6-P is produced in plants and
whether it might affect the sugar sensing system by
altering the hexokinase activity in Arabidopsis is,
however, unknown (for review, see Müller et al.,
1999a).

Trehalose Is an Endogenous Substance in Arabidopsis

By the combination of capillary GC, TLC, and
HPLC analyses, as well as the disappearance of the
potential Tre peak after trehalase treatment, we have
shown that Arabidopsis contains very small amounts
of a substance that behaves identically to Tre. It is
unlikely that this product is a metabolite of Val. Val
is metabolized into validoxylamine in plants and
both substances are removed by the ion-exchange
step used during the sample preparation. Since our
plant material was grown under sterile conditions we
can exclude a microbial origin of Tre, and therefore
conclude that Tre is an endogenous substance in
Arabidopsis. Earlier reports have already indicated
that Tre is probably an endogenous compound in
tobacco (Goddjin et al., 1997) although in this case,
plants were not grown under sterile conditions, and
a microbial origin of Tre was therefore not fully
excluded.

CONCLUSION

Understanding the exact role of the endogenous
Tre metabolism in carbohydrate allocation and plant
development may be crucial when trying to exploit
Tre as a stress protectant in transgenic crops that
overproduce Tre (for review, see Goodijn and Van
Dun, 1999; Müller et al., 1999a). A low, constitutive
trehalase activity in Arabidopsis could be sufficient
to protect the plant from the growth inhibition in-
duced by exogenously supplied Tre (Wingler et al.,
2000). Trehalase, in this respect, may provide a safe-
guard to the plant from being exposed to Tre from
soil-borne microorganisms, for example. Further-
more, the function of trehalases in plants could be the
degradation of endogenous Tre or related sub-
stances. In this context it is interesting that trehalase
is present at very high levels in flowers and in de-
veloping seeds of Arabidopsis (Gussin et al., 1969; for
review, see Müller et al., 1995a). Therefore, it will be
interesting to analyze the role of trehalase in the
context of flowering using local applications of Val.

MATERIALS AND METHODS

Plant Material

Seedlings of Arabidopsis (ecotype Columbia-0, obtained
from the Nottingham Arabidopsis Stock Centre, Notting-

Müller et al.
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ham, UK) were surface-sterilized and germinated on ver-
tically oriented Petri dishes in 0.53 Murashige-Skoog media
solidified with purified agar (Unipath Ltd., Basingstoke,
Hampshire, UK) as previously described (Benfey et al.,
1993). Val (Asano et al., 1987) and Tre were added under
sterile conditions after autoclaving and cooling down the
media. Plants were grown under daily cycles of 18 h of light
(40 mE m22 s21) at 22°C and 6 h of darkness at 18°C.
Flowering plants were transferred into large plastic contain-
ers with lids that allowed ventilation (Sigma Chemie) to
reduce condensation in the vessel. Greenhouse-grown
plants had 14-h days and 10-h nights at 20°C. For the flower
dissection, Arabidopsis (ecotype Wassiliewskaja) were
grown under the same conditions in a phytotron (gift by Dr.
O. Mittelsten Scheid, FMI, Basel). Plant organs were har-
vested as indicated, were immediately frozen in liquid ni-
trogen, and lyophilized.

Trehalase Assay

Thirty to 40 mg of lyophilized, powdered plant material
was suspended in 400 mL of extraction buffer containing
morpholinoethane sulfonic acid/K1 (50 mm, pH 6.3),
EDTA (1 mm), phenylmethyl-sulfonylfluoride (1 mm), Tri-
ton X-100 (0.01%, w/v), and insoluble polyvinylpyrroli-
done (1%, w/v; Polyclar AT). The suspension was incu-
bated for at least 2 h at 0°C and centrifuged (13,000 rpm, 15
min). For trehalase assays from various parts of flowers, 0.3
to 1 mg of fresh material was homogenized with 15 mL of
extraction buffer in a small microfuge tube. Trehalase ac-
tivity was assayed in the supernatants at pH 6.3 (Müller et
al., 1995b) and the Glc formed by the reaction was assayed
using HPLC. Each reaction was corrected by subtracting
enzyme and substrate blanks. Soluble proteins were deter-
mined as previously described (Bradford, 1976).

Analysis of Soluble Carbohydrates

For analysis of soluble carbohydrates, 1 to 5 mg of ly-
ophilized, powdered plant material was mixed with 10 mg
of insoluble polyvinylpyrrolidone (Polyclar AT) suspended
in 80% (v/v) methanol and was incubated at 70°C for 10
min. After centrifugation (10 min at 13,000 rpm) the super-
natants were removed and the pellets were re-extracted
twice. The pellets were dried and conserved for the subse-
quent analysis of starch. The supernatants were combined,
vacuum-dried, and resuspended in 0.6 mL of ultrapure
water (MilliQ, Millipore, Molsheim, France). Fifty microli-
ters of a wet mixed-bed ion-exchanger (Serdolit microblue:
red, 3:1, v/v) was added to remove charged compounds.
When setting up the procedure, this ion-exchanger-mix
had been checked for hydrolysis of disaccharides. After
centrifugation (10 min, 13,000 rpm) the supernatant was
removed and the ion-exchanger was washed once with 0.4
mL of ultrapure water and centrifuged. The supernatants
were combined and lyophilized. Pellets were dissolved in
0.1 mL of methanol (50%, v/v) and were further analyzed
by capillary GC (Müller et al., 1995b).

Quantification of Starch

The insoluble pellets remaining from the carbohydrate
extraction were resuspended in 0.2 mL of NaOH (0.5 m)
and incubated at 60°C for 1 h. HCl (0.2 mL, 0.5 m) was
subsequently added. After cooling down to room temper-
ature, 0.6 mL of acetate/Na1 buffer (0.2 m, pH 4.5) con-
taining 1 unit of amyloglucosidase (special quality for
starch determination, Boehringer Mannheim, Germany)
was added and the samples was incubated overnight at
37°C. The reaction was stopped by boiling for 2 min. The
samples were centrifuged (10 min at 10,000g), the superna-
tants were 10 times diluted, and were analyzed for Glc
formation using HPLC.

Capillary GC

For capillary GC, soluble carbohydrate extracts (50 mL)
obtained as described above were completely dried, derivat-
ized as described (Müller et al., 1995b), and were subse-
quently analyzed using capillary GC. The gas chromato-
graph (Carlo Erba Mega 3500, Brechbühler, Zurich) was
equipped with a glass column (capillary DB-17 column,
30 m 3 0.323 mm, J&W Scientific, Brechbühler, Zurich) and
a flame-ionization detector (340°C). After injection (0.3
mL;injector at 320°C), the column was kept at 70°C for 2 min
and then heated progressively with a rate of 25°C
min21 to 170°C, followed by a rate of 7°C min21 to
300°C. The column was kept at 300°C for 5 min. Carbohy-
drates were quantified by comparison with an internal stan-
dard (mannoheptulose) and 11 external standards (arabitol,
mannitol, Fru, Glc, myo-inositol, glycerol-Glc, Suc, arbutin,
Tre, maltose, and raffinose). Chromatograms were inte-
grated and subsequently analyzed using the Maxima soft-
ware package (Brechbühler).

Analysis of Carbohydrates Using HPLC

The products formed in the enzyme reactions described
above (trehalase and starch analysis) were separated using
HPLC on a PA-10 column (Dionex, Olten, Switzerland)
using a binary gradient of NaOH (0.1–0.3 m from 0–5 min,
then 0.3 m until 15 min) and Na-acetate (0–0.3 m from 5–15
min; flow 1 mL min21). Carbohydrates were quantified as
previously described (Müller et al., 1999b) with a pulse-
amperometric detector (Dionex, Olten, Switzerland) using
a series of standards (Tre, Glc, Fru, and Suc).

Molecular Biology Techniques

If not otherwise mentioned, standard molecular biology
techniques were performed according to Sambrook et al.
(1989). Sequence analysis was done using the Genetics
Computer Group software (GCG Wisconsin Package, Ver-
sion 9.0, 1996). For reverse transcriptase-PCR, total RNA
was extracted from sterilely grown Arabidopsis using the
RNeasy kit (Qiagen, Basel). The RNA was reverse-
transcribed using a reverse-transcription kit (Boehringer
Mannheim) and a random as well as an oligo-dT primer in
the reaction. PCR amplification was done using pairs of
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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 mL. For detection
of the Arabidopsis trehalase a total of 36 cycles were per-
formed. Actin and histone cDNA fragments were amplified
with 26 cycles. At these cycle numbers, amplifications did
not reach saturated conditions. Primers used for the am-
plification were designed to have similar annealing tem-
peratures 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,
cDNA fragment sizes, and GenBank accession numbers are
the following: actin AtACT2, 59-GGAAGGATCTGTAC-
GGTAAC-39 and 59-TGTGAACGATTCCTGGACCT-39 (247
bp; accession no. U41998); histone AtH3G, 59-AACCAC-
TGGAGGAGTCAAGA-39 and 59-CAATTAAGCACGTTC-
TCCTCTG-39 (249 bp; accession no. X60429); trehalase
T19F6.15, 59-GAGGAAAGCCAGTAATCCAG-39 and 59-
GTCTCTGACTCAGT-AAGAGAG-39 (785 bp; accession
no. O02343).

Amplifications were done under the following condi-
tions (thermal cycler PTC-100, MJ Research, Inc., Water-
town, MA). 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 52°C, and
extension for 1 min and 30 s at 72°C. A final extension for
8 min at 72°C was performed. Taq polymerase I from
Pharmacia (Dübendorf, Switzerland) was used. Aliquots of
each PCR reaction were analyzed by agarose gel electro-
phoresis using ethidium bromide to visualize amplified
products under UV light.

AtTRE1 Cloning and Trehalase Assay in
Transgenic Yeast

A cDNA from T19F6.15 (accession no. 002343) that encom-
passes the complete coding sequence, was amplified using
the primers 59-TCCACTAGTCCCGGGCTAGGCTTCAATG-
CTAAGATGAG-39 and 59-TCCACTAGTCCCGGGATGTT-
GGACTCGGACACAGACAC-39 from cDNA prepared from
RNA from Arabidopsis seedlings grown under sterile condi-
tions. Both oligos have an anchor sequence at their 59 end for
subcloning. Forty cycles were used with the following profile:
initial denaturation at 94°C for 2 min, 45-s denaturation at
94°C, 45-s annealing at 55°C, and extension for 2 min at 72°C.
A final extension for 8 min at 72°C was performed. The
amplified fragment was cloned into the pGEMT vector. The
cDNA was then cut out by the SmaI restriction enzyme and
cloned into the SmaI site of the YCpADH1 expression vector
(Reinders et al., 1998) in the sense orientation to yield the
plasmid pAT. Yeast strains were transformed and selected
using standard methods of yeast genetics (Sambrook et al.,
1989).

The untransformed yeast mutant YNM5, lacking the
gene encoding acid trehalase (Nwaka et al., 1996), and
YNM5 transgenic for pAT or the empty YCpADH1 expres-
sion vector were grown in 50 mL of SD minimal medium
(Difco, Detroit) with the appropriate auxotrophic additions
and with Glc as carbon source in 300-mL Erlenmeyer flasks

at 27°C on a rotary shaker (170 rpm) until mid-log-phase
was reached. Cells were harvested by centrifugation (4,000
rpm, 2 min), washed, and suspended in 0.5 mL of MES
[2-(N-morpholino)-ethanesulfonic acid]/K1 (0.02 m, pH
6.3) supplemented with EDTA (1 mm), phenylmethylsulfo-
nyl fluoride (1 mm), and Triton X-100 (0.01%, w/v), which
has been shown to induce cell permeabilization during the
subsequent freeze-thaw cycle (Miozzari et al., 1978). Sus-
pensions were immediately frozen in liquid nitrogen and
stored at 270°C until further treatment. To assay trehalase,
suspensions were quickly thawed using a heat-block pre-
heated at 30°C, and 10 mL of these suspensions was added
to 0.2 mL of an incubation mix containing a ternary buffer
(citrate-P-Gly, 50 mm each) adjusted with KOH or HCl to
the desired pH (4.5 or 6.3) and 10 mm Tre. By using
chelators during extraction and incubation, neutral tre-
halase, which depends on bivalent cations and which is the
only remaining endogenous trehalase activity in this ge-
netic context, was completely inhibited (compare with App
and Holzer, 1989). The assay was incubated for 30 min at
37°C and was stopped by boiling. Glc released from Tre
was determined using the Glc oxidase-peroxidase method
as described by the supplier (Boehringer Mannheim). The
values were corrected for substrate and enzyme blanks
(Müller et al., 1992).

Chemicals

If not indicated otherwise, all chemicals were purchased
from Fluka (Buchs, Switzerland). Val was a gift from No-
vartis (Basel).

Statistics

Analyses of variance and Student-Newman-Keuls tests
were performed using the software SigmaStat (Jandel Sci-
entific, San Rafael, CA).
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